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ABSTRACT: We show how ultrafast gas-phase X-ray and electron
diffraction signals can be combined to generate real-space movies of
charge migration dynamics in molecules. Charge migration denotes
short time electronic charge redistribution upon photoexcitation of
molecules where the nuclei are frozen. In this regime, we identify a
mixed electronic—nuclear interference term that can be cleanly singled
out. Using the ground-state nuclear structure as a reference, the phase
information in this signal allows its inversion to real space and the
capture of electronic charge density movies on the attosecond time

scale.

B INTRODUCTION

Molecular wave functions are spatially diffuse and spread over
many atoms within a molecule exhibiting no motion. The
femtosecond time scale is unique for creating superpositions of
multiple vibrational wave functions producing the spatially
localized wavepacket with coherent nuclear motions. This laid
the foundation of the field of femtochemistry." With the rapid
developments of attosecond pulses in the 21st century, a
coherent superposition of multiple electronic states can be
created resulting in coherent electronic motion denoted charge
migration.””* This phenomenon has been intensively studied
theoretically over the last 20 years,”™"" leading to the birth of
“attochemistry”. The goal of attochemistry is to create a new
way of doing chemistry by observing and controlling motions
of molecular electrons on their intrinsic time scale.’
Measurements of charge migration have been broadly
reported,'**” while the direct real-space imaging of its time-
evolving charge density is still challenging. Ultrafast X-ray and
electron diffraction techniques hold the promise of real-space
tracking of electron motions in molecules.””* Several
theoretical studies of probing charge migration by ultrafast
X-ray scattering have been reported.””>> However, the
molecular charge density cannot be directly retrieved from
such signals. This is because standard ultrafast gas-phase X-ray
diffraction and electron diffraction use homodyne detection
which gives the expectation values of products of charge-
density operators (&' &),”° rather than the charge density (&)
itself which can be measured by heterodyne detection.
Heterodyne-detected diffraction requires an additional refer-
ence beam that interferes with the scattered wave.”’ > X-ray
sum-frequency generation diffraction with heterodyne detec-
tion could achieve this in molecules;**?" its experimental
realization is extremely challenging, as it requires two phase-
controlled hard X-ray pulses. Self-heterodyne X-ray diffraction
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has been previously realized in crystalline and powder samples
possessing long-range order where the scattering from ground-
state molecules is used as a local oscillator to boost the
scattering signal from excited-state molecules.*”** However,
that strategy is not applicable to gas-phase molecules
dominated by the single-molecule scattering signal.”* Similarly,
real-space motions of the molecular crystal have been
determined from femtosecond electron diffraction data analysis
with a known initial ground-state structure.”® To solve the
well-known phase problem for retrieving a quantum molecular
movie from diffraction data, the theory of quantum state
tomography has been introduced to analyze experimental
electron diffraction data.***”

In this theoretical study, we introduce a novel technique for
isolating mixed electronic—nuclear interference in electron
diffraction (MENIED) for the direct real-space imaging of
charge migration in gas-phase molecules by combining two (X-
ray and electron) homodyne diffraction measurements (Figure
1). Previously, we have shown how to image the purely nuclear
charge density by combining heterodyne-detected X-ray and
electron diffraction.’® The proposed experimental scheme in
Figure 1 is much easier to implement, as heterodyne detections
are not required in this study. We show that, when subtracting
the ultrafast X-ray and electron homodyne diffraction signals,
the time-dependence of the signal only comes from a mixed
nuclear—electronic term oo™ where /N is the electronic/
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Figure 1. (top) Schematic of proposed experiment and molecular
structure of 4-fluoro-4'-hydroxybiphenyl. We assume an oriented
molecule located in the x—y plane. Difference electronic charge
densities in real space, Aot (r, t) = ot (r, t) — o5(r), at 0.6 fs after
excitation with X-ray pump pulse tuned to oxygen (middle) and
fluorine (bottom) K-edges. The charge densities are presented in the
x—y plane by integrating over z.

nuclear charge density of the molecule. Because the nuclei of
the molecule are frozen during the attosecond charge
migration dynamics, the resulting time-dependent diffraction
signal constitutes an interference between the time-evolving
electronic charge density ¢° and the ground-state nuclear
structure o™ that serves as a reference local oscillator. The
time-evolving electronic charge density of the molecule can
thus be directly measured via the proposed technique.

B THEORY OF MIXED ELECTRONIC-NUCLEAR
INTERFERENCE IN ELECTRON DIFFRACTION

The time-dependent molecular many-electron wave function
prepared by a resonant X-ray excitation with a broadband
attosecond pulse can be expanded as

hy(t)) = Z c(Hlg)
1_ (1)

where i labels the adiabatic electronic state lp;) at the
equilibrium geometry, ¢,(t) is the electronic state amplitude,
and t is the time. Equation 1 assumes purely electronic
dynamics and neglects nuclear motions, which is justified for
the charge-migration time scales that are shorter than the
typical nuclear vibrational period of molecules (a few
femtoseconds).

Using eq 1, the time-evolving electronic charge density in
real space is given by

o, 1) = (65w, 1) = X pot(®) + Y p,(6) af()
i i#j
(2)
where r is the spatial coordinate, o5(r) is the charge density of
electronic state i, oj(r) is the electronic transition charge
density between electronic state i and j, p; = ¢jc; represents the
electronic population which is stationary after the pump pulse

is over while p;(t) = ¢ is electronic coherence which
oscillates with a period inversely proportional to the energy
difference between electronic states i and j.

The time-resolved single-molecule (gas-phase) homodyne

diffraction signal is written as®*’
S(q, T) / dtIE,(t — TIPS(q, £, @) )

where E(t — T) is the X-ray/electron probe pulse envelope at
delay time T, q is the scattering momentum transfer, and S(gq,
t, @) is related to the time-dependent molecular charge density
in momentum space.

For X-ray diffraction, S(q, t, w) is given by

§%%q, t, w) = Zk: Wi(Aw) p, () 6(~q) o5(a) “
ij

Here, 03(q) is the Fourier transform of the electronic
charge-density matrix element between electronic states i and
k, and Wy (Aw) is a window function for a frequency

detection window Aw given byA'O’41

mcji(Aw) = f

®,— Aw

o+ Aw

+o00
f C((S)e—i(ms—mp+mk],)6d5 dws
(s)

where C(5) = exp[—Z In 2522] is a function of the probe pulse
%

is the angular frequencies of the incident/
(l)‘+(l)[‘

duration 7, @,

scattered waves, and w; = @, — is the angular

frequency corresponding to the transition energies of the
molecule involving states i, j, and k. _
Similarly, for electron diffraction, S(q, t, @) is written as

sUED 1
§ gt w)= ?[Z W;(Aw) p,(1) 6;(~q) 65(q)
ijk

+ Wy(Aw) Zﬂi,(ﬁfN (-9) (@)

+ 2R

Wy(dw) X p,0(~a) '(a)

+ 2 W,(Aa) p (1) of (~q) rf,,N(q)]}

i#j

Gele

1 C ~nucl ~mixe
= (" (q t, 0) + §q ®) + §™(q, t, )
q

(6)
Here, S‘“’l“(q, t, w) = SXRD(q, t, w), and W,(Aw) represents
the window function when wy; = 0 in eq 5.
By subtracting the two measurements, we obtain Sy as

~UED ~XRD
Saier(@ £ w) =nS (gt w) - 8§ (g t, w)
anucl & mixed
=S (qr a)) +S (q) t, w) (7)

where 7 is a normalization factor accounting for the Thomson
and Rutherford cross sections.”” Careful normalization of the
signal for both measurements is a nontrivial task but is crucial
for the proper subtraction of X-ray and electron diffraction
signals in order to obtain Sy Experimental conditions such as
the different scattering background and detector response for
X-rays and electrons need to be taken into account. Besides,
the diffraction signals should be deconvoluted with their
respective instrument functions before subtraction to account
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Figure 2. Snapshots of difference electronic charge density, Act,(x, t), in real space for the X-ray pump pulse tuned to the oxygen K-edge (left) and
fluorine K-edge (right). The Cartesian coordinates are the same as in Figure 1. The charge densities are presented in the x—y plane by integrating

over z.

for the small temporal difference of the X-ray and electron
pulse lengths. In this study, we assume a 200 as (sigma) pulse
length for both X-ray and electron probe pulses. This is
possible through the ongoing developments of both attosecond
hard X-ray*”** and attosecond relativistic megaelectronvolt
electron pulses.””~*

In attosecond electron dynamics where nuclear motions can
be neglected, 6™(q) is constant before and after the excitation,
and §™*(q, t, @) can then be written as

~mixed
§™U(q, t, w) = 2R|| Wy(Aw) Y p.or(—q)

+ 20 W (8w) p, (1) 0/ (-a) | (@)
i#j
(8)

The purely nuclear term $™(q, @) is time-independent and
cancels out in the time-dependent difference signal ASga(q, t,
fo) = Sa(q t, @) — Sas(q t < 0, ®) = Smixea(q) t ) —
Smxed(q, t < 0, w). Here, Sza(q, t < 0, @) represents the signal
before the presence of the pump pulse.

If the detection window is much broader than the relevant
electronic transition energies of the system, then all inelastic
transitions are detected with equal weight, and the window
function is independent of the angular frequency ;. Smired(q,
t) in eq 8 can be simplified as

~mixed

S (q) t) = %(AW)ZR[Q‘&(—% t) O'N(q)] 9)

where Wy(A®) is solely a function of the instrument and is
independent of molecular response. The time-dependent
difference signal ASyg becomes

ASya(a, t) = Wy(Aw)2R[Ace(—q, t) 6™(q)] (10)

where Act(q, t) = o0(q, t) — 05(q) is difference electronic
charge density in q-space. Here, 05(q) represents the total
electronic charge density prior to the pump pulse, i.e., 6y, (q, t
< 0) = 05(q). The 6™(q) can be obtained from ground-state
nuclear geometry. ASyg (q, t) thus directly measures the time-
evolving electronic charge density, thus providing movies of
charge migration dynamics in molecules. Whether the
diffraction signal is solely related to the total time-dependent
charge density of the molecule, ie., (5(r, t)), or requires
additional molecular information is an interesting issue.
Consider wavevector resolution without frequency resolution,
which corresponds to a broad detection window Aw. In that
case, both single-molecule (gas-phase) heterodyne (5(q, t))
and two-molecule (ordered sample) homodyne diffraction
I(6(q, t))I* signals depend solely on the total charge density
irrespective of whether the diffraction is elastic or inelastic. In
contrast, the single-molecule homodyne diffraction (5'(q, t)
6(q, t)) signal requires the charge-density matrix o;(r) that
goes beyond the expectation value of the charge density and
depends on the spectrum of excited states. Once adding
frequency resolution with a finite detection window, the total
charge density (6(r, t)) alone is not enough for obtaining the
diffraction signals.
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B RESULTS AND DISCUSSION

We have applied the MENIED to image the attosecond charge
migration of 4-fluoro-4’-hydroxybiphenyl (Figure 1). Fluori-
nated biphenyls are important building blocks for many
devices includin§ liquid crystal displays,”® organic light
emitting diodes, ? and organic semiconductors.”® Under-
standing the interactions between light and push—pull
chromophores is fundamental for many practical applications
such as in optoelectronics and bioimaging.”** In the present
study, the oriented molecule is initially prepared in a coherent
superposition of multiple core-excited states by a broadband
soft X-ray pulse (fwhm S eV) resonant with the oxygen or the
fluorine K-edges. Core-excited electronic states are important
for understanding many fundamental phenomena such as X-
ray radiation damage of human bodies. We have simulated the
electron dynamics after X-ray excitation by exactly solving the
time-dependent Schrodinger equation (see full details in the
SI). An attosecond X-ray pump pulse, 0.365 fs (fwhm), is
explicitly included in the electron dynamics simulation. We
focus on the charge migration dynamics originating from
electronic coherence of core-excited states after the pump
pulse is over (at t > 0.6 fs). The sub-S fs dynamics is simulated
which is comparable with the lifetime of oxygen and fluorine
core-excited states. The subsequent Auger—Meitner effect
could cause the decay of core-excited states resulting in
electronic dephasing. The Auger—Meitner process is the
dominant mechanism for relaxation following X-ray absorption
in most biologically relevant molecules. Its time-dependent
electron yield has been used as an indirect indicator to probe
the evolution of a coherent core-hole excitation in nitric oxide
in a recent study.’” The population dynamics during the pump
pulse is shown in the SI. The resonant X-ray excitation creates
a localized “hole” (negative intensities, blue) near the excited
core region and a delocalized valence “electron” (positive
intensities, red) across the entire molecule right after the pump
pulse is over, as shown in the middle and bottom panels of
Figure 1. The key core-excited states with their molecular
orbital excitation contributions involved in the simulated
electron dynamics are summarized in the SI (see Table S2 and
Figure S3). The resulting charge migration dynamics triggered
by oxygen and fluorine core excitations are clearly distinct.
MENIED is then used for imaging the electron dynamics at
various delay times after core excitation. X-ray and electron
diffraction can be performed separately as long as the chemical
environment of the measured sample is maintained. The
signals of MENIED are obtained by subtracting these two
diffraction signals with careful normalization.

Snapshots of the electron dynamics for the oxygen and
fluorine excitation are shown in Figure 2 (full electronic
dynamics are given in the SI as video files). Figure 2 (top)
shows the same difference electronic charge density at 0.6 fs as
in Figure 1 but with a smaller color intensity scale, so that
subtle details can be more visible. For the oxygen K-edge
excitation at 0.6 fs, a weaker delocalized negative density “hole”
created around the left benzene ring manifests in Figure 2 in
addition to the dominant negative density “hole” created
around the oxygen atom. Similarly, for the fluorine K-edge
excitation at 0.6 fs, a weaker delocalized negative density “hole”
around the right benzene ring becomes visible in addition to
the localized “hole” near the fluorine atom. This corresponds
to the relaxation of occupied molecular orbitals due to the
generation of a 1 s hole upon X-ray excitation. Snapshots at

different delay times (see Figure 2 and videos in the SI) reveal
that fast charge oscillation dynamics within one benzene ring
can be seen in both cases. For the oxygen core excitation,
electron density oscillates between two lower carbon atoms
and two middle carbon atoms of the left benzene ring with a
~1.6 fs period, while for the fluorine excitation, the charge
oscillation appears within the right benzene ring with a period
of ~2.4 fs. Interestingly, there is a weak long-distance
electronic motion following the oxygen excitation where
electrons slowly migrate from the left ring to the right ring.
This is shown by the gradually larger positive intensities
around the right ring at 1.5 and 2.2 fs compared to 0.6 fs. This
long-distance electron dynamics between two benzene rings is
however not visible for the fluorine excitation case. This could
be due to the fact that the hydroxyl group (—OH) is an
electron-donating group with a strong activating strength,
while the fluoro group is an electron-withdrawing group with
very weak deactivating strength.

The electron dynamics in Figure 2 is well captured by the
MENIED simulated in Figure 3 (full simulated signals are

Fluorine

Figure 3. Snapshots of time-dependent difference signal, ASy (q, t)
in eq 10, for the X-ray pump pulse tuned to the oxygen K-edge (left)
and fluorine K-edge (right). The Cartesian coordinates are the same
as in Figure 1. The signals are shown in the g,—q, plane (g, = 0).

given in the SI as video files). Diffraction patterns in Figure 3
show clear interfering beating features that are characteristic in
heterodyne diffraction signals,’>*® demonstrating the self-
heterodyne nature of the AS;4(q, t) signal in eq 10. This can
be interpreted as heterodyne detection of the electronic charge
density where the nuclear structure serves as a local reference.
The regions where the signal changes the most are marked by
the black circles in Figure 3. The MENIED results for oxygen
K-edge excitation and fluorine K-edge excitation are clearly
distinct, showing the signal’s ability to image the charge
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migration dynamics. The signal in Figure 3 originates from
Acty(q, t) 6(q) rather than the time-evolving electronic
charge density Act,(q, t). A reconstruction process is needed
to obtain the electronic charge density. This can be achieved
by calculating 6™(q) from the ground-state nuclear geometry
of the molecule. As illustrated in Figure 4, the modified

Electronic Charge Density Modified Diffraction Signal
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Figure 4. Real part of difference electronic charge density in g-space
R[AcE(q, t)] (left) and modified diffraction signal constructed by

ASir(at)
R[ @
shown in the g,—q, plane (g, = 0). The results from the oxygen
excitation at 2.2 fs are used for demonstration.

] (right). Both electronic charge density and signal are

diffraction signal is almost identical to the Fourier-transformed
electronic charge density. This allows the inversion of the
signal from momentum space to the real-space electronic
charge density, generating the charge migration movies seen in
Figure 2.

B CONCLUSIONS

In this study, we have simulated the signal for an oriented
molecule, while the idea is equally applicable to a sample of
randomly oriented molecules. Measuring the oriented sample
allows the direct retrieval of full-dimensional electronic charge
densities rather than the one-dimensional radial distribution
function obtained from an isotropic sample. Both X-ray
diffraction and electron diffraction from three-dimensionally
aligned gas-phase molecules have been demonstrated exper-
imentally.”*”° Since the charge migration dynamics happens in
ultrafast time scales which are much shorter compared to the
rotational motion of the molecule, the time window of the
optimal degree of alignment is long enough for studying
attosecond electron dynamics. We note that, in order to
generate the charge migration movies shown in Figure 2, a
high degree of alignment is required, and the angular spread of
the molecules with imperfect alignment needs to be taken into
account in the reconstruction procedure.

To estimate the required signal-to-noise ratio for resolving
the desired difference signal in Figure 3, we have simulated the
time-dependent diffraction signals measured independently
with electron (ASygp) and X-ray (ASygp) diffraction (see
Figure S4 in the SI) which show the same order of magnitude
compared to their difference signal (ASgg). Because the
magnitude of the diffraction signal is proportional to the square
of the number of electrons in the molecule, and the desired
signal mainly comes from a single electron, the change of signal

2
is about 1 — % = 2% for a molecule with 98 electrons. This

corresponds to a ~0.9% change of the signal for oxygen K-edge
excitation (45% excitation fraction) and a ~0.7% change for
fluorine K-edge excitation (36% excitation fraction) simulated

20714

in this study. This is within the current experimental detection
limit of time-resolved gas-phase X-ray and electron diffraction
techniques.”™” The key instrumental challenge for the
proposed experiment is the attosecond temporal resolution
required for both X-ray and electron diffraction. These could
become feasible in the near future with the rapid development
of XFELs*** and relativistic megaelectronvolt electron
beams.*>*

In summary, in this theoretical study, we have shown that
the attosecond charge migration in gas-phase molecules can be
directly imaged by combining ultrafast X-ray and electron
homodyne diffraction. We demonstrated that, when subtract-
ing two standard (homodyne) diffraction signals, the time-
dependence of the signal only comes from a mixed nuclear—
electronic interference term in electron diffraction. This is
different from our previous study where we proposed to image
the purely nuclear charge density by combinin% heterodyne-
detected ultrafast X-ray and electron diffraction.”® The pump
excitation requires a tunable broadband attosecond soft X-ray
pulse with a pulse intensity in the linear regime, which can be
achieved with table-top high-harmonic generation X-ray
sources.”®”*" Attosecond hard X-ray and electron pulses are
required for monitoring charge migration dynamics. Here, we
propose to use the MENIED to monitor the coherent core-
hole excitation in molecules. Since the method works for any
attosecond electron dynamics where the nuclei are frozen,
charge migration dynamics of valence electrons initiated by
other excitation processes such as strong-field ionization'® or
stimulated X-ray Raman®*®' can also be studied by the
proposed scheme.
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Ab initio quantum chemistry

The molecular geometry was optimized using DFT with the B3LYP functional'*** and the 6-31g(d)
basis set with Gaussian 16 software’. Core excited states were computed with TDDFT in the Tamm-Dancoff
approximation (TDA) using the Chronus Quantum software package®. The TDA calculations employed the
same density functional and basis set used in the geometry optimization. 22 lowest oxygen K-edge singlet
excited states and 21 lowest fluorine K-edge singlet excited states were computed (excitation energies are
shown in Table S1). The electronic charge densities and transition charge densities between core excited
states i and j in real space were computed by contracting the atomic orbital basis with transition one particle
density matrix (1pdm):

05 (1) = Ty Dot (0)2(r) (SD)

where r is the electronic coordinates, y, (), x, (r) are atomic orbital basis, y,v are atomic orbital index
and D;W is transition 1pdm in atomic orbital basis. The grid-based 0'5- (r) in real space was calculated from

the charge density matrices using PySCF software’®. The electronic charge densities in q-space (reciprocal

space) were evaluated by

0;j(q@) = [ dre't"gjj(r) (52)
The nuclear charge density in q-space for a given nuclear structure R was calculated as
aN(q,R) = Xy Zge'Ra® (S3)

where a labels the an atom with atomic number Z,; at position R, (R).
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Table S1. Calculated excitation energies for core-excited states.
Oxygen K-edge Fluorine K-edge

1 520.311484337369 | 670.433707106402
2 520.692473844674 | 670.759254956266
3 521.176826061443 | 671.422828436184
4 521.499967962606 | 672.270655785232
5 522.028761263342 672.96904780278
6 523.364576338612 | 673.481471251711
7 523.976201403015 | 674.279712909104
8 524.594707207895 | 674.729513638568
9 524.919348161858 675.05881761288
10 | 525.383946792538 | 675.087887100853
11 | 525.449746918523 | 675.555327094097
12 | 526.009354804224 | 675.608487400162
13 | 526.127693551431 | 676.208811922601
14 | 526.150564177552 | 676.322894704176
15 | 526.285708774763 | 676.469374045217
16 | 526.509226087429 | 677.362492775789
17 527.18314732354 677.571509575662
18 | 527.767705930576 | 678.025021256983
19 | 528.348972026264 | 679.009046257872
20 | 529.201689395732 | 679.325787408199
21 | 529.645438483985 | 679.880050892203
22 | 529.958415684725

Electron dynamics simulations

We adopt an attosecond Gaussian laser pulse to excite the core electrons in the molecule. The
electric field is given by E(t) = ER[EEOe'(t_tc)z/ Tze'i“’c(t'tc)] where 7 is the pulse duration, € the
polarization, w, is the central frequency, and E, is the field amplitude. The laser-driven dynamics was
simulated by solving the time-dependent Schrédinger equation in the presence of x-ray pulses, ih |1/J(t)) =
(Hy — u- E(t)|y(t)), with the fourth-order Runge-Kunta method. A linearly polarized x-ray pulse with
its polarization direction parallel to the x direction was used. We use w, = 525 eV for the oxygen K-edge,
and 675 eV for the fluorine K-edge. For both simulations, the intensity I = %COE(? =6 x 1013 W/cm?,

and FWHM in time is 365 attoseconds corresponding to a 5eV bandwidth. The laser-driven dynamics were

performed from the initial time t; = —600 as to the final time t; = 600 as with a 0.2 as time step.
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Figure S1. Population dynamics for the x-ray pump pulse tuned to the oxygen K-edge. (Upper) The
excited state population dynamics, and (lower) the ground state population dynamics along with the

electric field profile.
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Figure S2. Same as Fig. S1 but for the x-ray pump pulse tuned to the fluorine K-edge.



Table S2. Key core-excited electronic states involved in the simulated electron dynamics and their

molecular orbital excitation contributions (molecular orbitals are shown in Figure S3).

Oxygen K-edge
Core-excited Molecular orbital Amplitudes
electronic states | excitation contributions
36 2->55 0.34508
2->56 0.59508
2->59 0.16916
2->61 -0.11738
2->62 -0.10059
S14 2->63 -0.30328
2->64 0.33028
2->66 0.43545
2 ->68 -0.16405
2->62 0.47056
2->63 0.27993
S15 2->64 -0.15321
2->66 0.37557
2 ->68 -0.11685
Fluorine K-edge
1->55 0.60651
1->56 -0.22790
S5 1->62 -0.18700
1->63 -0.10807
1->64 -0.10196
1->55 0.23433
1->56 -0.10110
1->58 0.12840
S10 1->60 -0.10214
1->62 0.46651
1->63 0.24888
1->64 0.33756
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Figure S3. Molecular orbitals described in Table S2.

S5



Fluorine

5 —— I30
‘ !

o

Electron
g, (A"

Figure S4. Time-dependent difference signals at 0.6 fs, ASxrp,uEp (4, t) = Sxrp,uEDn (A, ) —
Sxrp,uep (4, t < 0), for x-ray (top) and electron (bottom) diffraction after excitation with x-ray pump
pulse tuned to the oxygen (left) and fluorine (right) K-edges. The Cartesian coordinates are same as

Figure 1 in main text. The signals are shown in the g,-q,, plane (g, = 0).
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