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Geometric magnetism and anomalous enantio-
sensitive observables in photoionization of chiral
molecules

Andres F. Ordonez', David Ayuso 12 Piero Decleva® 3 & Olga Smirnova 1,464

Chiral molecules are instrumental for molecular recognition in living organisms. Distin-
guishing between two opposite enantiomers, the mirror twins of the same chiral molecule, is
both vital and challenging. Geometric magnetism enables a broad class of phenomena in
solids including the anomalous electron velocity, the Hall effect, and related topological
observables. Here we show that ultrafast electron currents excited in chiral molecules can
generate geometric fields which enable a class of anomalous enantio-sensitive observables in
photoionization. Next, we introduce the first member of this class: enantio-sensitive orien-
tation of chiral molecules via photoionization. This effect opens unexplored routes to both
enantio-separation and imaging of chiral dynamics on ultrafast time scales. Our work sug-
gests that geometric magnetism in photoionization provides the bridge between the two
geometrical properties, chirality and topology.

TMax-Born-Institut, Berlin, Germany. 2 Department of Physics, Imperial College London, London, UK. 3 CNR IOM and Dipartimento di Scienze Chimiche e
Farmaceutiche, Universita degli Studi di Trieste, Trieste, Italy. 4 Technische Universitat Berlin, Berlin, Germany. ®email: olga.smirnova@mbi-berlin.de

COMMUNICATIONS PHYSICS | (2023)6:257 | https://doi.org/10.1038/s42005-023-01358-y | www.nature.com/commsphys 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01358-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01358-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01358-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01358-y&domain=pdf
http://orcid.org/0000-0002-5394-5361
http://orcid.org/0000-0002-5394-5361
http://orcid.org/0000-0002-5394-5361
http://orcid.org/0000-0002-5394-5361
http://orcid.org/0000-0002-5394-5361
http://orcid.org/0000-0002-7322-887X
http://orcid.org/0000-0002-7322-887X
http://orcid.org/0000-0002-7322-887X
http://orcid.org/0000-0002-7322-887X
http://orcid.org/0000-0002-7322-887X
http://orcid.org/0000-0002-7746-5733
http://orcid.org/0000-0002-7746-5733
http://orcid.org/0000-0002-7746-5733
http://orcid.org/0000-0002-7746-5733
http://orcid.org/0000-0002-7746-5733
mailto:olga.smirnova@mbi-berlin.de
www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01358-y

hiral molecules are characterised by their handedness, an

extra degree of freedom of a purely geometrical origin.

Geometrical properties in real space are determined by the
nuclear configuration in molecules or by the lattice configuration
in solids. In solids, they map onto geometrical or topological
properties of Hilbert space vectors, leading to robust observables
associated with the electronic response to electromagnetic fields
and topological phases of matter. Geometric magnetism, intro-
duced by M. Berry!, is a key concept underlying these phenom-
ena. One of the manifestations of geometric magnetism is the
Berry curvature in solids, which enables a class of additional
observables in condensed matter systems related to the so-called
anomalous electron velocity imparted by the Berry curvature3.
Can the chiral geometry of molecules lead to similar geometric
fields? Here we address this question by considering photo-
ionization of chiral molecules, which can yield very sensitive
chiral signals*-12,

We have found a manifestation of Berry curvature emerging
due to the interplay between electronic and rotational degrees of
freedom in photoionization of chiral molecules and show that it
enables an additional class of anomalous, i.e. proportional to the
Berry curvature, efficient enantio-sensitive photoionization
observables. Crucially, these observables rely on ultrafast excita-
tion of chiral electronic or vibronic currents, linking the concept
of geometric magnetism to yet another important concept in
ultrafast science: the concept of charge-directed reactivity.

Charge-directed chemical reactivity!3-20 implies that ultrafast
electron dynamics can affect the outcome of chemical reactions,
opening an important direction in attochemistry!4-21, We show
that ultrafast electron currents can lead to opposite orientation of
left and right enantiomers of the same molecule upon photo-
ionization of randomly oriented molecules by circularly polarized
light, thus presenting an example of enantio-sensitive charge-
directed reactivity, with geometric fields and concepts providing a
platform for its description. A unified picture of enantio-sensitive
effects in photoionization of chiral molecules emerges as a cor-
ollary of our approach. It reveals a fundamental connection and
complementarity between seemingly disjoint enantio-sensitive
phenomena in photoionization by establishing geometric fields as
their ubiquitous common origin.

Results and discussion

Geometric field in chiral molecules. Geometric concepts in
photoionizaton of chiral molecules with circularly polarized light
originate from the so-called propensity field, which we have
introduced recently?2. It emerges in photoionization of randomly
oriented molecules and involves the vector product of two

conjugated photoionization dipoles (dy, in the length or py, in the
velocity gauge):

. . [Pig X Picg]
* & g
B(k) l[dkg X dkg] I(Ek _ Eg)Z ? (1)
where Ej = k?/2 is the photoelectron energy and E, is the energy
of the initial (e.g. ground) state.

Unexplored physics emerges in photoionization from current
carrying states. Consider the superposition of two states |j) + e~ i)
(¢ = wjit, with w; = w; — w; being the transition frequency between
the states). In this case, the propensity field acquires an additional
term, which encodes the coherence between the excited states:

1 A i
B;(k, ¢y) = — 5! [dkix dkj} e+ ce

where we have introduced the displacement Q;(k) and current P;(k)
quadratures:

@

Q00 = —n{i[dj; < dy | }. 3

P,(k) = S{l[ : x dkj} } )

Examples of the displacement Q;(k) and current P;(k) quadratures
for a coherent superposition of |i) = [LUMO) (lowest unoccupied
molecular orbital) and [j) = |[LUMO + 1) in propylene oxide (a
chiral molecule) are shown in Fig. 1.

Equation (2) describes the component of the field oscillating at
the frequency w;;. For i=j=g, ¢;; =0 and Eq. (2) reduces to Eq.
(1). For any number of states, Eqgs. (1) and (2) can be generalized
as

1 4
15y = 11 id,
Bk, 9y) = 5 2{i[dyxdf | Je¥. 5)

Applying inversion (r — —r, k— —Kk) to reverse molecular
handedness, we find that the displacement and current
quadratures in left- (S) and right-handed (R) molecules are

connected via ngs)(k) = ng)(—k) and ngs)(k) = sz)(—k).

The generalized propensity field Eq. (5) gives rise to three
classes of enantio-sensitive observables in photoionization of
randomly oriented molecules. For brevity we shall refer to both
generalized Eq. (5) and original Eq. (1) fields as the propensity

field.

Three classes of enantio-sensitive observables. Enantio-sensitive
photoionization observables are defined in the laboratory frame

o =
o0 o

-vector magnitude (a.u.)
(=)
=

0.0

Fig. 1 Quadratures of the propensity field. a Displacement Q;(k) [Eq. (3)] and b current P;(k) [Eq. (4)] quadratures of the geometric propensity field
B; (k) [Eq. (2)] for |i) = [LUMO) and [j) = [LUMO + 1) of the chiral molecule propylene oxide and photoelectron momentum k = 0.2 a.u. The molecular
orientation is shown in the left bottom corner of each panel. Note that the quadratures are shown from different viewpoints. Each point on the grey sphere
corresponds to a given direction of k and each vector to either Q; or Pj; for that direction of k.
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and originate from multipoles of the propensity field - quantities
surviving averaging over the directions of k in the molecular
frame. We group these multipoles into three categories.

The first category includes the net propensity field (integrated
over all angles ¢y, O characterizing the orientation of k in the
molecular frame, d®; = d¢,d0, sin 0,):

B,(k,¢,) = / B, (k, ¢,)d0,, ©)

The second category includes the net radial component of the
propensity field:

- -k
[Bitk.g)] = / B, ¢y ki®, k=r. ()
The third category includes an infinite array of multipoles
(I21) of net radial and of the two net tangential components of
the propensity field:

Bk o] = [ Byko) kv, (68040, ®
{Blir,nl(k’ ‘/’ij)}ij E/Bij(k» $i) - VY, (6, 6)d0,  (9)

BTk, ¢,.j)h = / B, - [kx V|V, (6,6)d0,  (10)

These quantities are the spherical multipole moments of the
vector field B(k, ¢;;) (see e.g.23).

These three categories lead to three classes of enantio-sensitive
observables in photoionization of randomly oriented molecules.
Their emergence or cancellation is determined by the time-
reversal symmetry of the molecular bound states and the k-
inversion symmetries of the quadratures Qy(k),P;(k). It is
convenient to introduce symmetric and anti-symmetric super-

positions of the quadratures corresponding to left- (ngs), ngs) ) and
right-handed (Q(B) Pij)) molecules:

]] b
Q; 19 =5 [0 Q0] ()

Pi]i.' (k) = (12)

The symmetric superpositions Q+(k) P*]'(k) are k-even and
the anti-symmetric superpositions Q (k), P (k) are k-odd.

The Class I of enantio-sensitive observables relies on the
existence of the net propensity field Eq. (6). Evidently, the k-odd
quadratures Q;(k) and P;(k) do not contribute to this integral.
We show (see Methods) that the integral in Eq. (6) vanishes when
ionization takes place from a real (time-even) state. Thus, Q;(k)

also does not contribute to the net propensity field, which only
arises due to the symmetric quadrature P;(k):

Blj(k)= /B,-j(k7 gbij)d@k = /P;(k7 gbij)d@k sin¢ij
= P?j'(k) sin (/)ij

Thus, the enantio-sensitive observables of Class I can only appear
if photoionization by a circularly polarized field occurs from
current-carrying states (sin ¢,;#0). For example, such states can be
generated by a pump pulse, with ionization following ultrafast
excitation of a coherent superposition of eigenstates. The fact that
the net field B;;(k) emerges only in systems undergoing dynamics
makes it an 1mportant player in attosecond photochemistry. In
contrast to ring currents excited in atoms or non-chiral molecules
by circularly polarized fields24-26, chiral molecules present an
example of a system where excited currents do not vanish in the

! SACB A

(13)

molecular frame upon averaging over random molecular
orientations, because they are protected by the rotationally
invariant geometric property of molecular handedness. The net
propensity field in the molecular frame (13) leads to enantio-
sensitive molecular orientation by ionization (see subsection
“Anomalous enantio-sensitive observables”) and is an example of
charge-directed reactivity emerging solely due to molecular
handedness.

The Class II of enantio-sensitive observables relies on the
existence of the net radial component of the propensity field Eq.
(7). Clearly, the symmetric quadratures Q* (k) and P*(k) do not
contribute to By(k), leaving us with the following field
components allowed by symmetries:

[BH(k7¢ij)} [Q” (k)} cos ¢ + [P[(k)}ijsin%, (14)
Q] = [ Q- kde,, (15)
[P[(k)}ij: / P; (k) - kd®,. (16)

The net radial component Bj(k) is responsible for the
photoelectron circular dichroism (PECD)?’, where [Q[(k)]ij for
i=j leads to PECD for photoionization from a real stationary
state. PECD from a superposition of states (time-dependent
PECD?8) also involves the complementary quadrature Py (k)]

The Class III of enantio-sensitive observables originates from
an infinite array of multipoles (I> 1) of the net radial and of the
two net tangential components of the propensity field: Egs. (8)-
(10). The parity of spherical harmonics Yj,,(k) = (— DY, - k)

dictates  that multipoles [Bf‘ 2 (k, ¢ij)]ij and
[B=2™(k, %)] can only emerge due to the asymmetric
quadratures (k) and P;(k), while the odd multipoles
[Bl=2"+1‘m(k ¢1j)], and [Bl=2"+1’m(k (/Sij)] can emerge only due
to the symmetric quadratures Q+(k) and P (k). For the

even

[B ,2(k7 ¢lj)]ij multipoles it is the other way around: the terms

with even [ may only appear due to the symmetric quadratures
Q;r(k) and P+(k) while the terms with odd ! may emerge only
due to Q; (k) and P;; (k)

Class TII observables emerge in two- or multi-photon
ionization of randomly oriented molecules. For example,
quadrupolar [I=1 in Eq. ((8))] PECD currents®® emerge in
two-photon ionization of chiral molecules triggered by ortho-
gonally polarized two-color w — 2w fields. Predicted by Deme-
khin, Baumert and coworkers3%31, quadrupolar [I=1 in Eq.
((8))] PECD currents have so far escaped experimental observa-
tion. Other members of this class have not been identified so far.

Anomalous enantio-sensitive observables. While the Class II
observables have already been detected in experiments, the Class I
of anomalous enantio-sensitive observables has not been explored
yet. We call these observables anomalous because they are pro-
portional to the Berry curvature (see next section), in analogy to
anomalous velocity in solids stemming from the Berry curvature.
Class I involves any vectorial observable V of the cation. Indeed,
the orientation-averaged value of a vector V fixed in the mole-
cular frame, after ionization via circularly polarized light
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propagating along the laboratory z axis yields (see Methods)
Vo) = [ Wik pV-o)dp
= JIEW)Po / { / BL(k, p) - iLd®k} Vipdp  (17)
= é |E(w) 2o (BM(K) - VM)7".

Here the superscripts L and M indicate vectors expressed in the
laboratory and in the molecular frame, respectively, p denotes the
Euler angles characterizing the orientation of the molecular frame
relative to the laboratory frame, W(k, p) is the ionization rate for
photoelectrons with energy Ej = k?/2 for a fixed in space mole-
cule ionized by circularly polarized light propagating along the
laboratory z axis, . Equation (17) shows that after ionization,
the ensemble-averaged value of any vector V fixed in the mole-
cular frame will have an anomalous (proportional to the net
propensity field) enantio-sensitive component along the direction
perpendicular to the polarization plane of the ionizing pulse. V
can represent any vector rotating rigidly with the molecule such
as a transition or a permanent dipole. Below we focus on the
particular molecular axis that (as we will show) becomes oriented
upon coherent excitation and subsequent photoionization.

Class I observables require excitation of current prior to
photoionization. Consider a pump-probe set-up with two pulses
copropagating along the laboratory z axis, i-. The linearly
polarized pump pulse excites a coherent superposition of two
states with energy difference w;, in a randomly oriented
molecular ensemble. The excitation is probed via photoionization
by a circularly polarized probe. The net propensity field is
B,,(k,t) = P}, (k) sin(w,,t) and it is fixed in the molecular frame.

Consider a unit polar vector g pointing in the direction of the
net propensity field g || P},(k) in a given enantiomer. ég and

P,(k) are fixed in the molecular frame (see Fig. 2). The scalar
product €g - P{,(k) = v|P},(k)| is a pseudoscalar, which has
opposite signs (v =+ 1) in opposite enantiomers. Upon photo-
ionization, the orientation-averaged value of €y in the laboratory
frame is (see Methods)

<é;(k, T)> - R<é',5(k, T)> (18)

. .
isotropic

. 1 . .
(€55, )iotropic = §Cav(dl'\(f - AP (k)| sin(w,,7)25,  (19)

where R accounts for the molecular alignment induced by the
pump,

R=

: (20)

M aMy aM  aM

1— l(dlo -€p)(dy - €p)
M 1M ’

2 (d10 : dzo

while (élé(k, 1’))isotropic ignores it; d;o and d,o are the excitation

dipoles and C encodes the pump and probe Fourier components

at the excitation and photoionization frequencies correspondingly

(we consider transform limited pulses).:

C = |E7(wy)E5 (i) E; (w10)E5 (Wi 21

Equations (18) and (19) show that the oscillating net propensity
field |P,(k)| sin(w,,7) dictates the orientation of the molecular
vector €g(k) (and thus of the molecule) along the axis
perpendicular to the polarization of the circularly polarized
probe. The resulting molecular orientation points in opposite
directions for either opposite enantiomers (v =+1) and a fixed
probe polarization o, or for a fixed enantiomer v and opposite
probe polarizations (0 =+ 1).

Equations (18) and (19) predict that the enantio-sensitive
orientation (the photo-ionization molecular orientation circular
dichroism, PI-MOCD) oscillates as a function of the pump-probe
delay, reaching maximal positive or negative values for

N>

Co-rotating current:
preferred by the probe

Counter-rotating current:
ionization is less likely

Fig. 2 Enantio-sensitive orientation by photoionization. Relative orientations of the molecular vectors e; and P

+

i for opposite molecular orientations and

opposite enantiomers for k= 0.2 a.u. and a superposition of |i) = [LUMO) and |j) = |[LUMO + 1) in propylene oxide. Panels (a) and (b) represent
oppositely oriented right enantiomers. Panels (¢) and (d) represent oppositely oriented left enantiomers. The red circular arrow shows the rotation
direction of the circularly polarized field. The green circular arrows show the circular current in the excited states right before ionization takes place.
Photoionization rates are higher for orientations (a) and (c) than for (b) and (d) because ionization is more effective when the electronic current (circular
green arrow fixed to P;) and the electric field rotate in the same direction. This difference in photoionization rates causes enantio-sensitive orientation.
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7= (2n — 1)71/(2w,,), with n a positive integer. Photoionization at
opportune times using a circularly polarized probe induces
enantio-sensitive orientation of both the molecular cations and of
the excited neutrals that where not ionized, with the orientation
of the neutrals opposite to that of the cations.

Figure 2 shows the direction of the preferred molecular
orientation g arising when the excitation of |1) = |[LUMO) and
|2) = |[LUMO + 1) in propylene oxide is followed by photo-
ionization into the states with momentum k=0.2 a.u., for the
left- and right-handed enantiomers. The quadrature P},(k) has
the same direction in the left- and right-handed enantiomers, but
the pseudoscalar v has opposite signs for the opposite
enantiomers, corresponding to opposite orientations of left and
right molecular ions with respect to the laboratory z axis. To
calculate the propensity field, we have used the photo-excitation
and photoionization dipoles computed using the density func-
tional theory (DFT)-based approach developed in ref. 32 (see
ref. 33 for computational details). This approach yields excellent
agreement with the experimental data for one-photon ionization
of chiral molecules4-38,

Figure 3 compares the quadratures responsible for Class I and
Class II enantio-sensitive observables for the same excitation. The
magnitude of the net quadrature |P},(k)| quantifying the PI-
MOCD is substantially larger than each of the quadratures
[Q, (K)],, and [P} (k)] , quantifying the time-dependent PECD
(TD-PECD):

io-peco(k: ) = é Cok(d,y - dyy
x {COS(wnT) [Q‘T(k)] Lt sin(w,,7) [P[(k)] 12}2L‘
22

In Eq. (22) we have ignored the molecular alignment by the pump
and omitted the time-independent contributions to facilitate the
comparison with Eq. (19) for PI-MOCD (see Methods).

Figure 3 shows that the enantio-sensitive orientation is at least
of the same order of magnitude as the enantio-sensitive signal in
TD-PECD?8. Importantly, TD-PECD and PI-MOCD involve
completely different components of the geometric field and
therefore expose different and complementary aspects of chiral
dynamics in molecules.

Qualitatively, the orientation induced by photoionization can be
understood as follows. First, a linearly polarized pump excites a
couple of excited states |1) and |2) and produces a current j;,
oscillating at frequency ws,. Suppose that this current goes from the
‘head’” of a molecule to its ‘tail’ in the molecular frame. For two
molecules oppositely oriented in the laboratory frame (see Fig. 2a
and b), j;, will have the same direction in the molecular frame. This
can be shown by noting that j;, depends on the product of the
transition amplitudes to states |1) and |2). Second, like a helix, the
chiral structure of the molecule converts this linear current into a
circular current, which will have the same direction of rotation in
the molecular frame for both orientations. Thus, in the laboratory
frame, the two oppositely oriented molecules will display circular
currents rotating in opposite directions (see circular arrows in
Fig. 2a and b). Due to the propensity rules in one-photon
ionization, explicitly quantified by the geometric field B;,(k), the
circularly polarized probe pulse ‘selects’ (or preferentially ionizes)
the orientation with the current co-rotating with the probe pulse.
This leads to a difference in the photoionization yields resulting
from each orientation and thus to the emergence of oriented
molecular ions. Note that for the opposite enantiomer, the chiral
structure of the molecules creates the opposite circulating current
in the molecular frame, and thus the probe-pulse ‘selects’ the
opposite orientation (see Fig. 2c and d).

Importantly, the difference in the angle-integrated ionization
yields for the two opposite orientations is proportional to the
projection of the net propensity field B,,(k) on the laboratory z
axis. Thus, the propensity rule ‘selecting’ molecular orientations
with co-rotating current is most pronounced for orientations
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-vector mag['\itude (a.u.)
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&
=2
=
~—
—
<)

0.0

0.0 0.5 1.0 1.5 2.0 0.0 0.5
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1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
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Fig. 3 Geometric propensity field and its multipoles. Net propensity field and the net radial component of the propensity field emerging upon excitation of
|i) = [LUMO) and |j) = |[LUMO + 1) orbitals in propylene oxide. Symmetric P;T(k) [a, Eq. (12)] and asymmetric Q; (k) [b, Eq. (1] and P; (k) [¢, Eq. (12)]
quadratures for k= 0.2 a.u. Each point on the grey sphere corresponds to a given direction of k and each vector to either P Q;, orP; for that direction of

ijr

k. d Magnitude of the net value |P3’(k)| [Eqg. (13)], which governs Class | observables, such as enantio-sensitive molecular orientation (PI-MOCD) [Egs.
(18), (19))1. e, f Net values of the radial components [Q[(k)]’_}_ [d, Eg. (15)] and [P[(k)]’_j [f, Eq. (16)], which govern Class Il observables, such as the TD-

PECD [Eq. ).
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Fig. 4 Molecular orientation circular dichroism. Degree of orientation

((ég(k, 7))) [see Eq. (51) in Methods] obtained after coherent excitation of
[LUMO) and [LUMO + 1) in randomly oriented propylene oxide followed by
jonization with a circularly polarized pulse, for wi,r=n/2, v=1,and 6=1.

1.5 2.0

where B,,(k) is parallel to the laboratory z axis, which explains
why B,(k) is the molecular axis becoming maximally oriented.
The fact that the photoionization yield depends on the direction
of the current excited in the chiral molecule prior to
photoionization not only explains the emergence of PI-MOCD
but is also an example of enantio-sensitive charge-directed
reactivity.

Figure 4 shows the degree of orientation of the molecular ions
calculated using DFT-based matrix elements, dipole couplings
and Eq. (18). The strength of the effect is characterized by the
fraction of oriented ions normalized to the averaged over pump-

probe delay total ionization rate, ((é'é(k, 7))) (see Methods).
Having (cos0) = —0.12 for k=0.2 a.u. means that roughly 59

out of 100 molecules have é'é .25 <0 and 41 out of 100 molecules

have éléil‘ >0. Thus, a very significant degree of enantio-
sensitive orientation results from the excitation of chiral
dynamics in valence shells.

One should not confuse laser-induced orientation via direct
excitation of rotational degrees of freedom3°-42 with the purely
electronic effect described here. The initial rotational temperature
does indeed play crucial role in the former, but is not relevant in
our case of a purely electronic effect which happens on the
electronic time-scale. Photoionization-induced orientation of
heteronuclear diatomic molecules in a two-color, linearly
polarized field*? is another example of electronically induced
orientation where the initial rotational temperature is
unimportant.

The Berry curvature, Berry connection and Berry phase in
phtoionization of chiral molecules. The Berry curvature is an
example of a geometric field, which emerges as a result of
decoupling fast and slow dynamics associated with different
degrees of freedom. Decoupling implies that the slow dynamics is
included adiabatically; the Berry curvature reflects the presence of
non-adiabatic interactions. Below we show that the net pro-
pensity field introduced in Eq. (13) is equivalent to the Berry
curvature emerging in response to the decoupling of slow mole-
cular rotational and fast electronic motion.

To this end, we can introduce two vastly different time scales ¢
and T, which describe the fast electronic (f) and slow rotational
motion (T) correspondingly. In the molecular frame, the
electronic response to the light field is coupled to the rotational

degrees of freedom, since the orientation of the molecule defines
the direction of the laser field polarization E in the molecular
frame. Thus, the direction of the laser field polarization vector
E(t, T) in the molecular frame depends both on the electronic
time f, which describes e.g. the sub-cycle evolution of the laser
field, and on the rotational time T, which describes the evolution
of molecular orientation in space defined e.g. by a molecular
rotational wave-packet. When we solve the time-dependent
Schrédinger equation (TDSE) to describe molecular photoioniza-
tion, which is its electronic response, we can freeze the rotational
time, such that the full molecular wave-function ¥(t, T) depends
on T parametrically (see Methods). It means that we neglect the
i% term in the TDSE, when computing the electronic dynamics.
As shown by Aharonov and Anandan!, the geometric phase
accumulated during a cycle Tj of such adiabatic evolution (Tj is a
rotational period) is given by:

Ty d
Thus, we obtain
To dE(T
p= [ iy Bl ar
y (24)

- / i(,(B) Vg, (B)) - dE
C(E(T))

Here y; is the molecular wave-function in the interaction picture,
the cyclic path C parametrized as C(E(T)) is defined by the
evolution of the rotational wavepacket. Equation (24) allows us to
introduce the Berry connection:

A(E) = i(y1(B)[Veyy(B)), (25
and the Berry curvature:
Q = Vgx A =i(Vgy(E)| x [Vgyy(E)). (26)

We can now use Eq. (26) to calculate the Berry curvature
emerging in photoionization of chiral molecules. Since the Berry
curvature is gauge invariant, we can use perturbation theory to
calculate |y, (E))*® explicitly:

V(B = yo + / 00y, (E)yy. @7)
¢ . 7
@ = i/ dt/dk0 . E(t/)e’“"‘ot = idko . Ew(a)ko)7 (28)
0
VEV/I(E) = /d@kidk()l//k, (29)

Q= /d®i</d®ki<1//k’|l/’k>[dlt/0><dk0] = i/d®k [dio % dyo]
(30)

Equation (30) is equivalent to the net generalised propensity field
[see Eq. (13)].

When transforming the light field to the molecular frame, we
can choose the radial direction €, in this frame to represent the
propagation direction of the light in the molecular frame. For
randomly oriented molecules, &, is distributed on a sphere which
corresponds to all possible values of angles 6, ¢ defining the
direction of light propagation in the molecular frame. The
polarization plane of the laser field is tangent to this sphere. For a
circularly polarized field we can write E(6,¢) = EZ(G, ¢)
&y + iE(6, ¢)e,. As 6 and ¢ change, the laser field polarization
vector, tangent to the sphere is subject to parallel transport, which
is sensitive to the presence or absence of the curvature. Thus, in
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the case of randomly oriented molecules, the path C(E) covers the
entire sphere.

Using the example of randomly oriented molecules, we can
get insight into the physical meaning of the Berry phase in
photoionization. To this end, we note that the total, averaged over all

random molecular orientations p( [ dp = gL, [ sin 66 [}" d¢
( ];)2 " da), enantio-sensitive photoionization yield

W = [ WGk pdp

=%|}3w|2 / / / (B"(k, p)~i")d®k sin 0d0d¢

=il [ [ [(8M09-&)doysinvasds v

o AM
=E|Ew|2//(QM.e,)
:4i|Ew|2/QM-ds""

7T

is equivalent to the flux of the Berry curvature through the surface of
a sphere with the area element dS = &, sin d0d¢.

The flux in Eq. (31) is equivalent to the sum of two fluxes
through the two open surfaces that appear if we cut the sphere
equatorially into two hemispheres, the upper St and the lower S~

sin 0d0d¢

/Q-dS:/ Q-dS—l—/ Q- ds. (32)
s+ s
Using the Stokes theorem we obtain:
/ Q~dS:ir/ A, -dE=p,, (33)
s* c

where the laser polarization vector E is tangent to the curve C at
every point ¢ =[0,27], 8 =mn/2 and . is the respective Berry
phase for each line integral. Thus, the enantio-sensitive yield is
related to the Berry phase:

o o
W) = LB [ 0-ds = L IE L@, - )

In the current set-up the enantio-sensitive part of the
photoionization yield is zero: S, =pf_. To achieve non-zero
enantio-sensitive photoionization yield, one may either shape the
evolution of the molecular rotational wavepacket or shape the
polarization of the laser field, so that the parallel transport of the
laser polarization vector occurs along a curve lying on a non-
trivial surface. The first strategy may be realised using non-
adiabatic molecular alignment prior to ionization3-42:46 to create
rotational wave-packets with topologically non-trivial surfaces in
0 and ¢, which may lead to quantization of the flux of the Berry
curvature piercing these surfaces. The second opportunity may
be realized via application of synthetic chiral light*” to
photoionization of randomly oriented molecules, because this
light leads to enantio-sensitive scalar observables*8, such as the
photoionization yield.

Note that here we have used the concept of cyclic adiabatic
evolution to introduce the associated geometric phase. The
concept of cyclic evolution is strictly speaking only applicable to
spherical tops, because their rotational dynamics is characterized
by a single rotational constant leading to a well-defined rotational
period. For symmetric tops with two different incommensurate
rotational constants, the periodic evolution can be approximated
to any desired accuracy within the Dirichlet’s approximation
theorem. Since the concept of geometric phase has been extended
to arbitrary evolutions (non-unitary and non-cyclic)®, one
should be able to extend the current derivation to this more
general case, which will then include asymmetric tops.

(34)

Class I observables are proportional to the Berry curvature and
as such, they present the first example of anomalous enantio-
sensitive observables. The equivalence of the net propensity field
and the Berry curvature points to the geometric nature of the
propensity field.

Conclusions
We see several future directions associated with geometric fields
in photoionization of chiral molecules:

Valence-shell PI-MOCD can be induced by exciting electronic
or vibronic degrees of freedom and thus can be achieved with
pulses of various durations: from sub-femtoseconds to picose-
conds. An interesting future direction is to use PI-MOCD, which
occurs both in molecular ions and excited neutral molecules
remaining after ionization, for (i) quantification of helical cur-
rents in chiral molecules, (ii) enantio-separation and (iii) ultrafast
molecular imaging with oriented chiral molecules.

PI-MOCD can also be induced by core excitation with few-
femtosecond X-ray pulses. Localised site-specific core excitation
could allow one to initiate currents from different locations inside
the molecule and probe the orientation of the most efficient
molecular corkscrew. Probing the induced electronic excitations
should likely be done before the core-hole decay due to e.g. the
Auger process. Molecular fragmentation, which may be induced
by such decay, could be beneficial for detecting PI-MOCD via
angular distributions of fragments.

We have found that PI-MOCD can also be induced using
a circularly polarized pump pulse and a linearly polarized probe.
In this case, PI-MOCD emerges due to the helical photo-
excitation circular dichroism (PXCD) current® excited in bound
states and does not involve geometry of photoionization dipoles.
PI-MOCD induced by circularly polarized pump and probe
pulses records the interference between the PXCD mechanism of
PI-MOCD and the geometric mechanism described here. Such
interference presents an opportunity to characterize the geo-
metric propensity field experimentally.

Direct experimental detection of the geometric propensity field
B(k) requires measurement of circular dichroism in the photo-
ionization yield for a given photoelectron momentum, resolved
on the orientation of molecular frame, for all possible orienta-
tions. Experiments®! indicate that such measurement is within
the reach for small-size chiral molecules.

Identification of additional, still hidden members of Classes I,
11, and III of enantio-sensitive observables predicted in this work
is another exciting direction.

We have shown that Class I enantio-sensitive observables rely
on the net propensity field, which is equivalent to the Berry
curvature. Since the Berry curvature is at the origin of many
topological phenomena, our result provides a way of relating two
geometrical properties: chirality and topology. The appearance of
the Berry curvature also points to so far undiscovered physics
which may emerge due to the coupling of controlled molecular
rotations®~42 with attosecond electron dynamics. For example,
here we have considered enantio-sensitive charge-directed reac-
tivity in randomly rotating molecules. However, one may also
consider an initially prepared rotational wavepacket3*-4> which
forms a nontrivial topological structure during its temporal
evolution. This structure, probed by photo-ionization as a func-
tion of the delay between the pulses exciting the rotational and
electronic dynamics, may manifest itself in quantized enantio-
sensitive photoionization yield.

Overall, merging chiral and topological ultrafast effects in
chiral molecular gases in electric-dipole approximation may lead
to breakthrough applications in enantio-sensitive imaging and
control of chiral molecules.
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Class I enantio-sensitive phenomena require violation of time-
reversal symmetry, which can be achieved due to excitation of
electron dynamics, considered here, or due to spin-orbit inter-
action. Spin-resolved photoionization of chiral molecules was
pioneered by Cherepkov®. Uncovering the role of the Berry
curvature in it is another important direction.

In the context of spin-resolved processes, our results estab-
lishing the connection between the Berry curvature and the Class
I of enantio-sensitive observables, may have a broader scope in
the context of experiments on angular-resolved fragmentation of
nuclei®2.

As an entrant to the family of geometric fields, the Berry
curvature in chiral molecules, described here, provides an path to
exploring the interplay between chiral and topological phenom-
ena in chiral molecules and solids. Our work, together with the
recent work>3 exploring a topological frequency conversion in
chiral molecules induced by the microwave fields, provide the
first steps along this path.

Methods
Operator approach and time-reversal symmetry of the net
geometric propensity field. Here we prove that

[ a0 =0 (35)

when ’V/i> and ’V’j> are time-even states, which we use in

Eq. (13).

The time-reversal symmetry plays a central role in enabling the
net geometric propensity field. To consider the parity of the
geometric propensity field (or its quadratures) with respect to
time-reversal, it is convenient®* to introduce an operator
approach. Equation (2) of the main text can be rewritten in the
following form:

1 . 1 .
B, (k, ¢,) = —Ei[d;;ix dy |+ cc. = —SFe" + e,
(36)
where F;(k) = i {dﬁix dkj} and thus,

Q) =~ {F,10}, (37)

P,(k) = S{Fij(k)}. (38)

To establish the parity of net quadratures with respect to time-
reversal, it is sufficient to consider the time-reversal parity of the
net Fj(k):

F, = /d@)kidi,ixko- (39)

Analogously to the procedure in ref. %, we rewrite F; as the
matrix element of an operator F:

Fy= [ doidy,xdy, = [ doyity iyl

x (wilely,) = (vilFly,),

where the operator F in vector and component form is given by

F, =ie,, / de,#,P, 7.

(40)

P =i [ oyl i
= ieabc?bj)k;‘c?
(41)

and P, = [ d@klu/f(_)) (V/L_)I is the projector on the subspace of all
states with energy E = k2/2. Since t and P, are Hermitian, F is

also Hermitian:

B = (iey iy Pii)| = —ien i Pty = iegyi Pty = B, (42)

Now we want to see how time reversal considerations
constraint the matrix elements of F. Let T be the time-reversal
operator (see e.g. sec. 4.4 in ref. >). T converts a state |a) into its
time-reversed counterpart |a) = T|a), which we denote by a tilde.
T is anti-unitary, ie. (&I[}) = (a|B)* and
T(c;la) +c2|,8>) = cj|a&) +c§|/~3). A Hermitian operator A is
time-even ( + ) or time-odd ( — ) when TA = + AT. Time parity
restricts the matrix elements of A according to (tx|A|ﬁ) =
+ (&lAl/})*. In particular, if A is time-odd and the states are
time-even (i.e. |&@) = |a) and |B) = }ﬂ>), it follows that (oc|A|[3) =
—(aJA|p)” and thus R{(xlA|B)} = 0.

For P, we have

TP |¢) =T { / d®k|w£‘)><w{:>|¢>} - / Ao i w7 1e)

_ / dOTT G 19) = P, T|g)
(43)

where Z%k =/ d®k|1]/§:>) (fpf:)l also projects on the subspace of all
states with energy E = k2/2. Since P, and f’k project on the same
subspace we must have P, = f’k and thus P, is time-even.
Furthermore, since I is also time-even, we can use the anti-
unitary character of T to find that

Tﬁa|¢> = T<i€abc?bpk?c|¢>) = _ieabc;bpk?cT|¢> = _PaT|¢>7
(44)
which means that F is time-odd. Thus, R{F;} =0 when |y;) and
ly;) are time-even states. Finally, using Egs. (37) and (38) we
obtain for time-even states |y,) and |1//j>:

/ d0,Q;(k) = — / d@km{Fij(k)} - —SR{FU} —0, (45)

Furthermore, the time-odd parity of F does not restrict the
value of net momentum quadrature, which in general is non-zero:

/ 0P, (k) = / d®k?s{Fij(k)} = %{FJ} £0.  (46)

The origin of Class I enantio-sensitive observables. The con-
nection between enantio-sensitive observables in photoionization
and the geometric field becomes evident as soon as we consider
the photoionization rate W(k) into energy E = k2/2 for a fixed in
space molecule ionized by circularly polarized light in the electric-
dipole approximation®°°:

Wik, p) / 40, la I (47)

1 N N N
o = 3 1@ 1d(p) - X + [4(p) - 31 + 0Bk, p) - 2 }.

(48)
Here ay, is the amplitude of ionization from a complex-valued
randomly oriented bound state ‘1//6> (at this point we do not
specify how this state was created in a randomly oriented mole-
cular ensemble and assume that it is given to us) into the final
state with photoelectron momentum k, £(w) is the Fourier (we
define the Fourier transform as E(w)= ffooo E(t)e“'dt and
assume E(w) = E(w)(X — ioy)/+/2 at the transition frequency)
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component of the light field at the transition frequency w, 6=+ 1
for light rotating clockwise/counterclockwise in the xy plane,
integration over d®; describes averaging over the directions of
the photoelectron momentum, p denotes the Euler angles char-
acterizing the orientation of the molecular frame relative to the
laboratory frame, the vectors X", y*, and 2 denote the axes of the
laboratory frame, d,(p) is the photoionization dipole in the
laboratory frame (denoted by superscript L), and BL(k, p) is the
geometric propensity field in the laboratory frame.

Using Eq. (48) we formally obtain the expression for the
orientation-averaged value of an arbitrary vectorial observable
VL(k) of the molecular cation:

Vo) = [ dpwik pvHep
=%|€(w)|20/{/ BL(k,P)'iLd(ak}VL(p)dp (49)
= é |E(w) o (B (k) - VM)2".

Here the superscripts L and M indicate that the respective vectors
are expressed with respect to the laboratory frame or the
molecular frame, correspondingly. Equation (49) shows that after
ionization with circularly polarized light, the ensemble-averaged
value of the vector V (fixed in the molecular frame), will have an
anomalous, i.e. proportional to the Berry curvature (which in
chiral molecules is equivalent to net propensity field), enantio-
sensitive component along the direction perpendicular to the
polarization plane.

Equations describing the MOCD. Suppose that €5 is a unit polar
vector collinear with the net geometric propensity field g || B(k)
in a given enantiomer. Both ég and B(k) are fixed in the mole-
cular frame. The scalar product €g - B(k) = v|B(k)| is a pseu-
doscalar (v==1), which has opposite signs in opposite
enantiomers. The orientation-averaged value of the vector €g in
the laboratory frame is given by [see Eq. (49)]:

(@50 = ¢ IE@PovlB it (50)

Therefore, Egs. (49) and (50) predict enantio-sensitive orientation
of molecular ions by ionization. The vector €g(k) gets oriented
along the laboratory z axis (perpendicular to the polarization of
the circularly polarized probe).

Now we can specify the procedure of exciting the state |y,) in a
randomly oriented molecular ensemble. The complex-valued
state |y,) corresponds to excitation of a complex superposition of
states prior to photoionization, which can be excited with a
linearly polarized pump pulse.

Using our approach®®>7 we can calculate the orientation of the
vector €g in a molecular cation analytically for the excitation of
two intermediate states with energy difference w,; in an ensemble
of randomly oriented chiral molecules. Equations (18) and (19) of
the main text can be obtained using Egs. (30)-(35) in ref. > and
replacing k by €g, choosing a pump linearly polarized along
either the x or y laboratory axes, and a probe circularly polarized
in the xy plane (both pulses are transform limited). To express all
resulting terms via the vector product of two ionization dipoles,
we used the Binet-Cauchy identity (AxB)-(CxD)=(A-C)
(B-D)—(A-D)(B-C) and the vector triple product identity
Ax(BxC)=(A-C)B—(A-B)C.

The strength of the effect is characterized by the fraction of
oriented ions normalized to the total ionization yield (averaged

over pump-probe delay).

élé(k T) fdp eB(P)W(k P), (51)
[dp Wik, p)
G
[aowip = 5 1 [ a0y [3lacf laf — ld, - au ],
(52)
and C; = —&(w;)E(wy;). These equations are used to calculate

the results shown in Fig. 4. Assuming that intensity of the two
spectral components is the same in each pulse, |£;(w, ()| =
|€:(w, )| for i=1,2, the information about pulse intensities drops
out from the results: |C,|? = |C,|? = |C|, where |C| is given by Eq.
(21).

An estimate of the number of ‘up’ N, and ‘down’ N_
molecules for (cos8) = —0.12 can be performed using a simple
model for the angular distribution of oriented molecules:
Y(0) = aoYoo(0) + a,Y10(0),  where a2+a?=1 Then
Jo a6 fzn dDsin fcos §|¥(0)|?>, and we can obtain
N, = [ def dg sin 6]W(0)]= 1 (2 + 3(cos 6)) = 0.41
N_= de de¢sin O]¥(0)]> =1 — N, = 0.59.

(cos ) =

and
71/2

Method of multiple scales. To derive the adiabatic decoupling of
rotational and electronic degrees of freedom, we write the
Hamiltonian as a sum of its rotational H, and field-free electronic
H,, parts, with the operator r - E;(p, ) describing the coupling of
the ionizing light field and the molecule:

(Hel + Hrot +r- EL(p7 t)) l//(l‘, P> t) (53)

Here p describes the Euler angles characterizing the direction of
the laser field in the molecular frame. The standard adiabatic
approximation implies that the full wave-function can be repre-
sented as a product of its electronic and rotational components:

V/(L P t) = ll/el(r’ Ps t)Wrot(p7 t)' (54)

Substituting Eq. (54) in Eq. (53) and assuming that rotational
dynamics is not affected by photoionization, we obtain the fol-
lowing equations for the two components:

0
lgll/(rapa t) =

)
Z& 1l/rot(p’ t) = Hrotll/rot(P7 t) (55)

(¥, P, t)ll Wt P Ol (s )
= (V,u(p, t)l (Hy+1-Ef(p, D) wy(r, p, 0| v,,,(p, 1))

Assuming narrow rotational wave-packets, Eq. (56) can be
further simplified by expanding electronic wave-function
Yelr, p,t) and the light field E;(p, t) around a center of rota-
tional wave-packet p(t) = (y,,.(p, t)Ip|¥,,;(p; t)) in Taylor series
up to the terms of the first order: y,(r,p, 1) = y,(r, ﬁ(t),t)—i—

(P P(t)) Bp(t) 1//el(r P(t) t) E (P t) - E]L(p(t) t) + (P P(t)) p(t)
E]L(p(t)’ t)’ ot Wel(r Ps t) — o l/]el(r p(t) t) + ap(t) 1//el(r P(t) t) Bp(t)

5 {(p — p(t))ml//e,(r7 p(), t)} we can now rewrite Eq. (56) as:

0 0
i3V 0.0+ 50y 5.

= (Hel +r- EL(p(t)7 t))Wel(ra P(t)7 t)

Equation (57) contains two different time scales: rotational and
electronic. The rotational time scale enters via the evolution of the
average orientation p(t). Using the method of multiple scales®$,
we introduce rotational time T in the argument of the average

(56)

(57)
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orientation angle p(T):

The adiabatic approximation implies that we neglect

0 0
i&‘l/ez(l‘, ﬁ(T)a t) + IB_T ‘l/ez(l'> p(T)7 t)
= (HEI +r- EL([_)(T)’ t)) 1//el(r) /_)(T)7 t)

(58)

WYy

5 l.e. we

keep T fixed while evaluating photoionization. Thus, after a cycle
of adiabatic evolution, the electronic wave-function acquires the
Berry phase:

(59)

B= /0T0<‘//el

. d
lﬁ 1//e1>dT.

leading to Eq. (23) of the main text.
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