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Photoelectron circular dichroism (PECD) manifests as a forward-backward asymmetry of elec-
tron emission in the direction orthogonal to the light polarization plane via one-photon ionization of
chiral molecules with circularly polarized light. Multi-polar ‘PECD’ currents, i.e., currents resolved
along multiple directions, have also been predicted using two mutually-orthogonal linearly polarized
light with carrier frequencies ω and 2ω. These currents arise from the interference between the one-
and two-photon transitions. Here, we will show that photoelectron spin detection reveals enantio-
sensitive multi-polar currents already in the one-photon regime since the two axes can be marked
by the photoelectron momentum k̂ and spin-detection axis ŝ. Specifically, we consider one-photon
ionization of an isotropic ensemble of randomly oriented chiral molecules via circularly polarized
light and show that the resulting spin-resolved current has three components whose magnitudes are
comparable and can be larger than PECD: (i) a spin-polarization vortex in the plane of light polar-
ization that rotates in opposite directions for opposite enantiomers, (ii) either a spin-sink or source
in the plane of light polarization for opposite enantiomers, and (iii) a spin analog of photoelectron
vortex dichroism (Phys. Rev. Lett. 129, 233201, 2022) wherein the detected photoelectron spin
encodes molecular chirality.

Photoelectron circular dichroism (PECD) heralded the
“dipole revolution” in chiral discrimination: chiral dis-
crimination without using chiral light [1, 2]. It was first
predicted by Ritchie [3] and first detected by Böwering
et. al. [4]. Nowadays, PECD is very well established
theoretically, and also shown to yield strong enantiosen-
sitive signals across several molecular species [5–18]. In
PECD, the photoionization of an isotropic ensemble of
randomly oriented chiral molecules via circularly polar-
ized light results to a forward-backward asymmetry in
the net photoelectron current in the direction of light
polarization. Fundamentally, it can be understood as a
manifestation of a geometric magnetic field introduced in
Ref. [1], and its emergence leads to new enantio-sensitive
observables in photoionization [2, 19].

Geometric magnetism in photoionization [19] and pho-
toexcitation [20] of chiral molecules addresses the dy-
namical origin of enantiosensitive observables in one or
multiphoton ionization [1, 19]. Its central object – the
geometric propensity field:

B⃗M
k⃗M ≡ iD⃗M∗

k⃗M × D⃗M
k⃗M , (1)

– presents the spin of the photoelectron dipole field1

and underlies several classes of such observables rely-
ing on: (i) the net propensity field Ω⃗ ≡

∫
dΘkB⃗k⃗; (ii)

1 Superscripts L andM are used to denote quantities in the labora-
tory and molecular frames, respectively. Vectors in the molecular
frame, a⃗M , are transformed into the laboratory frame using the
relation a⃗L = Rρa⃗M , where Rρ is the Euler rotation matrix.

the net radial component of the propensity field B∥ ≡∫
dΘk(k̂ · B⃗k⃗); and (iii) the spherical multipole moments

of the longitudinal and transversal field components

B
∥
l,m ≡

∫
dΘk(k̂ · B⃗k⃗)Yl,m, B⊥,1

l,m ≡
∫
dΘkB⃗k⃗ · ∇kYl,m,

and B⊥,2
l,m ≡

∫
dΘkB⃗k⃗ · (k̂ ×∇k)Yl,m.

Photoelectron circular dichroism belongs to the Class
II observables. The Class I observables have been ex-
plored in Ref. [19], where it was shown that the net

propensity field Ω⃗ controls the enantio-sensitive orienta-
tion of the cations (MOCD - molecular orientation circu-
lar dichroism). The Class III observables have tensorial
nature and represent multipolar photoelectron currents,
i.e., currents resolved along multiple directions. These
currents arise due to the longitudinal and transversal
components of the propensity field. The properties of
one of such observables emerging in two photon ioniza-
tion by two-color fields due to interference between the
one- and two-photon transitions have been explored the-
oretically in Refs. [21–23]. The same two-color set-up
enabled detection of its possible analogue in multiphoton
regime [24]. However, these effects ignore the photoelec-
tron spin. Spin detection opens an exciting opportunity
to reveal enantio-sensitive multipolar currents arising al-
ready in the one-photon regime. Indeed, the two axes
needed to resolve such currents can be marked by the
photoelectron momentum k̂L and spin-detection axis ŝL.

The analysis of the interplay of chirality and spin
in photoionization of chiral molecules was pioneered by
Cherepkov [25–27]. He identified a kinematic picture of
spin polarization, predicting spin-and enantio-sensitive
effects in one photon ionization for circularly and lin-
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early polarized light. First experiments detecting spin
polarization in multiphoton ionization have just appeared
[28]; simulations predicting spin-polarization in PECD
have also become possible [29]. We have also recently
identified [30] a spin-resolved variant of geometric mag-
netism arising in chiral molecules, leading to a new effect:
enantio-sensitive locking of the molecular cation orien-
tation to the photoelectron spin. Here we use our for-
malism [30] to explore the Class III observables. We
show how the spin-resolved propensity field generates
spin-polarized enantio-sensitive multi-polar currents in
one-photon ionization. Our results, which are consis-
tent with predictions by Cherepkov [25–27], allow us
to identify the physical mechanisms underlying these ef-
fects. We also demonstrate that spin-polarised enantio-
sensitive currents are comparable and can exceed PECD.

We start by introducing spin-resolved propensity field:

B⃗L
k⃗M ,µM ≡ iD⃗L∗

k⃗M ,µM × D⃗L
k⃗M ,µM , (2)

where D⃗L
k⃗M ,µM

is the spin-resolved photoionization

dipole

D⃗L
k⃗M ,µM ≡ ⟨ψf ;φ

(−)

k⃗M ,µM
|d⃗L|ψi⟩. (3)

The spin-resolved continuum state with momentum k⃗M

is denoted by φ
(−)

k⃗M ,µM
, |ψf ⟩ is a final state of the ion,

and µM = ± 1
2 is the spin projection on the z-axis of the

the molecular frame ζ̂M . For opposite enantiomers, the

transition dipoles are related as D⃗
L(R)

k⃗M ,µM
= −D⃗

L(S)

−k⃗M ,µM

[31]. It is also instructive to introduce the spin-symmetric
and antisymmetric propensity fields,

B⃗L
k⃗M ,± ≡ 1

2

(
B⃗L

k⃗M , 12
± B⃗L

k⃗M ,− 1
2

)
. (4)

The spin-symmetric field B⃗L
k⃗M ,+

is not sensitive to

spin and has similar properties to B⃗L
k⃗M

in Eq. (1),

emerging without spin-orbit interaction [19]. The spin-

antisymmetric field B⃗L
k⃗M ,−

arises only in the presence

of spin-orbit interaction and underlies the appearance of
spin-polarized enantio-sensitive observables.

Consider one-photon ionization by circularly polarized
light E⃗L = EL

ω (x̂
L+iξŷL)/

√
2 from the ground state of a

molecule. Here ω is the photon energy and ξ = ±1 char-
acterizes the direction of rotation of the light polarization
vector. The momentum and spin resolved photoioniza-
tion rate of a randomly oriented ensemble of molecules is

WL(k̂L, ŝL) =

∫
dρWM (k̂M , ŝL, ρ), (5a)

=
∑

Aℓ,mℓ

ℓs,ms
Yℓ,mℓ

(k̂M )Yℓs,ms(ŝ
L) (5b)

where the orientation ρ ≡ αβγ is defined by the Eu-

ler angles,
∫
dρ ≡ 1

8π2

∫ 2π

0
dα

∫ π

0
dβ sinβ

∫ 2π

0
dγ, and

WM (k̂M , ŝL, ρ) is the photoionization rate in the molecu-
lar frame for a given orientation ρ with the photoelectron
spin measured along ŝL [30]:

WM (k̂M , ŝL, ρ)

=
1

2

∑
µM

∣∣∣D⃗L
k⃗M ,µM · E⃗L

∣∣∣2 (1 + ŝL · σ̂L
µM ,µM

)
. (6)

Here, P̂ŝL =
(
I+ ŝL · σ̂L

)
/2 is a spin projection oper-

ator with respect to ŝL, σ̂L is the vector of Pauli spin
matrices, and σ̂L

µM ,µM ≡ ⟨χµM |σ̂L|χµM ⟩ is spin quanti-

zation axis. Essentially, the spin-projection operator P̂ŝL

rotates the photoelectron spin quantization axis (z-axis of
the molecular frame ζ̂M ), to ζ̂L = Rρζ̂

M , then projects
it to ŝL where it is measured.
Eqs. (5a) and (6) show that integrating the ŝL-

independent terms yields the usual momentum-resolved
photoionization yield, from which the PECD current,
which is proportional to A1,0

0,0, can be extracted directly:

j⃗LPECD =
1

2

∑
µM

∫
dΘM

k

∫
dρ

∣∣∣D⃗L
k⃗M ,µM · E⃗L

∣∣∣2 k⃗M

=

[
1

6

∫
dΘM

k

(
k⃗M · B⃗M

k⃗M ,+

)]
Ξ⃗L

=

[
1

6k

∫
dΘ⃗M · B⃗M

k⃗M ,+

]
Ξ⃗L. (7)

Here
∫
dΘM

k denotes integration over all photoelectron

directions; Ξ⃗L = −i(E⃗L∗× E⃗L) = ξ|EL
ω |2ẑL is the direc-

tion of photon spin. Eq.(7) is equal to the PECD current
we derived in [32], to the original expression derived by
Ritchie [3], without spin, and to the coefficient D intro-
duced by Cherepkov [25–27]. Eq. (7) shows that the
PECD current is not spin sensitive and is given by the
flux of the spin-symmetric propensity field through the
surface of the energy shell (dΘ⃗M = dΘM

k k̂Mk2).
Similarly, the spin-resolved enantio-sensitive current

conditioned on the photoelectron spin measured paral-
lel to the ŝL axis is

j⃗Lŝ =
1

2

∑
µM

∫
dΘM

k

×
∫
dρ

∣∣∣D⃗L
k⃗M ,µM · E⃗L

∣∣∣2 (ŝL · σ̂L
µM ,µM

)
k⃗M

=j⃗L× + j⃗L∥ + j⃗L⊥ (8a)

The three components of j⃗Lŝ are illustrated in Fig. 1
which we discuss below.
The current j⃗L× arises from the ‘coupling’ of the photo-

electron spin quantization axis σ̂M
1
2 ,

1
2

to the transverse

component of the spin-antisymmetric propensity field
B⃗M

k⃗M ,−
× k⃗M :

j⃗L× =

{
1

12

∫
dΘM

k

[
σ̂M

1
2 ,

1
2
·
(
B⃗M

k⃗M ,− × k⃗M
)]}(

ŝL × Ξ⃗L
)

(9)
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FIG. 1. Schematic view of the (a) PECD current j⃗L
PECD compared with the (b-d) three components of the spin-resolved current

j⃗L
ŝ . The superscripts (S) and (R) denotes the corresponding current for the left and right-handed enantiomer.

Since the direction of the current j⃗L× in the laboratory
frame is defined by the cross product of the photon
spin vector Ξ⃗L and photoelectron spin detection axis
ŝL, then j⃗L× is confined to the polarization plane and
spin-polarization is transversal. This current is equiva-
lent to the coefficient C of Cherepkov [25–27], in which

j⃗L× ∝ A1,1
1,−1 − A1,−1

1,1 . The enantio-sensitive nature of j⃗L×
arises from the molecular factor σ̂M

1
2 ,

1
2

· (B⃗M
k⃗M ,−

× k⃗M )

which is a pseudoscalar: opposite enantiomers produce
opposite spin vortices, such that spin polarization direc-
tion depends on photoelectron momentum in a way rem-
iniscent of Rashba effect in solids.

Now, the molecular factor of j⃗L× can equivalently be
expressed as

B⊥,2
1,0 =

∫
dΘM

k

[
σ̂M

1
2 ,

1
2
·
(
B⃗M

k⃗M ,− × k⃗M
)]

=

∫
dΘM

k

[
B⃗M

k⃗M ,− · (k⃗M ×∇)Y1,0(k⃗
M )

]
(10)

which indicates that j⃗L× belongs to the Class III enantio-
sensitive observables. Thus, to find spin-sensitive effects,
we have to consider multipolar photoelectron currents,
i.e. currents resolved along two orthogonal directions.
Without spin detection, multipolar enantio-sensitive cur-
rents could be induced using orthogonally polarised two-
color fields [2, 21, 23, 24], and recorded via interfer-
ence between the two photoionization pathways involv-
ing the interference of one-photon and two-photon tran-
sitions. Spin detection opens an exciting opportunity
to detect enantio-sensitive multipolar currents already in
the one-photon regime, because the orthogonal axes can

be marked by the photoelectron momentum and its spin.
Since spin is a pseudovector, such detection scheme re-
veals the tensorial enantio-sensitive observables related
to the tangential component of the propensity field – a
new member of the Class III observables.
The currents j⃗L∥ and j⃗L⊥ do not arise from the propen-

sity field, but rather from the helicity of the photoelec-
tron (k⃗M · σ̂M

1
2 ,

1
2

):

j⃗L∥ =

{
1

15

∫
dΘM

k W(2)

k⃗

(
k⃗M · σ̂M

1
2 ,

1
2

)}
{
|E⃗L|2(ŝL · ẑL)ẑL

}
(11)

j⃗L⊥ =

{
1

20

∫
dΘM

k W(−3)

k⃗

(
k⃗M · σ̂M

1
2 ,

1
2

)}
{
|E⃗L|2

[
(ŝL · x̂L)x̂L + (ŝL · ŷL)ŷL

]}
, (12)

which is weighted by the difference of the yields for the
spin-up and spin-down photoelectrons

W(Λ)

k⃗
= R

(Λ)
1
2

∣∣∣D⃗k⃗, 12

∣∣∣2 −R
(Λ)

− 1
2

∣∣∣D⃗k⃗,− 1
2

∣∣∣2 . (13)

The quantity R
(Λ)

V⃗ ,µ
accounts for how the geometry of the

photoelectron dipole affects the yield:

R(Λ)
µ = 1− 1

Λ

Re
[
(D⃗k⃗,µ · k⃗M )(D⃗∗

k⃗,µ
· σ̂ 1

2 ,
1
2
)
]

|D⃗k⃗,µ|2(k⃗M · σ̂M
1
2 ,

1
2

)
(14)

These currents present a spin polarization direction for
opposite enantiomers that is (i) either parallel or anti-

parallel to j⃗L∥ , and (ii) either forms a ‘spin-sink’ or

3



FIG. 2. Comparison of the currents for the chiral states |ψ±
−1, 1

2

⟩p, and |ψ±
−1, 1

2

⟩c. The solid and dashed lines represent the

states |ψ+

−1, 1
2

⟩p/c and |ψ−
−1, 1

2

⟩p/c, respectively. Red curve shows the PECD current, while yellow, green and violet show the

three spin-sensitive and enantio-sensitive currents. The rapidly oscillating behavior at higher values of k is due to the Fano
resonances, leading up to the ionization threshold for the 3s electrons [33, 34].

‘spin-source’ relative to j⃗L⊥. Moreover, these currents
also coincide with the coefficients B1 and B2 introduced
by Cherepkov [25–27], in which j⃗L∥ ∝ A1,0

1,0 ∝ B2 and

j⃗L⊥ ∝ A1,1
1,−1 +A1,−1

1,1 ∝ B1 [31].

Since both j⃗ ∥L and j⃗ ⊥L are independent of the pho-
ton spin direction, they can be driven by linearly po-
larised pulses. Of particular interest is the current j⃗L∥ ,
which serves as the spin analog of photoelectron vortex
dichroism (PEVD) [35]. Specifically, PEVD uses linearly
polarized light to generate photoelectrons with orbital
angular momentum (OAM) wherein the OAM has oppo-

site signs for opposite enantiomers, while j⃗L∥ now suggests
that photoelectrons with opposite spins are correlated to
opposite enantiomers.

To quantify the effects, we will use the chiral state from
our previous work [30], where both electronic chirality
and spin-orbit coupling are accurately accounted for. It
describes chiral electronic densities in an Ar atom excited
into a chiral superposition of states

|ψ±
m,µ⟩p =(cosϕ)|4pm, µ⟩ ± (sinϕ)|4dm, µ⟩ (15)

|ψ±
m,µ⟩c =(cosϕ)|4pm, µ⟩ ± i(sinϕ)|4dm, µ⟩. (16)

The eigenstates and associated spin-resolved photoion-

ization dipole matrix elements of Ar atom were calcu-
lated using an atomic configuration-interaction singles
treatment [34, 36, 37]. These states are inspired by a
spinless chiral superposition in the hydrogen atom [1].
Figure 2 compares spin-resolved currents with PECD

for various chiral superpositions withm = −1 and µ = 1
2 .

The currents are normalized to the total yield,

N =

∫
dΘL

s

∫
dΘM

k

∫
dρWM (k̂M , ŝL, ρ) =

=
1

6

(∑
µM

∫
dΘM

k

∣∣∣D⃗M
k⃗M ,µM

∣∣∣2 )|E⃗L|2. (17)

The PECD current j⃗PECD consistently yields strong
enantio-sensitive signal as expected. The spin-resolved
currents are more sensitive to the initial state, but can
exceed the PECD current in some cases (bottom panels).
In conclusion, we have shown how measurements of the

photo-electron spin can be used to detect a new Class III
chiral observable – an enantio-sensitive spin vortex. We
have identified the interplay of geometric and dynamical
mechanisms underlying the emergence of these vortices
in one-photon ionization of chiral molecules. We have
also shown that these spin vortices can be as strong as
spin-independent PECD currents.
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