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We have demonstrated coupling between a pair of ultrastrong light-matter coupled microcavities
composed of neat glassy organic dye films between metallic (silver) mirrors at room temperature.
Based upon our modified coupled oscillator model, we have observed that the degeneracy between
the Rabi splittings associated with the symmetric and antisymmetric cavity modes is broken by the
higher-order anti-resonant terms in the Hamiltonian associated with the breakdown of the rotating
wave approximation in the ultrastrong coupling regime. These results are in quantitative agreement
with both experiment and transfer matrix modeling. The component cavities are characterized by @
factors around 12 and display a large vacuum Rabi splitting around 1.12 eV between the upper and
lower polariton branches, which is about 52% of the excited state energy, thus indicating ultrastrong
coupling in each individual cavity. This large splitting is due to the large oscillator strength of the
neat dye glass. We have also observed large polariton-induced incidence-side asymmetry in reflection
spectra in a coupled cavity pair with one cavity having no exciton.

I. INTRODUCTION

Light-matter interactions in optical cavities is be-
ing intensively studied, well beyond the laser concept
and now encompassing both fundamental investigations
and application in light emission, nonlinear optics and
quantum information' 3. Coupled microcavities intro-
duce additional degrees of freedom, both for materials
and the cavity interactions, and have attracted increas-
ing attention. Quantum well based coupled inorganic
microcavites (MCs) have been well studied for theory
and optical devices* ''. Cavity polariton-induced split-
ting of excitonic states and optical reflection asymme-
try were reported by Armitage et al. in quantum well
based coupled inorganic MCs%7. Some researchers ana-
lyzed the polariton-polariton interaction potentials using
pump-probe degenerate scattering®. With the increas-
ing degrees of freedom, these multiple microcavity sys-
tems have promising applications, such as angle-resonant
stimulated polariton amplifiers and optical parametric
oscillatorst®!,

To our knowledge, coupling between multiple cavities
in the ultrastrong limit has not been observed in any
material. We report here on such coupled cavities where
we have observed in experiment and theory, the broken
degeneracy between the Rabi splittings associated with
the symmetric and antisymmetric cavity modes brought
about by the departure from the rotating wave approxi-
mation.

Organic semiconductor-based single microcavities
composed by high-Q or low-Q reflectors, exhibiting large
vacuum Rabi splitting, have been particularly interesting
as strong and ultrastrong exciton-photon coupling can
be readily attained at room temperature!? 24, In this
framework, due to the specific excitonic property of or-
ganic materials, allowing the ultrastrong coupling regime
with a large Rabi splitting to be reached, the demon-
stration of such coupled multiple organic microcavities,

each in the ultrastrong regime, suggests the potential for
new physics and applications for tunable polariton-based
devices operating at room temperature?®, with new con-
cepts in quantum information being one example?S.

Here, we demonstrate coupling between a pair of ul-
trastrong exciton-photon coupled all-metal microcavities
with low-Q value for each single cavity. The coupled
cavities comprised two single exciton-photon coupled mi-
crocavities in the ultrastrong coupling regime. The or-
ganic material used within the microcavities is a well-
studied molecular glass of an organic dye with large inho-
mogeneous absorption broadening. The large oscillator
strength of the material is a key factor to reach the ul-
trastrong coupling regime?2. The use of a neat molecular
glass provides for a high number density for a large oscil-
lator strength with high optical quality. Mixing a dye in
a polymer matrix lowers the number density and there-
fore limits the oscillator strength, coupling, and, conse-
quently, Rabi splitting, even though this kind of mixture
might have a narrow linewidth?*.

This paper is organized as follows. In Sec. II, the ex-
perimental details of organic microcavities (OMCs) fab-
rication and various characterization methods are de-
scribed. The experimental results are presented and dis-
cussed, and a modified theory for coupled OMCs is pro-
posed in Sec. III. Conclusions and implications of this
work are provided in Sec. IV.

II. EXPERIMENTAL

We have fabricated low-Q single cavity and double cav-
ity microcavity polariton devices using metal mirrors en-
closing a neat organic dye glass, DCDHF-6-V. T'wo types
of coupled double cavities are studied: a) symmetric cav-
ities where both contain the exciton dye glass, and b)
asymmetric cavities where one is filled with DCDHF-6-V
and one with a non-absorbing polymer. Reflection spec-



tra at various angles are used to characterize the cavities
and coupling by determining the energies of the anti-
crossed levels. Results are compared with a four-state
coupled model and optical transfer matrix simulations.

The organic dyes examined here are in the push-pull
DCDHF class which we have previously used in a vari-
ety of optoelectronic applications?” 2. Amongst these
DCDHF dyes the specific substance DCDHF-6-V (CAS
634202-68-9) has been most thoroughly examined during
our initial studies. For the single OMCs, films were de-
posited from toluene solution onto a thin (30 nm) silver
film evaporated onto a 1 mm thick glass substrate in vac-
uum at 10~7 Torr. DCDHF-6-V was spin-cast on top of
the metal film, and the thickness of the organic film was
varied from 90 to 170 nm by adjusting the spin speed.
Microcavity fabrication was completed by evaporating a
second thin (30 nm) silver film on top of the organic
layer. This process provided microcavities with low Q
values around 12. For the coupled OMCs, a thinner (20
nm) silver layer was made in the center of microcavity
structures. FIG. 1 shows the structures for single OMCs
(I) and coupled OMCs (II) and (IIT) we have studied. In
structure III, polyvinyl alcohol (PVA) is a exciton-less
transparent polymer film used to create an asymmetric
coupled system for demonstrating optical asymmetry by
illuminating the coupled cavity from its top and bottom.

The absorption spectra measurements of neat
DCDHF-6-V film were carried out using a UV-Vis-
NIR spectrophotometer, and photoluminescence emis-
sion spectra were measured by spectrofluorometer. The
organic microcavities were characterized by angularly re-
solved reflectivity measurements by using a spectroscopic
ellipsometer at room temperature.

The reflectivity spectra for single and coupled micro-
cavities studied have been theoretically calculated by
transfer matrix simulation method3!:32, Transfer matrix
calculations were carried out using the complex index of
refraction obtained by detailed modeling of spectroscopic
ellipsometry data for each material.

IIT. RESULTS AND DISCUSSION

FIG. 2 shows the room-temperature absorption and
photoluminescence emission spectra from a 90-nm thick
neat film of DCDHF-6-V spin-cast onto a glass substrate.
The Stokes shift can be observed, and the FWHM for
the transition at 2.16 eV is 0.58 eV, and the strong inho-
mogeneous broadening of the excitonic resonance results
from the disorder inherent in the organic glass (DCDHF-
6-V)3Y.

A. Single Organic Microcavity

The cavity mode can be tuned to be resonant with
the exciton state by varying the angle of incidence, as
the wave vector k is varied. FIG. 3(a) and FIG. 3(b)
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FIG. 1: Structures for single OMCs (I) and coupled OMCs
(II) and (III). The transparent PVA film within cavity struc-
ture (IIT) works as a spacer layer.
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FIG. 2: The absorbance (red curve) and photoluminescence
emission (blue curve) spectra of a 90-nm thick neat film
of DCDHF-6-V. The inset shows the chemical structure of
DCDHF-6-V.

show the variation in room-temperature reflectivity spec-
tra as the photon mode is angle-tuned through the exci-
ton mode energy with TM and TE polarized light, respec-
tively. At each angle, two reflectivity dips, corresponding
to the cavity polariton states, are observed, and the shift
of energetic positions of the cavity polariton states can
be seen clearly as the angle of incidence is varied. To
represent the experimentally measured dispersion more
directly, contour plots of the angle-resolved reflectivity
(R) are shown in FIG. 4(a) for TM and FIG. 4(b) for
TE polarization. The dispersion shown in FIG. 4(a) and
(b) exhibits widely separated anti-crossed states charac-
teristic of a strongly coupled exciton-polariton. Two cav-
ity polariton branches, upper polariton (UP) and lower
polariton (LP), are observed near the point where the
dispersions of the uncoupled cavity mode (dashed white
curve) and excited state (solid blue line) cross. At this
point, the vacuum Rabi splitting energy (A{2r) as the
minima of the energy difference between UP and LP,
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FIG. 3: Angularly resolved reflectivity spectra for an organic
microcavity containing a 140 nm thick DCDHF-6-V film for
TM (a) and TE (b) polarization. The spectra for different
measurement angles (indicated in the figure) have been dis-
placed vertically for clarity.

is obtained. The dispersion relations of the cavity po-
lariton calculated using the transfer matrix reflectivity
(TMR) model are shown by the dashed black curves,
which precisely agree with the measurement results. The
horizontal blue line is the exciton transition energy of
DCDHF-6-V. This energy is angle-independent and so is
expected to give the resonance energy for the coupled
exciton-photon systemm. Comparing these two contour
plots, the polariton dispersion of the TM modes is flatter
than that of the TE modes consistent with polarization
dependence of the bare cavity photon dispersion?? shown
as the dashed white curves in FIG. 4(a) and (b). The res-
onance between photon and exciton occurs at around 25°
and 15° for TM and TE polarization, respectively. The
measurement results give the same A{lr value of 1.12 eV
for both TM and TE polarization.
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FIG. 4: Angle-resolved reflectivity maps of the 140 nm-thick
microcavity. The spectra are shown for TM (a) and TE (b)
polarization. The dashed black curves, which are obtained by
transfer matrix calculation, trace the positions of the reflec-
tivity minima that correspond to the UP and LP branches.
The dashed white curve is the dispersion of bare cavity mode,
and the blue line shows the DCDHF-6-V exciton transition
energy.

To connect better to the underlying physics, we plot
the dispersion as a function of the wavevector k, shown
in Fig. 5(a) for TM and (b) for TE polarization. The
in-plane wave vector k, is related to the incident angle
6 and wavelength X of the incident light through the re-
lation k, = sin#(27/A\)'*. The measured anti-crossing
dispersions as a function of the wave vector k also give
the same AQr value of 1.12 eV for both TM and TE
polarization.

Next, we can examine the calculated vacuum Rabi
splitting energy A2 with a simple classical model. The
coupling parameter between a dielectric material and an
optical cavity is given as follows33:

— Nu%2w 1/2 (1)
90 =\ 2¢,Voh
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FIG. 5: Anti-crossing dispersions as a function of the wave
vector for TM (a) and TE (b) polarization. Circles and
squares are measurement data, and the red curves are ob-
tained by transfer matrix calculation. The dashed green
curve is the dispersion of bare cavity mode, and the blue line
shows the DCDHF-6-V exciton transition energy. The diago-
nal black line on the right of the plot signifies the maximum
scan angle.

where ¢ is the dielectric constant of organic material,
% is the molecular number density, Fy = hw is the tran-
sition energy, and p12 = (¥1|er|Ps) is the electric dipole
matrix element of the transition. Generally, in the clas-
sical oscillator model, the vacuum Rabi-splitting energy
hQR in an OMC can be expressed as>*

1/2

1 2
Z(aez - 5cav) (2)

hQr =2 |(hgo)” —

where ., and J.4, are the uncoupled excited state and
cavity halfwidths (HWFM), respectively. The parame-
ters shown in Eq. (1) and Eq. (2) for the (DCDHF-6-
V)-filled OMC are given in Tab. I. We calculated Rabi-

TABLE I: Parameter values in Eq. 1 and 2 for an OMC filled
with a 140 nm DCDHF-6-V film .

% H12 hw Oex  dcav ﬁg() (EQR)calc (hQR)ezpt
(em™®) (D) (eV) (eV) (eV) (eV)  (eV) (eV)
1.8 x10%* 7.3 2.16 0.29 0.23 0.56 1.118 1.120

splitting using Eq. (1) and (2) along with the experimen-
tally determined oscillator strength and spectral widths
is obtained as 1.118 eV, which is in excellent agreement
with the experimental value of 1.120 eV, even though Eq.
(2) applies to homogeneously broadened spectra. These
results are consistent with the sharp falloff of the inho-
mogeneously broadened spectra where the coherence of
the inhomogeneously broadened dipoles is maintained3®.
This is in keeping with the narrow polariton linewidths
observed and with the observations of Gambino et al.?*.
There are three main contributions to the large Rabi-
splitting of the (DCDHF-6-V)-filled OMC: (1) the large
number density of the material as a neat organic glass;
(2) the large electric dipole matrix element of the transi-
tion due to the broad absorption spectrum and high ex-
citon oscillator strength; and (3) the similar linewidths
between the uncoupled exciton and cavity mode. The
first two factors give rise to a large coupling parameter
hgo around 0.56 eV, thus a large vacuum Rabi splitting,
because h{)r depends on the oscillator strength deter-
mined from the energy-integrated absorption rather than
on just the magnitude of the absorption peak?4:3¢,

B. Coupled Organic Microcavity

For the coupled OMCs with the structure shown in
FIG. 1 (II), a series of TM polarized reflectivity spec-
tra taken at room temperature is shown in FIG. 6(a).
For each angle, four reflectivity dips corresponding to the
cavity polariton states, are observed, and the energetic
positions of the dips shift as the angle of incidence is var-
ied. Extracting the energetic positions of those reflectiv-
ity minima, four cavity polariton blanches, indicated as
UP, MP1, MP2, and LP branch, can be seen in FIG. 6(b).
According to the measurement results, anti-crossing be-
tween UP and MP2 occurs at around 15° with a vacuum
Rabi splitting AQ2r; of 1.11 eV, while anti-crossing be-
tween MP1 and LP occurs at around 40° with a vacuum
Rabi splitting ~AQ2r2 of 1.08 eV. The anti-crossing occurs
at different angles (different wave vector k), which is con-
sistent with the observation by Armitage et al. for the
strongly coupled inorganic MCs, and this is due to the
splitting between symmetric and antisymmetric cavity
modes®. However, the inequality of these two splittings
is inconsistent with the prediction of the classical four-
oscillator coupled model proposed by Armitage et al. for
the strong coupling regime. For the coupled OMCs in the
ultrastrong coupling regime, a modified four-oscillator
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FIG. 6: (a) Angularly resolved reflectivity spectra for a cou-
pled OMC containing two 140-nm thick DCDHF-6-V layers
for TM polarization. The spectra for different measurement
angles (indicated in the figure) have been displaced vertically
for clarity. (b) Energetic positions of reflectivity dips plotted
as a function of wave vector. Experimental data are shown as
circles and squares, and the solid red curves are obtained by
transfer matrix calculation. The dashed green curves are the
dispersion of bare-cavity symmetric and antisymmetric mode.
The blue rectangular box shows inhomogeneous broadening of
excitonic resonance of DCDHF-6-V. The diagonal black line
on the right of the plot signifies the maximum scan angle.

coupled model is now examined that takes into account
the anti-resonant Hamiltonian terms for the interacting
system beyond the rotating wave approximation.

Modified four-oscillator coupled model for coupled OMCs

First, the optical fields in the cavities couple yield sym-
metric and antisymmetric cavity modes, and the coupled

cavity energies can be obtained via®

] e

where E. is energy of the uncoupled cavity modes and
Vo is the optical coupling parameter between the cav-
ities. The energies of the symmetric and antisymmet-
ric coupled cavity modes are given by Es = E. + Vj,
Eps =E.— V.

Second, the exciton states in the two separate cav-
ities also form symmetric and antisymmetric combina-
tions (Ys,1a5) given as s = (¢1 + ¢2)/2 and 1has =
(¢1 — ¢2)/2, where @1 and ¢ are the single exciton wave
functions in the two cavitiesS37.

Third, the symmetric coupled cavity mode couples to
the symmetric exciton state g, and the antisymmet-
ric coupled cavity mode couples to the antisymmetric
exciton state ®ag via the equation which describes the
eigenvalues of the Hopfield Hamiltonian of the interacting
system?4:38:39,

E. W
Vo Ec

(Ega'u - EQ)(E(?;E - EQ) = 62Ee2mE3a'u (4)

where FE., is the exciton energy, 8 = hQlr/FE., and
E2, = E2, +B%E2,. E.q4 describes the energy dispersion
of the cavity mode, for the coupled cavities, E.4, can be
described as Es = E. + Vo, Eas = E. — Vy. Thus, for
the coupled microcavities, taking into account the anti-
resonant Hamiltonian terms, the polariton energies can

be described via:

(E3/as — B*)(EZ, + B°E2, — B?) = BPEZEY 45 (5)

If B is relatively small corresponding the strong cou-
pling, the above equation can be approximated as:

(Esjas — E)(Eey — E) = V7 (6)

where we define V# = 18%Ec;Fs/ag, which is the
coupling parameter between exciton and cavity mode.
The above equations are the result of the classical four-
oscillator coupled model, and the solutions for polariton
eigenvalues at resonance (namely, E. = E.,) are given
as:

1
Ey 2= 5(2Eem + Vo £ 4/VE +4V2)

1
E34= 5(2Eem — Vo £/ VE+4VP) (7)

At resonance conditions, KQg1 = AFE12 = AF3q =

IQre = \/V§@ +4V?, and this relation can only hold
when the small- condition is satisfied.



For the ultrastrong coupling regime, 8 is significant,
thus, the polariton eigenvalues at resonance conditions
can be derived from Eq. (5):

1
B, = 25\/(B% + Blg + (H0m)?)” — 4B, BYp
1
+5 (E2, + E2p + (M2m1)?)
1
E3, = ig\/(EeQm + Eigp + (hQr2)?)? — 4E2, E%gp

1
+5 (B2, + Eisp + (MQR2)?) (8)

where Fsgr = Eep + Vo, Easr = Eer — V) at resonance
conditions. According to Eq. (8), we can derive that
Mp1 = ANEw2 = f[(hQRl)Q,EgR}, hQpos = A Ess =
[ [(hQr2)?, E4gr], which could not guarantee that the
equality 2Qdr1 = Afdra always holds. From the measure-
ment results, anti-crossing between UP and MP2 occurs
at around 15°, and the measured vacuum Rabi splitting
hQgr1 = By — Ey = 2.83 — 1.72 = 1.11 eV, and the cal-
culated fifdp; from Eq. (8) is 1.106 eV. Anti-crossing
between MP1 and LP occurs at around 40°, and the
measured vacuum Rabi splitting AQ2rs = E3 — By =
2.64 — 1.56 = 1.08 eV, and the calculated Aflre from
Eq. (8) is 1.05 eV. The strong quantitative agreement
between the measurement and calculated results confirm
that the modified four-oscillator coupled model can de-
scribe the dispersion of cavity polariton states and per-
mit a good physical understanding of the on-resonance
behavior for the coupled microcavities in the ultrastrong
coupling regime. The observed broken degeneracy be-
tween the UP-MP2 and MP1-LP Rabi splittings is a sig-
nature of coupling between the double exciton-photon
ultrastrong coupled cavities and the higher-order anti-
resonant terms beyond the rotating wave approximation.

Polariton-induced optical asymmetry in coupled OMCs

For the coupled OMCs with the structure shown in
FIG. 1 (III), the angle-resolved reflectivity spectra taken
for TM polarization at room temperature are shown in
FIG. 7 (a) and FIG. 8 (a) when the coupled microcavity
is illuminated from its top and bottom, respectively. In
FIG. 7 (a), three reflectivity dips corresponding to three
cavity polariton states (UP, MP, and LP), can be seen
for each angle of incidence when the coupled microcavity
is illuminated from its top. The energetic positions of
cavity polariton states shift as the angle, thus the wave
vector, is varied, consistent with anti-crossing dispersion,
which is shown in FIG. 7 (b). At resonance at ~ 20°, the
splitting between UP and MP is 0.70 eV, while the split-
ting between LP and MP is 0.44 eV. When the reflectiv-
ity measurements are taken by illuminating the coupled
cavity from its bottom, only two reflectivity dips, which
correspond to UP and LP states, are observed for each
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FIG. 7: (a) Angularly resolved reflectivity spectra for a cou-
pled OMC, which has a structure shown in FIG.1 (III), con-
taining a 140-nm thick DCDHF-6-V film and a 140-nm thick
PVA film for TM polarization. The coupled cavity is illu-
minated from its top. (b) Energetic positions of reflectivity
dips plotted as a function of wave vector. Experimental data
are shown as circles, and the solid red curves are obtained by
transfer matrix calculation. The dashed green curves are the
dispersion of bare-cavity symmetric and antisymmetric mode.
The blue line is the DCDHF-6-V exciton transition energy.
The diagonal black line on the right of the plot signifies the
maximum scan angle.

angle of incidence, and the central mode (MP) is unob-
servable. The anti-crossing dispersion is shown in FIG. 8
(b), and the splitting between UP and LP is 1.12 eV at
resonance at ~ 50°.

According to measurement results and the discussions
above, the central mode is unobservable when light is
incident on the cavity containing DCDHF-6-V film. In
contrast, when light is incident on the cavity containing
the spacer layer of PVA film, the central mode (MP) is
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FIG. 8: a) Angularly resolved reflectivity spectra for a coupled
OMC, which has a structure shown in FIG.1 (III), containing
a 140-nm thick DCDHF-6-V film and a 140-nm thick PVA
film for TM polarization. The coupled cavity is illuminated
from its bottom. (b) Energetic positions of reflectivity dips
plotted as a function of wave vector. Experimental data are
shown as circles, and the solid red curves are obtained by
transfer matrix calculation. The dashed green curves are the
dispersion of bare-cavity symmetric and antisymmetric mode.
The blue line is the DCDHF-6-V exciton transition energy.
The diagonal black line on the right of the plot signifies the
maximum scan angle.

always observable and strong, and more photon-like dis-
persive than the other two modes (UP and LP). This op-
tical asymmetry in the reflectivity spectra is induced by
the cavity polariton, and the similar results have been
reported for the coupled inorganic microcavities”. Ar-

mitage et al. proposed a three-coupled oscillator model

composed of the optical modes from two cavities and
the excitonic states, explaining that whether the central
mode (MP) is observable (bright) or not (dark) depends
on the direction of observation, consistent with the eigen-
states of the system. Our results showing very large split-
tings at room-temperature and low-Q cavities indicate a
new regime for observation of this asymmetry. These
results may provide applications for fast-response opti-
cal switches by converting dark modes to bright ones in
asymmetric coupled OMCs”.

IV. CONCLUSION

For the first time to our knowledge, we have demon-
strated coupling between a a pair of ultrastrong light-
matter coupled single microcavities, which are con-
structed from low-Q all-metal mirrors filled with the glass
forming dye of DCDHF-6-V at room temperature. Be-
cause of the nonlinear coupling describing the ultrastrong
limit, the the degeneracy between the Rabi splittings as-
sociated with symmetric and asymmetric cavity modes
is broken by the anti-resonant terms beyond the rotat-
ing wave approximation. This is in quantitative agree-
ment with a modified four-oscillator coupled model. The
large vacuum Rabi splitting, which is an appreciable frac-
tion of the excited state energy of material, and the anti-
crossing dispersion are the most significant features for
the ultrastrong coupling regime. Furthermore, we have
observed polariton-induced optical asymmetry in the re-
flectivity spectra of coupled organic microcavities having
much larger splittings than those of coupled inorganic
microcavities. These results are very promising for the
study of light-matter interaction physics, and could lead
to applications of coupled organic multiple microcavities
in the ultrastrong light-matter coupling regime for the
constituent microcavities at room temperature, for ex-
ample in organic microcavity LEDs, where the coupling
effect can narrow the linewidth of emission?®. The cou-
pled cavity is also an interesting system for realizing pho-

ton blockades in the ultrastrong coupling regime?°.
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