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ABSTRACT: Major advances in X-ray sources including the development of circularly polarized
and orbital angular momentum pulses make it possible to probe matter chirality at unprecedented
energy regimes and with Angstrom and femtosecond spatiotemporal resolutions. We survey the
theory of stationary and time-resolved nonlinear chiral measurements that can be carried out in the
X-ray regime using tabletop X-ray sources or large scale (XFEL, synchrotron) facilities. A variety of

possible signals and their information content are discussed.
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1. INTRODUCTION

Newly developed X-ray sources such as free electron lasers
(FELs) or high harmonic generation (HHG) offer most
valuable insights on molecular structures and processes, with
unprecedented spatiotemporal resolutions and atomistic
sensitivity of molecular dynamical events. Significant advances
have been made in the control of the polarization and the
spatial structure of X-ray beams which are required to probe
chirality. In the optical regime, such capabilities have allowed
probing chiral molecules efficiently. X-ray chiral techniques are
now developing in a similar fashion. This review surveys chiral
techniques and their simulations with emphasis on the X-ray
regime.

Chiral molecules are defined by their lack of mirror
symmetry and are ubiquitous and of high relevance to
chemical and biological function' and to drug design. Two
mirror-symmetric molecules are known as enantiomers and
possess some distinct physical and chemical properties. The
geometrical operation linking opposite enantiomers is an
inversion, also known as a parity transformation. The toxicity
of enantiomers also differs. For example, R-methadone has
analgesic and respiratory effects while S-methadone has no
such effects.”” D-Cocaine has higher activity and faster
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toxicokinetics than L-cocaine.” (=)-(S)-Thalidomide has
multiple positive effects, but prescriptions of the racemate in
the late 50s led to a pharmaceutical disaster by causing fetal
malformations.” Historically, early studies were made by
Pasteur in 1858, who had observed the selective fermentation
by bacteria of D-tartaric acid only.” As can be seen from these
selected examples, the determination of the chirality of a
compound is of vital importance for the pharmaceutical,
chemical, and material industries.

Enantiomeric pairs interact with light in a different manner.
Molecular chirality was first discovered through the rotation of
the light polarization induced by a chiral sample due to the
different speeds of left and right circularly polarized 1ight,7’8 a
technique now known as optical rotatory dispersion (ORD).
This effect can lead to the use of chiral molecules, crystals, or
nanostructures to design optical devices that control the
electromagnetic field polarization.””"? Various light-matter
interaction processes may lead to enantiomer-specific spectro-
scopic signals, thereby detecting, for example, enantiomeric
excess in a solution. A chiral signal has an opposite sign for the
two enantiomers'*~'® due to the extra minus sign introduced
by the parity inversion and, thus, vanishes in a racemic mixture.
Chiral signals are directly linked to the molecular geometry
and, thus, provide valuable structural information. Such signals
can be obtained by, for example, taking the difference of two
spectroscopic observables for different polarizations. For
example, the circular dichroism (CD) technique measures
the difference in the absorption of left and right circularly
polarized light. This technique usually involves the cancellation
of contributions within the electric dipole approximation and
the observation of a pseudotensor quantity that becomes the
leading term in the matter response. Pseudotensors are
quantities that do not change sign under a parity operation
when their rank is odd and reverse their sign when it is even. A
pseudotensor is crucial in chiral signals since it ensures that a
parity operation (equivalent to an exchange of two
enantiomers or of left and right polarization) provides the
desired cancellation. Unfortunately, these pseudotensors
usually require higher order multipoles (magnetic dipoles
and electric quadrupole) in the interaction. The interaction
multipoles are the terms of a converging multipolar expansion
of the molecule charge or polarization densities.'” Their
contributions to the signals are much weaker than their
nonchiral counterparts by a factor a/4, typically 107* to 1073,
where a is the molecular size and 4 is the wavelength of the
incident light.

In some cases, chiral signals can be obtained even in the
electric dipole approximation when considering unbounded
states or nonlinear optical interactions'® or when using the
minimal coupling interaction (avoiding the multipolar
expansion altogether). Such signals are stronger since they
do not contain the a/A factor and can lead to highly sensitive
chiral discrimination, making them potentially interesting for
various applications.

Molecular chirality offers a window onto fundamental
questions such as the origin of biological homochirality.'”~**
L-Amino acids and p-sugars are exclusively present in biological
molecules, and it is believed that life could not exist with
heterochiral systems.”””* Competing theories attempt to
explain the link between chirality and life. First, parity violation
exists at the fundamental level due to the electroweak
interaction, resulting in a ground state energy difference
between opposite enantiomers.”> However, this parity-violating

energy difference is extremely small (~107'" eV) and has not
been measured experimentally so far. Some have proposed*®*’
that, despite being very small, this energy difference could
favor one enantiomer over another over extremely long time
scales. Others consider this small energy difference as
insignificant and promote a statistical approach implying a
spontaneous symmetry breaking.”® Detecting extraterrestrial
life could resolve this issue.

Detecting chirality with a high degree of accuracy and
sensitivity is of interest for a broad range of applications. The
main techniques routinely employed in the IR and visible
regimes are circular dichroism (CD), optical activity (OA),
optical rotatory dispersion (ORD), and Raman optical activity
(ROA). In this review, we present extensions of these
techniques as well as new possible X-ray techniques.

The first chiral X-ray magnetic circular dichroism (XMCD)
measurements in crystals were carried out with synchrotron
sources. In this technique, the difference in X-ray absorption
spectra (XAS) of left and right incoming polarization is taken
in the presence of a strong magnetic field.””*° This technique
provides valuable information on atomic spins. However, the
parity breaking is induced by an external field and is not linked
to an intrinsic molecular chirality, which is the subject of this
review. With recent developments of X-ray sources and their
polarization control, natural X-ray chirality can now be probed
at large scale facilities such as synchrotrons and X-ray free-
electron lasers (XFELs) as well as with tabletop sources
(HHG).

X-rays offer a particularly useful probe of molecular chirality
thanks to their short wavelength. In essence, chirality is a
molecular structural property, and the atomic resolution of X-
rays gives better structural information than possible in the
optical regime. The chirality is typically localized around a
chiral center, often a carbon atom. Alternatively, it may be
associated with global structures such as helices." By tuning the
X-ray wavelength to be resonant with a core transition, one can
get local insight on the chirality and map it across the molecule
instead of merely considering it a global property. It is also
possible to probe the chirality of the surrounding atoms in
order to measure the delocalization of chirality. Already in the
frequency domain, X-ray chiral signals offer numerous new
insights, but their capabilities are even more striking in the
time domain. Photoexcitation of chiral molecules can trigger
ultrafast charge migration and nuclear dynamics in a few
femtoseconds, and X-rays can resolve them while combining
while adding its usual advantages in structure and element
sensitivities. Understanding these dynamics and controlling the
photoexcitation of chiral molecules have great promise for
photoinduced chiral purification.

Frequency domain signals which probe molecular chirality in
the ground state have been implemented in lower frequency
(optical and infrared) regimes. Time-resolved extensions of all
these signals are straightforward by starting with a system in a
nonstationary state and monitoring the chiral nuclear and
electronic dynamics.

Chiral dynamics can provide most valuable information on a
large variety of systems. First, phototriggered chiral dynamics
in molecules that are chiral in their ground states can be
resolved. Compared to time-resolved (tr) signals that are
sensitive to the overall dynamics, core-resonant chiral
dynamics provides structural information at the vicinity of
the chiral center. Thanks to the element selectivity of core
transitions, one gets two-point molecular information by
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exciting at some position and detecting at another. For
example, in Figure 1, a chiral dynamics is triggered in the linear

Optical
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Figure 1. (a) Scheme for a tr-CD signal: a chiral dynamics is triggered
by an actinic pump and subsequently probed by a chiral-sensitive
technique, here CD.>' (b) X-rays have been shown to probe the
spatial extension of the molecular chiral density. Going into the time
domain will offer a window of how this quantity will propagate
spatially within a molecule.

molecule 1-bromo-1-amino-n-chloro-nonene. It has been
shown that an X-ray chromophore, here chlorine, offers a
sensitive window into the delocalization of chirality;’' see
section 3.1. By going into the time domain, it should be
possible to probe how fast a chiral dynamics propagates to
different locations within a molecule. Second, achiral molecules
can acquire chirality through photoexcited nuclear dynamics in
the excited states. This is the case, for example, in formamide,
which is planar and achiral in its electronic ground state and
becomes chiral in the excited state by out-of-plane bending.*”
Finally, chirality can be induced in an achiral molecule through
interaction with another chiral molecule.”® This is relevant to
biological systems where chiral molecules present in the
protein structure can interact with a reaction center through
dipole—dipole coupling. The photosynthetic reaction center,
that often contains X-ray chromophores, e.g. metalloporphyr-
ins, can acquire an optical activity through the presence of
nearby chiral molecules. The induced molecular chirality can
thus measure the time-dependent coupling between the chiral
molecule and the probed achiral one.

In this review, we present expressions for time-resolved (tr)
techniques such as tr-XCD (X-ray circular dichroism), tr-
XROA (X-ray Raman optical activity), tr-PECD (photo-
electron circular dichroism), and tr-HD (helical dichroism).
To keep the presentation general, we do not specify the
preparation process and simply assume a nonstationary initial
molecular wave function. A standard pump—probe approach
can be used where an actinic pump pulse triggers a desired
dynamics that is subse(luently probed after a delay using the
chiral detection mode.”* Alternatively, a stimulated Raman

pump can induce a broadband ultrafast excitation.”> More
elaborate multipulse preparation schemes can be envisioned as
well.

Chiral HHG (cHHG) is a recent exciting development in
time-resolved chiral X-ray experiments.’®*” An intense mid-IR
field* is used to ionize a molecule. The released electron is
then accelerated by the intense laser field until it recombines
with the same molecule, emitting soft X-ray HHG light (up to
500 eV) in the process. Enantiomers were found to produce a
different HHG spectrum depending on the incoming laser
ellipticity.”® A precise control of the emitted light polarization
in free electron laser (FEL) sources has been achieved through
undulators.”” In FELs, an electron bunch is propagated
through a magnetic periodic structure, the undulator, giving
rise to an electromagnetic emission coupled to the bunch.”
Fine details of the electron trajectory are imprinted in the
generated light: a sinusoidal trajectory results in linearly
polarized light, while a helicoidal trajectory produces a
circularly polarized signal.*"** The total control of the emitted
polarization of FELs has been achieved recently.*”*'
Synchrotrons constitute a third common source of X-ray
light that have long produced circular polarized light*’ for
continuous or nanosecond samples. Circularly polarized X-rays
can be obtained by collecting them off-axis above and below
the orbit plane. This source provides imperfect polarization
states at a rather low flux. Insertion devices are then used to
amplify the beam.** Each of these sources have their own
merits. HHG sources offer the shortest (attosecond) pulse
duration and are tabletop but are limited to soft X-rays and
weak fluxes. Recent developments have reached the carbon K-
edge at 284 ev.® Synchrotrons are very stable sources over a
broad frequency range (10—120 keV) and are widely available
worldwide. The most common (multibunch) operation mode
provides a continuous light source that can be used for
frequency domain techniques. A single bunch can be singled
out for time-resolved experiments with a resolution down to
tens of picoseconds.® X-ray FELs are less common but
produce ultrashort high brilliance beams (few femtoseconds or
even attosecond'”) particularly suitable for ultrafast time-
resolved nonlinear experiments. The improvement and
development of dedicated beamlines with accurate polarization
control of X-rays at synchrotrons*®™** and FELs**™*° are
making chiral techniques increasingly available to a broader
range of experiments. We further note that many beamlines
built for XMCD at synchrotrons can be used for XCD
measurements.

Two X-ray light characteristics make them particularly
suitable for chirality measurements. First, due to its high
photon energy, X-ray light can easily ionize the sample, and the
emitted photoelectrons can be detected, leading to X-ray
photoelectron spectroscopy (XPS). Its chiral extension, PECD,
is obtained by measuring the difference in XPS with left and
right polarizations.”’ >’ Second, the X-ray wavelength can be
comparable to the interatomic distance, leading to an
extremely small Abbe diffraction limit. Fields with varying
spatial profile across the molecular charge density can be
produced. The multipolar expansion of the light-matter
coupling then completely fails, and the light-matter interaction
must be described in the minimal coupling Hamiltonian that
implicitly incorporates all multipoles. Such signals can further
exploit the orbital angular momentum of light,”" potentially
leading to a new family of chiral techniques.

https://doi.org/10.1021/acs.chemrev.2c00115
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The above survey of chiral signals suggests a natural
classification scheme of signals according to the interaction
Hamiltonian that should be used in their description: electric
dipole, multipolar, or minimal coupling. This classification will
be adopted in this review. Multipolar coupling signals such as
XCD, XROA, and four-wave mixing (4WM) signals are
presented in section 3. These are direct extensions of the
corresponding optical techniques but take advantage of several
unique properties of X-ray pulses, namely element specificity
and localization of the interaction, ultrashort (down to the
attosecond) pulses, and large bandwidths. Signals that exist in
the electric dipole approximation are discussed in section 4.
These include signals involving complex electric dipoles, i.e.
bound to unbound transitions, such as PECD, as well as ones
derived with even order susceptibilities such as sum frequency
generation )((2) (SFG). In section 5, we discuss signals that
require the full spatial variation of the incoming field. Helical
dichroism (HD), the difference in absorption of Laguerre—
Gauss beams with a specific transverse profile and opposite
orbital momenta, is an example.

Ultrashort X-ray sources can look at time-resolved chiral
signals in which an excited state is first prepared and is then
probed through a chiral observable such as CD or ROA. Time-
resolved near UV CD (tr-CD) in a pump—probe setup has
been reported recently.”’ We have shown that tr-XCD
involving a visible pump—X-ray probe can provide valuable
information.*” In a simplified picture, the molecular potential
energy surface (PES) can be described by a double-well
potential, where the minima correspond to the two
enantiomers. Commonly, the enantiomers are stable in their
ground state at room temperature; the energy barrier between
them is high and prevents interconversion dynamics. This
barrier can be small in the excited state, and an asymmetric
wavepacket in the excited PES can propagate back and forth
between the two minima, giving rise to a time-evolving chiral
signal.

In summary, X-rays offer many advantages to chiral
techniques. Their use as a local probe of core transitions or
the Angstrom-resolved diffraction provides valuable structural
insights. Additionally, the magnitude of chiral X-ray signals is
favorable and can enhance intrinsically weak signals. Finally, X-
rays and extreme ultraviolet (EUV) are at the forefront of
extreme ultrafast measurements by reaching the attosecond
regime.

2. GENERAL CONSIDERATIONS REGARDING X-RAY
CHIRAL MEASUREMENTS

2.1. Pseudotensors, Polarization Vectors, and Rotational
Averaging

We first introduce the notation necessary to describe chiral
spectroscopic observables that will be used throughout this
review. We start with the parity operator  which reverses the
sign of all coordinates. It spawns the parity group that has two
irreducible representations, with characters +1 and —1. Under
a coordinate inversion, a true vector g becomes Py = —p. A
pseudovector m, on the other hand, does not change sign, i.e.
Pm = m. Examples of true vectors and tensors are the electric
field E or vector potential A, the electric dipole moment g, and
the electric quadrupole g. The magnetic field B and the
magnetic dipole moment m are examples of pseudovectors. An
arbitrary tensor, such as nonlinear response functions, can be
decomposed into irreducible parts, that are symmetric and

antisymmetric upon the action of the parity operator. A rank n
tensor, also called a true tensor, changes sign upon inversion

according to PT™ = (—1)"T(") while a rank n pseudotensor

changes sign as PTW = (—1)"*+117™,

Chiral signals originate from the lack of parity. Pseudo-
tensorial response functions represent such quantities, and
spectroscopic observables sensitive to chirality are expressed
from the antisymmetric part of response tensors. One
straightforward manner to do that is to cancel out the
symmetric contribution by taking combinations of the same
observable with different polarization configurations. In
particular, this can be done with circular polarizations given by

1 1

0 (1)

where e; and ey are the left- and right-handed polarization
vectors for a plane wave propagating along z. The vectors (e,
ep ¢,) form an orthonormal basis with the following properties:

* *
e = —e R ="e 2)
ee, = epeg =0 e eg = —1 3)
e, X e, = —ie e, X ep = iep 4)

Equation 3 shows that the basis obtained using circular
polarization, known as the irreducible basis, does not have a
Cartesian metric but instead an antidiagonal one with
components (—1, 1, —1) along the antidiagonal. One must
then be careful when performing tensor contractions with this
basis. Equation 4 allows one to get the polarization vectors b of
the magnetic field

b = —1 X
— e Xe
L/R c Z L/R (5)

Many chiral measurements rely on the cancellation of
nonchiral contributions when the difference of the observable
between left and right polarization is taken. Thus, the following
formulas will be routinely used:

a b* a b* _ . ab1‘

eje], — epeg = — i€l k (6)
a b* a b¥ _ 5 Ifc\aéh

eep +eper =0y — (7)

where G‘Zb and J,, are the Levi—Civita and Kronecker symbols.
This relationship is true for the left and right plane wave

propagating along a wavevector k. k is the unit vector along k.

In the basis defined in eq 1, we have k= e,

Finally, rotational averaging wiQll be repeatedly carried out
later on. Chiral signals are only defined for rotationally
averaged ensembles. This is because, in many cases, signals
such as circular dichroism do not vanish in oriented achiral
samples and are, thus, not chirality-specific in these cases.
Rotational averaging of a rank N tensor T, (T)g, is achieved by
rotating the tensor T using rotation matrices R and integrating
over all solid angles:

(Thivy, = / QR (Q).. R (Q)TH

— (I(N))}llﬁN T/l1 Ay

(8)

https://doi.org/10.1021/acs.chemrev.2c00115
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where the tensor TH“* is in the molecular frame and

(T"™)g, is in the laboratory frame. The averaging tensors ™
are given in Appendix A.

2.2. Coupling of Light to Chiral Matter

Signals described by three radiation/matter coupling Hamil-
tonians will be considered in this review. We first introduce the
electric dipole coupling Hamiltonian.

H,,(t) = —p-E(t) (9)

where p is the electric dipole and E is the incoming electric
field. This interaction does not generate pseudotensorial
quantities for even order susceptibilities. However, if the
electric dipole is complex, it is possible to obtain chiral
signals,18 as discussed in section 4.

The second interaction is given by the multipolar
Hamiltonian®>® truncated at the electric quadrupole

H(t) = —pE(t) — m-B(t) — q-VE(t) (10)

where m and q are the magnetic dipole and the electric
quadrupole, respectively, and B is the magnetic field. Since m
is a pseudovector and q is a second-rank tensor, this coupling
can generate chiral observables.

Finally, the last, exact, interaction Hamiltonian discussed in
section § is

Ho(t) = = [drj@)-AG 0 + = JELOI)
(11)

where j(r) and o(r) are the current and charge density
operators and A is the vector potential. ¢ and m are the
electron electric charge and mass. This coupling is derived by
the standard minimal coupling Hamiltonian

2., — q,A0, t))*/2m,, where the sum is over elementary

charges. Expanding the square and taking the continuous limit
for the sum leads to eq 11. This description is convenient to
describe extended structures. Standard electronic structure
codes can provide the matrix elements of the charge and the
current density operators

o(r) = ey Dy (x) (12)

j(r) = i(lrwp + p'lr)(rl)

= L @) - (Ve ()

2mi (13)
where ' (r) and y(r) are the electron field fermion creation
and annihilation operators at position r and p is the
momentum operator. The 6A® interaction cannot induce
chiral signals by varying the polarization, since the matter
quantity involved is a scalar, insensitive to the field polar-
ization. However, the use of spatially varying fields with orbital
momentum is still possible. The current density is a vector field
that need not have a well-defined parity; that is, it can have
both odd and even contributions under a parity inversion.
Chiral signals can thus arise by mixing these two contributions.

The three coupling Hamiltonians discussed in this section
(electric dipole coupling, multipolar coupling, minimal
coupling) naturally construct a way to classify chiral-sensitive
signals as summarized in Table 1. Interestingly, this
classification is not only formal but also encompasses different
experimental aspects. The multipolar coupling signals rely

Table 1. Chiral-Sensitive Signals Discussed in This Review”

Multipolar Electric Dipole Minimal Coupling
Static XCD SFG/DEG HD
XROA cHHG HROA
PECD
Time-resolved tr-XCD tr-PECD tr-HD
tr-ROA tr-cHHG tr-HROA

“XCD: X-ray circular dichroism. XROA: X-ray Raman optical activity.
PECD: photoelectron circular dichroism. c¢cHHG: chiral high
harmonic generation. HD: helical dichroism. HROA: helical raman
optical activity. tr: time-resolved.

usually on dichroic measurement in which the strong achiral
background gets canceled out. The electric dipole coupling
signals either use nonlinear interactions in the incoming field
or transition toward a continuum (photoionization). Finally,
the minimal coupling Hamiltonian is well suited for techniques
using beams with large spatial variations.

3. CHIRAL SIGNALS INVOLVING ODD-PARITY
MULTIPOLES

We first discuss chiral signals that are expressed in terms of
odd-parity multipoles, for example, the magnetic dipole and
the electric quadrupole at the lowest order. These multipoles
are usually not the first nonvanishing order in the multipolar
expansion of the interaction Hamiltonian, and the relevant
signals are small chiral corrections to a strong achiral
background. These chiral contributions to the signal can be
isolated by canceling out the unwanted achiral terms through
multiple measurements with opposite circular polarization
configurations. Despite their weakness, these signals have been
most used experimentally. This section presents first the
frequency domain signals and selected experimental and
simulation results in the X-ray regime.

3.1. X-ray Circular Dichroism

In this section, we consider signals described by the multipolar
Hamiltonian, eq 10. We start with the simplest chiral signal,
circular dichroism (CD): the absorption difference between
left and right polarized incoming light. XCD signals can be
measured in the frequency or in the time domain. In the
former, circularly polarized plane waves are used to measure
absorption and their frequency is scanned, while, in the latter,
the free induction decay following an impulsive excitation is
measured in time and is then Fourier transformed. The ladder
diagrams contributing to the CD signal and the experimental
geometry are given in Figure 2a and b, respectively. A
diagrammatic representation of interaction pathways allows
one to interprete, design, and compute spectroscopic signals in
a systematic way. Double-sided Feynman diagrams, see e.g.
Figure 2a, describe pathways on the density matrix in Liouville
space while loop diagrams, see e.g. Figure 7, represent the
evolution of the bra and ket wavefunctions in Hilbert space.
Each representation has its merits and the rules to read these
diagrams are given in Appendix C.

The signal is usually normalized by the sum of the
absorption spectra that have a purely electric dipole character.

A (o) = Ag(w)
%(AL(CU) + Ap(w)) (14)

where A, is the absorption signal of a p polarized light (p = L
for left and R for right) and w is the incoming field frequency.

Scp(@) =

https://doi.org/10.1021/acs.chemrev.2c00115
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Figure 2. (a) Ladder diagrams of the CD signal (for diagram rules see
Appendix C). Permutation of the electric dipole g and magnetic
dipole m must be included. (b) Geometry of a CD measurement.

The electric quadrupole moment q contribution to the CD
signal averages to zero in isotropic ensembles of randomly
oriented molecules, since the electric quadrupole is a
symmetric tensor and may be neglected.'* This is in contrast
with anisotropic systems, for example, crystals, whereby
rotational averaging is not done and the signal is dominated
by the electric quadrupole—electric dipole response. In the X-
ray regime, the absorption baseline is routinely shifted to zero
below the edge, and the definition in eq 14 leads to a vanishing
denominator and large uncertainties. To avoid divergences, we
thus use an alternate definition:

A (@) — Ap(w)

Scp(w) = 5
(@) ;(maxAL(a)) + maxAR(a)))

(1)

where the max A indicates the value of the spectrum at the
main edge. This definition tends to underestimate the signal
asymmetry ratio around the edge but prevents a divergence
when the absorption signal is very small.

XCD in solids, also known as X-ray natural circular
dichroism (XNCD) as opposed to XMCD, was first measured
in 1998 by Alagna et al. on single crystals at the Nd L;-edge.**
XCD has also been measured in molecular crystals of cobalt
and neodymium complexes®>® at their Co K- and Nd L-edges,
respectively. Theoretical works have highlighted the impor-
tance of the electric quadrupole—electric dipole coupling for
XCD.*"% In the following, we focus on randomly oriented
molecules where the quadrupolar term vanishes. The first
measurements of XCD on a chiral molecule at the carbon K-
edge® were reported on methyloxirane in the gas phase,
shown in Figure 3a. The experiment made use of the elliptical
wiggler at the ELETTRA synchrotron to generate circularly

polarized light, and the measured asymmetry ratio was ~10".
This molecule contains multiple chiral carbons, and it was
shown that tuning the photon energy can lead to a selection of
the probed chiral carbon.

XCD has also been measured in serine and alanine thin films
at the oxygen K—edge,m’7l shown in Figure 3b, and at the
nitrogen K-edge on histidine.”” The O K-edge XCD
experiments were conducted using helical undulators at
SPring-8 on powder samples deposited on a SiN thin film by
sublimation. Deposited samples can simplify the experimental
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Figure 3. (a) CD spectrum at the C K-edge of S-(—)-methyloxirane
measured by Turchini et al.®” Reprinted with permission from ref 69.
Copyright 2004 American Chemical Society. (b) CD spectra at the O
K-edge of L-tyrosine (black), L-aspartic acid (red), L-serine (green),
and 1-alanine (blue) films measured by Izumi et al.”' Reprinted with
permission from ref 71. Copyright 2013 AIP Publishing.

setup but are required to cancel out the linear anisotropy
component if it is present. Figure 3b highlights the spectra
around the 1s — 7™ transition of the oxygen atom in the C—
OH group. The large variation of spectra in this area shows
that XCD can be very sensitive to small local structural
variations.

Multiple XCD signals have been measured on chiral
molecules, mostly in a crystallized form” or embedded in a
film.”"”* XCD measurements on oriented samples are not per
se a measure of molecular chirality but are still an interesting
probe of electric dipole—electric quadrupole mechanisms. Such
mechanisms also play an important role in other chiral signals
such as X-ray Raman optical activity.

The absorption signal of a p polarized weak probe is given
by/570

A (0) = 20ImE” (0)-(p(w)) + B (@)-(m*(@)) (16

This signal can be decomposed into E—E (electric dipole—
electric dipole) and M—E (magnetic dipole—electric dipole)
contributions:

B

- 4 C C
AFE(@) = ——— EPIm Y @ efe— 5%
(17)
_ 4 IE,f myp,
A;,VI EFlw) = _3_h—0 Im z a)cgb;k-ep—2 7
c - wy — (0 —il,)
(18)
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Since e, ¢, = ep-eg = —1, AL ¥ — AFF vanishes. On the
other hand, b;-¢, = —bj-e, = —i and the M—E contributions
add up. Introducing the line shape function f, (@) given by

.
- ‘g
I () vy = (0 = iT,) (19)

the left and right polarization difference and sum become

Ay() — Ag(w) = zi'E—°R s, om

(20)

4 e
A(w) + Ag(w) = 2— |Ej["Im w)p -
1(@) + Ap(w) =2 1E zcjfcg( M M, -
Finally, the sum-over-states (SOS) expression of the CD
signal defined in eq 14 reads

Re m
Sep(w) = 2 ch[cg (@)

¢ Im Zcfcg (a))ﬂgc '”cg (22)

Equation 22 is the standard expression for CD signals.'* It is
common to interpret it using the rotatory strength

Rgc = mgc'”cg (23)

CD signals have been routinely used in the IR/visible
regimes due to their high sensitivity to molecular structure. In
the X-ray regime, one can combine the structural information
with the element specificity of the X-ray excitation to probe the
molecular chirality at the vicinity of a chosen atomic element
within the molecule.

Figure 4 depicts the simulated X-ray CD spectra of o-, m-,
and p-chlorophenylethanol (CPEO) molecules at the CI L, ;-
edge. The simulations were carried out using the restricted
excitation window TDDFT (REW-TDDFT) under the
Tamm-—Dancoff approximation. The chlorine atom which
serves as the X-ray chromophore located at the various
positions (ortho, meta, and para) provides a local probe of
molecular chirality. The CD spectra depicted in Figure 4 show
that the maximum chiral signal strength follows the order o0 > p
> m for the different substituted molecules. The meta
substituted molecule has the weakest electronic coupling
with the chiral center. This trend is in agreement with other
optical reactivity and conductivity properties.”””®

Figure 5 shows another example of X-ray CD at the chlorine
L,;-edge in 1-bromo-n-chloronona-2,4,6,8-tetraen-1-amine
chains. The rotatory strength at the strongest XAS peak is
displayed vs the X-ray chromophore position. We see a
decrease with the distance between the X-ray chromophore
and the chiral center, revealing again the sensitivity of the XCD
to the local molecular chirality.

Experimental XCD signals at the C K-edge of three amino
acids (r-phenylalanine, L-tyrosine, L-tryptophan) and S-
ibuprofen deposited on a SiN substrate measured at Elettra,
Trieste, are shown in Figure 6. The differences of the XCD
spectra of the three amino acids illustrate the sensitivity of
XCD to the molecular geometry over a large distance from the
chiral center, despite the localized nature of the core orbitals.
Comparison with ab initio calculations of the XCD spectra
shows that the contribution from carbon atoms localized at
inequivalent sites in the molecules can be spectrally separated
in the XANES spectrum. Thus, probing with a narrow band X-
ray pulse allows selection of a location within the molecule.
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Figure 4. XCD (red) signals at the Cl L, ;-edge on substituted o-, m-,
and p-chlorophenylethanol molecules, shown in panels a, b, and ¢,
respectively. The chemical structures are shown in the insets with the
chiral center marked by an asterisk. Reprinted with permission from
ref 31. Copyright 2017 Royal Society of Chemistry.
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Figure 5. Magnitude of the rotatory strength, eq 23, as a function of
the distance between the X-ray chromophore and the chiral center at
one of the strongest XAS peaks. The amplitude of the rotatory
strength decays when the distance between the chiral center and the
atom probed by X-rays increases. Reprinted with permission from ref
31. Copyright 2017 Royal Society of Chemistry.

We now turn to the time-resolved extension of XCD, tr-
XCD. The most common setup is to pump a chiral molecule or
an achiral molecule that becomes chiral in its excited state with
an actinic pulse. A delayed X-ray pulse then probes the
molecular dynamics. The X-ray probe is finally frequency-
dispersed on a detector.

As in the frequency domain, this signal is measured by taking
the difference in the absorption of left and right circularly
polarized light (CPL) of a delayed probe with respect to an

https://doi.org/10.1021/acs.chemrev.2c00115
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Figure 6. Carbon K-edge XCD spectra of three left-handed amino acids, L-phenylalanine, L-tryptophan, L-tyrosine, and of S-ibuprofen

(unpublished data, courtesy of R. Mincigrucci).

initial actinic pump. Equation 16 can be extended to time-
dependent polarization and magnetization:

Ap(a))T)
= 20Im(E" (0)- (" (0, T)) + B" ()-(m’(w, T)))
(24)
where T is the time delay between the actinic pulse and the

probe and p = L, R is the polarization. The time and frequency
resolved tr-XCD signal is defined by

A(w, 1) — Ag(w, T)
(A (@, ©) + Ag(@, )

Str—XCD(w! T) =

(28)

The time-resolved (frequency-integrated) tr-XCD can also
provide interesting information:

Str-XCD(T) = /dwstr-XCD(w) 7) (26)

The tr-XCD is obtained by expanding to one more order
into the CPL probe. Chiral contributions appear through

pseudoscalars, and we shall limit the discussion to terms
mixing electric and magnetic dipoles (electric quadrupoles
vanish upon rotational averaging):

40, 1) = [t (1, 1)

= [z (1) (m" () B (3, T)).)

(27)

(28)

= [dtdne " (@G (« - 5)(mPB (s, T)).6(5, — to)lp(t))

(29)

Where the double bra-ket indicates an expectation value taken
in Liouville space in which the density matrix is vector, see
Appendix C. A similar expression is obtained for the magnetic
dipole expectation value:

16809

(m}, (@,T))

= f dtdre ™ ((m?IG(t — 7)) (" -EF (7, T))_G(z; — t,)lp(ty)))

(30)
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These expressions can be expanded into sum-over-states @ (1)) = D / dtdr,e ™ (e~ olt=1)
expressions. However, most interesting chiral dynamics involve «
both nuclear and electronic dynamics and are thus not simply
expanded over states since the propagator G contains a
numerical propagation of the nuclear wavepacket. The
expectation values are conveniently defined using the wave
function in Hilbert space as

(mh,(0,T)) = Z /dtdrle_i“"(e_i"’f”(t_”>

X (Q(to)elU:(trto)ﬂ:c Uc(trfl)mce'Bp(TnT) LE("'Ut())ch:E(to))

@t )IU] (2, m - BY (2, TYUL (£,5)p, Ut o) 1R(8)))
(33)

X <(De(to)|@(t’to)m.lq(t"’l)ﬂce B (7, T)U(7,t0)1R(tp))

P
Eiwtg(t_{l)(‘l)e(to)|U:(Tvt0)”; ‘EP*(TUT)U:(tlfl)mceq(t:to)l(g(to)))

chir(w’T)>
= /dthle_imt((‘P(to)IGT(trto)ﬂTG(t’Tl)m'BP(Tl)T)G(Tlrto)lly(t())>
- (\P(to)|G+(71;t0)m-;—'Bp*(TpT)GT(t;Tl)ﬂG(t:to)|T(to)>) (31)
(34)
where U, is the propagator of the nuclear wavepacket of the
state e. Since the core-excited coherence is extremely short-

(mf;(@,T))
lived compared to standard nuclear dynamics, we make the

- / e (116 (1) G e, B (2, T) G et (1)

— (W(t)IG (ry to ) B (2, T) G (t,5) mG(t,t) ¥ (£,))) (32)

approximation []j(t,fl) =1 in the following. Using that

B'(w) = &(w)b, and that
ener) = (=i/)(8; — k)

1212)), the numerator of

where the two terms in eq 31 are shown in Figure 7a and ¢ and

the two in eq 32 in Figure 7b and d.
! ¢ E'() = &(w)e,

eEbL,- - e;-ij = (—i/C)(efieLj -

(similarly efibLi - e;:iij = (i/c)(5il-
expression eq 25 becomes

AL(w)T) - AR(w)T)
2 —iwt 7T
~ZoReY f dtdre ™" E(w)E(x, T)(3, — kE)
[

(b)
Figure 7. Loop diagrams for time-resolved circular dichroism. e and ¢ =
represent the valence- and the core-excited states, respectively.
i, (t— + +
X (e TN D (1) U] (t,to)p! e, Ut R(1))
i, (t— T
+ elw“(t Tl)<q%(to)|U:(Tvto)mec,i/‘,;e,]—Ue(t;to)lq)e(to)>

m /‘e,}-Ue(Tpto)lq)e(to»

ec,il’c

— &= (1), U (1,8)
_ eiﬂ’:z(t_rl)((be(to)|U:(Tpto)ﬂe-:,im‘e'jU;(t’tO)lq)e(t(’)>)

Assuming that the wave function is a product of a nuclear

and an electronic wave function I¥(t,)) = > |®(%,) )l¢), where
(35)

|®(t,)) is the nuclear wavepacket and lg) is the electronic
eigenfunction, the sum over the electronic states gives The denominator is given by
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Figure 8. (a) PES for an achiral molecule in its ground state that becomes chiral in its excited state. The two minima indicate the two enantiomers,

and a symmetry-breaking pump can generate a wavepacket with an excess probability of one of them whose average dynamics is displayed in panel

b. A delayed X-ray probe can then selectively probe atoms in the molecule and lead to a tr-XCD following closely the molecular dynamics.
Reprinted from Rouxel et al.*
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AL(CU)T) + AR(a)xT)
= 20Re Y. f dtdr,e ™" E(w)E(x, T)(3, — kE)

X (77D (t), U] (8 )

]
ec,i

ce,,-U;(Tvto)lq)e(to»

+ ‘31‘0)”“_1')((2(%)'UI("]JLO)MT -ﬂce,]-Ue(t;to)@e(to»)

ec,i
(36)
The tr-XCD signal is finally obtained by rotational averaging
of eqs 35 and 36. This operation is not trivial when nuclear
dynamics are included because the propagation of the nuclear
wavepacket is usually carried out numerically for a given
molecular orientation in the laboratory frame. Under these
conditions, one cannot use the simple tensor averaging
procedures of Appendix A and must rely on a numerical
averaging: the full solid angle is discretized, and wavepacket
propagation must be carried out for each orientation. The
matter correlation functions are computed for each orientation
and averaged out. When nuclear coordinates are neglected and
only wavepacket dynamics is considered, the numerator, eq 35,
simplifies considerably and rotational averaging gives

<AL(O)7T) - AR(C‘);T»Q
_ —%a)lmz / dtdr,e ™ E(w)E(z,T) sin(a,(t — 7,))

A i i
X (51‘/' - kikj)«”ec,imce,j - mecxiﬂce,j)pee(to)>g (37)

where p,,(,) are the excited state populations after the actinic
pulse. For example, if the actinic pulse interacts twice, the
averaging tensor I¥) may be used to average the signal.

A simulated tr-XCD trace on formamide is shown in Figure
8c. This molecule is chiral and trigonal planar in its ground
state and is trigonal pyramidal in its first excited state at
approximately 6 eV. The lone pair in the excited geometry
completes the four groups needed to have a chiral carbon, and
the molecule thus becomes chiral in its excited state. The
potential energy surfaces (PESs) along the bending mode
shown in Figure 8a have two minima in the excited state
corresponding to the two enantiomers (molecule bent upward
or downward). Photoexcitation with a circularly polarized UV
beam launches an asymmetric wavepacket in the excited PES,
and the molecule starts oscillating back and forth, as shown by
the expectation value of the bending coordinate depicted in
Figure 8b. Finally, the integrated tr-XCD is displayed in Figure
8c with the probe tuned at the C K-edge. As expected, this
signal follows closely the chiral dynamics of the molecule.””

3.2. X-ray Raman Optical Activity

Raman optical activity (ROA) is widely used in the IR and
visible regimes to measure the vibrational or electronic optical
activity.'”””* It has provided a clear signature of the absolute
configuration of small chiral molecules which is important for
drug synthesis and in the secondary and tertiary structure
determination of proteins.

Spontaneous Raman signals can be seen as a scattering event
in which an incoming photon is scattered into an empty mode
of the electromagnetic field.”® In order to create a photon
population in the scattered mode, two orders in the
perturbation by the interaction Hamiltonian are necessary
(one with the ket and one with the bra), and the matter Raman
response functions are thus given by four point correlation
functions. To first order in the multipolar expansion, the

spontaneous Raman signal contains four perturbations in the
electric dipole coupling. This contribution gets canceled upon
taking the difference between opposite polarizations, and the
ROA requires the magnetic dipole and electric quadrupole
coupling. The theory and practical implementation of ROA has
been developed to a large extent by Barron.*

X-ray ROA (XROA) is the X-ray regime extension of the
ROA. So far, theoretical works on XROA are scarce,”’ and no
experimental realization has been reported yet. On the other
hand, spontaneous Raman signals have been measured
routinely.”*~** Stimulated and ultrafast extensions are under
development.**~" In the X-ray community, spontaneous
Raman is often referred to as inelastic X-ray scattering (IXS).
The signal recorded by frequency dispersing the scattered
photons of a single incoming light beam is named X-ray
emission spectroscopy (XES), while the 2D maps recorded at
resonance by scanning the incoming light and dispersing the
scattered photons are know as resonant inelastic X-ray
scattering (RIXS).*® The increased availability of polarization
control at synchrotron and FELs has enabled the chiral-
sensitive version of these technique, XROA, in principle
achievable at many facilities. The main challenge remains the
scattering cross sections of these signals, which are usually
weak, and thus, the even weaker XROA requires long
acquisition time and high stability.

While the formal expressions of the signal reviewed in the
section remain the same as in the lower frequency regime,
XROA exploits the specific characteristics of the X-ray regime.

ROA being an incoherent spontaneous signal, eq 188 in
Appendix B can be used as a starting point. Circularly polarized
light passes through the sample and generates a Raman signal
recorded as a function of the scattering angle; see Figure 9d.

(d)

Figure 9. (a—c) Loop diagrams of the XROA signals. Permutation of
the magnetic dipole and electric quadrupole have to be summed over
to calculate the signal. (d) Geometry of an ROA measurement. This
corresponds to an incident circular polarization (ICP) setup.
Alternatively, it is possible to excite the sample with linear polarization
and detect left and right polarization on the detector or to use mixed
schemes with both incident and detected circular polarized light.

The ROA signal, eq 39, is given by the small difference
between Raman scattering of left and right polarized light.

Apan(@x,0,0,6) = Span(@yx,0,0,ep,€,)
- SRAM(a)ersﬂreRres) (38)
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where Sgay is the Raman scattering signal given by the
diagrams in Figure 9a—c and e;,z and e are the polarization
vectors of the incoming and spontaneously emitted photons,
respectively. Similar to XCD, eq 14, the XROA signal is
defined by normalizing the difference, eq 38, with the sum of
the signals with opposite polarizations.®

SXROA(wX)wsﬂ:es)
Sram(@x,@,0,¢1,6) — Span(@x,@,0,ez,€)

%(SRAM(CUX)‘US;G;‘*L;Q) + Spam(@x,@,,0,ex,€,))

(39)
Unlike in the usual ROA literature,”” we have divided the
denominator by 2 to normalize by the average of the achiral
signals and to keep consistence with other signals in this
review.

The XROA signal depends on multiple parameters: @y is the
frequency of the incident X-rays, @, is the frequency of the
detected scattered photons, 6 is the scattering angle, defined in
Figure 9d, and e, is the detected light polarization. Often, no
polarizer is placed in front of the detector. This simpler XROA
signal Sypoa(@x,®,0) is obtained by summing over detected
polarizations and does not depend on the emitted polarization
e, Alternatively, it is possible to use incoming linear
polarizations and detect the amount of left and right
polarization in the scattered light. These two configurations
are often labeled as incident circular polarization (ICP) and
scattered circular polarization (SCP). When both incident and
scattered circular polarization are used, this leads to the dual
circular polarization (DCP) setup. These setups result in
different linear combinations of the same observables.'® Below,
we shall only consider the ICP.

We start by reviewing the XROA expressions. We assume
that the incident pulse propagates along the z axis and that the
scattered Raman signal is measured in the xz plane as shown in
Figure 9d. In an isotropic medium, the entire matter + field
system is cylindrically symmetric and out-of-plane detection
does not carry extra information. Following Appendix B, the
spontaneous Raman signal defined as the change of photon
number emitted in the detected direction reads

Su(@,0.6) = =1 [dCEI)n(e) + B(0)-m(r) + VEL©)-q(0))
(40)

where expectation values are defined by

(A(1)) = (P(1)IAIV(1)) (41)

Perturbative expansion of the bra and the ket wave functions
contributing to the signal is depicted by the loop diagrams in
Figure 9a—c. The molecular wave function is expanded to first
order in the spontaneous field and to second order in the
incident field. Three terms contribute to the signals, as shown
in Figure 9a—c. Each of these contributions can be written as a
four-point correlation function:

2 ho,

SRAM(wX’wsrgfeL/Rfes) = F 2%,

Re(X-F} 3G (wy + )
X X"EG' (o, — oy + W) XFG(wy + wg)XT'FL/R>Q (42)

where X-F stands for p-e, m-b, or q-(ike) if the interaction is
dipolar electric, dipolar magnetic, or quadrupolar electric. The
leading term of the Raman signal given by interaction with the
electric dipoles only (diagram a) does not contribute to the
ROA signal since it vanishes upon rotational averaging.

Assuming that the X-ray beam is resonant with the core-
excited manifold, we obtain for the three diagrams in Figure
9a—c

o,

s 2

Spi(wy,@,0,e; r.8) = — 5 1Exl
€h

T T ko %k
« Re Z Olgclﬁvﬂvc/ﬂcg dao-exee, ex
'y (a]X - wcg - iC)(COS - Wy — wvg - ie)(wX - a]c'g + i€)
(43)

@ 2
SDz(wX’ws’greL/Rfes) = 3 1E ]
€h

i + * %
%C%vﬂw’m:/g>ﬂ ‘€x€E; bX

(wX - wcg - ie)(ws - Wy — wvg

X Rez

cc'v

— ie)(wy — oy, + i€)
(44)

wS
e’
0 Jaelec (ke

- iG)(wS - Wy — wvg

2
Spa(wx,w,0,e; /p.€) = 1E

X Rez

cc'v

(0y — @

% - ie)(wy — oy + i€)

(43)

The total Raman scattering signal including interactions to
second order in the multipolar Hamiltonian is obtained by
summing over these three terms as well as the ones obtained
by permuting the magnetic dipole and electric quadrupole
interactions with the electric dipole ones in diagrams D, and
D;. Orientational averaging of the matter tensor is done with

the I tensor for Sp, and S, . I¥ is used to average Sp,..

Finally, the XROA signal is obtained by taking the difference

between the left and right polarizations of the incoming light.
We start by showing how the electric dipole contributions

cancel out. When summing over states, we obtain

¥ T * * * *
<ﬂgcﬂcu” LM c'g >Q.(eXLeSeS €xr, — €xr&Es eXR)
_ 1(@abed i T k1T *
- Iijkla ‘ ,ngcﬂc{/ ﬂvc'“c’gleadz(es)h(es )c (46)

The Einstein summation convention is used for the sum over

repeated Cartesian indices. Using the definition of 1,521) abed i

Appendix A, eq 46 contains three terms which are proportional

to (Sabacdeadz(es)b (es*)c’ élcabdeadz(es)b (es*)c’ and 5ud5bc€adz(es)b (es*)c!

respectively. The first two terms are (e, A €."),, which are zero,
and the last term is trivially vanishing because of the anti-

symmetry of €,4,.
We now turn to the chiral terms. The XROA signal can be

separated into the magnetic dipole and the electric quadrupole

contributions:

Apan(@x,0,,0) = S)TE%A(WX@S;%H) + Sggg(a)x,ws,esﬂ)
(47)

where Spe& and ST, are defined as
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S)?ﬁ%A(g)’X;ws:eyg)
— 2 * (4)abed
= ;13 1Ey! Rez Gy(@y) G, — ) Goy(wy )L™
€o cc'v
ik Tt *1d N b
X (ug’cuwjuvc,mcrg(efabﬁ — expbyr)ece.

it ko flea*d  a* d by ke
+ UM, mvc’.uc’g(eXLeXL exrexr) b,
i fj ok Fleoa* d a* d b ke
+ ﬂgcmcv/‘vc,ﬂc/g(EXLeXL — exgexp)bie;
i fjk  Tlrpa* d a* d b k¢
+ mgc'ucv ”vu”ug(bXLeXL - bXReXR € €

(48)

uad
Syroa(@x,@,.e,60)

. 3 abc
- ;13 IExRe ) Gy ()G (@, = wy) G ()T
0

cc'v

P4k il atad f a*ad f N b ke
X (ﬂgcﬂa, /’lv,;’qc'g(eXL’kXeXL — exrikkexr)ese,

it ko flga* f a*¥ f N by o kd
R qvc/ﬂc’g(eXLeXL — exrexp)e (—ikie;

i Vi k  tly a* a* b o\ kd
b ey — el (K

+ g iy (—ikiexie, — (=ikiexn)efz)ele) (49)
where G(@) are the Green’s functions (see Appendix C) and
1™ s the averaging tensor (see Appendix A). The four terms in
each of eq 48 and eq 49 correspond to the possible
permutations of the chiral interaction in diagrams b and ,
Figure 9, obtained by permuting the position of the magnetic
dipole or electric quadrupole interactions. The signal
calculation can be done in the following steps: calculation of
the field polarization tensor, rotational averaging by contrac-
tion with the I tensors, and calculation of the final observable
by contraction with the matter response tensor. The four field
polarization tensors for Sypp, in eq 48 can be simplified using

ml a*yd a*yd b ke _ . b ke
Fapeg = c(exr by, — eXRbXR)es & = ‘(5ad — 8.0 )€€

(50)
Firy = clepetn, — exrein)elbl” = ce/b ie,y, (s1)
iy = (e, — expexpbie’ = cbleic,y, (52)
cFty = c(bety — biretp)ele’® = i(8,y — 8,0, )ele

(53)

Each of the four terms in eq 48 are then obtained by
contracting the field polarization tensors with the rotationally
averaged molecular response tensor. For example, for the first
term, we get

(4)abed it k1T oml
Ii;’kl ”gcruw ﬂvg’mc'gF abed

= li((511175cd(5ad - 5uz5dz esbes*c)
c 30

S L I I
X (4ﬂgc'ucv 'uvc'mclg ﬂgc'ucv ﬂvumc/g ﬂgcﬂcv 'uvc'mclg)

+ ((Suc(sbd(éid - (stzzédz)esbes*c

i

I TR L g S A
X (b, Wy A L)ty = e fomce)

T
g

b sk
+ (ézdabc((sad - 5{125112)65 & ‘
PP RN I B | R B L R R i) i gt it
x ( 'ugc'ucv ﬂvc'mc'g 'ugc'ucv ”vc’mc'g + 4ﬂgcﬂcv 'uvc’mf'g))

(54)

For detection along the y axis, e = e, (see Figure 9d), this
contribution simplifies to

1 @abed it k1t
1 j F =ml
c T Hochty, HooMegFabea

2 B i It a3 e I — 2 it
- ;3_0(3ﬂgcﬂcv 'uvc’m::'g + 3ﬂgcﬂcv 'uvc’mc'g - Zﬂgcﬂcu HeMeg (55)

Detection along X gives

1 (@abed i j+ kIt pml
:Iijkl ﬂgcﬂcv ”Vc/mc'gFabcd

il 2 it it gt

=35 (6)(3/4gc/tw pomle + 3 o mly

— 2 T it
Zﬂgcﬂcv 'uvc'mc,g (56)

The three other magnetic contributions and the four
quadrupole contributions can be calculated similarly for an
arbitrary scattering angle and detection polarization. These
lengthy expressions are not given in this review and are more
adequately derived using computer algebra systems.

It is also convenient to express the signals using the
polarizabilities defined as®®

it j it
l} ﬂVC#Eg ”VCPth
ap(wy, — @) = Z - — +

T W, —wx —ie o, + o tie
(57)
i ji vl
i ﬂvcng mvc g
Grploy, — @) = 3 +

W, — Oy — i€ @, + o + i€

(58)

c

o L
A Ak

) s
Aoy, —0) =) <t

~ 0, — wy — i€

w, + o + i€
(59)

where a is the ordinary polarizability and G and A are the
mixed electric—magnetic and mixed electric dipole—quadru-
pole polarizabilities. One should not mistake the mixed
electric—magnetic polarizability Ggg(a)X,—a)S) and the Green’s
function Gvg(a)s — ®,) that often share the same symbol in the
literature. The second term in each definition corresponds to
cases in which the scattered photon is emitted before the
absorption of the incoming one. Since its denominator cannot
cancel out, it does not contribute near resonance and can be
neglected (this is the rotating wave approximation). Equations
48 and 49 simplify into

2w,
I REY Gyl = w)IH
v

1
mag _—
SXROA(wXJ(Us’esle) - :6

0

X (ag(@x, =) Gy (0x,~0)Fliy, + aj(wy,~@) G0y, ~0)Fily)
(60)

uad 1 20, bed
Siroa(@y,@,e,0) = e I8XI2ReZ Gug(ws - wx)léfz)yﬁ “
0 v

klm*

j Ik
g (wa_ws)F;Zi + a”v(a)x,—ws)A;; (wX,—ws)F;Zi)

X (agi{/(a)x,—aJs)A .
(61)

with
ql e* ¢ e* ¢ a* bagd _ f1.d a* b
Fpege = c(exrexy — exrexn)er e iky = cekxkye € (62)
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et ¢ a* b.gd _ f1.d a* b
CF abcde — C(CXLCXL eXReXR)es & lks - Ceeckaks & & (63)

where we have used eq 6. The XROA signal Sypoa(@x0,05,),
eq 39, is obtained by normalizing by the achiral contribution:

aChlr(a)X, )9;65)

= E(SRAM(wX;wg)Q;eL;e;) + SRAM(wX;wg)Q;eR;eS))

(64)
l
=3 s —1&,l I,Slfl)“hc‘i l’(wX,—a))G (0, — )
0
3 a* Abac
X avljg”(a)X’_ws)es (5bc k kX)e (65)

Equations 60—65 may be used to calculate
Sxroa(@xwyB,e,), eq 39. For nonresonant ROA (¢ = 0 in
eqs 57—59) and for the specific values of the scattering angle, 0
=0° (forward scatterlng), 180° (backward scattering), and 90°,
Barron et al.'>*” have given simple closed form expressions
given by

4(45(aG)® + (aG)? = (ad)V)
c(45(aa)® + 7(ac)?)

Sxroa(@x,®,0°) =
(66)

24((aG)? + (ad)V/3)

180°) =2
) c(45(aa)(0) + 7(aa)(2)) (67)

Sxroa(@x,®,

Sxroa(@x,0,90%e, = e,)

12(45(aG)<°) + 7(aG)? + (aA)V)

c(45(aa)” + 7(aa)®) (63)
2((aG)® = (aa)?
SXROA(wxywS;ISOO,eS = ey) =2 ((aG) (aA)"’/3)
c(aa)®
(69)
with
(@) = ¥ 210G, (0, - 0)~a)
T 3 3 70)
ii 1 .
(aG)? = Z %G, (@, — x)gGﬂg
(71)
@ -1 i
(aa)” = 52 Gvg(a) a))(3a’a’ _ avgav]é
' (72)
(aG)? = 52 G (@, — w,)(3a)G), — aiG]
’ (73)
(aA)(l) = lz GVg(CU o )wxetkza’ngkl’
iR (74)

In the optical regime,” a back reflection geometry can
conveniently be used to collect the ROA signal. In the X-ray,
multiple instruments exist to measure inelastic scattering with a
variety of choice regarding the scattering angle. For example,
there exist fixed geometries with a 90° scattering angle”’ or
movable spectrometer scanning a range of scanning angles.”

This geometry eliminates the strong background of the
intense incoming X-ray beam. XROA can be complementary to
standard electronic CD: in electronic CD, the valence excited

states are prepared by a direct dipole coupling involving the
ground and the valence states, but for XROA, they are
prepared via two successive interactions involving the core-
excited manifold. This is reminiscent of the complementarity
due to selection rules of IR absorption and Raman spectra.
XROA is thus able to measure the optical activity of states that
are dark for valence excitations. Also, unlike XCD, XROA
depends on the electric quadrupole interactions, even for
randomly oriented molecules, and can probe molecular
chirality when magnetic dipoles are weak, as has been
demonstrated for tris(ethylenediamine) cobalt(IlI) ion (Co

(en)3+ %% Examples of XROA spectra on D-tyrosine computed

at the N and O K-edges for a 7/2 scattering angle and two
detected polarizations are shown in Figure 10.
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Figure 10. Simulations of ROA spectra at the N and O K-edge on p-
tyrosine. @ is the incoming X-ray frequency and Aw is the Raman
shift. Left column: X polarized detection. Right column: Y polarized
detection. Reprinted from Rouxel et al.*'

We now turn to time-resolved XROA (tr-XROA). First, we
consider a stimulated process in which a delayed probe pulse is
overlapped in the direction of the emitted photon. This is
similar to time domain CARS”™ and a chiral-sensitive version
of stimulated X-ray Raman spectroscopy (SXRS).”* Simu-
lations of SXRS signals have shown that the broad bandwidth
of the pump pulse allows us to simultaneously probe many
valence states. For frozen nuclei, a chiral extension to SXRS
could then nicely complement XCD by probing the valence
states’ chirality over a broad frequency range with the added
benefits of elements selectivity and an alternate set of selection
rules.

Alternatively, it is possible to consider the full XROA
process described in this section as a detection of a molecule
prepared in a nonequilibrium state by an actinic pulse. The
signal derivation follows the same steps of the previous section
on tr-XCD and is not discussed in this review. This signal is
named tr-XROA and is defined by
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S Le,, T _Sr— Te.,T
Sexroa(lVT) = rant(Des, ) wram(Der,T)
E(Srr-RAM(FJeL;T) + Sy ram(Der,T))
(75)

where T is the delay between the actinic pulse that triggers the
dynamics (shaded area in Figure 11) and the incoming X-ray
pulse. I represents the other parameters of the signal (pulse
durations, central frequencies, scattering angle, and polarized
detection).

@ /N (b) /N (c)

~ke [ 1) 227 ks o) 0 S Qe [y (o) Ko
T e T
)] 0] 0]

1% kx 2 kx 1% kx
n \ m \kx/yq \

Figure 11. Loop diagrams of the tr-XROA signals. Diagram a is the
achiral contribution while diagrams b and ¢ are the chiral magnetic
dipole and electric quadrupole ones.

As for frequency domain XROA, the signal can be
represented by nine diagrams: an achiral term (Figure 11a),
four magnetic dipole terms (Figure 11b and its permutations),
and four electric quadrupole terms (Figure llc and its
permutations). The interaction with the actinic pulse can be
treated pertubatively or numerically. Similarly to eqs 43—45,
we now give the expression of the three diagrams in Figure 11,
in the time domain.

S um(TexT)

T-

= %NSSZRe fdtdsSdszdsleiw‘SZSX(t — 5)E%(t — s, — 53)

x (¥(T) lﬂright 'E;G+(53)ﬂjght 'esGT(Sz)ﬂleft 'es*G(Sl),“lth e P(T))o

(76)
St(rli;Al\/[Z(rleXlT)
= ?NSSZRe /dtds3dszdsleiw5528X(t — 5)E%(t — 5, — 53)
X (‘P(T)|ﬂright~e;G%(53)ﬂ§ght~e$GT(52)ﬂleft-e:kG(sl)mlngxl‘P(T))Q
(77)

St(f_)RAMZ(F,eX,T)
= ?NSSZRe fdtds3dszdsle[‘"5528X(t — s8Nt — 5, — 53)

X (P(T) Ky, %G (53 @G ()€ TG 51)q, - (ik, eI (T) )g
(78)

These contributions and their permutations of the chiral
interactions can be used to calculate the time-resolved Raman
scattering truncated at the magnetic dipole—electric quadru-
pole order of the multipolar expansion. If the molecular wave
function IW(T)) can be expanded in an eigenbasis,
diagrammatic rules from Appendix C can be used to calculate
sum-over-states expressions. Otherwise, a numerical wave-
packet propagation may be used to compute the multipoint
correlation function, for example in the presence of nuclear
dynamics.

3.3. Chiral X-ray Four-Wave Mixing

In concluding this section on chiral signals within the
multipolar coupling Hamiltonian, we now discuss the general
chiral four-wave mixing (4WM) signals. Achiral 4WM signals
have proven extremely useful in the optical regime by
spectroscopic techniques such as the photon echo,” transient
grating,”® and other multidimensional spectroscopy signals.””
The recently developed ultrafast temporally coherent X-ray
sources have triggered extensive theoretical *~'% and exper-
imental ' ~'%* efforts aimed at extending 4WM techniques to
the X-ray regime. All-X-ray 4WM is challenging to implement
while hybrid optical/X-ray techniques have been realized more
readﬂy. 105—107

Chiral 4WM (c4WM) techniques are third-order y(*)
techniques that employ circularly polarized light to generate
signals that only exist in chiral samples.'””'%® These are
described by four-point correlation functions that include one
interaction with either a magnetic dipole or an electric
quadrupole transition. Each pulse in an X-ray 4WM process
can be resonant with a different core orbital and, when
combined with the other structural information gained from
chiral-sensitive techniques, can provide unique information on
matter. Since 4WM involves four pulses, the number of
possible polarization configurations greatly increases compared
to lower order techniques.

Given that X-ray 4WM techniques are in their infancy, X-ray
c4WM techniques have not been implemented so far. Lower
frequency c4WM could serve as an inspiration.'”~""* Optical
c4WM offers increased sensitivity to chirality and allows us to
follow the time evolution of chirality.

XROA, discussed in the previous section, also fits in the
framework on c4WM by having two interactions with the
incoming beam and two with photon modes initially in the
vacuum state.”® The XROA formalism demonstrated that
multipolar signal expressions become complex as the
interaction order increases. A systematic classification of
c4WM signals is thus needed to describe the numerous
possibilities.

First, c4WM, like its achiral counterparts, is emitted in a
specific phase matching direction. This allows selection of a
subset of contributing diagrams to the detected signals (see
Figure 12) and leads to three families of techniques that are
labeled according to their phase matching condition as

k;=—-k +k, +k, (79)
ky=+k —k, +k; (80)
ky=+k +k, -k (81)

Figure 12 shows the ladder diagrams corresponding to each
technique. When the multipolar interaction Hamiltonian (eq
10) is used, each vertex can represent either the electric dipole,
the magnetic dipole, or the electric quadrupole. Each of the
diagrams in Figure 12 appears nine times in c4WM by
including all possible permutations of a single chiral interaction
for each pathway. Diagrams with only electric dipole p-E
interactions represent the achiral contribution to the signal. In
addition, there are four diagrams with a single magnetic dipole
coupling m-B within the interaction pathway and, similarly,
four diagrams with a sin%Ie electric quadrupole coupling q-VE.

Abramavicius et al.'” had surveyed the possible config-
urations for linearly polarized pulses and different phase
matching conditions. In the following, we develop this
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Figure 12. Ladder diagrams for the kj, ky;, and ky;; four-wave mixing
signals. Each interaction can be either with an electric dipole, a
magnetic dipole, or an electric quadrupole coupling, for a total of nine
diagrams for each of the ones displayed.

classification using irreducible tensors.''* This allows us to
clearly identify the pseudoscalar component of the tensor that
contributes to c4WM and to carry out the rotational averaging
of the response tensors.

A generic 4WM signal can be split into an achiral and a
chiral contribution:

S4WM(F) - aChlI(F) + chir(r) (82)

where I' represents the different relevant pulse parameters,
typically central frequencies, polarizations, and bandwidths,
and where Su;(I) is the c4WM signal. As customary with
multipolar chiral signals, the c4WM signal can be obtained by
measuring the differential signal between left and right
polarized light. We restrict the following discussion to time
domain, heterodyne-detected 4WM signals. The achiral

contribution S"

0., is given by a four-point correlation function

76

of the electric dipole operator:

;:;;r(r‘) - __Im fdtdtSdtZdt R;tmm(tSItZI I)E (t)

X E4(t — ts)Ez(t -t —H)E(t—t;—t, —t) (83)

with

- \3
Rypltytot) = (1) G660 G0 )

(84)
where the superoperators y_ and fi.¢ are defined in Appendix
C. For brevity, we now drop the arguments of the response
functions and of the incoming fields and focus on the tensorial
nature of the response. Equation 83 then becomes

het

shet (1) = ——Irn / dedttdtR (B @ By @ By ® E) o)

where @ indicates the direct product and - is the fully

contracted product. The chiral contribution she }ml is given by

(Rmmm'(Bs ® E3 ® E2 ® El) + Rq;m;t'(VEs ® E3 ® EZ ® El)

+ Ry

+R,,, (E®E®B,®E)+R, (E®E; ® VE, ® E|)

(E;®B,®E,®E) +R,, (E® VE; ®E, ® E))

Gup

+ Ryyum

(E,®E,;®E,®B) +R,,(E®E, ®E, ® VE)
(86)
where we have omitted the time variable for brevity. The

matter correlation function R,,,,, is given by

Huq

Ryppultyiot) = (=5 | (ma ) 6 60

(87)
with similar contributions for the other terms (magnetic dipole
and the electric quadrupole). The chiral contribution can be
greatly simplified by making the slowly varying envelope
approximation.

Ei(t) = gi(t)ei (88)
1. "
B(t) = Si(t);uiki A€ = Si(t)?bi (89)
L wa
VE(t) = ai(t)miTki ® ¢ (90)

where €; is the polarization of the ith pulse and where u; = +1
depends on the chosen phase matching direction. The vectors
(ul) Uy, uS) = (_ L1 1); (1; -1, 1); (1; I, _1) represent the kb
ky;, and k;;; techniques, respectively. The chiral contribution to
the signal then becomes

é‘li;l(n

= —h—Im / dtdtydt,dt, E(£)E,(t — )E,(t — t; — t,)
Cc

X &(t—t;—t, — t)(-R

mwm'(F hs%fzﬁ) - ’wquWM'(F (k:®€5)€352€1)

+ u;R

mpp ( eb;ezsl) + iw3u3R

Haun” (P;;(ks‘x’es)fzel)

+ u,R

upump” (Fe.e3bzel) + iw,u ZR

Hugn” (P;s€3(kz®ez>€1)
+ ”lRmmm ( ee;e,_bl) + iwlulRmmq'(Fesge,_(kl@el))) (91)

where we have defined F,,,, = (t Qu Qv Qw).

To single out the chiral response, we consider the
rotationally averaged tensor and define cancellation schemes
that eliminate the achiral contributions. Irreducible tensor
algebra is a powerful tool for accomplishing this goal, and the
contraction between irreducible tensors can then be written as

TU= ) (-)M 1M U™
M (92)

where ] is the irreducible tensor rank and 7 is the seniority
index.'"> Only the J = 0 rotational invariants survive the
rotational averaging, and the contraction reduces to a sum over
the J = 0 contributions. For a rank 4 tensor constructed from
direct products of rank 1 tensors, there are three rotational
invariants:

Tisep = {{A ® B}y ® {C ® D)y}, = (A~B)(C-D) (93)

L ArB)-(CAD)

NS

\Thsen = {{A ® B}, ® {C ® D},}, =
(94)
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Thoep = {{A® B}, ® {C® D}, ),

! (i(A.c)(B-D) - é(A-B)(CD) + %(AD)(B-C)]

- =3
(95)

where A, B, C, and D can be either an electric dipole g or a
magnetic dipole m interaction for the response function or the
electric and magnetic field polarizations for the field tensor. It
follows from eq 92 that the contraction with field tensor of the
rotationally average response implies only the J = 0
components. For example, the first term in eq 91 reduces to

het (F)

Smupn

—iIm / ddt,dt,dt,(,R)-0

mppp 0F beseze,

J=0
R F b, e;ezel

J=
mypp 1 Rmmm o F begezel) (%6)

and similar terms exist for the other permutations pmpupu,
ppmy, and pppm.

The quadrupolar response involves rank 5 tensors which can
only have two irreducible scalars:

1\ Thseq = ({A ® B}, ® {C® Q},}, (97)

, ABCQ_{{A@B}1®{C®Q}2}0 (98)

The second term of eq 91 becomes

het (F)

2,
Sy SRe f ddt,dt,dt,(\RD (Elo2

aupp 0 (k ®€)es€x€;

+ Rqﬂﬂﬂ Fl (k, ®e)egezel) (99)
Calculation of the R'** and F™ tensors allows us to single out
all the independent possible c4WM techniques and give them a
clear algebraic meaning.

c4WM signals can be extracted from the total 4WM signal
by cancellation of the achiral component. CD and ROA only
involved a single incoming beam, so a single cancellation
option was possible. For c4WM, each of the four beams can be
either left or right circularly polarized, leading to four types of
c4WM signals denoted a, f, y, and 6 for each phase matching
direction (k; = k;, ky, or ky;). Altogether, we get 12 possible
schemes; see eqs 100—103.""*

The four polarization schemes are given by

Sch“((l) = S4WM(L L,.LL)— 4WM(R R,R,R) (100)
Snic(B) = Spum(L,R,L,R) — Spyni(R,L,R,L) (101)
Sir(7) = Spunm(LLR,R) — Syi(R,R,L,L) (102)

$4e(8) = Syt (LR.R,L) — Sy (R,L,L,R) (103)

where the arguments of S,yn(eyesepe;) indicate the polar-
ization of pulses E, E;, E,, and E,. The other parameters
(phase matching choice, beam parameters and delays, etc.) are
kept implicit.

X-ray 4WM techniques are still in their infancy and so are
chiral 4WM techniques across the whole electromagnetic
spectrum. Current technical developments make them feasible,
and they will offer new ways to probe molecular chirality. Two-
dimensional spectroscopy in the IR or the optical regime has
offered unique time domain probes of energy transfer by
coherence coupling between molecular excitons. Its chiral
extension will be able to follow the flux of chirality within a

molecular system, with the notable advantage of using a site-
and element-specific probe for X-rays.

4. CHIRAL SIGNALS IN THE ELECTRIC DIPOLE
APPROXIMATION

The chirality-sensitive techniques presented so far rely on the
multipolar expansion truncated at the magnetic dipole/electric
quadrupole level to generate pseudoscalar quantities. As a
consequence, these signals constitute a small contribution on
top of a strong achiral signal. We now discuss chiral signals that
exist even at the electric dipole level and are, thus, stronger.
Such signals generally involve a higher order perturbation in
the incoming fields (SFG) or complex-valued electric dipoles
(ionization-related signals).

4.1. Sum Frequency Generations (XSFG)

Even-order susceptibilities 7 usually vanish in centrosym-
metric media such as ensembles of randomly oriented
nonchiral molecules. Most applications of these techmques
therefore use molecules in anisotropic environments''® where
the signal originates only from locations where the
centrosymmetry is broken, making it a sensitive probe of
molecules at interfaces. Additionally, y®” does not vanish in
ensembles of chiral molecules which lack inversion symmetry,
even upon rotational averaging. Since the parity operation
interchanges the two enantlomers, the molecular ensemble is
not inversion-invariant''’ and even-order signals can be
observed in the bulk. ) is finite and has been measured in
randomly oriented ensembles of chiral molecules.""”

Second-order chiral signals such as second-harmonic
generation (SHG), sum frequency generation (SFG), and
difference frequency generation (DFG) do not vanish within
the electric dipole approximation and do not require the
magnetic dipole and electric quadrupole. This makes these
chiral signals easier to detect, since they are comparable in
magnitude to their nonchiral counterparts.

In the following, we discuss the SFG process obtained by an
X-ray probe. The discussion can be easily adapted to DFG or
SHG. A typical SFG pulse configuration uses an infrared pulse
to excite a molecular vibrational coherence followed by an off-
resonant broadband visible pulse that stimulates the SFG
process. A similar configuration involving a visible pump and
an X-ray probe to study valence electronic coherence can be
introduced. An all X-ray technique would involve very short-
lived double-core holes that may prove difficult to detect. The
change in the transmitted X-ray pulse intensity is recorded vs
the delay between the two pulses.

In the SFG process, Figure 13, the molecule interacts once
with a pump field with frequency w,, and once with a probe
field at frequency w,, and finally emits a photon at the sum
frequency w,, + @,,. In XSFG, w,,, is resonant with a valence

Figure 13. Loop diagrams for the SFG signals. Panels a, b, and ¢
represent the spontaneous incoherent, the stimulated, and the
spontaneous coherent SFG signals, respectively.
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excitation and Wy is either a resonant or off-resonant core
excitation. The loop diagrams representing the resonant SFG
signal are given in Figure 13. SEG experiments can be carried
out in the frequency domain or in the time domain. In the
frequency domain, two plane waves with frequency w, and w,
and wavevectors k; and k, are incident in a material and
generate a wave at the sum frequency w, = @, + w, in the
phase matching direction k, = k; + k,.

As discussed in Appendix B, the homodyne-detected signal
can be split into coherent and incoherent components. The
incoherent signal originates from single molecules and thus
scales as the number of molecules N. The starting point for the
signal is given by eq 185. In order to generate an observable
photon, that is, create a diagonal elements in the density matrix
of the detected photon mode, both the bra and the ket of the
molecule must undergo an SFG process, as displayed in
diagram 13a. To second order in the incoming fields, we get

2 ’ v g
Ssea(@l') = gN8§Re f dtdt 't dt,dt,dt, )

(g (OVEy(t — 1, — 0y (8)Ex(t' = 1)y, (1)
ﬂleft(tZ)ﬂlzft(tl)'EZ(t - tz)ﬂlzft(o)’El(t —t,—t))
(104)

The incoherent signal, eq 104, is given in the time domain.
The frequency domain signal is obtained by using plane wave

for the fields E; and E,: E,(t—t,) = Eze_iwz(t_tl) and
E((t —t, — t,) = Eje (=071,
We now turn to the coherent signal which is phase-matched,

scales as N?, and can be recast as a modulus square of an
amplitude.

2
Sspa(@,l) = =N
#
X Re

| ettt e e ODEE O = 1B = = 1)
(105)

where E(t) = Eee™ is the spontaneous field emitted from
the SFG process in the direction k; = k; + k,. Finally, the
heterodyne SFG signal is given by

h 2
Ssnretc(ws) = %

X[ttty g ()1 ()1 (O) (OBt — L)E,
(t—t,—t) (106)
The SOS expression for eq 105 is
hom 2 212022
Ssrc (@y,0,) = %N EEJE|

2

(ﬂgc (k)-€) (”&e (k,)-€,) (ﬂeg (k))-€)

a)cg + lr;g) (wl -

XRez

o (0, + @, -

weg + lr;g)
(107)

The nonlinear response function introduced in eqs 104—106
vanishes in an isotropic achiral ensemble. Rotational averaging
of the third rank response function in eqs 105 and 106 is
obtained by contraction with the I®) tensor

j'1’1223

1
”l]ﬂizﬂls = geilizisﬂ.(ﬂ Xﬂ)
(108)

where we have omitted the time arguments for brevity. The

contraction of the Levi—Civita tensor and the response tensor

11’1213[421/1/12[1/13 = p-(u X p), where the indices ij, i,, and

1
wilﬂizﬂiB o = gei,i2i3€

give €
i3 get contracted with the electric field components. Thanks to
the triple product, this averaging leads to a pseudoscalar that is
thus sensitive to chirality in isotropic media. Orientationally
averaged second-order signals provide an excellent probe for
molecular chirality. They are relatively strong compared to
other chiral-sensitive signals since they are of low order both in
the perturbative expansion in the exciting fields and in the
multipolar expansion.

Using eq 108 in eq 106 allows us to write the signal as an
overlap integral in the time domain between chiral matter and
field responses:

SSFG(a)s) = %Im /dtdtzdﬁ(ﬂleft (tz)'(FIZﬁ(tl) X ”11& (0)))

E}Tet(t)'(EZ(t —t) XE(t—t,—t)) (109)

All even-order chiral techniques similarly involve an overlap
between chiral response functions and a chiral field that does
not vanish in the electric dipole aFFroximation. This
observation has led to the introduction'' "' '*~"** of nonlinear
chiral techniques in the frequency domain and in the optical
regime. Since SHG is forbidden even in optically active liquids
because of the symmetry of the susceptibility over its last two
indices, one must rather consider SFG and DFG spectros-
copies.''® Higher even-order nonlinear signals have been
considered'”" as well.

Recently, Smirnova et al.'®'**'** have proposed an
approach that makes further use of the even-order nonlinear
susceptibilities to detect molecular chirality. Their approach
goes as follows: the rotational averaging in eq 108 introduces a
Levi—Civita symbol acting on the incoming fields. This means
that, at second-order perturbation in the electric dipole
Hamiltonian, the field tensor reduces to a triple product of
the electric field, which is a pseudoscalar.

The field correlation functions appearing in eq 109 were
introduced as a hierarchy of field pseudoscalars h™". For
example, in the frequency domain, the field correlation in eq
10§ is

h(3)(w1,w2) = Es*(ah + wz)'(Ez(wz) X E1(a)1)) (110)

The h® field correlation function appears in the chiral-
sensitive ® signals. Since y¥(2w,w,w) which is responsible
for SHG vanishes, the SEG or DFG processes are mandatory
to use h® as a probe of molecular chirality. Smirnova et al.
proposed to used higher even-order response functions for
which the HHG processes linked to h"*)) no longer vanish.
For example, the lowest nonvanishing order probing the P
nonlinear susceptibility is the h®(2w,w) field correlation
function given by

H2w,0) = E*(2w) (E(w) X E(w))(E(w)-E(w))
(111)

A simple experimental setup was proposed to probe these
chiral nonlinear responses by using two noncollinear fields,
each of them made of fields with central frequency @ and 2w
incident on a gas target of chiral molecules.'”” The practical
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implementation of this excitation scheme requires the
handedness of the field to be maintained within the interaction
region, thus introducing constraints on the phases of the
incoming pulses. Probing a chiral sample with a varying field
ellipticity within the interaction region leads to a vanishing of
the chiral signal. The setup demonstrated by Ayuso et al.'**
uses two noncollinear pulses and, thus, generates an
interference grating within the sample. Both the intensity
and the ellipticity of the interference field are then modulated.
By a careful control of the incoming field phases, both gratings
can be superimposed to ensure that the intensity maxima
correspond to the same ellipticity. This has been coined as the
locally and globally chiral field."** Spontaneous and coherent
signals then originate from an interference term between the
even-order chiral amplitudes and a lower odd-order achiral
amplitude; see Figure 14a and b: lyYE*(w) X E(w)(E(w)-

« M P M

~
~ ~
Ss Ss

Q
N

/

AN

Figure 14. Loop diagrams of the two interfering pathways leading to
the observation of the ;((4) signal.

E(w)) + YYEQw)? ~ y*yWh®), This process can also be
considered within the context of HHG emission (see section
4.3), where the incoming strong fields generate all even-order
responses in parallel. This approach has led to the measure-
ment of a giant asymmetry ratio (up to 200%) when combined
with an HHG measurement (chiral HHG is discussed in
section 4.3).

So far, chiral SFG has been limited to visible or IR incoming
pulses. HHG detection has extended these concepts from this
field into the EUV regime, but little has been done with EUV
or X-ray incoming pulses. X-rays can offer a window to local
chirality through its element sensitivity.

4.2. Photoelectron Circular Dichroism

In the previous section, we have demonstrated how the
observation of even-order harmonics in isotropic ensembles is
a signature of molecular chirality. These signals originate from
purely electric dipole coupling, which makes them strong
compared to their magnetic counterparts. Another possibility
to construct chiral signals within the electric dipole
approximation is by using complex valued electric dipole
transitions, that are typically present in ionization pro-
cesses.' >

As the incident photon energy is increased, it becomes
possible to photoionize one of the core electrons via a bound
to continuum transition involving a single or multiple photons.
Multiphoton ionization processes can be induced by visible or
UV circularly polarized light.ué’127 Single-photon photo-
ionization occurs in the deep UV or soft X-ray regimes and
offers element selectivity, as routinely used in X-ray photo-
electron spectroscopy (XPS).'>*12? Using synchrotron or
tabletop light sources, it has been shown that angular resolved

photoelectron spectroscopy (ARPES) displays an asymmetry
between two enantiomers or ionization of chiral or aligned
molecules with left and right polarized light."*°~"** The
asymmetry of ARPES is the basis for the photoelectron circular
dichroism (PECD) technique.””"** Numerical calculations
demonstrated that around a 10% asymmetry ratio, eq 112,
could be reached."”> Much higher asymmetry ratios up to
100% have also been reported.'*

A detailed review of PECD at synchrotrons has been written
by Powis.'*® Here, we only survey the fundamental aspect of
the theory and then introduce recent developments in time-
resolved measurements. The PECD signal is defined by'*>"*’

SPE(Eie)eL) - SPE(Eﬂ)eR)
Sarees(E,0) (112)

where E is the ionized electron energy and 0 is its scattering
angle with respect to the incident photon. Similarly to CD and
ROA, PECD is a good signature of molecular chirality when
considering a randomly oriented ensemble. Otherwise, the
signal may not vanish in oriented achiral samples and can also
be of interest. This normalization can lead to important
fluctuation in the angular region with low ARPES signals, and
sometimes, max(Sypprs(E,0)) is preferred.

Before discussing PECD, we briefly summarize how
photoemission signals can be computed. So far, signals in
this review were defined by the integrated change of photon
number; see Appendix B. However, the observable current is
linked to the integrated change of electron number on the
detector; that is

d
Spe(E,0,e,) = /dt< ENp> (113)

where N, is the electron number operator for an electron with
momentum p. The procedure used in Appendix B to express
the signal in terms of a matter observable can be repeated by
using the minimal coupling interaction Hamiltonian:

H,(t) = —p-A,(t) (114)

where we use the p-A coupling and p = ijj is the many-body
momentum operator. Since the free-electron field is initially in
the vacuum state, the photoelectron signal requires expansion
to one additional order in the interaction Hamiltonian and can
be expressed as a homodyne coherent signal:

Sor(pe) = 5 [drdt A A PPN

SPECD(E) 9) =

[aa@r 1) @ WOl
(115)

where Q indicates rotational averaging over the molecular
degrees of freedom and e is the incoming electric field
polarization. Simulation of PE signals requires the evaluation of
matrix elements (" '¥ ® wh Ip(t)IN¥) between the non-
ionized molecular states and the ionized states. The ground
state is a standard linear combination of Slater determinants
over molecular orbitals. The final state is a direct product of
the N — 1 molecular eigenstate and the quasi-free electron
wave function V.

Dyson orbitals'**"*? can be effectively used to represent
these matrix elements. Expressing explicitly the matrix element
as a function of the many-body coordinates, we have

2
n
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Z( 1) fdx XTI (X (X X)) PR )P,
N\P(x ...XN)
-y ¢ 1)'“ [, OG0 X))
g’:;}(xl - Xy)
n }: 1y+1‘/ﬁx; M, (X ) X)X
Nqik}g‘..xN) (116)

In eq 116, the sum for i # j corresponds to an Auger
process: the light—matter interaction occurs on the orbital j
through the matrix elements of p;, and then orbital i is ionized.
We neglect this contribution in the following and only consider
the second term for i = j for photoemission: the ionized orbital
is the one that interacts with the incoming field. Using the
Dyson orbitals defined as

(x)
=JN /dxl...{dx}...deN_I‘I’I(xl...{x}... xy) N (x, . xy)
(117)

the matrix element can be recast as a single electron matrix
element between the ionized electron wave function and the
molecular Dyson orbital:

Nl @ W Ny = f AW (x)*p®?(x) = (P2 IplDY)
(118)

When completely neglecting the molecular potential for the
free electron, its wave function becomes a plane wave ¢?* and
the photoemission signal becomes the square of the Fourier
transform of the Dyson orbital. However, approximating the
ionized electron as a plane wave does not capture the chiral
response of the molecular ensemble, and a corrected
approximation must be used in order to take in account the
disturbance due to the chiral molecular potential."*’ For an
electron with momentum p in a spherical potential, the
Schrodinger equation can be exactly solved and the
eigenfunction is

PV(r) = D iR, (pr) Y (p)Y,,(7)
Im (119)

where R, (pr) is the radial Coulomb wave function that can be
expressed as an | F,; hypergeometric function."*’ To account for
the nonspherical potential, the expansion is written in a similar
manner:

W (r) = X Y@L (r)
I (120)
The matrix element A(t)-(¥,lpl®?) now assumes the form
A() (Bpld?) = A(D)e- Y, iy (B,
Im (121)

where

. / drf? () (ihV )@ (r) (122)

All quantities can be expressed in the irreducible basis and the
rotational averaging is then carried out using the Wigner O
matrices, leading to

(A(t)- (B, pld%))q
D (—1 e i B DL (Q)DL(RQ)
o, Im, s (123)

By integrating over all angles and using some angular algebra,
we can express the signal in the following form:

Z ,5(cos 6,)

where 0, is the angle between the photoionized electron

momentum and the Z axis, P; is a Legendre polynomial, and
the coefficients B,; are deﬁned by

_ 1—=s'—m+1+1+j 1-1'
Bpt; - Z (ss—s',m—m'(_l) !
Ims

1

I'm's
QI+ 1)Q@I'+1)
2+ 1

Spe(p.e) = —
(124)

joO js—s' plm plm
Cl 1ltC1 slsclml m'us 5

(125)

Using the symmetry properties of the C1 i1; Clebsch—Gordan
coeflicient, we obtain the following relationships:

B,y =0 (126)
B,y =—-B,_1 (127)
B,i1n =~ By (128)

This indicates that (1) no P;(cos@,) term can be observed
with linear polarization, (2) the coefﬁc1ent of P (cos@)
changes sign for opposite circular polarization, and (3) the
coefficients of PZ(COSQ) have the same value for opposite
circular polarization.

It can also be shown that B, # 0 — ptsplm 76/4_121'",

indicating that B, is nonvanishing only for non-centrosym-
metric systems, i.e. chiral molecules. Hence, the numerator of
the PECD signals depends only on Spe(p,e;) — Spe(prer) =
2B,;,Pi(cos §,), and the denominator becomes (Spr(p,er) +
SPE(p,eR))/Z = (2B, oPo(cos ,) + 2B,,P,(cos8,))/2. The
normalized PECD signal can be finally wrltten as

Soncn(p) = 2B,;,R(cos 6,)
c =
PECD B, oRy(cos ,) +

plZPZ(COS Qp) (129)

Molecular chirality is embedded in the coefficient B,,;;, eq
125, and appears both in the spatial profile of the Dyson orbital
@®“%(r) and in the multipolar expansion of the ionized electron
wave function. Thus, the asymmetry in PECD signals
originates from both the bound and the continuum states’
chirality. At high momenta, the photoelectron escapes quickly
the molecular ion potential and is not impacted by its
asymmetry. This consideration indicates that PECD should
vanish at high energy, and different mechanisms have been
proposed to account for PECD observations in the X-ray
domain."*""** Numerous demonstrations of PECD have been
reported in both the EUV'#*7'* and soft X-ray'*’~'*
regimes.

Time-resolved PECD (tr-PECD) with X-rays is now
becoming possible with the availability of XFEL sources with
polarization control. Ultrafast measurements of PECD are also
being developed using sources from the IR to the EUV

https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

regimes. >’ The asymmetry in tr-PECD can originate from the
nuclear chiral geometry and from electronic chiral currents."’
tr-PECD has recently been measured on photoexcited
fenchone at the C K-edge at FERML'” It has also been
used to investigate the chiral fragment of trifluoromethyloxir-
ane upon photolysis with an X-ray pump at 698 eV.'>»">*
While tr-PECD demonstrations are still scarce, many ultrafast
achiral photoelectron spectroscopies have been re-
ported,"™"*” and tr-PECD with femtosecond resolution is
going to become increasingly available.

There are three ways to measure the dichroism by ultrafast
time-resolved PECD: the differential photoemission can be
obtained on the ionizing probe polarization (like in static
PECD), on the pump polarization (photoemission of the
asymmetrically populated excited state), or both.

Str—PECD,I(plT) =
Sure(p T, €or = €1y epu) = Sers(p) T, €or = €y Epu)
(Sere(pr T, €pr = €ry epu) + Sure®r T, €pr = €ps epu))/2 (130)

Str—PECD,II(P!T) =
Swre® T, €prr €pu = e) = Ser() T, €prr €pu = )

(Str-PE(ef T’ epr’ epu = eL) + Str-PE(ei T; epr) epu = ER))/Z (131)

Str—PECD,IIIa(plT) =
Sere(p, T, €or = €1y Epu = ) = Supe(p, T, €or = €Ry €py = ep)
(Sere(p) T, Cpr = €Ly Epu = ) + Seps(p) T, €pr = €Ry €pu = ex))/2
(132)

Str—PECD,IIlb(p) =
Sewre(®) T, Cpr = €y Epy = er) = Sure(®) T, Cpr = €Ry €y = e)
(Sure() Ty €y = e, €5 =€) + S, T) €, = €, €, = €1))/2
(133)

For an achiral system in the ground state, scheme I (eq 130)
vanishes if the pump pulse is linearly polarized, and it is thus
more suitable for measuring the dynamics in chiral systems. On
the other hand, the use of a chiral pump (schemes II and I,
eqs 131—133) are adequate to study achiral systems that
acquire chirality in their excited state. Chiral pumping favors
the excitation of given enantiomers in the excited PES.

The combination of PECD measurements with quantum
control schemes is another intriguing possibility. Goetz et al.””
have demonstrated the possibility to optimize the PECD
asymmetry ratio in the UV regime. Such a scheme can also be
envisioned in the time domain by using an optimization
routine on a pump pulse followed by tr-PECD as a probe.

4.3. Chiral High Harmonic Generation

High harmonic generation is a physical process in which a
photoionized electron gets accelerated by the ionizing field and
then recollides with the parent ion, thus generating photons at
high harmonics of the initial ionizing photon. It has been a very
prolific field in the past decades'>® and can be used as a source
of XUV light. HHG sources can reach the attosecond regime
and have the advantage of being tabletop techniques. Their
energy limitation is constantly evolving, with sources now
reaching the carbon (~300 eV) and oxygen (~S00 eV) K-
edges.*">” These sources can readily be used as an incident
field for many of the ultrafast techniques discussed in this
review. One limitation is that the generation of CPL HHG
light necessitates the use of elliptically polarized driving pulses,
which dramatically reduces the HHG efficiency.'® Circularly

polarized HHG pulses have been successfully produced, and
constant progress is being made toward higher quality and
higher fluences of CPL.'®' ="

Recently, it has been observed that the HHG Jprocess itself
has different yields for opposite enantiomers.’®'®”~'7* The
yield difference in the high harmonics intensities allows us to
define another observable of molecular chirality, chiral HHG
(cHHG). cHHG often relies on a bichromatic @ — 2 strong
field to drive the HHG process introduced in section 4.1 and
displayed in Figure 14. Using the same type of driving field, the
Cohen group has analyzed the HHG from molecules with
multiple stereogenic centers with a deep-learning algorithm.'”

We first briefly review the standard approach to calculate
achiral HHG signals, give a generalized expression for HHG
from molecules, and then discuss the aspects specific to
molecular chirality. Spontaneous coherent HHG signals can be
expressed as an amplitude squared:

2
Sung(@) o ‘ /dte’wt</l(f)>‘ (134)

In the three-step process model proposed by Lewenstein et
al,'”® the material correlation function is expanded to first
order in the incoming field. This interaction corresponds to the
ionization of an electron while the final transition electric
dipole corresponds to its recombination.

In HHG the electron between the two events is driven by
the strong ionizing pulse. Thus, we introduce the field-free
propagator Uy(t',t,) and the strong field propagator U,(tt').
Following the diagram in Figure 15, the matter correlation
function becomes

w(®) =
2 [ de (Ut WU ) (DUt (1)
(135)
(a) (b)
\ 9){g \p
l,, l,/
T I oA 1y
\\ \

e 19) (gl 7 a) (b

Figure 15. Loop diagrams for the HHG process. (a) Diagram for an
atom or molecule initially in the ground state. (b) Diagrams for a
molecule in an excited population (a = b # g) or coherence (a # b)
prior to interaction with the pulse triggering the HHG process.

The propagation with U,(4t') can be solved numerically or
analytically if some simplifying assumptions are made. Further
analytical developments are achieved within the strong field
approximation that neglects the atomic or molecular potential
on the free electron and using a plane wave basis for it. U,(tt')
can be calculated as a Volkov propagator:

1ot 2
U(t)lp + A(t)) = e 2 @A, L a(e))y  (136)

where (rlp + A(t)) = /A0,
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Assuming that the atom is initially in its ground state g and
. . . _ N _ pN-1 .
introducing the ionization energy Ip = Eg Eg , the signal
can be recast as

SHHG(w) &
2

t ’
2Im ft ' f dpdte™'e 1y ulp + A(1))(p + A(t)ulg)-E(¥)
0

(137)

where S(p,tt) =1/2 /t,t di(p + A()?) + L(t — ¢'). This

highly oscillatory integral can prove challenging to calculate
numerically. This problem has been solved by Lewenstein et al.
by using a saddle point analysis.'”

In molecules, the ionized system has its own dynamics that
potentially interacts with the ionized electron. Additionally, the
molecular wave function is now a many-body wave function,
and eq 135 becomes

(u(t)) = 2Im [ tdt’(y/N(tO)on(t,tO)*yUI(t,t’)

® Uy(t,t mUy(t to)lw™ (ty)) (138)

with Iy (1)) = 2. U(aN (t0)>|¢aN> and
N (1)) = 2 U(iN_l(t)>|q)iN_l> are the neutral and ionized
molecule wave functions, respectively. Note that ly™(t,)) is not
necessarily the molecular ground state, and generating a HHG
process on a molecule excited by an actinic pump is an
interesting possibility to optimize the HHG yield or the chiral
asymmetry. Equation 138 is obtained within the strong field
approximation for the free electron and, thus, neglects its
interaction with the ionized molecules. Expanding in the
adiabatic states (see section 6), the molecular HHG signal
becomes

oy =2m Y [ar [aptq 00 iy 00" + A0))
iab 0
x LGN (Nl AN (1)) E(t)
(139)

where S,(p,t,t’) = 1/2 ft,t dr(p + A(7)*) + (E, — EN ")t

_ (EaN _ EiN—l)t/
Finally, by writing explicitly the integrals over the normal
coordinates and using the definition of the Dyson orbitals, see
eq 118, we get

(1) =
2 Y [ ar [aparary (RN RN (RN (R )
iab to
X (@LR(R)lp + A1) P p + A(t) |l (R))-E(¢)
(140)

Equations 134—140 can be used to compute HHG spectra
from a molecular system. In particular, eq 140 is suitable for
molecules experiencing nonadiabatic nuclear dynamics. Using
circular polarization for the driving strong field, opposite
enantiomers display an asymmetry in the HHG yield. Similarly
to PECD, the asymmetry can take its origin in the bound state
geometry through the Dyson orbitals and in the ionized
electron propagator. The former is accounted for in the
discussed formalism while the latter would require a more
accurate propagator for the electron than the Volkov one and

would include the asymmetric Coulombic potential of the
parent ion.

5. CHIRAL SIGNALS BASED ON THE ORBITAL
ANGULAR MOMENTUM OF LIGHT

Over the past few decades, the control of the spatial profile of
laser beams has greatly improved. This control encompasses
the variation of both the amplitude and the polarization in
space. Many spatial shaping techniques have already been
implemented in the X-ray regime. This has led to the
develo})ment of a large variety of beams such as vector
beams'’® (e.g, radial and azimuthal polarizations) and vortex
beams.'””'”® The latter, also named twisted beams'”” or OAM
(orbital angular momentum) beams, ** possess a chirality that
can interact with and discriminate chiral molecules. Vortex
beams are defined by a screw-type wave front that twists along
the beam propagation as displayed in Figure 16. They are

RCPL LCPL

Figure 16. Top row: representation of the electric field polarization in
right and left circular polarized light (RCPL and LCPL, respectively).
Middle and bottom rows: helical wave fronts of OAM beams with L =
+1, —1, +3, and —3.

. .0 . .
eigenstates of the OAM operator L, = —i where z is the axis

of propagation of the beam. The eigenvalue of the beam is
called the topological charge I, and the incoming field assumes
the form

E(r,l) = E(rz)e™ (141)

where (7, @, z) are the cylindrical coordinates and the explicit
form of E(r,z) depends on the vortex beam generation process.
Examples of vortex beams include the Laguerre—Gauss
(LG)"*""** and the hypergeometric-Gaussian (HGG)'#~'#
beams. A more general OAM-carrying beam can be
constructed as a linear combination of eigenstates of L, and
can display complicated wave fronts.

Different strategies have been adopted to generate X-ray
vortex beams. Spiral Fresnel zone plates (FZPs) act as
diffractive X-ray lenses and can generate vortex
beams'**'*>7'*¥ with nanofocusing capabilities. Other dif-
fractive optics geometries such as fork dislocation gratings'®’
have also been used to generate OAM in X-ray beams.
Alternatively, transmission optics such as spiral phase plates'”®
have also been recently implemented at energies as high as 8.2
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keV but remain limited to low OAM values. Finally, the use of
deformable mirrors'” is another technique to spatially shape
X-ray wave fronts, although it has not been used to generate
vortices yet. For the latter, the OAM-inducing optics have been
designed in order to sustain the high peak power of XFEL
radiation.

Given the vortex beam novelty, considerable research has
been dedicated to their generation and characterization at
various frequency regimes. Early applications include tele-
communication (by using the OAM as a physical layer in
multiplexing'”') and laser-assisted surface processing.'”'”
More general information on optical vortex beams and their
applications can be found in refs 194 and 195. The interaction
between the OAM of light and molecular chirality has only
gained interest recently. It was noticed by Cohen et al."® in
2010 that spatially shaped chiral light can engage efficiently
with molecular chirality. However, the effect was poised by the
difficulty to generate a relevant phase twist at optical
wavelength with respect to typical molecular sizes. The
diffraction limit of X-ray beams allows for a focusing down
to Angstr'dm—sized beams, and a helical wave front can be
generated within a few nanometers, which make them most
promising for local probes of chirality. Core-resonant
excitations are also highly localized spatially.

5.1. General Considerations on Vortex Beams

Various quantities originating from geometrical or physical
considerations can characterize the twisted nature of a vortex
beam. The geometric quantities are the vorticity @ and the

helicity H, defined by
w(r) =V AE(r) (142)

H= /drE-a)(r) (143)

The vorticity and helicity of the magnetic field and the vector
potential can be defined in a similar way and are connected to
the electric field ones through the Maxwell equations. These
quantities can be defined for any vector fields and have long
been used in fluid mechanics.

From physical considerations, the total angular momentum
of a beam is given by

J=€OfdrE/\B (144)

¢, /dr(E,.(rA V)A, +EAA) =L+ (145)

where L = €, /dr(Ei(r A V)A, is the OAM of the beam'””'**

and S = ¢,/ drE AA is its spin angular momentum (SAM). E
and A are the gauge-invariant transverse component of these
fields. For plane waves, the SAM can be recast as
S = (ey/(2w)) fdr(IELI2 — |Egl?, where E; and Ej are the
amplitude of left and right circularly polarized light. Thus, S/7%
= n;, — ng is a measure of the difference between the number of
left (n;) and right (ng) circularly polarized photons within the
beam.

Starting with Maxwell’s equations, Lipkin'*” has shown that
the following chiral local quantity is conserved:

€ 1
C=2EVAE+—BVAB
2 2u, (146)

This quantity, known as the optical chiral density, defines a
pseudoscalar. Being conserved, the chiral density satisfies a
continuity equation:

aC
T ivVh. =0
o T % (147)

where

®. = L (EA(VAB) —BA(VAE)
2, (148)

200

is the chiral density flux.”" The chiral density C is the local
version of the helicity H, eq 143, summed over electric and
magnetic contributions.

Finally, vortex beams can also be characterized by their
topological charges g,”°"*°* which measure the phase increase
of the field around a closed loop C enclosing the vortex:

[
qg= lim 1 ‘¢d(/)7a ()
r—+o0 21 JC op (149)

where ®(r,) is the incoming field phase. For the common
case of light vortices with a complex amplitude proportional to
e for the angular component (®@(r,p) = =lp), the
topological charge is q¢ = +I. The topological charge is closely
linked to the OAM of light, and it can be shown that OAM
normalized to the beam power is equal to the topological
charge of the beam.

The first part of this review was dedicated to the use of the
SAM of X-rays to probe chiral molecules. Their OAM offers
new avenues for the design of chiral signals. The spatial
variation of the incoming fields can either be taken as a whole
or expanded in multipoles. In the former case, spectroscopic
signals can be recast in terms of transition matrix elements of
current and charge densities (eqs 190—195) using the minimal
coupling Hamiltonian (eq 11). This level of theory has various
merits over the multipolar Hamiltonian. First, the transition
matrix elements bear a clear physical meaning in real space
using simple operators, unlike transition multipoles, which are
mathematical constructions obtained by a Taylor expansion
and become increasingly more elaborate at higher orders.
Second, the transition current and charge densities implicitly
contain all multipoles via nonlocal response functions and
avoid the tedious sums over the contributing multipoles to the
chiral signals.

Indeed, this description becomes increasingly more advanta-
geous over the multipolar approach when the incoming field is
strongly varying across the molecule. Finally, the minimal
coupling description retains the full spatial profile of the matter
multipoint correlation function and the incoming electro-
magnetic fields. The signals are recast as an overlap integral
over space, suggesting the possibility to optimize this quantity
by spatial shaping of the incoming field.

The price to pay for these advantages is that the matter
transition matrix elements are now tensor fields instead of
simple tensors. The extraction of transition current and charge
densities from ab initio quantum chemistry packages requires
some extra efforts, and the signal calculations require a higher
numerical cost.

Before discussing specific applications of the nonlocal
formalism, we show how the minimal coupling Hamiltonian
introduces the spatial variations of the field into the signal
expressions. To first order in the incoming fields, one gets
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Sabs(r) =
2 ! ! s . I\ ’
iR [dudtdnde B (50AE0) 5, (G (E — )i ()
(150)
At third order in the incoming field, we obtain

Sabs(r) =
iR / dtdt,dt,dt, drde,de,dr A" (et Ay t) A(r,,t,) A, )

X (i (DG(1)i_(5)G(1)i_(r,)G (1)j_(x)) (151)

The spatial variation of the beam now enters as overlap
integrals over space between the current densities and the
vector potential envelopes.

5.2. Enhanced Dichroism with Optimized Fields

Tang and Cohen'?**** have generalized CD, eq 14, to include
beams of opposite parity instead of restricting it to left and
right circular polarization. Within the electric dipole—magnetic
dipole approximation, they were able to link the observed
dissymmetry factor Sy, to the field chirality C, eq 146, and the
matter linear chiral response, eq 58:

A+ - A_ _ 2CIm G
I =
E(A_'_ + A_) erIma (152)

Schir (F) =

where S, is normalized by the achiral contribution and U, =
€olEI*/2 is the local time-averaged electric energy density. A,
and A_ are the absorption at frequency @ measured using
beams with opposite parities. The numerator of eq 152 clearly
shows that the dissymmetry factor increases with the field and
the matter chirality. It immediately follows that minimizing the
incoming field intensity leads to larger asymmetry ratio, at the
expense of an overall weaker total signal. The vortex beams can
be used to maximize the dissymmetry factor by maximizing the
field chirality C at a fixed incoming energy density.

In the optical regime, one can safely truncate the multipolar
expansion at low orders given the small molecular size
compared to the incoming wavelength. This is also what
limits the interaction of optical vortices with chiral molecules,
since most molecules within a large optical beam do not
experience the twisted wave front over their spatial extension.
Alternatively, one can rely on near-field phenomena to
generate subwavelength vortices.””* Tighter focus can be
achieved in the X-rays, and it will be interesting to describe the
vortex complex amplitude as a single entity. Thanks to the
short wavelength of X-ray photons (~0.1 to 10 nm), they can
achieve focusing and spatial variations at the molecular
scale.””>?*°® The minimal coupling Hamiltonian, eq 11, retains
the complete spatial profiles of the exciting fields.

Alternatively, one can consider schemes involving multiple
pulses whose interferences generate the desired chiral spatial
variation. For example, Cohen et al.'”® proposed to use two
counter-propagating circular polarized light to enhance
chirality. This allows us to maximize the dissymmetry ratio,
but it does so mostly for molecules located in regions where
the field intensity is weak. In this configuration, the maxima of
C are located in places where the field intensity is minimal.
Additionally, this scheme relies on the use of a partially
reflecting mirror, which is difficult to implement in the X-ray
regime where grazing incidence is typically used for mirrors.

In previous work,”" we demonstrated how the minimal
coupling Hamiltonian allows us to generalize Tang and
Cohen’s result, eq 152, for spatially varying beams. We restrict

our description to resonant interactions where the A term in
eq 11 can be neglected. The molecular linear response, eq 150,
then only involves current density operators through the
interaction Hamiltonian H,, = [drj(r)-A(r). The current
density is an operator, eq 13, that can be readily computed by
ab initio calculations. It can be partitioned into divergence-free
(transverse) j, and curl-free (longitudinal) jj components
using the Helmholtz decomposition:

](1’) = ]”(1') + iJ_(r) (153)

The transverse part can be written as the curl of an auxiliary
field j, (r) = V Aa(r). The chiral contribution to eq 150 then
originates from crossterms involving ji (r) and a(r):

Schirgr) =
ke [t drdx KOV A A (DG — D))

+ VA K (AR, (06 = 1) ()
(154)

One can readily notice that the chiral contribution to the
signal is an overlap spatial integral over a chiral field tensor
A*(r,t) ® V A A(r/,t') and a chiral matter tensor {a;(r) ®
j—(x')). The chiral field tensor is reminiscent to Lipkin’s chiral
invariant C, eq 146. In order to optimize chiral signals with
spatially shaped pulses, one must then aim at maximizing this
overlap, that is, tune the field local chirality to match the one of
the matter. In order to calculate signals from a molecular
ensemble, one must rotationally average the matter tensor
field, which can be a demanding task in the most general
case””” that can be tackled numerically.”*®

Other approaches to chirality based on the polarization P
and the magnetization M densities are also possible. These
involve the electric and magnetic field through the following
coupling Hamiltonian:

Hy = = [drP(r)-B(r) + M(r)-B() (155)
where we have neglected the diamagnetic contribution™*”*"?
for simplicity. This coupling is obtained from the minimal
coupling one, eq 11, by using the Power—Zienau—Woolley
canonical transformation®'' ¢*/" with S = [drP(r)-A(r) and

%:’t) + V A M(r,t). This transformation
has been extensively used, especially as a starting point for a
multipolar expansion. However, if one wants to include all
multipoles and use the complete vector fields, the polarization
and the magnetization densities are not trivially calculated at
the ab initio level, since their expressions are not uniquely
defined. The current density operator, in contrast, can be
calculated in a simple manner from the many-body molecular
eigenstates expanded in a molecular orbital basis. Additional
studies are called for to clarify the nature of Lipkin’s chiral
density C expressed in the various formulations of electro-
magnetism.

5.3. X-ray Helical Dichroism

using that j(r,t) =

So far, we have discussed how OAM-carrying beams can
engage with molecular chirality in a different way than SAM-
carrying beams. Elaborate beam profiles can be created to
maximize the overlap between the matter and the field
chiralities. The simplest approach, readily achievable exper-
imentally, is to use twisted beams carrying a single OAM value.
Transfer of the OAM of light to trapped ions has been
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studied,”'**"* and it was demonstrated that the OAM interacts

with bound electrons. By analogy to circular dichroism, which
observes the absorption difference for opposite SAM, the
difference in absorption for opposite OAM, +I and —I, named
helical dichroism (HD) has been proposed.”'* Various
measurements on nanosystems have been reported”'*™*'° in
the optical range but none on molecules. Optical HD on
molecules is difficult due to the necessity to generate a phase
vortex relevant on molecular sizes. X-rays can readily overcome
this difficulty thanks their ability to be focused down to a few
nanometer spot size.”'’ A demonstration of X-ray HD has
been made at the synchrotron SLS on Fe-diMe(tpy); at the Fe
K-edge.”'® In the X-ray, spiral Fresnel zone plates were used to
generate vortex beams with OAM L = +1 and +3, and the X-
ray absorption spectrum (XAS) was measured both in
transmission and in total fluorescence yield (TFY) modes.
Figure 17 shows a schematic of the experimental apparatus.
Further experimental efforts at the carbon K-edge are ongoing,
making the technique a promising chiral X-ray spectroscopy.

Figure 17. Setup to measure X-ray HD:*'® spiral Fresnel zone plates
are used to generate a helical wave front. The absorption signal can
then be detected in transmission (detector D1) or in total
fluorescence yield (TFY, detector D2). The pinhole (P) and the
order sorting aperture (OSA) ensure the quality of the generated
OAM beams.

Since an important transverse spatial phase vortex of the
electromagnetic field is required, the electric dipole approx-
imation is not sufficient to describe the interaction of matter
with the OAM. We shall use the minimal coupling
Hamiltonian to derive the HD signal. The minimal coupling
Hamiltonian fully captures the spatial variation of the incoming
beam. A multipolar approach is also possible,”'” but its
truncation at the quadrupolar order does not account for
possibly large field variations. The HD signal is defined as the
differential XAS between the +/ and —! OAM beams
normalized by the average of the two XAS:

Sip(l@) = 1A+l(a)) ~Alw)
5(A+1(CU) + A (@) (156)

Unlike for the SAM of light, the OAM values are not restricted
to +1 values and the HD signal now depends on [ that can take
an arbitrary value among the natural integers.

The absorption signals in eq 156 can be expressed using eq
150 in the frequency domain beams and by summing over
molecular eigenstates:

A(T) = %Rez / drdr'do (A" (50)A(r0))

X i(jgc(r)gcg,cg(a))jcg(r/) - icg(r)ggc,gc(w)jzkg(r/) (157)

Assuming monochromatic beams and using the definition of
the Liouville space Green function, Appendix C, the signal can
be recast as
+l g+l
(dgc dcg >§2
w — @, + il

+ g4l*
(@x'az"g
W — W, + il
(158)

2
Ay(w) = ——m >

where the d transition matrix elements are given by the
integrated transition current multiplied by the vector potential:

d; = /drjij(r)-A(f;il) (159)

This signal is similar to the standard absorption calculated in
the electric dipole approximation, but the transition matrix
elements are now replaced by overlap integrals between the
transition current density matrix elements and the vortex
beams’ spatial profiles. The HD signal, Syp(lw), is chirality-
induced; that is, it vanishes in achiral media. It can be shown as
follows. When taking the difference between left and right
OAM, the difference in absorption for each state can be
expressed as

Ay(0) — A_(w)
o [ G ()], ("N (r DA )
— A'(r~DAG, )

& [ardr G ()], (")aA*(rDAG'D
— G (=), (~#)al* (=, ~DA(~r' ] (160)

Using the symmetry PA(r,—1) = A(—r,—]) = A(r,]), we
obtain

Ay@) = A () [drdr's* (e DAG DG, (0], (D
- Ugc(—f)fcg(—"/»g) (161)

The matter quantity (i, (r)j, () = (i, (=i, (~))q
= (1 = P, (], (e

vanishes for achiral molecules but is finite for chiral molecules.
HD is thus induced by chirality.

The explicit computation of the HD signal on a molecule
requires definition of the beam profile of the vortex beams.
The LG and HGG beams are two basis sets commonly used
and corresponding to experimentally generated beams. The
spatial profiles of the LG beams propagating along the z axis
are given by

1] 2 2
2p! - i
LGy () = | —E % (JE’)e

2'7 kT
w(z)e  2R(z)
z(p + ) w(z) | w(z)

2

Zl 221’ o2+l Dasctan(£) il —ike
w(z)

(162)

The transverse spatial extent of the wave is described by the

beam width w(z) = wy\/1 + z°/z5 with w, being the beam
waist. R(z) = z + z4/z is the radius of curvature, z, = 7wy /A

is the Rayleigh length, and (2p + Ill + 1) atan(z/zg) is the
Gouy phase. HGG beams generated by Fresnel zone plates can
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be obtained from a Fraunhofer diffraction and are given near
focus by

AL 2 !
HGl(rJ¢xz) = Lki(er]

+2)0 f | 2f

I+2 1 kRr | i, —i
X 5 i LRy R e
! 2 2f

(163)

where fis the focal length of the Fresnel zone plate and R is the
beam radius on focus.

An alternative approach to HD wusing the multipolar
expansion has been introduced by Andrews et al.”'”**° They
had shown that the magnetic transition dipole does not
contribute to the HD signal by calculating the absorption cross
section in the multipolar coupling, truncated at the
quadrupolar term. They showed that the OAM of light has
an observable effect only when the light carries also a SAM.
Nonetheless, the HD signal may be finite without the use of
the SAM of light at higher orders in the multipolar expansion.
The electric dipole—electric quadrupole contribution to the
absorption spectrum is given by

*
<llcg -E ch‘ VE>Q

W — W, + il

*
<IlgC.E quVE>Q _

w — w, + il

2
Alw) = ——m ;

K
(quVE K, E)q

0 — @, + il"gc

k
(ng-VE K, E)q ~

w — W, + il

—+

(164)

Upon computing the gradient in cylindrical coordinates, terms
of the form ile, appear in the transition amplitude and lead to
an [-dependent signal.

A more general use of vortex beams can employ beams
carrying both an OAM and a SAM. The resulting circular-

helical dichroism (CHD) signal defined by

AL,+1(CU) - AR,—l(w)
%(AL,H(C‘)) + Ay (@) (165)

SCHD(lrw) =

where A; ,(w) is the absorption of a left-polarized +/ OAM
beam and Ay (@) is that of a right-polarized beam with —I
OAM.

Simulated X-ray CD, HD, and CHD spectra on L-cysteine at
the sulfur K-edge (2.48 keV)**' are displayed in Figure 18.
This work highlights the necessity to create a phase vortex
relevant at molecular sizes. The asymmetry ratio, eq 156, is
maximum for molecules situated at the center of the twisted
beam. For large spot sizes, most molecules are off the beam
axis and experience a lower asymmetry ratio which weakens
the HD signal upon averaging over all molecules within the
interaction volume.

Finally, we note that time-resolved HD (tr-HD) can be
formally defined in a similar way as tr-XCD, eq 25:

A(+Loc) — A p(@)7)

S Lost) =
tr-HD( CU T) %(A('Fl,w;f) + A(—Z,CO,T)) (166)

tr-HD has not been reported yet and constitutes an interesting
future extension of the HD technique.
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Figure 18. Simulation of X-ray CD, HD, and CHD spectra at the S K-
edge on L-cysteine. Reprinted from Ye et al.”*'

5.4. Chiral X-ray Diffraction

As a last technique of this review, we discuss chiral-sensitive
opportunities using X-ray diffraction (XRD) schemes. It is
well-known that static XRD has an ambiguity that cannot
distinguish experimentally randomly oriented enantiomers.”*”
In structure reconstruction, this limitation is often circum-
vented by combining the XRD measurement with other chiral-
sensitive signals, e.g. CD, or by using oriented samples. The
advent of ultrafast time-resolved XRD (tr-XRD) at XFELs is
offering new avenues to probe chirality with X-rays in a
diffraction setup. For example, Giri et al. have recently
shown*® how charge migration in chiral epoxypropane can
be monitored using tr-XRD. Additionally, the use of OAM
beams combined with XRD could generate new approaches to
design chiral-sensitive XRD signal. It this section, we recall why
beams without OAM cannot generate a static chiral-sensitive
XRD and how the OAM beams can generate a chiral version of
XRD.

The interaction Hamiltonian, eq 11, simplifies far from
resonance where we can only retain the ¢A” contribution. X-
ray diffraction (XRD) is well described by that coupling, and
the use of a scattered monochromatic beam leads to the
following expression for the XRD signal:

/‘dra(r)e_iq'r

where g = k; — kx is the momentum transfer between the
incident X-ray wavevector ky and the scattered one k,. lex-€/* is
the Lorentz polarization factor. Since the coupling Hamil-
tonian contains Ax-A,, the incoming €y and scattered € field
polarizations do not engage with the scalar charge density and
XRD cannot have a chiral component originating from the

2
Sxrp(q) |€x'€s|2

(167)
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SAM of light. Additionally, usual X-ray beams for XRD are
assumed to be plane wave and thus do not carry an OAM.

OAM beams offer the potential to design chiral XRD
techniques. With spatially varying beam, the XRD signal is
given by

2
1 4 h ’ 3l
Sxro(@) = ﬁ(ﬂ)( 2€0w5] Re /drdtdr dt

(0, (5, o (1) YA% (1,0) - Ay () e = 2t milkr =xt)
(168)

When the coherent signal is simulated for an assembly of
coherent scatterers, the two-point correlation function of
charge densities can be factorized over molecules:

2
Swollia) o B(@)| [arta(r)agre 169)
where F,(q) is the structure factor of the lattice. (o(r)) is the
expectation value of the charge density operator which reduces
to agg(r) for molecules in the ground state. The vortex beam
Ax(r,]) radial profile depends on the way the beam has been
generated. In the absence of long-range order, e.g. molecules in
the liquid or gas phase, the structure factor in eq 169 vanishes
upon isotropic averaging over molecular orientations. The
XRD signal is then dominated by the single molecule term:

Sxro(1,q) /drdr,(a(r)a(’/»flx(r,l)A;(r’,l)e"‘l'('_")
(170)

For a molecule in the ground state, the expectation value
reduces to (a(r)o(r')) = 0,,(r)o,(r').

OAM X-ray beams have the potential to add a chiral
contribution to the XRD signal and, thus, break Friedel’s law,
which states that the XRD pattern is always centrosymmetric
even if the sample is not. This holds because XRD patterns are
amplitudes squared of the Fourier transform of the electronic
charge density 6(r), which is a real function. The real nature of
the charge density imposes the symmetry 6(q) = 6*(— q), and
the XRD signal can then be written as Syzp(q) = lo(q)* =
o(q)o*(q) = 0*(— q)o(— q) = Sxrp(—9)

This simple statement has profound consequences on the
determination of chiral structures since XRD cannot trivially
distinguish between opposite enantiomers. The added chiral
contribution from X-ray OAM could allow XRD to
discriminate enantiomers in structure determination.

6. SIMULATION STRATEGIES FOR X-RAY CHIRAL
SIGNALS

Most signals presented in this review are expressed in terms of
multipoint correlation functions that can be expanded in
molecular eigenstates. Transition matrix elements of the
electric dipoles, magnetic dipoles, electric quadrupoles, and
current density operators must be computed to simulate a
signal on a given molecule.

In this section, we discuss ab initio computational strategies
commonly used to compute X-ray chiral signals. These signals
require the computation of core-excited states and their
transition multipole moments. The available methods include
multiconfigurational self-consistent field (MCSCF) approaches
such as RASSCF (restricted active space self consistent
field),”***** density functional theory such as TDDFT (time-
dependent density function theory),”*°">* perturbation

theories including the ADC (algebraic-diagrammatic con-
struction methods) schemes, and coupled pair theories such
as EOM-CC (equation-of-motion coupled-cluster).”*~>**
Numerical strategies for optical chiral signals have been
extensively discussed by Crawford et al.”*° while the
computation of core-excited states has recently been reviewed
by Norman et al.**

Some specific care must be used to calculate higher order
multipoles with acceptable precision. In any ab initio
calculation involving various multipoles, one must keep in
mind that only the first nonvanishing transition multipole,
typically the electric dipole, is origin invariant. This origin
invariance is recovered when calculating observables such as
spectroscopic signals that typically involve multipoint
correlation functions of transition matrix elements.”>” How-
ever, the basis truncation needed to numerically simulate
signals is another source of origin variance that must be
addressed. More explicitly, in the multipolar Hamiltonian, also
known as the length gauge and labeled by the superscript r, the
origin variance of the first three multipoles is given by

l‘,-}-r(o +a) = l‘,-}-r(o) (171)

1
(0 +2) = mi(0) + (12 x )
m; a m; 2a p,-; (1)

r r 3
q;(0 +a) = q;(0) - Z(a @+ ®a)+apl
(173)

where O is an arbitrary origin of coordinates, usually taken
within the molecule, and a is a translation from that origin.

The transition matrix elements involved in the computation
of X-ray signals can be divided into bound to bound and
bound to continuum type. The former dominate the few eV
regime around the absorption edges. This includes pre-edge
transitions as well as the main absorption peaks at and above
the edge. Such transitions are well treated by keeping an orbital
basis set to describe the core excited states. However, many-
electron effects play an important role in these highly excited
states, and multideterminantal wave functions are usually
needed to achieve accurate eigenstates.

Time-dependent density functional theory (TDDFT)
approaches have been widely used to compute XCD
spectra.”**7*** Kimberg et al.”*” have carried out a
comparative study of Hartree—Fock and DFT approaches for
various amino acids in the soft X-ray regime (C, N, and O K-
edges). The CAM-B3LYP exchange-correlation functional has
been used to compute XCD spectra on L-alanine.**’ Takahashi
et al.”** have studied the basis set and gauge dependence of
DFT methods for serine and alanine in the soft X-ray regime.

For post Hartree—Fock methods, the ground state and the
valence excited manifold can be calculated at the MCSCF level
(multiconfigurational self-consistent field method) after
geometry optimization of the molecular structure. At this
stage, it is important to select an active space that is large
enough to capture all the occupied and unoccupied orbitals
that can be involved in both the valence and the core
transitions over the desired energy range. A consistent active
space of the valence excited manifold and the core excited one
should be kept in calculating transition matrix elements
between the many-body states. Thus, the core orbitals involved
in the considered transitions are translated into the active
space and frozen to double occupancy. Once the valence

https://doi.org/10.1021/acs.chemrev.2c00115
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excited manifold has been calculated, the computation can be
repeated with the core orbital frozen with a core hole.
Typically, for K-edge calculations, the 1s orbital is rotated in
the active space used for the previous valence excited state
calculation and frozen to single occupancy. For L-edge
calculations that involve the 2p orbitals, the three orbitals are
rotated into the active space and their occupancy restricted to
five electrons.

Finally, Coriani et al.”** have recently shown that EOM-CC
and CC-RSP (CC response theory) using a restricted EOM-
CC operator®” can produce XCD molecular spectra. They
observed a significant gauge origin dependence. A good
agreement with other theoretical approaches such as CC-RSP
or TDDFT was achieved, but comparison with experimental
spectra still proved challenging. The amount of available
experimental spectra is still sparse, even for the simplest
technique, XCD, and this is a bottleneck for the improvement
of computational techniques.

7. CONCLUSIONS AND OUTLOOK

Chirality is a fundamental property of molecular structures
which is further connected to numerous applications.
Spectroscopic techniques sensitive to chirality provide useful
structural information. Chiral techniques have thus long been
used with great success in the infrared and visible regimes but
have a weak magnitude. Considerable efforts have been made
to increase their strength. Intense, ultrashort X-ray sources
have undergone a rapid development over the past decades,
and further progress is on the horizon. X-rays have a long
history of resolving atomistic structures, and their use to
investigate molecular chirality on ultrafast time scales is an
attractive recent development.

In this review, we broadly survey chiral techniques involving
X-ray or EUV pulses. We have classified them into three
categories based on the required X-ray/molecule coupling:
signals based on magnetic dipole and electric quadrupole
interactions, signals solely based on the electric dipole
interaction, and signals based on interaction with the OAM
of light. The field of X-ray chiral spectroscopy is still at an early
stage, with some of the simplest signals such as XCD only
implemented quite recently on a few systems. This review
provides closed form expressions for many signals. Simulations
for a variety of systems should provide guidelines for the
design of exciting experiments.

X-rays can selectively probe specific elements within a
molecule and thus reveal how the noncentrosymmetry of the
electron distribution is localized in space. This element
selectivity further allows us to study how fast a chiral
disturbance propagates within a molecule. The ultrashort
time-duration of EUV and X-ray pulses down to the
attosecond regime helps monitoring ultrafast electron dynam-
ics happening within a much shorter time frame than the
subsequent nuclear dynamics. X-rays have long been used for
structure determination, and the development of chiral-
sensitive X-ray diffraction techniques could lead to absolute
configuration determination.

The field of X-ray chirality, and in particular ultrafast X-ray
chirality, is quite new. Nonetheless, numerous experimental
realizations offer the perspective of a rich future making use of
the variety of techniques presented in this review. Among
multipolar si§nals, experiments have so far used XCD as an
observable.*”%777>2#32%* Deep UV experiments*** have
reached the femtosecond time scale with a high level

sensitivity, counteracting the low signal magnitudes (~107*
mOD). Extensions to higher energy regimes for femtosecond
tr-XCD will make great use of the polarization control available
at FELs. Signals which exist in the electric dipole
approximation have also experienced a great leap forward
over the past few years, both those relying on high
harmonics®"?% 12> 69~ 17LI73173245 4 q those relying on photo-
ionization, *»' 3 15015% Giant asymmetry ratios, possibility
reaching 100%, have been reported. Minimal coupling signals,
relying on the incoming beam OAM, also offer an exciting
avenue'***'%*® to probe molecular chirality, with asymmetry
ratios in the 1—10% range. These are made possible by the
spatial coherence of X-ray sources and progress in the making
of diffractive optics that generate them. The extra control of
the X-ray OAM offers additional parameters to observe the
higher asymmetry ratios that are typically observed in XCD
measurements. More interestingly, the signal dependence on
the OAM values contains new physical information to be
explored. Finally, the detection of photoelectron OAM is also
an intriguing recently proposed direction.”*’

APPENDIX A. ROTATIONAL AVERAGING OF TENSORS

An n-th rank tensor T is rotationally averaged using the
averaging tensor 1™.%° Here, we give the tensor expressions of
the rotationally averaged tensors up to rank S. Expressions for
arbitrary ranks can be found in ref 63. The averaging procedure
can be seen as a projection over a basis of isotropic tensors.
Rank 2 and 3 averaging tensors are simple since the basis of
isotropic tensors is one-dimensional and they are built from
the Kronecker 6; and the Levi—Civita symbols ¢;; giving

() _ 1
I = —=6..0
3 iiy Y Ad, (174)

hiyl3

e_1
I —66 eddy A, (175)

For higher rank tensors, there are more linearly independent
isotropic tensors. I and I®) are given by

T
iliZ iliZ 4 - 1 - 1 51’122511/12
o1
™= 0l | |= 1 4 — 1912912,
30
b (=1 =1 4 N\%129.4, (176)
5. ) 5
€i1izizOiyis 3 -1 -1 1 1 0 ) i
€| | =1 3 =1 =1 0 1 [ €410
© 1 Ciidiiy | | =1 =1 3 0 =1 —1|[€41,10,
300ed| [ 1 =1 0 3 =1 1 |€0,0:
el | |1 0 -1 -1 3 —1fle,,8,,,
ed ) L0 1 =1 1 =1 3 Jle,.6,,
(177)

where 6 and € are the Kronecker and Levi—Civita symbols,
respectively.

For example, the fourth-rank tensor involving one magnetic
interaction and three electric ones is averaged as

(uppum)g),, . = ([W)heis

i iz, 4<ﬂﬂﬂm>il/12/13/14 (178)

iyiyiziy
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where we used the Einstein summation convention for the
Cartesian in indices i, i,, i3 and i, and (-)q stands for
rotational averaging.

APPENDIX B. SPECTROSCOPIC SIGNALS

We now review the first-principles calculation of spectroscopic
observables. A photon detection event can always be viewed as
the change of photon number in the photon modes that the
detector is sensitive to.”*® Since camera shutters are typically
slow compared to ultrafast molecular dynamics, signals are
given by the time-integrated photon number change:

S(r) = fdt<%Ns> (179)

where I represents all the experimental control knobs that can
be varied in a specific experiment. The time integration can run
to infinity since we assume to detect all photon during the
ultrafast process. We have assumed an ideal detector sensitive
to a single photon mode s. For real detectors, one has to
convolute this response to a single mode with the instrument
response function in k space (finite detector size), frequency
domain (bandwidth of detection of the detector ;)ixel), in
polarization (polarization resolve detection or not).”*” In many
cases, this gating procedure can be reduced to a few variables
depending on the experimental setup.

We next show how the heterodyne, the homodyne coherent,
and the homodyne incoherent signals can be obtained from eq
179 for the three Hamiltonians given in eqs 9—11. We start
with the simplest dipolar Hamiltonian. The expectation value
of the photon number change can be calculated using the
Heisenberg equation:

d
<ENS>

%<[Hm<t), afa])

= [ar(t-n(e) El(se) — ' 0-B(x0), ala)

—%Im fdr(ﬂ(r)Ej(r,t))
(180)
The photon signal thus becomes

__2 t
S(I') = hIm /dtdr(ﬂ(r) E!(r,t)) (181)
Various detection modes can be described starting with this
expression. If a classical field is present in the s mode, the

expectation value over the quantum operator EST can be
expressed simply as a function of the classical field:

(E]Y = Ef,(r,t). In this heterodyne detection mode, the
photon emitted from the process with the matter interferes
with an external local oscillator and gives the heterodyne
signal:

2
Spe(D) = —Elm /dtdrElit(r,t)-([t(r,t)) (182)
where the time variable on (u(rt)) arises by taking the
expectation value at time t.

Homodyne detection is achieved by detecting the
spontaneously emitted photons into initially unoccupied
modes. In this case, the Fock state of the electromagnetic
field is the vacuum before the experiment and the interaction
populates the s mode that can be detected. It is then clear that

the signal in eq 181 vanishes at this order and one must
perform a perturbative expansion to first order in the
spontaneous mode:

Spom(T) = %Im - [t dr g ) Bl )

X ﬂrj'ght (r,’t,)'Es,right(r,1t,)> (183)

where “left” and “right” stand for the left and right interactions
on the density matrix.”® Subscripts L and R are often used in
the literature. Here we use “left” and “right” to avoid
ambiguities with the left and right polarizations. They are
used to ensure that a photon population in mode s is created.

The electric dipole operator is localized on each molecule.
Hence, the spatial dependence of u(r) for equivalent molecules
is

u(r) =Y ud(r — )

a (184)
where a denotes molecules and r, is the position of molecule
a. The correlation function in eq 183 contains terms involving
a single molecule (homodyne incoherent signals) or two
molecules (homodyne coherent signals).

2 7 i (t—t' ’
Shom,inc(r) = ﬁafNRe /dtdt e ¢ t)<ﬂleft (t) 'ﬂ;—ght (t ))
(185)

2 : >
SpmcolT) = SERB(AR)| fareu @) o
where &2 = haw,/2¢, and N is the number of scatterers in the
process that can be directly related to the molecular
concentration. To obtain eqs 185 and 186, we have summed
over all polarizations of the spontaneous field. The F,(Ak)
function is the structure factor and will be discussed in the next
section.
We now provide the signal expressions for these three
detection modes for the other two interaction Hamiltonians.
For the multipolar Hamiltonian, we have

Syl = =—NIm [ HEL(0)- (1)) + BE(0)-(m(0)
+ VE(t)(q(t)) (187)

2 1w (t—tr ’
Shomne(1) = —5EINRe [ata e G (), ()

+ =m0 g, (1)

=g ()i ()) = Syt (1)1l ()

+ gwleﬁm-(&q* (#))))

right
(188)

2
Shom,co(r) = ?Ssz(ReFZ(Ak))

2
X

i, 1 1 1
S g (0) + g (0) + =ik g, (0)
(189)
Finally, we give the signal computed by the minimal
coupling Hamiltonian. In this coupling, the final interaction
can be either with the charge density or with the current
density. The latter leads to signal expression similar to the
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electric dipole coupling but takes into account the full spatial
extension of the incoming beam and thus avoids using a high
order multipolar expansion. The former contributes mostly off-
resonance and leads to all the diffraction-like observable.

S}ilet(l—‘) = —%Nlm /dtdrA:et(r,t)'(j(r,t»

(190)
s2.(T) = —%Nlm f dtdrAl (1)-A, (50)(6(r,1))
(191)

where A;(r,t) is the diffracted incoming beam. It is worth
noting that heterodyne-detected diffraction has not yet been
implemented and that this detection scheme would solve the
phase problem occurring in structure reconstruction.”>’ The
one-molecule signals are given by

S}jlom,inc(r)
_ 2 5 ’ 1 iw(t—t") /.
= ﬁﬂsNRe /dtdt drdr'e (s (1)), ght(r t'))
(192)

Stom,inc(I) = h—ﬂzNRe fdtdt'drdr' (=% A (r,t)e,

Am(r t)<aleft(r’t) nght(r t)> (193)

Finally, the two-molecule homodyne-detected signals are

Sl olT) = SAREE(AR)| [ddre™
(194)
- 2
S o) = _z( ) A’ReE,(AK)le -€;1”
) h 2
it
‘/dtdl'e <o-left(r’ (195)

APPENDIX C. PERTURBATIVE EXPANSION OF
SPECTROSCOPIC SIGNALS

In Appendix B, we have reviewed the observables relevant for
the calculation of most spectroscopic signals. The signals
usually require the calculation of the expectation value of an
operator X defined as

X(®) = (w(OXhy(t)) = Tr(Xp(t)) = ((Xlp(t)))
(196)

The first equality is the standard expectation value calculated
from the wave function in Hilbert space. For a given order n of
perturbation, one has to expand the bra at order m, expand the
ket at order n — m, and them sum over m. The second equality
provides the expectation given as a function of the density
matrix. The density matrix formulation allows a proper
treatment of relaxation and avoids summing over the bra and
the ket perturbative order. This comes at the expense of nested
commutators from the Liouville—von Neumann equation that
dictates the time evolution of the density matrix. Finally, the
last term gives the expectation value in Liouville space, that is
the Hilbert space spawned by the density matrix seen as a
vector.

The time evolution of the wave function is given by the
following propagators:

16830

iy (£)) = e hH Oy (t,) (197)
p(t) = e i @y (g ) (198)
() = e i b E@lp(t,))) (199)

The exponential operators are a symbolic notation defined
by their Dyson series:

ek Oy (1))
dTn/ndTn_l
t

A

/ drH(z,)H(z,_;... H(z)ly(t,))

0

e—é /r; dr[H(z),e /)(to)
dr, / ' dr,_,
t

(o] _in t
=37 [a )

f’z dr[H(z,), [H(z,_,, -.[H(z), p(ty)]---1]
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e n (1))
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e XE) []

f Ao L(z) L(z, ). L(z)lp(t,)))

0

(200)

To n-th order, a given perturbative expansion will be the
sum over 2" terms. Moreover, the electric field contributes with
either positive or negative frequencies at each interaction. It is
thus convenient to introduce a diagrammatic representation for
each term contributing to the signal. For a given signal,
diagrams can be written in the wave function formalism or in
the density matrix formalism. The former are represented by
loop diagrams, taking their origins from the Keldysh loop
formalism, and the latter are given by ladder diagrams. Ladder
diagrams have the advantage to be fully time-ordered and to
naturally be able to include relaxation by tracing out the bath
degrees of freedom in the total density matrix. On the other
hand, loop diagrams are more suitable for numerical
propagation in between perturbative interactions since they
rely on a Hilbert space picture. For example, such numerical
propagations are better suited for molecules experiencing
nuclear dynamics or evolving in a nonperturbative strong field.

We now summarize the rules to translate a diagram into a
sum-over-states expression.

Ladder diagram in time domain:

1. Time goes from bottom to top; the two straight lines
represent the ket and the bra of the molecular density
matrix.

. Fields are split in two contributions F(rt) =
[dwdkF(k, a)? e'®=o) and F*(rt) = [dodkF(-
k,w)*e " *™=@) " Arrows pointing to the right are
interaction with F(r,t), and arrows pointing to the left
are interactions with F(r,t)*. In the dipolar coupling, F =
E, in the multipolar coupling F = E, B, or VE, and in the
minimal coupling F = A.

. Each interaction vertex gives an interaction with a
transition matrix element: electric dipole p; magnetic
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dipole my, electric quadrupole gq;, current density jy, or

current density o;;.

4. Each interaction on the left introduces a factor i/% and a
factor —i/h on the right.

S. Intervals between interactions introduce a Liouville-
space propagator G(t —t,) = O(t — to)e_%/fodTLU(T),
where L,(7) is the noninteracting Liouvillian. Matrix
elements of G(t —t;) (shown in Figure 19d) are

@ ®ay(cl

Ja) (™S

(d)

VENE

Figure 19. Elementary diagrammatic contributions. (a) and (b)
represent a transition linear in the incoming field on the ket and the
bra of the density matrix, respectively. In the context of this review,
diagram (a) can represent the following matrix elements: p,-E, m,B,
4./(VE), or [drj,(r)-A(r). Diagram (c) represents transitions
induced by the charge density operator: [dro(r)A*(r). It can also
describe transitions induced by polarizabilities. Diagram (d)
represents the propagator G, (@) = 1/(w — wy + i)

Gt — t5) = 0(t — to)e_iw“”(t_t")_r“"(t_t“), where T,
describe the relaxation of la){bl.
Ladder diagram in frequency domain:

1. Similar rules to the time domain case applied except for
the following ones.

2. Pointing left arrows are F*(k,w), and pointing right
arrows are F(kw).

3. Propagators are G(w) =1/(w — Ly/h +il') and
Gup(®) = 1/(0 — ay, + iT,).

4. Frequency variables are cumulative along the diagram.

For example, in Figure 19 and in the dipolar coupling,
diagram a gives a contribution (i/h)p.,-E(r,t) and diagram b
gives (—i/h)puy E*(r,t). In the minimal coupling, the cA*
interaction interacts twice with the field at a given vertex and
diagram c gives (i/h)a,(r,t)A,(r,t)-A] (r,t).

Finally, we introduce loop diagram rules based on a wave
function anroach. More details can be found in the
literature.”

Loop diagram in time domain:

1. The left branch represents the evolution of the ket, and
the right branch, the one on the bra. Unlike ladder

diagrams, the interactions are not time-order on different
branches but are time-ordered within a branch.

2. Arrows pointing to the right are interactions with F(r,t),
and arrows pointing to the left are interactions with
F#(r,t).

3. Rules 2, 3, and 4 of time domain ladder diagrams are
kept.

4. Intervals between interactions introduce a Hilbert space

propagator G(s) = G(s)e_'l'; ftfdrw"(r), where H(7) is the

noninteracting Hamiltonian and s =t — ¢, is the

propagation time interval between f, and t]. Matrix
elements of G(s) over field-free molecular eigenstates are
G(s) = 0(t — to)e_iE“S/ h, Alternatively, the propagator
G(s) can be treated numerically for the propagation.
S. The last interaction at the observation time ¢ is
conventionally chosen to be occurring from the left.
Loop diagram in frequency domain:

1. Rules 1, 2, 3, and 5 of time domain loop diagrams are
kept.

2. Propagation on the left branch provides the iG(w)
propagator. The right branch provides —iG'(w). The
field-free propagator is given by
G(w) = (0 — Hy/h + ie) .

3. The frequency arguments of the propagators in a branch
are cumulative. The ground state frequency E,/7 is
added to all propagators’ arguments.

AUTHOR INFORMATION
Corresponding Authors
Jérémy R. Rouxel — Université de Lyon, UIM-Saint-Etienne,
CNRS, IOGS, Laboratoire Hubert Curien UMR 5516, Saint-
Etienne F-42023, France; ® orcid.org/0000-0003-3438-
6370; Email: jeremy.rouxel@epfl.ch
Shaul Mukamel — Department of Chemistry and Physics &
Astronomy, University of California, Irvine, California
92697-202S, United States; ® orcid.org/0000-0002-6015-
3135; Email: smukamel@uci.edu

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrev.2c00115

Notes

The authors declare no competing financial interest.
Biographies

Jérémy R. Rouxel is an associate professor at the Laboratoire Hubert
Curien, Saint-Etienne. He received his Ph.D. from Troyes
Technological University and from Nanyang Technological Uni-
versity. He then joined University of California, Irvine, and the Ecole
Polytechnique Fédérale de Lausanne as a postdoctoral fellow. His
research interests include nonlinear spectroscopies, ultrafast molecular
dynamics, molecular chirality in the X-ray regime, and the
development of novel X-ray ultrafast techniques.

Shaul Mukamel, currently Distinguished Professor of Chemistry and
of Physics & Astronomy at the University of California, Irvine,
received his Ph.D. in 1976 from Tel Aviv University. Following
postdoctoral appointments at MIT and the University of California,
Berkeley, he has held faculty positions at Rice University, the
Weizmann Institute, and the University of Rochester, before joining
UCI in 2003. His research interests broadly span the areas of ultrafast
multidimensional spectroscopy of molecules from the infrared to the
X-ray regimes, excitons in chromophore aggregates and photo-
synthetic complexes, nonadiabatic conical intersection dynamics,
polaritons in cavities, and molecular electrodynamics.

ACKNOWLEDGMENTS

The work covered in this review was primarily supported by
the Chemical Sciences, Geosciences, and Biosciences Division,
Office of Basic Energy Sciences, Office of Science, U.S.
Department of Energy through Award No. DE-FGO02-
04ER15571 (JRR.) and Award No. DE-SC0019484 (S.M.)

https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Je%CC%81re%CC%81my+R.+Rouxel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3438-6370
https://orcid.org/0000-0003-3438-6370
mailto:jeremy.rouxel@epfl.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaul+Mukamel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6015-3135
https://orcid.org/0000-0002-6015-3135
mailto:smukamel@uci.edu
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00115?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00115?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00115?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00115?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00115?fig=fig19&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

and by the National Science Foundation (Grant No. CHE-
1953045). J.R.R. was supported by the Labex Manutech-SISE
(ANR-10-LABX-0075) of the Université de Lyon, within the
program ‘Investissements d’Avenir’ (ANR-11-IDEX-0007)
operated by the French National Research Agency (ANR).

REFERENCES

(1) Hicks, J. M. Chirality: Physical Chemistry; American Chemical
Society: Washington, DC, 2002; Vol. 810.

(2) Kasprzyk-Hordern, B. Pharmacologically active compounds in
the environment and their chirality. Chem. Soc. Rev. 2010, 39, 4466—
4503.

(3) Lin, C.; Somberg, T.; Molnar, J.; Somberg, J. The effects of chiral
isolates of methadone on the cardiac potassium channel IKr.
Cardiology 2009, 113, 59—65.

(4) Smith, S. W. Chiral toxicology: it’s the same thing only different.
Toxicol. Sci. 2009, 110, 4—30.

(5) Eriksson, T.; Bjdurkman, S.; Roth, B.; Fyge, A,; Houglund, P.
Stereospecific determination, chiral inversion in vitro and pharmaco-
kinetics in humans of the enantiomers of thalidomide. Chirality 1995,
7, 44—52.

(6) Pasteur, L. Mémoire sur la fermentation de l'acide tartrique.
Comptes Rendus Hebdomadaires des Seances de L'Academie des Sciences
1858, 46, 615—618.

(7) Cotton, A. Recherches sur I'absorption et la dispersion de la
lumiere par les milieux doués du pouvoir rotatoire. J. phys. theor. appl.
1896, S, 237-244.

(8) Pasteur, L. On the relationships that can exist between the
crystalline form, the chemical composition and the rotatory
polarization. Annal. Chim. Phys. 1848, 24, 442—459.

(9) Yu, N.; Aieta, F.; Genevet, P.; Kats, M. A.; Gaburro, Z.; Capasso,
F. A broadband, background-free quarter-wave plate based on
plasmonic metasurfaces. Nano Lett. 2012, 12, 6328—6333.

(10) Cui, Y.; Kang, L.; Lan, S.; Rodrigues, S.; Cai, W. Giant chiral
optical response from a twisted-arc metamaterial. Nano Lett. 2014, 14,
1021—-1028.

(11) Wang, Z.; Cheng, F; Winsor, T.; Liu, Y. Optical chiral
metamaterials: a review of the fundamentals, fabrication methods and
applications. Nanotechnology 2016, 27, 412001.

(12) Schulz, M.; Mack, M; Kolloge, O.; Liitzen, A.; Schiek, M.
Organic photodiodes from homochiral L-proline derived squaraine
compounds with strong circular dichroism. Phys. Chem. Chem. Phys.
2017, 19, 6996—7008.

(13) Dhbaibi, K; Favereau, L.; Srebro-Hooper, M.; Jean, M.
Vanthuyne, N.; Zinna, F.; Jamoussi, B.; Di Bari, L.; Autschbach, J.;
Crassous, J. Exciton coupling in diketopyrrolopyrrole—helicene
derivatives leads to red and near-infrared circularly polarized
luminescence. Chem. Sci. 2018, 9, 73S.

(14) Berova, N.; Nakanishi, K; Woody, R. Circular dichroism:
principles and applications; John Wiley & Sons, 2000.

(15) Barron, L. D. Molecular light scattering and optical activity;
Cambridge University Press, 2004.

(16) Berova, N.; Polavarapu, P. L.; Nakanishi, K;; Woody, R. W.
Comprehensive Chiroptical Spectroscopy: Instrumentation, Methodologies,
and Theoretical Simulations; John Wiley & Sons, 2011; Vol. 1.

(17) Silver, B. L. Irreducible tensor methods: an introduction for
chemists; Academic Press, 2013; Vol. 36.

(18) Ordonez, A. F.; Smirnova, O. Generalized perspective on chiral
measurements without magnetic interactions. Phys. Rev. A 2018, 98,
063428.

(19) Barron, L. D. Strategies of Life Detection; Springer, 2008; pp
187-201.

(20) Fujii, N.; Saito, T. Homochirality and life. Chem. Rec. 2004, 4,
267-278.

(21) Podlech, J. New insight into the source of biomolecular
homochirality: An extraterrestrial origin for molecules of life? Angew.
Chem., Int. Ed. 1999, 38, 477—478.

(22) Quack, M. How important is parity violation for molecular and
biomolecular chirality? Angew. Chem., Int. Ed. 2002, 41, 4618—4630.

(23) Cline, D. B. On the physical origin of the homochirality of life.
Eur. Rev. 2008, 13, 49—59.

(24) Bailey, J.; Chrysostomou, A.; Hough, J.; Gledhill, T.; McCall,
A.; Clark, S.; Ménard, F.; Tamura, M. Circular polarization in star-
formation regions: implications for biomolecular homochirality.
Science 1998, 281, 672—674.

(25) Pelloni, S.; Faglioni, F.; Lazzeretti, P. Parity violation energies
of C4H4 X 2 molecules for X= O, S, Se, Te and Po. Mol. Phys. 2013,
111, 2387-2391.

(26) Salam, A. The role of chirality in the origin of life. J. Mol. Evol.
1991, 33, 105—113.

(27) Globus, N.; Blandford, R. D. The chiral puzzle of life. Astrophys.
J. Lett. 2020, 895, L11.

(28) Sandars, P. A toy model for the generation of homochirality
during polymerization. Orig. Life Evol. Biosph. 2003, 33, 575—587.

(29) Stohr, J. Exploring the microscopic origin of magnetic
anisotropies with X-ray magnetic circular dichroism (XMCD)
spectroscopy. J. Magn. Magn. Mater. 1999, 200, 470—497.

(30) Chen, C.; Sette, F.; Ma, Y.; Modesti, S. Soft-x-ray magnetic
circular dichroism at the L 2, 3 edges of nickel. Phys. Rev. B 1990, 42,
7262.

(31) Zhang, Y.; Rouxel, J. R;; Autschbach, J.; Govind, N.; Mukamel,
S. X-ray circular dichroism signals: a unique probe of local molecular
chirality. Chem. Sci. 2017, 8, 5969—5978.

(32) Rouxel, J. R; Kowalewski, M.; Mukamel, S. Photoinduced
molecular chirality probed by ultrafast resonant X-ray spectroscopy.
Struct. Dyn. 2017, 4, 044006.

(33) Allenmark, S. Induced circular dichroism by chiral molecular
interaction. Chirality 2003, 1S, 409—422.

(34) Beaulieu, S.; Comby, A.; Descamps, D.; Fabre, B.; Garcia, G.;
Géneaux, R;; Harvey, A,; Légaré, F.; Masin, Z.; Nahon, L.; et al.
Photoexcitation circular dichroism in chiral molecules. Nat. Phys.
2018, 14, 484.

(35) Biggs, J. D.; Zhang, Y,; Healion, D.; Mukamel, S. Two-
dimensional stimulated resonance Raman spectroscopy of molecules
with broadband x-ray pulses. J. Chem. Phys. 2012, 136, 174117.

(36) Cireasa, R.; Boguslavskiy, A.; Pons, B.; Wong, M.; Descamps,
D.; Petit, S.; Ruf, H.; Thiré, N.; Ferré, A.; Suarez, J.; et al. Probing
molecular chirality on a sub-femtosecond timescale. Nat. Phys. 2015,
11, 654.

(37) Kfir, O; Grychtol, P; Turgut, E; Knut, R; Zusin, D,;
Popmintchev, D.; Popmintchev, T.; Nembach, H.; Shaw, J. M,;
Fleischer, A.; et al. Generation of bright phase-matched circularly-
polarized extreme ultraviolet high harmonics. Nat. Photonics 20185, 9,
99.

(38) Smirnova, O.; Mairesse, Y.; Patchkovskii, S. Opportunities for
chiral discrimination using high harmonic generation in tailored laser
fields. J. Phys. B: At. Mol. Opt. Phys. 2015, 48, 234005.

(39) Allaria, E.; Diviacco, B.; Callegari, C.; Finetti, P.; Mahieu, B,;
Viefhaus, J.; Zangrando, M.; De Ninno, G.; Lambert, G.; Ferrari, E,;
et al. Control of the polarization of a vacuum-ultraviolet, high-gain,
free-electron laser. Phys. Rev. X 2014, 4, 041040.

(40) Schmiiser, P.; Dohlus, M.; Rossbach, J.; Behrens, C. In Free-
Electron Lasers in the Ultraviolet and X-Ray Regime: Physical principles,
Experimental Results, Technical Realization; Springer, 2014.

(41) Ferrari, E.; Allaria, E.; Buck, J.; De Ninno, G.; Diviacco, B.;
Gauthier, D.; Giannessi, L.; Glaser, L.; Huang, Z.; Ilchen, M., et al.
Single shot polarization characterization of XUV FEL pulses from
crossed polarized undulators. Sci. Rep. 2015, S, 13531.

(42) Gluskin, E. S.; Mattson, J.; Bader, S. D.; Viccaro, P.; Barbee, T.
W, Jr; Brookes, N. B.; Pitas, A. A.,; Watts, R. N. XUV polarimeter for
undulator radiation measurements. In SPIE Proceedings Vol. 1548, San
Diego, CA; 1991; pp 56—68.

(43) Melrose, D. On the degree of circular polarization of
synchrotron radiation. Astrophys. Space Sci. 1971, 12, 172—192.

(44) Dartyge, E.; Fontaine, A.; Baudelet, F.; Giorgetti, C.; Pizzini, S.;
Tolentino, H. An essential property of synchrotron radiation: linear

https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


https://doi.org/10.1039/c000408c
https://doi.org/10.1039/c000408c
https://doi.org/10.1159/000167043
https://doi.org/10.1159/000167043
https://doi.org/10.1093/toxsci/kfp097
https://doi.org/10.1002/chir.530070109
https://doi.org/10.1002/chir.530070109
https://doi.org/10.1051/jphystap:018960050023700
https://doi.org/10.1051/jphystap:018960050023700
https://doi.org/10.1021/nl303445u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl303445u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl404572u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl404572u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0957-4484/27/41/412001
https://doi.org/10.1088/0957-4484/27/41/412001
https://doi.org/10.1088/0957-4484/27/41/412001
https://doi.org/10.1039/C7CP00306D
https://doi.org/10.1039/C7CP00306D
https://doi.org/10.1039/C7SC04312K
https://doi.org/10.1039/C7SC04312K
https://doi.org/10.1039/C7SC04312K
https://doi.org/10.1103/PhysRevA.98.063428
https://doi.org/10.1103/PhysRevA.98.063428
https://doi.org/10.1002/tcr.20020
https://doi.org/10.1002/(SICI)1521-3773(19990215)38:4<477::AID-ANIE477>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1521-3773(19990215)38:4<477::AID-ANIE477>3.0.CO;2-O
https://doi.org/10.1002/anie.200290005
https://doi.org/10.1002/anie.200290005
https://doi.org/10.1017/S1062798705000657
https://doi.org/10.1126/science.281.5377.672
https://doi.org/10.1126/science.281.5377.672
https://doi.org/10.1080/00268976.2013.794396
https://doi.org/10.1080/00268976.2013.794396
https://doi.org/10.1007/BF02193624
https://doi.org/10.3847/2041-8213/ab8dc6
https://doi.org/10.1023/A:1025705401769
https://doi.org/10.1023/A:1025705401769
https://doi.org/10.1016/S0304-8853(99)00407-2
https://doi.org/10.1016/S0304-8853(99)00407-2
https://doi.org/10.1016/S0304-8853(99)00407-2
https://doi.org/10.1103/PhysRevB.42.7262
https://doi.org/10.1103/PhysRevB.42.7262
https://doi.org/10.1039/C7SC01347G
https://doi.org/10.1039/C7SC01347G
https://doi.org/10.1063/1.4974260
https://doi.org/10.1063/1.4974260
https://doi.org/10.1002/chir.10220
https://doi.org/10.1002/chir.10220
https://doi.org/10.1038/s41567-017-0038-z
https://doi.org/10.1063/1.4706899
https://doi.org/10.1063/1.4706899
https://doi.org/10.1063/1.4706899
https://doi.org/10.1038/nphys3369
https://doi.org/10.1038/nphys3369
https://doi.org/10.1038/nphoton.2014.293
https://doi.org/10.1038/nphoton.2014.293
https://doi.org/10.1088/0953-4075/48/23/234005
https://doi.org/10.1088/0953-4075/48/23/234005
https://doi.org/10.1088/0953-4075/48/23/234005
https://doi.org/10.1103/PhysRevX.4.041040
https://doi.org/10.1103/PhysRevX.4.041040
https://doi.org/10.1038/srep13531
https://doi.org/10.1038/srep13531
https://doi.org/10.1007/BF00656148
https://doi.org/10.1007/BF00656148
https://doi.org/10.1051/jp1:1992206
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

and circular polarization for X-ray absorption spectroscopy. J. Phys. I
1992, 2, 1233—12SS.

(45) Li, J; Ren, X; Yin, Y,; Zhao, K; Chew, A; Cheng, Y;
Cunningham, E.; Wang, Y.; Hu, S.; Wu, Y,; et al. 53-attosecond X-ray
pulses reach the carbon K-edge. Nat. Commun. 2017, 8, 186.

(46) Holldack, K.; Ovsyannikov, R.; Kuske, P.; Miiller, R.; Schilicke,
A.; Scheer, M,; Gorgoi, M.; Kiihn, D.; Leitner, T.; Svensson, S.; et al.
Single bunch X-ray pulses on demand from a multi-bunch
synchrotron radiation source. Nat. Commun. 2014, 5, 4010.

(47) Duris, J.; Li, S.; Driver, T.; Champenois, E. G.; MacArthur, J.
P.; Lutman, A. A;; Zhang, Z.; Rosenberger, P.; Aldrich, J. W.; Coffee,
R,; et al. Tunable isolated attosecond X-ray pulses with gigawatt peak
power from a free-electron laser. Nat. Photonics 2020, 14, 30—36.

(48) Yamamoto, S.; Senba, Y.; Tanaka, T.; Ohashi, H.; Hirono, T.;
Kimura, H.; Fujisawa, M.; Miyawaki, J.; Harasawa, A.; Seike, T'; et al.
New soft X-ray beamline BLO7LSU at SPring-8. J. Synchrotron Radiat.
2014, 21, 352—365.

(49) Hussain, R; Javorfi T.; Siligardi, G. Circular dichroism
beamline B23 at the Diamond Light Source. J. Synchrotron Radiat.
2012, 19, 132—135.

(50) Nahon, L.; de Oliveira, N.; Garcia, G. A.; Gil, J.-F.; Pilette, B.;
Marcouillé, O.; Lagarde, B.; Polack, F. DESIRS: a state-of-the-art
VUV beamline featuring high resolution and variable polarization for
spectroscopy and dichroism at SOLEIL. J. Synchrotron Radiat. 2012,
19, 508—520.

(51) Ohresser, P.; Otero, E.; Choueikani, F.; Chen, K.; Stanescu, S.;
Deschamps, F.; Moreno, T.; Polack, F.; Lagarde, B.; Daguerre, J.-P.;
et al. DEIMOS: a beamline dedicated to dichroism measurements in
the 350—2500 eV energy range. Rev. Sci. Instrum. 2014, 85, 013106.

(52) Guo, Z.-Y.; Hong, C.-H.; Xing, H.-Y.; Tang, K.; Zheng, L.; Xui,
W.; Chen, D.-L,; Cui, M.-Q.; Zhao, Y.-D. A new soft X-ray magnetic
circular dichroism facility at the BSRF beamline 4B7B. Chin. Phys. C
2015, 39, 048003.

(53) Hartmann, G.; Lindahl, A; Knie, A.; Hartmann, N.; Lutman,
A.; MacArthur, J; Shevchuk, I; Buck, J.; Galler, A.; Glownia, J.; et al.
Circular dichroism measurements at an x-ray free-electron laser with
polarization control. Rev. Sci. Instrum. 2016, 87, 083113.

(54) Roussel, E.; Allaria, E.; Callegari, C.; Coreno, M.; Cucini, R;;
Mitri, S. D.; Diviacco, B.; Ferrari, E.; Finetti, P.; Gauthier, D., et al.
Polarization Characterization of Soft X-Ray Radiation at FERMI FEL-
2. Photonics 2017, 4, 29..

(55) Kubota, Y.; Suzuki, M.; Katayama, T.; Yamamoto, K.; Tono, K;
Inubushi, Y.; Seki, T.; Takanashi, K; Wadati, H.; Yabashi, M.
Polarization control with an X-ray phase retarder for high-time-
resolution pump—probe experiments at SACLA. J. Synchrotron Radiat.
2019, 26, 1139—1143.

(56) Schneidmiller, E.; Yurkov, M. Obtaining high degree of circular
polarization at x-ray free electron lasers via a reverse undulator taper.
Phys. Rev. Spec. Top. Accel Beams 2013, 16, 110702.

(57) Goetz, R. E.; Koch, C. P.; Greenman, L. Quantum control of
photoelectron circular dichroism. Phys. Rev. Lett. 2019, 122, 013204.

(58) Goetz, R. E.; Koch, C. P.; Greenman, L. Perfect control of
photoelectron anisotropy for randomly oriented ensembles of
molecules by XUV REMPI and polarization shaping. J. Chem. Phys.
2019, 151, 074106.

(59) Kastner, A; Lux, C.; Ring, T.; Zillighoven, S.; Sarpe, C;
Senftleben, A.; Baumert, T. Enantiomeric excess sensitivity to below
one percent by using femtosecond photoelectron circular dichroism.
ChemPhysChem 2016, 17, 1119—1122.

(60) Rouxel, J. R; Chernyak, V. Y,; Mukamel, S. Non-local real-
space analysis of chiral optical signals. Chem. Sci. 2016, 7, 6824—6831.

(61) Dartigalongue, T.; Hache, F. Observation of sub-100 ps
conformational changes in photolyzed carbonmonoxy-myoglobin
probed by time-resolved circular dichroism. Chem. Phys. Lett. 2008,
418, 313-316.

(62) Salam, A. Molecular quantum electrodynamics: long-range
intermolecular interactions; John Wiley & Sons, 2009.

(63) Craig, D. P.; Thirunamachandran, T. Molecular quantum
electrodynamics: an introduction to radiation-molecule interactions;
Courier Corporation, 1998.

(64) Alagna, L.; Prosperi, T.; Turchini, S.; Goulon, J.; Rogalev, A,;
Goulon-Ginet, C,; Natoli, C. R;; Peacock, R. D.; Stewart, B. X-ray
natural circular dichroism. Phys. Rev. Lett. 1998, 80, 4799.

(65) Stewart, B.; Peacock, R. D.; Alagna, L.; Prosperi, T.; Turchini,
S.; Goulon, J; Rogalev, A.; Goulon-Ginet, C. Circular Dichroism at
the Edge: Large X-ray Natural CD in the 1s-3d Pre-Edge Feature of 2
[Co (en) 3CI3].NaCL6H20. J. Am. Chem. Soc. 1999, 121, 10233—
10234.

(66) Peacock, R. D.; Stewart, B. Natural circular dichroism in X-ray
spectroscopy. J. Phys.Chem. B 2001, 105, 351—360.

(67) Natoli, C.; Brouder, C.; Sainctavit, P.; Goulon, J.; Goulon-
Ginet, C.; Rogalev, A. Calculation of X-ray natural circular dichroism.
Eur. Phys. . B 1998, 4, 1-11.

(68) Carra, P.; Benoist, R. X-ray natural circular dichroism. Phys.
Rev. B 2000, 62, R7703.

(69) Turchini, S.; Zema, N.; Zennaro, S.; Alagna, L.; Stewart, B;
Peacock, R. D.; Prosperi, T. Core electron transitions as a probe for
molecular chirality: Natural circular dichroism at the carbon K-edge of
methyloxirane. J. Am. Chem. Soc. 2004, 126, 4532—4533.

(70) Izumi, Y.; Imazu, A.; Mimoto, A.; Tanaka, M.; Nakagawa, K;
Tanaka, M.; Agui, A.; Muro, T. Measurement and comparison of
absolute value of soft X-ray natural circular dichroism of serine and
alanine. J. Phys. Conf. Ser. 2009, 190, 012209.

(71) Izumi, Y.; Tanabe, M.; Imazu, A.; Mimoto, A.; Tanaka, M,;
Agui, A; Muro, T.; Nakagawa, K. Characteristic oxygen K-edge
circular dichroism spectra of amino acid films by improved
measurement technique. J. Chem. Phys. 2013, 138, 074308.

(72) Izumi, Y.; Tanaka, M.; Tanigawa, Y.; Tanabe, M.; Momoki, Y.;
Iwai, M.; Takenaka, S.; Ishiyama, K; Kuroki, M.,; Muro, T.; et al.
Nitrogen K-edge soft X-ray natural circular dichroism of histidine thin
film. J. Phys. Conf. Ser. 2014, 502, 012038.

(73) Srinivasan, A.; Cortijo, M.; Bulicanu, V.; Naim, A,; Clérac, R;
Sainctavit, P.; Rogalev, A,; Wilhelm, F.; Rosa, P.; Hillard, E. A.
Enantiomeric resolution and X-ray optical activity of a tricobalt
extended metal atom chain. Chem. Sci. 2018, 9, 1136—1143.

(74) Tanaka, M.; Yagi-Watanabe, K.; Kaneko, F.; Nakagawa, K.
Chiroptical study of a-aliphatic amino acid films in the vacuum
ultraviolet region. J. Phys. Chem. A 2010, 114, 11928—11932.

(75) Goulon, J.; Rogalev, A,; Brouder, C. X-Ray Detected Optical
Activity. Comprehensive Chiroptical Spectroscopy: Instrumentation,
Methodologies, and Theoretical Simulations 2011, 1, 457—491.

(76) Mukamel, S. Principles of nonlinear optical spectroscopy; Oxford
University Press on Demand, 1999.

(77) Tretiak, S.; Mukamel, S. Density matrix analysis and simulation
of electronic excitations in conjugated and aggregated molecules.
Chem. Rev. 2002, 102, 3171-3212.

(78) Hansen, T.; Solomon, G. C.; Andrews, D. Q.; Ratner, M. A.
Interfering pathways in benzene: An analytical treatment. J. Chem.
Phys. 2009, 131, 194704.

(79) Polavarapu, P. Ab initio vibrational Raman and Raman optical
activity spectra. J. Phys. Chem. 1990, 94, 8106—8112.

(80) Barron, L. D.; Mutter, S. T.; Blanch, E. W, et al. Chiral Analysis,
2nd ed.; Elsevier, 2018; pp 249—291.

(81) Rouxel, J. R; Zhang, Y.; Mukamel, S. X-ray Raman optical
activity of chiral molecules. Chem. Sci. 2019, 10, 898—908.

(82) Sahle, C. J.; Mirone, A.; Niskanen, J.; Inkinen, J.; Krisch, M.;
Huotari, S. Planning, performing and analyzing X-ray Raman
scattering experiments. J. Synchrotron Radiat. 2015, 22, 400—409.

(83) Schiilke, W. Electron dynamics by inelastic X-ray scattering;
Oxford University Press, 2007; Vol. 7.

(84) Iwashita, T.; Wu, B,; Chen, W.-R;; Tsutsui, S.; Baron, A. Q;
Egami, T. Seeing real-space dynamics of liquid water through inelastic
x-ray scattering. Sci. Adv. 2017, 3, No. e1603079.

(85) Weninger, C.; Purvis, M.; Ryan, D.; London, R. A;; Bozek, J. D.;
Bostedt, C.; Graf, A.; Brown, G.; Rocca, J. J.; Rohringer, N. Stimulated
electronic x-ray Raman scattering. Phys. Rev. Lett. 2013, 111, 233902.

https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


https://doi.org/10.1051/jp1:1992206
https://doi.org/10.1038/s41467-017-00321-0
https://doi.org/10.1038/s41467-017-00321-0
https://doi.org/10.1038/ncomms5010
https://doi.org/10.1038/ncomms5010
https://doi.org/10.1038/s41566-019-0549-5
https://doi.org/10.1038/s41566-019-0549-5
https://doi.org/10.1107/S1600577513034796
https://doi.org/10.1107/S0909049511038982
https://doi.org/10.1107/S0909049511038982
https://doi.org/10.1107/S0909049512010588
https://doi.org/10.1107/S0909049512010588
https://doi.org/10.1107/S0909049512010588
https://doi.org/10.1063/1.4861191
https://doi.org/10.1063/1.4861191
https://doi.org/10.1088/1674-1137/39/4/048003
https://doi.org/10.1088/1674-1137/39/4/048003
https://doi.org/10.1063/1.4961470
https://doi.org/10.1063/1.4961470
https://doi.org/10.3390/photonics4020029
https://doi.org/10.3390/photonics4020029
https://doi.org/10.1107/S1600577519006222
https://doi.org/10.1107/S1600577519006222
https://doi.org/10.1103/PhysRevSTAB.16.110702
https://doi.org/10.1103/PhysRevSTAB.16.110702
https://doi.org/10.1103/PhysRevLett.122.013204
https://doi.org/10.1103/PhysRevLett.122.013204
https://doi.org/10.1063/1.5111362
https://doi.org/10.1063/1.5111362
https://doi.org/10.1063/1.5111362
https://doi.org/10.1002/cphc.201501067
https://doi.org/10.1002/cphc.201501067
https://doi.org/10.1039/C6SC01743F
https://doi.org/10.1039/C6SC01743F
https://doi.org/10.1016/j.cplett.2005.09.022
https://doi.org/10.1016/j.cplett.2005.09.022
https://doi.org/10.1016/j.cplett.2005.09.022
https://doi.org/10.1103/PhysRevLett.80.4799
https://doi.org/10.1103/PhysRevLett.80.4799
https://doi.org/10.1021/ja9920720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9920720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9920720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp001946y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp001946y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s100510050344
https://doi.org/10.1103/PhysRevB.62.R7703
https://doi.org/10.1021/ja039348v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja039348v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja039348v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1742-6596/190/1/012209
https://doi.org/10.1088/1742-6596/190/1/012209
https://doi.org/10.1088/1742-6596/190/1/012209
https://doi.org/10.1063/1.4790599
https://doi.org/10.1063/1.4790599
https://doi.org/10.1063/1.4790599
https://doi.org/10.1088/1742-6596/502/1/012038
https://doi.org/10.1088/1742-6596/502/1/012038
https://doi.org/10.1039/C7SC04131D
https://doi.org/10.1039/C7SC04131D
https://doi.org/10.1021/jp107930a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp107930a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9781118120187.ch17
https://doi.org/10.1002/9781118120187.ch17
https://doi.org/10.1021/cr0101252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0101252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3259548
https://doi.org/10.1021/j100384a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100384a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8SC04120B
https://doi.org/10.1039/C8SC04120B
https://doi.org/10.1107/S1600577514027581
https://doi.org/10.1107/S1600577514027581
https://doi.org/10.1126/sciadv.1603079
https://doi.org/10.1126/sciadv.1603079
https://doi.org/10.1103/PhysRevLett.111.233902
https://doi.org/10.1103/PhysRevLett.111.233902
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

(86) Rohringer, N. X-ray Raman scattering: A building block for
nonlinear spectroscopy. Philos. Trans. R. Soc. London, Ser. A 2019,
377, 20170471.

(87) O'Neal, J. T.; Champenois, E. G.; Oberli, S.; Obaid, R.; Al-
Haddad, A.; Barnard, J.; Berrah, N.; Coftee, R.; Duris, J.; Galinis, G.;
et al. Electronic population transfer via impulsive stimulated x-ray
Raman scattering with attosecond soft-x-ray pulses. Phys. Rev. Lett.
2020, 125, 073203.

(88) Vanké, G.; Bordage, A; Glatzel, P.; Gallo, E.; Rovezzi, M,;
Gawelda, W,; Galler, A.; Bressler, C.; Doumy, G.; March, A. M,; et al.
Spin-state studies with XES and RIXS: From static to ultrafast. J.
Electron Spectrosc. Relat. Phenom. 2013, 188, 166—171.

(89) Barron, L. D.; Hecht, L.; McColl, I. H.; Blanch, E. W. Raman
optical activity comes of age. Mol. Phys. 2004, 102, 731—744.

(90) Hecht, L.; Barron, L. D.; Blanch, E. W,; Bell, A. F.; Day, L. A.
Raman optical activity instrument for studies of biopolymer structure
and dynamics. J. Raman Spectrosc. 1999, 30, 815—825.

(91) Yin, Z.; Peters, H.-B.; Hahn, U.; Gonschior, J.; Mierwaldt, D.;
Rajkovic, I; Viefhaus, J; Jooss, C.; Techert, S. An endstation for
resonant inelastic X-ray scattering studies of solid and liquid samples.
J. Synchrotron Radiat. 2017, 24, 302—306.

(92) Abela, R; Alarcon, A.; Alex, J.; Arrell, C.; Arsov, V.; Bettoni, S.;
Bopp, M.,; Bostedt, C.; Braun, H.-H.; Calvi, M.,; et al. The SwissFEL
soft X-ray free-electron laser beamline: Athos. J. Synchrotron Radiat.
2019, 26, 1073—1084.

(93) Yampolsky, S.; Fishman, D. A.; Dey, S.; Hulkko, E.; Banik, M.;
Potma, E. O.; Apkarian, V. A. Seeing a single molecule vibrate through
time-resolved coherent anti-Stokes Raman scattering. Nat. Photonics
2014, 8, 650—656.

(94) Tanaka, S.; Mukamel, S. Coherent X-ray Raman spectroscopy:
a nonlinear local probe for electronic excitations. Phys. Rev. Lett. 2002,
89, 043001.

(95) de Boeij, W. P.; Pshenichnikov, M. S.; Wiersma, D. A. Ultrafast
solvation dynamics explored by femtosecond photon echo spectros-
copies. Annu. Rev. Phys. Chem. 1998, 49, 99—123.

(96) Hofmann, F.; Short, M. P.; Dennett, C. A. Transient grating
spectroscopy: An ultrarapid, nondestructive materials evaluation
technique. MRS Bull. 2019, 44, 392—402.

(97) Cundiff, S. T.; Mukamel, S. Optical multidimensional coherent
spectroscopy. Phys. Today 2013, 66, 44—49.

(98) Mukamel, S. Multiple core-hole coherence in x-ray four-wave-
mixing spectroscopies. Phys. Rev. B 2005, 72, 235110.

(99) Mukamel, S.; Healion, D.; Zhang, Y.; Biggs, J. D. Multidimen-
sional attosecond resonant X-ray spectroscopy of molecules: Lessons
from the optical regime. Annu. Rev. Phys. Chem. 2013, 64, 101—127.

(100) Chen, J.-F.; Dong, H.; Sun, C.-P. Photon echo using imperfect
x-ray pulse with phase fluctuation. Phys. Scr. 2019, 94, 105508.

(101) Marcus, G.; Penn, G.; Zholents, A. A. Free-electron laser
design for four-wave mixing experiments with soft-x-ray pulses. Phys.
Rev. Lett. 2014, 113, 024801.

(102) Bencivenga, F.; Cucini, R;; Capotondi, F.; Battistoni, A,;
Mincigrucci, R,; Giangrisostomi, E.; Gessini, A.; Manfredda, M,;
Nikolov, I; Pedersoli, E.; et al. Four-wave mixing experiments with
extreme ultraviolet transient gratings. Nature 2015, 520, 205—208.

(103) Foglia, L.; Capotondi, F.; Mincigrucci, R.; Naumenko, D.;
Pedersoli, E.; Simoncig, A,; Kurdi, G,; Calvi, A;; Manfredda, M,;
Raimondi, L.; et al. First evidence of purely extreme-ultraviolet four-
wave mixing. Phys. Rev. Lett. 2018, 120, 263901.

(104) Rouxel, J. R; Fainozzi, D.; Mankowsky, R; Résner, B;
Seniutinas, G.; Mincigrucci, R,; Catalini, S.; Foglia, L.; Cucini, R;
Doring, F.; et al. Hard X-ray transient grating spectroscopy on
bismuth germanate. Nat. Photonics 2021, 15, 499—503.

(105) Cao, W.; Warrick, E. R;; Fidler, A.; Neumark, D. M.; Leone, S.
R. Noncollinear wave mixing of attosecond XUV and few-cycle optical
laser pulses in gas-phase atoms: Toward multidimensional spectros-
copy involving XUV excitations. Phys. Rev. A 2016, 94, 053846.

(106) Lin, Y.-C.; Fidler, A. P.; Sandhu, A.; Lucchese, R. R,
McCurdy, C. W.; Leone, S. R;; Neumark, D. M. Coupled nuclear—
electronic decay dynamics of O2 inner valence excited states revealed

by attosecond XUV wave-mixing spectroscopy. Faraday Discuss. 2021,
228, 537—-554.

(107) Marroux, H. J,; Fidler, A. P.; Neumark, D. M.; Leone, S. R.
Multidimensional spectroscopy with attosecond extreme ultraviolet
and shaped near-infrared pulses. Sci. Adv. 2018, 4, No. eaau3783.

(108) Abramavicius, D.; Palmieri, B.; Voronine, D. V.; Sanda, F.;
Mukamel, S. Coherent multidimensional optical spectroscopy of
excitons in molecular aggregates; quasiparticle versus supermolecule
perspectives. Chem. Rev. 2009, 109, 2350—2408.

(109) Nunes, J. A; Tong, W. G. Sensitive circular dichroism
spectroscopy based on nonlinear degenerate four-wave mixing. Anal.
Chem. 1993, 65, 2990—2994.

(110) Hache, F.; Mesnil, H.; Schanne-Klein, M. Nonlinear circular
dichroism in a liquid of chiral molecules: A theoretical investigation.
Phys. Rev. B 1999, 60, 6405.

(111) Fischer, P.; Hache, F. Nonlinear optical spectroscopy of chiral
molecules. Chirality 2008, 17, 421—437.

(112) Mesnil, H.; Hache, F. Experimental evidence of third-order
nonlinear dichroism in a liquid of chiral molecules. Phys. Rev. Lett.
2000, 85, 4257.

(113) Belkin, M.; Shen, Y. Non-linear optical spectroscopy as a novel
probe for molecular chirality. Int. Rev. Phys. Chem. 2005, 24, 257—
299.

(114) Rouxel, J. R; Rajabi, A; Mukamel, S. Chiral Four-Wave
Mixing Signals with Circularly Polarized X-ray Pulses. J. Chem. Theory
Comput. 2020, 16, 5784—5791.

(115) Jerphagnon, J.; Chemla, D.; Bonneville, R. The description of
the physical properties of condensed matter using irreducible tensors.
Ady. Phys. 1978, 27, 609—650.

(116) Tang, F.; Ohto, T.; Sun, S.; Rouxel, J. R;; Imoto, S.; Backus, E.
H.; Mukamel, S.; Bonn, M.; Nagata, Y. Molecular structure and
modeling of water—air and ice—air interfaces monitored by sum-
frequency generation. Chem. Rev. 2020, 120, 3633—3667.

(117) Belkin, M.; Han, S.; Wei, X; Shen, Y. Sum-frequency
generation in chiral liquids near electronic resonance. Phys. Rev. Lett.
2001, 87, 113001.

(118) Koroteev, N. L. Frontiers in Nonlinear Optics; CRC Press, 2021;
pp 228-239.

(119) Koroteev, N. 1. BioCARS—a novel nonlinear optical
technique to study vibrational spectra of chiral biological molecules
in solution. Biospectroscopy 1995, 1, 341—350.

(120) Fischer, P.; Wiersma, D. S; Righini, R; Champagne, B.;
Buckingham, A. D. Three-wave mixing in chiral liquids. Phys. Rev. Lett.
2000, 85, 4253.

(121) Shkurinov, A.; Dubrovskii, A.; Koroteev, N. Second harmonic
generation in an optically active liquid: Experimental observation of a
fourth-order optical nonlinearity due to molecular chirality. Phys. Rev.
Lett. 1993, 70, 108S.

(122) Ayuso, D.; Neufeld, O.; Ordonez, A. F.; Decleva, P.; Lerner,
G.; Cohen, O.; Ivanov, M.; Smirnova, O. Synthetic chiral light for
efficient control of chiral light—matter interaction. Nat. Photonics
2019, 13, 1-6

(123) Ayuso, D.; Neufeld, O.; Ordonez, A. F.; Decleva, P.; Lerner,
G.; Cohen, O,; Ivanov, M.; Smirnova, O. Locally and globally chiral
fields for ultimate control of chiral light matter interaction. arXiv
preprint arXiv:1809.01632 2018.

(124) Epifanovsky, E.; Wormit, M.; Kus, T.; Landau, A,; Zuev, D,;
Khistyaev, K.; Manohar, P.; Kaliman, I; Dreuw, A.; Krylov, A. I. New
implementation of high-level correlated methods using a general block
tensor library for high-performance electronic structure calculations. J.
Comput. Chem. 2013, 34, 2293—2309.

(125) Guo, X; Jin, C; He, Z.; Zhao, S.-F.; Zhou, X.-X;; Cheng, Y.
Retrieval of complex angle-dependent transition dipoles by using
macroscopic high harmonics generated from aligned N2 molecules.
Opt. Commun. 2022, 508, 127813.

(126) Barth, I; Smirnova, O. Nonadiabatic tunneling in circularly
polarized laser fields: Physical picture and calculations. Phys. Rev. A
2011, 84, 063415.

https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


https://doi.org/10.1098/rsta.2017.0471
https://doi.org/10.1098/rsta.2017.0471
https://doi.org/10.1103/PhysRevLett.125.073203
https://doi.org/10.1103/PhysRevLett.125.073203
https://doi.org/10.1016/j.elspec.2012.09.012
https://doi.org/10.1080/00268970410001704399
https://doi.org/10.1080/00268970410001704399
https://doi.org/10.1002/(SICI)1097-4555(199909)30:9<815::AID-JRS453>3.0.CO;2-1
https://doi.org/10.1002/(SICI)1097-4555(199909)30:9<815::AID-JRS453>3.0.CO;2-1
https://doi.org/10.1107/S1600577516016611
https://doi.org/10.1107/S1600577516016611
https://doi.org/10.1107/S1600577519003928
https://doi.org/10.1107/S1600577519003928
https://doi.org/10.1038/nphoton.2014.143
https://doi.org/10.1038/nphoton.2014.143
https://doi.org/10.1103/PhysRevLett.89.043001
https://doi.org/10.1103/PhysRevLett.89.043001
https://doi.org/10.1146/annurev.physchem.49.1.99
https://doi.org/10.1146/annurev.physchem.49.1.99
https://doi.org/10.1146/annurev.physchem.49.1.99
https://doi.org/10.1557/mrs.2019.104
https://doi.org/10.1557/mrs.2019.104
https://doi.org/10.1557/mrs.2019.104
https://doi.org/10.1063/PT.3.2047
https://doi.org/10.1063/PT.3.2047
https://doi.org/10.1103/PhysRevB.72.235110
https://doi.org/10.1103/PhysRevB.72.235110
https://doi.org/10.1146/annurev-physchem-040412-110021
https://doi.org/10.1146/annurev-physchem-040412-110021
https://doi.org/10.1146/annurev-physchem-040412-110021
https://doi.org/10.1088/1402-4896/ab1785
https://doi.org/10.1088/1402-4896/ab1785
https://doi.org/10.1103/PhysRevLett.113.024801
https://doi.org/10.1103/PhysRevLett.113.024801
https://doi.org/10.1038/nature14341
https://doi.org/10.1038/nature14341
https://doi.org/10.1103/PhysRevLett.120.263901
https://doi.org/10.1103/PhysRevLett.120.263901
https://doi.org/10.1038/s41566-021-00797-9
https://doi.org/10.1038/s41566-021-00797-9
https://doi.org/10.1103/PhysRevA.94.053846
https://doi.org/10.1103/PhysRevA.94.053846
https://doi.org/10.1103/PhysRevA.94.053846
https://doi.org/10.1039/D0FD00113A
https://doi.org/10.1039/D0FD00113A
https://doi.org/10.1039/D0FD00113A
https://doi.org/10.1126/sciadv.aau3783
https://doi.org/10.1126/sciadv.aau3783
https://doi.org/10.1021/cr800268n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800268n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800268n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00069a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00069a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.60.6405
https://doi.org/10.1103/PhysRevB.60.6405
https://doi.org/10.1002/chir.20179
https://doi.org/10.1002/chir.20179
https://doi.org/10.1103/PhysRevLett.85.4257
https://doi.org/10.1103/PhysRevLett.85.4257
https://doi.org/10.1080/01442350500270601
https://doi.org/10.1080/01442350500270601
https://doi.org/10.1021/acs.jctc.0c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00018737800101454
https://doi.org/10.1080/00018737800101454
https://doi.org/10.1021/acs.chemrev.9b00512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.87.113001
https://doi.org/10.1103/PhysRevLett.87.113001
https://doi.org/10.1002/bspy.350010505
https://doi.org/10.1002/bspy.350010505
https://doi.org/10.1002/bspy.350010505
https://doi.org/10.1103/PhysRevLett.85.4253
https://doi.org/10.1103/PhysRevLett.70.1085
https://doi.org/10.1103/PhysRevLett.70.1085
https://doi.org/10.1103/PhysRevLett.70.1085
https://doi.org/10.1038/s41566-019-0531-2
https://doi.org/10.1038/s41566-019-0531-2
https://doi.org/10.1002/jcc.23377
https://doi.org/10.1002/jcc.23377
https://doi.org/10.1002/jcc.23377
https://doi.org/10.1016/j.optcom.2021.127813
https://doi.org/10.1016/j.optcom.2021.127813
https://doi.org/10.1103/PhysRevA.84.063415
https://doi.org/10.1103/PhysRevA.84.063415
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

(127) Lehmann, C. S.; Ram, N. B.; Powis, L; Janssen, M. H. Imaging
photoelectron circular dichroism of chiral molecules by femtosecond
multiphoton coincidence detection. J. Chem. Phys. 2013, 139, 234307.

(128) Van der Heide, P. X-ray photoelectron spectroscopy: an
introduction to principles and practices; John Wiley & Sons, 2011.

(129) Schillinger, R; Sljivancanin, 2.; Hammer, B.; Greber, T.
Probing enantioselectivity with x-ray photoelectron spectroscopy and
density functional theory. Phys. Rev. Lett. 2007, 98, 136102.

(130) Dubs, R. L; Dixit, S.; McKoy, V. Circular dichroism in
photoelectron angular distributions from adsorbed atoms. Phys. Rev. B
1988, 32, 8389.

(131) Dubs, R. L.; Dixit, S.; McKoy, V. Circular dichroism in
photoelectron angular distributions as a probe of atomic and
molecular alignment. J. Chem. Phys. 1986, 85, 656—663.

(132) Garcia, G. A; Nahon, L.; Lebech, M.; Houver, J.-C.; Dowek,
D.; Powis, I. Circular dichroism in the photoelectron angular
distribution from randomly oriented enantiomers of camphor. J.
Chem. Phys. 2003, 119, 8781—8784.

(133) Janssen, M. H.; Powis, 1. Detecting chirality in molecules by
imaging photoelectron circular dichroism. Phys. Chem. Chem. Phys.
2014, 16, 856—871.

(134) Lux, C.; Wollenhaupt, M.; Bolze, T.; Liang, Q.; Kéhler, J;
Sarpe, C.; Baumert, T. Circular dichroism in the photoelectron
angular distributions of camphor and fenchone from multiphoton
ionization with femtosecond laser pulses. Angew. Chem., Int. Ed. 2012,
51, 5001-5008S.

(135) Powis, L. Photoelectron circular dichroism in chiral molecules.
Adv. Chem. Phys. 2008, 138, 267—330.

(136) Fehre, K,; Novikovskiy, N.; Grundmann, S.; Kastirke, G.;
Eckart, S.; Trinter, F.; Rist, J.; Hartung, A.; Trabert, D.; Janke, C.;
et al. Fourfold Differential Photoelectron Circular Dichroism. Phys.
Rev. Lett. 2021, 127, 103201.

(137) Harvey, A. G.; Masin, Z.; Smirnova, O. General theory of
photoexcitation induced photoelectron circular dichroism. J. Chem.
Phys. 2018, 149, 064104.

(138) Melania Oana, C.; Krylov, A. I. Dyson orbitals for ionization
from the ground and electronically excited states within equation-of-
motion coupled-cluster formalism: Theory, implementation, and
examples. J. Chem. Phys. 2007, 127, 234106.

(139) Oana, C. M,; Krylov, A. L. Cross sections and photoelectron
angular distributions in photodetachment from negative ions using
equation-of-motion coupled-cluster Dyson orbitals. J. Chem. Phys.
2009, 131, 124114

(140) Gozem, S.; Gunina, A. O.; Ichino, T.; Osborn, D. L.; Stanton,
J. F; Krylov, A. I. Photoelectron wave function in photoionization:
Plane wave or Coulomb wave? J. Phys. Chem. Lett. 2015, 6, 4532—
4540.

(141) Hartmann, G.; Ilchen, M.; Schmidt, P.; Kiistner-Wetekam, C.;
Ozga, C,; Scholz, F.; Buck, J.; Trinter, F.; Viefhaus, J.; Ehresmann, A.;
et al. Recovery of high-energy photoelectron circular dichroism
through fano interference. Phys. Rev. Lett. 2019, 123, 043202.

(142) Suzuki, Y.-I. A plane wave theory of photoionization using the
dipole acceleration form: predictions concerning circular dichroism in
photoelectron angular distributions at high energies. J. Phys. B: At.
Mol. Opt. Phys. 2020, 53, 215202.

(143) Hergenhahn, U.; Rennie, E. E.; Kugeler, O.; Marburger, S.;
Lischke, T.; Powis, L.; Garcia, G. Photoelectron circular dichroism in
core level ionization of randomly oriented pure enantiomers of the
chiral molecule camphor. J. Chem. Phys. 2004, 120, 4553—4556.

(144) Turchini, S.; Catone, D.; Zema, N.; Contini, G.; Prosperi, T.;
Decleva, P.; Stener, M.; Rondino, F.; Piccirillo, S.; Prince, K. C.; et al.
Conformational Sensitivity in Photoelectron Circular Dichroism of 3-
Methylcyclopentanone. ChemPhysChem 2013, 14, 1723—1732.

(14S) Ferré, A.; Handschin, C.; Dumergue, M.; Burgy, F.; Comby,
A.; Descamps, D.; Fabre, B.; Garcia, G.; Géneaux, R.; Merceron, L.;
et al. A table-top ultrashort light source in the extreme ultraviolet for
circular dichroism experiments. Nat. Photonics 2015, 9, 93—98.

(146) Turchini, S. Conformational effects in photoelectron circular
dichroism. J. Phys.: Condens. Matter 2017, 29, S03001.

(147) Ulrich, V.; Barth, S.; Joshi, S.; Hergenhahn, U.; Mikajlo, E.;
Harding, C. J.; Powis, I. Giant chiral asymmetry in the ¢ 1 s core level
photoemission from randomly oriented fenchone enantiomers. J. Phys.
Chem. A 2008, 112, 3544—3549.

(148) Iichen, M.; Hartmann, G.; Rupprecht, P.; Artemyev, A;
Coffee, R.; Li, Z.; Ohldag, H.; Ogasawara, H.; Osipov, T.; Ray, D,;
et al. Emitter-site-selective photoelectron circular dichroism of
trifluoromethyloxirane. Phys. Rev. A 2017, 95, 053423.

(149) Kaiser, L.; Fehre, K.; Novikovskiy, N.; Stindl, J.; Tsitsonis, D.;
Gopakumar, G.; Unger, I; Séderstrom, J.; Bjorneholm, O.; Schoffler,
M,; et al. Angular emission distribution of O 1s photoelectrons of
uniaxially oriented methanol. J. Phys. B: At. Mol. Opt. Phys. 2020, S3,
194002.

(150) Beaulieu, S.; Comby, A.; Fabre, B.; Descamps, D.; Ferré, A;
Garcia, G.; Géneaux, R.; Légaré, F,; Nahon, L.; Petit, S.; et al. Probing
ultrafast dynamics of chiral molecules using time-resolved photo-
electron circular dichroism. Faraday Discuss. 2016, 194, 325—348.

(151) Ordonez, A. F.; Smirnova, O. Propensity rules for photo-
electron circular dichroism in strong field ionization of chiral
molecules. arXiv preprint arXiv:2112.00669 2021.

(152) Facciala, D.; Devetta, M.; Beauvarlet, S.; Besley, N.; Calegari,
F.; Callegari, C.; Catone, D.; Cinquanta, E.; Ciriolo, A.; Colaizzi, L.,
et al. Core-level Time Resolved Spectroscopy of Photoelectron
Circular Dichroism in Fenchone. International Conference on Ultrafast
Phenomena; 2020; pp M3B—S5.

(153) Schmidt, P.; Music, V.; Hartmann, G.; Boll, R.; Erk, B.; Bari,
S.; Allum, F.; Baumann, T.; Brenner, G.; Brouard, M.; et al. Ultrafast
Structural Changes in Chiral Molecules Measured with Free-Electron
Lasers. J. Phys. Conf. Ser. 2020, 1412, 112009.

(154) Iichen, M.; Schmidt, P.; Novikovskiy, N. M.; Hartmann, G.;
Rupprecht, P.; Coffee, R. N.; Ehresmann, A.; Galler, A,; Hartmann,
N.; Helml, W,; et al. Site-specific interrogation of an ionic chiral
fragment during photolysis using an X-ray free-electron laser.
Commun. Chem. 2021, 4, 119.

(155) Al-Obaidi, R; Wilke, M.; Borgwardt, M.; Metje, J;
Moguilevski, A.; Engel, N.; Tolksdorf, D.; Raheem, A.; Kampen, T.;
Mihl, S; et al. Ultrafast photoelectron spectroscopy of solutions:
space-charge effect. New J. Phys. 2015, 17, 093016.

(156) Chergui, M.; Collet, E. Photoinduced Struct. Dyn. of
molecular systems mapped by time-resolved X-ray methods. Chem.
Rev. 2017, 117, 11025—11065.

(157) Suzuki, T. Ultrafast photoelectron spectroscopy of aqueous
solutions. J. Chem. Phys. 2019, 151, 090901.

(158) Li, J; Lu, J; Chew, A; Han, S; Li, J; Wu, Y.; Wang, H,;
Ghimire, S.; Chang, Z. Attosecond science based on high harmonic
generation from gases and solids. Nat. Commun. 2020, 11, 2748.

(159) Schmidt, C.; Pertot, Y.; Balciunas, T.; Zinchenko, K;
Matthews, M.; Worner, H. J.; Wolf, J.-P. High-order harmonic source
spanning up to the oxygen K-edge based on filamentation pulse
compression. Opt. Express 2018, 26, 11834—11842.

(160) Méller, M.; Cheng, Y.; Khan, S. D.; Zhao, B.; Zhao, K.; Chini,
M,; Paulus, G. G.; Chang, Z. Dependence of high-order-harmonic-
generation yield on driving-laser ellipticity. Phys. Rev. A 2012, 86,
011401.

(161) Kfir, O; Grychtol, P.; Turgut, E; Knut, R; Zusin, D;
Fleischer, A.; Bordo, E.; Fan, T.; Popmintchev, D.; Popmintchev, T;
et al. Helicity-selective phase-matching and quasi-phase matching of
circularly polarized high-order harmonics: towards chiral attosecond
pulses. J. Phys. B: At. Mol. Opt. Phys. 2016, 49, 123501.

(162) Heslar, J.; Telnov, D. A,; Chuy, S.-I. Conditions for perfect
circular polarization of high-order harmonics driven by bichromatic
counter-rotating laser fields. Phys. Rev. A 2019, 99, 023419.

(163) Mauger, F.; Bandrauk, A.; Uzer, T. Circularly polarized
molecular high harmonic generation using a bicircular laser. J. Phys. B:
At. Mol. Opt. Phys. 2016, 49, 10LTOL.

(164) Bandrauk, A. D.; Mauger, F.; Yuan, K.-J. Circularly polarized
harmonic generation by intense bicircular laser pulses: electron
recollision dynamics and frequency dependent helicity. J. Phys. B: At.
Mol. Opt. Phys. 2016, 49, 23LTOL.

https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


https://doi.org/10.1063/1.4844295
https://doi.org/10.1063/1.4844295
https://doi.org/10.1063/1.4844295
https://doi.org/10.1103/PhysRevLett.98.136102
https://doi.org/10.1103/PhysRevLett.98.136102
https://doi.org/10.1103/PhysRevB.32.8389
https://doi.org/10.1103/PhysRevB.32.8389
https://doi.org/10.1063/1.451270
https://doi.org/10.1063/1.451270
https://doi.org/10.1063/1.451270
https://doi.org/10.1063/1.1621379
https://doi.org/10.1063/1.1621379
https://doi.org/10.1039/C3CP53741B
https://doi.org/10.1039/C3CP53741B
https://doi.org/10.1002/anie.201109035
https://doi.org/10.1002/anie.201109035
https://doi.org/10.1002/anie.201109035
https://doi.org/10.1002/9780470259474.ch5
https://doi.org/10.1103/PhysRevLett.127.103201
https://doi.org/10.1063/1.5040476
https://doi.org/10.1063/1.5040476
https://doi.org/10.1063/1.2805393
https://doi.org/10.1063/1.2805393
https://doi.org/10.1063/1.2805393
https://doi.org/10.1063/1.2805393
https://doi.org/10.1063/1.3231143
https://doi.org/10.1063/1.3231143
https://doi.org/10.1063/1.3231143
https://doi.org/10.1021/acs.jpclett.5b01891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.123.043202
https://doi.org/10.1103/PhysRevLett.123.043202
https://doi.org/10.1088/1361-6455/abaff9
https://doi.org/10.1088/1361-6455/abaff9
https://doi.org/10.1088/1361-6455/abaff9
https://doi.org/10.1063/1.1651474
https://doi.org/10.1063/1.1651474
https://doi.org/10.1063/1.1651474
https://doi.org/10.1002/cphc.201200975
https://doi.org/10.1002/cphc.201200975
https://doi.org/10.1038/nphoton.2014.314
https://doi.org/10.1038/nphoton.2014.314
https://doi.org/10.1088/1361-648x/aa9730
https://doi.org/10.1088/1361-648x/aa9730
https://doi.org/10.1021/jp709761u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp709761u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevA.95.053423
https://doi.org/10.1103/PhysRevA.95.053423
https://doi.org/10.1088/1361-6455/aba3d3
https://doi.org/10.1088/1361-6455/aba3d3
https://doi.org/10.1039/C6FD00113K
https://doi.org/10.1039/C6FD00113K
https://doi.org/10.1039/C6FD00113K
https://doi.org/10.1088/1742-6596/1412/11/112009
https://doi.org/10.1088/1742-6596/1412/11/112009
https://doi.org/10.1088/1742-6596/1412/11/112009
https://doi.org/10.1038/s42004-021-00555-6
https://doi.org/10.1038/s42004-021-00555-6
https://doi.org/10.1088/1367-2630/17/9/093016
https://doi.org/10.1088/1367-2630/17/9/093016
https://doi.org/10.1021/acs.chemrev.6b00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5098402
https://doi.org/10.1063/1.5098402
https://doi.org/10.1038/s41467-020-16480-6
https://doi.org/10.1038/s41467-020-16480-6
https://doi.org/10.1364/OE.26.011834
https://doi.org/10.1364/OE.26.011834
https://doi.org/10.1364/OE.26.011834
https://doi.org/10.1103/PhysRevA.86.011401
https://doi.org/10.1103/PhysRevA.86.011401
https://doi.org/10.1088/0953-4075/49/12/123501
https://doi.org/10.1088/0953-4075/49/12/123501
https://doi.org/10.1088/0953-4075/49/12/123501
https://doi.org/10.1103/PhysRevA.99.023419
https://doi.org/10.1103/PhysRevA.99.023419
https://doi.org/10.1103/PhysRevA.99.023419
https://doi.org/10.1088/0953-4075/49/10/10LT01
https://doi.org/10.1088/0953-4075/49/10/10LT01
https://doi.org/10.1088/0953-4075/49/23/23LT01
https://doi.org/10.1088/0953-4075/49/23/23LT01
https://doi.org/10.1088/0953-4075/49/23/23LT01
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

(165) Chen, Z.-Y,; Qin, R. Circularly polarized extreme ultraviolet
high harmonic generation in graphene. Opt. Express 2019, 27, 3761—
3770.

(166) He, Y.-L.; Guo, J.; Gao, F.-Y,; Liu, X.-S. Dynamical symmetry
and valley-selective circularly polarized high-harmonic generation in
monolayer molybdenum disulfide. Phys. Rev. B 2022, 105, 024305.

(167) Smirnova, O.; Mairesse, Y.; Patchkovskii, S. Opportunities for
chiral discrimination using high harmonic generation in tailored laser
fields. J. Phys. B: At. Mol. Opt. Phys. 2015, 48, 234005.

(168) Neufeld, O.; Ayuso, D.; Decleva, P.; Ivanov, M. Y.; Smirnova,
O.; Cohen, O. Ultrasensitive chiral spectroscopy by dynamical
symmetry breaking in high harmonic generation. Phys. Rev. X 2019,
9, 031002.

(169) Harada, Y.; Haraguchi, E.; Kaneshima, K; Sekikawa, T.
Circular dichroism in high-order harmonic generation from chiral
molecules. Phys. Rev. A 2018, 98, 021401.

(170) Wang, D.; Zhu, X; Liu, X; Li, L.; Zhang, X; Lan, P.; Lu, P.
High harmonic generation from axial chiral molecules. Opt. Express
2017, 25, 23502—23516.

(171) Neufeld, O.; Cohen, O. Optical chirality in nonlinear optics:
Application to high harmonic generation. Phys. Rev. Lett. 2018, 120,
133206.

(172) Ayuso, D.; Ordonez, A. F.; Decleva, P.; Ivanov, M.; Smirnova,
O. Giant chiro-optical response in high harmonic generation. arXiv
preprint arXiv:2110.1345S5 2021.

(173) Neufeld, O.; Wengrowicz, O.; Peleg, O.; Rubio, A.; Cohen, O.
Detecting multiple chiral centers in chiral molecules with high
harmonic generation. Opt. Express 2022, 30, 3729—3740.

(174) Lewenstein, M.; L'Huillier, A. Strong Field Laser Physics;
Springer, 2008; pp 147—183.

(175) Lewenstein, M.; Balcou, P.; Ivanov, M. Y.; Lhuillier, A.;
Corkum, P. B. Theory of high-harmonic generation by low-frequency
laser fields. Phys. Rev. A 1994, 49, 2117.

(176) Morgan, J.; Hemsing, E.; McNeil, B. W.; Yao, A. Free electron
laser generation of x-ray Poincaré beams. New J. Phys. 2020, 22,
072001.

(177) Peele, A. G.; Nugent, K. A. X-ray vortex beams: A theoretical
analysis. Opt. Express 2003, 11, 2315-2322.

(178) Seiboth, F.; Kahnt, M.; Lyubomirskiy, M.; Seyrich, M,;
Wittwer, F.; Ullsperger, T.; Nolte, S.; Batey, D.; Rau, C.; Schroer, C.
G. Refractive hard x-ray vortex phase plates. Opt. Lett. 2019, 44,
4622—4625.

(179) Hernandez-Garcia, C. A twist in coherent X-rays. Nat. Phys.
2017, 13, 327—-329.

(180) Liu, P.; Yan, J; Afanasev, A; Benson, S. V.; Hao, H;
Mikhailov, S. F.; Popov, V. G.; Wy, Y. K. Orbital angular momentum
beam generation using a free-electron laser oscillator. arXiv preprint
arXiv:2007.15723 2020.

(181) Bahrdt, J.; Holldack, K.; Kuske, P.; Miiller, R.; Scheer, M.;
Schmid, P. First observation of photons carrying orbital angular
momentum in undulator radiation. Phys. Rev. Lett. 2013, 111, 034801.

(182) Sasaki, S.; McNulty, I. Proposal for generating brilliant x-ray
beams carrying orbital angular momentum. Phys. Rev. Lett. 2008, 100,
124801.

(183) Résner, B.; Déring, F.; Ribi¢, P. R.; Gauthier, D.; Principi, E.;
Masciovecchio, C.; Zangrando, M.; Vila-Comamala, J.; De Ninno, G,;
David, C. High resolution beam profiling of X-ray free electron laser
radiation by polymer imprint development. Opt. Express 2017, 2§,
30686—30695.

(184) Kotlyar, V.; Khonina, S.; Kovalev, A.; Soifer, V.; Elfstrom, H.;
Turunen, J. Diffraction of a plane, finite-radius wave by a spiral phase
plate. Opt. Lett. 2006, 31, 1597—1599.

(185) Ribi¢, P. R;; Rosner, B.; Gauthier, D.; Allaria, E.; Doring, F.;
Foglia, L.; Giannessi, L.; Mahne, N.; Manfredda, M.; Masciovecchio,
C.; et al. Extreme-ultraviolet vortices from a free-electron laser. Phys.
Rev. X 2017, 7, 031036.

(186) Sakdinawat, A.; Liu, Y. Soft-x-ray microscopy using spiral zone
plates. Opt. Lett. 2007, 32, 2635—2637.

(187) Vila-Comamala, J.; Sakdinawat, A.; Guizar-Sicairos, M.
Characterization of x-ray phase vortices by ptychographic coherent
diffractive imaging. Opt. Lett. 2014, 39, 5281—5284.

(188) Zhang, B.; Zhao, D. Focusing properties of Fresnel zone plates
with spiral phase. Opt. Express 2010, 18, 12818—12823.

(189) Lee, J. T.; Alexander, S.; Kevan, S.; Roy, S.; McMorran, B.
Laguerre—Gauss and Hermite—Gauss soft X-ray states generated
using diffractive optics. Nat. Photonics 2019, 13, 205—209.

(190) Spiga, D.; Raimondi, L.; Svetina, C.; Zangrando, M. X-ray
beam-shaping via deformable mirrors: Analytical computation of the
required mirror profile. Nucl. Instrum. Methods Phys. Res. A: Accel.
Spectrom. Detect. Assoc. Equip. 2013, 710, 125—130.

(191) Lee, D.; Sasaki, H.; Fukumoto, H.; Hiraga, K.; Nakagawa, T.
Orbital angular momentum (OAM) multiplexing: An enabler of a
new era of wireless communications. IEICE Trans. Commun. 2017,
100, 1044—1063.

(192) Kohmura, Y.; Zhakhovsky, V.; Takei, D.; Suzuki, Y.; Takeuchi,
A,; Inoue, I; Inubushi, Y.; Inogamov, N.; Ishikawa, T.; Yabashi, M.
Nano-structuring of multi-layer material by single x-ray vortex pulse
with femtosecond duration. Appl. Phys. Lett. 2018, 112, 123103.

(193) Syubaev, S.; Zhizhchenko, A.; Kuchmizhak, A.; Porfirev, A.;
Pustovalov, E.; Vitrik, O.; Kulchin, Y.; Khonina, S.; Kudryashov, S.
Direct laser printing of chiral plasmonic nanojets by vortex beams.
Opt. Express 2017, 25, 10214—10223.

(194) Shen, Y.; Wang, X,; Xie, Z.; Min, C,; Fu, X,; Liu, Q.; Gong,
M.; Yuan, X. Optical vortices 30 years on: OAM manipulation from
topological charge to multiple singularities. Light Sci. Appl. 2019, 8,
90.

(195) Omatsu, T; Miyamoto, K.; Toyoda, K.; Morita, R.; Arita, Y;
Dholakia, K. A new twist for materials science: the formation of chiral
structures using the angular momentum of light. Adv. Opt. Mater.
2019, 7, 1801672.

(196) Tang, Y.; Cohen, A. E. Optical chirality and its interaction
with matter. Phys. Rev. Lett. 2010, 104, 163901.

(197) Yao, A. M,; Padgett, M. J. Orbital angular momentum: origins,
behavior and applications. Adv. Opt. Photonics 2011, 3, 161—204.

(198) Allen, L.; Padgett, M.; Babiker, M. IV The orbital angular
momentum of light. Prog. Opt. 1999, 39, 291—-372.

(199) Lipkin, D. M. Existence of a new conservation law in
electromagnetic theory. J. Math. Phys. 1964, 5, 696—700.

(200) Bliokh, K. Y.; Nori, F. Characterizing optical chirality. Phys.
Rev. A 2011, 83, 021803.

(201) Kotlyar, V. V.; Kovalev, A. A. Topological charge of
asymmetric optical vortices. Opt. Express 2020, 28, 20449—20460.

(202) Berry, M. Optical vortices evolving from helicoidal integer and
fractional phase steps. J. Opt. A: Pure Appl. Opt. 2004, 6, 259.

(203) Tang, Y; Cohen, A. E. Enhanced enantioselectivity in
excitation of chiral molecules by superchiral light. Science 2011, 332,
333-336.

(204) Schouten, H. F.; Visser, T. D.; Lenstra, D. Optical vortices
near sub-wavelength structures. J. Opt. B: Quantum Semiclassical Opt.
2004, 6, S404.

(205) Matsuyama, S.; Nakamori, H.; Goto, T.; Kimura, T.;
Khakurel, K. P.; Kohmura, Y.; Sano, Y.; Yabashi, M.; Ishikawa, T.;
Nishino, Y.; et al. Nearly diffraction-limited X-ray focusing with
variable-numerical-aperture focusing optical system based on four
deformable mirrors. Sci. Rep. 2016, 6, 24801.

(206) Bergemann, C.; Keymeulen, H.; Van der Veen, J. Focusing x-
ray beams to nanometer dimensions. Phys. Rev. Lett. 2003, 91,
204801.

(207) Rouxel, J. R;; Chernyak, V. Y.; Mukamel, S. Translational and
rotational averaging of nonlocal response tensors for nano-shaped
light. J. Phys. B: At. Mol. Opt. Phys. 2018, 51, 034004

(208) Parrish, R. M.; Martinez, T. J. Ab initio computation of
rotationally-averaged pump—probe x-ray and electron diffraction
signals. . Chem. Theory Comput. 2019, 15, 1523—1537.

(209) Babiker, M.; Loudon, R. Derivation of the Power-Zienau-
Woolley Hamiltonian in quantum electrodynamics by gauge trans-
formation. Proc. R. Soc. A: Math. Phys. Eng. Sci. 1983, 385, 439—460.

https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


https://doi.org/10.1364/OE.27.003761
https://doi.org/10.1364/OE.27.003761
https://doi.org/10.1103/PhysRevB.105.024305
https://doi.org/10.1103/PhysRevB.105.024305
https://doi.org/10.1103/PhysRevB.105.024305
https://doi.org/10.1088/0953-4075/48/23/234005
https://doi.org/10.1088/0953-4075/48/23/234005
https://doi.org/10.1088/0953-4075/48/23/234005
https://doi.org/10.1103/PhysRevX.9.031002
https://doi.org/10.1103/PhysRevX.9.031002
https://doi.org/10.1103/PhysRevA.98.021401
https://doi.org/10.1103/PhysRevA.98.021401
https://doi.org/10.1364/OE.25.023502
https://doi.org/10.1103/PhysRevLett.120.133206
https://doi.org/10.1103/PhysRevLett.120.133206
https://doi.org/10.1364/OE.445743
https://doi.org/10.1364/OE.445743
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1088/1367-2630/ab984f
https://doi.org/10.1088/1367-2630/ab984f
https://doi.org/10.1364/OE.11.002315
https://doi.org/10.1364/OE.11.002315
https://doi.org/10.1364/OL.44.004622
https://doi.org/10.1038/nphys4088
https://doi.org/10.1103/PhysRevLett.111.034801
https://doi.org/10.1103/PhysRevLett.111.034801
https://doi.org/10.1103/PhysRevLett.100.124801
https://doi.org/10.1103/PhysRevLett.100.124801
https://doi.org/10.1364/OE.25.030686
https://doi.org/10.1364/OE.25.030686
https://doi.org/10.1364/OL.31.001597
https://doi.org/10.1364/OL.31.001597
https://doi.org/10.1103/PhysRevX.7.031036
https://doi.org/10.1364/OL.32.002635
https://doi.org/10.1364/OL.32.002635
https://doi.org/10.1364/OL.39.005281
https://doi.org/10.1364/OL.39.005281
https://doi.org/10.1364/OE.18.012818
https://doi.org/10.1364/OE.18.012818
https://doi.org/10.1038/s41566-018-0328-8
https://doi.org/10.1038/s41566-018-0328-8
https://doi.org/10.1016/j.nima.2012.10.117
https://doi.org/10.1016/j.nima.2012.10.117
https://doi.org/10.1016/j.nima.2012.10.117
https://doi.org/10.1587/transcom.2016SCI0001
https://doi.org/10.1587/transcom.2016SCI0001
https://doi.org/10.1063/1.5020318
https://doi.org/10.1063/1.5020318
https://doi.org/10.1364/OE.25.010214
https://doi.org/10.1038/s41377-019-0194-2
https://doi.org/10.1038/s41377-019-0194-2
https://doi.org/10.1002/adom.201801672
https://doi.org/10.1002/adom.201801672
https://doi.org/10.1103/PhysRevLett.104.163901
https://doi.org/10.1103/PhysRevLett.104.163901
https://doi.org/10.1364/AOP.3.000161
https://doi.org/10.1364/AOP.3.000161
https://doi.org/10.1016/S0079-6638(08)70391-3
https://doi.org/10.1016/S0079-6638(08)70391-3
https://doi.org/10.1063/1.1704165
https://doi.org/10.1063/1.1704165
https://doi.org/10.1103/PhysRevA.83.021803
https://doi.org/10.1364/OE.394273
https://doi.org/10.1364/OE.394273
https://doi.org/10.1088/1464-4258/6/2/018
https://doi.org/10.1088/1464-4258/6/2/018
https://doi.org/10.1126/science.1202817
https://doi.org/10.1126/science.1202817
https://doi.org/10.1088/1464-4266/6/5/031
https://doi.org/10.1088/1464-4266/6/5/031
https://doi.org/10.1038/srep24801
https://doi.org/10.1038/srep24801
https://doi.org/10.1038/srep24801
https://doi.org/10.1103/PhysRevLett.91.204801
https://doi.org/10.1103/PhysRevLett.91.204801
https://doi.org/10.1088/1361-6455/aa9d66
https://doi.org/10.1088/1361-6455/aa9d66
https://doi.org/10.1088/1361-6455/aa9d66
https://doi.org/10.1021/acs.jctc.8b01051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1098/rspa.1983.0022
https://doi.org/10.1098/rspa.1983.0022
https://doi.org/10.1098/rspa.1983.0022
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

(210) Andrews, D. L.; Jones, G. A; Salam, A; Woolley, R. G.
Perspective: Quantum Hamiltonians for optical interactions. J. Chem.
Phys. 2018, 148, 040901.

(211) Cohen-Tannoudji, C.; Dupont-Roc, J.; Grynberg, G. Photons
and Atoms-Introduction to Quantum Electrodynamics; Wiley-VCH,
1997.

(212) Peshkov, A.; Serbo, V.; Fritzsche, S.; Surzhykov, A. Absorption
of twisted light by a mesoscopic atomic target. Phys. Scr. 2016, 91,
064001.

(213) Schmiegelow, C. T.; Schulz, J.; Kaufmann, H.; Ruster, T.;
Poschinger, U. G.; Schmidt-Kaler, F. Transfer of optical orbital
angular momentum to a bound electron. Nat. Commun. 2016, 7,
12998.

(214) Brullot, W.; Vanbel, M. K.; Swusten, T.; Verbiest, T. Resolving
enantiomers using the optical angular momentum of twisted light. Sci.
Adv. 2016, 2, No. e1501349.

(215) Kerber, R.; Fitzgerald, J.; Oh, S.; Reiter, D.; Hess, O. Orbital
angular momentum dichroism in nanoantennas. Commun. Phys. 2018,
1, 87.

(216) Ni, J.; Liu, S.; Hu, G.; Huy, Y,; Lao, Z; Li, J; Zhang, Q.; Wu,
D.; Dong, S.; Chuy, J.; et al. Giant helical dichroism of single chiral
nanostructures with photonic orbital angular momentum. ACS Nano
2021, 15, 2893—2900.

(217) Bajt, S; Prasciolu, M.; Fleckenstein, H.; Domaracky, M,;
Chapman, H. N.; Morgan, A. J.; Yefanov, O.; Messerschmidt, M.; Du,
Y.; Murray, K. T.; et al. X-ray focusing with efficient high-NA
multilayer Laue lenses. Light Sci. Appl. 2018, 7, 17162—17162.

(218) Rouxel, J. R; Résner, B.; Karpov, D.; Bacellar, C; F, M. G;
Francesco, Z.; Kinschel, D.; Oliviero, C.; Malte, O.; Cris, S.; Ana, D.;
Jérome, L.; Christian, D.; Majed, C. Hard X-ray helical dichroism of
disordered molecular media. Nat. Photonics 2022, 16, 570.

(219) Forbes, K. A; Andrews, D. L. Optical orbital angular
momentum: twisted light and chirality. Opt. Lett. 2018, 43, 435—438.

(220) Andrews, D.; Romero, L. D.; Babiker, M. On optical vortex
interactions with chiral matter. Opt. Commun. 2004, 237, 133—139.

(221) Ye, L,; Rouxel, J. R; Asban, S.; Résner, B.; Mukamel, S.
Probing molecular chirality by orbital-angular-momentum-carrying X-
ray pulses. J. Chem. Theory Comput. 2019, 15, 4180—4186.

(222) Flack, H.; Bernardinelli, G. The use of X-ray crystallography to
determine absolute configuration. Chirality 2008, 20, 681—690.

(223) Giri, S.; Tremblay, J. C; Dixit, G. Imaging charge migration in
chiral molecules using time-resolved x-ray diffraction. Phys. Rev. A
2021, 104, 053115.

(224) Helmich-Paris, B. Simulating X-ray absorption spectra with
complete active space self-consistent field linear response methods.
Int. J. Quantum Chem. 2021, 121, No. e26559.

(225) Casanova, D. Restricted active space configuration interaction
methods for strong correlation: Recent developments. Wiley
Interdiscip. Rev. Comput. Mol. Sci. 2022, 12, No. el561.

(226) Autschbach, J.; Ziegler, T.; van Gisbergen, S. J.; Baerends, E. J.
Chiroptical properties from time-dependent density functional theory.
L. Circular dichroism spectra of organic molecules. J. Chem. Phys.
2002, 116, 6930—6940.

(227) Autschbach, J.; Patchkovskii, S.; Ziegler, T.; van Gisbergen, S.
J; Jan Baerends, E. Chiroptical properties from time-dependent
density functional theory. II. Optical rotations of small to medium
sized organic molecules. J. Chem. Phys. 2002, 117, 581—592.

(228) Lopata, K; Van Kuiken, B. E.; Khalil, M.; Govind, N. Linear-
response and real-time time-dependent density functional theory
studies of core-level near-edge x-ray absorption. ]. Chem. Theory
Comput. 2012, 8, 3284—3292.

(229) Zhang, Y; Hua, W.; Bennett, K; Mukamel, S. Density-
Functional Methods for Excited States; Springer, 2014; pp 273—345.

(230) Vidal, M. L; Feng, X.; Epifanovsky, E.; Krylov, A. L; Coriani,
S. New and efficient equation-of-motion coupled-cluster framework
for core-excited and core-ionized states. J. Chem. Theory Comput.
2019, 1S, 3117-3133.

(231) Nanda, K. D.; Vidal, M. L.; Faber, R.; Coriani, S.; Krylov, A. L
How to stay out of trouble in RIXS calculations within equation-of-

motion coupled-cluster damped response theory? Safe hitchhiking in
the excitation manifold by means of core—valence separation. Phys.

Chem. Chem. Phys. 2020, 22, 2629—2641.

(232) Nanda, K. D.; Krylov, A. I Cherry-picking resolvents: A
general strategy for convergent coupled-cluster damped response
calculations of core-level spectra. J. Chem. Phys. 2020, 153, 141104.

(233) Faber, R; Ghidinelli, S.; Hittig, C.; Coriani, S. Magnetic
circular dichroism spectra from resonant and damped coupled cluster
response theory. J. Chem. Phys. 2020, 153, 114105.

(234) Andersen, J. H; Nanda, K. D; Krylov, A. I; Coriani, S.
Probing Molecular Chirality of Ground and Electronically Excited
States in the UV—vis and X-ray Regimes: An EOM-CCSD Study. J.
Chem. Theory Comput. 2022, 18, 1748—1764.

(235) Crawford, T. D.; Tam, M. C.; Abrams, M. L. The current state
of ab initio calculations of optical rotation and electronic circular
dichroism spectra. J. Phys. Chem. A 2007, 111, 12057—12068.

(236) Norman, P.; Dreuw, A. Simulating X-ray spectroscopies and
calculating core-excited states of molecules. Chem. Rev. 2018, 118,
7208—7248.

(237) Ruud, K.; Helgaker, T.; Bouf, P. Gauge-origin independent
density-functional theory calculations of vibrational Raman optical
activity. J. Phys. Chem. A 2002, 106, 7448—7455.

(238) Alagna, L.; Di Fonzo, S.; Prosperi, T.; Turchini, S.; Lazzeretti,
P.; Malagoli, M.; Zanasi, R;; Natoli, C.; Stephens, P. Random phase
approximation calculations of K-edge rotational strengths of chiral
molecules: propylene oxide. Chem. Phys. Lett. 1994, 223, 402—410.

(239) Kimberg, V.; Kosugi, N. Calculation of K-edge circular
dichroism of amino acids: Comparison of random phase approx-
imation with other methods. J. Chem. Phys. 2007, 126, 245101.

(240) Jiemchooroj, A.; Ekstrom, U.; Norman, P. Near-edge x-ray
absorption and natural circular dichroism spectra of L-alanine: A
theoretical study based on the complex polarization propagator
approach. J. Chem. Phys. 2007, 127, 165104.

(241) Villaume, S.; Norman, P. On circular dichroism and the
separation between chromophore and chiral center: The near carbon
K-edge X-ray absorption and circular dichroism spectra of noradrena-
line and I-DOPA. Chirality 2009, 21, E13—E19.

(242) Takahashi, O.; Kimoto, M.; Pettersson, L. G. Theoretical
study of the X-ray natural circular dichroism of some crystalline amino
acids. Chem. Phys. 2015, 450, 109—114.

(243) Auvray, F.; Dennetiere, D.; Giuliani, A.; Jamme, F.; Wien, F.;
Nay, B.; Zirah, S.; Polack, F.; Menneglier, C.; Lagarde, B.; et al. Time
resolved transient circular dichroism spectroscopy using synchrotron
natural polarization. Struct. Dyn. 2019, 6, 054307.

(244) Oppermann, M.; Bauer, B.; Rossi, T.; Zinna, F.; Helbing, J;
Lacour, J.; Chergui, M. Ultrafast broadband circular dichroism in the
deep ultraviolet. Optica 2019, 6, 56—60.

(245) Ayuso, D.; Ordonez, A. F.; Decleva, P.; Ivanov, M.; Smirnova,
O. Strong chiral response in non-collinear high harmonic generation
driven by purely electric-dipole interactions. Opt. Express 2022, 30,
4659—-4667.

(246) De Ninno, G.; Witzel, J.; Ribi¢, P. R.; Allaria, E.; Coreno, M.;
Danailov, M. B,; David, C.; Demidovich, A.; Di Fraia, M.; Giannessi,
L.; et al. Photoelectric effect with a twist. Nat. Photonics 2020, 14,
554-558.

(247) Planas, X. B,; Ordénez, A.; Lewenstein, M.; Maxwell, A. S.
Strong-field chiral imaging with twisted photoelectrons. arXiv preprint
arXiv:2202.07289 2022.

(248) Roslyak, O.; Mukamel, S. A unified description of sum
frequency generation, parametric down conversion and two-photon
fluorescence. Mol. Phys. 2009, 107, 265—280.

(249) Bennett, K; Biggs, J. D.; Zhang, Y.; Dorfman, K. E.; Mukamel,
S. Time-, frequency-, and wavevector-resolved x-ray diffraction from
single molecules. J. Chem. Phys. 2014, 140, 204311.

(250) Shen, Q. Solving the phase problem using reference-beam X-
ray diffraction. Phys. Rev. Lett. 1998, 80, 3268.

(251) Mukamel, S.; Rahav, S. Ultrafast nonlinear optical signals
viewed from the molecule’s perspective: Kramers—Heisenberg

https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


https://doi.org/10.1063/1.5018399
https://doi.org/10.1088/0031-8949/91/6/064001
https://doi.org/10.1088/0031-8949/91/6/064001
https://doi.org/10.1038/ncomms12998
https://doi.org/10.1038/ncomms12998
https://doi.org/10.1126/sciadv.1501349
https://doi.org/10.1126/sciadv.1501349
https://doi.org/10.1038/s42005-018-0088-2
https://doi.org/10.1038/s42005-018-0088-2
https://doi.org/10.1021/acsnano.0c08941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/lsa.2017.162
https://doi.org/10.1038/lsa.2017.162
https://doi.org/10.1038/s41566-022-01022-x
https://doi.org/10.1038/s41566-022-01022-x
https://doi.org/10.1364/OL.43.000435
https://doi.org/10.1364/OL.43.000435
https://doi.org/10.1016/j.optcom.2004.03.093
https://doi.org/10.1016/j.optcom.2004.03.093
https://doi.org/10.1021/acs.jctc.9b00346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chir.20473
https://doi.org/10.1002/chir.20473
https://doi.org/10.1103/PhysRevA.104.053115
https://doi.org/10.1103/PhysRevA.104.053115
https://doi.org/10.1002/qua.26559
https://doi.org/10.1002/qua.26559
https://doi.org/10.1002/wcms.1561
https://doi.org/10.1002/wcms.1561
https://doi.org/10.1063/1.1436466
https://doi.org/10.1063/1.1436466
https://doi.org/10.1063/1.1477925
https://doi.org/10.1063/1.1477925
https://doi.org/10.1063/1.1477925
https://doi.org/10.1021/ct3005613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3005613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3005613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CP03688A
https://doi.org/10.1039/C9CP03688A
https://doi.org/10.1039/C9CP03688A
https://doi.org/10.1063/5.0020843
https://doi.org/10.1063/5.0020843
https://doi.org/10.1063/5.0020843
https://doi.org/10.1063/5.0013398
https://doi.org/10.1063/5.0013398
https://doi.org/10.1063/5.0013398
https://doi.org/10.1021/acs.jctc.1c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp075046u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp075046u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp075046u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp026037i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp026037i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp026037i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0009-2614(94)00485-4
https://doi.org/10.1016/0009-2614(94)00485-4
https://doi.org/10.1016/0009-2614(94)00485-4
https://doi.org/10.1063/1.2743010
https://doi.org/10.1063/1.2743010
https://doi.org/10.1063/1.2743010
https://doi.org/10.1063/1.2800024
https://doi.org/10.1063/1.2800024
https://doi.org/10.1063/1.2800024
https://doi.org/10.1063/1.2800024
https://doi.org/10.1002/chir.20763
https://doi.org/10.1002/chir.20763
https://doi.org/10.1002/chir.20763
https://doi.org/10.1002/chir.20763
https://doi.org/10.1016/j.chemphys.2015.01.012
https://doi.org/10.1016/j.chemphys.2015.01.012
https://doi.org/10.1016/j.chemphys.2015.01.012
https://doi.org/10.1063/1.5120346
https://doi.org/10.1063/1.5120346
https://doi.org/10.1063/1.5120346
https://doi.org/10.1364/OPTICA.6.000056
https://doi.org/10.1364/OPTICA.6.000056
https://doi.org/10.1364/OE.444210
https://doi.org/10.1364/OE.444210
https://doi.org/10.1038/s41566-020-0669-y
https://doi.org/10.1080/00268970902824250
https://doi.org/10.1080/00268970902824250
https://doi.org/10.1080/00268970902824250
https://doi.org/10.1063/1.4878377
https://doi.org/10.1063/1.4878377
https://doi.org/10.1103/PhysRevLett.80.3268
https://doi.org/10.1103/PhysRevLett.80.3268
https://doi.org/10.1016/S1049-250X(10)59006-2
https://doi.org/10.1016/S1049-250X(10)59006-2
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

transition-amplitudes versus susceptibilities. Adv. At. Mol. Opt. Phys.
2010, 59, 223—-263.

16838 https://doi.org/10.1021/acs.chemrev.2c00115
Chem. Rev. 2022, 122, 16802—16838


https://doi.org/10.1016/S1049-250X(10)59006-2
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

