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Abstract: Coupling excitons to quantized cavity pho-
tonic modes can significantly enhance the spatial and
temporal range of excitonic transport. While the pre-
cise mechanism behind this dramatic change remains
an active area of research, there is a growing consensus
that the formation of hybrid light-matter states, known
as polaritons, plays a central role in this enhance-
ment. Polaritons, owing to their photonic character,
can greatly amplify coherent energy flow in excitonic
systems and prolong their lifetime and lead to ultrafast
ballistic excitonic transport which is typically diffusive
outside a cavity. In Bloch surface wave (BSW) cavi-
ties, the group velocity of these polaritonic wavepack-
ets has been theoretically predicted to approach the
speed of light in the medium, though experiments sug-
gest a renormalized value.

In this work, we use quantum dynamics simula-
tions with theoretical analysis on group velocity renor-
malization and wavepacket evolution to elucidate the
transport dynamics in a Bloch Surface Wave Cavity.
We show that polaritonic states facilitate ballistic flow
directly through their photonic character, and that be-
low a critical photonic fraction the ballistic component
is suppressed—yet even then, transport remains four
to eight orders of magnitude faster than purely exci-
tonic diffusion. These results show qualitative, and in
some cases near-quantitative, agreement with experi-
mental trends, providing microscopic insight into the
origin of fast transport in BSW polariton systems.
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1 Introduction

Excitonic transport plays a central role in diverse nat-
ural and engineered systems [1–3], serving as a fun-
damental mechanism for energy transfer. From light
harvesting in photosynthetic complexes to charge sep-
aration in optoelectronic devices [4] such as LEDs and
solar cells [5, 6], the overall efficiency often hinges on
the effectiveness of exciton migration. In Frenkel ex-
citonic systems, transport typically proceeds via ran-
dom hopping between localized sites—a consequence
of structural and energetic disorder, thermal fluctu-
ations, phonon interactions, and weak intermolecular
electronic couplings [3, 7, 8]. Consequently, exciton mo-
tion is predominantly diffusive or subdiffusive [3, 7–9],
which severely limits rapid, long-range energy trans-
fer and constrains the performance of next-generation
organic optoelectronic materials.

Recent experimental [10–19] and theoretical ad-
vances [13, 20–22] have revealed that excitonic trans-
port can be dramatically enhanced when molecular or
hybrid materials are strongly coupled to confined pho-
tonic modes, forming light–matter hybrid quasiparti-
cles known as polaritons. Cavity-enhanced transport
and other coherent phenomena in exciton–polariton
systems [23] demonstrate that strong light-matter cou-
pling can induce coherent, long-range energy migra-
tion over macroscopic distances. Remarkably, ultrafast
and ballistic excitonic transport has been observed in
disordered organic semiconductors [10] and perovskite
metasurfaces [16, 24], even at room temperature. Sim-
ilar enhancements have been reported in systems cou-
pled to surface lattice resonances [17, 25, 26] and Bloch
surface waves (BSWs) [10, 15, 27, 28]. These findings
suggest that light–matter hybridization offers a pow-
erful route to overcome diffusive exciton motion and
achieve macroscopic range for energy flow. The en-
hanced polariton transport behavior has also been ob-
served in other related systems [14, 29]. Persistent co-
herence and long-range energy propagation have been
demonstrated across diverse platforms—from multi-
layer heterostructures [30–32] to large-area 2D semi-
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conductors [33]. Recent studies even indicate that or-
ganic semiconductors can sustain microcavity-like ex-
citon–polaritons under ambient conditions without an
external cavity [34]. In addition to enabling coher-
ent transport, polaritonic systems have revealed a
wealth of new phenomena, including polariton con-
densation [35, 36], superfluidity [37], quantized vor-
tices [38], and the modification of chemical reaction
pathways via vibrational strong coupling [39–42].

When 𝑁 excitonic modes couple to ℳ photonic
modes, the system forms ℳ upper polaritons (UPs),
ℳ lower polaritons (LPs), and 𝑁 −ℳ excitonic dark
states. Due to their partial photonic nature, polari-
tons are far more delocalized than bare excitons and
can propagate coherently over hundreds of microme-
ters [33]. Even polaritons with high excitonic fractions
(up to 80%) exhibit long-range ballistic motion [13, 24],
highlighting the robustness of polariton-enabled long-
range energy transport. Moreover, the delocalization of
collective dark states—governed by excitonic disorder
and cavity 𝑄-factor—can significantly influence polari-
ton velocities and overall transport efficiency [20, 21].

Theoretical and molecular quantum dynamics
studies [13, 20, 22, 43, 44] indicate that enhanced trans-
port primarily originates from the photonic component
of polaritons, which promotes delocalization and sus-
tains coherence between spatial excitonic sites, while
elastic and inelastic scattering from static and dy-
namic disorder [21, 28, 45] suppresses ballistic motion
through the excitonic channel. Static energetic disorder
accounts for only a minor fraction of velocity renor-
malization, with dynamic (phonon-assisted) disorder
dominating at moderate temperatures [28, 45]. Never-
theless, long-range coherence can persist despite such
scattering [32, 43], aided by delocalization through the
photonic field [14, 29]. Additionally, exciton–exciton
interactions can counteract phonon-induced decoher-
ence, stabilizing coherent transport [46, 47].

Recent advances in nanophotonics have enabled
photonic architectures that support multiple exci-
ton–polariton (EP) platforms—from Fabry–Pérot mi-
crocavities and metal–dielectric plasmonic interfaces
to Bloch surface wave polaritons (BSWPs) in dielec-
tric photonic crystals. Each platform offers distinct
advantages and constraints for coherent energy trans-
fer. In Fabry–Pérot cavities, strong coupling occurs be-
tween excitons and cavity photon modes confined be-
tween two mirrors—metallic or dielectric distributed
Bragg reflectors (DBRs). Although theoretical group
velocities from LP dispersion slopes can reach tens of
𝜇m·ps−1, experimentally measured values are typically

lower (1–2 𝜇m·ps−1) [18, 48] than the theoretical value
taken from the derivative of the dispersion curve. This
renormalization of polaritonic group velocity arises
mainly from exciton–phonon interactions and static
or dynamic disorder [21, 43, 49]. A superexchange-
like mechanism between polaritonic and dark excitonic
states has been proposed to explain this group ve-
locity renormalization [49]. In addition, cavity pho-
ton loss—particularly in metallic systems—diminishes
coherence and shifts transport from ballistic to diffu-
sive [20, 21]. As the excitonic fraction increases, this
diffusive transition becomes more pronounced, often
erasing the ballistic character entirely.

BSW-polaritons (BSWPs) form at the interface
of a homogeneous dielectric and a periodic dielec-
tric structure, supported by a single DBR stack.
These Bloch surface waves exhibit low-loss, evanes-
cent propagation with nearly linear dispersion near
𝑘 = 0, enabling significantly higher group velocities
than Fabry–Pérot or surface plasmon polariton (SPP)
systems [10, 15, 27]. Without metallic components,
BSWPs experience much lower photonic dissipation,
achieving propagation speeds of 107–108 m·s−1 [10,
15, 27], at least an order of magnitude higher than
planar cavity or SPP systems (∼ 106 m·s−1 [17]).
Even polaritonic states with high excitonic content
( 40%) can maintain ballistic propagation. When trans-
port becomes diffusive, BSWPs still exhibit diffusion
constants [15] two orders of magnitude larger than
their plasmonic counterparts [17]. These characteristics
make BSWPs a uniquely promising platform for study-
ing exciton–polariton transport and its fundamental
mechanisms.

In this work, we aim to elucidate the transport dy-
namics of BSWP systems through quantum dynamics
simulations with theoretical analysis on group velocity
renormalization and wavepacket evolution. Specifically,
we investigate how the spatial width of an excitonic
wavepacket evolves when matter are coupled to BSWs
under varying initial conditions. Using a mean-field
Ehrenfest approach, we simulate the propagation of
lower polariton (LP) wavepackets with tunable energy
composition and extract group velocities and transport
exponents as functions of photonic fraction. Our the-
oretical simulations reproduces the basic trends of the
experimental findings in Ref. 15, with dynamical de-
tails that clarify the mechanisms governing ballistic-to-
diffusive transport transitions. The results show near-
quantitative agreement with experimental trends and
provide valuable insights into the microscopic origin of
ballistic transport in BSWP systems.
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2 Theory

2.1 Hamiltonian

We consider a system composed of a one-dimensional
lattice of Frenkel excitons coupled to a BSW cavity.
The states |𝑔𝑛⟩ and |𝑒𝑛⟩ represent the ground and ex-
cited states at the 𝑛th site, respectively. The global
excitonic ground state is given by |𝐺⟩ = ⊗

𝑛
|𝑔𝑛⟩, and

the 𝑁 possible singly excited states are denoted by
{|𝐸𝑛⟩ = |𝑒𝑛⟩ ⊗

𝑠 ̸=𝑛
|𝑔𝑠⟩}. The excitonic system is mod-

eled using the tight-binding approximation, while the
light-matter interaction is described using a general-
ized Tavis–Cummings model [13, 50–53]. Each exciton
is locally coupled to a phonon bath via a Holstein-type
interaction [54].

The full Hamiltonian of our system, referred to
as the generalized Holstein–Tavis–Cummings (GHTC)
Hamiltonian, is given by

𝐻̂ =
𝑁−1∑︁
𝑛=0

ℏ𝜔0𝜎̂
†
𝑛𝜎̂𝑛 + ℏ

∑︁
𝑘

𝜔𝑘𝑎̂
†
𝑘𝑎̂𝑘 + 𝐻̂ex-b + 𝐻̂b (1)

+ ℏ𝑔c
∑︁
𝑘,𝑛

(𝑎̂†𝑘𝜎̂𝑛𝑒
−𝑖𝑘𝑥𝑛 + 𝜎̂†

𝑛𝑎̂𝑘𝑒
𝑖𝑘𝑥𝑛),

where 𝜎̂†
𝑛 and 𝜎̂𝑛 are the creation and annihilation

operators for an exciton at the 𝑛th site, defined as
𝜎̂𝑛 = |𝑔𝑛⟩⟨𝑒𝑛|. The excitation energy ℏ𝜔0 is identical at
all 𝑁 sites. Further, ℏ𝜔𝑘 is the energy of the photonic
mode with the in-plane component of wave vector 𝑘
(parallel to the plane of the Bloch surface wave propa-
gation, commonly referred to as 𝑘‖, and is considered
as the 𝑥-direction).

The operators 𝑎̂†𝑘 and 𝑎̂𝑘 are the creation and anni-
hilation operators for the 𝑘th mode, with 𝑎̂𝑘 = |0𝑘⟩⟨1𝑘|,
where |0𝑘⟩ and |1𝑘⟩ denote the vacuum and single-
photon Fock states, respectively, within the single ex-
citation subspace as we considered in the transport dy-
namics. Here, we consider the BSW cavity that has a
dispersion relation as follows

𝜔𝑘 = 𝜔c +

(︂
𝑐

𝑛r

)︂
|𝑘|, (2)

where 𝑐 is the speed of light, 𝑛r is the refractive in-
dex of the medium, and |𝑘| is the magnitude of the
in-plane component of the photonic wave vector. The
constant energy shift ℏ𝜔c corresponds to the perpen-
dicular (𝑦-direction) component of the wave vector (the
𝑘⊥ component), which is the same for all modes.

The second line of Eq. 1 is the generalized
Tavis–Cummings term describing the exciton-photon

interaction, with explicitly assuming the rotating wave
approximation (that ingores counter rotating wave
terms 𝑎̂†𝑘𝜎̂

†
𝑛 and, 𝑎̂𝑘𝜎̂𝑛). Further, 𝑥𝑛 is the center of the

𝑛th site, where 𝑥𝑛 = 𝑛𝐿. We impose periodic bound-
ary conditions on the lattice, identifying the 𝑁th site
with the 0th site. The parameter 𝑔c denotes the single-
molecule light–matter coupling strength, which is as-
sumed to be independent of the photonic wave vector
𝑘.

The phonon vibrations (bath) have a Hamiltonian
with the following form

𝐻̂b =
∑︁
𝑛,𝑣

ℏ𝜔𝑣

(︂
𝑏̂†𝑛,𝑣 𝑏̂𝑛,𝑣 +

1

2

)︂
=
∑︁
𝑛,𝑣

(︃
𝑝2𝑛,𝑣
2

+
1

2
𝜔2
𝑣𝑞

2
𝑛,𝑣

)︃
,

(3)

where 𝑏̂†𝑛,𝑣 and 𝑏̂𝑛,𝑣 are the creation and annihilation
operators for the 𝑣th phonon mode associated with
the 𝑛th site, with vibrational frequency 𝜔𝑣. The cor-
responding position and momentum operators are 𝑞𝑛,𝑣
and 𝑝𝑛,𝑣, and all phonons are assumed to have the nor-
malized mass. The exciton-phonon interaction Hamil-
tonian is

𝐻̂ex-b =
∑︁
𝑛,𝑣

𝑑𝑣𝜎̂
†
𝑛𝜎̂𝑛(𝑏̂

†
𝑛,𝑣 + 𝑏̂𝑛,𝑣) =

∑︁
𝑛,𝑣

𝛾𝑣𝜎̂
†
𝑛𝜎̂𝑛𝑞𝑛,𝑣,

(4)

where 𝛾𝑣 is the coupling constant characterizing the
Holstein-type interaction between the excitons and
their local phonon environment.

We restrict our analysis to the single-excitation
subspace. The corresponding basis states include: the
exciton-photon ground state |𝐺, 0⟩ = |𝐺⟩⊗

𝑘
|0𝑘⟩, the

photon-dressed excitonic ground states

|𝐺, 1𝑘⟩ = |𝐺⟩ ⊗ |1𝑘⟩ ⊗
𝑘′ ̸=𝑘

|0𝑘′⟩, (5)

and the purely excitonic singly excited states with no
photons

|𝐸𝑛, 0⟩ = |𝐸𝑛⟩ ⊗𝑘 |0𝑘⟩. (6)

2.2 Polaritons

Polaritons arise from the super-position between ex-
citon states and photonic excitation. In the recipro-
cal excitonic basis, for a given in-plane momentum 𝑘,
the two polariton states can be expressed as linear
combinations of their constituent exciton and photon
states [13, 55]

|+𝑘⟩ = sin𝜑𝑘|𝐸𝑘, 0⟩+ cos𝜑𝑘|𝐺, 1𝑘⟩, (7a)

|−𝑘⟩ = cos𝜑𝑘|𝐸𝑘, 0⟩ − sin𝜑𝑘|𝐺, 1𝑘⟩, (7b)
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Fig. 1: Polariton dispersion relation showing the lower (LP) and
upper (UP) polariton branches. The excitonic (black dashed) and
photonic (orange dashed) dispersions are plotted for reference.
The color scale indicates the Excitonic character (|𝛼ex|2) of the
polaritonic states, ranging from photonic (yellow) to excitonic
(dark violet). The pink open circles denote the location of the
initial wavepacket in the LP branch for different simulations.

where |+𝑘⟩ and |−𝑘⟩ denote the upper polariton (UP)
and lower polariton (LP) states, respectively.

The mixing angle 𝜑𝑘, which quantifies the degree
of hybridization between exciton and photon modes, is
defined as [50, 55]:

𝜑𝑘 =
1

2
tan−1

(︃
2
√
𝑁𝑔c

𝜔𝑘 − 𝜔0

)︃
, 𝜑𝑘 ∈

[︁
0,
𝜋

2

]︁
. (8)

sin𝜑𝑘 and cos𝜑𝑘 are called the Hopfield coefficients.
The state |𝐸𝑘, 0⟩ represents an exciton with in-

plane momentum 𝑘 and no photon:

|𝐸𝑘, 0⟩ =
1√
𝑁

∑︁
𝑛

𝑒𝑖𝑘𝑛𝐿|𝐸𝑛, 0⟩. (9)

The energies of the polariton branches are given
by [13]:

𝜔±,𝑘 =
𝜔𝑘 + 𝜔0

2
± 1

2

√︁
(𝜔𝑘 − 𝜔0)2 + 4𝑁𝑔2c . (10)

In this model, polaritons are formed only when the
wave vector of a photonic mode matches that of a col-
lective excitonic mode. This condition is satisfied only
at a discrete set of ℳ 𝑘-values corresponding to the al-
lowed photon modes. The collection of these wave vec-
tors is denoted as {𝑘P}. The polariton exhibits band-
like transport characterized by the group velocity [15]

𝑣𝑔,±(𝑘) = 𝑑𝜔±,𝑘/𝑑𝑘,

=
1

2

[︃
1± (𝜔𝑘 − 𝜔0)√︀

(𝜔𝑘 − 𝜔0)2 + 4𝑁𝑔2c

]︃
𝑑𝜔𝑘

𝑑𝑘
, (11)

where the 𝑘-dependence of 𝜔±𝑘 is carried by the bare
photonic dispersion 𝜔𝑘 as given in Eq. 2. For, our BSW
cavity with a linear dispersion, 𝑑𝜔𝑘

𝑑𝑘 in Eq. 11 can be
replaced by 𝑐

𝑛r
sign(𝑘). Furthermore, by following the

definition of the polaritonic states according to Eq. 7,
the multiplicative prefactor in Eq. 11 corresponds pre-
cisely to the photonic component of the respective UP
and LP states at that particular 𝑘, |𝛼𝑝ℎ,±(𝑘)|2. Thus,
Eq. 11 simplifies to

𝑣𝑔,±(𝑘) =
𝑐

𝑛r
|𝛼𝑝ℎ,±(𝑘)|2 · sign(𝑘). (12)

Excitons with in-plane momenta 𝑘′ that do not coin-
cide with any existing photonic mode remain uncou-
pled from the light field and are referred to as dark
states. These purely excitonic states can be written in
the reciprocal basis as

|D𝑘′⟩ = 1√
𝑁

∑︁
𝑛

𝑒𝑖𝑘
′𝑛𝐿|𝐸𝑛, 0⟩, ∀ 𝑘′ ∈ {𝑘D}, (13)

where {𝑘D} denotes the set of wave vectors that
do not host any photonic mode, even though corre-
sponding collective excitonic modes exist. Unlike the
bright states, dark states do not directly participate
in light–matter hybridization but can mediate energy
redistribution among polaritonic modes [21, 48, 49, 56–
59]. It is important to note that the upper and lower
polariton states ({|±𝑘⟩}), together with the dark states
({|D𝑘′⟩}), constitute the eigenstates of the polaritonic
Hamiltonian, 𝐻̂pl = 𝐻̂ − 𝐻̂ex-b − 𝐻̂b (see Section II in
the Supplementary Material).

2.3 Computational Details

The system contains 𝑁 = 50001 sites, with an inter-
site spacing of 𝐿 = 100 Å, and includes ℳ = 4001

photonic modes spanning the energy range ℏ𝜔𝑘 ∈
[0.698, 3.898] eV . To describe the linear dispersion of
the bare BSW photonic modes, together with the ex-
citonic and polaritonic dispersions shown in Ref. 15,
we use the following parameters: the excitation en-
ergy ℏ𝜔0 = 2.12 eV, the base photonic energy at the
normal incidence (with 𝑘 = 0) with ℏ𝜔c = 0.698 eV,
the refractive index 𝑛r = 1.55 and the Rabi splitting
ΩR = 2ℏ

√
𝑁𝑔c = 134 meV. For ℳ photonic modes,

the wave vectors are discretized as 𝑘𝑗 = 𝑗 · 2𝜋
𝑁𝐿 , with

𝑗 ∈
{︀
−ℳ−1

2 ,−ℳ−3
2 , ..., 0, ..., ℳ−3

2 , ℳ−1
2

}︀
, where ℳ is

an odd number.
To initialize the quantum dynamics at a chosen

energy 𝐸0, the initial wavepacket is constructed as
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a localized linear combination of all lower polaritonic
(LP) states lying energetically close to 𝐸0. The coeffi-
cients of these individual LP states follow a Gaussian
distribution centered at 𝑘M, such that ℏ𝜔−,𝑘M ≈ 𝐸0.
This initialization closely mirrors experimental condi-
tions [13, 15, 47], where a highly focused pump pulse
with narrow energy bandwidth and a momentum-
selective probe pulse are employed. Further details on
the preparation of the initial wavefunction are provided
in Supplementary Material, Sec. III A.

We use the mean-field Ehrenfest dynamics ap-
proach to simulate polariton transport [13, 21, 46,
49, 60] in a lossless BSW cavity. In this scheme, the
exciton-photon degrees of freedom (DOF) are treated
quantum mechanically, while the phonon DOF are de-
scribed classically. The phonon operators 𝑞𝑛,𝑣 and 𝑝𝑛,𝑣
are replaced by their classical counterparts 𝑞𝑛,𝑣 and
𝑝𝑛,𝑣 in 𝐻b and 𝐻ex-b. Each site is coupled to 20 phonon
modes. To determine the phonon frequencies and cou-
pling strengths [61], we employ a Drude–Lorentz spec-
tral density [62, 63] with a reorganization energy 𝜆 =

36 meV and a characteristic frequency 𝜔𝑏 = 6 meV.
The initial positions and momenta of the phonons are
sampled from a Wigner distribution at 𝑇 = 300 𝐾.

The state of the quantum subsystem is represented
as

|𝜓(𝑡)⟩ =
𝑁−1∑︁
𝑛=0

𝑐𝑛(𝑡)|𝐸𝑛, 0⟩+
∑︁

𝑘∈{𝑘P}

𝑐𝑘(𝑡)|𝐺, 1𝑘⟩ (14)

≡ |𝜓ex(𝑡)⟩ ⊕ |𝜓ph(𝑡)⟩,

where |𝐸𝑛, 0⟩ and |𝐺, 1𝑘⟩ are defined in Eq. 6 and Eq. 5,
respectively. This wavefunction is propagated by solv-
ing

𝑖ℏ
𝜕

𝜕𝑡
|𝜓(𝑡)⟩ = 𝐻̂Q(q(𝑡))|𝜓(𝑡)⟩, (15)

where 𝐻̂Q = 𝐻̂−𝐻̂b is the quantum part of the Hamil-
tonian (that include excitonic and photonic DOF and
exciton-phonon coupling). Chebyshev propagator [64]
is employed to evolve the quantum subsystem. For a
short time step 𝛿𝑡, the position and momenta of the
phonons are evolved according to the mean-field equa-
tions of motion 𝑞𝑛,𝑣(𝑡) = 𝑝𝑛,𝑣(𝑡), and

𝑝̇𝑛,𝑣(𝑡) = −⟨𝜓(𝑡)| 𝜕𝐻̂
𝜕𝑞𝑛,𝑣

|𝜓(𝑡)⟩, (16)

= −𝜔2
𝑣𝑞𝑛,𝑣(𝑡)− 𝛾𝑣⟨𝜓(𝑡)|𝜎̂†

𝑛𝜎̂𝑛|𝜓(𝑡)⟩.

The classical phonon DOFs are integrated using the
Velocity Verlet scheme. Further details regarding the
system propagation, including the Chebyshev propaga-

tion technique, are discussed in sec. III C of the Sup-
plementary Material. After performing quantum dy-
namical simulations under various initial conditions,
the position of the polaritonic wavepacket was char-
acterized by tracking the location of its tail, denoted
as ⟨𝑥⟩ta. The precise definition and procedure for de-
termining 𝑥ta are provided in the Supplementary Ma-
terial sec. IVB. The group velocity of the wavepacket
was then evaluated as the time derivative of the tail
position [13, 21, 49]

𝑣g =
𝑑⟨𝑥⟩ta
𝑑𝑡

. (17)

Next, the mean-square displacement (MSD) of the
wavepacket was computed as

MSD(𝑡) = 𝜎2
𝑡 − 𝜎2

0 , (18)

where the time-dependent variance 𝜎2
𝑡 is defined by

𝜎2
𝑡 = ⟨𝑋2(𝑡)⟩ − ⟨𝑋(𝑡)⟩2 (19)

=
1∑︀

𝑛 𝑃𝑛(𝑡)

∑︁
𝑛

𝑥2𝑛𝑃𝑛(𝑡)−
(︃

1∑︀
𝑛 𝑃𝑛(𝑡)

∑︁
𝑛

𝑥𝑛𝑃𝑛(𝑡)

)︃2

.

Here, 𝑃𝑛(𝑡) represents the total population contribu-
tion from LP and dark states at site 𝑥𝑛, given by [21]

𝑃𝑛(𝑡) = |𝜓(𝑥𝑛, 𝑡)|2 ≈ |𝜓−(𝑥𝑛, 𝑡)|2 + |𝜓D(𝑥𝑛, 𝑡)|2,
(20)

where 𝜓−(𝑥𝑛, 𝑡) and 𝜓D(𝑥𝑛, 𝑡) denote the spatial dis-
tributions of the lower polariton (LP) and dark-state
components, respectively, as defined explicitly in the
Supplementary Material, Sec. IVA. The temporal evo-
lution of MSD(𝑡) was fitted to a power-law dependence,
MSD(𝑡) ∝ 𝑡𝛽 , to extract the transport exponent 𝛽. In
regimes where 𝛽 = 1, corresponding to diffusive trans-
port, the MSD was further fitted as

MSD(𝑡) = 2𝒟𝑡 (21)

to determine the diffusion coefficient 𝒟.

3 Results and Discussions

We investigate the polariton transport dynamics by
initially exciting on the lower polariton (LP) branch,
with different choices of 𝑘 (as indicated by pink open
circles in Fig. 1) by creating a LP wavepacket of a cer-
tain energy 𝐸0. The photonic fraction of these states
decreases from 83% (for 𝐸LP = 1.97 eV) to 44% (for
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Fig. 2: Exciton–photon population dynamics and spatiotemporal evolution of wavepackets for three different initial excitation energies
𝐸0. Panels (a–c) display the time evolution of total excitonic and photonic populations for simulations initialized with 𝐸0 = 1.98,
2.00, and 2.03 eV, respectively. Panels (d–f) and (g–i) show the corresponding spatiotemporal evolution of the lower-polariton+Dark
and excitonic populations, respectively. While computing the site positions, the site index grid was shifted from −𝑁

2
to 𝑁

2
such that

the center of the simulation box lies at the origin. In these plots, the horizontal axis represents position along the molecular chain, the
vertical axis represents propagation time, and the color scale indicates the population density.

𝐸𝐿𝑃 = 2.06 eV), reflecting the increasing excitonic
character with a higher energy in the case of negative
detuning between light and matter.

Figure 2a–c shows the population dynamics of exci-
tons and photons (c.f. Eq. 14) for three different initial
energies, 𝐸0 = 1.98 eV, 2.00 eV, and 2.03 eV, corre-
sponding to excitonic fractions of 19%, 24%, and 36%,
respectively. The initial fast oscillations of the popu-
lations between exciton (black) and photon (gold) are
due to the light-matter coupling term (last term in
Eq. 1) causing the Rabi oscillation, with the frequency
corresponding to the Rabi splitting. The slower trans-
fer between exciton and photon are mainly caused by
exciton-phonon coupling term (𝐻̂ex−b in Eq. 4), which

causes the population transfer from LP to the dark
exciton manifold, and when projected to the exciton
and photon basis, causing a slow transitions between
these two subsystems. It is evident that as the excitonic
character of the initial LP state increases, the transfer
of population from the photonic to the excitonic DOF
(dominate by the dark exciton component) becomes
faster. This behavior arises from phonon-assisted scat-
tering, which is more efficient for states with a larger
excitonic component. The phonon scattering acts as
a diabatic coupling between different polaritonic and
dark states at various 𝑘, which are the eigenstates of
the polaritonic Hamiltonian, 𝐻̂pl. Since the phonons
couple directly to the excitonic part of the polaritonic
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2.00 eV. (b) Site-resolved population distributions at selected times. The top row shows contributions from LP states, while the bottom
row displays contributions from dark states, both plotted on a logarithmic scale. Each column corresponds to a different time snapshot.

states, relaxation into purely excitonic dark states pro-
ceeds more rapidly when the LP wavepacket has a
stronger excitonic character.

Fig. 2d–f presents the spatio-temporal evolution
of the total LP and dark-state populations based
on Eq. 20, and the purely excitonic population is
shown in Fig. 2g–i presents the spatio-temporal evo-
lution of exciton component based on 𝑃 (ex)𝑛 =

|⟨𝜓ex(𝑡)|𝜓ex(𝑡)⟩|2 = 𝑐 *𝑛 𝑐𝑛 (c.f. Eq. 14). Moving from
left to right, in both the second and third rows, one
observes a progressive suppression of ballistic spread-
ing of the wavepacket and a transition toward diffusive
transport as the initial LP wavepacket becomes more
excitonic. In all cases, the initial wave packet originates
from the center of the simulation box and propagates
toward both edges.

Comparing the spatial evolution of the combined
LP+dark population with that of the purely excitonic
population for a given 𝐸0, it becomes evident that the
excitonic component propagates more slowly than the
LP+dark wavepacket. Moreover, the excitonic popula-
tion consistently retains a non-negligible density near
the center of the simulation box—a feature that is
largely absent in the more photonic LP wavepackets.
Since dark states are purely excitonic, they propagate
diffusively (in this model, they possess no net group
velocity owing to the flat dispersion of the exciton
branch), whereas LP states retain a ballistic compo-
nent of transport depending on their photonic frac-
tion. Consequently, the more photonic the LP state,
the weaker the influence of phonon-assisted scattering
and relaxation into dark states, leading to a more pro-
nounced ballistic transport. Conversely, for LP states
with larger excitonic character, phonon-assisted relax-

ation into dark states is more efficient, enhancing dif-
fusive behavior.

The excitonic wavepacket thus arises from two con-
tributions: a ballistic component from the LP states
with finite group velocity, which is partly excitonic, and
a diffusive component from the dark states that spread
only slowly, but is purely excitonic. When the initial
LP wavepacket is highly photonic, its weak coupling to
dark states limits population transfer, making the LP
contribution dominant. In contrast, for LP wavepack-
ets with a larger excitonic character, phonon-mediated
relaxation into dark states is faster, and these dark
states—localized closer to the center—contribute most
significantly to the excitonic population dynamics. The
dark excitons also exhibit limited spatial propagation
due to continuous population transfer from the fast-
moving LP wavepacket, a mechanism where LP trans-
port effectively “drags” the dark-state population, as
discussed in our previous work [21]. This interplay ex-
plains why the excitonic wavepacket moves more slowly
than the combined LP+dark population and why it
consistently exhibits a non-negligible density near the
center of the box.

These two competing propagation mecha-
nisms—ballistic and diffusive—occur simultaneously,
and the process by which the ballistic LP states dy-
namically “drag” the dark states is further illustrated
in Fig. 3. Figure 3a shows the temporal evolution of
the LP, UP, and dark-state populations for an initial
energy of 𝐸0 = 2.00 eV. The dynamics are dominated
by population transfer from the LP to the dark man-
ifold, while the LP-to-UP transfer channel remains
negligible, due to both the large energy separation
between the LP and UP branches [65, 66], as well as
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the weak phonon-mediated scattering efficiency of the
predominantly photonic UP modes.

Figure 3b presents the site-resolved population dis-
tributions of LP and dark states at selected times,
clearly highlighting the contrast in their transport
behavior. The LP wavepacket splits into two sym-
metric components, corresponding to positive- and
negative-momentum contributions, and rapidly prop-
agates away from the center of the simulation box in
a ballistic fashion. In contrast, the dark-state popu-
lation exhibits purely diffusive broadening: its profile
gradually widens over time, but the peak remains lo-
calized near the center. This behavior arises because
the dark states do not possess intrinsic group velocity
in our model; they gain population through phonon-
assisted transfer from the propagating LPs and, once
populated, remain nearly stationary on the timescale
of observation. This mechanism explains the persistent
high dark-state population around 𝑋 = 0 and encap-
sulates the coexistence of ballistic polaritonic motion
with diffusive dark-state spreading.
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Fig. 4: (a) Group velocity as a function of lower polariton (LP)
energy, 𝐸LP. The solid line represents the theoretical group veloc-
ity, obtained as the slope of the LP dispersion (𝜕𝜔−,𝑘/𝜕𝑘), with
the color scale indicating the excitonic fraction of the polariton.
Pink open circles connected by a light pink dashed line denote the
renormalized group velocities extracted from simulations at differ-
ent 𝐸LP. (b) The percentage renormalization of the group velocity
plotted against the excitonic character of the initial wavepacket.

Figure 4a compares the simulated group velocities
(𝑣𝑔,−, pink open circles with dashed line) of LP wave
packets at different energies with their corresponding
theoretical values (𝑣𝑔,−, solid line color-coded by exci-
tonic fraction), calculated using Eq. 12. Across much
of the LP branch, the theoretical group velocity ap-
proaches the speed of light, suggesting that—if pre-
served—such polaritons could enable ultrafast exci-
tonic transport. However, the simulations reveal a sys-
tematic renormalization of 𝑣𝑔,−, even for highly pho-
tonic wave packets, with the effect becoming more pro-
nounced as the excitonic character increases.

Figure 4(b) quantifies this effect by plotting the
relative renormalization, Δ𝑣𝑔,− = 1 − 𝑣𝑔,−/𝑣𝑔,−, as
a function of excitonic fraction. The dependence ex-
hibits a sigmoidal trend: Δ𝑣𝑔,− initially shows negli-
gible renormalization till around 20% excitonic char-
acter, then grows nearly linearly, and finally saturates
near 100% once the excitonic character exceeds ∼ 50%.
Thus, even wave packets with significant photonic con-
tent can have diffusive transport with vanishing group
velocity in this regime, effectively behaving as excitonic
packets.

This renormalization originates from phonon-
assisted scattering between LP and dark states [49].
Since the scattering rate scales with the excitonic
Hopfield coefficient of the LP state, larger excitonic
fractions enhance the coupling and, consequently, the
renormalization. Previous studies have shown that in-
creasing phonon coupling strength—through higher re-
organization energy 𝜆, bath frequency 𝜔𝑓 , or tem-
perature 𝑇—further amplifies this effect [21]. From
a theoretical perspective, the phenomenon can be
interpreted either as a phonon-induced renormaliza-
tion of the polariton dispersion band via dark-state
superexchange [49], or within the polaron–polariton
framework using a Floquet formalism for phonon [60],
where phonons generate additional sub-bands be-
tween LP and UP. Both viewpoints underscore that
stronger excitonic character yields stronger LP–dark
coupling, driving the observed suppression of group ve-
locity. It is worth noting that previous studies have
reported phonon-assisted enhancement of polariton
group velocity, either with the presence of Peierls-type
phonons [67] or when probing LP states with a very
high excitonic character (∼ 90%) [68]. While such sce-
narios highlight the diversity of phonon–polaritonic in-
teractions and merit further investigation, they lie be-
yond the scope of the present work.

We next examine the spatial spreading of polari-
tonic wave packets by analyzing the time evolution
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Fig. 5: Polaritonic transport dynamics for various initial excitation
energies 𝐸0. (a) Time evolution of the mean squared displace-
ment (MSD, 𝜎2

𝑡 − 𝜎2
0) for 𝐸0 = 1.97–2.06 eV. Each dataset

represents an initial wavepacket at a given 𝐸0, colored by its pho-
tonic fraction. Black and red lines denote ballistic (MSD ∝ 𝑡2,
𝛽 = 2) and diffusive (MSD ∝ 𝑡, 𝛽 = 1) regimes, respectively.
(b) Extracted transport exponent 𝛽 vs photonic fraction of the
initial wavepacket. Polaritonic states with a high photonic contri-
bution (> 73%) remain ballistic, and those with a low photonic
contribution (< 58%) are diffusive, and intermediate ones show a
ballistic–diffusive crossover.

of the mean square displacement (MSD), defined as
𝜎2
𝑡 −𝜎2

0 , for wavepackets with various initial conditions.
The colored open circles in Fig. 5a shows how MSD of
the different LP wavepackets with a varying initial pho-
ton character as a function of time. Both axes are in
log scale. We know that, for ballistic transport, which
a purely photonic wave would undergo, the increase in
MSD is proportional to 𝑡2, whereas for diffusive trans-
port, which a purely excitonic wave would undergo, it
is proportional to 𝑡. We have fitted the MSD of the
wavepackets with 𝑡𝛽 with 𝛽 = 1, 2 in the time range of
20 𝑓𝑠 to 500 𝑓𝑠 and extracted the transport exponent
𝛽 for the best fit. The fitted line is also shown in the
figure. The region where MSD is proportional to 𝑡2 are
shown with a solid black line, whereas the region where
MSD is proportional to 𝑡 is shown with a solid red fit-
ted line. It is evident that LP wavepackets with very
high photonic character (> 73%) show only ballistic
transport (𝛽 = 2) for almost the whole range of the
fit. Lowering the photon character of the wavepacket
leads to ballistic transport at initial times of the sim-
ulation and then a transition to diffusive transport at
later times. On the contrary, LP wavepackets with 40%
or more excitonic character show only linear temporal
evolution of MSD, always i.e. only diffusive transport,
without any ballistic signature.

These trends are summarized in Fig. 5(b), which
shows the extracted transport exponent 𝛽 as a function
of the initial photonic fraction. The systematic reduc-
tion of 𝛽 with decreasing photonic character, together
with the clear ballistic–to–diffusive crossover observed
in several cases, highlights the crucial role of exciton–
phonon scattering in suppressing ballistic propagation
and driving the onset of diffusion. Notably, our the-
oretical results show excellent agreement with the ex-
perimental measurements reported in Fig. 4 of Ref. 15.

Finally, we evaluate the diffusion coefficient 𝒟 for
those LP wavepackets that exhibit diffusive transport,
either throughout or during a portion of the simulation
time, according to the relation 𝜎2

𝑡 −𝜎2
0 = 2𝒟𝑡. The ex-

tracted 𝒟 values are plotted in Fig. 6 as a function of
the photonic character of the initial LP wavepacket.
The red open circles represent the diffusion coefficients
obtained by fitting the MSD in the time window where
the transport exponent 𝛽 ≈ 1 [see Eq. 21], correspond-
ing to the red solid line region in Fig. 5a. For compar-
ison, the black open circles denote the previously cal-
culated effective group velocities (𝑣𝑔,−) for those cases
exhibiting ballistic transport, while the solid black line
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Fig. 6: Transport characteristics as a function of the photonic
fraction (|𝛼ph|2) of the initial state. The red open circles cor-
respond to the diffusion coefficient 𝒟 (left axis) extracted from
cases where MSD scales linearly with time (MSD ∝ 𝑡), indicating
diffusive transport. The black open circles represent the calculated
group velocity 𝑣𝑔 (right axis) obtained for cases exhibiting bal-
listic transport, where MSD ∝ 𝑡2. The solid black line denotes
the theoretical group velocity 𝑣𝑔 extracted from the polaritonic
dispersion relation.

indicates the theoretical LP group velocity (𝑣𝑔,−) de-
rived from the slope of the LP dispersion.

As shown in Fig. 6, the diffusion coefficient 𝒟 in-
creases approximately quadratically with the photonic
fraction of the initial LP wavepacket, reaching val-
ues as high as ∼ 1400 𝜇m2 · ps−1 for highly photonic
LPs. Even for LP wavepackets with a modest pho-
tonic content (≈ 40%), 𝒟 remains remarkably large
(∼ 30 𝜇m2 · ps−1)—about four to eight orders of
magnitude higher than typical excitonic diffusion co-
efficients in conventional semiconductors [69–72] in a
range of10−3–10−7 𝜇m2 ·ps−1). These results highlight
the dramatic enhancement of transport efficiency en-
abled by polariton formation and the key role of pho-
tonic contribution in governing polariton mobility. Al-
though the diffusion coefficients extracted from our
simulations are approximately four times larger than
the experimental values reported in Ref. 15, the re-
sults in Fig. 6 reproduce the same qualitative depen-
dence (approximately quadratic) on |𝛼ph|2 observed
experimentally (see Fig. 5 in Ref. 15). Moreover, the
group velocities obtained from our simulations also
show good qualitative agreement with the experimen-
tally measured trends reported in Ref. 15.

4 Conclusion

In summary, our study establishes a comprehensive mi-
croscopic picture of phonon-influenced polariton trans-
port in BSW cavity, revealing how the interplay be-
tween photonic and excitonic characters governs the
transition of the transport dynamics from the ballis-
tic regime to the diffusive regime. By initializing lower
polariton (LP) wavepackets with systematically var-
ied excitonic fractions, we demonstrate in Fig. 2 that
phonon-mediated coupling to dark excitonic states
leads to a rapid redistribution of population and a
concomitant suppression of spatial spreading of the
wavepacket, which in turn results in a lowering of group
velocity (Fig. 4). The difference in propagation mecha-
nism for LP and dark and how the LP “drags“ the dif-
fusively spreading dark states are apparent in Fig. 3.
This manifests as a continuous crossover—from purely
ballistic transport for highly photonic LPs to entirely
diffusive motion for strongly excitonic ones, captured
quantitatively by the transport exponent 𝛽 in Fig. 5
and the renormalized group velocity 𝑣𝑔,− highlighted
in Fig. 4.

The diffusion coefficients extracted from the time-
dependent mean square displacements reveal transport
efficiencies up to eight orders of magnitude higher than
those of bare excitons, underscoring the profound en-
hancement of energy mobility enabled by light–matter
hybridization. At the same time, our results highlight
that the mechanism facilitating long-range coherent
transport—the photonic admixture—simultaneously
reduces the excitonic participation that is crucial for
device functionality. Thus, for polaritonic transport
to be viable in functional optoelectronic or energy-
harvesting devices, a fundamental challenge arises: to
maintain ballistic propagation while preserving a suffi-
ciently high excitonic fraction to ensure that a signifi-
cant portion of the excitation is effectively transported.

The duality of ballistic and diffusive channels un-
covered here provides a unifying framework for under-
standing phonon-assisted relaxation and transport in
polaritonic systems. It suggests that future efforts to-
ward practical polariton-based devices must navigate
this delicate trade-off, potentially through tailored de-
tuning, engineered phonon environments, or cavity de-
signs that optimize both coherence and exciton par-
ticipation. Our findings, therefore, lay the groundwork
for the rational control of hybrid light–matter trans-
port in solid-state and molecular platforms, bridging
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the microscopic mechanisms of polariton–phonon in-
teractions with macroscopic functionality.
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