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Recently anomalous energy bands with negative mass attract intensive attention where non-
Hermiticity plays an important role. In this work we observe anomalous exciton polariton bands
in PEPI perovskite based microcavity at room temperature. We simulate the anomalous band
structure using a non-Hermitian coupled oscillator model which agree with experiments very well.
Our results offer to study non-Hermitian polariton wave dynamics at room temperature.

1. Introduction

Non-Hermiticity is intensively investigated during last
decade in plenty of different physical systems, includ-
ing optics, electrons, cold atoms, acoustics and hybrid
light matter systems. Non-Hermiticity can inevitably af-
fect these systems’ modal profile and energy landscape.
For example, novel photon dynamics in PT symmetric
synthetic lattices [1] or microcavities [2], single mode
[3, 4] and vortex lasing [5], unidirectional propagation
in a waveguide [6, 7], suppression and revival of lasing in
coupled whispering-gallery-mode microcavities [8], opti-
cal isolation [9], and an exceptional ring [10]. In addi-
tion, non-Hermiticity can modify the energy mode struc-
ture intensively. For example, anomalous band structure
with negative mass can be observed in optical microcav-
ity where exciton polariton can be formed, which is a
quasiparticle due to the strong coupling between the ex-
citon and photon mode. In Fabry-Perot microcavity, ex-
citon polaritons can demonstrate similar Bose-Einstein
condensate process as the cold boson atoms at much
higher temperature due to the very light effective mass
[11, 12]. With dissipative coupling, the polariton dis-
persion can show level attraction behavior, which leads
to opposite particle propagation compared with normal
microcavities. Although this kind of anomalous disper-
sion [13] has been observed in TMD monolayer based
microcavity [14] and GaAs microcavities [15], it has not
been reported in perovskite microcavity yet. This gap
motivates the investigation of perovskite microcavities,
which offer unique advantages for room-temperature non-
Hermitian photonics.

In the study of non-Hermitian physics, the choice of
semiconductor material is crucial for achieving efficient
light-matter coupling. Traditional III-V semiconductors
such as CdTe [11] and GaAs [16] offer excellent exciton
bonding energy and controllable cavity structures, but

their excitonic stability is typically limited to cryogenic
temperatures. Organic semiconductors exhibit good ex-
citonic luminescence efficiency and chemical tunability
[17, 18], yet they often suffer from poor thermal and en-
vironmental stability. Transition metal dichalcogenides
(TMDs) demonstrate strong excitonic effects at room
temperature due to their layered structure, but the fabri-
cation of large-area homogeneous films remains challeng-
ing. All-inorganic perovskites such as CsPbBr3 show high
luminescence efficiency and stability[19, 20], yet their
relatively low exciton binding energy and weak optical
anisotropy limit polarization-dependent tunability in mi-
crocavities.

In contrast, two-dimensional Ruddlesden–Popper per-
ovskites (RPPVs) combine the advantages of organic and
inorganic components, exhibiting not only high exciton
binding energy—supporting stable exciton polariton for-
mation at room temperature—but also excellent pho-
tostability, ease of low-cost large-area fabrication, and
flexible bandgap tunability. Among them, fluorinated
(PEA)2PbI4 (PEPI) demonstrates good photochemical
stability and exhibits excellent strong coupling proper-
ties in microcavity photonics. The materials have shown
broad application potential in photovoltaics, photodetec-
tion, light-emitting diodes, and beyond. Their introduc-
tion into microcavity photonics offers new possibilities for
realizing room-temperature polaritonic devices. Partic-
ularly in planar microcavity structures, the high refrac-
tive index and strong exciton–photon coupling capabil-
ity of PEPI make it an ideal optical medium, support-
ing high-quality optical modes and enabling flexible tun-
ing of multimode polariton dispersion through its layered
structure[21–23]. This provides a material foundation for
designing photonic structures with non-Hermitian fea-
tures, such as exceptional points and nonreciprocal trans-
mission.

In this work, we report an optical microcavity sys-
tem based on the layered perovskite material (PEPI),
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FIG. 1: Schematic graph of the PEPI perovskite mi-
crocavity. (a) The structure of the PEPI microcavity. (b)
Exciton polariton band structure, exhibiting conventional dis-
persion along the k direction (left) or anomalous disper-
sion (right) along the k direction, depending on the non-
Hermiticity of the microcavity.

with its structural configuration illustrated in Figure
1(a). By constructing this cavity structure, we ob-
serve anomalous exciton polariton bands at room tem-
perature, as schematically represented in Figure 1(b).
We further developed a non-Hermitian coupled oscillator
model, which successfully reproduces the experimentally
observed anomalous band structure and shows excellent
agreement with the measurements. This study provides
a new platform for investigating non-Hermitian polariton
wave dynamics at room temperature and offers new per-
spectives for designing tunable non-Hermitian photonic
devices.

2. Results and Discussion

To achieve clear observation of polaritons in a PEPI
perovskite microcavity, this work employs high-quality
single crystals rather than polycrystalline thin films,
ensuring the formation of complete crystalline facets
with smooth interfaces. The two-dimensional or-
ganic–inorganic hybrid perovskite material used in the
experiment is (PEA)2PbI4 (abbreviated as PEPI), which
adopts a typical Ruddlesden–Popper layered perovskite
structure. In this material, phenethylammonium cations
(PEA+, C6H5CH2CH2NH3

+) serve as organic spacer
layers inserted between inorganic [PbI6]4− octahedral
sheets, forming a stable two-dimensional quantum-well
architecture. PEPI single crystals are synthesized di-
rectly on a distributed Bragg reflector (DBR) substrate

FIG. 2: Structural and optical characterization of
PEPI perovskite crystals grown on a DBR substrate.
(a) Fluorescence microscopy image of the as-grown PEPI crys-
tals. (b) Corresponding SEM image showing the platelet-
like morphology.(c) AFM topography of the crystal surface.
(d) Height profile across the step edge, revealing the thick-
ness of the PEPI. (e) XRD pattern of the PEPI perovskite
film, confirming its single-crystal characteristics. (f) Room-
temperature photoluminescence (PL) spectrum of PEPI, with
the red dashed curve indicating the Gaussian fit.

using a solution-based method [24–26], which facilitates
the growth of large-area, high-crystallinity layered single-
crystalline films and provides a solid foundation for sub-
sequent microcavity construction and optical characteri-
zation.

Systematic morphological and structural characteriza-
tions are conducted to verify the quality of the PEPI
synthesized on bottom DBR. Figure 2(a) presents a fluo-
rescence microscopy image of the sample, showing uni-
form crystal coverage. Scanning electron microscopy
(SEM) images (Figure 2(b)) reveal well-defined platelet-
like structures with smooth surfaces and sharp bound-
aries. Atomic force microscopy (AFM) measurements
(Figure 2(c)) further confirm the surface flatness, with
height-profile line scans indicating a uniform PEPI thick-
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FIG. 3: Schematic of the home-built ARPL spectra
system.

ness of approximately 2.4 µm, as shown in Figure 2(d).
Additionally, X-ray diffraction (XRD) patterns (Figure
2(e)) display sharp diffraction peaks, confirming the
single-crystalline nature of the PEPI perovskite. As
presented in Figure 2(f), photoluminescence (PL) spec-
troscopy exhibits a narrow emission peak centered at 526
nm with a width at half maximum (FWHM) of 10 nm.
These characterization results collectively demonstrate
that the synthesized PEPI single crystals possess excel-
lent crystallinity, making them suitable for subsequent
microcavity fabrication and optical studies.

In the experiment, to systematically investigate the
optical properties of PEPI perovskite crystals grown on
the bottom DBR and their polaritonic behavior in a mi-
crocavity structure, we construct an angle-resolved spec-
troscopy measurement setup based on a dual-lens imag-
ing system (Figure 3). The optical system employs a
reflective geometry, enabling momentum-space spectral
acquisition from normal incidence to large angles. Addi-
tionally, a continuous-wave laser (410 nm) is collimated
and directed onto the sample surface. By precisely ro-
tating the sample stage or adjusting the incident beam
angle, spectra at different in-plane wavevectors k∥ are
probed. The emitted light signal is collected via a lens
and coupled into an imaging spectrometer, ultimately ob-
taining angle-dependent photoluminescence (PL) or re-
flectance spectra.

Figure 4 presents the dispersion characteristics of
exciton polaritons in the PEPI perovskite microcav-
ity along the kx (Figure 4(a)) and wavevector direc-
tions, where the energy-wavevector (E-k) spectral dis-
tribution is characterized by angle-resolved photolumi-
nescence (ARPL) spectroscopy (Figure 3), and the color
mapping of intensity intuitively reflects the intensity evo-
lution of exciton-polariton modes. multiple distinct lower
polariton branches are observed in the spectra, each cor-
responding to strong coupling between different photonic
modes and excitons. The spectral splitting in the low-
wavevector region (|k| < 4 µm−1) originates from the in-
plane anisotropy of the PEPI perovskite crystal, leading
to the differentiation of exciton-photon coupling modes.
In the high-wavevector region (|k| > 4 µm−1), the dis-
persion exhibit two distinct curvature characteristics: the
negative curvature branch corresponds to a negative ef-
fective mass, reflecting dissipative coupling due to the

FIG. 4: Anomalous exciton polariton bands of the
PEPI-based microcavity. (a) Angle-resolved photolumi-
nescence (ARPL) dispersion spectra of exciton polaritons in
PEPI perovskite. The dashed lines are the fitted dispersion
branches of exciton polariton modes. (b) Anomalous disper-
sion curves observed along the kx direction at a different sam-
ple position. The white dashed box highlights regions where
the sign of the effective mass changes twice. The color bar
indicates the photoluminescence intensity.

non-Hermiticity within the microcavity; the positive cur-
vature branch corresponds to a positive effective mass,
which is a typical dispersion behavior of exciton polari-
tons near the conduction band minimum. With more
positive detuning with more exciton components, the two
branches show anomalous dispersion with negative mass
together.

To simulate the dipersions in the experiment, we use
a non-Hermitian coupled oscillator model. The system
dynamic in momentum k-space is described by the non-
Hermitian Hamiltonian:

H(k) =

(
Ecav(k) + iΓ1 Ω+ iΓ3

Ω− iΓ3 Eexc + iΓ2

)
, (1)

where Ecav(k) = ℏ2k2/(2meff)+δ, with k2 = k2x+k2y, de-
scribes the cavity photon dispersion. Here, meff is the ef-
fective photon mass arising from cavity confinement, and
δ denotes the cavity-exciton detuning at zero momentum.
The exciton energy Eexc and the Rabi coupling strength
Ω are momentum-independent constants. The imaginary
terms Γ1, Γ2 and Γ3 are constant decay rates character-
izing the cavity mode, exciton mode, and their coupling,
respectively. Notably, Γ1 plays a crucial role in determin-
ing the dispersion characteristics: smaller values preserve
the smooth parabolic form of the bare cavity dispersion,
while larger values introduce significant non-Hermitian
effects that lead to dispersion bending and anomalous
curvature.

To compute the polariton dispersion, we diagonalize
the Hamiltonian numerically in momentum space. All
spatial derivatives are evaluated via Fourier multipliers,
allowing H(k) to act pointwise without assembling large
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matrices. We set ℏ = 1.0546 × 10−34 J·s and adopt ex-
perimentally relevant parameters: meff = 1.6 × 10−5me

(where me is the free electron mass), Ω = 0.08 eV,
Γ2 = 0.01 eV, and Γ3 = 0.01 eV. The cavity decay rate
Γ1 is treated as a tunable parameter to capture different
physical regimes.

We perform the simulations on a rectangular spatial
domain:

D = [−Lx/2, Lx/2]× [−Ly/2, Ly/2] (2)

with Lx = Ly = 100 µm, discretized uniformly on Nx =
Ny = 256 grid points. The corresponding momentum-
space grid is constructed via the discrete Fourier trans-
form, with components:

kx =
2π

Lx

[
−Nx

2
,−Nx

2
+ 1, . . . ,

Nx

2
− 1

]
,

ky =
2π

Ly

[
−Ny

2
,−Ny

2
+ 1, . . . ,

Ny

2
− 1

]
,

where the FFT-shift operation is applied to center the
zero-frequency component. For the dispersion analysis,
we extract two one-dimensional slices at kx = 0 and ky =
0, respectively.

At each ky, diagonalization of the 2 × 2 Hamiltonian
yields two complex eigenvalues, which we classify as lower
polariton (LP) and upper polariton (UP) branches ac-
cording to the real parts of their energies. The dispersion
characteristics depend strongly on the cavity decay rate
Γ1, which controls the degree of non-Hermiticity.

To reproduce experimentally observed dispersion fea-
tures, we employ different values of Γ1 depending on
the regime of interest. For smooth, parabolic disper-
sion curves with minimal distortion in high-quality cav-
ities, we set Γ1 = 0.015 eV, corresponding to the low-
loss regime where non-Hermitian effects are weak. Con-
versely, to capture pronounced dispersion bending and
anomalous curvature in systems with significant dissipa-
tion, we use Γ1 = 0.02 eV. This variation reflects the
experimental reality that cavity quality factors vary sub-
stantially with fabrication conditions and material prop-
erties, leading to qualitatively different dispersion behav-
iors.

Finally, we note that more anomalous dispersions with
changing the sign of the effective mass twice at large
wavevector region along kx direction can be observed in
other area of the microcavity due to thickness variance
of the PEPI microplate, as plotted in Figure 4(b).

3. Conclusion

In summary, we observe the non-Hermiticity induced
anomalous exciton polariton dispersion in a PEPI based
microcavity. The anomalous dispersion induces negative

mass at large wavevector region. In addition, the disper-
sion can show more complex negative mass behavior due
to thickness variation of PEPI perovskites. Our results
reveal non-Hermitian dispersions in perovskite based mi-
crocavity, offer to study non-Hermiticity induced novel
polariton dynamics at room temperature.
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