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H igher order laser modes, mainly called doughnut modes
(DMs) have use in many different branches of research, such
as, bio-imaging, material science, single-molecule microsco-
py, and spectroscopy. The main reason of their increasing
importance is that recently, the techniques to generate well-
defined DMs have been refined or rediscovered. Although
their potential is still not fully utilized, their specifically
polarized field distribution gives rise to a wide field of ap-
plications. They are contributing to complete our funda-
mental knowledge of the optical properties of single emitting
species, such as molecules, nanoparticles, or quantum dots,
offering insight into the three-dimensional dipole or particle
orientation in space. The perfect zero intensity in the focus
center qualifies some DMs for stimulated emission depletion
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(STED) microscopy. For the same reason, they have been

suggested for trapping and tweezing applications.

1. Introduction

Single-molecule microscopy and spectroscopy has
become a strong branch of research in many fields of science.
Together with other cutting-edge techniques for the detection
of single nanoparticles, quantum dots, or cell compartments,
as well as the study of their mutual interactions, it forms the
basis of a broad interdisciplinary branch of research: nano-
technology.

Innovative techniques, such as stimulated emission deple-
tion (STED)M microscopy, photoactivatable localization
microscopy (PALM), and stochastic optical reconstruction
microscopy (STORM),” as well as near-field scanning optical
microscopy (NSOM)F! nowadays allow an optical resolution
far beyond the diffraction limit to be reached. These optical
approaches are necessary tools of investigation because they
permit high resolution 3D microscopy on biological samples
or, in the case of NSOM, high resolution comes with the
possibility to acquire additional structural information not
accessible by high-resolution non-optical techniques. For
example, NSOM can simultaneously provide high-resolution
images and the Raman spectrum of the specimen while the
latter information cannot be obtained by for example, atomic
force microscopy (AFM).! Although these techniques are
and will be extremely important and useful, in some cases,
sub-diffraction resolution information can be extracted with a
diffraction-limited technique. As an example, different meth-
ods have been developed to determine the dipolar orientation
of single molecules. In many cases, this involves the manip-
ulation or determination of the polarization of light. Mainly
linearly polarized light has been of interest. However, it was
demonstrated that more complex states of polarization, such
as radial and azimuthal polarization, are more favorable.

In this Review, we concentrate on a special family of
higher order laser modes with a typical doughnut-shaped
intensity profile, that is, doughnut modes (DMs) with for
example, linear, azimuthal, or radial polarization. In recent
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years, DMs with different polarization properties have been
studied in detail both theoretically and experimentally. We
first show that many different techniques have been devel-
oped to generate such modes with high quality. In addition, a
short summary of their physical and optical properties with
special emphasis on their characteristics for tight focusing is
presented.

Secondly, we describe how their field distribution has
been utilized to decrease the size of both a diffraction-limited
spot in standard microscopy® and a subdiffraction-limited
one in STED microscopy.! Afterwards, we demonstrate that
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the combination of DMs and confocal microscopy provides a
very powerful and versatile tool for single-molecule micros-
copy and spectroscopy, allowing for extraordinary precision
and additional information, such as the molecular orienta-
tion! or to follow the tautomerization of a single molecule.”
To emphasize the imaging power of DMs in confocal
microscopy, for comparison, we summarize other microscopy
techniques which allow the orientation of single molecules to
be determined, for example, defocused imaging,”® polariza-
tion sensitive microscopy,” and annular illumination.!”!

Continuing our exploration of the imaging potential of
DMs and moving over to metal nanoparticles, we show that
not only orientational information can be revealed but that, at
the same time, also the particle shape can be distinguished.!'!]
Furthermore, we describe the impact of azimuthally and
radially polarized light in several branches of science. For
example, DMs contributed relevantly to the characterization
of individual silica nanoparticles™® and to single-molecule
studies in optical microresonators.’¥! Moreover, because of
their favorable properties upon tight focusing, these modes
have been used in optical trapping and tweezing experi-
ments."Y We give a summary of recent successful experiments
using particles which could not be trapped by using the
traditional Gaussian beams.'**>!*] Furthermore, the contri-
butions of DMs to nanotechnology fields, to material sciences,
surface optics, near-field optics, second harmonic generation
(SHG), and two-photon microscopy could not be neglected in
this Review. For example, we mention the application of
radially polarized light in tip-enhanced near-field optical
microscopy (TENOM) and present interesting findings ach-
ieved by combining radially polarized light with surface
plasmon resonance (SPR) imaging!'® as well as in SHG
microscopy.'”! Finally, we show how DMs can be applied in
industrial applications, that is, to improve the cutting or
drilling of metals with focused laser beams.['¥]

Although, as it is shown in this Review, the applications of
DMs are still somewhat scattered, they provide links between
many different fields of science ranging from pure optics and
theoretical optics to biomedical applications or the cutting of
metals. In recent years, there has been a vivid development in
the generation techniques involving DMs. Similarly, the
proceeding implementation in microscopy will certainly lead
to a true avalanche of fascinating applications. We are
confident that the favorable properties of these modes
provide a versatile tool to open a new gateway to the
nanoworld.

Tina Ziichner studied Chemistry at the Eber-
hard Karls University, Tiibingen and gradu-
ated in 2006. Currently, she is working on

, . advanced light-microscopy techniques with
L individual gold nanoparticles in the group of
Prof. A. J. Meixner. Her experiments mainly
involve azimuthally and radially polarized
light.
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2. Synthesis of Doughnut Modes and Their Optical
Properties

2.1. Formal Description of a Doughnut Mode

In this Section, a short and simple theoretical description
of a doughnut mode (DM) is provided. The main purpose is to
give a clear idea about what DMs are and where their name
comes from. As mentioned before, DMs have been used by
scientists working in completely different fields, therefore the
definitions and acronyms might not always comply with the
ones given in some of the literature. These differences,
however, are not conceptual but only formal.

These modes and any linear combination of them can be
resonant in a laser cavity, thus they are called higher order
laser modes (HOLMs).

However, HOLMs also propagate outside a laser cavity,
that is, they can be called laser beams. Such beams can be
generated with a ring shape: with a circular intensity profile
and a dark central zone. Therefore, these beams are called
doughnut modes (DMs),Pa1121811  qoyghnut  beams
(DBs), 1318200 HOLMs,! and also (cylindrical or optical)
vector beams.”? In the following, for the sake of simplicity, we
will call them DMs.

DMs are electromagnetic fields and like all electromag-
netic fields they must obey the Maxwell equations. In
particular, the spatial expression of any electromagnetic
field propagating in a homogeneous medium away from any
field source, such as electrical charges or currents, must be a
solution of the Helmholtz equations [Eq. (1)]
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where E is the electric field and K the wavenumber.

The solution E, of the Helmholtz equations represents the
more common spatial field distribution generated in a laser
cavity [Eq. (2)]

Antonio Virgilio Failla studied physics at the
University of Rome la Sapienza where he
graduated in 2000. He obtained his PhD in
2002 from the University of Heidelberg.
Currently, he directs the light-microscopy
facility at the Max Plank Institute for Devel-
opmental Biology, Tiibingen where he devel-
ops advanced light-microscopy techniques
focusing on their application in bio-imaging.
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where w(z) = w4 /1 + 2—: is the beam waist, R(z) = z(l + ﬁ—‘j)
0
is the beam radius and 5(z) = arctan - is the phase correction

and E, the field amplitude at z = z,,.

This solution is called the Gaussian mode, because of its
profile, or the fundamental mode because from its spatial
derivative, two independent families of solutions can be
obtained, the Hermite-Gauss (HG) modes E'% [Eq. (3)]
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and the Laguerre-Gauss (LG) modes E-S [Eq. (4)].
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DMs can be generally expressed as a linear combination
of HG or LG modes [Eq. (5)].

Epu = Eyy’ + Eg° = Egf (5)

They can have all the conventional states of polarization, for
example, linear, circular, or elliptic, however, because of their
doughnut shape, they can be in more complex states of
polarization as radial and azimuthal polarization. The polar-
ization vectors of the radially polarized DM (RPDM) are
aligned like the spokes of a wheel. In the case of the
azimuthally polarized DM (APDM), the vectors follow the
rim of the wheel (see Figure 1, right). Providing different

‘)+ ._b—.
b)+

'

Figure 1. Generation of a a) radially polarized doughnut mode (RPDM)
Ereom = Eypon, + EfCn, and b) of an azimuthally polarized doughnut
mode (APDM) Eppom = —Ejpn, + EfiCn, from two appropriate Her-
mite-Gauss (HG) modes. The radial and azimuthal polarization
distribution is indicated on the right.
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polarization directions makes these DMs especially appealing
for microscopic applications as will be shown throughout this
Review.

The field of a RPDM or APDM (Erppm/Eappm) €an also
be expressed in terms of HG modes [Eq. (6)]

_ pHG HG
Erepm = Eyy'n + Egn,

HG HG (6)
—Eyn, + Eyn,

Exppm =

where n,, are the polarization vectors along the x and y axis.

In Figure 1, the representations of the RPDM/APDM
intensity distribution are shown, these result from the sum of
the appropriate first-order HG modes.

2.2. Generation of a Doughnut Mode: The Mode Conversion

Doughnut modes are generated by adding up first-order
HG modes (see Figure 1). These modes can oscillate in a laser
cavity. Thus, it is possible to realize a DM directly in a laser
cavity. Particular attention was paid to generating RPDMs
and APDMs in the laser cavity.'*>%2 For the sake of
experimental flexibility, so that in experiments DMs can be
used together with normal Gaussian beams, different methods
were developed to produce DMs outside the laser cavity. The
optical device that produces DMs is called mode converter
(MC) because it converts the Gaussian or the first-order HG
mode passing through its input into a DM. Often, the MC not
only gives rise to a DM but also determines its state of
polarization. In the last 20 years, several kinds of MCs were
designed.

In Figures2a-g several different types of MCs are
schematically described. In Figure 2a the MC that generates
linearly polarized DMs is shown. It consists simply of a
circular on-axis beam stop that removes the central part from
a collimated Gaussian beam before entering the microscope
objective.'® Alternatively, an optical phase plate consisting
of a planar glass substrate with a thin layer of MgF,,
evaporated on a central circular area can be used.™ This
layer, producing a A/2 delay, reverts the sign of the wave
amplitude with respect to the remaining ring-shaped area.

RPDMs or APDMs can, for example, be obtained
interferometrically, as shown in Figure 2b. In one of the
arms, the polarization is turned by 90° and a proper phase
shift is added before recombination. High quality monochro-
matic beams are thus produced while a Fabri-Perot (FP)
interferometer is often used for mode cleaning. The technique
is suitable to convert a HG,, mode®! as well as a circularly®
or linearly®®” polarized Gaussian mode into a RPDM. Note
that an APDM can be turned into a RPDM (and vice
versa).'¥) Also a linearly polarized DM can be produced
interferometrically.

Different kinds of multi-sector retardation plates are able
to transform a linearly polarized Gaussian beam in a DM of
different polarizations, for example, radially and azimuthally
polarized, as sketched in Figure 2c. The incoming linear
polarization passes through an anisotropic retardation plate
which locally rotates the polarization. Turning the multi-
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Figure 2. Schematic representations of five different mode converters
(MCs): a) For generating a linearly polarized doughnut mode, a beam
stop (BSt) is used to block the central part of a linearly polarized
Gaussian beam; the beam is directed into a spatial filter (SF) to clean
up distortions. The SF is formed by a pinhole (PH) placed in between
two lenses (L). b) Interferometric setup for generating a RPDM. A
linearly polarized Gaussian beam is equally divided by a beam splitter
(BS) before entering the two arms of an interferometer. In each arm,
the Gaussian beam is converted into a first-order HG mode by passing
through a phase plate (PP). In one of the two arms, the beam passes
through a lambda half wave plate (WP) to turn the polarization by 90°.
Finally, the beams are recombined by a second BS giving rise to a
RPDM. Note that the light is properly directed into the MC by a series
of mirrors (M). c) An opportunely oriented four-quadrant lambda half
wave plate (WP) can convert a Gaussian beam into a RPDM. Note
that rotating the same WP by 90°, an APDM can be produced (not
shown). d) A liquid-crystal plate (LCP) exploiting the twisted nematic
effect converts a linearly polarized Gaussian beam into either a RPDM
or an APDM. The black lines represent the orientation of the LC
domains. e) Generation of RPDMs or APDMs with a multimode
optical fiber (OF). A linearly polarized Gaussian beam is converted
into a first-order HG mode and focused by a lens (L) into the OF. The
polarization converter (PolC), a device that twists and presses the OF,
is used to generate either a RPDM or an APDM at the OF output. The
output beam is finally collimated by another lens. Note that the OF
can be used to generate more than one RPDM/APDM simultaneously
at different wavelengths.

sector retardation plate by 90° allows the output to be
switched between a RPDM and an APDM. The simplest of
these MCs consists in a four-quadrant /2 wave plate.F>!*"!
Other similar systems employ, for example, segmented
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photonic crystal A/2 wave-plate MCs,* eight-sector A/2
MCs,P or spiral retardation plate MCs.”!! The beam quality
can be improved by inserting either a FP interferometer or a
spatial filter." All the MCs discussed above are more or less
monochromatic, that is, for each wavelength a different
retardation plate has to be used.

To circumvent this problem, that is, to allow one MC to
work with different wavelengths or to produce a polychro-
matic DM, liquid-crystal (LC) cells or optical fibers (OFs)
have been employed. LCMCs can be tuned to different
wavelengths. A LCMC can be a double-layer LC cell. In one
layer, the LC molecules are all oriented along a given
direction while in the second layer the molecules are differ-
ently oriented along segments that together form a circle.F? A
schematic diagram of a LCMC is given in Figure 2d. ALCMC
can use the twisted nematic effect™! in combination with the
A2 wave-plate effect in LC devices that have spatially
variable alignment layers. We can consider the LCMC as a
particular spatial light modulator (SLM). It is important to
mention that this kind of MC, and in general SLMs, are
commercially available. LC panels have also been used to
produce hologram-based MCsP* extending a previously
developed technique that allows complex fields to be
produced with different geometries.*!

Potentially more interesting for the generation of wave-
length-tunable or multicolor DMs in a commercial micro-
scope are the multimode optical-fiber MCs.?>24:30 A variety
of differently polarized modes are freely propagating in a
multimode fiber. The MC strategy can be summarized in two
steps. In the first one, the number of modes propagating in the
fiber is limited by choosing a proper cut off and by coupling
the beam into the fiber in a corresponding way, for example,
by focusing a beam after passing through a two-sector 1/2
retardation plate. The second step consists of selecting the
desired mode by, for example, twisting and pressing the fiber
at a given point.**®! Such a MC is schematically represented
in Figure 2 e. Naturally, herein it is not possible to classify all
the MCs designed to produce a DM; for more details, see for
example, Reference [37].

2.3. Focusing Doughnut Modes of Different Polarizations

The experimental implementation of DMs is an easy and
straightforward step. As a practical example for combining
the production and utilization of DMs, a standard confocal
setup is shown in Figure 3a. Both the fluorescence and
reflection path are shown schematically. Note that the mode
converter (MC) is the only element needed to couple DMs
into a standard confocal setup. Several MCs take up only a
little space, especially those based on liquid crystals (LCs) and
the ones with multi-sector retardation plates. However, the
use of DMs also requires the knowledge of their optical
properties in the focus of a high numerical aperture (NA) lens.
Hence, the study of the electromagnetic fields produced by
focusing DMs with a high NA lens has involved both
theoretical and experimental (e.g. Refs. [Sa,22a,23c,38])
investigations. In continuing progression, experimental and
theoretical studies are following each other, alternately
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Figure 3. a) Schematic representation of a confocal microscope setup:
the light generated by a laser passes through a mode converter (MC)
and a spatial filter (SF) and is directed to the sample. All the signal
coming from the sample is sent to the detection path by a beam
splitter (BS). The combination of a BS and an appropriately chosen
band pass filter (F) allows the user to split the elastically scattered
light (green beam) from the fluorescence/luminescence and not
elastically scattered light (red beam). Finally, the signal of the sample
allows spectra or optical images to be acquired using any combination
of a charged coupled device (CCD), avalanche photo diode (APD), and
photo multiplier tube (PMT) detectors. b),d) XY focal projection of the
calculated intensity distribution of a RPDM and an APDM respectively,
the image size is in both cases 2x2 pm?®. c),e) ZX focal projection of
the calculated intensity distribution of a RPDM and an APDM,
respectively, the image size is in both cases 4.5x2 um? f) Normalized
cross sections of the intensity distribution of a RPDM with the total
intensity (black continuous line), the longitudinally polarized compo-
nent (red dashed line) and the transversally polarized component (blue
dotted line). The simulations shown were performed with a fixed
NA=1.4in all cases.
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inspiring both sides for more detailed theoretical®**! and
sophisticated experimental®** work.

The general approach for calculating the field distribution
near the focal point of a collimated beam focused by an
aplanatic lens is described in Ref. [41]. Richards and Wolf
started from the generic result’*”! that the electric (and also
the magnetic) field distribution of a collimated beam focused
by a generic aplanatic lens can be described as the weighted
integral sum of plane waves converging to the focus region
from a given angle. A detailed description of these calcu-
lations is beyond the purpose of this Review and can be
found, for example, in Refs. [41,42]. The particular case of
focusing DMs by a high NA objective can be also found in the
literature.'1°*22] The numerical results presented regarding
the focusing of RPDMs and APDMs were obtained following
critically the theory described in Ref. [19a].

In Figure 3b-e, the calculated intensity profiles of both a
RPDM and an APDM focused by a high NA objective (NA =
1.4) are shown. Note that RPDMs focused by high NA lenses
change their intensity distribution in the focal plane, passing
from the classical doughnut-shaped intensity distribution (see
Figure 1a) to the “Gaussian-like”, as shown in Figure 3b.
Such a profile is sharper than the one obtained with a
conventional Gaussian beam, leading to a small gain in the
optical resolution (see Figure3f and Section 3).5**] The
shape transformation is due to the splitting in two polarization
components: a dominant longitudinal and a weaker lateral
one. The first is polarized along the optical axis (longitudinal
component) while the second is polarized in the image plane
(lateral component). The relative intensity of the two is
strongly influenced by the NA of the focusing lens. The higher
the NA, the stronger the longitudinal component becomes.
Another parameter is the size of the dark central zone of the
DM before focusing which can be influenced for example,
with a circular beam stop.

The combination of a large central dark zone together
with a high NA leads to an especially strong longitudinally
polarized field which makes it the right candidate for such
applications as apertureless near-field microscopy, where a
strong excitation field parallel to the optical axis is desired. At
a high NA, the lateral component of a RPDM is dominated by
the longitudinal one but it is not totally suppressed, thus, a
RPDM can also be used to probe 3D structures with a light
microscope.

APDMs seem to be less tunable in their shape, and their
field distributions do not present any dramatic changes upon
focusing. The field of an APDM keeps parallel to the focal
plane and the intensity profile always stays ring-like, inde-
pendently of the lens NA or the size of the dark central zone
of the collimated beam. APDMs are not as powerful as
RPDMs for imaging 3D structures because of the lack of a
longitudinal component. But they are perfectly suited to study
processes which occur at special planar interfaces, such as, the
interface between two dielectric media.l!
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3. Improving the Optical Resolution in Light
Microscopy with Doughnut Modes

Light microscopy and spectroscopy are unique tools to
image and to study the physical, chemical, and biological
properties of a specimen. Moreover, it is one of the least
invasive imaging techniques and the only one suitable for live
imaging. Despite all these advantages, light microscopy
results have less resolution than, for example, atomic force
microscopy (AFM) or electron microscopy (EM). Therefore,
different approaches have been carried out to increase the
optical resolution in light microscopy involving DMs.

In light microscopy, the optical resolution is partly given
by the size of the excitation beam in focus, that is, the
excitation point spread function (PSF). The essential impact
of the detection part on the resolution is beyond the scope of
this Review and is therefore omitted. The size 9, of the focal
spot generated by the Gaussian beam for a high NA lens is
diffraction limited as described by Abbe’s law [Eq. (7)]

A 2ni

000 = 3N7* % = Naz

o (7)

where 1 is the wavelength of the excitation beam, NA is the
numerical aperture of the focusing lens and # is the refractive
index of the surrounding medium. The terms ¢J,,, are
proportional to the full-width at half maximum (FWHM) of
the beam intensity profiles along the lateral and longitudinal
direction which are a direct measure of the optical resolution.
For applications involving 3D image stacks, the longitudinal
resolution O, is of considerable importance. However, for
most applications discussed in this Review, the lateral
resolution 0, is of main interest. To allow for a wavelength-
independent comparison, one alternative is to give the area of
the focal spot A in units of the arbitrary factor f of the squared
wavelength A% as it is common in some of the optics literature
cited herein [Eq. (8)].°*

(FWHM)’nt
LR

= A ®)

For better comparison, we will give both values for the
FWHM and the area in units of A in the following. DMs in
different states of polarization contribute to increase the
lateral resolution in light microscopy. Linearly polarized DMs
have been used in stimulated emission depletion (STED)
microscopy. This not-diffraction-limited light microscopy
technique exploits the physical chemical properties of the
dyes (fluorescent proteins) used to label a specimen and can
be applied only in point scan (laser scan or raster scan)
microscopy. With STED, a resolution of about 20 nm (8 x
107*2%* at 633nm) can be achieved even for biological
samples.® The technique’s principle is described below
while further details can be found in the literature.>* First,
the excitation beam is turned on and all the dye molecules are
transferred into the excited state. Then, a second pulsed
beam, the so-called depletion beam is focused on the same
spot shortly after the excitation beam. The wavelength of this
second beam is chosen such that it produces a field which
matches the energy difference between a vibrational level in

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A. J. Meixner et al.

the excited state and one in the ground state. As a
consequence, stimulated emission is induced and the excited
state is depopulated. In the detection path, the light emitted at
the depletion beam frequency is filtered out and only the
fluorescent light is detected. In other words, a nonlinear
system has been created that keeps bright (active) a small
number of molecules in a limited (small) region of the
diffraction-limited focal spot while keeping dark (inactive) all
the others.”!

The intensity, the shape,*! the pulse frequency, as well as
the time duration of the depletion beam are parameters to be
considered and adjusted. The shape of the depletion beam is
chosen in such a way that it overlaps with the excitation beam
everywhere except for a small area in its center. This
arrangement means that a linearly polarized DM is a good
candidate®! and indeed it was used as the depletion beam, for
example, in Ref. [46]. Increasing the intensity of the depletion
beam induces a more efficient depopulation of the excited
state through stimulated emission and in the same time
reduces the dark central zone of the focused DM. Hence,
tuning the intensity of the depletion beam in principle allows
the resolution to be adjusted since fluorescence only occurs in
the central spot of the DM which can be reduced to sizes of a
few nanometers. As long as practical problems such as
molecular bleaching induced by the high intensity of the
depletion beam and detection sensitivity are not concerned,
single-molecule detection with nanometer accuracy is in
principle possible. To circumvent the resolution limit also
along the optical axis, it was proposed to use a circularly
polarized DM as the STED depletion beam!*! or to combine
STED and 4pi microscopy.**! In a special case, a RPDM
focused by a paraboloid mirror was suggested as a depletion
beam since a tight and almost spherical dark central zone can
be produced in the focal region.”) DMs were used similarly in
Ref. [50]. In this case, the depletion beam temporarily excites
a photoswitchable protein to an energy level which is a non-
fluorescent state.[")

For applications in standard light microscopy, radially
polarized light is of special interest. When a RPDM is
focused, the longitudinal component overwhelms the trans-
versal one for a NA > 1. Therefore, we will consider a high NA
to be a value greater than or equal to 1, below this value, we
will call it a low NA, although this should not be mistaken as a
general definition. Tightly focusing a RPDM with a high NA
focusing element generates a smaller focal spot size®* than
can be achieved for linearly polarized light®™ (0.3114% vs.
0.264% or 400 vs. 360 nm at 633 nm for NA=1.0). The
longitudinal component is focused to an even smaller area of
0.164* (290 nm at 633 nm for NA=1.0) as shown both
theoretically and experimentally.”**! The highest gain in
resolution is achieved with an annular aperture in the back
focal plane of the lens (0.114%210 nm at 633 nm for NA =
1.0).5%* Compared to the resolution achievable with conven-
tional illumination, these values correspond to an improve-
ment by a factor of two. With a parabolic mirror as the
focusing element (with an extraordinary high NA =1 for an
air focusing element), a slightly different field distribution in
focus is found. The spot size was shown to measure 0.1341°
(260 nm at 633 nm).”? To our knowledge, this is the smallest
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focus ever achieved using an air focusing element. Another
benefit of a parabolic mirror is that the longitudinal compo-
nent is predicted to be approximately 14-times stronger than
the transversal one,I®®! while a factor of 2-3 is achieved for a
high NA microscope objective.”>%! Using a circularly sym-
metric plasmonic lens as the focusing element has been shown
to further increase lateral resolution.’*! Although the
experimental values did not yet reach the theoretically
predicted limit, the results are very promising.

The tighter focusing of light for radial polarization has
recently found some application to improve the lateral
resolution in different fields of microscopy. In total internal
reflection fluorescence (TIRF) microscopy, only the longi-
tudinal component of the focused field is involved. Therefore,
the smaller focal area as well as the increased field strength
and the spot-like shape of the RPDM’s longitudinal compo-
nent are of benefit compared to the relatively weak and two-
lobed z-component of a linearly polarized beam. These
advantages have been studied both in theory and experiment
for TIRF microscopy.’!! Also in coherent anti-Stokes Raman
scattering (CARS), an improved lateral resolution has been
found combined with an orientational sensitivity.*? Thus, a
combination of linear and radial polarization should allow the
full 3D orientation of molecules to be determined with
CARS.

As discussed above, radially polarized light allows the
optical resolution to be increased as long as a high NA
focusing element is used. Paradoxically, Tang et al. showed
that this is also possible using a lower NA of 0.9.5% In this case,
the PSF of the RPDM in focus is doughnut shaped and even
larger than the PSF of a Gaussian beam. Therefore, the
optical resolution is smaller for conventional detection.
However, Tang et al. implemented a mode conversion into
linear polarization in the detection path which allowed the
use of a much smaller pinhole. Hence, both the confocality of
the system and the lateral resolution increased even over
those found for pure linear polarization.

In Sections 5-7, we will summarize some applications of
DMs where subresolution information is revealed without
breaking or improving the classical diffraction limit.

4. Microscopic Techniques to Determine the
Orientation of Single Molecules

In the last decades, single-molecule microscopy and
spectroscopy have found wide application in (physical)
chemistry, physics, and biology. One important parameter
involved is the orientation of the molecular dipole and hence
the molecule itself. This knowledge is important, for example,
for precise distance measurements or to accurately determine
Forster resonance energy transfer (FRET) efficiency. More-
over, the lifetime and emission intensity varies with the
molecular orientation, for example, at an interface.” For
molecules embedded in polymers, changes in their orientation
reveal dynamics of the surrounding matrix. The orientation of
dye labels can indicate orientational changes in proteins and
peptides, thus giving insight into the biological functioning of
molecular machines. Naturally, the orientation can only be
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determined on the single-molecule level, or when an ensem-
ble of molecules is not randomly oriented (opposite transition
dipoles will delete each other). Therefore, in most applica-
tions, extreme sensitivity is necessary.

In the last few decades, different techniques have been
developed to extract the orientation of single dipoles. To
emphasize the dramatic improvement that DMs hold for
single-molecule microscopy and spectroscopy, a general over-
view will be given on other orientational methods pointing
out their advantages, disadvantages, and limitations. For
convenience, we will first summa-
rize the well established techniques,
such as defocused imaging and
polarization sensitive techniques.
The impact of DMs will follow.

To simplify the discussion about
the orientation of a dipole moment,
an angular description is intro-
duced. In general, two different
angles must be discerned when
defining the 3D orientation of a
nanoobject. One is the in-plane
component ¢, which lies in the
sample plane. The second compo-
nent is the out-of-plane angle 0
between the object and the optical
axis (Figure 4). In such a way, both
the orientation of the absorption dipole moment and of the
emission dipole moment of a molecule can be described, both
of which can serve as a measure of the molecular orientation.
Note that for the absorption of light its polarization direction
has to match the orientation of the absorption dipole
moment. Similarly, the emitted light is polarized in the
direction of the emission dipole orientation.

Z

Figure 4. The determina-
tion of the 3D orienta-
tion of a dipole with the
in-plane angle ¢ and the
out-of-plane angle 6.

4.1. Defocused Imaging

In many cases acquiring slightly defocused images reveals
additional information not directly accessible under tightly
focused conditions, regarding, for example, the orientation of
single dipoles. Prior to the use in wide-field microscopy, the
concept has been used with mirror objectives and in TIRF
microscopy. A general drawback of defocused techniques,
however, is the reduced signal-to-noise ratio accompanied by
a lower sensitivity. Additionally, defocusing gives larger
patterns than focused techniques and consequently, single
objects have to be further apart for proper imaging. However,
provided that the signal is strong enough, the localization can
be even more precise than for focused techniques.®

Several defocusing techniques have been developed. In
the first one a mirror objective was used to study the
orientation of single terrylene molecules at cryogenic temper-
atures.®®! Orientational information at room temperature
was first obtained in TIRF microscopy exploiting slight
aberrations introduced by a thin water layer on the sample.
Thus, the 3D molecular orientation could be determined with
a high accuracy of 1-2° on a 100 millisecond timescale.[®!
Further development of the technique resulted in the
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combination of focused and slightly defocused imaging to
extract the 3D orientation.’!

In a biological application of defocused TIRF microscopy,
ligand—protein interactions have been studied with video rate
imaging.”® In addition, the technique seems to be highly
sensitive because the luminescence from single ions could be
detected.””

The presented concept of defocusing has been used later
in epifluorescence microscopy.®"¢! In 2D, the acquired two-
lobed patterns directly visualize the dipolar orientation. An
experimental defocused wide-field image of single Cy5
molecules is shown in Figure 5, accompanied by the fitted
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Figure 5. Sections of wide-field defocused (1 um) epifluorescence
images of single Cy5 molecules. a) Experimental image, b) composite
calculated image displaying identified molecules and their attributed
patterns. The fitting procedure allows the 3D orientation of every
molecule to be extracted. Adapted with permission from Ref. [8g].
Copyright 2004 American Chemical Society.

calculated patterns. A drawback of the technique, however, is
the relatively poor accuracy of 15° for in-plane angels (¢) and
of 30° for out-of-plane angles (8).%%¢ The defocusing also
reduces the signal-to-noise ratio and hence the sensitivity.

Defocused wide-field imaging helped to reveal the step-
ping behavior of myosin V as it moves along actin.’® Many
other cases of orientational studies at the single-molecule
level using defocused wide-field imaging are in the litera-
ture.%

4.2. Polarization Resolved Techniques

The interaction of light and single molecules depends on
the relative orientation of the excitation polarization and the
molecular dipole. Measuring the polarization direction of the
excitation light and/or the emitted light allows the orientation
of the absorption and/or emission dipole moment to be
determined. Different schemes have been developed for this
purpose and found wide application in different fields of
science.

The first observation of single molecules under ambient
conditions was realized with near-field scanning optical
microscopy (NSOM).’" Fitting the experimental patterns
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with theoretically predicted ones” allowed the 2D orienta-
tion to be determined with an accuracy of a few degrees,
combined with the high localization precision of 1 nm, all on a
timescale of 102-10° s.°"!

Measuring the orientation of the absorption dipole
moment by modulating the excitation polarization has been
widely used to determine the orientation of single molecules.
The work ranges from orientational studies in matrices at
1.8 K or with the very high accuracy of 0.2°P¥ to moving
proteins.™ Weston and Goldner developed a variation of the
technique in which the orientation is color-coded in the
resulting images. Hence, rotating molecules change their
color (see Figure 6).

T 1

90 54 -13 18 54 90 Orientation (degrees)

Figure 6. Orientation image of single DilC,3 molecules in a thin PVB
film (image length 20 um). The orientation was deduced from the
phase of the modulated fluorescence, regions with fluorescence signal
below 7 kHz have been excluded from the color scale (appear black)
for better visualization. Note that rotating molecules show more than
one color. Reprinted in part, with permission from Ref. [9¢]. Copyright
2001 American Chemical Society.

To extract the full 3D orientation, modulating the
excitation polarization has been combined with TIRF mi-
croscopy. One drawback, however, is the lack of resolution for
dipoles being close to perfect in- or out-of-plane orientation
(0~0, 90°).1

The orientation of the emission dipole moment can also
be used to monitor the rotation of single molecules. In most
cases, two detectors are used which are sensitive to perpen-
dicular polarization orientations (x and y). The intensity ratio
of the two detectors depends on the dipolar orientation and
can thus be extracted [Eq. (9)]*>¢°l

1
¢ =tan' | )
i
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while the intensities /,, I, measured on the two channels might
to be corrected with a weighing factor accounting for different
detection efficiencies. The values for the orientation of the
emission dipole range from 0 to 90° [see Eq.(9), with an
“uncertainty” of nx]. Linearly polarized light can be used for
excitation. To compensate for different absorption efficien-
cies, circularly polarized light can be used for excitation.

This technique revealed the dipole orientation of DNA-
fluorophore complexes as well as their rotation and adsorp-
tion dynamics and showed that the absorption and emission
dipoles of Cy5 molecules are not perfectly parallel but differ
about 5° Single-molecule rotational studies are also
possible on an ultrafast timescale to reveal matrix or
molecular dynamics®*®! or for use in biological applica-
tions.™ For special, highly symmetric cases, even the 3D
orientation can be determined as has been shown for CdSe
quantum dots (QDs).[*)

For all these schemes, the excitation field has no
significant longitudinal component, therefore only the pro-
jection of the dipole moment in the sample plane can be
measured. In addition, the determination of the emission
dipole orientation is very limited. Hence, there have been
some approaches to detect the full 3D orientation of nano-
objects involving polarization sensitivity. For example, a setup
with three detectors being sensitive to different polarizations
has been suggested,® its limitations theoretically dis-
cussed,’” and an experimental setup realized.[*! In a different
approach, excitation with different polarizations was ach-
ieved. Thus, the 3D orientation of single absorption dipoles
can be determined with three successive scans and an
accuracy better than 10°! or—in a similar approach—with
an accuracy of 2°.

4.3. Doughnut Modes and Single Molecules
4.3.1. Linearly Polarized Doughnut Modes

The 3D orientation of single molecules can also be
determined without being sensitive to polarization in the
detection path. Annular illumination with a linearly polarized
Gaussian beam allows the absorption dipole orientation to be
roughly determined by the shape of the emission pattern. The
strength of the electric field components along the three
Cartesian axes are comparable under annular illumination
while the shape of the field distribution in focus highly varies.
The single molecules probe the electric field distribution and
thus the emission patterns result as a superposition of the
three “pure” intensity distributions (see the three corners in
Figure 7). Thus, in principle, the orientation can be
determined looking at a single fluorescence pattern (see
Figure 7), but unfortunately, the technique does not offer high
accuracy.'”! A precision around 5° accompanied by a higher
uncertainty close to perfect in- or out-of-plane orientations
(6=0, 90°) has been reported."!

In addition, the orientation provided by the fitting
procedure slightly differs from the true orientation angle
and never results in perfect in- or out-of-plane angles (i.e. f =
0 =0, 90°). However, the technique allowed it to be shown
again that the fluorescence lifetime of single molecules at an

Angew. Chem. Int. Ed. 2011, 50, 5274—5293

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0 ge

Winternational Edition

Figure 7. Single-molecule fluorescence patterns 5 nm below the inter-
face calculated from the field distribution. Coordinate system: defini-
tion of the dipole orientation angles 8 and ¢ with respect to the
excitation polarization (double arrow). Reprinted with permission from
Ref. [10a], Copyright 2000 by the American Physical Society. http://
link.aps.org/abstract/PRL/v85/p4482.

interface strongly depends on their orientation.* Besides,
the absorption dipole orientation of single FRET pairs is not
always collinear even if expected from the molecular struc-
ture of the coupled system because the environment might
influence the dipolar orientation. Slightly varying the tech-
nique, a higher accuracy of 1-2° was achieved by directly
imaging the emission patterns in the back focal plane of a high
NA objective.'™ However, in our opinion, this sacrifices the
intuitive approach of standard imaging techniques.

The orientation of molecules can also be determined
directly with a linearly polarized DM, as has been shown both
in theory and experiment.””! However, the technique is
mainly sensitive to dipoles oriented along the optical axis
and perpendicular to the direction of polarization. Hence, the
orientation of randomly oriented molecules can only be
precisely determined for a subpopulation. The theoretical
results show that the molecular orientation also influences the
gain in resolution for STED microscopy! which coincides
with experimental findings."” When both the excitation and
depletion beam are linearly polarized, a dramatic effect is
found. A better resolution is only achieved for dipoles
oriented along the direction of polarization while the
resolution is in fact decreased for other orientations. For the
experimentally more relevant case of circularly polarized
light, the resolution still depends on the orientation.’?!

4.3.2. Radially and Azimuthally Polarized Doughnut Modes

A very elegant approach to determine the molecular
orientation involves the use of radially or azimuthally

www.angewandte.org

wandte

Chemie

5283


http://www.angewandte.org

Reviews

5284

polarized DMs, which were introduced at the beginning of
this Review. As mentioned above, the interaction of light and
single molecules depends on the orientation of the polar-
ization and the dipole moment. The special polarization
properties of the DMs offer different orientations of the
polarization in focus. As a consequence, the orientation of
single dipoles can be directly imaged, knowing the electric
field distribution in focus. The pure 2D polarization of the
APDM allows the projection of the dipole moment in the
sample plane to be imaged. The combination of both a
longitudinal and a transversal component as provided by a
RPDM allows the full 3D orientation of single dipoles to be
determined and thus single molecules.!

This feature has been studied theoretically by Lieb et al.
for a parabolic mirror®! while Novotny et al. examined the
same problem for a high NA objective, both in theory and
experiment.[® The longitudinal field of a RPDM can be
probed with single molecules.® Vice versa, fluorescence
patterns acquired with a RPDM allow the 3D orientation of
single dipoles to be determined (see Figure 8). For a lateral
orientation, only the transversal field of the RPDM excites

8=90°, p=90° 68=90°, p=45°

500nm
—_—

Figure 8. A) a) Comparison of longitudinal field strength EZ, transverse
field strength E7, and total field strength E? as a function of radial
coordinate upon focusing with a high NA microscope objective
(NA=1.4), evaluated 2 nm beneath the interface. b)—e) Calculated
emission rate images [R(x,y)] for different polar orientations of a
molecule in the xz plane. 6 denotes the angle between the dipole axis
and the beam axis. B) Calculated confocal images, |E|? of a dipole
emitter for different orientations and excitation with a RPDM upon
focusing with a parabolic mirror (NA=1.515). The illuminated aper-
ture is reduced to 1.21 and the dipole is scanned in the xy plane. The
dipole orientation angles as well as the axis are shown in the lower left
image. A logarithmic scale is used with a factor of 2 between adjacent
contour levels. The scale bar length is one wavelength A/n. C) Fluores-
cence rate images [R(x,y)] of arbitrarily oriented molecules excited with
a focused RPDM. The dipole moment of molecule a is nearly longi-
tudinal (cf. A,d), whereas the dipole moments of molecules ¢ and d are
transverse (cf. A,b). Molecules b and e have an orientation of 8~ 60°
(cf. Ac). A),C): Reprinted with permission from Ref. [6a], Copyright
2001 by the American Physical Society. http://link.aps.org/abstract/
PRL/v86/p5251. B): Reprinted in part, with permission from Ref. [6b].
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the molecules and a two-lobed pattern is generated which
indicates the dipole orientation (connecting the two lobes).[!
These patterns are reminiscent of those found in defocused
imaging (cf. Figure 5). A pure longitudinal orientation leads
to a single spot while orientations combining lateral and
longitudinal components give patterns in between these two
extremes.® A nice agreement between experimental and
theoretical predictions has been achieved (see Figure 8).1°!
Moreover, slightly different patterns are expected when a
parabolic mirror is used as the focusing and collecting
element (see Figure 8 B).[*"

Although these results were obtained with a diffraction-
limited technique, information from the nanoscale as for
example, the orientation of single molecules is directly visible
to the naked eye without any data analysis process. Even
breaking the diffraction limit{"® does not reveal this infor-
mation. Moreover, DMs in special cases allow chemical
reactions to be followed on the single-molecule level. For
example, the tautomerization of single porphycene molecules
has been imaged with azimuthally polarized light."*® Tauto-
merism in porphycenes involves the transfer of two hydrogen
atoms between the four nitrogen atoms in the inner ring of the
molecule. The transition dipole moment of the two chemically
identical trans isomers had already been shown to differ by
70-80°."1 Since the tautomerization is much faster than the
timescale of the imaging technique, two almost perpendicular
dipoles should be observed for each molecule leading to a
ring-shaped pattern. Indeed, experimental patterns with
almost perfect doughnut shape have been observed (Fig-
ure 9a).7** In contrast, some of the observed molecules give
two-lobed patterns. Combining azimuthal and radial polar-
ization, these patterns could be shown to correspond to
molecules standing on their edges or on their vertices
(Figure 9b,c).l"

5. Doughnut Modes and Single Metal
Nanopatrticles

Noble-metal nanoparticles are of increasing scientific
interest for microscopic studies. Compared to single mole-
cules and single quantum dots (QDs), the emission from
single noble-metal nanoparticles does not bleach. In addition
to this stable light emission, the particles strongly scatter the
light, thus enabling the detection of single particles. Instead of
the dipole moment known from single molecules, the polar-
izability tensor of the metal nanoparticles comes into play. We
showed that combining confocal interference scattering
microscopy (CISM) with DMs (APDM and RPDM) allows
the orientation of metal nanorods to be determined precisely
at dielectric interfaces and to monitor their rotation."®2!>7
Moreover, CISM-DM offers a simple tool to distinguish
differently shaped particles by their scattering patterns (Fig-
ure 10)."°! Since such information is not accessible with
standard microscopy techniques, this Section will address the
topic in more detail.

For the described experiments, a homebuilt inverted
confocal microscope with an APDM or a RPDM as excitation
sources was used. In CISM, the elastically scattered light from
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Figure 9. Confocal fluorescence images observed for a porphycene derivate (2,7,12,17-tetra-tert-butylporphycene) excited either by an APDM (top)
or a RPDM (bottom), showing three different orientations of the chromophore. a) A molecule lying flat on the surface; b),c) molecules with
perpendicular orientation of the molecular plane with respect to the sample surface. In (b), two dipoles form the same angle with the surface
plane (molecule on the edge), whereas in (c) one dipole is perpendicular to the surface and the other is almost parallel to it (molecule stands on
one vertex). Left: experimental pattern; right: simulated pattern. Reprinted with permission from Ref. [7c]. Copyright 2009 American Chemical
Society.

(a a'=0° |[(b) o=10°[(c) o'=19°

Scattering Simulations

e h e

3
702
L w
c
-65 o
o
i )
-60 3
- ©
-55 R
1 L T b 1 L T . 1 _50
0 5 10 15 20
adjusted angle o' (°) B)

Figure 10. Scattering images of single metal nanoparticles illustrating the potential of confocal interference scattering microscopy with doughnut
modes (CISM-DM). A) Topography (180x 180 nm?) and corresponding scattering images (2x2 um?) from two individual gold nanorods (APDM at
633 nm). Note that the experimental two-lobed patterns directly reveal the particle’s orientation and nicely agree with the theoretical simulations.
B) The orientation can be determined with a high accuracy of approximately 0.5°. Scattering images of the same silver nanorod, while the sample
is rotated from picture to picture by around 10° [a)—c) experimental data, d)—f) fitted data, g) plot of the measured angle a versus the adjusted
angle a']. C) Gold nanoparticles of different shapes can be distinguished by their scattering patterns a),d) sphere, b),e) rod, c),f) triangle.

A) Reprinted in part, with permission from Ref. [11a]. Copyright 2006 American Chemical Society. B) Reprinted with permission from Ref. [74].

C) Reprinted with permission from Ref. [43].
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the sample interface is detected. The detected signal is caused
by interference between the excitation light reflected at the
sample interface and the one elastically scattered by the
particle.™

The optical properties of noble-metal nanorods can be
finely tuned by adjusting their size and hence they are
extremely interesting for light-microscopy applications. The
particles show a strong anisotropic polarizability, because the
plasmon resonances for the two main axes differ. Usually, the
resonance for the short axis is in the blue to green region
while the one for the long axis is red shifted and varies with
the aspect ratio (the ratio of the length over the width). It is
situated further in the red the longer the particle is. Hence,
brought into the focus of an APDM or RPDM at 633 nm, the
particle plasmons of the long axis are mainly excited inducing
a pronounced dipole moment mapping the particle’s orienta-
tion. The images of particles laying flat on a glass surface are
strongly reminiscent of those resulting from single molecules
with a lateral dipolar orientation. Because of destructive
interference, however, the image contrast might be reversed.
Experimental results are shown in Figure 10 A. The orienta-
tions of two individual gold nanorods are given by the in-situ
topography data, in addition, the experimental confocal
scattering images of the same particles upon excitation with
an APDM are shown. Similar two-lobed patterns are acquired
with a RPDM (Figure 10C, part d). The two-lobed patterns
directly visualize the particles’ orientations in a single
confocal scan."? Reproducing the experimental patterns
with a 2D fit function to extract the orientation, an excellent
precision well below 1° was found (Figure 10B)." For
particles embedded in liquids, we could recently show that it
is also possible to track rotations of nanorods, even without a
translation of the particle.”™® The observed spontaneous
reorientation of a single gold nanorod in aqueous environ-
ment?™ could not have been detected with standard light
microscopy.

Particles of different shapes can be distinguished, as
shown in Figure 10C. An isotropic scatterer, such as a gold
nanosphere acting as a point-like probe maps the intensity
distribution of the excitation beam. Hence, a sphere can be
easily distinguished from a nanorod or a gold nanotriangle
which gives distorted patterns compared to those of spher-
e 110]

Note that all this information from the nanoscale is
accessible with a diffraction-limited and simple confocal
imaging technique without any need for sophisticated data
analysis. A remarkable benefit of the technique is its
extraordinary precision in orientational determination for
metal nanorods. Similar results are achievable for fluorescent
molecules.

6. Doughnut Modes and Silica Nanoparticles

Single SiO, nanoparticles (NPs), for which the photo-
luminescence (PL) originates from defect states in the silica
structure, have a stable linear transition dipole moment."”
Therefore, they should give similar images to those of single
molecules. Using both azimuthally and radially polarized light
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Figure 11. Images of SiO, nanoparticles (NPs) embedded in a polystyr-
ene matrix and excited with an APDM (1 =488 nm). The images a)—f)
reveal the same image section of a series of pictures recorded one
after the other every 100 s. Each image essentially shows two NPs, one
appearing as a bright two-lobed pattern and a fainter one marked by
the dashed circle. The following dynamical processes are observed:
image (c) reveals photoluminescence (PL) intermittency of the brighter
NP (also called blinking). Blinking is also observed for the fainter NP
in image (d). In addition, we observe sudden flipping of the transition
dipole moment of the fainter NP as can be seen by comparing

images (a) and (b) as well as (e) and (f). Adapted with permission
from Ref. [12]. Copyright 2009 American Chemical Society.

for excitation, the 3D orientation of the dipole moment has
been imaged. Figure 11 shows a series of experimental two-
lobed PL patterns from single NPs upon excitation with an
APDM, recorded one after the other.'”) Rare dynamic effects,
such as PL intermittency and flipping of the transition dipole
moment, could be observed, although the NPs were fixed in a
polymer matrix.

Different types of patterns, such as the ones in the case of
single-molecule fluorescence,® have been found using a
RPDM for excitation,!'? allowing the 3D dipolar orientation
to be determined. In addition, blinking of the brighter NP is
observed in Figure 11c as well as for the fainter one
(encircled) in Figure 11d. In addition, the fainter particle
shows flipping of the transition dipole moment (Fig-
ure 11a,b).l%

The orientation of the absorption and emission dipole
could be shown to be parallel. This result leads to the
important conclusion that the PL photon arises from the very
defect that was excited.

7. Doughnut Modes in Microresonators

Metallic cavities, that is, microresonators, have been
widely studied by the optics, laser physics, quantum optics,
and physical chemistry communities.’® Although a detailed
overview about the impact of microresonators on scientific
research is not the purpose of this Review, surely these
systems have been and still are playing an important role in
the investigation of the interaction between electromagnetic
fields and matter, especially on the single-molecule level. In
this wide frame, Steiner et al. have developed and charac-
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terized a novel metallic microresonator device that allows the
distance between the cavity silver mirrors to be tuned with
nanometer precision.!* This unique and powerful device has
been used to study and control the optical properties of
nanoemitters, for example, to produce cavity-controlled
spectra and decay curves of single molecules interacting at
room temperature with the first longitudinal mode of a Fabri-
Perot interferometer!™ or to study quantitatively the effect
of the microresonator-induced optical confinement on the
optical properties of individual or an ensemble of nano-
emitters.["”]

Exploiting the same system, Khoptyar et al. have studied
the field distribution produced by a RPDM and an APDM in
a microcavity by comparing the fluorescence patterns of
point-like beads with theoretical calculations.®® Subse-
quently, Gutbrod etal. studied the field produced by a
RPDM as a function of the cavity length. It was found that the
special spatial field distribution of a RPDM in a cavity allows
localizing a fluorescence emitter with subresolution precision
(4/60).1! Finally, Gutbrod et al. demonstrated that a RPDM
can be successfully used to localize and to determine the
orientation of individual molecules placed in a cavity.”"
Although the precision of this determination is not extremely
high, RPDMs might be used to characterize and to optimize
the interaction of FRET pairs.

8. Doughnut Modes for Trapping and Tweezing

Since optical trapping was first experimentally demon-
strated by Ashkin in 1970,7 it has found wide applications in
physics, chemistry, and biology. Applications range from
cooling and trapping of neutral atoms™ to optical tweezing
and manipulation of single molecules, nano- and micro-
particles” ! as well as biological objects (e.g. live bacteria
and viruses,® cell compartments, or entire cells®).

In the following, the benefits resulting from the imple-
mentation of DMs in trapping applications are summarized.
A short general discussion of the trapping principle is given
since it is not always intuitively straightforward. The objects
to be trapped normally have a higher refractive index than
their surroundings. Thus, the particles are drawn into the
focus of a laser beam, the so-called optical trap or tweezers.
Typical particle sizes range from 200 to 500 nm, but also
diameters of a few times A or down to tens of nanometer are
feasible.® As the laser beam and the sample are shifted
relative to each other, the trapped object follows the focal
spot and can be released from the trap at will.

The movement of the particle can be explained equally
well either by the radiation pressure it experiences or by the
momentum transfer from the incident photons knocking into
it. The optical forces are small and balanced under normal
conditions. Close to a tight laser focus, however, they can
become directed and large enough to overwhelm Brownian
motion and gravity, as well as the buoyancy force. Naturally,
overpowering these forces is necessary to form a stable trap.
For historic reasons, the force is normally decomposed into
two components, the scattering force and the gradient force.
The scattering force results from the fact that the object is hit
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by photons from one side only, therefore, the light pushes the
particle in its direction of propagation and thus out of the
focus. The gradient force is caused by the inhomogeneous
electric field, achieved by tight focusing. The field fluctuations
induce oscillating dipoles in the particles which in turn
interact with the electric field and cause the gradient force.
Therefore, the gradient force is a function of the polarizability
of the particle and the optical intensity gradient and pulls the
object into the trap. To increase the trapping efficiency, it is
necessary to optimize the ratio of gradient over scattering
force.

Only high angular components contribute to the electro-
magnetic field generated by focusing DMs with a high NA
lens. DMs have been proposed for optical trappingl!4f2281a.81
because rays parallel to the axes contribute more to the
scattering force whereas rays under higher angles mainly
account for the gradient force. The scattering force being
caused by reflection depends on the polarization of the
incident light. Therefore, it can be minimized by p-polar-
ization, such as that provided by a focused RPDM. Moreover,
the longitudinal component of the beam is focused more
strongly than a linearly polarized beam which should further
increase the trapping efficiency. For these reasons, a RPDM
promises to be close to the optimal beam for trapping
applications. However, the resulting trapping efficiency
predicted in theoretical publications is contradictory and
remarkably different, depending on the applied computa-
tional theory. Stronger trapping forces on dielectric particles
have been predicted™®*"! and the improved efficiency should
even allow for stable trapping of metallic Rayleigh parti-
cles.®! Both calculations in the ray optics regime and using
rigorous electromagnetic theory suggested higher trapping
efficiencies for a RPDM compared to a Gaussian beam. 5!
In contrast, for calculations incorporating plane waves, the
trapping efficiency highly depends on the particle size.’™
Following these results, the RPDM should be only favorable
for larger particles on the order of the wavelength to several
micrometers. [

In general, trapping applications should benefit from the
use of any doughnut shaped beam. In the longitudinal
direction, 20% higher trapping forces have been reported
compared to a linearly polarized Gaussian beam.*! How-
ever, lateral trapping is not improved with such DMs.*”
Nevertheless, many standard applications can profit from
the application of DMs,**1 but they are especially useful for
the trapping of particles which are hard to trap with the
standard technique. This includes the successful trapping of
low refractive index, absorbing, and highly reflective parti-
cles."*<1%1 Simultaneous trapping of high- and low-refractive
index particles in the same DM has also been demonstra-
ted.['*

To date, the experimental work in trapping applications
with radially polarized light has just begun, however, calcite
microparticles could be rotated using a RPDM.¢l Although
the light was not tightly focused, the presented data is
promising for trapping applications. In contrast to an aniso-
tropic particle spinning around an axis independent of the
laser beam in the focus of circularly or elliptically polarized
light,®®! the particles spun around the beam’s axis, that is, the
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B)

Figure 12. A) Polarization-induced torque on anisotropic particles by a RPDM setting it to rotate (in an anticlockwise direction) around the beam.
B) A system of two anisotropic microparticles in a RPDM. Particle A rotates in a clockwise direction and particle B in an anticlockwise direction.
Reprinted with permission from Ref. [14g]. Copyright 2007, American Institute of Physics.

optical axis (see Figure 12).'%¢! The spinning direction was
observed not to be predictable which was ascribed to the
particle shape, size, and dimension.['*

It should be mentioned that an APDM can also be
suitable for trapping applications since stable trapping of
tungsten particles has been shown.*"!

9. Doughnut Modes in Near-Field Microscopy

After the development of near-field microscopy in the
early 1980s,”! the field has undergone great development and
it has been demonstrated that optical microscopy can reach
far beyond the diffraction limit. The highest resolutions are
achieved with tip-enhanced near-field optical microscopy
(TENOM) which utilizes—in contrast to aperture scanning
near-field microscopy—extremely sharp metal tips (usually
made of gold or silver). These tips are brought into the focus
of a RPDM where the longitudinal field excites the electrons
in the tip to oscillate along the optical axis. At the plasmon
resonance (or close to it), the electrons are efficiently pumped
into the tip apex. High field enhancements are achieved at the
end of the tip and the tip itself acts as an antenna. Close to an
interface, tip-enhanced fluorescence (TEF) or tip-enhanced
Raman scattering (TERS) can be observed. These enhance-
ment effects promise to further increase the sensitivity in
optical microscopy and spectroscopy. The actual realization of
the microscope setup varies, depending on the specific
experimental demands. Most near-field setups are in principle
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based on the confocal microscope and therefore feature
objectives as focusing and collecting element. As a conse-
quence, the characterization of opaque samples is limited.
However, replacing the objective with a parabolic mirror
allows these limitations to be overcome. Another benefit of
such a setup is that the longitudinally polarized field in focus,
which excites the electron oscillation in the sharp metal tip, is
much stronger for a parabolic mirror than a microscope
objective of comparable NA.® Using such a setup, extra-
ordinarily high field enhancements have been achieved in the
tunable gap of a 3D bowtie antenna system formed by a sharp
metal probe and a gold nanocone.® However, note that the
technique is limited to the study of surfaces. To treat near-
field optics in more detail is beyond the scope of this Review.
It has been the topic of numerous Reviews and books.]
Novel developments in TENOM have been reviewed in a
recent article by Hartschuh.™

10. Doughnut Modes for Surface Plasmon
Resonance Imaging

The phenomenon of surface plasmon resonance (SPR)
excitation in thin metal films (typically 50 nm Ag) has found
wide applications in optical sensing.”!! Rothenhiusler et al.
exploited this effect for surface plasmon microscopy
(SPM).”?! Contrary to standard microscopy techniques with
light sources such as lamps and lasers, surface plasmon
polaritons (SPPs) are used for excitation. These non-radiative
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electromagnetic modes travel along an interface (metal-
dielectric) as surface bound waves. Since the intensity
perpendicular to the interface decays exponentially, the
technique is sensitive to the direct environment of the
metal film. The propagation length of the SPP, however,
basically limits the lateral resolution to a few (tens of)
micrometers.”™ To improve the resolution, tightly
focused laser beams have been used to locally excite
SPPs in an area close to the spot size of the focused beam.
Kano et al. carried out numerical simulations and experi-
ments to investigate the influence of polarization on the
electric field distribution.!*®°! These results were exper-
imentally demonstrated for linearly polarized light show-
ing local excitation in an area of only 0.5 x 0.5 pum?['¢!

Since the SPPs are excited by the longitudinal
component, a RPDM should perform better both in
terms of localization and of intensity as has been shown
theoretically and experimentally.'**¢l Although perfect
agreement of theory and experiment could not yet be
achieved, evanescent non-diffracting Bessel beams were
generated by SPR excitation with a RPDM.I'*l Such
beams could serve as virtual probes for SPR imaging as
shown in an experimental proof-of-concept.'*! Cells and
their substrate contacts were successfully imaged provid-
ing a map of refractive indices (see Figure 13).¢]

Recently, also first experimental results on two-
photon luminescence induced by such a virtual probe
have been published.”™ These results are promising
regarding scanning-probe techniques without the need
of a material probe to penetrate the enclosed environ-
ment. However, note that the technique is limited to the
study of a region close to the metallic film. In conclusion,
a RPDM can be used to increase the lateral resolution for
SPR imaging and refractive-index sensing and thus
provide extra information supporting other light-micros-
copy techniques.

y/um

11. Doughnut Modes for Nonlinear-Optics
Microscopy

When a pulsed laser of high intensity and long
wavelength is tightly focused on a non-amorphous
medium, second harmonic generation (SHG) may
occur. In this process, two photons have to simultaneously
interact with a molecule which has a symmetry that
should not be centrosymmetric. The photons are purely
elastically scattered and light of half the wavelength is
emitted (the energy is conserved). Hence, changing the
excitation wavelength also alters the emitted color. In
addition, the momentum is conserved, that is, the vectoral
sum of the polarization directions has to match the dipole
moment orientation. Since radially and azimuthally polarized
light offer different orientations, they are good candidates for
applications in SHG.

Biss and Brown showed that SHG at smooth metal and
semiconductor surfaces as well as thin films is strongest for a
RPDM compared to linearly, circularly, and azimuthally
polarized light.”® They explained this phenomenon with the
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strength of the longitudinal field component in focus decreas-
ing in the order given above.” Moreover, the RPDM offers
higher spatial resolution than the other beams studied.”
The use of a RPDM in SHG microscopy has been
suggested to detect the 3D molecular orientation.'*® A
technical benefit of the suggested setup for mode conversion
in Ref. [17b] is that it allows for fast mode switching which
appears to be promising especially for commercial setups.
Biological tissue rich in collagen with a preferred molec-
ular orientation along the optical axis showed a higher SHG
contrast upon excitation with radially polarized light than
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Figure 13. a) Light microscopy image of human 3T3 fibroblast cells, b) obtained
refractive index map of the same group of cells scanned by a virtual SPR probe. The
same sample area can be easily recognized underscoring the potential of the
technique to provide extra information supporting other light-microscopy methods.
Reprinted with permission from Ref. [16f].
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with light polarized in the sample plane.!'”*! Recently, it was
shown that this also holds true for a self-assembled monolayer
(SAM) on a gold surface, where the molecular dipoles show a
preferentially longitudinal orientation.”! Yew and Sheppard
revealed that both the longitudinal and transverse compo-
nents of the electric field in focus have to be taken into
account to explain their experimental SHG data.”® Although
to date, to our knowledge, only ensemble measurements were
realized, the technique generally promises to allow for single-
molecule sensitivity. Furthermore, the SHG signal produced
by a self-assembled monolayer on gold is enhanced using a
RPDM."" On the other hand, SHG from a crystal can also be
used to produce radially polarized light.”’” Additionally,
theoretic simulations suggest that even third harmonic gen-
eration (THG) from a bulk sample under defined conditions
should be detectable.”” Moreover, RPDMs are important to
improve the resolution in two-photon microscopy.'® Accord-
ingly, also in THG microscopy, a better spatial resolution is
expected.”

Finally, RPDMs influence another nonlinear optical
technique: two-photon fluorescence correlation spectroscopy
(2p-FCS). They allow for single-molecule studies with higher
sample concentrations since the intensity threshold for two-
photon excitation reduces the effective focal volume. As a
consequence, the side-lobes of the electric field distribution
no longer contribute to the sample excitation and the
effective focal volume is smaller than for the standard, one-
photon excitation.!"!]

12. Doughnut Modes for Micromechanics
Applications

High-power lasers play an important role in the industrial
cutting and drilling of metals. Thus, there is substantial
interest in further development of the laser sources and
beams. Regarding micromechanics applications, theoretical
simulations suggested that a RPDM should be up to two times
more efficient than a plane p-polarized beam or a circularly
polarized one, both of which are used in standard laser drilling
and cutting techniques.'®*!%?) Experimental results on thin
metal sheets indeed showed an increased efficiency for a
RPDM. However, further experiments showed that increas-
ing the efficiency with DMs is a problem involving a much
more complex dependency. It could be shown that both an
APDM and a RPDM are more efficient than linearly and
circularly polarized beams. Depending on the metals’ optical
properties and the metal thickness, the APDM can be up to
four-times more efficient in mild steel overwhelming even the
RPDM in efficiency."®! Surprisingly, Meier et al. also showed
that the holes drilled with an APDM can be much smaller
than those of a RPDM of the same focus size under special
conditions.!"*"!

To drill interconnected microholes (microvias) in silicon, a
significantly better performance of a RPDM compared to
circularly polarized light has been reported.!”” The improved
ablation rate of up to two!'®! exactly confirmed the value
predicted in Ref. [18a]. The diameter of the drilled holes was
reduced by 30 % whereas the higher efficiency of the RPDM
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depended on the repetition rate and thus the energy of the
applied pulses. The microvia diameter was found to decrease
with the pulse energy (increasing repetition rate). The energy
dependence of the ablation rate was found to be stronger for a
RPDM than for other p-polarized beams. The depth-profile
also depended strongly on the pulse energy where the taper
angle reduced decreasing this measure. Straight sidewalls
were achieved with an accompanying cleaner surface with less
debris to be found, aiding the cleaning procedure after the
cutting procedure.!'*!

13. Summary and Outlook

In the last few years, doughnut modes (DMs) have
become a focus of interest in different fields of science.
Numerous techniques have been developed to produce ring-
shaped beams of which only a few could be covered herein.
Their physical properties have been widely studied, with
special emphasis on their behavior upon tight focusing. These
fundamental studies revealed extraordinary properties of
DMs which can be exploited in various ways. As an example,
the implementation of DMs in light microscopy allowed
Abbe’s famous diffraction limit to be circumvented with
STED microscopy. In tip-enhanced near-field optical micros-
copy (TENOM), sharp metal tips are illuminated with DMs of
special polarization, so-called radially polarized DMs
(RPDMs). Plasmon resonances can be excited in the metal
tips with the strong longitudinally polarized fields these
modes produce upon tight focusing.

In the shadow of such well known applications, a number
of new applications have evolved which mainly use radially
and azimuthally polarized light. Such applications have been
summarized herein ranging from the implementation in
different light-microscopy methods and related techniques,
such as trapping and tweezing to micromechanics applica-
tions.

In standard light microscopy, radially polarized light can
be used to increase the lateral resolution because of the
special properties upon focusing. However, this is only one
aspect. These modes have also drawn the attention of
researchers who are active in the field of single-molecule
microscopy and spectroscopy. From a fundamental point of
view, single molecules can be utilized to probe the special
field distribution these modes provide in focus. On the other
hand, knowing the field distribution reveals additional
information about single molecules, such as their orientation.
In special cases, chemical reactions can even be watched on
the single-molecular level. Both with an APDM and a
RPDM, orientational information of single molecules or
more generally speaking single nanoobjects, for example,
noble-metal or silica nanoparticles, can be achieved. Natu-
rally, this is not the only technique to extract orientational
information. To clarify the power of DMs in light microscopy
and to underline the advantages which can be drawn from
their implementation, other well established techniques to
determine the orientation of single molecules, such as
defocused imaging and polarization sensitive methods were
summarized.
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However, starting from single molecules, single nano-
objects might be of wider interest. Again, azimuthally and
radially polarized light provide access to additional informa-
tion not directly accessible with standard light microscopy. As
an example, metal nanoparticles of different shapes can be
distinguished using DMs. The only modification necessary
compared to standard confocal microscopy is the mode
conversion (MC) for which a variety of suitable techniques is
already available as partly summarized herein. Therefore, the
additional technical effort is negligible. Recently, a laser
scanning microscope with variable laser polarizations was
reported"™ which could certainly also be used for similar
experiments especially if applied to biological specimens.
Such a system can be considered as a prototype of a
commercially available setup.

Also further advanced microscopy techniques, such as
surface plasmon resonance (SPR) imaging or second har-
monic generation (SHG) microscopy, profited from the
implementation of DMs as explained in this Review. In
addition, techniques closely related to microscopy have also
benefited, such as trapping and tweezing or micromechanics
applications for industrial drilling and cutting of metals.

We have also to consider that this Review was dedicated
mainly to first-order RPDMs or APDMs. Nowadays, second-
and third -order DMs are beginning to be discovered?®®"!
which might push the optical resolution limit even further and
provide versatile tools for nanotechnology. As an example, by
tuning the focusing properties of second-order RPDMs, it
might be possible to build up an optical cage (a dark central
zone in the focus surrounded by a strong electric field
gradient),?%40]

We believe that these applications are just the beginning
of a long row of future techniques exploiting the favorable
properties of DMs as the scientific community becomes more
and more aware of these beams. Although most of the
applications shown herein are related to microscopy, the
results already achieved show pathways in many directions
and are extremely promising for the next years. DMs provide
a link between different fields of science which are generally
considered to be far away from each other. This link reaches
from pure optics and light microscopy through the broad field
of nanotechnology to industrial applications of cutting metals.

As has been shown in this Review, the ice has been broken
and we are now experiencing the beginning of a process which
might result in a true avalanche of applications and knowl-
edge.
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