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Abstract: Fluorescent proteins (FPs) have recently emerged as a serious contender for realizing ultra-

d room temperature exciton-polariton condensation and lasing. Our contribution
investigates the thermalization of FP microcavity exciton-polaritons upon optical pumping under
amp ditions. We realize polariton cooling using a new FP molecule, called mScarlet, coupled

the lgwergpolariton branch and the cavity Q-factor. Direct evidence for dramatic switching from an
equilibriumystate into a metastable state is observed for the organic cavity polariton device at room
tem via deviation from the Maxwell-Boltzmann statistics at k; = 0 above the threshold.

Themnaliged polariton gases in organic systems at equilibrium hold substantial promise for designing
rogih tghpefature polaritonic circuits, switches, and lattices for analog simulation.

1. Introdu

Organic e><Ston—p01aritons are hybrid quasiparticles, resulting from the strong or ultra-strong coupling

between el excitations of a molecule and resonant photonic modes in a cavity. '™ The huge

binding e oscillator strength of Frenkel excitons in organic molecules can lead to large

vacuum RaB ng energies for organic polaritons even at room temperature. Hence, they have
been t ne of intense research for realizing emergent photonic and optoelectronic
phenomena, s Bose-Einstein like-condensation of polaritons and polariton lasing,”** nonlinear
harmon| jon, 2% superfluidity,””** all-optical transistor,">***"! polariton LED,?'**

33361 and polariton-assisted dynamical modification of molecular

polariton-mediated energy transfer,"
excitationss6'40] Among these the phenomema of polariton condensation, where a transition to a

macroscopicgeherent state occurs above threshold has been the most widely studied and forms the

basis of nd ritonic device applications. Various organic molecules have been employed to

[14,17,22,24]

. . . 10.41 .
demonstrate condensation, for example, fluorescent proteins, , organic crystals, "**"! thin

[9,11-14,16,19,20,22,23,25-28] 15,18,21,30]

disordered olecular films, and fluorescent polymers. !

A cent“ in the context of polariton condensates addresses their thermalization. In

the case c polariton systems, thermalization has been studied mostly for plasmonic
lattice couyphi 41 However, almost all condensation and lasing experiments in organic
molecular s have been demonstrated using Fabry—Pérot cavities with DBR mirrors.""
24,29,30]

ing aspect in the context of both plasmonic lattice systems and microcavity
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systems is the ability of the polaritons to thermalize despite their short lifetime (on the order

of picoseconds or less).?") This is due to the efficient polariton relaxation via the release of

acousticapfioncndl

Here, we mhe thermalization of organic polaritons formed in mScarlet, a new class

of red flu tein (RFP). We explore a DBR-Ag A-cavity system comprising a red

fluoresEen®™protein (RFP), mScarlet, as the active exciton layer to achieve strong coupling.
The cavithr and the radiative pumping of the lower polariton branch (LP1) is shown

to play an@l role in achieving room temperature equilibration and effective cooling of

the organic riton gas. Microcavity strong coupling of RFPs intermixed with enhanced
green ﬂu%roteins (eGFPs) were first reported by Dietrich and co-workers.*! Prior to
this, the same group also proposed the idea of introducing eGFP into simple laminated

microcavities to Achieve room temperature polariton condensation via strong coupling."'”! In

contrast Eherry, which was previously used to realize lattice polariton
[14,22,

4,22,24

condensat I'the protein mScarlet is a highly monomeric, B-barrel structure-based RFP

[46

with a recged -times higher oscillator strength than mCherry."*®! The organic protein

possess a ence lifetime of ~ 3.9 ns with a quantum yield of ~ 70% in solid-state. In

additio ngly tolerant under high-power laser irradiation and exceptionally robust

against exci citon annihilation and bimolecular quenching at higher excitation densities.
All the

with different O-factors (160 and 330) under optical pumping at ambient conditions. Our

are promising for polariton condensation. We compare two-cavity samples

experimets show a considerable nonlinear increase of the photoluminescence intensity,

linewidth c e, and an increase in the relative blueshift of the high-Q cavity sample. Most
important observe the cooling of exciton-polaritons via room temperature
thermalizagi ith the equilibrium switching to a metastable state for the high-Q cavity
sample & tz ;;: ; his is attributed to a combined effect resulting from the cavity O-factor and

the eneWon of the lower polariton (LP1) branch.

2. Results ssion

2.1. Ca{acterization
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A schematic of our device is shown in Figure 1a. The system comprises of a thin film of mScarlet

(active layer) FP embedded in a microcavity comprising a distributed Bragg reflector (DBR) at the
bottom an*a silv' (Ag) mirror at the top. The DBR comprises 10.5 alternating pairs of dielectric
(Si0y/Ti0, grs with a stopband centered at 2.00 eV (620 nm) and a reflectivity of > 99.9 %
between 1 nm) and 2.23 eV (555 nm). For comparison, we fabricated two strongly
coupled ;axitx iamples with varying cavity detuning of Ee — Ec,y = (22 £ 2) and (45 £ 3) meV by

adjusting ti¢ mScarlet film thicknesses (Methods). The thickness of the film is tuned to support two

photonic modes

high-Q (
photolumir%(PL) spectra of bare mScarlet film on quartz substrate. The absorption exhibits a

1thin the cavity resulting in a low-Q (LQ) cavity with a Q-factor of ~ 160 and a

) cayity with a Q-factor of ~ 330. Figure 1b compares the absorption and
maximum @t 2§16 &V (574 nm) with a weak shoulder at 2.31 eV (537 nm), whereas the emission

peaks at 2. 04 nm). White light reflectivity maps for both cavity samples are given in Figure
S1. Figures 1c and 1d show the angle-resolved photoluminescence (PL) spectra for the strongly

coupled LQ and HQ cavity samples, respectively. The positions and the curvatures of the
experimentdlly measured polariton dispersions are reproduced using the transfer matrix method and

are fitted using a coupled oscillator model. Subsequently, the cavity parameters are estimated from the

fts, whichm
=

. -
®,
e
r—
)
<
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Figure chematic of the thin film of mScarlet embedded in a microcavity [Zoom view:
schematic ima ide view) of the mScarlet molecular structure with the chromophore (green)
surroun -barrel (pink)]. JMol 14.28.3. was used to create the image. b) Absorption (green
line) an emission (pink line) spectra of an mScarlet film on a quartz substrate. Angle-resolved PL

maps for the strongly coupled microcavity samples, ¢) LQ and d) HQ, showing two lower polariton
branches (I8P1, LP2) and one upper polariton (UP) branch (white dashed lines). White dotted lines
represent the cavity and exciton resonances.

Rabi splitti ies (7€) of ~258 meV (UP and LP1) and 452 meV (UP and LP2) for the LQ
cavity sﬂlaﬂy, Rabi splitting energies (4Qx) of ~251 meV (UP and LP1) and 464 meV (UP
and LPMed for the HQ cavity sample, respectively. From the analysis of the Hopfield
coefficient . S2), the LP1 for the LQ cavity sample comprises an exciton fraction of |Xj—o|* =
0.40 and aDraction of |Cuzo* = 0.60. On the other hand, the HQ cavity sample comprises an
exciton fractj Xku:0|2 =~ (.30 and a photon fraction of |Ck”:0|2 ~ (.70. Similarly, the LP2 branches

for the Q cavity samples are comprised of an exciton fraction of [ X" = 0.35 and |Xj-o|* =
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0.26, respectively. On the other hand, the photonic fractions are |Ck‘|:0|2 = (.65 and |Ck“:0|2 = (.74 for
the LP2 branches of the LQ and HQ cavity samples, respectively. For k; = 0 in-plane wave vector, the
polaritoWbe LQ cavity are positioned at Eyp =2.30 eV, Ep; =2.05 eV, and E;p, = 1.83 eV.

On the otherghamd, the polariton modes of the HQ cavity are positioned at at Eyp = 2.25 eV, Eip; =
2.00eV,a @ 1.80 eV.
I
2.2. Excitatign pewer dependence of optical nonlinearities
Next, we sQexcitation fluence-dependent PL response of the polariton modes in our strongly

coupled camﬂes. In these experiments, the system is excited from the DBR side through off-
ptieal

resonant o mping with a photon energy of 2.53 eV (tuned to a reflectivity minimum of the
DBR) using excifation pulses of ~80 fs pulse duration and a 12-um spot diameter with a nearly
Gaussian b ile (Methods).

Figure 2a gows the excitation fluence-dependent PL response of LP1 in the LQ cavity sample
integrated aroun = £ 2° The integrated PL intensity shows a sublinear dependence at low
excitation flue llowed by an increase in slope for higher excitation fluence. The sublinear power

dependence at [ow excitation fluence is attributed to the sublinear increase in bare exciton PL

observe Scarlet film on quartz and the comparably low Q-factor of this cavity sample (cf.
Figure S4 other hand, at higher excitation fluence, partial polariton thermalization gives rise
to a ch: lope of the integrated PL intensity (cf. detailed discussion below). While the PL

linewidth does not change significantly below an excitation fluence (energy) of 60.7 mJ/cm® (~35
nJ/pulse), hs substantially for larger excitation fluence. As shown in Figure 2b, the PL peak
shifts towa r energies below 43.4 mJ/cm’ (~25 nJ/pulse), but decreases with further increase

in excitatio , which is attributed to the onset of photobleaching.

Next, we Sscuss the excitation fluence-dependent PL response of the HQ cavity sample shown in

Figure 2€¢" tingly, we observe a superlinear increase of the PL intensity by one order of
magnituWexcitation fluences of 15.6 mJ/em®> (~9 nJ/pulse). This superlinear response
accompani haracteristic collapse of the linewidth, from 5.9 to 3.4 meV, marks a threshold

behavior u: ributed to the stimulated scattering of polaritons into the ground state.!*” The step-
like increasgd P1 energy around excitation fluences of 15.6 mJ/cm® (9 nJ/pulse) is followed by
a chan pe until the onset of photobleaching ~ 60 - 70 mJ/cm® (35-40 nJ/pulse). The
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photobleaching is also evident from the linewidth increase (cf. Figure 2¢) around the same excitation
fluence. We systematically captured this behavior from various areas of the HQ microcavity sample.

As discussged in pEevious reports,*”’ the magnitude of blueshift in both the cavity samples is a

combined e esulting from the saturation-induced quenching of the Rabi splitting energy and the
cavity mod renormalization as a
Excilation fluence (mJ/em?) Excitation fluence (mJfem?)
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Figure 2. a) ted PL intensity along with linewidth, and b) relative blueshift as a function of
differe on powers for the LQ cavity sample, ¢) Integrated PL intensity along with linewidth,
and d) rela eshift as a function of different excitation powers for the HQ cavity sample. The fit
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results are integrated around £ = £ 2°. e) Angle-resolved PL maps of the HQ cavity sample below and
above the threshold (15.6 mJ/cm?).

H

I
consequenh change in the effective refractive index (n.) of the cavity from exciting the
weakly cofipled uncoupled molecules. On the other hand, a step-like behavior instead of a
continuous ¢ is a characteristic of organic microcavity samples. It is attributed to a competition
between tH€ ififermolecular energy transfer and stimulated relaxation to the ground state of the
polariton.* negligible energy shift of the LP1 mode below the threshold is attributed to an
intemolec@y migration process that could rapidly depolarize the fluorescence. """ On the
other hand! nge in the slope above the threshold indicates stimulated scattering of the optical
dipoles (sﬂcoupled molecules) aligned with the excitation laser. While the molecular
concentratiofimismi@entical in both cavity samples, the exciton—photon detuning is smaller in the LQ

cavity samm leads to a higher impact on the cavity mode energy renormalization resulting in

comparabl shift for the LP1 mode of the LQ cavity."” The overall change in polariton energy

for bot les are relatively small and does not seem to depend on the cavity Q-factor. The

angle-resolve mission maps in Figure 2e show the polariton distribution in LP1 of the HQ cavity

sample itation fluences (above and below the threshold). At higher excitation power above
the threshold, we observed a stimulated scattering of polariton density towards lower & vectors, close

to k= 0. Ir!ontrast, the PL is distributed along the LP1 branch at all powers below the threshold.

Although th g-resolved emission maps and the power-dependent results indicate the stimulated

scattering O

=0, whicME to confirm the condensation of polaritons. Nonetheless, our analysis of the results

ons, they are not conclusive evidence for the majority population of polaritons at 4

presented i\ Figure 2 clearly shows the important role of the cavity Q-factor for polariton systems.

The signatures optical nonlinearity and the observed threshold behavior motivate the
characterizati olariton thermalization in these microcavity samples.
2.3. Th tion of polaritons
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Figure 3 summarizes the results of our thermalization analysis for the LQ and HQ cavity samples. We
observed thermalization and cooling with increased pumping for both cavity samples, which is
attributed F enh’ced polariton scattering at high excitation densities. To extract the effective

temperature ofgthe polariton gas, we derive the relative occupation number N(E) of the polariton

branch by ng the PL intensity /(k) by the photon fraction at each angle, |C(k)|*, giving N(E)
= I(k)/ IC.'(k = . The angle-dependence of the energy is given by the corresponding maximum of the PL
spectrum. Note that this is a temporally and spatially integrated measurement of a pulsed driven
system which ayerages over the time evolution during each pulse and the spatial inhomogeneities
within the gump spot. Figures 3a and 3b compare the occupation number N(E) of the LP1 branch in
both LQ and or different excitation fluences at ambient conditions. Black lines are fits according
to a Maxwell- ann distribution, N(E) o exp(—(E—Ey)/ksT,5), from which we extract the effective
temperatur olaritons. The result is shown as a function of the excitation fluence in Figures
3c,d for LQ and HE, respectively. The ground-state energy is determined by £ — £y = 0 meV for & =

0. For the L sample, the polariton occupation of LP1 at low excitation fluence of 8.6 mJ/cm®

(~ 5nl/pulge) is not thermal, as shown in Figure 3a. On the other hand, we observe a single
exponential fit representing the Maxwell-Boltzmann distribution for the excitation fluences ranging
from 17.3 ﬁqo nl/pulse) to 34.7 mJ/cm® (~20 nJ/pulse). Beyond excitation fluences of 43.4
ml/cm’ (~25 n¥Pulse), the distribution becomes non-thermal, which is attributed to the onset of
photobl observed in Figure 2b. For the HQ cavity, below a critical polariton density, the
distribution i fitted by a Maxwell-Boltzmann fit corresponding to a single exponential, i.e., a
straight emi-log plot (cf. 12.1 mJ/cm® and 13.8 mJ/cm’ in Figure 3b). However, at the
critical threshold density of 15.6 mJ/cm® (~9 nJ/pulse), where the ground state of LP1 starts shifting

towards hihrgy in Figure 2d, we observe an increase of polariton occupation in the ground
state at k; =4 uences larger than 15.6 mJ/cm?, the deviation from Maxwell-Boltzmann statistics
leads to a t increase in the polariton distribution at &, (biexponential behavior). Note that
beyond flu 60.7 mJ/cm® (~35 nJ/pulse), the polariton distribution becomes non-thermal with
no considegble bi-exponential contribution at kq (cf. Figure S3). As mentioned above, this is caused
by the onsi of Bl;'tobleaching. Unlike in our HQ sample, no increase in N(E) at kg is noticeable for

the LQ sample upon increasing the polariton densities.

Figures 3c how extracted effective temperatures 7,; as a function of excitation fluence for
both cavity , respectively. The LQ cavity sample shows a decrease from around 540 + 30 K to
the lo of 458 + 22 K. As shown in Figure 4a, although the LP1 branch of LQ cavity is
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thermalized, the system is characterized by an effective temperature that lies above the lattice

temperature of 298 K. As a consequence, polariton emission is observed in a large angle range (inset,

Figure

the LQ cavj
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However, upon further increasing the excitation fluence, the HQ cavity sample undergoes a transition
to a metastable state where the effective polariton temperature is no longer well defined. The
metastable Itate apve the threshold deviates from Maxwell-Boltzmann statistics over a broad range
of polariton_deasities (cf. Figure 3b). This indicates a steady-state quasi-equilibrium condition that

predicts a @ distribution function for N(E) with an increased occupation at k= 0.'*?% The

calculatad lifetime (using exciton and cavity lifetime) of LP1 for the HQ cavity sample is ~ 0.8 ps. On
the other
200 fs, 2,

d, vibrational relaxation for such B-barrel fluorescent protein systems occurs within ~

ich could further favor the equilibrium dynamics in our cavity polariton device.****

Further evidence stimulated scattering of LP1 densities towards the ground state (ko, Figure 4b)

with increas itation pump powers can also be observed from the polariton density distribution
plot (inset@Figy 3d) as a function of angle. Note that we did not observe any signatures of optical
nonlinearit P2 branch of both the cavity samples despite its relatively high photonic character
compared to that afjLP1. Also, we didn’t observe any evidence of Raman mode assisted decay to the

LP modes for any of our cavity samples used in this study (cf. Figure S5, SI). >3-4

From our

the LP1 emoth the LQ (Erp = 2.05 eV) and HQ (£Lp = 2.00 eV) cavity samples is close to the
i

tion analysis, we obtain two important conclusions: First, as shown in Figure 4,

emission of a mScarlet film (2.05 eV). This overlap facilitates the (intracavity) pumping of
uncoup citons into the LP1 branch in both cavity samples upon increasing the excitation
fluence.™ , the larger Q-factor of the HQ sample increases the polariton lifetime and thus

results j re strongly pronounced signatures of optical nonlinearities via stronger thermalization
and cooling of polaritons within the LP1 branch. On the contrary, the large energy separation between
LP2 and t§ exciton reservoir suppresses efficient scattering and hence no signatures of fluence-

dependent nlinearities are observed for LP2.

Figure 4. Selematic comparing the polariton relaxation and Stokes shift assisted thermalization

a Normalized Abs. b Normalized Abs.
[ R R | — 17— 2'4IIIII‘II'I|\||||||
- - = Exciton — — — Exciton
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mechanism across the LP1 branch of the a) LQ and b) HQ cavity samples, respectively.

From the plwer—aependent experiments and our thermalization analysis, it is clear that both the cavity

(e pg
role in achfevine

excitation iiences, the polariton occupation of LP1 in the HQ cavity sample deviates considerably

tzmann distribution, which indicates that the boson statistics of polaritons become

lifetime an, ition of the polariton branch with respect to the emission reservoir play a decisive

[55.56

Bfg thermalization and the cooling of organic exciton-polaritons.”>*®! At larger

from a Ma

more relev@nplies that polariton condensation is approached but not reached (cf. illustration in

Figure 4b). served increase in the polariton occupation at k; = 0 for the high-Q cavity sample is

not high emnduce the thermal phase transition of polaritons into a condensate as observed in
pOTts.

the previou [2022.23]

3. Discussf anE :Ionclusion

In summary, we have presented experimental evidence for thermalization and cooling of fluorescent

protein ( organic exciton-polaritons under ambient conditions using Fabry—Pérot
microcavities. A vital result of this study is the observation that the polariton occupation is

characteri a transition from an equilibrium distribution to a metastable state alongside the

thermaliz cooling of organic polaritons at room temperature. Except for a higher threshold
~9 nJ pulse mlJ/cm®), the magnitude of change for all the characteristic parameters (integrated
emission intensity, linewidth, and blueshift) accounting for optical nonlinearity in our samples are in
good agreLﬁh the recent polariton condensation reports obtained from the strongly coupled
planar and d DBR cavities comprising of red and green fluorescent proteins.!'*'"**** Our
excitation reshold (15.6 mJ/cm?) for stimulated scattering with the use of a DBR-Ag cavity
is compara, some of the reports on BODIPY dye-based polariton condensates in a DBR-DBR
cavity.“@ever, the value is higher than some of the other reports on stimulated scattering

and polMg of organic systems at room temperature achieved by using the DBR-DBR

11,48,59

cavity.| is attributed to the use of DBR-Ag cavities in our studies, which is intended to

simplify the sophi

strongly coupl uorescent protein systems.” Although the use of DBR-Ag cavity offers a
relative -factor as compared to that obtained from the use of a DBR-DBR or a structured DBR

[14,22,24]

icated fabrication process of a structured top DBR employed previously for such

© ~ 10° vity for organic molecules, our simpler cavity devices are attractive

This article is protected by copyright. All rights reserved.

12

850807 SUOWIWOD aAIIa.D) 3ol (dde ay) Aq peusenob ae Sajpie O ‘8sn Jo Sajn. 10} AriqiT 8UIIUQ 8|1 UO (SUORIPUOD-PUR-SWLBHW0D A8 |IMAeIq Ul UO//:SANY) SUOIIPUOD pue SWie | 8u188S *[£202/80/TE] U0 Ariq178UIIUO AB|IA ‘UOIRWIOJU| [ED1ULDS | PUY O14IIUBIOS JO 80110 Aq Z0T60TZ0Z BWPe/Z00T OT/I0p/u00 A8 | Arelq1jpuljuoy/sdny wouy pepeojumod ‘ST ‘2202 ‘S60rTZST



considering the well-defined characteristic signatures of optical nonlinearity, stimulated scattering,
strongly thermalized polariton relaxation at moderate threshold and operating at room temperature.
Our thermiizatio’esults hold substantial promise for potential Bose Einstein like-condensation via
cooling of palakitons in such fluorescent protein systems using DBR-Ag cavities by tuning the
balance be—factor and energy position of the polariton mode. Furthermore, patterning of
the top s-ilver mirror or the bottom DBR can lead to confined polaritons that will likely have an even

lower thredliold and help in realizing polariton lattices. We envisage these results to open a new

avenue for ing quasi- or non-equilibrium dynamics of organic polaritonic systems and

simulg@tors using room temperature polariton condensates.

4. Experi ction/Methods

Expression ification of mScarlet fluorescent protein: The gene encoding mScarlet with an N-

terminal Hﬂector pET24 was the kind gift of Allie Obermeyer of the Department of Chemical

Engineerin, bia University. The vector was transformed into NiCo21 cells and expressed and
purified. Bu Is were grown in 100mL of LB solution overnight at 37°C, then transferred to 1L
of TPP solm grown at 37° until the solution reached an ODg (Optical density at 600 nm) of
roughly ion of mScarlet was induced by adding 0.5mM IPTG and carried out at 18°C
overnight. ' harvestation was via centrifugation followed by resuspending in 30 ml 50mM
monosogi osphate, 20mM Imidazole, 300 mM NaCl, pH 8.0 containing Smg pefabloc and lysed

via french press. The lysate was spun down to remove cell debris and added to a column containing

HisBind Rsin (Novagen), and washed with 100mL of the same buffer. The protein was eluted from

the colu ffer S0OmM monosodium phosphate, 250mM Imidazole, 300 mM NaCl, pH 8.0,
and dialyzgé 20mM sodium bicarbonate buffer at 4°, and lyophilized. Lyophilized mScarlet was
resuspended apure water, and spin concentrated until a concentration of ~250g/L was reached.
Protein E%% as determined by SDS-PAGE analysis. Additional water was then added,
and the S ration was repeated two additional times to remove any residual buffers and salts.

Fabrication of mScarlet fluorescent protein cavity samples: The DBR substrates were subjected to O2
plasma treatment f@r ~ 5 mins, which helped have a better spread for the aqueous mScarlet solution
prior to spin coatigg. The mScarlet (291 mg/mL) solution was then spin-coated at 1500 and 2200
0, t = 120 sec) onto these O, plasma-treated DBR substrates. The films are subjected

to constan ¢ (2500 Pascal) treatment in the dark under room temperature for ~48 hrs. This is

This article is protected by copyright. All rights reserved.
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done to maintain a uniform film thickness throughout a large area range (~2000 microns in XY plane)
estimated using the direct method via Profilometer (Bruker Dektak-XT). The thickness values
calculated @re ~1.6§and ~1.3 pum for spin speeds of 1500 and 2200 rpm, respectively. All these films
were then cagigd out for slow evaporation of Ag (0.2 A/sec) using the e-beam evaporation technique.
We deposif top Ag for LQ cavity, while 100 nm of top Ag was deposited for the HQ
cavity. ;Ve use two DBR mirrors with center wavelengths at 2.1 eV and 2.0 eV for white light

reflectivityf@nd PL measurements from the cavity samples.

Linearly Offical“Sgectroscopy: Spectroscopic ellipsometry (Woollam V-VASE) technique was used
to perform ction measurements. The measurements are collected at room temperature at an
interval of §%. -state UV-visible measurements on quartz slides are carried out using a Jasco-760
UV—Visiblemhotometer. PL measurements are performed using a homemade setup comprising
laser couma Princeton Instruments monochromator with a PIXIS: 256 electron-multiplying

charge-co ce (EMCCD) camera. A 20x, 0.4 numerical aperture (NA) objective was used for

all the meags.
Pump Power-dependent Photoluminescence Measurements: The pump beam (490 nm) was generated

in a collingar | parametric amplifier (Light conversion) pumped by the 800 nm output of an
amplified Tt s ire laser (Coherent Astrella, 1 kHz), and the pump beam was focused onto the
sample e 20x objective (NA=0.45) with a spot size of 12 um in diameter. Our k-space setup
(with the ition rate laser) designed for the power-dependent PL experiments is aligned and
calibrat microscope objective (20x, 0.45 NA) to monitor the collapse of PL intensity

around the lower k vectors. Photoluminescence emission was collected in reflection configuration
using the ther (Princeton Instruments, Acton SpectraPro SP-2500) and charge-coupled device
(CCD) camguan@Rsi

550 nm lo @ Iter. The power dependent PL response from the thin film of mScarlet is recorded

ceton Instruments, PIX 1024B). The residual excitation beam was blocked using a

at 575 nm exci pump wavelength using a pulsed laser (Toptica, 78 MHz).

—;

Supporting Information
Supportinsion is available from the Wiley Online Library or from the author.
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