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Stark-shift microscopy of single emitters
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We study the interaction of a biased, metallized tip in close proximity to single fluorescent
molecules at cryogenic temperature. By scanning over the sample, the tip’s inhomogeneous electric
field induces Stark shifts of the zero-phonon lines of nearby molecules. When illuminated with an
off-resonant laser, molecules are tuned into resonance for specific tip positions located on circular
patterns around the molecules’ spatial positions. The origins of circles belonging to different
molecules can be determined with high precision. We demonstrate a spatial resolution of
neighboring individual molecules of ~50 nm using a tip scanned in a distance of ~3 um above the
sample. © 2006 American Institute of Physics. [DOI: 10.1063/1.2219137]

The spatial resolution in optical imaging is limited by
diffraction to about half the wavelength. Super-resolution
imaging may be achieved by taking advantage of optical near
fields bound to material structures, such as apertures.1 and
sharp tips.2‘3 Alternatively, by taking advantage of a priori
knowledge of the sample, e.g., its distinct spectral
properties,4 it is possible to achieve very high spatial
resolution® and precise position measurements.

Certain fluorescent molecules doped into crystalline ma-
trices at cryogenic temperature exhibit very narrow zero-
phonon absorption lines. The homogeneous broadening of
the ensemble of molecules in a matrix allows to address in-
dividual molecules by means of a narrowband tunable laser.”
The extreme sharpness of the zero-phonon lines allows the
sensitive detection of minute spectral changes. The linear or
quadratic Stark shift of a molecule’s zero-phonon line in
presence of an electric field can be used to externally tune
the molecule’s transition frequency.&9 Since the Stark shift
depends on the electric field strength at the molecule’s posi-
tion, inhomogeneous electric fields, e.g., in the vicinity of
sharp tips, lead to Stark shifts that depend on the relative
spatial position of tip and molecule. As a consequence, the
transition frequency of single molecules can be tuned over a
wide range by nanometer precise positioning of a biased tip
with respect to the molecule. If the laser frequency is kept
fixed, a molecule may be pushed into resonance by appropri-
ate positioning of the biased tip. We show that the character-
istic fluorescence patterns, obtained as a function of tip po-
sition, to a first approximation are circles with a molecule at
their origins. Multiple circles can be used to determine the
position of nearby molecules. We achieve a precision of po-
sition determination of about 50 nm in a single scan, albeit
unperturbed molecular resonance frequencies differ consid-
erably and the gap width is around 3 um.

The setup consists of a sample-scanning confocal micro-
scope combined with a scanning tip setup operating at cryo-
genic temperature. The setup is sketched in Fig. 1 and has
been described in detail elsewhere.'”!" In brief, the light of a
single-mode tunable dye laser is directed into the cryostat
and is then focussed onto the sample by a microscope objec-
tive (Microthek, numerical aperture (NA)=0.85). Redshifted
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fluorescence is collected with the same objective and de-
tected by a single-photon counting avalanche photodiode.
Excitation light is blocked by a notch filter. On top of the
confocal microscope, the scanning tip setup is mounted. The
tip is an etched glass fiber'? metallized by 40 nm of silver.
The tip apex has a diameter of about 60 nm. To align the tip
within the focal volume of the confocal microscope, light is
coupled into the far end of the glass fiber as to illuminate the
tip. The tip is then approached to the sample and positioned
laterally such that its image approximately superimposes
with the reflected confocal spot in the detector plane. The
sample consists of p-terphenyl microcrystals doped with ter-
rylene, produced in a similar way as described in Ref. 13.
2/3 of a slightly oversaturated terrylene-toluene solution and
1/3 of a p-terhpenyl-toluene solution are mixed in an ultra-
sonic bath. A droplet of 25 ul of the mixed solution is then
spin coated onto a thin glass plate. This method yields mi-
crocrystals (~1—4 um?) with a thickness between 50 and
150 nm, measured by atomic force microscopy (AFM).
With the confocal setup we are able to scan the sample
in a range of about 10X 10 um? at cryogenic temperature. A
suitable microcrystal, preferentially holding multiple mol-

FIG. 1. Sketch of the experimental setup, showing the geometry of the tip
(described as a sphere) and two molecules (described as two single dipoles)
in the laser focus. Illustration of the influence of the two parameters to the
Stark shift: the distance r between the tip and the emitter and the angle 6

between Aug, and Eg,. For details, see text.
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FIG. 2. (a) Vertical section along the z axis at y=0 of the calculated fluo-
rescence of a single emitter depending on the tip position. The voltage and
the detuning are kept constant. The five lines represent sections at different
heights, where the experimental measurements have been taken. [(b)—(f)]
Fluorescence depending on the tip position at different gap widths. The scale
bar is 1 wm, the grayscale is in counts. The arrows in (e) and (f) indicate a
splitting of the ring.

ecules with differing resonance frequencies, is then moved
into the laser focus for further investigation. The laser is set
to a frequency within the photostable X, site at
~17286 cm™' that is not in resonance with any of the
single-molecules’ zero-phonon lines. The tip is positioned in
the vicinity of the focal spot (@ ~400 nm) such that a full-
range tip scan (5 X 5 um?) includes the position of the focus.
When the biased tip now scans over the area of interest, it
pushes molecules in and out of resonance with the laser
frequency.

Figures 2(b)-2(f) present a series of Stark-shift images
with only one molecule in the laser focus, showing the re-
corded fluorescence as a function of tip position. Each image
is taken at a different gap widths z until in Fig. 2(f), the
molecule photobleaches. Reducing the gap width results in
an increase of the diameter and a decrease of the width of the
circular fluorescence pattern. A simple theoretical model ac-
counts for this behavior. We consider a single emitter, lo-
cated at the center of the (x,y) scan of the tip. The emitter
exhibits matrix-induced permanent dipole moment difference
Ape., oriented along the z direction (Fig. 1). The tip is mod-
eled as a charged sphere with radius of about 60 nm. The
dipole-laser interaction, leading to fluorescence, is calculated
using the density matrix approach.I4 Accounting for a linear
Stark shift, h”Av=—Aué E(x,y,z), depending on the tip po-
sition via the electric field E(x,y,z) leads to

Apz

Av= Fh[(x —x)*+ (y = yo)? + 22 (1)

Here (x,y,z) describes the tip position in three dimensions,
(xg,vp) is the position of the emitter, and F is a parameter
taking into account the applied voltage and the tip geometry.
We obtain an expression for the fluorescence depending on
tip position by introducing the tip-position-dependent Stark
shift (1) into the formula for the emission rate f,
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2wh+ T2 +4(AT - Av)*

fey.2)=b+ (2)

Here, b is a background, wy the Rabi frequency, I' the line
width of the molecule, and A7 the laser detuning. The model
predicts fluorescence patterns as a function of the tip position
and gap width. A cross section in the (x-z) plane of Eq. (2) is
plotted in Fig. 2(a). As the tip approaches, the ring width
decreases and the diameter increases concomitantly, in accor-
dance with the experimental findings. It is obvious that the
coupling of the electric field to the dipole depends on the
distance r and on the angle 6 between Aué, and E (Fig. 1).
By approaching the biased tip, the field strength at the posi-
tion of the molecule increases, which results in an enlarge-
ment of the Stark-shift ring. At a certain critical gapwidth the
angle 6 between E and Aué, becomes unfavorable. Only the
stronger field in closer proximity to the tip apex induces a
Stark shift sufficiently strong to push the molecule into reso-
nance. This results in a decrease of the Stark-shift ring diam-
eter. The measured and simulated decrease in the width of
the Stark-shift ring can be explained by the increase of the
field gradient during the tip approach.

Significant lateral components of the permanent dipole
moment difference would lead to elliptical patterns instead of
rings, which are not observed experimentally. Asymmetries
of the Stark-shift pattern are expected if the molecule shows
a quadratic or higher order Stark shift behavior. However,
such asymmetries become important only at gap widths of
d<3 um.

On the left hand side in Figs. 2(e) and 2(f), a splitting of
the Stark-shift ring is seen, as indicated by the arrows. This
splitting of the Stark-shift ring is attributed to the presence of
a two-level system (TLS) in the matrix close to the molecule,
whose flipping rate can be influenced by the electric field

of the probe.ls’16 The splitting can be reproduced numerically

by assuming a single molecule coupled to a nearby TLS.'"!®

If more than one molecule is present in the focal volume,
the positions of molecules and their respective distances can
be determined with high accuracy taking advantage of the
spectral information. Figure 3(a) shows a regular fixed-
frequency confocal image of a sample containing several
fluorescent spots. A typical frequency scan obtained in this
sample area is shown in Fig. 3(b). Three spectrally separated
molecules are detected within the excitation volume. Their
line widths are between 30 and 38 MHz and their spectral
separation is Av;=420 MHz and Av,=170 MHz, respec-
tively. By scanning the biased tip (V=-180 V) with an ini-
tially off-resonant laser frequency, the presence of three mol-
ecules is apparent in one spatial tip scan [Figs. 3(c)-3(f)].
One molecule shows spectral jumps, evident from the inter-
ruptions and abrupt changes in diameter of the outer ring.
This instability has an impact on the other two molecules, as
can be seen best in Fig. 3(d), indicated by the arrows. The
ring width broadens for both inner Stark-shift rings and the
radii are reduced. This could be explained by a strong dipole-
dipole coupling between all three molecules.

During the experiment, the tip was approached from
4.11 to 3.12 um. The gap width z is obtained from Stark-
shift measurements, where only the voltage applied the tip is
varied and the distance z as well as the detuning A7 are kept
constant. The two inner rings, whose origins coincide with
the molecules’ positions, seem to be centered. However,
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FIG. 3. (a) Confocal image (1.4 K, 17285.8 cm™!). Scale bar is 2 um,
grayscale is in counts. (b) Spectrum with three spectrally distinguishable
molecules. Solid lines are fits of the resonances and Av, and Aw, are the
relative spectral separation, see text. [(c)—(f)] Stark-shift images of the three
molecules in the focus at different distances z, z=4.11+0.23 um (c¢), z
=3.42+0.23 um (d), z=3.26+0.23 um (e), and z=3.12+0.23 um (f). Scale
bar is 1 um, grayscale is in counts. Fit masks are outlined by a dashed line
for the the outer ring and a dotted line for the inner ring, respectively. (g)
(x0,y0) positions for two of the three molecules depending on the gap width.
(h) Increase of the radius depending on the gap width.

careful analysis reveals that the two molecules are clearly
separated by an average distance of 7= VAx3+ Ay%
=46+11 nm. The origins of the rings are obtained by non-
linear fitting of the rings according to Eq. (2). The fits have
been restricted to areas, where the outer molecule shows a
stable spectral behavior, as indicated by the fit masks in Fig.
3. The values for x, and y, in Fig. 3(g) vary during the
approach. This is assigned to lateral jumps of the slip-stick
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drive which is used for the tip approach. Evidence for this
explanation is the fact that the values for both molecules
shift parallel. Figure 3(h) shows the increase of the Stark-
shift ring radii as expected from the numerical simulation.
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