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Attosecond imaging of photoinduced dynamics in molecules using time-resolved
photoelectron momentum microscopy
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We explore the capabilities offered by attosecond extreme ultraviolet and x-ray pulses that can now be
generated by free-electron lasers and high-order harmonic generation sources for probing photon-induced
electron dynamics in molecules. We theoretically analyze how spatial and temporal dependence of charge
migration in a pentacene molecule can be followed by means of time-resolved photoelectron microscopy on
the attosecond timescale. Performing the analysis, we accurately take into account that an attosecond probe
pulse leads to considerable spectral broadening. We demonstrate that the excited-state dynamics of a neutral
pentacene molecule in real space map onto unique features of photoelectron momentum maps.
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I. INTRODUCTION

Photoelectron momentum microscopy is a technique in
which a light pulse ionizes a probe, leading to the detachment
of a photoelectron. The momentum distribution of the de-
tached photoelectron encodes information about the shape of
an orbital or a bond in the real space from which the electron
was detached [1–12]. This connection is facilitated by the
Fourier transform, which links real and momentum space. The
spatial resolution of this technique is given by the de Broglie
wavelength of the emitted photoelectron, which is determined
by the kinetic energy of the photoelectron. If an extreme
ultraviolet (XUV) probe pulse detaches an electron from a
valence orbital, the photoelectron would also have a kinetic
energy in the XUV range corresponding to the resolution of a
few angstroms.

In recent years, there has been remarkable progress in
atomic-scale imaging of photoexcited states and dynamics us-
ing photoelectron momentum microscopy. Momentum-space
distribution of transiently excited electrons was measured
[13], the dynamics of crystalline bonds was followed during
the photoinduced phase transition [9], and the technique al-
lowed the detection of singlet fission with orbital resolution
[14]. Time-resolved photoelectron momentum microscopy
probing photoinduced dynamics of pentacene films on a sub-
picosecond timescale has been achieved at the free-electron
laser FLASH [15]. So far, these experiments have been per-
formed at a subpicosecond timescale and have not been
capable of capturing pure electron dynamics in real time on
its natural timescale. This barrier is now possible to overcome
due to the capabilities to produce attosecond x-ray pulses at
free-electron lasers [16–18] or attosecond XUV pulses us-
ing high-order harmonic generation sources [19–25]. These
sources were already successfully employed to study elec-
tronic processes with few-femtosecond to attosecond time

and atomic-scale space resolution [26–36], and different ex-
perimental schemes are being explored theoretically [37–49].
The interpretation of a signal from attosecond probe pulses is
challenging since they have a broad bandwidth in the energy
domain, which smears out spectral lines in a signal. In this
article, we analyze how attosecond XUV pulses can be em-
ployed to measure charge migration in a pentacene molecule
and analyze how to extract the real-space and real-time in-
formation about charge migration using momentum-resolved
photoelectron microscopy.

Pentacene is a prototypical organic semiconductor com-
posed of pentacene molecules which is among candidate
materials for efficient organic photovoltaics [50,51]. The
understanding of the process of solar-energy conversion in
organic semiconductors strongly relies on the insight into
both intra- and intermolecular photoexcited processes [52].
Exciton migration is one of the fundamental processes gov-
erning solar-energy conversion, and the role of electronic
coherence processes becomes especially relevant near conical
intersections [53–55]. Electronic charge-migration dynamics
launched as a coherent superposition of electronic states has
already been studied in detail [56–65]. In this article, we focus
on the description of how such coherent electron dynamics
can be probed on the nanoscale by broadband probe pulses.
Particularly, we study how attosecond photoelectron momen-
tum microscopy can be employed to probe intramolecular
coherent exciton dynamics in pentacene.

It has been shown that time-resolved photoelectron spec-
troscopy can be applied to probe ultrafast electronic and
nuclear molecular dynamics [43,66–71]. However, angle-
unresolved photoelectron spectra do not carry any spatial
information about the dynamics, which is lost due to angle
averaging. In photoelectron momentum microscopy, the mo-
mentum distribution of photoelectrons is detected. The great
advantage of this technique over angle-averaged spectroscopy
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is that the distribution provides details of electron dynamics
within a molecule if photoelectrons are detached with high
kinetic energies. We will also show that photoelectron spectra
can lose important time-resolved information about the dy-
namics after angle averaging.

In this article, we apply the general theoretical formalism
to describe the time- and momentum-dependent photoelec-
tron probability by a broad-bandwidth probe pulse derived
in Ref. [7]. That study proposed probing hole dynamics in
a positively ionized molecule by emitting electrons from or-
bitals that were initially occupied. Here, we propose applying
attosecond XUV pulses to probe photoexcited states of a
neutral molecule, which is especially relevant for revealing
information about exciton dynamics in the energy conversion
processes.

This article is organized as follows. We develop the theo-
retical description of time-resolved photoelectron momentum
microscopy of excited-state dynamics in molecules while tak-
ing electron correlations and the broad bandwidth of a probe
pulse into account in Sec. II. In Sec. III, we calculate pho-
toelectron spectra and photoelectron momentum maps from
coherent electron-hole dynamics in a pentacene molecule ob-
tained by an attosecond XUV probe pulse. We reveal how
time-resolved atomic-scale changes in electron density are
correlated with time-resolved changes in photoelectron mo-
mentum maps.

II. METHOD

Throughout this article, we consider a molecule with
coherently evolving electron dynamics. In this case, the
Nel-electron wave function of a molecule is a coherent super-
position of several excited electronic eigenstates |�I〉,

|�(t )〉 =
∑

I

CI e
−iEI (t−t0 )|�I〉, (1)

where EI is the corresponding eigenenergy and the coefficient
CI determines the population distribution for each eigenstate.
The coherent superposition emerges at time t0 due to the
crossing of a conical intersection or excitation by a pump
pulse. We assume that an ultrashort XUV probe pulse interacts
with the molecule at time tp, which leads to an emission of a
photoelectron. The momentum distribution of the photoelec-
tron encodes information about the electronic state at time
tp. In our study, we propose to probe electron dynamics by
studying the momentum distribution of photoelectrons emit-
ted from the outermost orbitals that became populated due to
the photoexcitation of the molecule. We use atomic units for
this and the following expressions.

Assuming a probe pulse with the central photon energy ωin,
polarization εin, pulse duration τp, and intensity profile I (t ) =
I0e−4 ln 2[(t−tp)/τp]2

, the general expression for the photoelectron
probability is [7]

P(q, tp) = τ 2
p I0|εin · q|2

8π ln 2ω2
inc

∑
F,σ

e−(�F −εe )2τ 2
p /(4 ln 2)

×
∣∣∣∣χ†

σ

∫
d3r e−iq·rφD

F (r, tp)

∣∣∣∣
2

, (2)

where q is the momentum of the photoelectron with the cor-
responding energy εe = |q|2

2 and χσ is the photoelectron spin
state. The summation is over all possible final states of the
molecule 〈�Nel−1

F | that can be produced after the photoion-
ization by the probe pulse, and EF is their corresponding
eigenenergy. φD

F (r, tp) = 〈�Nel−1
F |ψ̂ (r)|�(tp)〉 is the Dyson

orbital defined as the overlap between the Nel wave func-
tion of the initial state of the system and the (Nel − 1) wave
function of the final state, where ψ̂ (r) is the electron an-
nihilation field operator. �F = ωin + 〈E〉 − EF , where 〈E〉
is the mean energy of the eigenstates involved in the wave
packet in Eq. (1). Here, we assume the sudden approximation,
i.e., the molecular state after photoionization and the state of
the photoelectron are decoupled, which is justified for high
kinetic photoelectron energies [72]. It is also assumed that
the probe-pulse duration is much shorter than the character-
istic timescale of the electron dynamics. This means that the
energy splittings of the eigenstates involved in the dynamics
are much smaller than the bandwidth of the probe pulse and
can be substituted by their mean energy. If this assumption
fails, the eigenenergies must enter the expression explicitly,
and Eq. (2) gets slightly modified:

P(q, tp) ∝
∑
F,σ

∣∣∣∣∣
∑

I

e−(ωin+EI −EF −εe )2τ 2
p /(8 ln 2)

× χ†
σ

∫
d3r e−iq·rφD

FI (r, tp)

∣∣∣∣∣
2

, (3)

where φD
FI (r, tp) = 〈�Nel−1

F |ψ̂ (r)|CI e−iEI (tp−t0 )〉. The time- and
angle-resolved photoelectron probability for molecules with
electron dynamics was also previously studied theoretically
[66,73–75]. Equations (2) and (3) take the broad bandwidth
of a probe pulse accurately into account, which was not the
case in those studies.

It follows from expression (2) that the momentum-resolved
photoelectron probability encodes the Fourier transform of
the Dyson orbital. If the molecule is in the ground state,
the overlap integral between a singly ionized molecule
and the molecule before the ionization is well approximated
by the Hartree-Fock (HF) orbital, from which an electron was
detached. Due to this connection, photoelectron momentum
microscopy is used as an orbital imaging method [2,76,77].

When a molecule in an excited state is ionized by a
probe pulse, the Dyson orbital cannot be approximated by a
molecular orbital, and the interpretation of the Dyson orbital
becomes more challenging. In order to carefully describe the
excited-state dynamics as well as to accurately treat the Dyson
orbital, we describe the excited states involved in the dynam-
ics �I and the states of the ionized molecule �

Nel−1
F using

the configuration-interaction method. We express each excited
state based on the configuration-interaction approach limited
to single excitations as

|�I〉 =
∑
i1,a1

c̃a1
i1

(I )
∣∣φa1,S(I )

i1

〉
, (4)
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where |φa1,S(I )
i1

〉 denotes a configuration-state function (CSF),
where an electron of the HF ground state has been excited
from orbital i1 to orbital a1. Such a state has a hole in orbital
i1 and an electron in orbital a1, and S(I ) describes the total
spin and the spin-projection value. For the description of the
final state, we use a similar approach but add one additional
hole in the configuration space. Thus, the final state is〈

�
Nel−1
F

∣∣ =
∑

i2, j2,a2

c̃a2
i2, j2

(F )
〈
φ

a2,S(F )
i2, j2

∣∣ +
∑

i2

c̃i2 (F )
〈
φ

S(F )
i2

∣∣, (5)

where 〈φa2,S(F )
i2, j2

| describes a CSF which contains two holes in
orbitals i2 and j2 and an electron in orbital a2. We denote
an (Nel − 1)-electron CSF with one hole among originally
occupied orbitals of the molecule [highest occupied molecular
orbital (HOMO), HOMO − 1, . . . ] and no electrons in the
originally unoccupied molecular orbitals [lowest unoccupied
molecular orbital (LUMO), LUMO + 1, . . . ] as 〈φS(F )

i2
|.

In both cases, S(F ) describes the total spin and the spin-
projection value of the final state F . The coefficients c̃a2

i2, j2
(F )

and c̃i2 (F ) determine the contribution of a CSF to the final
state. We perform calculations employing the RASSCF method
[78] and use the same active orbitals for the treatment of states
|�I〉 and 〈�Nel−1

F |. With these approximations, the overlap
integrals between neutral and singly ionized eigenstates of
a molecule are given by a linear combination of the overlap
integrals between Nel- and (Nel − 1)-electron CSFs. Such an
overlap integral provides either a zero or a molecule orbital,
which is occupied in an Nel-electron CSF and unoccupied
in an (Nel − 1)-electron CSF. Thus, a Dyson orbital can be
represented as a linear combination of molecular orbitals.

III. IMAGING PHOTOINDUCED DYNAMICS IN
PENTACENE

Based on the previous considerations, we present an
example for imaging excited-state dynamics in aligned iso-
lated pentacene molecules. The molecular alignment can be
achieved either for gas-phase molecules or for molecular
films adsorbed on substrates. We recently observed that the
photoexcited dynamics of pentacene molecules in the top
pentacene layer of a bilayer pentacene film adsorbed on an
Ag(110) surface behaves similarly to the dynamics of isolated
pentacene [15]. These dynamics were probed using time-
resolved photoelectron momentum microscopy on a timescale
of several hundreds of femtoseconds. This experiment estab-
lished conditions for time-resolved photoelectron microscopy
at free-electron lasers, which makes it feasible to perform
such experiments at much shorter timescales with brilliant and
ultrashort light pulses from free-electron laser sources.

In our study, we assume that coherent electron dynamics
in pentacene were excited by a pump pulse via an optical ex-
citation from the ground state. Since direct optical transitions
from the ground state to triplet excited states are dipole for-
bidden, we truncate our considerations to spin-singlet excited
states.

We calculate the vertical excited spin-singlet states of pen-
tacene with MOLCAS [79] using the RASSCF method [78],
with a correlation-consistent polarized valence double zeta

FIG. 1. Energy-level diagram of the first four vertical spin-
singlet excited states of pentacene (left), with bright states S1 and S2

in blue and dark states S3 and S4 in red. A wave packet in a coherent
superposition of the first two excited states has an oscillation period
of 5.73 fs. The corresponding orbital excitations contribute to the
wave function of the states (right), while the arrow means an excita-
tion from the left (HOMO − i) to the right (LUMO + j) orbital. For
the visualization of the orbitals, we used the software LUSCUS [82]

(cc-pVDZ) basis set for the atoms [80,81]. The calculation
of the first excited states of pentacene is converged with an
active space of 22 orbitals, containing 11π and 11π∗ orbitals.
Including more orbitals in the active space does not lead to
significant changes in the energy spectrum and the structure
of the eigenstates. The π orbitals contain a maximum of one
hole, while the π∗ orbitals have a maximum of one electron.
The energies of the first four excited states and the changes
in the occupation of the orbitals (compared to the HF ground
state) are shown in Fig. 1. We find that the third and fourth
excited singlet states are dark states and the next bright singlet
states are energetically highly separated from the first and
second excited states. Thus, one would be able to create a
coherent superposition of just two excited states of pentacene
in a possible experiment. When the coherent superposition
of the two excited states of pentacene is created, its electron
density starts to oscillate in time. The oscillation period is de-
termined by the energy difference between the excited states.
The energy difference and the electronic wave functions of
the bright excited states obtained in our calculation agree
well with the experimental and theoretical results in previous
studies [83–85]. Also, the agreement with a more accurate
CASPT2 calculation [85] justifies our chosen theoretical level
of single excitation in the configuration space. We find that
the first excited state is predominantly characterized by the
CSF obtained by the excitation of an electron from the HOMO
to the LUMO. The second excited state is predominantly
characterized by a linear combination of the CSF obtained by
the excitation of an electron from the HOMO to the LUMO +
2 and the CSF obtained by the excitation of an electron from
the HOMO − 2 to the LUMO.

The energy difference between the two excited states re-
sults in an oscillation period of the electron density of T =
5.73 fs. To simplify our considerations, we can neglect nu-
clear motions that should affect electron dynamics on longer
timescales. With Eq. (1) the time evolution of the wave packet
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after the excitation by the pump pulse at t0 = 0 is

|�(t )〉 = C1e−iE1t |�1〉 + C2e−iE2t |�2〉, (6)

|�1〉 = ∣∣φL,0(0)
H

〉
, (7)

|�2〉 = 1√
2

(∣∣φL+2,0(0)
H

〉 − ∣∣φL,0(0)
H−2

〉)
, (8)

with |C1|2 + |C2|2 = 1. The coefficients C1 and C2 depend on
a particular process which brings a molecule into a coherent
superposition of electronic states. Our results do not depend
on the particular values of coefficients C1 and C2, and we
assume an equal population of both excited states, C1 = C2 =

1√
2
. The orbital index H − i denotes the ith orbital below

the HOMO, and L + j is the jth orbital above the LUMO.
The photoexcitation leads to a time-dependent change in the
electron density relative to the ground-state density,

ρex(r, t ) = ρ1(r, t ) − ρ0(r), (9)

where ρ0(r) = 〈�0|ψ̂†(r)ψ̂ (r)|�0〉 is the electron density of
the ground state of pentacene described by the wave function
|�0〉. The electron density for pentacene after the photoexci-
tation by a pump pulse is ρ1(r, t ) = 〈�(t )|ψ̂†(r)ψ̂ (r)|�(t )〉.
We evaluate the electron density change and obtain

ρex(r, t ) =
∣∣∣∣C∗

1 eiE1tφL(r) + C∗
2√
2

eiE2tφL+2(r)

∣∣∣∣
2

+ |C2|2
2

|φL(r)|2 − |C2|2
2

|φH (r)|2

−
∣∣∣∣C∗

1 eiE1tφH (r) − C∗
2√
2

eiE2tφH−2(r)

∣∣∣∣
2

, (10)

where φH−i(r) and φL+ j (r) are the wave functions of the ith
orbital below the HOMO and the jth orbital above the LUMO.
The electron density change is shown in Fig. 2 at different
times during the oscillation period. The negative (blue) part is
the reduction of the electron density compared to the ground-
state density, and the positive (yellow) part is the increase of
the electron density compared to the ground-state density. The
time-dependent part of the electron density oscillates in time
as cos[(E1 − E2)t]. From t = 0 to t = T

2 , the photoinduced
negative charge flows from the top left and bottom right of the
molecule to the top right and bottom left. The photoinduced
positive charge flows in the opposite direction. The spatial

FIG. 2. The time evolution of the electron-hole density after the
excitation of the pentacene molecule to the first two excited states
with the pump pulse at t0 = 0 fs. The blue isosurface shows the
hole density (negative value), and the yellow one shows the electron
density (positive value). For the visualization we used the software
VESTA [86].

distribution of the electron density change at t = T
2 can be

mapped onto the electron density change at t = 0 by a reflec-
tion in the yz plane. At two times during the oscillation period,
t = T

4 and t = 3T
4 , the photoexcited change in the electron

density coincides and has reflection symmetry. We assume
that an XUV probe pulse with a central energy of 100 eV and
500-as duration photoionizes the molecule at the pump-probe
time delay tp. The probe pulse is linearly polarized along
the y direction, which is perpendicular to the nodal plane of
the molecule. For the calculation of the final states after the
photoionization by the probe pulse, we apply the same method
as in the calculation of the excited states of pentacene, but with
an additional hole in the 11 active π orbitals. Table I shows

TABLE I. First six final states 〈�F | of ionized and excited pentacene, which result in a nonzero Dyson orbital φD
F (r) = 〈�Nel−1

F |ψ̂ (r)|�(t )〉.
The corresponding energy is EF , and �F = EF − 〈E〉 − ωin + εe is the central energy in the photoelectron probability in Eq. (2) for the given
final state. The right column shows the contributing configuration-state functions of the final state. The indices udu and uud distinguish two
different CSFs that result in a total spin of 1/2 and spin projection of +1/2.

F EF (eV) �F (eV) 〈�Nel−1
F |

1 5.0 98.9 −0.95〈�1/2(1/2)
H |

2 6.7 97.2 −0.94〈�1/2(1/2)
H−2 |

3 7.5 96.4 −0.83〈�L,1/2(1/2)
H,H | + 0.31〈�1/2(1/2)

H−4 |
4 8.7 95.2 −0.62〈�L+1,1/2(1/2)

H,H | + 0.5〈�L,1/2(1/2)
H−1,H |udu+0.28〈�L,1/2(1/2)

H−1,H |uud

5 9.6 94.3 0.70〈�L,1/2(1/2)
H−1,H |uud − 0.45〈�L,1/2(1/2)

H−1,H |udu

6 9.7 94.2 −0.59〈�L+2,1/2(1/2)
H,H | + 0.62〈�L,1/2(1/2)

H−2,H |udu−0.28〈�L,1/2(1/2)
H−2,H |uud
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FIG. 3. Angle-integrated photoelectron spectra for photoelec-
trons either detached from the ground state S0 or in the coherent
superposition of the excited states S1 and S2. The vertical black
dashed line shows the contribution at the photoelectron energy εe =
99 eV. The probe-pulse duration is 0.5 fs and has a central photon
energy of 100 eV.

the first six final states of pentacene with the lowest energy
that can be reached by ionizing the initial state in Eq. (6).

If the photoionization was triggered by a pulse with a
narrow bandwidth, the photoelectron probability as a function
of energy would consist of clear spectral lines centered at
energies �F,I = EF − EI − ωin + εe. Thus, the photoelectron
momentum distributions would be clearly assigned to a cer-
tain Dyson orbital. In the case of the ultrashort probe pulse,
each spectral line has a spectral band width of 5.16 eV, and
an individual Dyson orbital contributing to the momentum
distribution at a given energy is no longer distinguished.

Let us first consider the angle-integrated photoelectron
spectra. In a real experiment, a probe pulse would interact
with a number of pentacene molecules, some of which would
be excited by a pump pulse and some of which would remain
unexcited. Thus, we first estimate how the photoionization
from unexcited pentacene molecules would affect the pho-
toelectron spectra from pentacene molecules in the excited
state. In Fig. 3, we show photoelectron spectra from the pen-
tacene molecules in the ground state S0 and from pentacene
molecules in the coherent superposition of the excited states
S1 and S2 [|�(t )〉 in Eq. (6)]. We find that the contribution
of photoelectrons detached from unexcited molecules is neg-
ligible at energies higher than 97 eV. Thus, photoelectron
spectra at energies higher than 97 eV are beneficial to study
the dynamics of photoexcited pentacene molecules since they

would not contain a background signal from the unexcited
molecules.

We find the remarkable result that the angle-averaged pho-
toelectron spectra from photoexcited pentacene do not vary
with the probe-pulse arrival time, although the photoinduced
charge distribution experiences considerable oscillations in
time (see Fig. 2). This is because the time-dependent part of
the electronic density change is highly symmetric in space.
As a consequence, the photoelectron momentum distribu-
tions are also highly symmetric, and the temporal dependence
of the signal averages out after the angle integration. The
angle-integrated spectra do not reveal information about the
time-dependent photoinduced charge oscillations.

We now demonstrate that photoelectron momentum mi-
croscopy is, indeed, quite sensitive to photoinduced elec-
tron dynamics. We consider photoelectron momentum maps
(PMMs) of a photoelectron with a fixed kinetic energy of
εe = 99 eV. PMMs are constructed by a two-dimensional
projection of the three-dimensional photoelectron momentum
distribution for a constant energy εe (hemispherical cuts).
Based on Eq. (2), the photoelectron probability resulting from
a particular final state is only time dependent if the final state
has a nonzero overlap with both eigenstates in the initial state,
〈�F |ψ̂ (r)|�1〉 �= 0 and 〈�F |ψ̂ (r)|�2〉 �= 0. At the chosen ki-
netic energy, three final states with the lowest energies, with
the indices 1, 2, and 3 in Table I, contribute to the PMM.
Among these three final states, only final state 1 contributes to
a time-dependent signal, and the other two final states, 2 and
3, contribute to a time-independent background. The first final
state results in a broad spectral line centered approximately at
energy εe = 99 eV.

We derive the explicit expressions for the Dyson orbital
that determine the angle-resolved photoelectron spectra at
εe = 99 eV. For the first three final states, we obtain

φD
F1

(r) = 〈�F1 |ψ̂ (r)|�(t )〉

= −C1e−iE1tp
0.95√

2
φL(r)χ↓

−C2e−iE2tp
0.95

2
φL+2(r)χ↓, (11)

φD
F2

(r) = 〈�F2 |ψ̂ (r)|�(t )〉

= C2e−iE2tp
0.94

2
φL(r)χ↓, (12)

φD
F3

(r) = 〈�F3 |ψ̂ (r)|�(t )〉

= −C1e−iE1tp
0.83√

2
φH (r)χ↓. (13)

The three Dyson orbitals in Eqs. (11)–(13) enter the photo-
electron probability in Eq. (2) at photoelectron energy ε =
99 eV,

P(q, tp) ∝
εe=99 eV

|εin · q|2
[

e−(�F1 −εe )2 τ2
p

4 ln 2

∣∣∣∣C1e−iE1tp
0.95√

2
F (φL(r))(q) +C2e−iE2tp

0.95

2
F (φL+2(r))(q)

∣∣∣∣
2
]

+|εin · q|2
[

e−(�F2 −εe )2 τ2
p

4 ln 2

∣∣∣∣C2
0.94

2
F (φL(r))(q)

∣∣∣∣
2

+ e−(�F3 −εe )2 τ2
p

4 ln 2

∣∣∣∣C1
0.83√

2
F (φH (r))(q)

∣∣∣∣
2
]
,

(14)
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FIG. 4. Time-dependent photoelectron momentum maps for photoelectrons emitted from the excited pentacene at different probe-pulse
arrival times tp. The probe-pulse duration is 0.5 fs, and the central photon energy is 100 eV. The momentum maps are shown at a photoelectron
energy of εe = 99 eV.

where F (φ(r))(q) = (2π )−3/2
∫

dr3eiq·rφ(r) denotes the
Fourier transform of an orbital φ(r). The resulting time-
resolved PMMs shown in Fig. 4 vary strongly with time. The
PMMs at tp = 0 and tp = T

2 are the point reflection images
of each other and have the same symmetry as the changes in
the electron density at these times (see Fig. 2). The PMMs
at tp = T

4 and tp = 3T
4 , when the electron density coincides,

are equal and have reflection symmetry. The most pronounced
oscillating peaks are located in the PMMs at the momenta
qx = ±1.26 Å−1 and qy = ±1.97 Å−1. According to Eq. (14),
the time-dependent part of the PMMs arises from the Fourier
transform of LUMO and LUMO + 2 orbitals. It is directly
related to the negatively charged part of the induced electron-
density change (yellow in Fig. 2), which is also specified by
the LUMO and LUMO + 2 orbitals [see Eq. (10)]. Thus, the
time-dependent features in the PMMs encode the information
about the symmetry of the photoinduced electron density. Due
to the high contrast of a signal and a low background, these
features can be detected in an experiment even if the signal

is weak. Due to the high spatial resolution, PMMs resolve
oscillations of the electron density within the molecule.

In Refs. [7,87], we demonstrated that a general time- and
momentum-resolved signal from a coherently evolving elec-
tronic wave packet can be sensitive to electron currents within
a sample. This means that a momentum-resolved signal can
be different even when the electron density coincides but the
charge flow direction differs. This applies to the electronic
state in Fig. 2 at times tp = T

4 and tp = 3T
4 . However, we do

not observe this effect in the considered case since it also
averages out due to the high symmetry of the photoinduced
charge distribution.

Finally, we investigate PMMs and their temporal de-
pendence at different photoelectron energies in Fig. 5. As
follows from the angle-integrated spectra in Fig. 3, the overall
intensity of the PMMs increases at lower photoelectron en-
ergies. The PMMs at energy εe = 90 eV and at energy εe =
96 eV remain almost constant in time, whereas the PMMs
at εe = 93 eV and at εe = 99 eV show pronounced temporal

FIG. 5. Time-dependent photoelectron momentum maps for photoelectrons emitted from the excited pentacene for different photoelectron
energies εe. Each set of momentum maps has a different probe-pulse arrival time tp. The probe-pulse duration is 0.5 fs, and the central photon
energy is 100 eV.
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FIG. 6. Time-dependent photoelectron momentum maps (PMMs) for photoelectrons emitted from the excited pentacene. In each column
the PMMs are shown for different probe-pulse arrival times: (a), (e), and (i) tp = 0T , (b), (f), and (j) tp = T/4, (c), (g), and (k) tp = T/2, and
(d), (h), and (l) tp = 3T/4. In the different rows the PMMs are shown for different probe-pulse durations: (a)–(d) τp = 0.5 fs, (e)–(h) τp = T/4,
and (i)–(l) τp = T/2. The probe pulse has a central photon energy of 100 eV. The momentum maps are obtained by averaging the signal over
the range of εe = 98.5 eV to εe = 99.5 eV to simulate the energy resolution of 1 eV.

dependence. Although the absolute change in the signal in
time is approximately the same in the two former cases, the
overall contrast is much better for the PMMs at εe = 99 eV
due to a lower time-constant background. This temporal be-
havior of the signal can be explained by the character of
photoinduced changes in the electron density. These changes
are due to the electrons photoexcited into orbitals that were
unoccupied in the ground state and holes in the orbitals that
were doubly occupied in the ground state. If an electron
which evolves in the photoexcited orbitals is emitted by a
probe pulse, then it directly carries the information about the
negatively charged oscillations of the electron density. If an
electron is, indeed, emitted from lower-lying orbitals, where
an electron hole evolves, then it is an “indirect probe” of the
evolving hole. Thus, the signal at the photoelectron energy of
99 eV results from the emission of electrons evolving in the
photoexcited orbitals and is the most advantageous to obtain
a time-resolved signal with a high contrast.

In a real experiment, PMMs would be obtained with lim-
ited energy and time resolution. We simulate the PMMs in the
case of limited energy resolution by averaging the photoelec-
tron probability over the corresponding energy interval. We
show the PMMs at a photoelectron energy of 99 eV assuming
an energy resolution of 1 eV in Figs. 6(a)–6(d), which are

obtained by averaging the signal over the range of 98.5 to
99.5 eV. We find that the momentum distributions are almost
unaffected by the limited energy resolution.

The temporal resolution of the experiment is determined by
the duration of the probe pulse and the timing jitter between
the probe and the pump pulses. If the probe-pulse duration
cannot be assumed to be much shorter than the oscillation
period, Eq. (3) must be used for the calculation instead of
Eq. (2). We calculate the signal with Eq. (3) at different probe-
pulse durations τp. We also assume a limited energy resolution
of 1 eV. As shown in Figs. 6(e)–6(l), the temporal contrast
of the resulting signal is quite high even if the probe-pulse
duration is as large as a quarter or half of the oscillation
period.

In our calculation, we neglected electron-nuclear coupling
in the description of charge migration since the primary goal
of our study is to investigate how pure electron dynamics
on their natural timescale can be measured. Let us discuss
which consequences the coupling of electron dynamics to
nuclear dynamics would have for the signal. The coupling to
nuclear motions would, indeed, lead to decoherence of elec-
tron dynamics and should cause the decrease of the oscillation
amplitude [41,65,88,89]. Former studies of coupled electron-
nuclear dynamics of similar molecules such as norbornadiene
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cations [90] and benzene [91] have demonstrated that coher-
ent electron motion can last up to 20 fs in these molecules.
It is expected that coherent electronic motion in polycyclic
aromatic hydrocarbons, which also include pentacene, would
experience similar timescales [91]. Since 20 fs corresponds to
about five cycles of oscillation in our case, our assumption that
charge migration is coherent during at least one full oscillation
period is robust. At longer timescales, the decay of the ampli-
tude of the periodic charge oscillations due to decoherence
would result in the decrease of the time-dependent changes
in the PMMs. This would lead to a loss of temporal contrast
of the signal, which means that the signal at different times
would become less distinguishable from the time-independent
part of the signal (see Fig. 5). This could even serve as an ad-
vantage since such an experiment would reveal the transition
of coherent dynamics to decoherent dynamics.

IV. CONCLUSIONS

We showed theoretically how time-resolved photoelectron
momentum microscopy can be employed to image photoin-
duced coherently evolving electron dynamics in a pentacene
molecule. The assumed XUV probe pulse of 500-as duration

provides the temporal resolution, which is sensitive to pure
intramolecular electronic dynamics. The momentum-resolved
signal revealed details of electron dynamics with angstrom
spatial resolution. Although the angle-averaged photoelectron
spectra were not sensitive to electron dynamics, momentum-
resolved spectra provided a high-contrast signal evolving in
time. At high photoelectron energies, the signal is provided
by the electrons emitted from photoexcited orbitals and is not
affected by a possible contribution of photoelectrons emitted
by molecules that were not photoexcited. Such photoelectron
momentum maps are directly related to the negatively charged
part of the photoinduced changes in the electron density and is
sensitive to its symmetry in real space. These findings demon-
strate that attosecond photoelectron momentum microscopy
has a big potential to become a novel technique to measure
charge migration and electron coherence processes in exciton
transport in organic semiconductors with unprecedented time
and spatial details.
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