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Tuning the Fluorescence Emission Spectra of a Single Molecule
with a Variable Optical Subwavelength Metal Microcavity
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We present experimental and theoretical results on changing the fluorescence emission spectrum of a
single molecule by embedding it within a tunable planar microcavity with subwavelength spacing. The
cavity length is changed with nanometer precision by using a piezoelectric actuator. By varying its length,
the local mode structure of the electromagnetic field is changed together with the radiative coupling of the
emitting molecule to the field. Because mode structure and coupling are both frequency dependent, this
leads to a renormalization of the emission spectrum of the molecule. We develop a theoretical model for
these spectral changes and find excellent agreement between theoretical prediction and experimental

results.
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As was first noted by Purcell more then 60 years ago [1],
placing an emitter within a confined geometry alters its
emission properties, in particular, the rate of spontaneous
emission is increased. This can be easily understood within
a Fermi’s golden rule approach to the emission of an
electric dipole within the given geometry: The density of
modes of the electromagnetic field inside a cavity is
changed with respect to free space, and hence the coupling
of the dipole transition of an emitting molecule to this field.
The first extensive experimental studies of the changes in
spontaneous emission rates of molecules in front of a metal
mirror were conducted by Kuhn and Drexhage (see
Ref. [2]), and a comprehensive semiclassical model for
these experiments was developed by Chance, Prock and
Silbey [3]. Lukosz and coworkers conducted extensive
studies of the changes in the angular distribution of radia-
tion of fluorescent molecules close to a metallic mirror or
dielectric interfaces [4,5]. Later, all of these results had
been confirmed also on a single molecule level, see Ref. [6]
and citations therein. Remarkably, little attention has been
paid to the changes in the emission spectrum of a fluores-
cent dye as induced by the changes of the local electro-
magnetic field structure. This is partially due to the fact
that when observing molecules with narrow emission
bands, optical dispersion of the molecule’s environment
is rather weak, so that the wavelength dependence of the
changes in the radiative transition rate by its environment is
negligible. However, if a molecule displays a broad emis-
sion spectrum, one can no longer neglect optical dispersion
effects, and strong shape changes of a molecule’s emission
spectrum are expected. This is due to the fact that the
optical dispersion of a molecule’s environment leads to a
wavelength-dependent electromagnetic coupling of the
emitter to its environment, which results in a renormaliza-
tion of the observable emission spectrum of the embedded
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PACS numbers: 37.30.+i, 32.50.+d, 33.50.Dq, 42.50.Pq

molecule. For example, strong changes in the emission and
absorption spectra have been predicted for a Rhodamine6G
molecule embedded within a spherical metal nanocavity
[7].

Experimentally, this effect has been observed qualita-
tively by Steiner et al. [8] who investigated single isolated
perylene dye molecules in a planar metal microcavity for
different mirror spacings and hence for different electro-
magnetic mode structures. However, as the mirror spacing
was fixed, they could investigate a distinct molecule only
for one given resonator length. In the present Letter, we
report on changing the emission spectrum of a single
fluorescent molecule embedded in a tunable microcavity.
Thus, for the first time we were able to actively change the
local electromagnetic field structure around a molecule by
changing the mirror spacing of the cavity. In doing that,
one selects the vibronic transition where fluorescence will
mostly occur. Moreover, we develop a semiclassical theo-
retical model for these spectral changes, and find excellent
agreement between theory and experiment. Together with
the well-studied changes of radiative transition rates (fluo-
rescence or luminescence lifetime) and angular distribu-
tions of radiation, this is another important step in our
understanding of the complex electromagnetic interaction
of single photon emitters with an electromagnetic field
structure that is tailored by the emitter’s surrounding.

The experimental setup is depicted in Fig. 1(a) and is
similar to a previously built microcavity but with no ad-
justable cavity length [8]. A homemade aluminum cavity
holder was used to hold the multilayer cavity. The bottom
part of the cavity consisted of a coverslip (thickness
170 pm), covered by a thin silver film (47 nm), a silicon
oxide layer (30 nm, refractive index n = 1.46), a polymer
layer (70 nm, refractive index n = 1.49) with dissolved
dye molecules, and a second thin silicon oxide layer (8 nm,
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Q-factor = 45 FIG. 1 (color online). (a) Scheme of

the experimental setup. The tunable mi-
crocavity consists of: 1. Piezoelectric
cell, 2. Immersion oil, 3. Silica layers,
4. Polymer (PMMA) layer with PI mole-
cules, 5. Aluminum holder, 6. Lens, 7.
Silver layers, 8. Glass coverslide. For
more details see main text. (b) Micro-
cavity transmission spectrum fitted by a
Lorentzian function (full line) giving a
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refractive index n = 1.46). The bottom silicon oxide layer
serves as a finite spacer between the silver metal and the
dye embedding polymer. The upper silicon oxide layer
prevents any interaction of embedded dye molecules with
atmospheric oxygen during cavity assembly. The top part
of the cavity consists of a plane-convex lens (F =
150 mm), again covered with a silver layer (94 nm). The
intermediate space between the multilayer covered cover-
slip and the multilayer covered lens was filled with oil
(Immersol 518F, Zeiss, refractive index n = 1.52). The
cavity length could be adjusted with piezo actuators (PSt
150/3.5 X 3.5/20, Piezomechanik GmbH) that move the
lens toward or away from the bottom coverslip. Silver and
oxide layers were made using an evaporation technique
reported elsewhere [8]. Absolute thickness values were
determined afterward by fitting a transmission spectrum
that was recorded using a collimated white light source
[see Fig. 1(b)]. Although the resonance peak in the emis-
sion spectrum depends on the absolute value of cavity
length, the peak width is only determined by the thickness
of the various layers (mostly the silver film thickness
values). All subsequent fluorescence spectrum measure-
ments were performed close to the center of the lens, where
the formed cavity can be considered to be a plane-parallel
system.

The dye doped polymer layer was fabricated by spin
coating a subnanomolar solution of the perylene derivative
N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboxymide
(abbreviated by PI) in 2% poly(methyl methacrylate)
(PMMA) dissolved in dichloromethane. The resulting
layer thickness was determined to be around 70 nm by
an atomic force microscope (AFM). To obtain a reference
spectrum of the PMMA-embedded molecules, a free space
sample was prepared by spin coating a thick layer of the
same polymer-dye-dichloromethane mixture onto a pure
glass coverslip.

All optical measurements were performed using an in-
verted confocal microscope (based on an Axiovert 135 TV,
Zeiss) equipped with a high-numerical-aperture objective
[Planeoflex 100/(numerical aperture) = 1.3, Zeiss]. An
argon-ion laser (60X-200, American Laser Corporation)

at A = 488 nm served as excitation source for the fluores-
cence spectrum measurements. Back-scattered excitation
light was blocked with a long-pass filter (Semrock Razor
Edge LP02-488RU-25). Fluorescence spectra were ac-
quired with a spectrograph (SpectraPro 300i, Acton
Research) in combination with a CCD camera (LNCCD-
1340/100-EB/1, Princeton Instruments). For each spectral
measurement, the cavity length was adjusted via a defined
voltage applied to the piezo actuator. The measurement of
each spectrum lasted only three seconds, to prevent pre-
mature bleaching, and to reduce the effects of piezo drift-
ing and potential spectral jumps of the molecule (see also
below).

Theoretical modeling of the spectrum was done within a
semiclassical approach, treating the fluorescing molecule
as an oscillating electric dipole emitter and solving
Maxwell’s equation for the given geometry of the micro-
cavity, see, e.g., Ref. [9] and citations therein. Let us first
consider a purely monochromatic emitter. For such an
emitter, the electric field amplitude E(7) at position 7 of a
free electric dipole emitter within a homogeneous polymer
environment is represented by a plane wave expansion
(Weyl representation [10]) as
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where k = 4/g*> + w? is the modulus of the wave vector in
polymer, § and w being its horizontal (two-dimensional
vector parallel to cavity interfaces) and vertical (orthogo-
nal to cavity interfaces) components, respectively; € is the
dielectric constant of the polymer, which is equal to the
square of its refractive index n; and p is the amplitude
vector of the oscillating dipole. The vector p is the projec-
tion of the position vector 7 onto a plane parallel to the
cavity interfaces, and z its projection onto a line orthogonal
to these interfaces. Furthermore, it is assumed that the
emitter is positioned at coordinates 7 = (0, 0, 0). The unit
vectors K, and &, correspond to the p-wave and s-wave
contributions (with respect to the cavity interfaces) of the
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corresponding plane wave component and are explicitly
given by

(_Wér Q), Es = (é)z X é)’ 0)1 (2’)

| —

Kp:

where ¢, is the unit vector along the z direction. For
modeling the electromagnetic interaction between the
emitter and the cavity, one solves Maxwell’s equation of
the whole cavity system separately for each plane wave
component in representation Eq. (1) as source. This is done
in a straightforward way by using Fresnel’s relations for a
planar multilayered system and yields a plane wave repre-
sentation of the electric field amplitude within each layer of
the cavity and in both half-spaces outside the cavity. These
representations have the form

.o ik rdg. . L L. .
e L LN R
. eldp . [aj(q)eiwjz + bj(q)e*iwjz]) 3)

where the €, kj = 1/q2 + w?, wij, and fcp,j correspond now
to the jth layer of the system, and the a; and b; are the
g-dependent coefficients of the plane wave modes travel-
ing toward +z and —z, respectively. For the half-space
bordering the cavity along the +z direction, there will be
no b coefficient, and for the half-space bordering the cavity
along the —z direction, there will be no a coefficient (only
outgoing waves are admitted).

Knowing the full electric field amplitudes in all layers,
two important quantities can be calculated: the total power
Siot Oof emission, and the angular distribution of radiation
(ADR) in the half-space toward the light-collecting objec-
tive. The total power of emission is found by integrating
the positive or negative z component of the Poynting vector
P = (c¢/8m)Re(E X B*) over both interfaces of the poly-
mer layer containing the emitting molecule, where the
positive sign is chosen for the interface toward the +z
direction, and the negative sign for the interface toward
the —z direction. The magnetic field amplitude B which
enters the expression of the Poynting vector is found from
Eq. (1) and Eq. (3) using the magnetic induction law from
Maxwell’s equations. Within the semiclassical interpreta-
tion, the total power of emission S, is proportional to the
radiative transition rate of the molecule from its excited to
its ground state (at the considered wavelength).

The ADR in the half-space bordering the cavity toward
the —z direction (toward the objective) can be found when
taking into account that each outgoing plane wave compo-
nent in the plane wave representation of Eq. (3) is con-
nected with an energy flux proportional to nglbgl2 along
the direction (g, —w,), where the subscript g refers now to
that half space (glass), and n,, is the corresponding refrac-
tive index. Integrating this ADR over the solid angle of
light collection of the objective yields a number propor-
tional to the light detection efficiency, Cy, of the mea-

surement system for a fluorescent molecule with the given
position, orientation, and at the considered wavelength.
The cavity-renormalized spectrum is obtained by calcu-
lating S;,(A) and Cy(A) as functions of the emission
wavelength A. The optical dispersion of the cavity’s mate-
rial, in particular the silver layer, can be taken into account
by using the wavelength-dependent refractive index of all
materials in the calculations. For the actual cavity consid-
ered here, we kept the refractive index values of all dielec-
trics constant at their values given above, but approximated
the wavelength-dependent complex-valued refractive in-
dex of silver by a Brendel-Borman model [11]. Knowing
both functions S, (A) and Cg(A), and the free emission
spectrum F(A) of the dye in an infinite and pure polymer
environment, the emission spectrum F(A) of the dye within
the cavity is now obtained (up to a constant factor) by

Cdet(/\)Stot(/\)
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where So(1)/ [ Soi(A')d)’ is proportional to the cavity-
induced change of the radiative transition at wavelength A,
and Cg, is proportional to the probability of detecting a
photon at that wavelength.

When fitting experimentally measured spectra, one has
two intrinsic unknown fit parameters: the exact position of
the molecule within the polymer layer, i.e., its distance
from the bottom interface of the polymer layer (interface
toward the objective), and its orientation, i.e., inclination
toward the z axis. Furthermore, the precise length of the
cavity is also not exactly known. Each spectral measure-
ment was done ca. 5 min after adjusting the piezo actuator
to a new position. However, there were no means to abso-
lutely measure the cavity length with nanometer resolu-
tion, and we observed furthermore a slow (over couple of
minutes) drift of the cavity length (due to mechanical
relaxation and creeping), which could be seen as a slow
shape change of the emission spectrum with time. Thus,
the cavity length, i.e., the thickness of the oil layer between
the polymer-covering silicon oxide layer and the silver
layer on the lens, was used as a third fit parameter.
Finally, it was realized that an excellent agreement be-
tween calculated and experimentally measured spectra
could only be achieved when also taking into account an
additional spectral shift of the molecule’s emission as
commonly observed for single molecule spectra [12].

After selecting a single molecule, we measured several
emission spectra for the same molecule at different values
of the cavity length. Three prominent spectra are presented
in Fig. 2. The figures also show best fits of the calculated
spectra to the data. In these fits, the fit parameters, position
and orientation of the molecule, were kept constant for all
spectra (global fitting). We checked by polarization mea-
surements that there is no reorientation of the molecule and
the position of the molecule is fixed. In contrast, cavity
length (i.e., oil layer thickness) and spectral shift were
allowed to vary from spectrum to spectrum. The calcula-
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FIG. 2 (color online). Measured spectra (red dots) of a single
molecule embedded in the microcavity at various values of cav-
ity length. The blue solid lines show the best fit of a theoretically
calculated spectrum, using the free spectrum in polymer (gray
shaded area) as the starting point [F,, in Eq. (4)]. Fitted value of
oil layer thickness is indicated in each of the plots. The deter-
mined spectral shifts are, from top to bottom, —2 nm, —5 nm,
and —14 nm. For better comparison with the free spectrum, the
measured and fitted spectra are shown shifted by the opposite of
these values toward the red spectral region.

tions showed that the observed molecule was close to the
upper polymer interface (toward the oil) and had a nearly
vertical orientation. Because of the special electric field
configuration of the focused laser light inside the cavity
[13], such dipoles are efficiently excited. The obtained
values of spectral shift between —2 nm and —14 nm are
common when observing single perylene emission spectra,
and similar values have been reported before [14]. To
quantify fit quality, we calculated the covariance between
measured and fitted spectra and found covariance values of
better than 0.9. In total, we measured spectra for more than
30 molecules and always found similar excellent agree-

ment between measured and fitted spectra. The reason for
the success of the semiclassical model is that we observe
molecules that are rather far away from the metal surfaces
so that fluorescence quenching is still moderate and non-
local plasmonic effects (which are not accounted for in our
model) do not play a significant role.

In summary the experimental results show that, by tun-
ing the cavity length, one can significantly change the
emission spectrum of an individual molecule, and control
the ratio of distinct vibronic transition probabilities. The
agreement with a theoretical model based on a semiclas-
sical approach is remarkable demonstrating its appropri-
ateness not only for calculating transition rates and ADRs
(as was done before) but also for describing cavity-induced
changes of the entire emission spectrum.
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