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Abstract: If an exciton and a photon can change each other’s properties, indicating that the regime of
their strong bond is achieved, it usually happens in standard microcavity devices, where the large
overlap between the ‘confined’ cavity photons and the 2D excitons enable the hybridization and the
band gap opening in the parabolic photonic branch (as clear evidence of the strong exciton-photon
coupling). Here, we show that the strong light-matter coupling can occur beyond the microcavity
device setup, i.e., between the ’free’ s(TE) photons and excitons. The s(TE) exciton—polariton is a
polarization mode, which (contrary to the p(TM) mode) appears only as a coexistence of a photon
and an exciton, i.e., it vanishes in the non-retarded limit (¢ — o0). We show that a thin fullerene Cg,
crystalline film (consisting of N Cgy single layers) deposited on an Al,O3 dielectric surface supports
strong evanescent s(TE)-polarized exciton—polariton. The calculated Rabi splitting is more than
Q) = 500 meV for N = 10, with a tendency to increase with N, indicating a very strong photonic
character of the exciton—polariton.

Keywords: eksciton-polaritons; molecular crystals; optical conductivity; photonics

1. Introduction

The interaction between photons and polarization modes can result in the formation of
hybrid photon polarization modes, called polaritons [1]. Very common platforms for study-
ing strong light-matter interactions are the gapped systems, such as semiconductors [2,3]
or molecules [4], placed in microcavity devices, where the cavity exciton—polaritons are
formed. The quantum nature of a cavity exciton—polariton manifests in the form of the Bose—
Einstein condensation, which has recently been experimentally detected [2,5,6]. The cavity
exciton—polaritons are routinely observed in bulk [7-10] and quantum well systems [3,11],
e.g., devised from GaAs|[3]. Two-dimensional (2D) materials, such as semiconducting
monolayers, thin heterostructures, and films, are even more attractive than their bulk
counterparts, due to the reduced Coulomb screening and the corresponding large exciton
binding energies [12-19] that enable the formation of well-defined exciton—polaritons even
at room temperatures [20]. The first 2D exciton—polaritons were obtained in a monolayer
of a transition metal dichalcogenide (TMD) MoS,, where the Rabi splitting between the
exciton and the cavity photon of ~50 meV was observed [21]. Further photoluminescence
studies showed clear anti-crossing behavior and splitting of the exciton—polariton in other
2D TMD cavity devices, e.g., in MoSe; [22], WS, [23], WSe; [24,25], and in the MoSe;-WSep
heterostructure [26]. In addition, the real-space imaging of the exciton—polaritons has
been done by means of near-field scanning optical microscopy for WSe; thin films [27].
Finally, a remarkable Rabi splitting of 440 meV was theoretically predicted in the monolayer
hexagonal boron nitride cavity device [28], suggesting extraordinary strong light-matter
interaction in 2D heterostructures.

The strongest exciton—photon coupling is achieved in the organic dye molecule thin
films placed in a microcavity [29]. For example, Rabi splitting of (2 < 450 meV [30-32],
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0.7 eV [33], and even more than 1 eV [34,35] have been detected when various organic dye
molecules were placed in a planar microcavity. The theoretical approach to such systems
is mostly based on the two-level or boson-boson Hamiltonian model with an arbitrary
coupling constant [4,36]. Using graphene [37] or perovskite [38]-layered heterostructures,
one can obtain tunable microcavity devices of high performance, which can be applied
as photonic detectors or emitters [38,39], but also as platforms for studying the exciton—
photon coupling.

All these studies use the same concept: an exciton in a semiconducting nanostructure
hybridizes with a photon 'confined’ in a metallic microcavity. Such cavity photons and
excitons are expected to interact stronger as the photon is more confined (i.e., the overlap
between the exciton and photon is larger) and as the exciton oscillator strength [28] is
larger. In this paper, we change the concept and explore the coupling between the "free’
photons and the excitons in the 2D nanostructures. The coupling between the 'free’ photons
and the polarization modes (such as plasmons, phonons, or excitons at surfaces or in 2D
nanostructures) is a well-known, widely explored phenomenon [40-47]. The inherent
property of all these eigenmodes (called plasmon polaritons, phonon polaritons, or exciton—
polaritons) is their evanescent character, i.e., they are well-defined eigenmodes with the
electromagnetic field (wave function) strongly localized at the interface or within the
2D nanostructure. Moreover, these modes usually have p or transverse-magnetic (TM)
polarization, i.e., the electric field (and, therefore, the currents as well) has a component
parallel to the direction of propagation. The most relevant point is that the p(TM) polarized
plasmon polariton, phonon polariton, or exciton—polariton branches reduce to the plasmon,
phonon, or exciton branches in the non-retarded (¢ — o0) limit. On the other hand, the
electric field and the current of s or transverse-electric (TE) electromagnetic eigenmodes
are perpendicular to the direction of their propagation. An especially attractive aspect
of these polarization modes is that they do not exist in the non-retarded (c — oo) limit,
i.e., they appear only as the coexistence of a photon and an exciton. The extent of the
photon’s participation in the s(TE) exciton—polariton is determined from the bending
of the horizontal exciton branch (wex) at the exciton—photon crossing (wex = Qex¢/ V€,
where Qe is the photon wave vector at the exciton-photon crossing point), which we call
the Rabi splitting (), to keep the terminology compatible with the cavity systems. Even
though the s(TE) surface or 2D polaritons do exist [40] for some conditions, there is still no
experimental evidence of such modes. However, the hybridization between the s(TE) Bloch
surface waves (BSWs) (i.e., the photons confined between a truncated photonic crystal and
a semi-infinite dielectric), and the excitons has been experimentally demonstrated in both
inorganic (quantum well and TMD monolayer) and organic systems [48-51].

We show that very strong s(TE) exciton—polaritons may occur in layered van der
Waals (vdW) heterostructures. The prototypical layered nanostructure we investigate
in this paper is a thin film of the FCC fullerite (crystalline fullerene) cut along the (111)
planes so that it formed several (N) molecular (Cgp) layers. The crystalline Cq films were
also deposited on a dielectric Al,O3 surface to make the simulation more realistic. The
epitaxial growth of the Cg thin films of various thicknesses on various metallic or dielectric
substrates under ambient conditions and in high vacuum was studied in references [52-58].
Some experimental studies even show that the crystalline growth of the C¢ thin films on
pentacene buffer layers is exclusively (111)-oriented [55]. Theoretical, molecular dynamic
simulations of the Cgp multilayer epitaxial growth and stability on various substrates were
investigated in references [58—61]. These experimental/theoretical studies suggest that our
model system is indeed highly realistic.

In this paper, the light-matter interaction was studied using our quantum electrody-
namic Bethe-Salpeter equation approach (QE-BSE) developed in references [28,47]. This
approach describes both excitons and photons by bosonic propagators ¢ and I', respectively,
derived from the first principles. The Cg optical conductivity o was calculated using ab
initio GyWo-BSE method [47,62], and the free proton propagator I' was derived by solving
Maxwell’s equation at the vacuum/dielectric interface [63,64]. The dielectric surface was
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described by the local dielectric function ep;(w), also determined from the first principles.
The exciton—photon coupling was achieved by dressing the free-photon propagator I' with
excitons at the random phase approximation (RPA) level. We studied the s(TE)-polarized
exciton-polariton in the Cg thin crystalline film as a function of the number N of the Cgg
single layers. We obtained a very strong hybridization between the exciton in the Cg thin
film and the s(TE) free photons. The hybridization increased with N, and for N = 10, we
achieved the Rabi splitting () even larger than 1000 meV and 500 meV for self-standing
and supported Cg films, respectively.

The paper is organized as follows. In Section 2, we present the geometry of the
system and the derivation of the optical conductivity & of the Cg single layer using the
GoWy-BSE approach with the solution of Dyson’s equation for the electric field propagator
& =T +TI7€. In Section 3, we present the spectra of the electromagnetic modes S = Re&,
as well as the dispersion relations and intensities of the s(TE)-polarized exciton-polaritons
in the Cg thin films of different thicknesses N, in vacuum, and at a Al,O3 surface. The
conclusions are presented in Section 4.

2. Theoretical Formulation

We assume the the C4p molecules, upon deposition on the crystal surface, self-assemble
in a regular FCC structure (the most stable bulk structure of crystalline fullerene) forming
a (111) surface, as shown in Figure 1a. The FCC crystal lattice constant is taken to be
asp = 14 A [61], and the separation between the layers is fixed to be A = azp/ V3 =
8.1 A. Each crystal plane forms a 2D hexagonal Bravais lattice with the lattice constant
ap = azp/V2 = 9.9 A, as shown in Figure 1b. The Cg films, occupying z > 0 half-
space, are immersed in a dielectric medium described by a dielectric constant €y. The
dielectric response of the substrate, occupying z < 0 half-space, is approximated by a local
macroscopic dielectric function ey (w).

Figure 1. (a) C4p molecules upon deposition on the surface self-assemble in a regular FCC structure
forming a (111) surface. The Cgg layers, occupying z > 0 half-space, are immersed in a dielectric
medium described by a dielectric constant €. The dielectric response of the substrate, occupying
z < 0 half-space, is approximated by a local macroscopic dielectric function ey(w). The FCC lattice
constant is a3p = 14 A so that the separation between the layers is A = a3p/+/3 = 8.1 A. (b) Each
crystal plane forms a 2D-hexagonal Bravais lattice with lattice constant a,p = azp/ V2 =99A.

2.1. Calculation of Electric Field Propagator £

The quantity we used to extract the information from the electromagnetic modes in
the Cg films deposited on a dielectric surface was the electric field propagator &£, which
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provides the electric field produced by an external oscillating point dipole pye ! placed

at point r’ as [63,64]
Ey(r,w) - Z (.c:]/“/(r, r/,w)pg. (1)

V=X,Y,2

The propagator £ is the solution of Dyson’s equation [28,47,64,65]

Ew(tr,w) =Ty rw) + Y /drlfdrz Ly (1,11, )04 (11, 12, ) Egy (12, ¥, w),
w,B=xy,z
2

where the integration is performed over the entire space, ¢ is the nonlocal conductivity
tensor of the deposited Cg thin film, and I' is the electric field propagator in the absence of
the Cgp film, i.e., when o = 0 [64,65]. The propagator I' also includes the electromagnetic
field scattering at the medium/substrate interface. If each molecule is approximated as a
point polarizable dipole, then the optical conductivity of the Cgg film can be written as

o (1,1, w) ZZU w)é(p — R))é(z —z:)d(p" — R)o(z' —z;), )
i= lRH

where O'iy "(w) is the optical conductivity tensor of a single molecule in the i-th molecular
layer. This approximation is fully justified in the optical limit 27tc/ wyjghy >> Rm, where
Ry is the radius of a Cgg molecule. Note that although all the molecules are equal, we
distinguished between their conductivities in different layers oj;i = 1, N, due to the
different influences of the substrates on a molecule in a different layer. The 2D Bravais
lattice translation vectors spanning the molecular crystal are

RH =naj +may, n,méeZ, (4)

where a; and a; are the primitive vectors, as illustrated in Figure 1b. The molecular layers
occupy the planes
zi = 20,20+ A,z0+ 24, ... ,z0+ (N = 1)A,

where N is the number of molecular layers. Due to the planar translational invariance of
the substrate, the Fourier transform of the propagator I' is

d : /
Lw(rr,w) = [ (2Q>z Iw(Q,w,z,2)e/ PP, ®)

where Q = (Qy, Q) are the two-dimensional wave vectors. The propagator £ should also
include the effects of the electromagnetic field Bragg scattering at the 2D crystal lattice, so
that its Fourier transform is

g;u/ I, I' CU 2/ dQ gg‘]lj Q/ (U,Z/Z/)eiQpeii(QJrg”)p,, (6)
8|
where
g” = I’lb] + mb2,’ n,me 7 (7)

are 2D reciprocal vectors, while b; and b, are primitive reciprocal vectors. After inserting
(3), (5), and (6) in (2), it becomes an equation in the (Q, w, z) space

5§F(Q,w,z,z’) =Tw(Quw,z7)+
Z ZZFW‘ Quwz Z) ( )E‘B‘J,-g (Q gHrw 1ZisZ )r ®)

x,B=xy,z i gH
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where the surface optical conductivity is

o (@) = o (w), )
Sfcc

and Sg.c = (a1 X ap)2 = a%Dﬂ /2 is the area of the 2D unit cell. If we neglect the electro-
magnetic field Bragg scattering, by introducing g = gh = 0in Equation (8), and inserting

z = z; and 2’ = z;, the equation becomes the matrix tensor equation:

g;n/(Q/w/Zi/Zj) = r;w(Q/w/Zi/Zj) + Z erx(Q/wrZirZk)ﬁ;:ﬁ(w)gﬁv(Q/w/Zkzzj)/ (10)
a,B=xy,z k

where E1"V(z;, z;) is the electric field propagator within (i = j) or between (i # j) the Cgo
layers. The electrical field propagator in the absence of the Cgp film can be written as

r=r%+r, (11)

where the propagator of the ‘free’ electric field (or free photons propagator) is [63,64]

47ti 2 : /
r’Q,w,zz7) = —60%(5(2 —ZNz-z— %elﬁo“z_” ) eg . eg. (12)
9=s.p

The propagator of the scattered electric field in the region z,z’ > 0 is [63]

2710 g (i
I(Qw,z7) = — L 5¢E) 7 rpef ey (13)
Poc =

Here, the unit vectors of the s(TE)-polarized electromagnetic field are
eg’jE = Qg X z.

and the unit vectors of the p(TM) polarized electromagnetic field are

o+_ ¢
& = e [@0,+80Q0 + Qz],

where ag = —sgn(z—2'), ax = F1, and Qp and z are the unit vectors in the Q and
z directions, respectively. The reflection coefficients of the s(TE) and p(TM) polarized
electromagnetic waves at the medium /substrate interface are

o~ Bo—Pwm
* 7 Bo+Bwm
and
_ Boem — Bmé€o

P Boem + Bmeo”

respectively, and the complex wave vectors in perpendicular (z) direction are

2
Bom = \/(ZJZGO,M((U) - Q2.

The By and By determine the character of the electromagnetic modes at the medium /dielectric
substrate interface. To simplify the interpretation, we assume that the dielectric medium is
vacuum, i.e., €9 = 1, and that the dielectric function of the substrate is constant ey (w) = €y,
which is a plausible approximation for many wide band gap insulators. In the vacuum,
for w > Qc, Py is a real number; therefore, the electromagnetic modes have a radiative
character, and for w < Qc, By is an imaginary number so that the electromagnetic modes
have evanescent character. The two regions are separated by the so-called ‘light-line’
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w = Qc, as illustrated by the magenta line in Figure 2a. In analogy to that, the two regions
in the substrate are separated by the w = Qc//ewm line, as illustrated by the green line in
Figure 2a. Since ey > 1, the slope of the light-line in the substrate is smaller than in the
vacuum, so in the gap Qc//em < w < Qc, the light propagates freely into the substrate
but has an evanescent character in the vacuum region, as illustrated in Figure 2a. Therefore,
the exciton—polariton mode wexpol is expected to appear in the fully evanescent region
w < Qc/+/ém, since in that region it cannot be irradiated into the surrounding media. The
evanescent character of the electric field produced by the exciton—polariton in the Cg film
is illustrated in Figure 2b.

Figure 2. (a) The character of the electromagnetic modes at the dielectric/vacuum (ep;/ €p) interface.
In the region w > Qc, the electromagnetic modes are entirely radiative (both in vacuum and in the
dielectric), in the region Qc//em < w < Qc, they are radiative in the dielectric and evanescent in
vacuum, and in the w < Qc/ /€y region, they have fully evanescent character. In the latter region,
the photon and molecular exciton (wex) hybridize, and an exciton—polariton (wex.po1) occurs. The
measure of the coupling strength between the exciton wex and the photon is given by Rabi splitting
Q. (b) The evanescent electric field Ej, (z) produced by an exciton—polariton in the Cgg film.

We chose the electromagnetic modes to propagate in the Qp = y directions. In
this case, the Dyson Equation (10) decouples into the independent matrix and the matrix
tensor equations for the s(TE) and p(TM) polarizations, respectively. Here, we explore the
s(TE)-polarized electromagnetic modes, which satisfy the matrix equation:

5xx(|Q|y;W/Zi/Zj) - Fxx(|Q‘y/w/Zi;Zj) + (14)
Zrxx(|Q|Y/w/zilzk)5’]fx(w)gxx(|Q|YIw/Zk/Zj)/
k

where after using (11)-(13)

B 27w
Boc?

The first term in (15) represents the incident electromagnetic field, while the second term
represents the one reflected at the vacuum/substrate boundary. In the electrostatic or
non-retarded limit ¢ — oo and

T (1Qly, w, zi,2) = {e"ﬁ("Zf_zf' + rseiﬁO(zf“f)}. (15)

CIL%FXX(|Q|Y/w/Zi/Zj) = 0/ (16)

so that all the properties presented below are a direct consequence of the binding between
the s(TE)-polarized light (photons) and the molecular excitons, and they vanish, i.e., do not
exist in the electrostatic limit.
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2.2. Calculation of the Optical Conductivity of a Single Molecule

First, we explain the calculation of the molecular conductivity (Tl-” "(w) in a ‘self-
standing molecule’(zg — ©0), and then we extend that to the case when the molecule
is close to a dielectric surface, i.e., when z; is finite, and chosen to be a characteristic vdW
distance. The basic ingredients we need to calculate the molecular conductivity oy, (w)
are the molecular orbitals ¢, (r) and the energies E,, which can be obtained by solving
the Kohn—-Sham equation self-consistently. We assume that the molecules are periodically
repeating so that they form a simple cubic (sc) Bravais lattice with the unit cell 2 and volume
Qs = a°. The unit cell a is chosen so that there is no intermolecular overlap. This allows
the molecular states |¢,) to be calculated at the I' point only. It should be emphasized that
the sc lattice and the unit cell a are not related to the previously described FCC lattice with
the unit cell ‘a3p’. The purpose of the sc lattice is only to determine the molecular states
|¢n) at the ' point using the plane-wave DFT code. From now on, the conductivity of the
3D molecular crystal will be denoted as UﬁD(w).

The nonlocal optical conductivity tensor in the 3D molecular crystal is [62,64-66]

USVD 1t w) Z Z ;”:;1”/1 @) jhm (¥ )it (17, (17)
where "
Jum (1) = ;.—m{qb,’;(r)awm(r) — [0y (r)] P (1) } (18)

represents the current produced by the transition between the molecular states |¢,,) — |Pm)-
Considering that the Bloch wave functions at the I" point ¢, are periodic functions, ten-
sor (17) can be expanded in the Fourier series

1 o
o (5,1, w) = o) ¢iGre—iG'Y ohe (W), (19)
where the Fourier coefficients are
‘LlV,3D _— i i - G m<—m’ -V G/ * 20
UGG’ ((U) - Z Z ]nm( ) n—n' (w)[]n’m’( )] 7 ( )
w QSC nm n'm!
and the current vertices are
(@) = [ eI ), e

The four-point polarizability K can be obtained by solving the Bethe—Salpeter (BS) equation [28,47]

, !
wor (@) = LS @) + 3 Y LI @) BRI LT @), 22)

nimq nanip
where the time-ordered electron-hole propagator is defined as

o) /

,Hn/l(w) = Sy O’ - EGW (WG (w + ). (23)

The propagator (or Green’s function) of an electron or a hole in a molecular state |¢,) is

1
Gyulw) = , 24
() w — Ey + EXC — 52X - £5%(w) 29
where the exchange of self-energy is
= - T T 06V (Qpun(G). (25)

SC m GG/
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The correlation self-energy in the GoyW( approximation is

ZCO Qsc ZGZG,pnm an ){(1 —fm) F%G/(w —Em) — fm F%G/(Em — w)}, (26)

where the correlation propagator is defined as
: do 66 (@) 27
Feo / w—w' +id’ @7)

and f, = 6(Ef — E,) is the Fermi-Dirac distribution at T = 0. The spectrum of the
electronic excitation in a self-standing molecule is

1
Seor(w) = —;Imwgc,(w). (28)

To avoid double-counting, we excluded the DFT exchange—correlation contribution EX¢
from the KS energy E, in Equation (24). In the quasi-particle (QP) approximation, the
electrons and holes have energies ESP, which are the real poles of Green’s function (24), i.e.,
they satisfy the equation

E,— EXC 4+ 2% + RexSO(ESY) = EF. (29)

The electron/hole Green functions can now be approximated as

6 (w) - B I 30)
w — EQP+15 w—E,?P—i(S,
and after they are used in (23), the time-ordered electron-hole propagator becomes
men 2 = fa
o (@) = w+ E,?P — E%P + i5sgn(E%P — EnQP) Onnt Ot G

where 6§ = 0. The "time-ordered’ screened Coulomb interaction is the solution of Dyson's
equation

W (W) = Via + Y Vgcl?C%le (W)Wg;ch(w)r (32)
GG,

where the matrix of the ‘time-ordered” irreducible polarizability is

2 (fu = fin)Pum(G) 03 (G') (33)
hew + Ey — By +105gn(En — En)’

XOGG/ (w) =

SC nm

and the charge vertices are

onm (G / dr ¢y, (x lGr(P (1). (34)

Since we calculate the optical conductivity of a single isolated benzene molecule, we have to
exclude the effect on its polarizability due to the interaction with the surrounding molecules
in the sc lattice. This is accomplished by using the truncated Coulomb interaction [67]

O(r—1| — Re)

Ve(r—1') = r— 1|

/ (35)
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where O is the Heaviside step function, and Rc is the range of the Coulomb interactions,
i.e., the radial cutoff. The Coulomb interaction matrix to be used in (32) is then

1 : ‘ol 47T
%S ,:—/ dr/ dr'e GV (1, 1)e'C " = 1 — cos |G|Rc|dccr. 36
GG Q Jo 0 C( ) |G|2[ | | C] GG (36)
The Bethe-Salpeter kernel is
—_ ! _ =Hmem' 1QF,m<—m’
‘:‘Zi:nn} I (37)
where the BS-Hartree kernel is
/ 1
~H,
B = a0 L Pan(G1) VG,6,0wm (G2), (38)
SC GGy
and the BS-Fock kernel is
’ 1
~F, «
B =g L P (GOWE,6, (€ = 0)pum (Ga)- (39)
SC G1Gy

Here, the index ‘0’ in W, S, T, and =€ emphasizes that we consider the screened interaction
in a self-standing molecule. Finally, considering that the interaction V- prevents the
correlations between the conductivities in the adjacent cells, the conductivity of an isolated
molecule is equal to the conductivity per unit cell

o (w) :/ dr dr’aﬁ’VD(r,r’,w). (40)

QSC
After using (19) in (40), the optical conductivity of a single molecule becomes

3D
o (w) = QSCUEV:%G,:O(LU). 41)

After combining Equations (9), (20), and (41), we determine the explicit expression for the
surface optical conductivity

2i
wsfcc

Y Y (G = 0) KIS () [j, (G = 0)]7, 42)

nm 71/11’!/

T (w) =

which can be used in Dyson’s equation for the electric field propagator (10). It is important

to note that the dimension of the conductivity (42) is exactly the quantum of conductance
27mé?

Go = #j~, already the standardized unit for describing the optical conductivity in 2D
crystals [28,47,65]. Accordingly, the &, (w) represents the optical conductivity of one (e.g.,
i-th) molecular layer.

2.3. Optical Conductivity in a Molecule Physisorbed at a Dielectric Surface

We assume that a fullerene molecule, centered at z = z;, is physisorbed at the support-
ing crystal occupying the z < 0 half-space, as illustrated in Figure 3.
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Figure 3. The fullerene molecule Cgy centered at z = z; is physisorbed at the supporting crystal
occupying the half-space z < 0, with the dielectric properties approximated by the macroscopic
dielectric function ep(w).

We further assume that the bonding between the molecule and the supporting crystal
has the vdW character, which implies a small electronic overlap between the molecule and
the substrate and, therefore, a small impact on the short-range electronic correlations to the
molecular QP and optical properties. More precisely, the processes involving the electronic
hopping between the molecule and the supporting crystal are neglected. However, we
shall retain the processes of scattering an electron or a hole or an excited electron-hole pair
by the potential induced at the crystal surface, AV.

If we have two valence electrons at points r and r’ in a self-standing molecule, they
interact via the bare Coulomb truncated potential V- (35), but they also polarize the
molecule itself so that the total interaction between them is given by the potential W?,
obtained as the solution of Equation (32). After the polarizable surface is brought close to
the molecule, the electrons at r and 1’ polarize the surface as well so that the interaction
between them, neglecting the polarization of the molecule, becomes

Vs(r, v, w) = Vc(r,v') + AVs(r, ¥, w), (43)

where AVs(r, ', w) is the induced dynamic Coulomb potential coming from the excitations
of the electronic modes or phonons at the surface. The total interaction between the electrons
(including the polarization of the molecule) is then the solution of Dyson’s equation

W(S;G, (w) = V(S;G, (w)+ ) Vcszcl (w)x%lcz (W)Wéch (w), (44)
GG,
where .
AVE o (w) dr [ dr'e "CTAVs(r, v, w)e'Cr (45)

Qsc JOy Qsc

Here, the integration is constrained within the unit cell Qg centered at ryp = (0,0, z;) (to
avoid interaction with the neighboring molecules, via AVs), as shown in Figure 3. The
induced interaction in the region z > 0 can be written as [62]

R iQ(p—p) Q=+
AV (r,r,w) —/(Zn)QOD(Q,w)e e , (46)

where vg = % Since the supporting crystal dielectric response is approximated by the

local 3D macroscopic dielectric function ey (w), the surface excitation propagator can be
approximated as [68]
_1-em(w)

D(Q,w) = D(w) = T em(@)’

(47)
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After (46) and (47) are used in (45), we have

AVE g (w) = D(g‘s‘? / (;ig)QOezszFG(Q)Fé,(Q), (48)

where the form factors are defined as

,sin[(Qx — Gy)3]sin[(Qy — Gy) 3] sinh[Q3]

Fo(Q) = 8(-1)" (Qx — Gx)(Qy - Gy)(Q +iG;)

The reciprocal vectors of the sc lattice are G = (Gy, Gy, G;), where G, = 27;"* ,Gy = znuny ,
G, = 27;# and ny, ny, n; € Z. After we determine the "bare’ potential (which includes the
polarization of the surface) Vs and the "total” potential (which includes the polarization of
the surface and of the molecule) Ws, the calculation of the QP and optical properties of
a molecule near the dielectric surface is equal to the procedure described in Section 2.2,

except for that in the BS-Hartree kernel (38), we need to replace

VC(;:1G2 - Vélcz ((U),
in the BS-Fock kernel (39)
W8;1G2 (CU - 0) — Wélcz (w - O),

and the spectrum of the electronic excitations (28) used to calculate the correlation self-
energy (26) is

1
Sear(w) = SEa(w) = —;ImW(S;G, (w). (49)

2.4. Computational Details

The fullerene KS orbitals ¢, (r) and energies E, were calculated using the plane-
wave self-consistent field DFT code (PWSCF) within the QUANTUM ESPRESSO (QE)
package [69]. The core-electron interaction was approximated by the norm-conserving
pseudopotentials [70,71] so that the number of occupied valance states was 120. The
exchange-correlation (XC) potential was approximated by the Perdew—Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) functional [72]. The plane-wave cut-off
energy was 60 Ry. The molecules were arranged in the simple cubic Bravais lattice of the unit
cella = 18 A with one molecule per unit cell. Since there was no intermolecular overlap, the
ground state electronic density was calculated at the I" point only. The geometries were fully
relaxed, with all forces <0.02 eV/A. The RPA “time-ordered’ screened Coulomb interactions
Wos (Equations (32) and (44)) were calculated using the energy cut-off 2 Ry (~27 eV), and
the band summations (1, m)’ in the irreducible polarizability (33) were performed over
240 molecular states. The exchange self-energy (25) was calculated using the energy cut-off
8 Ry (~109 eV) and the correlation self-energy (26) was determined (according to the cut-off
in Wp) using the energy cut-off 2 Ry (~27 eV); the band summation ‘m’ was performed
using 240 molecular orbitals. The BS-Hartree kernel (38) and the ‘bare” BS-Fock kernel (the
Equation (39), derived using the bare interaction Vo), were calculated using the energy cut-
off 8 Ry (~109 eV); the induced Fock kernel (the Equation (39), derived using the induced
interaction Wy s — V), was calculated using the energy cut-off 2 Ry (~27 eV). During the
evaluation of the BSE-HF kernels, we used 42 occupied (HOMO — 41, ..., HOMO) and 42
unoccupied (LUMO, ..., LUMO + 41) molecular states, i.e., the dimensions of the BSE-HF
kernel matrix was 2 x 42 x 42 = 3528. To achieve the accurate (experimental) exciton
energy, the calculation was performed beyond the Tamm-Dancoff approximation. The
damping parameters ¢ used in (31) and in (33) were 50 meV and 200 meV, respectively. We



Int. J. Mol. Sci. 2022, 23, 6943

12 0of 19

assume that the dielectric medium was vacuum (i.e., €y = 1), and that the substrate was
the aluminum-oxide Al,O3, described by the macroscopic dielectric function

em(w) = 1/661:0(;’:0(q ~0,w), (50)

where the dielectric matrix is ¢ = 1 — V{°. The irreducible polarizability x° is determined
using Equation (33) for Qsc — Q, n — (n,k) and m — (m,k + q). Here k, q, and
G are the 3D wave vector, the transfer wave vector, and the reciprocal lattice vector,
respectively, corresponding to the bulk Al,O3 crystal. The bare Coulomb interaction is
Voo (q) = \qiigP dgg/- The ground state electronic density of the bulk Al,Os is calculated

using 9 x 9 x 3 K-mesh, the plane-wave cut-off energy is 50 Ry, and the Bravais lattices are
hexagonal (12 Al and 18 O atoms in the unit cell) with the lattice constants a0, = 4.76 A
and caj,0, = 12.99 A. The Al,O3 irreducible polarizability x° is calculated using the
21 x 21 x 7 k-point mesh and the band summations (1, m) are performed over 120 bands.
The damping parameter is 6 = 100 meV and the temperature is T = 10 meV. For the
optically small wave vectors q ~ 0, the crystal local field effects are negligible, i.e., the
crystal local field effects cut-off energy is set to zero. Using this approach, the Reey, is
almost constant (Reeys = 3) for low frequencies (w < 3 eV), i.e, in the IR and visible range,
while Imey, is equal to zero up to the band gap energy (Eq~6 eV). Therefore, Al,O3 is a
good choice for the substrate in the visible and near-UV frequency range, since its electronic
excitations are above that range, and its IR active SO phonons (at wsp < 100 meV) [73] are
far below the Cgg excitons, which means that in the frequency range of interest, there is no
dissipation of the electromagnetic energy in the substrate (it is transparent). In addition
to that, the dielectric function is mostly constant, but in this calculation, we used the
fully dynamical and complex ep(w). The integration in (48) was performed over the
two-dimensional wave vectors Q = (Qy, Qx) using a 121 x 121 rectangular mesh and the
cut-off wave vector Qc = 0.5 a.u. For the radial cut-off in the truncated interaction (36), we
used Rc =a/2=9 A.

3. Results and Discussion

Strong exciton—photon hybridization usually occurs due to the large overlap be-
tween excitons of large oscillatory strengths and confined photons. This is experimentally
achieved by placing nanostructures or molecules of large oscillatory strength in a metallic
cavity. Our goal here was to explore the electromagnetic eigenmodes, which are a mixture
of ‘free’ s(TE) photons and excitons, i.e., a ‘free’ traveling photon (not confined between
metallic walls) captured by an exciton and ‘trapped’ in a molecular nanostructure. This
concept makes it possible to clearly estimate the contribution of the ‘free’ photon in the
hybrid exciton—photon mode.

First, we determined the QP and optical properties of a self-standing layer of the Cq
molecules, which corresponded with the properties of the gas-phase molecule, since at the
GoW)p-BSE stage of the calculations, the molecules were not coupled. The calculated GoW,
HOMO-LUMO gap was Eg = 4.66 eV, which is in good agreement with the experimental
value 5 eV [74-77]. When a molecular layer is deposited on an Al,O3 dielectric surface, the
band gap reduces to E; = 4.26 eV. Here, the separation was chosen to be zg = 6.5 A which
corresponds to the characteristic vd W atom-atom separation of 3 A (Note that z is defined
as the distance between the substrate and the center of the molecule, as denoted in Figure 1,
so the Cg molecule radius (3.57 A) has to be added to the vdW atom-atom distance).
For comparison, we determined the HOMO-LUMO gap for the molecule at a silver (Ag)
surface also described in terms of the ab initio macroscopic dielectric function. For the
same separation (zg = 6.5 A), the gap was E; = 3.81 eV; compared with the insulator
surface, the reduction is twice as strong. The image theory estimation of the HOMO-LUMO
gap at the metallic surface is E;~3.56 eV which, as expected, overestimates the GoW
result. Figure 4a shows the calculated GyW(-BSE optical conductivities 7y (w) in the self-
standing molecular layer (black solid) and in the molecular layer deposited at the Al,O3
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dielectric surface (cyan dashed). For comparison, the experimental optical absorption in
the fullerene Cg [78] is presented by the red circles. This experimental study, as well as
some others [79,80], show three broad excitation bands at w,y1~ 3.9 eV, w,y2~4.9 eV and
wex3~6 eV, which is in very good agreement with our results. It should be emphasized
that, since the band gap is E; = 4.66 eV, only the excitation band w,y1 can be considered as
an exciton by definition, and its binding energy is Eq — fiww,y1~0.76 eV. In the literature, the
strong maximum w3 is usually referred to as the 7t plasmon [81,82]. All three excitons are
the result of the electronic transitions within the Cgy 77-complex [83]. When the molecule
is deposited at the Al,O3 surface, the excitation band barely changes at all, due to the
well-known cancellation effect: the substrate weakens the interaction between the excited
electron and the hole, which reduces the exciton binding energy and, therefore, cancels
the gap reduction. This phenomenon was studied in detail in references [62,66,84]. Since
the influence of the dielectric surface on the molecular optical conductivity is weak, we
shall further approximate 7 (w) ~ 7*(w), where 7 (w) is the optical conductivity in the
self-standing molecular single layer, i.e., for zy — oo.

3
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Figure 4. (a) The optical conductivities 0y (w) in the Cg single layer in vacuum (black solid),
in the Cgp single layer at the Al,O3 dielectric surface (cyan dashed) (where zg = 6.5 A), and the
experimental optical absorption in the gas phase fullerene Cg (red circles). (b) The lower and upper
exciton—polariton branches, LPB and UPB, respectively, in the self-standing Cgg film (blue dots) and
the Cgp film deposited at the Al,O3 surface (red dots). The LPB corresponds to the dispersion relation
of the exciton—polariton wey1-po1 (Q) appearing in Equation (53). The number of Cyg layers is N = 6.
(c) The spectra of the s(TE)-polarized electromagnetic modes S(Q,y1, w) in the self-standing Cg films
for ngl = 0.02nm ™! (blue solid) and in the Cg films at the Al,O3 surface for Qeyq = 0.035 nm ™! (red
dashed). The number of the single layersis N = 0,1,2,3, ..., 10, where the case N = 0 corresponds to
the spectrum of the free photons in vacuum or at the vacuum/ Al,Os interface (the photon continuum).
All spectra for the supported films are multiplied by factor 2.

This means that the impact of the dielectric substrate on the electromagnetic modes
in the Cg films is reduced to the propagator I'"*, which appears in Dyson’s Equation (14).
The spectra of the s(TE)-polarized electromagnetic modes in the Cgp films will be analyzed
using the real part of the propagator £ in the topmost molecular layer

5(Q,w) = Re&xx(|Qly, w, zn, 2N)- (51)
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As already mentioned, the spacing parameters were chosen to be zy = 6.5 A and A = 8.1 A.
In the near field spectroscopy experiment, the incident photon of the wavelength

27c
Wex1V/ e(wexl)

couples to polarization modes in some sub-wavelength nanostructure (e.g., AFM tip) and
is scattered (diffracted) to all A > Aqq and A < Agyq so that it could excite all radiative
electromagnetic modes, as well as all evanescent ones at a fixed frequency wey1. The Rabi
splitting (the measure of the free-photon participation in the exciton—polariton mode) is
defined as the difference between the exciton w,y; and the exciton—polariton wex1-pol

/\exl = (52)

hQ) = hwext — hwexl—pol(Qexl)/ (53)

where Q,y1 = 27T/ Aex1 is the wave vector at which the exciton wey1 and the photon cross.

Figure 4b shows the dispersion relations of the exciton—polaritons Wexl-pol(Q) in
the self-standing Cg film (blue dots), and in the Cgp film deposited at a Al,O3 surface
(red dots). The number of Cg single layers in the film was chosen to be N = 6. The
energies of the exciton—polaritons wexl_pol(Q) correspond to the maxima in the spectral
function S(Q, w), appearing below the exciton energy wex [see Figure 4c]. For the self-
standing film, e(w) = 1, so that the crossing wave vector, according to the Equation (52),
was Q2 = 0.02 nm™!, and the Rabi splitting, according to the Equation (53), was
1)y = 650 meV. The red dots in Figure 4b show that the presence of the substrate reduces
the bending of the exciton—polariton dispersion relation significantly, therefore reducing
the corresponding Rabi splitting. In this case, €(w) = epm(w), which gives the crossing
wave vector ngl = 0.035 nm ™! and, thus, the Rabi splitting #7Qs = 103 meV.

Figure 4c shows the spectra of the s(TE)-polarized electromagnetic modes S(Q,y1, w)
in the self-standing Cgp films for ngl = 0.02 nm~! (blue solid) and in the Cg films
deposited at the Al,O3 surface for Qesxl = 0.035 nm ! (red dashed). The number of layers
issettobe N =0,1,2,3,...,10, where the case N = 0 corresponds to the spectra of the
free photons in vacuum or at the vacuum/Al,Oj3 interface (photons continuum). Due to
the lower intensity, all spectra for the supported films were multiplied by factor 2. We
can clearly see the exciton—polariton peaks separating from the photon continuum as the
number of layers increases. In the self-standing films, the exciton—polariton is already well
separated for N = 2, while in the supported films, it occurs for N = 4. For N = 10, the giant
light-matter coupling was achieved providing large Rabi splitting ()g = 1334 meV and
Qg = 670 meV in the self-standing and the supported films, respectively. Here we limited
our study to the exciton—polaritons in the quasi-2D nanostructures so that the maximum
number of the molecular layers was limited to N = 10, still satisfying the sub-wavelength
limit Aey; > (N — 1)A. For a further increase of the number of layers N, the Rabi splitting
continued to increase, but the experimental limitations in the realization of such a system
raise the question of the plausibility of such a result.

We need to emphasize that the anti-crossing behavior and the Rabi splitting into
the lower polariton band (LPB) and the upper polariton band (UPB) is a well-defined
concept only when describing the interaction between the well-defined eigenmodes, such
as excitons and cavity photons [33] or BSWs [48]. In our case, the only well-defined
modes (boson) were the excitons wex1-wex3. On the other hand, the photons appeared as
a continuum of eigenmodes above the light lines Qc or Qc/\/énm. This means that it only
made sense to observe the deformation of the exciton dispersion weyx1, characterized by the
exciton bending parameter (2. However, in Figure 5, it seems that the edge of the photon
continuum Qc or Qc/ /€y behaves similar to a well-defined eigenmode, so in Figure 4b,c
we also introduced and denoted the LPB and UPB, exactly as they appear in Figure 5b,e.
The LPB corresponds to the exciton—polariton dispersion relation wey1-po1(Q) appearing
in (53).
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To present a more extensive picture of the electromagnetic modes in the Cg films, in-
cluding the hybridizations of the photon and the higher excitons weyx» and weys, Figure 5a—
show the spectral intensity of the s(TE)-polarized electromagnetic modes S(Q, w) in the
self-standing Cg films for N = 3, 6, and 9, respectively. Figure 5d—f show the same for the
Cyp films deposited at the Al,O3 surface. It is immediately obvious that the most intensive
electromagnetic modes occur in the evanescent regions w < Qc and w < Qc/epm(w), for
the self-standing and supported films, respectively. These modes produce an electric field,
which spreads within the film and exponentially decays outside of the film [as illustrated
in Figure 2b], which is one of the inherent properties of the 2D exciton—polaritons. More-
over, as the field is more confined, it is stronger, so that the polariton modes confined at a
sub-wavelength scale are very interesting for many applications. The free photon continua
can be seen as the low-intensity patterns in the regions w > Qc, and w > Qc/epm(w) in
the self-standing and supported films, respectively, with their intensity weakening with
the number of layers N. If the electromagnetic eigenmode, for example in the Cg film
at the Al,O3, would occur in the region w > Qc/epm(w), it would be irradiated (decay
radiatively) into the Al,Oj3 crystal, so that these modes appear only as weak resonances.
Such weak resonances can be seen as weak horizontal patterns (parallel with the excitons
Wex1-Wex3) entering the radiative region.
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Figure 5. The spectral intensity of the s(TE)-polarized electromagnetic modes S(Q, w) in the self-
standing Cg films for (a) N = 3, (b) N = 6, and (¢) N = 9. Figures (d-f) show the same for the
Cep films deposited at the Al,O3 surface. In both cases, the strong electromagnetic modes (wexl_pol,
Wexa-pol, ANA Wey3pol) OCCUT in the evanescent regions w < Qc and w < Qc/epm(w).

In Figure 5a, we can see the beginning of the hybridization between the free photon
and the three Cg excitons (wex1-wex3), Which visibly intersect the photon line w = Qc.
In Figure 5b,c, the photon line is already significantly deformed between the excitons
and pushed far into the evanescent region, which means that the photon Qc and the
three excitons wey1, Wex2, and wey3 are strongly coupled and converted into three exciton—
polaritons Wexi-pol, Wexa-pol, AN Wex3-pol- In Figure 5d-f, the exciton—polaritons are less
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intense and pushed into the evanescent region w < Qc/epm(w), the use of the substrate
obviously weakens the intensity of the exciton—polaritons. However, in Figure 5e,f, we can
see the formation of the three strong exciton—polariton modes wex1-pol~Wex3-pol, for larger
numbers of layers N = 6 and 9, respectively. Finally, this confirms that the strong binding
between the transverse s(TE) photon and the molecular excitons is a realistic physical
phenomenon that can be achieved experimentally. The use of a metal substrate is not
recommended because a metallic surface will strongly quench the exciton-polariton modes.
To support this argument, we performed the same calculation using a silver (Ag) substrate
and obtained much weaker exciton—-polariton modes.

Finally, we noticed that the hybridization between the exciton and the photon increases
weakly if just the exciton oscillatory strength (e.g., S) increases, but strongly if the number of
spatially separated molecular layers N increases. For example, the exciton-photon binding
is much stronger in the N-separated layers of the oscillatory strength S than in one layer
of the oscillatory strength Nx S. This suggests that the photon-exciton coupling can be
increased simply by increasing the number of layers N in a multilayered van der Waals
heterostructure.

4. Conclusions

We showed that the 2D-layered heterostructures, consisting of a larger number of
exciton-active single layers or 2D crystals (e.g.,, N > 5), can support evanescent s(TE)-
polarized exciton—polaritons with strong photonic character. We obtained giant Rabi
splitting of more than ()9 = 1000 meV and Qg = 500 meV in the self-standing and
supported Cg films for N = 10, respectively. This investigation has fundamental and
practical contributions. We predict the existence of the evanescent s(TE) polarization modes
with significant photonic character, which vanish exactly without the photon admixture
(for ¢ — o0). Unlike the well-known p(TM) polarization modes (e.g., the plasmon polariton
for ¢ — oo collapses into a plasmon), this is a new fundamental contribution. We also
demonstrated that exciton—-photon coupling can be manipulated simply by changing the
number of single layers (N) in a vdW-layered heterostructure. Moreover, due to the fact
that the vdW heterostructure with a thickness of just a few molecular (or atomic) layers
supports the confined photons, it can be easily implemented in the photonic integrated
circuits or photonics chips. The disadvantage of these types of photonic modes is that
they do not couple directly to the free photons (external light). However, once excited,
these modes can be easily manipulated (since they are trapped in the nanostructure). For
example, by patterning the vdW nanoribbons on a dielectric wafer (patterning the photonics
circuits), the direction of the photon propagation can easily be modified. Moreover, the
exciton—polaritons can be easily switched (at the contact) into evanescent modes in another
nanostructure. Finally, these layered vdW heterostructures can be applied in photonic
devices, such as light sources (LED), telecommunications (as waveguides or optical cables),
or chemical and biological sensing.
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