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Frenkel-Exciton-Polaritons in Organic Microcavities
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Scuola Normale Superiore and INFM, Piazza dei Cavalieri 7, 56126 Pisa, ltaly
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We study organic microcavities in the strong coupling regime. The cavity exciton-polariton dispersion rela-
tions and quantum states are derived in using a microscopic theory. We consider the two cases of anisotropic
organic crystals with one and two molecules per unit cell. In general, the cavity exciton-polaritons are a coherent
superposition of both cavity mode polarizations and of both Davydov exciton branches. The obtained polariza-
tion mixing is in contrast to the case of typical inorganic semiconductor cavities in which no mixing between
the TM and TE polarizations occurs. By applying the quasi-mode approximation, we derive the transmission,
reflection, and absorption coefficients for high quality organic cavities.
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The interest in organic and inorganic microcavities is inwhereg is the background dielectric constant of the mediun
their ability to control the coupling between photons and elechetween the mirrors. For each in-plane wave vegtiere are
tronic excitations. In the strong coupling regime, where thetwo possible polarizationgs)-modes with transverse electric
photon-exciton interaction is larger than the exciton and phofield, which has onlyT component. (p)-modes with trans-
ton damping rates, the cavity photons and the excitons are coerse magnetic field, which hasandZ components. Only
herently coupled to produce the cavity exciton-polaritons. Thene relevant cavity-mode at a time in thdirection is consid-
polariton dispersion relation splits into branches which aresred, the one which is close to resonance with the organic sl
separated by the Rabi splitting frequency. In typical quantumexcitons.
well semiconductor microcavities, the coupling between the At the center of the microcavity is placed a slab of or:
Wannier-Mott excitons and the cavity photons yields Rabiganic crystal of width small compared to an optical wave
splitting values of the order df0meV[1]. The large oscillator length, made ofN mono-layers parallel to the microcavity
strength of the organic materials makes the use of organic mplanes. The organic crystal is composed of molecules whit
crocavities more attractive. The strong coupling between thare all chemically identical and have inversion symmetry. Th
Frenkel excitons in organic materials and the cavity photongxcitons are free in the slab plane with in-plane wave vec
results in a Rabi splitting which is easily an order of magni-tor k, and are confined in thedirection with discrete wave
tude larger than that of inorganic microcavities [2]. In particu-vector k,, which takes the valueka = 1 /(N + 1), with
lar, a strong coupling regime has been observed in an organi¢ = 1,2,--- ,N), wherea is the distance between each two
microcavity containingl aggregates of cyanine dye where the neighbor mono-layers. In the slab only interactions betwee
Rabi splitting is betweeB0 meVand300meV, at room tem-  nearest neighbor mono-layers are assumed.
perature [3]. Such materials are disordered, but the case of We derive the Frenkel-exciton dispersion relation. In the
crystalline organic media is also of great current interest [4]. case of crystals with one molecule per unit cell, the excito

We study the Frenkel-exciton-polaritons of an organic mi-dispersion is
crocavity in the strong coupling regime and their linear optics ox
spectra on the basis of the microscopic theory. M. Litinskaia hw™(K,kz) = hup +J(K,0) +J(K, k), @)
et al. [5] have investigated such system in the framework of . - .
the macroscopic approach based on the use of the dielectrfhere wo is Fhe moleculle transition frequenc_y n th? crys-
tensor. D. Balagurov and one of us [6] have calculated the Iinzal' The exciton dynamical matrix(k, 0) is for interactions

ear optics spectra of such system using a phenomenologic3fWeen molecules in the same mono-layer, afidk;) is
uniaxial dielectric tensor and &  4) transfer matrix formal- 10" interactions between molecules from two nearest neighb

IS mono-layers.

First, we represent the cavity photons. The optical confine; The dynamical matrices are calculated for the case ofa ¢

ment in the microcavity is provided by two parallel mirrors at bic crystal with laftice constard, where each molecule has
yisp Y P the same transition dipole momept= (fy,1z). The inter-

a Qistance of the order of an optical wavelength. In.itially, theaction between the crystal molecules is given by the dipole
mirrors are assumed to be perfect and no dissipation meChanole interaction. In the long wave limit, that ka < 1

nism Is |ncl'ud(.ed. The electromagnetic f'e.ld IS frge n .the CaVivherek = |k|, the exciton dynamical matrices are given by
ity plane with in-plane wave vectay, and is confined in the

perpendiculae direction with wave vectog,, which has the 471 ok c2
valuesg, = mm/L, where(m= 1,2,3,---). The cavity-mode Ik, ke) = 55 cogkea) € *(ka) {3 (Ry k)" — Hz} )
dispersion is given by

and

am= 2@+ (T a=a. @ 300 = 5 {2212}, @
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whereF ~ 4.5, andk = k/k. Weak anisotropy effects, of the
order ofka, are obtained. The difference between the exciton
dispersion for the and the in-plane dipole moment cases, at
k = 0, results in a polarization splitting, which was obtained
also in inorganic semiconductor thin layers [7].

In organic slab with two molecules per unit cell, the mole-
cules have the transition dipole momeptsandfl, they differ
only for the orientation, whergl | = |fiz|. We define the two
orthogonal transition dipole momeris = @ Here, the
exciton dispersion splits into two Davydov branches [8]. In
the case of in-plane transition dipole moments, each Davydov
branch is related to one of the two orthogonal transition dipole
moments. While, in the case of ggneral dipole momentsavith Fig. 3. The(p) polarized field transmission and reflectic'fré,s) and
components, due to the perpendicular broken symmetry, each 2
Davydov exciton branch is related to both orthogonal dipole Rp’, vs. wave vectok.
moments.

Cavity polaritons are a coherent superposition of excitons
and photons of both polarizatiorfs) and (p). This fact is
in contrast to the in-organic semiconductor cavities where no
polarization mixing exist [7]. As dictated by in-plane trans-
lational symmetry, the coupling is between excitons and pho-
tons with the same in-plane wave vector. For the coupling
the dipole approximation is used. For the excitons only one
dominant mode in the direction is assumed, the lowest en-
ergy mode which has no nodés= 1). TheZ component of
the (p) polarized long wave cavity photon is weakly coupled
with the excitons, with coupling of the order &fQ, where
Q= +/k2+ (m/L)2. We study polaritons in organic cavities in
the two case of one and two molecules per unit cell.
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Fig. 4. The absorptioAl® vs. wave vectok.

04 In crystalline organic cavity with one molecule per unit cell,
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Fig. 1. The(s) polarized field transmissio'fg(s) VS. wave vectok.
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Fig. 2. The(s) polarized field reflectiorRéS) Vs. wave vectok.

three polariton branches are obtained. Due to the existen
of a polarization direction where the excitons and the cavity
modes are decoupled, one is a pure photonic branch. The :
tive mode in thez direction is chosen to be the first one with
(m= 1), and the molecule dipole momentfis= (L, 0, Hiz).

The upper and lower polariton branch dispersions are

(4 cav
Qi(k)zm

2
ex _ .cavy 2 K2
i\/<wk2wk> +W2(k) (17 @co§(p>, (5)
whereW (k) = py 4%‘;’?, for a single mono-layer slaiN =

1), and wherapis the angle between the in-plane wave vecto
k and theX axis. The anisotropy effect in the dispersions is
of the order of(k/Q)2. In the limit of long waves, that is
Q> k, the dispersion relations are similar to that of isotropi
materials.

In order to calculate the linear optical spectra of the micrc
cavity, the quasi-mode approach is used to couple the cav
polaritons to the external photons, assuming non-ideal ca
ity mirrors [9]. The quasi-mode model is applicable only
for a cavity with high quality mirrors, where the cavity pho-
ton damping ratey, is related to the mirror reflectivitiR by
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yO (1—R). The absorption in the cavity medium is included branches, are plotted in figur¢g) and (7), respectively. A
phenomenologically by the non-radiative decay of the excisignificant mixing between the two Davydov exciton branche
tons, with the exciton damping rafe appears. The two exciton Davydov energies are chosen to

For the case ofs) polarized external input field, thes) 7w = 2 eV andfiwg* = 2.1 eV. For the cavity we use the di-
polarized field transmission and reflectidg,andRs, and the  electric constan¢ = 4, and the distance between the mirrors
(p) polarized field transmission and reflectidi,andRy, and isL =1510A. The exciton-photon coupling parameters are o
the absorptionas = 1— -|-S<S> _ TFES) _ R(SS> _ R(ps>, are derived. the order of the Davydov splitting, that is abaMt~ 0.1 eV.

In figures (1 — 4), the spectra are plotted for an organic
cavity with one molecule per unit cell, for different in-plane 09
wave vectors. Three peaks are seen in corresponding with the 08}
three polariton branches. Although the input field $§ po-
larized, the anisotropic organic material gives rise als@jo
polarized transmitted and reflected fields, which indicates the
polarization mixing. We used typical parameters for organ-
ics: the exciton energy, in the limit of small wave vector, is
hw™ = 1.8 eV, the dielectric constant is= 4, the distance
between the cavity mirrors is = 1750 A, and the exciton-
cavity mode coupling parameter/isV = 0.2 eV. The cavity
mirror damping rate i&y = 0.01 eV, and the exciton damping
rate ishl” = 0.03eV. We choose the direction with= 11/4.
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Fig. 6. The excitonic and photonic weights for the first polariton
branch.
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Fig. 5. The four cavity polariton energies vs. in-plane wave vector
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In crystalline organic cavity with two molecule per unit cell, kA x10°
four polariton branches are obtained. In the case where the
transition dipole moments are in the slab plane, and in theFig. 7. The excitonic and photonic weights for the fourth polariton
limit of long waves, the exciton-photon coupling does not branch.
mix the two Davydov exciton branches, while the material
anisotropy results in a polarization mixing.

In the case of molecule dipole moments wittomponents,
in general the polaritons are a coherent superposition of botAcknowledgments
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