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ABSTRACT: We demonstrate the formation of CdSe nanoplatelet (NPL) exciton-
polaritons in a distributed Bragg reflector (DBR) cavity. The molecule-cavity hybrid system
is in the strong coupling regime with an 83 meV Rabi splitting, characterized from angle-
resolved reflectance and photoluminescence measurements. Mixed quantum-classical
dynamics simulations are used to investigate the polariton photophysics of the hybrid
system by treating the electronic and photonic degrees of freedom (DOF) quantum
mechanically and the nuclear phononic DOF classically. Our numerical simulations of the
angle-resolved photoluminescence (PL) agree extremely well with the experimental data,
providing a fundamental explanation of the asymmetric intensity distribution of the upper
and lower polariton branches. Our results also provide mechanistic insights into the
importance of phonon-assisted nonadiabatic transitions among polariton states, which are
reflected in the various features of the PL spectra. This work proves the feasibility of
coupling nanoplatelet electronic states with the photon states of a dielectric cavity to form a

hybrid system and provides a new platform for investigating cavity-mediated physical and chemical processes.

C oupling electronic states of molecules or nanoparticles to
the quantized radiation field inside an optical cavity
create a set of new photon-matter hybrid excitations, called
polaritons.~* As opposed to atoms, the vibrational modes of
molecules provide new degrees of freedom to mediate the
quantum transduction between electronic and photonic states,
offering new paradigms for quantum materials and chemical
science. For example, strongly coupling molecules to an optical
cavity has yielded great promise to manipulate chemical
reactions in a general and transformative way.'~* Through
quantum light—matter interactions, the curvatures of these
polaritonic potential energy surfaces can be engineered by
tuning the frequency of the quantized radiation field>~” or the
coupling strength of light—matter interactions,” thus opening
up new possibilities to control chemical reactions by changin

the fundamental properties of the quantized cavity field.”*®

For each molecular electronic state coupled to the cavity field,
two new light—matter hybrid states are created, which are
commonly referred to as the upper and lower polariton states.
In addition, there is a dense manifold of states in between
these two polariton states, which have predominantly
electronic character, known as dark states.'® Transitions
between the dark states and the bright states induce rich
polariton photophysics and novel quantum effects, such as
enabling polariton lasing,"' facilitating an exciton-polariton
Bose—Einstein condensate,'” or decoupling the electronic
states from phonons,">~"° thus significantly enhancing the
electronic coherence lifetime.'® These phenomena have been
primarily investigated by forming molecular polaritons through
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coupling organic molecules with optical cavities.
However, fundamental limitations of using organic molecules
for generating polaritons are their short lifetime of electronic
excitations and their relatively small transition dipoles that
limit the magnitude of light—matter interactions.

With recent advances in nanoparticle synthesis, colloidal
nanoplatelets (NPLs) have started to draw attention due to
their strong interaction with light and well-defined thickness
that virtually eliminate inhomogeneous size contributions to
optical spectra.'®™** Similar to 2D semiconductor quantum
wells, NPLs have bulk-like properties in the transverse
dimension but exhibit quantum confinement in the longi-
tudinal direction.”® The exceptionally narrow absorption and
fluorescence line widths of NPLs (compared to their spherical
cousins colloidal quantum dots) and their exceptionally large
oscillator strengths make these semiconducting NPLs promis-
ing candidates for achieving a strong light—matter coupling.
Indeed NPLs have recently been incorporated into resonant
photonic structures.”””"** Challenges for integrating colloidal
NPLs into optical cavities include complex sample prepara-
tion”” or the use of plasmonic structures with a relatively low
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Q-factor.”** Importantly, the fundamental photophysical
properties of the polariton states in the NPL—cavity hybrid
system have not been carefully investigated.

In our work, we demonstrate the formation of exciton—
polariton states resulting from the strong coupling between
CdSe nanoplatelets and a metal—dielectric hybrid cavity,
depicted in Figure 1. Angle-resolved reflectance and photo-
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Figure 1. (a) TEM image of the synthesized nanoplatelets. (b)
Illustration of the NPL-cavity hybrid system. (c) Schematic
illustration of the apparatus for single-shot Fourier plane spectrosco-
py. Green planes stand for the Fourier plane and the conjugated
Fourier plane.

luminescence measurements confirm that the system is in the
strong coupling regime with an 83 meV Rabi splitting. Direct
quantum dynamics simulations are used to investigate the
polariton photophysics in a model Hamiltonian that includes
cavity loss and phonon-assisted nonadiabatic transitions. Our
results explain the universally observed asymmetric intensity
distribution of the upper and lower polariton branches and
underscore the importance of phonon-induced nonadiabatic
transitions between polaritons. Importantly, herein we
demonstrate the feasibility of generating exciton—polaritons
from strong coupling between NPL excitons and a distributed
Bragg reflector (DBR) photonic cavity, as well as provide a

detailed mechanistic understanding of the polariton photo-
physics from angle-resolved spectra. The system demonstrated
in this work has the potential as a general platform for
investigating polariton chemistry as well as for exploring
transduction of quantum states among various physical degrees
of freedom.

CdSe NPL synthesis was adapted from recent synthesis
methods with minimal adjustments.'®*® Figure la presents a
transmission electron microscope (TEM) image of the NPLs,
which have an average lateral dimension of 16 + 2.8 nm by 16
+ 2.1 nm with thickness 1.2 nm, corresponding to a
thickness of 4.5 monolayers (MLs). Typical absorption and
photoluminescence (PL) spectra of these NPLs are shown in
Figure 2a. The NPLs exhibit a well-defined heavy-hole
transition peak centered at S12 nm (2.43 eV) and a light-
hole transition peak centered at 481 nm (2.58 eV). The
synthesized NPLs show an emission maximum at 512 nm
(2.43 eV) with fwhm ~ 9.5 nm (45 meV). A weak peak around
544 nm (2.28 eV) in the emission spectrum corresponds to
residual 5.5 ML NPLs.

The optical cavity is formed by encapsulating a layer of
NPLs in a polymer matrix between two highly reflective
mirrors, as schematically illustrated in Figure 1b. The bottom
mirror is a distributed Bragg reflector (DBR) with 10 pairs of
SiO, and SiN,. The DBR is fabricated through plasma-
enhanced chemical vapor deposition (PECVD) of alternating
layers of SiO, (SiH,/N,O gas) and SiN, (SiH,/NH;/N, gas)
on top of a silicon substrate. Poly(methyl methacrylate)
(PMMA) is used as the host material to form the cavity layer.
A composite solution of NPLs and PMMA is spin-coated onto
the DBR. The spin speed is controlled to result in a PMMA
thickness, of which the fundamental cavity mode lies around
4.5 ML emission (~2.43 eV). A 40 nm thick silver layer is then
grown by physical vapor deposition (PVD) as the top mirror.
The thickness of the silver mirror is carefully selected to
simultaneously result in a high Q-factor and also enable
sufficient off-resonant pump (405 nm) laser excitation. Finally,
another layer of PMMA without NPLs is coated on the sample
right after the PVD process to prevent silver oxidization.

A Fourier space spectroscopy system is set up to measure
angle-resolved optical spectra, as shown in Figure 1c, where the
back focal plane of the objective is relayed to the
spectrometer’s entrance slit via a tube lens. The angle
information is transferred to the spatial coordinates on the
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Figure 2. Characterization of the CdSe nanoplatelets and the empty cavity. (a) Absorption and photoluminescence spectra of the NPL sample in
hexane at room temperature. (b) Central linecut of the angle-resolved reflectance spectrum at normal incident angle. (c) Angle-resolved reflectance
spectrum of the confined cavity photon mode. Red dashed curve represents transfer-matrix method simulation of an empty cavity with
corresponding thickness.
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slit. We use a 60X/0.7 NA objective to focus the excitation where |G) = lg}, gy, .gn) is the ground state of N nanoplatelets

light beam and collect the output where the corresponding
collection angle range is within +44°. We also examine a
reference cavity with only PMMA (ie, no CdSe NPLs
present) using white light reflectance measurement, with the
corresponding angle-resolved reflectance spectrum shown in
Figure 2c, where the parabolic shape dispersion of the cavity
resonance lies as the dark region of the intensity map.

The planar DBR cavity confines the photon field in the z
direction. For a given probing angle € (relative to the normal
vector of the cavity mirror, ie., z direction), the photon energy

is E,(0) = nﬁccdkf + ki = nﬁcc-kl\/l + tan” 0, where ¢ is the

speed of the light, n_is the reflective index inside the cavity,
fiky is the in-plane momentum of photon, 7k, is the
momentum for the quantized z direction, and tan 6 = k;/k,.
When 0 = 0, Eph(O) = hw, = hck, /n, where @, is the photon
frequency of the quantlzed direction (z dlrectlon) in the cavity.
Hence, in the regime of small probe angle, cavity photon
energy can be approximated as

1
E,(0) ~ ha)c(l + Etan2 9] = ho, )

The observed cavity dispersion is in good agreement with
the expected transfer-matrix simulation results (red dashed
curve in Figure 2c), in which the cavity resonance energy
dispersion Eph(ﬁ) as a function of incident angle is expressed in
eq 1. In this particular cavity, hiw, is estimated as 2.40 eV from
the central line cut, as shown in Figure 2c. Its line width is
estimated to be 8.9 meV, leading to a quality factor, Q = y./
2w, & 270, where ¥, is the cavity decay rate.

The model Hamiltonian considered in this work is based on
the Holstein—Tavis—Cummings (HTC) Hamilto-

6,11,12,26,27
nian

H = Hyp, + th + H; + H, 2)
where I:INPL describes N independent nanoplatelets, I:IPh is

Hamiltonian for the quantized cavity mode, H; describes the
matter—cavity interactions (between HNPL and th), and HL
describes a classical continuous-wave (CW) laser interacting
with the nanoplatelets.

The matter Hamiltonian HNPL is modeled as a sum of N
identical, noninteracting nanoplatelets. For i = [1, N], each
NPL is modeled as a three-level system, with the ground state |
g with the reference electronic energy E, = 0, the heavy-hole
exciton state lx;) with the energy E,, and the high-lying exciton
state 1%;) with the energy E;. In our model, we do not include
the light-hole exciton because the light-hole state is decoupled
from the initially occupied high-lying excited manifold (as
evidenced by no PL emission for these light-hole exciton state
in Figure 2a.) Further, we approximate the continuous
manifold of the high-lying exciton states with one state in
resonance with the pump CW laser. The NPL matter
Hamiltonian in the single excited manifold is expressed as

Ay, = EGIG)(Gl + Y (EJIX)(X] + EJX) (X))
N S 2
+) Z {Rkl - b |X,.>(X,.|]
i=1 k Wy ;
(3)

5032

with the reference electronic energy E; = 0, IX;) = Ig, g5, -,
..gny is the single excited state of the NPLs (where the ith NPL
is excited) with energy E,. Likewise, E; is the energy gap
between a high-lying exc1ted state |X,) = g, g5, %, gy) of the
ith nanoplatelet and the ground-state |G). Further, P;; and R ;
are the momentum and position of the kth phonon mode in
the ith NPL, with a frequency of 7w, that are coupled to the
state 1X;) with the Huang—Rhys factor S, ;. The corresponding
phonon reorganization energy is A,; = #w,;S,, and the
reorganization energy for each 1nd1v1dual NPL (for any i) is

A=) Ay =
; (4)

The details of the electron—phonon couplings are provided
in the Supporting Information.

The NPL is driven by a continuous wave (CW) laser, which
effectively couples the high-lying exciton state 1X;) to the IG)
state through

hw, S

azaz

N
H = gLZ (IX){Gl + 1G){X/)cos(w, t)

i=1

©)

where g describes the laser-NPL coupling strength. In this
work, we assume that the most significantly occupied high-
lying exciton manifold is the one that has E; = Aiw;, hence we
only use one I;) state to model this manifold.

The quantized photon field Hamiltonian corresponding to
Eph(e) (in eq 1) is expressed as

1
+ E)ha)g (6)

where ) and a, are the photonic creation and annihilation
operators associated with the frequency

hwy = ho (1 + ltan2 0) In this work, we treat 6 as a fixed

parameter 1nstead of a dynamic varlable

The matter—cavity interaction term H; describes the light—
matter interaction within the rotating wave approximation
(RWA) as follows

A =Y g (4)IG)(X] + a)X)(GI)
i (7

ha,

where g = /4 -€ is the matter—cavity coupling strength,

with fI; as the transmon dipole operator for the ith NPL, € as
the effective permittivity inside the cavity, V as the
quantization volume for the cavity—photon field, and e is the
vector fleld polarization direction.

The Rabi-splitting AQy is related to the light—matter
coupling strength g. (defined in eq 7) through the relation
Qg = 2JN g Using the experimentally observed Rabi

splitting, we estimate that roughly 1387 NPLs are effectively
coupled to the cavity in the probing region with the incident
laser. The details of this estimation are provided in the
Supporting Information. This number also agrees with the
estimation from the packing density of NPLs observed from
the transmission electron microscope.

To keep the computational expense tractable, in this work,
we use N = 30 and scale the individual coupling strength g,
(see eq 7) to match the observed Rabi splitting. This is
commonly done in the recent theoretical simulations of
polariton dynamics.”>*® We find that for 20 < N < 100, the
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J. Phys. Chem. Lett. 2021, 12, 5030—5038


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01104/suppl_file/jz1c01104_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01104/suppl_file/jz1c01104_si_001.pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01104?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

angle resolved PL spectra remains invariant (see results in
Supporting Information). The rest of the model parameters
used in this Hamiltonian are directly mapped from the
experimentally measured spectra. A brief summary of these
parameters are provided in Table 1.

Table 1. Parameters Used in the HTC Model

N E] (eV) wy, (eV) g (meV)
30 2.45 3.0 0.27
The polaritonic Hamiltonian is defined as
p2
A A k,,‘ A A
AR, 0) = Ay — ), |+ o+ By
& (s)

where R = {R,} and ﬁPI(R,H) parametrically depends on
phonon coordinates R. The polariton states and the polariton
energy are defined through the eigen equation

Hy(R, 0)la(R, 0)) = E,(R, 0))la(R, 6)) ©)

where the polariton states should be viewed as the “adiabatic”
states whose character parametrically depends upon R and 6.

At the fixed ground state equilibrium geometries (R = 0),
the model reduces to the Tavis—Cummings (TC) Hamil-
tonian, and the symmetry of the problem allows one to define

the collective bright state |B) = %Zl IX,), where the

NPL—cavity coupling is expressed as
—\/—g (aJ1G)(BI + a,IB)(Gl). This further allows one

to analytically express the lowest two polariton branches of
p1(R 0,0) as follows

E(0) = E[E’? + ha)c(l + %tanz 9)]

2
=+ l\/[ﬁwc(l + ltan2 0) - Eg] + 4Ng2
2 2 <
(10)

where E = E, + A is the vertical Franck—Condon excitation
energy between IX;) and IG) at R = 0, and 4 is the
reorganization energy defined in eq 4. These two polariton
states are commonly referred to as the upper and lower
polariton branches, which can be directly measured from
angle-resolved reflectance or absorption. The light—matter
detuning is defined as

AE(9) = coc(l + ltan2 9) — E?
2 (11)
Under the resonant condition (a specific incident angle 6,)

where the light-matter detuning AE(6,) equals to 0, the energy
difference between E,(6,) and E_(6,) is

nQy = E,(6,) — E_(6,) = 2/Ng_ (12)

which is commonly referred to as the Rabi splitting. It is clear
that the Rabi splitting is proportional to /N, ie., the more
NPLs effectively coupled to the cavity, the larger Qg is. The
strong coupling criterion of forming the cavity polariton is
achieved when the Rabi splitting Qp is larger than the
combined decay rates of photon (y.) and exciton (y,), such
that

5033

leR > fl}/C + fl}'x (13)
Because the lifetime of the NPL exciton is much longer than
the cavity lifetime of photon (%y, < fiy.), the condition for the
matter—cavity hybrid system to achieve strong coupling is
dominated by the photonic decay processes.
Moreover, the corresponding polariton eigenstates for

Hy(R
= 0,0) are

[+) = sin ¢{%Z IX., 0)| + cos ¢IG, 1)
i (14)
[—) = cos qﬁlﬁz IX;, 0)| — sin ¢IG, 1)
i (15)
where the matter—cavity mixing angle is ¢ = %tan_l( ZZZZf“)

with the matter—cavity detuning AE(6) defined in eq 11. The
following Hopfield coeflicients indicate the character of
polariton states

. AE(0)
IX(O)* = Isin pI* = —|1 +
@ nd 2 JAE(0) + 4Ng’
|qwﬁ=km¢ﬁ=%1 AE(0)

|AE(0)* + 4Ng* (16)

To simulate the corresponding polariton quantum dynamics
and PL spectra, we use an extended mean-field Ehrenfest
approach, where the nuclear DOFs are evolved classically,
while an electron—photon subsystem is treated quantum
mechanically. We use the electronic Fock basis {lu,n) = lu) ®
In)}, where lu) = {IG),IX;),IX,)} represents the electronic basis
and In) = {I0), I1), ...} represents vacuum’s Fock states. In this
study, we only consider the Hilbert subspace {IG,0),IG,1),
1X,0),1X,0)} because X, 1) and IX,1) are energetically
detuned from the rest of the states. In addition to the above
unitary time-evolution governed by H, and H;, we also
consider the following nonradiative and radiative decays
channels: (i) the cavity loss from IG,1) to |G,0) with a decay
rate ¥, (i) the nonradiative decay from IX;) to IX;) within the
ith NPL with a decay rate of y; and (iii) the radiative decay
from |E;) to IG) with a decay rate of y,. The details of the
quantum dynamics simulation are provided in the Supporting
Information.

The reduced density matrix in the electronic Fock basis is
obtained as p(t) = c'(t)-c(t), where c(t) is the vector of the
time-dependent expansion coeflicients for the electronic—
photonic wave function [¥(t)) = Y.,.c,.(t)lu,n) in the exciton
Fock basis {lu,n)}. The reduced density matrix in the
polaritonic bas1s, the eigenstate representation of H, I(R), is
obtained as py(t) = Ut (R)p(1) U(R), where U(R) dlagonahzes

H,(R), such that U'(R)HL(R)U(R) = X E a(RO)Ia(RO))(a
(R 0)l. The PL spectrum is obtained by using P (t) under the
steady-state limit with the following expression,”®

Z(@%@m«w;m%gn)
~ (E - E,(R, 0))*/1" + (T,,/2)

IPL(EJ 9) =

(17)
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where (--) denotes quantum mechanical average, which is
approximated by the trajectory average in the current mixed
quantum-classical simulation, and we use la) = la(R, 0)) for a
short-hand notation, and f; represents the steady-state time
limit when polariton population (@lpy(t)la) reaches to a
steady-state (plateau). Further, I', is the radiative decay rate of
the polaritonic state la(R, 0)). Because y. > y,, 'y can be
approximated as I', ~ [{alG,1)I*y.. The simulation protocol for
PL is provided in the Supporting Information.

Figure 3a presents the angle-resolved reflectance spectrum
for a cavity containing a PMMA/NPLs layer. The sample is

00 02 04 06 08 02 04 06 08 1.0

-10 0

10
Incident Angle (°)

-10 0 10
Incident Angle (°)

Figure 3. (a) Angle-resolved white light reflectance spectrum of the
NPL-cavity hybrid system. (b) The Hopfield coefficients (eq 16) of
the excitonic IXI* and photonic ICI* fraction extracted from the
reflectance spectrum. (c) Experimentally measured angled-resolved
photoluminescence spectrum. (d) Angle-resolved photoluminescence
spectrum obtained from theoretical simulations. In (a), (c), and (d),
dashed lines indicate the upper and lower polariton branches. The
solid lines in (c) and (d) indicate the photonic and excitonic
branches.

probed by a broadband white light source. Figure 3a clearly
shows two separated branches in the angle-resolved spectrum,
which are identified as the upper polariton (UP) and the lower
polariton (LP) branch. The two polariton branches can be
fitted to E,(0) and E_(0) expressed in eq 10. The fitting
parameters are the vertical Franck—Condon exciton energy EJ
= E, + 4, the photon energy at zero incident angle E,, = fiw,,
and the effective coupling strength \/ Ng.. The coupling
strength is estimated to be /N, g. = 415 meV, corresponding

to a Qg = 83 meV Rabi splitting at the zero detuning AE(6,)
= 0. The zero-angle cavity-exciton detuning is estimated to be
AE = —130 meV. We further analyze the polaritonic characters
of these branches based on the above extracted parameters.
Figure 3b presents the character of the lower polariton state
through the Hopfield coefficients IXI* and ICI?, which represent
the excitonic and the photonic characters, respectively. Because
the detuning is large at @ = 0°, the lower polariton branch is
predominantly photonic in character (x93%) at low angles,
indicated by the red curve in Figure 3b, which remains flat for
small incident angles (for less than +10°). On the other hand,
at high incident angles (especially >19°). the upper and lower
polaritons switch their characters, and the lower polariton
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becomes predominantly excitonic. At &~ 19°, the Hopfield
coefficients become exactly 0.5, indicating a resonance
condition (zero detuning) between the photonic and excitonic
branches.

Figure 3c presents angle-resolved PL measurements, where
the measurements are conducted at T = 8 K. The sample is off-
resonantly pumped via a 405 nm diode laser that couples the
ground state and continuous exciton states {Ix;)} of the NPLs
(see eq 3), and the PL is collected by the angle-resolved
spectroscopy system depicted in Figure la. The polariton
emission primarily occurs in the lower polariton branch, with a
much lower PL intensity from the upper polariton branch. The
LP branch flattens as the collection angle increases, vastly
deviating from the cavity photon dispersion (white solid lines
in Figure 3c) and moving toward the exciton dispersion (white
dashed lines in Figure 3c), indicating a strong hybridization
between the exciton and the photon. Furthermore, the
intensity distribution of the lower polariton in Figure 3c is
significantly different from the angle-resolved reflectance
spectrum. Namely, in the LP branch of Figure 3c, the intensity
is congregating at large angle (x19°), while the reflectance
intensity at the LP branch at large angles (~19°) is negligible.
This asymmetrical intensity of PL agrees with the recent
experiments implementing NPLs in a metal Fabry—Perot
cavity””*” as well as theoretical simulations.”**’

Figure 3d presents PL spectra obtained by computing eq 17
with a mixed quantum-classical dynamics simulation in a
model Hamiltonian (eq 2). As can be seen, the simulated PL
spectra qualitatively as well as semiquantitatively capture the
basic features observed in Figure 3¢, including the con-
gregation of the PL intensity at large angles as well as its
asymmetric intensity distribution between lower and upper
polariton. In eq 17, the PL intensity depends on the following
three key factors: (i) the steady-state populations (alpy(t,)lar)
of the polariton branch la(R, 6)), which are significantly
influenced by the phonon-mediated nonadiabatic transitions
and cavity radiative loss, (ii) the angle-dependent photonic
character {alG,1)I* of a polariton branch, which depends on
the detuning AE(f) and the light-matter coupling strength

JN g, and (iii) the radiative lifetime Iy, which originates from

the cavity loss and therefore also depends on the photonic
character of the ath polariton branch. Below, we analyze the
polaritonic population dynamics at two representative incident
angles.

Figure 4 presents polariton quantum dynamics obtained
from our theoretical simulations at two incident angles for the
NPL-cavity hybrid system presented in Figure 3. At a small
incident angle, the lower polariton branch is highly detuned
from the excitonic manifold. This large detuning can be seen in
Figure 4a, which presents the time-dependent polaritonic
energies at 0° incident angle on a representative phonon
trajectory, color coded to depict the instantaneous photonic
character as the phononic DOFs evolve in time. Note that the
time-dependent fluctuations of the polaritonic energies are
caused by the phononic DOFs. As expected, most of the
photonic character (~93%) is concentrated at the lower
polariton branch. The high-lying polaritonic states have
predominant excitonic character and only a tiny amount of
photonic character is distributed among them.

Figure 4b presents the time-dependent polaritonic energies
at the 18.5° incident angle on a representative phonon
trajectory, color coded according to their photonic character.
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Figure 4. Quantum dynamics of nanoplatelets coupled to the cavity.
Time-dependent polaritonic energy for a representative trajectory
obtained with numerical simulation with (a) @ = 0° and (b) 8 = 18.5°,
with all other parameters same as Figure 3. (c,d) Polariton
eigenspectrum that corresponds to (a) and (b) based on the
Tavis—Cummings model in eq 10 without considering any phonon
fluctuations. Time-dependent polaritonic populations of the ground-
state (pg in pink), |+) states (p, in red and blue, respectively), laser
driven high-lying excitonic states (px in black), as well as the
population of the dark state (pp in black) at (e) 8 = 0° and (f) 6 =
18.5°.

At this angle, the light-matter detuning is almost zero. Despite
the phonon induced fluctuations, both the lower and the upper
polariton branches contains a large photonic character
(~40%). A clear feature arising from thermal fluctuations of
phonon is that the upper and lower polariton states can get
close to the manifold of dark states that lie in the gap between
the upper and lower polariton branches. This behavior is
commonly encountered in nonadiabatic dynamics of photo-
chemistry, where the fluctuating nuclei enables avoided
crossing in electronic adiabatic states. Here, we observe similar
behavior of the phonon induced avoid crossing and change of
state character in polariton states. Note that in principle, the
phononic DOFs should also be treated quantum mechanically,
such that the true eigenstates of the whole system are hybrid
states containing all of the excitonic, photonic, and phononic
DOFs.">'**” Here, we choose to use the mixed quantum-
classical (MQC) description that treats the low-frequency
phonon modes of NPL in the classical description and the
electronic—photonic subsystem quantum mechanically. The
same strategy has been commonly adapted in the theoretical
studies of molecular systems.”’ We plan to assess the accuracy
of our MQC theoretical approach against the quantum

mechanical description of phonon''**” in the future.
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In the absence of the phonon fluctuations, the Holstein—
Tavis—Cummings Hamiltonian becomes the well-known
Tavis—Cummings model in quantum optics. The photon-
dressed states and polariton states for the TC models are
presented in Figure 4c¢,d, corresponding to the quantum
dynamics presented in parts (a) and (b), respectively. In
Figure 4c,d, only the upper and the low polariton branches are
expected to possess the photonic character, while the rest of
the polaritonic states (N — 1 degenerate states) are pure
excitonic states without any photonic character, as commonly
referred to as the “dark states” in the polariton chemistry
literature.*>*>* This is because that in the TC model (without
the presence of the phononic DOFs), the symmetry of the
Hamiltonian allows one to express the dressed excitonic states
{IX, 0)} in a new orthonormal basis {IB), ID,)}, where

IB) = %Zl IX,, 0) is called the bright excitonic state. This

implies that the rest of the N — 1 states ID;) = Y.«F1X,0),
which follows the orthogonality relation (BID;) = 0 will satisfy
>k = 0. As a result, only IB) couples to the |G,1), with a

scaled coupling (BlﬁpllG,l) =N g, which leads to the

formation of |+) states. On the other hand, ID,) states are
strictly decoupled (hence are referred to as the dark states)
from the IG,1) state as (Dy/H,,IG,1) = gk = 0. While this
simplified picture shown in Figure 4c,d has been commonly
used to understand polariton photophysics, it is no longer a
strictly valid picture in a realistic molecule cavity hybrid
system, where the presence of the phonon fluctuations will
make the dark states have some photonic character, as shown
in Figure 4a,b. In particular, the dark states are no longer
strictly dark but will have photonic contributions and mediate
the population transfer through phonon induced avoid
crossings among the polaritonic states la(R,0)).

Figure 4e presents the polariton population dynamics at an
incident angle of 0°. The NPL-cavity hybrid system is initiated
at IG,0), which is the ground state of NPLs with zero photons
in the cavity. This state is also the ground state of the HTC
model Hamiltonian. Upon turning on the CW laser excitation
at t = 0, the higher-lying excited states of the NPLs start to get
populated. As a result, the population pg; of state 1G,0) (pink
solid line) in Figure 4e decreases as the total population of the
high-lying NPL states px = Y.;px starts to increase (yellow
solid line) at short-times for t+ < 1 ps. Because of the
nonradiative transition from the high-lying NPL states {IX,0)}
to the excitonic states {IX,, 0)}, the total dark-state population
Pp = XiPpi as well as the population of upper polariton branch
., (which is predominantly excitonic) grows up until £ = 2 ps
as it reaches steady state. Noticeably, the lower polaritonic p_
population remains negligible throughout. There are several
factors that lead to this negligible population in the |—) state.
First, because of low excitonic character of |—), nonradiative
population transfer from high-lying laser-driven excitonic states
{1X,,0)} to the |-) state is substantially low. Second, because of
large photonic character of the |—) state, the rate of the
radiative losses from this state is also high. Third, because |—)
is energetically far away from the |+) state or the dark states (as
can be seen in Figure 4a), the phonon fluctuations induced
nonadiabatic transitions to the |—) state are also negligible. All
of these factors result in a very low steady-state population for
the |—) state. Because of this, at the low incident angles the PL
intensity of the lower polariton branch is negligible despite the
fact that LP has a relatively high photonic character as shown
in Figure 3a. On the other hand, while steady-state populations
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Figure S. Angle resolved photoluminescence spectra for the NPL-cavity hybrid system obtained experimentally with a range of different detuning
AE and Rabi splitting 7#Qg: (a) AE = —15.7 meV, Qy = 61.1 meV; (b) AE = —29.6 meV, Ay = 62.9 meV; (c) AE = —34.6 meV, 71Q; = 73 meV.
Angle resolved photoluminescence spectra obtained with theoretical simulations in (d—f) correspond to those experimental results presented in

(a—c), respectively.

for the rest of the polariton branches are comparatively larger
than the |—) state, these polariton branches do not show up in
the PL spectra at low angles due to their negligible photonic
character. This explains the low intensities of PL signals for
both branches of polariton states at lower incident angles (at
high detuning).

Figure 4f presents the population dynamics of the NPL-
cavity system in Figure 3 at the incident angle of 18.5°. Here,
the |—) state is more populated than the I+) state, a situation
opposite to the case in Figure 4e. With a nearly zero light-
matter detuning, both the |+) and |—) states have nearly equal
photonic or excitonic character (as shown in Figure 4b). This
equality arises from the fact that polaritonic energies are closely
packed, and the phonon-induced nonadiabatic transitions
result in population transfers from the upper polariton to the
dark states and eventually to the lower polariton. These results
explain the observed asymmetry in the steady-state populations
between |+) and |—) state. Consequently, this asymmetry of
the polariton population manifests itself into the PL spectra
(eq 17) in Figure 3c,d. Therefore, phonon assisted population
transfer plays an essential role in the NPL-cavity systems,
especially around zero detuning. Overall, our simulations
suggest that the congregation of the PL intensity at a higher
incident angle is due to an interplay among (i) phonon-
mediated nonadiabatic transitions between polaritons, (ii)
cavity loss, and (iii) angle-dependent photonic character of the
polariton branches.

From the above experiments and theoretical simulations, we
find that at smaller detunings, phonon induced nonadiabatic
transitions play a crucial role in depleting the upper polaritonic
steady-state population and transferring population to the
lower polariton due to nonadiabatic transition from the “dark
states” (Figure 4b,f). Meanwhile, with a large negative
detuning (Figure 4a,e), the excitonic branches are nearly
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decoupled from the photonic branch. In such cases, while the
excitonic branches have relatively large steady-state popula-
tions due to nonradiative transitions from high-lying excitonic
states (IX;) — 1X;)), they have negligible photonic character,
making them nonemissive. In a similar scenario, the photon-
dominated branch (upper branch for positive detuning or
lower branch for negative detuning) will not accumulate an
appreciable amount of steady-state population, leading to a
weak PL intensity. Overall, it is expected to observe significant
population in the vicinity of zero angle in the lower polariton
branch only at small detunings.

In Figure S, we further verify our theoretical interpretation
by making three NPLs-cavity devices with different detunings
at the zero incident angle, while keeping the light-matter
coupling strength at the same level (7AQ; &~ 61—73 meV). In
Figure Sa, the detuning AE = —15.7 meV is smaller than the
device used in Figure 3. Therefore, the photonic and excitonic
branches become resonant at smaller angles than the device in
Figure 3, leading to a high intensity in the lower polariton
branch at small incident angles. Further, in Figure Sb, the
detuning is increased to AE —29.6 meV, where the
resonance occurs at relatively higher incident angles
(~%10°) than in Figure Sa. Because of this, polariton
population congests at a higher angle. Finally, Figure Sc
presents the PL spectra at an even higher detuning with AE =
—34.6 meV at zero angle. Following the same trend, as the
exciton—photon resonance occurs at an even higher angle
(~+£14°) and the PL intensity are further separated into two
clusters compared to Figure Sb.

On top of the qualitative prediction of the PL intensity, our
theoretical simulations in Figure Sd—f is commensurate with
the experimentally observed PL in Figure Sa—c, including the
asymmetric PL intensity of the upper and lower polariton
branches, as well as an increase of the lower polariton PL peak
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separation with increased exciton—photon detunings. All of
these agree with our theoretical picture of the phonon-assisted
nonadiabatic transitions among polaritonic states at various
incident angles. However, there are limitations of our current
theoretical approach, including treating the incoming momen-
tum (incident angle) of the photon as a parameter (instead of a
dynamical variable). These theoretical limitations, together
with detailed plans to address them, are discussed in the
Supporting Information. That said, the excellent agreement in
Figure 3 and Figure S demonstrates that our current theoretical
approaches capture the essential polariton photophysics in the
NPL-cavity hybrid systems.

In this work, we demonstrate strong light-matter coupling
between CdSe NPL excitons and the photonic states of a
dielectric optical cavity. We characterize the polariton states
with angle-resolved reflectance and photoluminescence meas-
urements, suggesting a Rabi splitting as large as 83 meV,
comparable to that obtained in previously reported NPL—
metal cavity hybrid systems.””*"** We perform numerical
simulations to obtain angle-resolved PL spectra via a mixed
quantum-classical dynamics approach. The PL intensity from a
particular polariton branch depends on the interplay between
its steady-state population, photonic character, and radiative
losses. Our combined theoretical and experimental results
indicate that at a small exciton—photon detuning, the phonon
assisted nonadiabatic transitions between polariton states play
a crucial role in depleting the population in the upper polariton
branch and transferring population to the lower polariton
branch. Meanwhile, at a larger detuning, the PL intensity from
both upper and lower branches diminishes as the photon-
dominated branch is not significantly populated, while the
exciton-dominated branch lacks sufficient photonic character
to emit. We further confirm our theoretical interpretation with
three additional NPL-cavity systems with different zero-angle
detunings.

Overall, our work provides a comprehensive mechanistic
understanding of the polariton photophysics in an NPLs-cavity
hybrid system and demonstrates the feasibility of strong
couplings between NPLs with the quantized radiation in a
cavity. The system demonstrated here has the potential for
investigating polariton mediated charge transfer,'”*> ™" where
the cavity can significantly influence the photoinduced charge
transfer reaction from NPLs to acceptor molecules such as
methyl viologen.” In a separate direction, our current
investigation will pave the way toward exploring the trans-
duction of quantum states among various physical degrees of
freedom (electronic, vibronic, polaritonic), providing the
emerging quantum information science field the knowledge
for preparing next generation quantum systems.
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