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Für Nancy

"The strongest arguments prove nothing so long as the conclusions are not verified by ex-
perience. Experimental science is the queen of sciences and the goal of all speculation."

— ROGER BACON
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1
Introduction

The polarization of light has fascinated scientists for more than three centuries. Light polar-
ization is utilized in many fields of science and has found various technical applications in
the stress analysis of solids, ellipsometry, photography, display technology and polarized-
light microscopy, just to name a few. Also in nature polarization effects are exploited, some
animals have developed sophisticated polarization-sensitive eyesight making them able to
see and communicate among channels others cannot and therefore puts them in advantage.
From a historical perspective it was the study of optical activity, the difference in propaga-
tion speed between two perpendicular circular polarization states, that has led to a better
understanding of the interaction of polarized light and matter. Circular dichroism (CD), the
absorbtive manifestation of optical activity, is the differential absorption of an object with
light of opposite handedness. In biochemistry it provides valuable information that cannot
be extracted from ordinary absorption measurements alone and it is widely used in the study
of the optical properties of crystals, along with linear birefringence and linear dichroism.
In the realm of nano-optics and plasmonics, circular dichroism is of special interest as the
shape affects the optical properties of a nano-object and it also affects its interaction with
polarized light. Although highly sophisticated CD-sensitive techniques exist, they are, to
date, mostly limited to measurements of ensembles of molecules or nanoparticles. More-
over, most CD techniques measure in transmission and therefore scattering is also playing
a role when studying nanoparticles, in addition to absorption. The ensemble properties of
such nanoparticles can often differ strongly from the single-particle properties, because in
general the particles in an ensemble are not identical. In addition, when performing en-
semble measurements one takes the average signal over all particle orientations. Therefore
single-particle CD techniques are necessary to get a better understanding of the optical
properties. In this work we investigate how photothermal imaging can be used to study the
circular dichroism of individual (gold) nanoparticles and of superparamagnetic magnetite
particles.
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1. Introduction

1.1. Optical properties of gold nanoparticles

Throughout this thesis we will mostly perform investigations on gold nanoparticles. Al-
though other materials exhibit similar optical properties the choice often falls on gold due
its chemical inertness. The optical properties of gold nanoparticles in the visible and near
infrared can be well understood by the collective response of their quasi-free conduction
electrons. An external electromagnetic plane wave with frequency ω causes the conduc-
tion electrons of a metal to oscillate. Their response is captured in the dielectric function
ϵ(ω) = ϵ′(ω) + iϵ′′(ω), which is related to the complex refractive index via n2 = ϵ(ω).
Gustav Mie derived an analytical solution for the scattering problem of an electromagnetic
wave incident on a spherical object. Mie’s solution of Maxwell’s equation is, in principle,
valid for arbitrary sizes of the object. When dealing with small nanoparticles we often em-
ploy a dipolar approximation where we can neglect retardation effects. This holds true for
particles much smaller than the wavelength. In this limit we can write the polarizability of
a spherical nanoparticle as:

α = 3V
ϵ− ϵm
ϵ+ 2ϵm

, (1.1)

where V is the particle’s volume and ϵ and ϵm are the respective permeabilities of gold and
of the surrounding medium [1]. The scattering and the absorption cross sections can be
expressed as

σsc =
k4

6π
|α|2 and σabs = k Im(α), (1.2)

respectively [2], and k = ωnm/c is the wavevector of the light in the surrounding medium.
Equations 1.1 and 1.2 allow us to extract the most important optical properties of metal
nanoparticles. Firstly, we find a resonance condition when the real part of ϵ + 2ϵm ap-
proaches 0 - this is also known as plasmon resonance [3]. Another important quantity that
can directly be extracted from equation 1.2, by invoking the optical theorem, is the extinction
cross section, which writes: σext = σabs + σsc. Furthermore, we find that the scattering
term scales with the square of α whereas the extinction term scales linearly. This has im-
portant physical implications, namely, that at small sizes scattering can be neglected and the
extinction becomes equivalent to the absorption, whereas for larger sizes the scattering term
dominates. In a spherical nanoparticle we have three degenerate plasmon resonances due to
the spherical symmetry. If the particle has other shapes e.g. a rod-like shape, one of these
plasmon resonances is shifted to longer wavelengths [1, 4]. By tuning the length-to-diameter
ratio of a nanorod one can tune its resonance. The resonance along the long axis is typically
called longitudinal plasmon and the two-fold degenerate plasmon along the short axes is
called transverse plasmon. Notably, the longitudinal plasmon can be shifted to far longer
wavelength whereas the transverse plasmon usually does not shift much. One important im-
plication of this lifted degeneracy is that the response of the nanorod not only depends on
the size but also on the direction along we excite it and therefore on the polarization of light.

1.2. Chirality

Chirality - the absence of mirror symmetry of an object is a property found in a broad length
scale ranging from nanosized objects like single molecules to macroscopic objects like our

1

2



1.2. Chirality

hands. The basic building blocks of life are chiral and therefore the biochemistry that takes
place in our bodies is strongly dependent on the specific interactions between those chiral
objects and usually on their handedness. This strong interplay between form and function
has led to a great importance of chirality in biochemistry. For drug molecules one particular
handedness can be the cure while the other one is harmful [5]. CD has proven to be particu-
larly useful in the study of the secondary structure of biomolecules [6–8]. However, chirality
is not only relevant for chemical or biological considerations. Throughout this dissertation,
in fact, we will mainly focus on the chirality of metal nanoparticles, which are usually much
larger than most biomolecules. By the emergence of sophisticated chemical synthesis and
nanofabrication methods, chiral nano-sized particles and structures can now be crafted with
various unique optical properties which are related to their chiral geometry [7, 9–13].

1.2.1. Optical manifestation of chirality

The handedness of a chiral object affects how it interacts with other chiral objects. When we
shake hands for example we will immediately know whether we shake a left or a right hand,
likewise a right-handed screw requires opposite turning than a left-handed one to drive it
into wood. On the nanoscale such distinctions turn out to be more difficult. Although mod-
ern microscopy methods such as AFM imaging or electron microscopy have superb spatial
resolution, so far they have limited application for the study of chiral nanoparticles (with
some exceptions [9, 14]). Far-field optical microscopy is limited by diffraction to ∼200 nm
(depending on the wavelength) and therefore cannot resolve the geometry of a nanoparticle,
and yet it can discriminate the two enantiomers of chiral nanoparticles or even enantiopure
ensembles of molecules. Polarized light can be chiral - with left and right circularly po-
larized light being of opposite handedness. Chiral objects have an important quality, they
interact differently with light of opposite handedness [15]. This property is called circular
dichroism for absorption and circular birefringence for retardation (complex and real part of
the polarizability) and can be exploited to discriminate and study chiral objects.1 In general
for an object to exhibit circular dichroism it requires two ingredients. First, it requires a
geometry that breaks mirror symmetry, a simple example would be a helix, and second, the
object’s size should be large enough compared to the wavelength of light so that retardation
effects become relevant. The reason why many biomolecules often exhibit weak CD in the
visible range, is because their "helical pitch" is much smaller than the pitch of the electric
field of circularly polarized light [15].

A typical circular dichroism spectrometer is based on a transmission geometry and
probes the differential extinction, containing an absorption and a scattering contribution,
of left and right handed circularly polarized light of an analyte. When light of opposite
handedness is transmitted through a cuvette containing a chiral analyte and if the analyte
absorbs or scatters at the light wavelength, its transmission will depend on the handedness
of polarization. Small changes in transmission can be translated into differential extinction,
which can be detected with high accuracy via lock-in amplification. Modern spectropo-
larimeters are based on the design developed by Jellison [16] and can measure differences
in extinction down to 10−5 [8, 17], however, this accuracy can only be achieved in an en-

1Circular birefringence is considered less often although it carries the same physical information as it is linked to
circular dichroism via a Kramers-Kroning relationship [5].

1
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1. Introduction

semble measurement, thereby averaging the response of many molecules or particles.

1.2.2. Linear dichroism and circular dichroism

We have just established that CD is the difference of absorption between left and right cir-
cularly polarized light. CD appears when an object has a broken symmetry (lack of mirror
symmetry) and requires a true 3D spatial arrangement. A related effect to CD is linear
dichroism (LD), the difference in absorption of two orthogonal linear polarization states.
We have discussed in paragraph 1.1 that a nanorod’s resonance wavelength depends on the
axis we excite it at. If we compare the nanorod’s absorption with linearly polarized light at
the longitudinal plasmon resonance wavelength, we find a strong absorption along the long
axis but weak absorption along the short axis. The two different plasmon conditions lead
to LD. However, if we perform the same measurement in a 45◦ rotated axis, for example,
we find zero difference in absorption, as in both cases the driving field causes the same
excitation in the nanorod.

Although throughout this thesis we are mainly interested in the measurement of the CD
of a given object, we must also take into account its LD, for the simple reason that a real
measurement never is perfect. An ideal way to measure CD is to measure the differen-
tial absorption of two orthogonal circular polarization states by performing a square-wave
modulation of the polarization. In a real experiment such a square-wave modulation is not
feasible and therefore elliptic polarization states will be involved that can give rise to leakage
of an LD signal into the CD signal.

LD is often magnitudes stronger than CD and therefore, when not carefully subtracting
LD components from our CD signal, we might draw the wrong conclusions. In chapter 3
we will see in detail how to subtract LD components to leak into the CD signal.

1.2.3. Magnetic circular dichroism

In 1846 Michael Faraday discovered that heavy glass, when subject to a strong magnetic
field, can rotate the plane of polarization of linearly polarized light [18]. This effect, also
known as Faraday rotation, showed the interaction of light with (electro) magnetic fields
inside matter. Shortly after Faraday, John Kerr found, by reflecting polarized light from a
polished and strongly magnetized iron surface, that the plane of polarization of the reflected
beam was rotated with respect to that of the incoming beam [19]. Faraday’s and Kerr’s
experiments have marked the advent of magneto-optics which is still a vivid field of research
and led to important technological developments as for example magnetic data storage or
optical isolators (Faraday rotator). Both experiments measured a birefringence effect, which
is related to the real part of the refractive index. The absorptive counterpart of this effect
is called magnetic circular dichroism (MCD). Magnetic circular dichroism, like geometric
circular dichroism (circular dichroism due to a lack of mirror symmetry) is the difference
of absorption of left and right circularly polarized light. The most important difference
between geometric CD (chirality) and MCD is that the former requires geometric features
in a spatial arrangement that have helical handedness. In contrast, MCD can be found in all
(magnetic) matter, independently of the spatial arrangement as long as a net magnetization
is present [20]. It results from a magnetic perturbation of the electronic states involved in

1

4



1.3. Photothermal effect

optical transitions in absorption bands [21]. In the case if the magneto-optic Kerr effect
it is the interplay of magnetic moments and spin-orbit coupling that leads to a differential
absorption of left and right circularly polarizer light [22]. A detailed mathematical treatment
of the effect is presented in the works of Oppeneer [23] and Argyres [24].

1.3. Photothermal effect

We have introduced circular dichroism as an optically measurable quantity of chirality. We
have also seen that CD is typically probed in a transmission geometry where a cuvette con-
tains a solution of the sample of interest. Measurements in a transmission geometry probe
extinction and therefore entail not only an absorption but also a scattering contribution of the
sample. Although the scattering component can be often neglected, when for example study-
ing molecules (due to their small size), if one wants to study the circular dichroism of objects
such as plasmonic nanoparticles, one can no longer neglect the scattering contributions to
the CD signal [6, 25]. The study of the "true" circular dichroism of such particles therefore
requires an optical technique that is only sensitive to absorption. Additionally, ensemble
measurements averages the CD signal over all possible particle orientations, whereas single
particle measurements measures the CD of a single orientation. In this section we introduce
photothermal microscopy as an optical technique that is exclusively sensitive to absorption
and therefore is well-suited to study the circular dichroism of individual nanoparticles.

cold hot

photodiode

EOM

probe 
laser

lock-in

polarizer

sample

heating 
laser

dichroic

a b

Figure 1.1: (a) Schematic photothermal setup in a reflective geometry. A red probe laser is combined with a green
heating laser by means of a dichroic element. The dichroic also serves to filter out the green light on the detection
path. The intensity of the heating laser is modulated via a combination of EOM and polarizer. (b) Photothermal
effect of a nanoparticle immersed in a liquid. When a heating beam heats the particle a thermal lens forms that
changes the probe beam’s propagation. This causes a small difference in light collection. Those small differences
can be detected by means of lock-in amplification with high sensitivity. The deviation of the probe beam upon
thermal lens formation is exaggerated.

We have established in section 1.1 that small gold nanoparticles strongly absorb light.
The absorbed energy decays mostly nonradiatively and, as a consequence, heat is produced.
The heat is subsequently released into the surrounding environment, thereby changing its
refractive index close to the particle. We call this local refractive index gradient a thermal
lens [26]. The thermal lens can be probed by a second laser, that we shall name probe beam
and whose wavelength is chosen far away from the absorption resonance of the particle to
prevent further heating. In PT microscopy we measure the change in scattering of the probe

1
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1. Introduction

beam upon the formation of a thermal lens ∂σsc/∂Pheat that is created by the absorption
of a heating beam. Therefore, we separate the residual heating photons from the collected
probe photons by means of a long pass filter. In first approximation and for small particles,
the change of collected probe photons upon heating depends linearly on the thermorefrac-
tive coefficient ∂n/∂T [27] of the surrounding medium. In general, the effect of the thermal
lens is quite small as the heat-induced refractive index change is typically on the order of
10−4/K for most liquids [28]. To make up for this small change, in PT imaging we do not
employ a CW heating scheme, but we modulate the heating beam intensity, typically at
frequencies between 50 kHz and 1MHz. This leads to a periodic variation of the thermal
lens at the modulation frequency. If we employ lock-in amplification, we can extract the
signal at that heating beam modulation frequency, thereby removing most of the 1/f noise
and achieve shot-noise-limited detection [29]. A simple version of such a PT setup, in a
reflection geometry, is depicted in figure 1.1(a). The heating beam is intensity-modulated
by a electro-optic modulator and a subsequent polarizer. The probe beam and the heating
beam are combined by a dichroic mirror and sent to the objective. A gold particle is resid-
ing close to the focus of the probe beam. When the particle is illuminated by the heating
beam, heat is created and a thermal lens forms which affects the probe beam propagation
and therefore the probe beam collection. The collected probe beam is separated from the
heating beam by a dichroic mirror (or long pass filter) and sent to a photodiode. A lock-in
amplifier referenced to the driving frequency of the EOM extracts the minute changes of
the scattered probe beam. The choice of the probe wavelength far away from the absorption
resonance allows for using large probe powers and accordingly for lowering photon noise.
When measuring the absorption of gold nanoparticles we typically use 532 nm for the heat-
ing beam, as it is close to the plasmon resonance of gold nanoparticles [30], and a probe
beam far enough red-shifted to neglect absorption effects (typically ∼780 nm). This leads
to a very low background and allows for detecting gold particles down to 1.4 nm in size [31]
or even single molecules [32]. The strength of PT imaging for studying circular dichroism
is that, in first approximation, it depends on the absorbed heating beam causing a tempera-
ture gradient and therefore is only sensitive to absorption. We will see in chapter 2 how we
can exploit photothermal microscopy, combined with polarization modulation, to study and
measure circular dichroism.

1.4. Outline of this thesis

The first two chapters of this thesis (chapters 2 and 3), focus on the development of a tech-
nique that is sensitive to differential absorption of light of opposite handedness. The tech-
nique has been developed in two steps.

In chapter 2 we examine how PT microscopy paired with polarization modulation can
be employed to perform diffraction-limited circular dichroism measurements at the single-
particle level. We discuss how to build a setup geometry in reflective mode and how to avoid
polarization artefacts induced by optical components and strongly focused light.

Chapter 3 presents a refined version of the technique introduced in chapter 2; we further
discuss artefacts inherent to the technique and how dual modulation of polarization is a
viable remedy. Furthermore we show that we can measure all absorptive properties of a
nanoparticle and that the technique can be extended to perform spectral analysis.

1
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1.5. Contribution

In chapter 4 we investigate, by correlated TEM and optical absorption imaging, on
geometric features responsible for the circular dichroism of two nanoparticle systems. We
investigated quasi achiral spherical nanoparticles and tailor-made "superchiral" plasmonic
nanoparticles.

Finally, we will see in chapter 5 that circular dichroism does not necessarily requires
chiral geometry as soon as magnetic moments are involved. By studying superparamagnetic
magnetite particles under a variable external magnetic field we show that PT CD can be used
to study the magnetic moments of nanoparticles.

1.5. Contribution

Part of the experimental work and data analysis, shown in this manuscript, has been ob-
tained in collaboration with colleagues in Leiden and research groups in Delft and Antwer-
pen. Therefore it is befitting to clarify the author’s contribution to each chapter: In chapter
2 the author designed and built the setup and performed the optical measurements. The
measurements, simulations and data analysis in chapter 3 have been entirely performed by
the author, with exception of the measurements in figure S3.7 and figure S3.5. In chapter
4 the author has performed the optical measurements. In chapter 5 the measurements and
data analysis have been entirely done by the author, with exception of the measurements in
figure S5.2 and figure S5.1.
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2
Circular dichroism measurement

of single metal nanoparticles
using photothermal imaging

Circular dichroism (CD) spectroscopy is a powerful optical technique for the study of chiral
materials and molecules. It gives access to an enantioselective signal based on the dif-
ferential absorption of right and left circularly polarized light, usually obtained through
polarization analysis of the light transmitted through a sample of interest. CD is routinely
used to determine the secondary structure of proteins and their conformational state. How-
ever, CD signals are weak, limiting the use of this powerful technique to ensembles of many
molecules. Here, we experimentally realize the concept of photothermal circular dichro-
ism, a technique that combines the enantioselective signal from circular dichroism with the
high sensitivity of photothermal microscopy, achieving a superior signal-to-noise ratio to
detect chiral nano-objects. As a proof of principle, we studied the chiral response of sin-
gle plasmonic nanostructures with CD in the visible range, demonstrating a signal-to-noise
ratio better than 40 with only 30ms integration time for these nanostructures. The high
signal-to-noise ratio allows us to quantify the CD signal for individual nanoparticles. We
show that we can distinguish relative absorption differences for right circularly and left cir-
cularly polarized light as small as gmin = 4 × 10−3 for a 30ms integration time with our
current experimental settings. The enhanced sensitivity of our technique extends CD studies
to individual nano-objects and opens CD spectroscopy to numbers of molecules much lower
than those in conventional experiments.

This chapter is based on the publication in Nano Letters 19, 12 (2019).
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2. Circular dichroism measurement of single metal nanoparticles using photothermal
imaging

2.1. Introduction

An object is chiral when its mirror image cannot be superimposed with the original object
[1, 2]. The most prominent examples of chirality are found at all scales in life, from whole
organisms to biomolecules such as DNA, most sugars as well as amino-acids, which often
occur only in one handedness [3, 4]. Chirality at the molecular level arises from the rela-
tive spatial arrangement of the constituent atoms in a molecule; the two mirror-symmetric
isomers of a chiral molecule are called enantiomers. Despite their identical chemical com-
position, enantiomers can have dramatically different biological activities, metabolism rates
and toxicities [5]. Therefore, methods for detecting molecular chirality and separating enan-
tiomers are highly relevant for drug development. The standard optical technique to study
chirality of biomolecules and biomacromolecules is circular dichroism (CD) spectroscopy
[5–7], which gives access to the handedness of a molecule and also provides insight into the
secondary structure and the conformational state of proteins [8, 9]. Circular dichroism mea-
surements amount to detecting the differential absorption cross section of the object under
study for left and right circularly polarized light,

∆σ = σL − σR, (2.1)

where σL, σR represent the absorption cross sections for LCP and RCP, respectively. The
dissymmetry factor g, defined as

g = 2
σL − σR

σL + σR
, (2.2)

gives a measure of the differential circular absorption cross section normalized by the aver-
age absorption cross section. Equation 2.1 together with basic symmetry arguments shows
that the mirror image of a chiral object presents the same absolute CD signal with the oppo-
site sign. CD measurement as a function of light wavelength gives rise to a CD spectrum.
Note that, even though the cross sections for right and left circularly polarized light may
be large, the difference is generally very small for molecules, i.e., typically g ≤ 10−3 [5].
Therefore, CD studies on molecules are carried out by measuring the signal from a large
number of molecules in ensemble-averaged experiments [9]. Because of the broad applica-
bility of CD spectroscopy in biochemistry, it is highly desirable to improve its sensitivity,
so as to analyse much smaller numbers of molecules, thereby reducing the amounts needed
for chirality studies of newly synthesized compounds or for monitoring the conformational
states of proteins.

To the chemist, chirality is a property of 3D objects which survives averaging over the
random orientations of a macroscopic solution, as happens for chiral molecules. In mi-
croscopy or nanophotonics, however, we often deal with surfaces and nanostructures [10, 11]
written by nano-lithography. Although they may be chiral in 2D (i.e., such a structure does
not coincide with its 2D image in a reflection with respect to a line in its plane), they are
not necessarily chiral in 3D because, at least in first approximation, they obviously present
reflection symmetry in their own plane. In this case, dissymmetry in absorption of LCP and
RCP light can arise from many different sources. The sample material itself can be chiral,
either because of its structure, or because of defects induced by the fabrication process. The
2D-chiral shape of the structures, while not a source of 3D-chirality by itself, can combine
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with front-back asymmetry to produce 3D-chirality. As discussed by Arteaga et al. [12],
mirror symmetry of a 2D-chiral structure can be broken by the different refractive indices
on either side of the interface, by inevitable surface roughness in sputtered or evaporated
structures, or by the illumination process itself, as incident light usually comes from only
one side of the sample. We use the term circular dichroism in this work, irrespective of the
origin of the observed dissymmetry. Here, we present our experimental approach to image
circular dichroism of single nanostructures, based on the differential detection of absorption
by the photothermal effect rather than by the conventional extinction method, thus obtaining
a photothermal circular dichroism (PT CD) image. Therefore, the plasmonic nanostructures
in the present work are models of CD-active objects and are not used to enhance optical chi-
rality signals, as proposed and realized by other groups [13, 14]. A similar approach, based
on thermal lens spectroscopy, was used on solutions by Kitamori’s group [15], and very
recently has been proposed theoretically for the study of chiral nanoparticles [16]. The pho-
tothermal version of circular dichroism achieves an improved sensitivity in the detection of
individual chiral nanostructures, as shown below, while relaxing experimental requirements
needed for polarization control on the experimental setup.

2.2. Method

Figure 2.1 shows a conceptual scheme of the technique. For clarity we show the scheme for
normal photothermal microscopy on the left-hand side and for PT CD on the right-hand side.
We illuminate the sample with a heating beam (represented in green/dark green in the figure)
that is absorbed by the nano-object under study, for example, a (2D) chiral plasmonic nanos-
tructure, here represented as a left hand. We periodically modulate the polarization state of
this heating beam between LCP and RCP at a frequency fm (figure 2.1 (b)). As the chiral
object presents different absorption cross sections for each handedness, the amount of ab-
sorbed energy differs for LCP and RCP light. The absorbed energy released as heat through
non-radiative channels will thus increase the temperature of the nanostructure and create a
non-uniform temperature distribution in the surrounding medium that will have slightly dif-
ferent amplitudes for LCP and RCP, as illustrated in figure 2.1 (b,f). This local temperature
increase creates a time- and space-dependent change in the refractive index∆n(r⃗, t) through
the thermorefractive coefficient ∂n/∂T [17–19] of the surrounding medium 1, which is of-
ten called a thermal lens [20]. A second beam, the probe (represented in red in figure 2.1 (a)
and (b)), is used to detect the strength of the thermal lens through interference between the
reflection at the substrate-medium interface and the light back-scattered by the thermal lens
[18]. The small difference in back-scattered light is detected by a lock-in amplifier at the
polarization modulation frequency fm. As the only difference upon modulation is the cir-
cular polarization state, the amplified signal will be proportional to the difference between
LCP and RCP absorption, which is exactly the circular dichroism signal we seek. Non-chiral
particles, having no difference in circular absorption cross sections, will not give rise to any
PT CD signal.

Photothermal circular dichroism builds on the well established photothermal microscopy

1In the case of large metallic nanostructures, the temperature increase can modify the structure’s optical response,
for example by shifting its plasmon resonance. Therefore, large structures themselves can significantly contribute
to the photothermal signal.
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Figure 2.1: Photothermal and photothermal circular dichroism concept. (a) Scheme of the wide-field-heating
photothermal detection of a chiral structure (illustrated as a hand) on a glass substrate. The heating beam is wide
(green) and the probe beam (red) is focused to the diffraction limit. The heating beam intensity is modulated
between on and off states at a frequency fm. Part of the absorbed power will be released as heat to the environment,
creating a thermal lens (in purple) around the absorbing object. The wavevector direction (⃗k) for both beams is
shown. (b) Scheme for photothermal circular dichroism (PT CD), where we modulate the polarization state of the
heating beam between left and right circularly polarized light (dark and light green, respectively). The thermal
lens is also created in this case (in purple). The wavevector direction (⃗k) for both beams is shown on the right. (c)
Time evolution of the heating power for the intensity-modulated photothermal microscopy, following the intensity
modulation pattern at fm. (d) Time evolution of the heating power for the polarization-modulated photothermal
microscopy. In this case the heating power is constant and the only change is the polarization state. (e) Time
evolution of the absorbed power by the nanostructure under study for the intensity-modulated photothermal case.
Naturally, when the heating power is zero, the absorbed power is null. (f) Time evolution of the absorbed power by
the nanostructure under study for the polarization-modulated photothermal case. Since it is a chiral structure, the
absorbed powers for LCP and RCP are different.

to detect absorbing nanoscale objects such as plasmonic nanoparticles [17, 20–22], single
conjugated polymer molecules [23] and even single small absorbing molecules at room tem-
perature [24], and combines it with the enantioselective signal provided by circular dichro-
ism.

Experimental setup. Sensing circular dichroism requires precise control of the polar-
ization state. For that reason, great care must be taken with the illumination scheme and
the choice of optical components. We implemented the concept of photothermal circular
dichroism on a home-made optical microscope using a wide-field heating beam at a wave-
length of 532 nm and a tightly focused probe beam at 780 nm. In this way, we still obtain
diffraction-limited spatial resolution through the tightly focused probe beam, whereas the
polarization of the heating beam is easily controlled thanks to its low numerical aperture
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(NA ∼ 0.025, corresponding to a spot diameter of 10 µm).
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Figure 2.2: Photothermal circular dichroism setup. Implementation of the PT CD microscope using a 532nm-
wide-field heating beam and a tightly focused probe beam at 780nm. The polarization modulation is achieved
using an electro-optical modulator (EOM), leading to an alternatingly vertical and horizontal linear polarization
state (the EOM acts as a zero and half-wave plate at 45 degrees with respect to the incoming polarization). A
quarter-wave plate (λ/4) transforms these states into LCP and RCP light. The removable polarizer is added to
achieve intensity modulation, i.e. conventional photothermal imaging. The wide-field lens focuses the heating
beam in the back-focal plane of the objective to obtain wide-field illumination of the sample. The probe beam from
a Ti:Sapphire laser is combined with the heating beam using a 50/50 beam splitter tilted by a small angle (5◦). The
detector (PD) is a fast photodiode with variable amplification. A long-pass filter (750LP) prevents direct detection
of the heating beam. The generated signal is filtered by the lock-in amplifier set to the modulation frequency fm
created in the function generator and amplified to feed the EOM.

Figure 2.2 depicts a schematic representation of the microscope. The wide-field heating
ensures a high-quality circular polarization state reaching the sample. This configuration is
also less sensitive to possible lateral shifts in the heating beam due to mechanical drifts, thus
improving stability. The heating and probe beams are combined via a non-polarizing beam
splitter that is placed at a small angle (about 5◦) with respect to the heating beam to minimize
the incidence angle’s effect on the polarization state of the heating beam. We implemented a
backward-detection for photothermal imaging, where the backscattered probe beam is sent
to a fast photodetector (PD), and we suppressed noise efficiently with a lock-in amplifier. We
used the an optical configuration, consisting of a polarization beam splitter and a quarter-
wave plate to maximize the collection of photons scattered at the thermal lens [19]. We
want to emphasize here that, despite the wide-field illumination of the heating beam, this
technique is still confocal since the probe beam is focused tightly on the sample. To obtain
an image, we scan the sample with a translation stage while the overlap of the two beams
remains constant.

To implement photothermal circular dichroism, we need to modulate the heating beam’s
polarization between RCP and LCP. To this end, we use an electro-optical modulator (EOM)
to rotate the incoming linear horizontal polarization by 90 degrees, at frequencies∼100 kHz.
We set the EOM principal axis at 45 degrees with respect to the horizontal and we apply a
square modulation of the EOM voltage between the zero-wave plate (V0) and half-waveplate
(Vπ) values. Thus, after the EOM we have an alternating vertical (V) - horizontal (H) polar-
ization state. Down the beam path, we use a quarter-wave plate with its axis at 45 degrees to
transform these two orthogonal linear states into LCP and RCP, respectively. Additionally,
we can add a linear polarizer directly after the EOM to perform conventional, intensity-
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modulated photothermal imaging. More details about the experimental setup can be found
in the Supporting Information of this chapter.

2.3. Results and discussion

As a model system for photothermal circular dichroism on single particles we prepared a
sample containing 2D nano-structures of either handedness, presenting circular dichroism
resonances in the visible range. The sample consists of an array of 2D-chiral gold nanostruc-
tures on a glass substrate in the form of gammadions, which present a strong chiral response
in the visible due to the presence of plasmonic resonances [25, 26]. These structures are
convenient to test circular dichroism measurements because their fourfold symmetry (C4)
implies that the linear dichroism ideally vanishes, provided the axis of rotational symmetry
is oriented along the optical axis (as is the case presented here). Additionally, they can be
easily fabricated in (2D) right- and left-handed versions. Note again that the design is based
on the two-dimensional chiral character of the gammadions and that several effects can con-
tribute to the circular dichroism signal, as discussed above [12, 27]. As an extra check, we
also fabricated achiral structures with a similar shape.

R-handed L-handedAchiral

z

x

y

Figure 2.3: Handedness of gammadions. Definition of the L- and R-handed structures based on their geometrical
shape. The structures are supported by a glass substrate. We also show the coordinate system used for clarity.

We name our structures based on the geometrical properties: we call a gammadion
"right-handed" if its arms point clockwise and "left-handed" if they point counter-clockwise,
when we look at them from the top, which is defined such that the structures sit on top of
the glass substrate. In figure 2.3 we show a scheme of the structures on the glass substrate,
seen from the air side (above). This is a perspective view from the same side as used for
the SEM images (see figure 2.4 (a) and (b)), but note that in the optical measurements we
illuminate the structures from the bottom (from the glass substrate). For the wavelengths
and structures used in this experiment, the left-handed enantiomer leads to a positive CD
signal, as shown in figure 2.12.

2It is also important to note the convention used to define our polarization state. We follow the convention used
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We fabricated an array of alternating right-handed, achiral and left-handed structures,
as shown in the scanning electron microscopy images in figure 2.4 (a) and (b). In the Sup-
porting Information we provide more details about the geometrical design of each type of
structure and their locations in the array. With this array, we can measure the three types
of structures in the same optical image and thus in the same experimental conditions. We
embedded the structures in toluene to have a strong photothermal response (thanks to the
high thermorefractive coefficient of toluene).

Figures 2.4 (c), (d) show conventional photothermal images of the whole array of struc-
tures under intensity modulation of the heating beam (c) and a higher-resolution image of
the bottom right part of the array, (d). The intensity in these images is normalized to both
the heating and pump intensities, deduced from powers and beam areas (Ah 78 µm2 and Ap

∼0.196 µm2, respectively), to allow for comparison of images recorded under different con-
ditions. Photothermal images taken with circularly polarized light show different intensities
from different structures due to the two different absorption cross sections of the three type
of structures, chiral (right- or left-handed) or achiral, at the heating wavelength 532 nm. Fig-
ures 2.4 (e) and (f) depict the photothermal circular dichroism images of the same areas as
(c) and (d), where we clearly observe contrast for the right- and left-handed structures, with
opposite signs, and hardly any signal from the achiral structures, demonstrating the desired
enantioselectivity of the technique. We note that the signal-to-noise ratio (SNR) for the PT
CD images is excellent, in the order of 40 with only 30ms integration time in the lock-in am-
plifier and with moderate intensities used for imaging. For example, when we take the signal
of the top left structure of figure 2.4 (f) and we average the pixels corresponding to the size
of the point-spread function we obtain a signal Sstru = −(1.53 ± 0.01)10−2 mVmW−2,
while the standard deviation with the same number of pixels outside any structure gives
N = (3.8 ± 0.1)10−4 mVmW−2, so the signal-to-noise ratio for this specific structure is
Sstru/N = SNR ∼ 45. We note that the value for the noise mentioned above is similar to
the value we measured when we turned off the heating laser and performed an image only
with the probe laser. This is a significant improvement in sensitivity for detecting circular
dichroism of individual chiral nanostructures with respect to the extinction-based detection
schemes, in which a SNR ∼ 10 is typically obtained when using a 1 s integration time on
the resonance of similar gold nanostructures [26].

It is important to note that the imaging conditions for this sample are not optimized.
First, the heating beam at 532 nm is not in resonance with the strongest CD resonance of the
structure in the visible range, located at ∼700 nm according to our numerical simulations.
Second, due to the non-negligible absorption at that wavelength, the probe laser intensity
at 780 nm had to be kept low (Ip = 0.76 mW/µm2) to avoid boiling the surrounding liq-
uid, and reshaping of the structures at still higher powers. For the numerically calculated
absorption spectra and g-factor, please refer to the Supporting Information. The photother-
mal circular dichroism images in figure 2.4 (e) and (f) are proportional to the numerator
of the dissymmetry factor g (defined in equation 2.2), while the photothermal images (c)
and (d) are proportional to σL, since we used an intensity-modulated heating beam with left
circular polarization to take those photothermal images. Thus, we can use the signals from

by Jackson [28], where an observer facing the incoming plane wave with left circularly polarized state sees a
counter-clockwise rotation. This corresponds to the tip of the electric field vector tracing out a left-handed helix
(positive helicity).
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Figure 2.4: Chirality-sensitive photothermal imaging. (a) Scanning electron microscope (SEM) image of a
9 × 9 nano-gammadions array. From the 81 nanostructures, 20 are left-handed, 21 right-handed and 40 achiral.
The distance between the individual nanostructures is 4 µm in both directions. (b) Higher resolution SEM image
of the bottom right part of the array (the dashed rectangle in (a) shows the area for this image). Detailed images
of the structures are shown in the dashed boxes, right of each structure. The scale bars are to show the average
distance between two gammadions and the average size of the individual gammadions. (c) Photothermal (PT)
image of the complete array, displaying the signal of each structure. We normalized the image with the heating
power (Ph∼9mW) and the probe power (Pprobe∼150 µW). (d) Higher resolution photothermal image of the
area shown in (b). (e), (f) Photothermal circular dichroism (PT CD) images of the areas in (a) and (b), respectively.
We also normalized the images using the heating and probe powers. These images show a clear change of sign in
the signal, following the chirality of the nanostructures. As expected, the nominally achiral structures show nearly
zero signal. Note that the optical and SEM images cannot be overlapped because they are observed from different
sides of the interface.

these images to calculate g for every structure fabricated. For this, we averaged the signal
from 3 × 3 pixels centred at the maximum signal of each bright spot on figure 2.4 (c) and
(e). Since we have correlated optical and geometrical information of our structures, we can
distinguish structures with the same handedness: right-handed, left-handed and achiral (the
top right, top left and top centre structure in figure 2.4 (b), respectively), and analyze their
PT CD signals.

Figure 2.5 (a) shows the results for the g-factor of the 81 structures in the array correlated
with their respective photothermal signals, using different colors and symbols for the three
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(a) (b)

Figure 2.5: Chirality-sensitive signal analysis. (a) Dissymmetry factor g vs. photothermal signal for the 81
nanostructures, separated by groups according to the handedness. The inserts show the corresponding handedness
for each group. We observe that the data for each group are clustered together and present some dispersion, pre-
sumably due to fabrication imperfections. (b) Histograms of g-factors for the three types of structures. We can
clearly see different distributions, showing our ability to distinguish chiral and non-chiral structures. The mean
g-factor for each group of nanostructures is shown in the figure as dashed horizontal lines. We assign the width of
these distributions mainly to fabrication imperfections.

groups. We observe a clear separation of these groups according to their signals: we ob-
tain positive values for left-handed structures (violet squares), negative values for the right-
handed structures (green triangles) and values close to zero for most achiral structures (black
dots). Every structure may have its particular fabrication imperfections which give rise to
the observed distribution of g-factors, in addition to, but without clear correlation with, the
size and shape variations responsible for the dispersion in photothermal signals. The his-
tograms for g-factors are shown on figure 2.5 (b). The mean values of these distributions
correspond to gL = (3.9±0.2)×10−2, ga = (3±3)×10−3 and gR = −(3.3±0.2)×10−2

for left, right and achiral structures, respectively. Despite the fabrication fluctuations, the
obtained mean values for the distributions are as expected from the handedness of the struc-
tures. Moreover, they are in agreement within a factor of 2 with the values obtained using
numerical simulations for the ideal gammadions, which give gL ∼ 0.061 at 532 nm for
the left-handed structure. The Supporting Information (section 2.5) provides the full spec-
tra and more details on the numerical simulations. The difference between simulated and
measured data may be attributed to fabrication imperfections of the structures. In addition
to measuring circular dichroism, we can easily modify our experimental setup to measure
linear dichroism (LD) in any desired frame of two orthogonal axes. It suffices to exchange
the quarter-wave plate for a half-wave plate to rotate the vertical and horizontal polarization
states after the electro-optical modulator to the desired axis. We call this photothermal lin-
ear dichroism (PT LD). It is well known that LD is usually much stronger than CD. We thus
performed a set of LD measurements on the same gammadions shown in figure 2.4 (b) in
two different directions: 0, 90 degrees (modulation V-H, i.e. without any waveplate after the
EOM) and 45, 135 degrees. Although both signals should vanish for perfect gammadions,
we observed non-zero LD. We attribute this LD to the imperfections in the nanofabrication.
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For the detailed experimental results, refer to the Supporting Information.
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Figure 2.6: Circular dichroism of individual nanospheres. (a) Photothermal (PT) image showing several gold
nanoparticles, diameter 100nm, on glass. Note the high uniformity of the spots in shape and intensity. (b) Pho-
tothermal circular dichroism (PT CD) image of the area shown in (a). Although most particles show low chirality
signals, two particles have high negative (upper left corner) or positive (upper right corner) chiral signals. The g
values for them are −0.83% and 1.82%, respectively. Dashed circles are guides to the eye.

As a next step, we prepared a sample with gold nanospheres of 100 nm diameter dis-
persed on a glass substrate and again we immersed this sample in toluene. Figure 2.6 (a)
shows a photothermal image and (b) the corresponding photothermal circular dichroism im-
age. In this case, as the plasmonic resonance of the spheres is around 550 nm, the imaging
conditions are close to optimal: we used a high intensity of the heating beam (heating power
PH =16mW) that is efficiently absorbed, and at the same time we increased the probe in-
tensity to Ip = 5000 kW/cm2. Because of the low absorption of the nanospheres at 780 nm,
this larger probe intensity did not lead to significant heating. The calculated temperature
increase at the probe power is 16K. Therefore, we were more sensitive to chirality in these
experimental conditions than in the experiments on gammadions.

We observe that many particles show a dim signal, close to zero, as expected for achiral
structures such as spheres. However, some particles show a strong signal, either positive
or negative (see two examples in Fig. 2.6 (b)). We also performed High-Angle Annular
Dark-Field Scanning Transmission Electron Microscope (HAADF-STEM) imaging of gold
nanospheres to obtain information about morphology and the crystalline structure of the
particles. We found that some particles show defects in their crystalline structure and are
non-spherical in shape (see Supporting Information for the images and more details). We
therefore assign the chirality signals to the non-spherical shape and defects of nanospheres.
We cannot assign the strong chirality signals to residual aggregates of nanospheres, as the
photothermal signals of all particles are very uniform, indicating single nanospheres of very
similar dimensions and ruling out dimers or higher aggregates. A correlation plot of pho-
tothermal signals and g-factors and the histograms of photothermal signals and g-factors for
many single gold nanospheres are shown in the Supporting Information (figure S2.9).

To further test the influence of linear dichroism in the sample on our PT CD signal, we
measure both PT CD and PT LD on the sample of gold nanospheres. We observed a LD
signal approximately 10 times bigger than the CD signal with no clear correlation showing

2

20



2.4. Conclusion

that the cross talk of LD into our signal is smaller than 10%. More details about this set of
measurements can be found in the Supporting Information.

2.4. Conclusion

In summary, we presented an optical method, photothermal circular dichroism, that enables
us to measure the chirality of absorbing nanostructures with unprecedented signal-to-noise
ratio. We experimentally showed the enantioselective character of the signal by imaging
right- and left-handed plasmonic structures with quantifying dissymmetry factors g ∼ 0.04,
measured with a signal-to-noise ratio of up to 40. From estimated errors in the factors
measured, we believe we could measure dissymmetry factors as small as gmin = 0.004,
which approaches the orders of magnitude needed to study biological molecules in small
quantities.

Photothermal circular dichroism extends the capabilities of circular dichroism due to
the increased sensitivity, extending the applications of the technique to smaller quantities of
analytes or shorter experiment times. Our results demonstrate several advantages of pho-
tothermal circular dichroism. First, as our detection scheme relies on measuring the local
temperature increase of the nanostructure under study due to the absorption of heating pho-
tons of a controlled polarization, the polarization state of the probe light scattered by the
thermal lens is irrelevant. We only need to control the polarization state of the heating beam
carefully. This is in contrast to the extinction [26] or scattering-based [29, 30] detection of
circular dichroism, where the polarization state of the complete beam path has to be carefully
controlled. Second, since we are imaging with a photothermal-based technique, our signal
can be optimized as reported earlier for photothermal signals [19]. With available tunable
laser sources for the heating beam, photothermal circular dichroism can also be extended to
circular dichroism spectroscopy.
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2.5. Supplementary information

2.5.1. Details of the experimental setup

The schematic of our photothermal circular dichroism setup is shown in figure 2.2. Here,
we explain all the components in detail. We used a Coherent Verdi laser (Model: V10-
A0366, wavelength of 532 nm) as a heating beam which was passed through an electro-
optical modulator (EOM) from Qioptiq (Model: LM0202) for modulating between two or-
thogonal linear polarizations. The modulation frequency was set by a function generator
(from Tektronix, Model: AFG3102) which sends the signals to a digital amplifier (from
Qioptiq, Model: DIV20) to amplify the signal before sending it to the EOM. The func-
tion generator sends the same signal also to the lock-in amplifier (from Stanford Research
Systems, Model: SR844) as a reference signal. For Koehler-like illumination a lens with
focal length of 50 cm was used to focus the heating beam at the back focal plane of an oil-
immersion objective (from Olympus, PLAPON, 60X, NA = 1.45) and to illuminate the back
focal plane of the objective with low numerical aperture (NA ≈ 0.025 which corresponds to
a diffraction-limited spot of 10 µm diameter). A quarter-wave plate (Thorlabs) was used to
convert the linear polarization to circular and thus, we modulated the heating beam between
left and right circular polarization to measure photothermal circular dichroism. The polar-
ization state of light was analysed using a polarization analyser (Schaeffter and Kirchhoff
SK010PA-VIS).

A non-polarizing 50/50 beam splitter (Thorlabs) was used to transmit the heating beam
and to reflect the probe beam. The collimated probe beam (Ti-Sapphire laser from Spectra-
Physics, wavelength 780 nm, Model: 3900S) was focused by the objective in the focal plane.
To detect the back-scattered probe beam signal efficiently, we used a combination of polar-
izing beam splitter (PBS) and quarter-wave plate. The back-scattered probe signal was then
filtered out from the heating beam by using a long-pass (750 LP) filter and focused into a
photodiode (PD) from Femto (Model: DHPCA-100-F, with an amplification of 106) using a
lens of focal length 7.5 cm. We note that the reported laser powers are measured just before
the oil-immersion objective. The photodiode signal was then sent to the lock-in amplifier as
an input signal. A flippable polarizer was used to switch between normal photothermal and
photothermal circular dichroism measurements. For normal photothermal microscopy, we
inserted a polarizer after the EOM to achieve intensity modulation and for the photothermal
circular dichroism, we removed the polarizer to keep the modulation between left and right
circular polarizations. To obtain an image, we scan the sample by translating the sample
stage using a piezo stage (PI P.611.3.5 Nanocube) while keeping the overlap between the
heating and probe beams constant.

2.5.2. Sample design and preparation

We designed a sample that contains an array of alternating structures following the pattern
showed in figure S2.1 (left). We have three types of structures: left (L), right (R) and achiral
(A). The individual designs and dimensions of these structures are shown in figure S2.1
(right); all the structures have a height of 70 nm.

The sample with the array of nanostructures was prepared using e-beam lithography and
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lift-off. First, glass coverslides were cleaned by sonication in acetone and then in isopropanol
for 5 minutes. Next, the coverslides were coated with PMMA e-beam resist in the following
steps: 1) Dehydration of the glass slide surface by baking on a hot plate at 180 ◦C for 5
minutes, 2) Spin coating PMMA 950K, dilution 6% in anisole at 4000 rpm, which results in
300 nm layer thickness, 3) Baking the glass slide for 5 min at 180 ◦C. After spin-coating, the
samples were coated with 15 nm of Cr using Temescal FC-2000 e-beam evaporator. This
sacrificial layer of Cr serves to prevent charging effects on glass during e-beam patterning.
The pattern was written using e-beam (Raith EBPG 5000+) with a beam step size of 1 nm
and a dose of 2000µC/cm2, which was found to be optimal through a dose test. Follow-
ing the exposure, the Cr layer was stripped by wet etch in TechniEtch Cr01 (MicroChem)
for 25 s and the sample was rinsed with deionized water. The pattern was developed by
submerging the sample for 1 minute in a mixture of MIBK (methylisobutylketone) and IPA
(isopropanol) (1:3 v/v) and further submerging into IPA for 1 minute. Finally, 70 nm of
gold was evaporated onto the sample using a Temescal FC-2000 and followed by a lift-off
procedure (10 minutes in n-methylpyrrolidone at 80 ◦C). The sample was then rinsed with
acetone and IPA and spin-dried at 2000 rpm. After nanofabrication we prepared the sample
for the optical measurements. We sandwiched the sample with a second cavity glass slide
(Menzel number 1.5) to provide space for a liquid. We chose toluene as a liquid medium be-
cause it provides a high thermorefractive coefficient (∂n/∂T = −5.68× 10−4 K−1) which
is essential for PT imaging [19]. After optical imaging, the sample was sputtered with 5 nm
of platinum to make it conductive for proper imaging under a scanning electron microscope
(SEM). SEM images are shown in figure S2.4
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Figure 2.1: Design of the checkerboard sample. (Left) Array design, showing the alternation of the three types
of structure: left (L), right (R) and achiral (A). (Right) Detail of the design of each type of structure. The height
of the structures is 70nm.
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2.5.3. Numerical simulations

We performed numerical simulations to calculate the absorbed power for right and left circu-
larly polarized light by the idealized gammadions structures on a glass substrate embedded
in toluene. The dimensions used for the simulations are the ones depicted in figure S2.1
on the right, with a height of 70 nm. We used the commercial FDTD software Lumerical
with a total-field scattered-field source [31] to simulate the plane wave heating laser and we
calculated the absorbed power by the structures as

Pabs = −1

2
ω|E|2ℑ(ϵ) , (2.3)

(a) (b)

(c)

Figure S2.2: Absorption and g-factor numerical results for ideal gammadions. (a) Normalized absorbed power
for a single left-handed gammadion structure (shown in the inset) on a glass substrate embedded in toluene. Note
that the structure is now seen from the glass side and corresponds to the definition of figure 2.3 as left-handed. The
absorption for LCP is higher than for RCP. (b) Normalized absorbed power for the right-handed gammadion struc-
ture (shown in the inset) on a glass substrate embedded in toluene. For this right-handed structure, the absorption
for RCP is higher than for LCP. (c) Dissymmetry factor g as defined in equation 2.2 for both structures. Addition-
ally we show the achiral structure, showing null chirality, as expected from symmetry arguments. The vertical lines
in the plots correspond to the heating wavelength, 532nm (in green), and the probe wavelength, 780nm (in red).
The absolute value of g at the heating wavelength is ∼ 0.061.
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where ω is the frequency of the incoming wave, E is the electric field in the structure and
ℑ(ϵ) represents the imaginary part of the permittivity [32]. Note that this is calculated for
every voxel in the simulation and then integrated over a 800 nm×800 nm×800 nm volume
to calculate the total absorbed power for each illumination conditions. We also calculated
the absorption cross section of the gammadions at 532 nm, obtaining 2.2× 104 nm2. In the
simulation, we place the R or L gammadions made of gold on a glass substrate. For the gold
structure we took the dielectric function built in the software (Gold (Au) - CRC) [33] and
the one of glass from Palik [34]. The refractive index of toluene was taken from the work
by Kedenburg et al. [35].

We excite the structure with a plane wave coming from the substrate side, using left
and right circularly polarized light (equivalently to what we do experimentally) and for each
case we calculate the absorbed power normalized by the incident power Pabs/Pinc. Figure
S2.2 (a) shows the obtained spectra for both circular polarizations states for the left-handed
structure and figure S2.2 (b) for the right-handed structure. Note that the former absorbs
more when excited with LCP and the opposite situation holds for the latter. The vertical
lines show the locations of the heating beam (green) and the probe beam (red), for reference.

Figure S2.2 (c) shows the dissymmetry factor spectra g(λ) for both structures. Naturally,
they only differ in the sign, being positive for the L structure and negative for the R structure
in the studied range. For completeness we also simulated the achiral ideal structures, that
exhibit null dissymmetry factor. Note that the calculated value for the dissymetry at the
heating wavelength is g ∼ 0.061. We also checked that the g-factor values flip sign when
we repeat the simulation with an exciting wave coming from the solvent side (we changed the
wavevector from k⃗ ∝ +ẑ to k⃗ ∝ −ẑ). This is the expected behaviour since the gammadions
seen from the opposite side will have the opposite handedness.

2.5.4. Measurement of linear dichroism on gammadions

Linear dichroism is defined as the differential absorption between two orthogonal linear
polarizations states:

LDˆ⃗n = σ∥ − σ⊥, (2.4)

where σ∥ and σ⊥ represent the absorption cross section for a polarization state parallel and
perpendicular to a direction given by the vector ˆ⃗n, respectively. We performed different
measurements of photothermal LD in the horizontal direction, by modulating the incoming
polarization state of the heating beam between linear horizontal and vertical polarization
states. To achieve this we removed the quarter-wave plate from the setup. We also measured
with respect to the diagonal state (rotated 45◦), obtained by adding a half-wave plate. The
reason for doing these two types of polarization modulations is to obtain full information
about the linear dichroism signals. Figure S2.3 shows the photothermal LD images of the
same gammadion structures as shown in figure 2.4(b). We clearly see non-zero linear dichro-
ism signals, of similar order but stronger than circular dichroism signals. We attribute this
to the fabrication imperfections in the sample, which break the symmetry of the structures.
As figure S2.3 (d) shows, there is no obvious correlation between LD and CD.
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(a)

(c) (d)

(b)

C

Figure S2.3: Linear dichroism measurements of the gammadion sample. (a) Photothermal circular dichroism
image of 9 gammadions (the same as shown in figure 2.3 (b) and (d)). (b) Photothermal linear dichroism image of
the same area as (a), with horizontal-vertical modulation (90◦ and 0◦). (c) Photothermal linear dichroism in the
diagonal direction, i.e. polarization modulation between 45◦ and −45◦. (d) Correlation plot of the PT CD and PT
LD.

2.5.5. Characterization of nanospheres shape and size

We studied in detail the morphological characteristics of the nanospheres used for the opti-
cal imaging by performing High-Angle Annular Dark-Field Scanning Transmission Electron
Microscope (HAADF-STEM) imaging on a dispersion of such nanoparticles. The HAADF-
STEM images were acquired using a Thermo Fisher Scientific Tecnai Osiris microscope op-
erated at 200 kV with a 50 pA beam current and a frame time of 6 s. All tomography series
were acquired by taking projection images over an angular range of ±75◦ with a tilt incre-
ment of 3◦ with a frame time of 6 s. After alignment of the projection images by using a cross
correlation, the stacks of aligned projection images served as inputs for 20 iterations of the
expectation maximization reconstruction implemented in the ASTRA toolbox [36]. Figure
S2.4 shows representative HAADF-STEM images of gold nanospheres from the same syn-
thesis batch at different resolutions. In figure S2.4 (a) we present a zoom on the remarkably
non-spherical particles, marked with an arrow. In figure S2.4 (b) we zoom in further and
again present in the rectangles a closer image of a few non-spherical particles. Figures S2.4
(c) and (d) depict higher resolution images where the facets of some of the nanoparticles im-
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Figure S2.4: HAADF-STEM images of gold nanospheres. (a) Large area scan to provide an overview of many
nanoparticles. The rectangles contain a zoomed image on the particles marked with arrows, where non-spherical
shape is clearly observed. (b) Image of a different area of the sample, with higher magnification than in (a). Again,
we show in the rectangles a zoom on the particles marked with arrows. (c) Higher resolution image of a cluster
of nanoparticles. The arrows depict the particles with the strongest deviation from spherical shape. (d) Closer
look on another cluster of particles, where the arrow now depicts a particle with defects in the crystalline structure.
Most particles exhibit faceted spherical-like shapes. However, a fraction of the nanospheres are anisotropic and/or
exhibit crystal defects as evident from the contrast difference. Examples of such particles are marked by arrows in
the images. The scale bars are shown in each panel.

aged can be clearly appreciated. The arrows point to the non-spherical shaped nanoparticles
we found. In addition, the arrow in figure S2.4 (d) shows a particle with defect in the crys-
talline structure. From the 2D images it can be observed that most nanospheres are isotropic.
However, some nanospheres display lattice defects or are anisotropic. The defects are most
likely twin boundaries as evident from the contrast difference in the HAADF-STEM images
for such particles. Because the displayed images are only 2D projections of the real 3D
object, we also performed electron tomography to obtain the 3D shape of a characteristic
nanosphere. In addition, we quantified the size distribution of our sample of nanoparticles
by extracting the measured the radius from STEM images. The obtained histogram is de-
picted in figure S2.5. While the nominal radius given by the manufacturer (Nanocomposix)
is 100 nm we measured an average value of 94 nm.

2.5.6. Does linear dichroism influence photothermal circular dichroism?

In order to characterize the crosstalk in our photothermal circular dichroism signal with
linear dichroism, we measured both circular dichroism and linear dichroism of the same
nanoparticles, characterized in the previous section. Figure S2.6 shows photothermal, pho-
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Figure S2.5: Size distribution of the nanoparticles from HAADF-STEM. The particle sizes are calculated from
35 single particles from the images shown in figure S2.4 (b). The average particle size is 94nm with a size
dispersion of 3%.

tothermal circular dichroism and photothermal linear dichroism signals of single 100 nm
gold nanospheres. The value of the nanosphere size is 100 nm provided by the manufac-
turer, however the average particle size calculated from STEM image is rather 94 nm (see
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Figure S2.6: Circular dichroism and linear dichroism measurements of gold nanospheres. (a) Photothermal
(PT), (b) photothermal circular dichroism (PT CD), (c) photothermal linear dichroism (PT LD) with 90◦ and 0◦

(horizontal-vertical) polarization modulation and (d) photothermal linear dichroism (PT LD) with −45◦ and 45◦

(diagonals) polarization modulation. Dashed circles are drawn to show single particle spots. The left-most particle
is probably an aggregate and marked with a dashed square box. The arrows show the direction n⃗ for the LD.
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figure S2.5). Note that the colour scale in photothermal circular dichroism and photother-
mal linear dichroism images are 100 times and 10 times smaller than PT image, respectively.
Most particles show weak circular dichroism but strong linear dichroism signal. This indi-
cates that there is little crosstalk between the photothermal circular dichroism signal and
linear dichroism. We attribute the linear dichroism signal of nanospheres to shape and crys-
tallinity imperfections of individual nanoparticles. All the images of PT CD and PT LD
of gammadions and gold nanospheres are X channel signals of lock-in to show phase in-
formation. We chose X channel signal instead of Y channel because at our measurement
modulation frequency, most nanostructures or nanoparticles show in-phase signals.

2.5.7. More measurements of circular dichroism of gold nanospheres

We measured photothermal (PT) and photothermal circular dichroism (PT CD) of single
100 nm gold nanospheres deposited on a glass substrate. The images for two different areas
in both imaging modes are shown in figure S2.7. Most particles show weak photothermal
circular dichroism signals and are distributed between positive and negative PT CD signals.

PT
 [
μ
V
/m

W
2
]

0

20

40

60

80

PT
 [
μ
V
/m

W
2
]

0

20

40

60

80

2.5  m�

PT
 C

D
 [
μ
V
/m

W
2
]

0

0.05

-0.05

PT
 C

D
 [
μ
V
/m

W
2
]

0

0.05

-0.05

(a) (b)

(c) (d)

Figure S2.7: Circular dichroism measurements of gold nanospheres on glass. (a) Photothermal (PT) image
of an area showing many nanospheres. Note the small dispersion in PT intensities, showing a remarkably small
dispersion in size for the nanoparticles. (b) Photothermal circular dichroism (PT CD) of the same area as (a). (c)
Photothermal (PT) image of a different area of the sample, showing more nanospheres. (d) Photothermal circular
dichroism (PT CD) of the same area as (c). The solid circles are drawn to show correlative image spots between
PT and PT CD images and to show which particles are considered for the correlation and histogram analyses.
Extremely bright particles (marked with solid square boxes) in the photothermal image are probably aggregates
and were ignored for the analysis. We also ignored the particles which are on the edge of the scan for the analysis.

We calculated the g-factor by averaging the signal of 3×3 pixels at the maximum inten-
sity for each spot in the images, excluding exceptionally bright spots in both photothermal
and photothermal circular dichroism images, which are assigned to clusters of nanoparticles.
We used equation 2.2 for the g-factor definition. A correlation plot of g-factor and photother-
mal signal of 59 single gold nanospheres is shown in figure S2.8 along with corresponding
histogram of g-factors. Most particles show g-factors less than 1% and normally distributed
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between positive and negative signals, with a small mean value of 0.16% (which may be
the experimental bias). For a perfect spherical particle, photothermal circular dichroism is
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Figure S2.8: Histogram of PT and PT CD of gold nanospheres on glass. Correlation plot of measured g-factor
and photothermal signal and histograms of photothermal signal and g-factor. The histogram of photothermal signal
looks narrow, which is consistent with the histogram of particle sizes shown in figure S2.5. The dispersion in par-
ticle size is 3% and the dispersion in photothermal signal is 18%. The distribution of photothermal signals follows
from the distribution of particle sizes, and from the dispersion in orientations and shapes of the nanoparticles (as
we see in figure S2.4). Most particles show g-factors less than 1%. The mean value of g-factor is 0.0016.

expected to be null. However, a fraction of particles in our measurements are non-spherical
in shape and have defects in their crystal structure as we see from the STEM images in fig-
ure S2.4. We therefore attribute the observed photothermal circular dichroism signal to the
particle’s shape and defects. To understand in detail how the particle shape and defects play
role in the photothermal circular dichroism signal, a careful correlated optical and TEM-
tomography should be performed, which is outside the scope of this work.

2.5.8. Line profiles of PT and PT CD signal of gold nanospheres

To further characterize our PT-CD microscope, we present here representative cross sections
from our optical images when the object imaged is smaller than the diffraction limit, i.e. we
show a linear profile of the point-spread-function (PSF) of our microscope. The line profiles
of PT and PT CD signals of two gold nanospheres are shown in figure S2.9. The point-spread
functions of both PT and PT CD signal look similar except for some wrinkles appearing as
side bands in PT CD profile. These wrinkles are attributed to low signal-to-noise ratio in
PT CD signal.
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Figure S2.9: Line profiles of PT and PT CD of gold nanospheres. Line profiles of PT and PT CD signal of two
gold nanospheres. (Left) the line profiles of the top left particle in figure 2.6 (a), (b) and (right) the line profiles
of the top right particle in figure 2.6 (a), (b). Please note the color of the PT CD line profiles (same color as in
figure 2.6 (b)). For the particle with negative PT CD signal, the line profile is shown with absolute values. All line
profiles are normalized by the maximum peak signals.

2.5.9. Temperature increase due to absorption of the heating and probe
beams

The (local) increase in temperature of a nanostructure due to light absorption in the steady
state case for a sphere can be calculated as

∆T =
Pdisp

4πκR
, (2.5)

where Pdisp is the power dissipated by the nanosphere, κ is the average thermal conductivity
of the medium and the glass substrate (κ = (κmedium + κglass)/2) and R is the radius of
the nanosphere [37]. With our experimental parameters, we obtained ∆Tsphere of 8K and
16K at the heating and probe powers, respectively.

When the structure is not spherical in shape, as it is for our gammadions, there is no
simple expression to calculate the temperature increase. However, a common approach for
other nanostructure shapes is to use equation 2.5 replacing the radius R with a fictitious
radius RL that can be calculated for different geometries [37]. Thus, we used RL =200 nm
in this equation to approximate the increase in temperature, obtaining 11.7K and 97.5K
at the heating and probe powers, respectively. The boiling temperature of toluene (393K,
or 120 ◦C, taking surface tension into account) provides an upper bound for the maximum
temperature reached by the gammadion.
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3
Photothermal circular dichroism
of single nanoparticles rejecting

linear dichroism by dual
modulation

Circular dichroism (CD) is the property of chiral nanoobjects to absorb circularly polar-
ized light of either handedness to different extents. Photothermal microscopy enables the
detection of CD signals with high sensitivity and provides a direct absorptive response of
the samples under study. To achieve CD measurements at the single-particle level one must
reduce such artefacts as leakage of linear dichroism (LD) and residual intensity modulation.
We have simulated our setup with a simple model, which allows us to tune modulation pa-
rameters to obtain a CD signal virtually free from artefacts. We demonstrate the sensitivity
of our setup by measuring the very weak inherent CD signals of single gold nanospheres. We
furthermore demonstrate that our method can be extended to obtain spectra of the full ab-
sorptive properties of single nanoparticles, including isotropic absorption, linear dichroism
and circular dichroism. We then investigate nominally achiral gold nanoparticles immersed
in a chiral liquid. Carefully taking into account the intrinsic chirality of the particles and its
change due to heat-induced reshaping, we find that the chiral liquid carvone surrounding the
particle has no measurable effect on the particles’ chirality, down to g-factors of 3×10−4.

This chapter is based on the publication in ACS Nano 15, 10 (2021).
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3. Photothermal circular dichroism of single nanoparticles rejecting linear dichroism by
dual modulation

3.1. Introduction

Circular dichroism (CD) is exhibited by chiral molecules or structures that display different
absorption for circular polarized light of either handedness. This absorptive property pro-
vides valuable structural information about the molecules or the objects under study. The
dispersive counterpart of CD is called circular birefringence (CB) and is considered less
often, although the CB and CD spectra, being related by a Kramers-Kronig relation [1, 2],
have the same physical content. Several other groups have specifically designed plasmonic
and dielectric structures to enhance the weak light-molecule interaction [3–9], either by en-
hancing the local field or by enhancing the helicity of the field. Both chirality enhancement
approaches lead to an increased differential absorption (g-factor). The ultimate goal of both
approaches, field or helicity enhancement, is to eventually sense chirality (CD and CB) at the
single-molecule level. However, this very ambitious goal is still extremely remote. Here, we
propose to improve the sensitivity of pure CD measurements of single nanoparticles in an
optical microscope. CD is typically measured on large ensembles of the analytes of interest,
in transmission through a solution. The light polarization is modulated at high frequencies
and the polarization-dependent transmission is analyzed with a lock-in amplifier. Modern
CD spectro-polarimeters operate according to a dual-polarization modulation scheme, de-
scribed by Jellison et al. [10, 11]. This scheme facilitates the simultaneous measurement
of multiple optical properties. This method is a standard way to obtain CD spectra of drugs
and biomolecules including proteins, providing a sensitivity to differential absorptions as
low as 10−5. However, due to their requirement of large volumes of analyte, these spectro-
polarimeters naturally lack spatial resolution and therefore are not suitable to perform CD
measurements on single nanoparticles or even on minute quantities of biomolecules. In bulk
measurements on solutions, the linear dichroism (LD), i.e., the differential absorption of in-
dividual molecules or particles for light polarized linearly in different directions naturally
vanishes in the orientational average, unlike their CD. At the single-particle level, however,
LD can be very strong, e.g., because of shape-dependent plasmon resonances. Therefore,
conventional CD spectroscopy is difficult to apply to single LD-active particles or to small
ensembles thereof, because of cross talk between LD and CD signals, hereafter referred to
as LD-to-CD leakage.

An extinction-based approach to CD measurements of single nanoparticles was pro-
posed by Markovich and coworkers [12]. In their scheme, the probing beam must fulfill
very strict polarization requirements, not only on the excitation path but also on the detec-
tion path. A single-laser method that aims at high spatial resolution requires strongly focused
light and thereby large-NA objectives. Under these tight focusing conditions, the polariza-
tion distribution in the focus plane is complex [13], due to contributions of the large span of
angles necessary to produce a diffraction-limited focus. Moreover, the high NA renders the
technique prone to artefacts owed to tiny imperfections of the beam alignment [14]. Any
offset of the beam from the center of the objective will lead to a difference in the intensity
distribution in the focus for different polarizations. This difference can easily be as large as
10−2 in relative intensity units, even for small beam deviations. Thus, these artefacts can
easily dominate typical CD values.

Recently, we proposed a photothermal microscopic technique to image CD [15] which,
thanks to its two-color scheme, separates the two conflicting requirements of polarization
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purity and high spatial resolution. As the heating beam is only weakly focused, due to
Koehler illumination, there are no large angles in the focus plane, which greatly facilitates
high polarization purity in the focus. At the same time, the strongly focused probe beam
that only senses heating effects ensures a high spatial resolution. Additionally, because it
relies on the photothermal effect, the technique provides the direct absorptive response of
the sample, free from scattering and birefringence contributions. Our first demonstration
experiment [15], despite its high sensitivity, was prone to a number of artefacts due to the
single, square-wave modulation scheme of the polarization of the heating beam. Herein, we
propose a series of improvements to remedy these defects.

A first artefact that must be eliminated is residual intensity modulation of the probe or
pump beam that possibly occurs at the measurement frequency of CD. We utilize a dual-
modulation method similar to the one described by Jellison et al. [11] using two sinusoidally
driven polarization modulators, a photo-elastic modulator (PEM) and an electro-optical
modulator (EOM) and demodulate the signal at their sum frequency, here ω1 + ω2. The
choice of at least one EOM is convenient to fulfill the requirement of a tunable bias retar-
dation, whose importance is explained in the Supporting Information (SI). The mechanical
oscillation of the piezoelectric actuators of the PEM can cause tiny vibrations at the PEM
modulation frequency and lead to residual modulation of the collected probe light intensity
and to a background signal. Likewise, the electro-optic modulator exhibits a slight residual
intensity modulation on top of the polarization modulation, due to photoelastic scattering.
This effect, also referred to as residual amplitude modulation [16, 17] leads to undesired
intensity modulation of the heating beam at the driving frequency of the EOM modulator.
Both the PEM’s and the EOM’s intensity modulations will cause artefact CD signals for
any absorbing sample if CD is measured directly at the driving frequency of the individual
modulators.

A second artefact that has to be taken care of is the possible cross talk between LD and
CD effects [11, 18–21]. This artefact is mainly induced by static linear birefringence of the
optical components, and in the special case of quarter-wave plates (QWP) by deviations from
the perfect π/2 retardation. When performing measurements of ensembles of isotropically
distributed molecules or particles in solution, linear dichroic effects can be neglected thanks
to ensemble averaging. When performing CD studies of individual plasmonic particles, it is
crucial to avoid this cross talk as the LD of plasmonic particles can easily exceed their CD by
some orders of magnitude. Any sample exhibiting LD can cause an artefact signal in a CD
measurement. When LD-to-CD leakage is not carefully removed, it can lead to erroneous
interpretations of the results. The reverse effect, CD-to-LD leakage, although present in
principle, can be neglected as long as CD is much weaker than LD.

To solve all problems of residual intensity modulation and of the cross-talk between CD
and LD, we apply a purely sinusoidal modulation scheme based on the design of Jellison et
al. [11]. We insert an additional quarter-wave plate (QWP) on the heating beam path. This
QWP shifts the CD signal to the sum ω2 + ω1 and the difference ω2 − ω1 frequencies of
the two modulators. We perform lock-in detection at one of these two frequencies. We have
chosen the sum frequency, because we expect less 1/f noise at higher frequencies. More im-
portantly, at these combination frequencies the small residual intensity modulations of the
two modulators become second-order effects which can be safely neglected. Furthermore,
if we choose the first modulator to be the EOM, we find that the cross talk of LD into CD
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Figure 3.1: Schematic representation of the dual modulation PTCD setup with the additional calibration insert,
where a rotatable calibration polarizer and photodiode (PD) can be inserted into the heating beam path. By flip-
ping a set of different polarization components, i.e. circular birefringence plates and polarizer, we are able to
measure all absorptive properties CD, LD⊥, LD⊥ , as well as the isotropic absorption of the sample. The 532nm
heating laser is passed through a polarizer and two polarization modulators, the electro-optic modulator (EOM)
and the photoelastic modulator (PEM). To measure PT, CD and both LDs, we insert different sets of polarization
components (polarizer, quarter-wave plate (QWP) and circular birefringent plate CB45 which rotates the linear
polarization by 45◦). The circular birefringent plate CB90 which rotates any linear polarization by 90◦ is used to
check the leakage of LD into CD. The heating laser is focused at the back focal plane of the objective by means
of a wide-field lens (focal length 50 cm) in a Koehler scheme, to illuminate a sample area of about 20 µm2. The
780nm CW probe laser is used in a configuration combining a polarizing beam-splitter (PBS) and a QWP. The
probe laser is reflected at a 50/50 beam-splitter (BS) at an angle of 5◦ and focused in the sample plane using a high-
NA oil-immersion objective (60X, NA=1.45). The sample is scanned using a piezo stage. The reflected probe beam
at the glass-oil interface interferes with the probe beam scattered by the thermal lens. The interference signal is
filtered from the heating laser using a band-pass filter (BP 780) and focused onto a photodiode connected with a
lock-in amplifier. A frequency mixer is used to mix two frequencies used for modulation of the two modulators
and sent to the lock-in as a reference frequency.

induced by imperfections of the optical components, such as residual static birefringence
exhibited by EOM, PEM or QWP, can be compensated in a straightforward manner by com-
bining a slight rotation of the QWP with tuning of the bias voltage of the EOM. Figure 3.1
illustrates our imaging photothermal microscope with dual polarization modulation. The
setup is not only capable of measuring circular dichroism but furthermore has the capabil-
ity to measure linear dichroism and the full absorption of one of the circular polarizations.
Together with CD, this measurement provides the isotropic absorption that could be mea-
sured in an unpolarized photothermal experiment. It is important to stress here that, to fully
retrieve the LD information, at least two measurements have to be performed, one in the
[0◦; 90◦] basis and one in the [+45◦;-45◦] basis. We abbreviate the former with LD⊥ and
the latter with LD⊥ . The heating beam (532 nm) is polarization-modulated by the EOM
and the PEM in series. It then passes a variable set of polarization optics that define the
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operation mode of the setup: i) LD⊥ -sensitive without any additional polarization element,
ii) LD⊥-sensitive with a 45◦-circular birefringent plate (or 45◦-polarization rotator), iii)
CD-sensitive with QWP alone, iv) photothermal absorption-sensitive (PT) with a linear po-
larizer (0◦) and QWP. The QWP placed after the polarizer practically provides the isotropic
absorption signal in the usual case of particles with very weak CD. Illumination with this
intensity-modulated, circularly-polarized heating beam provides us with a signal which is
very close to the regular photothermal signal, and therefore allows us to normalize the CD
and LD signals to the isotropic absorption of the particle. In this manner, we calculate the
g-factor of a sample by simply dividing the CD or LD measurement with the respective PT
measurement

gCD(LD) =
CD(LD)

PT
. (3.1)

The respective FFT spectra of signals in the different measurement modes are shown in fig-
ures S3.2-S3.4. For objects with strong LD signals, a 90◦-circular birefringent plate can be
added [22], to further improve the cancellation of LD-to-CD leakage and other LD-related
artefacts. The heating beam is weakly focused on the sample (5 µm in the focal plane, cor-
responding to an effective NA of ∼0.07), whereas the probe beam (at 780 nm) is tightly
focused to retain a high spatial resolution. The reflected probe beam is then cleaned up by
removing any residual heating light by means of a long-pass filter and sent to a photodiode
for detection. A more detailed description of the setup and the purpose of the 90◦-circular
birefringent plate can be found in the SI.

3.2. Results and discussion

3.2.1. Simulations

To optimize its performance, we modeled our setup by means of Jones matrix calculus and
performed simulations to choose the optimal modulation parameters and to estimate the
setup’s sensitivity to misalignment and imperfections of its optical components. We want to
point out here that there is no need to perform a full Mueller matrix analysis as the weakly
focused heating beam (∼5 µm) is free from the various depolarizing effects that can occur
in tightly focused beams and in transmission methods [20]. In an ideal setup, i.e. if we
were only sensitive to CD, we expect zero modulation depth at the sum (or difference) fre-
quency when looking at purely linear dichroic samples. Due to imperfections of the optical
elements, however, we have to anticipate cross talk between CD and LD. To quantify this
cross talk, we calculate the rejection ratio Rext =| LD(ω1 + ω2) | / | CD(ω1 + ω2) | that
we define as the ratio of the absolute value of the LD, divided by the absolute value of the
spurious CD signal measured in the CD channel for a nanoparticle with pure LD absorption,
without any intrinsic CD. We calculate that ratio at the sum frequency of the two modula-
tors and under the assumption that the absorption asymmetry (g-factor) is the same for 3
ideal samples showing pure LD⊥, LD⊥ , and CD. Unlike other dual modulation approaches
[11, 23] we keep the amplitudes of the phase modulation of the two modulators fixed (both
π/2) and explore the effect of changing the EOM bias retardation and the QWP’s fast axis
orientation on the rejection ratio of LD⊥ and LD⊥ . Our goal is to find a set of modulation
parameters that optimizes this rejection ratio and thereby reduces the cross talk between
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Figure 3.2: Calculated rejection ratio of (a) LD⊥ and (b) LD⊥ as a function of EOM bias retardation and QWP
orientation. The zoom-in in the lower panel shows that in the region where LD⊥ and LD⊥ are both large, the
rejection ratio is only dependent on one parameter, either bias voltage for LD⊥ or QWP orientation for LD⊥ .

LD⊥ or LD⊥ and CD. In our model we take into account imperfections of all retarding el-
ements, including the QWP and the bias and amplitude of retardation by the PEM and the
EOM. The detailed mathematical representation is discussed in the SI.

Figure 3.2 shows a map of the calculated rejection ratio in our dual-modulation con-
figuration as a function of EOM bias retardation (static linear birefringence) and QWP’s
orientation. Large rejection ratios for both LD⊥ and LD⊥ are important, especially when
measuring anisotropic plasmonic particles, e.g. quasi-spherical nanoparticles (NPs) and
nanorods (NRs), that can exhibit linear dichroism which is up to two orders of magnitude
stronger than their circular dichroism. The lower left panel of figure 3.2 shows that the
LD⊥ rejection ratio is strongly dependent on the QWP rotation but nearly independent of
the bias retardation while the lower right panel shows that LD⊥ is almost independent of
the QWP rotation but strongly dependent on the bias retardation. This result indicates that
bias retardation and QWP rotation can be used to tune the rejection ratio of LD⊥ and LD⊥

independently.

3.2.2. Experimental results

The experimental calibration scheme of the rejection ratio is illustrated in figure 3.1. By
inserting the calibration insert we can quantify and tune the setup’s experimental rejection
ratio of LD as described in the SI (figure S3.1). Using the calibration insert we find that
our setup has a LD rejection ratio of at least 200 at all angles of the polarizer, which for
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most samples we work with is a good enough value to exclude any artefacts induced by LD.
It means that if the object we want to study exhibits LD that is 200 times stronger than its
CD, then the artefact signal generated by the cross talk would be as large as the intrinsic CD
signal. Our calibration experiments yielded a rejection ratio roughly one order of magnitude
worse than the rejection ratios we find in our simulations (∼ 103). We attribute this discrep-
ancy to the finite beam aperture of the heating laser beam and the thereby resulting spatially
inhomogeneous phase retardation of the heating beam in the EOM. In later PT measure-
ments with Koehler illumination, however, as we only use the center of the heating beam to
excite the small nanoparticle, the real rejection ratio is expected to be be significantly better
than the rejection ratio found upon calibration.

Aluminium nanorods
To demonstrate the strength of our technique, especially regarding the distinction be-

tween CD and LD, we have performed measurements on a purpose-tailored sample. The
sample consists of nano-fabricated aluminium nanorods, designed such that they absorb the
532 nm pump laser strongly along their long axis, but weakly along the short axis [24],
thereby exhibiting a strong LD. Aluminium NRs have higher LD g-factors than gold ones
at our heating wavelength of 532 nm because the UV interband transitions of aluminium do
not damp the visible plasmon resonance, in contrast to the case of gold [25]. The rods are
immersed in toluene to provide high PT contrast. The measurement results are shown in

a) LD

0.1

0.05

0

-0.05

-0.1

[m
V

/m
W

2
]

b) LD

0.1

0.05

0

-0.05

-0.1

[m
V

/m
W

2
]

c) CD

5

0

-5

[m
V

/m
W

2
]

d)
10-4

Figure 3.3: LD and CD scans of 12 aluminium NRs (size 100×40 nm2, thickness 60nm) exhibiting strong linear
dichroism. (a) illustrates the spatial orientation of the rods. (b-d) show LD⊥ , LD⊥ and CD scans, respectively.
The phase-sensitive detection enables the determination of the NRs absolute orientation via the amplitudes’ sign.
The absence of any observable signal in the CD measurement (d) proves the strong rejection of LD signals. The
weaker residual signals in the LD⊥ and LD⊥ scans are due to a slight misalignment of the sample with respect to
the polarization modulator axes. The square box indicates a nanorod with a reduced absorption due to a fabrication
fault. The scale bar is 2 µm. The probe beam intensity was 2mW and the heating beam intensity was 11mW,
measured at the entrance of the objective.

figure 3.3. We find that the NRs exhibit the expected large LD⊥ and LD⊥ amplitudes and
that the CD signal amplitude, if there is any, is buried below the noise. This result proves
that our method can discriminate the effect of CD and LD with virtually no cross talk and
thereby facilitates the artefact-free measurement of samples with very weak CD. We find
a rejection ratio of 313 ±9 for LD⊥ and 340 ±11 for LD⊥ , respectively. As mentioned
above, these values are significantly higher than the one found upon calibration (200), and
are consistent with our calibration measurement using the entire beam aperture, whereas the
nanoparticle measurement only makes use of the very center of the beam, with presumably
smaller polarization imperfections. Here we assume that the NRs are perfectly achiral ob-
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jects. Although this assumption holds true for ideal nanorods, fabrication errors could give
rise to residual CD. In our CD measurements we do not find any measurable CD signal.
Based on the SNR we can therefore give an upper bound of 3×10−3 for the g-factor of these
rods.

CD and LD measurements at three different wavelengths
So far we have shown CD measurements only at a single wavelength. To retrieve useful

structural information of a sample of interest one should record its full CD spectrum. As
we had no access to a tunable heating laser with the required power, we instead used three
lasers at different wavelengths, 450 nm, 532 nm and 660 nm, to show that our technique is
compatible with spectral measurements. Although the EOM’s retardance is strongly depen-
dent on the beam parameters (width and pointing angles), we found our alignment method
robust enough to overlap the different laser beams by means of flippable mirrors, while
still keeping excellent rejection ratios. Figure 3.4 shows measurements of 100-nm-diameter
quasi-spherical gold nanoparticles at three different wavelengths. For each wavelength we
performed a full analysis of the absorption of the nanoparticles including isotropic absorp-
tion, linear dichroism and circular dichroism. The scans shown in figure 3.4 contain mea-
surements of two single particles and one small cluster of particles. At a heating beam

Figure 3.4: Photothermal (isotropic absorption), LD⊥, LD⊥ and CD measurements of spherical gold nanoparticles
at three different wavelengths (450nm, 532nm, 660nm) of the heating beam. The numbers indicated in LD⊥,
LD⊥ and CD images are the averaged g-factors for each spot. A histogram of CD values for several particles is
displayed in figure S3.6. The brightest particle in the PT image (square box in the upper right corner) is a dimer
or trimer of nanoparticles (see figure S3.5 for more CD and LD measurements on such a dimer). The probe beam
intensity was 6mW throughout the entire experiment. The respective heating powers were 0.6mW at 450nm,
5mW at 532nm and 8mW at 660nm, measured at the entrance of the objective.

wavelength of 450 nm we find the particles to have both weak linear dichroism and weak
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circular dichroism. This observation fits with our expectation that the interband transitions
of gold strongly damp plasmonic behaviour at that wavelength, and therefore that polariza-
tion dependence is weak at this wavelength. We find relatively strong linear dichroism for
both 532 nm and 660 nm heating wavelengths. This residual LD can be explained by small
protrusions of the particle along one or more axes that may have formed during synthesis.
Depending on the axis along which the particle is excited, one observes a different plasmon
resonance wavelength and therefore linear dichroism. Notably, the particle with the strongest
PT signal most likely corresponds to a dimer or trimer of nanoparticles. This cluster has a
much stronger g-factor in LD than the single particles. If two nanoparticles are very close
together they couple plasmonically and the degeneracy of the plasmons of the two nanoparti-
cles may be lifted to yield two longitudinal modes, a symmetric and an antisymmetric mode,
whereas the transverse plasmon resonances are not much affected. The symmetric longitu-
dinal mode can be considerably red-shifted from the transverse mode [26]. This plasmon
coupling can lead to the relatively strong LD in our measurements at both wavelengths.

The images of the single particles are barely visible in the CD scans, but the cluster
shows a clear CD signal, which probably also arises from plasmonic coupling [27, 28]. The
limited power of the 450 nm and the 660 nm lasers in these measurements prevented us from
measuring g-factors smaller than 10−3. From the strength of the PT signal at 450 nm and
from the low CD value, we hypothesize that the cluster is composed of two or three particles.
These results prove that our technique can in principle be extended to obtain the spectral
dependence of CD, provided one has access to a tunable laser with sufficient power ( ∼
10mW in the sample plane). The main factor that could hamper compatibility with spectral
measurements in our technique is the wavelength dependence of the retarding elements. By
using Koehler illumination for the heating beam we are relatively insensitive to chromatic
aberrations of the lenses. However, to ensure good cancellation of cross talk between LD and
CD, it is of utmost importance to ensure the correct retardance of the polarization optics.
Both the EOM’s and the PEM’s retardance can be adjusted easily to deliver the required
maximum modulation phase of π/2 for each wavelength. The QWP in use, although it is
a superachromatic one, exhibits a slight dependence of its retardance on wavelength. One
solution would be to compensate the wavelength dependence by making use of a liquid
crystal retarder with adjustable retardance. We found that, by combining the aforementioned
slight rotation of the QWP with an adjustment of the EOM bias retardation, it is possible to
use a superachromatic or simply achromatic waveplate while achieving similar rejection of
LD-to-CD cross talk.

Thanks to its good sensitivity and to its compatibility with spectral measurements, we
foresee a great potential of our technique in the study of single plasmonic particles, in-
cluding those having CD and LD bands in the near-IR range. A super-continuum laser or
a Ti:Sapphire laser could conveniently provide a large spectral range while still delivering
enough heating power for measuring CD g-factors down to the few 10−4 level. Heating in
the near-IR would best be combined with a probe at even more red-shifted wavelength. We
think that the technique is compatible with a transmission geometry [29, 30], which would
allow one to probe in the mid-IR. In that case one can use near-IR optimized refractive objec-
tive for heating and a reflective objective for the probing. Compared to more conventional
techniques based on scattering or extinction, our absorption-based detection can measure
CD signals of single nanoparticles with excellent signal-to-noise ratio [5, 12, 31].
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Gold nanoparticles immersed in a chiral liquid
We have characterized our setup’s performance in terms of rejection of unwanted effects

such as the leakage of linear dichroism or residual intensity modulation of the polarization
modulators. These steps were necessary to make sure that we have the sensitivity to measure
CD g-factors of single nanoparticles in the few 10−4 range, while at the same time avoiding
cross talk induced by LD. In the experiments reported below, we wanted to investigate the
very small circular dichroism of nominally achiral nanoparticles induced by a chiral liquid
surrounding the particle [32]. The effect, referred to as PCCD (plasmon-coupled circular
dichroism), may facilitate the detection of chirality of biomolecules in the visible, where
most biomolecules have no absorption band [8]. According to the theoretical model pre-
sented in references [32, 33] PCCD has two components, one due to enhanced absorption
of the molecule in the near field of the plasmonic particle, and the second one due to chiral
currents induced in the nanoparticle by the molecular dipole. In the present case, the chiral
liquid does not absorb in the visible, and only the latter component is left, which corresponds
to heat dissipation by the particle (at the plasmon resonance, the particle’s absorption dom-
inates molecular absorption anyway).

In their more recent work, Yoo et al. [34] presented a solution of Maxwell’s equations
in circular bases, dubbed chiral Mie theory. They concluded that spherical gold nanoparti-
cles, when immersed in a pure chiral liquid, can exhibit a measurable circular dichroism in
the region of the particles’ plasmon resonances. So far, none of the available experimental
methods has been sensitive enough to detect the small PCCD signal of a single nanoparti-
cle. Although Zhang et al. [5] have demonstrated CD measurements on single clusters of
nanorods, the sensitivity limit of their technique could not resolve CD g-factors far below
10−1. The sensitivity of photothermal CD, however, reaches down to g-factors of a few
10−4, and might enable us to probe the magnitude of PCCD. To investigate the system pro-
posed by Yoo et al., we spin-coated 100 nm spherical gold nanoparticles on a glass surface,
and glued this sample onto a half-open channel to form a flow cell. We then performed
measurements on the same single nanoparticles with two different liquids as photothermal
media. These liquids were the pure enantiomers of carvone (pure S-carvone and pure R-
carvone). For each liquid we performed isotropic absorption measurements.

Figure 3.5 shows absorption (a) and circular dichroism scans (b) of the same single
nanoparticle surrounded by the pure enantiomers of opposite handedness and in (c) the cor-
responding calculated CD g-factors of each measurement. The measurements were carried
out with a heating wavelength of 532 nm. We find that the particle initially exhibits weak
CD (see figure 3.5(c)) when immersed in S-carvone. To find out whether this initial CD is
due to geometric distortions of the particle itself or due to CD induced by the chiral liquid
(PCCD) we flush the sample cell with R-carvone which is of opposite handedness and per-
form another set of absorption measurements. The PT signal, which represents the isotropic
absorption of the particle, remains practically unchanged (3.5(a) S1 and R1). If the initial
CD signal was due to the chiral liquid then its sign should change upon reversal of the liq-
uid’s handedness. We find, however, (3.5(c)), that the change of CD is negligible within
noise. That means that the measured CD is due to geometric chirality of the particle itself
and, more importantly, that the chiral liquid does not alter the particle’s CD by more than a
g-factor of 3×10−4. Repeating the experiment by measuring in both liquids again (measure-
ments S2 and R2) reproduces our findings that the changes of CD signals are within noise.
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3.2. Results and discussion

We confirm the absence of residual leakage of LD into CD by performing LD reference
measurements which are shown in figure S3.6. The residual leak of LD, considering our
rejection ratio of 300 is one magnitude smaller than the measured CD signal and can there-
fore be safely neglected. We want to note here that the sensitivity of the measurements was
limited due to heating-induced reshaping of the particles [35–37]. In order to avoid reshap-
ing, we had to use heating powers below 20mW. Higher powers cause long term changes
of the PT signal as shown in figure S3.7. The results of Yoo et al. [34] predict a differential
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Figure 3.5: Photothermal (a) and photothermal circular dichroism (b) measurement of a single 100nm diameter
spherical gold nanoparticle immersed in the two pure enantiomers of the carvone molecule (S carvone and R
carvone). (c) shows the corresponding g-factors of the scans. We employed two methods to calculate the g-factor.
For the blue data points we use all pixels of the scan, for the orange data points we use a 20×20 pixel array around
the centroid position of the corresponding PT scan. The heating beam intensity was 17mW and the probe beam
intensity was 2.5mW

absorption of about 10−2 for a liquid with a large circular birefringence (CB) of 10−2. The
circular birefringence of carvone corresponds to a difference in refractive indices for circu-
lar polarization of about 10−4 [38, 39]. Scaling the results of Yoo et al. linearly with CB,
we therefore expect an induced CD of about 10−4 in carvone, in good agreement with the
estimations of reference [33]. This value is below, or close to our detection limit. Therefore,
despite our improved sensitivity, we are not able to report any measurable PCCD effect for a
gold nanoparticle in carvone heated with 532 nm. Reshaping of the particle, laser-induced
chemical reactions [40] and instabilities or drifts of our optical setup set a limit to our de-
tection sensitivity of PCCD (see SI, Sec. "Heat-induced reshaping"). To improve on this
result, one could consider using other shapes of plasmonic particles, such as nanorods or
nanocubes, which present a stronger dependence of absorption on the surrounding refrac-
tive index due to their sharper plasmon resonances. These particles, however, are even more
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prone to reshaping than quasi-spherical particles [35]. The lower powers needed to avoid
reshaping would lower the photothermal sensitivity. Another strategy would be to enhance
PCCD by choosing a surrounding medium with a larger circular birefringence. Alterna-
tively, we might be able to improve the measurement sensitivity further by employing more
efficient contrast mechanisms, as recently demonstrated in refserences [41–43]. This would
allow us to observe g-factors down to the 10−4 range while at the same time substantially
decreasing the heating and therefore avoiding reshaping.

3.3. Conclusion

We have improved our previously reported PTCD microscope [15] by the addition of dual
modulation of the polarization and of a QWP. We achieved CD measurements with excellent
rejection of artefacts induced by vibrations, residual amplitude modulation, residual linear
birefringence, and we removed leakage of linear dichroism into circular dichroism down
to below our detection limit. Compared to our previous single square-wave modulation
scheme [15], we suppressed these artefacts by nearly two orders of magnitude. Addition-
ally, by means of a set of static birefringent elements, we can retrieve the full polarization
dependence of a single particle’s absorption. Our simulations provide a simple tool to un-
derstand how to optimize modulation parameters to avoid, or to compensate for, residual
depolarizing effects of the optics. We have experimentally demonstrated the rejection of
LD leakage into CD by more than a factor of 200 allowing us to measure weak CD signals
of single quasi-spherical gold nanoparticles with a high sensitivity down to 3×10−4 in g-
factors. Furthermore, we also show the capability of the method to perform spectral CD
measurements. Studying nominally achiral plasmonic nanoparticles in a chiral liquid envi-
ronment, we could not detect any significant plasmon-induced transfer of chirality from the
liquid to the particle. We therefore find a PCCD upper bound of a 3×10−4 for our sample at
532 nm. This g-factor sensitivity applies to 100 nm gold particles. We can translate it into
a difference of absorption cross section of ∼6 nm2, independent of particle size at a fixed
heating power. Smaller gold particles, however, would allow higher heating intensities, giv-
ing rise to higher sensitivities. Plasmonic systems like single particles with more complex
shapes or dimers of nanoparticles may turn out to be better candidates to investigate the
weak PCCD effects.

3.4. Methods and experimental

3.4.1. Experimental setup

A schematic of the experimental setup is shown in Figure S3.1. More details about the setup
can be found in chapter 2. In comparison to our previous setup (which contained a single
modulator, electro-optic modulator (EOM)), a second polarization modulator (photo-elastic
modulator (PEM)) was added to perform dual modulation of the polarization. The EOM and
PEM were sinusoidally driven at modulation frequencies 23.5 kHz and 50 kHz, respectively.
In addition we have used two circular birefringent plates, CB90 and CB45 which rotate the
linear polarization by 90◦ and 45◦, respectively. The heating beam diameter was ∼ 1mm,
when propagating through the polarization modulators
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3.4.2. Data analysis

g-factors for each single gold nanopshere in figure 3.4 were calculated as ratios of mean
values of photothermal and photothermal circular and linear dichroism signals averaged in
an area of 7×7 pixels2 around the centroid of each spot. g-factors for the gold nanosphere
in figure 3.5 were caclulated in an area of 20×20 and 38×38 pixels2 around the centroid
position, respectively. The rejection ratio of the aluminium nanorod measurements was
calculated taking the mean value of a 5×5 pixel area centered around the maximum values of
the respective LD⊥ and LD⊥ measurements and dividing it by the noise standard deviation
of the same region in the CD image.

3.5. Supplementary information

3.5.1. Stokes representation of polarization

The Stokes parameters of polarized light are usually employed when describing partially
polarized light and thus allow for a more general treatment than the Jones calculus repre-
sentation of polarization. Here, even though we only deal with fully polarized light, we
still introduce the Stokes definition of polarization as it provides a convenient expression of
polarization states in terms of the four Stokes parameters, which are defined as

S0 = ⟨E2
x + E2

y⟩
S1 = ⟨E2

x − E2
y⟩/S0

S2 = ⟨ExEycos(δ)⟩/S0

S3 = ⟨ExEysin(δ)⟩/S0

Ex and Ey are the respective x and y components of the electric field and δ is the phase
difference of the two components. With this definition we have

• horizontal polarization if S1 = 1

• vertical polarization if S1 = -1

• linear 45◦ polarization if S2 = 1

• linear -45◦ polarization if S2 = -1

• right circular polarization if S3 =1

• left circular polarization if S3 = -1

3.5.2. Experimental alignment procedure

In this section we will give a description of the alignment procedure of the heating arm of our
dual-modulation setup. The heating part of the setup, the one that is polarization-modulated,
is illustrated in figure S3.1. It consists of two polarization modulators, an EOM and a PEM.
A set of static birefringent elements, QWP, CB45 and CB90 changes the measurement mode
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Figure S3.1: Heating arm of the dual modulation setup. The polarization modulation is performed by an EOM and
a PEM, followed by a set of static retarders (QWP, CB45 and CB90). A calibration unit composed of a rotatable
polarizer and a fast photodiode is inserted for alignment of the polarization modulation. The configuration illus-
trated here, with the QWP inserted, corresponds to the mode sensitive to circular dichroism (CD-sensitive).

of the setup and allows us to measure different absorptive properties as explained in section
3.1. After the birefringent plates we add a calibration unit consisting of a rotatable polar-
izer and a fast photodiode. The photodiode’s output is sent to a lock-in amplifier which is
referenced to the sum frequency of the two modulators.

The purpose of the alignment procedure is to make the setup sensitive to one of the
following absorptive properties, isotropic absorption, linear dichroism (LD), and circular
dichroism (CD), while as much as possible reducing cross-talk between these properties.
Plasmonic nanoparticles can in principle exhibit both linear dichroic and circular dichroic
behaviour. In samples consisting of plasmonic nanoparticles, the LD is often much larger
than the respective CD. When we aim to measure the CD of such particles, we should there-
fore take great care to avoid any leakage of the much stronger LD into the weak CD signal.
In chapter 2 we used a single, square-modulation scheme of the polarization, performed by
an EOM. We aimed to modulate between purely left and purely right circular polarization.
In principle, a square wave modulation of the polarization is an ideal scheme to measure
circular dichroism, as it completely avoids linear polarization states. However, this scheme
requires a virtually perfect square-wave modulation of the polarization. This is practically
not feasible when performing the modulation at high frequencies (>10 kHz), in particular
due to bandwidth limitations of the electronics and piezoelectric behaviour of the EOM
crystal. Any imperfection of the square-wave pattern can lead to a cross talk of LD and CD,
thereby creating artefact signals. Secondly, the EOM, on top of the polarization modulation,
also performs a slight modulation of the intensity. This effect is called residual amplitude
modulation (RAM) [16] and it will induce an artefact signal for any absorbing particle.

To avoid both effects, the cross talk between LD and CD as well as the RAM, we ex-
ploited past developments in the field of CD spectroscopy [10, 22, 23], where two or more
polarization modulators are used simultaneously to analyze different combinations of the
driving frequencies of the two modulators, thereby giving access to various sample prop-
erties. We perform lock-in detection and thus only measure at a single frequency. But we
still benefit of the two-modulator scheme if we perform our measurement at the sum (or
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difference) frequency of the two modulators. We will describe in section 3.5.3 how to mea-
sure different absorptive properties at the sum frequency of the two modulators by using
different static retarders placed after the modulators. At the sum frequency the modulators’
individual residual amplitude modulation is of second order in these small effects, and can
be neglected. In the following we will describe an alignment procedure that solves the prob-
lem of cross talk between LD and CD. Here we also benefit from the two-modulator scheme
as it provides additional tuning parameters that allow us to remove cross talk better.

We concluded from the measurements in chapter 2, that a perfect square-wave modula-
tion of the polarization by the EOM is not feasible and therefore we use a sinusoidal mod-
ulation of the polarization. Because of its mechanical resonance, the PEM only provides
sinusoidal modulation. In both cases, the retardance created by each individual modulator
varies sinusoidally with time and thereby not only creates circular but also elliptical and lin-
ear polarization states. One might think that this would inevitably cause cross talk between
LD and CD. However, when we choose suitable modulation parameters and perform a thor-
ough alignment of the components we can probe all absorptive properties of a sample with
negligible cross talk between them. As illustrated in figure S3.1 the dual modulation of the
polarization is performed using an EOM and a PEM. The laser beam first passes the EOM,
then the PEM. We found that this arrangement order of the two modulators is convenient for
the rejection of LD induced artefacts, because the static birefringence of the EOM can be
more easily adjusted to compensate for imperfections of the polarization optics.

Alignment protocol
The alignment procedure we developed is composed of two steps. In the first step we align
the fast axes of all components and make their optical axes collinear with the beam propa-
gation. As the EOM contains a thick uniaxial crystal we must carefully align its crystal axis
along the laser beam. In the first alignment step we make sure that the setup gives a CD
response with the proper polarization optics. The second step is dedicated to ensure a pure
CD measurement of the setup, free from cross talk. Later, we will also discuss how to probe
other absorptive properties. The protocol that we developed is as follows:

First, we make sure that we have a well-defined and clean linear polarization state. To
this purpose, we use a Glan-Thomson polarizer (extinction ratio 10−5) oriented such that we
have horizontally polarized light, or in terms of Stokes parameters: S1 = 1. To measure the
polarization state we use a Schaeffter & Kirchhoff polarization analyzer, which conveniently
displays the polarization state in terms of the Stokes parameters. After the polarizer we send
the laser beam through the EOM. For the rough alignment procedure the time-dependent re-
tardation of both modulators is turned off.
EOM alignment: We first roughly align the EOM fast axis to 45◦ with respect to the initial
polarization. Then we align the EOM’s extraordinary axis along the propagation direction
according to the alignment procedure described in [44]. Finally we align the EOM’s fast
axis precisely at 45◦ with respect to the initial polarization. Assuming that we have purely
horizontal linearly polarized light S1= 1 and S2= 0, if the EOM’s fast axis was aligned per-
fectly at 45◦ with respect to the initial polarization, when applying a retardation along the
fast axis we would not create an S2 component but only a S3 component of the polarization.
To align the fast axis we thus measure the polarization state while applying a large static
retardation and rotate the EOM along its crystal axis, until the S2 component vanishes.
PEM alignment: The alignment of the PEM is simpler, for it consists of fused silica instead
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of a uniaxial crystal, thus there is no crystal axis the beam needs to be aligned to. However,
the path length of the beam through the crystal defines the phase retardation and therefore
we make sure we align the surface normal of the silica plate with the propagation axis of the
laser beam. The retardation amplitude of the PEM is also slightly dependent on the position
where the laser beam impinges on the quartz plate. To make sure that we exert the desired
retardation amplitude we manually place the PEM such that we hit the center of the quartz
plate. The PEM fast axis alignment is performed similar to the EOM fast axis alignment,
but while applying a dynamic retardation instead.
Alignment of QWP: After the PEM, the laser beam passes through a number of static linear
and circular birefringent components that allow us to set the operation mode of the setup.
To be sensitive to CD, the differential absorption of left and right circularly polarized light,
we need to insert a QWP after the two modulators. The achromatic QWP (Thorlabs) is
mounted in a rotational optical mount to ensure precise alignment of the fast axis. To align
it we measure the polarization state after the QWP while rotating the fast axis so that the
polarization state is purely circular, | S3 | = 1.
Alignment of CB plates: The setup contains two circular birefringent components that can
change the measurement mode in case we want to measure LD. Both of them are circularly
birefringent plates, made from crystalline α-quartz, with a rotatory strength of either 45◦ or
90◦ (at 532 nm). We will later come back to explain the purpose of these plates, for now we
only explain their alignment. A purely circularly birefringent component does not possess
a fast axis, but the path length of the laser beam through the component defines the rotatory
strength of the plate. The path length can be adjusted by tilting the surface normal of the
plate with respect to the propagation direction of the laser beam. We first measure the polar-
ization state before we insert the plates. Assuming a perfect horizontal polarization, S1 = 1,
before the circular birefringent plates, we get S2 = -1 for the CB45 plate and S1 = -1 for the
CB90 plate. The procedure that we discussed so far was the rough alignment procedure. If
we chose suitable combinations of the static retarding elements we would already be able to
measure different properties of an absorbing sample. However, these measurements might
not be free from cross talk between LD and CD. A second step of alignment is required to
make it exclusively sensitive to a single absorptive property, meaning that we suppress the
cross talk between LD and CD. Up to now, the time-dependent retardation of the polariza-
tion modulators was turned off. For this second step, both modulators are set to perform
a non-biased sinusoidal modulation with a retardation amplitude of π/2, the EOM at fre-
quency ω1 and the PEM at frequency ω2. We insert a photodiode and a rotatable polarizer
(calibration polarizer), as illustrated in figure S3.1. The polarizer represents a purely linear
dichroic element. The photodiode is connected to a lock-in amplifier, which is referenced
to the sum frequency of the two modulators. We bring the setup to the CD-sensitive mode,
which corresponds to the configuration with two modulators plus the QWP. As we modulate
the polarization with both modulators, the intensity transmitted through the calibration po-
larizer changes as a function of time. The lock-in compares the intensity transmitted through
the polarizer with the external reference (ω1 + ω2) while extracting modulations occurring
only at this very frequency. We shall thus call the part of the transmitted intensity that is
modulated at frequency ω1 + ω2 our signal. If we are in CD-sensitive mode, no signal is
expected when the calibration polarizer is inserted, as it is only linearly but not circularly
dichroic. However, due to slight imperfections in the modulation scheme, such as misalign-
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ment of the fast axes of the EOM, PEM or QWP, bias retardation of the modulators, or
deviation of the QWP’s retardation strength, we have to anticipate a nonzero cross talk of
LD and CD and therefore also a signal. The strength of the signal measured by the lock-
in, while the polarizer is inserted, is a measure of the cross talk between LD and CD. We
found that we can compensate the aforementioned imperfections of the components and the
alignment, thereby we reduce the cross talk. To achieve this it is sufficient to adjust two
parameters, the EOM bias retardation and the QWP’s fast axis.
Fine alignment procedure: First we rotate the calibration polarizer such that it transmits
S1 = 1 and we minimize the lock-in signal at the sum frequency by adjusting the EOM’s
bias retardation. Then we rotate the calibration polarizer to transmit S2 = 1 and minimize
the signal by adjusting the fast axis of the QWP. To understand this second alignment pro-
cedure it is important to have a closer look at LD. Linear dichroism which is defined as the
differential absorption of two orthogonal polarization states is, unlike CD, dependent on the
in-plane orientation of the object under study. To retrieve the full linear dichroic behaviour
of an object, two measurements are necessary, one where we probe the absorption differ-
ence of S1=1 and S1=-1, which we shall call LD⊥, and one where we probe the absorption
difference of S2 =1 and S2=-1, and which we call LD⊥ . When we try to avoid cross talk of
LD and CD we need to make sure to avoid cross talk of both LD⊥ with CD and LD⊥ with
CD. We found that the change of the EOM bias retardation affects exclusively the cross talk
between LD⊥ and CD, while the rotation of the QWP’s fast axis affects exclusively the cross
talk between LD⊥ and CD, at least within a reasonable range. This behaviour is represented
in figure 3.2.

Quantification of the extinction ratio
With the calibration insert, shown in figure S3.1, which is composed of the rotatable po-
larizer and the photodiode, we can not only tune the setup for reducing the cross talk, but
we are also able to quantify this cross talk. This is especially important when measuring
particles that have strong LD compared to their CD, such as plasmonic nanorods, or plas-
monically coupled metal nanospheres. [45–47]. Although we achieve very high rejection of
cross talk we are not able to completely eliminate it. To quantify the residual cross talk we
define a rejection ratio, that tells by which factor we suppress the leakage of LD into CD.
The experimental extinction ratio is defined as:

Rext(α) =
LDpol

CDpol
. (3.2)

To determine the rejection ratio we need to measure the two quantities CDpol and LDpol.
Therefore we first put the setup in LD⊥ -sensitive mode and rotate the calibration polarizer
to maximize the lock-in signal. The obtained maximum value is LDpol. Then we switch to
CD-sensitive mode by inserting the QWP and again measure the lock-in signal. The obtained
value is CDpol. CDpol is in general dependent on the angle of the polarizer. This indicates
that there is a different amount of cross talk from LD⊥ into CD, and from LD⊥ into CD. We
typically measure a rejection of 200 at polarizer positions of n · 90◦. For polarizer positions
of 45◦ + n · 90◦ we measure a rejection ratio of 6×104. For our measurements we assume
the worst case corresponding to the lowest rejection ratio, 200. We want to note here that
this rejection ratio is mutual. If we suppress the LD leakage into CD we also suppress the
leakage of CD into LD.
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In case we seek to have even stronger rejection of cross talk we make use of the afore-
mentioned CB90 plate as described in [22]. The CB90 plate rotates all linear polarization
states by 90◦ regardless of their orientation. This effectively flips the sign of LD, while
maintaining its magnitude. On the other hand, as the CB90 plate does not affect circular
polarization states, the circular dichroism measurement is not affected. Thus, in order to
even further reduce the cross talk, we can perform two circular dichroism measurements,
one with and one without the CB90 plate. If we then average these two measurements we
remove the residual LD contribution.

3

52



3.5. Supplementary information

3.5.3. Simulations

In a dual polarization modulation scheme, the time-dependent power absorbed by a sample
can be composed of many different combinations of the frequencies driving the two modu-
lators, ω1 and ω2, depending on the properties of the sample under study. In this section we
want to simulate the time-dependent power absorbed by a given sample using Jones matrix
calculus. We then extract the frequency spectrum by applying a FFT of the absorbed power.
In principle one could also perform an analytical calculation of the frequency decomposi-
tion of an arbitrary sample as presented in [23]. However, our numerical approach allows
us to conveniently explore a large space of parameters, which would be tedious to calculate
with an analytical approach.

Jones matrix representation of the optical components
The matrix formalism developed by Jones [48–54] provides a convenient framework for ana-
lyzing the effects of optical components on fully polarized light. The matrix representations
for the different optical components were taken from references [48, 51, 54].
Rotation Matrix:

RΘ =

[
cos(Θ) sin(Θ)
−sin(Θ) cos(Θ)

]
, (3.3)

With the rotation matrix RΘ it is possible to calculate the matrix representation of axially
rotated elements. Assuming that the optical component has a matrix representation of M in
a certain reference frame, when the component is rotated by an angle Θ in clockwise sense,
then the matrix of the rotated element can be expressed as MΘ = R(−Θ)MR(Θ).
Linearly birefringent plate:

Φ(η,Θ) = R(−Θ)

[
1 0
0 eiη

]
R(Θ). (3.4)

In the simplest case of a static birefringent plate, η is a constant value. We can model a
polarization modulator with a time-dependent retardance as η(t) = η0sin(ωt) + ϕ0, where
η0 is the retardation amplitude, ω the modulation frequency and ϕ0 an additional static linear
birefringence.
Circularly birefringent plate:

CBα =

[
cos(α) sin(α)
−sin(α) cos(α)

]
, (3.5)

with α being the rotatory strength (optical activity) of the CB plate. With the above defined
Jones matrices and for horizontally polarized light as input, we can write the time-dependent
electric field of the polarization modulator setup that is illustrated in figure S3.1 as

[
Ex0

Ey0

]
(t) = CBαΦ0(η0,Θ0)Φ2(η2,Θ2, ω2, t)Φ1(η1,Θ1, ω1, t)

[
1
0

]
, (3.6)

where Φ1,2 represent the matrices of the polarization modulators and Φ0 a static linear re-
tarder (QWP). Often, the Jones matrix approach is used to calculate the light transmitted
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through a sample. This approach represents the CD measurements performed with com-
mercial CD spectrometers well, as they measure the transmission of a dilute solution of
molecules in a cuvette. The measurements that we perform, however, are true absorption
measurements and therefore require a different matrix representation of the samples in terms
of absorption. This representation has been described by Jones in [54]. The different ab-
sorptive properties of a sample can be modeled as follows:
Isotropic absorber:

u = κ

[
u 0
0 u

]
, (3.7)

with κ being the amplitude absorption coefficient.
LD⊥ absorber:

ld⊥ = p⊥

[
1 0
0 −1

]
, (3.8)

with p⊥ being half the difference of the two principal absorption coefficients.
LD⊥ absorber:

ld⊥ = p⊥

[
0 1
1 0

]
, (3.9)

with p⊥ being half the difference of the two principal absorption coefficients.
CD absorber:

cd = δ

[
0 −i
i 0

]
, (3.10)

with δ being half the difference of the absorption coefficients of left and right circular po-
larization. With the definitions for the samples given in equations 3.7-3.10 it is possible to
represent an absorber exhibiting various absorptive properties by just adding the respective
sample matrices. Assuming the particle under study behaves as a dipole, the time-averaged
power absorbed by the particle can be expressed as

⟨Pabs⟩(ω1, ω2) = −⟨Im
[
p⃗∗(ω1, ω2) · E⃗(ω1, ω2

]
⟩ (3.11)

with

p⃗ =
↔
αE⃗ (3.12)

where p⃗ is the dipole moment and ↔
α the polarizability tensor of the absorbing dipole [55].

When we refer to the time average we imply time average over the optical frequencies, but not
the frequencies of the polarization modulators, this is indicated by the (ω1, ω2) dependence.
In general, when performing a transmission assay, one would measure the extinction and not
the absorption, in which case one also would need to take the real part of the polarizability
into account. In photothermal microscopy, as we perform a true absorption measurement,
we must only take the imaginary part of the polarizability into account [56], which can be
expressed by linear combinations of equations 3.7-3.10.
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Figure S3.2: Spectrum of the absorbed power of the four different absorbers, exhibiting either only CD, LD⊥,
LD⊥ or isotropic absorption, under dual polarization modulation in CD-sensitive mode. We normalize the power
to 1 for the circular absorber at the sum frequency ω1+ω2.

Simulated FFT spectra of different absorbers
In our simulations we investigate the time-dependent absorbed power of samples exhibiting
different absorptive properties. We first calculate the absorbed power, according to equa-
tion 3.11, for the four different absorptive properties defined in 3.7-3.10, and plot it in the
frequency domain by applying a FFT. Figure S3.2 shows the frequency spectra of four ab-
sorbers exhibiting either pure CD, pure LD⊥, pure LD⊥ or pure isotropic absorption. The
spectra are calculated for the CD - setup configuration. For the differential absorptivities
we choose δ=10−3, p⊥ and p⊥ =5×10−2 and κ=0.5. In CD mode, if we extract the signal
at the sum frequency ω1+ω2, we only have a contribution from the circular dichroic sam-
ple. If we want to measure the other absorptive properties at the sum frequency we have to
change the mode of the setup as discussed in section 3.5.2. In our computational model this
is done by modifying the components of equation 3.6. Figure S3.3(a) shows the spectrum
of the absorbed power of the same set of absorbers in LD⊥ sensitive mode. We can indeed
observe that the linear dichroic absorber LD⊥ has a component at ω1+ω2. Likewise figure
S3.3(b) shows the power spectrum of the same set of absorbers now in the LD⊥ sensitive
mode. As expected only the LD⊥ absorber has a component at the sum frequency ω1+ω2.
Note that in all three cases (figures S3.2 and 3.3), the isotropic absorber only shows con-
stant absorption (at f = 0), which is also expected as we do not perform intensity but only
polarization modulation. Until now we have only considered ideal conditions, in which we
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Figure S3.3: Spectrum of the absorbed power of the four different absorbers, exhibiting either CD, LD⊥,LD⊥ or
isotropic absorption, under dual polarization modulation. In (a) for LD⊥ sensitive and (b) LD⊥ sensitive mode.
We normalize the power to be 1 for (a) the LD⊥ absorber and for (b) LD⊥ the absorber, at the sum frequency
ω1+ω2.

can easily ensure zero cross talk between LD and CD, and there is no artefact signal due
to residual amplitude modulation. In a real setup we have to consider imperfections of the
optical components themselves as well as slight misalignment of the various components.
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Owing to our numerical approach we can easily simulate the effect of these imperfections.
These imperfections will have an effect on the spectrum of the absorbed power and intro-
duce a cross talk between the different absorptive properties. To illustrate the influence of
one particular configuration we now introduce the following set of imperfections:

• EOM residual intensity modulation of 10−3

• PEM residual intensity modulation of 10−3

• PEM fast axis misalignment of 0.5◦

• QWP deviation of π/200 from π/2 retardation
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Figure S3.4: Spectrum of the absorbed power of the four different absorbers, under dual polarization modulation
with additional imperfections of the modulation scheme, which lead to cross talk of linear and circular dichroism.
We normalize the power to be 1 for the circular absorber at the sum frequency ω1+ω2.

In case the g-factor of CD and LD in a sample is of the same order of magnitude, small
imperfections would not have a great impact on the CD measurement. However, when in-
vestigating the CD of plasmonic nanoparticles such as nanorods, the effect of LD can be
much stronger. Therefore, in our simulations, we set the CD to be a factor of 50 weaker
than the LD. Figure S3.4 shows the power spectrum in CD-sensitive mode under the afore-
mentioned imperfections of the polarization modulation. In this case, also the LD⊥ as well
as the LD⊥ show power absorption at the sum frequency, indicating a cross talk of LD
into CD. As opposed to figures S3.2-S3.3 here the isotropic absorber shows a frequency
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component at ω1 and ω2 which is due to the slight residual intensity modulation of the po-
larization modulators. The set of imperfections that we have used here is just one single
example, other combinations are possible depending on the alignment and the individual
components. In general there can also be more sources of imperfections induced by other
optical components that we have not discussed so far for simplicity. These can be additional
optical components in the beam path. We found that with the alignment protocol described
in the above sections we can compensate also for small birefringent and dichroic effects on
the polarization exhibited by these additional components.

3.5.4. CD of gold nanoparticle dimers
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Figure S3.5: Correlated TEM images and optical measurements of two different 100nm diameter gold nanopar-
ticle dimers. One dimer is showing relatively strong PT CD signal, the other one shows weak CD signal. The
measurements were performed at a heating wavelength of 532nm. The scale bar in the TEM image is 100nm.

Figure S3.5 shows correlated TEM and optical measurements of two dimer gold nanopar-
ticles. The measurements are carried out in immersion oil as photothermal medium. One
dimer exhibits relatively strong CD of 0.8%, the second particle exhibits a CD of 0.07%
which is one magnitude lower. The LD⊥ and LD⊥ are both one or two orders of magnitude
larger than the CD values, which probably is induced by plasmonic hybridization.

3.5.5. CD of a single gold nanoparticle in carvone with LD reference

Figure S3.6 shows absorption scans of a single gold nanoparticle. The particle was chosen
such that it exhibits both weak CD and weak LD, to make sure that there is no residual
leakage of LD into CD and that thermal induced reshaping does not decrease the CD over
the course of the experiment shown in figure 3.5. The corresponding g-factors of LD and CD
are indicated in the scans. If we take into account our previously shown LD rejection ratio
of 300 we expect a residual leakage of LD into CD of not larger than 5×10−5 in g-factor
which is one magnitude lower than the particles’ actual CD g-factor.
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Figure S3.7: Time trace of CD measurements of three different 100nm gold nanoparticles at high heating laser
power indicating reshaping of the nanoparticles. At the beginning of each timetrace, the laser power is kept very
low and after about 20 seconds, the laser power is slowly raised to the highest laser power. The highest laser power
is about 30mW, 30mW and 40mW for the first, second and third particle, respectively. The heating power
(wavelength of 532nm) is spread over an area of about 20 µm. We use 10mW of probe power (laser wavelength
of 815nm) in confocal. The binning time is 30ms. The red line indicates the time when we increase the heating
laser power and green boxes indicate where we did manual refocusing to check that the decrease in signal is indeed
due to the reshaping, but not due to any drift out of focus. The first green box in the timetrace for the third particle
indicates when the heating laser was blocked for a short period of time.

3.5.6. Heat-induced reshaping

Figure S3.7 shows time traces of three different single gold nanoparticles. We first focus on
a particle with a low laser power of few mW. After a given time, indicated by the red line in
figure S3.7 we slowly increase the power of the heating beam by about 30mW to 40mW
(Koehler illumination in the area of 20 µm2). The green boxes indicate where we manually
refocus to check that the decrease in signal is indeed due to the reshaping, but not due to the
out-of-focus drifts. After the initial increase, which is due to the increase in heating power,
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we observe a gradual decrease of CD signal, which is due to reshaping. Notably the CD
signal does not vanish completely even after hundreds of seconds, but stabilizes at some
finite value. This is probably because of the limited heating laser power in our experiments.
We think that a further increase in heating laser power could induce further reshaping and
lead to weaker and weaker CD signals over longer periods of laser exposure. However, the
laser power cannot be increased indefinitely, as light-induced reactions were observed to
take place in such complex liquids as carvone [40].

3.5.7. Nanofabrication of single aluminium nanorods

Aluminium nanostructures were fabricated in the Kavli Nanolab in Delft, using the follow-
ing protocol in chronological order. Glass coverslips (borosilicate glass, diameter 25mm,
thickness No.1) were used as substrate. First, they were cleaned by sonication in acetone
and isopropanol. The substrate was dehydrated by a bake-off at 150 ◦C for 10 minutes and
in the same equipment it underwent priming with a monolayer of HMDS (Delta RC80 ap-
paratus) to improve the hydrophobicity of the glass surface. The samples were transferred
to a spin-coater and spun with CSAR positive e-beam resist (AR-P 6200.04) at 2000 rpm
followed by a soft bake for 2min on a hotplate at 150 ◦C. After that, the CSAR layer was
covered with 11 nm of chromium through e-beam evaporation, to form a conducting layer
on top of the samples and to prevent charging of the substrate during e-beam patterning.
The samples were e-beam exposed with a pattern that contained arrays of aluminium rods.
The dimensions of the rods were 40×100 nm. Each array was exposed at a different dose,
ranging from 70 to 200µC/cm2. Eventually the optimal dose was chosen by means of the
optical experiment. Next, the samples were stripped of chromium by submerging them in
a Cr01 TechniEtch solution for 15 s and rinsing them with DI water. The samples were
first developed in pentyl acetate (1min), then a mixture of isopropanol and methyl-isobutyl
ketone (1:1) for 1min and finally in isopropanol for 1min. The samples were dried and
subsequently residues of the developed resist were removed through a descum process by
oxygen plasma etching for 30 s at 100 Watt power and 200 sccm O2 flow. The exposed,
developed and oxygen etched glass samples were then e-beam evaporated with 3 nm of Cr
for adhesion, directly followed by 60 nm of aluminium. Lift-off was performed in anisole at
80 ◦C for at least 1 hour. Finally, the samples were rinsed of all residuals in a jet of acetone
followed by rinsing in a beaker with isopropanol and drying in a N2 stream.
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4
Correlated optical and TEM

measurements of quasi achiral
and "superchiral" gold

nanoparticles
Chemically synthesized chiral nanoparticles have strong chiral features and show strong
circular dichroism (CD). However, a chemical synthesis process typically goes along with
nonuniformity of shape and size, thereby affecting the chiroptical properties of the indi-
vidual particles in the ensemble of synthesized particles. To find a clear relation between
geometrical chirality and their chiroptical response, a correlative structural and optical
study is essential on a single-particle level. Most existing single-particle circular dichroism
measurements based on transmission or dark-field microscopy do not allow for a highly sen-
sitive detection of the chiroptical response. We have shown that our photothermal circular
dichroism (PT-CD) microscope is capable of detecting CD signals of single chiral nanopar-
ticles down to g-factors of 3× 10−4. Here we combine PT-CD measurements with electron
tomography (ET) to investigate the relation between geometrical chiral features and chi-
roptical response of wet-chemically synthesized chiral nanorods and quasi-spherical gold
nanospheres at the single-particle level. By analyzing their 3D structures, obtained from
ET, we find that the synthesized chiral particles indeed have geometric features that give
rise to a biased chiroptical response which is also confirmed by single-particle optical mea-
surements. In addition, single-particle optical measurements show that the particles have
a broad distribution in their strength and handedness of the chiroptical response. Parti-
cles with strong chiral features of a certain handedness exhibit a clear bias in their CD
signal, however, the strength of their CDs is not directly related to the strength of the geo-
metric chirality. To study how plasmonic resonance effects could play a role, we performed
boundary-element method (BEM) simulation considering the 3D structures of the particles
directly obtained from tomography without smoothing structural features.
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4. Correlated optical and TEM measurements of quasi achiral and "superchiral" gold
nanoparticles

4.1. Introduction

A molecule or nanoobject is chiral when it cannot be superimposed with its mirror image.
The standard way of detecting chiral nanoobjects is by measuring their circular dichroism
(CD) spectra using a commercial CD spectrometer. CD is the differential absorption of
left and right circularly polarized light. A commercial CD spectrometer measures the CD
spectra, via extinction, of an ensemble of molecules and particles averaging out heteroge-
neous single-molecule/particle information. Several research groups have developed single-
particle circular dichroism techniques [1–4], however, they do not measure a true absorption
signal and are lacking sensitivity. Photothermal circular dichroism microscopy (PT-CD) is
capable of measuring the direct differential absorption, free from scattering contributions
[5] and can measure CD on single nanoparticles with unprecedented sensitivity [6]. In PT-
CD we use Koehler illumination for the heating beam, because it preserves the polarization
state of light in the focal plane, while, we use a highly focused probe beam which keeps
the spatial resolution to the diffraction limit. For measurements of single chiral metallic
nanoparticles, the leakage of linear dichroism (LD) into CD needs to be rejected to obtain
CD sensitivity down to g-factor of 10−3 and smaller. We have shown in chapter 3 that, by
employing a dual modulation of the polarization, the leakage of LD into CD can be rejected
with a rejection ratio of more than 300 [6], which allows us to investigate small CD values
in rod-like particles. The high detection sensitivity and rejection of artefacts is promising
to study various chiral nanoparticles at the single-particle level.

Chiral plasmonic nanoparticles have recently received much attention owing to their
potential in light manipulation as for example in circular polarizers [7], enantiomeric sens-
ing of biomolecules [8], chiral waveguides [9] or negative refractive index materials [10].
Bottom-up fabricated plasmonic nanoparticles can be tailor-made with specific optical prop-
erties [11], however, their fabrication process is difficult for up-scaling. In addition, the
polycrsytallinity of nanofabricated structures can dampen their plasmonic properties [12].
Chemically synthesized plasmonic nanoparticles are single-crystalline and can also exhibit
strong CD. Due to the wet-chemical synthetic process their production can be upscaled eas-
ily. However, precisely controlling their shape and hence their chiral features remains a
difficult task. A recent study [13] could reveal the correlation between the shape and the
chiroptical response in chemically synthesized particles. This study relied on the recon-
struction of the 3D shape of the nanoparticles by performing ET. The reconstruction was
used to detect features of geometric chirality that lead to the strong chiroptical response of
the particles. By applying fast Fourier transformations (FFTs) on the reconstructed nanopar-
ticles, González-Rubio and coworkers [13] identified that repetitive wrinkles, i.e. helical
features, caused the strong chirality in these systems. However, the study of such complex
particles not only requires the knowledge of the shape of the particles but also the chirop-
tical response at the single-particle level. Until now most studies of the optical properties
of chiral nanoparticles are carried out in ensemble measurements for the lack of sensitive
single-particle CD techniques. Here we combine optical PT-CD measurements with ET to
correlate geometrical features of chiral nanoparticles to optical CD at the single-particle
level. Two types of nanoparticles are used in this study - chemically synthesized chiral gold
nanorods and quasi-spherical gold nanospheres. Chiral nanorods are prepared by micelle-
directed growth on top of gold nanorods [13]. Chiral molecules in the nanorod’s solution

4

66



4.2. Results and discussion

P1

P2

P3

P4

P1 P2

P3 P4

a) b)

c) d)

50 nm

2 �m

P
T

 [a
.u

.]

C
D

 [a
.u

.]

N = 30
gavg= -0.031±0.02

g-factor

nu
m

be
r 

of
 p

ar
tic

le
s

0

1

2

3

4

5

0 0.1 0.2 0.3-0.1-0.2-0.3

Figure 4.1: (a) Photothermal and (b) circular dichroism images of three single and one dimer of chiral gold
nanorods. (c) TEM images of three single and one dimer of nanorods as labelled in (a). The scale bars are 50
nm. (d) Histogram of g-factors of 30 single chiral gold nanorods.

form worm-like micelles that can stick on top of the nanorods’ surface and help in transfer-
ring chirality to the rod by further deposition of metal atoms. Gold nanospheres bought from
Nanocomposix are single-crystalline nanoparticles with a truncated octahedral shape which
is supported by transmission electron microscopy (TEM) measurements. To investigate the
chiroptical properties of single nanoparticles, we dropcasted a solution of nanoparticles on
a TEM grid where we can perform both, optical and TEM measurements.

4.2. Results and discussion

4.2.1. Chiral nanorods

Figure 4.1 (a) and (b) show photothermal (PT) and PT-CD images of four chiral nanopar-
ticles. Correlated TEM measurements in (c) show that three of these particles are single
nanorods and one is a dimer. The presence of a dimer is evidenced by the PT signal, which
is about twice that of a single-particle. The absorption anisotropy (g-factor) of the ensemble
was determined by means of commercial CD spectrometer as g ∼ -0.015 (see figure S4.1 in
the SI) at the wavelength of the PT measurements (660 nm). The single-particle measure-
ments in figure 4.1 reveal a striking difference with the ensemble measurements, namely that
not only the strength of CD of individual particles varies strongly, also its sign can vary. We
find that individual particles can have substantially stronger CD response as compared to
the ensemble measurements, however, as the sign of CD also varies, the overall chiroptical
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nanoparticles

response of the ensemble is drastically reduced in magnitude. To check whether the PT-CD
measurements resemble the chiroptical behaviour of the ensemble technique we performed
more PT-CD measurements, all correlated with TEM measurements. Figure 4.1 (d) shows
the histogram of g-factors of 30 chiral nanorods obtained by PT-CD at 660 nm. Our single-
particle measurements yield an average g-factor of -0.031± 0.02, which is on the same order
of magnitude as the ensemble measurements (g ∼ -0.016), however, the number of particles
is not enough compared to the width of the histogram to allow a quantitative comparison
of our single-particle measurements with the ensemble measurement. It should be noted
here that at the moment the optical measurements were performed we did not realize, and
therefore did not record, all the parameters that were necessary to determine an absolute
sign of our CD measurements. That means that we cannot tell whether a negative/positive
CD signal refers to more absorption of left- or more absorption of right-circularly polarized
light. However, it should also be noted that the measurements are sign-consistent within
themselves meaning that all particles that shows a certain sign in the CD measurement, all
absorb either more left- or more right-circularly polarized light. Even though we cannot
relate the sign of the CD measurements to whether the particles absorb more left or more
right circularly polarized light, our first finding, that the particles’ CD is broadly distributed
with particles having both positive and negative chiroptical response still holds true. We
chose the sign such that it is in agreement with the ensemble measurements in figure S4.1.

A direct comparison with the ensemble measurements is anyway only partially justified
as the PT measurements are carried out for particles lying flat on the surface while the CD
values obtained by the CD spectrometer, being measured in solution, averages the response
of particle orientations. Different particle orientations can affect the chiroptical response.
Furthermore, larger nanoparticles, especially rod-like ones, can have a scattering contribu-
tion to the extinction signal, that can be on the order of the absorption [2] contribution.
Therefore we cannot neglect possible contributions due to circular dichroism scattering of
the ensemble measurements which measures a combination of scattering and absorption.

We then take a closer look at the 7 nanorods on which we performed ET measurements
to reconstruct their 3D shape. The left sides in figure 4.2 (a), (d), (g) show the 3D visual-
ization of ET results of three nanorods with significantly different g-factors, from a highly
chiral nanorod with a positive g-factor (a) to a nanorod with an one order of magnitude lower
g-factor (d) and a nanorod with negative g-factor (g). González-Rubio et al. [13], who per-
formed ET studies on particles grown by the same method, concluded that the chiroptical
signal of these nanorods stem from helical features in their morphology. Consequently, we
tracked local helical features for our correlated morphologies based on the geometrical shape
obtained from the reconstruction. Details about the procedure can be found in section 4.4.
In short, after converting the reconstruction to cylindrical coordinates, all pixels in the corre-
sponding FFT with the same orientation are binned. The quantification of the directionality
can then be used to quantify the helicity. The right sides of figure 4.2 (a), (d), (g) shows
the calculated helical features overlaid with the thresholded reconstructions. Interestingly, it
becomes immediately clear that each particle contains both, left- and right-handed features.

To further quantify the helicity, we projected the reconstructions in cylindrical coordi-
nates along the radius. The results are shown in figure 4.2 (b), (e), (h). Based on the projec-
tions, we created helicity maps as shown in (c), (f) and (i). The mix of helicities within each
particle becomes immediately clear in the projected maps as well. Yet, there are also clear
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Figure 4.2: Correlation of measured g-factors and electron tomography on single chiral nanorods. (a), (d), (g)
show 3D visualizations (left) of three nanorods with different g-factors, which were measured by single-particle
PT-CD. The right images show local geometrical helicities of the same nanorods. Red and blue colors correspond
to positive and negative helicities. (b), (e), (h) display the radially projected and unwrapped nanorods. (c), (f), (i)
show the radially projected helicity maps.

differences between the three particles. The nanorod in (a) with a strong positive g-factor
exhibits a prominent area of strong positive geometrical handedness as shown in red in figure
(c). This strong chiral feature is related to the big groove around 200° in (b), and is also vis-
ible in the 3D visualization in (a). It seems to dominate the overall optical response leading
to the high positive g-factor. For the nanorod with one order of magnitude lower g-factor,
the projected helicity map in (f) shows areas of relatively strong positive handedness but
also large regions of opposite handedness. It seems that the areas of different handedness
average out the optical chirality to some extent leading to a much lower g-factor compared
to particle 1. Particle 3, for which we measured a strong negative g-factor, displays only
areas with weak positive and weak negative geometrical helicity (figure 4.2(i)). From the
"helical-like" geometrical features, that were assigned by González-Rubio et al. [13] to be
responsible for the chiroptical response, it is thus not conclusive where the negative g-factor
stems from.

Figure 4.3 presents the average of the projected helicity maps as a function of the mea-
sured g-factor for 7 particles including the ones from figure 4.2. For 6 out of the 7 nanorods
that we measured, a positive g-factor correlated to a positive average helicity. This corre-
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Figure 4.3: Average of helicity maps as a function of measured g-factor for 7 single nanorods.

lation indicates that the average geometrical chirality is indeed influencing the chiroptical
properties.

The important conclusion from figure 4.3 is that the strength of the CD signal cannot
be directly connected to the average helicity, meaning that stronger geometrical chiral fea-
tures do not necessarily lead to a stronger chiroptical response. Consequently, additional
factors must significantly influence the optical response. On the one hand, of course, plas-
monic effects play a role. Due to the differences in shape, each nanorod has a different
plasmonic resonance. However, it is quite challenging to perform simulations to understand
the plasmonic effect on the chiroptical behavior of a chiral nanorods because of its complex
structure. We rather chose a much simpler geometry such as quasi-spherical gold nanoparti-
cles to get a better understanding of the relation between geometrical features and plasmonic
influence with their optical CD properties, which we discuss in the following section.

4.2.2. Nominally achiral nanoparticles

To elucidate what other effects play a role, we looked at quasi-spherical gold nanoparti-
cles. We chose for Au truncated octahedra as they are known to be single-crystalline, which
avoids any influences from crystalline defects. These gold nanoparticles are often consid-
ered as being "achiral". However, due to their wet-chemical synthesis they are heterogeneous
in size and shape. Like with the chiral nanorods we performed correlated optical and ET
measurements to obtain the optical CD g-factors as well as the structural information of the
quasi-achiral particles. Figure 4.4 shows correlative optical and tomography images of four
single gold nanoparticles. Figure 4.4 (a) and (b) show PT and PT-CD images and figure (c)
shows tomography images of the same four particles. The PT signal, which scales linearly
with the absorption, shows different absorption strength, which is normally related to dif-
ferent sizes of the particles. In this case, however, the topology of the substrate surface of
the TEM grid-window causes some particles to be either in- and others to be out-of-focus
within one scan area. To determine the CD of the particles we calculate their g-factor, which
is defined as the differential absorption divided by the total (isotropic) absorption. As we
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Figure 4.4: (a) PT and (b) PT-CD images of four single gold nanoparticles. Solid circles are drawn to show
correlation between the two images. To show the contrast of the weak signals in CD, each particle’s image in (b)
is shown with an adjusted contrast as marked with square boxes. The numbers in (b) correspond to the particle’s
g-factor. The scale bar in (a) is 2 µm. (c) Electron tomography of the four single-particles as labelled in (a). The
scale bar is 30nm. In (c) a is the asphericity and V is the volume of the particle in nm3 divided by factor of 105.

show in figure S4.2, defocusing affects both the PT and the CD measurements alike and
therefore the g-factor is independent of the focus position.

The 3D reconstructed images of the single-particles, displayed in figure 4.4 (c), show
that the particles are heterogeneous in shape. We use the reconstructed images to calculate
the particles’ asphericity. The asphericity is as a measure of the deviation from a spherical
shape. An asphericity equal to 0 corresponds to a perfect sphere and for a non-spherical
shape asphericity is greater than 0. The inset in figure 4.4 (c) indicates the respective as-
phericity of the particles. Particle P2 has a low asphericity and exhibits a weak g-factor of
0.002, on the other hand, particles with large asphericity (P1, P3 and P4) can exhibit both
strong and weak CD signals. In the optical measurements we only probe one specific orien-
tation of the geometry and therefore are not sensitive to deviations from the spherical shape
along the optical axis. When we calculate the asphericity from the shape we therefore have
to neglect protrusions of the particle along the optical axis, this is indicated by the “2D”.

In total we have measured 25 single gold nanoparticles correlated with tomography mea-
surements. Figure 4.5 (a) shows the correlation between asphericity and measured g-factors.
We find that particles with low asphericity mostly exhibit weak CD signals while particles
with higher asphericity can exhibit both, strong and weak CD signals. We conclude that as-
phericity is needed to create CD but asphericity does not inevitably lead to CD. A nanorod
for example would have nonzero asphericity but clearly is not chiral. A more meaningful
measure to represent geometric chirality than asphericity is the Hausdorff chirality which is
a measure of the lack of congruence of an object with its mirror image [14]. It measures the
missing volumetric overlap of an object with its mirror image. A rod-shaped object, which is
achiral, will have zero Hausdorff chirality, whereas it will have nonzero asphericity. Figure
4.5 (b) shows the correlation between Hausdorff chirality and the optical CD measurements.
As we probe only a specific orientation of the particle we must calculate the Hausdorff chi-

4

71



4. Correlated optical and TEM measurements of quasi achiral and "superchiral" gold
nanoparticles

0.05 0.1 0.15 0.2

asphericity

0

0.005

0.01

0.015

0.02

0.025

0.03

ab
s 

(g
-f

ac
to

r)

0.02 0.04 0.06 0.08 0.1 0.12

geometrical chirality

0

0.005

0.01

0.015

0.02

0.025

0.03

ab
s 

(g
-f

ac
to

r)

-0.03 -0.02 -0.01 0 0.01 0.02

g-factor [BEM sim]

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

g-
fa

ct
or

 

a) b) c)

Figure 4.5: Correlation plots of g-factor obtained from the experiment with (a) 2D-asphericity, (b) 2D Hausdorff
and (b) g-factor calculated with the boundary element method (BEM) simulation at 532 nm. None of the correla-
tion plots show a direct correlation between the corresponding parameters for all particles.

rality using only rotations along the optical axis and translations perpendicular to it which
is indicated by the "2D". We find that smaller 2D Hausdorff chirality values correlate with
smaller g-factors, and that larger Hausdorff values allows for but do not guarantee large g-
factors. Compared to the asphericity measure we find a better correlation for the Hausdorff
chirality with the optical measurements, but from our purely geometric considerations we
again can conclude that there is a fundamental difference between the geometric-chirality
of an object and its optical manifestation at a given wavelength (here the CD at 532 nm).

Besides the fact that the wavelength plays an important role, plasmonic effects can also
enhance CD. Such behaviour cannot be predicted by geometric considerations alone. We
therefore also performed BEM simulations of the same 25 ET-reconstructed particles. Fig-
ure 4.5 (c) shows the correlation between optical measurements and BEM simulations using
the Matlab MNPBEM toolbox. As opposed to asphericity and Hausdorff chirality we can
also take into account the sign of the CD signal. Most of the particles that have weak CD
values (below a g-factor of 0.01) also exhibit a weak CD in the optical measurements and
simulations. However, for particles with larger optical CD values we also find cases with
substantial deviations from the BEM simulations. One particle for example has strong neg-
ative CD for both optical measurements and BEM, other particles though have strong CD
effects with opposite sign in experiment and simulations. Here we must note again that we
missed to record all the necessary parameters to be able to tell whether a positive/negative
sign in the CD measurements corresponds to more absorption of left or right circularly po-
larized light. The correlation plot in figure 4.4 (c) therefore shows an arbitrarily chosen sign
for the CD measurements. However, the absence of a clear correlation of BEM calculations
and CD measurements persists in both cases.

We think that there might be additional effects, which contribute to the particles’ CD
signal but that are not related to the particles’ shape, and therefore lead to the mismatch
of optical measurements and the simulations based on the reconstructed geometry. We hy-
pothesize several sources that could contribute to the CD signal. First of all the substrate
will have an influence on the chiroptical response as has been shown earlier [15, 16]. Even
though we use immersion-oil for the optical measurements, which should match the sub-
strate’s refractive index, as we heat the oil during the measurement we effectively decrease
its refractive index. Additionally, the substrate (silica) on which the particles reside is only
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18 nm thick and we cannot exclude the presence of an air cavity behind the substrate’s sur-
face. An air cavity behind a very thin substrate could additionally introduce a symmetry
break [15], due to the refractive index mismatch. Furthermore, we imagine that ligands on
the nanoparticle’s surface could play a role as well as they have been reported to alter the
particle’s plasmonic response [17].

4.3. Conclusion

The synthesis process of chiral nanorods creates a weak bias towards a certain geometric
handedness as well as the chiroptical response of the particles, when measurements are
performed on a large ensemble of particles in solution. However, the study of individual
particles revealed that the strength of the chiroptical response is not directly related to the
helicity as particles with a large helicity can have weak chiroptical response and vice versa.
This may be related to plasmonic effects, however, as we show with our simple model-system
of quasi achiral particles, even plasmonic effects cannot satisfactorily explain the relation
between shape and chiroptical response. That means that, even if we knew the shape of a
nanoparticle and were able to simulate its chiroptical response, thereby taking into account
also its plasmonic behaviour (and wavelength dependence), we find only a weak correlation
between measurement and simulations and thus the geometry. Other effects that we have
not taken into account may add a residual CD signal that do not allow us to determine the
optical response if we consider only the geometry of the particle. Such effects might be
related to surface ligands, or the substrate which can cause an additional symmetry break
and therefore alter the chiroptical response of nanoparticles. Due to the broad distribution of
g-factors in chemically-synthesized nanoparticles, more measurements would be necessary
to draw concrete conclusions. Furthermore we should make sure to determine the global sign
of the optically measured CD signal to allow for a direct comparison of BEM simulations
and optical measurements.

4.4. Experimental

4.4.1. Sample preparation

For the correlative transmission electron microscopy and optical measurement, single gold
nanospheres (diameter of 100 nm, purchased from nanoComposix) or single chiral gold
nanorods (wet chemically-synthesized according to reference [13]) were drop-casted on a
TEM grid which contains silicon dioxide support film of thickness 18 nm and aperture
of 70×70 µm2 (product no.: 21532-10, purchased from Ted Pella). The TEM grid was
then sandwiched with a second glass slide (thickness of about 170 µm). An immersion
oil was used as a photothermal medium because of its high viscosity and hydrophobicity
which was essential for the sandwiched TEM grid sample. For measurements of single gold
nanospheres, immersion oil of refractive index of 1.51 and for measurements of single chiral
gold nanorods, an immersion liquid of refractive index of 1.33 were used. First optical mea-
surements were performed and thereafter the TEM grid was cleaned with toluene to remove
the immersion oil. The cleaned TEM grid containing single gold nanospheres was used for
TEM measurements. For optical measurements only the nanospheres or nanorods which
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were deposited on the marked silicon dioxide windows, were chosen. TEM measurements
were performed on the same nanospheres or nanorods. For nanorods and nanospheres mea-
surements, the heating laser powers were 25.6mW and 8mW, respectively illuminated in
an area of about 20 µm2 and the probe laser powers were 0.8mW and 2mW, respectively
in a diffraction-limited focus area.

4.4.2. g-factor analysis of optical measurements

g-factors were calculated as the ratio of mean values of photothermal and photothermal
circular dichroism signal averaging in an area of 7×7 pixels2 around the centroid position
of each individual particle.

4.4.3. Transmission electron microscopy and tomography

HAADF-STEM images and electron tomography tilt series were acquired using a FEI-Osiris
electron microscope operated at 200 kV. Tilt series were acquired for the maximal possible
tilt range for the SiO2 TEM grids, which was generally around ±65°. The tilt increment was
3°. The tilt series for the achiral nanoparticles were reconstructed in the following manner:
After aligning the tilt series images by cross-correlation, the stacks of aligned projection
images served as inputs for 100 iterations of the expectation maximization implemented in
the ASTRA toolbox [18, 19]. The reconstructions were furthermore thresholded using the
Otsu method and the thresholded reconstructions were used for determining the volume.
The tilt series for the more complex chiral nanorods were reconstructed in the following
manner: After distortion corrections with the help of a convolutional neural network, 3D
reconstructions were performed by the simultaneous iterative reconstruction technique and
the application of constraints in real and Fourier space, following previous work [13].

4.4.4. Quantification of asphericity

The asphericity is a metric used to determine how much a given shape differs from a sphere.
To calculate this metric, we segmented the 3D ET reconstructions to retrieve a binary vol-
ume. We then calculated the volume of the reconstructed shape and created a new binary
volume containing a perfect sphere with the same volume. The asphericity was then calcu-
lated as the minimal shape error between the reconstructed volume and the sphere.

4.4.5. Hausdorff chirality quantification

The Hausdorff chirality measure is a measure to quantify the chirality of a set of points
which typically describe a molecule. This chirality measure is determined by calculating
the minimum Hausdorff distance between a set of points and the mirror image of that set
of points. To make the measure scale-invariant, the result is then divided by the diameter
of this set of points, which is calculated as the maximum distance between any two points
of the set. However, since our data is stored as a 3D volume, we adapted the Hausdorff
method as follows and call it as geometrical chirality. First the 3D ET reconstructions were
segmented into binary volumes. Next, analogously to the Hausdorff chirality measure, we
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define a chirality measure as the minimum shape error between the binary reconstruction and
its mirror image. The shape error is defined as the number of mismatching voxels divided by
the number of voxels included in the volume and is therefore already scale-invariant. The
chirality measure is found by minimizing the shape error for rigid transformations of the
mirrored volume.

4.4.6. Boundary element method simulations

The discretized Otsu thresholded tomography reconstructions of the Au nanoparticles served
as an input for BEM calculations, which were performed solving the full Maxwell equations
at 100 points in the wavelength range from 500 to 700 nm using left and right circularly
polarized light using the MNPBEM Matlab toolbox v17. The g-factor was then determined
as defined in chapter 2.

4.4.7. Quantification of helicity

Helicity can be quantified by investigating the directionality of features in a three-dimensional
volume in cylindrical coordinates. Namely, features that are oriented parallel with the (x, y)-
plane (horizontal) or with the z-axis (vertical) can be labeled as being "achiral", while other
features are oriented such that they wrap around the z-axis and are therefore helical. To
quantify this, we calculated the local helicity for each voxel in cylindrical coordinates by in-
vestigating the directionality of a small region around that voxel in the (ϕ, z)-plane according
to the method described in [20], which uses the gradient to quantify the local helicity in a
region. More specifically, features of a particle will show a strong change in intensity in the
direction orthogonal to the inclination angle. For example, horizontal features correspond to
a wavevector parallel to g⃗ = (0, gz) and vertical features correspond to a wavevector parallel
to g⃗ = (gϕ, 0). Right-handed features will be represented by g⃗ = (gϕ, gz) with gz · gϕ < 0
and left-handed features analogously by g⃗ = (gϕ, gz) with gz · gϕ > 0 . This insight leads
to a filter that can be used for the quantification of helicity:

H(gϕ, gz) = −sign(gϕ · gz) (4.1)

with

sign(x) =


−1, x < 0

1, x > 0

0, x = 0

(4.2)

The local helicity in a voxel at location (ρi, ϕi, zk) is then given by

H(ρi, ϕi, zk) =

∫∫
dkϕdkz∥g⃗∥ ·H, (4.3)

where g⃗ is the magnitude of the gradient at a given location and the integral goes over a small
two-dimensional window around the (ρi, ϕi, zk) voxel in the (ϕ, z)-plane. The magnitude of
the gradient is taken as a metric that indicates the "amount" of features oriented in a certain
direction. For our experiments, we used windows of 64×64 pixels. This method results
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4. Correlated optical and TEM measurements of quasi achiral and "superchiral" gold
nanoparticles

Figure 4.6: The procedure to calculate the helicity measure in a small region of the volume. A 3D rendering of one
of the chiral nanorods is shown in (a), a small region around a voxel is selected in (b), the magnitude of the gradient
is shown in (c), and the orientation of the gradient is used to assign the correct sign indicating the handedness to
each pixel as shown in (d).

in a single value for each voxel in cylindrical coordinates that indicates the helicity of the
particle in that region. Positive values correspond to right-handed helicity and negative
values to left-handed helicity. Figure 4.6 illustrates this procedure: (a, b) select a region in
a slice around a voxel from the 3D volume, (c) calculate the gradient of this region and (d)
apply the H filter. The helicity value for the selected voxel is the sum over the result in (d),
which is in this case positive and therefore indicates that the feature is right-handed.
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4.5. Supplementary information

4.5.1. Ensemble CD spectra of the S-enantiomer of chiral nanorods

Figure S4.1: Ensemble circular dichroism (CD) spectra of an aqueous solution of chiral gold nanorods with S
enantiomers. The g-factor at 660nm indicated by the vertical red line is about -0.016.

Figure S4.1 shows a CD spectrum of a diluted stock solution of the chiral nanorods
obtained by a commercial CD spectrometer. Our optical single-particle CD measurements
were carried out at 660 nm as indicated by the vertical red line. At that wavelength the
ensemble measurements yields a g-factor of −0.016.

4.5.2. Effect of defocusing on the CD g-factor

Because of the non-flat surface of the TEM grid window, some particles are in-focus and
others are slightly out-of-focus in our optical measurements. Therefore, we checked if the
slight defocusing may have an influence on the CD g-factor. We measured a single 100 nm
gold nanoparticle in-focus and out-of-focus as shown in figure S4.2. Slight defocusing de-
creases both photothermal (PT) and circular dichroism (CD) signals alike and therefore the
calculated g-factor (i.e. the ratio of CD and PT) remains nearly unchanged.
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Figure S4.2: Photothermal (PT) and circular dichroism (CD) image of a single gold nanoparticle in (a) focused
and (b) slightly defocused conditions showing slight defocusing has nearly no influence in the value of g-factor.
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5
Magnetic circular dichroism of

superparamagnetic nanoparticles
Magnetic imaging is a versatile tool in biological and condensed-matter physics. Exist-
ing magnetic imaging techniques either require demanding experimental conditions which
restrict the range of their applications or lack the spatial resolution required for single-
particle measurements. Here, we combine photothermal (PT) microscopy with magnetic
circular dichroism (MCD) to develop a versatile magnetic imaging technique using visible
light. Unlike most magnetic imaging techniques, photothermal magnetic circular dichro-
ism (PT MCD) microscopy works particularly well for single nanoparticles immersed in
liquids. As a proof of principle, we demonstrate magnetic CD imaging of superparamag-
netic magnetite nanoparticles immersed in microscope immersion oil. The sensitivity of our
method allowed us to probe the magnetization curve of single ∼400 nm-diameter magnetite
nanoparticles.
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5. Magnetic circular dichroism of superparamagnetic nanoparticles

5.1. Introduction

Light-matter interaction in magnetic materials gives rise to unique magneto-optical phenom-
ena like the Faraday and Kerr effects. Ultrafast spectroscopy with femtosecond pulsed lasers
enables manipulation of magnetic properties such as magnetization reversal [1] or demag-
netization of ferromagnetic metallic thin films [2]. Magnetic nanoparticles are promising
candidates for applications in biomedicine, spintronics and data storage [3, 4]. Magnetite
(Fe3O4) nanoparticles, because of their size-dependent magnetic properties and biocom-
patibility, have been used for bioimaging, for photothermal [5] and magnetothermal cancer
treatment [6]. For magnetic data storage, the minimum size of a magnetic bit is limited by
the so-called superparamagnetic limit [7, 8]. Superparamagnetism occurs in ferromagnetic
and ferrimagnetic materials. Bulk magnetite shows ferrimagnetic behaviour. Single-domain
magnetite nanoparticles of sufficiently small size randomly flip their magnetization direc-
tion, on the timescale of laboratory experiments (s-hrs), when the magnetic energy barrier
is on the order of, or smaller than the thermal energy [9]. When the measurement time is
longer than the average time between two magnetization flips, the particle appears to carry no
average magnetic moment. Just as paramagnetic particles, superparamagnetic ones can be
magnetized under an external magnetic field, but typically exhibit much larger susceptibility.
To study magnetic phenomena of single nanoparticles one can use non-optical devices such
as SQUIDs (superconducting quantum interference devices) and MFMs (magnetic force-
microscopes), or X-ray beam techniques such as XMCD (X-ray magnetic circular dichro-
ism). Conventional SQUID magnetometers detect the net signal from large ensembles of
nanoparticles, averaging out the size-dependent magnetic properties of the nanoparticles.
For imaging purposes, scanning-SQUID microscopy can be used to image the magnetic
flux from individual particles - in some cases with sub-100 nm resolution [10]. Owing to
their exceptional sensitivity, down to individual single-molecule magnets [11], SQUIDs are
therefore widely used in the study of magnetic nanostructures [12], however, they require a
cryogenic environment, complex probes and electronics, which can be difficult to implement
for many applications. MFM is a considerably simpler technique with excellent spatial reso-
lution and can operate at ambient conditions. However, MFM also faces drawbacks such as
topographic cross talk and the magnetic distortions caused by the strong stray fields of the
probe [13]. Furthermore, when studying samples in external magnetic fields, not only the
sample but also the probing tip is influenced by the field [14]. XMCD provides high spatial
resolution and sensitivity in the study of single nanoparticles [15], but it requires access to
a beam line.

Magnetic circular dichroism (MCD) spectroscopy [16, 17] is an optical technique that
exploits the polar Kerr effect [18]. Until now conventional visible-light MCD spectroscopy
has only been used to investigate magnetic nanoparticles [16] or (bio-) molecules [17] in
solutions containing an ensemble of many nanoparticles. The investigation of size- and
shape-dependent magnetic properties, however, demands single-particle resolution. XMCD
and electron holography measurements of single particles show that the magnetic proper-
ties not only depend on their size, but also on their shape, and on temperature [15, 19]. For
instance, cobalt and iron particles in the range of 8 nm to 20 nm can exhibit both ferromag-
netic and superparamagnetic behaviors at room temperature [20]. Distinctions in magnetic
behaviour due to shape and size cannot be made by measuring an ensemble of nanoparti-
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cles, and yet, they are of vital importance to their applications in biomedical sciences and
spintronic devices. Here, we overcome the limitation of visible-light MCD to ensemble
measurements by implementing our newly developed Photothermal circular dichroism (PT
CD) microscopy [21, 22] for magnetic imaging of single nanoparticles. To image the mag-
netization of nanoparticles, PT MCD is considerably simpler as, for example, XMCD or
scanning SQUID, making it far more accessible. Our method directly measures the absorp-
tion of individual particles via their PT response. As the absorption linearly scales with the
particle’s volume we can access the particle’s size. The MCD signal, which we can deter-
mine separately via PT MCD measurements, displays a linear dependence on the particle’s
magnetization [18, 23]. Our measurements therefore allow us to simultaneously access the
size and the magnetization of individual particles.

Figure 5.1 shows a scheme of our PT MCD setup. The setup is a photothermal mi-
croscope [24] augmented with polarization modulation optics in the heating arm to facili-
tate photothermal circular dichroism measurements [21]. We use a dual modulation of the
polarization because it offers excellent rejection of cross talk between linear and circular
dichroism as discussed in chapter 3. By modulating either the intensity or the polarization
of the heating beam, we can access absorption signals such as the total absorption (PT) as
well as LD (linear dichroism) and CD. We use a Koehler configuration for the heating beam
illumination but we strongly focus the probe beam. Thereby, the optical resolution at the
probing wavelength (780 nm) remains diffraction-limited while the polarization state of the
heating light (532 nm) remains well preserved. In circular dichroism mode our technique
measures the differential absorption between left- and right-circularly polarized light and
therefore is most sensitive to magnetic moments that are parallel (or anti parallel) to the
propagation direction of the light. To measure PT CD in the presence of an external mag-
netic field (PT MCD), a long cylindrical permanent magnet (NdFeB, 3mm diameter, 10 cm
length) is used to provide an out-of-plane magnetic field at the sample such that the light
propagation is parallel to the magnetization direction (optical z-axis). The magnetic field
strength and sign can be varied by altering the distance and by flipping the orientation of the
magnet relative to the sample.
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Figure 5.1: Schematic setup of the photothermal circular dichroism microscope. The 532nm continuous wave
(CW) heating laser beam is passed through a combination of polarization optics which modulates the polarization
of the light between left- and right- circularly polarized at ∼100 kHz. The 780nm CW probe laser is passed
through a combination of a polarizing beam-splitter (PBS) and a quarter-wave plate (QWP) and combined with the
heating beam at the 50/50 beam-splitter (BS) at an angle of about 5◦. The sample is illuminated with the heating
beam in a Koehler configuration, whereas the probe beam is focused at the sample through an oil-immersion
objective (NA = 1.45). The collected probe light is filtered from the heating light with a band-pass filter (BP
780). The photothermal signal is isolated by a lock-in amplifier. A long cylindrical permanent magnet is placed
perpendicular to the sample plane at a variable distance d to apply a magnetic field to the sample. The inset shows
an enlarged view of the heating and probe beam illumination and the position of the magnet relative to the sample.
To flip the magnetic field direction, the magnet’s poles are flipped. A polarization optics unit consists of two
polarization modulators, driven at two different frequencies ω1 and ω2. An additional set of static birefringent
plates and a polarizer enable polarization and amplitude modulation of the heating beam as described in chapter 3.
A reference signal at the sum frequency ω1+ω2 of the two modulators is sent to the lock-in amplifier.

5.2. Results and discussion

Here we study nominally 200 nm-diameter magnetite nanoparticles (Chemicell GmbH) in
a variable magnetic field. The tunable magnetic field enables us to discern MCD from geo-
metric CD. Geometric CD is induced by the chiral structure of an object [25]. In contrast to
geometric CD, MCD in ferro- and ferrimagnetic materials results from the polar magneto-
optic Kerr effect [18, 23]. The Kerr effect is induced by magnetic perturbations of the elec-
tronic states involved in optical transitions. It results from the interaction between electrons
that provide magnetic moments and those that have large spin-orbit coupling [18, 26].

A single-crystalline magnetite particle of 200 nm-diameter is expected to have multiple
magnetic domains and, moreover, it will exhibit magnetic remanence. The particles used
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here, however, are clusters of sub-15-nm single crystals. At room temperature, magnetite
particles of such size show superparamagnetic behavior. When they form clusters in a wet
chemical process they can maintain their superparamagnetic behaviour due to weak mag-
netic coupling between the individual subunits [19, 27, 28].

To show that PT MCD can indeed provide images of single nanoparticles with magnetic
contrast and to discern magnetic effects from shape effects (geometric chirality) we spin-
coated the nominally 200 nm-diameter magnetite particles on a glass surface at very low
surface coverage (∼1 NP/10 µm2). We then obtain a series of four images as displayed on a
selected example in figure 5.2 (a-d):

(a) A photothermal image, which allows us to estimate the particles’ volume due to the
linear relationship between absorption cross section and volume. (b) A photothermal CD
image in the absence of an external magnetic field, which allows us to determine the geo-
metric CD of individual particles. (c) and (d) PT CD images obtained with axial magnetic
fields of positive (c) and negative sign (d). The axial magnetic field gives rise to a polar Kerr
effect which can be detected by our setup via PT MCD.

The PT scan (figure 5.2 a) indicates a broad size distribution of the particles. Based on
the correlated SEM images, (see figure S5.1) we estimate the size of the three bright particles
to be about 400 nm. Upon application of an external magnetic field we find a strong contrast
in the CD images (figure 5.2 (c-d)), indicating the presence of a net magnetic moment in
the particles, which generates a strong MCD signal. We find that all particles exhibit the
same sign of CD and that, upon inversion of the magnetic field, we invert the sign of the CD
signal, corroborating the MCD nature of the signal. We then compare the relative magnetic
susceptibility of the individual magnetite particles by calculating their g-factor, which is
defined as

g = 2 · Alcp −Arcp

Alcp +Arcp
, (5.1)

where Alcp and Arcp are the absorptivities for left- and right-handed circular polarized light,
respectively. We can simply retrieve the g-factor by calculating the ratio of CD over PT
signals. The MCD signal is proportional to the magnetic moment while the PT signal is
proportional to the volume of the particle and thus to its number of unit cells. By taking
their ratio we obtain a value that scales with the magnetic moments per unit cell. We find
that all particles have similar g-factors, close to 1% at a magnetic field of 0.4T, indicating a
similar magnetic susceptibility. Figure 5.2(b) shows a CD scan in the absence of a magnetic
field. We find that even in the absence of a magnetic field some particles exhibit CD. We
assign this offset CD to geometric chirality that can occur in quasi-spherical particles [21, 29]
and is different from particle to particle (see figure S5.5 and S5.6).

Thanks to the excellent SNR of the measurements in figure 5.2, we are not limited to
measurements of the MCD close to the saturation magnetization of the magnetite particles.
This motivated us to obtain the magnetization curve of a single ∼400 nm magnetite parti-
cle. We did this by focusing on a single 400 nm-diameter particle and measuring its MCD
signal while the magnetic field’s strength and sign were varied by altering the magnet’s dis-
tance to the sample and flipping its orientation. In order to obtain the magnetic field strength
as a function of distance we performed a calibration measurement (see figure S5.4) using
a Gaussmeter (Hirst Magnetic Instruments GM08). The resulting magnetisation curve of
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Figure 5.2: Photothermal (a) and circular dichroism measurements (b-d) of nominally 200nm-diameter magnetite
particles exposed to different external magnetic fields. The actual size of the three brighter particles in the center
is measured by correlative SEM imaging and falls into the range of 300-400nm (see figure S5.1 and S5.2). For
details about the sizing see figure S5.1-S5.2. The integration time is 20ms per pixel. The magnetic field strength
for b), c) and d) is 0T, −0.4T and 0.4T, respectively. Individual particles exhibiting considerable MCD are
marked with circles and numbers indicate their g-factors. At an external field of 0.4T the g-factors are close to
1% for most particles.

a single magnetite particle is displayed in figure 5.3. The shape of the curve displays su-
perparamagnetic behaviour, as evident from the absence of a remanent magnetization. The
field we apply here (∼0.43T) is larger than the saturation field of our nanoparticles (sub-
unit size of 8-13 nm) [31] and below the saturation field of bulk magnetite [32]. To exclude
possible effects of the external magnetic field on the optical elements that may induce an
artificial CD, we performed a reference measurement on a 100 nm-diameter gold nanopar-
ticle (see orange data points in figure 5.3). Gold is diamagnetic and therefore has a very
small magnetic susceptibility [33]. The small susceptibility should result in a negligible
MCD response, compared to magnetite. If the CD signal of the magnetic particles was due
to the external magnetic field affecting the setup (i.e. the objective) we would also expect a
response of the gold nanoparticles upon application of an external magnetic field. The shape
of the gold nanoparticle’s PT CD curve shows that this particle had no significant response
to the external magnetic field, within experimental noise. Together, these observations pro-
vide strong evidence that the observed strong MCD response of our magnetite particles is
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Figure 5.3: Magnetization curve of a single ∼400nm-diameter magnetite particle measured by PT CD in hexade-
cane. The shape displays superparamagnetic behaviour. The integration time is 1 s per point. The inset shows a
magnified view of the magnetite nanoparticle’s magnetization curve at small fields. Arrows indicate the sweep di-
rection of the magnetic field (strong-to-weak). The orange data points show a reference measurement on a 100nm-
diameter gold nanoparticle, here only for positive magnetic fields. The solid line is a fit with a Langevin function:
(coth (x)-1/x, where x = µB/kBT ) [30]. The resulting magnetic moment of the composing nanoparticles is about
10,000 Bohr magnetons.

indeed induced by their magnetic moment. The shape of the curve and the saturation mag-
netization that we find are in reasonable agreement with ensemble measurements for other
magnetite nanoparticles [34], however, the strength of the MCD effect (g-factor) that we
observe is one order of magnitude larger than found elsewhere in ensemble measurements
[35, 36]. One reason for the difference in g-factor could be a different subunit size of the
particles used in these studies which were between 3.4 and 6.9 nm, compared to 8-13 nm for
our particles. Nanocrystals of smaller size exhibit a smaller saturation magnetization due to
a magnetic dead layer [31]. Another possible reason for the difference could be the different
measurement modality. While refs [35, 36] measure in a transmission geometry thereby
probing extinction we employ PT contrast, probing absorption. Extinction measurements
and absorption are not in general equivalent as the extinction measurement also entails a
considerable scattering contribution.

5.3. Conclusion and outlook

We have demonstrated a PT-based optical imaging method that enables the study of single-
particle magnetization via PT MCD. The excellent sensitivity of PT imaging allowed us
to obtain single-particle magnetization curves. Our single-particle and absorption based
measurements revealed g-factors that are one order of magnitude higher than the ones found
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by ensemble extinction-based studies [35, 36]. The images presented in figure 5.2 were
obtained by scanning the sample with a piezo-stage and thus require long image acquisition
times. Recent advances in the field of wide-field PT imaging [37–39], that use cameras
instead of confocal scanning, could open the possibility for faster image acquisition with
magnetic contrast. PT imaging is particularly well suited for studying the absorption of
small particles, since the absorption scales with the volume. From our signal-to-noise ratios
and the available laser powers of probe and heating lasers we estimate that the magnetic
moments of single-domain magnetite particles with sizes down to 20 nm can be studied with
our technique. We believe that photothermal magnetic circular dichroism (PT MCD) is a
promising technique for future studies of magnetic nanoparticles as it is easy to implement in
existing PT setups and does not suffer from the drawbacks of complex instrumentation and
restrictive demands on experimental environments imposed by other methods like XMCD,
MFM or scanning SQUIDs.

5.4. Supplementary information

5.4.1. Correlated SEM images of nominally 200 nm particles.

Figure S5.1 shows a SEM image of the same area as the images of figure 5.2. The sample
surface is partially sullied with glass debris that probably came during the manufacturing
process of markers on the glass slide (ibidi Gridded Glass Coverslips). The diameter of the
encircled particles is significantly larger than 200 nm. However, the SEM scan, which was
performed under 30◦ of the sample, also reveals that the particles are not spherical in shape.
In fact they are rather flat. The three marked particles on the top right, for example, have
the similar strength in PT signal and therefore should have the same volume. From the SEM
images the particle looks smaller in diameter than the lower ones but appears significantly
higher. From the tilted SEM images and the estimated height we estimate the volume of the
particles to be equivalent to a sphere of ∼400 nm in diameter.

5.4.2. PT of 20 nm magnetite particles

Due to the small tilt of the SEM scans in figure S5.1 (30◦) and the crude shape of the parti-
cles we wanted to recheck the particle’s size by comparing their absorption with well char-
acterized 20 nm-diameter (Nanocomposix) magnetite particles. Based on the PT signal of
the 20 nm-diameter magnetite particles, assuming that the absorption scales linearly with
the volume, we can extrapolate the size of the supposedly 200 nm particles. The PT scans
of three areas of a sample of spin-coated 20 nm-diameter magnetite particles are shown in
figure S5.2. Note the presence of a weak background PT signal that probably occurs due
to weak absorption in the glass slide. This is only visible due to the weak absorption of
the magnetite nanoparticles and the relatively large heating power (∼60mW/µm2). Figure
S5.3 (c) shows a histogram of the PT signals of 193 magnetite nanoparticles and (d) a TEM
micrograph, provided by the manufacturer. The absorption scales linearly with the particle’s
volume. Accordingly the histogram of the cubic root of PT signals scales linearly with the
particle size. Figure S5.3 (a) and (b) show the histogram of the cubic root of PT signals
and the histogram of diameters measured by the manufacturer via TEM, respectively. The
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Figure S5.1: Correlated SEM images of the scanned area in figure 5.2. The top panel shows the PT image of the
same sample region, which was rotated and mirrored compared to figure 5.2 to fit with the SEM micrograph in the
lower panel. The square boxes are guides for the eye. The particles diameter is much larger than the 200nm given
by the manufacturer, however, the tilted SEM scan (30◦) indicates that the particles are rather flat. The black bar
indicates the estimated heights of the particles.

shape of the histogram of particle sizes based on the PT measurements agrees well with the
histogram based on the manufacturer’s TEM measurements (c,d). We can therefore assume
that the center of the histogram in (a) corresponds to the center of the histogram in (b).

Based on the ratio of optical powers (×48) and the ratio of the respective PT signals
(×1/52) we estimate the size of the supposedly 200 nm particles to be ∼300 nm. We there-
fore believe that the size of 400 nm that we found by SEM imaging is reasonable.
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Figure S5.2: PT scans of 193 20nm-diameter particles from 3 different areas on the sample. The white circles are
guides for the eye.
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Figure S5.3: (a) and (c) histogram of PT signals of 193 20nm-diameter nanoparticles. b) size histogram from the
manufacturer (NanoComposix) based on TEM imaging from the same particle batch. (d) TEM micrograph of the
particles.

5.4.3. Calibration of magnetic field vs distance

Figure S5.4 shows the magnetic field dependence on distance of the permanent magnet we
used to vary the magnetic field, measured with a Gaussmeter (Hirst Magnetic Instruments
GM08) and the fitted data that is used to interpolate the field values at the positions relevant
for the measurements of figure 5.3. We fit the data with the following phenomenological
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-

Figure S5.4: Measured dependence of magnetic field on distance (blue) and a phenomenological fit (orange). The
magnetic field was measured wit a Gaussmeter. The insert shows a double logarithmic plot of the measured and
fitted field dependence on distance.

function:

B(x) =
a

(x+ b)2
· 1

(1 + x/c)
(5.2)

For small distances we assume a a/(x+b)2 dependence of the field, since the magnet is very
long (monopole limit) with respect to its diameter. To improve the fit for larger distances
where dipole effects come into play, we multiply by a factor of 1/(1+x/c). The respective
values of a,b and c are: 1.85T·mm2,1.97mm and 10.04mm.
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5.4.4. Magnetic-field-dependent PT-CD curves

Figure S5.5: Magnetic-field-dependent circular dichroism curves of four different magnetite particles of ∼400nm
in diameter. The lower row shows a magnified view of the magnetization curve at smaller magnetic fields with a
linear fit.

Figure S5.5 shows the magnetic field dependent PT-CD curves of four magnetite parti-
cles (NP1-NP4). All particles show similar g-factors indicating similar magnetic suscepti-
bility. We can observe that the two parts of the magnetization curve (red and blue) seem
to meet at zero magnetic field, within noise. This indicates the absence of a remanence
magnetization. The offset values all have the same sign. This might give rise to the as-
sumption of a bias in the the CD measurements, due to the particles themselves or due to
the method. We have shown in chapter 3 that our optical method is not subject to artificial
bias signals. To rule out biasing effects of the particles we used the same sample as for the
magnetization-curve measurements, and performed a MCD scan including many particles.

Figure S5.6 (a) shows a PT and three CD images with (b) zero, (c) positive and (d)
negative magnetic fields applied. When the magnetic field is turned off (figure S5.6 (b)) we
still observe some residual CD signal that we relate to geometric chirality. We observe both
positive and negative CD signals at zero external field. We therefore conclude that the four
negative offset signals in figure S5.5 are not systematic.
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6
Conclusion and outlook

In this thesis we focus on the design of an optical setup based on photothermal imaging
to measure the circular dichroism (CD) of single nanoparticles. Chapters 2 and 3 describe
the development of the optical technique and how to avoid pitfalls that may create artefact
signals. We show by performing proof-of-principle experiments that the technique is indeed
sensitive to CD of single nanoparticles, with sensitivities down to g-factors of 3×10−4, and
can in principle be extended for spectral measurements. In the following chapter we apply
photothermal circular dichroism (PT CD) to study the CD of chiral plasmonic nanoparticles
and try to find a relation between the chiral geometric features and the measured CD signal.
In chapter 5 we show that PT CD facilitates optical studies of magneto-optic phenomena at
the single-particle level.

Photothermal circular dichroism When we perform a modulation of polarization to
study the minute dichroism effects of a nanoparticle residing in a focused laser beam, we are
prone to artefacts due to even the slightest beam misalignments, because of the strong fo-
cusing conditions. To avoid these artefacts it therefore judicious to use weakly focused light.
On the other hand when we are interested in imaging applications of nanometer-sized ob-
jects we seek for diffraction-limited optical resolution and therefore require a tightly focused
beam. Photothermal imaging provides a simple solution to that problem as it is a two-laser
technique. We can use a strongly focused probe laser, which provides diffraction-limited res-
olution, and we can choose to focus the heating beam only weakly to avoid artefacts linked
to strongly focused polarized light. Photothermal imaging comes with another benefit for
the measurement of the CD of single nanoparticles as it measures, to first approximation, the
effect of a thermal lens and is therefore a true absorption signal free from scattering contri-
butions. We show, by employing a simple square-wave modulation of the polarization, that
we can indeed tell apart the two enantiomers of lithographically manufactured chiral nanos-
tructures. However, such a simple square-wave modulation scheme has severe restrictions
when it comes to measurements of either weak CD g-factors or particles with substantially
larger linear dichroism (LD) compared to their CD values. This restrictions are linked to
the polarization modulator itself as it gives rise to a residual intensity modulation on top
of the polarization modulation and, additionally, the single-modulation scheme may lead to

97



6. Conclusion and outlook

leakage of LD into the CD signal. We show that this leakage of LD into CD and the effect
of residual intensity modulation can drastically be reduced when performing a polarization
modulation based on two polarization modulators in series. This dual-modulation scheme
allows us to perform reliable CD measurements even on rod-like nanoparticles which natu-
rally exhibit strong LD effects. We achieved measurements of small CD g-factors of only a
few 10−4 on single gold nanoparticles, which are only one order-of-magnitude away from
ensemble techniques that average the signal over millions of particles. On the other hand,
single-particle measurements of such high sensitivity require large heating powers and might
lead to thermally-induced reshaping effects that alter the particles’ shape and properties.
Better contrast mechanisms such as fluorescence-detected PT or measurements performed
in super-critical xenon could allow for comparable sensitivity at much reduced heating pow-
ers. We envisage that, when augmented with a suitable tunable heating laser, PT CD would
also facilitate studies of the spectral chiroptical properties of plasmonic nanoparticles on the
single-nanoparticle level.

Plasmon-coupled circular dichroism PCCD Circular birefringence (CB) is the re-
fractive counterpart of CD and can occur in molecules even at wavelength where they do not
absorb. A liquid exhibiting CB has different refractive indices for left- and right-circularly
polarized light. Consequently, when a plasmonic nanoparticle is placed in this liquid, as
its resonance condition is dependent on the surrounding liquid’s refractive index, we ex-
pect to observe two shifted plasmon resonances depending on whether we shine left- or
right-circular polarized light on the particle. The shifted resonance gives rise to a circular
polarization-dependent differential absorption - i.e. to CD. So in a sense the liquid’s CB
gets transferred to CD in the presence of the plasmonic nanoparticle. Our measurements on
the PCCD of a 100 nm gold nanoparticle immersed in the chiral molecule carvone, despite
our good sensitivity of g-factors down to 3×10−4, did not deliver any measurable CD sig-
nal. We conclude that spherical nanoparticles, due to their broad plasmon resonance, are
not ideal to measure PCCD induced by differences in refractive index nLCP −nRCP = ∆n
which are typically on the order of 10−4. We propose to use plasmonic particles which are
more sensitive to minute refractive index changes. Such a system could for example be a
nanorod or a pair of nanospheres at close distance. The near field at the tip of the nanorod,
or in the gap in between the nanoparticles should be much more sensitive to minute changes
of the refractive index. However, in this case great care must be taken to avoid heat induced
reshaping that would result in a broadened resonance and therefore in a loss of sensitivity.

Correlation of shape chirality and CD In chapter 4 we looked at the chiroptical re-
sponse of wet chemically synthesized particles and found that the single-particle measure-
ments display a striking difference in the chiroptical behaviour compared to the ensemble
measurements. Not only did we find that the strength of the CD signal varies strongly be-
tween the particles, we also find CD signals of opposite sign. The wet chemical synthesis
process of chiral nanoparticles, assisted by chiral molecules, aims at creating geometric chi-
ral features of a certain handedness. However, when we look at the geometric chirality (here
the helicity) on the single-particle level, by performing electron tomography measurements,
we find regions of opposite handedness even within one particle. When we compare the
single-particle optical signal to the geometric chirality we find a weak correlation between
the average helicity and the chiroptical signal. That means that the shape alone does not
allow for a straightforward prediction of the chiroptical signal. To investigate the influence
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of plasmonic resonances and wavelength dependence, we perform similar measurements on
quasi-achiral gold nanoparticles and found that even if we take into account plasmonic ef-
fects and simulate the optical response, based on the shape of the particle, we find no clear
link between the measured optical signal and the one retrieved from BEM simulations. We
therefore conclude that there must be other contributions as for example surface ligands on
the particles or the presence of the substrate, that induce an additional symmetry-breaking
and therefore affect the particles’ chiroptical response. Additionally, the ensemble measure-
ments are performed with the particles in solution, allowing for arbitrary orientations and
therefore the ensemble measurement not only averages different particles it also averages
different particle orientations. One possible way to test the influence of substrate and the
different orientations in our single-particle measurements would be to trap the particles op-
tically with an NIR beam and then perform a CD measurements. Trapping the particles by a
third NIR beam inside a liquid, by for example using two microscope objectives facing each
other like in 4Pi microscopy, would allow the particle to freely rotate and also remove the
substrate-induced symmetry break and maybe allow for a better comparison of ensemble
and single-particle measurements.

Measuring the magnetization of single nanoparticles Circular dichroism occurs in
chiral molecules or nanoparticles due to a lack of mirror symmetry. However, CD also oc-
curs in magnetic materials irrespective of shape due to Faraday or Kerr effects. Magnetic
moments on nano-sized objects are typically measured by MFM or scanning SQUID’s due
to their high sensitivity and resolution. Optical techniques in the visible regime, like Kerr
microscopy or conventional magnetic circular dichroism spectrometers based on a trans-
mission geometry are restricted to bulk or ensemble measurements. In a proof-of-principle
experiment, we show that PT CD is sensitive to the polar Kerr effect in single magnetite
nanoparticles. By applying a tunable external magnetic field and simultaneously following
the CD signal, we recorded a magnetization curve and confirm the superparamagnetic be-
haviour of these particles, due to absence of a remanent magnetization. If combined with a
suitable heating and probing laser and if the measurements are performed in super-critical
conditions, we envisage to perform studies of the random flipping of the magnetization of
single-domain superparamagnetic particles.
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Samenvatting
Circulair dichroïsme (CD), het verschil in absorptie tussen links en rechts circulair gepo-
lariseerd licht, komt voor in chirale moleculen en deeltjes met gebroken spiegelsymmetrie.
Het is van belang dit te bestuderen in de biologische context, aangezien veel moleculen die
in de natuur voorkomen, chiraal zijn en de chiraliteit van een molecuul van invloed is op
hoe de interactie met andere chirale moleculen uitziet. Onlangs kreeg de studie van CD
steeds meer aandacht op het gebied van plasmonica. Aan de ene kant wordt voorgesteld
plasmonische nanodeeltjes te gebruiken als sensoren om de zwakke CD van biomoleculen
te versterken en aan de andere kant kwamen chirale plasmonische deeltjes in de focus van on-
derzoek vanwege hun exotische optische eigenschappen. Tot nu toe bestond er, voor zover
wij weten, geen techniek die CD meet in een echte absorptiemeting. Ons streven begon
dus met het ontwerp van een optische techniek om CD te bestuderen, waarbij absorptie
als contrastmechanisme wordt gebruikt. Daarom hebben we gebruik gemaakt van fotother-
mische beeldvorming. Fotothermische beeldvorming meet rechtstreeks de absorptie van
nanodeeltjes via een thermische lens. Dankzij de hoge gevoeligheid die de techniek biedt,
kunnen metaaldeeltjes met een diameter tot enkele nm of zelfs enkele moleculen via fo-
tothermische beeldvorming worden gedetecteerd. Om dichroïsme-effecten te bestuderen,
hebben we eerst een polarisatie-modulatieschema gebruikt met behulp van een EOM, die
de polarisatie tussen links- en rechtshandig circulair gepolariseerd licht moduleert op een
blokgolfwijze. We vermijden artefacten als gevolg van sterk gefocust gepolariseerd licht
door gebruik te maken van Koehler-verlichting voor de verwarmingsstraal en we hebben
desondanks diffractie-beperkte resolutie vanwege de sterk gefocuste sondestraal.

Tijdens het bouwen van de opstelling realiseerden we ons dat we optische componen-
ten zoals dichroïsche elementen, spiegels of bundelsplitsers onder grote hoeken koste wat
kost moeten vermijden. In een proof-of-principle-experiment van nano-gefabriceerde chi-
rale goudstructuren van verschillende chiraliteit, konden wij laten zien dat onze microscoop
inderdaad gevoelig was voor CD. De hoge gevoeligheid die fotothermische beeldvorming
biedt stelde ons zelfs in staat om de minieme CD-effecten te meten die in quasi sferische nan-
odeeltjes voorkomen. We realiseerden ons echter al gauw dat onze methode niet vrij was van
artefacten. We identificeerden twee artefacten, residuele intensiteitsmodulatie van de mod-
ulatoren en lekkage van lineair dichroïsme naar circulair dichroisme, wat onze metingen
zou kunnen beïnvloeden. We hebben beide artefacten kunnen verwijderen door een dubbele
polarisatie-modulatie toe te passen met twee modulatoren in serie maar met verschillende
modulatiefrequenties. Door zorgvuldige optische uitlijning en door te meten op de som van
beide modulatiefrequenties, konden we de artefacten onderdrukken. Dit stelde ons in staat
om differentiële absorptie-anisotropieën (g-factor) van afzonderlijke nanodeeltjes te bestud-
eren tot op de enkele 10−4 schaal.

Het nieuwe modulatieschema, dat nu vrij was van artefacten, stelde ons in staat om het
circulaire dichroïsme van langwerpige, schroefachtige colloïdale plasmonische nanodeelt-
jes te bestuderen. We waren vooral geïnteresseerd in de correlatie tussen hun geometrische
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kenmerken en de chiroptische eigenschappen van deze deeltjes. Daarom hebben we gecor-
releerde elektronentomografie en fotothermische CD onderzoeken uitgevoerd. Uit de optis-
che studies hebben we gevonden dat de chiroptische handigheid van deeltje tot deeltje kan
variëren. Uit de gereconstrueerde morfologie ontdekten we, dat een enkel deeltje tegelijker-
tijd zowel links- als rechtshandige geometrische kenmerken kan bevatten. We konden echter
alleen een kwalitatieve correlatie vinden tussen de algemene geometrische chiraliteit en het
optische, circulaire dichroïsme-signaal. Een puur geometrische beschouwing is dan zeker
ook niet geschikt voor plasmonische effecten.

Daarom gebruikten we in een tweede experiment van gecorreleerde optische en elektro-
nentomografie quasi achirale deeltjes met sferische geometrie, waardoor we in staat waren
om elektromagnetische simulaties uit te voeren. We ontdekten, dat kwalitatief, deeltjes, die
in de simulaties kleine CD-signalen opleverden ook zwakke CD vertoonden in de optische
metingen. We vonden echter ook verschillende deeltjes met een ernstige discrepantie tussen
het optische experiment en de simulaties op basis van de geometrie van de deeltjes. We
kwamen daarom tot de conclusie dat er nog andere effecten, zoals het substraat waarop de
deeltjes zich bevinden of liganden op de oppervlakte van de nanodeeltjes het CD-signaal
kunnen beïnvloeden.

In hoofdstuk 5 hebben we vervolgens het circulaire dichroïsme-signaal bestudeerd, dat
wordt vertoond, door magnetische nanodeeltjes via het magneto-optische Kerr-effect. We
kozen voor superparamagnetische deeltjes omdat we hun magnetisatie kunnen afstemmen
met een relatief zwak extern magnetisch veld. Superparamagnetisme is een fenomeen dat
wordt aangetroffen in kleine deeltjes van ferro- of ferrimagnetisch materiaal. Bij een gegeven
temperatuur, wanneer de grootte van het magnetische domein onder een bepaalde drempel
ligt, is de thermische energie groot genoeg om de oriëntatie van het magnetische domein
om te draaien. Hoewel het deeltje een magnetisch moment draagt, aangezien dit moment
erg snel kan omslaan, lijkt het deeltje tijdgemiddeld geen magnetisch moment te dragen.
Superparamagnetische deeltjes waren daarnaast een perfect testmonster omdat onze optis-
che techniek geen onderscheid kan maken tussen door geometrie geïnduceerde CD en mag-
netische CD. Bij afwezigheid van een extern magnetisch veld hebben superparamagnetische
deeltjes geen magnetisch moment. Wanneer ze echter worden blootgesteld aan een extern
magnetisch veld, krijgen ze een sterke magnetisatie. De CD-meting bij afwezigheid van een
magnetisch veld dient daarom als een nulmeting om de geometrische bijdrage van het CD-
signaal te corrigeren. Door de CD van magnetiet deeltjes van ∼400 nm te meten, konden we
aantonen dat we het magnetische contrast van deze deeltjes kunnen identificeren wanneer ze
worden blootgesteld aan een extern magnetisch veld. Onze gevoeligheid stelde ons in staat
om een magnetisatiecurve van een enkel deeltje te meten, die het superparamagnetisme be-
wees door de afwezigheid van een remanent CD-signaal aan te tonen. Verder toonden we
ook aan door een Langevin-functie toe te passen dat het optisch signaal lineair schaalt met
de magnetisatie.
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