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We consider exciton polaritons in a zigzag chain of coupled elliptical micropillars subjected to
incoherent excitation. The driven-dissipative nature of the system along with the naturally present
polarization splitting inside the pillars gives rise to nonreciprocal dynamics, which eventually leads to the
non-Hermitian skin effect, where all the modes of the system collapse to one edge. As a result, the
polaritons propagate only in one direction along the chain, independent of the excitation position, and the
propagation in the opposite direction is suppressed. The system shows robustness against disorder and,
using the bistable nature of polaritons to encode information, we show one-way information transfer. This
paves the way for compact and robust feedback-free one-dimensional polariton transmission channels
without the need for external magnetic field, which are compatible with proposals for polaritonic circuits.
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Introduction.—Nonreciprocal elements, where the trans-
fer of a signal is favored only in one direction [1], are an
essential part of information processing [2]. However,
designing such components in optical circuits is far from
trivial due to the time-reversal invariance of Maxwell’s
equations. Magnetic materials can be used to achieve on-
chip optical isolation but they require large external
magnetic fields [3]. Other ways to achieve optical non-
reciprocity, such as time-varying fields and optical non-
linearity are difficult to scale down to the microscale.
Optical information processing has been a particularly

prominent topic in the field of exciton polaritons, where
one aims to benefit from the hybridization of an otherwise
photonic system with a significant electronic nonlinearity.
Polaritonic switches [4–6], transistors [6–9], amplifiers
[10,11], memories [12,13], and routers [14–16] have
already been realized. However, the future of this field
depends on the development of mechanisms to connect
elements without feedback. Here the issue of how to
generate nonreciprocal behavior is as nontrivial as in other
optical systems.
Significant motivation has been drawn from topological

photonics, where chiral edge states have been suggested for
directionally dependent connections [17,18]. Theoretically,
robust polaritonic edge states can be achieved in many
ways: by lifting the spin degeneracy and using spin-orbit
coupling [19–26]; by realizing Hofstadter’s butterfly [27];
by using nonlinear interactions [28,29]; by using staggered
honeycomb lattices [30]; or by Floquet engineering [31].
The scheme in Refs. [20,21] has been realized experi-
mentally under high external magnetic field using super-
conducting coils [32]. Apart from the bulky nature of this

system, chiral edge states in this scheme appear in counter-
propagating pairs, which can cause unwanted feedback. To
circumvent this problem, mechanisms to switch off one of
the edge states [33], to make both the edge states cop-
ropagating [34], or to use the polariton lifetime for input or
output isolation [35], have been considered. However,
topological schemes remain ultimately inefficient for infor-
mation transport. While plasmonic or exciton-polaritonic
zigzag Su-Schrieffer-Heeger (SSH) chains [36,37] demon-
strate robust topological protection of edge-localized states,
they show no transport. In 2D systems, chiral topological
states can propagate along the edge of the system, however,
they require a large-sized bulk to separate their edges for
any chance of nonreciprocity.
Here, we propose a scheme for nonreciprocal pro-

pagation of exciton polaritons in a quasi-1D geometry,
which relies on inherent non-Hermiticity of the system. We
make use of the recent experimental development of
elliptical micropillars [38,39], where polarization splitting
can be controllably engineered, and use the driven-dis-
sipative nature of the system to demonstrate propagation in
a chain of micropillars even in the presence of disorder. We
derive an effective 2 × 2 matrix Hamiltonian describing the
coupling between two different polarized modes in neigh-
boring micropillars, which is mediated via other polarized
modes. In a Hermitian system the coupling would neces-
sarily be reciprocal. However, our effective Hamiltonian is
non-Hermitian. Consequently, one of the off-diagonal
elements of the matrix can vanish while the other does
not, which is equivalent to a nonreciprocal coupling
between two modes. In a chain of pillars, this eventually
leads to the non-Hermitian skin effect, where the usual
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bulk-boundary condition breaks down and all the modes
of the system become localized at one edge of the chain
[40–43]. One of the key advantages of the system is that,
robust propagation of polaritons through a one-dimensional
chain of micropillars is obtained without the need for an
external magnetic field. This compact mechanism of
nonreciprocal coupling is particularly promising for future
polaritonic devices. We also demonstrate the transport of
binary information between localized sites where non-
linearity enables a bistable behavior.
The model.—We start by considering exciton-polariton

states in a pair of coupled elliptical micropillars [Fig. 1(a)]
described by the following set of driven dissipative
Schrödinger equations in the tight-binding limit:

iℏ
∂ψ l

σþ

∂t ¼ ðεþ dε=2Þψ l
σþ þ Jψ r

σþ þ ΔTeþ2iθlψ l
σ− ; ð1Þ

iℏ
∂ψ l

σ−

∂t ¼ðεþdε=2−iΓÞψ l
σ−þJψ r

σ−þΔTe−2iθlψ l
σþ ; ð2Þ

iℏ
∂ψ r

σþ

∂t ¼ðε−dε=2−iΓÞψ r
σþ þJψ l

σþ þΔTeþ2iθrψ r
σ− ; ð3Þ

iℏ
∂ψ r

σ−

∂t ¼ ðε − dε=2Þψ r
σ− þ Jψ l

σ− þ ΔTe−2iθrψ r
σþ : ð4Þ

Here exciton-polariton modes in each pillar are described
by a wave function having two circular polarization
components, ψσ� , where l and r represent the left and
right pillars, respectively. We allow the modes in the left
and right pillars to have different energies, where ε is their
average energy and dε is their energy difference. Γ is the

dissipation due to the finite lifetime of polaritons, which is
compensated [10] using an incoherent excitation for modes
ψ l
σþ and ψ r

σ− . Each pillar is coupled to its neighbor by the
Josephson coupling term J. ΔT is the polarization splitting
inside each pillar which is naturally present in elliptical
micropillars [39] and θ represents the angle of polarization
splitting equivalent to the micropillar orientation [44]. It is
helpful to shift to a rotating frame by redefining the wave
functions ψ → ψ expð−iεt=ℏÞ such that the effective onsite
energies become �dε=2. Because of the presence of Γ, the
dynamics of ψ l

σ− and ψ
r
σþ is much faster compared to that of

ψ l
σþ and ψ r

σ− . As a result, on the timescale of ψ l
σþ and ψ r

σ− ,
ψ l
σ− and ψ r

σþ can be approximated as stationary states

ψ l
σ− ¼ −

Jψ r
σ− þ ΔTe−2iθlψ l

σþ

ðdε=2 − iΓÞ ; ð5Þ

ψ r
σþ ¼ −

Jψ l
σþ þ ΔTeþ2iθrψ r

σ−

ð−dε=2 − iΓÞ : ð6Þ

Substituting into Eqs. (1) and (4), the dynamics of the slow
components of the system is given by

iℏ
∂
∂t

�
ψ l
σþ

ψ r
σ−

�
¼

�
Hll Hlr

Hrl Hrr

��
ψ l
σþ

ψ r
σ−

�
; ð7Þ

where the effective Hamiltonian has the elements

Hll ¼ dε=2 −
J2

ð−dε=2 − iΓÞ −
Δ2

T

ðdε=2 − iΓÞ ; ð8Þ

Hrr ¼ −dε=2 −
J2

ðdε=2 − iΓÞ −
Δ2

T

ð−dε=2 − iΓÞ ; ð9Þ

Hlr ¼ −JΔT

�
e2iθl

ðdε=2 − iΓÞ þ
e2iθr

ð−dε=2 − iΓÞ
�
; ð10Þ

Hrl ¼ −JΔT

�
e−2iθl

ðdε=2 − iΓÞ þ
e−2iθr

ð−dε=2 − iΓÞ
�
: ð11Þ

Since this Hamiltonian is non-Hermitian (Hlr ≠ H�
rl), we

can set Hrl ¼ 0 while keeping Hlr ≠ 0. Indeed, such a
condition can be obtained by setting [44]

dε ≠ 0; and ðθr − θlÞ ¼ arctan ð−2Γ=dεÞ: ð12Þ

Note that according to Eqs. (10) and (11) it is essential that
θl ≠ θr, which corresponds to neighboring micropillars
having different orientations, so that Hlr ≠ Hrle4iθl . The
condition (12) leads to nonreciprocal coupling between the
micropillars. For the above-mentioned excitation scheme,
σþ polaritons hop from the left micropillar to the right one.
It is also possible to do the same for the σ− polaritons by

(a)

(c)

(b)

FIG. 1. Scheme: (a) A pair of coupled elliptical micropillars of
different sizes; their mutual orientation introduces the polariza-
tion splitting angle θ. (b) Micropillar pairs are arranged in a 1D
zigzag chain, where each micropillar is subjected to an incoherent
excitation. (c) Effective coupling mechanism between the micro-
pillars in the lattice. Each pair of micropillars indicated by the
dashed boxes has nonreciprocal coupling. The unit cell of the 1D
lattice is shown by the gray box.
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interchanging the components subject to incoherent exci-
tation [44].
The pairs of micropillars with nonreciprocal coupling

can be combined into a chain [see Fig. 1(b)]. Since the
nonreciprocal transmission is also flipping the spin polari-
zation, we use one pair to transport σþ polarization right-
ward to a σ− state, which is then coupled bidirectionally to
another pair that transports the σ− state to a σþ state. This
gives a unit cell of four micropillars [see Fig. 1(c)]. Even
though the connection between the pairs is bidirectional,
the nonreciprocity within each pair ensures nonreciprocity
of the whole chain. In Fig. 2 the mode profiles of a trivial
chain and the nonreciprocal chain are shown. For the trivial
chain, the modes are distributed over all sites while for the
case of the nonreciprocal chain all the modes are located at
one edge. This is known as the non-Hermitian skin effect
[53–55], which occurs in non-Hermitian systems with
nonreciprocity and cannot be reproduced in Hermitian
systems. To obtain the non-Hermitian skin effect, it is
not necessary to fully switch off one of the nondiagonal
terms; a small anisotropy between them is sufficient for
collapsing the modes to one edge (see Supplemental
Material [44], movie 1).
Band structure and pulse propagation.—To illustrate that

our results do not depend on the tight-binding approxima-
tion, we now move to a continuous model in space using the
driven-dissipative Gross-Pitaevskii equation,

iℏ
∂ψσ�
∂t ¼

�
−
ℏ2∇2

2m
þVðx;yÞþiℏ½pσ�ðx;yÞ−γðx;yÞ�

þℏgpσ�ðx;yÞþINL
σ�

�
ψσ� þVTðx;y;�θÞψσ∓ : ð13Þ

Herem is the effective polaritonmass,Vðx; yÞ is the effective
potential representing a zigzag chain of ellipticalmicropillars
[see Fig. 1(b)], pσ� and γ characterize the rate of injection of
polaritons by the incoherent pump and the rate of polariton
decay, respectively. γ outside the micropillars is two times
larger than the inside. The term with the dimensionless g
factor is introduced to take into account the potential created
by the excitonic reservoir, which has the same profile as the
incoherent excitation. INL

σ� ¼ ðα1 − iαNLÞjψσ�j2 þ α2jψσ∓ j2
is the nonlinear contribution, which includes interactions
between polaritons with the same spin (with strength α1),
opposite spin (with strength α2), and gain saturation caused
by the depletion of the excitonic reservoir (with strengthαNL)
[57]. 2VT represents the polarization splitting inside the
micropillars, which is modeled with the same spatial profile
as V with an extra factor of expð�2iθÞ to take into account
the orientation of each pillar [44]. In writing Eq. (13), we
have assumed that the dynamics of the reservoir is fast and
therefore its effect can be modeled by the effective gain,
effective potential, and the gain saturation (αNL) terms.
Our results are independent of this assumption [44] and
can also be reproduced with an explicit account of reservoir
dynamics [52].
The incoherent pumps are arranged so that the slow

component of the polariton mode in each micropillar has
almost zero decay. The spatial profile of the incoherent
pump is shown in Figs. 3(a)–3(b). Now, we have all the

FIG. 2. Spatial profiles of different modes as a function of site
number for a trivial chain of 100 micropillars (left panel) and
nonreciprocal chain of 100 micropillars (right panel) in the tight
binding limit. Here the blue arrows correspond to bidirectional
coupling and the red arrows correspond to nonreciprocal cou-
pling. Because of the non-Hermitian skin effect all the modes for
the nonreciprocal chain collapse to the left edge. The most
localized modes for n ¼ 50 and 51 correspond to the zero energy
modes, similar to those in Ref. [56], but located at one edge.
Parameter: J ¼ 0.5 meV.

(c) (d)

(a)

(b)

(c) (d)

FIG. 3. (a)–(b) The spatial profile of the incoherent pumps Pσþ
and Pσ− , respectively, composed of Gaussians of width 2.1 μm
positioned at the center of the relevant micropillars. Such an
arrangement is within the reach of experimental technology [58].
(c) Band structure of an infinite chain under incoherent excitation.
The states shown in red correspond to the slow modes and decay
slower than all other states shown in blue. (d) Spatial profile,
Ix ¼

P
σ�

R jψσðx; yÞj2dy, corresponding to the slow modes for
the case of a finite chain. Here different colors denote different
modes.
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ingredients to calculate the band structure of the linear
system (INL

σ� ¼ 0) under the periodic boundary condition,
which is shown in Fig. 3(c). Since there are four sites in one
unit cell, the real part of the low energy band structure of
the system is composed of four bands. It should be noted
that this is an exact band structure of the system without the
approximations used in Eqs. (5)–(6) and the states having
lower decay correspond to the slow modes in the approxi-
mated Hamiltonian in Eq. (7). Each state in the real part of
the band structure is color coded according to the imaginary
part with red corresponding to the lowest decay (slow
modes), and blue corresponding to the larger decay. The
nonreciprocal nature of the system can be attributed to the
fact that, the states shown in red [see the lower branch of
the fourth band in Fig. 3(c)] will accumulate the polaritons
relaxing from higher energy. These states have a negative
group velocity, vg ¼ ð∂E=∂kÞ=ℏ; whereas more lossy
states have positive group velocity. Overall, we can expect
to have polariton propagation at a speed vg along only one
direction in the micropillar chain. The spatial profiles of
highly occupied modes plotted in Fig. 3(d) are in agreement
with the modes obtained in the tight-binding limit shown in
Fig. 2. Although the bulk is translationally symmetric, the
localization of the modes at the left edge of the chain
indicates the breakdown of the usual bulk-boundary cor-
respondence in Hermitian systems [54].
The above band structure calculation is performed by

using typical experimental parameters [59]. For the angle
between the two micropillars inside one micropillar pair
around 110°, the periodicity of the lattice along the x
direction becomes a ¼ 12.9 μm, which corresponds to
vg ¼ −0.7 μm=ps. The negative value of vg means that
the polaritons propagate from right to left along the
micropillar chain.
To demonstrate the nonreciprocal polariton propagation,

we apply a Gaussian shaped incoherent excitation pulse in
the middle of the chain. The dynamics of the polaritons can
be seen in Fig. 4. Unlike a trivial chain of micropillars,
where the polaritons propagate in both directions from the
excitation spot [44], in this case they propagate only in one
direction. As explained above, this is due to the states with
lower losses acquiring a larger polariton population com-
pared to the decaying states. Remarkably, all the polaritons
in the system will be localized at the left edge of the chain,
regardless of the position of the excitation spot. This is quite
similar to the recently realized topological funneling of light
[55]. From the intensity profile it is clear that only the slow
components of the on-site modes get excited, and they are
mostly localized in the micropillars with smaller dimension,
which can be attributed to the dominant contribution of the
smaller pillars to fourth band in the band structure [see
Fig. 3(c)] (see the Bloch states in Ref. [44]).
Demonstration of feedback suppression.—Because of

their strong nonlinearity, polaritons show bistable behavior
that makes them suitable for several applications, such as

solving NP-hard problems [60], realizing bistable topo-
logical insulators [61,62], universal logic gates [63], and
enhancement of dark soliton stability [64]. In this section
we introduce additional resonant pumps placed at the two
ends of the chain such that the end pillars, with the on-site
wave functions ψL

σþ and ψR
σþ , are initially in their lower

bistable states. The bistability curves of the end pillars,
plotted in Figs. 5(a)–5(b), are obtained by slowly varying
the pump, F. Next, an incoherent pulse is introduced at the
left end of the chain, which switches ψL

σþ from its lower
bistable state to the upper one. Because of the nonreciprocal

(a)

(b)

(d)

(e)

(f)

(c)

FIG. 4. (a),(c),(e) Density of the σþ polaritons under an
incoherently pulsed excitation for 10, 90, and 180 ps, respec-
tively. The same for the σ− polaritons are shown in (b),(d),(f). The
nonreciprocal nature of the system is clear from the fact that the
polaritons propagate only in one direction while the propagation
in the opposite direction is suppressed. The width of the
incoherent pulse is taken as 2.1 μm and the peak power of the
gain rate is taken as 14.2γ.

(a)

(c) (d)

(b)

FIG. 5. (a)–(b) Bistability curves of the pillars at the left and
right end of the chain, respectively. The energy of the resonant
pump F is fixed at 1.38 meV. The gray line in the bistability
curves represents the pump values (F ¼ 4.1 meV μm−1 and
3.9 meV μm−1, respectively, for left and right end pillars) used
to demonstrate the switching. (c)–(d) Time dynamics of the end
pillars when the incoherent pulse is positioned at the left and right
end, respectively. Pulse positioned at the right end induces
switching at both ends, whereas the pulse positioned at the left
end does not switch the pillar at the right end. The spatial profile
of the resonant pump and incoherent pulse are the same as the one
in Fig 4. The peak value of the pulse is taken as 35p0. To visualize
the switching effect the maximum density is cut at 103 μm−2.
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nature of the system, polaritons cannot propagate from left to
right and therefore no switching is observed for ψR

σþ [see
Fig. 5(c)]. Then, we introduce the same incoherent pulse at
the right end of the chain. As expected, ψR

σþ switches
instantly, but more importantly ψL

σþ also switches after some
time [see Fig. 5(d)]. This can be thought of as feedback
suppressed information processing, where the information is
encoded in the bistability and transmitted in one direction
only (from right to left). The nonlinear coefficients used for
the calculations are α1 ¼ 1 μeV μm2 [65], α2 ¼ −0.05α1
[66–68], and αNL ¼ 0.3α1 [69]. Although we have modeled
the scheme with resonant excitation, we expect that the
nonreciprocal transport mechanism would also be compat-
ible with bistability under nonresonant excitation [70–72].
Discussion and conclusion.—We have presented a

scheme for nonreciprocal exciton-polariton transport in a
quasi-1D chain of elliptical micropillars without an external
magnetic field. Because of the nonreciprocal coupling
within micropillar pairs, all the highly populated polariton
states are localized at one edge of the chain. This makes the
polaritons propagate in one direction along the chain
regardless of the excitation position. This nonreciprocity
also protects against backscattering (see Ref. [44] for the
discussion on the robustness against disorder) and allows
one-way information transfer. While our theory is restricted
to the semiclassical regime, it would be interesting to
extend it to the quantum optical regime, where nonrecip-
rocal blockade effects are anticipated [73]. Because of its
compactness, such a chain can be extremely useful in
connecting different components of future polaritonic
circuits such as the polariton neural networks [74,75].
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