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We propose a scheme of a topological optical isolator based on the quantum anomalous Hall effect

with strongly coupled exciton-polaritons in a patterned GaAs cavity. We study the practical properties

of such a device and optimize its parameters. We obtain an isolation ratio of 49 dB at a wavelength of

783 nm for a device of 40 lm with a maximal signal modulation frequency of 300 GHz, operating at

temperatures up to 50 K. Published by AIP Publishing. https://doi.org/10.1063/1.5018902

Topological insulators1 (TIs) represent a rapidly devel-

oping branch of modern Physics. The discovery of the

Quantum Hall effect2 and the metallic surface states in cer-

tain insulating materials and their interpretation in terms of

topological invariants3 have shown that the properties of

periodic systems are determined not only by the dispersion

and its filling but also by the eigenstates themselves, in par-

ticular, by their topology. In electronic systems, these effects

mostly affect the conduction properties, which, in the case of

the quantum spin-Hall effect, become spin-dependent.4

In optics, the motivation for the research on TIs or topo-

logical mirrors has mostly been the chirality of their edge

states.5,6 Indeed, the reciprocal nature of conventional optics

(Lorentz reciprocity) is a problem for optical logics and opti-

cal computation: any signal can be reflected at the receiver

and affect the sender. Optical isolators7 based on the Faraday

effect in magnetic fields are relatively difficult to integrate.

Thus, the TIs with chiral edge states have been proposed as

the solution of the reciprocity problem. The one-way nature

of these states also provides a protection from backscatter-

ing, improving the transmission. Many devices based on the

principles of topological photonics have been proposed and

implemented recently:8–10 topological lasers,11,12 slow-light-

based topological devices,13 one-way fibers,14 topologically

protected delay lines,15,16 circulators,17 amplifiers,18 logical

chips,19–21 topological switches,22,23 splitters,24–26 and,

finally, optical isolators.27–29 In particular, a 50 dB isolation

ratio has been predicted for a 7 mm size device,27 which is

much smaller than the typical optical isolator, but still large

for integrated optics.

Many works on chiral states in topological photonics

based on different mechanisms have appeared in the last few

years.30 The time-reversal symmetry may be broken either

by a magnetic field or by other means,31 like a nonlinear

response32,33 or a periodic space-time modulation.34 Often,

photons are mixed with the excitations of matter (excitons,35

plasmons,36 etc.) to enhance the symmetry-breaking mecha-

nism.9 The periodic medium also varies: the examples

include coupled waveguide arrays,37 photonic crystals,38 pat-

terned cavities,39 and even M€obius microcavities.40 The new

proposals for optical isolators have to be compared with the

existing devices and with the proposals based on other mech-

anisms: mostly on the Faraday rotation effect, or, more gen-

erally, on time-reversal symmetry breaking by a magnetic

field41 or by other means.42–44 Most of them are macroscopic

structures, with few recent proposals oriented towards inte-

grated photonics.45–48 The most recent works demonstrate

microscopic structures for integrated silicon photonics.49

What distinguishes the topological structures is the complete

chirality—impossibility of propagation in one of the two

directions in space. Traditional isolators are rather based on

destructive interference, for example, in coupled wave-

guides,50,51 and the proposals try to take advantage of novel

media, such as graphene.47 The bandwidth of integrated

topological optical isolators is much smaller than that of con-

ventional ones, especially when the latter are specifically

optimized.52

However, so far, the practical questions of device geom-

etry, signal injection, and outcoupling have not been suffi-

ciently treated for topological optical isolators. Indeed, any

practical application requires working with finite-size sam-

ples, where the edge states are present on all boundaries, and

necessarily there are paths connecting any 2 points on the

edge in both directions (like one can fly from Washington,

DC, to Sydney via Los Angeles or from Sydney to

Washington, DC, via Tokyo), which breaks down the one-

way nature of the device as a whole. The practical applica-

tions also require efficient injection and extraction of the sig-

nal from the chiral states.

In this work, we propose a scheme of a topological opti-

cal isolator for integrated photonics based on a polariton gra-

phene lattice with input and output channels. Our solution is

based on the exciton-polariton platform53 (strong coupling of

light and excitons) with periodic potential39,54–56 (created by

patterning, acoustics,57,58 or optics59,60) which has been the

subject of many recent proposals35,61–69 and experi-

ments39,70–73 linked with topological photonics. In this sys-

tem, the time-reversal symmetry breaking74 can be achieved

either by an applied magnetic field35 (whose effect can be

maximized by using diluted magnetic semiconductors) or by

circular-polarized optical pumping.33 We analyze how the

crucial properties of the optical isolator device depend on its

geometry. This allows us to optimize the design of the device

and obtain an isolation ratio of 49 dB and a transmission

coefficient close to 1.

The general scheme of the simplest device based on the

edge states of a TI, a topological optical isolator, is shown in

Fig. 1(a). Besides the TI itself (marked Z), the device
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includes the input and output leads (waveguides). The main

practical parameters are the device size L, the edge state spa-

tial extension l, the input/output waveguide widths w, and

their orientation angles hin=out. The forward signal (green)

and backward (reflected) signal (blue) follow different paths

in real space because of the chiral nature of the edge states.

As we shall show, the isolation ratio is induced by (1) the

weak backward injection, (2) the longer backward path lead-

ing to higher radiative decay, and, optionally, (3) an external

pump (orange spot marked “Amp”), which, due to the spatial

separation of both paths, supports the forward transmission

only, keeping it close to unity.

In our work, the TI is a honeycomb lattice of coupled pil-

lar microcavities (radius of the pillars r¼ 1.5 lm, lattice

parameter a¼ 2.5 lm, etched from a GaAs k/2 cavity with a

Rabi splitting of 15 meV) in the strong exciton-photon cou-

pling regime (the so-called polariton graphene39). We begin

with a tight-binding description35 which allows obtaining the

analytical estimations for the important geometrical parame-

ters of the system. We include the light polarization degree of

freedom and the so-called TE-TM spin-orbit coupling30 (pre-

sent in any photonic system) in our model. The Hamiltonian

is a 4� 4 matrix written in the ðWþA ;W�A ;WþB ;W�B Þ basis

Hqah ¼
Dzrz Fk

F
†

k Dzrz

� �
; Fk ¼ �

fkJ fþk dJ
f�k dJ fkJ

� �
; (1)

where rz is the 3rd Pauli matrix, J� 0.25 meV is the nearest-

neighbor tunneling coefficient, Dz is the Zeeman splitting, dJ
is the spin orbit coupling strength, fk ¼

P3
j¼1 exp ð�ikd/j

Þ,
and f 6

k ¼
P3

j¼1 exp ð�i½kd/j
72/j�Þ (d/j

is the vector linking

the pillar A with its neighbor Bj and /j is the orientation of

this vector).

When a gap is opened at the Dirac point, one can use the

low-energy approximation and reduce the problem to the

massive Dirac Hamiltonian at each avoided crossing (even in

the case of trigonal warping75) where the mass m is linked

with the parameter determining the gap size. If DZ< dJ, then

the gap size is controlled by DZ, and the mass is75

m ¼ 4�h2DZ=9a2J2. This allows us to find one of the most

important parameters, the characteristic spatial extension of

the edge state l, crucial for the final device size. Since the

low-energy Hamiltonian is parabolic in q¼ k � K, the decay

length is found as for the tunneling under a potential barrier

of a height DZ determining a characteristic wavevector j0

j0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2mDZ

p

�h
; l ¼ 3aJ

DZ
: (2)

We see that the Zeeman splitting needs to be increased if we

want to reduce the size of the edge states and thus the device

size. However, when the Zeeman splitting DZ becomes com-

parable with dJ, a topological transition takes place. For

these values, our simplified expression does not hold any

more. However, an estimate can still be obtained replacing

DZ by the gap size Eg (from tight-binding calculations or

experimental measurements). The results of the calculation

of the edge state width l as a function of the Zeeman splitting

DZ for fixed TE-TM splitting dJ are shown in Fig. 1(b). The

analytical curve (black line) corresponds to Eq. (2).

Another parameter, which is clearly important for the

functioning of the device, is the group velocity of the edge

states, v ¼ �h�1@E=@k, determined by their dispersion. The

latter can be estimated analytically from the low-energy

analysis of the bulk dispersion in the absence and in the pres-

ence of the magnetic field. Indeed, as can be seen from Ref.

35, the edge state covers the whole gap DZ for the change of

the wavevector corresponding to the characteristic scale of

the trigonal warping, the latter being determined from the

zero-field solution as k0¼ dJ/Ja,76 and thus, the group veloc-

ity is v � DZJa=�hdJ. It is shown in Fig. 1(c) as a black line.

The overall optimization problem can be stated as fol-

lows. We would like to maximize the transmission in the for-

ward direction (input ! output, TF) and minimize in the

backward direction (output! input, TB). Here, we would like

to stress that for a finite size object, there is no real violation

of reciprocity: the signals can travel both ways, and they are

simply taking different paths with the lengths li!o and lo!i on

the opposite sides of the sample, which necessarily exist and

are not located at infinity. Therefore, a signal can definitely

get from the output to the input, but we would like it to be

attenuated as much as possible due to the finite lifetime s act-

ing on the relative path difference. Neglecting the pump

sustaining selectively the transmitted signal, the ratio of trans-

mission coefficients, which corresponds to the ratio of intensi-

ties, reads

TF

TB
¼ Ii!o

Io!i
¼ Kf Xf

KbXb
exp

lo!i � li!o

vs

� �
; (3)

where v is the group velocity of the edge states, Kf and Kb

are the forward and backward injection efficiency coeffi-

cients, and Xf and Xb are the forward and backward extrac-

tion efficiency coefficients.

The injection and extraction depend strongly on the ratio

of l and w. Let us begin with the simple configuration with

straight leads (hin,out¼ 0). In the forward direction, based on

the spatial distribution of intensities, the injection can be

approximated by Kf ¼ minð1; l=wÞ: it becomes reduced only

if w> l. At the output, the conversion is performed in the

FIG. 1. (a) The scheme of the topological optical isolator with the main

device parameters discussed in the text (L, l, w, hin, and hout). (b) The width

of the edge state as a function of Zeeman splitting DZ for fixed TE-TM split-

ting dJ. (c) The group velocity as a function of TE-TM splitting dJ for fixed

Zeeman splitting DZ.
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opposite direction, and the efficiency is given by

Xf ¼ minð1;w=lÞ. In our case, it is difficult to reduce the

edge state sufficiently, and we are dealing with the limit

l>w. Thus, KfXf�w/l.
For the backward direction, the injection lead (the one

marked output in Fig. 1) is perpendicular to the edge state

that it injects, and the injection coefficient is therefore

reduced because of the finite overlap integral

Kb �

����
ð1

0

eikye�y=ldy

����ð1
0

e�y=ldy

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2l2
p � 1

kl
: (4)

The extraction can be approximated as for the forward direc-

tion, and we obtain KbXb�w/kl2. The propagation wavevector

in the lead can vary, but we can assume it to be close to w for

estimation purposes. The dependence of both products KfXf

and KbXb for forward and backward directions on the edge

state size l is plotted in Fig. 2(a). Both products decay for

large l, but KbXb / 1/l2 decays faster than KfXf / 1/l. The ratio

(3) can be increased arbitrarily by increasing the path for the

parasite signal lo!i. However, for the purposes of integration,

the device size has to be kept minimal. This is why we assume

a square-shaped device of the size L, which gives li!o¼ L and

lo!i¼ 3L, and the first expression reduces to

TF

TB
¼ Ii!o

Io!i
¼ 1

kl
exp ð2L=vsÞ: (5)

The reduction of the useful signal intensity is given by

Ii!o=Ii ¼ Kf Xf exp ð�li!o=vsÞ. The forward transmission of

the useful signal can be up to 10%. The use of polaritons

allows us to selectively apply localized amplification to one of

the channels by non-resonant pumping.77 This allows us to

keep Ii!o/Ii� 1, while reducing the other ratio by reducing v.

The efficiency of the device also depends on secondary

parameters such as the orientation of the input and output

waveguides. Figure 2(b) shows the injection efficiency as a

function of injection angle hin. The black curve gives a simple

efficiency estimate Kf / cos hin corresponding to the projec-

tion of the injection region. The blue curve takes into account

the diffraction, calculated similar to the single-slit diffraction

case, which gives a coefficient ðl sin ðpw sin hin=lÞ=p sin hinÞ2.

For the output lead, numerical simulations have shown an

optimal value of hout� 30�, providing alignment with the ori-

entation of the link between the pillars at the zigzag edge,

which improves the outcoupling.

The localization length l imposes a minimal bound on L:

L> 2l; otherwise, the edge state actually covers the whole

sample and the chirality is suppressed. Our analysis leads to

the following optimal device configuration: a square sample

of polariton graphene with a size of the order of 3l (10� 9

unit cells) with the input waveguide parallel to one of the

sides of the square, and the output waveguide oriented at

30�. The width of the leads w� 2.2 lm is roughly compara-

ble to the pillar diameter.

Figures 3(a)–3(c) show an example of the simulation of

the propagation of light through the optimized device. The

simulations were based on the full Schrodinger equation

(without the tight-binding approximation) with the parame-

ters of GaAs-based patterned cavities.39 The equation reads

i�h
@w6

@t
¼ � �h2

2m
Dw6 �

i�h

2s
w66Dzw6

þb
@

@x
7i

@

@y

� �2

w7 þ Uw6 þ P̂; (6)

where wþðr; tÞ;w�ðr; tÞ are the two circular components,

m¼ 5� 10�5mel is the polariton mass, s ¼ 30 ps is the

FIG. 2. (a) The forward (black) and

backward (red) transmission efficiency

as a function of the edge state size l for

a fixed waveguide width w. (b) The

injection efficiency as a function of the

injection angle hin: simple estimation

(black), diffraction pattern (blue), and

numerical simulations (red dots).

FIG. 3. (a)–(c) The functioning of the topological optical isolator device in a

patterned microcavity (propagation in the forward direction): (a) injection

(t¼ 0), (b) propagation (t¼ 30 ps), and (c) extraction (t¼ 60 ps). (d) Ratio

of the forward to backward transmission coefficients as a function of the

TE-TM splitting dJ: analytical estimation (black curve) and numerical simu-

lations (non-amplified—blue; amplified—red).
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lifetime, and b is the TE-TM coupling constant (correspond-

ing to a 5% difference in the longitudinal and transverse

masses). Dz is the Zeeman splitting, U is the lattice potential,

and P̂ is the pump operator ( ~Ps / 1). In some calculations, a

localized (Gaussian RMS width r ¼ 1 lm) excitonic reser-

voir [marked with an orange spot in Fig. 1(a)], bringing a

positive imaginary contribution 5� 1010 s�1 into U(r), pro-

vides amplification77 (see below). We stress that circular-

polarized non-resonant optical pumping can be used33

instead of an external magnetic field (which has to reach 9 T

for the Zeeman splitting values used). The calculations on a

29� 29 grid were performed on the Graphics Processing Unit

using nVidia CUDA.

Using these equations, we have first verified our analyti-

cal predictions for the group velocity and the gap size [red

dots in Figs. 1(b) and 1(c)]. We see that these predictions are

in good agreement with simulations. We have then carried

out more preliminary simulations to determine the optimal

structure parameters, for example, varying the injection

angle. The results are shown in Fig. 2(b) with red dots.

Again, a good agreement with simple analytical estimates is

found.

In Figs. 3(a)–3(c), the contours of the pillars and the

waveguides are shown with black lines and the colormap

represents the total intensity of light as a function of spatial

coordinates jwþðrÞj
2 þ jw�ðrÞj

2
. We see that the signal

propagates from the input (panel a) into the output lead

(panel c), staying within the spatial extension of the edge

state l (panel b). Finally, Fig. 3(d) shows the forward to

backward transmission ratio which is the main figure of

merit of the efficiency of the optical isolator as a device,

plotted as a function of the TE-TM strength, calculated both

analytically (black line) with Eq. (5) [an approximation for

Eq. (3)], taking into account the injection and extraction effi-

ciencies, the group velocity, and the finite lifetime, and

numerically, without amplification (blue dots) and with

amplification (red dots). The ratio TF/TB first increases due

to the decrease in the group velocity and then starts to

decrease because of the increase in the efficiency of back-

ward injection Kb. While the amplification allows us to com-

pensate a part of the losses and obtain the forward

transmission coefficient Ii!o/Ii� 1, it cannot be used to

increase much the isolation ratio; otherwise (for a 3-fold

amplification increase), the device switches to the lasing

regime, operating as a topological laser.10 The maximal

achieved isolation ratio is TF/TB¼ Ii!o/Io!i� 8.2� 104 or

49 dB.

The choice of the GaAs-based realization implies low

operating temperature [up to 50 K (Ref. 78)] and an operat-

ing wavelength of k � 783 nm. The maximal bandwidth of

the device is determined by the topological gap

Eg� 0.2 meV, giving 0.1 nm. While being fairly small for

purely optical purposes, this bandgap allows a modulation

frequency of 300 GHz, which allows us to have optical com-

putation schemes 30 times faster than the best current elec-

tronic schemes. The need to work at cryogenic temperature

could be overcome by using structures based on wide-

bandgap semiconductors79 or organic materials,80 possibly

allowing the implementation of room temperature polariton-

ics with a larger bandwidth.

To conclude, we have studied a practical application of

polariton graphene: a topological optical isolator. The ana-

lytical estimations and numerical simulations show that the

device should exhibit remarkable properties in terms of the

isolation ratio (49 dB) and size (40 lm) and a transmission

close to unity.
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