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Halide perovskites have emerged as promising photonic materials for fundamental physics studies6

and technological applications. Their potential for nonlinear optics has also drawn great interest7

recently; yet, to date, continuous-wave (CW) nonlinearities have remained elusive. Here we demon-8

strate CW nonlinear phenomena in a CsPbBr3 perovskite cavity. We first demonstrate optical9

bistability — the hallmark of single-mode coherent nonlinear optics. Next we exploit the interplay10

of nonlinearity and birefringence to demonstrate nonlinear control over the polarization of light.11

Finally, by measuring the optical hysteresis of our cavity as a function of temperature, we find a12

dramatic enhancement of the nonlinearity around 65 K. This enhancement is indicative of a phase13

transition in CsPbBr3. Our results position CsPbBr3 cavities as an exceptional platform for non-14

linear optics, offering strong CW nonlinearity and birefringence which are furthermore tunable.15

Moreover, our approach to uncover signatures of a phase transition of matter via optical hysteresis16

measurements is promising for exploring strongly correlated states of light-matter systems.17

Halide perovskites (HP) have inspired major research18

developments in optoelectronics [1] and photonics [2, 3]19

over the past decade. Among their many interesting20

features, HPs host large-binding-energy excitons suit-21

able for strong coupling to optical modes at room tem-22

perature [4]. This strong coupling results in part-light23

part-matter quasi-particles known as polaritons, which24

can interact via their exciton part and enhance opti-25

cal nonlinearities [5]. Experiments under non-resonant26

or pulsed excitation have revealed nonlinear phenomena27

such as condensation [6–9], optical switching [10, 11],28

parametric scattering [12, 13], and superfluidity [14] of29

polaritons in HPs. However, under coherent CW driv-30

ing, HPs typically bleach at power densities below non-31

linear thresholds.32

Among the various nonlinear effects pursued with33

HPs [15] and other emergent materials [16], those in-34

volving an intensity-dependent refractive index rank35

highly. The Kerr effect, for example, involves an instan-36

taneous refractive index change and is key to fascinat-37

ing phenomena such as superfluidity [17], photon block-38

ade [18], and nonlinear polarization control [19, 20]. The39

related thermo-optical nonlinearity, which involves a40

non-instantaneous refractive index change, has recently41

drawn interest for optical switching and isolation [21,42

22]. In polariton systems, polariton-polariton interac-43

tions mediate Kerr nonlinearities [17], while polariton-44

exciton interactions yield a non-instantaneous refractive45

index change [23, 24]. Regardless of the nonlinear re-46

sponse time, CW operation is crucial for many funda-47

mental studies and applications. Otherwise, a steady48

state cannot be reached and functionalities are limited.49

Imagine, for example, an optical memory with a lifetime50

that is as short as the sub-picosecond pulse pumping it,51

or an isolator that burns if the incident light is CW or52
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pulsed with a repetition rate exceeding the cooling rate53

(typically MHz) of its constituent materials.54

In this work we demonstrate CW nonlinear phenom-55

ena in a CsPbBr3 perovskite polariton cavity. Our56

experiments, at 5 K, evidence optical bistability when57

probing a single mode, and signatures of tristability58

when probing two orthogonally-polarized modes non-59

linearly coupled. Leveraging the nonlinearity of the60

two-mode system, we demonstrate full polarization61

rotation by controlling the laser-cavity detuning. We62

furthermore explore the temperature-dependent optical63

hysteresis of our cavity. Our experiments reveal a dra-64

matic enhancement of the nonlinearity strength around65

65 K, indicative of a phase transition in CsPbBr3.66

67

Results68

Tunable birefringent perovskite cavity69

Figure 1(a) illustrates our system: a tunable Fabry-70

Pérot microcavity hosting a CsPbBr3 perovskite semi-71

conductor, all inside a closed-cycle cryostat. The cavity72

is made by two distributed Bragg reflector (DBR) mir-73

rors, each mounted on four piezoelectric actuators con-74

trolling their position and orientation. The bottom mir-75

ror supports CsPbBr3 crystals, synthesized via chemical76

vapor deposition [25] and transferred onto the mirror us-77

ing thermal release tape. The top mirror has several con-78

cave features (see Methods for details), each enabling us79

to make a plano-concave microcavity. Figure 1(b) shows80

a white-light transmission image of our cavity. Further81

details about our setup are reported in Methods and82

Supplementary Figure S1.83

We first discuss the linear optics of our system when84

the perovskite crystal is far from all concave features85

and effectively embedded in a planar cavity. Figure 1(c)86

shows white light transmission spectra versus cavity87

length. For each longitudinal mode we observe two res-88

onances, one vertically and the other horizontally polar-89

ized. The vertical (V) and horizontal (H) polarization90

axes are aligned with the slow and fast in-plane crys-91

mailto:s.rodriguez@amolf.nl


2

4.0 4.2 4.4
L μe ( m)

2.25

2.30

2.35

E
n
er

g
y 

(e
V
)

103
104
105

cts/s

−2 0 2
k μ∥

−1 ( m )

2.32

2.33

2.34

2.35

E
n
er

g
y 

(e
V
) 4 8 16

cts/s

−10 0 10
E E -  (meV)

0
50

100

Tr
an

sm
is

si
on

 (
kc

ts
/s

)

0
100
200

0
100
200

4.03μm

4.1μm

4.2μm
Le=

eda

V-H splitting

H

V

c
Ex

q=
15

q=
16

q=17

H

V

b

(d)
10 μm

CsPbBr3

Bare
cavity

FIG. 1. Tunable birefringent perovskite cavity. (a) Sketch of the system under study: A cavity made by two DBR
mirrors and hosting a CsPbBr3 perovskite crystal. We switch between a planar and a plano-concave cavity by translating the
top mirror, which contains a micron-scale concave mirror. (b) White light transmission image showing the CsPbBr3 crystal
in red, empty regions of the cavity in pink, and a concave mirror enclosed by the dashed circle. (c) Measured white light
transmission spectrum of the planar cavity, as a function of the effective cavity length Le. The modes are split in energy due
to the birefringence of CsPbBr3. The dashed green line indicates the exciton energy. (d) White light transmission spectra
evidencing a widely tunable V-H splitting via the effective cavity length. (e) Momentum-resolved photoluminescence spectrum.
Vertically and horizontally polarized lower polariton bands are labeled ‘V’ and ‘H’, respectively. For the measurements in
(c,d,e), the CsPbBr3 crystal is effectively embedded in a planar cavity.

talline axes, respectively. The frequency difference be-92

tween orthogonally polarized modes is determined by93

the CsPbBr3 birefringence, due to the orthorhombic94

crystal structure of CsPbBr3 at low temperature [7, 8].95

In Supplementary Figure S2 we present transfer-matrix96

calculations reproducing our experimental observations97

and confirming our interpretation. Calculations as a98

function of the perovskite crystal thickness in Supple-99

mentary Figure S3 further demonstrate that, for the100

crystal in our experiments, the observed resonances cor-101

respond to exciton-polaritons due to strong exciton-102

photon coupling.103

Figure 1(c) illustrates how the V-H splitting can be104

tuned via the cavity length. Cuts at three distinct105

cavity lengths are presented in Figure 1(d). The largest106

V-H splitting observed, 10.4 meV, is 300-500 times107

greater than in GaAs cavities [19, 26]. Figure 1(e)108

illustrates the V-H splitting in momentum-resolved109

photoluminescence spectra measured at a fixed cavity110

length. The two emission bands with different disper-111

sion relation have mutually orthogonal polarization.112

The bands cross at the largest in-plane momentum we113

can measure with our microscope objective. Similar114

band crossings, known as diabolic points, have recently115

drawn interest in connection to photonic realizations116

of non-Abelian gauge fields [27], Rashba-Dresselhaus117

Hamiltonians [28–30], and the quantum geometric118

tensor [31, 32]. However, experiments have remained119

limited by the lack of a system combining strong120

birefringence and continuous wave nonlinearity. Our121

system achieves that combination, with the added value122

of tunability in the birefringence (Fig. 1(c,d)) and the123

nonlinearity (shown ahead).124

125

CW nonlinearity126

We now switch to a plano-concave cavity configuration,127

enabling us to probe CW nonlinearities of single and128

coupled modes. To this end, we placed a concave fea-129

ture above the CsPbBr3 crystal and along the optical130

axis. The concave mirror discretizes the cavity spec-131

trum: There is a finite number of transverse modes per132

longitudinal mode. In addition, the power needed for133

nonlinear effects is reduced because of the smaller mode134

volume. We drive the cavity with a single-mode 532135

nm CW laser, and measure the polarization-resolved136

transmission as illustrated in Fig. 2(a). As a stepping137

stone, Fig. 2(b) shows transmission spectra for a rela-138

tively weak laser power 100 µW ensuring linear response.139

The incident light is diagonally polarized, thereby ex-140

citing both V and H polarized transverse cavity modes.141

The frequency difference between consecutive transverse142

cavity modes is determined by the radius of curvature143

of the concave mirror.144

Figure 2(b) contains two insets showing how the trans-145

mitted intensity profiles resemble atomic orbitals. We146

label the resonances by their angular momentum num-147

ber ℓ. Notice the proximity of the ℓ = 0 H-polarized148

and ℓ = 2 V-polarized resonances, characterized by ‘s’-149

and ‘d’-like mode profiles, respectively. Their proximity150

is due to the CsPbBr3 birefringence, which shifts V and151

H resonances as illustrated in the Fig. 2(b) top inset. In152

an empty cavity without CsPbBr3, these two resonances153

would be highly detuned since H and V-polarized reso-154

nances with the same ℓ are degenerate. Imperfect con-155

cave mirrors with ellipticity can lift the degeneracy, but156

we do not observe this effect with the concave mirror157

under study and with our measurement resolution.158

Figure 2(c) shows transmission spectra around the159

ℓ = 0 H-polarized resonance for three distinct laser160

powers P . Spectra are referenced to the linear reso-161

nance linewidth Γ. The incident light is H polarized, ex-162

cluding the excitation of V-polarized resonances. Solid163
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FIG. 2. Polarization modes and optical bistability. (a) Sketch of the setup used to obtain all results in Figures 2, 3,
and 4 : A laser-driven tunable plano-concave microcavity containing a CsPbBr3 crystal, all in a closed-cycle cryostat. The
polarization-resolved transmitted power is measured using a polarizing beam splitter (PBS) and avalanche photodetectors
APDH and APDV . (b) Orange and purple curves are transmitted powers collected in V and H polarization, respectively. The
incident laser is diagonally polarized. Its P = 100 µW power is sufficiently low to ensure linear response. ∆ is the frequency
detuning between the laser and the ℓ = 0 H-polarized resonance, which we control by scanning the cavity length. The spectrum
is independent of scanning direction in this linear regime. Top inset: Schematic of the first three energy levels (transverse cavity
modes) for each polarization, labeled with their angular momentum number ℓ. Side insets: Measured transmitted intensity
profiles at the indicated resonances. (c) Solid black and dashed purple curves are the transmitted power, averaged over 70
cycles, when scanning ∆ forward and backward, respectively. P is the laser power. Unlike in (b), here the incident laser is
horizontally polarized. Γ is the resonance linewidth in the linear regime. Green and gray curves are stable and unstable steady
states of a single-mode nonlinear cavity, calculated as explained in Methods. For clarity, measurements at P = 10 µW and
P = 100 µW are multiplied by 20 and 3, respectively, and measurements at P = 100 µW and P = 1 mW are displaced vertically
by 1 µW and 2 µW, respectively.

and dashed curves correspond to cavity length scans164

whereby the frequency detuning ∆ between the laser165

and the ℓ = 0 H-polarized resonance increases and de-166

creases, respectively. For P = 10 µW we observe a167

Lorentzian lineshape characterizing the linear regime.168

Around P = 100 µW the resonance bends and displays a169

small hysteresis. This intensity-induced lineshape asym-170

metry is due to CsPbBr3 having a nonlinear refractive171

index n2, which we know is negative because the res-172

onance bends towards positive ∆. For P = 1 mW the173

hysteresis widens and we observe optical bistability: two174

stable states with different intensity at a single driving175

condition. This is the first observation of optical bista-176

bility, the hallmark of a CW nonlinearity, in a HP.177

Bistability – the existence of two attractors in phase178

space – is a property of the system. It exists for179

certain combinations of laser amplitude and laser-cavity180

detuning, as Supplementary Figure S4 shows. It does181

not depend on the way that region of parameter space182

is accessed. Optical bistability can be revealed in two183

complementary ways to our detuning scan: by scanning184

the laser power (see Supplementary Figure S5), or by185

letting the noise reveal the existence of two attractors186

in the system’s dynamics under constant driving (see187

Supplementary Figure S6).188

189

Polarization rotation and multistability190

We now return to diagonally polarized driving, and191

probe the interplay of nonlinearity and polarization in192

our cavity. Figures 3(a) and 3(b) show polarization-193

resolved transmission spectra in the linear and nonlin-194

ear regime, respectively. In the linear regime, the V-195

polarized resonance has lower amplitude than the H-196

polarized resonance. While the incident polarization197

axis is exactly midway between the V and H crystal198

axes, the spatial overlap of the incident Gaussian beam199

with the modes is different. The overlap is smaller with200

the ‘d’-like mode profile of the V-polarized resonance, re-201

sulting in its lower excitation efficiency. In the nonlinear202

regime obtained for P = 5 mW, Fig. 3(b) shows optical203

hysteresis and bistability. Notice the power rise in V po-204

larization shortly after the power drop in H polarization205

around ∆/Γ = 9. This behavior, only observed when206

both modes are driven via an incident polarization that207

is not parallel to the H or V axis (see Supplementary208

Figure S7), suggests energy transfer between H and V209

polarization. Such energy transfer is impossible in the210

linear regime, where the modes are orthogonal and de-211

coupled. However, at sufficiently high intensities the212

modes couple nonlinearly as explained ahead.213

To characterize the output polarization state and its214

fluctuations, we plot in Fig. 3(c) a histogram of the215

polarization contrast (PH − PV )/(PH + PV ) spectrum.216

PH and PV are the power in H and V polarization,217

respectively. Excitation conditions are the same as in218

Fig. 3(b). The histogram contains 40 trajectories mea-219
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FIG. 3. Nonlinear polarization rotation and multistability. Polarization-resolved transmitted power in the (a) linear, and
(b) nonlinear, regime obtained by setting the incident power P to the indicated value. The incident laser is diagonally polarized.
Purple and orange curves correspond to H and V-polarized detection, respectively. Solid and dashed curves correspond to cavity
length scans whereby ∆ increases and decreases, respectively. (c) Histogram of the polarization contrast (PH −PV )/(PH +PV )
spectrum for the same driving conditions as in (b). One forward and one backward trajectory are highlighted in green and cyan,
respectively. Encircled numbers label states. (d-f) Calculations corresponding to (a-c). The number of intra-cavity polaritons
NH,V in (d,e) replaces the experimental transmitted power in (a,b). The histogram in (f) was obtained by calculating the
polarization contrast spectrum for 1024 different realizations of the noise.

sured for both increasing and decreasing ∆/Γ; that num-220

ber is limited by an uncontrolled cavity length drift in221

our cryostat. Starting in state ‘1’ and increasing ∆/Γ,222

the polarization state evolves along the green arrow un-223

til it rotates from H to V around ∆/Γ = 9. The system224

then settles in state ‘3’, and upon further increasing ∆/Γ225

it jumps to state ‘2’. State ‘2’ is detuned from both res-226

onances, and the powers in H and V polarization are227

therefore equal and low. As a result, state ‘2’ appears228

broader in Fig. 3(c) than states ‘1’ and ‘3’; its mean229

intra-cavity intensity is low, while the noise variance is230

unchanged.231

After reaching the largest ∆/Γ in our protocol, the232

direction of our cavity length scan is reversed. The po-233

larization state then returns along state ‘2’, jumps down234

into state ‘3’, and finally rises smoothly to state ‘1’ fol-235

lowing the curved arrow in Fig. 3(c). To illustrate this236

path, we highlight in cyan one trajectory measured in237

the backward scan. Notice how the jump from state238

‘2’ to state ‘3’ in the backward scan (sometimes) oc-239

curs at a smaller ∆/Γ than the jump from state ‘1’ to240

state ‘3’ in the forward scan. This feature is indicative241

of tristability, i.e., three stable states at a single driv-242

ing condition. In Supplementary Figure S8 we show,243

theoretically, that our system is indeed expected to be244

tristable in this regime. Overall, Fig. 3(c) showcases the245

potential to fully rotate the polarization state of light246

leveraging the CW nonlinearity of our CsPbBr3 cavity.247

Nonlinear interaction of polarization modes has been248

achieved in few other experimental platforms, such as249

GaAs [19] and fibre [20] cavities. Those systems offer250

a rich playground for exploring functionalities emerg-251

ing from interacting polarization modes, such as non-252

reciprocity [33]. In this vein, our results position253

CsPbBr3 on par with these well-established platforms254

for nonlinear optics. However, as shown in the remain-255

der of this manuscript, the nonlinearity of our system is256

unique in its characteristics.257

To elucidate the physics of our system and the char-258

acteristics of its nonlinearity, we developed a coupled-259

mode model as explained in Methods. It describes260

two complex-valued fields, αH,V , coherently driven with261

amplitudes reproducing the resonance amplitudes ob-262

served in Fig. 3(a). The frequency detuning between263

the two modes matches the one observed in Fig. 3(a).264

In addition, each mode is subject to dissipation, white265

noise, and two types of interaction. We include a self-266

interaction proportional to the intensity in the same267
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mode, and a cross-interaction whereby the intensity in268

one mode modifies the frequency of the other and vicev-269

ersa. The latter is similar to a cross-Kerr nonlinear-270

ity [34] or cross-phase modulation [35, 36], albeit the re-271

sponse of our system is non-instantaneous. Figures 3(d-272

f) show calculations based on our model, reproducing273

our observations in Figures 3(a-c).274

The good agreement between experimental and275

theoretical spectra depends on several assumptions and276

constraints in the model that elucidate the properties277

of our system. First, self-interactions need to be278

non-instantaneous. Otherwise, the overshoot arising279

when decreasing ∆ (see dashed curve in Fig. 2(c) for280

largest power) cannot be observed with our limited281

photodetection bandwidth. Indeed, from the width of282

that overshoot we deduce a characteristic time for the283

self-interactions τs = 4 µs (see Supplementary Figure284

S9). Second, cross-interactions also need to be non-285

instantaneous. Otherwise, the power in V polarization286

rises abruptly, rather than gradually, after the power287

drop in H polarization. Supplementary Figure S10288

illustrates how theoretical spectra deviate from our289

experimental observations if self- and cross-interactions290

are assumed to be instantaneous. Calculations in291

Supplementary Figure S11 further demonstrate that292

the cross-interaction time τc is similar to τs. Third,293

our model enables to constraint the relative strength of294

self- and cross-interactions. We find that the two in-295

teractions are approximately equally strong. Deviating296

from this condition by a factor of three or more results297

in major modifications to the calculated lineshapes (see298

Supplementary Figure S12).299

300

Signatures of criticality301

Recent experiments with CsPbBr3 polaritons at room302

temperature displayed ultrafast nonlinearities under303

femtosecond-pulse excitation; these were attributed to304

polariton-polariton interactions [9, 10, 14]. In contrast,305

our experiments under CW driving display time-delayed306

nonlinear effects similar to those observed when an op-307

tical mode couples to a thermal field [37–39] or an ex-308

citon reservoir [24, 40]. However, unlike any thermo-309

optical or excitonic nonlinearity that has been reported,310

the nonlinearity of our CsPbBr3 cavity exhibits an in-311

triguing temperature dependence indicative of critical312

or near-critical behavior. To evidence this dependence313

in a minimal configuration, we probe our cavity with314

H-polarized light and measure the optical hysteresis for315

variable temperature.316

Figure 4(a) shows averaged optical hysteresis mea-317

surements at three temperatures T and fixed laser318

power. Since we probe a single mode and everything319

besides temperature is unchanged, the larger hysteresis320

at T = 62 K must be due to an enhanced self-interaction321

strength (Us in our model, described in Methods). To322

elucidate the origin of this enhancement, in Fig. 4(b)323

we plot the hysteresis area [shaded areas in Figure 4(a)]324

versus temperature. The hysteresis area, and hence Us,325
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FIG. 4. Optical hysteresis reveals signatures of a
phase transition. (a) Transmitted intensity, averaged over
50 cycles, for T = 5 K, T = 62 K, and T = 101 K. Solid
black and dashed purple curves correspond to an increasing
and decreasing cavity length L, respectively; L0 is the cav-
ity length for which the laser frequency exactly matches the
ℓ = 0 H-polarized resonance frequency. The shaded regions
indicate the hysteresis area. The mean of the noise µ was
subtracted from the transmitted intensity. For clarity, the
T = 62 K and T = 101 K measurements are displaced ver-
tically. (b) Average hysteresis area, referenced to the area
at T = 5 K, versus temperature. Dots and errorbars corre-
spond to the mean and standard deviation, respectively, of
50 measurements. Dashed purple curve is a power-law fit to
the experimental data. Dash-dotted green curve is obtained
from a fifth-order polynomial fit to the integrated hysteresis
area, as explained in Supplementary Figure S13. The mean
squared residuals of the fits corresponding to first and second
order phase transitions are 0.97 and 0.61, respectively. For
all measurements, the incident laser was H-polarized, and
the power was P = 600 µW.

surges as T approaches 65 K from either side. The res-326

onance lineshape bends towards positive detuning for327

every temperature we probed, meaning the sign of n2328

does not change across 65 K.329

While the microscopic origin of both the CW non-330

linearity and its enhancement at a finite temperature331
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is unclear to us, we suspect that a phase transition in332

CsPbBr3 may be involved. To assess the plausibility of a333

first or second order phase transition, we fitted our data334

with two functions. One (dashed purple curve) fit is a335

power law of the form C|T − Tc|−γ , with the constant336

C, critical temperature Tc, and exponent γ as fit param-337

eters. The divergence at Tc, consistent with our exper-338

imental data, is the hallmark of a second order phase339

transition. The second function we fitted (dash-dotted340

green curve) corresponds to a first order phase transi-341

tion, where a finite enhancement of the nonlinearity is342

expected; the fitting approach for this case is explained343

in Supplementary Figure S13. While the fit implying a344

second order phase transition is somewhat better (see345

figure caption), a first order transition cannot be ex-346

cluded.347

At temperatures above those considered in Fig. 4(b),348

we observed a significant reduction in transmitted in-349

tensity (see Supplementary Figure S14) and thus of the350

signal-to-noise ratio (SNR). We tentatively attribute351

this lower SNR to the reduction in quantum efficiency352

of CsPbBr3 with temperature (see Supplementary353

Figure S15) [41, 42]. While our experiments involve354

coherent instead of incoherent driving as in photolu-355

minescence, re-absorption mechanisms degrading the356

quantum efficiency also degrade the transmission. Our357

measurements also indicate that the CsPbBr3 CW358

nonlinearity becomes extremely weak (at best) above359

110 K and undetectable at 150 K (see Supplementary360

Figure S14.) This is consistent with the fact that all361

room-temperature CsPbBr3 nonlinearities reported to362

date have required pulsed excitation. Clearly, the CW363

nonlinearity here studied is of a different origin.364

365

Discussion366

To conclude, we discuss two perspectives emerging from367

our results. One perspective is to clarify the strength368

and origin of the CsPbBr3 CW nonlinearity. Quantify-369

ing the nonlinearity strength is challenging. For GaAs370

cavities, excitonic nonlinearities spanning nearly 5 or-371

ders of magnitude in strength have been reported after372

3 decades of research [23]. For CsPbBr3 cavities, exci-373

tonic nonlinearities spanning nearly 4 orders of magni-374

tude (∼ 0.1 µeV µm2 [10, 14], 41 µeV µm2 [6], and 600375

µeV µm2 [13]) have been reported under pulsed exci-376

tation alone. The large spread of reported values for a377

given material reflects the challenges in accurately de-378

termining the nonlinearity strength. The challenge is379

even greater for CsPbBr3 under CW driving, where dis-380

entangling contributions of ultrafast excitonic nonlinear-381

ities [6, 10, 13, 14] and our ∼ 4 µs nonlinearity is dif-382

ficult. Actually, the same difficulty arises under pulsed383

excitation if the pulse repetition rate exceeds the ∼ 0.25384

MHz relaxation rate of the nonlinearity we found. Our385

work thus opens an interesting new question about the386

relative strength of different nonlinearities in CsPbBr3.387

New methods are needed to answer that question.388

Establishing the origin of the CsPbBr3 CW nonlin-389

earity is also challenging. We believe thermal effects390

are the most likely explanation. The microsecond relax-391

ation time we observed, similar for thermo-optical non-392

linear cavities [37–39], supports our hypothesis. How-393

ever, explaining the non-trivial temperature dependence394

of the nonlinear response requires an additional mecha-395

nism. Our intuition, to which we alluded in the previous396

section, is that a phase transition at 65 K is involved.397

At a phase transition, the change in refractive index398

with temperature ∂n/∂T is maximized [43]. ∂n/∂T re-399

mains finite at a first-order transition, and diverges at a400

second-order transition. If the nonlinearity is thermal,401

its strength is given by ∂n/∂T . Therefore, the combi-402

nation of thermo-optical nonlinearity and a phase tran-403

sition (of as yet unclear order) can qualitatively explain404

our entire data set in Fig. 4.405

Our interpretation raises important questions. For406

instance, if the CW nonlinearity is thermal, why has407

it never been observed at high temperature? In this408

vein, we highlight that we failed to observe clear signa-409

tures of bistability above 110 K. All CsPbBr3 crystals410

degraded at powers well below any detectable nonlinear411

threshold at higher temperatures. We believe that this412

is due to the increased non-radiative losses which also413

degrade the transmission (see Supplementary Fig. S14414

and the discussion around that figure). Another impor-415

tant question emerging from our hypothesis is: What is416

the nature of the apparent phase transition? Structural417

phase transitions have been reported for CsPbBr3 [44–418

46], but only at higher temperatures. Light-induced419

phase transitions have also been reported for CsPbBr3,420

but their reported properties are incompatible with our421

observations. Their relaxation times exceed µs by many422

orders of magnitude [47, 48], and they result in an in-423

tensity dependent birefringence [48]. In contrast, the424

good experimental-theoretical agreement in Fig. 3 is425

only obtained by assuming a birefringence independent426

of power. More generally, a light-induced phase tran-427

sition cannot explain our results in Fig. 4 obtained at428

constant laser power; a temperature-induced, not light-429

induced, transformation is required. In search for other430

insights, we measured temperature-dependent photolu-431

minescence and absorbance spectra of a bare CsPbBr3432

crystal; see Supplementary Figure S16. No clear indi-433

cations of a phase transition around 65 K were found434

in that data. Nonetheless, the nonlinear-to-linear re-435

sponse ratio may provide a clearer signature of a phase436

transition [49]. This could explain why our new exper-437

imental approach, characterizing the CW nonlinearity438

strength in CsPbBr3 as a function of temperature, may439

be uniquely suited to identify phase transitions that were440

undetected by other methods. In case a phase transi-441

tion is confirmed, CsPbBr3 would rise as a particularly442

interesting platform to realize strongly correlated states443

of light-matter mixtures [50–52], and to probe the influ-444

ence its emergent phases (e.g. ferroelectricity [46]) on445

light and viceversa.446

CsPbBr3 hosts a variety of other effects that could447
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potentially also underlie its CW nonlinearity. For in-448

stance, at low temperatures Cs+ ions displace within449

the unit cell and generate a dipole moment [53]; this450

could enhance the nonlinear response. However, the451

Cs+ displacement is monotonic with temperature [53],452

whereas the CW nonlinearity strength sharply peaks453

around 65 K. Alternatively, self-trapped excitons have454

been observed in low-temperature CsPbBr3 [54]. Their455

0.12 µs decay time at 10 K [54] is somewhat close to456

the 4 µs relaxation time retrieved from our experiments.457

However, as the temperature increases, the self-trapped458

exciton decay time continuously decreases and becomes459

30 ns at 100 K [54]. In contrast, the CW nonlinearity460

relaxation time retrieved from our experiments displays461

relatively minor changes with temperature; see Supple-462

mentary Figure S17. The two time scales are a factor463

of 300 apart at T = 100 K. Another potential expla-464

nation involves interactions between polaritons and the465

so-called exciton reservoir, resulting in a time-delayed466

nonlinearity identical to the one in our model [24, 40].467

However, the 4 µs relaxation time in our experiments468

significantly exceeds the 5 ns exciton reservoir lifetime469

in CsPbBr3 [55]. Last but not least, phonons play an im-470

portant role in CsPbBr3 and HPs in general [56]. These471

lattice vibrations with temperature-dependent popula-472

tion can couple to polaritons and form polarons [57],473

which have been associated with enhanced nonlinearities474

in HPs [58]. This is an interesting explanation which,475

like all others given above, only future experiments and476

modeling will be able to strengthen or rule out.477

The second perspective emerging from our results is478

to use the unique properties of CsPbBr3 (regardless of479

their microscopic origin) to probe new physics or per-480

form proof-of-principle experiments relevant to applica-481

tions. In this vein, we discuss next three unique pos-482

sibilities. First, the combination of CW nonlinearity483

and birefringence in CsPbBr3 could enable the explo-484

ration of spin-orbit coupling physics in strongly interact-485

ing regimes. Several experiments with birefringent cav-486

ities have recently drwan interest to spin-orbit coupling487

phenomena [28–30, 32, 59–65]. However, the effects of488

self-interactions or cross-interactions on such phenom-489

ena remain unexplored. Second, CsPbBr3 cavities at low490

temperature could be used to probe charge transport by491

polaritons. Although polaritons are charge neutral and492

generally do not carry electrical current (only exciton493

currents arise [66]), a significant polariton photocurrent494

has been predicted in media with broken inversion sym-495

metry [67]. Recent observations of the Rashba effect [45]496

and ferroelectricity [46] in CsPbBr3 indicate that inver-497

sion symmetry can be broken in this material. Since498

birefringence is generally associated with inversion sym-499

metry breaking, and CsPbBr3 birefrigence depends on500

temperature (see Supplementary Figure S15), CsPbBr3501

cavities are a convenient platform for experiments in this502

direction. Third, the nonlinear polarization control we503

demonstrated could be used to realize compact magnet-504

free nonreciprocal devices. A microsecond nonlinearity505

is not an obstacle to nonreciprocity and many of its func-506

tionalities, as recent experiments have shown [21, 22].507

In fact, slow nonlinearities can enable new functionali-508

ties such as nonreciprocal pulse compression and reshap-509

ing [68].510
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METHODS511

Optical cavity experiments512

The planar and concave DBR consist of 10 and 11513

pairs, respectively, of alternating layers of SiO2 and514

Ta2O5. Both DBRs have peak reflectance of 99.9 %515

at 530 nm. The planar mirror hosts a 280 nm thick516

CsPbBr3-crystal. We estimated the crystal’s thickness517

by comparing transmission spectra in experiments and518

transfer matrix calculations; see Supplementary Figure519

S3. CsPbBr3 has, strictly speaking, a biaxial permittiv-520

ity tensor [7]: its refractive index is different along all521

three crystal axes. However, two refractive indices are522

nearly identical. Due to the way our CsPbBr3 crystal523

is grown [25], on a mica substrate and subject to lat-524

tice matching constraints, two crystal axes with substan-525

tially different refractive indices lie in the cavity plane.526

These different refractive indices result in the birefrin-527

gence illustrated in Figs. 1 and 2.528

For the measurements in Figs. 2(b,c), 3(a-c) and 4,529

we used a concave mirror with 10 µm diameter and a530

25 µm radius of curvature to make a plano-concave cav-531

ity. The concave features were made by milling the glass532

substrate with a focused ion beam prior to DBR depo-533

sition [69]. While the typical RMS roughness of our534

concave mirrors is below 1 nm [69], the roughness is ir-535

relevant because the cavity finesse (∼ 3000) is limited536

by the mirrors’ reflectivities.537

The polarization of the incident laser was controlled538

with a half-wave plate. The cavity transmission was539

decomposed into orthogonal linear polarizations by a540

polarizing beam splitter (PBS). The PBS was rotated541

about the optical axis to ensure its alignment with the542

crystalline axes of CsPbBr3. For the measurements in543

Figs. 2(c), 3(a-c), and 4, we modulated the detuning544

by increasing and subsequently decreasing the mirror545

spacing at modulation frequency fmod = 130 Hz.546

547

Cryostat and temperature measurements548

The cavity is inside a closed-cycle cryostat made by549

Montana Instruments, model HILA. Supplementary550

Information Section A includes a detailed description551

of our cryostat, along with a photo and a technical552

drawing of our setup in Supplementary Figure S1.553

The measurements presented in Figs. 1(c-e), 2(b,c)554

and 3(a-c) were performed with the cryostat base555

temperature set to 5 K. For the measurements in Fig. 4,556

we attached a temperature probe to the mirror mount557

containing the perovksite crystal. This was done to558

measure the actual sample temperature, which we559

later found could exceed the cryostat base temperature560

by 1-2 K. The slightly larger sample temperature is561

insignificant for the previous results since, as Fig. 4562

shows, the nonlinearity strength does not significantly563

change in the 5-7 K temperature range. Finally, we564

note that the cryostat pump was temporarily turned565

off for the measurements in Figs. 1(c,d,e). This was566

done to minimize the effects of mechanical vibrations.567

Those vibrations significantly impact our measurements568

when the cavity length is constant as in Figs. 1(e), or569

slowly scanned as in Figs. 1(c,d). However, in all other570

experiments, we circumvent the deleterious effects of571

vibrations by scanning the cavity length sufficiently572

fast. In particular, the rate at which we sweep the573

laser-cavity detuning through the optical resonance is574

greater than the highest mechanical frequency in our575

setup.576

577

Cavity length calibration578

To estimate the total cavity length, we followed the ap-579

proach described in Ref. [70]. First, we illuminated the580

planar part of the cavity and measured the white-light581

transmission spectrum as a function of the separation582

between the mirrors. The transmission spectrum dis-583

plays a series of resonances [see Fig. 1(c) or Supple-584

mentary Figure S2], each corresponding to a different585

longitudinal mode number. Then, we considered the586

expression for the energy of longitudinal cavity modes:587

Ec = hcq/2nLe, with h Planck’s constant, c the speed of588

light in vacuum, q the longitudinal mode number, n the589

refractive index of the intra-cavity medium, and Le the590

effective cavity length. This enabled us to determine q591

and Le by fitting the expression for Ec to the experimen-592

tally observed resonances in the 2.13 - 2.3 eV range. Le593

is an effective cavity length because it takes into account594

the field penetration depth into the DBRs and the opti-595

cal (rather than physical) thickness of the CsPbBr3 crys-596

tal. Otherwise, the above expression would only hold for597

a cavity made by perfectly conducting metallic mirrors598

and filled with a homogeneous medium. Through this599

best-fit approach, we determined that Le was between600

4 µm and 4.5 µm in all our experiments with a plano-601

concave cavity. The cavity length in those experiments602

was thus similar to the one in the experiments reported603

in Fig. 1(c). The half-micron uncertainty in Le we re-604

port is due to the error in the aforementioned fitting605

approach. This uncertainty is, however, irrelevant to606

our results. Changing the cavity length by half a mi-607

cron only changes the power needed for bistability by a608

few percent. More importantly, all our results remain609

qualitatively the same.610

The horizontal axis in Fig. 1(d) was obtained by sub-611

tracting the mean energy Ē of the two resonance peaks612

from the energy measured with the spectrometer.613

To determine the change in cavity length in Fig. 4(a),614

we used a secondary laser with 632.8 nm wavelength.615

Since this wavelength is outside the DBR stopband,616

transmission resonances are broad. This enabled us617

to measure the transmitted intensity of the secondary618

laser across a wide range of cavity lengths, and thereby619

determine the horizontal axis in Fig. 4(a). The relation620

between the intensity of the secondary laser and the621

change in cavity length was established using the fact622

that consecutive longitudinal resonances are half-a-623

wavelength apart.624

625

Photoluminescence experiments626
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For the photoluminescence measurements in Figs. 1(e),627

the cavity was illuminated by a 405 nm CW laser628

with P = 100 µW power. We obtained the dispersion629

relation by imaging the back focal plane of the col-630

lection objective onto the entrance slit of a spectrograph.631

632

Theoretical model633

We model our experimental system using coupled634

integro-differential stochastic equations for complex-635

valued fields αH and αV , corresponding to the ℓ = 0636

H-polarized and ℓ = 2 V-polarized modes, respectively:637

α̇H(t) =

(
i∆− Γ

2
− iUs

∫ t

0

ds Ks(t− s)|αH(s)|2

− iUc

∫ t

0

ds Kc(t− s)|αV (s)|2
)
αH(t)

+ (1 + ρ)[
√
κF +

D√
2
ζH(t)]

(1a)

α̇V (t) =

(
i∆+ iδ − Γ

2
− iUs

∫ t

0

ds Ks(t− s)|αV (s)|2

− iUc

∫ t

0

ds Kc(t− s)|αH(s)|2
)
αV (t)

+ (1− ρ)[
√
κF +

D√
2
ζV (t)].

(1b)
638

∆ = ω−ω0 is the detuning between the laser frequency639

ω and the ℓ = 0 H-polarized resonance frequency ω0. δ is640

the frequency difference between the ℓ = 0 H-polarized641

and ℓ = 2 V-polarized resonances. Γ is the total loss642

rate; we take it to be equal for both modes, as this643

matches our observations. The non-instantaneous non-644

linearities are represented by the terms involving an in-645

tegral. Ks(t) and Kc(t) are memory kernels for the self-646

and cross-interactions, respectively. Their properties de-647

termine to what extent the past exerts an influence over648

the future state of the system. Us and Uc are the self-649

and cross-interaction strength, respectively. F is the650

driving laser amplitude and κ is the input-output rate651

through the mirror on which the laser impinges. ρ is652

the driving imbalance, determined by the incident laser653

polarization in our experiments. Note that, even if the654

incident polarization is diagonal, ρ is non-zero because655

the overlap of the incident Gaussian beam with the two656

modes under consideration is different. Finally, ζH/V are657

stochastic processes representing Gaussian white noise658

in the laser amplitude and phase. They have zero mean,659

unit variance, and delta correlation. Moreover, all noise660

sources are uncorrelated. Since ζH/V are multiplied by661

D/
√
2, the standard deviation of the laser noise is D.662

We assumed memory kernels of the form Ks(t) =663

exp (t/τs)/τs and Kc(t) = exp (t/τc)/τc. These ker-664

nel functions are integrable and continuously differen-665

tiable. Hence, by defining ws,H/V = Us

∫ t

0
ds Ks(t −666

s)|αH/V (s)|2 and wc,H/V = Uc

∫ t

0
ds Kc(t−s)|αV/H(s)|2,667

we can rewrite Eqs. (1) as a set of ordinary differen-668

tial equations in a higher dimensional phase space using669

Leibniz rule, to obtain670

α̇H(t) =

(
i∆− Γ

2
− iws,H(t)− iwc,H(t)

)
αH(t)

+ (1 + ρ)[
√
κF +

D√
2
ζH(t)] (2a)

α̇V (t) =

(
i∆+ iδ − Γ

2
− iws,V (t)− iwc,V (t)

)
αV (t)

+ (1− ρ)[
√
κF +

D√
2
ζV (t)] (2b)

ẇs,H(t) =
1

τs

(
Us|αH(t)|2 − ws,H(t)

)
(2c)

ẇs,V (t) =
1

τs

(
Us|αV (t)|2 − ws,V (t)

)
(2d)

ẇc,H(t) =
1

τc

(
Uc|αV (t)|2 − wc,H(t)

)
(2e)

ẇc,V (t) =
1

τc

(
Uc|αH(t)|2 − wc,V (t)

)
. (2f)

ws,H/V and wc,H/V are real-valued dynamical variables.671

In the case of thermo-optical cavities, they correspond672

to a temperature. Here, since we are unsure of the mi-673

croscopic origin of the nonlinearity in CsPbBr3, we can674

only state that they represent the degrees of freedom675

which give memory to the self- and cross-interactions676

of the modes. τs and τc are the memory times for the677

self- and cross-interactions. They are the equivalent to678

thermal relaxation times in the case of thermo-optical679

cavities, and to the exciton reservoir lifetime in the case680

of polariton systems coupled to an exciton reservoir.681

We set all model parameters to reproduce our exper-682

iments as follows. All model parameters are referenced683

to Γ, which is the resonance linewidth measured experi-684

mentally. ∆ is a control parameter, so it is not fixed or685

constrained. To set the value of κ, we took into account686

that both mirrors have equal reflectivity and assumed687

negligible non-radiative losses. The value of ρ was set688

to reproduce the ratio of peak transmitted powers in689

the linear regime under diagonally polarized driving [see690

Fig. 3(a)]. Us is a free parameter whose exact value is691

irrelevant. For classical systems like ours, every possible692

spectral lineshape can be reproduced with any value of693

U provided that F and Γ are adjusted accordingly. The694

value of U does not qualitatively change the physics; it695

only changes the driving amplitude needed to reach a696

certain nonlinear regime. Therefore, for a given U , it697

is only relevant to determine the value of F/
√
Γ corre-698

sponding to our experiments. We achieved this via the699

approach described in Ref. [37], referencing F 2/Γ to the700

laser power needed for optical bistability in experiments.701

Calculations were performed by solving Eqs. (2) us-702

ing the xSPDE Matlab toolbox [71]. From the fields703

αH/V we computed the number of H and V-polarized704

polaritons NH = |αH |2 and NV = |αV |2, respectively.705

We set κ = Γ/2, ρ = 0.22, δ = −6.8Γ, Us = Γ/32,706
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Uc = Us, τs = 150/Γ and τc = 1.7τs to reproduce our707

experimental observations. F = 0.98
√
Γ in Fig. 3(d),708

and F = 9.8
√
Γ in Figs. 3(e,f). We set D = 0.025

√
Γ709

in Figs. 3(d,e), and D = 1.25
√
Γ in Fig. 3(f). The710

values of τs and τc in our model deviate significantly711

from their experimental values, which we deduce as ex-712

plained in Supplementary Figures S9 and S11. As in713

Ref. [37], we adjusted their values to avoid unnecessar-714

ily long and computationally costly simulations. In par-715

ticular, simulating a single hysteresis cycle of our ex-716

perimental system would require a dynamic range of 11717

orders of magnitude (∼ 10 fs time step, and ∼ ms pe-718

riod). However, by reducing the memory times τs and719

τc while respecting the hierarchy of time scales in our720

system (Γ−1 ≪ τs ∼ τc ≪ f−1
mod with 1/fmod the mod-721

ulation period), we obtain good qualitative agreement.722

Finally, for all dynamical calculations, we took into ac-723

count the finite bandwidth of our experimental APDs724

by downsampling numerical data.725

Steady states in Fig. 2(c) were calculated by setting726

the time derivatives in Eqs. (2) to zero and solving for727

|αH |2. The stability of the steady states was determined728

using standard linear stability analysis, i.e. by calculat-729

ing the eigenvalues of the Jacobian of Eqs. (2).730
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