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Supplementary Text 

Supplementary Note 1: Polariton model 

 

The polariton dispersion was fitted using a coupled oscillator model neglecting linewidths: 
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Here, the cavity mode is represented as 
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= +  with cutoff photon energy E0 and 

effective mass m. Eex is the exciton energy of the sample. E is the eigenvalue of the polaritons, and 

a and b represent the Hopfield coefficients satisfying 
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Meanwhile, the spin-orbit coupling induces TE-TM mode splitting of the planar microcavity, 

which has two polarized modes with different effect masses 𝑚TE  and 𝑚TM . The material 

birefringence in the cavity breaks the cylindrical symmetry of TE and TM modes and lifts their 

degeneracy at k = 0. The difference of the refractive index along the two crystal axes is estimated 

as about 1%. This spin-orbit coupling can be described on a circular polarization basis with 

parabolic approximation as 2,3:  
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where 𝑚 = 𝑚𝑇𝐸𝑚𝑇𝑀 (𝑚𝑇𝐸 +𝑚𝑇𝑀)⁄  is the reduced effective mass; 𝑘 = |𝑘∥| = √𝑘𝑥2 + 𝑘𝑦2 is the 

in-plane wavevector (𝑘𝑥 = 𝑘𝑐𝑜𝑠𝜑, 𝑘𝑦 = 𝑘𝑠𝑖𝑛𝜑, 𝜑 is the propagation angle). 𝛼 and 𝛽 represent 

the optical birefringence from anisotropy and TE-TM splitting from spin-orbital coupling, 

respectively. Along y-direction (𝜑 = 0), the two polariton branches cross at 𝑘𝑦 = ±√
𝛼

𝛽
 as the two 

diabolical points. With consideration of the strong coupling with the exciton, the Hamiltonian can 

be written as: 
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The two lower polariton branches in Fig 1c along the x and y-axis were fitted well with this model. 

Here, exciton energy extracted from the absorption spectrum (Fig. S2a) as 𝐸𝑒𝑥 = 2406 meV. The 

parameters in Fig. 1d were fitted as 𝐸0 = 2340.44±12.2 meV, m = 0.14±0.01 meV/(µm/(ps))2, 𝛼 

= 6.8±0.6 meV, 𝛽 = 0.19±0.02 meV μm2, Ω = 156.89±18.06 meV. The parameters in Fig. 1e were 



fitted as E0 = 2342.54±16.6 meV, m = 0.14±0.02 meV/(µm/(ps))2, 𝛼  = 6.62±0.8 meV, 𝛽  = 

0.18±0.02 meV μm2, Ω = 154.54±24.44 meV. 

 

Supplementary Note 2: Gross-Pitaevskii equations simulation 

 

In the polariton fluid experiments, only one branch was pumped resonantly. So, we can just 

consider a simple coupled oscillator model by ignoring the spin-orbital coupling in the simulations. 

The nonequilibrium Gross-Pitaevskii equations were solving numerically 4,5:  
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where the single-particle Hamiltonian is given by 
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The polariton dispersion parameters were chosen as Eph = 2334.9 meV and  Eex = 2406 meV, which 

responds to a detuning of Δ = -71.1 meV. The effective mass was set as 0.16 meV/(µm/(ps))2 by 

fitting the TE polariton lower branch with coupled oscillator model neglecting spin-orbital 

coupling and the Rabi splitting was set as ΩR = 151.4 meV. 
( )C X is the photon (exciton) 

wavefunction. The photon decay rate C is set as 3.9 ps-1, which was estimated by the Q of the 

cavity (~900). The exciton decay rate 𝛾𝑋  is set as 1.25×10-4 ps-1, which was estimated by the 

lifetime measurement in Fig. S2b.  

 

The region outside the microwire and the defects in two-dimensional simulations were 

introduced by setting the exciton potential 𝑉𝑋(𝐱) and the photon decay distribution 𝛾𝐶(𝐱). The 

burning defect potential and region outside the microwire for the exciton was set to be 50 meV, 

and the photon decay rate was set 200 times larger. A uniform random distribution between 0-5 

meV exciton potential fluctuation was introduced to account for the PL inhomogeneous shift. The 

lateral length scale of the disorder is set as the simulation grid step of 0.1 μm (each pixel size). 

 

The polariton was pumped by a 250-fs pulsed laser with a Gaussian spot:  
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The laser was set to pump the cavity photon directly, and its amplitude can be related to the incident 

pump intensity according to input-output theory6 as:  
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The pumping fluence in the cavity was obtained using 0in tE I  = . The effective pumping 

fluences inside the cavity 0I in the simulations are set as 26 µJ cm-2 in the superfluid and supersonic 

regime in Fig. 2-5, consist with the experimental value of ~3.8-6.78 µJ cm-2. The pumping laser 

energy is set ~5 meV blueshift than the lower polariton branch at the injection momentum. The 



pumping power density in the experiments is an approximate averaged value of a gaussian laser 

spot. Therefore, the pumping power densities in the simulation were chosen with a discrepancy to 

fit the experiments.  

The polariton-polariton interaction was introduced by setting the exciton-exciton interaction 

term. The exciton-exciton interaction constant 𝑔𝑋 is chosen as 4 µeV μm-2 in the simulation, which 

corresponds to a polariton-polariton interaction constant of ~ 0.5 µeV μm-2 7.  

 
Supplementary Note 3: Steady-state Bogoliubov excitation spectra 

 

The Bogoliubov perturbation theory is an excellent approximate model to explain the 

superfluidity and Čerenkov flow even with pulse excitations8,9. Here, the polariton interaction 

energy was much smaller than the polariton splitting between upper and lower polariton branches, 

so the mixing between LP and UP was very weak. Also, we only researched the LP with resonant 

excitation, so a simplified model only considering the lower polariton was chosen to solve the 

Bogoliubov excitation spectrum7,8. Considering the resonant excitation case, the wavefunction of 

the LP branch has a plane-wave form as: 
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The excitation spectrum can be solved from the following equation: 
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where 𝒰𝑘 is the perturbation vector given as  
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ℒ𝑘 is the Bogoliubov operator defined as: 
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where g is the polariton-polariton interaction constant and np is the polariton density. The 

Bogoliubov modes can be obtained by solving the eigenvalues. For each k, the spectrum has two 

branches
LP  , which are the image of each other under the simultaneous transformations

2 pk k k→ − . For simplicity, only the positive LP Bogoliubov mode is shown in Fig. 5. 

  



 

 
Supplementary Fig. 1 | Images of fabricated chips (2 cm × 2 cm) for crystal growth. a, Bonded 

DBR chips. b, Bonded transparent quartz chip without DBR mirrors illustrated for better 

visualization of the gold pillar arrays.  



 
Supplementary Fig. 2 | Optical characterization of CsPbBr3 perovskite crystals at room 

temperature. Here, the CsPbBr3 single crystals were synthesized in a quartz chip without DBR 

mirrors. a, The absorption and PL emission of a typical CsPbBr3 single crystal shows a strong and 

stable excitonic peak at ~2406 meV. b, The lifetime is measured as 10.8 ns, which implies superior 

excitonic quality.  

 

  



 

Supplementary Fig. 3 | The thickness profile of CsPbBr3 crystals characterized by atomic 

force microscopy (AFM). The after-grown microcavity was opened. The crystal thickness was 

measured by AFM. The thickness is ~326.9±0.3 nm over more than 10 μm, revealing exceptional 

thickness uniformity.  
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Supplementary Fig. 4 | Experimental setup for room-temperature polariton fluid 

experiments. The injection momentum kp is tuned by shifting the laser beam. The in-plane 

wavevector k|| is determined by 
|| ( / )sink c = , where 𝜔 is the angular frequency, c is the speed 

of light in vacuum. Thus, the images of polariton emission in transmission configuration in real 

and momentum space can be observed simultaneously. A Fourier imaging configuration was used 

to obtain k-space imaging. 
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Supplementary Fig. 5 | Angle-resolved PL of another CsPbBr3 microwire with a width of 

~4.3 μm. The dashed lines are the fittings of the two branches. The two branches cross at the 

diabolic points at ky = 5.9 μm-1. Parameters were fitted as 𝐸0 = 2333.25±10.17 meV, m = 0.13±

0.01 meV/(µm/(ps))2, 𝛼 = 6.6±0.55 meV, 𝛽 = 0.18±0.02 meV μm2, Ω = 139.91±16.67 meV. 

  



        

Supplementary Fig. 6 | Numerically simulated real-space images without polariton-polariton 

interaction. All the other parameters are the same as Fig. 2-3, except constant g = 0 for 

superfluidity (a) and supersonic cases (b). Scale bars, 2 μm. To verify that the superfluidity and 

supersonic behaviors are from the nonlinear polariton-polariton interaction, the interaction 

constant g is set to zero with other parameters unchanged in the simulation. The interference 

patterns with high pumping power in II are identical to the low power cases in I for superfluidity 

and supersonic cases, only with a higher polariton density.  

 

  



 

 

Supplementary Fig. 7 | Numerically simulated steady-state superfluid in perovskite 

microwire under continuous wave (CW) excitation. The simulation parameters are the same 

with Fig. 2b except for a large flat top CW pumping laser spot that uniformly covers the whole 

simulation regime (while in the main text, it is a finite-size gaussian beam). a-I-II, Simulated 

steady-state images in real-space before and after superfluidity transition, respectively. a-III-IV, 

The simulated saturated images in momentum space corresponding to a-I and a-II, respectively. 

The homogeneous polariton density in real space and the significantly reduced back-reflection 

signal at ~ -2.3 μm-1 illustrate the superfluidity state. The residue scattering in a-IV comes from 

the finite broadening of the polariton mode induced non-resonant excitation7. b, Time-dependent 

averaged polariton density. The pumping laser intensity is set to constant from t = 0 ps. The 

polariton density oscillates at first and gradually reaches a steady state. c, Time-dependent 

normalized polariton density profiles along the x-axis. The dashed line shows the physical flat end 

location of the microwire in the simulation. The polariton density backgrounds are normalized and 

shifted for clarity. The small fluctuation of polariton density at the edge of the microwire shows 

the reflection of superfluid in the healing length domain. Scale bars, 2 μm. 



 

Supplementary Fig. 8 | Experimental real- and k-space images of Čerenkov behavior. a-I-

V, More images of the Čerenkov behavior corresponding to Fig. 4a with pumping power in the 

cavity of 0.07, 1.33, 2, 3.34, and 6 μJ cm-2, respectively. b-I-V, The experimental saturated 

images of the momentum distributions corresponding to a-I-V.  

 

  



 

Supplementary Fig. 9 | Experimental real- and k-space images of superfluidity behavior. a-

I-V, More images of the superfluidity behavior corresponding to Fig. 4c with pumping power in 

the cavity of 0.06, 0.56, 1.68, 2.8, and 5.6 μJ cm-2, respectively. b-I-V, The experimental saturated 

images of the momentum distributions corresponding to a-I-V. 

  



 

Supplementary Fig. 10 | Experimental superfluidity behavior of a natural defect with 

injection momentum kp = 2.6 μm-1.  Scale bars, 5 μm. a-I-V, The real-space images with pumping 

power in the cavity of 0.12, 0.92, 2.76, 3.67, and 6.12 μJ cm-2, respectively. It appears with more 

random defects around the natural defect, since the crystal quality tends to be a bit worse in the 

area near where the natural defect occurs. b-I-V are the corresponding momentum-space images. 

c, The experimental normalized mean polariton intensity as a function of pumping power. d, The 

experimental normalized ratio of scattering light to transmitted light as a function of pumping 

power.  

 

 

  



 

Supplementary Fig. 11 | Experimental Čerenkov behavior of the same natural defect in Fig. 

S10 with injection momentum kp = 4.3 μm-1.  Scale bars, 5 μm. a-I-V, The real-space images 

with pumping power in the cavity of 0.05, 1.21, 3.21, 5.35 and 8.03 μJ cm-2, respectively. b-I-V 

are the corresponding momentum-space images. The injection laser was partially blocked by the 

edge of the objective in the pumping part, as shown in the k-space images in Fig. b.  

  



  
Supplementary Fig. 12 | Experimental superfluidity and Čerenkov behaviors of other 

natural defects with injection momentum kp = 2.3 μm-1 and kp = 4.8 μm-1 respectively.  Scale 

bars, 5 μm. a-I-II, The real-space and images with pumping power in the cavity of 0.08 and 3.3 μJ 

cm-2, respectively. a-III-IV are the corresponding momentum-space images. The superfluidity is 

demonstrated by vanishing interference fringes and Rayleigh scattering rings at high pumping 

power (a-II and IV). It appears with two other uncontrolled defects on the bottom left of the natural 

defect, as the crystal quality tends to be worse in the area where the natural defect occurs. b-I-II 

are the real-space images with pumping power in the cavity of 0.09 and 8.75 μJ cm-2, respectively. 

b-III-IV are the corresponding momentum-space images. Here, the natural defect is ~ 1 μm in 

diameter. It appears with more random defects around the natural defect, since the crystal quality 

tends to be a bit worse in the area near where the natural defect occurs. 

 



 
Supplementary Fig. 13 | Simulated superfluidity behaviors with different laser pulse 

durations. a and b are the time-averaged real-space image and time-evolution of the normalized 

integral polariton density with 250-fs laser pulse excitation. The polariton density decays slower 

than the laser pulse, which demonstrates a free evolution of the polariton fluid. This effect is even 

more obvious for a 50-fs laser pulse duration in c and d. Scale bars, 5 µm. The time-averaged real-

space images in these two conditions are quite similar. There is new theory work that the 

experimental superfluidity under continuous-wave excitation can be understood as a rigid state 

rather than superfluidity due to the external pump laser phase-locking10. However, it is worth 

pointing out that the phase-locking effect does not exist in pulse excitation cases. This is because 

the polariton can freely evolve for a more significant proportion of its life after the laser pulse 

excitation (b and d). In addition, there is no stationary state under pulse excitation, which is quite 

different from the continuous wave excitation cases. The generation and flow of vortex pairs can 

be observed numerically behind the defect, which is a signature of phase evolution and consistent 

with previous reports8,9,11. 

  



  
Supplementary Fig. 14 | Simulated superfluidity behaviors with random defect (uniform 

distribution, not gaussian distribution) spatial pixels ratios. a-c, simulated time-averaged real-

space images of superfluidity behaviors with random defect spatial ratios from 0, 1% and 5%, 
respectively. Scale bars, 5 μm. A uniform random distribution between 0-5 meV exciton energy 

fluctuation (~ 1.2 nm PL peak position shift) was introduced to account for the small PL 

inhomogeneous shift in the experiments. A 1% ratio (b) fits the experimental data (Fig. 4d-II) the 

best, especially around the defect. These simulation results further justify the exceptional 

homogeneity of the synthesized perovskite crystals from nanocavities.  

  



 
Supplementary Fig. 15 | Simulated Čerenkov behaviors of a large defect with different laser 

pulse durations. a-b, the time-averaged real-space images with low and high pumping power with 

a 250-fs laser pulse excitation, respectively. c-d, the time-averaged real-space images with low and 

high pumping power with a 35-fs laser pulse excitation, respectively. The increased aperture angles 

and linear wavefronts at high polariton density in b and d show the Čerenkov behaviors, regardless 

of defects sizes and pulse excitation duration lengths in perovskite. Thus, the results indicate that 

previous missing Čerenkov behaviors mainly come from the inferior nonlinearity and stability in 

organics materials8. Scale bars, 5 μm.  
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