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Continuous-Wave Nonlinear Polarization Control
and Signatures of Criticality in a Perovskite Cavity

G. Keijsers,! R. M. de Boer,! B. Verdonschot,' K. J. H. Peters,' Z. Geng,' and S. R. K. Rodriguez' *

L Center for Nanophotonics, AMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands
(Dated: November 28, 2024)

Halide perovskites have emerged as promising photonic materials for fundamental physics studies
and technological applications. Their potential for nonlinear optics has also drawn great interest
recently; yet, to date, continuous-wave (CW) nonlinearities have remained elusive. Here we demon-
strate CW nonlinear phenomena in a CsPbBrs perovskite cavity. We first demonstrate optical
bistability — the hallmark of single-mode coherent nonlinear optics. Next we exploit the interplay
of nonlinearity and birefringence to demonstrate nonlinear control over the polarization of light.
Finally, by measuring the optical hysteresis of our cavity as a function of temperature, we find a
dramatic enhancement of the nonlinearity around 65 K. This enhancement is indicative of a phase
transition in CsPbBrs. Our results position CsPbBrs cavities as an exceptional platform for non-
linear optics, offering strong CW nonlinearity and birefringence which are furthermore tunable.
Moreover, our approach to uncover signatures of a phase transition of matter via optical hysteresis
measurements is promising for exploring strongly correlated states of light-matter systems.

Halide perovskites (HP) have inspired major research
developments in optoelectronics [1] and photonics [2, 3]
over the past decade. Among their many interesting
features, HPs host large-binding-energy excitons suit-
able for strong coupling to optical modes at room tem-
perature [4]. This strong coupling results in part-light
part-matter quasi-particles known as polaritons, which
can interact via their exciton part and enhance opti-
cal nonlinearities [5]. Experiments under non-resonant
or pulsed excitation have revealed nonlinear phenomena
such as condensation [6-9], optical switching [10, 11],
parametric scattering [12, 13|, and superfluidity [14] of
polaritons in HPs. However, under coherent CW driv-
ing, HPs typically bleach at power densities below non-
linear thresholds.

Among the various nonlinear effects pursued with
HPs [15] and other emergent materials [16], those in-
volving an intensity-dependent refractive index rank
highly. The Kerr effect, for example, involves an instan-
taneous refractive index change and is key to fascinat-
ing phenomena such as superfluidity [17], photon block-
ade [18], and nonlinear polarization control [19, 20]. The
related thermo-optical nonlinearity, which involves a
non-instantaneous refractive index change, has recently
drawn interest for optical switching and isolation [21,
22]. In polariton systems, polariton-polariton interac-
tions mediate Kerr nonlinearities [17], while polariton-
exciton interactions yield a non-instantaneous refractive
index change [23, 24]. Regardless of the nonlinear re-
sponse time, CW operation is crucial for many funda-
mental studies and applications. Otherwise, a steady
state cannot be reached and functionalities are limited.
Imagine, for example, an optical memory with a lifetime
that is as short as the sub-picosecond pulse pumping it,
or an isolator that burns if the incident light is CW or
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pulsed with a repetition rate exceeding the cooling rate
(typically MHz) of its constituent materials.

In this work we demonstrate CW nonlinear phenom-
ena in a CsPbBrs perovskite polariton cavity. Our
experiments, at 5 K, evidence optical bistability when
probing a single mode, and signatures of tristability
when probing two orthogonally-polarized modes non-
linearly coupled. Leveraging the nonlinearity of the
two-mode system, we demonstrate full polarization
rotation by controlling the laser-cavity detuning. We
furthermore explore the temperature-dependent optical
hysteresis of our cavity. Our experiments reveal a dra-
matic enhancement of the nonlinearity strength around
65 K, indicative of a phase transition in CsPbBrs.

Results

Tunable birefringent perovskite cavity

Figure 1(a) illustrates our system: a tunable Fabry-
Pérot microcavity hosting a CsPbBrs perovskite semi-
conductor, all inside a closed-cycle cryostat. The cavity
is made by two distributed Bragg reflector (DBR) mir-
rors, each mounted on four piezoelectric actuators con-
trolling their position and orientation. The bottom mir-
ror supports CsPbBrj3 crystals, synthesized via chemical
vapor deposition [25] and transferred onto the mirror us-
ing thermal release tape. The top mirror has several con-
cave features (see Methods for details), each enabling us
to make a plano-concave microcavity. Figure 1(b) shows
a white-light transmission image of our cavity. Further
details about our setup are reported in Methods and
Supplementary Figure S1.

We first discuss the linear optics of our system when
the perovskite crystal is far from all concave features
and effectively embedded in a planar cavity. Figure 1(c)
shows white light transmission spectra versus cavity
length. For each longitudinal mode we observe two res-
onances, one vertically and the other horizontally polar-
ized. The vertical (V) and horizontal (H) polarization
axes are aligned with the slow and fast in-plane crys-
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FIG. 1. Tunable birefringent perovskite cavity. (a) Sketch of the system under study: A cavity made by two DBR
mirrors and hosting a CsPbBrs 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 CsPbBrs 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 L.. The modes are split in energy due
to the birefringence of CsPbBrs. 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-
tween orthogonally polarized modes is determined by
the CsPbBrs birefringence, due to the orthorhombic
crystal structure of CsPbBrs at low temperature [7, 8].
In Supplementary Figure S2 we present transfer-matrix
calculations reproducing our experimental observations
and confirming our interpretation. Calculations as a
function of the perovskite crystal thickness in Supple-
mentary Figure S3 further demonstrate that, for the
crystal in our experiments, the observed resonances cor-
respond to exciton-polaritons due to strong exciton-
photon coupling.

Figure 1(c) illustrates how the V-H splitting can be
tuned via the cavity length. Cuts at three distinct
cavity lengths are presented in Figure 1(d). The largest
V-H splitting observed, 10.4 meV, is 300-500 times
greater than in GaAs cavities [19, 26]. Figure 1(e)
illustrates the V-H splitting in momentum-resolved
photoluminescence spectra measured at a fixed cavity
length. The two emission bands with different disper-
sion relation have mutually orthogonal polarization.
The bands cross at the largest in-plane momentum we
can measure with our microscope objective. Similar
band crossings, known as diabolic points, have recently
drawn interest in connection to photonic realizations
of non-Abelian gauge fields [27], Rashba-Dresselhaus
Hamiltonians [28-30], and the quantum geometric
tensor [31, 32]. However, experiments have remained
limited by the lack of a system combining strong
birefringence and continuous wave nonlinearity. Our
system achieves that combination, with the added value
of tunability in the birefringence (Fig. 1(c,d)) and the
nonlinearity (shown ahead).

CW nonlinearity
We now switch to a plano-concave cavity configuration,
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enabling us to probe CW nonlinearities of single and
coupled modes. To this end, we placed a concave fea-
ture above the CsPbBrs crystal and along the optical
axis. The concave mirror discretizes the cavity spec-
trum: There is a finite number of transverse modes per
longitudinal mode. In addition, the power needed for
nonlinear effects is reduced because of the smaller mode
volume. We drive the cavity with a single-mode 532
nm CW laser, and measure the polarization-resolved
transmission as illustrated in Fig. 2(a). As a stepping
stone, Fig. 2(b) shows transmission spectra for a rela-
tively weak laser power 100 4W ensuring linear response.
The incident light is diagonally polarized, thereby ex-
citing both V and H polarized transverse cavity modes.
The frequency difference between consecutive transverse
cavity modes is determined by the radius of curvature
of the concave mirror.

Figure 2(b) contains two insets showing how the trans-
mitted intensity profiles resemble atomic orbitals. We
label the resonances by their angular momentum num-
ber ¢. Notice the proximity of the £ = 0 H-polarized
and ¢ = 2 V-polarized resonances, characterized by ‘s’-
and ‘d’-like mode profiles, respectively. Their proximity
is due to the CsPbBrs birefringence, which shifts V and
H resonances as illustrated in the Fig. 2(b) top inset. In
an empty cavity without CsPbBrs, these two resonances
would be highly detuned since H and V-polarized reso-
nances with the same ¢ are degenerate. Imperfect con-
cave mirrors with ellipticity can lift the degeneracy, but
we do not observe this effect with the concave mirror
under study and with our measurement resolution.

Figure 2(c) shows transmission spectra around the
¢ = 0 H-polarized resonance for three distinct laser
powers P. Spectra are referenced to the linear reso-
nance linewidth I'. The incident light is H polarized, ex-
cluding the excitation of V-polarized resonances. Solid



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

'
I

10X
0.28 NA

~ N
[/l
= N

| 10X
‘ B 'i|>ﬂ|<"

T=30K T=5K

Transmitted Power (W)

“(

Transmitted Power (UW)

~)|
Il
o

W
APD,

X3
P=100uW
1 -
x20
P=10pW H
0
T T T
-5 0 5

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 CsPbBrs crystal, all in a closed-cycle cryostat. The
polarization-resolved transmitted power is measured using a polarizing beam splitter (PBS) and avalanche photodetectors
APDy and APDy. (b) Orange and purple curves are transmitted powers collected in V and H polarization, respectively. The
incident laser is diagonally polarized. Its P = 100 uW power is sufficiently low to ensure linear response. A is the frequency
detuning between the laser and the £ = 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 ¢. 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 A forward and backward, respectively. P is the laser power. Unlike in (b), here the incident laser is
horizontally polarized. I' 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 pW and
P =100 uW are multiplied by 20 and 3, respectively, and measurements at P = 100 uW and P = 1 mW are displaced vertically
by 1 uW and 2 pW, respectively.

and dashed curves correspond to cavity length scans
whereby the frequency detuning A between the laser
and the £ = 0 H-polarized resonance increases and de- 10
creases, respectively. For P = 10 yW we observe a
Lorentzian lineshape characterizing the linear regime. 1
Around P = 100 pW the resonance bends and displays a 17
small hysteresis. This intensity-induced lineshape asym-
metry is due to CsPbBrs having a nonlinear refractive 10
index mo, which we know is negative because the res- 200
onance bends towards positive A. For P = 1 mW the
hysteresis widens and we observe optical bistability: two
stable states with different intensity at a single driving 203
condition. This is the first observation of optical bista- 20
bility, the hallmark of a CW nonlinearity, in a HP. 20

Bistability — the existence of two attractors in phase 2%
space — is a property of the system. It exists for 2
certain combinations of laser amplitude and laser-cavity 2%
detuning, as Supplementary Figure S4 shows. It does 2*®
not depend on the way that region of parameter space 2
is accessed. Optical bistability can be revealed in two 24
complementary ways to our detuning scan: by scanning 22
the laser power (see Supplementary Figure S5), or by 22

probe the interplay of nonlinearity and polarization in
our cavity. Figures 3(a) and 3(b) show polarization-
resolved transmission spectra in the linear and nonlin-
ear regime, respectively. In the linear regime, the V-
polarized resonance has lower amplitude than the H-
polarized resonance. While the incident polarization
axis is exactly midway between the V and H crystal
axes, the spatial overlap of the incident Gaussian beam
with the modes is different. The overlap is smaller with
the ‘d’-like mode profile of the V-polarized resonance, re-
sulting in its lower excitation efficiency. In the nonlinear
regime obtained for P =5 mW, Fig. 3(b) shows optical
hysteresis and bistability. Notice the power rise in V po-
larization shortly after the power drop in H polarization
around A/T' = 9. This behavior, only observed when
both modes are driven via an incident polarization that
is not parallel to the H or V axis (see Supplementary
Figure S7), suggests energy transfer between H and V
polarization. Such energy transfer is impossible in the
linear regime, where the modes are orthogonal and de-
coupled. However, at sufficiently high intensities the
modes couple nonlinearly as explained ahead.

192

193

195

198

201

202

G

186 letting the noise reveal the existence of two attractors
17 in the system’s dynamics under constant driving (see
188 Supplementary Figure S6).

189

10 Polarization rotation and multistability
11 We now return to diagonally polarized driving, and

To characterize the output polarization state and its
fluctuations, we plot in Fig. 3(c) a histogram of the
216 polarization contrast (Py — Py)/(Pg + Py) spectrum.
27 Py and Py are the power in H and V polarization,
218 respectively. Excitation conditions are the same as in
20 Fig. 3(b). The histogram contains 40 trajectories mea-
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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 A increases and decreases, respectively. (c) Histogram of the polarization contrast (Py — Py)/(Pu + 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
Nu,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 A/I'; that num-
ber is limited by an uncontrolled cavity length drift in
our cryostat. Starting in state ‘1’ and increasing A/T,
the polarization state evolves along the green arrow un-
til it rotates from H to V around A/I" = 9. The system
then settles in state ‘3’, and upon further increasing A /T’
it jumps to state ‘2’. State ‘2’ is detuned from both res-
onances, and the powers in H and V polarization are
therefore equal and low. As a result, state ‘2’ appears
broader in Fig. 3(c) than states ‘1’ and ‘3’; its mean
intra-cavity intensity is low, while the noise variance is
unchanged.

After reaching the largest A/T" in our protocol, the
direction of our cavity length scan is reversed. The po-
larization state then returns along state ‘2’, jumps down
into state ‘3’, and finally rises smoothly to state ‘1’ fol-
lowing the curved arrow in Fig. 3(c). To illustrate this
path, we highlight in cyan one trajectory measured in
the backward scan. Notice how the jump from state
‘2’ to state ‘3’ in the backward scan (sometimes) oc-
curs at a smaller A/T" than the jump from state ‘1’ to
state ‘3’ in the forward scan. This feature is indicative
of tristability, i.e., three stable states at a single driv-
ing condition. In Supplementary Figure S8 we show,
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theoretically, that our system is indeed expected to be
tristable in this regime. Overall, Fig. 3(c) showcases the
potential to fully rotate the polarization state of light
leveraging the CW nonlinearity of our CsPbBrs cavity.

Nonlinear interaction of polarization modes has been
achieved in few other experimental platforms, such as
GaAs [19] and fibre [20] cavities. Those systems offer
a rich playground for exploring functionalities emerg-
ing from interacting polarization modes, such as non-
reciprocity [33]. In this vein, our results position
CsPbBr3 on par with these well-established platforms
for nonlinear optics. However, as shown in the remain-
der of this manuscript, the nonlinearity of our system is
unique in its characteristics.

To elucidate the physics of our system and the char-
acteristics of its nonlinearity, we developed a coupled-
mode model as explained in Methods. It describes
two complex-valued fields, a gy, coherently driven with
amplitudes reproducing the resonance amplitudes ob-
served in Fig. 3(a). The frequency detuning between
the two modes matches the one observed in Fig. 3(a).
In addition, each mode is subject to dissipation, white
noise, and two types of interaction. We include a self-
interaction proportional to the intensity in the same
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mode, and a cross-interaction whereby the intensity in
one mode modifies the frequency of the other and vicev-
ersa. The latter is similar to a cross-Kerr nonlinear-
ity [34] or cross-phase modulation [35, 36], albeit the re-
sponse of our system is non-instantaneous. Figures 3(d-
f) show calculations based on our model, reproducing
our observations in Figures 3(a-c).

The good agreement between experimental and
theoretical spectra depends on several assumptions and
constraints in the model that elucidate the properties
of our system. First, self-interactions need to be
non-instantaneous. Otherwise, the overshoot arising
when decreasing A (see dashed curve in Fig. 2(c) for
largest power) cannot be observed with our limited
photodetection bandwidth. Indeed, from the width of
that overshoot we deduce a characteristic time for the
self-interactions 7, = 4 us (see Supplementary Figure
S9). Second, cross-interactions also need to be non-
instantaneous. Otherwise, the power in V polarization
rises abruptly, rather than gradually, after the power
drop in H polarization. Supplementary Figure S10
illustrates how theoretical spectra deviate from our
experimental observations if self- and cross-interactions
are assumed to be instantaneous. Calculations in
Supplementary Figure S11 further demonstrate that
the cross-interaction time 7. is similar to 75. Third,
our model enables to constraint the relative strength of
self- and cross-interactions. We find that the two in-
teractions are approximately equally strong. Deviating
from this condition by a factor of three or more results
in major modifications to the calculated lineshapes (see
Supplementary Figure S12).

Signatures of criticality

Recent experiments with CsPbBrs polaritons at room
temperature displayed ultrafast nonlinearities under
femtosecond-pulse excitation; these were attributed to
polariton-polariton interactions [9, 10, 14]. In contrast,
our experiments under CW driving display time-delayed
nonlinear effects similar to those observed when an op-
tical mode couples to a thermal field [37-39] or an ex-
citon reservoir [24, 40]. However, unlike any thermo-
optical or excitonic nonlinearity that has been reported,
the nonlinearity of our CsPbBrs cavity exhibits an in-
triguing temperature dependence indicative of critical
or near-critical behavior. To evidence this dependence
in a minimal configuration, we probe our cavity with
H-polarized light and measure the optical hysteresis for
variable temperature.

Figure 4(a) shows averaged optical hysteresis mea-
surements at three temperatures T and fixed laser
power. Since we probe a single mode and everything
besides temperature is unchanged, the larger hysteresis
at T' = 62 K must be due to an enhanced self-interaction
strength (Us in our model, described in Methods). To
elucidate the origin of this enhancement, in Fig. 4(b)
we plot the hysteresis area [shaded areas in Figure 4(a)]
versus temperature. The hysteresis area, and hence Us,
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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; Lo is the cav-
ity length for which the laser frequency exactly matches the
¢ = 0 H-polarized resonance frequency. The shaded regions
indicate the hysteresis area. The mean of the noise p 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 pW.

surges as 1" approaches 65 K from either side. The res-
onance lineshape bends towards positive detuning for
every temperature we probed, meaning the sign of ny
does not change across 65 K.

While the microscopic origin of both the CW non-
linearity and its enhancement at a finite temperature
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is unclear to us, we suspect that a phase transition in
CsPbBr3 may be involved. To assess the plausibility of a
first or second order phase transition, we fitted our data
with two functions. One (dashed purple curve) fit is a
power law of the form C|T — T.|™7, with the constant
C, critical temperature T, and exponent 7y as fit param-
eters. The divergence at T, consistent with our exper-
imental data, is the hallmark of a second order phase
transition. The second function we fitted (dash-dotted
green curve) corresponds to a first order phase transi-
tion, where a finite enhancement of the nonlinearity is
expected; the fitting approach for this case is explained
in Supplementary Figure S13. While the fit implying a
second order phase transition is somewhat better (see
figure caption), a first order transition cannot be ex-
cluded.

At temperatures above those considered in Fig. 4(b),
we observed a significant reduction in transmitted in-
tensity (see Supplementary Figure S14) and thus of the
signal-to-noise ratio (SNR). We tentatively attribute
this lower SNR to the reduction in quantum efficiency
of CsPbBrs with temperature (see Supplementary
Figure S15) [41, 42]. While our experiments involve
coherent instead of incoherent driving as in photolu-
minescence, re-absorption mechanisms degrading the
quantum efficiency also degrade the transmission. Our
measurements also indicate that the CsPbBrs3 CW
nonlinearity becomes extremely weak (at best) above
110 K and undetectable at 150 K (see Supplementary
Figure S14.) This is consistent with the fact that all
room-temperature CsPbBrs nonlinearities reported to
date have required pulsed excitation. Clearly, the CW
nonlinearity here studied is of a different origin.

Discussion

To conclude, we discuss two perspectives emerging from
our results. One perspective is to clarify the strength
and origin of the CsPbBrg CW nonlinearity. Quantify-
ing the nonlinearity strength is challenging. For GaAs
cavities, excitonic nonlinearities spanning nearly 5 or-
ders of magnitude in strength have been reported after
3 decades of research [23]. For CsPbBrj cavities, exci-
tonic nonlinearities spanning nearly 4 orders of magni-
tude (~ 0.1 peV pm? [10, 14], 41 peV pm? [6], and 600
peV pm? [13]) have been reported under pulsed exci-
tation alone. The large spread of reported values for a
given material reflects the challenges in accurately de-
termining the nonlinearity strength. The challenge is
even greater for CsPbBrs under CW driving, where dis-
entangling contributions of ultrafast excitonic nonlinear-
ities [6, 10, 13, 14] and our ~ 4 us nonlinearity is dif-
ficult. Actually, the same difficulty arises under pulsed
excitation if the pulse repetition rate exceeds the ~ 0.25
MHz relaxation rate of the nonlinearity we found. Our
work thus opens an interesting new question about the
relative strength of different nonlinearities in CsPbBrs.
New methods are needed to answer that question.

Establishing the origin of the CsPbBrs CW nonlin-
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earity is also challenging. We believe thermal effects
are the most likely explanation. The microsecond relax-
ation time we observed, similar for thermo-optical non-
linear cavities [37-39], supports our hypothesis. How-
ever, explaining the non-trivial temperature dependence
of the nonlinear response requires an additional mecha-
nism. Our intuition, to which we alluded in the previous
section, is that a phase transition at 65 K is involved.
At a phase transition, the change in refractive index
with temperature On/0T is maximized [43]. On/OT re-
mains finite at a first-order transition, and diverges at a
second-order transition. If the nonlinearity is thermal,
its strength is given by dn/0T. Therefore, the combi-
nation of thermo-optical nonlinearity and a phase tran-
sition (of as yet unclear order) can qualitatively explain
our entire data set in Fig. 4.

Our interpretation raises important questions. For
instance, if the CW nonlinearity is thermal, why has
it never been observed at high temperature? In this
vein, we highlight that we failed to observe clear signa-
tures of bistability above 110 K. All CsPbBrj3 crystals
degraded at powers well below any detectable nonlinear
threshold at higher temperatures. We believe that this
is due to the increased non-radiative losses which also
degrade the transmission (see Supplementary Fig. S14
and the discussion around that figure). Another impor-
tant question emerging from our hypothesis is: What is
the nature of the apparent phase transition? Structural
phase transitions have been reported for CsPbBrs [44—
46], but only at higher temperatures. Light-induced
phase transitions have also been reported for CsPbBrj,
but their reported properties are incompatible with our
observations. Their relaxation times exceed us by many
orders of magnitude [47, 48], and they result in an in-
tensity dependent birefringence [48]. In contrast, the
good experimental-theoretical agreement in Fig. 3 is
only obtained by assuming a birefringence independent
of power. More generally, a light-induced phase tran-
sition cannot explain our results in Fig. 4 obtained at
constant laser power; a temperature-induced, not light-
induced, transformation is required. In search for other
insights, we measured temperature-dependent photolu-
minescence and absorbance spectra of a bare CsPbBrj
crystal; see Supplementary Figure S16. No clear indi-
cations of a phase transition around 65 K were found
in that data. Nonetheless, the nonlinear-to-linear re-
sponse ratio may provide a clearer signature of a phase
transition [49]. This could explain why our new exper-
imental approach, characterizing the CW nonlinearity
strength in CsPbBrj as a function of temperature, may
be uniquely suited to identify phase transitions that were
undetected by other methods. In case a phase transi-
tion is confirmed, CsPbBrs would rise as a particularly
interesting platform to realize strongly correlated states
of light-matter mixtures [50-52], and to probe the influ-
ence its emergent phases (e.g. ferroelectricity [46]) on
light and viceversa.

CsPbBr3 hosts a variety of other effects that could
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potentially also underlie its CW nonlinearity. For in-
stance, at low temperatures Cst ions displace within
the unit cell and generate a dipole moment [53]; this
could enhance the nonlinear response. However, the
Cs™ displacement is monotonic with temperature [53],
whereas the CW nonlinearity strength sharply peaks
around 65 K. Alternatively, self-trapped excitons have
been observed in low-temperature CsPbBrs [54]. Their
0.12 us decay time at 10 K [54] is somewhat close to
the 4 us relaxation time retrieved from our experiments.
However, as the temperature increases, the self-trapped
exciton decay time continuously decreases and becomes
30 ns at 100 K [54]. In contrast, the CW nonlinearity
relaxation time retrieved from our experiments displays
relatively minor changes with temperature; see Supple-
mentary Figure S17. The two time scales are a factor
of 300 apart at T = 100 K. Another potential expla-
nation involves interactions between polaritons and the
so-called exciton reservoir, resulting in a time-delayed
nonlinearity identical to the one in our model [24, 40].
However, the 4 us relaxation time in our experiments
significantly exceeds the 5 ns exciton reservoir lifetime
in CsPbBrj [55]. Last but not least, phonons play an im-
portant role in CsPbBr3 and HPs in general [56]. These
lattice vibrations with temperature-dependent popula-
tion can couple to polaritons and form polarons [57],
which have been associated with enhanced nonlinearities
in HPs [58]. This is an interesting explanation which,
like all others given above, only future experiments and
modeling will be able to strengthen or rule out.

The second perspective emerging from our results is
to use the unique properties of CsPbBrs (regardless of
their microscopic origin) to probe new physics or per-
form proof-of-principle experiments relevant to applica-
tions. In this vein, we discuss next three unique pos-
sibilities. First, the combination of CW nonlinearity
and birefringence in CsPbBrs could enable the explo-
ration of spin-orbit coupling physics in strongly interact-
ing regimes. Several experiments with birefringent cav-
ities have recently drwan interest to spin-orbit coupling
phenomena [28-30, 32, 59-65]. However, the effects of
self-interactions or cross-interactions on such phenom-
ena remain unexplored. Second, CsPbBrjs cavities at low
temperature could be used to probe charge transport by
polaritons. Although polaritons are charge neutral and
generally do not carry electrical current (only exciton
currents arise [66]), a significant polariton photocurrent
has been predicted in media with broken inversion sym-
metry [67]. Recent observations of the Rashba effect [45]
and ferroelectricity [46] in CsPbBrs indicate that inver-
sion symmetry can be broken in this material. Since
birefringence is generally associated with inversion sym-
metry breaking, and CsPbBrs birefrigence depends on
temperature (see Supplementary Figure S15), CsPbBrs
cavities are a convenient platform for experiments in this
direction. Third, the nonlinear polarization control we
demonstrated could be used to realize compact magnet-
free nonreciprocal devices. A microsecond nonlinearity

s06 1S not an obstacle to nonreciprocity and many of its func-
sor tionalities, as recent experiments have shown [21, 22].
sos In fact, slow nonlinearities can enable new functionali-
so0 ties such as nonreciprocal pulse compression and reshap-
510 ing [68}
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METHODS

Optical cavity experiments

The planar and concave DBR consist of 10 and 11
pairs, respectively, of alternating layers of SiOs and
TasOs. Both DBRs have peak reflectance of 99.9 %
at 530 nm. The planar mirror hosts a 280 nm thick
CsPbBrs-crystal. We estimated the crystal’s thickness
by comparing transmission spectra in experiments and
transfer matrix calculations; see Supplementary Figure
S3. CsPbBrj3 has, strictly speaking, a biaxial permittiv-
ity tensor [7]: its refractive index is different along all
three crystal axes. However, two refractive indices are
nearly identical. Due to the way our CsPbBrjs crystal
is grown [25], on a mica substrate and subject to lat-
tice matching constraints, two crystal axes with substan-
tially different refractive indices lie in the cavity plane.
These different refractive indices result in the birefrin-
gence illustrated in Figs. 1 and 2.

For the measurements in Figs. 2(b,c), 3(a-c) and 4,
we used a concave mirror with 10 gm diameter and a
25 pm radius of curvature to make a plano-concave cav-
ity. The concave features were made by milling the glass
substrate with a focused ion beam prior to DBR depo-
sition [69]. While the typical RMS roughness of our
concave mirrors is below 1 nm [69], the roughness is ir-
relevant because the cavity finesse (~ 3000) is limited
by the mirrors’ reflectivities.

The polarization of the incident laser was controlled
with a half-wave plate. The cavity transmission was
decomposed into orthogonal linear polarizations by a
polarizing beam splitter (PBS). The PBS was rotated
about the optical axis to ensure its alignment with the
crystalline axes of CsPbBr3. For the measurements in
Figs. 2(c), 3(a-c), and 4, we modulated the detuning
by increasing and subsequently decreasing the mirror
spacing at modulation frequency fnoq = 130 Hz.

Cryostat and temperature measurements

The cavity is inside a closed-cycle cryostat made by
Montana Instruments, model HILA. Supplementary
Information Section A includes a detailed description
of our cryostat, along with a photo and a technical
drawing of our setup in Supplementary Figure SI1.
The measurements presented in Figs. 1(c-e), 2(b,c)
and 3(a-c) were performed with the cryostat base
temperature set to 5 K. For the measurements in Fig. 4,
we attached a temperature probe to the mirror mount
containing the perovksite crystal. This was done to
measure the actual sample temperature, which we
later found could exceed the cryostat base temperature
by 1-2 K. The slightly larger sample temperature is
insignificant for the previous results since, as Fig. 4
shows, the nonlinearity strength does not significantly
change in the 5-7 K temperature range. Finally, we
note that the cryostat pump was temporarily turned
off for the measurements in Figs. 1(c,d,e). This was
done to minimize the effects of mechanical vibrations.
Those vibrations significantly impact our measurements
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when the cavity length is constant as in Figs. 1(e), or
slowly scanned as in Figs. 1(c,d). However, in all other
experiments, we circumvent the deleterious effects of
vibrations by scanning the cavity length sufficiently
fast. In particular, the rate at which we sweep the
laser-cavity detuning through the optical resonance is
greater than the highest mechanical frequency in our
setup.

Cavity length calibration

To estimate the total cavity length, we followed the ap-
proach described in Ref. [70]. First, we illuminated the
planar part of the cavity and measured the white-light
transmission spectrum as a function of the separation
between the mirrors. The transmission spectrum dis-
plays a series of resonances [see Fig. 1(c) or Supple-
mentary Figure S2], each corresponding to a different
longitudinal mode number. Then, we considered the
expression for the energy of longitudinal cavity modes:
E. = heq/2n L., with h Planck’s constant, ¢ the speed of
light in vacuum, ¢ the longitudinal mode number, n the
refractive index of the intra-cavity medium, and L. the
effective cavity length. This enabled us to determine ¢
and L. by fitting the expression for F, to the experimen-
tally observed resonances in the 2.13 - 2.3 eV range. L.
is an effective cavity length because it takes into account
the field penetration depth into the DBRs and the opti-
cal (rather than physical) thickness of the CsPbBr3 crys-
tal. Otherwise, the above expression would only hold for
a cavity made by perfectly conducting metallic mirrors
and filled with a homogeneous medium. Through this
best-fit approach, we determined that L. was between
4 pm and 4.5 pm in all our experiments with a plano-
concave cavity. The cavity length in those experiments
was thus similar to the one in the experiments reported
in Fig. 1(c). The half-micron uncertainty in L. we re-
port is due to the error in the aforementioned fitting
approach. This uncertainty is, however, irrelevant to
our results. Changing the cavity length by half a mi-
cron only changes the power needed for bistability by a
few percent. More importantly, all our results remain
qualitatively the same.

The horizontal axis in Fig. 1(d) was obtained by sub-
tracting the mean energy E of the two resonance peaks
from the energy measured with the spectrometer.

To determine the change in cavity length in Fig. 4(a),
we used a secondary laser with 632.8 nm wavelength.
Since this wavelength is outside the DBR stopband,
transmission resonances are broad. This enabled us
to measure the transmitted intensity of the secondary
laser across a wide range of cavity lengths, and thereby
determine the horizontal axis in Fig. 4(a). The relation
between the intensity of the secondary laser and the
change in cavity length was established using the fact
that consecutive longitudinal resonances are half-a-
wavelength apart.

Photoluminescence experiments



o2 For the photoluminescence measurements in Figs. 1(e),
o8 the cavity was illuminated by a 405 nm CW laser
60 with P = 100 uW power. We obtained the dispersion
o0 relation by imaging the back focal plane of the col-
en lection objective onto the entrance slit of a spectrograph.
632

633 Theoretical model

6 We model our experimental system using coupled
s integro-differential stochastic equations for complex-
63 valued fields ay and ay, corresponding to the ¢ = 0
637 H-polarized and ¢ = 2 V-polarized modes, respectively:
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638
699 A = w — wy is the detuning between the laser frequency
a0 w and the ¢ = 0 H-polarized resonance frequency wq. 4 is
sn the frequency difference between the ¢ = 0 H-polarized
ez and £ = 2 V-polarized resonances. I' is the total loss
a3 rate; we take it to be equal for both modes, as this
s« matches our observations. The non-instantaneous non-
linearities are represented by the terms involving an in-
tegral. K;(t) and K.(t) are memory kernels for the self-
e7 and cross-interactions, respectively. Their properties de-
termine to what extent the past exerts an influence over
a9 the future state of the system. U, and U, are the self-
es0 and cross-interaction strength, respectively. F' is the
es1 driving laser amplitude and & is the input-output rate
62 through the mirror on which the laser impinges. p is
the driving imbalance, determined by the incident laser
es« polarization in our experiments. Note that, even if the
incident polarization is diagonal, p is non-zero because
the overlap of the incident Gaussian beam with the two
ss7 modes under consideration is different. Finally, (/v are
ess stochastic processes representing Gaussian white noise
60 in the laser amplitude and phase. They have zero mean,
s0 unit variance, and delta correlation. Moreover, all noise
se1 sources are uncorrelated. Since (g v are multiplied by

sz D/+/2, the standard deviation of the laser noise is D.

63 We assumed memory kernels of the form K;(t) =
exp (t/75)/7s and K.(t) = exp(t/7c)/7.. These ker-
s nel functions are integrable and continuously differen-
ws tiable. Hence, by defining w, g/ = Us fot ds K(t —

) g v (s)? and we gyy = Us fot ds Kc(t—s)|ay/u(s)]?,

&

64!

&

641

>

64

&

=2

65.

@

65

o

65i

o

o

66

by

66

B

ses we can rewrite Eqs. (1) as a set of ordinary differen-
sso tial equations in a higher dimensional phase space using
o0 Leibniz rule, to obtain
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sn W, gy and w, gy are real-valued dynamical variables.
o2 In the case of thermo-optical cavities, they correspond
o3 to a temperature. Here, since we are unsure of the mi-
e74 croscopic origin of the nonlinearity in CsPbBrs, we can
s only state that they represent the degrees of freedom
e7s which give memory to the self- and cross-interactions
77 of the modes. 75 and 7, are the memory times for the
e self- and cross-interactions. They are the equivalent to
oo thermal relaxation times in the case of thermo-optical
0 cavities, and to the exciton reservoir lifetime in the case
sa1 of polariton systems coupled to an exciton reservoir.

sz We set all model parameters to reproduce our exper-
es3 iments as follows. All model parameters are referenced
s« to ') which is the resonance linewidth measured experi-
sss mentally. A is a control parameter, so it is not fixed or
ess constrained. To set the value of k, we took into account
ez that both mirrors have equal reflectivity and assumed
sss negligible non-radiative losses. The value of p was set
s to reproduce the ratio of peak transmitted powers in
so0 the linear regime under diagonally polarized driving [see
1 Fig. 3(a)]. Us is a free parameter whose exact value is
sz irrelevant. For classical systems like ours, every possible
e03 spectral lineshape can be reproduced with any value of
s U provided that F' and I' are adjusted accordingly. The
s0s value of U does not qualitatively change the physics; it
s0s only changes the driving amplitude needed to reach a
s certain nonlinear regime. Therefore, for a given U, it
e is only relevant to determine the value of F/v/T corre-
s0 sponding to our experiments. We achieved this via the
w0 approach described in Ref. [37], referencing F?/T to the
701 laser power needed for optical bistability in experiments.
72 Calculations were performed by solving Egs. (2) us-
03 ing the xSPDE Matlab toolbox [71]. From the fields
74 oy we computed the number of H and V-polarized
s polaritons Ny = |ag|? and Ny = |ay|?, respectively.
s We set k = I'/2, p = 0.22, § = —6.8T, U; = T'/32,
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U. = Us, 75 = 150/T and 7. = 1.775 to reproduce our
experimental observations. F' = 0.98 +/T in Fig. 3(d),
and F = 9.8 VT in Figs. 3(e,f). We set D = 0.025 VT
in Figs. 3(d,e), and D = 1.25 T in Fig. 3(f). The
values of 75 and 7. in our model deviate significantly
from their experimental values, which we deduce as ex-
plained in Supplementary Figures S9 and S11. As in
Ref. [37], we adjusted their values to avoid unnecessar-
ily long and computationally costly simulations. In par-
ticular, simulating a single hysteresis cycle of our ex-
perimental system would require a dynamic range of 11
orders of magnitude (~ 10 fs time step, and ~ ms pe-
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riod). However, by reducing the memory times 7, and
T. while respecting the hierarchy of time scales in our
system (™! < 75 ~ 7, < fi.y with 1/ fmoea the mod-
ulation period), we obtain good qualitative agreement.
Finally, for all dynamical calculations, we took into ac-
count the finite bandwidth of our experimental APDs
by downsampling numerical data.

Steady states in Fig. 2(c) were calculated by setting
the time derivatives in Eqgs. (2) to zero and solving for
|agr|?. The stability of the steady states was determined
using standard linear stability analysis, i.e. by calculat-
ing the eigenvalues of the Jacobian of Eqgs. (2).
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