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ABSTRACT: We present an infrared thermal emitter that exhibits unequal ¢y # e
emissivity and absorptivity for a given frequency and angle of incidence, violating

Kirchhoff’s law of thermal radiation. We exploit spatio-temporal modulation of the

refractive index of a grating to drive photonic transitions between guided %a
resonance modes. We show via simulations that the modulation results in
directional-dependent reflection. Using a generalized law of thermal radiation valid
in the presence of mode conversion, we directly calculate absorptivity and
emissivity for our structures. We show that a strong contrast between absorptivity
and emissivity can be obtained close to a wavelength of 3.6 ym for realistic modulation frequencies of 10s of GHz. Furthermore, we
show that for strong modulation, the system exhibits directional Rabi splitting, giving rise to a stronger contrast between emissivity
and absorptivity. The results thus predict the feasibility of nonreciprocal infrared thermal emission without the use of magneto-
optical materials.

KEYWORDS: nonreciprocal emissivity, photonic transitions, dynamic modulation, thermal radiation, guided modes

aturally occurring thermal radiation is incoherent, wavelengths. However, to date, a fully rigorous calculation of
broadband, diffuse, and reciprocal.1_3 In contrast, the absorptivity and emissivity of a nonreciprocal emitter
research on metamaterials has demonstrated the engineerin% relying on dynamic modulation has not been performed.
. . . 4—6 . . 7—1
of thermal radiation with defined spectral,” directional, In this work, we design a nonreciprocal, infrared thermal

. 1114 o .
and dynamic characteristics, along with phase and emitter relying on dynamic modulation. We first introduce a

7 15-17
POlérlzatlf’nh contlrol.d. . N}[1oreb recently, th? case 0; n(l))rll_ general approach for the calculation of absorptivity and
reciprocal thermal radiation has begun to receive considerable emissivity in dynamically modulated systems with mode

18,19 . . . s

attention. " Matenals with nonrecip rocal thermal radiation conversion. We show that the absorptivity at a given incidence

have an emissivity and absorptivity that are not equal for a . .
angle and wavelength is related to a forward scattering

iven frequency and angle of incidence, showing a violation of
& quetey & ! & problem, while emissivity is related to an inverse problem.

Kirchhoff's law. In addition to their fundamental interest, ] ? ) s )
nonreciprocal thermal emitters may also provide new We then introduce a specific semiconductor grating design that

approaches to applications, including infrared sensing and supports guided resonance modes and use numerical

energy harvesting_20—23 simulations to model photonic transitions. We show that in

To achieve violation of Kirchhoff's law, Lorentz reciprocity the absence of loss, the grating exhibits perfect, nonreciprocal
must be broken.”**> There are two main approaches to reflection. In the presence of loss, absorptivity and emissivity
breaking Lorentz reciprocity. One is to use magneto-optical are unequal, violating KirchhofF’s law. In a stronger modulation
materials, for which the permittivity tensor is asymmetric in the regime, we observe the preservation of nonreciprocal scattering
presence of a strong magnetic field."***™** The second is to and the emergence of Rabi splitting in the forward scattering
use dynamic modulation of the refractive index.””** Previous problem. This results in an even stronger violation of
work has demonstrated the use of dynamic modulation in Kirchhoffs law. This work thus establishes a vision for

transmission, reflection, and scattering, resulting in designs for
o 3s . 3 ) .

optical isolators®™** and circulators.”® Theoretical analysis of

nonreciprocal scattering has illuminated how dynamic index

nonreciprocal thermal emitters in dynamically modulated

modulation drives the transition between photonic Received: September 3, 2021 {EfSionics
modes,”*™*' creating a highly directional response. In the Published: March 11, 2022 e
MHz regime, Hadad et al.* demonstrated a nonreciprocal,

radiofrequency antenna. This design, which has different -~
angular responses for the transmit and receive functions, -

suggests intriguing possibilities for exploration at other
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semiconductors, opening up exciting possibilities for both
fundamental science and applications.

We start by developing the appropriate formalism for
calculations of absorptivity and emissivity in modulated,
nonreciprocal systems. To calculate the emissivity for an
object with a dielectric constant that is modulated in space and
time, we use a generalized modal law of thermal radiation.”
This approach accurately captures the difference in absorptivity
and emissivity for nonreciprocal objects. Consider an optical
object O that couples to n free-space ports (Figure 1). We

Port 2: Wy, + k2

oJpe

83_
S1+ /' Port 3: w3, + k3
ys3
Port 1: w,, + k, = © S+
S1_ s :.
n+

S\n.“ Portn: w,*k,
Figure 1. An object O exchanges energy with various modal ports at
frequencies ®,, @,, 3, ..., ®,, wave vectors k;, k, kj, ..., k,, and modal
amplitudes s, s), 53, «.ry S,

assume that each port is characterized by a frequency , and a
wave vector k,, where incoming and outgoing waves propagate
with +k, and —k,, respectively. The modal amplitudes of the
waves are indicated by s,, and s,_. The set of free-space modes
is assumed to be orthogonal. It is also taken to be complete: we
assume that the output wave generated by an input wave at a
port s, can be expressed as a combination of output waves at
all ports considered, and an output wave at s,_ can be
generated by a combination of all input waves considered. In
the discussion below, we will restrict our attention to object O
with a linear dielectric function that is modulated in space and

time and can therefore be viewed as a mode converter.** Such
a system can be described by a linear relationship between
input and output port amplitudes and the S-matrix of the
system:

S Su SIZ Sln S14+
Syp— 821 S2+
Sy— P S,
n Snl Snn nt (1)

Following ref 43, the absorptivity matrix A and emissivity
matrix E are related to the scattering matrix of the system S by

A=1-S's (2)
and
E=1,-SS 3)

Here, I; and I, are identity matrices in input and output
space, respectively, and T represents conjugate-transpose. The
absorptivity (a,) and emissivity (e,) values at a particular port
p are given by the diagonal elements of the A and E matrices,
ie,a,=A, and e, = Epp,43 which can be written as

P pr
_ 2
a,=1- Y1
q 4)
and
e, =1-Y1Is,P
q ()

The formalism of eqs 2—5 was originally derived for time-
independent systems based on the principle of conservation of
energy.”” In a space—time modulated system, energy
conservation no longer applies. However, photon flux is
conserved during frequency-conversion processes, as described

by the Manley—Rowe relation.”** Moreover, the definition of
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Figure 2. Schematics of the proposed design: (a) guided mode resonance grating design and corresponding unit cell. The dashed region undergoes
time-dependent modulation of the refractive index. (b) Calculated band structure of the grating, highlighting resonant modes of interest. Modes
excited by s;, and s,, are separated by modulation frequency Q = 47.93 GHz and normalized wave vector KA/2z = +1/3. Forward problem: modes
excited by obliquely incident wave s,, can couple to outgoing waves s,_ and s;_. Inverse problem: an outgoing wave s,_ can result only from input

wave s3,.
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a mode-converter basis set remains valid for a system varying
in space and time.** Therefore, eqs 4 and 5 remain valid when
defined for steady-state photon flux.

In particular, the absorptivity and emissivity must be defined
in terms of photon flux, rather than power. For a port p at
frequency @ and angle of incidence 6, the absorptivity (@,) is
defined as

q)a\bs

ap = —q)

mc

(6)

where @ is the absorbed photon flux and @, is the incident
photon flux. Similarly, emissivity into port p can be defined as

(I)emit
e, = —

L > (7)
where @ is the photon number flux emitted by the object
into port p (at frequency @ and angle ), and @y is the
photon number flux emitted by a blackbody at the same
temperature, wavelength, and angle.
The scattering matrix element S,, for input port g and
output port p is also defined in terms of the photon flux:

[0)
2 _ P
ISMI = —

¢ (8)

Here, @, and @, are the photon fluxes at output port p and
input port g, respectively, corresponding to frequencies w, and
@, When the modulation frequency € is much smaller than
the operational frequency w,, the ratio of photon fluxes is
nearly identical to the ratio of power fluxes.

Nonreciprocity has important consequences for the relation-
ship between absorptivity and emissivity at a particular
frequency and incident angle. For a nonreciprocal object, the
scattering matrix is asymmetric: S # ST (S;# Spq)- From eqs 4
and 5, we see that the formulas for absorptivity and emissivity
involve different sums over the scattering matrix elements.
Below, we will show that a, and e, can be unequal for
dynamically modulated systems with loss, leading to violation
of Kirchhoff’s law.

To illustrate how nonreciprocity can be induced by a
traveling-wave index modulation,*® we consider a guided-mode
resonance grating. Our design is shown in Figure 2a. It consists
of a dielectric grating coated with a perfect electrical conductor
(PEC) on the top and bottom surfaces. A detail of the unit cell
is shown below the grating. The real part of the refractive index
of the dielectric (n) is taken to be 3.55 (e.g., similar to InAs at
3.6 pm). We consider transverse electric (TE) polarization,
where only the z-component of the electric field is nonzero.
The region highlighted by the dashed line undergoes a spatio-
temporal permittivity modulation represented by € = ¢, + Ae
cos(Qt + Kx). Here, ¢, is the base permittivity of the dielectric,
Ae is the amplitude of modulation, € is the modulation
frequency, and K is the spatial frequency of modulation. § =
Aée/¢, is defined as the modulation depth. For zero modulation
depth, we calculate the band structure of the grating using
COMSOL and plot the results in Figure 2b. The parallel wave
vector is shown in normalized units k,A/27, while the
frequency is shown in real units of THz.

To calculate the absorptivity of a given port, we first examine
the forward problem, shown in the bottom left of Figure 2b.
Consider an incident wave s, in free space with a wave vector
kA/2m = +1/3, which corresponds to an incident angle of
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approximately +45.36° and an angular frequency w, = 27 X
82.617 THz. The incoming wave will couple to a mode of the
grating with the same k, and @,, indicated by the rightmost dot
on the band structure of Figure 2b. In the absence of
modulation and loss, the outgoing wave will exit into port 3
with [s;_| = Is;,]. Since the period of the grating is smaller than
the wavelength (3.628 ym), diffraction into higher orders does
not occur. Modulation introduces coupling between modes of
the grating, as indicated by the black arrow on the band
structure. Here, we have chosen a modulation frequency Q =
27w X 47.93 GHz and spatial frequency KA/27 = +1/3, for
which the modulation repeats every three periods of the
grating. The coupling allows some light to exit the grating at
normal incidence into port 2. The corresponding wave vector
and angular frequency are kA/27r = 0 and w, + €,
respectively. From eq 3, the calculation of absorptivity for
port 1 (@;) will involve both scattering from port 1 to port 2
(scattering matrix element S,;) and that from port 1 to port 3
(S31)-

To calculate the emissivity of a given port, we consider an
inverse problem, shown in the bottom right of Figure 2b. In
this case, we must identify all input ports that can produce
output at port 1. In the absence of modulation, an incident
wave at port 3 with amplitude s;, will reflect from the grating
into s;. In the presence of modulation, we might consider
whether an input s,, at port 2 can also produce output at port
1. The calculation of emissivity for port 1 would then include
both processes (corresponding to matrix elements Sy, and ;).
However, light incident from port 2 at k,A/27 = 0 and w, + Q
actually cannot convert to s,_ at @, due to phase mismatch.
Qualitatively, this is because the modulation vector (black
arrow in Figure 2b) has the wrong slope to be able to connect
the two points (s,, and s;_). Below, we show quantitatively
that the corresponding scattering matrix element (S;,) is equal
to zero. The dashed arrow and red “x” in Figure 2b highlights
that the s,, to s;_ conversion process does not occur.

We note that in standard grating theory, a common
convention is to define separate scattering matrices for a
Bloch wave vector k, and its mirror image —k,,***" since
modes at these two wave vectors in most cases do not couple
with each other. Within our formalism (eq 1), since the
dynamic modulation may couple grating modes with opposite
wave vectors together, we use a scattering matrix to describe all
modes that may be coupled together by the dynamic
modulation. For example, in our scattering matrix, both s,
and s;, are included, and these modes have opposite Bloch
wave vectors.

To calculate the numerical values of the scattering matrix
elements, we use a multifrequency, finite-difference frequency-
domain (FDFD) method.”>** In comparison with time-
domain simulations of photonic transitions,”* this approach
greatly shortens the computation time for systems in which the
modulation period is much longer than the optical period. We
simulate the fields at frequencies @, + Q, @, + 2L, and @, +
38, in addition to the field at the excitation frequency w,. Each
time-harmonic field is represented by a separate physics node
in COMSOL Multiphysics simulation. The refractive index
modulation is modeled using current-density terms, which
couples the different time harmonics as in ref 48. We
considered 3-unit periods to simulate the modulated grating.
The cos(Kx) spatial dependence of the modulation is
simplified by taking the phase to be constant within a single
modulation region (dashed rectangle in Figure 2a) and
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Figure 3. Spectrum of S-parameters and calculated emissivity/absorptivity for the critically coupled system with § = 2.33 X 107 (a) lossless system
showing complete nonreciprocal mode conversion. (b) No emission or absorption is seen due to the absence of loss. (c) Weaker conversion is
observed with introduction of loss. (d) Unequal absorptivity and emissivity are seen as a violation of Kirchhoffs law.

imposing a phase difference of ¢ = KA between adjacent
modulation regions or unit cells. Floquet periodic boundary
conditions are used for all time harmonics. With a choice of
modulation phase ¢ of 27/3, the phase difference between the
boundaries is a multiple of 2.

We first consider S-parameters for the system with no loss.
From previous work on nonreciprocal reflectors,*® we expect
that for a lossless system, there will be a value of the
modulation depth for which complete conversion from s, to
s, occurs, a condition known as critical coupling. For our
system, we determined numerically that the modulation depth
for critical coupling is 6 = 2.33 X 107 In Figure 3a, we plot
the S-parameters at critical coupling as a function of detuning
frequency Aw, where 1S,(Aw)P = N4+ Aw)/N,(w,+
Aw). We observe that IS;,1* goes to zero at Aw = 0, while IS,5*
= 1 for all frequencies. This indicates that the reflection from
the structure is strongly nonreciprocal. In the forward
direction, the specular reflection vanishes on resonance. In
the reverse direction, it is equal to 1. This is due to perfect
mode conversion in the forward direction (IS,,I* = 1). From
Figure 3a, we see that the system exhibits nonreciprocal
scattering with S # st

We can calculate the emissivity and absorptivity for port 1 of
the metasurface using the formulation presented in eqs 3 and
4. Figure 3b shows that both the emissivity and absorptivity are
zero for all frequencies, as expected for a lossless system. From
the plot of the forward case in Figure 3a, we see that IS,,* + |
Sy I* = 1 for all frequencies. This sum enters the formula in eq
3, resulting in zero absorptivity. For the reverse case in Figure
3a, we see that IS;,I* + IS5 is also equal to 1 for all
frequencies, which, from eq 4, results in zero emissivity.
Nonreciprocal systems with zero loss do not violate Kirchhoff’s
law, as both absorptivity and emissivity are identical to zero.

We introduce loss into our system by including a small
imaginary part k in the dielectric refractive index. We set k = 1
X 1075 inside the blue regions of Figure 2a. The calculated S-
parameters in the presence of loss are shown in Figure 3c. On
resonance, there is a partial conversion of incident light from
port 1 to port 2 (the value of IS,;I* > 0). There is no specular
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reflection (IS;;I> = 0 on resonance), indicating that the
remaining, unconverted light is absorbed. The reflection
spectrum is slightly broadened due to loss, reducing the Q-
factor. In the reverse direction, there is a dip in the reflection
spectrum (IS;51) due to resonant absorption. The matrix
element IS,,I* is also required for the calculation of emissivity
via eq 4 and was found to be zero over all frequencies. The
system is clearly nonreciprocal, with IS,,1* # IS,I* and IS, # |
Syl

The absorptivity and emissivity in the presence of loss are
plotted in Figure 3d. On resonance, absorptivity is larger than
the emissivity. This difference arises from the scattering matrix
elements shown in Figure 3c. On resonance, the sum of IS,,I>
and 1S5,1* is larger than IS),I* + 1S5%. From Figure 3d, we see
that the contrast, defined as la-el, is equal to 0.445 at 3628.68
nm. Physically, this difference corresponds to the difference in
absorptivity and emissivity for an incident plane wave at an
angle of 45.36°. As we move away from the central wavelength,
the contrast decreases. This numerical result provides direct
evidence that a nonreciprocal system with loss can strongly
violate Kirchhoff’s law.

Increasing the modulation depth beyond critical coupling
opens up a new physical regime for nonreciprocal scattering.
Previous work on strongly modulated media has identified the
emergence of scattering to additional space—time harmonics**
as well as modal splitting.*” Below, we study how these
processes impact nonreciprocal scattering and violations of
Kirchhoff’s law.

In principle, a modulation with frequency €2 and wave vector
K can convert light in an incident mode with wave vector kg,
and frequency @, to any other mode of the form (@, + n€, k,
— nK). In our system, KA/2x = 1/3. If we choose an initial
mode with kg, = K and @, = 27 X 82.617 THz, as in Figure 2b,
we can determine the set of all possible space—time harmonics.
These are indicated by red dots in Figure 4a. Notice that there
are only three possible values of the wave vector, k, = —1/
3(27/A), 0, and 1/3(27/A). This occurs due to the wrapping
of the Brillouin zone; harmonics with values kg, + #nK lying

https://doi.org/10.1021/acsphotonics.1c01350
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Figure 4. (a) For stronger modulation, additional conversion processes become possible. In principle, the modulation can convert light in an
incident mode with wave vector k, and frequency @, to any other mode of the form (@, + nQ, k,, — nK). Light incident at s, can couple to a set
of modes indicated by red dots that are separated by the modulation vector indicated by arrows. (b) Modes indicated by red dots (@, + nQ, —ko, —
nK) that can produce output mode s, _. (c) Schematic of the forward problem displaying incident wave amplitude s, and multiple, potential output
ports, indicated by blue, red, and green arrows. Specific output ports of interest have been assigned indices for convenience and labeled s, (d)
Inverse problem schematic showing outgoing wave s;_ that can be generated by various inputs labeled s;,.

outside of (—0.5, 0.5)(27/A) are mapped back into the first
Brillouin zone by adding or subtracting a multiple of (27/A).

First, consider the forward problem, wherein light is incident
at s;,. Light will couple to the mode of the grating indicated by
the small, black circle in Figure 4a. From numerical
simulations, we observe that the modulation couples the initial
mode to grating modes of the form (w, + nQ, ko, — nk),
where n can take both positive and negative values. These
modes are indicated by the red dots in Figure 2b and are
connected by black arrows representing the modulation, which
can wrap around the edges of the Brillouin zone. The grating
modes couple to output ports in free space with the same
frequency and parallel wave vector.

The forward scattering process is shown schematically in
Figure 4c. The light input at s, can exit the system in the
forward, normal, or backward direction. Light in the forward
direction contains a component due to specular reflection
(s3-), as seen above. It also contains components due to mode
conversion, specifically from conversion to modes with wave
vectors = +(1/3)(2n/A). Each forward component will exit
the grating with a slightly different angle, given by 6 =
sin"'(ck,/®). This is indicated schematically on the grating by
the multiple, green arrows. Light exiting the grating at normal
incidence arises from conversion to modes at k, = 0. Multiple
frequencies are in principle possible (red arrows). From our
simulation results below, we find that the strongest output
occurs in s3_. Light exiting in the backward direction
corresponds to k, = +(1/3)(2z/A). Again, multiple
frequencies, corresponding to slightly different angles, are
possible (blue arrows). We label the dominant backward port
as s,_ for convenience.

The calculation of emissivity requires the consideration of
the inverse problem. We must identify all possible input modes
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that can produce a nonzero output at s;_. This set is indicated
by the red dots in Figure 4b. The scattering process is depicted
by Figure 4d. As mentioned before, specular reflection couples
s3, to s;_. For strong modulation, additional modes can also
produce output at s,_, as indicated schematically by the arrows.
Modes with green, red, and blue arrows correspond to wave
vectors k,A/2m = —1/3, 0, and 1/3, respectively. We note that
the set of modes indicated by red dots in Figure 4ab are
distinct.

In Figure Sa, we plot the S-parameters of the strongly
modulated system for the case of no loss. A modulation depth
5 =233 X 107 was used in simulation. In the forward
problem, when light is incident at s,,, the only significant
scattering matrix elements (|Spq|2 >1X 1073) were S,;, S;;, and
S41, corresponding to output at s, , s3_, and s,_. The grating
modes that couple to each of these output ports are labeled in
Figure 4b for convenience. Clear mode splitting is observed in
the spectrum. The spectrum is asymmetric around the center
frequency. In the inverse problem, the input at port 3, S, 6, or 7
produces a strong output at port 1, corresponding to significant
scattering elements Sy;, Si5, S and S;;. No splitting is
observed in the inverse spectrum. The peak is shifted slightly
above the center frequency. The nonreciprocal character of the
grating is clearly illustrated by comparing ISy,1* and IS5,
which are clearly different in both shape and magnitude. The
absorptivity and emissivity are plotted in Figure Sb and are
equal to zero, as required for a lossless system.

Figure 5c shows the S-parameters for the strongly modulated
system with a loss value of x = 1 X 107%. Similar to the lossless
case, the forward problem exhibits spectral splitting, while the
inverse problem does not. The nonreciprocal character is
evident from the fact that 1S,4* # IS;,%. Figure Sd shows the
absorptivity and emissivity for port 1. We observe that the
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Figure 5. Spectrum of S-parameters and corresponding emissivity/absorptivity spectra in strongly modulated regime with & = 2.33 X 107: (a)
lossless system showing nonreciprocal Rabi splitting. The inverse problem also exhibits mode conversion due to strong modulation. (b) The
emissivity and absorptivity spectra are zero. (c) A lossy system with k = 1 X 107> shows weaker conversion but exhibits a stronger contrast at
central frequency owing to loss. (d) A high contrast in emissivity and absorptivity is observed.

absorptivity has an asymmetric, split-peak shape, which
originates from the shape of the S-matrix spectra for the
forward problem. The emissivity has a single peak shape,
reflecting the shape of the S-matrix spectra for the inverse
problem. The contrast la-el is maximized at a wavelength of
3628.56 nm, corresponding to an incident angle of 45.36°.
This value is larger than for the critical-coupling case.

Directional-dependent splitting of the S-matrix elements
observed in Figures 4 and 5 has previously been observed in
modulated, side-coupled microring systems.”” We can gain
insight into this phenomenon by drawing an analogy between
the two systems. The specular reflection path in our system
(port 1 — 3) plays an analogous role to forward waveguide
transmission without frequency conversion in the side-coupled
microring. Floquet analysis shows that a phase-matched
modulation induces direction-dependent Rabi splitting.*’
This results in a split-peak spectrum for the forward scattering
process (S;;) and a single-peak spectrum for the inverse
process (S;3). As above, we have shown for the first time that
this directional dependence of the scattering matrix directly
results in the violation of Kirchhoff’s law.

The method we used for calculations of absorptivity and
emissivity considered a particular input port, corresponding to
a specified @, and k, in free space. Given these values, we can
calculate the corresponding wavelength and angle. We note
that when interpreting the absorptivity and emissivity spectra
of Figures 3d and 5d, the incident angle varies slightly with
wavelength as 6 = sin~'(1k,/2x). This procedure outlined here
can be used quite generally to determine absorptivity and
emissivity and any given wavelength and angle of interest,
provided that the incoming wave couples to a single-guided
resonance mode of the structure. This condition will hold in
most cases, apart from degenerate points in the band structure.
In this case, the relative excitation of the degenerate modes
must be determined and used in the coupled side-band
simulation method.
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We envision that the design of Figure 2a can be
implemented in an InAs material system. The refractive
index of InAs strongly depends on carrier concentration in the
2.1—4.4 im wavelength range,*® allowing for spatial- and time-
dependent tuning. The loss values for heavily doped InAs are
consistent with the range studied here (k & 1 X 107°).>" Top
and bottom metal contacts could be potentially used for
injection tuning.

In conclusion, we proposed a design of a nonreciprocal
infrared thermal emitter based on a dynamically modulated,
guided-resonance mode grating. We developed a framework
for calculating the absorptivity and emissivity of the structure
from the scattering matrix that is valid for systems with mode
conversion. We present a specific grating design that exhibits
asymmetric directional reflection at an oblique angle of
incidence. For a modulation depth corresponding to critical
coupling, we show that directional asymmetry in the scattering
matrix results in violations of Kirchhoff’s law, with absorptivity
not equal to emissivity for a given frequency and angle of
incidence. For larger modulation depths, we observe direc-
tional-dependent Rabi splitting in the scattering matrix. The
forward scattering matrix elements that enter the absorptivity
calculation exhibit spectral splitting, resulting in a split-peak
absorptivity spectrum. The scattering matrix elements that
enter the emissivity do not split, resulting in a single-peak
emissivity. This behavior results in a strong contrast (large la-
el) at high modulation depths.

Significantly, this work enables a route to nonreciprocal
thermal emission without the use of magneto-optical materials.
The concept presented here relies on the dynamic modulation
of the refractive index, which can potentially be achieved in a
more general class of electro-optic materials. The design is thus
the first step toward realizing magnet-free nonreciprocal
thermal emitters at designed wavelengths of interest. In
addition to being of fundamental importance, the ability to
achieve thermally emissive nonreciprocity in realistic, engi-
neered systems may have important applications in energy
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harvesting. Traditional approaches to energy harvesting are
bounded by the fundamental limits imposed by reciprocity.
Nonreciprocal systems may thus enable novel approaches in

this field.
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