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This document provides supplementary information to "Origin of the asymmetric light emission
from molecular exciton-polaritons," https://doi.org/10.1364/OPTICA.5.001247. It includes more
details on (i) Description of the strong coupling of the cavity mode with excitons of multiple
molecules and the elimination of the de-phasing reservoir in the collective case, (ii) details
about the incoherent decay of the polariton states in strong coupling, (iii) description of the
truncated Hilbert space used for the numerical calculations, (iv) technical aspects of the
calculation of the emission and absorption spectra, (v) comparison of the emission spectra of
polaritons interacting with dephasing bath characterized by different value of the effective
reservoir frequency (g and (vi) comparison of absorption and emission spectra of polaritons

considering a variable value of g.

1. STRONG COUPLING OF THE CAVITY MODE WITH
EXCITONS OF MULTIPLE MOLECULES

In the main text we present the system Hamiltonian, Hiot [Eq. (7)
of the main text], containing the molecules interacting with their
local dephasing reservoirs and the cavity mode, together with
the laser pumping Hpump. Here we show how the Hamiltonian
can be transformed into the polariton picture. We first introduce
the picture of collective excitations of the molecules. To that
end we introduce a new set of operators S; = ), ¢;j,0x, Where
ciy are coefficients that are elements of a unitary matrix such
that (¢j1, ¢jp, ..., cin) form a set of N orthonormal vectors. It is
convenient to make the choice

1
(Clll C12/ < +s ClN) = 7(g1/ 82, o1y gN) (Sl)
V le ‘gl’t‘z

and the remaining vectors orthonormal to the first vector. With
this choice S; becomes fully coupled to the plasmonic cavity
via a new effective coupling constant geir = /Y |ga|? In the
following we consider that all coefficients g, = g are equal
(c14 = 1/+v/N) and recover the result Qeff = VN g. We further
consider the low-excitation limit where the new operators S;

become approximately bosonic and independent

[Si, ST] =~ 6, (2)
with the transformation rules
Y olon =Y Sts;, (S3)
o« i

Z%PU,I = Z <2 Ctxictxj> SiPS}L = 2 SiPSJ, (54)
o 1] o i
where in the second line we used the orthogonality of the coeffi-
cient vectors that we assumed to be real.
The transformation rules allow rewriting the Hamiltonian as:

Hiot = Y hewoS!S; + hwea'a + geg (sla+ +st a) + Y hOgB! B,
i 14
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+ E (Z G{Xﬂclxicﬁj) Sz.s] + H.c.. (55)
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and the Lindblad terms

Y Lo lp) =) Ls,(p), (S6)

with 75, = 75, = 70 and Lo (p) = B (20p0" — {010, p}).

As in the case of the single molecule, we can proceed to
diagonalize the Hamiltonian part involving the bright excitonic
mode strongly coupled with the cavity [neglecting for now the
inter-molecular coupling in the last line of Eq. (S5)]. We thus
generate a new set of annihilation operators of the lower, S_,
and the upper, S, polaritons

S+ =cos0Sy+sinfa, S7)
S_ = —sinf Sy +cosba, (S8)
with 6 defined in analogy with the single-exciton case presented

in the main text. In the polaritonic picture, the system Hamilto-
nian becomes

N
H=hw St Sy +hw_S'S_+Y hwS!s; + Y hOrBIB,
i=2 o

(S9a)

+ ROy {2 carce (Ba+ BY)
o

x [cos,2 05" S, +sin20STS_ —sinfcosf(STS_ + Sis+)]

(S9b)
N
+ |hcos 6 drQOR Zcm-c,xl (Bw + Bl) S;rS+ + H.c.
=2 L
(S9¢)
N
_ [r, sin0drOg Y [2 CaiCal <B,x i B;) sts_ +He
i=2 |«
(S9d)
N
+hdgOg Y {Z Caiaj (Ba + B:[,) sfs; (S9)
ij=2 | «
+hE ( [sinf S + cosS_]el“Lt
+ [siné) SI_ + cos @ Si] ei“’Lt) (S9f)

[ N
+ 1) (Z Gaﬁcmcﬁj) [COS(G)SI_ - sin(())St] S; —|—H.c.]
/=2 \ B

(S9g)
+ (2 Gaﬁcmcm) [cos oSt fsinGSt]
L \ P
X [cos 0S4 —sin6S_| ] (S9h)

N
+) (Z Gaﬁcmcﬁj) sfs;. (S9i)

ij=2 \ ap

Here Eq. (S9a) represents the system of the newly arising
polariton states. The coupling of the various polaritonic modes
with the dephasing reservoir is given by Eq. (S9b) to Eq. (S%).

The interaction with the reservoir will lead to population transfer
among |+), | —), and the dark polaritons |D;). Throughout this
supplementary material we are going to use S; and S;r to denote
the operators S; = [0)(D;| and ST = |D;)(0| (for i > 1) for
brevity. Notice that in the main text S; (S;L) is denoted as Sp,
(S]Bi). The coherent laser pumping is included in Eq. (S9f). The
term in Eq. (S9g) of the transformed Hamiltonian introduces
mixing of the dark states with the bright modes that leads to
formation of the dark-polariton peak in the emission spectra.
Equation (59i) represents additional interactions among the dark
modes that are weak for the selected parameters.

The incoherent damping of the dephasing reservoir is in-
cluded via Lp (p), with v, = 9p. The intrinsic damping of
the molecules is included via }_; Ly, (0) = ¥; Ls,(p). The trans-
formation into the basis of the polariton states further changes
the form of the incoherent damping of the cavity. In the secu-
lar approximation, the cavity damping Lindblad term, £,(p),
transforms as

La(p) = Ls, (p) + Ls_(p), (510)

with respective decay rates

vs, = sin?0y,, (S11)
s = cos? 0,. (512)

The contribution of the intrinsic molecular decay 7, to the decay
of |[+) and |—) can be neglected compared to the large cavity
losses ;.

A. Elimination of the dephasing reservoir in the collective
case

Here we derive the effective Lindblad terms that govern the
incoherent processes induced by the interaction of the exciton-
cavity-mode system with the dephasing reservoir, as discussed
in the main text. For simplicity, we further assume that the
intermolecular coupling is negligible and only weakly perturbs
the dynamics given by Eq. (S9a) to Eq. (S9¢). We eliminate the
reservoir whose dynamics is given by the Hamiltonian term
Hres = Y, HORB]} B, and the Lindblad terms Y, L, (), with
B, = 7B by standard methods of the theory of open-quantum
systems using the secular approximation [1].

Eq. (S9b) represents the incoherent interaction between the
upper, |[+), and the lower, |—), polariton in close analogy with
the single-excitonic case presented in the main text and leads
to the Lindblad terms Lg g (o) (i.e. the terms £S§S, (p) and

Lg: g, (p) using the compact notation). We further define F, =

dROR(By + Bl) (Fy = F as the reservoir modes are equivalent)
and note that

(Fi(t+5)Fg(t)) = Sup(Ex (t+5)Fa(t)) = Sup(F (t+5)F(t))
(S13)

as the respective bath modes are locally interacting with each
molecule and are assumed to be uncorrelated. The respective
rates then become

sin? 0 cos? 6

’Ys;si = N ](wi - wﬂF)r (S14)
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which can be found from
Tsts.
sin? 0 cos20

=2R {/0 ds ¢f(ws—ws)s <;Ca1ca1Fg(t +5) %CﬁlcﬁlFﬁ(t)> }

{/ ds ¢f(ws—ws)s <an1ca1 t4s)Fu(t )>}

=) o] (we — ws) = lI(wi —wz), (S15)

14

where we have used the definition of the coefficients c,; =

1/+v/N and
J(w) = 29%{/0“’ ds efw5<F+(t+s)P(t)>} (S16)

to obtain the final result.
From Eq. (59¢) we obtain for the upper polariton the terms

N

Lyy,sts.(0) ~ g Lsis (p), (517)
N

Lyy,sts,(0) ~ 1; Lsis,(p), (518)

where we neglected the Lindblad superators containing the
cross-terms. In analogy with g: ¢ , the respective rates are
F

In close analogy, from Eq. (59d) we get for the lower polariton

N

Lyy,sts_(p)~ Zﬂ Lsis (p), (S21)
N

Lynsts,(0) = ) Lsis, (o), (522)
i=2

where we neglected the Lindblad superators containing the
cross-terms. In analogy with Vsts.s the respective rates are

sin? @

Tsts. = N J(w- —wo), (523)
sin? @

Tsts, = N J(wo — w-). (524)

Last, we obtain the pure dephasing and energy transfer
among the dark polariton states Ls(p) (S = cos?6ST S, +
sin2 ST S_ + Zl i—2 STS 7). These terms do not contribute to the
population decay and we will not consider them in the follow-
ing.

B. Decay of the polariton states

The effective polariton dynamics derived above
leads to the following rate equations (without the
driving terms) of the polariton populations ny =

(stsy), np = HIN,(S!S) and no = (Sts.)
2
cos” 0
’Ysjs+ = N ](W+ *WO)I (519)
2
cos 0
Tsts, = TN J(wo — wy). (520)
ny —¥s. = ¥sts, —(N=D7gis, (N =Dvsts, Tsts. ny
ip | = Vshs. ~7Sp = Tstsp ~ Vstsp Vshs_ np |, (525
- Tsts, (N— 1)751513 —7s. —(N— 1)75557 — Tsts. n—

where we used the equivalence of the dark-polariton states
(neglecting the influence of the inter-molecular coupling) and
defined Vsts: = Yshse and Tsts, = Vstsp for i > 1 and the index

ge{+ -}

The rate equations can be solved for a given initial condition.
We present the results in the main text and compare them with
the results of the full model.

2. HILBERT SPACE FOR THE NUMERICAL CALCULA-
TIONS

In order to solve the dynamics given by the system Hamiltonian
and the Lindblad terms as described in the main text, we need
to define a suitable basis for the combined plasmonic, excitonic
and vibrational Hamiltonian. We treat the plasmon and exciton
on the same footing in the single-excitation manifold. We write

the set of the cavity mode-exciton states as

lp_g) =s0|0p, 0,0,...,0)
+5p|1p, 0,0,..., 0)
+51(0p, 1, 0,..., 0)
+52(0p,0,1,..., 0)

where the first occupation number represents the number of the
cavity excitations and the following ones belong to the respec-
tive molecular excitons. Alternatively, the states |1p, 0,0,...,0)
and [0p, 1, 0,..., 0) can represent the lower |—) and upper |+)
polariton, respectively.

The reservoir states are represented in the double-excitation
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basis as

[hres) = 010, 0, 0,..., 0)
+v,|1,0,0,...,0
+3/0,1,0,...,0
+w[2,0,0,...,0)
+w1,1,0,...,0)
+ws3(1,0,1,...,0)+...
+wn4100,2,0,...,0)
+wN4200,1,1,...,0) +...

The total state of the system is defined as a Kronecker product
of the cavity mode-exiton and reservoir states

[P1ot) = |Pp_E) @ |VPres)-

This basis defines the dimension of the Hilbert space. With
the number of molecules N the dimension of the Hilbert space
H grows as Dim {H#} = Dim {|iot)} = (N +1)(N +2)?/2.
Moreover, the superoperator space necessary for the solution
of the quantum master equation has the dimension Dim{S} =
Dim {7—[}4, which makes the numerical treatment of systems
containing larger number of molecules difficult. In the main text
we thus present results for up to N = 5 molecules.

3. CALCULATION OF THE INCOHERENT EMISSION
SPECTRA AND THE ABSORPTION SPECTRA

The full model containing the incoherent dynamics presented in
the main text can be solved numerically for smaller numbers of
molecules. Here we discuss the technical details of the practical
implementation of the calculation of the emission spectra.

The emission spectra of molecules can be calculated from the
two-time correlation function as

sp(w;wp) = 2R /0 Z(at (0)a(t))s eTd T (S26)
or equivalently
sg(w;wp) = 2R /0 (@t (T)a(0)))ss e Td T, (S27)

where we assume that the system is in the steady state in-
duced by the pumping laser for t = 0 and ((a(7)a(0)))ss =
(a¥(1)a(0))ss — limr_yeo{a’(1)a(0))ss. On the other hand, the
absorption spectra are obtained from

sa(w) = 2R /0 " (a(1)a" (0))ss €97 T (528)

and we calculate the two-time correlation function with respect
to the ground state of the system. We can apply the quantum
regression theorem to obtain the effective dynamics of the two-
time correlator.

We assume the equation of motion for the density matrix (the
quantum master equation) in the form

o= Lp, (529)

with p represented by a column vector and £ a superoperator
matrix constructed from the Hamiltonian and Lindblad terms.
The quantum regression theorem (QRT) then states

(01(t+1)02(1) = Tr {01 (0)e“™ [02(0)p(1)] }. (S30)

In other words, the time evolution of the two-time correlator
(O1(t 4+ 1)O7(t)) obeys the same dynamics as the mean-value
of the Schrodinger-picture operator O, but with initial condi-
tion given by the operator P = 0,(0)p(t) that replaces here
the density matrix. More explicitly, the steady-state two-time
correlation function reads in this notation (setting t = 0)

(01(1)02(0)) = Tr{O1(0)P(1)} . (S31)

In the practical implementation we first calculate the initial
value of P as P(0) = 0,(0)p(0), where p(0) is the steady-state
density matrix fulfilling

Lp(0) =0, (S32)

together with
Tr{p} =1. (833)
The time evolution of P is obtained by integration of the equation
P=_LP (S34)

using standard numerical methods. The spectrum is finally
obtained by explicit calculation of the Fourier transform of the
two-time correlation function as defined in Eq. (527).

Last, we remark that the same method is applicable for cal-
culation of the weak-probe absorption spectra given by simply
exchanging the operators O; and O; and replacing w — —w.

4. DEPENDENCE OF THE EMISSION AND ABSORP-
TION SPECTRA OF POLARITONS ON THE EFFEC-
TIVE RESERVOIR FREQUENCY (i AND THE PO-
LARITON SPLITTING

In the main text we describe the effective dephasing reservoir as
a broad damped harmonic oscillator of energy 7Qg = 400 meV,
width fiyp = 400 meV and coupling to the molecular electronic
levels via dr ~ 0.173, yielding the reservoir spectral density

2 2
Jw) = TR (539)
(Or —w)? + 75

Here we briefly discuss the influence of the frequency QO on
the observed emission spectra. To that end we calculate the
polariton emission and absorption spectra [Fig.S1 (a) and (b),
respectively] for N = 4 molecules illuminated at the frequency
of the upper polariton (fiwy, = 2.2eV) for a constant broadening
hyp = 400meV and varying 7Qr = 100 meV, 200 meV, 300 meV
and 400 meV. We adjust dg such that J(0) remains unchanged for
all cases. For clarity, all of the spectra in Fig. S1 are normalized
to the maximal value and vertically displaced.

FigureS1 (a) shows that as ()g is decreasing (from top to
bottom), the emission spectra slightly change symmetry, making
the emission from the upper polariton slightly more pronounced
but preserving the qualitative picture. On the other hand, the
absorption spectra remain practically identical for all Qg, as
shown in Fig. S1 (b).

Next we study the dependence of the polariton emission and
absorption on the polariton splitting w —w_ = 2v/N g. The
spectra are calculated considering the parameters of the reservoir
1R = 400meV, hyg = 400 meV and dr ~ 0.173 and values of
fig ranging from fig = 100 meV to ig = 300 meV. In all cases we
consider N = 4 molecules and tune the pumping laser frequency
to the frequency of the upper polariton (wp, = wy + V' Ng). The



Supplementary Material ‘

2
(@)

&
=15
£ hQR =
(]
B 1 400 meV
= 300 meV
€05
(o}
=z

100 meV

0

16 18 2 22 24 28
2

c (b)

S

515

S hQgr =

3

T 400 meV

©

(0]

N

205

<)

z 100 meV
16 18 2 22 24 26

Energy (eV)

Fig. S1. Polariton (a) emission and (b) absorption spectra for
N = 4 molecules illuminated at the frequency of the upper
polariton (iw, = 2.2eV) for a constant broadening fiyp =
400meV and varying Qg = 100 meV, 200 meV, 300 meV and
400 meV. We adjust dr such that J(0) remains unchanged for
all cases. The spectra are calculated for iw. = 2eV, hg; =
hg = 100meV, i€ = 0.1meV, iy, = 150meV and hy, =
2x 1072 meV.

emission and absorption spectra are plotted in Fig.S2 (a) and (b),
respectively. We normalize the spectra to the maximum of the
lower-polariton peak and apply a constant vertical offset.

Increasing g leads to larger separation of the polariton spec-
tral peaks in both the emission and the absorption spectra. In
the emission spectra, the lower-polariton peak is more pro-
nounced than the upper-polariton peak due to the asymmet-
ric population transfer. Interestingly, the relative intensity of
the upper-polariton peak with respect to the intensity of the
lower-polariton peak is decreased when 2v/Ng ~ Q, i.e. when
the incoherent population transfer |[+) — |—) becomes resonant
[J(w4+ — w—) is maximized]. In the absorption spectra the upper-
and lower-polariton peaks are of similar intensity.
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Fig. S2. Polariton (a) emission and (b) absorption spectra
for N = 4 molecules illuminated at the frequency of the
upper polariton for reservoir parameters fiyg = 400meV,
nQOr = 400meV and dg ~ 0.173. The spectra are calcu-
lated for varying 1g; = hg = 100meV, 140 meV, 180 meV,
220meV, 260 meV and 300 meV. The other model parame-
ters are hw. = 2eV, h€ = 0.1meV, iy, = 150meV and
fye =2 x 1072 meV.
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