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Abstract
We investigated the parity of polaritons, particularly the parity of topological polariton states
resulting from light fields, in a molecular aggregate with uniform and alternating excitation
transfer interaction coupled to a single-mode cavity. We find that all polariton states are with
even parity, in terms of parity conservation, and the even-parity edge states of the
Su–Schrieffer–Heeger model with alternating excitation transfer interaction induce even-parity
topological polariton states. Thus, the odd-parity edge states are almost unaffected. The original
odd-parity edge state is then affected with respect to the parity non-conservation case, i.e. the
occupation number of the edge states shifts from one edge to another. This result entails the
preparation of edge states from the photonic excited states through an adiabatic process.

Keywords: polaritons, parity, topological polaritons, single-mode cavity, edge states

1. Introduction

Frenkel exciton, an electron–hole pair with a large binding
energy [1], emerges as a form of neutral quasiparticle cap-
able of diffusing in semiconductors or molecular polymers [2].
Strong coupling between the exciton and cavity photon pro-
duces relatively stable polaritons at room temperature [3, 4].
Due to the small effective mass, polaritons serve as a prom-
ising candidate for Bose–Einstein condensation [5, 6]. The
energy of the polaritons oscillates repeatedly between excitons
and photons, a phenomenon known as Rabi oscillation, with
frequencies in organic molecules that can reach record val-
ues in the range of 0.1−−1eV/h̄ [7–10]. Recently, several
works have demonstrated that exciton polaritons play a signi-
ficant role in organic materials, such as chemical reaction rate
[11–15] and energy transport properties [16–20], as well as
quantum charging and storage [21, 22].

∗
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The concept of topological phase stems from the discovery
of the integer quantum Hall effect [23, 24]. The boundary of
topological materials gives rise to certain excited states that do
not survive in the bulk, though the properties of the boundary
are still determined by the bulk, which is known as the bulk-
boundary correspondence [25–27]. Recently, the concept of
topology has been rapidly extended to various fields in the con-
fined light field systems [28]. One of the fastest growing field is
the topological photonics [29, 30], which can simulate a vari-
ety of crystal structures by employing photonic crystals [25],
optical resonator arrays [31, 32] and waveguides [33]. Further,
topological photonics provides a readily achieved platform for
the topological phases. Another fast growing field is topo-
logical polaritons. Since the energy dispersion of polaritons
holds the anti-crossing property, topological polaritons can be
observed [34, 35] if the exciton-photon coupling with a phase
winding in momentum space and a finite energy gap are real-
ized, where the process is similar to that of obtaining the topo-
logical insulators. The proposal of the mechanism of topolo-
gical polaritons has led to a considerable body of meaningful
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research, such as the experimental realization of topological
polaritons [36–38], topological polariton Laser [39–41] and
optical switching [42]. More information on the topological
polaritons can be found in the review paper [43]. In addition,
certain works have also studied the effects of light field on the
topological phases [44, 45].

The representative one-dimensional model exhibiting non-
trivial topology is the Su–Schrieffer–Heeger (SSH) model
stemming from the studies of polyacetylene [46, 47]. Tuning
the nearest neighbor interaction of the SSH model can yield
a topologically nontrivial phase, where the bulk topological
invariant manifests as a quantized Zak phase [48]. The corres-
pondence between the value of Zak phase and the number of
edge states is termed the bulk-boundary correspondence [49].
Combining the SSH model with a confined light field extends
the concept of polaritons [45, 50]. Downing et al [45] explores
the interaction between the SSHmodel and a multi-mode light
field, expanding the original two-dimensional momentum
space to a three-dimensional momentum space. Though a
bulk-boundary mismatch had been found in the system, an
approximation of the reduction of the three-dimensional space
back to two-dimensional space has been employed in this
work. Jiao et al [51] has pointed out that the SSH model
with the addition of next-nearest neighbor coupling elimin-
ates chiral symmetry, but the parity conservation still has a
certain topological protection for bulk. Furthermore, it was
concluded that the correspondence between bulk and bound-
ary does not match. The study in [52] investigated two-
dimensional topological polariton states. They break the time-
reversal symmetry by manipulating the ratio of left-handed
and right-handed light, resulting in an unidirectional transmis-
sion edge state. Kozin et al [53] utilize polariton rings to con-
struct a one-dimensional zigzag array, obtaining edge states
resembling those in the SSH model. Rojas-Sánchez et al [54]
present a theoretical proposal for achieving the SSH model
using Frenkel exciton-polaritons in a one-dimensional lat-
tice of stacked nanocavities at room temperature. Previously,
people have focused on the sculpt elaborate crystal lattices
to achieve topological polariton. Recently, an all optical
controlled polariton SSH system has been experimentally
developed [55, 56].

We consider the single-mode light field and deal with the
system in real space. Although the idea of the topological bulk-
boundary correspondence cannot be followed, certain mean-
ingful phenomena are still found. We found that the polariton
states exhibit even parity in the case of parity conservation.
The edge states of odd parity are nearly unaffected and have
stronger robustness. A method for preparing the edge states
is demonstrated from a photon excited states in our work. For
the parity non-conservation, we have found that the occupa-
tion number of the original odd-parity edge state shifts from
one edge to another. The rest of the paper is organized as fol-
lows. In section 2, the parity of polariton with uniform excit-
ation transfer interaction has been studied. In section 3, the
parity of the SSH model coupled to a single-mode cavity has
been investigated. Conclusions and discussions are drawn in
section 4.

2. Uniform excitation transfer interaction

We first consider a molecular aggregate consisting of N
monomers with uniform excitation transfer interaction located
in a single cavity mode microcavity, as sketched in figure 1(a).
Since we focus only on the eigenstates and eigenvalues of the
system, we neglect all the losses and possible anti-Hermitian
terms.

The dispersion of the photonic mode of index m can be
expressed as

ωc
(
q∥,m

)
= c

√
q2∥ +(mπ/L)2,

where c is the speed of light in vacuum and L is the cav-
ity width. For mathematical simplicity, we set the electro-
magnetic wave vector q to be the sole component perpen-
dicular to the cavity and the component parallel to the cav-
ity is set to zero, q∥ = 0, which can be obtained through the
discrete states in momentum space of the pillar microcav-
ity. The size of aggregates can be significantly smaller than
the wavelength of visible light. For example, the LH2 com-
plex has an approximate size of 7 nm, which is much smal-
ler than the wavelength of visible light [57]. Our focus of
study revolves around situations where aggregate sizes are
considerably smaller than the wavelength of visible light.
Hence, the coupling between each monomer of the molecu-
lar aggregate and the light can be approximately treated as
identical, which is equivalent to the zero-momentum exciton
coupled to the light with q∥ = 0 [58]. In the subsequent con-
tents, the equation (3) is the Hamiltonian in momentum space,
which also shows that, under this assumption, only the zero-
momentum exciton states are coupled to the photon states.
Under Heitler-London approximation [59] and rotating wave
approximation [18], theHamiltonian of the system can bewrit-
ten as (h̄= 1)

H= He +Hc +He−c

He =
∑
n

εa†nan+
∑
n̸=m

Ja†nam

Hc = ωcc
†c

He−c = g
∑
n

(
a†nc+ c†an

)
, (1)

where the total Hamiltonian H includes the exciton part He,
cavity mode partHc, and the exciton-cavity coupling partHe-c.
a†n and an are the operators that create and annihilate excita-
tions of the nth monomer with energy ε, respectively. J is the
uniform excitation transfer interaction between the nearest-
neighbor monomers, which can be seen as the dipole-dipole
interaction [59]. c† and c are the photon creation and anni-
hilation operators with energy ωc, respectively. In practical
materials, it is crucial to consider the inhomogeneous broad-
ening resulting from disorder and vibrational degrees of free-
dom in practical materials. Since the total number of excita-
tions

∑
n a

†
nan+ c†c is conserved, we can work in the single-

excitation subspace with
∑

n a
†
nan+ c†c= 1. We define the
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Figure 1. Schematics of molecular aggregates in a single cavity
mode microcavity. (a) Uniform excitation transfer interaction
between the nearest-neighbor monomers. (b) The dimerized chain
with alternating excitation transfer interaction.

basis as |n⟩ and |c⟩ in the single-excitation subspace, where |n⟩
denotes the excited state of the nth monomer and |c⟩ denotes
the single-photon state. The difference between the current
model and the Tavis-Cummings (TC) [60] or Dicke model
[61] lies in the additional excitation transfer interaction. The
Hamiltonian can be rewritten as

H= He +Hc +He−c

He =
N∑
n=1

ε|n⟩⟨n|+
N−1∑
n=1

J(|n⟩⟨n+ 1|+ h.c.)

Hc = ωc|c⟩⟨c|

He−c = g
∑
n

(|n⟩⟨c|+ |c⟩⟨n|) . (2)

To better analyze the characteristics of the open-boundary
system, we first investigate a cyclic molecular system with
its ends connected. In this scenario, we can express the
system Hamiltonian in the momentum space using Fourier
transforms

H=
∑
k

(ε+ 2Jcosk) |k⟩⟨k|+ωc|c⟩⟨c|

+ g
√
N(|k= 0⟩⟨c|+ |c⟩⟨k= 0|) ,

(3)

where,

|k⟩= 1√
N

∑
n

eikn|n⟩, |n⟩= 1√
N

∑
k

e−ikn|k⟩, (4)

k ∈ {0, δk, 2δk, . . . , (N− 1)δk} with δk = 2π/N. We observe
that solely the bright exciton state, characterized by zero
momentum, couples to the cavity photon. By diagonalizing the
Hamiltonian, we can obtain

H=
∑
k ̸=0

(ε+ 2Jcosk) |k⟩⟨k|+EU|U⟩⟨U|+EL|L⟩⟨L|, (5)

where,

EU/L =
ε+ 2J+ωc±

√
(ε+ 2J−ωc)

2
+ 4Ng2

2
, (6)

|U⟩= cosθ|k= 0⟩+ sinθ|c⟩, |L⟩= cosθ|k= 0⟩− sinθ|c⟩,

tanθ =±
[
ε+ 2J−ωc+

√
(ε+ 2J−ωc)2 + 4g2

]
/g
√
N. The

states, |k ̸= 0⟩, |U⟩ and |L⟩ are known as the dark states, upper
polariton state, and lower polariton state, respectively [58, 62].
When ε= ωc, and J= 0, the polariton states |U⟩=

√
2
2 (|k=

0⟩+ |c⟩) and |L⟩=
√
2
2 (|k= 0⟩− |c⟩) are each comprised of

half excitons and half photons.Meanwhile, the eigenvalues are
reduced to EU/L = ε± g

√
N, where g

√
N is a parameter that

measures the coupling strength of the whole matter with the
light field. 2g

√
N is commonly known as the collective Rabi

frequency [17, 58]. Here, |k= 0⟩ is a completely symmetric
state with respect to the molecular chains so that the polariton
states are also even-parity states.

Returning to the finite length chain from the parity point
of view, the parity symmetry of the Hamiltonian implies par-
ity conservation. The eigenstates of the parity-conserved sys-
tem possess either odd parity or even parity. We define a
parity operator P, which must satisfy the operation on any
state P

∑
n an|n⟩+ ac|c⟩=

∑
n aN−n+1|n⟩+ ac|c⟩. Its physical

meaning is to symmetrically exchange the position of n with
the position of N− n+ 1. Therefore, the expression of the par-
ity operator can be defined as

P=
N∑
n=1

|n⟩⟨N− n+ 1|+ |c⟩⟨c|. (7)

The parity of the system is conserved for PHP=H or [P,H] =
0. Since the single-photon state |c⟩ can be regarded as an even-
parity state, the polariton states containing the photon compon-
ents must also be of even-parity state. Otherwise, the polari-
ton states would be without any parity. For the plane waves
basis states of cyclic molecular system, we can derive P|k⟩=
eik| − k⟩. The parity operator induces a reversal of momentum
direction. To trace these polariton states, we define a mixing
ratio for measuring the mixing degree of light and matter for
a arbitrary wave function |ψ⟩

η = ||2⟨ψ |c⟩⟨c|ψ⟩− 1| − 1| . (8)

When η= 1, an equal distribution between light and matter
occurs, resulting in the highest degree of mixing; whereas
for η= 0, there is no mixing between light and matter.
Figure 2 shows the energy levels as a function of the exciton-
cavity coupling. It is evident that the intersection and anti-
intersection always appear alternately. Since the ratio η of
the anti-intersection position is large, the two curves of
anti-intersection represent the two branches of polaritons.
Furthermore, all the polaritons are of even-parity, which is
consistent with our prediction.
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Figure 2. The energy level diagram with a uniform excitation
transfer interaction. The solid lines represent the even-parity states
whereas the dotted lines represent the odd-parity states. The mixing
ratio at the anti-intersection is significantly larger than the
intersection. The number of monomers N= 20, other parameters
ε= ωc = 2eV and J=−0.1eV.

3. Non-uniform excitation transfer interaction

In an organic aggregate, the uniform transfer interaction is usu-
ally unstable. The process of dimerization can enhance the
system’s stability, leading to the formation of relatively stable
structure known as the SSH model, as sketched in figure 1(b).
We define the basis vectors in the single-excitation subspace
as |n,A⟩, |m,B⟩, and |c⟩, which represent the excitation state
of the A sublattice in dimer n, the B sulattice in dimer m,
and the single photon, respectively. The Hamiltonian can be
expressed as

H= He +Hc +He−c,

He =
N∑
n=1

(εA|n,A⟩⟨n,A|+ εB|n,B⟩⟨n,B|)

+ v
N∑
n=1

(|n,B⟩⟨n,A|+ h.c.)

+w
N−1∑
n=1

(|n+ 1,B⟩⟨n,A|+ h.c.) ,

Hc = ωc|c⟩⟨c|,

He−c = gA
∑
n

(|n,A⟩⟨c|+ |c⟩⟨n,A|)

+ gB
∑
n

(|n,B⟩⟨c|+ |c⟩⟨n,B|) ,

(9)

where the dipole interaction within the dimer is v and the
dipole interaction between the dimers is w.

3.1. Parity conservation

The parity operator can be defined, similar to that in the pre-
vious section, as

PSSH =

N∑
n=1

(|n,A⟩⟨N− n+ 1,B|+ |n,B⟩⟨N− n+ 1,A|)+ |c⟩⟨c|.

(10)

Parity conservation requires that the excitation energy of
monomer A is equal to B and that the interaction between
the cavity and both monomers are of the same intensity gA
= gB. In the pure SSH model, the molecular chain has parity
symmetry besides chiral symmetry {Σ,H− ε}= 0, where the
chiral operator can be written as [49]

Σ=
N∑
n=1

|n,A⟩⟨n,A| − |n,B⟩⟨n,B|. (11)

The energy levels of the system with chiral symmetry mani-
fest a symmetric distribution with respect to ε. However, when
the SSHmodel couples to a single mode cavity, the chiral sym-
metry of the system will be broken {Σ,H− ε} ̸= 0. Therefore,
the energy levels will no longer be symmetrically distributed
with respect to ε, as shown in figure 3(a).

For the bare SSHmodel, if |v|< |w|, the winding number of
the system is 1. In this case, the SSH model is nontrivial, host-
ing two edge states-one odd-parity state and the other even-
parity state. An edge state is a state in which the wave func-
tion is localized spatially at the left (right) edge. Given that
our considered system incorporates a photon component, the
definition of the edge states should exclude the photon com-
ponent, and therefore can be defined as [49]

∑
n∈{1,2,N−1,N}

|⟨ψ|n,A⟩|2 + |⟨ψ|n,B⟩|2

1− |⟨ψ|c⟩|2
> 0.6.

Although the photon component is excluded in the formula,
we will also find in subsequent calculations that the coupling
of light with matter affects the edge states.

When the cavity mode frequency resonates with the edge
state energy, the photon will be coupled to the even-parity edge
state to form an even-parity edge polariton state, as shown
in figures 3(a), (b), and (d). As the exciton-cavity coupling
strength increases, the edge state of even parity will slightly
deviate from the energy ε. The edge state of odd parity and
the other odd-parity states unaffected, as shown in figures 3(a)
and (c). This suggests that edge states with odd parity exhibit
a stronger resistance to interference within the confined light
field system. We declare that the system is a leak-free optical
cavity system, which neglects all the losses and possible anti-
Hermitian terms. Therefore, as long as a small detuning is
given, even though the exciton-cavity coupling is very weak,
the mixing of light and matter will be significant. In a leaky
optical cavity, however, if the coupling is weak, the lifetime
of the photon will be shorter than the period of the conversion
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Figure 3. (a) Energy levels of the SSH model coupled to a single-mode cavity with resonant coupling. The solid lines represent even-parity
states, whereas the dotted lines represent odd-parity states. The mixing ratio at the anti-intersection is significantly larger than at the
intersection. The single photon state only mixes with the even-parity edge states and other even-parity states, forming the polariton states.
Panels (b), (c), and (d) display the wave function probability amplitude distribution at three intersection points of the vertical dotted line and
the energy level graph, from top to bottom within the small circle. The blue color indicates the A sublattice, while the red color indicates the
B sublattice. Panels (b) and (d) depict the two branches of polaritons, both of which are even-parity states. Panel (c) illustrates an odd-parity
edge state. The number of dimers N= 10, other parameters ε= ωc = 2eV, v= 0.1eV and w= 0.2eV.

between light and matter, implying that the polariton becomes
unstable.

The long-range coupling induced by light is different from
that between the dimers, i.e. the long-range coupling between
the dimers will lead the edge states to be no longer localized
[51]. The light-induced long-range coupling only mixes the
photon components into the edge state without changing the
edge states. Consequently, the topological polaritons exhibit
photon-like characteristics, such as a smaller effective mass
and improved transmission properties.

When the cavity mode frequency does not resonate with
the edge state energy, the values of photon energy will deviate
from that of the edge states energy for the weak exciton-cavity
coupling strength, as shown in figure 4. With an increase in
exciton-cavity coupling strength, the single-photon state ini-
tially transitions to a polariton state and subsequently to the
edge state. This transition process can be utilized for edge state
preparation: injecting a photonwith a frequency surpassing the
monomer excitation energy into the cavity, then progressively
augmenting the exciton-cavity coupling to enable the single-
photon state’s adiabatic evolution into an edge state. Notably,
the nearly unaffected middle dotted line confirms the robust-
ness of the odd-parity edge state. Meanwhile, the middle solid
line delineates the transformation of the even-parity edge state
into an even-parity edge polariton state, followed by a trans-
ition into a regular even-parity state.

To verify the generation of edge states by the photonic state,
we further perform an adiabatic evolution of the system. The
initial state of the system is set to the single-photon state |c⟩,
and the time-dependent Hamiltonian is set to H= H(g(t)),
where the exciton-cavity coupling strength increases linearly

Figure 4. Energy levels of the SSH model coupled to a single mode
cavity with non-resonant coupling (εA = εB ̸= ωc). The three middle
lines from top to bottom represent the states of single-photon,
odd-parity edge, and even-parity edge, respectively. The number of
dimers N= 10, other parameters εA = εB = ε= 2eV, ωc = 2.1eV,
v= 0.1eV and w= 0.2eV.

with time g(t) = βt, and β = 10−4 eV. According to figure 5,
the projection probability of the edge is significantly stronger
than that of the other states over time. This suggests that
the adiabatic evolution, starting from the single-photon state
|c⟩, can evolve to the edge state with a higher probability.
We emphasize that the adiabatic evolution, while theoretically
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Figure 5. Adiabatic evolution under non-resonant coupling. The exciton-cavity coupling strength increases linearly with time, g= βt,
β = 10−4 eVfs−1. The blue, red, yellow, and purple lines represent the projection probability of states |1,A⟩, |1,B⟩, |2,A⟩ and |2,B⟩
respectively. The remaining edge will also take on the shape of the figure symmetrically. Other parameters N= 10, εA = εB = ε= 2eV,
ωc = 2.05eV, v= 0.1eV and w= 0.2eV.

Figure 6. (a) Energy levels with unequal exciton-cavity coupling strength coupled ga = 0.5gb = g. (b) The yellow, red, and blue solid lines
correspond to the three energy levels in the middle of panel (a) respectively. The dashed line is the case where the exciton-cavity field
coupling is equal. (c)–(e) Wave function probability amplitude distributions correspond to the asterisk points on the middle line of panel (a)
from left to right. Other parameters are same as that in figure 4.

valid, poses significant challenges in practical implementa-
tion due to the inhomogeneous broadening resulting from
disorder and vibrational degrees of freedom. However, the
calculations we have conducted hold significance, and offer
at least a preliminary approximation to the experimental
observations.

3.2. Parity non-conservation

When the excitation energy of monomer A not equal to that
of monomer B, i.e. εA ̸= εB, and the interaction strength of
the cavity field with the two monomers is different, i.e. gA ̸=
gB, the parity is shown to be not conserved by the parity
operator. According to figure 6(a), no energy level crossing
appears and all energy levels are anti-crossing, which implies
that the parity of the system is no longer conserved. The
original odd-parity edge state does not exhibit anti-crossing

phenomenon, as indicated by the straight line in the middle
of figure 6(a). Figure 6(b) shows that although the occupation
number of edge, i.e. [49]

∑
n={1,2,N−1,N}

(
|⟨ψ|n,A⟩|2 + |⟨ψ|n,B⟩|2

)
,

for this state is nearly unaffected, the occupation number
of the edge shifts from one edge to another, as shown in
figures 6(c)–(e). Furthermore, the parity non-conservation
can also be achieved by changing the structure of molecu-
lar aggregates. We then remove the last B monomer and find
that only one left edge state exists in this structure in the
presence of odd number of monomers, as shown in figure 7.
According to figures 7(b) and (d), the introduction of the
optical field mixes the left edge states into the extra bulk
excitations.
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Figure 7. (a) Energy levels for the odd number monomers. (b)–(d) Wave function probability amplitude distributions correspond to the
asterisk points on the middle line of panel from left to right. Other parameters are identical to figure 4.

4. Conclusions and discussions

We investigated amolecular aggregate with uniform excitation
transfer interaction located in a single cavity mode microcav-
ity. The system possesses parity symmetry, resulting in all
polariton states being even-parity states due to the single-
photon state’s inherent even-parity nature. Furthermore, our
exploration involved the SSH model with alternating excita-
tion transfer interaction within a single cavity mode microcav-
ity. Under the constraint of parity conservation, we observed
that exciton polariton states exhibit even parity. The coupling
of even-parity edge states with photons results in the forma-
tion of even-parity polariton states, leaving the odd-parity edge
states unaffected. This discovery suggests a novel method for
preparing edge states from photonic excited states via an adia-
batic process. Under the condition of parity non-conservation,
the odd-parity edge states are still edge states though the
occupation number of edge shifts from one edge to another.
Although the results presented in this work are solely based on
the real-space derivation and calculation, our results can guide
the designing of organic polariton materials. Introduction of
light field provides an additional degree of freedom in com-
parison to the pure SSH model. It is well known that there
are two methods to change the winding number of the SSH
model. The first method requires closing the bulk gap, and the
second method requires breaking chiral symmetry. By intro-
ducing a light field to break the chiral symmetry, it is pos-
sible to change the winding number without changing the edge
states of the system. This is also a well strategy for breaking
the bulk-boundary correspondence. Our research is equivalent
to providing a key for matching parity states. By introducing
optical fields, we can distinguish between odd and even parity
states. This can be directly applied to the detection of quantum
states and also has certain application value in the manipula-
tion of topological polaritons with light.
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