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ABSTRACT: The direct probing of photochemical dynamics by
detecting the electronic coherence generated during passage through
conical intersections is an intriguing challenge. The weak coherence
signal and the difficulty in preparing purely excited wave packets that
exclude coherence from other sources make it experimentally
challenging. We propose to use time-resolved X-ray magnetic circular
dichroism to probe the wave packet dynamics around the conical
intersection. The magnetic field amplifies the relative strength of the
electronic coherence signal compared to populations through the
magnetic field response anisotropy. More importantly, since the excited
state relaxation through conical intersections involves a change of parity,
the magnetic coupling matches the symmetry of the response function
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with the electronic coherence, making the coherence signal only sensitive to the conical intersection induced coherence and excludes
the pump pulse induced coherence between the ground state and excited state. In this theoretical study, we apply this technique to
the photodissociation dynamics of a pyrrole molecule and demonstrate its capability of probing electronic coherence at a conical
intersection as well as population transfer. We demonstrate that a magnetic field can be effectively used to extract novel information

about electron and nuclear molecular dynamics.

Bl INTRODUCTION

experimentally and theoretically by transient absorption,'’

time-resolved X-ray diffraction,'” >° and time-resolved photo-

Photochemical processes play a pivotal role in a wide array of
fields including photocatalysis, solar energy conversion,
environmental remediation, biophysics, and organic synthesis.
The study of photochemical energy transfer pathways,
particularly during excited state relaxation and decoherence,
is of fundamental interest. These advancements are key in
various applications to green chemistry, artificial photosyn-
thesis, and the efficient production of fuels and valuable
chemicals."” Understanding photochemical processes involv-
ing the passage through conical intersections (Coln) is crucial,
as they are the dominant pathways for excited state relaxation
in photochemical reaction mechanisms.”” ">

Ultrafast pump—probe spectroscopy is a powerful tool for
monitoring photoinduced molecular processes. "> In  this
technique, a broadband pump light pulse creates a super-
position of vibronic states, thereby launching a wave packet
dynamics. A probe pulse with variable time delay subsequently
interacts with the wave packet, going through stimulated
emission, §r0und state bleaching, or excited state absorption
pathways'® and producing spectroscopic signature of the
dynamics, including vibronic state coherences, state-to-state
population transfer, relaxation, and decoherences.

Probing Coln, especially the electronic coherence generated
at Coln with pump—probe spectroscopy has been studied
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electron spectroscopy (tr—PES).M’22 Transient absorption can
detect wave packet transfer between states, providing an
indirect evidence of conical intersections.”” The direct
observation of conical intersection signatures throughout the
wave packet dynamics remains an experimental challenge.
Transient redistribution of ultrafast electronic coherence in
attosecond Raman signals (TRUECARS) is specifically
designed to detect the electronic state coherence generated
when the wave packet passes through the conical inter-
section.”*™*’

In this theoretical study, we propose time-resolved X-ray
magnetic circular dichroism (tr-XMCD) to observe the excited
state relaxation and the signatures of electronic coherence
generated at conical intersections. MCD is the differential
absorption of left and right circularly polarized light by a
sample subjected to a uniform magnetic field parallel to the
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direction of the incident light’s propagation.”**° In this
proposed tr-XMCD, the dynamics of molecule is initiated by a
UV—visible pump and probed with attosecond circularly
polarized X-ray pulses®’~** in a uniform magnetic field. We
demonstrate that tr-XMCD can effectively detect the electronic
coherences generated at Coln. When we have a coherent
superposition of states with well-defined relative phases and
amplitudes, the cross terms of different states are known as
coherence. For example, vibronic coherence is the cross term
of vibronic states, which are the eigen states of the total nuclear
and electronic molecular Hamiltonian, while electronic
coherence is the cross term of electronic states, which are
the eigen states of electronic Hamiltonian. At conical
intersections, the electronic coherences are generated when
the wave packet partially transfers between electronic states. It
is usually difficult to observe these coherences in conventional
transient absorption spectroscopy, as they are weak and buried
in the population signal. In tr-XMCD, in contrast, the magneto
optical response amplifies the relative strength of the
coherence signal compared to the population part by making
the two comparable through anisotropic magnetic coupling
and the change of spatial symmetry in the response function.
tr-XMCD thus provides a clear spectroscopic signature of
conical intersections. Additionally, tr-XMCD only probes the
electronic coherence generated at Coln but excludes the
electronic coherence produced by the pump pulse, since the
latter possess a different symmetry from the magnetic optical
response in the XMCD signal. The preparation of the excited
states is greatly simplified since it does not require bringing the
entire wave packet to the excited state to exclude pump-
induced electronic coherence, like in TRUECARS.>*

Although the perturbative effect of the magnetic field is weak
on the atomic scale, probing the MCD in the X-ray frequency
regime for rotationally averaged sam ;Ie is still much easier than
natural circular dichroism (NCD),”**'~* since MCD stems
from electric dipole-electric dipole interference in the presence
of a magnetic field,”® while NCD is the electric dipole-
magnetic dipole interference, where the transition magnetic
dipole between core—shell and valence shell is especially
weak.”**' ™" Additionally, MCD probes both chiral and
achiral molecules™****~** while NCD only probes chiral
molecules.

XMCD*"**° has thus been employed to investigate the
magnetization of transition metal and rare earth elements in
solid state materials,”" " as well as to detect the spin state and
structural characteristics of transition metal ions in clusters and
molecules.”® " tr-XMCD at the transition metal L-edge has
been utilized to track photoinduced magnetization and the
evolution of spin and orbital angular momentum in solid state
transmon metal alloys,®” ™ down to the femtosecond time
scale,®®®” where the orbital and spin angular momentum are
evaluated through the L-edge sum rules.”*””> The proposed
experiment extends the tr-XMCD technique to the liquid and
gas phase in order to probe the nonadiabatic wave packet
dynamics in molecular systems initiated by a pump pulse,
focusing on the processes occurring in the vicinity of conical
intersections. It provides a clear signature of the electronic
coherence generated at the Coln. Additionally, as the XMCD
signal scales linearly with the magnetic field magnitude, we
anticipate that advancements in strong magnetic fields will
significantly enhance the accuracy and sensitivity of tr-
XMCD.”3~78

B RESULTS AND DISCUSSION

Application to Bond Dissociation in Pyrrole. We
demonstrate the tr-XMCD signals for photodissociation of
the pyrrole molecule. Pyrrole and its derivatives have
significant pharmaceutical applications” and play a crucial
role in DNA sequence recognition.*”®' An understanding of
pyrrole’s ghotochemistry is relevant to many biochemical
processes.”” Additionally, as a heterocyclic aromatic molecule,
its anisotropic magnetic response, where d1amagnet1c ring
currents are produced in the molecule with perpendicular
magnetic fields, can amplify the coherent tr-XMCD signal
produced during the wave packet passage through Coln.
Besides, the nitrogen atom connected directly to the
dissociating H atom is used as an X-ray chromophore, making
the X-ray signal particularly sensitive to the dissociation
dynamics. However, the MCD signal of pyrrole originates from
the B-term,” caused by the mixing of states through magnetic
perturbation. Stronger MCD signals can be produced from
molecular systems with excited state or spin degeneracy, which
produce A-term and C-term, respectively, induced by orbital-
and spin-Zeeman effects.

Figure 1 illustrates the photodissociation pathway of pyrrole.
The three spin-singlet valence states A;, A,(70*), and B,(7o*)
states are labeled in energy ascending order at the Frank—
Condon point as X, A, and B. A and B are 7—c* excitations,
where the electron in the conjugated 7 orbital (a2 and bl
orbitals respectively) is excited to N—H o-antibonding orbital
with 3s Rydberg feature. A and B intersect with X at ry_y & 2.1
and 2.2 A, respectively, but do not intersect with each other.
Upon excitation to the B state, the N—H bond begins to
stretch, eventually leading to dissociation as the wave function
relaxes to the ground state (X) in 20 fs.* This ultrafast
nonadiabatic dynamics is driven by the efficient relaxation
pathway involving the B—X conical intersection around r ~
335 A (ry_g ~ 22 A) with strong nonadiabatic coupling
involving the H out of plane bending motion. A portion of the
B wave packet relaxes to A though a relatively weaker
nonadiabatic coupling with a vibrational mode of the C,;H,N
ring. This photodissociation process has been previously
simulated using exact nonadiabatic wave packet dynamics™
with a vibronic model that incorporates X and B electronic
states and two nuclear Jacobi coordinates: the stretching (r,
distance between the dissociating H and the remaining C,H,N
group center of mass) and the out-of-plane bending of the
dissociating H coordinate (7), as depicted in Figure la. We
selected these two vibrational degrees of freedom in the wave
packet dynamics simulation (see the “Methods” section). The
following illustrative simulation of the tr-XMCD spectra aims
at demonstrating its capability to detect conical intersection.
The B to A relaxation pathway is not considered in the
dynamics simulation, as the nitrogen K-edge excitation from
the A state has no contribution to the signal in the 395—410
eV energy regime.

The wave packet evolves with time according to the
Schrodinger equation. Snapshots of the wave packet dynamics
given by Jacobi coordinates r and y at different time delays are
presented in Figure 2. The dynamics begins at the Franck—
Condon point (r = 2.05 A, or ry_yy = 0.9 A) on the B surface at
T = 0 fs, with the majority of the population initially on B,
though a small amount begins to appear on X as the wave
packet evolves. By T = 10 fs, the wave packet approaches the
B—X conical intersection at r = 3.35 A (ry_g = 2.2 A). At this

https://doi.org/10.1021/jacs.4c03033
J. Am. Chem. Soc. 2024, 146, 19863—19873


pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
a X X B
real imag real imag
T=0fs €4
-~
) =
T=5fs °§4
= — -
2 _—

412
410 |
< 408+

Energy (e

o N B~ O

1 1.5 2 2.5
N-H distance (A)

Figure 1. a. Jacobi coordinate system in the pyrrole molecule. r is the
distance between the dissociating H and the remaining C,H,N group
center of mass. y is the angle between the center of mass-H line and
the z axis. It describes the out of plane bending of H. b. Sketch of the
pump probe experiment. A constant uniform magnetic field is applied
to the molecular system. The dissociation of pyrrole is initiated by a
UV—visible pump pulse (the green wave). As the molecule evolves,
the circularly polarized X-ray probe pulses are applied to interrogate
the molecule at various time delay T. Red and blue wave denote left
and right circularly polarized light. Their differential spectra are
measured to give X-ray magnetic circular dichroism spectra.

point, the wave packet’s population is nearly evenly split
between B and X. As the dynamics proceeds through the
conical intersection, there is noticeable population transfer
from B to X, occurring simultaneously with the bond
dissociation event in both electronic states.

The y; nuclear wave packet shown in Figure 2 is odd with
respect to the H atom out of plane bending motion (y), while
X is even. On B, the wave packet has quantum number v = 0
for the bending motion. As it relaxes from the B state via the
conical intersection, it generates the X wave packet. The
presence of a geometric phase at the conical intersection leads
to a distinct parity in the X wave packet compared to its B
counterpart, arising from the bending motion’s quantum
number transitioning from 0 to 1.** The nodal characteristics
observed in the X wave packet can be thus attributed to the
geometric phase that manifests near a conical intersection.®

Time-Resolved X-ray Magnetic Circular Dichroism
Signal. To directly observe the wave packet dynamics
traversing through the B—X conical intersection, we focus on
tr-XMCD at the nitrogen K-edge, where the nitrogen 1s
electron is excited to valence orbitals by circularly polarized
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Figure 2. Wave packet of states X and B displayed in two Jacobi
coordinates r and y at T = 0, S, 10, and 20 fs, respectively. y axis is
Jacobi coordinate r and x is y. In each row, the first and second
columns are the real and imaginary parts of X wave packet,
respectively, while the third and fourth columns are the real and
imaginary part of B wave packet, respectively. The X wave packet is
odd with respect to bending coordinate y, while B is even. The wave
packet dynamics was simulated without magnetic field, since the
change in energy caused by magnetic field is weak.

light pulse in the presence of a static magnetic field during the
pump initiated dynamics as depicted in Figure 1, measuring
the differential absorption spectra of the nitrogen K-edge at
various time delays T between the pump and probe pulses,
thereby generating the tr-XMCD spectrum.

We define the Cartesian coordinate frame as displayed in
Figure 1la for pyrrole, where the C,;H,N group is in the yz
plane while the x axis is perpendicular. The indices i, j, k € {x,
¥, and z} are defined such that their unit vectors €, €; and €;
form a right-handed Cartesian coordinate system. The
magnetic field applied along €, coincides with the circularly
polarized pulse propagation direction. The circularly polarized
probe pulse electric field has a Gaussian envelope

E(t) =B, e " (g sina(t - T)

F € cos a(t—T)) (1)

where E, is the pulse amplitude, @, is the pulse central
frequency, and o is the pulse duration. The total Hamiltonian
is composed of molecular Hamiltonian eq 6 which includes the
molecule-magnetic field interaction, the pump, and the probe
pulse interaction.

The tr-XMCD pump—probe signal is the magneto-optical
response derived in Supporting Information S1, S2 using time-
dependent perturbation in the light-matter electric dipole
interaction. The signal can be measured with a photon
counting detector. In the impulsive limit, the tr-XMCD signal
of molecule with magnetic field in €, direction is given as the
magnetically perturbed electric dipole response,

https://doi.org/10.1021/jacs.4c03033
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Alternatively, the time and frequency-resolved XMCD signal 3 2
. . = 400
can be measured with a frequency resolved detector. The signal
of an oriented molecule with magnetic field in €, direction is X 0
given as 395
1 x10°®
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It has time and nuclear coordinate integration of nuclear wave 410 2
packet y,(q, t), probe pulse with a Gaussian envelope, and
magnetically perturbed transition electric dipoles (JiulC), A6S —I 0
where I, ] are indices for the valence states, including ground < 2
state and valence excited states, while C denotes core excited %
states. @ is the energy of the core excited states. e T (t=9) < 400 -4
describes the decay of core excited states, where I = 0.093 eV -
is the natural line width of the nitrogen K—edge.86 The z
magnetic field perturbation is implicitly included in the 395 -8
electronic states II), IJ), and IC), which are eigen states of 5 10 15 < 10°®

molecular electronic Hamiltonian containing the magnetic
coupling eq 7, ie., magnetic-field-dressed electronic wave
functions. They are computed with CASSCF and CASCI using
the magnetic field containing electronic Hamiltonian with
Chronus Quantum software package.””

Equations 2 and 3 are applied in simulating the tr-XMCD
signal and probing the wave packet dynamics shown in Figure
2. Figure 3 displays the anisotropic tr-XMCD spectra of an
oriented molecule where the magnetic field is applied along x,
¥, z respectively. These spectra probe the nitrogen K-edge as
the time delay T is varied between 0 and 20 fs. The simulation
includes the two lowest nitrogen 1s core excited states,
'A/(1s—> o6*) and 'B,(1s— x*). All spectra contain a
contribution from electronic population terms (terms with I
= J in the summation of eq 2 and 3) and from electronic
coherence (terms with I # J). Although the separation into
coherence and population is basis dependent, the XMCD
signal that contains both coherences and populations is
independent of the basis used. For convenience, we analyze
the spectrum in the chosen diabatic basis.** The tr-XMCD
spectra exhibit pronounced anisotropy, where the electronic
coherence contribution is especially strong when the magnetic
field is applied perpendicular to the molecular plane (in the x
direction) compared to the parallel configuration (in the y and
z directions), which is dominated by electronic population. A
perpendicular orientation (Figure 3a) shows a positive peak at
403 eV around 12 fs, which coincides with the wave packet
passage through the conical intersection. This conical
intersection signature peak is attributed to the electronic
state coherences y¥ys and y%yx on the diabatic electronic state
basis. This is illustrated by separately plotting the population
and coherence contributions in Supporting Information S3. As

delay time T (fs)

Figure 3. Time- and frequency-resolved XMCD signal of oriented
molecule with magnetic field applied along the «x, y, z direction as
indicated. The X-ray probe pulse, defined in eq I, has the central
frequency w, = 402.43 €V, in resonance with the nitrogen K-edge
absorption, and ¢ = 0.1 fs. The magnitude of the magnetic field is 1
Telsa.

the wave packet gradually approaches the Coln, it partially
transfers from the excited to the ground state via the
nonadiabatic coupling. The wave packet y3 decays, while yx
grows. When the excited state and ground state wave packets
have comparable magnitudes, the modulus of their products
reaches a maximum at the time when the wave packet passes
through the conical intersection. This also makes the electronic
coherence of the tr-XMCD signal reaches maximum. In other
words, the maximum of the electronic coherence in tr-XMCD
coincides with the passage through Coln. The electronic
coherence signal is too weak to be observed in common
transient absorption, as shown in Supporting Information
Figure S4. However, in tr-XMCD, the coherence signal is
amplified and readily observed. The tr-XMCD technique can
thus directly detect the position of the conical intersection.
The amplification mechanism of the coherence signal will be
explained later.

Figure 3a also exhibits 0.9 fs oscillations, indicating vibronic
coherence induced by the coherent superposition of vibronic
states created by the pump. Due to its weak strength, it is
quickly buried in the electronic coherence signal.

The parallel orientations Figure 3b,c, in contrast, reveal a
decaying negative peak at 405 eV and positive peak at 411 eV,

https://doi.org/10.1021/jacs.4c03033
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corresponding to the B population term in eq 3 (where I = J =
B), showing the decay of B. The new positive peak at 406 eV,
contributed by the S, population term in eq 3 (where [ = J =
X), corresponds to the emergence of X. These characteristics
are indicative of the wave packet’s transition from B to X,
resembling the transient-absorption spectrum Figure 4b, where
the 408 eV peak (B population) decays and the 404 eV peak

(X population) builds up monotonically.
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Figure 4. a. Rotationally averaged tr-XMCD signal computed with
1

Sxmep(T) = g(SXMCD,x(T) + SXMCD,y(T) + SXMCD,Z(T)) and eq 2.

b. Rotationally averaged frequency and time-resolved tr-XMCD signal

computed with Sxycep(@, T) = =(Sxmen, (@, T) + Sxaen,y(@, T)

+ Sxmcp,(@, T))
2% ¢. Rotationally averaged transient absorption signal. The spectrum
is simulated with linearly polarized X-ray probe pulse with the central
frequency w, = 402.43 eV and ¢ = 0.1 fs.

The rotationally averaged time- and time-frequency-resolved
tr-XMCD and ordinary transient absorption are displayed in
Figure 4. The rotationally averaged tr-XMCD exhibits both
perpendicular and parallel magnetic field orientation contribu-
tions. The time-resolved spectrum in Figure 4a starts with a
strong negative sign, contributed by the B population. The
coherence contribution then peaks around 12 fs, indicating the
passage through the conical intersection. The pump pulse
induces vibronic coherence, which causes the signal oscillation
in time. In the frequency-resolved signal in Figure 4b, a bright
peak at 406 eV reaches a maximum at 12 fs, constituting a
unique probe of the electronic coherence generated at the

conical intersection. In contrast, the transient absorption
spectrum Figure 4b is dominated by the electronic population
contribution, while the coherence signal produced at the Coln
is too weak compared to the population signal to observe, as
depicted in Figure S4, making the observation of Coln hard. In
Figure 4b, the B population peaks at 405 eV decay with time,
indicating the decay of B. The peak at 406 eV reaches the
maximum at 12 fs and then decreases and increases again,
reflecting the combination of coherence and X population
peak. This decay of excited state peaks and the emergence of
ground state peaks in tr-XMCD (Figure 4b) resemble those
found in traditional transient absorption Figure 4c. Although
rotationally averaged tr-XMCD shows an obvious Coln
signature, the perpendicular orientation spectrum (Figure 3a)
provides a clearer picture.

The amplification mechanism of elecronic coherence signal
in tr-XMCD boils down to two factors: (1) the magnetic
perturbation alters the symmetry of electric dipole—electric
dipole response function and (2) the anisotropy of magnetic
response.

Altering the Electric Dipole Response Symmetry. The
electronic coherence contributions in the tr-XMCD signal are
observable only when the symmetry of wave packet coherence
(xfx1) and signal expression (;c X pcr€,) match, ie., the
integrand of eq 3yj(gjc X Mcr€y)y; contains a totally
symmetric irreducible representation (A;) in this C,, point
group, such that the integration of nuclear coordinates g in eq
3 is nonvanishing. In other words, the integrand must not be
an odd function of the out of plane bending coordinate ¥,
otherwise the integration over y in eq 3 vanishes. The
integrand symmetry can be analyzed with irreducible
representation (irrep) of the C,, point group.”® We show
that for the circular dichroism signal the electronic coherence
signal generated at Coln is enabled by the coupling to the
magnetic fleld and vanishes in its absence. Additionally,
XMCD excludes the contribution from the pump pulse
generated electronic coherence by symmetry.

We first find the irrep of B—X coherence. Since the conical
intersection induced electronic state coherence in diabatic state
basis is caused by nonadiabatic coupling in bending motion,**
electronic coherence have the same irreducible representation
as the bending motion (Supporting Information S4 for detail).
The out of plane bending motion is mostly a motion of the H
atom in the x direction, which belongs to the B, irrep. We have
the irrep of the electronic coherence I'ysys, = B;. In the

absence of magnetic field, for probe pulse propagating in x, the
integrand of eq 3 has the form of yx y3((XIu,IC) (Clu.IB) —
(Xlu,IC) (Clu,IB}), corresponding to irrep I'y @ T',, @ T'c ®

I'e® l—‘ﬂy R l—‘ﬁ =By whose integration on the nuclear

coordinate is zero. In other words, the integrand is an odd
function of y, resulting in zero coherence signal. In this
analysis, the irrep of X and B electronic states are A; and B,
respectively. The electric dipole operators y,, y,, . correspond
to By, By, and A, respectively. Repeating this analysis, we find
that in the absence of magnetic field, the cross term signal
vanishes identically for any probe wave propatating direction,
as explained in Supporting Information section S4.

In MCD, the static magnetic field is coupled with the electric
dipole-electric dipole response function through a magnetic
dipole operator. In C,, group, m,, m, m_ has B,, By, A, irreps,
respectively. For the coherence contribution of MCD with
magnetic field in x direction, the irrep is determined by I',, ®
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FX®F ®FC®FC®F R R ;{x;(,;—Av resulting in a
nonzero coherence XMCD s1gnal.

The assignment of the irrep of operators and wave packets is
explained in detail in Supporting Information section S4. We
conclude that the magnetic field alters the symmetry of electric
dipole-electric dipole response p;c X pcr€; so that the
electronic coherence is visible in the tr-XMCD spectrum and
becomes the signature of Coln.

The electronic coherence generated by the pump pulse
makes no contribution to the tr-XMCD signal. The ground
state vibrational wave function of X is even with respect to the
bending coordinate y, making its coherence with yz an even
function of y. The product of pump induced coherence with
Hjc X Hcr€ thus becomes an odd function of y, giving zero
XMCD signal. tr-XMCD can only probe the electronic
coherence generated at Coln since the passage of wave packet
through Coln involves a change of parity, while the vertical
excitation by the pump maintains the wave packet parity.

The Magnetic Anisotropy. The electronic coherence of the
XMCD signal is particularly strong in a perpendicular magnetic
field. This XMCD signal anisotropy can be understood by
magnetic field perturbation. The magnetically perturbed
electric-dipole/electric-dipole response in the XMCD signal
((JIuIC) x (Clull)-€;) in eq 3, where the magnetic field along k
can be expanded to first order in the magnetic field*>*’

3 (XWIE) x (CpIR)) (RimIX)
& “ib ©

where the terms with small contributions are ignored, as
explained in Supporting Information S4. Here, we have used |
= X and I = B for electronic coherence. The expression for the
J =B and I = X terms is similar, and we omit it for brevity. C
denotes core excited states. The circle © indicates electronic
eigenstate in the absence of a magnetic field.

Equation 4 suggests that the strength of the XMCD signal is

o

modulated by the magnetic dipole moment (I%lmxlB) and
energy difference Aiwyg. We have computed the transition

magnetic dipoles between different excited states at the
Franck—Condon geometry to identify the magnetic coupling
strength, as shown in Table S3. Among the computed
transition magnetic dipoles, (KIm |B)has an especially large
value of —0.68i Bohr magneton. The 0.6274 eV energy gap
between A—B is small. This coupling makes the electronic
coherence term with a magnetic field applied along x much
stronger than those aligned with y and z, giving rise to the
strong anisotropy observed in the tr-XMCD spectrum.

This magnetic coupling mechanism also induces anisotropy
in the ring current. When the magnetic field is perpendicular to
the pyrrole molecule, a diamagnetic ring current is produced in
the conjugated 7 orbital of this aromatic molecule. While for a
parallel magnetic field, no ring current is produced (Figure S6).

Frequency-Resolved-Optical-Gating (FROG) Analysis.
The coherence between vibronic states gives rise to oscillatory
signals, encoded in the frequency dispersed spectrum, while
population signals have zero frequency. To distinguish these
two contributions and observe their time evolution, we
integrate the tr-XMCD signal at a certain excitation energy
with a temporal gate function to generate a frequency-resolved
optical-gating (FROG) spectrogram

SFROG(Tr w’)

co
= / dt SXMCD(O)J t)la):a)l Egate(t - T) e_’w !
-0

©)

The FROG spectrogram is essentially a Fourier transform of
the tr-XMCD signal, observed within a specific time window
centered at a delay time T. It reflects the oscillation frequency
@' of the peak with energy w, around delay time T. This
spectrogram provides the temporal resolution necessary to
observe both the population decay process and the electronic
coherences generated at conical intersection, as well as the
frequency resolution required to view the vibronic coherence.

Figure Sa shows the rotationally averaged FROG spectro-
gram at the excitation energy of @, = 405.17 eV, resonant with

%1077
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Figure 5. a. FROG spectrogram of the rotationally averaged tr-
XMCD signal, Figure 4b with @, = 405.17 V. b. FROG spectrum of
tr-XMCD signal with magnetic field applied in the xdirection.

the peak contributed by yiyj in Figure 4a. We employed a
rectangular gate function with a 7.2 fs duration to obtain good
spectral and temporal resolution. Initially, a faint coherence
peak at @ = 0.4 eV shows up, attributable to vibronic
coherence induced by the coherent pump excitation. A strong
zero frequency peak contributed by the B population is present
from the beginning. This population peak fades and vanishes
within 6 fs, marking relaxation of the B state. From 10 fs
onward, a new peak with @’ = 0 emerges, visible in the lower
middle and right sections of Figure Sa, indicating the
appearance of the X state. In Figure Sb, with the magnetic
field applied along x, we set @ = 401.64 eV to be resonant with
the conical intersection signature peak in Figure 3a, and
adjusted the gate function’s duration to 4.0 fs for improved
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time resolution. A zero frequency peak reaches its maximum at
12 fs in the FROG spectrogram and then decays, marking the
wave packet’s passage through the conical intersection at this
time.

B CONCLUSIONS

So far, we have demonstrated a technique that uses a magnetic
field to manipulate nonlinear spectroscopy and track molecular
photochemical reactions undergoing on a femtosecond conical
intersection passage.

We simulated the tr-XMCD signal to investigate the photo
dissociation dynamics of pyrrole. Initiated by photo excitation
of the pump pulse, the wave packet propagates on the excited
state and shows the elongation of the N—H bond. It then
transfers to the ground state by passing through a conical
intersection. A distinct strong peak in the spectrum marks the
passage of a wave packet through the Coln generated by
ground-excited electronic state coherence in the diabatic basis.
In contrast to the transient-absorption spectrum whose
electronic coherence peak is too weak to observe, the
coherence signal strength in tr-XMCD is comparable with
the population peak, making it a clear signature of a conical
intersection.

Combining a magnetic field with a nonlinear spectroscopic
signal provides a clear signature of conical intersection in tr-
XMCD: 1) It alters the symmetry of the electric dipole
response function to match the symmetry of Coln generated
electronic coherence, resulting tr-XMCD induced by the
coherence, and excluding the electronic coherence created by
the pump. 2) The anisotropic magnetic field response makes
the coherence signal for a perpendicular magnetic field
configuration particularly strong. This anisotropy originates
from the molecular transition magnetic dipole, which couples
the applied magnetic field to the response function. The
interplay of these two effects amplifies the electronic coherence
signal, making conical intersections readily observable in tr-
XMCD.

In the tr-XMCD simulation, we used 1 T of a magnetic field.
Since the tr-XMCD signal scales linearly with the magnetic
field as depicted in eqs 10 and 12, a superconducting magnet
providing 45 T magnetic field”® can significantly enhance the
signal.

In summary, tr-XMCD is an effective technique for
observing ultrafast molecular dynamics involving conical
intersections. The magnetic field adds an extra control
parameter in nonlinear spectroscopy, allowing for a more
detailed study of photochemical reactions. We anticipate that
advancements in X-ray light sources and strong magnetic fields
will significantly enhance the accuracy and sensitivity of tr-
XMCD, leading to more precise observations and more
detailed understanding of molecular events.”*~"*

B METHODS

To describe a molecular system in the presence of uniform magnetic
field interacting with light pulses, we introduce a time-dependent
Hamiltonian H(t) = H, + V(t), where V(t) = —p-E(t) is the light
matter interaction between the molecule and light pulse (E(t))
truncated at electric dipole interaction. The time-independent
Hamiltonian H, consists of a nuclear kinetic energy term and a
nonrelativistic electronic Hamiltonian that includes the interaction
with a static magnetic field (B).

- Z 0, el(B)
(6)
Here, P, = —iV, is momentum of nucleus @ and M,, is its mass. Given
that nuclear motion is slow compared to electronic motion, we
exclude the vector potential in the nuclear momentum operator.
The many-body electronic Hamiltonian in the presence of the
magnetic field is

Oel—zh_zz Zg
+ 2

a<p Ry — Ryl (7)

Ir—rl

Zﬂ

where i’s denote electrons and Z,’s are nuclear charges. r and R are
electronic and nuclear coordinates, respectively.

The magnetic field enters the Hamiltonian through the minimal-
coupling in the one-electron Pauli Hamiltonian.

b= lo(p + AP

1, 1 1 )
=p’+—(6+rXxp)B+—(BXr
JP, 2(, i X p) 8( ) )

where we used the relationship A; = %B X r; and o; is the Pauli

matrix for the electron spin. The second and third terms represent the
Zeeman effect and the diamagnetic contribution, respectively. In
singlet electronic states, the spin Zeeman effect (6;-B) is zero and only
the orbital Zeeman effect, (r; X p;)-B, where the magnetic field
couples with the molecular angular momentum operator, contributes
to the MCD signal.

The nonadiabatic molecular dynamics initiated by the pump is
described by the total wave function ¥({r;}, {R,}, B, t), governed by

Y(t) = H¥Y(t). Time-
dependent part V() contains the interaction with the pump pulse that

triggers the dynamics. The total wave function can be expressed using
the Born—Huang expansion

Y({r}), (R}, B, t) = ) &({r}, (R,}, B) 4({R,}, 1)
1

the time-dependent Schrédinger equation, i%

(9)

where the total wave function is projected onto the diabatic electronic
basis @;. The expansion coefficient y; is the nuclear wave packet of the
electronic state I, describing the status of the nuclear motion. The
diabatic electronic wave functions ®; are constructed by unitary
transformation from adiabatic electronic wave functions,” which are
eigenfunctions of the magnetic field contained electronic Hamiltonian
(eq 7). To initiate the dynamics, we apply the Franck—Condon
approximation by placing the ground state wave packet on the excited
state potential energy surface at T = 0 to simulate the vertical
excitation by the pump pulse. For a more accurate simulation one can
include the pump pulse nonperturbatively, ie., solve the time-
dependent Schrddinger equation with explicit pump pulse in V(¢).

As the wave packet evolves, the Gaussian probe pulse is applied
with a variable time delay, T relative to the pump. We simulate the tr-
XMCD signal with a perturbative treatment of probe pulse by
evaluating the electric dipole—electric dipoles response, which
integrates the nuclear wave packet, Gaussian envelope of the probe
pulse, and the magnetically perturbed transition electric dipoles over
space and time (eq 3).

Electronic Structure Calculations. The adiabatic electronic
states are variationally optimized for the electronic Hamiltonian which
includes the magnetic field (eq 7. We have employed a complete
active space self-consistent field (CASSCF)?>* in the presence of
finite magnetic field with gauge including atomic orbital (GIAO)”*~”
to compute the eigen states of electronic Hamiltonian eq 7 in the
presence of a uniform magnetic field, including the ground state, as
well as valence and core excited states. The magnetic field is
variationally included in the calculation,”* "°" where the electronic
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Hamiltonian with the magnetic field (eq 7) is used as reference
Hamiltonian for this self-consistent field calculation to obtain a
variational wave function in the magnetic field. The valence and the
core excited states are computed at the CASSCF and CASCI level in
the Chronus Quantum software package®” respectively.

We include the ¢ bonding and antibonding orbitals of N—H (oy_y
and 6§_y;), 3 n-bonding and 2 7-anti bonding orbitals in the active
space of CASSCF and performed state-averaged CASSCF(8,7) for the
ground state X and excited state A, B. For the core excited state, we
used the optimized molecular orbital from CASSCF and included an
additional nitrogen 1Is orbital in active space to perform a
CASCI(10,8) calculation. Computational details and the molecular
orbitals in the active space are displayed in Supporting Information
section S2. The magnetically perturbed transition electric dipole
between valence and core excited states in an adiabatic basis are
calculated from the variational wave functions in the magnetic field.
The diabatic transition dipoles in eq 2 and 3 are obtained through the
adiabatic to diabatic transformation introduced in ref 91. The core
excited states are not affected by this transformation due to the
absence of nonadiabatic coupling.

Nonadiabatic Dynamics. The photodissociation of pyrrole is
simulated by wave packet dynamics of a model Hamiltonian with two
nuclear degrees of freedom, the stretching (r) and the out-of-plane
bending (7) of the hydrogen atom (shown in Figure 1a), and two
electronic states, X and B. The magnetic field is assumed sufficiently
weak such that the potential energy change induced by magnetic field
is negligible. The diabatic state potential energy surface fitted in refs
84 and 91 is thus used in the dynamics simulation.

The vibrational eigenstates for the electronic ground state are
calculated by the discrete variable representation (DVR). This wave
packet with vibrational quantum number (1,0) is placed on B
potential energy surface as the initial wave packet to mimic the
photolysis of the pump pulse,'> where the first and second index are
for the r and y coordinates, respectively.

The wave packets on X and B are calculated on a two-dimensional
grid and propagated with the split-operator method.'®® Their time
evolution is solved according to the time dependent Schrodinger
equation for the vibronic model, id; y/(q, t) = Kyi(q, t) + X Vy(q)
2/(q, t). K is the nuclear kinetic energy operator and V is the potential
energy operator in diabatic representation. I, J are the electronic state
index. The simulation details are explained in ref 82.

Decomposition of the Electric Dipole Response. The electric
dipole response eq 2 that implicitly contains the magnetic field
perturbation can be decomposed by orders of the magnetic field

SweodM == 2 [dady(@)6) p,(a T)

I,JEvalence

=59 4+ sW.g + .. (10)

where DI](q) = ZCEcore fC I‘a(‘l) X ﬂc*](‘l); fC = 27[62E3 e_ﬁZ(“)C_wL)zi
and p;(q, T) = xi(q, T) xi*(q, T). The nonperturbative treatment of
magnetic field in the simulation contains all orders of magnetic field
contribution. We demonstrate that first order is the leading
contribution, and the tr-XMCD signal scales linearly with magnetic
field. Zeroth order is

S(O) — z

I,]Evalence,[#]

/ dq (D (9)-¢)— (ﬂﬂ(q) ry(9))

(11)

where DU)(q) = anmfcﬂa (q) x Hes (q) Zeroth order contribu-

tion vanishes after rotational average (see eq 4.2.48 in ref 28). For
oriented molecules, the zeroth order signal is only contributed by
electronic coherence where I # ] since the transition vector product
becomes zero for I = J. For pyrrole molecule, zeroth order
contribution vanishes due to spatial symmetry.

The first order is

0= ¥ [ @R 0@ + @)
I,]JE€valence (12)

where Dff}(q) = cEmfc (e, (8) X gy (@)+8cy, (@) X ey (9)),

and ”Cl;k(q) = _iaﬂm is the first order magnetic perturbation of

transition electric dipole.
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S1 Derivation of the Expressions for the Time-resolved
Signal

In this section we present a derivation for the CD signals. We start with the time-resolved
signal. We will use a time-integrated (at the detector) signal with no frequency resolution,
since the ultrashort nature of the probe pulse provides with the desired time resolution, so
that the time-integrated signal is considered as a function of the pulse time delay.

The time-integrated signal, associated with a spectroscopic measurement device can be

generally represented in a from

S= [ aH(Ei(r.t)-Exlro, D) (S1)
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where 827 r are the Liouville space negative/positive frequency quantum (operator or path-
integral) electric field variables, and the expectation value is taken in Liouville space for the
system with the sources, responsible for the pump and probe laser field generation.

Since for the pump-probe setting, the field generated by the probe-induced polarization
in the sample and the probe counterpart propagate in the same direction, the pump-probe
signal can be viewed as a self-heterodyne, i.e., in the first non-vanishing order, it is generated
by mixing the probe field with the polarization-generated counterpart. Upon expanding to
first order in the probe field, the following expression for the excited state absorption that
dominates the signal and is obtained by choosing the proper Liouville space pathways adopts

a form

t
Spa = fRdt f A D(t—tr;7p,7)(Te(=ifep} (1)) - B (rp, 1))

< [ [ LDt im0, ) (Te(iply) (1)) B (r, 1), (S2)

where E*(rp,t) is the positive-frequency component of the probe field at the detector, D is

the retarded Green function of the Maxwell equations, and

t . .
() = [ e O i (1) D B (1),
t1 . .
(1) = [ e O (1) ) O B (1) (33)

are two contributions to the first-order in the probe field density matrix of the molecule,
where p(ty) is the molecular density matrix photo-excited by the pump field. In deriving
Eqgs. (S2) and (S3) we made use of the fact that in vacuum (£; &) = 0, while the choice of
the left and right actions of p in the first and second expression in Eq. (S3), respectively, is
assaociated with adopting the rotating-wave approximation for the excited-state absorption
contribution to the pump-probe signal.

Applying the Huegens-Fresnel-Kirchhoff principle to express the probe field at the detec-

S-3



tor in terms of its value at the molecule, making use of the fact that up to a fudge factor
the field at the molecule is given by a simple time shift of the field at the molecule (which
boils down to effectively considering the detector to be placed right at the molecule), making
use of the pure-state nature of the density matrix p(t;) = [¥(¢1))(V(¢1)|, and substituting
Eq. (S3) into Eq. (S2) we obtain

t . .
Sea= = [t [ dnE () B TrCiwe M ) U ()) (0 (1))

Lt [ B )BT ()N e D). (59

We further represent the molecular state as

U(q,t1) = ;Xa(fbtl)q)A(Q)a (S5)

with (®4(q) | A € {X, B}) being the molecular configuration dependent basis set in the space
of the relevant dissociating elvctronic states, and make use of the fact that the X-ray probe
pulse is short compared to the time scale of vibrational motions, as well as the inverse energy
ranges of the adiabatic surfaces in the relevant range of molecular configurations and the
energy gap between the dissociating states. The latter circumstance allows to introduce
the molecular configuration independent transition frequencies we between the core states,
labeled by C', and the dissociating counterparts, as well as approximating the molecular

evolution at the time interval [¢1,¢] by purely electron term dynamics, resulting in

Tr(/lke‘i(t‘“mﬂj)I‘I’(tl))(‘l’(tl|€i(t‘t1)H)=Z€‘”C(t‘“)ZfdqukDC(Q)uﬁ;A((Q)pAn(Q),(36)
C AD

where

pap(q) = x1(a)xp(q) (S7)
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is the molecular configration dependent electronic density matrix, and

poa(q) = (Pc(q)| i1|®a(q)) (S8)

are the transition dipoles between the dissociating and core states. The transition dipoles
and electronic state energies are in the presence of the magnetic field, and we neglected the
effects of the magnetic field on the wavepacket dynamics.

For a Gaussian circularly polarized pulse
E*(t) = Eoe—iwc(t—T)6—(t—T)2/(202)6’ (S9)

we substitute Eq. (S6) into Eq. (S4), consider the difference betwwen the left- and right-
polarized probe signals Sga, and makig use of [€,€*] = Fin for the left and right circular
polarization, with n being the probe propagation direction, we obtain, after some straight-

forward linear algebra

Sep = —i%;f dq(Dp(q) -n)ppa(q,T), Dap(q)= ;fC[ﬂ'CA(q)u“E‘D(Q)L (510)

where the weight factors have a form
fo= f dt, f dtyet1/(20%)=15/(20%) g=i(wo—we) (t1~t2) (S11)
R R

Note that the contributions of the two terms in Eq. (S4) to the expression for fo correspond
to the integration regions t; <t and ty < t;. In the sum of these contributions, the time

integration goes over the complete real line, resulting in an explicit expression
fo = 2mo?|ER|e (wemwe)®, (512)

allowing for a natural interpretation: the signal is given by the weighted sum of contribu-
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tions, associated with the transitions between the dissociating and core states, which are in
resonance with the probe pulse within its spectral width.

Up to first order in the magnetic field, the signal adopts a form
S=804(8W.B), (S13)
with

50 =% [ da(D)(@)-m)F (poa(a.T) - pan(a. 1),

DY) (q) = > Joluea(@):wop(@)] DY) (q) = -DY)(a). (S14)

where we have used the real nature of the matrix elements p ; of the real operator i between

real electronic states, and

5= 3 [ da(D3, (@) m)(o0a(@) + pan(@).

D%;j(m = 2 folmeas(@): mop(@)] + epi(@)snea(@)))

pess(@) = i @ @|l® (@) D, (@)=D(@  (515)

and we have used the real nature of the matrix elements pca.; ().

To understand the invariant nature of the signals with respect to a basis set choice in the
space of the electronic dissociation states, we note that the Pauli matrices form a basis set in
the space of traceless Hermitian 2 x 2 matrices, allowing a decomposition of any Hermitian

matrix
3 —_
Aap = Aoooap + ), AsOsap, Az =ids, (S16)
s=1

where o0 is the identity matrix. Decomposing D, Dj(l) and p in the Pauli matrices, we
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recast the signals [Egs. (S14) and (S15)] in a form

SO f dz(Ds(x) - 1) (), (S17)

5= [ de(Dy (@) mp(@) + 3 [ dw(Du@) ). (S18)

a=1,3

and the components of the density matrix in Eqgs. (S17) and (S18) that have an explicit form

1 1 7 1
Po = §(P11 +p22), p1= 5(012 +p21) P2 = —5(012 —p21), P3= 5([)11 - p22), (519)

represent the total populaiton of the two levells, the real part of the coherence, the imaginary
part of the coherence, and the difference of the populations.

It is worth mentioning that under an orthogonal transformation of a real basis set (that
preserve orthonormality and real nature of it), represented by a rotation S(€), the Pauli
matrices oy and o9 stay unchanged, while the pair (oy,03) experiences a rotation S(26).
This implies that the components py, Dy, p2, and Dy do not depend on the basis choice,
i.e., they are invariantly defined. The other components are not invariant with respect to
the basis set rotations, however, the pairs (p1,p3) and (D ;, Ds;) experience the same
rotation S(26) [inherited from the rotation S(26) of the corresponding Pauli matrices|, and,
therefore, the second term in the r.h.s. of the second expression in Eq. (S19) is the basis set
choice independent, as it should be by a simple reason that it represents a contribution to

the signal, the latter knowing nothing about our basis set choices.

S2 Derivation of the Frequency- and Time-Resolved Mag-
netic Circular Dichroism Signal
The dynamics initiated by the pump pulse is simulated by the non-adiabatic dynamics. Here

we derive the tr-MCD signal induced by the probe pulse.
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Define a Gaussian-enveloped wave with an electric field amplitude Ej, central frequency
(t=1)? . .

w. and duration o, E(t) = Eye” = i(ee~we(t-T) — g*eiwe(t-T)) = E_(t) + E,(t). The dipole

interaction between the molecule and probe light is described by the interaction Hamiltonian,

which, with rotating wave approximation, is

(t-1)2

Hint — —iEo e 22 (“+ . ee—z‘wc(t—T) _ ﬂ'_ . e*ez‘wc(t—T)) (820)

where p* and p~ are excitation and deexcitation operators.
The electric field E(t) can be expanded by frequency components E(t) = Ey 5= [ %2 dwi[-e* e, (w)+

ec"@tW_(w)], where

- o . (t-17)2 . . 2

Wi(w) = f dte e 52 e =T) = \ /I [e7™T e (wwe)’] (521)
~ o -1’ : o2

W_(w) = [ dtete™ 57 e =) = \forg [T e T (wrwe)?] (522)

In quantized form,

1 oo I L
E(t) = E, 7 / dwi[-al €* ™' W, (w) + a,ee ™' W_(w)] (S23)
T J-00
EO o . t,,- * _GwtTT + —iwtTx
Hi,y = - . dwi[-al, ™ - €' W, (w) + a,p™ - ™' W_(w)] (S24)
T J-00

The heterodyne signal measures the change of photon number at certain frequency w,

f dt (N,,) (525)
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By operator algebra, we have

' B - o o
N, =- o dwi[ai}y’_ L€V (W) + aup” - e NV (W)]

2mh J-co
= 20 [l (e al v ()] (526)
e —00

The signal at photon frequency w is

5(w)=—;—hE03[W+(w) [ ival (- ey e (S27)

AR
__IT' C) (D]

|4)

A
' N 9) (gl \%

Ladder diagram of X-ray TRXCD. We only consider the excited

Figure S1.
state absorption contribution.

To first order, from Fig. S1, with rotating wave approximation, we have first order ex-

pression

S(l)(w,T):—%on[m(w)(—@)[: dtem[ oodr’(—%(u"e*u+~E_(t—T’)))] (528)

S-9



change from Heisenberg picture to Schrodinger picture,
1 - =) . —00 ,
SO (w0, T) = —— By 3[W, (w)(~0) f dt et f ar'[ - L
Th —o0 t h

(u e U E-(t-7)] (529)

where U(7’) is the time evolution of core excited states. The lifetime of core excited states
are short. We thus make frozen nuclei approximation, i.e., for the core excited states, the
nuclear motion is ignored and we only consider the time evolution of electronic wave function.

Expand with electronic states, the bracket expression can be expressed as

1 ~ o0 X —o 0\ .
S(l)(w,T):—%EOJ[V[A(w)(—i)[OO dtez(“"‘“c)tft dT'(-%)ew”T)e(t—T'-T)

[ dq X (g, t)pupc - € e poy - exalq t—7')]

(930)

(t=1)°
where E(t-T) = Epe” %7 . Circular dichroism is the absorption of left circulary polarized

light minus the right. By definition,

1 . o o0 N\
SO, T) =~ By T[W, (@) () [ dreitesor [ dT’(—%)e’“c(”T)E(t—T’—T)

/ dg X7 (q.t)e" ™™ (ppc - € pea- €.~ ppe - € poa-€,)xalg t—7')]
($31)

The circular dichroism is defined as the difference of absorption of left and right circularly
polarized light, Scp = S- — S,. Define the polarization unit vector of circularly polarized

%(ea +i€g), where 7 is the propagation direction of the wave, «, § and 7

wave as €,(7) =
are perpendicular to each other and follow right hand rule. Specially, a wave propagating in

z direction has circular polarization €, (z) = %(ex +i€,). Here the unit vector of propagation
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direction vector is €., we have relation

D€ q € -P€EqE=-IPXq-€

where p and q are arbitrary vectors. So the signal becomes

1 ~ o0 - -0 0\
SXMED (y T) = _hEO J[W.(w) f dt e'(wwe)t f dT’( - %)GMC(T Mgt -1"-T)
T —o0 t

/ dg x5 (g, t)e @D (upe x pea-€)xalg, t—7")]

(S32)

Adjust the equation a bit, we have

h
[ dr'é(t-7"-T) [ dg xp(g,t)e™™ e @ D™ (e x poa-€,)xalg,t - 7')]

1 , o2 oo , '
SXMCD (W7 T) :_hEO 3[\/%(7 (e—z(wfwc)T677(w7wc)2) f dt el(wwc)t( _ i)
m —00

(S33)
To ensure numerical stability, we do substitution of variable for 7/

f dr'e(t-7'-T) f dg xp(g,t)e™™ e @ D™ (upe x poa-€,)xalg,t - 7)
t

=t—1' t * —i(wo-w - -L'(t-
o=Lc —[ d5€((5—T)[quD(q,t)e (werwe )0 (pe x poa - €,)xalg, 0)e ™D (S34)

So the work equation becomes

1 . o2 o .
SXMCD(M,T)) _ - E, %[\/ﬁa (efz(wfwc)T677(w—wc)2) / dt ez(w—wc)t
m —o0
t .
[ dsE(6-T) f dq xp(gq,t)e’“c™ N (upo x poa - €,.)xa(gq,8)e 9]

(935)
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S3 CASSCF Calculation

The geometry of the pyrrole molecule is optimized with B3LYP density functional with 6-
311++g(d,p) basis function®"5* in Gaussian 16 software package. The electronic eigen
states are computed with complete active space self consistent field (CASSCF) in a develop-
ment version of Chronus Quantum software package.S¢ 7 active orbitals are chosen as N-H
o bond and o* anti-bond, 5 7 orbitals of pyrrole, and a Rydberg anti-bonding orbital, see
Fig. S2. 8 electrons are in the active space. State average over ground state ('A;), first
(1As) and second excited state (!1B;) is performed. Non-relativistic Pauli Hamiltonian in
Eq. (2) and Eq. (3) in the main text is used for the self consistent field calculation. The
variational wave function is solved with finite magnetic field. We use gauge including atomic
orbital (GIAO) as the basis function to define gauge origin at nucleus and enforce gauge
origin invariance. Augmented correlation-consistent polarized valence double-zeta (aug-cc-
pVDZ) basis is used in both CASSCF calculations. One additional diffuse s function and
one additional set of p functions were added to the nitrogen atom. Two additional diffuse s
and two additional sets of diffuse p functions were added to all the hydrogen atom. Their
exponents were derived in an even-tempered manner from the most diffuse s and p functions
already present in the aug-cc-pVDZ basis by dividing the exponents successively by a factor
of 3.0.57 For core excited states, we add nitrogen 1s orbital in the previous active space and
perform complete active space configuration interaction (CASCI) with the set of molecular
orbitals obtained in the previous CASSCF calculation.

For the potential energy surface of core excited states, we scan the ry.g =0.91, 1.41, 1.81,
2.21, 2.61, 4.14 A and out of plane bending angle -50°, -10°, 0°, 10°, 50°, and interpolate
the potential energy surface for Jacobi coordinate r,~. The transition dipoles are computed
with 7o =0.91 A and out of plane bending angle -50°, -10°, 0°, 10°, 50°. The computations

are performed with magnetic field applied in x, y, z directions respectively.
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S4 Population and Coherence Contribution in XMCD

To analyze the tr-XMCD spectrum, we separately depict the population term (A = D in
Eq. (S35)) and coherence term (A # D in Eq. (S35)) contribution. We choose diabatic
electronic states as basis. The signal is invariant with respect to basis choice. Here we do
this separation for explanation and analysis purpose only.

The oriented molecule tr-XMCD spectrum with magnetic field in z is separated in Fig. S3.
The coherence contribution shows strong peak when the wave packet passes through conical
intersection, while the population contribution is weak by comparison. From this, we con-
clude that the signature of conical intersection in the tr-XMCD spectrum is contributed by
electronic coherence.

Tr-XMCD of oriented molecule with parallel magnetic field is displayed in Fig. S4. The
electronic coherence contribution Fig. S4a is weak. As the wave packet gradually relax from
excited state to ground state, the X electronic state population peak (Fig. S4b) gets stronger
while the B electronic state population peak (Fig. S4b) gets weaker.

We also analyze the transient absorption spectrum. Its coherence signal (Fig. S5a) reflects
the conical intersection. However, such coherence signal is too weak to observe since it is

buried in the much stronger population signal (Fig. S5b).

S5 Coupling with the Magnetic Field

In this section, we analyze the circular dichroism of the X — B coherence with irreducible
representation in the Cs, point group. Define SCP as a function of dissociation coordinate r

and out of plane bending angle ~,

Sha(r,7) = mpe x poa - €, (S36)
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the integration of CD signal with wavepacket can be written as

/ dq xp(q,t)e" @™ (upo x pea-€,.)xa(q,0)]

:fdrfdyx,*j(r,%t)SCD(TW)XA(Ty%(S) (S37)

The nuclear wave packet of B(X 5)is an even function of the out of plane bending motion
while X (x¢)is an odd function. We can derive the irrep of the nuclear wave packet x ¢ and
X5- The out of plane bending motion is a motion of H atom in x direction, belonging to B,
irrep. For the nuclear wave packet, since the bending in y direction is frozen, the reflection
with respect to xz plane character of B and X wave packet are the same. Without losing
generality, we define them as even. For the reflection with respect to yz plane, wave packet X
and B are odd and even respectively. Thus, the irreducible representation of X and B wave
packets are B; and A; respectively. The irrep of the X — B coherence can also be explained
from the non-adiabatic coupling. xj; wave packet relaxes to the ground state through the
non-adiabatic coupling of Coln and generate wave packet x 3. The non-adiabatic coupling
of the bending coordinate is strong, while the non-adiabatic coupling of motion in y is weak
and thus ignored. The derivative with respect to v changes the quantum number of from 0
in x5 to 1 in x 3 for bending motion, while leaving the motion in y unchanged. The product
of B and X is thus an even function of reflection with respect to xz plane since they have
the same parity for y coordinate. x5x ¢ has odd parity of reflection with respect to yz plane
since B and X have opposite parity, caused by the non-adiabatic coupling. For that reason,
the electronic coherence have the same irrep (and parity symmetry) as the non-adiabatic
coupling.

For X — B coherence term in XMCD signal, Sg%(r,y) must be odd with respect to =
such that the integration does not vanish. Since the out of plane bending of hydrogen is in

x direction, the CD signal must be odd with respect to reflection operation with oy, plane.
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For zero magnetic field, function S)Q( 5 can be written as transition dipole product

)

S}C{DBnomag - ewk(X|/~Lz|C> <C|[L]|B) (S38)

where C' is core excited state, k is the propagation direction of the probing wave. When
the magnetic field is applied in k direction, when there is no degeneracy, the first order

.4|D) M, where D is all

perturbation of wave function can be written as |[A(M) =
possible intermediate state, “indicates electronic eigenstate in the absence of a magnetic field.
The perturbed quantity S¢P can be expanded with a series of magnetic field. The first order

contribution is

(XmelD) = e (Dlm|B)

H(DWW}(OWHB) <X|M1|O><C|M]|D>TE,D

() 2 ey ¢ (61l D (529)
C — C —

Among the four terms in Eq. (S39) the first and second terms have larger magnitude than
the third and fourth due to the larger denominator in the latter two. Since the density of
states in the X-ray region is low for the molecule of interest, the energy gap EOC -FE p is large,
making the contribution from the third and fourth term negligible compared with the first
and second term. The contribution from the second term is greater than the first term, since
the energy gap E}”{ - FEp larger than E’B - Ep as depicted in Tab. S3. Eq. (S39) is important
for analyzing the magnetic anisotropy of tr-XMCD later. Eq. (S39) can be also given in the
form of first derivative

~ k ~ k
_0(X[wl|C) (Cluy|B)
xp ik 9B,

By (S40)

here we introduce superscript k for transition dipole to emphasize that this quantity is in
the perturbation of magnetic field in £ direction.

Now we show that S CDBmag have irreducible representation B; so that its integration with
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. _ _ _ -
wave packet x g, x5 is nonzero, while the integration of S; énomag

)

with wave packet is zero.

We first prove that in the absence of magnetic field, the coherence CD signal is zero.

S5.A No Magnetic Field

In Eq. (S38), the irreducible representation of the transition dipole (X|u;|C) and (C|u;|B)

can be obtained from I'; ® I'),, ® I'c and I'c ® T, ® I' 5 respectively.

Table S1. Circuar Dichroism Irreducible Representation in the Absence of Mag-
netic Field

s = r By = coherence
(X|uilC) (Clus1B)
Component & I'¢ol', ®c Fcol,, ®l; Shomag
(X0} (Clu B N
A1®B2®A1:B2 A1®A1®B1:B1 2
< = -
(X|p:1C) (Clpy|B) A
A1®A1®A1:A1 A1®B2®B1:A2 2
(Xl (ClnIB) A
A1®B1®A1:B1 A1®A1®B1:B1 !
' (Xu.IC) (Clus| B) R
A1®A1®A1:A1 A1®B1®B1:A1 1
(X]IC) (Cll B )
A1®B1®A1:B1 A1®B2®B1:A2 2
7 = -
(X C) (CluIB) )
A1®B2®A1:B2 A1®B1®B1:A1 2

State X and B correspond to irrep A; and By respectively. The electric dipole operator
e, by, [ correspond to By, Ba, Aj respectively.®® The core excited state which is from 1s
(N) to o* is A;. The irreps of S;l?énomag with probing wave propagating in x, y, z directions
are summarized in Tab. S2. None of them have By representation. Thus, the cross term CD

signal vanishes in the absence of magnetic field.

S-16



S5.B  The Signal Coupled with the Magnetic Field

We now prove that when the magnetic field is applied, the cross term MCD signal does not
vanish.

The magnetic field is coupled to the molecule through magnetic dipole interaction (my,
k = x,y,z), the magnetic dipole operator in x, y, z direction correspond to Bg, By, A
respectively. The irrep of Sgl?émag is the product of the irreps of transition dipoles and a

magnetic dipole operator

L %icy © Loy ) ® Ty (S41)

The irreducible representation of intermediate state B does not change the signal symmetry
since it appear twice in every term of Eq. (S39) and I'p ® I'p = A;, which does not change
the final irreducible representation.

As shown in Tab. S2, the cross term of MCD signal for magnetic field applied in z,y, 2
directions has B; irreducible representation. As explained in the main text, wave packet x ¢
has By irrep while x5 is A;. As a result, integration Eq. (S37) does not vanish and the cross
term in the XMCD signal gives the signature of conical intersection.

Table S2. Magnetic Circuar Dichroism Irreducible Representation.

I = r B = cross term
: (XpilC) (Clu;|B)
magnetic field (By) ol ol reel, T}, MCD
(X/[C] (ClnIB) )
B( B) A1®B2®A1:B2 A1®A1®B1:B1 !
z Mg ~ v N
: (X (Clil B )
Al®@AI @A — A | A ®B, ® B, = Ay !
(X]p|C) (Clp.|B) B
B B A1®B1®A1:B1 A1®A1®B1:B1 1
o =B (Xi-IC) (ClulB) .
A1®A1®A1:A1 A1®B1®B1:A1 !
(X|u|C) (Cluy|B) B
B( A) A1®B1®A1:B1 A1®B2®B1:A2 !
z My~ " >
: (X C) (ClulB) 5
A1®B2®A1:B2 A1®B1®B1:A1 1

S-17



S5.C The Transition Magnetic Dipoles

We summarize the nonzero transition magnetic dipoles among lowest valence states at Frank-

Condon geometry.

Table S3. State to State Transition Magnetic Dipole of Pyrrole Molecule
at Frank-Condon Geometry. The transition magnetic dipoles (ej|m|e2) are in
atomic unit he/me.

transition
x component | y component | z component | energy gap (eV)
magnetic dipole

(Blm|A) 0.6802 i 0.0 0.0 0.6274
(Blm|X) 0.0 0.3528 i 0.0 4.9279
(Alm|X) 0.0 0.0 -0.3907 i 4.3005

At this geometry, the magnitude of transition magnetic dipole between state B and A
is the strongest. Additionally, the energy gap between B and A is the smallest. Since the
magnetic coupling strength is proportional with transition magnetic dipole and the inverse of
the state energy difference, overall, the coupling with in x direction is one order of magnitude

stronger than other direction for the cross term XMCD signal.

S5.D Magnetic Induced Current Density

As depicted in the Fig. S6, we present the current density of the electronic ground state
(Jz.5) and B excited state (j 5.5), as well as transition current density (j; 5). In the absence
of magnetic field, j; ¢ and jp g vanish while transition current density is purely imaginary.
In the presence of a magnetic field, j; ¢ and jz 5 are nonzero and real-valued since the
current density operator is Hermitian operator, while the transition current density jx 5 is

complex-valued. When the magnetic field is perpendicular to the molecular plane, the real
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part of j; 5 has ring current. In contrast, when the magnetic field is applied parallel to the

molecule, the ring current is not present, i.e., the profile of current density is not a ring.
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Figure S2. MO in the active space of CASSCF

S-21



%108
410

405 .

hw(eV)

395

410

5 10 15
delay time T (fs)

Figure S3. Separation of electronic state coherence and population in diabatic
state basis of oriented molecule tr-XMCD spectrum with magnetic field in x. a:
electronic state coherence contribution. b: electronic state population contribu-
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Figure S4. Separation of electronic state coherence and population in diabatic
state basis of oriented molecule tr-XMCD spectrum with magnetic field in y. a:
electronic state coherence contribution. b: X electronic state population contri-
bution. ¢: B electronic state population contribution.
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Figure S5. Separation of coherence and population of rotationally-averaged

transient absorption spectrum. a: electronic state coherence contribution. b:
electronic state population contribution.
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Figure S6. Upper panel: total tr-XMCD signal with rotational average. Lower
panel: tr-XMCD signal with magnetic field applied in the x, y, z directions
respectively.
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