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Abstract 

Topological concepts have been applied to a wide range of fields in order to successfully 

describe the emergence of robust edge modes that are unaffected by scattering or disorder. In 

photonics, indications of lasing from topologically protected modes with improved overall 
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laser characteristics were observed. Here, we study exciton-polariton microcavity traps that are 

arranged in a one-dimensional Su-Schrieffer-Heeger lattice and form a topological defect mode 

from which we unequivocally observe highly coherent polariton lasing. Additionally, we 

confirm the excitonic contribution to the polariton lasing by applying an external magnetic 

field. These systematic experimental findings of robust lasing and high temporal coherence are 

meticulously reproduced by a combination of a generalized Gross-Pitaevskii model and a 

Lindblad master equation model. Thus, by using the comparatively simple SSH geometry, we 

are able to describe and control the exciton-polariton topological lasing, allowing for a deeper 

understanding of topological effects on microlasers. 

Keywords: Exciton-polariton, polariton condensation, topological lasing, Su-Schrieffer-

Heeger, coherence 

 

 

Introduction 

Since the discovery and systematic description by Kosterlitz, Thouless1 and Haldane2, 

topological phenomena have covered a wide variety of physical systems with the successive 

emergence of the concept of topological insulators. The latter are characterized by propagating 

edge states of reduced dimensionality that occur at the boundary between areas with different 

topological invariants. An outstanding property of these edge states is their robustness against 

scattering by defects ensured by topological protection. While topological effects have been 

first discovered experimentally in electronic systems in the quantum Hall effect regime3, they 

have, among others, been proposed4-9 and subsequently realized in the fields of photonics10,11 

and polaritonics12,13. Here, topologically protected laser modes have attracted considerable 

interest.14-20 In this work, we present a well-controlled platform based on a system of coupled 

traps in a semiconductor microcavity hosting exciton-polaritons (later polaritons).21,22 
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Topological phenomena in polaritonic systems are drastically different from those in other 

platforms due to the hybrid light-matter nature of these quasi-particles, which allows them to 

undergo a condensation-like transition at elevated temperatures that leads to the emission of a 

coherent light23. 

Exciton-polaritons arise from the strong coupling between the photonic mode in a microcavity 

and an excitonic mode. Due to their part-light, part-matter composition, polaritons feature a 

unique set of properties including a small effective mass inherited from the photonic 

component, as well as the ability to interact with each other and  be susceptible to external 

magnetic fields due to the excitonic component. Following the first demonstration of the strong 

coupling regime21, this set of properties has led to the observation of a transition to a 

macroscopic occupation of a single polariton ground state under high pumping powers, referred 

to as polariton condensation23. Recent advances in technological control allow for the 

development of various trapping potentials for polaritons and polariton condensates. While the 

first realizations of polariton lattices based on metal layers on top of the cavity were still 

characterized by low confinement potentials24, lattices based on coupled, etched micropillars 

overcame this limitation25. This control over polariton potentials has led to new 

implementations of non-trivial topology in one-dimensional12 and two-dimensional lattices13 

that have attracted particular interest in the context of topological lasing14-20 based on the 

coherent, laser-like emission of polariton condensates26-28.  

Due to its convincingly simple geometry, the Su-Schrieffer-Heeger (SSH) model29,30, 

originally developed to describe the alternating bond pattern in polyacetylene, has evolved as 

one of the most significant tools for topology in numerous platforms, such as photonics17,18,31 

and polaritonics12,32,33. Here, we use this model to advance topological polaritonics and 

introduce a technological platform to support and control highly coherent lasing from 
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polaritonic topological edge modes. Additionally, our results allow to accurately tune the 

spectral position of the topological mode in the gap. 

Results 

Experimental platform and implementation of a topological SSH model 

Our technological platform is based on the etch-and-overgrowth process (EnO). Here, the 

microcavity growth is interrupted after the bottom distributed Bragg reflector (DBR) and cavity 

with integrated quantum wells are finished. The trapping landscape is etched directly into the 

top of the cavity. Subsequently, the sample is cleaned with a hydrogen plasma and overgrown 

with a top DBR.34-36 This fabrication process enables us to accurately control the confinement 

potential, that is directly linked to the etch depth, as well as the inter-site coupling in any given 

lattice geometry.37,38 Another major advantage of this trapping technique is the prevention of 

exposed etched sidewalls35 when compared to standard micropillar etching. 

In order to create a topological edge defect in a one-dimensional chain, we implement an orbital 

SSH model.12,32 The SSH model describes a dimerized chain with two sites per unit cell, 

parametrized by different intra- (v) and inter-cell (w) hopping coefficients. In the tight-binding 

limit, that is relevant for our system38, the Hamiltonian can be written as  

𝐻̂ = 𝑣 ∑ (|𝑚, 𝐵⟩⟨𝑚, 𝐴| + ℎ. 𝑐. )

𝑁

𝑚=1

+ 𝑤 ∑ (|𝑚 + 1, 𝐴⟩⟨𝑚, 𝐵| + ℎ. 𝑐. )

𝑁−1

𝑚=1

, 

where N denotes the number of unit cells, A and B the sites in the unit cell, and v and w the 

respective hopping amplitudes30. This Hamiltonian reveals two topologically distinct phases 

for the cases v < w and v > w. The topological difference can be understood by calculating the 

difference in phase winding 

𝑊 =  
1

2𝜋
∫

𝜕𝜑(𝑘)

𝜕𝑘
𝑑𝑘

𝐵𝑍

, 
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where the winding W of the phase φ(k), corresponding to the geometrical phase term 𝑒−𝑖 𝜑(𝑘) of 

the eigenfunctions of the A and B sublattices in momentum space, is calculated across the 

Brillouin Zone (BZ). A weakly bound edge pillar (v < w) leads to a topological defect and a 

bulk winding number of W = 1, whereas the opposite case remains topologically trivial. In the 

orbital SSH model this concept is applied to the P-mode of a pillar zigzag chain (see Figs. 1a, 

b) and treats the Px and Py sub-modes as two individual implementations of the SSH model. 

The orientation of these orbital modes naturally leads to the difference in coupling strengths 

v ≠ w.  

Figure 1. Schematic representations of device design and dimerization in the orbital SSH model, 

leading to a topological defect. (a) Schematic drawing of a polariton zigzag chain consisting of 

coupled microcavity traps created by etching of the cavity layer and subsequent overgrowth. (b) 

Schematic representation of the chain dimerization with v < w leading to a winding number of 

W = 1 and a distinct topological edge mode localized to the last trap at the end of the chain. (c) 

Spectrally resolved mode spectrum of an uncoupled polariton trap showing the rotationally 

symmetric S-mode and the P-mode consisting of the Px and Py sub-modes. (d) Real space mode 

tomography showing the topological SSH edge mode (top) and the trivial S-mode (bottom) under 

non-resonant laser excitation with an elongated large spot on a zigzag chain with trap diameters 

of d = 3.5 μm and a reduced trap distance of v = 0.8. 
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In Fig. 1c, the real space mode spectrum of a single, uncoupled polariton trap with a diameter 

of d = 3.5 μm is depicted. Adjacent to the spectrum, real space images of the S- and P-modes 

that were extracted from a mode tomography are presented. The characteristic patterns of these 

modes intuitively illustrate that a zigzag chain of S-modes leads to an entirely symmetric and 

topologically trivial case, whereas the distinct orientation of the Px and Py sub-modes results 

in a topological defect for the sub-mode that features a small mode overlap and, thus, a weak 

bond at the end of a zigzag chain. In Fig. 1d, images of the S-mode as well as the topological 

defect of the Py sub-mode of a zigzag chain with trap diameters of d = 3.5 μm and a reduced 

trap distance of v = a/d = 0.8, with a denoting the center-to-center distance between adjacent 

traps, that were obtained under non-resonant laser excitation at a power below the condensation 

threshold, are presented. While the trivial S-mode nicely reveals the sample structure, the P-

mode exhibits the expected topological defect edge mode. Markedly, these two images were 

extracted from the same mode tomography, obtained under homogeneous excitation of 

multiple unit cells. Our technological implementation of the SSH-Hamiltonian is based on a 

patterned array of buried polariton traps (see Fig. 1a) that are characterized by a confinement 

potential of 11.5 meV and a Rabi splitting of 4.5 meV (see Supporting Information for further 

details on the sample and the experimental methods).   

In the following, we systematically investigate the light emission from the polaritonic 

topological edge defect by exciting a set of chains of different lengths with an elliptical 

pumping spot of approx. 30 µm by 3 µm, created by a cylindrical lens. We use a non-resonant, 

pulsed laser operating at a pulse length of 10 ps and a repetition rate of 82 MHz that was tuned 

to the Bragg minimum at the high-energy side of the stopband. In Fig. 2a, we show the laser-

like emission originating from the topological defect of a N = 45 zigzag chain comprised of 

traps with diameters of d = 2 μm and a reduced trap distance of v = a/d = 0.9. Subsequently, 

we investigate shortened chains and observe laser emission from defects at both ends of the 
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chain stemming from the same P sub-mode for even chain lengths and different P sub-modes 

for odd lengths. For N = 11 (b), N = 10 (c), N = 6 (d), and N = 5 (e), we observe topological 

edge mode lasing. Remarkably, a bulk of mere three sites (e) proves sufficient to keep up the 

topological nature of the edge defects. The lasing is characterized by a steep increase of output 

power and a sudden reduction of the linewidth at the lasing threshold (Fig. 2f) as well as a 

continuous blueshift of the lasing mode (Fig. 2g) stemming from the polariton-polariton 

interaction.  

Figs. 3a-d display the topological gap and egde modes in real space for a variation of trap 

diameters and reduced trap distances. Energetically, the topological edge mode is located 

Figure 2. Polariton lasing from Px and Py topological defect modes in odd and even number 

SSH-chains. Real space mode tomographies of SSH defect laser modes in zigzag chains with 

trap diameters of d = 2.0 μm, a reduced trap distance of v = 0.9 and lengths of (a) N = 45, (b) 

N = 11, (c) N = 10, (d) N = 6 and (e) N = 5 traps. Inside the topological gap, the emission 

originates exclusively from these Px and Py edge modes (Etopo ~ 1.478 meV). (f) Intensity, 

linewidth and (g) mode blueshift of the polariton laser emission from the topological edge state 

as a function of the excitation power for the right defect of the N = 45 chain. 
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within a topological gap that well exceeds the mode linewidth by a factor of 7.4. By varying 

the trap diameter and/or the nearest neighbor distance, we can shift the position of the 

topological mode within the gap (Fig. 3e) in a continuous and controllable way. This shift is a 

consequence of deviations from the tight-binding description which we will discuss later on. 

For two combinations of parameter values, (i) diameter of d = 2.0 μm and a reduced trap 

distance of v = 0.9 and (ii) diameter of d = 3.5 μm and a reduced trap distance of v = 0.8, we 

find the mode precisely in the center of the gap. This technological control over the mode 

energy with respect to the gap is crucial to maximize topological robustness by minimizing 

coupling to bulk modes. 

  

Figure 3. Controlling defect mode energy by reduced trap distance v and trap diameter. Real 

space spectra along a zigzag chain in the linear emission regime showing the topological edge 

mode positioned in the gap for trap diameters of d = 3.5 μm and a reduced trap distance of v = 0.8 

(a) as well as trap diameters of d = 2.0 μm and reduced trap distances of (b) v = 0.8, (c) v = 0.9 

and (d) v = 1.0.  By varying the trap overlap, the topological mode is shifted with respect to the 

gap. (e) Mode position in the gap with 0 (1) indicating the lower (upper) end of the topological 

gap as a function of reduced trap distance v, evaluated for trap diameters of d = 2.0 μm and 

3.5 μm. 
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Generalized Gross-Pitaevskii model describing polariton bandstructure and lasing modes 

In order to comprehensively describe the system as a building block for more elaborated 

polaritonic topological devices, we aim at a theoretical description of the polariton 

condensation and consequent laser light emission using a generalized Gross-Pitaevskii (GP) 

model39. The original GP theory has been successfully applied to driven-dissipative systems 

and typically yields good predictions for polaritons in a planar microcavity in the vicinity of 

the ground state (see (22) and references therein). However, when studying polariton 

condensation into non-ground states in deep potential landscapes, this theory has so far shown 

limited success.40,41 Here, by using a modified Gross-Pitaevskii approach39,42,43 as well as 

calculating the full Bloch modes for the given potential landscape, we find that our theoretical 

model predicts robust condensation and lasing from the topological defect, in excellent 

agreement with the experimental findings.  

First, we calculate the Bloch modes of the infinitely extended zigzag chain by solving a 

standard eigenvalue problem (see (13,38,41)) for the coupled excitons and intracavity photons 

trapped in an external lattice potential. The band-structure of the Bloch states in the single-

particle limit is depicted in Fig. 4(a). A topologically nontrivial band gap (P-gap) forms 

between two sub-bands within the P-band. For a truncated zigzag chain, a topologically 

protected edge mode is expected to emerge within this gap (see Fig. 4b). To describe our 

polaritonic zigzag chains, we use a generalized GP equation with realistic sample parameters 

(see Supporting Information for details). Since the depth of the external potential is comparable 

with the Rabi splitting, the content of the photonic and excitonic components in polaritons can 

no longer be considered as spatially homogeneous. We therefore scale the key system 

parameters, such as stimulated scattering and polariton-polariton interaction, in accordance 

with the local fraction of the excitonic component by rescaling them with the Hopfield 

coefficients. The decay of polaritons from the condensate as well as the reservoir is 
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compensated by an external, off-resonant, time-independent optical pump. The model also 

accounts for fluctuations of the condensate. In Figure 4b, a radiation spectrum of the truncated 

zigzag chain under incoherent excitation is displayed. The radiation from the edge mode within 

the topological gap is clearly visible. Furthermore, at the condensation threshold, the laser  

Figure 4. Theory of exciton-polariton condensation at the edge of the zigzag chain. (a) Bandgap 

structure of the infinite chain calculated in the exciton-polariton basis in the single-particle 

approximation. The forbidden bandgap of interest (P-gap) is formed between sub-bands of the 

P-band. Here, the zero energy of the polaritons is chosen in the middle of the P-gap. (b) Spectrum 

of the truncated zigzag chain calculated below condensation threshold within the modified Gross-

Pitaevskii approach. The formation of the edge mode is clearly visible in the P-gap of the band-

structure. (c) Spatial intensity profile of the condensate just above condensation threshold for 

P0 = 100 meV μm-2. (d) The spectrum of the condensate shown in (c). (e) The real-space intensity 

profile of the condensate forming substantially above condensation threshold for 

P0 = 144 meV μm-2. (f) The spectrum of the condensate from (e). Among the condensation into 

the edge mode the condensation into the extended bulk modes of P-band is clearly visible. The 

chain was pumped incoherently by an optical beam with spatial extension of 16 μm × 6 μm. 
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emission originates almost exclusively from the topological edge mode (Fig. 4c). An additional 

indicator is the dispersion of polaritons (Fig. 4 (d)), where we see that, indeed, the topological 

laser emission is located within the gap in the P-band. It is worth mentioning that the pump 

spot was chosen to be substantially larger than the size of the edge mode and thus extends over 

several periods of the chain. A further increase of the pumping rate results in the excitation of 

the extended Bloch modes within the P-band of the chain, as shown in Figs. 4e and f. We 

conclude that the generalized GP model in combination with the full Bloch mode calculation 

that is based on the actual sample design parameters reproduces our experimental findings 

remarkably well. 

Temporal coherence measurements and Lindblad master equation modelling 

While single-mode versus multi-mode operation and linewidth reduction as an indicator for the 

first order temporal correlation g(1)(τ) have been observed in previous demonstrations of 

topological lasers, the measurement of second order temporal coherence g(2)(τ = 0), a defining 

property of a laser44, has been elusive. Therefore we have performed measurements of the 

emission statistics on a N = 5 zigzag chain with trap diameters of d = 3.5 μm and a reduced trap 

distance of v = 0.8 using a Hanbury Brown and Twiss setup with two avalanche photo diodes 

to measure the second-order coherence function g(2)(τ = 0) for different excitation powers. The 

lasing emission of the edge mode was spectrally filtered to exclude contributions from bulk 

modes. In Figs. 5a and b, typical correlation measurements at the condensation threshold 

(corresponding to P = Pth) and considerably above the threshold are presented. The quantity 

g(2)(0) is evaluated from the total counts at zero delay, normalized using the side peaks 

corresponding to counts originating from different laser pulses that are thus uncorrelated. In 

Fig. 5c, we observe the overshoot (gray area for P < Pth) that is characteristic for the detector 

jitter exceeding the coherence time27,28,45, with the value approaching g(2)(0) = 1 for higher 

pumping powers, as expected for a coherent laser. For an excitation power of P = 3.0 mW, 
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corresponding to ~4 Pth, we reach g(2)(0) ~ 1.07, which is an excellent result for the coherence 

of a polariton microlaser. This quantum correlation measurement furthermore highlights the 

topological protection of the lasing mode, as contributions from bulk modes would increase 

the observed g(2)(0) value. Evidently, there are some limitations on the value of the coherence 

function due to the polariton-polariton and other scattering processes.25, 46 

To theoretically reproduce the behavior of the temporal coherence function, we use the 

Lindblad master equation framework47 to describe dissipative dynamics of the system. The 

Figure 5. Temporal coherence g(2)(0) vs. normalized excitation power: Experiment and theory. 

Exemplary correlation measurements of a topological edge defect of a N = 5 zigzag chain at 

P = Pth (a) and P = 4.3 Pth (b). The temporal coherence g(2) as a function of excitation power in 

(c): experiment (blue) and theory (purple). Inset shows the real-space profile of the modes: theory 

(upper panel) and experiment (lower panel). In experiment, the excitation is normalized to a 

threshold power of Pth ~ 0.7 mW (see Supporting Information for input-output, linewidth and 

blueshift). The temporal coherence reaches a value of g(2) ~ 1.07 for P ~ 4 Pth, indicating a highly 

coherent polariton lasing state. The theoretical model reproduces the overshoot of g(2) at Pth as 

well as the subsequent decrease of the temporal coherence towards g(2) ~ 1.00 in an excellent 

way. The colored region around the theoretical curve corresponds to a variation of the results of 

simulation for 𝛾𝑘1,𝑘2

ph
 = 0.4 – 0.7 meV. 



13 
 

Lindblad equation is one of the general ways to address quantum dissipative evolution and the 

properties of stationary states. It governs the dynamics of the density matrix ρ, 

𝜌̇(𝑡) = −
𝑖

ℏ
[ℋ̂, 𝜌(𝑡)] + ∑ (𝐷̂𝑠𝜌(𝑡)𝐷̂𝑠

† −
1

2
{𝐷̂𝑠

†𝐷̂𝑠, 𝜌(𝑡)})

𝑠

, 

where the first term corresponds to Hamiltonian dynamics and the second term is a sum over 

all the dissipative channels s with 𝐷̂𝑠 the dissipative operators, also called jump operators (for 

details, see Supporting Information). We model the coherent dynamics with a two-component 

Hamiltonian48, consisting of a single-particle component ℋ̂p  and the multi-polariton 

interaction ℋ̂i . This interaction arises from photon-exciton hybridization. Using the finite 

difference method, we diagonalize the single-polariton Hamiltonian of the system shown in 

Fig. 1, and we find the eigenvalues consisting of the energy and the inverse time of the modes 

{𝐸𝑘 − 𝑖𝛾𝑘}  for each eigenstate, denoted by k. The non-Hermitian components of the 

eigenvalues are included in the dissipation operators’ rates and we additionally include 

polariton-polariton interactions phenomenologically. For the incoherent component of the 

evolution, we utilize a model developed for the treatment of polaritonic nonequilibrium 

systems in.49 This model has previously been successful in describing the coherence properties 

of single micropillar lasers with diameters down to 6 μm.28 It describes a generic bosonic 

system under an incoherent pumping and in contact with a thermal reservoir which causes 

dissipative phonon-mediated scattering of polaritons. With this setup, we can solve the master 

equation exactly by diagonalization of the Lindbladian matrix, and calculate the second-order 

temporal coherence function for the kth mode: 

𝑔𝑘
(2)(𝜏) =

⟨𝑎𝑘
†(𝑡)𝑎𝑘

†(𝑡+𝜏)𝑎𝑘(𝑡+𝜏)𝑎𝑘(𝑡)⟩

⟨𝑎𝑘
†(𝑡)𝑎𝑘(𝑡)⟩

2 , 

where k corresponds to the P-mode, and τ is the time delay. The averaging is done over the 

stationary state, i.e. at 𝜌(𝑡 → ∞). At zero time delay it corresponds to the coherence function 
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measured using the Hanbury Brown and Twiss setup.  The results are presented in Fig. 5c. The 

theory nicely reproduces the experimental data in the region of not too small pumping 

intensities, i.e. for P > Pth. The error bars were calculated from the fluctuation of the 𝑔𝑘
(2)(𝜏) 

side peaks for finite delay.   

After we have unequivocally demonstrated the coherent, laser-like light emission from the 

topological edge mode, we continue by substantiating that this light is indeed emitted in the 

strong-coupling regime, thus reflecting the hybrid light-matter nature of the system. For that, 

we apply a magnetic field to the sample in Faraday geometry and measure the emission spectra. 

Importantly, the magnetic field does not change the topological properties of the SSH defect 

but serves to distinguish between polariton condensation and photon lasing. By varying the 

magnetic field from 0 T to 5 T and measuring a Zeeman splitting of approximately 3.9 μeV/T, 

corresponding to 19.6 μeV at 5 T, was found for the topological mode. Under the reasonable 

assumption that the observed splitting is a product of the exciton Zeeman splitting of 355 μeV 

(measured on uncoupled quantum wells), and the excitonic fraction of the polariton (described 

by the Hopfield coefficient of |𝑋|2 = 0.06  for the topological edge mode), a splitting of 

22.3 μeV is expected at 5 T. This estimation agrees well with the observed Zeeman splitting. 

In addition, we observe a reduction of the condensation threshold when increasing the magnetic 

field. Such a behavior is common for polaritons and can be attributed to an interplay of a 

favorable change of detuning, spin polarization enhancing exciton-exciton scattering, and 

enhancement of the exciton oscillator strength with the increase of the magnetic field.50,51 

Further details on the magnetic field measurements can be found in the Supporting Information.  
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Conclusion 

In summary, we have demonstrated polariton lasing from a topological defect in an SSH chain. 

We have performed measurements of the emission from the system and investigated the 

properties of the emitted light. We have also used an external magnetic field to confirm the 

strong light-matter coupling regime and thus the hybrid nature of lasing by measuring Zeeman 

splitting. To support the experimental findings, we have used a comprehensive theoretical 

model that is able to correctly predict and describe the condensation in the topological defect 

by means of a generalized GP equation. Moreover, we have studied the coherence properties 

of the topological laser using the Lindblad master equation framework. Notably, we found a 

chain length of merely five sites to be sufficient to support SSH defects hosting polariton 

condensates. This platform thus enables to envision studies towards the interaction of the 

condensates at the two edges of the chain, for example in the context of weak lasing.52 The 

relative simplicity of the SSH model serves as a benefit that enables an extensive description 

while still allowing us to use these findings to implement more complex, two-dimensional 

topological lasing schemes. In such schemes, the necessity for a topological laser mode to 

propagate in combination with its topological protection16 ensures single mode, coherent lasing 

that is unaffected by local disorder. In this context, our work is an important step towards 

potential applications of topological concepts in the realms of semiconductor laser physics, in 

particular as electrical injection of polaritonic devices has already been demonstrated.53,54 

 

Supporting Information 

The Supporting Information is available free of charge at LINK  

• White light reflection measurements highlighting the strong coupling between exciton 

and photon 
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• Further input-output characteristics supporting the coherence measurements 

• Measurements of the Zeeman splitting as well as magnetic field dependent 

condensation threshold confirming polariton condensation 

• Details on the experimental and theoretical methods 
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Left: Schematic of the orbital Su-Schrieffer-Heeger model implementation in a polariton 

microcavity using the etch-and-overgrowth approach. 

Right: Lasing emission from polariton condensates in the topological defect modes at the two 

ends the chain. In this work, the coherence of this lasing emission is subject to a detailed 

investigation. 

 

 

 


