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Metasurfaces, the two-dimensional counterparts of three-dimensional metamaterials, have recently attracted
much attention due to their interesting properties, such as negative refraction, hyperbolic dispersion, and the
ability to manipulate the evanescent spectrum. In this work, we propose a theoretical model for near-field
radiative heat transfer between two multilayered systems consisting of anisotropic metasurfaces. The choice of
metasurface is graphene, with an adjustable drift current, since this provides an ideal platform to support a high
density of modes around the plasmon frequency. In this configuration, multiple nonreciprocal surface plasmon
polaritons are excited, providing a strong way for near-field energy transport. The resulting heat transfer, assisted
by the graphene’s multilayered structure and with a high drift-current velocity, is more than 36 times stronger
than that of a graphene monolayer structure without a drift current for the same vacuum gap. By adjusting the
vacuum gap and the thickness of a dielectric spacer, this enhanced effect can be modulated over a large range,
and can even turn into a suppression. Our findings provide a powerful way to enhance and regulate energy
transport, and in turn, open up a way to enrich the moiré physics inherent to the anisotropic optical properties of

a metasurface.

DOLI: 10.1103/PhysRevB.102.245421

I. INTRODUCTION

Compared with classical radiation [1,2], radiative heat
transfer between two bodies can be significantly enhanced
by bringing the bodies close enough to each other to allow
tunneling of evanescent modes [3—5]. The huge radiative heat
flux in the near field opens the door for various applications,
like thermophotovoltaics [6—8], noncontact refrigeration
[9-11], thermal rectification [12—-14], and information
memory [15]. Since maximal heat flux is of critical
importance in these applications, continuous efforts have been
devoted to maximizing such near-field radiative heat transfer
(NFRHT) by controlling various material and structural
parameters [16-20]. Typically, due to the predominant
contribution to heat transfer from surface states, one obvious
way to enhance heat transfer is to use multiple surface states.
For example, periodic stacks of alternating subwavelength
metal and dielectric layers enhance NFRHT through the
surface modes of many surfaces [21]. However, high losses
in metallic layers spoil the outstanding properties of surface
waves, thereby weakening the enhancement of NFRHT
excited by multilayer structures. Recently, metasurfaces, the
two-dimensional analogs of three-dimensional metamaterials,
have gained significant attention as a promising candidate for
the lossless control of surface plasmon polaritons. Because
of their preeminent optical properties, graphene sheets and
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other isotropic metasurfaces are widely used in multilayer
structures to find different ways to enhance radiation heat
transfer [22-26]. This strategy has resulted in sophisticated
methods for regulating and enhancing near-field thermal
radiation through the interaction of surface polaritons.

Nonetheless, up to now, metasurfaces in multilayer struc-
tures have been considered only as supports for isotropic
surface polaritons. In the development of metamaterial fab-
rication, extensive studies have shown that the anisotropic
polaritons of metasurfaces play a crucial role in NFRHT
enhancement; such anisotropic polaritons include hyperbolic
polaritons [27-29], nonreciprocal surface plasmons polaritons
(NSPPs) [30], ellipse polaritons [31,32], and magnetoplas-
mon polaritons [33,34]. Thus, the accurate modulation of
anisotropic surface polaritons in NFRHT, multilayered sys-
tems, with anisotropic metasurfaces, may be conducive to
enhancing and adjusting radiative heat transfer. Unfortunately,
due to a lack of understanding of the physics of multi-
layer anisotropic metasurfaces, there have been no studies
on NFRHT in multilayered systems consisting of anisotropic
metasurfaces. This is an area of research, therefore, in urgent
need of attention, since it potentially contains many inter-
esting phenomena that will lead to an increased number of
tunable parameters in practical applications.

In this work, we focus on the NFRHT between two mul-
tilayers in the presence of anisotropic metasurfaces. Here,
the anisotropic metasurfaces are composed of drift-biased
graphene. The nonreciprocal surface plasmon polaritons sup-
ported by drift-biased graphene can greatly enhance NFRHT.
Compared with the case of just two graphene sheets, such a
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FIG. 1. Geometry of the multilayers composed of drift-biased
graphene and a dielectric spacer. Here, dy and d; are the widths
of the middle vacuum gap and the thickness of dielectric spacer,
respectively. The temperatures of the emitter and receiver are denoted
T + AT and T, respectively.

multilayer anisotropic structure will not only support multi-
ple nonreciprocal surface plasmon polaritons (MNSPPs), but
will also exhibit significantly tunable features via varying
the structure or optical parameters. This paper is structured
as follows: In Sec. II, we introduce the geometry of our
system and provide the expression for the heat flux through
the multilayer drift-biased graphene. In Sec. III, we calculate
the heat-transfer coefficient with respect to the number of
graphene sheets, and discuss the coupled MNSPPs in the
multilayered system by exploring the photon-tunneling prob-
ability. In Sec. IV, we compare the heat-transfer coefficient
of the multilayered system with those of different structural
parameters to provide guidance in choosing appropriate pa-
rameters for modulating NFRHT. The decay length of the
MNSPPs is adopted to interpret the results. Finally, in Sec. V,
we present a conclusion and suggestions for future work.

II. THEORETICAL ASPECTS

Figure 1 shows the near-field radiative heat transfer be-
tween multilayer systems in the presence of a direct drift

J

current along the graphene sheet, with drift velocity 3y = v,¥.
Two periodic multilayer bodies are separated by a vacuum
gap dy. Each body consists of equally spaced graphene sheets
separated by a dielectric spacer of thickness d;. The dielec-
tric layers are set as polystyrene. The number of graphene
sheets in each body is denoted by N. The direct drift current
is supplied by a voltage generator, with voltage Vpc. The
right and left body are maintained at temperatures 7 + AT
and T, respectively; T is equal to 300 K (room temperature)
throughout this work. Since graphene is a good conductor, it
does not affect the temperature distribution of the system due
to Joule-heating arising from the drift current. For simplicity,
we assume that the two bodies are mirror images of each other.
Using the self-consistent quantum mechanical methods in
Refs. [35,36], the conductivity of graphene with nonreciprocal
effect can be defined as:
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where @ = w — kv, is the Doppler-shifted frequency; and o8
is the graphene conductivity in the absence of a drift-current
bias, which is modeled by the Bhatnagar-Gross-Krook (BGK)
approach derived in Ref. [37]. This BGK approach rigor-
ously accounts for the intrinsic nonlocal response of graphene.
Intuitively, reversing the propagation direction equates to
changing the sign k, and therefore the sign of the Doppler
shift, i.e., 0(w, ky) # 0%(w, —ky) for vy # 0. The relaxation
time 7 in the conductivity model is chosen as 3.5 x 10713 s
(following Ref. [38]). Note that the drift velocity close to the
Fermi velocity (v, &~ 10% cm/s) has been experimentally re-
ported for graphene samples suspended in free space [39,40],
and is selected as the maximum drift velocity. We thus have
the relation v; = f vy, where f is the velocity ratio ranging
from O to 0.9.

The theory derived below can be applied to any kind of
multilayer two-dimensional (2D) anisotropic metasurface. In
the framework of fluctuation electrodynamics, the radiative
heat-transfer coefficient (RHTC) between two bodies of mul-
tilayer drift-biased graphene is given by [30]

h= /Oohw(a))dw = /oo de/-oo foo Mdkxdkv 2
0 0 oT —00 J —00 ’
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where O(w, T) = hw/[exp(fiw/kgT ) — 1] is the mean energy of a Planck oscillator at angular frequency w, and & (w, k,, k) is
the photonic-transmission coefficient (PTC), which describes the probability of photons being excited by thermal energy [30]:
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for propagating (k < ko) and evanescent (k > ky) waves where k = v kf + ky2 is the surface parallel wave vector and kg = w/c
is the wave vector in vacuum. k, = Vk§ — k? is the tangential wave vector along the z direction in vacuum, and * signifies
the complex conjugate. The 2 x 2 matrix D is defined as D = (I — R;R,e**?) | which describes the usual Fabry-Perot-like
denominator, resulting from multiple scattering between emitter and receiver [30]. The reflection matrix R is a 2 x 2 matrix in
the polarization representation.

In this section, a generalized 4 x 4 T-matrix formalism for arbitrary anisotropic 2D layers is developed, from which the
general relations for the surface wave dispersions and reflection matrix R are derived. Let us first consider a single anisotropic
metasurface at the interface between two semi-infinite media. Using the homogenization approach, the electromagnetic (EM)
response of such a metasurface, in general, can be described by a fully populated conductivity tensor §” in the wave-vector
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space. Moreover, 6” denotes the conductivity tensor in the wave-vector space [41]:

” v = 12
Oy Oy k
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Following Refs. [42-44] let us write separately the EM
field of the p-polarized (TM) and s-polarized (TE) com-
ponents of the EM wave, which then will be mixed by
the nondiagonal response of a metasurface. The p waves,
with the magnetic field perpendicular to the incidence plane,
possess the EM-field components E, = {E,,0,E.}, H, =
{0, Hy, 0}. For the s waves, with the electric field perpen-
dicular to the incidence plane, the EM-field components
are E; = {0, E,, 0}, H; = {H,, 0, H}. Substituting the p and
s waves into the boundary conditions of the metasurface
[45], one obtains the 4 x 4 T matrix, which gives the
relation between all the electric-field components and the
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where ¢; and &, represent the dielectric constant of the media
above and below the metasurface, respectively; and k;; and
k; are the tangential wave vectors along the z direction in
the media above and below the metasurface, respectively. In
general, for any 4 x 4 T matrix that links all the electric-field
components in the first layer with those in the Nth layer,
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The reflection matrix R is defined and expressed in terms
of the T-matrix elements as follows [46]:
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The formulism developed above can be easily generalized
for arbitrary multilayer systems by multiplying the 7 matrices
corresponding to each layer. For a multilayer metasurface
consisting of N 2D layers with effective conductivity tensors

“

(

magnetic field components in the media above and below the
metasurface:

Hy Hy,
e . >
LY 1, P2 5
E* 12 £ (5)
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The signs of + and — represent a forward and backward
propagating wave, respectively. Subscripts 1 and 2 represent
the media above and below the metasurface, respectively.

7A"1%2 is defined as
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UAJ/»/ (j=1,2,...,N), oneobtains a4 x 4 T matrix, which gives
the relations between all the electric-field components in the
multilayer metasurface:
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where

Tion=T152Tq,T23T4,.. T4y Tnon-1Ta,, (10)

where T j—j+1 1s obtained from T 1-2 [Eq. (6)] by replacing

6 with 67, and T, ; is the T matrices for a wave propagat-
ing through the vacuum between two adjacent 2D layers of
thickness d; ;(j =1, 2,...,N):

ek 0 0
0 etk0di j 0
Td"y.f = 0 O e_ikz[)di.j 0 (1 1)
0 0 0 eltady

The dispersion of the collective surface waves in such an
N-layer system can be found when the denominators of the
reflection coefficients is zero:

T1W/Tr — T1313, = 0. (12)
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FIG. 2. (a) Radiative heat-transfer coefficient 4 as a function of N
between drift-biased graphene/polystyrene multilayers, with differ-
ent drift-current velocities. (b) Comparison of the spectral RHTC for
systems with N = 1, 2, 10, 20, and 35 at a high drift-current velocity
of 0.9v;. The gray lines shown in (b) correspond to the results
obtained by modeling the system as monolayer graphene without a
drift-current. The parameters are d; = dyp = 10nm, 7 = 300K, and
n=0eV.

Using a T matrix allows us to obtain all necessary char-
acteristics (the reflection and the dispersion relations) using
Eqgs. (5)—(12).

III. SIGNIFICANT ENHANCEMENT OF RADIATIVE HEAT
TRANSFER BETWEEN TWO PERIODIC MULTILAYERS
BASED ON MNSPPs

Based on the framework above, we calculate the RHTC
using Eq. (2) for multilayer-system configurations, as shown
in Fig. 1. As a concrete example, we set the thickness d; of
the dielectric spacer to the width of the vacuum gap dp, i.e.,
d; = dy = 10 nm; the chemical potential of graphene is set to
= 0eV, and the RHTC is evaluated at room temperature
(300 K). The drift currents of each layer are the same. These
parameters are used throughout the paper unless otherwise
mentioned. Note that “monolayer” in the following means
that each body consists of a monolayer drift-biased graphene
sheet.

Figure 2(a) shows h as a function of the number of
drift-biased graphene sheets N for multilayers with different
drift-current velocities. We find that / increases as N increases
and is more sensitive to change in N when N is relatively small
(N < 20). For a zero-current system, more specifically, for
N =1 and 20, % increases from 17.1 to 102.5kWm~—2K~!,
As the number of sheets increases to a high value, for exam-
ple, N = 50, & no longer changes with N, remaining constant
at 115.3kWm—2K™!, 6.74 times larger than that of the
monolayer—this indicates an enhancement of heat transfer
in the multilayers. Figure 2(a) shows that with increasing
drift-current velocity, the near-field RHTCs of the multilayer
system with different numbers are enhanced by the drift cur-
rent, and no saturation behavior is observed. Moreover, the
curves with different drift velocities show a similar trend as
the number of graphene layers increases. However, clearly,
enhancement of the RHTC, with a high drift-current velocity,
is more sensitive to change in N when N is small. When the
number of graphene layers reaches 50, the maximum RHTC
of the multilayer system is 198.9kW m~2K~! at a high cur-
rent velocity of 0.9 v,—this is an order of magnitude greater

than the near-field heat transfer of the zero-current monolayer
system shown in Fig. 2(a). Figure 2(a) shows that the radiative
heat transfer of the nonreciprocal anisotropic multilayers is
larger than that of isotropic multilayered systems (v; = 0) in
a different number of graphene layers. Based on the above
comparison, we infer there must be strong sheet couplings in
the nonreciprocal anisotropic multilayers, which contribute to
heat-transfer enhancement.

In Fig. 2(b), we compare spectral RHTCs with a high
drift-current velocity of 0.9v, for N =1, 2, 10, 20, and
35. For large N, the curve has a high value over the whole
spectral range. The peak value shifts slightly to a higher
angular frequency. The maximum of a spectral RHTC is
blueshifted from 0.076 eV /i for N = 1 to around 0.078 eV /A
for N = 35. The maximum also increases drastically with
the number of graphene layers, reaching its highest value
of 2.29nWm~2K~!rad~!s. This explains why the RHTC
in Fig. 2(a) increases as the number of graphene layers
increases. To visualize the significant enhancement in the
RHTC, Fig. 2(b) shows the spectral RHTC between two zero-
current monolayer graphene sheets. The system composed
of zero-current monolayer graphene only has a maximum
of 0.083nWm~2K~!rad~'s at a frequency of 0.1eV /. In
contrast, the nonreciprocal anisotropic multilayers yield a
significant enhancement in the spectral heat flux, hence also
providing a huge enhancement in total heat transfer.

The mechanism for enhanced heat transfer can be elu-
cidated using the contours of the PTC &(w, k,, k) in the
wave-vector plane in Fig. 3. The wave vector is normal-
ized by ko. Figures 3(a)-3(d) show the enhanced photon
tunneling probability of the nonreciprocal anisotropic multi-
layers. Figure 3(a) shows the PTC for a typical scenario of
NFRHT between two suspended graphene sheets [27]. Both
the left and right vacuum-graphene interfaces support evanes-
cent waves, which decay exponentially along the direction
perpendicular to the interfaces. Figure 3(a) shows evanescent
waves from each interface interacting with each other, lead-
ing to splitting of the resonance into antisymmetric (inner
circle) and symmetric (outer circle) modes, making a major
contribution to the high near-field heat flux [30]. As is well
known, the graphene sheet supports isotropic SPPs due to
collective charge oscillations coupled to light. Under a voltage
bias, the collective charge oscillations are strongly affected by
the dragging effect of drifting charges, which causes guided
waves to exhibit asymmetric effects, and in turn, presents
NSPPs. Figure 3(b) shows that when the drift velocity reaches
0.9vy, the maximum wave vector of the bright branches in the
bottom k, quadrants approach —1200k,. Moreover, compared
with those in the absence of a drift current, as shown in
Figs. 3(a) and 3(b), NSPPs also lead to a significantly wider
bright branch of plasmons with drift current in the bottom k,
quadrant (propagating towards these drifting charges). This is
why NSPPs can induce strong radiative heat transfer.

As more layers are stacked, due to newly added drift-biased
graphene interfaces, multiple reflections and wave interfer-
ence within the multilayered structure become more intense,
producing photonic-transmission coefficient contours with
more branches. As the two bodies composed of bilayer nonre-
ciprocal metasurfaces are brought near one another, coupling
of the MNSPPs produces newly symmetric and antisymmetric
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FIG. 3. Photonic-transmission coefficient contours at respective peak frequencies for monolayer graphene with different drift-current
velocities: (a) vy = 0 and (b) v; = 0.9v;. Photonic-transmission coefficient contours at peak frequencies and a high drift-current velocity
of 0.9v; for drift-biased graphene/polystyrene multilayers with different numbers of layers: (c) N = 2 and (d) N = 35. Photonic-transmission
coefficient contours at a peak frequency of 0.11eV/hi and a high drift-current velocity of 0.9v, for drift-biased graphene/polystyrene
multilayers with different numbers: () N = 1 and (f) N = 35. The green dashed lines denote the dispersion relations calculated by Eq. (12)

for the multilayers.

branches in the wave-vector space, meaning the number of
total branches now equals 4, as indicated in Fig. 3(c). Sur-
faces situated away from the middle gap provide additional
surface states, serving as a “relay” that enables surfaces even
farther away from the gap to contribute to heat transfer. In
Fig. 3(c), the green dotted lines are nicely located between the
bright branches, which unambiguously demonstrates that the
MNSPPs of bilayer nonreciprocal metasurfaces predominate
NFRHT in our system. Remarkably, when the number of sys-
tem layers increases to 35 in Fig. 3(d), due to the coupling of
many surface states, the contours of the photonic-transmission
coefficients evolve into a large, bright, egg-shaped area, with
a PTC value close to 1—this greatly enhances radiative heat
transfer. As a result, a significant enhancement in near-field
heat transfer is achieved through coupling of a many surface
state from multiple nonreciprocal interfaces.

When the number of graphene layers is 1, the spec-
tral RHTC curve at 0.9v; appears as the sharp peak in
Fig. 2(b). The spectral RHTC quickly reaches as high as
1.05nWm~—2K~'rad™!s at a frequency of 0.076eV /A, and
decreases rapidly as the frequency w further increases. In
order to explain the mechanism, we plot the photonic-
transmission coefficient for a frequency of 0.11 eV /A. Clearly,
there is a lack of unidirectional wave vector appearingin
the bottom k, quadrants of Fig. 3(e); i.e., NSPPs are no
longer closed. The open shape of NSPPs appears due to
the intrinsic nonlocal response of graphene, as the finite ve-
locity of electrons vy cannot match the increasing velocity
inherent to plasmon variations [47]. This is because when
a high drift-current velocity is applied to the system, the
NSPPs are incapable of significantly increasing the heat flux

of the structure. Fortunately, as the number of graphene
layers increases, this rapid decay of spectral RHTC caused
by intrinsic nonlocal response is moderately relieved. In
Fig. 3(f), although the increase in the number of graphene
layers does not prevent formation of an MNSPP open shape,
additional surface states form a large bright band, which re-
duces attenuation of the spectral RHTC; this reduction in
attenuation, in turn, further enhances radiative heat trans-
fer.

According to the above analysis, for a high drift-current
velocity, when the number of graphene layers is greater
than 35, the RHTC no longer increases significantly with
the number of graphene layers. Therefore, the number of
graphene layers should be fixed at 35 in subsequent work,
unless otherwise specified. It is well known that the chemical
potential u represents an adjustable parameter, allowing the
active tuning of the optical properties of graphene. We now
examine the influence of chemical potential on the enhanced
effect in the RHTC between nonreciprocal multilayer meta-
surfaces. The results for the parameters dy = 10nm, d; =
10 nm, and N = 35 are plotted in Fig. 4. Such a dependence of
RHTC, controlled by different chemical potentials, on drift-
current velocity is shown in Fig. 4(a)—with increasing pu,
the RHTC decreases. The positive correlation between the
RHTC and drift-current velocity is greatly suppressed with
increasing chemical potential, especially for > 0.4eV. The
influence of MNSPPs on the RHTC is most pronounced for
low chemical potentials. For the system with a zero chemical
potential, & increases from 110.2kW m~—2K~! for v; = 0 to
195.0kW m~2K~! for v; = 0.9vy, an increase of 1.77 times.
In contrast, for the system at a chemical potential of 0.6 eV,
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FIG. 4. (a) RHTC and (b) spectral RHTC with v; = 0 and v, =
0.9v; for different chemical potentials of 0, 0.12, and 0.24 eV. The
solid and dotted lines shown in (b) correspond to the results obtained
by applying a drift velocity of 0.9v; and zero current, respectively.

the increase in the RHTC from the zero-current system to
the high-current system is negligible—merely from 10.1 to
10.7kWm—2 K1

To explore the physical mechanism underlying the RHTC
for different chemical potentials, spectral results for different
pn with vy = 0 and 0.9v; are given in Fig. 4(b). When the
drift-biased graphene multilayers are given a high chemical
potential, the spectral peak significantly decreases, which in
turn causes the RHTC to decrease. For © = 0.12 eV, the peak
value for 0.9v; is only 0.22nWm 2K 'rad™'s at a fre-
quency of 0.092 eV /hi. Moreover, when the frequency reaches
0.22eV/h, the spectral RHTC with y = 0.12eV and 0.9v,
drops sharply due to the open mode of MNSPPs generated
by the intrinsic nonlocal response of graphene. According to
Ref. [29], as the chemical potential of graphene increases, the
MNSPPs are excited only by high photonic energy. However,
the contribution of MNSPPs to the RHTC at high frequencies
is negligible due to the exponential decay of the mean en-
ergy of a Planck oscillator at room temperature. Therefore, in
Fig. 4(b), the maxima of the spectral RHTC greatly decrease
with increasing chemical potential. Consequently, as the
chemical potential increases, the ability of the drift current to
enhance the spectral RHTC peak gradually decreases. When
the chemical potential reaches 0.24 eV, the maximum of the
spectral RHTC only increase from 0.12nWm™2K~!rad~'s
for zero current to 0.14nWm 2K~ rad™'s for vy = 0.9v
in Fig. 4(b).

To characterize the enhanced NFRHT from nonreciprocal
anisotropic multilayers, we define the heat-transfer enhance-
ment ratio R for heat transfer between drift-biased multilayers
and a zero-current monolayer as a function of drift cur-
rent and chemical potential, i.e., R = h35(u, vg)/hi(u, 0).
Figure 5 shows clearly that, as the drift-current velocity
increases, R increases. Interestingly, maximum R does not
appear in the area of zero chemical potential; instead, R is
maximal when p =~ 0.09 eV. The maximum enhancement
in heat transfer between drift-biased multilayers and a zero-
current monolayer is about 20 times, as shown in Fig. 5.
Near-field heat transfer is significantly enhanced by contribu-
tions from multiple nonreciprocal surface plasmon polaritons.

R
4 8 12 16 20 24
I __n
0.6 d;i=10 nm
dp=10 nm
NS
/_\0.4 "16 _____ Vd:0‘9Vf
S
NS W
0.2 < ‘
16
[P [ — -
St O ‘~-_~“
O S ~

FIG. 5. Heat-transfer enhancement ratio R between drift-biased
multilayers and zero-current monolayer as a function of drift-current
velocity and chemical potential.

IV. EFFECT OF THE MULTILAYERED STRUCTURE
ON RADIATIVE HEAT TRANSFER

Our work has revealed so far that MNSPPs provided by the
drift-biased multilayered system greatly enhance the NFRHT.
Nevertheless, the above analysis is conducted with only a
fixed thickness of dielectric spacer and a fixed vacuum gap.
In this section, we further study NFRHT in this multilayered
system by adjusting the vacuum gap dy and the thickness
d; of dielectric spacer. This work will provide guidance for
researchers to choose an appropriate multilayered structure to
obtain maximum heat transfer at the nanoscale. Note that the
number of graphene layers should be fixed at 35, as discussed
earlier in Sec. III.

Figure 6(a) shows that for a chemical potential of 0.09 eV
and a drift-current velocity of 0.9v, the radiative heat-transfer
coefficients 4 are functions of the vacuum gap for multilayers
of thickness d; = 10, 30, 50, 70, and 90 nm. For comparison,
we also show % of the monolayer with drift-current velocities
of 0 and 0.9vs. As dj increases from 2 to 1000 nm, the drift-
biased multilayered systems with different d; exhibit a trend of

@ 1000 T (b) 100
—_ 5 =0 09 eV Py
- V=09, —IM .
M 15 4 :
SR s S q. 19 o,
g —— d=10 m \ g _: vy
B g AR —
6 0 l ] 41270 nm - — -Swngl)l clln:',em é =50 nm
< — d=90nm  of 0.9, = — &7l 70y
0.001 = Single layer without current 0.1 T AP0 o pm
2 10 100 1000 1 10 100 1000
d,, (nm) d, (nm)

FIG. 6. Radiative heat-transfer coefficient 4 of the multilayers
(a) with different vacuum-gap thicknesses dy, and (b) for different
dielectric spacers of thickness d;. In (b), the short color bars on
the right and left indicate & of the monolayer at 0.9v; and Ovy,
respectively.
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FIG. 7. Photonic-transmission coefficient contours for multilayers with three different vacuum gaps at a frequency of 0.11eV/h: (a) dy =
15 nm, (b) dy = 30 nm, and (c) d; = 50 nm for N = 35. The thickness of dielectric spacer is fixed at d; = 30 nm.

nonmonotonous decrease. A local transition point at dy ~ d;
is observed. When d; is small, a peak in s appears at the
local transition point, near which 4 of the multilayered system
is much higher than that of the monolayer system at zero
current. After the local transition point, & decreases rapidly
and, interestingly, shows the well-known 1 /dg dependency
similar to the bulk system. For further insight into the non-
monotonic behavior, Fig. 7 shows the photonic-transmission
coefficient. The vacuum gap d; = 30 nm and dielectric-spacer
thicknesses dy = 15, 30, and 50 nm are shown in Figs. 7(a)—
7(c). Due to the weak attenuation of the evanescent wave in
the small vacuum gap, when the vacuum gap is 15 nm, the
multilayer structure supports photon tunneling at the larger
wave-vector region. Figure 7(a) shows clearly that a bright
band is formed in the larger wave-vector range. However,
when d; is smaller than dy, due to the mismatch of vacuum
gap and dielectric-spacer thicknesses, interlayer coupling in
the multilayer structure is weak, resulting in weakening of the
MNSPPs inside the outermost bright band. As the vacuum
gap increases to 30 nm, the outermost bright band becomes
filtered. Fortunately, the vacuum gap and the dielectric-spacer
thicknesses now match well. Strong interlayer coupling in the
multilayer structure forms a large, bright, egg-shaped area,
with a PTC value close to 1 in wave-vector space in Fig. 7(b).
Therefore, the NFRHT for dy = 30nm is higher than the
NFRHT for dy = 15 nm, as shown in Fig. 6(a). As the vacuum
gap further increases, its filtering characteristics significantly
attenuate the evanescent wave of the multilayer structure. Fig-
ure 7(c) shows that, compared with the photonic-transmission
coefficient at smaller vacuum gap, the wave-vector range of
the bright band is further compressed and its brightness is also
reduced, which in turn decreases the NFRHT.

To visualize the effects of dielectric spacer thickness d; on
h, Fig. 6(b) shows the & curves as a function of d; for different
vacuum gaps of dy = 10, 30, 50, 70, and 90 nm. A local
maximum of the RHTC is observed when d; is close to dy. The
values £ pointed to by the short color bars on the right border-
line represent the corresponding of the monolayer with 0.9v,.
These curves of Fig. 6(b) show that as d; tends to infinity, the
multilayer behaves as a monolayer. Physically, this result can
be explained by analyzing the radiation penetration depth §. In
the electrostatic limit, the penetration depth of an evanescent
wave is given by 1/(2Imf{k.}). As the thickness d; between
adjacent layers of drift-biased graphene increases, contribu-
tions for heat transfer from graphene sheets away from the

vacuum gap diminish due to loss of the evanescent wave.
Consequently, the multilayer body behaves as a surface. Heat
transfer maximizes when dj is comparable to the layer thick-
ness d;, similar to the optimum condition for the geometry
of superlens effect. The mechanism behind this phenomenon
is the relay mechanism [48]. This relay mechanism has been
applied in the control of near-field heat transfer in an isotropic
three-body system and in an isotropic multilayer system [49].
These results of Fig. 6 also confirm that the relay mechanism
is also applicable in an anisotropic multilayer metasurface
system. Hence, a significant enhancement is observed due
to the coupling of MNSPPs. When d; is much smaller than
dy, the heat-transfer rate is significantly suppressed; i.e., the
enhanced effect on the RHTC of the nonreciprocal multilayers
is destroyed. As shown in Fig. 6(b), the values & pointed to
by the short color bars on the left borderline represent the
NFRHT of the monolayer at zero current—as d approaches
several folds of d;, the surface characteristics of the multilay-
ers become more like those of a graphite film. In fact, the
suppressed effect of heat transfer is especially prominent for
a very compact drift-biased multilayer.

The photon-tunneling probabilities & (w, k., k) of the mul-
tilayers are used to gain further insight into the physics behind
the influence of dielectric-spacer thickness on radiative heat
transfer. A vacuum gap of dyp = 30 nm and dielectric-spacer
thicknesses of d; = 1, 29, and 300 nm are considered in
Figs. 8(a)-8(c), respectively. Clearly, as d; < dy for N = 2,
at multilayered structure, the surface states interfere with one
another, weakening the coupling of surface states. There are
only two bright-band branches, i.e., the characteristics of the
graphene bilayer are like those of the bulk structure. The
single green dotted line is located between the two bright
branches, which unambiguously demonstrates that NFRHT
is predominated by identity of a drift-biased graphitelike
structure. If N increases to 35, phototunneling coefficients
&(w, ky, ky) form multiple bright bands. However, due to in-
terference in the compact system, surface states only weakly
couple in a small area, dramatically reducing the number
of modes that effectively participate in heat exchange, and
thereby dramatically reducing the total integrated flux. In
this case, the flux is only & = 3.1kW m2K~!, as shown
in Fig. 6(b). Figure 8(b) shows &(w, k, k,) with an op-
timum d;. Compared with the scenario in Fig. 8(a), all
the NSPP branches of each drift-biased graphene layer are
close to each other and very strong. Clearly, the two bright,
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FIG. 8. Photonic-transmission coefficient contours for multilayers of three different thicknesses at a frequency of 0.11eV/A: (a) d; = 1 nm,
(b) d; = 29nm, and (c) d; = 300nm nm for N = 2 and 35. The middle gap width is fixed at dy = 30 nm. The green dashed line for N =2

corresponds to the dispersion curve, as determined by Eq. (12).

coupled branches contributed by the graphene sheets of the
first graphene layer still appear; the NSPP branches provided
by the additional graphene layers are located inside the two
branches supported by the first graphene layer. The double
green dotted lines are located between the bright branches,
which unambiguously demonstrates that NFRHT is predom-
inated by the double NSPPs of the bilayer system. When
N increases to 35, a large, bright, egg-shaped area with a
PTC value close to 1 is formed in wave-vector space, i.e.,
all the NSPP branches of drift-biased graphene layers merge
together. Thus, the heat-transfer coefficient dramatically in-
creases, and in this case, h = 24.9kW m~2K~!. For d; higher
than the optimum value, due to the strong attenuation caused
by dielectric spacer with large thickness, the dielectric spacer
filters the additional branches. In Fig. 8(c), for N = 2, the two
coupled, bright branches contributed by the graphene sheets of
the first layer are observed, while the NSPP branches provided
by the additional graphene layers disappear. The dispersion
curve provided by the second layers also degrades into to a
green dot. As the number of graphene layers increases, the
photon-tunneling probabilities are unchanged, i.e., the addi-
tional layers do not contribute to NFRHT.

To elucidate the above analysis and the influence of struc-
tural parameters on the enhanced effect of the nonreciprocal
multilayer, Fig. 9(a) shows the heat-transfer enhancement

ratio R between multilayers with a high current velocity of
0.9v; and a monolayer without drift current as a function
of vacuum gap and thickness of the dielectric spacer. The
green line divides the contour into the suppressed (R < 1) and

R
P b
(]) 0 10 20 30 40 ( )
H e 10000 - 1000
Y., --- Optimumd 5
\\ 13 ]
§ AT Anr
Sosgng 100 =
VeSS g
N g
p Xy ="
//’;7)'10':1 and v=0) \:, 10
__ Optimized
; =35 and v~0.9%)
0.001
2 10 100 1000 2 100 1000
dO (nm) dO (nm)

FIG. 9. (a) Heat-transfer enhancement ratio R between drift-
biased multilayers and monolayer without current as a function of
vacuum gap and thickness of dielectric spacer. The black line corre-
sponds to maximum R. The green line divides the contour into the
suppressed (R < 1) and the enhanced (R > 1) heat-transfer regions.
(b) The optimized heat-transfer coefficient 4, and the corresponding
optimum d; as a function of d.
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FIG. 10. (a) Heat-transfer enhancement ratio R between drift-
biased multilayers and monolayer without current as a function of
N and d;. (b) Radiative-heat coefficient with respect to N for d; = 1,
20, 30, 100, and 300 nm. The gap width is taken as dy = 30 nm. In
(a), the black line corresponds to the maximum ratio, and the white
dashed line divides the contour into the suppressed (R < 1) and the
enhanced (R > 1) heat-transfer regions.

the enhanced (R > 1) heat-transfer regions. When d; < d,
an apparent suppression in heat transfer is observed in the
multilayers, especially for a large vacuum gap dy. For in-
stance, for d; = 2nm and dy = 1 um, R decreases to 0.14;
for small values of dy and large thicknesses of d;, compared
with the case of the monolayer, the heat-transfer enhancement
of the multilayer is significant due to NSPPs supported by
the first layer of drift-biased graphene. As the vacuum gap
dy increases, due to the ultraconfined and lossy character of
NSPPs, the NSPPs supported by the first layer of drift-biased
graphene are filtered by free space, resulting in a weak en-
hancement of heat transfer. The black line corresponds to the
maximum ratio in Fig. 9(a). As dy =~ d;, the ratio is maximal.
For the nonreciprocal multilayers, the relay mechanism works
best when d is comparable to the thickness of the dielectric
spacer, similar to the optimum condition for the geometry
that exhibits the superlens effect [47]. Moreover, the enhance-
ment on NFRHT is much stronger at the smaller vacuum
gap. For instance, R approaches 36.5 at dy = 2nm but 1.2 at
dy = 1 um. Figure 9(b) shows the optimum % and the corre-
sponding optimum thickness d; as a function of the vacuum
gap do. When the vacuum gap dy is small, a more compact
multilayer structure is expected to produce larger & and a
higher enhanced effect R. In contrast, for large gap widths,
the optimum structure requires a thicker dielectric spacer. To
maintain a maximum heat-transfer rate for all vacuum gaps,
one can thus develop a dynamical control system to vary the
thickness of the dielectric spacer in sync with the gap width.
Moreover, as gap width increases, the RHTC of the multi-
layers tends to that of a single-layer graphene sheet, without
drift current, due to the ultraconfined and lossy character of
the NSPPs.

To examine the effects of the number of graphene layers
and the thickness of the dielectric spacer on radiative heat
transfer, Fig. 10(a) shows the heat-transfer enhancement ra-
tio R between multilayers with a high drift-current velocity
of 0.9v; and a monolayer without current as a function of
N and d; in. The vacuum gap is taken as dy = 30 nm. Not
surprisingly, when enough graphene sheets are stacked, the

heat-transfer coefficient remains unchanged. The predicted
enhanced and suppressed regions are consistent with the
above analysis. Figure 10(b) shows A as a function of the
number of graphene layers for d; = 1, 10, 20, 30, 100, and
300 nm. Interestingly, when d; is far smaller than dy, with an
increasing number of graphene layers, & decreases at first and
then increases. The decrease in & for a few-layers system can
be understood as follows: as discussed above, since d; < dy,
the surface states only weakly couple in a small region, ef-
fectively suppressing the modes from participating in heat
exchange. This phenomenon is more pronounced when there
are fewer layers. With an increasing number of graphene lay-
ers, new NSPP states appear. This result is consistent with the
photonic transmission coefficient diagram of Fig. 8(a). These
newly added surface states make SPP coupling more effec-
tive, thereby increasing h. For large thicknesses of dielectric
spacer, as the number of graphene layers increases, the radia-
tive heat transfer shows a monotonous growth trend. However,
when the thickness is greater than the optimum value, the
evanescent wave of the newly added layer is strongly at-
tenuated before reaching the surface of the other multilayer
system; hence, the enhanced rate of NFRHT gradually de-
creases.

V. CONCLUSIONS

We studied the NFRHT and active modulation of heat
transfer close to an anisotropic multilayer that supports mul-
tiple nonreciprocal SPPs (MNSPPs). The MNSPP topology
of the anisotropic metasurface could be tuned by the drift
current. In our configuration, due to the excitation of and
interference among anisotropic surface waves, NFRHT can
be significantly amplified more than 36 times compared with
the case of a monolayer without a drift current. We analyzed
the dependence of the RHTC on the number of graphene
layers, the drift-current velocity, the chemical potential, the
vacuum gap, and the thickness of the dielectric spacer. The
heat-transfer rate can be modulated over considerably and
can even be reduced below that in monolayer systems with-
out a drift current through the adjustment of thicknesses
of dielectric spacer and vacuum gap. The physics are in-
terpreted qualitatively by analyzing the distribution of the
photonic-transmission coefficient, plasmon dispersions, and
penetration depth, clearly highlighting the role on NFRHT
played by the anisotropic surface mode. Our work represents
the first step in the study of energy exchange mediated by
an anisotropic metasurface multilayer structure. Moreover,
it is expected to provide a more powerful way to enhance
energy transport using multiple anisotropy plasmons. Our
work opens the door to exploring the anisotropic optical
properties of metasurfaces based on measured heat-transfer
properties.
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