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Photoelectron Circular Dichroism of a Chiral Molecule Induced
by Resonant Interatomic Coulombic Decay from an Antenna Atom
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We show that a nonchiral atom can act as an antenna to induce a photoelectron circular dichroism in a
nearby chiral molecule in a three-step process: The donor atom (antenna) is initially resonantly excited by
circularly polarized radiation. It then transfers its excess energy to the acceptor molecule by means of
resonant interatomic Coulombic decay. The latter finally absorbs the energy and emits an electron that
exhibits the aforementioned circular dichroism in its angular distribution. We study the process on the basis
of the retarded dipole—dipole interaction and report an asymptotic analytic expression for the distance-
dependent chiral asymmetry of the photoelectron as induced by resonant interatomic Coulombic decay for
random line-of-sight and acceptor orientations. In the nonretarded limit, the predicted chiral asymmetry is
reversed as compared to that of a direct photoelectron circular dichroism of the molecule.
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Introduction—Chirality describes a symmetry property in
which a mirror image of an object cannot be brought into
overlap with the original by means of rotation and trans-
lation. Chiral molecules play a central role in the biosphere.
Most of the larger biomolecules are chiral, and, intriguingly,
their two isomers of opposite handedness (called enantiom-
ers) usually differ in their biological effect and function, a
phenomenon known as the “homochirality of life” [1].
Photoelectron circular dichroism (PECD) is a frequently
used tool for the recognition of chiral molecules in the
gas phase. It describes the enantio- and helicity-dependent
forward-backward asymmetric angular distribution of photo-
electrons emitted by randomly oriented chiral molecules with
respect to the direction of propagation of the ionizing light
[2]. PECD was first observed experimentally in one-photon
ionization with synchrotron radiation [3—5]. Nowadays, it is
known to be a universal phenomenon occurring in different
photoionization regimes [6-9]. All observations have in
common that the effect is observable for photoelectrons
with a relatively low kinetic energy of about 0-20 eV.
The investigation of PECD of isolated chiral molecules
is essential for a fundamental understanding of chirality.
However, in reality, chiral molecules do not appear in the gas
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phase but are rather embedded in an environment. For
instance, PECD in clusters of chiral molecules was addressed
in pioneering works [10,11]. Very recently, PECD was
observed in achiral chromophores induced by bound chiral
molecules [12]. However, such studies of PECD in realistic
and extended environments are still very rare.

An important aspect of the photophysics of extended
systems like clusters and liquids, which was discovered and
extensively explored in the last decades, is that in addition
to conventional (direct) photoemission, other nonlocal
processes contribute to the observed electron spectra. In
particular, a phenomenon called interatomic (intermolecu-
lar) Coulombic decay (ICD) in a variety of realizations has
attracted significant attention. ICD is a nonlocal auto-
ionization mechanism in which electronic excess energy
of a quantum system is transferred to a remote neighbor,
and it is used to ionize the latter [13]. It has been found to
be omnipresent in dense media, from prototypical rare-gas
clusters to aqueous solutions [14]. An important aspect of
ICD is that it decisively influences the photochemistry
of an excited system through the ionization of a neighbor.
The created final electronic states of the whole system
and respective charge distributions determine the resulting
nuclear dynamics. Often both the energy donor and acceptor
become charged after ICD, leading to rapid fragmentation
via Coulomb explosion [14,15] and, thus, to a disintegration
of a system. In addition, an ICD-like energy transfer can
even lead to neutral dissociation [16]. After the discovery of
the ICD as a relaxation pathway for photoionized systems, it
became clear that this nonlocal mechanism can straightfor-
wardly be transferred to resonant excitations [17-19].
Intriguingly, through resonant interatomic Coulombic decay
(rICD), the ionization cross section of a quantum system can
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be efficiently enhanced if tuning the photon energy to be
resonant with the light absorption by a neighboring
“antenna” [20-22].

So far, PECD as evidence for the system’s chirality on
the one hand and nonlocal ICD-like energy-transfer phe-
nomena on the other have been considered as separate
physical phenomena described by different theoretical
frameworks: the former relies on a variety of many-electron
intramolecular physics and quantum chemistry approaches,
while the latter can alternatively be studied via intermo-
lecular quantum chemistry [23] or with macroscopic
quantum electrodynamics (QED)—a theory of the inter-
action of molecular systems with photons that includes
effects of retardation and dielectric environments [24]. In
particular, this means that the benefits of PECD as a
sensitive purely electric diagnostic tool for the discrimina-
tion of chiral molecules have remained inaccessible to the
field of resonance energy transfer, where only relatively
weak discriminatory processes induced by optical activity
have been considered so far [25,26]. In this theoretical
work, we combine macroscopic QED and intramolecular
physics to show that a nonlocal resonant energy transfer is
enantio-selective and can give rise to a PECD-like effect. In
particular, we use the example of rICD following absorp-
tion of circularly polarized light by an antenna atom and
demonstrate that a sizable PECD-like asymmetry can be
observed in the respective rICD-electron spectra. The
predicted phenomenon substantially enriches both fields
and, depending on the point of view or discipline, can be
viewed as a “chiral energy transfer without optical activity”
or, alternatively, as an “antenna-induced PECD.”

Scenario—The scenario we are considering theoretically
is depicted in Fig. 1, where the process of antenna-induced
PECD takes place in three steps: (i) An achiral donor atom
has been resonantly excited from its ground state |a) to an
excited electronic state |y) by absorption of circularly
polarized light. By selection rules for atomic transitions,
the light’s polarization ¢ = +1 creates a unique single state
ly) of the donor (see example below). The excitation
frequency and electric-dipole matrix element of the donor
are given by wp = (EP —ER)/h > 0 and db, = (y|d"|a) =
—d‘ilejFl, respectively. The latter has been expressed via its
spherical vector components d2, (see End Matter), which
depend on the helicity of the exciting light. Assuming the
ground state to exhibit an orbital angular momentum £ = 0
and projection m = 0 onto the laboratory-frame z axis
(defined by the direction of the propagation of light), the
excited state will exhibit quantum numbers £ =1 and
m = =+£1. (ii) For simplicity, we assume that the donor atom
can undergo a single downward transition y — «, charac-
terized by the same frequency wp, and transfers its energy
to a nearby chiral acceptor molecule at a relative position r
by means of rICD. The electric-dipole transition matrix
element is given by db, = (ald"|y) = (y|d°|a)* = dQje.,.
(iii) The acceptor molecule, initially in its ground electronic
state, absorbs the transferred energy, whereby an electron

Z

FIG. 1. Sketch of the antenna-induced PECD. An atom is
excited by circularly polarized light. It transfers its excess energy
to a chiral molecule at a relative position r. The latter emits a
photoelectron whose angular distribution exhibits circular dichro-
ism. We average over the line-of-sight orientations between the
constituents (Q') and the relative molecular orientations (a, /3, 7).

undergoes a transition from a bound state |5) = |¢) to a
continuum state [y;) with a wave vector k, so that the final
state of the molecule is given by |f) = |w,wy) with |y;)
denoting the state of the remaining molecular ion. This
photoionization transition is characterized by a frequency
wp = (Ej —E3)/h>0 and an electric-dipole matrix
element dgg = (g d™|¢o). For generality, we assume
a random intermolecular orientation of the donor and
acceptor, as given by both the line-of-sight orientation
between the constituents (') and the relative molecular
orientation angles (a, f3, 7). Because the relative orientation
between them is not fixed, the considered scenario is very
different from a conventional resonant Auger decay [27]
where donor and acceptor form a bound chiral system.
Although direct photoionization of a chiral molecule by the
incoming photon takes place as well, we will focus on the
described above rICD mechanism, which is by far dom-
inant at resonant photon energies (e.g., by a factor of about
60 in a previously studied case [21]).

Resonant interatomic Coulombic decay—A general
expression for the rate of resonance energy transfer
processes of the considered kind for isotropic molecules
was derived in Ref. [24] from the multipolar molecule—field
coupling Hamiltonian of macroscopic QED in electric-
dipole approximation using second-order perturbation
theory. In the End Matter, we generalize this calculation
to the anisotropic case required here. The result
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is valid for relatively large distances such that electronic
wave-function overlap between donor and acceptor can be
neglected. It hence neglects exchange interactions and
charge-transfer processes, but accounts for both retardation
and the possible presence of magnetoelectric environments
via the Green tensor of the electromagnetic field. In the
absence of such environments, the Green tensor is given by
its known free-space form [24]

CZCiwDr/c

7 (f1-ge, ®e,). (2

G(ra,rp,wp) = ———~
( AsTD D) 471'602]37”
withr =ry —rp # 0, r = |r|, e, = r/r, | denoting the unit

tensor, and

) - (@),

ro®) (2w

c

When the donor—acceptor distance is much smaller than the
wavelength associated with the electronic transitions such
that wpr/c <« 1, the following approximations can be
applied to the Green tensor: f~ f(0) =1, g~ g(0) =3,
and e’/ ~ 1. In this nonretarded limit, the energy
transfer rate reduces to the Forster rate [28] and is
essentially given by the square of the matrix element of
the electrostatic dipole—dipole interaction

d*-d° -3(d* -e)d" -e,)
dzeyr’

V= (4)

through Fermi’s golden rule

Fs =5 Il Pothon o). (5)

After summing over all final free-electron states of the
acceptor, the above energy-transfer rate yields the total
transition rate of the rICD process.

Below, we consider partial rates for given electron
emission angles Q = (6,¢) in the laboratory frame.
Therefore, by adapting the general formula (1) to our
scenario, a summation over the photoelectron emission
directions Q in the final acceptor states |£) must be omitted.
Resolving the §-function according to §(wp — w,) = € =
hop — TP with & = k*/2m being kinetic energy of the
emitted electron, and IP denoting the ionization potential,
we arrive at an angle-resolved rate

2rwp
(@) = helct

Z|d?5'G("AJ‘D,wD)'daDy|2- (6)
Vi

Here, the subscript index y of the rate from Eq. (1) is
replaced by the index -, which explicitly indicates helicity

of the exciting light, and the subscript § indicating the
ground state of the acceptor molecule is omitted for brevity.
After using the free-space Green tensor (2), we obtain

1 2 JA D gAx D
Fi(g) - W;(|f| d/;(s' ayd/iﬁ 'day

—gf*djs-ee, - dgdpys - dyy
— fodly-dDdl; e, -

+ |g|2d?5 €€, daDydﬁx(; t€,€, daD;) (7)

Equation (7) is our starting point to compute the helicity-
dependent angle-resolved transition rate for the considered
three-step process (i—iii) and the antenna-induced PECD.

Average over the intermolecular line-of-sight
orientations—So far, the rate (7) explicitly depends on the
orientation of the intermolecular line of sight e, and that of
the acceptor molecule (a, 3, y) with respect to the laboratory
frame, as defined by the wave vector of the exciting light (see
Fig. 1). In the derivations below, we consider these two
orientations to be independent of each other. This is justified,
unless donor and acceptor form a tightly bound system,
where the donor atom is fixed at a particular site of
the acceptor molecule. We, thus, first average over the
orientation of the line-of-sight angles (') by using the
identities [29]: e, ® e, = (1/4x) [dQ'¢, @ e, = 1| and

(e, ®e. ®e, ®e,) = 15 (801 + Sy + 648). This
leads to

1 1 1 1
r.(Q) = WZ[(VP —39/" =319 +E|9|2)
0 Vi
1
xR -+ \oPa iyt ab
1
+sloPdy - dbdy; -db). (8)

The projections of donor and acceptor dipole moments can
be computed using their spherical components as defined in
the End Matter, exploiting the fact that each donor dipole
matrix element has only a single spherical vector component,
dp, = -d2eq,. One finds dp;-dp, = db ;a2
Ax | gD¥ _ gAx D D . gD+ _ | D |2 A gAx _
d/}ﬁ* 'day* - d:tT/)’(Sd:tl’ day 'da; - |di1| > d/}ﬁ 'd/;§ =
A A% A gD+ _ _JA gD Ax gD _
2 dypsd s s - day = —d3 p5d7,, and  dps -dg, =
—d%55d27. As a result, the three projection terms from
Eq. (8) can now be expressed explicitly in terms of the donor
and acceptor variables:

do*

Dy i -diy =P 9)

do?
> djs-dpdy, - dby = |d21|2257 (10)
Vi q
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D - daydys - diy = |2 P

Here, the acceptors’ differential photoionization cross sec-
tion upon absorption of a photon with the polarization ¢ is
defined as: (do?/dQ) = 3, |dfys|>.

Average over rotational orientations of acceptor—As
follows from Egs. (9)—(11), the averaging over relative
donor—acceptor orientations needs to be performed only for
the differential cross sections for the ionization of the
acceptor molecule, and it straightforwardly yields [30,31]:

do” _ o[}, P(cos0) — 2 poPy(cos @) (12)
dQ 4z P1Py(cos Zﬂz 2\ €08

for circularly polarized light with ¢ = +1, and

de® o
E:E[l + BaP(cos 0)] (13)
for linearly polarized light with ¢ = 0. Here, 0 is the angle
between the direction of the emission of electrons and the
direction of the propagation of the ionizing radiation.
Explicit analytic expressions for the total photoionization
cross section o, dichroic parameter ; (which describes the
conventional PECD), and anisotropy parameter 3, can be
found in Refs. [30,31]. Equation (12) can directly be
substituted into Egs. (9) and (11), while combining it with
Eq. (13) reduces the polarization-averaged term in Eq. (10)

to the following isotropic result:
do? 3o
— =, 14
- dQ 4z (14)

which cancels out in the dichroic difference (see below).
Angle-resolved transition rate—Substituting Eqgs. (9)—

(14) into Eq. (8), we arrive at the following angle-resolved

transition rate for the antenna-induced ionization:

ELE [ pp L g

8mednrs 3g

c 1 5 do? 5
P P

214D |2
__d3\ e
T 3022 hat 0
32 eshanr

rL(0)= Ly +—|g|2)

{(rp-3ar =30 +35lo7)
X [1 iﬂlPl(cosﬁ)—%ﬁsz(cose)] +é|g\2

Foelof [1 5Py (cosO) —%ﬁfz(coso)} } (15)

We notice that, for a given helicity of the exciting light as
indicated by the subscript 4, the angular distribution of the

emitted electrons has three contributions with different
weights. The term +1[g|* is angle independent; the term
(IfI* =%9f* —3fg" + 15 |g*) has the same angular pattern
as would result from directly ionizing the chiral molecule
with the incoming light (see the “+” signs in front of the
dichroic parameter); and the term % |g|* has the opposite
effect, i.e., that would result when directly ionizing the
molecule by a photon with the opposite helicity (see the
“F” signs in front of the dichroic parameter). This can be
understood from the electrostatic dipole—dipole interaction
(4) in a classical picture: in the special case where the
intermolecular orientation is parallel to the direction of
propagation of the ionizing radiation (e, = e;), the donor
dipole rotates in the plane perpendicular to the separation
@d" e, = 0) and the dipole—dipole interaction becomes
proportional to the product d* -d®. The acceptor dipole
hence has the same rotational sense as if it was directly
induced by the circularly polarized light and, thus, pro-
duces a PECD of the same sign. This case corresponds to
the contribution proportional to |f|>. For all other orienta-
tions of the separation vector, the rotating donor dipole
induces an acceptor dipole via the dipole—dipole interaction
that is given by a coherent superposition of corotating,
counterrotating, and nonrotating terms, which, all together,
emerge in the final result with different weights upon
averaging.

Dichroic difference in the nonretarded limit—In the
nonretarded limit, the approximations f ~ 1 and g~ 3 can
be used to simplify

|42, *o
32x%edhrs

—%ﬁsz(cos 6)} (16)

r.(0) - 2% i (cos0)

In this limit, the interference term — 3 g f % fg* dominates
the first term in Eq. (15), giving it a negative sign. The net
angular distribution of this first term, thus, flips its sign,
exhibiting a similar PECD effect as compared to the third
term in Eq. (15), both opposite to the usual £ signs
expected for a direct molecular ionization channel. This
fact is explicitly indicated by the = signs in front of the
dichroic parameter f; in Eq. (16). To establish a contact
with the photoelectron circular dichroism, we consider the
dichroic difference of the rates for two helicities of light

|42, %0

Al =T, - =221 %
* 16722 hr /P

1(cos@) (17)

and the respective normalized difference

r,-r. _ BiPi(cosd)
[T 1T 1= pPcost)

(18)
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As one can see, the relative strength of the presently
uncovered effect, given by the normalized difference
(18), is in the order of the f; value, which is about two
times smaller than the respective relative strength of the
conventional PECD effect (~24,). Given that typical values
of dichroic parameters emerge on a typical scale of a few to
about 10%, one can expect a similarly sizable relative
strength for the presently predicted antenna-induced PECD
(see below).

Possible experiment and feasibility—While most rICD
studies so far have considered homogeneous or hetero-
geneous rare-gas dimers or clusters [17,21,22], this field
was recently extended to dimers of two organic molecules
[32]. It is, thus, worth investigating the photoelectron
angular distribution of molecular complexes, and, due to
their simpler and known electronic structure, particularly
atom—molecule complexes across atomic resonances,
which are energetically embedded in the ionization con-
tinuum of chiral molecules. Rare-gas atoms are well suited
for this since they exhibit a variety of resonances in the
ionization continuum of typical organic (chiral) molecules.
Such complexes of rare-gas atoms and organic molecules
have been recently experimentally produced and inves-
tigated [33]. A simple model system could, e.g., be a
complex of an He atom and a camphor molecule, exper-
imentally realized as camphor-doped He nanodroplets [34].
One can tune the circularly polarized light to the
He*(1s'2p! 1P) excitation, selectively populating the m =
+1 states of the 2p electron with different light helicities.
The respective resonance energy of about 21.218 eV [35] is
well above the ionization energy of camphor (8.7 eV [36]).
At this photon energy, the dichroic parameter for the direct
ionization of the R-enantiomer of camphor is equal to about
p1 = —6% [37,38], and the conventional PECD = 24, =
—12%, with fewer photoelectrons emitted in the forward
and more in the backward directions with respect to the
propagation direction of the circularly polarized ionizing
light of positive helicity. According to Eq. (18), one expects a
half as large asymmetry with opposite sign PECD = —f; =
+6% for the rICD-induced ionization of R-camphor, with
slightly more electrons emitted in the forward than in the
backward directions. A differentiation of the rICD-induced
PECD effect for molecular complexes of various sizes,
simultaneously present in a typical target, is an experimental
challenge that can possibly be solved involving coincidence
detection methods. Such mass-selected PECD measure-
ments, i.e., photoelectron angular distributions in coinci-
dence with specific molecular complexes, have recently been
demonstrated [10,12].

Summary—We have shown that the excitation of an
achiral antenna atom with circularly polarized light can
induce a PECD-like signal in a nearby chiral molecule by
means of rICD. Hereby, the information of the rotatory
sense of the circularly polarized field is transmitted to
the molecule via a (retarded) dipole—dipole interaction.

We have derived an effective photoelectron angular dis-
tribution that results from independent averages of the
orientations of the intermolecular line of sight and the
donor molecule. With respect to the former, the rotating
dipole of the atom induces molecular dipoles that have the
same or opposite senses of rotation with distance-depen-
dent weights. In the near-field limit, the antenna-induced
PECD has the opposite sign as compared to that if an
incoming photon would directly ionize the molecule. In
view of possible coincidence experiments, photoelectron
distributions for given intermolecular line of sight may be
an interesting subject for further investigations. More
fundamentally, interference effects between the dominant
antenna-induced and weak direct PECDs [27] would be
worth considering. The exemplary rICD phenomenon
investigated here suggests a range of further antenna-
induced photoionization processes, e.g., where both con-
stituents are chiral.
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End Matter

Macroscopic QED—Macroscopic QED 1is a theory of
the interaction of individual particles with charges g;
with the quantized electromagnetic field in the possible
presence of macroscopic bodies or media. When
grouping the particles into neutral molecular systems
with center-of-mass positions r,;, the interaction of each
system with the field can be described by a multipolar
Hamiltonian [39]

HMF =

—/d3rPM(r) E(r), (A1)

where

= ZCL(;‘!

ieM

X /01 dAdlr—ry —A(F; —ry)]  (A2)

is the molecular polarization and we have neglected
magnetic and Rontgen interactions. In contrast to the
equivalent minimal-coupling description, molecular
systems interact only via their coupling to the field. In
particular, the electrostatic Coulomb interaction

44
e =Y Y N
:eMJeM'4”80|r — 7l
of charges across different molecular systems is

implicitly included as part of the full retarded coupling
Hye + Hye [39]. Assuming that the size of each
molecular system is much smaller than the wavelengths
of the relevant photons emitted and absorbed, the
multipolar Hamiltonian reduces to its electric dipole
form in leading-order long-wavelength approximation
Hyp = —dy - E(ry) (A4)
with dy, =, em qi(F; —ry) being the electric dipole
moment of the respective molecular system.
The electric-field operator in the possible presence of

dispersing and absorbing media with dielectric permittivity
e(r, ) can be given as

h [e 2
:i”—/ dwa)—z/d3r’\/lm£(r’,a))
TEY Jo c

x G(r.r, o) -f(r.®) + H.c. (A5)

Here, the Green tensor is the solution to a Helmholtz
equation:

2

VXV x —%e(r,w) G(r.r, w)

=6(r—r). (A6)

It serves as a propagator for the electric field. The bosonic
creation and annihilation operators f'(r, ) and f(r,)
represent the fluctuating noise polarization within
the media.

As seen from the Helmholtz equation (A6), the full
interaction (A4) accounts for both retardation and envi-
ronments via the Green tensor. It hence operates at
relatively large distances. In particular, the multipolar
coupling scheme is typically based on the assumption

/ BrPy(r)-Poy(r) =0 for M+ M, (A7)

hence neglecting the effect of electronic wave-function
overlap across molecules. On the opposite end of the
intermolecular distance range, the molecule-molecule
interaction in free space in the nonretarded, electrostatic
limit reduces to the Coulomb interaction (A3), which does
account for molecular wave-function overlap and hence
also charge transfer processes and exchange interactions. A
hierarchy of interaction Hamiltonians for ascending dis-
tances can hence be given as H,;y,—V—H . The electro-
static dipole—dipole interaction V/, as given by Eq. (4) in the
main text, can be approached from A, as a leading-order
multipole expansion in the limit of distances much larger
than the size of the molecular systems, or from H  in the
limit of distances much smaller than the wavelengths of
photons, associated with the relevant molecular transitions.
Our calculation is based on Ay, where the special case 14
is included for illustrative purposes.

Resonance  energy transfer—The fully retarded
resonance energy transfer rate (1) can be obtained from
Fermi’s golden rule in the form

2

r =
Tn

|Mfl|25(E Ey) (B1)

with initial state |i) = |y)|6)|{0}) and final state
|f)=la)|p)|{0}). Here, |[{0}) denotes the vacuum state of
the electromagnetic field as defined by f (r,w)|{0}) = 0.
To the leading (second order) in the molecule—field
coupling H = Y MDA Hyr (where D = donor and
A = acceptor), the transition matrix element is given by

s = lim Z(flfllm)( |H|>

E-E, (B2)

e—=0,
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where the two possible intermediate states |m)=
|a)|8)|1(r, @), |B)|y)|1(r,@) include single-photon excita-
tions [1(r,w)) =f" (r.®)|{0}). The matrix element can be
evaluated by using the electric-dipole coupling (A4) with
the electric field (A5). As shown in Ref. [24], one finds

My = ——=5dps - G(ra,rp, wp) - dg, (B3)

for wp = wp. Substitution of this result into Fermi’s
golden rule (B1) leads to the result (1) of the main text.

Spherical vectors—Introducing spherical unit vectors
eo=e., e, =F (e,Ltie,)/v/2 with orthonormality
e, ey = (—1)%,_,, one can expand arbitrary vectors
v=> ,(=1)7_ge, into their associated spherical vector
components vy = v,, vy =F (v, = ivy)\/i. Thereby, a
complex conjugation of unit vectors and components
obeys the identities e; = (—1)%_,, v; = (—1)?v_,, and
the scalar product of two vectors v and w can be
expressed in terms of spherical components according
tov-w=> (=1)7v_4w,.
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