Zhou et al. eLight (2024) 4:12 OfﬁC|a| Journal Of CIOMP
https://doi.org/10.1186/543593-024-00068-4 elight.springeropen.com

: L ®
Magnetic-free chiral eigenmode o
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and circular dichroism
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Abstract

Chirality, defined by Lord Kelvin, refers to the geometric symmetry property of an object that cannot be superposed
onto its mirror image using rotations and translations. The material’s chirality can be probed with light as the optical
activity: optical rotary dispersion (ORD) and circular dichroism (CD). It is still challenging to yield extremely sensi-
tive ORD and CD for very weak chirality and measure both simultaneously. Cavity ringdown polarimetry has been
reported to improve ORD detection sensitivity with the absence of equally important CD signature, at the price

of high cavity finesse near 400, frequency-locking sophistication, and large magnetic field. Here, we report a unique
recipe to demonstrate the simultaneous measurement of ORD and the CD by separately observing the chiral eigen-
mode spectra from a bowtie optical cavity with a finesse about 30, without resorting to frequency locking or mag-
netic field. We obtain a sensitivity of ~ 2.7 x 10~>deg/~/Hz for ORD, ~ 8.1 x 10~°/+/Hz for CD, and a spectral
resolution of 0.04 pm within a millisecond-scale measurement. We present a cost-effective yet ultrasensitive account
for chiral chromatography, the conformational dynamics and chiroptical analysis of biological samples which particu-
larly exhibit weak and narrow spectral signals.
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1 Introduction

Chirality is a universal phenomenon throughout nature,
ranging from inorganic to organic and from classical [1—
4] to quantum materials [5-8]. It reveals the spatial chi-
ral structure of matter [3, 4] and the three-dimensional
arrangements of molecules within the macromolecular
substance [9, 10]. Chiral molecules can be used to manip-
ulate electronic spin orientation and related physical and
chemical processes [11-13]. Most life-related macro-
molecules on Earth only exist in a single conformation,
either right-handed or left-handed enantiomers [14, 15],
displaying chirality. The study of the homochirality of
biomolecules conformation may reveal the mystery of the
origin of life [16, 17]. Chiral materials (CMs) exhibit opti-
cal activity such as the optical rotary dispersion (ORD)
and the circular dichroism (CD). The artificial chiral
nanostructures can even display a giant optical activ-
ity [3, 4, 18, 19].The chiroptical analysis of material opti-
cal activity is significantly important, in particular, in the
pharmaceutical industry, because changes in the drug’s
chirality can lead to ineffectiveness or even toxicity (e.g.,
thalidomide) [20].

Sensitive detection of the ORD and CD provides a
powerful and preferable tools for chiroptical analy-
sis. This method allows non-destructive characteriza-
tion of biomolecular samples [10]. The ORD manifests
the relative orientation of the electronic and magnetic
dipole moments of a molecule by detecting the polari-
zation rotation of a linearly polarized light through a
medium [21]. The CD reflects the differential absorption
of the right and left circularly polarized (RCP and LCP)
light in a medium, determining the differential circu-
larly polarized electronic dipole moment of a molecule.
The strong atomic CD due to the asymmetric electronic
dipole moments has been exploited to obtain quantum
nonreciprocity [5, 22]. Both the ORD and CD are vital
for determining the secondary structures of peptides
and proteins [17, 23], the enantiomeric ratio of chiral
drugs [24], and the three-dimensional structures of single
chiral nanostructures [1, 25, 26].

For chiroptical analysis of molecules, simultaneously
measurement of the ORD and CD with high spectral
resolution and sensitivity is highly desired, because it is
important for a great variety of biochemistrical appli-
cations, including time-resolved precise detection of
the same “active” sample in the biological process, and
characterization of molecular secondary structure. The
conventional ORD polarimeters and CD spectrometers
use light sources with power larger than 10 W, rely on
different principles and configurations. Thus they can
only measure the ORD and CD with difference devices,
respectively. Moreover, they are limited to a low spectral
resolution, up to about 10 pm, and long measurement
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time, leading to a low temporal resolution and sensitiv-
ity. To improve the temporal resolution, the heterodyned
detection method has demonstrated a measurement
time of 60 fs by using a femtosecond laser [27], but at
the expense of very low spectral resolution of 4 nm. To
achieve a high sensitivity, various methods have been
developed to enhance the chiroptical signals by using
dual-comb spectroscopy [28], nonlinear resonant micro-
wave spectroscopy [29], nonlinear absorption [15, 30],
metasurfaces [24, 31], polarization-dispersion imaging
spectroscopy [4], and cavity ringdown polarimetry [32—
35]. Among these methods, the cavity ringdown pola-
rimetry has a significant advantage in sensitivity because
a high-quality cavity can greatly improve the effective
interaction-path length with CMs. High-sensitivity ORD
measurements are realized by using a four-mirror bow-
tie cavity embedded with a magneto-optical Faraday
medium and a strong permanent magnetic field [32—34].
Ultrasensitive CD measurement has been conducted
via the cavity-based ringdown spectroscopy and pola-
rimetry [35, 36]. Despite great success, to date, no sin-
gle method has been widely adopted for simultaneously
measuring both ORD and CD within the same cavity-
based setup. For the purpose of simultaneous sensing of
the ORD and CD signals, the sophisticated cavity-free
interferometric Fourier-transform spectroscopy has
been developed to analysis the optical activity of the free
induction decay fields, which are emitted by the chi-
ral material and amplified with the heterodyne detec-
tion [21, 37-39]. The ORD and CD can be retrieved from
the chiroptical susceptibility, which is the chiral field nor-
malized by the strong achiral one. In these methods, the
achiral field, as a reference signal, needs to be measured
separately. Moreover, they require precise mechanical
control of the delay line and the orientation of polarizers.

This work reports the simultaneous measurement
of absolute ORD and CD of CMs within a millisecond-
scale measurement time by using the cavity-enhanced
chiral eigenmode (CECEM) spectroscopy. Compared
to the cavity ringdown polarimetry, our method is
magnetic-free, only uses a single laser beam and oper-
ates without the need of precisely locking of the cavity
frequency. Remarkably, unlike the interferometric Fou-
rier-transform spectroscopy, it excludes any mechanical
moving parts, significantly simplifying the implemen-
tation and operation. Experimentally, we achieve the
ORD and CD sensitivities of ~ 2.7 x 1072 deg/~/Hz
and ~ 8.1 x 107%/+/Hz, respectively. These sensitiv-
ity are comparable to the previous methods (Fig. 1). In
particular, we report a unprecedented spectral resolu-
tion of 0.04 pm. The CECEM spectroscopy with high
resolution and sensitivity are essentially important
for analysis of the molecular-vibration related optical
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Fig. 1 Typical chiroptical measurement. Representative

examples of optical activity measurement of varying designs

and their measured performances. Orange circles correspond

to the performances reported in various literatures, such

as interferometric Fourier-transform balanced detection [21, 39]

and active-heterodyne detection [37, 38] of the free-induction decay
fields, dual-comb spectroscopy [28], cavity ringdown polarimetry [33,
40], and dispersive VCD instrument [41]. Purple squares

to commercial ORD polarimeters (Anton Paar MCP500, Austria),

and green triangles to commercial CD spectrometers (Applied
Photophysics Chirascan V100, England). The experimental results

of this work are represented by the red circle. In this comparison,

the performances are characterized by the spectral resolution,

the ORD sensitivity (§a, X +/T) and the CD sensitivity (Saa X 4/T),
where 84 and 84 are the standard deviations of the measured ORD
and CD, respectively, and t is the measurement time

activity, which typically has a very narrow characteristic
spectrum [42-44].

2 Results

2.1 Concept

The key ideas of the cavity ringdown polarimetry and
our CECEM spectroscopy method are compared with
Figs. 2(a) and (b). Although both methods use a bowtie
cavity comprising of four highly-reflective mirrors and
embedded with a CM, our method can simultaneously
measure the ORD and CD within a millisecond-scale
measurement time, in comparison to the cavity ringdown
polarimetry requiring a second-scale integration time.
The experimental configuration is also essentially differ-
ent from the cavity ringdown polarimetry in three points:
(i) excluding the magnetic-optical effect; (ii) using a sin-
gle input laser beam; (iii) measuring the transmission
spectra of two eigenmodes. Thus, our system is simpler,
more stable, and promises higher spectral resolution and
shorter measurement time.

Notably, our CECEM spectroscopy cannot be con-
ducted by inserting a CM in a standard two-mirror
Fabry-Pérot (FP) cavity or a three-mirror ring cavity.
Both types of cavities can support a pair of degenerate
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LCP and RCP eigenmodes in the absence of the CM. The
RCP light transforms into the LCP one after reflected by
a mirror, and vice versa. Thus, in the standard FP cav-
ity, the RCP and LCP eigenmodes accumulate the same
phase shift and loss in the CM after a round trip in the
cavity. Due to this compensation in opposite directions,
the LCP and RCP eigenmodes are degenerate in reso-
nance frequency and linewidth even in the presence of
the CM. In the three-mirror ring cavity, the traveling
eigenmodes need two round trips to recover their polari-
zations. As a result, the compensation issue remains.
Because of the frequency and dissipation degeneracies,
one cannot distinct the LCP and RCP eigenmodes in
experiment by using the FP cavity or the three-mirror
ring cavity.

Unlike the FP or three-mirror ring cavity, a four-mirror
bowtie cavity shows an important advantage by tackling
the compensation problem. It also supports the LCP and
RCP traveling eigenmodes. These eigenmodes main-
tain their polarizations as they travel in the CM, simply
because they suffers to four reflections and can recover
their polarization after a single round trip. Therefore,
after one round trip in the bowtie cavity, the LCP and
RCP eigenmodes respectively accumulate different phase
shifts and loss. Thus, the two eigenmodes are distinguish-
able in resonant frequency and linewidth. Therefore, the
bowtie cavity can be used to measure the optical activity
via the CECEM spectroscopy.

It has been a great success of utilizing the cavity ring-
down signal to measure the ORD of a CM. The novel
concept of a typical cavity ringdown polarimetry is sche-
matically shown in Fig. 2(a). It measures the beating fre-
quency of ringdown signals. First, two continuous-wave
or pulsed linearly polarized laser fields can be input into
the bowtie cavity with a precise angle 6 to resonantly
excite the counter-propagating clockwise and counter-
clockwise modes. In comparison with a resonant pulsed
laser can be applied [34, 45], however, a continuous-
wave laser is preferable [32, 33]. This resonant driving
requires precise frequency locking of the cavity mode.
After that, the ringdown signals are created after a linear
polarizer by suddenly switching off the input laser fields.
The measurable beat in the output appears because the
large external magnetic field B and the circular birefrin-
gence of the CM cause a detuning between the RCP and
LCP eigenmodes. To effectively excite the cavity modes,
the input laser field need to be very close to the reso-
nance frequency of the high-Q cavity mode. Moreover,
the lifetime of the cavity mode is much longer than the
beat period to allow the appearance of the beating signal.
As a result, the beating frequency limits the measure-
ment time. The large magnetic field is used to induce a
large zero-signal frequency splitting and thus provides a
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Fig. 2 Schematic of the ORD and CD measurement, respectively determined by Ag and AA. a, Cavity ringdown polarimetry. The chiral material
(CM) and the magneto-optical (MO) Faraday material are inserted into a bowtie cavity. Two linearly polarized laser beams, arranged with a precise
angle 6, resonantly drive the counter-propagating clockwise and counter-clockwise modes of the bowtie cavity. The composite outputs of these
two modes exhibit as ringdown signals with a beating frequency Av(B). A magnetic field is used to provide a large initial beating frequency.

By reversing the magnetic field B and measuring the beating frequency twice, the ORD of the CM is then determined by Av(+8) — Av(—B).

b, Magnetic-free CECEM spectroscopy method in this work. The bowtie cavity is only embedded with a CM but excludes the MO material.

A single linearly polarized laser beam is used to simultaneously excite the LCP and RCP cavity eigenmodes. Instead of detecting the transmission
of the composite field (yellow curves in the middle panel), the LCP (dashed blue curve) and RCP (solid red curve) eigenmode transmissions

are measured separately. Thus, the ORD and CD can be precisely determined simultaneously from the difference of resonance frequency,

Ag o vg — vy, and the transmission peaks, AA oc 1 — /T (v))/Tr(vg). €, Schematic LCP (dashed blue curves) and RCP (solid red curves)

transmissions for different ORD and CD

large bias for the beat frequency. The beating frequency
Av(+B) can be retrieved from the ringdown signal by
fitting, and limits the measurement time T}, such that
T, > 1/Av(B). By reversing the magnetic field, another
beat frequency Av(—B) is measured. In the end, the ORD
can be calculated from Av(+B) — Av(—B). Moreover,
due to frequency locking, the cavity ringdown polarim-
etry measures the ORD with high sensitivity at a single
wavelength. The cavity ring-down methods are based on
the interference between the polarization-filtered trans-
mitted fields of two orthogonal eigenmodes. They can
extract the ORD or CD of the CM, but are difficult to
extract both simultaneously.

Our method of the CECEM spectroscopy is conceptu-
ally different, as depicted in Fig. 2(b). It can simultane-
ously measure the ORD and CD of the CM. Note that a
linearly polarized field can be decomposed into the LCP
and RCP components. We use a single linearly polarized
laser beam to excite both the LCP and RCP cavity eigen-
modes. Therefore, the LCP and RCP components share
exactly the same optical path. Such a co-propagation
arrangement makes our method robust against external
perturbations caused by mechanical vibration and ther-
mal drift, and also less demanding on precise alignment.

It can also avoid the fake signal resulted from the imper-
fect orientation of two input laser beam arrangement.
Then, we scan the laser frequency and detect the out-
put fields of the cavity. In the absence of the CM, these
two modes are degenerate in resonance frequency and
linewidth. The presence of the CM lifts the degeneracy
of the resonance and linewidth. When the optical activ-
ity is very weak, it is difficult to distinguish the LCP and
RCP eigenmode spectrum from the composite field (yel-
low linearly polarized spectrum). Instead of biasing the
beat frequency of the LCP and RCP modes with a strong
magnetic field as in the cavity ringdown polarimetry, we
measure the transmission spectra of two LCP and RCP
eigenmodes separately (red and blue spectra for the RCP
and LCP modes). The ORD is proportional to the eigen-
mode frequency splitting, while the CD is determined by
the differential transmission peaks of the spectra. Since
the LCP and RCP eigenmode transmissions are sepa-
rately detected by two detectors in two different opti-
cal paths, we can simultaneously detect extremely weak
ORD and CD with high sensitivity. Remarkably, our
method is magnetic free, and only needs a single fre-
quency-tunable linearly polarized laser to fast scan over
the cavity eigenmodes. Our method excludes frequency
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locking for a resonance driving, thus significantly reduc-
ing experimental complexity, and being particularly suit-
able for practical applications. In our setup, the temporal
resolution is the applicable minimal measurement time,
corresponding to the period scanning over a free spectral
range (FSR). The scanning speed of the laser frequency
is limited by the cavity response time, i.e. the inversion
of linewidth. The spectral resolution is defined as the fre-
quency interval between two neighboring data points. It
is constrained by the uncertainty in numerically retriev-
ing the position of the transmission peaks in fitting.

Next, we present a detailed explanation for our method
of how to retrieve the ORD and CD by comparing the
transmissions of the LCP and RCP eigenmodes. For the
bowtie cavity with an effective round-trip length L, FSR
is given by vpsr = ¢/L, where c is the velocity of light. We
use vp, and vR for denoting the resonance frequencies of
the LCP and RCP cavity eigenmodes, respectively. The
input and output ports (mirrors) cause loss to the cavity,
yielding the decay rates « and k>, respectively. k; denotes
the intrinsic loss rate of the cavity in the absence of the
CM. The CM induces external decay rates x4 (k_) to the
LCP (RCP) mode. The overall linewidths of the LCP and
RCP modes are then given by ki, = (k1 + 2 + ki + k+)
and kg = (k1 + k2 + ki + k_), respectively. We consider
a CM with length ¢ and concentration M. For the solid
phase sample, M =1 [46]. Using the standard cavity
spectroscopy, we can obtain the transmission [47]:

K1K2

O T e <1>

with x =L and x =R for the LCP and RCP modes,
respectively. The ORD can be evaluated as:
VR — VL

Ap=m .
VESR @

The corresponding specific rotation of the CM is thus
a=Ap/tM. (3)

Using  the  relation e 5L6M = g=*+/Vsk  and
e EREM — o=k /VER with & and & being the absorp-
tion coefficient of the LCP or RCP field in the CM,
respectively (see Appendix), the CD can be charac-
terized with the LCP and RCP absorption difference
as AA = (k; — «gr)/vrsr. Alternatively, one can use
& = AA/LM for the CD. In practice, the CD can be cal-

culated with the on-resonance transmission as

AA = ~L 11— /T () / Tr(op)]. (@)
VESR

Thus, the ORD and CD can be obtained by fitting the cav-
ity transmission spectra of the LCP and RCP eigenmodes
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with Lorentzian functions. By measuring the chiral eigen-
mode spectra 71, (v) and Tr(v), our method eliminate the
requisite of a large magnetic field as a strong bias in the
cavity ringdown polarimetry.

The possible eigenmode spectra are schematically pre-
sented in Fig. 2(c). The ORD, resulting from the circular
birefringence of the CM, causes the LCP and RCP eigen-
mode spectra to shift oppositely. For a vanishing ORD,
the eigenmodes are degenerate in resonance frequency,
see subfigures (i, ii). For a right-handed material (v, vii),
ie. Ap > 0, the RCP (LCP) resonance peaks move to
right (left), corresponding to a higher (lower) resonance
frequency. If the CM is left-handed (vi, viii), i.e. Ap < 0,
the spectral shifts reverse. The CD reflects the differential
absorption of the LCP and RCP fields, and thus affects
the transmission peak. For a CM without the CD, the
transmission peak of the LCP and RCP are the same, see
subfigures (iii, iv). According to our definition, a CM with
positive CD, ie. AA > 0, leads to a RCP transmission
higher than the LCP mode (v, vi). On the contrary, the
LCP transmission is higher when the CD is negative, i.e.
AA < 0 (vii, viii).

2.2 Experimental setup and chiral spectroscopy

The experimental setup for measuring the ORD and
CD is schematically shown in Fig. 3(a). A CM is placed
between the input and output mirrors of the bowtie
cavity. The bowtie cavity is fabricated with two high-
reflectivity concave mirrors (diameter of 12.7 mm and
curvature radius of 200 mm) and two planar mirrors. The
concave and planar mirrors are coated with the dielec-
tric distributed Bragg reflectors to have a high reflectiv-
ity of 97 % and ~ 100 %, respectively. The planar side of
the concave mirror is coated with an antireflective film.
These mirrors are mounted on four three-dimensional
positioners with resolution of 10 um. The CM is placed
at one of the cavity mode waists, locating at the center
of the arm between M1 and M2. This position is opti-
mal for measurement because the reduction of the cavity
quality factor is minimized. In our experiment, we find
that the cavity is stable and maintains the measurement
performance as the CM moves within £20 mm with
respect to this optimal position. A horizontally-polarized
laser field with a power of 200 W — 300 uW is inci-
dent into the bowtie cavity through the input mirror. It
can be decomposed as the LCP and RCP components
with the same amplitude, which excite the corresponding
cavity modes. The transmitted LCP and RCP fields from
the output mirror pass a quarter-wave plate and subse-
quently a polarization beam splitter and then is measured
separately by two photodiodes. The data are collected by
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Fig. 3 Experimental setup and representative transmission spectra. a, schematic experimental setup. The setup consists of a combination

of concave mirrors (M1, M2), planar mirrors (M3, M4), a chiral material (CM), a quarter-wave plate (QWP), a polarizing beam splitter (PBS),

and photodiodes (PDs). b, ¢, d Typical transmission spectra for three different CMs: (-)—quartz crystal (b), sucrose solution (20%) (c), and silk fibroin
solution (6.7%) (d). The LCP (blue dots) and RCP (red dots) transmissions are monitored by the PD1 and PD2, respectively. Experimental data is fitted
(orange curves) according to Eq. 1.vy = 37948298 THz, v, = 379.46217 THz, and v3 = 379.49126 THz

an oscilloscope. Because of the CM, the LCP and RCP
cavity eigenmodes have differential resonance frequency
and linewidth. Thus, the LCP and RCP transmissions are
different for the same laser frequency. We scan the laser
frequency and record the transmission spectra. By fit-
ting the transmission spectra, we retrieve the ORD and
the CD of the CM. To exploit all energy of the incident
light to generate signals, the waists of the eigenmodes
and the laser beams need to be much smaller than the
cross section of the CM. In the cavity ringdown polarim-
etry, a strong magnetic field is applied to induce a large
difference in resonance frequency between the LCP and
RCP eigenmodes. Thus, this magnetic field creates a large
zero-signal bias for the beat frequency. In our method,
the eigenmodes can be very close in resonance frequency
when the ORD is very weak. To resolve the two orthogo-
nal eigenmode spectra, our CECEM spectroscopy com-
pletely separates them in outputs with a quarter-wave
plate and a polarization beam splitter, forming a circular
polarization beam splitter. Importantly, by doing so, the

two eigenmode spectra can be detected as they appear at
completely different wavelengths. Thus, measurement of
the chiral eigenmode spectra plays the role of an infinite
magnetic field in the cavity ringdown polarimetry.
Examples of the eigenmode transmissions around
Ao = 790 nm are shown in Fig. 3(b), (c), and (d) for three
different CMs: (i) transparent solid-state (-)—quartz
crystal, (ii) translucent sucrose solution (20%), and (iii)
modest-opacity silk fibroin solution (6.7%), respectively.
The finesses of the cavity are about 76.8, 29.7 and 11.2,
respectively. The quartz crystal is 6 mm-long. The sucrose
and silk fibroin solutions are contained in a 2 cm-long
T-shaped glass tube. The quartz crystal (left-handed crys-
tal) causes the LCP and RCP transmission spectra to split
by many linewidth (~ 3.8 MHz). The transmission spec-
trum of the LCP component peaks at a higher frequency
than the RCP component i.e. A¢ < 0, confirming that the
inserted quartz crystal is left-handed. The higher LCP
transmission peak indicates a negative CD, i.e. AA < 0.
The frequency splitting can also be distinguished in the
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transmission of the composite field. For the sucrose and
silk fibroin solution, the linewidths of the LCP and RCP
modes increase to ~ 10.5 MHz and ~ 27.8 MHz, respec-
tively. The spectra split by a mount much smaller than
the transmission linewidth, thus is difficult to be precisely
retrieved from the composite transmission spectrum. In
stark contrast, by detecting the LCP and RCP transmis-
sion spectra separately and fitting them with Eq. 1, we
can precisely determine the ORD and CD. Figures 3(c)
and (d) show that the sucrose and silk fibroin solutions
exhibit opposite ORD, corresponding to a right-handed
material (A¢ > 0), and a left-handed material (A¢ < 0),
but both negative CD, i.e. AA < 0. Clearly, our method
can simultaneously and precisely determine the ORD
and CD from the eigenmode transmission spectra with-
out the need of a magnetic field, even when they are too
weak to be distinguished from the total transmitted field.
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In our experiment, the input LCP and RCP compo-
nents are very close in intensity. The transmitted eigen-
mode spectra are comparable in peak amplitude, even
if they are well separate in frequency. Thus, our method
can avoid weak measurement issues that one component
is too weak to be detected efficiently.

2.3 Measurement of ORD and CD

Figure 4 show the ORD and CD spectra of four samples
determined from the eigenmode transmissions. The ORD
and CD are first measured over a large wavelength range
between 765 nm and 800 nm with a wavelength interval
of ~ 5nm [Fig. 4(a), (c), (e) and (g)], and then around
the wavelength 4o = 790 nm for a finer spectral resolu-
tion [Figs. 4(b), (d), (f) and (h)]. The cavity FSR is about
304 MHz. Each data point of the ORD and CD is calcu-
lated from a pair of the transmission spectra. Here, the

a b
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Fig.4 ORD and CD spectra of (-)-quartz crystal, (+)—-quartz crystal, sucrose solution (20% ), and silk fibroin solution (6.7% ) via the CECEM
spectroscopy. a, ¢, e, g, The solid blue curves show the theoretical fittings using the formulas as in Refs. [48, 49]. The guide-to-eye dashed blue
(dashed red) lines show the changes of ORD (CD) of the silk fibroin solution (four CMs) as the wavelength increases from 765 nm to 800 nm

with a wavelength interval of ~ 5 nm. Each data point and its error bar are given by the mean and the standard deviation of 10 measurement data,
respectively. b, d, f, h, For the fine scan near 4o = 790 nm with a spectral resolution of 0.63 pm, the ORD and CD spectra of the four CMs
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spectral resolution is 0.63 pm. Although the scanning
step size of the wavelength various over a large range, the
sensitivity remains stable. To measure the ORD and CD
spectra shown in Figs. 4(b), (d), (f) and (h), we electrically
scan the laser wavelength over 14.65 pm within 40 ms,
corresponding to 7 GHz. Thus, scanning a FSR requires
~ 1.7 ms, which is also the time required for a single
measurement.

For the (-)—quartz crystal, the ORD and CD decrease
linearly, from A¢ =~ —75.50deg to A¢ ~ —67.95 deg,
and from AA~ —-12x10"% to AA~ —0.8x 1073,
respectively, as the wavelength increases from
765 nm to 800 nm. In our case, we are able to detect
a very weak CD. Specifically, at 1— /49 = 1.8 pm,
the ORD and CD are Ag = —70.58+0.44 deg and
AA = (—1.03+£0.04) x 1073 within a measurement
time of v = 16.6 ms, respectively. The corresponding
sensitivity is ~ 0.06 deg/~/Hz for the ORD (a stand-
ard deviation of 6ay = 0.44 deg for T = 16.6 ms) and
5.2 x 107°/+/Hz for the CD (a standard deviation of
8aa =4 x 107> for T = 16.6 ms). Normally, according
to the cotton effect describing the optical activity near
an absorption maximum [50], the signs of the ORD and
CD reverse at the same time. Here, the (+)—quartz crys-
tal displays opposite ORD and but also negative CD.
This observation means that the signs of the ORD and
CD are not necessarily correlated, because the crystal is
transparent and thus far from the absorption peak. The
experimental ORD data for the quartz over the infrared
bands between 765 nm to 800 nm is excellently fitted by
the formula Ap = £€J2/(22 — /1%)2 as in Ref. [48] with
&£ =7.35x 10° deg nm?mm™! and 1y = 92.6283 nm, as
shown by the solid blue curves in Figs.4(a), (b), (c) and
(d). Our method is firmly validated by this excellent
agreement with the formula, which is widely used to
model the CM. Note that the quartz crystals exhibit ani-
sotropy. This measurement indicates that our method is
applicable to an anisotropic CM. However, the measured
optical activity may be dependent on the angle between
the propagation direction of light and the optical axis of
the anisotropic crystal. Considering the material anisot-
ropy is typically tiny, the difference should be negligible if
the angle is small.

Figure 4(e) presents the ORD and CD spectra of the
20% sucrose solution. The ORD decreases by 11.75% when
the wavelength increases by 35nm from A= 765nm.
At A~ 780 nm, the ORD is Agp = 1.378 £ 0.037 deg for
measuring 19.8 ms. This uncertainty corresponds to a
resolvable concentration of 0.54% (0.0054 g/ml). Using
the formula o = A/(J? —ig)z in Ref. [49] and Eq. 3
but setting A =2.03 x 10’ deg nm?dm~!g~'ml and
/0 = 131 nm, the experimental data is in good agreement
with the theoretical values, see Figs.4(e) and (f). The
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sensitivity of Agis ~ 4.2 x 1072 deg/+/Hz. Moreover, the
CD of the sucrose solution increases with the wavelength,
but exhibits a valley of AA = (—4.53 £ 0.10) x 1073 at
A~ 775 nm. As shown in Fig. 4(g), the silk fibroin solu-
tion displays a very different optical activity from the
sucrose solution. It changes from a weakly positive ORD,
Ap ~ 0.11 deg at 765 nm, to negative, Ap ~ —0.33 deg
at 800 nm. Meantime, its CD maintains negative. Tak-
ing 2=1789.9853nm for a representative example,
the ORD is Ap = —0.133 +0.015 deg and the CD is
AA = (—10.39 £0.22) x 1073, yielding a sensitivity of
~ 2.1 x 1073 deg/+/Hz and ~ 3.1 x 107> /+/Hz, respec-
tively. Figure 4(f) and (h) show the ORD and CD spectra
within a range of 12 FSRs around 790 nm. The spectral
resolution is up to ~ 0.63 pm. Note that the ORD and
CD almost maintain constant because the spectral range
only spans over ~ 7.65 pm. Nevertheless, these results
demonstrate the capability of detecting a CM with very
weak CD and high spectral resolution.

Figure 5(a) and (b) present the ORD and CD for dif-
ferent concentrations of sucrose solutions. Basically,
the ORD and CD increases with the sucrose concen-
tration, simply because the amount of the effective CM
increases. After normalized by the concentration, the
specific rotation of different samples is the same, about
a = 3445 + 0.94 deg - dm'g~'ml. Comparing Fig. 5(a)
and (b), it can be seen that the ORD can determine the
concentration more precisely. In contrast, the CD spec-
trum provides more characteristic information, showing
an absorption valley at 775 nm. For precise chiroptical
analysis of complex compounds, the CD spectroscopy
has an advantage in distinguishing the different ingredi-
ents. The minimum resolvable concentration of solution
is determined by the sensitivity and the measurement
time. When the scan speed of laser frequency is fixed, the
sensitivity relies on the uncertainty in extracting the reso-
nance frequency by fitting the eigenmode spectra. Thus,
a cavity with higher quality factor is preferable. However,
the solution is absorptive and limits the available qual-
ity factor. This can be seen from the low transmission in
Fig. 3(c). We can improve the resolvable concentration by
increasing the measurement time.

By adjusting the resonant frequency of the cavity,
we can measure the ORD and CD with a spectral reso-
lution much smaller than the cavity FSR at a special
wavelength of interest. In this case, the spectral resolu-
tion is improved to the adjustment invertal of the reso-
nance frequency. As a proof-of-principle demonstration,
Fig. 5(c) displays the eigenmode transmission spectra for
three differential cavity lengths. The eigenmode trans-
mission pairs shift slightly in frequency. The ORD and
CD are retrieved from these three pairs of transmission
spectra. Their frequency difference indicate a spectral
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Fig. 5 Chiral analysis and improvement of the spectral resolution. a, b, The ORD and CD for different concentrations of sucrose solutions. ¢, d,
e, The cavity transmission spectrum after fine tuning the cavity length around central frequencies v4 = 379.48281 THz (c), and the corresponding
ORD (d) and CD (e). The blue dots indicate the LCP mode, the red dots indicate the RCP mode, and the orange curve indicates the fitted by Eq. 1

resolution up to ~ 0.04 pm, see Fig. 5(d) and (e). This
resolution is one order better than the FSR. Mean-
while, we increase the electrically scanning speed of the
laser frequency up to 1.045 GHz/ms, so high sensitiv-
ity of ~ 2.7 x 1072 deg/~/Hz (a standard deviation of
8ap = 0.05 deg for T = 2.9 ms) and ~ 8.1 x 107° //Hz
(a standard deviation of §a4 = 1.5 x 10~ % forr = 2.9 ms)
are obtained for the ORD and CD, respectively. These
results further confirm the potential of our technology
for fast measuring the optical activity with high spectral
resolution.

3 Discussion and conclusion

Simultaneous measurement of absolute ORD and CD
with high sensitivity, high temporal and spectral reso-
lution contributes to the development of many appli-
cations, such as precise assembly and construction of
chiral molecules, synthesis of complex chiral drugs,
and characterization of chiral supramolecules and
macromolecules [35, 51, 52]. First, the high sensitivity
can be applied to the drug analysis, the authentication
and adulteration of low concentration CMs [23]. Also,
the precision in our measurement of the specific rota-
tion is comparable to previous studies [32, 45], but our
scheme dose not require a highly stabilized cavity and
precise modulation of the magnetic field. Secondly,
the millisecond-level temporal resolution could poten-
tially be used to monitor protein folding and chemical
mechanisms in living cells. Moreover, our setup enables

real-time monitoring of dynamic chemical reactions
without any mechanical adjustments. Thirdly, the sub-
picrometer spectral resolution measurements provide a
tool to study the fine characteristic spectrum of ORD
and CD, which may be used to obtain the finer finger-
print information of biomolecules [53].

This magnetic-free CECEM spectroscopy may also
be conducted by inserting two quarter-wave plates in
the standard FP cavity, each between the CM and the
input—output mirror. The schematic setup and specific
operation are detailedly explained in the supplemen-
tary information. If the two wave plates can be precisely
aligned with parallel optical axises, one can, in princi-
ple, measure the eigenmode spectra and determine the
ORD and CD of the CM. However, operation and align-
ment of the wave plates can be complicated [35, 54].

We have reported the simultaneous measurement of
the ORD and CD of CMs obtained via the magnetic-
free CECEM spectroscopy. This method reaches a
remarkably high spectral resolution spectral resolution
up to 0.04 pm, corresponding to 20 MHz. This work
also demonstrated ultrahigh sensitivities for both ORD
and CD within a few millisecond measurement time. It
paves the way for fast chiroptical analysis of chemistry,
biology and pharmacology with high spectral resolu-
tion and sensitivity.
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Appendix A: The derivation of optical rotary
dispersion
The linearly polarized light consists of LCP and RCP
components with equal intensity. After passing through
the CM, the two circularly polarized components
will have different phase shifts ¢; = 27wnl-v/c and
@r = 2mngl - v/c, respectively, where n; and np are the
refractive indexes of the LCP and RCP components, ¢ is
the length of the CM, and v is the frequency of the input
linearly polarized light. The ORD, i.e. the ability of a CM
to rotate the plane of vibration of the polarized light, can
be described by introducing a general form for the differ-
ence of phase shifts of RCP and LCP components:
1 TV

Ap=SloL—er) = — (L —np)t, (S1)
where Ag is the rotation angle of the plane-polarized
light. In a bowtie cavity with a CM, the difference of res-
onant frequencies of LCP and RCP components can be
expressed as

c c

(n —mp)l = —— (= — 5,

VESR VL VR (82)

where vy, (vg) is the resonant frequency of LCP (RCP)
component, Avpsg is the cavity’s free spectral range.
If vy —vp < vp or vg, it can be approximated that
vrvg &~ v2. Then, according to Egs. S1 and S2, the ORD
(Ap) is given by

VR — VL

Ap=m
® VESR (S3)

Appendix B: The derivation of circular dichroism
For the bowtie cavity, the cavity transmitted of
the LCP and RCP modes can be written as Eq. 1.
KL — kp = k4 — k_ corresponds to the difference in
absorption of the CM for LCP and RCP components. The
CD can be expressed by the difference in absorbance of
the LCP component and the RCP component as

AE =& — &g, (84')

where & (6g) is the absorption coefficient of
the LCP (RCP) component. Furthermore, not-
ing that I = [pe 8LtM — Jye=*+/VFsR and

I = Ipe RM = [oe=%~/VFsR  the absorption coefficient
can hence be written as

K+/,

T M

(S5)
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According to Egs. S4 and S5, the CD (AA) is then given
by

AA = AE x eM = SF K2 L TIR

VFSR (56)

VFSR

Further, according to Eq. 1, there are

kr = kp~/Tr(vp)/Tr(vr). Substituting into Eqs. S6, the
following can be obtained

AA = ~L 11 — /T (o) / Tr(vpR)].

VESR (S7)
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