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Magnetic-free nonreciprocal photonic platform based on time-modulated graphene capacitors
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We propose a paradigm for the realization of nonreciprocal photonic devices based on time-modulated
graphene capacitors coupled to photonic waveguides, without relying on magneto-optic effects. The resulting
hybrid graphene-dielectric platform is low loss, silicon compatible, robust against graphene imperfections,
scalable from terahertz to near-infrared frequencies, and it exhibits large nonreciprocal responses using realistic
biasing schemes. We introduce an analytical framework based on solving the eigenstates of the modulated
structure and on spatial coupled mode theory, unveiling the physical mechanisms that enable nonreciprocity
and enabling a quick analysis and design of optimal isolator geometries based on synthetic linear and angular
momentum bias. Our results, validated through harmonic-balance full-wave simulations, confirm the feasibility
of the introduced low-loss (<3 dB) platform to realize large photonic isolation through various mechanisms,
such as narrow-band asymmetric band gaps and interband photonic transitions that allow multiple isolation
frequencies and large bandwidths. We envision that this technology may pave the wave to magnetic-free, fully
integrated, and CMOS—compatible nonreciprocal components with wide applications in photonic networks and

thermal management.
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I. INTRODUCTION

Lorentz reciprocity ensures that the response of a linear
device is unchanged when excitation and observation points
are swapped [1,2]. This is a fundamental property that has
limited the way in which electromagnetic signals are pro-
cessed and transmitted. Nonreciprocal systems, which are
not bounded by this symmetry, have become of critical im-
portance throughout the entire frequency spectrum to realize
devices like circulators and isolators, enabling radar operation
and full-duplex communications, and to protect sensitive laser
sources from reflections.

Nonreciprocity has traditionally been achieved through
magneto-optical effects, requiring lossy and bulky magnetic
materials under strong biasing fields that are incompatible
with modern technology trends, in constant pursuit of minia-
turized, integrated, and affordable devices. Motivated by these
shortcomings, recent years have seen a rapidly growing inter-
est in alternative ways to break reciprocity, mainly through
nonlinear materials [3-5] and spatiotemporal modulation,
which is able to impart linear or angular momentum to the
waves propagating within the system [2,6-9]. Although non-
linear isolators do not require an external bias, they are
limited in their operation to a range of high-intensity signals
and excitation from a single port at a time [4]. The mod-
ulation approach is intensity independent and it provides
greater design flexibility, which has allowed researchers to put
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forward a wide variety of magnetless nonreciprocal devices
in electromagnetics and acoustics [2,10—12]. Unfortunately,
the use of this concept in practical applications beyond ra-
dio frequencies remains challenging due to the high mod-
ulation frequencies required—not achievable with common
switches or varactors—and the difficulty of rapidly modu-
lating the properties of optical materials [11,13]. Recently,
gated graphene structures with time-varying biasing voltages
have been introduced as a promising platform to implement
this paradigm at terahertz (THz) and IR frequencies, owing
to the ultrafast modulation that it can support and the nu-
merous attractive features of graphene plasmonics [6,14—-18].
However, this approach requires high-quality graphene able to
support plasmons with low damping. This is critical not only
for acceptable levels of insertion loss, but also for sufficiently
strong nonreciprocal responses, as the spectral linewidth of
the resonant states affects how effectively they exchange
energy when not perfectly phase matched. Such interaction is
especially significant when the modulation frequency is much
smaller than the operation frequency, leading to spurious
coupling that becomes an additional source of loss [2,6].

To reduce the burden on graphene quality, here we propose
to break reciprocity by using spatiotemporally modulated
graphene as a perturbation of high-Q photonic modes in
dielectric structures. The resulting hybrid graphene-dielectric
photonic devices are low loss, silicon compatible, frequency
scalable from THz to infrared and telecom wavelengths, ro-
bust against graphene imperfections, and exhibit large non-
reciprocal responses using realistic biasing schemes. We em-
phasize the compatibility of this platform with well-known
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FIG. 1. Hybrid dielectric-graphene isolator based on asymmetric band gaps. (a) Dielectric waveguide loaded with a time-modulated
graphene capacitor. (b) Photonic isolator based on a dielectric waveguide (y invariance is assumed) with relative permittivities & = ¢3 = 4
(810,) and &, = 12 (Si), h = 2.75 pm, loaded with a series of time-modulated graphene capacitors with interlayer spacing much smaller than
h, resulting in an effective conductivity along z of the form shown in Eq. (1), with M = 0.3, ®,, = 30 GHz, and k,, = 8.52 x 10°. Overlaid is
the associated y component of the guided mode (not to scale). Panels (c,d) show the real and imaginary parts of the wave number of the guided
mode near the band gap, computed analytically for both propagation directions. (e) Isolation and insertion loss versus graphene relaxation time
for a waveguide length of 1.5 mm. (f) Poynting vector for excitation from the left (energy is transmitted to the right) and from the right (energy
is frequency converted and reflected). Graphene chemical potential and relaxation time are 0.4 eV and 1 ps, modulation frequency is 30 GHz,

modulation index is 0.3, and temperature is 300 K.

integrated photonic systems, as graphene is used here only to
engineer the required nonreciprocal coupling between pho-
tonic states, having negligible effect on their impedance,
wave number, and field profile. Moreover, the unprecedented
performance at IR frequencies makes this platform suitable
to break emission and absorption symmetries in thermal
management applications, such as thermophotovoltaic cells
with increased efficiency [19]. We illustrate the capabilities
and broad reach of this platform by designing and analyz-
ing different types of isolators based on linear and angular
momentum. Several configurations are explored, including
isolators based on asymmetric band gaps able to achieve
arbitrarily large isolation over a narrow bandwidth, and on
interband photonic transitions that enable larger operation
bandwidth. To fully understand the operation principle of

this platform, illustrate their underlying physical mechanisms,
and to quickly analyze and design optimal components, we
introduce an analytical framework based on solving the eigen-
states of the modulated structure and on spatial coupled mode
theory, and use harmonic-balance full-wave simulation to
verify our predictions. Our platform can significantly outper-
form other magnetic-free nonreciprocal solutions in photonics
at terahertz, IR, and telecom wavelengths, which typically
rely on lossy p-i-n junctions [13,20-22] or on narrow-band
optomechanical effects [23-28].

II. ISOLATORS BASED ON ASYMMETRIC BAND GAPS

Consider the structure of Fig. 1(a), where a pair of closely
spaced graphene sheets have been transferred on top of a
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dielectric slab with permittivity &, surrounded by media ¢;
and e3. For deeply subwavelength separation, the graphene
stack has an effective conductivity that is simply the sum of
the two layers, i.e., Ogack = 01 + 03, and it can be modulated
by applying a voltage between them, enabling broad control
of the stack conductivity [29]. This configuration, employing
a single capacitor, has been used to experimentally realize
optical modulators with speeds as high as 30 GHz [30], with
suboptimal contact resistance being the limiting factor. Speeds
close to 100 GHz would be possible with state-of-the-art
low-resistance contacts, which would further boost the per-
formance of the platform proposed here [31,32]. If multiples
of these capacitors are placed along the propagation direction
z of a waveguide, shown in Fig. 1(b), one can synthesize
through well-known relations the voltages required to yield
a spatially and temporarily varying conductivity profile of the
form [6,12,16,29,30]

Oeff (2, 1) = Ostack[1 + Mcos(wyt — kiuz)l, (D

where M is the modulation depth; ¢ is time; w,, is the mod-
ulation frequency; and k,, = 27 /p is the modulation wave
number, p being the spatial period. This effective conduc-
tivity will be exploited below to implement various types of
photonic isolators. Note that, because of the smooth voltage
between adjacent capacitors, edge effects are expected to have
a small influence [33], and the required modulation depth
is smaller than in the experimentally demonstrated modula-
tors mentioned above, as those devices require large voltage
swings to switch critical coupling on and off [30]. These
two considerations provide an optimistic outlook for potential
experimental demonstrations of the devices proposed below.

We begin by considering an isolator based on asymmetric
band gaps for the fundamental transverse electric (TE) mode
of the dielectric waveguide in Fig. 1. It is well known that
a periodic perturbation to a waveguide can be used to engi-
neer photonic band gaps, in which the propagation constant
acquires an imaginary part associated to backscattering [34].
This is the operation principle behind Bragg gratings [35,36].
The isolator proposed here is based on a similar principle, but
the time-varying nature of the perturbation now frequency-
shifts the band gaps in opposite directions for left-right and
right-left propagation. This is analogous to the Doppler effect
that would be observed if a Bragg grating was physically
moving along the z axis [2,37]. For instance, Ref. [37]
analyzed the properties of asymmetric photonic band gaps
for plane-wave propagation in an infinite dielectric medium
where the permittivity is modulated along the propagation di-
rection, and experimentally demonstrated this concept around
2.5 GHz by means of varactors modulated at 675 MHz.
Unfortunately, that approach would be unfeasible at THz or
IR frequencies because varactors cannot be modulated fast
enough [2,38,39]. This limitation of varactors applies to any
nonreciprocal device based on spatiotemporal modulation, not
just to the isolators presented in this section. Because of this,
researchers in photonics have focused on modulating the prop-
erties of optical materials like silicon using p-i-n junctions,
an approach that is limited by weak achievable modulation
indexes, high loss, and fabrication complexity [11-13]. The
platform presented in the following is intended to overcome
these challenges.

Propagation through the isolator of Fig. 1(b) can be quan-
titatively analyzed by computing the eigenstates of the spa-
tiotemporally modulated system, which provide the complex-
valued propagation constant within the band gap for both
propagation directions. We start by writing the TE fields as an
infinite summation of momentum-frequency harmonics [40],

o0
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where ky,; = Ve kg; — kZ; is the x component of the wave
number in the medium n for the ith harmonic, A—D are
amplitude constants, and the graphene stack is located at
x = 0. The associated magnetic field is given by Maxwell’s
equations. Enforcing continuity of the tangential fields across
the interfaces through the usual current boundary condition on
graphene, 1 x (H| — H,) = o.(z, t)E,, we find the general
dispersion relation of the modulated structure for an arbitrary
number of harmonics:
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where
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In the absence of modulation, the harmonics are decou-
pled and the above dispersion relation describes standard TE
modes, taking the form

|
——(Jepkyiz — kyit) = —Ogtack- (5)
Wi o

Unsurprisingly, this expression is similar to the textbook
solution of the fundamental surface wave in a dielectric slab
[34], and it will be used in the following to apply coupled
mode theory to the analysis and design of this and other types
of isolators. The modulation given by Eq. (1) introduces cou-
pling among harmonics, which, given the perturbing nature
of the modulation, we can safely assume to be limited to the
neighboring harmonics, resulting in the following infinite set
of equations:

wr Ai .
ef“’”wl; (jepkxin — kxit)
i Lo

= Ostack (Ai +

AigM Ao MY
[on , 6
st )¢ (6)
which can be truncated to a few terms to yield a deter-

minant equation that can be solved for k,;; and thus k,
fully characterizing all Fourier harmonics through their wave
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number k, + nk, and frequency w =+ nw,. Note that we
have neglected the influence of the conductivity dispersion
since w,, < wy. It can easily be taken into account in the
Drude regime by writing the conductivity as o,(z,t) =
00(z,t)/(1 + jot), which allows us to separate the modu-
lated Drude weight from its frequency dispersion. We have
verified that the influence of this correction is negligible, as
long as w,, < wy.

Figures 1(c) and 1(d) show the real and imaginary parts
of the fundamental harmonic wave number near the band
gap for such a waveguide, with the values for left-right and
right-left propagation plotted along the same axis for easy
visualization. The key feature enabling isolation is apparent
in Fig. 1(d), which shows the frequency-shifted attenuation
factors Im[k,] due to the band gap. If the excitation fre-
quency lies within a range where only positive or negative
k, have a large imaginary part, arbitrarily large isolation can
be achieved by increasing the waveguide length, since power
will be gradually reflected in that direction, but not in the
opposite one. Importantly, the frequency of reflected waves
is fo x f. Figure 1(e) shows the isolation and insertion
loss of a 1.5-mm-long isolator based on this principle versus
graphene phenomenological relaxation time [16], showing
a good isolation to loss ratio for moderate- to high-quality
graphene. Relaxation times greater than 0.5 ps have been
experimentally realized in recent years, so these results are en-
couraging for practical implementations [41,42]. Figure 1(f),
computed with harmonic-balance full-wave simulations in
COMSOL MULTIPHYSICS [43], demonstrates the operation of
the device, showing full transmission for excitation from the
left (left column), and reflection and conversion to a different
harmonic for excitation from the right (right column), in close
agreement with our theory. In particular, the figure shows the z
component of the Poynting vector when the isolator is excited
from both directions at fy = 10.01 THz. Note that the figure
has a largely distorted scale in the two dimensions for the sake
of visualization, as the waveguide height is 2.75 um and the
isolator length is 1.5 mm.

An ideal approach to study these problems is based on
the coupled mode formalism [34,36]. This framework is well
suited not only to validate the response presented earlier, but
also to design and analyze different types of isolators like
the one shown in the next section, owing to its generality,
and to provide physical insights in their operation. Coupled
mode theory (CMT) describes the space or time evolution
of overlapping modes in coupled resonators or waveguides,
and it has been extensively used to model couples, filters,
and more recently nonreciprocal acoustic and electromagnetic
devices based on spatiotemporal modulation [10,12,44,45].
For two waves with amplitudes a; and a, and propagation
constants k,; and k,», weakly coupled by some means, their
coupled mode equations in space may be written as [12,34]

da; .
— = —jkyaar + kpas,
dz
@)
day .
— = —jkpar + Kkn1a;.
dz

If the modes do not interact, «;; = 0 (with i # j) and the
decoupled equations simply describe the amplitude variation

given by the propagation constants k.;. For coupled modes,
the coupling coefficients k;; determine the rate with which
the modes exchange power and, if power is to be conserved,
k12 = k3; =« [36]. This operation is typically mediated
by a perturbation to the permittivity such as ¢ = e(x, y) +
de(x, y)cos(wy,t — ki z), resulting in the well-known, general
expression for the coupling coefficient [12,34,45]:

K= —% ff Se(x, Y)E (x, y)E5(x, y)dxdy. (8)

The platform proposed here relies instead on modulating
graphene’s conductivity, and its practical feasibility compared
to other solutions depends largely on the capability of this
modulation to perturb high-Q dielectric modes. Once this
has been quantified, any nonreciprocal electromagnetic device
based on linear or angular momentum bias can be designed.
We show in the Appendix that the coupling coefficient in this
case is

€ = gova BV EY, ©)
where E f[) is the tangential field of the ith mode on graphene’s
surface, normalized to a power flow of 1 W along Z; i.e.,
[ E; x Hdxdy = 2 [34]. Therefore, the coupling coeffi-
cient between any two modes interacting with graphene is
simply the scalar product of the tangential electric fields on
graphene, weighted by the perturbation to the conductivity. If
multiple graphene stacks were present throughout the struc-
ture, all the contributions should be added. The applicability
of Eq. (9) extends far beyond the context of this paper, as it
allows analytical treatment of any nonreciprocal device based
on time-modulated graphene, including isolators, circulators,
metasurfaces, or antennas [6,8,12,19,45-47], by simply solv-
ing for the relevant eigenmodes. Plasmonic devices, where
graphene acts as the main propagation platform via surface
plasmon polaritons rather than as a perturbation, will also
benefit from this approach. These devices inherently suffer
from higher loss and they require graphene of very high qual-
ity, but they may be a suitable choice when extreme minia-
turization or tunability are required. References [6,14] put
forward isolators, nonreciprocal antennas, and phase shifters
based on this mechanism, and we envision that the framework
derived here will lead to a refinement of these concepts and
near-optimal designs. We note that this discussion also applies
to temporal coupled mode theory, typically used to study
resonant structures [8,36].

In this context, the operation mechanism of the isolator of
Fig. 1, based on asymmetric band gaps, can also be understood
as nonreciprocal coupling of two modes at fy and fy £ f,
propagating in opposite directions. This perspective allows
us to take advantage of the system response in the absence
of any modulation, given by Egs. (2) and (5), in conjunc-
tion with Eq. (7) [34,36]. For any two modes to efficiently
exchange power, phase-matching conditions must hold so
that the fields scattered along the structure’s length add con-
structively, meaning w,, = wy — w1, Ak = kp(wo = wy) —
k.1 (wp) — k, = 0 (in the present case, k,; and k,, have op-
posite signs). It should not be surprising that this is precisely
the design condition for the frequencies and wave numbers at
which the asymmetric band gaps appear.
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FIG. 2. (a) Bidirectional transmission of the isolator from Fig. 1,
computed with three different approaches: (i) considering the propa-
gation decay in the band gaps given by Eq. (3), (ii) applying coupled
mode theory with the dispersion and field profiles of the unmodu-
lated waveguide given by Eq. (5), and (iii) using harmonic-balance
full-wave simulation in COMSOL MULTIPHYSICS. (b—d) Parametric
study of coupling coefficient, isolation, and insertion loss of the
proposed isolator versus waveguide height and chemical potential of
the graphene sheets. Parameters are the same as in Fig. 1.

Figure 2(a) validates the accuracy of both theoretical ap-
proaches, showing the transmission for both propagation di-
rections predicted by the dispersion approach [using Eq. (6)],
CMT, and harmonic-balance full-wave simulations in COM-
SOL MULTIPHYSICS. In the latter, we excite the structure
at wo and introduce modulation-induced coupling to adja-
cent harmonics through surface currents on graphene, with
magnitudes obtained by expanding the boundary condition
Jstack (2, 1) = 0ot (2, t)El.(l)(z, t) and identifying terms at wy
and wy + w,,. Figures 2(b)-2(d) explore the design space
using CMT to compute the coupling coefficient «, isolation,
and insertion loss for a wide range of waveguide heights and
graphene chemical potentials, allowing to visualize perfor-
mance trade-offs. In this particular case, there is an optimal
range of heights that maximize isolation, whereas a mono-
tonic dependence is observed versus chemical potential.

Lastly, we demonstrate in Fig. 3 the possibility of reducing
the footprint of this type of isolator by using a resonant,
spatiotemporally moduled ring coupled to an unmodulated
bus waveguide, achieving a tenfold reduction in device length.
This is similar to the device proposed in [46], modulating the
ring permittivity and using an additional bus waveguide. All
mode coupling now takes place within the ring, forming a
resonant state that is a hybridization of the forward mode at
and the frequency-converted reflected mode at wy £ w,,, due

fo =10.02 THz < Right-left = Left-right
..... o, .
: T-10f
o " = =
: = : 2 20t
o s 2
Jo§ £ § 30}
-—) ", 5
1cmuooo~ou ~-40F ) ) ,
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FIG. 3. Compact implementation of the hybrid dielectric/
graphene isolator in Figs. 1 and 2. By using a graphene-modulated
resonant ring coupled to a standard, unmodulated bus waveguide,
mode coupling occurs within the resonant ring and a tenfold length
reduction is achieved. Parameters are as in Figs. 1 and 2, ring radius
is 39 um, and distance between bus and waveguide is 5 um.

to the band gap [2,12,45,46]. The modulation parameters are
the same as in the linear-waveguide case, but now the bus-ring
separation must also be designed for critical coupling [48].
In this example, this separation is 5.1 wm, and ring radius is
34.5 pm.

Engineered photonic band gaps have far-reaching impli-
cations beyond the devices shown in this section, where we
have only explored the proof-of-concept case of an ideal
sinusoidal modulation and monomode excitation. This sim-
ple scenario provides remarkable isolation performance and
valuable insight into the underlying physics, but one could
also envision other exotic responses based on more complex
space-time modulation schemes, or by using the spatiotem-
porally modulated structure as a nonreciprocal scatterer. For
instance, Ref. [49] studied varactor-based modulations that
are periodic in time but aperiodic in space, which yields
large aperiodic band gaps that can be used for pure frequency
mixing and isolation while forbidding undesired transitions
thanks to carefully designed strong dispersion; Ref. [50]
studied transmission of plane waves through a spatiotempo-
rally modulated slab, showing angle-dependent nonreciprocal
harmonic generation and filtering. These concepts could in
principle be translated to the hybrid graphene-photonic plat-
form proposed here, enabling their application at THz and
IR frequencies. Another topic worth exploring relates to the
so-called quasisonic operation, when the phase velocity of
the carrier signal, vy = wy/k;, is similar to the phase velocity
of the modulated signal, v,, = wy, /k,, [51,52]. This leads to
interesting phenomena such as all harmonics merging into a
single dispersion curve, as discussed in [50] for scattering by
an infinite quasisonic slab. However, for devices operating
at THz and IR frequencies, w,, < wo necessarily, and thus
v K vg unless k,, < ko, so they typically operate in a deeply
subsonic regime, as is the case in the devices studied here.
Nonetheless, it may be possible to design hybrid graphene-
dielectric structures where vy & v,, through deliberate disper-
sion engineering.

III. ISOLATORS BASED ON INTERBAND
PHOTONIC TRANSITIONS

In this section we explore a different approach to realize
magnetic-free isolators, using a similar modulation scheme to
couple otherwise orthogonal modes in a multimode structure,
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FIG. 4. Hybrid graphene/dielectric isolator based on interband photonic transitions. (a) Operation principle: if w,, = w2 — w; and ko0 =
ko — ki, perfect phase matching occurs and total power conversion occurs between the orthogonal modes. This happens only in one direction.
Dashed black and solid red and blue lines denote the light cone and even and odd modes, respectively. (b) Transverse view of a multimode
waveguide able to host this type of isolator. (c) Full-wave simulation of an isolator based on this principle, for the isolated direction. Shown are
enlarged snapshots of the ports for better visualization. Device length is 1.36 mm; waveguide height /4 is 6 um. (d) Dispersion of the even and
odd modes involved in the operation. (¢) Transmission for both propagation directions, computed with coupled mode theory (solid lines) and
full-wave simulations (markers). (f) Isolation and insertion loss versus graphene relaxation time. Graphene’s chemical potential and relaxation
time are 0.4 eV and 1 ps, respectively, modulation frequency is 30 GHz, k,, = 1.86 x 10°, modulation index is 0.3, and temperature is 300 K.

so that in the isolated direction all power is converted to
a different mode that can be filtered or scattered. In the
connected direction, phase matching does not hold and thus no
conversion occurs. This class of isolator has been considered
in [12,13,53] for dielectric waveguides with spatiotemporally
modulated permittivity, and in [6] for all-graphene plasmonic
devices. The operation principle, illustrated in Fig. 4(a), is
quite general and provides important advantages over the
band-gap-based approach of the previous section in terms
of enhanced operation bandwidth and simplified modulation
scheme, as k,, is typically smaller—in this type of diagram,
the isolator of the previous section would be based on cou-
pling between the forward and backward red or blue curves, a
much bigger jump in the momentum axis. This type of mode
conversion is usually termed “interband photonic transition”
in analogy with electron transitions between bands in semi-
conductors [2]. Importantly, full power exchange between
modes propagating in the same direction occurs periodically,
with a period equal to the so-called coherence length, which is
inversely proportional to the coupling coefficient L, = 7 /2|k|
[2]. The modulated region should therefore extend an odd
multiple of coherence lengths—there is no benefit in making
it greater than 1, but this condition means that isolation could
also occur at higher frequencies.

Figure 4(b) depicts a structure capable of realizing this
response. The device is identical to the one in Fig. 1, except for
the additional requirement that the waveguide must support at
least two modes, achieved here by increasing the waveguide
height. The dispersion of the even and odd modes is computed

using Eq. (5), which allows us to suitably select the modula-
tion parameters. Figure 4(c) shows a snapshot of the fields
at fo and fy + f,, for the isolated direction, demonstrating
how the input mode (with even symmetry, fundamental TE
mode) is completely converted to the odd-symmetric mode
over the coherence length. We show an enlarged view of
the ports for the sake of visualization, as the device is sig-
nificantly longer (1.8 mm). In practice, this isolator would
likely be connected to single-mode waveguides through a
tapered section that would at the same time serve as a filter
for the higher-order mode carrying power in the isolated
direction. Figure 4(d) shows the dispersion of the modes, and
Fig. 4(e) depicts the transmission for both directions versus
frequency, computed using CMT (solid lines) and full-wave
simulations in COMSOL MULTIPHYSICS (circle markers), once
again demonstrating isolation greater than 20 dB and low
loss. This result also highlights an important advantage of
this type of isolator: bandwidth engineering. Because the
dispersion of the modes involved can be engineered a priori
through the geometrical parameters and choice of materials,
it is indeed possible to achieve the phase-matching condition
over a wider frequency range if the dispersion curves are
close to parallel, as roughly achieved in this isolator between
8.8 and 10 THz. This comes at the cost of increased device
footprint compared to the resonant implementation of Fig. 3,
a trade-off often found in nonreciprocal devices based on
spatiotemporal modulation [2]. In addition, the same structure
can simultaneously support isolation for different directions at
different frequencies, as also evidenced by this design around
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FIG. 5. Hybrid graphene/dielectric isolator based on interband photonic transitions operating at A = 1550 nm. Operation is like in Fig. 4,
but instead of using a single multimode wire, two coupled monomode wires supporting even and odd supermodes are used [11]. The advantage
of this approach lies in it requiring smaller k04, Since the modes have similar wave numbers, making it suitable for short wavelengths. (a)
Transverse view of the waveguide. (b) Full-wave simulation in the isolated direction at A = 1550 nm. An enlarged view of the ports is shown
for better visualization. (c) Dispersion of the quasi- even and odd supermodes. (d) Transmission for both propagation directions, computed
with coupled mode theory (solid lines) and full-wave simulations (markers). (e) Isolation and insertion loss versus graphene relaxation time.
Device length is 1.26 mm, waveguide height 4 is 300 nm, separation d is 300 nm, graphene’s chemical potential and relaxation time are 0.7 eV
and 1 ps, modulation frequency is 30 GHz, k,, = 1.53 x 10°, modulation index is 0.3, and temperature is 300 K.

8.2 and 11 THz. Finally, Fig. 4(f) shows the isolation and
insertion loss at 10 THz versus graphene’s relaxation time,
confirming that the reported response is moderately robust
versus graphene’s quality. Another important difference be-
tween this type of isolator and those based on asymmetric
band gaps concerns the modulation profile in the transverse
plane: Because the modes are orthogonal, the perturbation
applied to the waveguide must be asymmetric in x for k¥ to not
vanish [12]. Consider, for instance, an additional modulated
set of graphene capacitors at the bottom of the waveguide,
resulting in an additional contribution to Eq. (9). If both
modulations were in phase, the two contributions would be of
equal magnitude and opposite, leading to k = 0. Note that this
is not the case in the band-gap-based implementation, where
the coupling coefficient would instead double.

The proposed platform is quite general and can be imple-
mented up to infrared frequencies using various waveguide
configurations, such as a pair of coupled monomode waveg-
uides supporting even and odd supermodes. The advantage of
this structure lies in the similarity of the supermode dispersion
curves, which results in smaller values of the modulation
wave number k,, and therefore fewer bias connections and
simpler practical realization. This concept was realized in
[13] at 1.55 um by modulating the permittivity of silicon
waveguides through p-i-n junctions, but their highly lossy
nature considerably limited overall performance—yielding a

measured isolation of 3 dB with an insertion loss of 70 dB.
In Fig. 5(a) we propose a similar structure operating at tele-
com wavelengths where modulation is instead provided by
graphene capacitors. The design has been once again carried
out with CMT and validated with COMSOL MULTIPHYSICS,
without any optimization. Theoretically predicted isolation is
greater than 60 dB, as the modes have almost identical (low)
damping, whereas numerical results predict roughly 35 dB
due to numerical noise. Insertion loss is less than 3 dB and
it remains almost constant versus graphene’s relaxation time
7, since it is mainly caused by spurious coupling between
the modes rather than absorption. The odd mode carrying
power in the isolated direction would in practice be removed
at the ports, for instance, by using multimode interference
(MMI) waveguides, as done experimentally in [13]. Lastly,
we note that graphene should be sufficiently doped to prevent
excessive absorption by electron interband transitions, i.e.,
21, > hw, a condition that is met here. The excellent per-
formance and reduced modulation complexity of this type of
isolator make it particularly suited for near-infrared integrated
silicon-photonics devices.

We have established here the foundation for manipulating
interband photonic transitions in hybrid graphene-dielectric
devices through simple, effective devices; but the core physics
is quite general, and we expect that a much wider range of
THz and IR devices will be demonstrated in the future by
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borrowing concepts from the rapidly growing literature on
spatiotemporally modulated media. For instance, a system of
two waveguides coupled in a Mach-Zehnder interferometer
configuration, with one of them spatiotemporally modulated,
can realize circulation and isolation [53,54], or the photonic
transition can take place in resonant rings to reduce the device
footprint [12], as we did in the previous section for band-
gap-based isolators. This type of photonic transition can also
enable circulation of scattered free-space waves, as shown
in [8] for a dielectric slab with modulated permittivity. We
have focused in this paper on linear momentum biasing, but
our proposed platform is also perfectly suitable for angular
momentum biased devices such as the modulated ring of
Fig. 3. Angular momentum may allow us to reduce the com-
plexity of modulation schemes even further, for instance, by
using three coupled resonators that are time modulated with
phase differences of 120° [2,11,55]. This phase difference
provides the spatial part of the modulation in a way that
circumvents the potential practical difficulties of discretizing a
continuous modulation profile [2]. The simplest translation of
this concept into our platform would consist of three coupled
dielectric resonators perturbed by time-modulated graphene
capacitors. More sophisticated schemes at rf have been pro-
posed in [11,56,57], and they could in principle be similarly
adapted. It is also possible to break reciprocity by considering
coupled resonators with different resonant frequencies and
modulating the coupling between them [2,58]. This vast land-
scape of possibilities, combined with the ongoing efforts on
streamlining graphene fabrication and modulation processes,
paints a promising picture for practical, integrated, nonrecip-
rocal photonic devices for THz and IR frequencies in the near
future.

IV. CONCLUSIONS

Hybrid dielectric-graphene waveguides form an ideal plat-
form to realize low-loss, magnetic-free, silicon-compatible,
nonreciprocal components from terahertz up to near-infrared
frequencies. This platform combines the robustness and
promise of silicon photonics with the simplicity of modulating
graphene conductivity to engineer nonreciprocal coupling of
modes, which we quantified in a general analytical form. We
also introduced a framework based on solving the eigenstates
of the structure and on spatial coupled mode theory to describe
the physical mechanisms that enable nonreciprocity and to
efficiently design and analyze realistic devices. Specifically,
narrow-band isolators implemented through asymmetric band
gaps and isolators with large bandwidth relying on interband
photonic transitions have been put forward and investigated.
Results, validated with full-wave numerical simulations, con-
firm the outstanding performance of the proposed technology
and its robustness versus graphene’s loss. Even though we
have limited our analysis in this paper to isolators, the ver-
satility and far-reaching implications of this platform should
be emphasized: It can in principle be employed to develop
low-loss photonic circulators and Faraday rotators, as well
as to manipulate nonreciprocity at the micro/nanoscale to
realize advanced functionalities such as nonreciprocal beam
steering and lensing, among others. More importantly, this
technology overcomes multiple challenges of the state of

the art in terms of complementary metal-oxide semiconduc-
tor (CMOS) compatibility and integration, miniaturization,
losses, and performance. We envision that this paradigm will
lead to a generation of nonreciprocal photonic components
with wide implications in sensing, communication systems,
optical networks, and thermal management.
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APPENDIX: COUPLINGOF MODES ANALYSIS OF
GRAPHENE-DIELECTRIC ISOLATORS

Here we provide a detailed derivation for the coupling co-
efficient for two modes interacting via a modulated conductive
surface such as the ultrathin graphene stack considered in the
paper, starting from familiar formalisms within the coupling
of modes framework [2,34,36]. Expressions for transmission
through the waveguide for both types of isolators are also
provided. Typically, coupling of modes along a direction z
is mediated by a periodic modulation of the permittivity ¢ =
Estatic + 6€(2, 1), where the perturbation & can be written as a
Fourier series expansion:

Se = § & g Intknz—wnt)
n#0

(AD)

In order to reconcile the conductivity modulation con-
sidered here with this approach, we take advantage of an
equivalent way to describe a sheet with conductivity o,, by
considering it as a thin slab of thicknes ¢, < A and permit-
tivity &, [59]. Assuming an exp (jwt) time variation, this
permittivity is

&g =86 — ] &.

(A2)
wt,

The equivalent permittivity of the graphene stack under the
modulation of Eq. (1) can thus be expressed as

Estack ~

lof M . M .
_j_““k 1 4+ e Jtmz=ont) L = ptjtkni=onn) |
wtg 2 2

(A3)
where we safely neglected the term associated to the free-

space permittivity as it is orders of magnitude smaller than
;—f For the expansion of Eq. (A1), we have
8

M ] Ojstack

A4
2wt (A%)

Ex] =

The coupling integral in Eq. (8) could now be solved
using this permittivity and the corresponding fields inside and
outside the equivalent graphene slab. However, it is far more
convenient from both a theoretical and numerical point of
view to retain the surface conductivity description and the
associated fields, such as those given by Eq. (2). Combining
Eqgs. (8), (A2), (A4), recalling that #, < A, and integrating
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over the waveguide cross section, we can write

M .
o = // oer(V)EVES*dxdy,

where E EZ) is the electric field tangential to graphene. Assum-
ing invariance in y and o located in the x-y plane, it reduces
to Eq. (9), which can also be written as x = %A 1A20gtack -
Compared to Eq. (8), the fields E; must be replaced by their
tangential components Ey), because an infinitesimally thin
conductive sheet cannot support currents along the perpendic-
ular axis. This is not an approximation: If the electromagnetic
problem were instead solved within the equivalent thin-slab
formalism, computing the fields “inside” graphene, one would
find (for both TE and TM waves) strictly zero polarization
current along the normal, and a nonzero uniform current in the
tangential directions, providing fully consistent results [60].

For the isolator based on asymmetric band gaps, assuming
low absorption, solving Eq. (7) allows to find the power
transmission through the device as [34]

T — ezlm[kff’mm(l B |ic|>sinh?s L )
s2cosh®s L + (Ak,/2)*sinh%sL )’

(A5)

(A6)

where

2
&= P - (%) , (A7)

with Ak = k(wo £ wp) — k1 (wo) — ki, as defined in the
main text. The peak value of the reflectivity for a waveguide
of length L is
_ |K |2L2
T4 kPl
For the isolators based on interband photonic transitions,

the field amplitude evolution of the two modes along the
waveguide reads [12]

(A8)

o ) Ak/2
Ai(z) = eIk Iz=ink/2 [cos(zs) +J / sin(zs)],

, (A9)
Im[kiwoi‘“’")]zejAk/Z C sin(zs) .
s

Ax(z) =e

Within this modeling framework, nonreciprocity in both cases
arises due to the different values of Ak entering Eqgs. (A7)
and (A8) for opposite propagation directions.
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