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By using Floquet driving protocols and interlacing them with a judicious reservoir emission engineering,
we achieve extreme nonreciprocal 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 that is responsible for pumped radiation heat. Our theoretical results are confirmed via
time-domain simulations with photonic and rf circuits.
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Introduction.—Thermal radiation is associated with the
conversion of the thermal motion of (quasi)particles in
matter with some finite temperature into electromagnetic
emissions. Its management constitutes a major challenge
with both fundamental and technological ramifications
[1–8]. For example, some of the ongoing investigations
aim to establish paradigms that challenge fundamental
limitations in thermal radiation set by Kirchhoff’s emis-
sivity-absorptivity equivalence law [9–13] and by Planck’s
upper bound of thermal emission [14–17]. In parallel, other
studies exploit the applicability of recent 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 subwavelength pho-
tonic circuits reinforces the importance of evanescent
waves in radiation and allows us to bypass the constraints
set by Kirchhoff’s and Planck’s laws. This symbiosis of
nanophotonics and thermal radiation led to the establish-
ment of thermal photonics, which holds promise for novel
technologies in energy harvesting and near-field thermal
radiation management [36,37].
A long-standing problem in thermal radiation manage-

ment is the quest for novel nonreciprocal (NR) devices 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 nonlinear-
ities [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 enforces a
time modulation of the constituent parameters of a photonic
circuit, and (c) the temperature gradient between two
thermal reservoirs that are coupled resonantly with the
circuit. The latter is responsible for a biased current, while

the second element is generating pumped thermal radiation
that 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 rectifi-
cation and even refrigeration. We use these elements for the
design of optimal reconfigurable Floquet-based thermal
diodes and validate the theoretical predictions via time-
domain simulations.

FIG. 1. A photonic Floquet diode for near-field thermal
radiation. The resonators n ¼ 2, 3 and the coupling between
them are periodically modulated in time, while the n ¼ 1-
resonator is static. (a) In the “forward” (f) configuration, the
reservoir with the high (low) temperature Tα¼1 ¼ TH
(Tα¼2 ¼ TC) is coupled to the n ¼ 1ðn ¼ 2Þ-resonator. (b) In
the “backward” (b) configuration the low (high) tempera-
ture reservoir Tα¼1 ¼ TCðTα¼2 ¼ THÞ is coupled to the
n ¼ 1ðn ¼ 2Þ-resonator. (c), (d) An equivalent electronic circuit.
The LC resonators n ¼ 2, 3 and their coupling are driven by
modulating the (pink) capacitors: (c) forward and (d) backward
configurations. The currents are measured at the same position at
the α ¼ 2 transmission line [green transparent plane in (a),(b);
bold green line in (c),(d)].
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Coupled-mode theory.—We consider a photonic network
of N coupled modes. The field dynamics in such a network
is described by a time-dependent effective coupled-mode-
theory (CMT) HamiltonianH0ðtÞ ¼ H0ðtþ ð2π=ΩÞÞ. Two
of these modes are connected directly to two reservoirs at
temperatures Tα¼1 ≠ Tα¼2 (see Fig. 1) that emit a mean
number of photons ΘαðωÞ ¼ fexp ½ℏω=ðkBTαÞ� − 1g−1 at
frequency ω. We study the radiative energy transfer
between these reservoirs for a forward [Fig. 1(a)] and a
backward [Fig. 1(b)] configuration. The process is modeled
by the temporal CMT [50,51]

−{
djψðtÞi

dt
¼ Heff jψðtÞi − {DT jSþðtÞi; Heff ¼ H0ðtÞ þ {Γ

jS−i ¼ −jSþi þDjψi; ð1Þ

where the amplitudes jψi ¼ ðψ1;…;ψNÞT are normalized
such that jψnj2 represents the energy in the n ¼ 1;…; Nth
mode. The matrix Γnm ¼ γαδn;αδn;m þ ΣnmðtÞ represents
the dissipation of the nth mode. Here, ΣnmðtÞ describes
driving-induced losses and/or gains, and γα is the dissipa-
tion due to coupling of the nth mode with the reservoir α.
From the fluctuation-dissipation relation, we also have that
Dn;α ¼

ffiffiffiffiffiffiffi
2γα

p
δn;α. Finally, S�α ðtÞ ¼

R
∞
0 S�α ðωÞe{ωtdω indi-

cate the incoming (þ) and outgoing (−) thermal excitations
from and toward the αth reservoir. The amplitudes Sþα ðωÞ
satisfy the relation

h½Sþα0 ðω0Þ��Sþα ðωÞi ¼
ℏω
2π

ϕαðωÞΘαðωÞδðω − ω0Þδα;α0 ; ð2Þ

where ϕαðωÞ describes spectral filtering of the αth thermal
reservoir. Existing proposals for the control of the spectral
emissivity of the thermal reservoirs include the deposition
of photonic crystals that support band gaps or their
coupling to the photonic circuit via a waveguide or a
cavity with cutoff frequencies, etc. [5–7].
Floquet scattering for thermal radiation.—In Floquet

scattering, an incident excitation Sþα ðωÞ at frequency ω can
change its frequency by �lΩ and scatter out of the
modulated target at a Floquet channel ωl ¼ ωþ lΩ where
l ∈ ð−∞;…;∞Þ. The Floquet scattering matrix SF, con-
necting the outgoing to the incoming field amplitudes
S⃗� ¼ ½� � � ; jS�ðωþ1Þi; jS�ðω0Þi; jS�ðω−1Þi; � � ��T , is evalu-
ated using Eq. (1):

SF ¼ −I − {½D�GF½D�T ; GF ¼ ðωI − ĤQÞ−1; ð3Þ

where [D] represents a block diagonal matrix with blocksD,
and GF is the Green’s function associated with the Floquet
Hamiltonian ĤQ. The latter takes the form hl; njĤQjl0; n0i ¼
Ω=2π

R 2π=Ω
0 dte−ιðl0−lÞΩt½HeffðtÞ�n;n0 − lΩδl;l0δn;n0 [52–55].

Using Eq. (3), we have calculated the average energy current
Īα entering reservoir α [56]:

Īα ¼
Z

dω
2π

X
β

T F
α;βðωÞ½ℏωϕβðωÞΘβðωÞ�; ð4Þ

where T F
α;βðωÞ ¼

P
l ½−δα;βδl;0 þ jSF

α;βðωl;ωÞj2� is the total
transmittance of radiation entering the αth reservoir at
frequencies ωl provided that it was emitted at reservoir β
at frequency ω. A positive value of Īα indicates that current
flows toward the αth heat bath.
Equations (3), (4) extend the standard treatment of

thermal radiation to periodically modulated photonic cir-
cuits and provide a bridge with the field of Floquet
engineering [55,62,63]. It turns out that time-dependent
perturbations could induce NR transmittance T F

α;βðωÞ ≠
T F

β;αðωÞ [64–66] whose origin is traced to interference
effects between different paths in the Floquet ladder [55].
At the same time, Eqs. (3), (4) emphasize the fact that while
NR transmittances T F

α;βðωÞ ≠ T F
β;αðωÞ are a necessary

condition, they are not sufficient for establishing NR
thermal radiation. In fact, integrating over frequencies with
a weight ϕα=βðωÞΘα=βðωÞ might suppress the NR heat flux.
Let us finally point out that a key characteristic of time-
modulated NR schemes is their power consumption. The
latter is determined by the same factors as in optical
modulators [66], where recent strategies led to its dramatic
reduction up to fraction of a nW [67].
Rectification efficiency.—We consider three single-mode

resonators n ¼ 1, 2, 3, equally coupled with one another
[see Figs. 1(a) and 1(b)]. The first and the second resonators
are at the proximity of two reservoirs with temperatures
TH > TC. We compare the emitted energy flux Īα at a
reference reservoir (e.g., α ¼ 2) for two different configu-
rations: (i) the forward (f) configuration where the cavity
n ¼ 1 is in the proximity of the hot reservoir, i.e.,
Tα¼1 ¼ TH, and the cavity n ¼ 2 is coupled to a cold
reservoir, i.e., Tα¼2 ¼ TC < TH [see Fig. 1(a)]; and (ii) the
backward (b) configuration [see Fig. 1(b)] where
T1 ¼ TC < TH ¼ T2. The NR efficiency is described by
the rectification parameter R:

R≡ ĪðfÞ2 − ½−ĪðbÞ2 �
ĪðfÞ2 þ ½−ĪðbÞ2 �

; ð5Þ

where R ¼ �1 indicates perfect diode action while R ¼ 0
corresponds to completely reciprocal radiation. A rectifi-
cation parameter jRj > 1 indicates that the photonic circuit
operates as a “refrigerator.”Wewill assume that TC is fixed.
A qualitative understanding of the effects of a temperature
gradient ΔT ≡ TH − TC, modulation frequency Ω, and
spectral filtering ϕðωÞ on R is achieved by analyzing
the slow driving limit Ω → 0. Below we will assume that
the scattering process in the absence of driving Ω ¼ 0 is
always reciprocal.
In the forward configuration, the current Eq. (4) is

approximated as the sum of two contributions [38,56]:
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ĪðfÞ2 ≈ ĪðfÞ2;b þ ĪðfÞ2;p; ð6Þ

where ĪðfÞ2;b is the current due to temperature bias and ĪðfÞ2;p is a
pumped current associated with the time modulation of the
circuit [47]. Further progress is made by considering the
classical limit [ϕβ ≡ 1, ΘβðωÞ ≈ kBTβ=ℏω], where

ĪðfÞ2;b ≈ T̂ kBðT1 − T2Þ; T̂ ¼
Z

dω
2π

T̄ ðωÞ;

ĪðfÞ2;p ≈
Ω
2π

P̂kBT0; P̂ ¼
Z

dω
2π

ι

ω

Z 2π
Ω

0

dt

�
dSt

dt
ðStÞ†

�
2;2
;

ð7Þ

where T0 ¼ T1 þ T2=2 and the averaged (over one modu-
lation cycle) transmittance T̄ ðωÞ ¼ Ω=2π

R
dtjSt21ðωÞj2

can be evaluated using the instantaneous scattering matrix
St ¼ −I2 −DGDT , with G ¼ ½ωIN − ðHt

0 þ {DTD=2Þ�−1,
Ht

0 the Hamiltonian H0ðtÞ evaluated at specific time t, and
Im the m ×m identity matrix. Equation (7) is valid for

Ω;ΔT=T0 → 0. Notice that ĪðfÞ2;p is proportional to Ω but
independent of ΔT.
Following the same analysis, we evaluate ĪðbÞ2 . Its bias

component is ĪðbÞ2;b ¼ −ĪðfÞ2;b, while the pumping current is

ĪðfÞ2;p ≈ ĪðbÞ2;p. It is, therefore, possible to find parameters
ðΔT�;Ω�Þ for perfect diode operation jRðΔT�;Ω�Þj ≈ 1
by imposing current in the forward (backward) confi-

guration ĪðfÞ2 ≈ 0½ĪðbÞ2 ≈ 0�, while at the same time

ĪðbÞ2 ≠ 0½ĪðfÞ2 ≠ 0�. Substituting in Eq. (5) the results for

Īðf=bÞ2 , we find

RðΔT;ΩÞ ≈ P̂

T̂

Ω=ð2πÞ
ðΔT=T0Þ

; ð8Þ

indicating that thermal rectification increases proportion-
ally to Ω and inversely proportional to ΔT. The former is
responsible for inducing NR transport T F

α;βðωÞ ≠ T F
β;αðωÞ

and a pumped current, while the latter controls the bias
current. From Eq. (8) we conclude that R is enhanced by
reducing the weighted instantaneous transmittance T̂ . This
is achieved by confining the frequency integration in
Eq. (7) via a filtering function ϕðωÞ. Of course, the filtering
process must maintain the frequency range for which the
Floquet transmittance is nonreciprocal.
CMT modeling.—We consider the photonic circuit of

Figs. 1(a) and 1(b) described by the effective Hamiltonian
H0:

H0 ¼

0
B@

ω1 k12 k13
k21 ω2 k23
k31 k32 ω3

1
CA; ð9Þ

where knm ¼ kmn ¼ k is the evanescent coupling between
the resonators. In the absence of any modulation
ωn ¼ ω0 and due to rotational symmetry, the system
has two degenerate right- and left-handed modes
ð1; e�2iπ=3; e�4iπ=3ÞT= ffiffiffi

3
p

with frequency ωLðRÞ ¼ ω0 − k

and a mode ð1; 1; 1ÞT= ffiffiffi
3

p
with frequency ωC ¼ ω0 þ 2k.

The situation is different in the presence of periodic
modulations [64–66]. Guided by previous Floquet engi-
neering studies, we implement a driving protocol that
establishes a Floquet lattice with loops consisting of a
sequence of directed and directionless bonds between its
sites, thus inducing interferences that eventually lead
to NR transport [62,63]. In our example, we modulate
the n ¼ 2, 3-resonators with ωn ¼ ω0 − δ0½cosðΩtþ ϕnÞþ
cosðΩtþ ϕ0Þ�, combined with the driving of the coupl-
ing constant k23 ¼ k32 ¼ kþ δ0 cosðΩtþ ϕ0Þ, while the
n ¼ 1-resonator remains undriven, i.e., ω1 ¼ ω0. In this
case, the degeneracy of the two counter-rotating modes is
lifted due to angular momentum biasing induced by the
driving [64], and the transmittance demonstrates a pro-
nounced NR behavior T F

1;2 ≠ TF
2;1 around ω ≈ ωLðRÞ that is

maximized by an appropriate choice of the phasors ϕ0 ¼ 0,
ϕ2 ¼ þπ=2, and ϕ3 ¼ −π=2 [see Fig. 2(a)] [63]. Finally,

FIG. 2. (a) Transmittance spectrum T F
α;βðωÞ for the

photonic circuit of Eq. (9) showing a nonreciprocal behavior
around ω ∼ 0.88ωC. Parameters: Ω ¼ 0.01ωC; k ¼ 0.04ωC; δ0 ¼
0.015ωC; γ1 ¼ γ2 ≈ 0.004ωC, γ3¼0, ωC≈190×1012 rads−1,
TC ¼ TH − ΔT ¼ 300 K. The green area describes the engi-
neered emission spectrum, Eq. (10). (b) The radiative currents
Eq. (4) vs Ω for three representative temperature gradients ΔT.
(c) The rectification parameter jRj vs Ω. The dashed lines
represent the function R ¼ ðα=ΔTÞ × Ω with α ¼ 20 from a
best fit.

PHYSICAL REVIEW LETTERS 126, 204101 (2021)

204101-3



the modulated coupling introduces an extra nondiagonal
element in the dissipation matrix Γ that becomes Γnm¼
ðγαδn;α−2 _ωnðtÞ=ω0Þδn;m−ð2_kðtÞ=ω0Þðδn;2δm;3þδn;3δm;2Þ,
with γ3 ¼ 0.
In Fig. 2(b), we report the currents Īðf=bÞα¼2 calculated using

Eq. (4) for three different temperature gradients ΔT. We
observe that, as Ω increases, the radiated current becomes

nonreciprocal ĪðfÞ2 ≠ −ĪðbÞ2 . The associated rectification
parameter R is shown in Fig. 2(c). We find that, for small
Ω, it agrees with Eq. (8).
For temperature gradients ΔT� < 10 K, one can achieve

perfect isolation in the forward configuration, i.e., IðfÞ2 ¼ 0

while ĪðbÞ2 ≠ 0. Specifically, at ΔT� ¼ 10 K, the associated
driving frequency for which the bias current in the forward
configuration balances the pumped current is
Ω� ≈ ωC − ωLðRÞ ≈ 3k. The latter corresponds to a resonant
driving that promotes transitions between the frequency
domain around ω ≈ ωC, where transport is reciprocal
T F

12 ¼ T F
21, and the domain ω ≈ ωL=R where T F

12 ≠ T F
21.

For smaller ΔT ¼ 2 K and Ω� ¼ 3k, the biased current in

the forward configuration ĪðfÞ2;b ∼ ΔT is smaller (in magni-

tude) than the pumped current ĪðfÞ2;p ∼Ω, thus leading to a
total emitted radiation from the cold reservoir, i.e.,
the circuit operates as a “refrigerator” with jRj > 1
(see Fig. 3).
Next, we engineered the emission spectrum in a way that

it excludes the reciprocal frequency range around ω ≈ ωC
and enforces emission in the range where nonreciprocity is
maximum. To this end, we incorporated in Eq. (2) the
filtering function

ϕðωÞ ¼ ℜf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ½ðω − ω�Þ=ðbωCÞ�2

q
g; ð10Þ

with spectral width b ¼ 0.05 and ω�=ωC ≈ 0.88 being the
frequency around which the transmittance is nonreciprocal.
In Figs. 3(a) and 3(b), we report the radiative currents and
rectification RðΩÞ for ΔT ¼ 10 K. Comparison with the
unfiltered reservoirs ϕðωÞ ¼ 1 indicates that the spectrally
engineered reservoirs lead to a superior rectification. As in
the unfiltered case, also here the rectification R ∼Ω in the
smallΩ-regime—albeit the linear coefficient 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 whisper-
ing gallery mode resonators. The details of these simu-
lations are given in the Supplemental Material [56].
Electronic circuit implementation.—We further validated

our results via time-domain simulations for a realistic
electronic circuit [Figs. 1(c) and 1(d)] [56,68]. The circuit
consists of three LC resonators with identical (and constant)
inductances L. Modulation in the frequency of the n ¼ 2, 3
LC resonators is achieved by changing their capacitances

as CnðtÞ ¼ C½1þ δ cosðΩtþ φnÞ�. The LC elements
are capacitively coupled with capacitances Cc ¼ κC.
The two time-modulated resonators are coupled via a
modulated capacitance CκðtÞ ¼ C½κ þ δ cosðΩtþ ϕ0Þ�.
Each (undriven) resonator supports one resonant mode with
frequency ω0 ¼ 1=

ffiffiffiffiffiffiffi
LC

p ¼ 2π109 rad=s, and resonance
impedance z0 ¼

ffiffiffiffiffiffiffiffiffi
L=C

p ¼ 70 ohms.
The time-dependent voltages at the connection nodes of

each resonator vαðtÞ are driven by synthesized noise
sources attached to transmission lines that are connected
to each nodal point. The transmission lines are introduced
through their Thevenin equivalent transverse electromag-
netic transmission lines with characteristic impedance Z0 ¼
50 ohms. They are coupled to the resonators through small
capacitances Ce ¼ ϵC. The noise sources Vα are syn-
thesized such that

hVα0 ðωÞV�
αðω0Þi ¼ 2Z0

π
ϕαðωÞℏωΘαðωÞδðω − ω0Þδα;α0 ;

ð11Þ

where ΘαðωÞ ¼ kBTα is evaluated at its classical limit and
ϕαðωÞ ¼ ϕðωÞ describes a filtering function.
The net energy current flowing to a transmission line α is

evaluated from the time-dependent voltages vαðtÞ and
currents iαðtÞ at the respective nodes:

Īα¼
Z

dωĪαðωÞ; ĪαðωÞ¼
Ω
2π

Z
t0þ2π

Ω

t0

dt½vαðt;ωÞiαðt;ωÞ�;

ð12Þ

where an average over one modulation cycle is assumed.
Moreover, an initial transient t0 has been discarded
to ensure steady state conditions. The transmittances

FIG. 3. (a) The currents Eq. (4) vs Ω are calculated with (filled
symbols) and without (open symbols) spectral engineering (SE)

for a forward and backward Īðf=bÞ2 configuration. (b) The rec-
tification R vs Ω for temperature gradient ΔT ¼ 10 K. Other
parameters are as in Fig. 2. The black dashed lines indicate a
function R ¼ α × Ω with best fitting values α ¼ 2ð250Þ for the
unfiltered (filtered) circuit.
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T 1;2; T 2;1 are obtained from ĪαðωÞ in Eq. (12) by setting
Vβ0 ¼ 0, with β0 ≠ β, and normalizing the incident currents
to unit power flux [see inset of Fig. 4(a)].
In Fig. 4(a), we compare the thermal radiation for the

forward [Fig. 1(c)] and backward [Fig. 1(d)] configurations
in the absence and presence of spectral filtering ϕðωÞ given
by Eq. (10). The currents Īðf=bÞ2 are in quantitative agree-
ment with the CMT results. Similarly, the rectification R
for both the unfiltered (open circles) and filtered (filled
circles) electronic circuits [Fig. 4(c)] are in agreement with
Eq. (8). We find a linear behavior with Ω (black dashed
lines) with the linear coefficient in the case of spectrally
engineered baths being 2 orders larger than the correspond-
ing 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 gradient
between two reservoirs. When these elements are interlaced
with judiciously engineered spectral filters of the reser-
voirs, they lead to extreme NR thermal radiation. Our
results can be used for the design of thermal circulators and
for the identification of efficient refrigeration protocols. It
will be interesting to extend this work beyond the limits of
applicability of CMT (e.g., spectral window away from the
resonance frequencies) using fluctuational electrodynamics
methods [36].
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