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A common experimental setup to study light-matter interactions consists of semiconducting crystals placed
in a metallic cavity that can support confined photons. In that case, the regime of strong coupling can be
achieved provided that the semiconducting crystal supports excitons of large oscillatory strength. Here the
coupling between transverse-electric cavity-photons and excitons in crystalline Cg films of different thicknesses
is studied in the framework of the quantum-electrodynamical Bethe-Salpeter equation. The binding strength is
characterized by the Rabi splitting €2 of exciton-polaritons as a function of a number of crystal layers N in the
van der Waals heterostructures. For the considered nanocavity system a transition from the weak (2 = 50 meV)
to the strong (2 = 350 meV) coupling with an increasing number of layers N is obtained. This layer-dependent
effect seems to be universal, since we also estimate an enhancement of exciton-photon binding energy by a factor
of ~4 in hBN multilayers. With this we show that a few nanometer thick two-dimensional heterostructures can
significantly modify the zero-point fluctuation energy of cavity photons, which may have many fundamental and
practical consequences within the field of light-matter interactions.
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I. INTRODUCTION

Strong coupling between photons and polarization modes
at the dielectric interface results in a formation of transverse-
magnetic [p(TM)] eigenmodes called surface plasmon-,
phonon-, or exciton-polaritons [1-6]. The oscillatory electric
field (and thus the current) that they produced is strongly
localized at the interface (evanescent field) and parallel to the
direction of propagation. As a result, such p(TM) polaritons
of the wave vector Q in the nonretarded limit (Q > w/c,
where c is the speed of light and w is the frequency of the
field) reduce to longitudinal surface plasmons, phonons, or
excitons [3]. On the other hand, the currents supported by the
transverse-electric [s(TE)] surface polaritons are perpendic-
ular to the direction of propagation so that these modes are
absent in the nonretarded limit, i.e., without the admixture of
photons such polarization modes do not survive. Also, due
to their evanescent character, these modes behave as “trapped
photons.”

There are no experimental evidences of the s(TE) sur-
face polaritons at dielectric interfaces, nevertheless, some
recent experimental and theoretical investigations indicate
that s(TE) exciton-polaritons do exist in two-dimensional
(2D) nanostructures [7—13]. Namely, a reduced dimensional-
ity weakens Coulomb screening so that 2D crystals are able
to support excitons of large oscillatory strength, which can
efficiently couple to photons and form exciton-polaritons [14].
Even though binding between s(TE) photons and excitons
in 2D semiconductors, such as single layer transition metal
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dichalcogenides (TMD), hexagonal boron-nitride (hBN), or
phosphorene, is still very weak [12], the coupling can be
significantly amplified by increasing the number of crystal
layers [13].

Another way to enhance the exciton-photon binding is
to spatially confine the photon around the exciton and
thus increase the exciton-photon overlap. A very common
platform for studying strong light-matter interactions are
two-dimensional (2D) semiconducting crystals placed in a
planar microcavity [15-22]. Nevertheless, the observed Rabi
splittings of about €2 ~ 50 meV between exciton-polariton
branches in various TMD microcavity devices [23-29] in-
dicate quite inefficient exciton-photon coupling. However, a
remarkable Rabi splitting of about 440 meV is theoretically
predicted in the hBN monolayer microcavity [30]. Further-
more, the strongest exciton-photon coupling is achieved in
the organic dye molecule thin films placed in a cavity [31].
For instance, the Rabi splitings of < 450 meV [32-34],
700 meV [35], and even more than 1000 meV [36,37] is
detected when various organic dye molecules are placed in
planar microcavities.

The theoretical methods dealing with this problem are
mostly based on a two-level boson-boson model Hamilto-
nian with arbitrary coupling constants. In the frequently used
Jaynes-Cummings model [38,39] the excitons and photons
are described by a two-level Hamiltonian which consists of
a lossless cavity mode w, and of an exciton w,; whose binding
hgs = LE/how./2€V,. depends on arbitrary parameters; the
molecular polarizability p and cavity electrical field E. In
our model, both parameters, the molecular dynamical po-
larizability [optical conductivity o (w)] and cavity electrical
field propagator I'(Q, w), are derived from first principles.
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The generalization of the Jaynes-Cummings model for the
case where N identical two-level emitters interact with a
cavity mode is known as the Tavis-Cummings model. Even
though this model is somewhat closer to the present model
of N point molecules, it still implements arbitrary parame-
ters i and E. Recently, a rigorous quantum-electrodynamical
density-functional-theory approach is proposed and applied to
molecular exciton-photon coupling, however, in the end, the
arbitrary light-matter coupling strength A is used [40,41]. In
Ref. [41] the cavity modeling is simple; the metallic surfaces
are assumed to be perfectly reflective and the dielectric sub-
strate is described by a static dielectric constant. Nevertheless,
the variable coupling strength is bound by the cavity geometry
and manufacturing parameters.

In this paper we investigated the s(TE) exciton-polaritons
in crystalline fullerene thin films, i.e., in fcc fullerite cut along
(111) planes so that several molecular layers are formed. To
achieve the strongest coupling (which occurs in the middle
of the cavity), the Cgy films are additionally deposited at
the dielectric Al,O3 film whose thickness is approximately
half the thickness of the cavity. The exciton-photon cou-
pling is tuned by changing the number of molecular layers
N. The light-matter interaction is studied by using our fully
microscopic and ab initio quantum-electrodynamical Bethe-
Salpeter equations (QE-BSE) developed in Refs. [12,30]. In
this approach both excitons and photons are described by
bosonic propagators o and I, respectively, which are derived
from first principles. The Cgy optical conductivity o is cal-
culated using the ab initio GoWy-BSE method [12,42], and
the propagator of the free photons I is derived by solving the
Maxwell’s equations at vacuum/dielectric interfaces [43,44].
The exciton-photon coupling is achieved by dressing the free-
photon propagator I' with excitons at the RPA level. We
obtain the transition from weak coupling (€2 ~ 50 meV) for
N =1 to strong coupling (2 ~ 350 meV) for N = 60. The
experimental results of epitaxial growth [45-51] and results
of the molecular dynamics simulations of epitaxial growth and
stability [51-54] of Cgp thin films on various substrates show
that our model system is highly realistic.

The paper is organized as follows. In Sec. II we present
the geometry of the system, the Dyson equation for the pho-
ton propagator £ = I' + I'6 &, and derivation of the optical
conductivity & in the Cgp monolayer. In Sec. III we present
the spectra of electromagnetic modes S = —Re &, the disper-
sion relations, and intensities of s(TE) exciton-polaritons in a
Ceo thin films microcavity. The conclusions are presented in
Sec. IV.

II. THEORETICAL FORMULATION
A. Geometry of the system: Microcavity device

We suppose that the Cgp thin film is physisorbed at the
dielectric substrate of thickness d, which is placed in the
metallic cavity of thickness d = d, + d3. The dielectric re-
sponse of the substrate’s lower and upper metal reflectors are
described by the local macroscopic dielectric functions €, (w),
€1(w), and €4(w), respectively. The Cgp thin film is immersed
in the dielectric medium of thickness ds described by the
dielectric constant €3, as shown in Fig. 1(a). We suppose that

z=-0,

FIG. 1. (a) Geometry of the system. The Cgy thin film is ph-
ysisorbed at the dielectric substrate of thickness d, which is placed in
the metallic cavity of thickness d = d, + d;. The Cg film is placed
in the dielectric medium €3, and the substrate’s lower and upper metal
reflectors are described by the dielectric functions €;(w), €, (), and
€4(w), respectively. (b) The molecules Cg upon physisorption on the
dielectric surface are self-assembled in a regular fcc structure form-
ing the (111) surface. Each crystal plane forms the 2D hexagonal
Bravais lattice of the lattice constant a;p = 9.9 A. The separation
between layers is ¢ = 8.1 A and the separation between Cg and the
dielectric surface is zo = 6.5 A.

the molecules Cgy upon physisorbtion on the dielectric surface
are self-assembled in a regular fcc structure (the most sta-
ble bulk structure of crystalline fullerene) forming the (111)
surface. The fcc crystal lattice constant is taken to be asp =
14 A [54] and the separation between layers is fixed to be ¢ =
asp/+/3 = 8.1 A. Each crystal plane forms the 2D hexagonal
Bravais lattice of the lattice constant a,p = asp/ V2=99 A,
as shown in Fig. 1(b). Here the separation between the first Cgq
layer and dielectric surface is chosen to be zg = 6.5 A, which
corresponds to zo — R¢,, ~ 3 A atom-atom separation, where
the Cego radius is R, ~ 3.5 A. The number of molecular
crystal monolayers is N.

B. Calculation of electrical field propagator £

The quantity from which we shall extract the information
about the electromagnetic modes in Cgy films placed in a
cavity device is electrical field propagator £,, which comes
from the solution of the Dyson equation [13]

g;w(r’ r’a w) = Fuv(r’ r’a w)

+ Y [fan [dnruere

o,f=x.y,2

XGaﬂ(r17r27a))gﬁv(r27r’va))ﬂ (1)

where o represents the nonlocal conductivity tensor in Cgg
film and I' represents the propagator of the electrical field
in the cavity device in the absence of Cg film, i.e., when
o =0 [12,30]. If each molecule is approximated as a point
polarizable dipole, then the optical conductivity of the Cg
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film can be written as

o (r, ¥, ®)

N
=D 0, (@30 — RS —2)8(0' — RSE — 2),

i=1 R,

@

where aliv(a)) represents the optical conductivity tensor of a
single molecule in the ith molecular layer. Here r = (p, 2)
and p = (x,y) are the 3D and 2D position vectors, respec-
tively. This approximation is fully justified in the optical limit
when the wavelength is much larger than the dimension of
the molecule (Ajigh = 27 ¢/ wiighe > Rc,,)- Note that although
all molecules are equal, we distinguish their conductivities in
different layers ol (where i =1, ..., N) due to the different
influence of the substrate on the molecule in different layers.
The 2D Bravais lattice translation vectors spanning the molec-
ular crystal are

RH =na; +may, n,me2Z, 3)

where a; and a; are the primitive vectors, as illustrated in
Fig. 1(b). The molecular layers occupy the planes

Zi=2z20,20+¢z20+2¢,...,20+ (N —1)c.

If we neglect the electromagnetic field Bragg scattering (on
nonphysical point dipoles) at the 2D crystal lattice, the system
becomes translationally invariant in the x-y plane and Eq. (1)
becomes the tensor equation [13]

£1,Q.0) =T7,(Q. w)

N
+ Y TR Q )6k @)EN Q. w),

o, B=x,y,z k=1
)

where 5 (Q w) = £,,(Q, w, 7;, 7;) represents the propaga-
tor of the electrical field within (i = j) or between (i # j)
molecular layers. The optical conductivity of the ith molecular
layer is

. 1 .
Fip(@) = —aly(@), 5)

where Sg.. = (a; X a3)Z = a%D\/g /2 is the surface of the 2D
unit cell and Q = (Q,, Q,) is the 2D wave vector. The electri-
cal field propagator in the absence of Cg film (6 = 0) can be
written as [12,13,30]

r=r°+T%, ©6)

where

47
r'’Q, o, z,zj) = ——5<z,~ —z)z-1

27‘[60
_ 62 oiB31zi—z)] Z e (7
3 q4=s,p

represents the propagator of the “free” electrical field (in
the infinite dielectric €3) and the propagator of the scattered

electrical field is [43]

2nw

iB3(zi+z) | ot o
— r e -€. €
,3302 qzsp Dsq q "%q

I'“Q, w, z, zj) =

- iB3(zi—zj+2d3) | ot | ot
+rg rq e €, "€

+ —iﬁ}(Zi‘FZ_,‘—zdg) e . +
+rye e, €

_lﬁ<~i—2 —2d3) | -
+rgr ) el e )

Here D3g =1 — rq r; ez’ﬂ»*‘l3 and the unit vectors of s(TE) and
p(TM) polarized electromagnetic fields are

=Qoxz

and

0,+ ¢
e, = [0, +83Q0 + Qz],
W /€3
respectively. Here op = —sgn(z; — z;), o+ = F1, and Qg and
z are unit vectors in Q and z directions, respectively. The
reflection coefficients at €3 /¢, and €3 /¢4 interfaces are

_ 2ifrd
g qu{ﬁ/zq + r21ge” %} ®)

and
e =13 )

respectively, where Dyq = 1 — r2/1472/3q¢* 7%, The reflec-
tion coefficients of s and p polarizations at single interface
€;/€; are

L _Pi=B
TET B+ B
and
PP :8161 18j€l
tip ﬁlej + ,3161

The complex wave vectors in a perpendicular (z) direction are

2
Bi = C—zfz‘(w)—|Q|2§ i=1....4 (10)

The B; determines the character of the electromagnetic modes
in the ith dielectric.

Here we assume that the two metallic reflectors are made
of aluminum (Al) and the substrate is alumina (Al,Oj3)
so that € = €4 = eal(@) and €, = €a1,0,(w), Where eaj(w)
and €41,0,(w) are local macroscopic dielectric functions de-
rived from first principles as in Ref. [65]. The dielectric
medium is vacuum, i.e., €3 = 1. Aluminum is approximately
a Drude metal supporting bulk plasmon at w, ~ 15 eV so that
Reep(w < wp) < 0and Imep(w < wp,) ~ 0. As aresult, the
P1.4 are imaginary numbers and the electromagnetic field has
an evanescent character inside the metal for v < w,. Because
Ceo excitons are far below w,,, the Al walls behave as perfect
reflectors. The Re €41,0, is almost constant (Re €a1,0, &~ 3) in
the IR and in the visible range (w < 3 eV) while Im €4},0, & 0
up to the band gap energy (E, ~ 6 V). Therefore, Al,O3 is
a good choice for the substrate since its electronic excitations
are mostly above the Cg excitons.
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Q

FIG. 2. (a) The character of the electromagnetic modes in the
Al/Al,O3/vacuum/Al cavity. In the region @ > Qc the electro-
magnetic modes are entirely radiative (both in vacuum and in the
substrate), in the region Qc/,/€ai,0, < @ < Qc they are radiative in
the dielectric and evanescent in the vacuum, and in v < Qc/, /€an0,
region they have fully evanescent character. Below the plasmon fre-
quency w,, the metal walls are perfectly reflective.

In the vacuum, for w > Qc, the B3 is a real number so
that electromagnetic modes have radiative character, and for
o < Qc, the B3 is an imaginary number so that the electro-
magnetic modes have evanescent character. These two regions
are separated by the so-called “light-line” w = Qc, as illus-
trated by the magenta line in Fig. 2. In the Al,O3 substrate
the evanescent and radiative regions are separated by the
o = Qc/\/€anLo0,;(w) line, as illustrated by the orange line in
Fig. 2. Since Ree€py,0,(w < Eg) > 1, the slope of the light
line in the substrate is smaller than in the vacuum so that
in the gap Qc/,/€a,0, < @ < Qc the light propagates freely
into the substrate, but has an evanescent character in the
vacuum region. Therefore, if the exciton-polariton is excited
in the region @ > Qc, it is a fully radiative mode spreading
within the metallic cavity —d, < z < d3, and if it is excited
in the region Qc/,/€an0, < ® < Qc, it has an evanescent
character but it also can hybridize with a radiative mode

Frequency o [eV]
Frequency o [eV]

0 2 4 6 8
Wave vector Qy [10'2nm'1]

10

Wave vector Qy [10'2nm'1]

Frequency o [eV]

confined in the substrate (—d, < z < 0) forming a surface-
polariton resonance. These modes shall be referred to as
vacuum-evanescent/substrate-radiative modes. Finally, if the
exciton-polariton is excited in the region @ < Qc/,/€al0;, it
has a fully evanescent character.

In order to better understand the impact of the cavity
geometry on the interplay between the excitons and cavity
photons, here we shall briefly analyze the intensity of elec-
tromagnetic modes in the empty cavity, i.e., when o = 0.
Figure 3 shows the spectral intensities S(Qy, @) of the s(TE)
cavity modes n = 1, 2, ... in the Al/Al,O3/vacuum/Al cav-
ity of thicknesses (a) d, = 0, d3 = 200 nm, (b) d, = 50 nm,
ds = 150 nm, (c) d, = 100 nm, d3 = 100 nm, and (d) d, =
150 nm, d; = 50 nm. Note that the thickness of the metal-
lic cavity is kept constant, i.e., d = dy + d3 = 200 nm. In
the absence of the substrate (d, = 0) the cavity (in the
shown energy interval) supports two well-defined cavity pho-
tons n = 1 and n = 2, situated in the radiative region w >
Qc. When thin substrate (d, = 50 nm) is introduced, the
cavity mode n = 1 is weak, while the mode n = 2 is signif-
icantly redshifted so that they become closer. For w > E, the
cavity modes n = 1,2 decay due to the interband electron-
hole excitations in Al,O3. One can also see the diffusive
cavity mode n = 3, completely immersed in the interband
electron-hole continuum. A significant part of the mode n = 1
is vacuum-evanescent/substrate-radiative, while modes n =
2, 3 are mostly fully radiative. For the thicker substrate (d, =
100 nm) modes n =1 and 2 bend towards the light line
w = Qc/ m, while the mode n = 3 is lowered below
E,. However, due to strong substrate screening for o ~ E,
it loses its intensity. For the thick substrate (d, = 150 nm) the
cavity photons n = 1, 2, 3 are additionally redshifted below
E,, behaving as well-defined electromagnetic eigenmodes.
Our goal here is to use the cavity setup so that the principal
photon n = 1 is just starting to cross the exciton wey; in order
to achieve a stronger binding. Considering that the principal
photon n = 1 is here at fiw,—; ~ 2 eV this will be apparently
achieved for a somewhat thinner cavity.

C. Calculation of the optical conductivity &

In order to determine the single molecule optical conduc-
tivity o (w), we first calculate the KS states |¢,) of an isolated
molecule. Considering that we use the plane-wave DFT code
(the system 1is periodic) the Bravais lattice and a unit cell

Frequency o [eV]

0 2 4 6 8 10 6 5 9 10
Wave vector Q [10Znm"] Wave vector Q [102nm]

FIG. 3. (a) The spectral intensity S(Q,, w) of the s(TE) cavity modes n = 1, 2, 3 in the empty (o = 0) Al/Al,03/vacuum/Al cavity of
thicknesses: (a) (d, = 0, d; = 200 nm; (b) d, = 50 nm, d3 = 150 nm; (¢) d, = 100 nm, d3 = 100 nm, and (d) d, = 150 nm, d3 = 50 nm.
Note that the thickness of the metallic cavity is kept constant d = d, + d3 = 200 nm.
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a are chosen so that the neighboring molecular orbitals do
not overlap. It should be emphasized here that the Bravais
lattice and unit cell a should not be related to the previously
described fcc lattice of the unit cell a;p. Here we assume
that molecules are periodically repeating so that they form
a simple-cubic (sc) Bravais lattice with unit cell parameter a
and volume Q. = a°. The molecular states |¢,) are calculated
at the I" point only [center of the Brillouin zone (BZ)]. The
nonlocal optical conductivity tensor of a single molecule in
the ith layer is [13 42]

Z D I (@) i () (),

nm n'm

a (rr w) =

)

where

0% eh * *
Jum () = ﬁ{qﬁn (1) Pm(r) — [3ap, )] (r)}  (12)
represents the current produced by transitions between molec-
ular states |¢,) — |¢,). Considering that the Bloch wave
functions in the I' point ¢, are periodic functions, tensor

Eq. (11) can be expanded in the Fourier series

ZelGr —iG'r’ lwl(a)) (13)

SC GG’

i /
0, w)=

where the Fourier coefficients are

Gé(”;/'(w) (G)/C;"_T,;" (@)Y (G,
nm nm
(14)
and where the current vertices are
@) = [ are ™ jo,m, (15)
QSC

The four-point polarizability K’ can be obtained by solving
the Bethe-Salpeter equation [12,30]

Km(—m l( )_ Em(—m l( )

n—n' n—n'
m<—my,i mmy <=y, i my <m',i
+ § : 2 En—)nl ( ) “n—n, ’anen ((U)
nymp npmyp
(16)

The time-ordered electron-hole propagator is

fn — fm N (Snn’ ‘Smm’a
)

ﬁn‘l(—m l w) = . .
@ — E} + issgn(E}, — Ef

n—n' w _"_ E;L

n

a7

where f! = 0(E}. — E!) are Fermi-Dirac distributions at T =
0. The molecular eigenenergies E' are calculated using the
quasiparticle GoW' method which includes the Al,O3 sub-
strate polarization effects [13]. The Bethe-Salpeter kernel is

nm<—m i _ HH m<m’,i | mFm<m',i
Shisnt o T e T 2%n—n ’ (18)
where the BS-Hartree kernel is
HH m<—m',i
B = Z Pin (GO VS 6, o (G2),  (19)

§C G]G2

and the BS-Fock kernel is

HF m<m',i

B = Y (G Wi (@ = 0 (o).
S GG,

(20)
The “time-ordered” screened Coulomb potential in the ith
molecular layer (including the polarization of the Al,O3 sur-
face) is the solution of the Dyson’s equation

= Vo + > VSax& e @Wi o). @1
G Gy

W(i}G’ ()

where the matrix of the time-ordered irreducible

polarizability is

0 (w) — 2 Z (fn - fm)pnm(G) PZm(G/)
Xee L T + Ey — Eyp + i05gn(Ep — Ey)’
(22)
and the charge vertices are
pn(@) = [ drgime To,m. @3

sc

The molecular eigenenergies E, in Eq. (22) are bare
Kohn-Sham energies without quasiparticle corrections. The
Coulomb potential that propagates interactions in the ith
molecular layer, excluding the polarization of the molecular
layer (i.e., when x° = 0), is [13]

Ci _ y/C S,i
VGIGZ =Vg.6, T AV, 1Gz(a)).

The bare truncated Coulomb potential is
Vée = |G|2[1 — c0s (|G|Rc)186a s (24)

where Rc, the range of the potential, prevents the spurious
interaction with surrounding molecules in the sc lattice [55].
The induced Coulomb potential

D(a))

AV = 22 [ v @ @) (25)

represents the polarlzatlon of the Al,O3 surface [13,42]. Here
vo = & and D(®) = [1 — €ano,(@)]/[1 + €ano,(@)]. The
form factors are

Fs(Q)

sin [(Qy — G,)4]sin[(Q, — G,)%]sinh [Q]

= §(—1)"
( ) (Qx - Gx)(Qy - Gv)(Q + iGz)

(26)

where the reciprocal vectors of the sc lattice are G =
(Gy, Gy, Gy) = 27”(11)6, ny, n;) and ny, ny, n, € Z. Finally, con-
sidering that the interaction V& prevents the correlations
between conductivities in adjacent cells, the conductivity of
an isolated molecule is equal to the conductivity per unit cell

o), (@) = f dr f dr'c) (r.r', o). 27)
QSC QSC

After combining Eqgs. (13) and (27), the optical conductivity
of single molecule becomes

0l (@) = Queol 06 _o(). (28)
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By employing Eqgs. (5), (14), and (28) we determine the ex-
plicit expression for the surface optical conductivity
&), ()

2i . m<—m',i ) / *
= DO (G = 0K (@) (G = 0)],
wacc

nm n'm’

(29)

which enters in the Dyson’s equation for an electrical field
propagator (4). Note that the dimension of conductivity (29)

is exactly the quantum of conductance Gy = 2’;92, an already
standardized unit for describing the optical conductivity in
2D crystals [12,30,56]. Accordingly, the &/iv(w) represents the
optical conductivity of the ith molecular layer.

In the above approach the single Cgo layer behaves as
a homogeneous polarizable 2D sheet in which response is
described by the local conductivity Eq. (29). Further improve-
ments of 6 would be retained of its spatial dispersivity or
inclusion of the crystal local field effect (G, G’ # 0). How-
ever, these effects are negligible in the optical limit 27 /83 >
a). So the only serious approximation we use here is actually
neglecting the (intra- and interlayer) molecular overlap, i.e.,
we assume that the crystalline fullerite band structure is dis-
persionless.

Finally it should be emphasized here that the retarda-
tion effects are not included in the calculation of molecular
conductivity (28). This is because we approximate that the
interaction between charge or current fluctuations within one
molecule is mediated only by longitudinal photons, i.e., only
by instantaneous Coulomb interactions V and W(w = 0),
appearing in the BSE Hartree (19) and Fock (20) kernels,
respectively. This approximation is (up to superfine structure
corrections) completely justified. Namely, if the frequency
of the electronic mode is w, then w/c K a (or ¢ > w/a),
i.e., a transversal photon during one period 1/w passes a
distance that is incomparably larger than the unit cell a, so
that interactions within a molecule can be freely approximated
as instantaneous. However, the intermolecular interactions,
between molecules which extend over a macroscopic cav-
ity (when ¢ ~ w/d), are mediated both by longitudinal and
transversal photons. Both interactions are simultaneously im-
plemented in the photon propagators I' and £ which in the
nonretarded limit (¢ — oco) reduce to longitudinal interactions
V and W. So, the light-matter interaction is here included only
at the RPA stage through the Dyson equation (4) and we think
that this is a good enough approximation regardless of the
light-matter binding strength. This point is also stressed in our
recent publication [12].

D. Computational details

The fullerene KS orbitals ¢,(r) and energies E, are
calculated using the plane-wave self-consistent field DFT
code (PWSCF) within the QUANTUM ESPRESSO (QE) pack-
age [57]. The core-electrons interaction is approximated by
the norm-conserving pseudopotentials [58,59] so that the
number of occupied valence states is 120. The exchange
correlation (XC) potential is approximated by the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) functional [60]. The plane-wave cut-off energy is

60 Ry. The molecules are arranged in the simple-cubic Bravais
lattice of unit cell @ = 18 A with one molecule per unit cell.
Since there is no intermolecular overlap, the ground state elec-
tronic density is calculated at the I" point only. The geometries
have been fully relaxed, with all forces <0.02 eV/A. The
RPA time-ordered screened Coulomb interaction W' (21) is
calculated using the energy cutoff of 2 Ry (~27 eV) and
the bands summations (n, m) in the irreducible polarizabil-
ity (22) are performed using 240 molecular states. The GoW'
calculation of the fullerene Cg eigenenergies E! is described
in detail in Ref. [13]. The bare BS-Hartree-Fock kernels,
Egs. (19) and (20) that are derived using bare interaction V',
are calculated using the energy cutoff of 8 Ry (~109 eV),
and induced BS-Hartree-Fock kernels, Eqs. (19) and (20) that
are derived using induced interactions AVS¥ and W/ — VC,
respectively, are calculated using the energy cutoff of 2 Ry
(~27 eV). During the evaluation of BSE-HF kernels we
used 42 occupied (HOMO-41,....HOMO) and 42 unoccupied
(LUMO,...,.LUMO+41) molecular states. In order to achieve
the accurate (experimental) exciton energy the calculation is
provided beyond the Tamm-Dancoff approximation, i.e., the
dimension of the BSE-HF kernel matrix is 2 x 42 x 42 =
3528. The damping parameters 6 used in Eqgs. (17) and (22)
are 50 and 200 meV, respectively. For the radial cutoff in
truncated interaction (24), we use Rc = a/2 =9 A. The inte-
gration in Eq. (25) is performed over two-dimensional wave
vectors Q = (Qy, Q) using a 121 x 121 rectangular mesh
and the cutoff wave vector Qc = 0.5 a.u.

III. RESULTS AND DISCUSSION

First we determine the QP and optical properties of isolated
(gas-phase) Cg molecules. The calculated GoW, HOMO-
LUMO gap is E, = 4.66 eV which agrees very well with the
experimental value of about 5 eV [61-64]. When the molecu-
lar layer is deposited on the Al,O3 surface, the gap reduces to
E, = 4.26 eV. Here the separation is chosen to be zo = 6.5 A.
Just for comparison we also determine the HOMO-LUMO
gap when Cg is deposited on the silver (Ag) surface, which is
described also in terms of the ab initio macroscopic dielectric
function [65]. For the same separation zy the gap on Ag is
E, = 3.81 eV, which corresponds to a twofold energy gap
reduction as compared to the insulator surface. The image-
theory estimation of the HOMO-LUMO gap at a metallic
surface would be E, ~ 3.56 eV which, as expected, overesti-
mates the GoW, result. Figure 4 shows calculated GoW,-BSE
optical conductivities 6,,(w) in the self-standing molecular
layer (black solid line) and in the molecular layer deposited
on the Al,O; dielectric surface (cyan dashed line), where 7o =
6.5 A. For comparison, the experimental optical absorbtion in
fullerene Cgp is shown by red circles [66]. This experimental
study, along with others [67,68], show three broad excitation
bands at wex; ~ 3.9 €V, wexa ~ 4.9 €V, and w3 ~ 6 €V,
which agrees very well with our results. It should be em-
phasized here that, because the band gap is E, = 4.66 €V,
only the excitation band we; can be considered as exciton by
definition, whose binding energy is E, — liwex; ~ 0.76 €V. In
fact, the strong maximum w3 is usually referred to as the
plasmon [69,70]. All three excitons are the result of electronic
transitions within the Cg9 7 complex. When the molecule

205401-6



TRANSITION FROM WEAK TO STRONG LIGHT-MOLECULE ...

PHYSICAL REVIEW B 106, 205401 (2022)

(‘Oexs

vacuum

(o) [2ne’/h]

XX

eo

FIG. 4. The optical conductivities 6,,(w) of the Cgy monolayer
in vacuum (black solid line), on the Al,O; dielectric surface (cyan
dashed line), and the experimental optical absorbtion of Cg in the
gas phase [66] (red circles).

is deposited at the Al,Os surface, the excitation bands are
almost unaltered. The latter comes from the substrate-induced
weakening of the interaction between the excited electron and
hole which in turn reduces the exciton binding energy and
thus cancel the gap reduction [42,71,72]. Since the dielectric
surface weakly influences the molecular optical conductivity,
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we shall assume that 6;x(a)) does not depend on i and is
equal to the optical conductivity in the self-standing molecular
layer. This means that the impact of the dielectric substrate on
the electromagnetic modes in the Cg( films is reduced to the
propagator I'*°, which enters the Dyson’s equation (4).

The electromagnetic modes are explored in the
Al/Al,O3/vacuum/Al cavity of thickness d =dy + ds =
90 nm, where we chose d, = 40 nm and d3 = 50 nm. These
parameters are chosen so that the cavity supports just one
(principal n = 1) cavity photon which barely intersects the
exciton weg. In the following we focus on the spectral
intensity of the s(TE) polarized electromagnetic modes.
Moreover, we explore the s(TE) modes propagating in the y
direction (Q = Qyy) so that the tensor £ has only one (uv)
component EL. The spectra of the s(TE) electromagnetic
modes in the Cgy films will be mostly analyzed using the
real part of the propagator £ in the topmost molecular layer
(ij = NN):

S(Qy, w) = —ReENN(Qy, w). (30)

Figure 5(a) shows the spectral intensity of the s(TE)
polarized electromagnetic modes S(Q,,®) in the empty
Al/Al,O3/vacuum/Al cavity, without the Cgp film (N = 0).
For O, = 0 it has energy w,—; = 3.8 eV, slightly below wey;,
and approximately at 5 eV, when it intersects wex», it en-
ters the region Qc/,/€an0, < @ < Qc when it becomes a

Frequency o [eV]

0 2 4 6 8 10
Wave vector Q, [10'2nm'1]

Frequency o [eV]

0 2 4 6 8 10
Wave vector Qy [10'2nm'1]

FIG. 5. (a) The spectral intensity S(Q,, w) of the s(TE) cavity mode n = 1 in the empty cavity (a) N = 0, and in the cavity supporting
Cgo film of thicknesses (b) N =5, (c) N =10, (d) N = 15, (e) N = 20, and (f) N = 25. The Al/Al,O3/vacuum/Al cavity parameters are

d, = 40 nm and d; = 50 nm.
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FIG. 6. (a) The exciton-polariton branches LPB and UPB, Rabi
splitting €2, and photon shift A resulting from the hybridization
between the cavity photon n = 1 and exciton wey; in the Cg thin film
of thickness N = 25. (b) The Rabi splitting €2 (green circles) and the
photon shift A (orange squares) as a function of the number of Cg
layers N. Blue stars denote the Rabi splitting 2y, in single Cg layer
whose optical conductivity scales as N (w). The Rabi splitting in
the absence of Al,O; substrate €2 is denoted by the magenta circles.
(c) The spectral intensity of the s(TE) electromagnetic modes in
the Cg films of various thicknesses, N = 5, 10, ..., 61, close to the
avoided crossing. The N = 0 shows the intensity of the unperturbed
photonn = 1.

vacuum-evanescent/substrate-radiative mode (see Fig. 2). For
w > E, ~ 6 eV the cavity photon decays into the incoherent
electron-hole excitations in Al,Os. In the case where the
Al,O3 slab would be removed, the cavity photon would be
blueshifted from 3.8 to 5.3 eV, which in turn would dis-
able crossing with the excitons wex; and wex>. According to
the simplified formula for n = 1 photon energy [30]

wn:l(Q = O) = C]T/d,

the exciton-cavity photon crossing could be achieved by in-
creasing the cavity thickness d. Increasing the thickness d
would reduce the exciton-photon overlap and thus weaken
their hybridization. However, even though the inclusion of
the substrate induces the photon redshift (as demonstrated in
Fig. 3), which makes the exciton-photon crossing occur at
smaller d (when the spatial exciton-photon overlap is larger),
this positive effect is canceled by the dielectric-induced re-
duction of the photon intensity. Therefore, the exciton-photon
binding should not be significantly affected by the substrate.
We shall show later, in Fig. 6, that this is indeed the case.
Figures 5(b)-5(f) show the spectral intensity of the s(TE)
modes in Cgg thin films of thicknesses N =5, 10, 15, 20,
and 25, respectively. The blue dotted line represents the un-
perturbed (N = 0) cavity photon n = 1. For N =5 and 10
all three excitons are visibly intersecting the cavity pho-
tons, where for N = 10 the avoided crossings can clearly
be observed. For N = 15, 20, and 25 a significant splitting
appears in the photon dispersion, which means that a strong
exciton-photon binding is achieved and the exciton-polaritons

are formed. The splitting is larger at the intersection with
higher excitons wex» and wex3 due to their larger oscillatory
strengths (see Fig. 4). The lower and upper exciton-polariton
branches are abbreviated as LPB and UPB, respectively [also
denoted in Fig. 5(f)]. Note that the exciton-polaritons result-
ing from hybridization with wex» and wex3 are mostly in the
region Qc/,/€al0, < ® < Qc. So they are surface-polariton
resonances, i.e., the evanescent modes through the Cqq slab,
which hybridize with the cavity modes confined in the sub-
strate (—d, < z < 0). The exciton-polaritons originating from
wex1 are mostly in the region w > Qc, so they have radiative
character through the entire metallic cavity (—d, < z < d3).
These radiative exciton-polaritons are fundamentally the most
interesting, so we shall focus on them.

Figures 5(d)-5(f) clearly show how photons do not change
only at the intersection points, but they also change their
global shape. For example, when compared with the unper-
turbed photon dispersion (blue dots), the significant redshift
is noticeable. This is because the thicker layer behaves as a
dielectric adlayer which (similar to the dielectric Al,O3 sub-
strate) redshifts the photon dispersion. The latter is a classical
electrodynamic effect with no big fundamental significance.
True hybrid exciton-polariton modes arise at (and closely
around) the point where the exciton intersects the redshifted
photon. The dispersions at the far left and far right of that
area correspond to the pure exciton or photon. Therefore,
here we define the Rabi splitting as the minimum energy
difference between the UPB and LPB, which are results of
the hybridization of the cavity photon n = 1 and the exciton
wext [see Fig. 6(a)],

Q = min{wyps(Q) — wrpe(Q)}. €1y

The photon shift is defined as the difference between the
exciton wey; and LPB at the crossing wave vector Qe ,

A = wex1 — @LpB(Qex1)- (32)

The crossing wave vector is defined as w,—;(Qex1) = Wex1»
where w,—;(Q) represents the dispersion relation of unper-
turbed cavity photon n = 1, as shown in Fig. 6(a). Figure 6(a)
shows the exciton-polariton branches LPB and UPB, the Rabi
splittings €2, and the photon shifts A for N = 25, correspond-
ing to LPB and UPB in Fig. 5(f). We observe a significant
photon shift of A = 582 meV at the crossing point Q. =
0.7 x 1072 nm~!. However, the Rabi splitting, the moment
when LPB and UPB are the closest, is approximately twice as
small, 2 =297 meV.

Figure 6(b) shows the Rabi splitting €2 (green dots) and
photon shift A (orange squares) as a function of the number
of layers N. The Rabi splitting and the photon shift saturate to
Q2 ~ 350 meV and to A = 820 meV, respectively. For small
N the photon shift is still very small, the crossing points with
unperturbed and shifted photons are very close [see Fig. 5(b)]
so that the €2 is approaching A. This allows us to estimate the
Rabi splitting for N = 1 (when LBP and UPB still overlap)
to 2~ A =50 meV. Thus, a transition from weak, Q ~
50 meV for N =1, to strong, 2 ~ 350 meV for N = 60,
exciton-photon coupling, can be noticed. For comparison we
also calculate the Rabi splitting 2o when Al,Oj3 substrate is
removed but the molecular film is kept at the same place.
The substrate removal causes the blueshift of » = 1 photon so
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FIG. 7. The maximal intensity Sy, (Q, w, z;) of LPB and UPB at
Rabi splitting, denoted as Ipb (black circles) and upb (red squares),
respectively, as a function of Cg layer positions, z; = zo, 20 + ¢, 20 +
2¢, ..., 70 + 61c. The maximal intensity of the n = 1 cavity-photon
in an empty (N = 0) cavity (at exciton-photon crossing) is denoted
by blue dashed line. The thickness of the Cgy film is chosen to be
N = 61 so that the Cg film completely fills the vacuum cavity. The
Ipb and upb maxima are also denoted in Fig. 6(c).

that for N < 25 it does not cross the exciton wqy. However,
for N > 25 the photon is again redshifted below exciton wey|
and they start to hybridize. The Rabi splitting 2 (magenta
circles) is just slightly larger than Rabi splitting €2 which
supports earlier conclusions that the substrate weakly affects
the binding. More quantitatively, the Rabi splittings 2 and
o at the saturation point (N = 61) are 352 and 401 meV,
respectively.

The important contribution of this research is also to clarify
the N dependent exciton-photon binding scaling mechanism.
If the wavelength of the cavity photon perpendicular to the
cavity surface is much larger than the Cg slab thickness Nc
(1/1B3] > Nc) the electromagnetic field coherently excites
the currents across the Cg slab and it effectively behaves as
one 2D sheet of effective conductivity N6 (w). Blue stars in
Fig. 6(b) show the Rabi splitting 2y, in a single Cg sheet of
optical conductivity N6 (w). Indeed, the Rabi splittings Qy,
and 2 (the Rabi splitting in N spatially separated sheets, each
of conductivity &) coincide for N < 15. However, if 1/|83| ~
Nc the coherence effect breaks down because the distribution
of the induced currents is no longer coherent perpendicular to
the Cgo slab (which will also be demonstrated in Fig. 7) and
the photon-polarization coupling becomes less efficient. In
Fig. 6(b) this manifests as a faster saturation of Rabi splitting
2 then Rabi splitting Qy, for N > 15.

Figure 6(c) shows the intensity of the s(TE) electromag-
netic modes in the Cgy film of different thicknesses N =
5,10, ..., 61, at the avoided crossing. The N = 0 represents
the spectral intensity of the unperturbed cavity photon n = 1.
The two splitted peaks that appear in the spectrum represent
exciton-polaritons LPB and UPB, and the distance between
them is the Rabi splitting 2. We notice an increase of 2 and a
decrease of exciton-polaritons intensity with N. The decrease
of the exciton-polariton intensity in Nth layer is, beside its
general decrease in intensity with number N, also due to the
spatial distribution of the electromagnetic field through the

TABLE 1. The Rabi splittings 72 and /€2, of cavity photon
n =1 interacting with the excitons wex;, Wex2, aNd Wey3 in the Cgo
film of thickness N = 61 and the Rabi splittings i2pgn of the cavity
photon n = 1 interacting with the the hBN exciton wygn in the hBN
monolayer (N = 1) and in the hBN multilayer (N = 21). The last
column summarizes the experimental Rabi splittings in dye molecule
microcavities, for comparison. The energies are in meV.

Wex1 /a)hBN Wex2 Wex3 EXPt (Dye)
hQ 352 570 820 430 [33]
2 401 600 820 450 [34]
QN (1 ML) 207 700 [35]
hupx (21 ML) 830 1120 [36]

Ceo film. Namely, the electrical field of the exciton-polariton
qualitatively follows the electrical field of the unperturbed
cavity mode n = 1, so the intensity of the exciton-polariton
in the N'th layer will decrease how the Nth layer approaches
the metallic surface (where the electrical field is expected
to rapidly drop to zero). This is clearly illustrated in Fig. 7
showing the maximal intensity

Smax(@Q, w,z;)) = —Re g;(;(ny’ )

of LPB and UPB at Rabi splitting, denoted as “lpb” (black
circles) and “upb” (red squares), as a function of C¢ layer po-
sitions z; = z9, 20 + ¢, 20 + 2¢, ..., zo + 61c. The thickness
of the Cgp film is chosen to be N = 61 so that the Cgp film
completely fills the vacuum region (0 < z < d3). The Ipb and
upb maxima are also denoted in Fig. 6(c). The blue dashed
line shows the intensity of the unperturbed n = 1 cavity mode
at the exciton-photon crossing point (Q = 0.07 nm™', w., =
3.9 eV). It can be clearly seen that the intensity of LPB and
UPB decrease as z; approaches the metallic surface, while
they have maxima approximately in the middle of the entire
metallic cavity.

Further enhancement of the photon-exciton binding can
be achieved by using molecules that support highly inten-
sive excitons. The last column in Table I summarizes the
experimental data of the exciton-polaritons Rabi splitting in
the various dye molecule thin films placed in the cavity de-
vices [33-36]. Considering that the dye molecules absorb in
the visible frequency range (<2 eV) this Rabi splitting, which
is between 50% and 100% of the exciton energy, can be char-
acterized as a giant or ultrastrong light-molecule coupling. In
our case, the wex; exciton-photon splitting is ~10% of exciton
energy which belongs to the strong binding regime. Still, the
splitting of more intensive excitons wex» and wey3 should be
larger. Columns 2—4 in Table I summarize the Rabi splittings
Q and 2y of three excitons wexi, Wex2, and wex3, Where the
thickness of the Cg film is chosen to be N = 61, when the
binding is saturated. The splitting of wex, exciton is ~12%,
while, the splitting of the we3 exciton is even ~14% of the
exciton energy which can be, due to criteria Q2/wex, Q/w, >
10% [38], characterized as ultrastrong coupling.

Finally, the proposed formulation can be easily extended
to calculate the exciton-photon binding in the heterostruc-
tures of 2D crystals such as TMDs or hBN. In that case,
instead of molecular surface optical conductivity & in the
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Dyson’s equation (4), the 2D optical conductivity o should
be included [12,30]. For comparison, here we calculate the
exciton-polariton splitting in the hBN monolayer (VN = 1) and
in an artificial hBN heterostructure composed of N = 21 hBN
layers, where we use the hBN single-layer optical conductiv-
ity o derived in Ref. [30]. The cavity parameters zg, ¢, da,
and d; are kept the same as in the case of the Cg cavity.
The calculated Rabi splittings are 207 meV for N = 1 and
~830 meV for N = 21 (as also listed in the third and fourth
rows of Table I), which is 3.5% and 14% of the hBN ex-
citon energy wex ~ 6 eV, respectively. These results clearly
demonstrate that exciton-photon binding can be enhanced not
only by choosing the material with large exciton oscillatory
strength but also (more radically) by increasing the number of
crystal layers N in the van der Waals heterostructures.

IV. CONCLUSIONS

We theoretically simulate the transition from weak to
strong and ultrastrong exciton-photon binding in the van der
Waals layered molecular crystals by increasing the number
of crystal layers N. In particular, we investigate the cou-
pling between cavity photon and excitons of the Cgg films by
using recently proposed ab initio quantum-electrodynamical
Bethe-Salpeter equations. The Rabi splittings quantitatively
agree with the recent experimental results on organic molec-
ular crystals. The theory is also applied to estimate the
exciton-photon binding in heterostructures of 2D crystals.
Exciton-photon binding enhancements of factors 7 and 4
are achieved in the Cg and hBN multilayers, respectively.
These results imply that just a few nanometer thick 2D
van der Waals heterostructures are capable to significantly

modify the cavity photon zero-point fluctuation energy and
thus cause strong Casimir attraction. In other words, the
cavity tends to “collapse” the van der Waals crystal into it-
self. Another fundamental implication is manifestation of the
“ghost mode,” the coexistence of the electron-hole pair and
transverse S(TE) photon providing the collective transversal
polarization modes that has no analog in the nonretarded
limit (¢ — o0). In contrast to the p(TM) plasmon-polariton,
which in the nonretarded limit collapses into longitudinal
plasmon, the s(TE) exciton-polariton in the same limit van-
ishes. Therefore, the layered van der Waals heterostructures
support the electron-hole-photon entangled polarization mode
which oscillates perpendicular to its direction of propagation.
The tunability of electromagnetic properties (in energy and
spatial domain) by changing the thickness of the heterostruc-
ture for only a few nanometers is potentially applicable in
optoelectronics as waveguides or optical cables or in chemical
and biological sensing. Finally, present consideration might be
helpful in addressing the cavity-induced structural phase tran-
sitions [73,74] and charge density waves [75], once the lattice
degrees of freedom are included and the photon-phonon-
electron problem is treated self-consistently.
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