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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

3

37



3. Photothermal circular dichroism of single nanoparticles rejecting linear dichroism by
dual modulation

EOM

PBSlens

60x
1.45

heating
laser 

532nm

sample

piezo
stage

PEM

BS @5°

pol. PD

calibration insert

BP 780

pol.

ω1 ω2

Lock-In

QWP

refω1+ω2

PD

filter

LD 

LD 

PT

CD

QWP

pol. QWP

CB90

probe
laser

780nm

CB45

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
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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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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

3

46



3.5. Supplementary information

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.

3

51



3. Photothermal circular dichroism of single nanoparticles rejecting linear dichroism by
dual modulation

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.
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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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3.5. Supplementary information

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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