NANO
LETTERS

Reversible Polarization Control of Single oy 08
ol. 8, No. 2

Photon Emission 606-610

Robert J. Moerland*

Optical Sciences Group, Faculty of Science and Technology and

MESAt Institute for Nanotechnology, Usersity of Twente, P.O. Box 217,
NL-7500AE, Enschede, The Netherlands

Tim H. Taminiau

ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park,
08860 Castelldefels (Barcelona), Spain

Lukas Novotny

The Institute of Optics, Unersity of Rochester, Rochester New York 14627

Niek F. van Hulst

ICFO - Institut de Ciencies Fotoniques, Mediterranean Technology Park,
08860 Castelldefels (Barcelona), Spain, and ICREA - Instit@atalana de
Recerca i Estudis #angats, 08015 Barcelona, Spain

Laurens Kuipers T
FOM Institute for Atomic and Molecular Physics (AMOLF) Kruislaan 407,
NL-1098SJ, Amsterdam, The Netherlands

Received November 20, 2007, Revised Manuscript Received December 17, 2007

ABSTRACT

We present reversible and a-priori control of the polarization of a photon emitted by a single molecule by introducing a nanoscale metal object
in its near field. It is experimentally shown that, with the metal close to the emitter, the polarization ratio of the emission can be varied by a
factor of 2. The tunability of polarization decays, when the metal is displaced by typically 30 nm. Calculations based on the multiple multipole
method agree well with our experiments and predict even further enhancement with a suitable nanoantenna design.

Spontaneous emission of single quantum systems, such agmploying, for example, aperture probes and metallic nano-
organic molecules and quantum dots, is finding widespread spheres, different groups have observed the dependence of
application in sensing and nanoscale imaging of (bio)- fluorescence lifetime on both the horizontal and vertical
chemical systems? The well-defined photon statistics is probe-molecule distanc&:1*1°1yrthermore, together with
explored for quantum information applicatiotvs Control guantum dots and nitrogen-vacancy centers in diamond,
over the photodynamics and polarization of single emitters single molecules are good candidates to be used as single-
would provide photons on demand with a chosen polariza- photon source$By structuring the molecule’s surroundings,
tion. Indeed, manipulation of radiative decay is being studied for example, with a photonic crystal or microcavity, the
by placing (single) emitters in photonic crystéldielectric  photons will be emitted into the mode dictated by the local
nanosphere3] and near (nanoscale) metal structues It environmen®2° However, dynamic and reversible control
is well known that breaking symmetry with finite-sized nano- of the polarization of the emission on a per-photon base has
objects leads to deviations of spontaneous emission propertieroven to be difficult, because this involves dynamically and
of the emitter such as changes in lifetit#é® and radiation  controllably changing the molecule’s nanoenvironment.
pattern:®t’With various near-field scanning probe methods, Therefore, usually once a mode has been set for the molecule
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Figure 1. Principle of polarization control on the single emitter
level. An embedded molecule (represented by a dipplateracts
with the edge of a metal object (aluminum disk). The polarization > x x
of emitted photons can be controlled by the relative separation (a) (b)
between the molecule and the edge. The disk (-38.4+ 10.4)
is 110 nm in diameter and has a thickness of 40 nm. The separationgigure 2. Calculated radiation patterns of a single molecule located
between the disk and the surfattés 20 nm and the molecule is 1 ynderneath the edge of an aluminum disk (see Figure 1). The
nm below the surface. patterns correspond to the polarized intensity distributions in the
back focal plane of the collection objective. The circles in both
the emitted light of a single molecule by manipulating the images indicate the critit_:al angle_of tot_al intgrnal r_eflec_tiqﬂa::
local environment of the molecule with a nanoscale object. 41°- The molecule has its emission dipole in theirection. (a)

o . . Polarization inx-direction. (b) Polarization ig-direction. The metal
Verified by experimental results, we present a theoretical object influences the dipole’s emission, inducing an in-plane

three-dimensional model system that quantifies our proposedzomponent perpendicular to the nearest vertical edge of the disk.

method. This causes an increase of the polarization component perpendicular
The method is depicted schematically in Figure 1. An to the edge (arbitrary units, linear scaling, same scale in both

emitter, for example, a molecule, is embedded at 1 nm depthfigures)-

in a transparent substrate € 2.5) with a transition dipole

perpendicular to the substrateir interface. The emitter is

placed near a nanoscale metal object, in this case an I
aluminum disk ¢ = —38.4 4+ 10.4) of 110 nm diameter {

and 40 nm height, to modify the environment of the radiating —
dipole. The disk is placed at a height @= 20 nm above d r

NSOM

the surface. Figure 1 depicts the particular configuration when N
probe

the dipole is located right underneath the vertical edge of
the disk. We calculate the local electric field distribution by
use of the multiple multipole (MMP) methdfl.In the X-y-Z

calculation, the radiation is “collected” with a high-NA  scanner —) @:

objective positioned in the-z half-space with its optical axis

aligned to thez-axis. For this situation, we calculate the
x-polarized ang-polarized intensity distributions in the back longpass
focal plane of the objective. Forzaoriented dipole, having filter

no objects in its near field, one expects an emission pattern

that has a cylindrical symmet?y.Consequently, the polar- . v

o L L polarizing

ization of the emission in the back focal plane of the objective  peam splitter APDYy

is equally partitioned ix-polarized ang-polarized radiation

(i.e., radial polarization). If the nanoscale aluminum disk is

introduced into the near field, it can control both the emission APD x _

pattern and the polarization. The results for a configuration ) o ) )
such as shown in Figure 1 are depicted in Figure 2a,b. We Figure 3. Schematic depiction of the experimental setup. Light

. . . . ,.from an Ar—Kr laser (not shown) is coupled into the near-field
find that the metal disk's edge influences the dipole’s probe. Fluorescence, emitted by single molecules in the sample, is

emission, inducing an in-plane (i.e., horizontal) component collected by an objective (NA 1.3) and separated from the laser
perpendicular to the vertical edge of the disk. This effectively light by a long pass filter. A polarizing beam splitter divides the
increases the polarization component perpendicular to theradiation in_to its two orthogonal polarization components that are
metal edge (Figure 2a). At the same time, polarization detected with APDx and APDy, respectively. The inset shows a

. chematic cross-section of an aperture probe nearbyreented

Co_mponents paral_lel to the vertical metal _edg_e ar_e supp_resse olecule. The sharp glasmetal edge is used to control the
(Figure 2b). The influence on the polarization is maximal polarization of the emission of the molecule.
for a z-oriented dipole, because an in-plane orientation of
the dipole will bias the polarization of the radiation in a with aluminum?? This probe is used to both excite molecules
certain direction that makes the relative change of the in the sample and control the polarization of their emission.
polarization direction smaller. As such, the role of the disk edge in Figure 1 is performed

For our experiments, we use a home-built near-field by the sharp metalglass transition at the edge of the
scanning optical microscope (see Figure 3). Light from an aperture. The distance between the sample and the probe is
argon-krypton laser { = 514 nm, Ar" line) is coupled into controlled using shear-force feedback. When engaged, the

a focused ion beam-modified near-field fiber probe coated shear-force feedback results in a prelsebstrate distance

Objective
NA=1.3
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(b)

Figure 4. (a) Single molecule polarization map obtained by raster

z-oriented molecules that are only excited by an electric field
component in the-direction, which is only found at the rim
of the apertur@®2° A close-up of four individual molecules,
each from a different sample and measured with different
probes, is shown in Figure 4b. These close-ups show that
the degree of polarization is reversibly altered while scanning
the probe over the molecule, as is evident from the change
of color around the perimeter of the ring-shaped pattern.
The experimental results therefore prove that the polariza-
tion of the emitted photons can be reversibly influenced with
a metal nanostructure in close proximity. Under the assump-
tion of perfect axial symmetry of the aperture, the intensity
of the measurea-polarized radiatior, can be written as

| (r.d.¢) = Ar,d)cos(¢) + B(r,d)sin’(¢) 1)

wherer is the in-plane metal edganolecule separatiorn)

scanning the near-field probe over the surface of the sample. Rings,s the probe-surface separation is the azimuthal angle

the result of the interaction of theoriented field from the probe
with z-oriented molecules, can clearly be distinguished from the

in-plane oriented molecules, which are represented by the colored

spots. The polarization is color coded: = red, andy = green
(see inset). Excitation wavelength: 514 nm. Scan area:33im.
(b) Close-up of four different-oriented molecules measured with

andA(r,d) andB(r,d) are functions that contain the excitation
efficiency and the radiative properties of the molecule. For
they-polarized radiationA(r,d) andB(r,d) are interchanged.
Thus, an induced polarization anisotropy, thatjs= I, at

a given azimuthal angle will result in a periodic modulation

different probes. The change in color of the ring around the of the anisotropy as a function gt

perimeter reflects the clear change in the degree of polarization of
the emission radiated by the molecule, as a function of probe

position. Scan area: 500 500 nm.

of 10—25 nm?3 With a piezox-y-z driver, we control the

position of the molecule relative to the metal rim. The light
emitted by the molecule is collected using a 1.3 NA oil-
immersion objective. A long-pass filter blocks the excitation
light coming from the probe. Finally, we probe the projected
polarization stat®2° of the single emitter emission using a
polarizing beam-splitter. The andy-polarized radiation is

The polarization ratio of the fluorescence is defined as
I/1y, wherely andl, are the number of photons measured
by APD x and APDY, respectively. We can quantify the
measured polarization ratio as a function of angle for a single
molecule; typical examples for three molecules are shown
in Figure 5. A clear periodic modulation of the polarization
ratio with ¢ is visible. Thus, the polarization ratio of the
photon emission indeed changes in a controlled and revers-
ible manner as the molecule’s relative position moves around
the perimeter of the probe. As shown in Figure 5, it should

independently measured using avalanche photodiodes (APDbe noted that from molecule to molecule differences can be

x and APDy, respectively).

observed both in the magnitude and the symmetry of the

Samples are prepared by dissolving 0.5% poly(methyl- periodic behavior. We attribute this diversity to subtle

methacrylate) in toluene and adding carbocyanine (RjIC  differences both in the orientation of each molecule with
Aempeak= 570 nm) dye molecules to a ®molar concentra-  respect to the sample surface and the exact distance between
tion. This solution is spin-coated on plasma-etched glassmolecule and metal edge. We have analyzed these effects
substrates, resulting in a thin polymer matrix containing more quantitatively for molecule 1 in Figure 5. The measured
embedded Dilg molecules. The samples are dried in air at polarization ratio for molecule 1 goes up to a factor of
room temperature. This procedure results in a polymer matrix slightly more than 2 fokp = 0. The measurements can be
with dispersed single molecules, fixed in position and reproduced by correcting for a slight tilt of the probe with
orientation on the time scale of the experim&nt. respect to the sample surface and a light bias toward the
The molecules are excited by the near field at the aperturex-polarization due to a small tilt of molecule 1. We use the
of the probe, using circularly polarized incident light. By calculated dependence of the polarization ratio on the-disk
raster scanning the probe over the sample, the amount ofsample distancd in the model in Figure 1 to describe the
photons detected by each APD as a function of probe positioneffect of probe tilt: for each position of the probe, that is,
is obtained. The scan yields an image map containing theangle¢ in Figure 5, the experimentally obtained polarization
locations of each molecule and the projected polarization ratio gives from the calculation a distance of the disk to the
state of the emitted light at each position of the probe. A surface that has the same polarization ratio as a resutp. As
typical image is shown in Figure 4. Here, the following color- increases, the edge of the disk is forced to describe a (tilted)
coding method is used: the signal from ARDs displayed circle in space to model the ring-shaped meglhss edge
in red, and the signal from APD is displayed in green.  of the end face of the probe. Additionally, a small tilt of the
Clearly visible beside all the in-plane oriented molecules, molecule’s dipole may result in a bias toward a certain
which show up as color-filled spots, are ring-shaped patterns.polarization state of the emission. Consequently, a fit of a
These excitation patterns are the result of fluorescence oftilt angle for the probe of 9plus a bias of 16% of the total
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35 : :
251 * Molecule 1 ® Measured polarization ratio
) m= VIMP Calculation
m—— Calculation al
2.5}
_— height feedback
:.>~ 2 ‘
~x
1.5}
1}t
0.5}
- - - 0.5 ' . . .
. . . 0 20 40 60 80 100
- Metal to dipole distance [nm]
—x Lt + Figure 6. Polarization ratio as a function of distance. The measured
+F o+ ++++++4 polarization ratio goes up to a factor of 2 for the engaged height
Ly T N . AT feedback. The rapid drop within 3@10 nm to values near unity,
L + .+ B which is the limit value for an unperturbed molecule, reveals that
St HA the molecule is influenced only in the near field.
+ ¥ +
0.5[ . . . ] are likely to be less tilted away from theorientation.
: ' ' Finally, minor asymmetry in the position of the maxima is
1.5 attributed to small imperfections in the circular aperture edge
I of the probe.
" In our experiments, we have obtained from molecule 1
1 i G — and with the same probe the degree of polarization control
o o as a function of gap width, that is, the height of the probe
above the molecule. To enhance signal-to-noise, the polariza-
0.5 L —— — — _— tion ratio is determined by integratingl, from ¢ = —0.137
-t Yem 0 Yam n to ¢ = 0.13x (cf. Figure 5). The values obtained are plotted
angle [rad] in the graph shown in Figure 6. The absolute height,

Figure 5. Polarization ratid,/ly as a function of the anglg for corresponding to an engaged shear-fprce feedback, Is setto
z-oriented molecules. The inset shows an image of a typical obtained23 Nm as found ap = 0O for the model incorporating probe
molecule map. Data from the area between the white circles aretilt. The following points can be observed: the measured
integrated radially and plotted as individual data poinis (= ratio I,/1, for small distances, for example, for the engaged
0.0_321). The l:_)oun_darles of integration are positioned such that they feedback probesurface distance, is approximately 2. Fur-
define the points in space where the single molecule fluorescence S X -

signal is just distinguishable from the background signal. A typical thermore, the fac'g that the polarization ratio rapidly decays-
error bar, shown for one data point, shows the maximum standardWhen the separation between the probe and the molecule is
deviation that occurred over all anglgsOther error bars are left  increased by only 3040 nm reveals that the influence of
out for clarity. As the relative position of the metal probe changes, the metal is a true near-field effect. Finally, for prebe

the polarization ratio of the emitted photons changes and a Clearmolecule distances that are “far” away the polarization ratio

periodic modulation of the polarization ratio withcan be seen. h it hich i ted f iented sinal
The calculation shows that if a small probe tilt and a small approaches unity, which IS expected for-ariented singie

polarization bias due to an inclination of the molecule’s dipole are dipole in stratified media without any objects in its near field.
taken into account, a good correspondence is obtained betweenA full three-dimensional MMP calculation, shown in Figure

model and experiment (solid curve). 6 as a black curve, confirms the observed behavior. Ad-
ditionally, this calculation indicates that even better control
collected power toward the-polarization due to tilt of the ~ can readily be obtained by further decreasing the distance
molecule yie|d5 a good Correspondence between experimenbetween the emitter and the metal. We note that although in
and calculation (solid curve in Figure 5, molecule 1). the experiment a ringlike structure (the probe) was used
According to the approximation of a tilted probe, the probe instead of a metal disk, the experiments and calculations
is then closest to the surface at an azimuthal angl¢ of match quite well. Because the aperture of the probe used in
0.187 with a distance of 21 nm between the glassetal this experiment is 130 nm in diameter, we believe that this
edge and the surface. Possibly, a bias might also be induceds due to the fact that the influence of the metal edge that is
by other causes, such as the tilt of the probe itself. Thesenot right above the molecule is negligible .
effects need further investigation. Here, for simplicity all In summary, we have shown in experiment and by
effects of bias are included in the tilt of the molecule. calculation that the polarization of single photon emission
Molecules 2 and 3 show less asymmetric oscillations and can be changed and reversibly controlled on the nanoscale.
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The control is achieved by placing a metal nanosized object
in the form of the sharp glassnetal edge of an aperture-
type probe into the near field of a single molecule.
Experimentally, a polarization anisotropy of a factor of up
to 2 is induced. The rapid decay of the polarization anisotropy
to nearly unity, that is, within a few tens of nanometers

distance, shows that the control is strongly dependent on the

interaction of the near field of the dipole with the metal
probe. Both experiments and calculations for the given

control scheme show that the degree of polarization is altered

in favor of the polarization component parallel to the
dielectric interface and perpendicular to the closest vertical
metal edge of the aluminum probe. Our calculations predict
that a factor of 3 of polarization anisotropy should well be
possible by placing the metal objects closer to the emitter.
An even stronger emission control is expected for resonant
structures that exhibit enhanced localized fields and are in
resonance with the molecuie.
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