Supplementary Note 1. MAGNETO-SPS AT A METAL-DIELECTRIC INTERFACE (TWO-LAYER SETUP)
A. Maxwell’s equations

Maxwell’s equations in arbitrary media read as follows,

V-D=0, 1)
V-B=0, )
VxE=-0,B, 3)
Vx H=0,D. (4)

We are interested in the case where the electric displacement D and the magnetic field H are related to the corresponding
electric fields E and the magnetic inductions B via the linear constitutive relations D = ¢y ¢ E and H = o 1“4~ B, where
€0 = 8.854 x 10‘12VLm and po = 1.257 x 1076 kggn are the permittivity and permeability of vacuum, and ‘¢ and i are the
corresponding scaling (unitless) tensors for the medium in question. By taking the curl of Supplementary Equation (3),
we obtain the wave equation,
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V(V-E)-V?E= —?O%E, (5)

where we have introduced the free space speed of light ¢ = (uoeo)‘%. A completely analogous equation holds for H by
taking the curl of Supplementary Equation (4), but the latter suffices for our purposes.

B. Permittivities

We are interested in (magneto-)SPs arising at the interface between a plasmonic metal (silver or gold) and a dielectric
medium which is endowed with magneto-optical (MO) properties (see Supplementary Figure 1). The latter can be a mix
of a magnetic oxide [1-3] dissolved in a polymer. We assume that the magnetization of both layers is null, " = 1.
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Supplementary Figure 1. Metal-MO dielectric interface at z = 0. We solve for the surface plasmon (SP) modes arising at the metal-
dielectric interface, in particular, when the permittivity of the dielectric ‘¢ ;¢ is anisotropic due to the application of a perpendicular
external magnetic field. The SP modes in this case are referred to as magneto-SP modes. As a first approximation to the exciton-SP
coupling, we assume that the organic layer is embedded within the dielectric spacer medium.
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The permittivity of the metal is taken to be isotropic ‘€ =¢,, I , where
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is of the Drude form (the parameters for Ag (Au) are €, = 3.7(6.9), wp = 8.8¢eV, and y = 0.01(0.07) eV [4]). Throughout this
work, we will set y = 0 in order to keep the formalism simple. Physically, as long as the relevant energy scales of interest
are larger than y (see main text), this is a good approximation. Since we are interest in the plexciton (strong exciton-
SP coupling) regime [5-11], this should be a good approximation to take. Otherwise, the quantization of the problem
becomes much more complicated.

For the MO layer, the permittivity is anisotropic: upon interaction with an external magnetic field in the perpendicular
z-direction, it acquires the form,

€q ig 0
€mo=|-ig €a 0 |, @
0 0 €4

where the tensor has been written in Cartesian coordinates (X, ,2), and we take e¢; = 1 and g = 0.1. Here, the off-
diagonal term is proportional to the Faraday rotation that a linearly polarized plane-wave electric field experiences as
it passes through the material; g changes sign upon change of magnetic field direction. Typically, MO magnetic oxides
like Bismuth- and Yttrium-Iron Garnets (BIG, YIG) [1, 2] have permittivities of ¢; ~ 6 [1-3], which imply a severe index
mismatch with the metal and organic layers of interest. Hence, we are implicitly assuming that we have a Maxwell garnet
blend with a low index polymer or aerogel [12] at our disposition, which yields an effective €; = 1. On the other hand,
g ~ 0.1 is a reasonable parameter for MO garnets under a magnetic field of 0.1 Tesla [1]. Just as with €,,, we ignore imagi-
nary (absorptive) contributions to €. Section B of Supplementary Note 3 discusses other MO materials that could be used
for the purposes of our study.

Chiu and Quinn [13] have solved a slightly different problem, namely, the magneto-SPs arising from a metal under a
strong magnetic field coupled to a isotropic non-MO dielectric. In their study, the anisotropy arises in the metal permit-
tivity rather than in the one corresponding to the dielectric. The resulting equations are, as expected, very similar, and one
could translate their equations to our setup by some careful changes of variables. However, for clarity of presentation and
in order to develop the three-layer calculation of Supplementary Note 2, which is a generalization of the two-layer case,
we shall outline the entire procedure here. Importantly, in doing so, we manage to go further than Chiu and Quinn and
construct a perturbation theory in the small parameter g. This allows us to develop explicit expressions for the electro-
magnetic modes which, as far as we are aware, have not appeared in the literature before.

C. Electromagnetic modes for each layer

The problem is rotationally symmetric about the vertical z-direction, so it is convenient to adopt a cylindrical coordi-
nate system. Let us search for SP modes labeled by k which propagate in-plane and decay along z (this is precisely the
condition for SP modes),

E(k) — E(k)ei(krk+kzz—wt)’ (81)
B(k) = B(k)e!krk+kez—w) (8.2)

For a given direction of k, we shall write vectors in the right-handed cylindrical coordinate system spanned by the unit
vectors k, 0, 2 such that k x ). = 2. for instance, E = (Ey, Ey,, E;), where E; = E - i (beware that we have defined the
tangential direction of 8 with respect to k and not to #). Physically, k and w = w(k) denote the in-plane (propagating)
wavevector and frequency of the monochromatic wave, respectively, ry = r - k is the projection of the position vector
r = (1, 79, 2) along the k direction, and k; is the imaginary wavevector associated with the evanescent wave along the
perpendicular direction. Inserting these modes into Supplementary Equation (5) yields an anisotropic wave equation for
E,
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where we have used the notation Q(k) = ‘”(k) corresponding to the free space wavevector. Here, the i, ], [, m indices run

through k, 0, z and, formally, we may wrlte k = (ki, kg, k) = (k,0,k;). Due to rotational symmetry, ‘€ p;0 has the same
form in the k, @y, 2 coordinates as Supplementary Equation (7).



1. MO layer (z>0)

Inserting the dielectric tensor associated with the MO layer (Supplementary Equation (7)) into Supplementary Equation
(9) yields a matrix equation M0 E pro = 0 which explicitly reads as,

€q—Q7* ki,Mo ig Q3 kkzmo 1 0
—ig €q— Q2K+ K2 4,0 0 Egmo| = |0]. (10)
kkzmoQ ™2 0 eq—Q2%k? | |Ezmo 0

At this point, we have chosen the arbitrary normalization condition Ei y;0 = 1. The secular equation corresponding to
Supplementary Equation (10) is,

k 4 2
(5) +[B(—z +C=0, an
where,
k 2
[53:2[(5) —ed], (12.1)
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The bi-quadratic Suppleme.ntary'E.quation (11) yiglds solutions k; vo = ity —iay,,, where a3, are two different
evanescent decay or exponentially rising constants given by,

(13)

Note that these (in general, complex-valued) constants “%/10 must have positive real part for e~ 0% to decay or for eMo?
to rise, respectively. In the first two-layer setup we are considering, we will assume that the MO layer extends indefinitely
for z > 0 so the field in this region must be a superposition of the two evanescent fields; exponentially rising fields will
become important when we add an additional interface at z = a (see Supplementary Note 2). The tangential and perpen-
dicular components of the electric field (given Ej ;0 = 1) can be obtained from Supplementary Equation (10),

-iQ%g
EXf = , (14.1)
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E* MO (14.2)
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2. Metal layer (z <0)

In the metal, M, E;, = 0 corresponds to,

em—Q%k2,, 0 Q2kk,m 1 0
0 em—Q 2 (k*+ k2 ,,) 0 Eom| =101, (15)
kkz,mQ_z 0 €m -Q72k? Ezm 0

where again we have chosen Ej ,,, = 1. This leads to the secular equation which yields the exponentially decaying field for
z<0; byletting kz, ;= —iam,

am =1\ k% — Q2¢,,. (16)



Supplementary Equation (15) reveals that

E,m=—— (17)

but does not inform us about the tangential component Eg,,, as the entry (Mp,)gg = €5, — Q% (k? + k2 ,,,) = 0. This missing
component will be deduced by matching the electromagnetic fields at the boundary z = 0.

D. Matching the modes at the boundary (z = 0)

We are looking for magneto-SP modes labeled by a propagating wavevector k and frequency w(k), but, in general,
different k, evanescent wavevectors for each layer, which we have denoted k;—’ MO = i‘ﬁ/lo and k;,, = —ia,. The energy
w (k) (and therefore Q) is unknown.

To summarize, for each pair (k,w), there are two possible modes in the MO layer associated with different decay con-
stants a;f/lo (see Supplementary Equation (13), z > 0),

o _ o —at z
Ejyio = Eyone "M
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Byjo = Byone mo*
—i "
= Z(aiE;—"Mo, —ikE} 10— Qo EKEy yy0)ne” “mo%, (18.2)

where the magnetic induction in Supplementary Equation (18.2) has been deduced from Supplementary Equation (18.1)
and Maxwell’s Supplementary Equation (3). The vectors have been written in cylindrical coordinates and we have defined
n= e'kr-i0t ence, the total fields in the MO layer read,

Emo = toErio+ tyoEwor (19.1)
Bumo = t310Bi10 + thoBuo- (19.2)

where ¥ are coefficients to be determined. Similarly, for the metal layer (z < 0),
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E"m =Ene
= (1, Eg,im, Ez,m)ne’™”, (20.1)
B = Byyne®m*

-1
= — (—@mEg,m,—ikEqgm+ tm, ikEg n)ne®m?. (20.2)
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Here, we keep the arbitrary normalization where Ej ,, = 1. Later on, we shall fix this normalization via quantization of
the energy of the modes (see section F of this Supplementary Note). Furthermore, it is also safe to arbitrarily assume
E;—Cr Mo = 1 because Supplementary Equations (19.1) and (19.2) contain scaling coefficients * which will be fixed by the
boundary conditions at the metal-MO interface.

We are ready to match the fields at the interface at z = 0. The in-plane electric field and the perpendicular electric
displacement each need to be continuous across the boundary: E; p0 = E; ;, for i = r,0, while e4E; po = €mEz, . Fur-
thermore, the magnetic field, and because ‘ﬁ' = 1, its induction, are all continuous throughout, B; pyo0 = B;, ;- These

constraints altogether read,

1= t370+ tyor (21.1)

Ep,m = tyioEg mo * toEo mor (21.2)
emEzm = €a(tyoE; po + tyoEzmo) (21.3)
amEo,m =~ ty0%0Eg o~ tmomoEa mor (21.4)
KEzm+iam = tyo(KE] yio = i0y0) + tyo(KE pio = i030), (21.5)

Eo,m = tyoEp mo * toBo mo- (21.6)



These constraints read similarly to the ones derived by Chiu and Quinn in [13] (see their Supplementary Equations
(39)-(44)), except for the different coordinate conventions. Clearly, Supplementary Equations (21.2) and (21.6) are iden-
tical. Furthermore, Supplementary Equations (21.3) and (21.5) contain the same information, as can be shown by using
Supplementary Equations (16) (14.2), (17), and (21.1). The remaining constraints yield the equation,

K= Qg+ al0an0+ (@ho+ @yo)aml (K = QPeg)em
+Ameal@l0Q0@h0 + Aao) + Aml( @) + Ahio@o + (@) ] — am(k* = QPe )} =0. (22)

By inserting Supplementary Equations (13), (16) into Supplementary Equation (22), we obtain a nonlinear equation in
Q for every value of k. This equation can be numerically solved, at least in principle. Q can be then used as input to
Supplementary Equations (14.1), (14.2), (17), (19.1), (19.2), and (21.1)-(21.6) to solve for the electromagnetic modes. As
we shall see, the most important qualitative feature of the solution of this problem is that the magneto-SP fields acquire
tangential components (see Supplementary Equations (14.1) and (21.2)) which are absent when g = 0 [14, 15], that is, in
the absence of an external magnetic field. Supplementary Equation (22) is identical to Supplementary Equation (45) in
[13] upon carrying out the substitutions €xy = €,z = €4.

E. Perturbation expansionon g

Chiu and Quinn reported a dispersion relation Q vs k by numerically solving Supplementary Equation (22) for a very
similar setup to the one of our interest. However, a detailed description of the resulting electromagnetic modes was not
presented in that work. As explained, one may in principle solve for the profile of the electromagnetic modes once this
dispersion is known. However, a numerical attempt at the problem using a standard nonlinear solver yielded spurious
results for the modes.

Since the solution to the SP problem with no magnetic field (g = 0) is a well-known textbook result, and g is anyway
much smaller than €, in a realistic setup, we may use a perturbation expansion of the equation in powers of g. Our
goal is to obtain the electric fields up to O(g), so that we can compute the magnitude of the exciton-SP coupling to that
same order. To accomplish such objective, we first need to solve for Q as well as the coefficients 1,‘1%40 up to O(g). As
we shall see, however, knowledge of t]i\’/lo requires information about Q up to O(g?). Once this is done, we simply Taylor
expand the fields (18.1), 918.2), (20.1), (20.2) and collect the results according to Supplementary Equations (19.1)—(20.2)).
In retrospect, the original problem we faced by trying to directly solve Supplementary Equation (22) originated from the
fact that we were using the very small O(g?) corrections to Q as an input to solve for the O(g) electromagnetic modes. This
requires an accurate solution of , which is complicated by the highly nonlinear dependence of Supplementary Equation
(22) on Q. As a future consideration, it might be worth exploring numerical methodologies to attack this problem beyond
the perturbative regime, although for our purposes, the latter suffices.

Even though the algebra below seems involved, it is straightforward to derive using a symbolic algebra package such as
Wolfram Mathematica(c).

1. Solving for Q

Given that the right hand side of Supplementary Equation (22) is zero, the polynomials at each power of g must each
vanishing identically.
To start with and as a consistency check, at zeroth order in g, Supplementary Equation (22) becomes

2 2 2 2 2
2ay, +2a400mol @gg€mo + Xmo€aoi{®yo(2ago) + amol3ay,]l —amayyt =

[2a%, + 202, @m0l (@a0€mo + Amo€ao) =0, (23)

where the 0-subscripted variables denote the corresponding functions in Supplementary Equation (6), (13), (16) taking
Q=Q,,

(24.1)

@go =/ k2 —€402, (24.2)
Ao = \/ k2 — €002, (24.3)



where Qp = ‘”—CP. Supplementary Equation (23) implies that either

20430 + Zafioamo =0, (25)

or

Ag0€mo + Amo€q = 0. (26)

The condition in Supplementary Equation (25) requires that a 49 = —a 0, contradicting the very nature of the SP solution
we are looking for, where a4, @0 > 0 represent evanescent fields. However, the condition in Supplementary Equation
(26) is simply the standard equation for the dispersion relation of a SP at the interface of an unmagnetized MO sample
and a metal film [14, 15]. It can be readily solved yielding,

[ €mo€
k=00 Ld, 27
€mot+ €4

or more explicitly,

€4 Q% + k2(e + €co) = \/ 1642} + K2 (€4 +€o0))? — deocCa K0
Qo= . 28
0 2ty (28)

At short k, the (linear) dispersion is very light-like, Qg = \/%, and at large k, it plateaus to Qg — \/edﬂ—+%oo’ corresponding to
collective charge oscillations in the metal (see Supplementary Figure 2).

Moving on to the g! terms of Supplementary Equation (22) yields an equation of the form Q) f = 0 where f (@49, @mo)
is a nonzero polynomial in a 4o and a9, implying that Q") = 0. This result can be quickly derived as follows: the g' terms
stem only from the power expansion of a},, @y, @m, and €. $ome g! cont.ribu.tions from a7, aj,, are proportional
to Q; but some are not. Regardless, the ones from a7}, come with the opposite sign to the ones from a;,.; hence, they
vanish identically as Supplementary Equation (22) is symmetricin a},, and a},,. On the other hand, every g! term for a
and ey, is strictly proportional to Q; requiring Q; = 0 for the all the g! terms to cancel. Hence, the lowest order correction
to Qg of Q arises at O(g?), that is,

Q=Qy+g°Qy. (29)

As mentioned, we are solely interested in the calculation of the electric fields in each layer up to O(g). However, as we shall
see in the next section of this Supplementary Note, these corrections depend on Q,. To obtain this coefficient, we expand
a;(,[o, A0 Xms and €, up to O(gz), but not beyond that,

Ayo = Ado = 8Aa + 8% (@20 + Xa22), (30.1)
A = Ao + 8 Am22Q2, (30.2)
€m = €m0+ 82Em22Qa, (30.3)

where the coefficients in the expansions take the form,

a i€ 31.1)
dl — 2\/€—d» .
QZ
Qazo = — (31.2)
8eqaa o
Qo€
Qazz = aod a4 (31.3)
0
Qo€
Uém22=—a—, (31.4)
mO0
203,
en2= o3 (31.5)



,___,6 —_—c =1
= d
) ——€ =
=4 o
%o ed=6.25
c 2
Ll
0]

2 4 6 8 10
k[10’ m™]

Supplementary Figure 2. SP dispersion energy as a function of k = | k| for the two-layer (metal-MO dielectric) setup, assuming g = 0. Plots
generated using Supplementary Equation (28) with Drude parameters for Ag, e ~ 4, wp ~ 9 eV, and varying the dielectric permittivity
€4- Since Q =Qp + 0(g?), the plots are correct up to O(g), which is our perturbation order of interest. Notice that the dispersion curves
start-off linearly (light-like excitations), but plateau to constant values at large wavevectors (charge oscillations in the metal), which
become smaller as the dielectric permittivity increases.

Notice that in order to ultimately solve for Q,, we have separated the g terms into two categories: those which are
proportional to Q) (gzadngg, gzamgzgz, gzemggQg) and those that are not (gzadzo). We substitute these expressions
into Supplementary Equation (22) and collect the g? terms, which ought to cancel. The manipulations yield in a linear
equation for Q, which gives,

O5€2 0(3€a = €mo)

2= 2 (9,2 2.2 4 ’ (32)
8eq(€q —€mo) | Qp2ag €mo + QGE) + Qg€a€mo (€4 — €mo)

where we have also used Supplementary Equation (26) in the form of a0 = — ““g—;'"" to simplify the final expression.

; +
2. Solving for ty,

Next, we expand the coefficient t},,, which denotes the contribution of the + fields in Supplementary Equations (19.1)

and (19.2) (tyr0 Ccan be subsequently found using the constraint in Supplementary Equation (21.1)),

tvio = tao + gla.- (33)

Here, t4 and t;; are unknown, but we shall solve for them using the boundary condition on the perpendicular electric
fields (see Supplementary Equation (21.3)). We expand Ezi mo and Ezy, in Supplementary Equations (14.2) and (17) up

to O(gz). Here, as opposed to Suplementary Equations (30.1)-(30.3), we do not separate the g2 terms in Ezi MO and E,;,

(g%E.q» and g°E,,,) into those contributions which are proportional to Q, and those which are not, as Q, has already
been determined in Supplementary Equation (32). The result is,

Ezi,MO ~E;q0+8E; a1+ ngz,dZ» (34.1)
Ezm = Ezmo+ 8°Ezma, (34.2)

where,



ik
Eza0=—, (35.1)
®do
ik
E;mo= __a 0; (35.2)
m
B, = —— o (35.3)
z,dl — — ’ .
20%\/eq
(g0 a0k + Ago®go2kQo +2kQ Qo€ y)
Epar = 0&d20 0 322 , (35.4)
a0
ionQzG'
Eomo= —Tl. (35.5)

m0

We plug these expressions into Supplementary Equation (21.3). At zeroth-order in g, we get €,,0 Ezmo = €4 Ez40, Wwhich is
equivalent to Supplementary Equation (26) and does not give us information on ;g or #;; (this indeterminacy ultimately
reveals why we need expansions up to O(gz) to obtain fields up to O(g)). At O(g) we get the intuitive result,

1
tio = —, 36
=7 (36)

and at O(g?) we obtain,

—E; a2€aq + Ez moQ2€m22 + Ez m2€mo

o= 2Ezq1€4
_ (160 Fmo Q2 + 805, 2 Qaccomo + @02 + 8,0 Qe 37)
8aa00y,0 Q2 vEd ’
=Td1

which, together with Q, in Supplementary Equation (32), can be readily evaluated with zeroth-order parameters. We
notice that t;, is purely imaginary-valued, so we have written it in terms of a purely real-valued 7 4,. Given Supplementary
Equation (33), it is clear from Supplementary Equation (21.1) that

tho = tao— 8lar- (38)

3. Collecting the expressions for the fields

We now have all the ingredients to evaluate Ey;0 and Byo (see Supplementary Equations (19.1)—(19.2)) up to O(g),

Emo = Eqo + 8Ean, (39.1)
Byo = Bgo + gBar, (39.2)

where, at zeroth-order, in the absence of external magnetic field, we have the standard SP mode which is a transverse
magnetic (TM) mode [14, 15],

R ik
Eqo = (1,0, a—)noe‘“‘wz, (40.1)
do
=Eaqo
- -1 k2
B :—(O,——a ,0) e~ daoz
do Qe @ do, Y7o
iegQo —ag0z
= AanC (0)110)7)06 0=, (40.2)
do
=By

In going from the first to the second line of Supplementary Equation (40.2), we have used Supplementary Equation
(24.2). Supplementary Equations (40.1)-(40.2) feature an elliptically-polarized electric field with no tangential compo-
nent, and a purely tangential and imaginary-valued magnetic induction. The opposite is true for the first-order correction:



it consists of a purely tangential and imaginary-valued electric field (recall that #;4; is purely imaginary, see Supplementary
Equation (37)) and an elliptically polarized electric field with no tangential part,

- iQo(4741v/€4 —Q02)

Eq = (0,1,0)nge™ 4%, (41.1)
Zado
=Eq
By = Zam —4agoT g1v/E€q + Qo1 — @ g2),0,i k(4T 41 v/€q — Qoz) |moe” *@0%. (41.2)
53;1

In deriving Supplementary Equations (39.1)-(41.1), we have used the O(g) Taylor expansion for the fields (see Supple-
mentary Equations (14.1)-(14.2), (18.2)). Notice that besides the exponentially decreasing dependence of the fields, we
also obtain a polynomial contribution in z. We already computed some of the relevant expansion coefficients in Supple-
mentary Equations (34.1)-(35.3); the remaining ones that we used are,

Qoy/é’d
X~ , 42.1)
6,MO Qo
NG Q
R (42.2)
’ c 2aq0C
. 2
Bi N oned Qo\/ed 423
6,M0~ " + 2 .7 (42.3)
doC Z(XdOC
k €d
B ~4rVed 42.4
z,MO @doC ( )
as well as those for the plane wave components,
ne—af/mz _ ei(kr—wt]—a;fmz
~ pitkr—cQo) e—adoz(l Tg iQq z) 43)
—_— 2\/€a )

=No

Finally, given Ey0, Ep can be readily obtained from the boundary conditions for the fields at z = 0 (see Supplemen-
tary Equations (21.1)-(21.6)) as well as the original ansatz for their functional forms (see Supplementary Equation (20.1)-
(20.2)),

Em :Em0+gﬁml; (44)

where, at zeroth-order we have the standard SP electric field as if there were no magnetic field present,

- €q ik ik
Eno = (1,0, =% — o = (1,0,-——) noe?, (45.1)
€mo Xdo amo
—_———
=Emo
. 1€mo&2 i€ 82
o = ——=(0,1,0m9e""* = = —==2(0,1,0) 1o . (45.2)
A 0C ®goC
=Bmo

Here, we have used Supplementary Equation (26) in both lines. Similarly, the first order correction to Ej is,

B = 2it 1 Q0/€q

ml (0,1,0) noe®m%, (46)
. @ao
=Em
- 2Td1 . A2
By = B0l Qo — ag0ve€q,0,ik/€q|moe” ™",
0

=B
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E Quantization and normalization of modes

The previous section of this Supplementary Note shows how to (perturbatively) compute the frequency Q, the electric
field, and the magnetic induction of an SP mode with wavevector k. Note that, so far, we have invoked an arbitrary normal-
ization (setting E, = 1). To fix this, we first ought to compute the energy associated with the unnormalized modes. Con-
sider placing electric field amplitude < into the radial component of the k mode. The energy in this mode is quadratic in
the fields (note that even if the electric field is much larger than the magnetic induction, the prefactors of ¢y and ﬁ weigh
them in a way that their contributions to the energy density are on the same order of magnitude) [15, 16],

d (we (w))
dw

1
Hst=§Z/dV €0y
i

(B)} (E)l+u—|(B)| |ty |, 47)

where i, j € {r,0, z}, and electric field and magnetic inductions in each k mode (throughout z) are conveniently written as,

E =0(-2)E;n +0(2)Eno, (48.1)
B =0(-2)B,, +0(2) Byo, (48.2)

and (E)i, (E)i denote the i-th components of the respective fields (which include the plane wave exponential factors,
see (19.1)-(20.2)). In Supplementary Equation (47), we have absorbed the electric field units into <, so E; is taken to be
a unitless quantity. The integration [ dV is carried out over all 3D space.

Assuming a finite size box of in-plane area S and infinite perpendicular dimension and plugging in Supplementary
Equations (19.1), (19.2), (20.1), and (20.2) into Supplementary Equation (47), we obtain,

Slsti)?

Hgpy =

Z/ood ( d(we (w)) BB & Iz)
zle —()()+—()
[ —00 Oj d ' H

S|-52¢k|
—=) Y )" 0

i y,0e{+,—}
o0
/ dze_[(aMO)*+aMO]z
0

2
S|~Q¢k| Z[ d(wem(w))|E1m| +#—|Bzm| H/ dze(a0+ao)z]

y 1
EOZ€MOLJ(E Mo EzMo"‘yOu(B Mo BLMO

X

1
= Slstil? (110" 310 [€0 210,11 E o) Ed v + — (BY B o |

k ;M%_} MO’ *MO OZ MO,ij\=j,m0’ ~i,MO Lot ,MO lMO Z(ay+a5)

d(we,; (w)) 1
+S|.ot| Z[ —’”|E,-,m|2+—|Bl-,m|2 —_—
HoH 2(a, + am)

L
_5(60 ")(2|.Q¢k|2)

L
=590 k(a{ka{*+a¢ ), (49)

where, following [16], we have defined the vertical mode length as,

1

Y -
Le=) Y (0 o cola + a)

i y,0e{+,-}

+2|eo

Y Y
6OZ€MOU(E Mo E1M0+u (B; vo)™ B zMO

1
|El-,m|2+—|Bl-,m|2 _. (50)
Hop €o@m + am)

d(w€m(w))

Since E; is taken to be unitless, L, effectively has units of length. Physically, L; defines a mode volume SL with a quan-
tized amount of energy corresponding to the frequency wy. Importantly Supplementary Equation (49) is quadratic in the
electric field amplitude ), which implies that each k mode corresponds to a harmonic oscillator. If we wish to quantize
the energy in quanta of wg,
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w(k) ., %
Hspk = T(akak+akak), (61)

[w(k)
dk— S—Lkak. (52)

Other multiplicative phase factors in this amplitude definition (U(1) gauge choice) do not affect the quantization. Pro-
moting the complex amplitudes to operators, aj; — ay and 05,*C — a;rc with [ay., al] =1,

we can define a so that,

w(k)
Hspk = T(akd;c +akag)

1
= wilo)axal + 5 (53)
To summarize, we have normalized each k mode in Supplementary Equations (48.1) and (48.2) by associating energy
quanta wy, to a SP excitation in such mode. Note that in the main text, the Hamiltonian Hgp ignores the zero-point energy

%k) for each mode since the energy gap of the excitons is also given relative to a ground state. Finally, the final electric
field and magnetic induction are superpositions of amplitudes in such modes,

& =Y i E(k). (54.1)
k

B=Y Bl (54.2)
k

Promoting these amplitudes to operators (in the Heisenberg picture) and using Supplementary Equation (52),

w(k)

é(r,t):%Z ZGOSLkakE(k)

B wk) wlk) =,

= % 2eoSLs arE(k) + SLy a, E* (k), (55.1)
Y _ w(k) - wlk) s,
B(r, 1) _% 2eoSLy arB(k) + Ly a, B* (k), (55.2)

where we have used the fact that & and 22 are real valued to write the operators in a more conventionally symmetric form.

G. Perturbation expansion of L,

The fields deduced in section E of this Supplementary Note are only correct up to O(g), so it is important that we keep
Ly up to that order too. Importantly, since (‘¢ pr0),6 = ig and Egg o g, the lowest order contribution to Lj appears at
O(g?). Hence, we do not need to take the anisotropic effects of ;¢ into account, and we can set g = 0 in Supplementary
Equation (7), i.e. "€ p0 = €41, where [ is the 3 x 3 identity matrix. Therefore, the calculation for Ly ~ Ly reduces to that of
the standard SP mode in the absence of external magnetic field (a 49 and a9 are purely real) [16],

LkOZZ{

1
K? €4Q0)\?

caft+ o)+ ()
a0 Xdo

—€mo 1
L

1 [ d(wemo(w))
+ [€g
2€0Q40 dw o

K2 EdQ())Z
1+ — |+
w-QCO( a? ) (Oédo

mo

2, 1 2 2, 1 2
€0€dlE; qol” + — 1B aol |E;, mol” + ——IBj mol
HoH HoH

2€0am0}

_Q
~ ¢

1
Z(Xmo

1 N [d(wemo(w))
2a 40 dw

A (Wemo(w))
dow

_ 9
w=="

(emO_Ed)—é'mo—é'd]- (56)

®do 2amo €mo



12

In this derivation, we have used p =1, €9 = c2, Supplementary Equations (27), (35.1), and (35.2) as well as the expres-
sions for (24.2), and (24.3). The final result in Supplementary Equation (56) is twice of what is reported in the Supplemen-
tary Material of [16]. We believe our derivation has the correct prefactors; however, the use of either result gives the same
order of magnitude of the effects we are interested in.
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Supplementary Note 2. MAGNETO-SPS IN A THREE-LAYER SETUP

We shall now adapt the results from Supplementary Note 1 to the situation where the MO layer has a finite height a, and
an organic layer of isotropic dielectric €,,¢ is placed on top of it (see Supplementary Figure 3). As far as we are aware, the
resulting expressions for the corresponding magneto-SPs have not appeared before in the literature.

bod

Organic
superlattice X

Supplementary Figure 3. Three-layer (metal-MO dielectric-organic) setup. We are interested in the (magneto)-SP modes arising at the
dielectric-organic interface (z = a) upon application of a perpendicular external magnetic field.

A. Electromagnetic modes for each layer
1. Organic layer (z > a)

Just as we did for the MO and the metal layers (see Supplementary Equations (10) and (15)), Supplementary Equation
(9) for the organic layer can be expressed in matrix form My, g Eorg =0,

€m— Q= kg,org 0 Q_Zkkz,org Ek,org 0
0 em—Q 2 (k> + k3 5rg) 0 Egorg| = |0]. (57)
kkzyorgQ_z 0 em—Q72k? Ezorg 0

Importantly, we do not fix the radial component Ey ,,¢ to 1 because of the boundary conditions at the organic crystal and
MO interface at z = a. In our (arbitrary) normalization before quantization, we may set only one of the field components
in one of the layers to 1, and our convention is to choose E;;; = 1 as in the two-layer case. The rest of the fields are
not arbitrary and satisfy the wave equation Supplementary Equation (9) as well as boundary conditions at each of the
interfaces. The corresponding secular equation for the decaying field for z > a, with k; org = i@ o, ¢ yields

Qorg =/ k? = Q%€oryg, (58)

as expected (see Supplementary Equation (16)). Finally, just like in the metal layer, Supplementary Equation (57) tells us
that
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ik
Ezorg = ?rgEr,org’ (59)

but does not inform us about the tangential component Eg ;¢ (nor about Ey 4r¢), The missing components will be de-
duced by matching the boundary at z = a. Altogether, the fields in the organic layer read like those in Supplementary
Equations (18.1) and (18.2),

-

Eorg = Eorgne
= (Ek,orgrEH,m»Ez,m)neamzr (60.1)

53 -a
Borg = Borgne org®

—@org2

i ; 7 —Qorgz
= o (@orgEp,org)—1 kEzorg — QorgEkorg lkEH,org)ne &, (60.2)

denoting exponentially decreasing fields.

2. MO layer (a>z>0)

For the MO layer, we translate Supplementary Equations (18.1) and (18.2) to this setup,

Ef/fol = Eﬂolne_aiz
= (1’E(;M01’E§,Mol)”e_aiz’ (61.1)

Ezﬁoi = Bzi\r/foﬂle_aiz
_Ei(aiE;MOl,—ikE;MOL -a*, ikEg’MOl)ne_“iz, (61.2)

where E;f/lo | and Eﬁ[o | indicate exponentially decreasing fields (k, = ia;—\r/[o), and by slightly adapting these expressions,

ot _ ot a*z
Evior = Eyorne

_ + + at
- (1) EH,MOT’EZ,MO1)17€ Z; (62.1)
Bt _ pt a*
Biior = Byorne ‘
—i +
Z(—aiE(;—’,MOT,—ikEZi,MOT +a*, ikEy yome” (62.2)

where E;fmr and B';\—'/IOT denote exponentially increasing fields (k; = —i “;Tr/[o)' In Supplementary Note 1, where MO was

+
considered to fill up all the space z > 0, the latter fields were not considered, the reason being that e*»0* was unbounded
as z — oo; this is not the case when the largest value of z is a. A more intuitive way to describe this situation is that E£

BIG]|
and B;f 16l denote fields that exponentially decrease starting from z = 0 going upwards; similarly, E;f and B%, .. describe

IG1 BIG!
exponentially decreasing fields starting from z = a going downwards. Hence, the analogous expressions to Supplementary

Equations (19.1) and (19.2) are,

A o + 7+ o
Envo =t} Efjo, + 6 Exro, + 17 Efron + 1 Eyjor. 63.1)
B +p - B- + B+ - B-
Buo =t} By, + 17 Byjo, + 11 Byor + 1 Byjor- 63.2)
where tlir and L‘Tir are the unkflown coefficients. Here, E;,MOl = E;I,Mgn = E;,MO but Ezi,MOL = —E;MOT = E;{Mo. These
identities are easy to check as Ey,, | is associated with k; = i ay,, and E;\—’/IOT with k; = —iaj,, but Supplementary Equa-

tions (14.1) and (14.2) were derived for k, = io@lo.
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3. Metal layer (z<0)

Finally, for the metal layer, all the expressions we derived in Sec. Supplementary Note 1 hold, in particular Supplemen-
tary Equations (20.1) and (20.2); we still assume Ey ;, = 1.

B. Matching the modes at the boundaries (z =0 and z = a)

Given this prelude, the analogous boundary conditions to Supplementary Equations (21.1)-(21.6) for z = 0 are,

1= ty0, + tyoy + tyror + tor (64.1)
Eo,m = tyi0,Ep moy + taroi Eomoy  tior Ea.mor + tvot Eg mor (64.2)
emEzm = €a(ty0,E; voy + troi Ezmor + ot Easior + tot Ezvor) (64.3)
amEo,m = ~(@yotvo; Ep po; + aotaol Eoso) + (@ao tzJ\r/IorEg,Mor + @ pyotyviorEe mor) (64.4)
kEzm +i@m = k(ty0,E7 voy + to1 Bz mol * thior Ezvor + ot Ezmop)
—iay0(ty0; = tior) ~ %o o, ~ tuop), (64.5)
Eg,m = tyo1Eg mo) + tvorEa.mor + taor Eemor + tot Eavor (64.6)
whereas for z = a they are,
Eiorg = o X"+ thyo X~ + t}m xi* + o xi‘ (65.1)
Eg,org = tao1 Eg ol X+ thio) Ea,mol X~ + thror Eo mor X% + tyo1Eo, Mot XL_, (65.2)
+ + - - - + 1 - - 1
€orgEzorg = ed(tMolEz,MoﬂC o1 Eomol X+ tvorEzmor I +vo1Ez Mot X__)’ (65.3)

_ + ot + = - - -
~@orgEp,org = _(“Mo tvorEg ol X+ @votvo Egvol X )

+lat, i EF L+‘t‘ " 1 (65.4)
polpmor 6,MO1 "+ Aprotpmor Lo, mor P :

1 1
. _ + + +, - - — | et + - -
kEzorg —i®orgErorg = k(tMolEz,Mle +ivo1Emol X+ tvorEzmor e * ot £z mo1 X__)

P + + o+ 1 . — - - - 1 65.5

—1&yo| ol X _tMO1X_+ — 1yl ol X _tMOTX_— ) (65.5)

E - B * T ES vt B 1 - EC 1 65.6
0,0rg = o1 Eo ol X + tmoEo,mol X+ tnoy B,MOIX_++ 101 Fo,M01 = (65.6)

Here, y* = e~ Mo® embodies the vertical thickness dependence of the problem. Supplementary Equations (64.1)-(65.6)
can be manipulated to yield an entirely analogous expression to Supplementary Equation (22). This resulting expression
can then be perturbatively expanded in g and the analogous procedure of section E of Supplementary Note 1 follows, with
the caveat that the algebra becomes much more laborious. We bypass the latter by automatizing such work with Wolfram
Mathematica(c). We summarize the results in the following sections of this Supplementary Note.

C. Perturbation expansion on g

+

1. Solving for tf—r and t;
Itis clear that provided that the frequencies Q¢ and Q2 are modified accordingly (one finds Q; = 0 again), the expansions

for the dielectric constants and the wavevectors can all be recycled from section E of Supplementary Note 1. On top of

these quantities, following that section, we ought to expand a,,¢ and y* up to O(g?) in Supplementary Equation (58),
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Supplementary Figure 4. SP dispersion energy as a function of k = |k| for the three-layer (metal-MO dielectric-organic) setup, assuming
g = 0. Plots generated using Supplementary Equation (69) with Drude parameters for Ag, s ~ 4, wp ~ 9 €V, and varying the dielectric
permittivity e,; as well as that of the organic layer. Since Q = Qg + O(g?), the plots are correct up to O(g), which is our perturbation
order of interest. Just like with Supplementary Figure (2), notice that the dispersion curves start-off linearly (light-like excitations), but
plateau to constant values at large wavevectors (charge oscillations in the metal), which become smaller as the dielectric permittivity
increases.

Qorg = Worgo + gzaorgZZQZ» (66.1)
Xorgo =/ k? _Qgeorg» (66.2)
Q()G
Horgr = ——, (66.3)
Qorgo

2
a
X z7(0{1¢6lg05dl—g2 a2%+a(ad20+ad22§22)”, (67)
but we only need t;f/[OL and t]f/IOT up to O(g),
t}\i/fol ~lqjo = 8ld)1 (68.1)
fyior = tato  tari- (68.2)

Collecting the zeroth-order in g contributions in Supplementary Equations (64.1)-(65.6), we derive an implicit equation
for Q which coincides with the standard textbook result for a three-layer system in the absence of an external magnetic
field [14],

(69)

2= Qdo€mo + Amo€d ) ( Qqo€org + Xorgo€d
2=

M
Xdo€mo — Amo€d J\ Xqo€org — Aorgo€d

where 49, @m0, @orgo, and €, are all functions of Q. This equation is the analogue of Supplementary Equations (27)
and (28) for three layers. It is not possible to explicitly solve for Qp, but one can readily compute it numerically from
such implicit equation (see Supplementary Figure 4). The formula for Q; is too long to display it here and is, anyway, not
relevant on its own. However, we make use of it to obtain our final results.

Next, we compute the coefficients in Supplementary Equations (68.1) and (68.2) in analogy to the two-layer case in
Supplementary Equations (36) and (37). At zeroth-order in g,
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Xmo€d — Xdo€mo

1y = mo€d ~ ddo€mo 70.1

alo 4am0€q ( :
g1 = FmoCd + Qdo€mo (70.2)
aro 4amm0€4 ’ '

while their first-order in g corrections are,

tapn = adl(dafw()(% —Demo
—afio{)((z)[aemo (@mo + Aorgo) + AAmo€g + €mol + AAmMmOEG — AXMOE Mo + A org0€Emo — €mo}
+ad0{aa§no ()(% +1eg+amoladorgo + 1)[)(?)(603 +€mo) — €4+ €mol + 2 orgo€mo}
—a?no(x(z) —Deglaaorgo + 1))/

{4 mo€al X (@mo — @ao) (@ao — Aorgo) + (o + &mo) (@ao + Xorgo)]} (71.1)

and

2 2
tat1 = [adIXO (adoé‘mo{dado —orgolalago + Amo) + 21 + A& go X mo + & go — X mo}
—amo€al(ago+ amo)lal@go — Aorgo) — 1])
—ag1(@go+ amo)lal@go + @orgo) + 11(@go€mo + amo€q) |/

{4amoca [X%(am() = @q0)(@do — Xorgo) + (g0 + Amo) (@0 + Aorgo)l}- (71.2)

Hence, at zeroth order, t;\'/jo T o = 2140 and t;\’/IOT + o1 = 2tar0, and these total coefficients for exponentially de-

creasing and increasing fields become identical to the textbook results for SP modes in the three-layer setup in the absence
of an external magnetic field.

2. Collecting the expressions for the fields

For reference, the zeroth-order fields are given by,

Eorgo = (Ek,org0,0, Ez,0rg0)n0e”“78%%, (72.1)
Borgo = (0, Bg,orgo,0)moe” *78"%, (72.2)
Eqo=21410(1,0, E; gj0)noe” "% + 21410(1,0, E;, 410)n0e™ 4%, (72.3)
Bao = 2t410(0, Bg410,0)m0e” %1% +21,41(0, Bg,at0, 0)moe*®?, (72.4)
Emo = (1,0, Ez mo)noe” *™%, (72.5)
Bino = (0, By, mo, 0)moe™ %™, (72.6)

with each of the components being,



18

@mo (X3 + Deg — aao (x5 — Demo

E = , 73.1
korg0 2amoX0€d (3.1
b iklaao(xG + Demo + Amolea — x5€a)] 732)
“org0 = 2a40&moX0€org ' '
5 _ H2@a0@moorgotocorg + K [@ao (3 + Demo + &mo(eq — x5} 733
Grorg0 2aq00moX0 20C€Eorg ' '
ik
Ez a0 =—Ezdi0=—, (73.4)
Qdo
.02 2
B _ g _ ik —ay) 735
0,d|0 = — G,dm——m, (73.5)
ik
E;mo=——", (73.6)
Xmo
i(k*—a? )
Bg,mo = ———2%. (73.7)
amQQ()C

The expressions for the O(g) fields at each layer are also cumbersome; we only show the electric field in the organic
layer, as it is the one associated with the coupling with excitons (see Supplementary Equation (39.1)),

E:org = Eorg() + gEorgl- (74)

The first order in g contribution is

Eorgl = Eorglnoe_aorgozy (75)

where E,; g1 is purely tangential and purely-imaginary valued,

2 -2 2 2
Eorg1-0 = _lﬂo(amoed{ﬂ[)(()(ado —®orgo) + @go + Xorgol — xo + 1}
2
+emofxoladao(@orgo — @qo) + Aorgol + aago(@go + Aorgo) — aorgo})/

2amo€alXg(@mo — @ao) (@0 — Aorgo) + (Xao + Amo) (@ao + Aorgo)]. (76)

Compared with Supplementary Equation (41.1), the z-dependence of Eorgl is purely exponential, as the lowest order
correction of @org 10 Aorgo is O(gz).

D. Quantization and normalization of modes

Equipped with these results, we use Supplementary Equations (64.1)-(65.6) to compile expressions for the fields in each
layer. First, we aim to compute the vertical normalization length Lj for each mode. In analogy to Supplementary Equation
(50), we obtain,

Lg=)_

i

Y Y Y o Biow

ij v,0el+,—tu,veil,l}

1 1 oo .
eﬂeorglEi,org|2+_lBi,org|2 _/ dze” @org+org)?
Mot €0 Ja

1
.Y * 120 Y *
€0€m0,ijEj po)” Eimo+ _”OIU(BL',MO) Bimo

1 [ sgnwial,,)" +sgnwad,,|
* — dze gn(u)(ay, gn)ay,,lz

€0 .Jo
d(wep,(w))
€0 dw

2

i

1 1 [0 .
|Ej ml* + _lBi,m|2] —/ dze@m*tamz (77)
Hou €0 J-c0




19

where sgn(]) = —sgn(]) = 1 denote the exponentially increasing or decreasing fields, respectively. At O(g), Ly = Ly as in
Supplementary Equation (56), and the anisotropy of the MO layer is unimportant. Carrying out the integrations explicitly
(and taking care of the possibility that a4 is complex-valued),

2 1 2 efzﬁagrgoa
Lio = )_ |€0€orglEiorgol” + ——IBi orgol” | -m———
Zi: orglLi,org Lot i,org 2€o%aorgo
2 1 eZFRadoa -1
+4Y [taro| |eo€alErarol® + —1Biarol® (—)
; T bl ot T 2eoRaqo
2 1 1-— e—ZWadoa
+4Y|taro| |€oeal Brarol* + —1Bia 0|2] (—)
2,'" . bl pop : 2eoRaqo
* * 1 * a
+44Y (1410)" (ta10) | €0 )_€a(Eia10)” Ei,ajo + — (Bi,at0) "Biajo || — | +c.c.
ij i HoHt €0
d(wem () 2 1 2 1
Xi: 0 do | z,m0| IJ()lll z,m0| —26‘0%&,”0

One may numerically compute L, by plugging Supplementary Equations (70.1), (70.2), and (72.1)—(73.7) into Supplemen-
tary Equation (78). We do not display the resulting analytical expression, which anyhow, is lengthy and not particularly
illuminating.
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Supplementary Note 3. EXCITON-EXCITON AND EXCITON-SP COUPLINGS

In Secs. Supplementary Note 1 and Supplementary Note 2, we solved for the electromagnetic profile of the magneto-
SP modes in a two- and three-layer setup. We are now ready to describe the organic superlattice. We regard the latter
to be either “embedded” in the MO layer (in the two layer setup) or in its separate third layer (in the three-layer one). As
explained in the following paragraphs, the superlattice consists of a monoclinic array of organic aggregate nanopillars. For
simplicity, we take each of the nanopillars to be a rectangular parallelepiped of volume W, W, W, (here, W; is the width
of the nanopillar along the i-th axis). If the nanopillar density is p;, it contains Ny, = p,p Wy W), W, chromophores.
Furthermore, the three-dimensional positions of the individual chromophores constituting each nanopillar are denoted,

Fms = (MybxX+my6,3) + s6; %, (79)
N L=~

-

=rm =Zs

where §; is the spacing between chromophores along the i-th direction,

A. Dipolar couplings between nanopillars

We shall first study the energetic contribution due to the excitons alone. We model this as,
Heyo = ancr;rla,, + Z (],m/ailon/ +h.c), (80)
ns n#n'

where w;, is the bare energy of the n-th collective nanopillar dipole, which we take in the ideal case to be w, = ®. The
exciton hopping amplitude between the n-th and n’-th nanopillars is approximated as a near-field dipolar coupling,

n
Tun' = . 3 |Mn By~ 3y enn) (y - eny) |, (81)
€lrp—ryl
where 7 = 0.625 meV(nm?/D?), e,y = %, where r, is the average in-plane location of the n-th nanopillar, and we

take € = 1, the dielectric permittivity in the medium surrounding the nanopillars. Supplementary Equation (81) implicitly
relies on a separation of energy scales, namely, that the coupling between chromophores is much stronger within a single
nanopillar than between different ones. Hence, we start with the collective superradiant nanopillar transitions which scale
as i, =3 ms Pms = V/ NnpPy 171, where p,, . is the transition dipole moment of the ms-th chromophore in the nanopillar,
the sum is over all ms values associated with the n-th nanopillar, and p,,,; = p,,, thatis, we take the dipole to be equal for all
chromophores within the corresponding nanopillar. This approximation should provide a semi-quantitative description
of the dispersion of the organic superlattice alone. A more refined description would rely on the coupled-dipole method
[18-20], but is beyond the scope of this work, as this simplified model illustrates the essence of the problem.

We shall now consider a general two-dimensional monoclinic superlattice with unit cell defined by vectors OD and OC
depicted in Supplementary Figure 5. For convenience, we temporarily adopt the #-rotated coordinate system x’y’ which,
with respect to the original xy system, is defined by,

32/
o1
y

cosf —sinf
sinf cosO

x
¥y

(82)

We will later explain how to obtain 6. We take two sides of the parallelogram (AB and CD) to be parallel to x'. For simplicity,
the nanopillars are taken to be rectangular parallelepipeds. Their transition dipoles p,, = g are fixed in the x'y’ plane and
make an angle a’ with respect to x' (or a = a’ +6 with respect to X). Notice that all sites are equivalent. We only account
for nearest-neighbor (NN) and next-nearest-neighbor interactions (NNN). We classify the interactions as horizontal NNN
(AB, CD), vertical NNN (AD, BC), diagonal type A NN (OA, OC), and diagonal type B NN (OB,0D), respectively,
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_,(1-3cos’a))

Jn=nu A3 ) (83.1)
[1-3cos®(a’ — B)]
Jo =y 3 : (83.2)
v
[1-3cos?(a’ —7)]
2
Jaiaga =1 A2 +20,0,C083+423/2” (83.3)
(=)
[1-3cos?(a’ +8)]
Jaiags =K (83.4)

(Ai—ZAhAVcosﬁmzv )3/2 ’
1

Here, || = u and the side lengths are AB = CD = Aj, and BC = AD = A,,. We have also conveniently introduced the angles
B=4BCD = ZDAB, as well as the following,

¢ Aysinf 84.1)
—atan———, .
4 Ap+Aycosp
Ay,sin
0= atany—ﬁ. (84.2)
Ap—Aycosp

Assuming that all site energies are equal, w, = @, we may rewrite Supplementary Equation (80) in k space, Hey, =
>k Hexc,k» where Hoxe o = wexc,ka};ak, where k = kyx' + kyy’ and

Wexek = @ +2Jpcos(ky Ap) +2]ycos | kyAycosf+ kyAysin

Ay +A Aysi
+2Jdiagacos | ky i ;COSﬁ +ky vszmﬁ
Ay —Aycos Aysin
+2] 4iagnos | ky =2 2” ﬁ—ky/ “2 ﬁ] (85)

is the resulting dispersion relation for the excitons alone.

As explained in the main text, we would ideally like to design a plexciton dispersion which features a global gap in the
bulk. This requires a superlattice with an “H-aggregate” dispersion along all wavevector directions. Mathematically, this
means that the dispersion ey x should be a maximum at k = 0. It turns out that this is not possible in a rectangular lattice
(B = %), as the resulting J-couplings (J; < 0) arising from the geometric constraints end up dominating the H-couplings
(J; > 0) at least along one direction, yielding a minimum, or at best a saddle point for w,  at k = 0. Hence, we proceed
in a more systematic fashion. Taylor expanding Supplementary Equation (85) up to quadratic order in k;r,

Mo Moy k !
A x'x X'y X
Wexck Dy pp+ [ ky ky ] (86)
exc eff Y Mylx! My!yl ]Cy/
where the constant offset is obtained by evaluating we . x at k =0,
@;ff=d)+2]h+2]y+2]dmgA+2]diagB- (87
2
Here, M;: 1 = % g kb:el;‘,z’f denotes a Hessian matrix, which can be readily diagonalized,
i J _
My Mx’y’ _ Syx! Syx’ my 0 ] Syxt Sxy’ (88)
My My Sxy' Syy 0 my Syx Syy

where S; j is a unitary matrix, and ultimately yields the result,
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Supplementary Figure 5. Geometry of two-dimensional monoclinic superlattice of organic nanopillars. x'y' denotes a temporary Carte-
sian coordinate system which is rotated at 6 from the original xy system. The collective transition dipole moments of the nanopillars
make an angle a’ with respect to &’ (or a = a’ + 0 with respect to %). The horizontal and vertical distances Ay, and A, together with the
angles f, v, and 6 fully define the superlattice.

a)excyk:a')’eff+mxk§+mykf, (89.1)

:cDeff+2]xcoskxAx+2]ycoslcyAy, (89.2)

where k; = Sjky + Siy ky/, and for our simulation, we choose (arbitrary) effective unit cell dimensions A; such that
Ji= —% fori=x,y, and LD; rr= @epr+ 2]y +2]y; this identification renders Supplementary Equations (89.1) and (89.2)

equal u}l) to quadratic order in k;. We have thus arrived at a very convenient expression; Supplementary Equation (89.2)
shows that the oblique lattice renders the same long-wavelength physics as a much simpler rectangular lattice with only
NN interactions. This approximation is insightful in that it exposes the physical origin of the global gap; it also remains
valid for our purposes as the topological phenomena of our interest occurs at small k;.

For an arbitrary fixed value of Aj,, we Monte Carlo sample through the parameters r = ﬁ—; €[0,2], ¢ €[0, 7], and B € [0, 7]
and record those which yield my, m, < 0. We observe that only ~8% of the parameter space satisfies the H-aggregate
condition we are looking for. One such set of parameters is @’ = 1.20(= 68.5degrees), § = 0.23(= 13.1degrees), r = 0.88,

2
yielding (my, my) = —(1.49,0.44) JoA2, where Jy = % sets the energy scale of the dipolar interactions. The associated
h

eigenvector matrix is,

Sex' Syw ] B [ -0.91 -0.41 ]

Sxy Syy 041 -0.91
cosf —sinf
" | sin@ cosf ] (90)

where we obtain 0 = 2.72(= 155.7°), which defines the angle of rotation of our temporary coordinates x'y’ with respect

to the original ones xy; then, @ = a’ + 6 = 3.9(= 224°). Now, each nanopillar has a collective transition dipole moment

value of = \/Nyplp,| = \/Nppx12D = /W, W), W, py, x 12D (D=Debye). Choosing the nanopillars to be separated from
a5

one another by A}, we Nget a value for the energy scale of Jy = x 100D?. Taking p, p = 38molecules/ nm?, we

obtain,



23

m

Jx=—— =3.45eVx{,
X
my

Jy=-— =1.02eVx{y
y

W, W, W, . . . . . . : . .
where (; = LAz are dimensionless ratios which govern the effective dispersion of the superlattice. By choosing the
h3i

physically reasonable parameters A, = 100nm, Wy = 10nm, Wy, = 75nm, W, = 70nm, @, rf=0.57eV (the latter is chosen
to obtain maximum coupling of the exciton with the magneto-optical interaction) and the effective simulation parameters
Ay = Ay =50nm, we obtain A, = rA, = 88nm, {x = {y = 0.21, Ny, = 2 x 10°molecules, = 1.7 x 10*D, J, = 1.04eV, J, =
0.31eV. We emphasize that even though J, and J, can have arbitrary values which depend on our choice of parameters
Ay and Ay, the latter set the spatial resolution of our real space simulations, and hence, the size of the systems we can
computationally study. These simulations are carried out in order to calculate edge states as well as understand the effects
of disorder.

We note that when choosing parameters, we need to make sure that (a) the nanopillars do not yuxtapose each other and
(b) the number of chromophores in the organic layer is large enough to achieve considerable coupling with the SPs (see
Supplementary Equations (96) and (99)), (c) the thickness W, is not too large to induce very strong dipolar interactions
between nanopillars which overwhelm the exciton-SP coupling in (b). Condition (a) is easily checked computationally
and graphically. With respect to condition (b), we note that the surface area of the ABCD parallelogram in Supplementary
Figure 5 is A Aysinf. It contains two nanopillars of surface area W, W,,. The surface coverage fraction of the organic layer
is hence,

2W, Wy

= 91
ApAysing ®b

For our chosen parameters, f = 0.78. In general, we need both f and W, to not be very small (f > 0.2, W, > 40nm) in order
to achieve strong exciton-plasmon coupling. Condition (c) is optimized numerically and yields parameters W, < 100nm.

In the next section of this Supplementary Note, we shall work with the effective rectangular superlattice of Ny x Ny,
nanopillars (where N; is the number of nanopillars along the i-th direction) instead of the original monoclinic one. This is
a good approximation not only for the interactions between the various nanopillars, but also for the exciton-SP couplings,
as long we use the average density of the original monoclinic lattice (see Supplementary Equations (96) and (99)).

B. Exciton-SP couplings

We are now ready to discuss the effective interaction between SPs and a single nanopillar. Consider the dipole operator
Pms = pms(b;rm + byus), where b;rns(bms) creates (annhilates) an exciton at the ms-th chromophore of some nanopillar.

The time-independent electric field operator is E'(r) = Yk 22’(’)(;‘2,6 arE' (k) + h.c., which results from transforming Sup-

iw(k)t

plementary Equation (55.1) from the Heisenberg to the Schrodinger picture by removing the dynamical phases e~
(see Supplementary Equations (18.1) and (20.1)), i.e., E'(k) = E(k)e!*®?, Using Supplementary Equation (74) and (75),
the dipolar coupling between the n-th nanopillar and the SP modes is given by

(n) _ - 2
Hexc—SP - Z P 6 (1)
m,s

= Z jk'msakh;rnseik'r'”+h.c., 92)

k,m,s

where the sum over ms is restricted to the chromophores in the n-th nanopillar. We have also used the rotating-wave
approximation to discard far-off-resonant terms of the form a0, and a};UJ,r, s- Using Supplementary Equation (55.1), the

corresponding coupling is given by,
210 -
jk,ms: - me ol )zSpms'E(k,Zs), 93)

where, depending on whether we use the two-layer or three-layer setup results, we make the following substitutions,
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Two-layer setup

Ly Lo Supplementary Equation (50)

a A 4o Supplementary Equation (24.2)
E(k,zg) | Epo(k, zs) = E 49(k) + gE 41 (k, z5) | Supplementary Equations (40.1), (41.1)

Three-layer setup

Ly Lo Supplementary Equation (78)

a Qorgo Supplementary Equation (66.2)
E(k,zs)|Eorg(k, z5) = Eorgo(k) + §Eorg1(k, z5) |Supplementary Equations (72.1), (73.1), (73.2), (76).

Supplementary Equation (93) exposes the 3D nature of our problem with its z; dependence: there is an exponential con-
tribution e~*®3s from the SP evanescent field, and even a linear correction in z; due to E4; for the two-layer setup. In any
case, it will prove convenient to derive an effective 2D description for our model. We have two ways to do so.

1. Mean-field approximation (MFA)

Using Supplementary Equations (92) and (93),

w(k 5 . N .
g = Z (k) —a(k)z(k)akpms, ZEUC'Zs)elk-(rm—rn)—ao(k)(Zs—z(k))bl‘ns ek 4 e 94.1)
Hlexe- 2€0SLy e
o) —atzo ik N T
- e 'ny,.-E(k,z(k)) ao! +c.c., 94.2
*= 2\ 20515 ° pn - B(k, 2(k)) axo) (94.2)
Efkn

where we have formally taken z(k) to be an average (k-dependent) vertical position for the chromophores in the nanopil-
lar (we will discuss how to compute this parameter later, see Supplementary Equation (101)), made the MFA that
etk rm=-aok)(2-2) ~ 1 assumed that the dipoles Pms = P, for all the chromophores in the n-th nanopillar, and de-
fined the collective exciton operator,

= Y b, (95)

Vv an ms

such that its corresponding transition dipole is superradiantly enhanced at g,, = {010, 3. ps P1,,510) = /Nupp,, [17].

Having addressed the effective interaction between a single nanopillar and the SP modes, we can move on to the de-
scription of the superlattice, Hexc—sp = >p H, ez)c sp- If 1, = p and we assume periodic boundary conditions (PBCs),

we can construct Fourier k modes for the excitons too, o} = ————1Y¥, 0},e!¥"». Then, we arrive at the Hamiltonian,

k (/NN
Hexc-sp = Xk Hexc—spk = Li £ (k) aka;rc +h.c., where

_ (NaNy\ [ 0k) \ gm0z
f(k)_\/( S )(ZeoLko)e B0, .

and k runs for all the allowed discretized wavevectors k; = — N A giforg;=0,1,--- ,N; — 1.
Within the MFA, we have achieved to represent each nanoplllar as a single collective transition dipole p,, associated with

the operator O'L. There is, however, an ambiguity in this approximation, namely, the criterion to optimize the parameter
z(k). We will discuss this in subsection 3 below.

2. Beyond the MFA

Going back to Supplementary Equation (94.1) and assuming p,,,; = p,, we can consider alternative nanopillar modes.
We follow Gonzdlez-Tudela, et al [10]. Let us define the new modes (distinguished from the others by the overbar notation),
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1
= an -E(k, Zs)elk (rm=1n)—ao(k)zs bIns’ (97)

ms

where the corresponding normalization is given by,

n E(k, Zs)eik'(rm_rn)—ao(k)zs 2

 Nup
~

dzlpn E(k, z)?e”2Raotk)z, (98)

where we identified z¢ — zp = W, as the vertical thickness of each nanopillar. Introducing the corresponding k mode

(_T;rc = \/le_Ny Yn (TI,(k)eik'r, Supplementary Equation (94.1) becomes Hexc—sp = Yk Hexe—spk = Lk Z (k) ak5;€+h-c-, where,

j_(k):\/ w(k) \// dze 2Ra®z|p . E(k,2)I2, (99)

2€0Lk0

where we have identified

NxNyNyp  (NxWx)(N,Wy)
- - 100
A S Pnp (100)

<1

as the average density of chromophores in the organic superlattice which, due to the “void space” between nanopillars,

is lower than p,,. Except for a different convention in the phases of our exciton modes (_T;rc, this solution has the same
structure as the one presented in [10], even though the latter deals with an organic layer of uniform density.

3. Comparison

When we wrote Hexc—sp = Xk £ (k) aka‘;c + h.c., we made a MFA to Supplementary Equation (94.1) by invoking defini-
tions for the mode a’;, and the coupling # (k) (Supplementary Equations (95) and (96)). The essence of this approximation
is the exponential factor e~®0®)Z(k) jp Z (k), which implies that when each nanopillar interacts with the k-th electro-
magnetic mode, it behaves as a collective dipole placed at the effective height z = Z(k). On the other hand, when going
beyond the MFA, we introduced (r‘;,(k) and j (k) (Supplementary Equations (97) and (99)) and showed that Heyx.—sp =
Yi.F (k)ak(fr + h.c. is an exact representation of Supplementary Equation (94.1) (notwithstanding the excellent approx-
imations of converting the sums over chromophores to integrals and the PBCs). Hence, & (and not o k) is the natural
exciton mode which couples to the SP mode ak.

The solution beyond MFA might be a more convenient description if one is interested in a careful description of the
energetics of the problem. However, for purposes of the topological characterization of the plexciton band-structure, it
is more pertinent to adopt the MFA description Notice from Supplementary Equation (97) that 7 ,,(k) depends explicitly
on k, so that the Fourier modes 6}; = \/W Ynuo ,,(k)e”‘ ” have an additional dependence on k beyond the phase factor
e’kT_ This introduces a technicality for the numerical computation of the Chern number for each plexciton band, which
we wish to avoid at present. This complication does not occur in the MFA, where 07;, uniformly sums over the excitons
operators b;r,,s for a given nanopillar regardless of k. Thus, we make a compromise: we formally use the structure of the

MEFA, but heuristically make the energetic approximation | 52 (k)‘ = _# (k). Comparing Supplementary Equations (96) and
(99), this identity requires that z(k) satisfies,

Pn: E(k, Z(k))e_“argo(k)i(k)

1 zf
) ¢W/ dzlp,,-E(k,z)|? e Rorso )z, (101)
zJzy

This constraint has the appealing physical content of computing the mean-field effective position z(k) of the collective
nanopillar dipole by averaging interaction of the SP with respect to the interval z € [z;, z¢]. Operationally, however, it is

not necessarily to solve for z(k), as having the value of j (k) in Supplementary Equation (99) suffices for our calculations.



26

To remind ourselves, when dealing with the dispersion of the organic layer alone, we have coarse grained it into an
effective rectangular superlattice. However, when computing the exciton-SP coupling via Supplementary Equation (99),
p must be taken to be the density of the original monoclinic superlattice. Supplementary Equation (100) is undetermined
as Ny and N, are artificial simulation parameters, instead, we shall write

P=fpnp, (102)

the average density is equal to the surface coverage fraction times the original nanopillar density.

4. Representative coupling values

While the simulations for the main text use the three-layer setup, it is instructive to also consider the two-layer one.
Supplementary Figures 6 and 7 plot representative exciton-SP coupling values _¢ (k) using Supplementary Equation (99)
for the two-layer and three-layer setups, respectively. We display calculations for different orientations of the transition
dipoles of the nanopillars, when g || k, gt || @, and g || 2. Throughout the plots, we have chosen silver Drude parameters
€00 = 3.7, wp =8.8eVand g = 0.3. Each of the panels displays results corresponding to a particular dielectric permittivity €4
and the base height of the nanopillars zj, and fixing the same organic layer height W, = 70nm. Taking the parameters for
the organic superlattice described in section A of this Supplementary Note and assuming p,, = 38 chromophores/ nm?,
the average density using f = 0.78 and Supplementary Equation (102) is computed to be p = 29.7 chromophores/nm®.
Supplementary Figure 7 assumes that the MO dielectric layer has a width a and the base height of the nanopillars is also
a. Supplementary Figure 6 corresponds to the potential scenario where the organic nanopillars are “embedded” in the
MO dielectric layer starting at the base height z;.

As a reminder, in the absence of the MO effect, the electric field of the k-th SP mode has no tangential component
(see Supplementary Equations (40.1), (72.1)). Thus, the blue curves in the plots (u || ék) must vanish identically for g = 0.
For g # 0, these couplings scale linearly with g (see Supplementary Equations (41.1), (76)), so it is easy to predict these
perturbative exciton-SP couplings for other values of g. On the other hand, the red (u || k) and black (¢ || 2) curves are
independent of the value of g, as they are O(g®). Notice that all the curves peak at short wavevectors. For the plexciton
dispersion calculation in the main text, we optimized large topological anticrossing gaps by choosing the effective site
energy @, r for excitons (see Supplementary Equation (87)) such that the exciton dispersion Hey,r and the SP dispersion
Hgpy become degenerate (Dirac points) at wavevectors k™ where the coupling to the tangential MO electric field is largest;
in other words, we maximized j_(k*) for p || ék.

The simulations displayed in the main text correspond to the first (upper left corner) panel of Supplementary Figure
7, yielding _#(1.60 x 10’m™!) = 0.115eV for u || 04, or equivalently, a topological anticrossing gap of 2 #(k*) = 0.23eV.
This value becomes slightly larger than the linewidths of the exciton and SP modes. Note that quite often, the largest
couplings occur when p || 2, reaching values which are comparable to the exciton site energies. This regime, known as
ultra-strong coupling [21], is interesting in its own right and gives rise to novel effects, which are beyond the scope of our
work. Unfortunately, for our purposes, we cannot exploit these large couplings, as they do not vanish for any k and hence,
does not yield Dirac points (see main text).

A few interesting trends can be obtained from scanning through e¢; and zy; some of these results are displayed in Sup-
plementary Figures 6 and 7. First, couplings _¢ (k) for || 0 and p || 2 decrease as z; increases, eventually becoming very
small for photonic distances (Supplementary Figure 6h and 7h). This is not surprising, as owing to the evanescent nature
of the SP fields, these couplings should be strongest for the chromophores that are closest to the interface at z = 0. For the
three-layer setup, however, the MO effect becomes naturally very small as the MO spacer thickness a vanishes. Contrary
to the evanescent decay of the field, Faraday rotation increases with propagation distance. Hence, we expect the largest
MO effect in plasmons to peak at a particular MO spacer thickness a, large enough to experience Faraday rotation, but
short enough that it has substantial amplitude despite of its evanescent decay. Keeping all other parameters of the simu-
lation in the main text equal, we find that @ = 175nm maximizes j(k*) at j(1.24 x10°m™1) = 0.124eV for el ék. In our
simulations, we do not choose this value of a because the latter is barely larger than what we get with a = 80 nm but, due to
the exponential decay of the field as a function of distance, renders much smaller values of _¢ (k) for g || k( Z(k)<0.25eV)
compared with the preferred scenario (_# (k) < 0.55eV). Large couplings _¢ (k) for p || k guarantee a global topological gap.
also these values of which are small not optimal to generate the global topological gap.

Another interesting trend is that couplings decrease as the permittivity €; increases. This is an effect of index mismatch
between the different layers. A possibility to ameliorate this problem is to embed the MO material inside of a low dielectric
polymer, or consider multilayer structures which adiabatically change the dielectric function as a function of height. No-
tice that _¢ (k) for u || 0. for the two-layer setup are about an order of magnitude larger than the corresponding couplings
in the three-layer setup. This is explained by the fact that in this setup, the organic layer is embedded in the MO layer, so
the MO effect does not end sharply at zyp = a, as in the three-layer setup. Just to get an intuition about the plexciton dis-
persion that one would obtain under this hypothetical scenario, we present it in Supplementary Figure 8 with all the other
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Supplementary Figure 6. Representative exciton-SP coupling values for two-layer (metal-MO dielectric) setup. The calculations have
been carried out using Supplementary Equation (99). We display results for different orientations of the transition dipoles of the
nanopillars, when p || k, pl 0, and p Il 2. Notice that all the curves have maxima at short wavevectors. The calculations assume
thatex, = 3.8, wp = 8.8 €V, g = 0.3, and the height of the nanopillars being W, = 70nm.

parameters being equal to the three-layer simulation in the main text (i.e., using the coupling values in Supplementary
Figure 6a). Notice that due to the large values of _¢ (k) for p || 0y, all the edge states clearly reside in the global topological
gap, in contrast with the edge states in the dispersion of Supplementary Figure 3b in the main text, where only a fraction
is in the global topological gap. This indicates that in order to optimize the topological plexciton structures, we need to
find materials providing substantial ¢ (k*) values (> 0.1eV) for p || 0 we need to find materials with large g values at
the UV/visible (recall the crossing between the SP and exciton dispersions at k* happens at 2.86eV in our calculation).
Some examples of the latter are Co alloy films [22], orthoferrites [23], or spinels [24]. A caveat about the latter is that they
are also highly absorptive at those same wavelengths (large imaginary part of €4, which we have neglected in this work).
Ce substituted YIG has less of a problem in that regard [25]. Typical solutions to weak MO effects rely on the formation
of Fabry-Perot cavities which force propagating modes to bounce many times within an MO material [26]. A plasmonic
analogue of this effect is desirable for the present problem. We are currently working towards these directions in order to
induce strong MO effects.

5. Bulk energy dispersion cross-sections

For illustration, we display dispersion relations for the three-layer setup (which is ultimately the calculation we display
in the main text) in order to ellucidate the onset of the formation of Dirac points and their opening due to the MO effect.
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Supplementary Figure 7. Representative exciton-SP coupling values for three-layer (metal-MO dielectric-organic) setup. Just as with
Supplementary Figure 6, the calculations have been carried out using Supplementary Equation (99). We display results for different
orientations of the transition dipoles of the nanopillars, when p || ic, pll 9, and p || 2. Notice that all the curves have maxima at short
wavevectors. The calculations assume that e = 3.8, wp = 8.8 eV, g = 0.3, and the height of the nanopillars being W, = 70nm.
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Supplementary Figure 8. Plexciton dispersion for two-layer setup. All parameters are held equal to those used in Supplementary Figure
3b in the main text, except for using a two-layer setup rather than a three-layer one. Notice that all the topological edge states reside in
the global gap, which is possible due to the increase MO effect with respect to the three-layer simulation.
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Supplementary Figure 9. Cross-sections of the independent bulk dispersion curves of exciton (red) and plasmon (blue) modes for fixed
values of ky. The calculations assume that €x = 3.8, wp = 8.8 eV, the height of the nanopillars is W, = 70nm. The plotted energies are

independent of g in our perturbation theory framework.
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Supplementary Figure 10. Cross-sections of the bulk plexciton dispersion curves for fixed values of ky and g=0. The rest of the parameters
remains as in Supplementary Figure (9). The upper (red) and lower (blue) plexcitons emerging from the coupling of modes in Supple-
mentary Figure (9) in the absence of the MO effect. Notice that Dirac points emerge in panels (c) and (d), corresponding to the different

wavevectors where the coupling between the modes vanishes.



30

(a) ky=-5.8 x 10’ m” (b) ky=-2.1x 10’ m" (c) ky=-1.2x 10’ m"
>4 — —— —~—_—
v
=
852
50 /\

T
(d)ky=11x 10’ m"  (e) ky=2x 10’m" (f) ky=4.4% 10’ m”
v
=
€52
9]
c
0

5 0 5 -5 0 5 5 Y p
kx [10” m"] kx [10” m™] kx [10” m"]

Supplementary Figure 11. Cross-sections of the bulk plexciton dispersion curves for fixed values of ky and g=0.3. The rest of the param-
eters remains as in Supplementary Figure (9). The upper (red) and lower (blue) plexcitons emerging from the coupling of modes in
Supplementary Figure (9) in the presence of the MO effect. Notice that Dirac points in panels (c) and (d) of Supplementary Figure (10)
do not survive in this setup due to an O(g) perturbation. For a calculation with open-boundary conditions, this gap is populated with

topologically protected edge states (see main text, Supplementary Figure 3).
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