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By utilizing Floquet driving protocols and interlacing them with a judicious reservoir emission
engineering we achieve extreme non-reciprocal thermal radiation. We show that the latter is rooted
in an interplay between a direct radiation process occurring due to temperature bias between two
thermal baths and the modulation process which is responsible for pumped radiation heat. Our
theoretical results are confirmed via time-domain simulations with photonic and RF circuits.

Introduction - Thermal radiation is associated with the
conversion of the thermal motion of (quasi-)particles, in
matter with some finite temperature, into electromag-
netic emission. Its management constitutes a major chal-
lenge with both fundamental and technological ramifica-
tions [1-8]. For example, some of the ongoing investi-
gations aim to establish paradigms that challenge fun-
damental limitations in thermal radiation, set by Kirch-
hoff’s emissivity-absorptivity equivalence law [9-13] and
by Planck’s upper bound of thermal emission [14-17].
In parallel, other studies exploit the applicability of re-
cent proposals for radiation control to daytime passive
radiative cooling [18-22], radiative cooling of solar cells
[23-25], energy harvesting [26-33], thermal camouflage
[34, 35], etc. It turns out that the implementation of sub-
wavelength photonic circuits reinforces the importance
of evanescent waves in radiation and allows us to bypass
the constraints set by Kirchoff’s and Planck’s laws. This
symbiosis of nanophotonics and thermal radiation led
to the establishment of thermal photonics, which holds
promises for novel technologies in energy harvesting and
near-field thermal radiation management [36, 37].

A long-standing problem in thermal radiation man-
agement is the quest for novel non-reciprocal (NR) de-
vices that control the directionality of photon emissivity.
Along these lines, researchers have proposed a variety of
schemes ranging from magneto-optical effects [39-42] to
non-linearities [43-46] and active photonic circuits [47-
49] for enforcing directional thermal radiation.

Here we unveil an interplay between three elements
that control the efficiency of thermal rectification in
Floquet-driven circuits: (a) a judiciously engineered bath
emissivity (via photonic filters) of the thermal reservoirs;
(b) an appropriately designed Floquet protocol that en-
forces a time modulation of the constituent parameters
of a photonic circuit; and (¢) the temperature gradient
between two thermal reservoirs which are coupled res-
onantly with the circuit. The latter is responsible for
a biased current while the second element is generating
pumped thermal radiation which can balance the biased
thermal current in one specific direction leading to high
rectification. In fact, for moderate driving frequencies we
are able to achieve perfect rectification and even refriger-

FIG. 1: A photonic Floquet diode for near-field thermal ra-
diation. The resonators n = 2,3 and the coupling between
them are periodically modulated in time while the n = 1-
resonator is static: (a) In the “forward” (f) configuration,
the reservoir with the high (low) temperature Th—1 = Tu
(Ta=2 = T¢) is coupled to the n = 1(n = 2)-resonator. (b)
In the “backward” (b) configuration the low (high) temper-
ature reservoir To=1 = Tc(Ta=2 = Tu) is coupled to the
n = 1(n = 2)-resonator. An equivalent electronic circuit.
The LC resonators n = 2,3 and their coupling are driven by
modulating the (pink) capacitors: (c¢) Forward and (d) Back-
ward configurations. The currents are measured at the same
position at the @ = 2 transmission line (green transparent
plane in (a-b); bold green line in (c-d)).

ation. We utilize these elements for the design of optimal
reconfigurable Floquet-based thermal diodes and validate
the theoretical predictions via time-domain simulations.

Coupled-Mode-Theory — We consider a photonic net-
work of N coupled modes. The field dynamics in
such a network is described by a time-dependent effec-
tive coupled-mode-theory (CMT) Hamiltonian Hy(t) =
Ho(t + %). Two of these modes are connected directly
to two reservoirs at temperatures T,—1 # T,—2, see
Fig. 1, that emit a mean number of photons 0, (w) =
{exp [iw/(kpT,)] — 1} 7" at frequency w. We study the
radiative energy transfer between these reservoirs for a



forward (Fig. 1la) and a backward (Fig. 1b) configura-
tion. The process is modeled by a temporal-CMT [50, 51]

_,4e)
dt
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where the amplitudes [¢)) = (¢1,---,¢n)" are nor-
malized such that [¢,|? represents the energy in the
n=1,---,N-th mode. The matrix I'ym = Ya0n,a0nm +
3 ,m(t) represents the dissipation of the n-th mode. Here,
3 ,m(t) describes driving-induced losses and/or gain and
Yo is the dissipation due to coupling of the n—th mode
with the reservoir . From the fluctuation-dissipation
relation we also have that D, o = v/2740p,. Finally,
SE@) = [y SE(w)e'dw indicate the incoming (+) and
outgomg (=) thermal excitations from and towards the
a-th reservoir. The amplitudes S7 (w) satisfy the relation

([Sar(w >—

where ¢,,(w) describes spectral filtering of the a—th ther-
mal reservoir. Existing proposals for the control of spec-
tral emissivity of the thermal reservoirs include the de-
position of photonic crystals that support band-gaps, or
their coupling to the photonic circuit via a waveguide or
a cavity with cut-off frequencies, etc. [5-7].

Floquet Scattering for Thermal Radiation— In Floquet
scattering, an incident excitation S (w) at frequency w
can change its frequency by £I{) and scatter out of the
modulated target at a Floquet channel w; = w + I
where [ € (—o0,---,00). The Floquet scattering matrix
SF, connecting the outgoing to the incoming field ampli-
tudes S = [+, [Ss(w41)), [Sx(wo)) , [Sx(w-1)) .17,
is evaluated using Eq. (1)

W)Oq(W)d(w —w)0n,ars (2)

SF = 1 —u[D|GF[D)T; GF = (wl - ﬁQ)fl . (3)

where [D] represents a block diagonal matrix with blocks
D, and GF is the Green’s function associated with
the Floquet Hamiltonian HQ. The latter takes the
form (I, n| ﬁQ [, n') = % fo%w dte_z(ll_l)m[Heff(t)}n,n’ -
190, 116y, s [52-55]. Using Eq. (3) we have calculated the
average energy current I, entering reservoir o [56]
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total transmittance of radiation entering the a—th reser-
voir at frequencies w; provided that it was emitted at
reservoir 3 at frequency w. A positive value of I, indi-
cates that current flows toward the a-th heat bath.
Equations (3,4) extend the standard treatment of ther-
mal radiation to periodically modulated photonic circuits

2
Siﬂ(wl,w)‘ > is the

and provide a bridge with the field of Floquet engineering
[55, 57, 58]. It turns out that time-dependent perturba-
tions could induce NR transmittance 7;75(w) # T4, (w)

Heg [¢(t)) — DT |5’+(t)> i Heg = Ho(t) 4T [59-61] whose origin is traced to interference effects be-

tween different paths in the Floquet ladder [55]. At the

(1) same time, Eqs. (3,4) emphasize the fact that while NR

transmittances 7./ 5(w) # T4, (w) are a necessary con-
dition, they are not sufficient for establishing NR ther-
mal radiation. In fact, integrating over frequencies with
a weight ¢, /3(w)O4/s(w) might suppress the NR heat
flux. Let us finally point out that a key characteristic
of time-modulated NR schemes is their power consump-
tion. The latter is determined by the same factors as in
optical modulators [61] where recent strategies led to its
dramatic reduction up to fraction of a nW [62].

Rectification Efficiency - We consider three single-
mode resonators n = 1,2,3, equally coupled with one
another, see Figs. la,b. The first and the second res-
onators are at the proximity of two reservoirs with tem-
peratures Ty > To. We compare the emitted energy flux
I, at a reference reservoir (e.g. a = 2) for two different
configurations: (i) The forward (f) configuration where
the cavity n = 1 is in the proximity of the hot reser-
voir i.e. Ty—1 = Ty and the cavity n = 2 is coupled to
a cold reservoir i.e. Th—o = To < Ty (see Fig. la ).
(ii) The backward (b) configuration (see Fig. 1b) where
Ty =Tc < Ty = T». The NR efficiency is described by
the rectification parameter R

7(f) 7(b)
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where R = =1 indicates perfect diode action, while
R = 0 corresponds to completely reciprocal radiation.
A rectification parameter |R| > 1 indicates that the pho-
tonic circuit operates as a “refrigerator”. We will assume
that T¢ is fixed. A qualitative understanding of the ef-
fects of a temperature gradient AT = Ty — T, mod-
ulation frequency €2, and spectral filtering ¢(w) on R,
is achieved by analyzing the slow driving limit 2 — 0.
Below we will assume that the scattering process in the
absense of driving {2 = 0 is always reciprocal.

In the forward configuration, the current Eq. (4) is
approximated as the sum of two contributions [38, 56]

LD ~ I} + 1), (6)

where fé,fb) is the current due to temperature bias and
I_Q(ffp) is a pumped current associated with the time mod-
ulation of the circuit [47]. Further progress is made by
considering the classical limit (¢ = 1, Og(w) ~ %)
where

jéf:)) ~ TkB(Tl 7T2),

+
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where Ty = % and the averaged (over one modula-
tion cycle) transmittance 7 (w) = 3L [ dt|S4; (w)|? can be
evaluated using the instantaneous scattering matrix S* =
—I,— DGDT, with G = [wly — (Ht +:DTD/2)] ", HY
the Hamiltonian Hy(t) evaluated at specific time ¢ and
I,,, the m x m identity matrix. Equations (7) are valid
for Q, AT /Ty — 0. Notice that féf;) is proportional to £
but independent of AT.

Following the same analysis, we evaluate fz(b). Its bias

component is fz(bg = —féfb) while the pumping current is

I_Q(fp) ~ I_éf’;. It is, therefore, possible to find parameters
(AT™*,2*) for perfect diode operation |R(AT*,Q*)| ~ 1
by imposing current in the forward (backward) config-
uration féf) ~ 0(1:2(1’) ~ 0) while at the same time
1_2(17) # O(I_éf) # 0). Substituting in Eq. (5) the results
for féf/b), we find

P Q/(2n)
7 (AT/T) ®)

indicating that thermal rectification increases propor-
tionally to Q and inversely proportional to AT'. The for-
mer is responsible for inducing NR transport TaF s(w) #

R(AT, Q) ~

7'1? o(w) and a pumped current, while the latter controls
the bias current. From Eq. (8) we conclude that R is en-
hanced by reducing the weighted instantaneous transmit-
tance 7. This is achieved by confining the frequency inte-
gration in Eq. (7) via a filtering function ¢(w). Of course,
the filtering process must maintain the frequency range
for which the Floquet transmittance is non-reciprocal.
CMT modeling— We consider the photonic circuit of
Figs. 1a,b described by the effective Hamiltonian Hy

wi k12 ki3
ko1 wo ko3 (9)
k31 K3z w3

Hy =

where k.. = kmn = k is the evanescent coupling be-
tween the resonators. In the absence of any modula-
tion w, = wp, and due to rotational symmetry, the
system has two degenerate right/left- handed modes
(1, et2im/3 oE4im/3HT /1 /3 with frequency wr(r) =wo — k
and a mode (1,1,1)7 /v/3 with frequency we = wo + 2k.

The situation is different in the presence of peri-
odic modulations [59-61]. Guided by previous Floquet
engineering studies, we implement a driving protocol
that establishes a Floquet lattice with loops consisting
of a sequence of directed and directionless bonds be-
tween its sites; thus inducing interferences that even-
tually lead to NR transport [57, 58]. In our exam-
ple we modulate the n = 2,3- resonators with w, =
wo — 8o [cos(Q + ¢y,) + cos(2 + ¢g)], combined with the
driving of the coupling constant ko3 = ks = k +
0 cos(§2t + ¢o) while n = 1l-resonator remains undriven,
i.e. w; = wp. In this case, the degeneracy of the
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FIG. 2: (a) Transmittance spectrum 7:55 (w) for the photonic
circuit of Eq. (9) showing a nonreciprocal behavior around
w ~ 0.88wc. Parameters: 2 = 0.0lwc,k = 0.0dwc,do =
0.015wc, 71 = Y2 ~ 0.00dwc, 73 = 0, we ~ 190x10'2 rad s,
Tc = Ty — AT = 300K. The green area describes the engi-
neered emission spectrum, Eq. (10). (b) The radiative cur-
rents Eq. (4) vs. Q for three representative temperature gra-
dients AT'. (c) The rectification parameter |R| vs. Q. The
dashed lines represent the function R = (a/AT) x Q with
a = 20 from a best fit.

two counter-rotating modes is lifted due to angular mo-
mentum biasing induced by the driving [59] and the
transmittance demonstrates a pronounced NR behavior
’Tlp2 # T{ 1 around w ~ wrg) that is maximized by an
appropriate choice of the phasors ¢g = 0, ¢2 = +7/2,
and ¢3 = —7/2 (see Fig. 2a) [58]. Finally, the modulated
coupling introduces an extra non-diagonal element in the
dissipation matrix I' which becomes Iy = (YaOn,a —
200, (1) Jwo)Onm — (2k(t)/w0)(6n,20m.3 + On.30m,2), With
Y3 = 0. ;

In Fig. 2b, we report the currents I éf:/zb) calculated
using Eq. (4) for three different temperature gradients
AT. We observe that as {2 increases, the radiated current
becomes non-reciprocal fQ(f ) # fféb). The associated rec-
tification parameter R is shown in Fig. 2c. We find that
for small Q it agrees with Eq. (8).

For temperature gradients AT* < 10K, one can
achieve perfect isolation in the forward configuration i.e.
I = 0 while Il # 0. Specifically, at AT* = 10K,
the associated driving frequency for which the bias cur-
rent in the forward configuration balances the pumped
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FIG. 3: (a) The currents Eq. (4) vs. € are calculated

with (filled symbols) and without (open symbols) spectral

engineering (SE) for a forward/backward I_Q(f /8) configura-
tion. (b) The rectification R vs. Q for temperature gradient
AT = 10K. Other parameters are as in Fig. 2. The black
dashed lines indicate a function R = a x €2 with best fitting
values a = 2 (250) for the unfiltered (filtered) circuit.

current is Q" ~ wc — wrr) ~ 3k. The latter cor-
responds to a resonant driving that promotes transi-
tions between the frequency domain around w =~ wc,
where transport is reciprocal 75 = 755, and the domain
w &~ wr, g where Ti5 # T3], For smaller AT = 2K and
Q* = 3k, the biased current in the forward configuration
I_z(,fb) ~ AT is smaller (in magnitude) than the pumped

current jz(,J;) ~ €, thus leading to a total emitted radia-
tion from the cold reservoir i.e. the circuit operates as a
“refrigerator” with |R| > 1, see Fig. 3.

Next, we engineered the emission spectrum in a way
that it excludes the reciprocal frequency range around
w =~ we and enforces emission in the range where non-
reciprocity is maximum. To this end, we incorporated in
Eq. (2) the filtering function

ow) = R{ V1= [(w =)/}

with spectral width b = 0.05 and w* /we =~ 0.88 being the
frequency around which the transmittance is nonrecipro-
cal. In Figs. 3a,b we report the radiative currents and
rectification R(Q) for AT = 10K. Comparison with the
unfiltered reservoirs ¢(w) = 1 indicates that the spec-
trally engineered reservoirs lead to a superior rectifica-
tion. As in the unfiltered case, also here the rectification
R ~  in the small Q-regime — albeit the linear coeffi-
cient is much larger (see dashed lines), in agreement with
the expectations from Eq. (8).

We have also confirmed the CMT results by analyzing
photonic structures consisting of time-modulated whis-
pering gallery mode resonators. The details of these sim-
ulations are given in the Supplement.

(10)

Electronic Circuit Implementation - We further vali-
dated our results via time-domain simulations for a re-
alistic electronic circuit (Figs. 1c,d)[56, 63]. The circuit
consists of three LC resonators, with identical (and con-
stant) inductances L. Modulation in the frequency of
the n = 2,3 LC resonators is achieved by changing their
capacitances as Cy,(t) = C[1 4 d cos(Qt + ¢,,)]. The LC
elements are capacitively coupled with capacitances C, =
kC'. The two time-modulated resonators are coupled via
a modulated capacitance Cy(t) = C[k + 6 cos(2t + ¢o)].
Each (undriven) resonator supports one resonant mode
with frequency wo = 1/v/LC = 2710°rad/s, and reso-
nance impedance zg = 4/L/C = 700hms.

The time-dependent voltages at the connection nodes
of each resonator v,(t) are driven by synthesized noise
sources attached to transmission lines (TLs) which are
connected to each nodal point. The TLs are introduced
through their Thevenin equivalent TEM transmission
lines with characteristic impedance Zy = 500hms. They
are coupled to the resonators through small capacitances
C. = eC. The noise sources V,, are synthesized such that

= 2TZ0¢a(w)hw@a(w)5(w —w)a.ar
(1)
where ©,(w) = kpT, is evaluated at its classical limit
and ¢, (w) = ¢(w) describes a filtering function.
The net energy current flowing to a transmission line «
is evaluated from the time-dependent voltages v, (¢) and
currents i,(t) at the respective nodes,

(Ve (@)Ver (@)

to+ 35
f / dt [0 (t, )i (t,w)],

27 to

(12)
where an average over one modulation cycle is assumed.
Moreover, an initial transient ¢y has been discarded
to ensure steady state conditions. The transmittances
T12,T21 are obtained from I,(w) in Eq. (12), by set-
ting Vg = 0, with 8’ # 3, and normalizing the incident

currents to unit power flux, see inset of Fig. 4a.
In Fig. 4a we compare the thermal radiation for the
forward (Fig 1c) and backward (Fig. 1d) configurations,

in the absence and presence of spectral filtering ¢(w)
I_Q(f/b)

Io= [y L)

given by Eq. (10). The currents are in quanti-
tative agreement with the CMT results. Similarly, the
rectification R for both the unfiltered (open circles) and
filtered (filled circles) electronic circuits (Fig. 4c) are
in agreement with Eq. (8). We find a linear behavior
with Q (black dashed lines) with the linear coefficient in
the case of spectrally engineered baths being two orders
larger than the corresponding coefficient found for the
unfiltered case.

Conclusion.- We have unveiled the interplay between
pumped currents, associated with Floquet driving, and
biased currents, associated with the temperature gradi-
ent between two reservoirs. When these elements are
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FIG. 4: Time-domain simulations for the electronic circuit of
Figs. 1lc,d. (a) The radiative currents Eq. (12) vs. Q are
calculated with (filled symbols) and without (open symbols)

spectral engineering (SE) for a forward/ backward féf ® con-
figuration. The inset shows the transmission spectrum. (b)
The rectification parameter R vs. 2. The black dashed lines
indicate a function R = ax {2 with a = 4 and 350 for the unfil-
tered and filtered circuit respectively. Here x = 0.1, ¢ = 0.1,
d = 0.05, Tyey = (1 £0.05)Tp with Ty = 10° K [64] and
we ~ 0.96wo.

interlaced with judiciously engineered spectral filters of
the reservoirs, they lead to extreme NR thermal radia-
tion. Our results can be used for the design of thermal
circulators, and for the identification of efficient refriger-
ation protocols. It will be interesting to extend this work
beyond the limits of applicability of CMT (e.g. spec-
tral window away from the resonance frequencies) using
fluctuational electrodynamics methods [36].
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