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TOPICAL REVIEW — Ultrafast physics in atomic, molecular and optical systems

Theory and applications of attosecond transient absorption
spectroscopy: From atoms to solids
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This review comprehensively explores the theory and applications of attosecond transient absorption spectroscopy
(ATAS) in studying ultrafast electronic dynamics across various systems, from atoms to solids. Driven by significant
advancements in ultrafast laser technology, such as generating isolated attosecond pulses, ATAS enables detailed investiga-
tions of ultrafast electronic processes with unprecedented time resolution. The article introduces the fundamental principles
and historical development of ATAS. Applications of ATAS are discussed in three main domains: in atoms, where it has
been used to study build-up dynamics of Autler—Townes splitting, Fano resonance, light-induced states, etc.; in molecules,
where it has revealed coherent molecular wavepacket dynamics and non-adiabatic dynamics near conical intersections;
and in solids, where it has been extended to investigate ultrafast charge carrier dynamics in metals, semiconductors, and
insulators. The review highlights the potential of ATAS in developing ultrafast optical switches and petahertz electronics.
The ability of ATAS to probe and manipulate electronic dynamics at the attosecond timescale provides a powerful tool for

exploring the fundamental limits of electronic and optical processes in materials.
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1. Introduction

Physicists have a penchant for exploring the limits of
things, as exemplified by their continuous pursuit of lasers
with ever-shorter pulse duration and ever-greater peak inten-
sity. A milestone in this endeavor was the development of
chirped pulse amplification,!! which was awarded the Nobel
Prize in Physics in 2018.1%31 In 2001, the generation of at-
tosecond (1 as = 107!3 ) pulse trains (APT) through high
harmonic generation (HHG) in argon gas driven by strong
laser fields marked another significant advancement.!*! For
APT, the limited time interval between two neighboring bursts,
about 1.35 femtoseconds (1 fs = 10713 s), still restricted some
applications in ultrafast science. The breakthrough came with
the generation of isolated attosecond pulses with a duration
of 650 as.’! The advent of these attosecond pulse techniques
enabled the transfer of ultrafast measurement techniques from
the femtosecond to the attosecond regime, opening new av-
enues for various applications and leading to the emergence of
attosecond science, a thriving field today.!®! The researchers
involved in generating attosecond pulses were recognized with
the Nobel Prize in Physics in 2023.17-9]

Attosecond pulses have reached the timescale of elec-
tron motion around a nucleus, making them ideal for
studying time-resolved atomic/molecular ionization and the
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subsequent physical processes. Owing to the availabil-
ity of attosecond light sources, the traditional femtosec-
ond pump-femtosecond probe spectroscopy can be naturally
extended to the femtosecond-second pump-attosecond-probe
spectroscopy, where the pump and probe do not overlap in
the frequency domain. Attosecond transient absorption spec-
troscopy (ATAS), as an important complementary approach
to attosecond electron/ion pump—probe spectroscopy, uses an
attosecond probe pulse (typically in the extreme-ultraviolet
(XUV) range, denoted by wxyy) to observe the ultrafast dy-
namics induced by the other delayed femtosecond pump pulse
(usually in the visible (VIS) and infrared (IR) range, denoted
as o for simplicity) by means of the absorption measure-
ment. Absorption naturally links reflection and transmis-
sion, corresponding to attosecond transient reflection spec-
troscopy (ATRS) and attosecond transient transmission spec-
troscopy (ATTS), respectively. ATAS along with both, hav-
ing a time resolution of six orders of magnitude higher than
that of the state-of-the-art electronic methods and also ow-
ing to the relatively simple and easy-to-implement all-optical
experimental setup, is an excellent tool for probing coher-
ent electronic dynamics within materials. During the past
15 years or so, fruitful research results have emerged in atoms,
molecules, and solids, as documented in a series of representa-
tive reviews.[!-18] Here, we will pay special attention to some
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timing- (clocking-) related topics in ATAS that were not fo-
cused on specifically in the existing reviews. Research on
time in atomic systems includes buildup time and causality.
That in molecular systems addresses phenomena beyond the
adiabatic approximation, particularly in the vicinity of a con-
ical intersection (CI) and involving both adiabatic and non-
adiabatic dynamics, the latter being related to electron—nuclear
coupling. That in solid systems encompasses petahertz (PHz)
electronics associated with the intra- and/or inter-band motion
of an electron. The above topics constitute the core framework
of this article.

This article is structured as follows. Section 1 provides an
introduction to the topic. Section 2 is about the fundamental
principles of ATAS. Sections 3-5 then detail the progress of
ATAS in atoms, molecules, and solids, respectively. Finally,
Section 6 offers an outlook on future perspectives.

2. Fundamental principles of ATAS

We consider the matter occupying a volume V as a unit
substance which may contain single or multiple, identical or
different particles. The total Hamiltonian A describing the in-
teraction between this unit substance and the laser field under
the electric dipole approximation and in the length gauge sat-
isfies the time-dependent Schrodinger equation (TDSE)

.. 0

lhghl’) H|V/> [ matter_d g(t td)] W/>7 1
where Apmater and d represent the intrinsic Hamiltonian and to-
tal dipole moment of the unit substance (which can be atoms,
molecules, or solids), respectively. E£(z,#4) is the two-color
electric field with a time delay #4 between the pump and probe
fields, and thus |y) is actually dependent on both 7 and #4. Due
to the conservation of total energy in the matter+field system,
the energy gained (or lost) by the unit substance from the field
at the end of the field (referred to as the exchanged energy) is

+o g
ME(+eots) = [ < (wlAly)
Fee dE(t,1q)
= d(t,tg) —=—=dt 2
o ( ) d) ot s (2
where d(,t4) = (y|d|y). Expanding the total wave func-

tion |y) in terms of the eigenstates |@,) of Hiauer, Which are
a normalized orthogonal complete basis set, that is, |y) =
Y, cn(t,2a)|n), we obtain d(r,tq) = Tr[dp(z,t4)], where the
density operator p = [W) (Y| = ¥, Pmn |@m) (§n| With density
matrix element p,,, = cimc,. After applying Fourier transfor-

mation and performing some straightforward calculations, ']
AE (+o0,14) can be converted to
~+oo
AE(foo,tq) = | 0S(0,1)do, 3)

—oo0

where S(®,tq) = 2Im[d(w,14) - E(w,14)] with @ > 0. S(®) is
called the response function, with a positive (or negative) value
indicating the absorption (or emission) probability per unit fre-
quency at ®, or alternatively, the number of photons absorbed
(or emitted) by the unit substance. In the pump—probe scenario
of ATAS, the spectral coverage of the probe field is completely
separate from that of the pump field, so in the detected spectral
range,

S(w7td) =2Im [d(wvtd) 'g;robe (watd)] , @>0. “4)

It can be proven that S(®) is gauge invariant.!?’!

2.1. Numerical techniques for atomic systems

Theoretically and computationally, a variety of meth-
ods have been developed for calculating ATAS across differ-
ent systems. For few-electron atoms (such as He!*!??l and
Li!?>-2) and hydrogen molecules with fixed nuclei,? the
most numerically accurate approach is solving the TDSE to
obtain the full electronic wave function without any approxi-
mations. For a multi-electron atom interacting with ultra-short
laser pulses, the corresponding Hamiltonian is

H T + VCoulomb( ) Ci( ) & (tatd) ) (5)

where T, = 1 ZN 1 pa is the total kinetic energy of N elec-
trons with the momentum operator p, = —ihV,,, X, =
{ri,72,...,7n} denotes the set of the spatial coordinates of
N electrons, Veoulomb(Xr) = Vernu(Xr) + Vee (X)) is the
Coulomb potential that includes the electron—nuclear interac-
tion

N
Ve—nu r Z dreyr,

and the electron—electron interaction

VeelX) = Y Y

a<bb=

£2

471780|Ta —7‘1,|

with Z the nuclear charge and &y the permittivity of vacuum,
and d(X,) = —eYN_ r,.

However, for multi-electron atoms, the computational
power of current supercomputers is insufficient to support full-
electron TDSE calculations within a reasonable timeframe.
To reduce computational costs, an efficient and time-saving
method that retains key physical insights is the single ac-
tive electron (SAE) approximation, which employs an effec-
tive model potential Veg(7), to describe electron—-nucleus and
electron—electron interactions./?’-32 In this case, the Hamil-
tonian of the bare atom is cast into the form Hpaer(r) =
—% + Vege(r). Alternatively, one can also capture the es-
sential physics by focusing on a few resonant energy levels
near the light field frequency, as exemplified by the successes

of few-level calculations in the context of ATAS.[33-39]
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2.2. Numerical techniques for molecular systems

For tracking the time evolution of molecular structures
using ATAS, particularly in ultrafast photochemical reactions,
transition states, and photodissociation dynamics at conical in-
tersections, nuclear motion must be considered, so the starting
point for the total Hamiltonian is as follows:

I:I = Tnu + 7Awe + Vnu—nu(XR) + Ve»e(Xr)
+Veru( X7, Xg) — d(Xy, XR)-E (1,1), (6)

2 A2 . . . .
where Ty, = Zf{’: 1 2%; is the total kinetic energy of M nuclei
with momentum operator p4 = —iAVRg,,

ZAZB€2

M M
Viun(XR) = Z Z m

A<BB=1

is the nuclear interaction potential,

N M
Ve»nu(Xr;XR) = - Z Z

is the electron—nuclear interaction, and

N M
d(X,,Xgr)=—-€Y rate) ZaRy
a=1 A=1

with the set of coordinates of M nuclei
Xr={R,Ry,...,Ry}.

In numerical calculations, various ab initio quantum
chemical methods are typically employed.[***3] The stan-
dard computational protocol involves electronic structure cal-
culations combined with non-adiabatic dynamics simulations.
These methods enable real-time tracking of electronic struc-
ture changes in molecules through ATA spectrograms, provid-
ing detailed insights into state-resolved ultrafast dynamics.

2.3. Numerical techniques for solid systems

In solids, the calculation of S(w) usually involves the
evaluation of the density matrix p. Consequently, solving the
TDSE in atoms translates into solving the Liouville equation
in solids. In semiconductors, this method is specifically re-
ferred to as the semiconductor Bloch equations,*8] typi-

cally having the following form: 4]

_dpk (1) ke K0 . &
in =P (Em _E} —lhrm,,)pmn(z)

+ef(r)- X |dnt k(0 — ik Vpk, (0], 1)

n/

where K (t) = k + eA(t)/h, with k the crystal momentum

and A(t) = — J*_ £(t)dt the vector potential of the laser field,
K( K1) is the

E, 9 is the energy dispersion of the m-th band, d,,,
Berry connection between different bands, and I, represents

the phenomenological relaxation rate. The band indices m, n,
and n’ run over all energy bands.

Model-based methods generally rely on the mean-field
approximation. For calculating the interaction of complex
systems or real materials with the ultrafast laser field, first-
principles methods are required. The most common method is
the time-dependent density functional theory (TDDFT),50-31]

52531 molecules, 540! and

which is applicable to atoms,|
solids. 174748571 Another method treats a solid heterojunction
(electrode—material—electrode) driven by an external field as a
quantum open system, utilizing first-principles quantum trans-
port theory, where the calculation results of density functional
theory serve as an input for the subsequent calculations based
on non-equilibrium Green’s functions, to simulate the photoin-
duced charge/current response of the heterojunction.>®! This
method was initially applied in the semiconductor industry

during its early development.

2.4. Macroscopic propagation effects

Transient absorption spectra are macroscopic observ-
ables. Thus, the single-atom/molecule approximation only
provides absorption spectra for dilute samples. For media such
as dense gases or thick materials with large optical thickness,
it is necessary to consider the spatial propagation effects of the
laser field and phase-matching processes to quantitatively ex-
plain the experimental data with theoretical calculations. !
The general approach involves jointly and self-consistently
solving the TDSE for atomic systems or the time-dependent
Kohn—-Sham equation for solids coupled with Maxwell’s wave
equation. At each discrete spatial grid point, the latter uses
the polarization function obtained from the former to inversely
compute the electric field at the next spatial point, while the
former updates the polarization function using the newly cal-
culated electric field.[! This method equally takes both lin-
ear and nonlinear optical effects into consideration. Despite
the pulse propagation effect, Beer’s law remains a very good
approximation to compute the final radiation spectrum, when
the XUV pulse is sufficiently weak to ensure the validity of the
linear response theory and meanwhile sufficiently short to be
well modeled by a delta function.[®!) In this case, Eq. (4) con-
tinues to be valid in describing the changes in optical density.

3. ATAS in atoms

ATAS was first demonstrated through the time-resolved
observation of inner-atomic electron dynamics induced by ion-
ization in Kr ions in 2010.1%) Shortly thereafter, Wang et al.
applied ATAS to observe the autoionization dynamics of Ar
initiated by an isolated attosecond pulse. They found that the
measured lifetimes of the autoionized states were consistent
with the values deduced from static spectroscopy.l®*! Both
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of these pioneering experiments were conducted on a few-
femtosecond timescale. The first ATAS experiment to reveal
subcycle dynamics was performed in He exposed to a mod-
erately intense IR pulse and probed by an attosecond pulse
train.[64]

Since then, He atoms have garnered sustained attention
as a gas target system and have become a focal point of re-
search. As the simplest multi-electron atom, He allows for
full-dimensional TDSE calculations to be solved exactly with
current computing power resources. This characteristic facil-
itates quantitative comparison between theoretical predictions
and ATAS experimental results. As a prototypical model, the
phenomena and mechanisms observed in He ATAS encompass
nearly all aspects of atomic ATAS under the present investiga-
tion. Therefore, we will primarily focus on He in the follow-
ing discussions. Note that atomic units are used throughout
this section unless stated otherwise.

(a) % o 2sZp _ . SPa3, s?m n=4,5,6,7.] (b)

-2

Time delay t (fs)

5
is

T ® -40
Photon energy (eV)

-20 0
Delay (fs)

3.1. Main features in the ATAS

In 2013, complete ATA spectrograms for He were

obtained under both double excitation!>

and single
excitation[®! conditions, as illustrated in Figs. 1(a) and 1(b),
respectively. In Fig. 1(a), a negative delay indicates that the
IR/VIS pulse arrives first and the XUV pulse later. The pho-
ton energy of the pump is ~ 1.7 eV, with an intensity of
3.5x10'2 W/cm?. The energy difference between 2s2p and
Sp2,3+ bright states is twice the pump photon energy, per-
mitting a two-photon near-resonance transition with the 2p?
state acting as an intermediate dark state. All of them are au-
toionized states embedded in the single ionization continuum
background. In Fig. 1(b), a negative delay indicates that the
XUV pulse arrives before the IR pulse, which is the same as
in Fig. 1(c). For the remainder of this section, the definition of

delay will follow the convention established in Figs. 1(b) and

1(c).

N
@
—
o
~

Energy (eV)

Absorption (arb. units)

20

-10 -5
Delay (cycle)

Fig. 1. Typical ATA spectrograms observed in experiment: (a) double-excited states (from Ref. [65]) and (b) single-excited states (from
Ref. [66]) of the He atom, as well as (c) the full TDSE calculations for the single-excited states (from Ref. [27]). In these panels, the overlap
of the peak intensities of the pump and probe pulses defines the delay as zero. In (b) and (c), a positive delay means that the pump (IR) pulse
arrives before the probe (XUV) pulse. Note that the definition on the sign of the delay time is reversed in (a).

The He ATA spectrograms exhibit rich and intriguing fea-
tures.

Large positive delay When the XUV and IR pulses do
not overlap, and the IR pulse arrives well before the XUV
pulse, the IR pulse alone is insufficient to induce the transi-
tion or ionization of He atom from its ground state. Thus, we
conclude that He atoms do not exhibit a detectable response
to the IR photon. The XUV pulse arriving after the IR pulse
has completely vanished promotes the atom from the ground
state to excited np bound states and low-energy continuum
states through a single-XUV-photon transition. The induced
dipole moment subsequently decays due to dephasing. Con-
sequently, the transient absorption spectrum displays a delay-
independent absorption line shape at each atomic resonance
energy level, manifesting as a Lorentzian line shape for single-
excited states and a Fano line shape for autoionizing states. 7]

Actually, ATAS can be classified as a two-color pump—
probe ultrafast spectroscopy technique, where the physical
processes differ significantly depending on the pulse sequence.
When the IR pulse arrives first, the scheme is consistent with
traditional femtosecond pump—probe schemes. In the context
of strong-field ionization (IR field is strong), the IR pulse first

removes a valence electron by quantum tunneling and creates
a vacancy in the atom, while the attosecond pulse subsequently
triggers an inner-shell excitation and thus acts as a probe of the
coherent electron wavepacket created by the IR pulse. Some
pioneering experiments along this direction can be found, e.g.,
in Refs. [62,68,69]; see also Ref. [60] for a comprehensive the-
oretical treatment. On the other hand, when the IR pulse ar-
rives later, the process more closely resembles a time-resolved
wave-mixing effect, which can also be referred to as “per-
turbed free induction decay”. In this review, we focus more
on the second scheme.

Large negative delay If the XUV and IR pulses do not
overlap but now the XUV pulse arrives well before the IR
pulse, it will first promote the atom from the ground state to
the excited states mentioned above. The induced dipole mo-
ment undergoes free induction decay (FID) for a period of time
before being strongly perturbed by the subsequent arrival of
the IR pulse. The difference among these perturbed dipoles
is that the wave packets (WPs) of the excited states, despite
having the same initial phase but different energies, evolve
freely over the time interval between the arrival of XUV and
IR pulses, accumulating different phases that are proportional
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to @ X t4. The hyperbolic relationship @ x f; = constant man-
ifests as delay-dependent hyperbolic sidebands adjacent to the
main absorption peak in the ATA spectrogram. As the neg-
ative delay increases, these sidebands move away from the
center. This phenomenon, known as perturbed FID, has been
extensively studied in Fourier transform nuclear magnetic res-
onance spectroscopy. 70711

Overlap region For the delay region where the XUV and
IR pulses overlap, the features in the ATA spectrogram be-
come richer and more complex, with IR light-induced states
(LISs) emerging here. The first notable feature is the sub-
cycle oscillation, most prominently observed at a frequency
of 2wk [Fig. 1(c)]. Notably, for the high-lying states, the
subcycle oscillation persists even at large negative delays.
The 2w oscillation signifies the involvement of a two-IR-
photon transition.?”->° The underlying mechanism is called
quantum “which-way” interference, which typically involves
two or more absorption pathways constructively or destruc-
tively interfering with each other and manifests in the delay-
dependent brightness and darkness in the absorption spectrum
[see Fig. 1(c)].

For a singly excited helium atom, its ground state, the
1s2p excited state, and the 1s5p excited state form a three-
level system. Due to parity conservation, single photon tran-
sition between the 1s2p and 1s5p states is forbidden, while
double photon transition between them is allowed. The dipole
transition from the ground state to the 1s5p state via a single
XUV photon at angular frequency @,p forms the first absorp-
tion channel, referred to as “direct” (XUV only). The second
absorption channel, referred to as “indirect” (XUV+IR+IR),
arises when the atom first absorbs an XUV photon with en-
ergy @y, to transition from the ground state to the 1s2p state,
followed by the absorption of two IR photons to transition to
the 1s5p state in a delay-dependent manner. When interfer-
ing, two absorption channels involve different frequencies of
XUV photons, resulting in a subcycle oscillation in the ATA
spectrograms with an angular frequency of @, — @, = 20r.
In 2013, Chang’s group confirmed experimentally that the sub-
cycle oscillations observed in the bound states of laser-dressed
Ne atoms were caused by quantum interference between dif-
ferent multiphoton excitation pathways.[7?!

For the series of bright fringes in the high-lying state man-
ifold of Fig. 1(c), further studies indicated that the constructive
interference condition as a function of delay for 74 < 0 is given
py!27)

(@np — @2p) |ta — 10| + AP = 27k, (8)

where k is a positive integer, and the sign of the energy dif-
ference between the np and 2p states, (@,p — ), determines
the tilt direction of the interference fringes in the ATA spectro-
gram. For more details, see Refs. [27,30].

Subcycle oscillations arise from the contribution of the
counter-rotating terms in the total light-matter Hamiltonian.
When solving the TDSE under the rotating wave approxima-
tion (RWA), the resulting ATA spectrogram will not exhibit
LISs, and the subcycle oscillation features are absent. [35,36]
References [36,73] demonstrate this point by the TDSE cal-
culations of a three-level model in the weak- and moderate-
coupling regimes, respectively. The latter is shown in
Figs. 2(a) and 2(c). It is important to note that in the weak-
and moderate-coupling regimes, the RWA can accurately re-
produce the main structures of the full TDSE results. In the

strong-coupling regime, however, the RWA breaks down. 74!

(a) RWA . 2i(b)

22

-
>
2
z
52|
3
&
2
=

N
S

, S((In) (arb. units)

-1 0 1
Delay (cycles)

Frequency (eV)
=

Sl(u)) (arb. units)

L

CEP averaged [N
(arb. units)
; 0.3 [
o 03 g
: . l 0.0 E 0.5
é 03 =
] Mo &
4 R &
o ~0.0 \
[ 1.0 B _ .
= s 2 — 2
- T Analytical
-0.5

715 -1.0 -05 0.0 05 1.0 1.5

0
Delay (cycles) Delay (cycles)

Fig. 2. ATA spectrograms are calculated based on a three-level model for
He atoms, either with (a) or without (c) the RWA. The black solid lines in (a)
and (c) are the instantaneous Floquet states following the envelope of the IR
pulse. It is interesting to note that the maximal Autler—Townes splitting does
not occur at delay zero. For clear visualization, (b) and (d) demonstrate the
absorption line profile as a function of delay at the maximal Autler—Townes
splitting (AT = Aga £ £0/2) indicated by the white dashed lines in (a) and
(c). (e) and (f) The corresponding results for a few-cycle ultrashort laser
pulse to reveal the CEP effects. The red dashed line in (f) is obtained by
Eq. (9). Adapted from Ref. [73].

In the overlap region of the XUV and IR pulses, the sec-
ond notable feature of the ATA spectrogram is the emergence
of a doublet structure, characterized by the splitting on either
side of the main absorption peak of laser-dressed atoms. A
prime example is the 1s2p singly excited state of He atoms, as
illustrated in Fig. 1. This phenomenon is primarily governed
by the delay-dependent Autler—Townes (AT) effect.[3673] It
can be well explained by a three-level model, which can be de-
coupled into two independent two-level systems.*®! Accord-
ing to the results of TDSE calculations for such a system, the
shifted energy levels under a strong field correspond to the po-
sition of the outermost doublet in the ATA spectrogram, often
referred to in some literature as the “outermost fork-like struc-
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ture”. When resonance occurs, the doublet splitting becomes
symmetric, and both intensities are equal. This is commonly
known as the AT effect, as illustrated in Figs. 2(a) and 2(c).
In the case of positive detuning, the doublet splitting becomes
asymmetric with the upper branch having lower intensity and
being further from the main absorption peak, while the lower
branch has higher intensity and is closer to the main absorption
peak.!”7]

When more bound states, as well as the continuum, are
considered and their coupling to the 1s2p and 1s2s levels is
taken into account, the AC Stark effect can cause the origi-
nal symmetric splitting of an AT doublet in the resonance case
to deviate from perfect symmetry, as illustrated in Fig. 3(a),
which presents the full-dimensional TDSE simulations of He
atoms under the SAE approximation. Specifically, when the
intensity of the IR pulse is sufficiently high, the probability
of ionization by the pump becomes non-negligible, resulting
in a significant variation of the absorption spectrum, including
observable line shape modification and absorbance reduction
in the overlap region. In the case of Ar, for instance, both
experiment!®3! and theory!”® demonstrated that SFI can speed
up the decay process of autoionization and thus modify the
line shape in the ATA spectrogram.

Frequency (eV)

l///((((///,
1] ////////

18
5 4 3 210 1 2 3 45 -5 0 5
Delay (cycles) Delay (cycles)

Fig. 3. (a) ATA spectrogram of He atoms obtained via numerical solu-
tion of the full-dimensional TDSE, showing that the line profile (posi-
tion and asymmetry) and, specifically, the buildup time of the Autler—
Townes splitting are both in good agreement with the predictions of
Eqgs. (9) and (10). (b) ATA spectrogram in the strong-coupling regime,
where avoided crossings are found to leave footprints on the spectrum.
Adapted from Ref. [73].

3.2. Buildup time of the Autler-Townes splitting

In the resonance case, it is natural to expect that the split-
ting of the AT doublet in the ATA spectrogram is maximized at
the peak of the instantaneous pump intensity, according to the
prediction of adiabatic Floquet formalism, as illustrated by the
black solid lines in Figs. 2(a) and 2(c). It is important to note
that the derivation of Floquet formalism employs a monochro-
matic field to facilitate the Fourier series expansion, while real
ultrafast pulses possess a certain spectral width due to their
envelope in the time domain. Thus, the black solid lines in
Figs. 2(a) and 2(c) actually depict the instantaneous Floquet
levels derived from a monochromatic alternating electric field
with its amplitude varying with delay. Specifically, Ref. [36]
provides an analytical solution to the TDSE with RWA for the

interaction of a pump pulse with cos? and sin® envelopes with
atwo-level system. The calculated ATA spectrogram from this
reference (see its Fig. 7) shows excellent agreement with the
numerical results of the TDSE (see its Fig. 1).

Both the results of the ATAS experiments in Fig. 1 and
the TDSE calculations in Fig. 2 reveal a shift along the de-
lay axis. Specifically, the maximum of AT splitting occurs
when the XUV pulse arrives before the IR pulse, which is the
third feature of the ATA spectrogram in the overlap region. To
clearly identify the buildup time, Figs. 2(b) and 2(d) show the
profile of S(®) at the maximum AT splitting, denoted by the
white dashed lines at WAt = Agq =20 /2 in Figs. 2(a) and 2(c).
Here, Ay, is the energy gap between an excited state |a), to
be probed by the XUV light, and the ground state |g). Q is
the Rabi frequency induced by the strong coupling between
|a) and another excited state |f) by the IR pump field. When
considering the RWA, it can be demonstrated that there is no
carrier-envelope phase (CEP) effect, and the buildup times of
the upper and lower branches of AT splitting are the same.
However, as for the non-RWA, the buildup time becomes CEP-
dependent. Even when averaging out the CEP effect, this shift
remains evident. Reference [73] utilized the three-level model
originally proposed in Ref. [36] mentioned above to explain
these observations. Under the RWA, they first derived an ex-
act analytical solution in the resonant case. Then, by applying
the slowly varying envelope approximation and assuming an
infinitely long decoherence time, they obtained an analytical
expression for the delay-dependent absorption spectrum at the
maximum of AT splitting as follows:

S(1) < /:mcos(

Finally, based on the above derivations, a scaling law for

— 372 +3T*2t*) dr*. ©)

the buildup time was established

; 12

=0 —=— 7>
0 Q0[0n (0))]

(10
which depends on the atomic and laser parameters encapsu-
lated in the Rabi frequency and the curvature of the pump
pulse envelope around the peak, and o = 0.654 is a univer-
sal constant. The scaling law was later extended to the near-
resonance case.!’” In Fig. 2(f), it can be seen that for the weak
or moderate coupling, Eq. (9) effectively explains the CEP-
averaged absorption profile, which corresponds to a CEP-not-
stabilized experiment. Moreover, the CEP-averaged buildup
time is also in accordance with the analytical prediction of
Eq. (10) [red dashed line in Fig. 2(f)].
Fig. 3(a) represents the analytical result from Floquet theory,

The white line in

which incorporates corrections from the AC Stark effect and
the delay displacement brought by the buildup time, match-
ing well with the numerical result from the full TDSE (color
background).
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Additionally, Eq. (10) successfully explains the previ-
ously observed but unrecognized buildup time in earlier ATAS
experiments and simulations, such as the AT splitting of the
near-resonant doubly excited state of the He atom!”! [see
Fig. 5(a)] and the core-electron excitation of the Xe atom!3"]
[see Fig. 5(b)].

For strong coupling, as illustrated in Fig. 3(b), the quasi-
energy levels undergo significant deformation due to avoided
crossing, resulting in the maximum splitting not appearing at
zero delay. Thus, the buildup time in this regime cannot be
as well-defined as in the low-intensity case. Nevertheless, the
shift between the ATA spectrogram and the instantaneous Flo-
quet states remains quite pronounced. If the shoulder of the
spectrogram is used to define the buildup time, the value ob-
tained is quite close to the prediction of Eq. (10)[73!

The link between buildup time and response time The
real world adheres to causality, and this is reflected in the gen-
eral relationship between the electric displacement and the ex-
ternal field, as revealed by Eq. (7.111) and (7.112) of Ref. [84].
The presence of an integral over the time interval of [0, 4+) in
these equations guarantees causality but introduces a response
time, which is implicit in the Green function and the dielec-
tric function. This indicates that a material’s response to an
external field is non-instantaneous.®>-81 According to these
equations, if a material has no response time to an external
field, i.e., if the dielectric function €(w) is constant, then the
only scenarios that would satisfy this condition would be a
vacuum (since any material’s dielectric function depends on
frequency) or a direct current induced by a constant external
electric field. Causality requires that the dielectric function
€(w) be an analytic function of @ in the upper half-plane,
leading to the well-known Kramers—Kronig relation between
the real and imaginary parts of the dielectric function.®* Due
to the absorption and radiation of a material, there are absorp-
tivity A obtained from a(®), refractivity A/ obtained from
n(®), and reflectivity R with the relation that A+ N+ R =1
guaranteed. In principle, experimentally measuring the delay-
dependent transient absorption by ATAS or transient refrac-
tion/reflection by ATRS inherently contains information about
the response time.

It is essential to note that time is not an operator within the
framework of quantum mechanics./3¢ The characterization of
response time may vary among different physical systems. In
the context of ATAS, our response time refers specifically to
the analysis of AS(w,14) detected by the XUV pulse upon the
arrival of the IR pulse center.

About 40 years ago, during the era of picosecond (ps) and
femtosecond lasers, ultrafast spectroscopists proposed how to
calibrate the zero point of time (zero delay) in a pump—probe
experiment. The standard method for calibrating zero delay

is using the maximum absorption obtained from the femtosec-
ond transient absorption spectrum. Limitations in experimen-
tal conditions and uncertainty, as well as time resolution at
that time led many experimentalists to conclude that the mate-
rial’s response to external fields was instantaneous.®-3! For
instance, an early observation of the dynamic optical Stark
shift!7®! revealed that, with a time resolution of twenty fem-
toseconds or so, the maximum value of the dynamic shift co-
incided with a delay time of O fs, as shown in Fig. 4(a). With
the advent of attosecond lasers and improvements in time res-
olution, it became possible to observe the electronic ultrafast
coherent dynamics with sub-fs time resolution, making the de-
tection of response time feasible. At this time, the calibration
of zero delay became exceptionally important. The conven-
tional method of assuming that maximum absorption corre-
sponds to zero delay is no longer considered reliable, and sev-
eral new methods have been proposed. 824 One of them, as a
fully experimental method for delay-zero calibration, involves
extracting the 4wjr oscillation from a specific high harmonic
[e.g., HH13 shown in Fig. 5(d)] within the APT using IR-
pump and APT-probe ATAS. By performing time-frequency
wavelet analysis, the resulting spectrum [Fig. 5(d)] reveals a
very stable maximum at the delay-zero for the 4w oscilla-
tion, providing a reliable and robust experimental basis for
delay-zero calibration.
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Fig. 4. A zero response time was concluded from the delay-
dependent absorption spectrum obtained by a coarse femtosecond-
pump—femtosecond-probe spectroscopy in the organic dye molecule
rhodamine-B in solution (a), but not in a finer femtosecond-pump-
attosecond-probe spectroscopy in helium atom (b). Adapted from
Refs. [76,77], respectively.

In a series of ATAS experiments, it was observed that
there was a significant shift between the delay corresponding
to maximum AT splitting or the AC Stark shift in the ATA
spectrogram and the delay-zero where the pulse peaks of the
pump and probe coincided, as clearly shown in Fig. 4(b). This
so called buildup time is rather general, also manifesting itself
in ATAS of other systems, such as the polar LiF molecule!®!]
[see Fig. 5(c)] and excitons in the 0.5-mm thick magnesium
oxide (MgO)®3 [see Fig. 5(e)]. It can serve as a measure of
the atomic system’s response time,!’3! taking the envelope of
the IR pulse as the hand of the clock.
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Fig. 5. Demonstration of the university of buildup times that are discernable in various systems: doubly excited states of He atom (a), core
electron excitation of Xe atom (b), polar LiF molecule (c), singly excited state of He probed by APT rather than SAP (d), and excitons in
0.5-mm thick magnesium oxide (e). Panels (a)—(e) are adapted from Refs. [79-83], respectively.

3.3. Causality and the dipole reconstruction

The phase information contained in the dipole moment
helps to understand the origin of quantum beat within the sys-
tem. In the overlap region of ATA spectrograms, experiments
have demonstrated that the near-infrared (NIR) coupling can
alter the phase of the induced time-dependent dipole moment,
resulting in a transformation of the spectral line shape from
Fano to Lorentzian and back to Fano.[”>! An analytical theoret-
ical explanation for this phenomenon was provided based on
the Fourier analysis of the real-time dipole moment.!”®! Sub-
sequently, Refs. [97,98] presented a general theory of dipole
reconstruction, combined with numerical simulations, eluci-
dating how to retrieve the time evolution of the amplitude and
phase of the atomic dipole moment from the experimental ob-
servable, optical density (OD). Furthermore, it was discovered
that the dipole reconstructed from ATAS can be utilized to ex-
tract information about atomic recollision in real time, elimi-
nating the need for delay sweeping, as shown in Fig. 6.

The essential idea of dipole reconstruction is as follows.
In the linear response regime, the relationship between the
dipole moment and the probe electric field along the linear
polarization direction of the probe in the frequency domain is
given by

d((x),td) :X(watd)gprobe ((D,td) (11

with the electric susceptibility y () representing the response
function to an external impulse stimulus. In the time domain,

d(tvtd) =X (t td) >kgprob(-:t (tatd)

W

where the integration range extends from 0, rather than —eo, to

(') Eprove (1 —1',1a) A’ (12)

+oo due to the causality. It can be proven that y(®) and 6(®)

are related as follows: 81

(1) < F~! {—ic(w’td)

P 13)

}, t>0,

where F~! denotes the inverse Fourier transform, and we have
made an even extension of the experimentally measured ab-
sorption cross section o (@, #q) into the negative frequency do-
main. As long as the optical density of the probe field, after
absorption, is measured experimentally, the time- and delay-
dependent dipole moment can be accurately reconstructed by
Eqgs. (12) and (13).

-1 Alp(x)| (arb.u.) 1

real time (fs)

recon-
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— I i 1 1 1 1 1 1 1
I
— 18xuv osition (a.u. — 18xuv
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Fig. 6. Reconstructed time-dependent dipole moment (right panel)
compared with the original one (left panel), revealing clear signatures
of rescattering of a classical trajectory (middle panel), a cornerstone of
strong-field physics and attosecond optics. Adapted from Ref. [99].

4. ATAS in molecules

Traditional nanosecond, picosecond, and femtosecond
pump—probe techniques have been widely applied in ultra-
fast photophysics and photochemistry, typically used to ob-
serve chemical reaction dynamics, charge transfer, intra- and
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inter-molecular energy transfer, as well as various relaxation
processes such as electron—, exciton— or polaron—phonon cou-
pling. These processes often involve a significant amount of
incoherent information, complicating the analysis of specific
dynamics. However, ATAS offers an attosecond time resolu-
tion that is much shorter than these relaxation times, enabling
the observation and manipulation of the coherent dynamics
of molecular WPs, an area that traditional methods have not
achieved, and filling the research gap in the molecular dynam-
ics across different time scales.

4.1. Early exploration and the study of wave packet dy-
namics and its reconstruction

By 2016, several groups had expanded the ATAS appli-
cation to simple small molecular systems, aiming at recon-
structing the WP dynamics in the time domain. A proof-
of-principle experiment, using molecular hydrogen as a case
study, demonstrated that ATAS could detect the electronic and
nuclear wave packet (WP) dynamics with high spectral reso-

lution (dependent on the XUV spectral resolution and width)

2 ph&>

and attosecond temporal resolution (dependent on the XUV
pulse duration), and further reconstruct the nuclear WP of
the electronic excited state based on this finding.!'%! Subse-
quently, the coherent dynamics of the electronic (2w oscil-
lation with a period of 2.7 fs), vibrational (oscillation period
of 14.540.1 fs), and rotational (with molecular alignment oc-
curring at approximately 80 fs) states of NO™, simultaneously
and comprehensively as well as in real time, on the attosecond
to sub-picosecond time scale,!'°! were observed and resolved
for the first time by employing ATAS at the nitrogen K-edge
(400 eV)."1 As a further advance, Leone’s group utilized
XUV transient absorption spectroscopy of molecular iodine
(Io) to map and image the one-photon-absorption induced vi-
brational dynamics on the B 3H0+u state of a highly extended
vibrational WP [see Fig. 7(c)], as well as the dissociation dy-
namics following two-photon absorption separately into the
Y3)Za+g state and Z Tly+, state [see Fig. 7(b)].l'"*! Follow-
ing the same idea, they also reconstructed the core-to-valence
transition energy as a function of internuclear distance using
the transient absorption data, as shown in Fig. 7(d).
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Fig. 7. Experimentally measured ATA spectrogram (a) compared with the simulated ones following 600-nm (b) and 520-nm (c) pump excita-

tion, respectively, which help to identify the main channels underlying the spectra. The red arrow indicates the one-photon-induced vibrational

dynamics on the B3TI+ state while the green and cyan arrows indicate the dissociation dynamics from the Y3 Xy andZ 3H0+g states via two-
v g

photon absorption, respectively. (d) illustrates that the experimentally extracted potential-energy curve is in good agreement with theoretical

predictions. Adapted from Ref. [102].

4.2. Non-adiabatic dynamics near the conical intersection

The adiabatic approximation essentially assumes that
electrons remain in an eigenstate when considering the nuclear
motion, neglecting the coupling between different electronic
states. However, in the chemical reaction dynamics involving
the formation and breaking of the chemical bond, different adi-
abatic potential energy surfaces (eigenvalues of the electronic
Hamiltonian) may be very close or even overlap (implying de-
generacy). In such cases, it becomes necessary to consider
the coupling between different electronic states which leads
to non-adiabatic dynamics. Bakhgj et al. theoretically de-
scribe the ATAS near a conical intersection (CI) using a vi-
bronic coupling model.!'%} They categorize the non-adiabatic
vibrational coupling strength into three regimes: weak, inter-
mediate, and strong, and discuss the spectral features in the
ATA spectrogram for each regime. It is important to note that,
because the model assumes that the potential energy surfaces

are quadratic, this model is only applicable to explaining the
physics near the CI but not for the situation where the inter-
nuclear distance is significantly far from the CI, such as the
photoinduced dissociation process.

In the weakly coupled system, the electronic states remain
in the adiabatic eigenstates, making the Born—Oppenheimer
(BO) approximation valid. Relevant studies include Ref. [26]
which investigates the characteristics of hydrogen molecular
ions and hydrogen molecules in both fixed nuclei and nuclear
motion scenarios within the context of ATAS, and Ref. [81],
which explores the influence of a non-zero permanent dipole
moment on the sub-fs electronic dynamics, using the polar LiF
molecule as a case study.

In the moderate and strong coupling regimes, electronic
states move along harmonic potential energy surfaces, non-
adiabatically passing through the CI region, making the BO
approximation invalid. The emergence of attosecond lasers

073201-9



Chin. Phys. B 34, 073201 (2025)

has sparked a growing interest in the direct observation and
manipulation of such non-adiabatic dynamics over the past
decade. As a prototypical molecule for non-adiabatic pho-
todissociation dynamics, iodine monobromide (IBr) has va-
lence electrons that undergo both adiabatic and non-adiabatic
pathways at avoided crossings and CIs after the excitation of a
VIS-pump pulse, leading to the formation of various products,
as shown in Fig. 8. A comparison between ATAS and ab initio
quantum chemical simulations clearly shows the absorption

features associated with the nuclear separation dynamics.!14
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Fig. 8. Elemental and core-level resolved ATA spectrogram of IBr,
demonstrating its remarkable capability in tracing the molecular dis-
sociation process, which is triggered at the delay-zero and proceeding
toward the positive delays. Adapted from Ref. [104].

As demonstrated above, the use of broadband XUV/x-
ray radiation allows access to the core levels of different
elements which are spectrally well-separated and element-
specific, making ATAS particularly promising for tracking
atto-chemistry in large molecules. Investigations employing
the spectrum of the probe light covering the core electron ex-
citation of halogen elements have been extended to organic
molecules, yielding a series of significant advancements. In
2019, the complete evolution of the neutral excited-state WP
in CH3Br[105] was observed in real time, from the initial ex-
citation through the CI to the ensuing fragmentation, which
was verified by molecular WP propagation simulations. Ref-
erences [106-108] combine ATAS experiments with a mul-
tireference theoretical method*!! that fully simulates the UV
pump-XUV/x-ray probe measurement, investigating in de-
tail the non-adiabatic photodissociation dynamics for a series
of alkyl iodide molecules with different R-group structures
(CH3l, CyHsl, i-C3H7I, and #-C4Hol) by probing iodine 4d
core-to-valence transitions in the XUV band of 45 eV to 70 eV.
Electronic state switching, that is, WP bifurcation at a CI im-
plies charge transfer. In 2022, a soft x-ray (~ 108 eV, cover-
ing the silicon L; 3-edge) ATAS experiment in neutral silane
(SiHy)'! demonstrated the observation of charge migration
in 690 as, its decoherence within 15 fs, and its revival after
40-50 fs.
XUV pulse generation technology, its energy spectrum can

In addition, with the advancement of attosecond

now cover the K-edge of carbon atoms (roughly in the range
of 260-300 eV), significantly broadening the applications of
ATAS in organic molecules. A joint experimental and theo-
retical study on ATAS at the carbon K-edge in ethylene cation
(CoH4M)M10] revealed that the electronic relaxation of a core-
excited state back to the ground state due to the coupled elec-
tronic and nuclear dynamics occurring at the CI can take place
within a single period of the C=C stretch vibrational mode.
A recent breakthrough on ATAS at the carbon K-edge in both
isolated pyrazine molecules and those in aqueous solution!!!!]
explored the impact of solvation on the conical intersection
dynamics, revealing that solvation can dephase the dynamics
within 40 fs and shorten its relaxation time.

5. ATAS in solids

When many atoms are arranged in a long-range order
to form a crystal, complex many-body correlation emerges.
From the perspective of real space, the motion of electrons
in a single Coulomb potential evolves into that in a peri-
odic Coulomb potential. From the perspective of reciprocal
space, the energy levels of individual isolated atoms evolve
into a shared energy band for all atoms. One of the most
fascinating fundamental phenomena in solid-state physics is
the light-driven motion and light excitation of electrons from
the valence band (VB) to the conduction band (CB). In the
time domain, the ultrafast laser-excited charge carrier dynam-
ics are governed by different physical processes at different
time scales. Roughly speaking, on the attosecond timescale,
coherent electron dynamics are predominant. Within a few-
to hundred-femtosecond range, electron—electron scattering
processes become non-negligible. As the timescale extends
from hundreds of femtoseconds to several picoseconds, elec-
tron spin—orbital coupling begins to play an evident role. Fur-
thermore, in the temporal domain spanning from several pi-
coseconds to tens of picoseconds, electron—phonon coupling
emerges as a crucial process in the system’s evolution.

5.1. Charge carrier dynamics in solids

The charge carrier dynamics have been extensively stud-
ied on time scales ranging from tens of femtoseconds to mi-
croseconds. Through time-resolved experiments, significant
insights have been gained into processes such as carrier trans-
port, electron—hole recombination, and exciton effects follow-
ing the ultrafast laser-excitation.!!'3] However, it is still un-
clear how the electrons behave during the early and inter-
mediate stages of the excitation process, especially when the
strong field leads to a high number density of excited elec-
trons. Disentangling the coupling dynamics between elec-
trons (carrier—carrier scattering) and/or between electrons and
lattice (carrier—phonon scattering) has long been a goal for
condensed matter physicists until the advent of attosecond
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lasers, as better understanding and distinction of those are
a prerequisite for the material engineering and manipulation.
The broadband attosecond x-ray laser generated by HHG of-
fers a finer temporal and spectral resolution, covering core-
to-valence transitions with element-specificity. These features
enable the extraction of coherent attosecond charge dynam-
ics underlying the complex many-body physics in solids, that
is, allow for tracking the electron dynamics on the attosecond
time scale, and then manipulate them in an optical manner.
In this context, the ATAS is a powerful and widely used ex-
perimental technique. For example, in 2013, Schultze et al.
extended the ATAS to a solid sample, investigating the sub-fs
carrier dynamics in SiO,.1"'¥ In the next year, Schultze ez al.
used the same scheme to examine the carrier injection mech-
1151 From the delay-dependent absorption traces
obtained through ATAS, they were able to distinguish the role
of carrier—carrier interaction and electron—phonon coupling

anism in Si.[

which occur on two different time scales of around 450 as and
60£10 fs, respectively.

At present, the research outcomes of ATAS in solids
are becoming increasingly rich. From the perspective of
electron—electron interaction, the ultrafast dynamics of elec-
trons can be divided into three categories: (1) completely ig-
noring electron—electron interaction, (2) considering electron—
electron interaction in the mean-field approximation, and
(3) accounting for electron—electron interaction from first prin-
ciples. Here, we primarily discuss the first two, using the
single-active-electron behavior to represent the collective be-
havior. Additionally, the pump intensity range involved here
is below the sample’s laser-induced damage threshold, typi-
cally in the range of 10! to several 10'> W/cm? where the
dipole approximation holds and the interaction with the mag-
netic field of the laser can be completely ignored.!116:117]

The optical absorption of solids in strong laser fields can
be understood from both real-space and reciprocal-space pic-
tures. The real-space picture is based on Bloch oscillations
and Wannier—Stark ladders widely mentioned in the literature
(see Ref. [118] and references therein). ATAS, with its ele-
mental specificity and the energy-scale separation between the
IR pump and the XUV probe, ensures that the probe does not
interfere with the pump-induced process. Additionally, the
probe is capable of detecting the core-to-valence transition,
particularly suitable for resolving the electron motion mod-
ulated by the pump from the reciprocal-space energy bands.
In view of this, we will focus mainly on the reciprocal-space
picture.

In the reciprocal-space picture, the ultrafast electron dy-
namics can be divided into interband transition and intraband
motion. The former can be characterized by the Keldysh pa-
rameter similar to the strong-field ionization of an atom. In
solids, within the parabolic band approximation, the Keldysh

parameter is given by

| Eg
¥ = 4Tfp’ (14)

with the ponderomotive energy
_ (et (1+5%)
P 4mra)12R

where e is the electron charge, @ir is the pump photon energy,

; s)

& is the pump field amplitude, m; is the reduced electron—hole
mass, E, is the band gap, and B is the optical polarization ellip-
ticity (which is zero for linear polarization). When Y < 1, the
interaction with the field is in the quasi-static limit, or equiv-
alently, in the adiabatic tunneling regime. For ¥ > 1, the
multiphoton absorption becomes the dominant mechanism.
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Fig. 9. Schematic description of the static (a) and dynamical (b) FKE
and the associated main features observable in absorption spectrum.
Adapted from Ref. [112].

The fundamental processes dominated by interband tran-
sition or intraband motion exhibit distinct features in the ATA
spectrogram, which can be characterized by an adiabatic pa-
rameter
_ Y%
 hor'
It describes an interplay between field-driven inter- and intra-
band dynamics. When 7, > 1, the external light field behaves
as a quasi-static classical field in time and the Franz—Keldysh

Ya (16)

effect (FKE) related to intraband motion dominates the funda-
mental process. The external field bends the crystal potential,
accelerating the electron—hole pair. In general, FKE has the
following features in the absorption spectrum as illustrated in
Fig. 9. (1) The existence of an exponentially decaying tail of
the wavefunction below the bandgap resulting in optical ab-
sorption of i@ < Ej. (2) The blue shift of the absorption edge
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equal to Up. (3) The oscillating absorption above the bandgap
as a function of @. Due to the feature (1), FKE is also re-
ferred to as photon-assisted tunneling. The case of 7, ~ 1
is called dynamical FKE (DFKE), which is an ultrafast non-
resonant process with no real carrier generation. The change
of all the above FKE features in time following the external
field waveform is characteristic of DFKE, which cannot be
observed in the ATA spectrograms at low pump laser inten-
sities. For 7, < 1, the field shows its quantum nature, and the
induced change of absorption is due to multiphoton processes.
We first discuss the case of iR < E,. In 2016, Keller’s
group conducted a joint study of ATAS experiments and ab
initio calculations on a 50-nm-thick polycrystalline diamond
sample (E; = 5.5 eV), which showed that the observed DFKE
on the transient spectrum is caused by the intraband motion
of virtual charge carriers.!''”! When fiwr < E,, the influ-
ence of interband transition by Zener-type tunneling can be
avoided, facilitating the resolution of pure DFKE. Specifically,
they used a 250-as XUV pulse (center energy hwxuyy ~ 42 eV)
to probe the optical response of VB to CB subbands to few-fs
NIR (center energy Zimpr = 1.58 eV) pulses. Note that the
XUV transition here is from VB to CB not requiring the core-
band participation, so that a two-band model that includes only
the VB and CB seems to well reproduce the experimental ob-
servations. A V-shaped structure that oscillates with 2@yR, lo-
calized in the pump—probe overlap region, was revealed by
the ATAS data [Fig. 10(a)], both theoretically and experimen-
tally. This was identified as a fingerprint of DFKE, which
later became known as “fishbone structure”. The same group
repeated the experiment using the same sample and a very
similar methodology and setup to study the attosecond opti-
cal response to 800-nm IR pulses with an intensity range of
1.4-10.5 x 10'> W/cm? corresponding to 0.04 < 7, < 0.3.1120]
Special attention was paid to the precise timing between the
energy-dependent transient absorption modulations and the
pump field, or equivalently, the tilt angle of the fishbone struc-
ture. It was found that, for small ¥, and at the fishbone apex
(43 eV), the main oscillation feature that reflects the phase
delay or timing is qualitatively unaffected by the variation of
the pump intensity within the experimental uncertainty. Otobe
et al. from Japan developed a set of analytical theories for
DFKE based on the two-parabolic-band approximation, apply-
ing it to a bulk diamond (E,; = 5.6 €V significantly greater than
oR = 0.4 eV) to demonstrate the DFKE.!"?!] The ¥, range
studied was from 0.29 to 29.5 within which, however, the
phase delay at the main oscillation feature varied significantly
with the change of pump intensity. More recently, this theoret-
ical formalism was again used to explain the fishbone structure
of DFKE.["??! It is shown that the fishbone apex appeared at Uy,
above the band gap and the V-shape structure originates from
the mixing of the real and imaginary parts of the third-order

susceptibility.

Next is the case of hwr > E,, as studied by Volkov
et al. in 2019.1'"231 They used a 1.55 eV IR pulse with a
peak intensity of 7.540.7x10'! W/cm? to excite a transition
metal film (Ti, Eg = 0.23 eV at the I" and A points), provid-
ing a state-resolved (achieved through TDDFT) and attosec-
ond time-resolved (achieved through ATAS) view of the few-fs
electron dynamics. Unlike the mechanisms in wide-bandgap
materials, where pump-induced intraband and interband tran-
sitions modulate transient absorption, the optical response of
Ti is attributed to ultrafast electron localization induced by the
IR-pump pulse, which alters atomic dielectric screening and
results in step-like changes in absorption [Fig. 10(b)]. They
also observed identical spectral features at the N 3 absorption
edge of zirconium, suggesting that this phenomenon is univer-
sal for transition metals.
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Fig. 10. Distinctive characteristics observed in the ATA spectrograms
of a dielectric (a), e.g., polycrystalline diamond, and a metal (b), e.g.,
Ti. They fall into two different regions, @R < Eg and Z@R > Ey, re-
spectively. As a result, a typical fishbone structure was observed in the
former while a step-like absorption was found for the latter. Adapted
from Refs. [119,123]. Both are experimental data.
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comparison. Adapted from Ref. [124].

073201-12



Chin. Phys. B 34, 073201 (2025)

Last but not least, we discuss the primary carrier injec-
tion mechanism when @R ~ Eg. In 2018, Keller’s group ex-

1191 by discussing the combined

tended their previous research!
effects of interband and intraband motions on the transient op-
tical response,!'>* using a GaAs membrane (E; = 1.42 eV at
room temperature) and an IR-photon energy of 1.59 eV. With
the help of a three-band model, they were able to distinguish
the contributions from intraband motion and interband transi-
tion in the ATA spectrogram (Fig. 11). The authors found that
intraband motion can significantly enhance the carrier injec-
tion from the VB to CB. Although the intraband motion itself
contributed by virtual carriers cannot create the real carriers in
CB, its facilitative role in the carrier injection process is sub-
stantial, as shown in Fig. 11(e). This physical phenomenon
can be utilized to control the ultrafast carrier excitation and
improve the ultrafast optical switching rate in the PHz regime.

How fast can a solid respond to the ultrafast laser field?
— As discussed earlier for impRr > E,, the phase delay be-

tween the fishbone apex and the optical field extremum varies
with laser field parameters, which is akin to the buildup time in
atomic ATAS. Figures 12(a) and 12(b) display the ATA spec-
trograms predicted according to the DFKE theory, illustrating
the increasing tilt angle of the fishbone structure as ¥, transi-
tions from the non-adiabatic to the adiabatic regime. In the
fully adiabatic case [Fig. 12(c)], i.e., assuming an instanta-
neous response to the pump laser field, the tilt angle reaches
90°. This implies a gradual transition from non-instantaneous
to instantaneous response, indicating that the phase delay ex-
tracted from ATA spectrograms can reflect the solid’s response
time to the external field. However, the precise mapping be-
tween the two quantities remains to be further explored. Fig-
ure 12(d) shows the delay-integrated results from panels (a)—
(c). Notably, the curve for 7, > 1 nearly coincides with that
for the static FKE (black dashed line), while significant devia-
tions are observed for 7, < 1.
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Fig. 12. The tilt angle of the fishbone structure increases as the laser parameters switch from the nonadiabatic regime (a) to the adiabatic
regime (b), and reaches the maximum (90°) when assuming an instantaneous response to the pump laser electric field (c). Therefore, the tilt
angle signifies the adiabaticity of the system and even quantifies the response time of a certain material to the external laser field. Panel (d) shows
that the cycle-averaged ATAS spectrum in the adiabatic regime (solid magenta line) recovers the conventional, static-FKE electroabsorption

spectrum (black dashed line). Adapted from Ref. [122].
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In condensed matter physics, the energy band structure
of materials is highly variable. Due to the theoretical conve-
nience of obtaining analytical or semi-analytical solutions for
parabolic bands, extensive theoretical and experimental stud-
ies have been conducted on materials with such band structure
in the context of ATAS. Recently, research has begun to ex-

pand to two-dimensional materials with Dirac cone-like band
dispersion relations, such as graphene. Figure 13 presents the
ATAS in graphene, revealing that the spectral features at the I
and M points, characterized by parabolic dispersion, are con-
sistent with prior results. In contrast, the spectral features at
the Dirac point (K point), which exhibits linear dispersion, dis-
play notable differences. Whether this linear dispersion can
significantly reduce the response time, thereby advancing the
development of ultrafast optoelectronics (see Subsection 5.2),
could be an interesting topic for further investigation.

5.2. Applications in PHz electronics

Traditional digital electronics based on large-scale inte-
grated circuits rely on alternating current generated by semi-
conductor heterojunctions and transistors to switch states (ON
and OFF). The switching speed of the fastest semiconductor
transistor can reach 800 GHz under the condition of the sam-
ple temperature equal to 4.3 K.l As the chip size decreases,
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traditional electronics technology has encountered bottlenecks
due to the limitation of quantum effects. The switching speed
of the digital electronic device is difficult to exceed 1 THz,
and the corresponding response speed of the electric switch is
limited to 1 ps. The development of ultrafast optical switch-
ing has broken through this limitation and opened the door to
ultrafast electronics, i.e., PHz electronics.

In 2013, based on the 2mr oscillation feature of CB oc-
cupancy in the pump-probe overlap region revealed by the
ATA spectrogram of the SiO; film, Schultze et al. found that
as long as the material is not broken down, the pump field-
induced changes of all the studied physical quantities, such as
CB population, dielectric polarization, are reversible, follow-
ing the field waveform.[!'¥l In other words, these quantities
can be turned on and off on the time scale of optical cycles,
allowing the real-time observation and control of strong field
phenomena in dielectrics on the sub-fs to few-fs time scales.
In the following year, an ATAS study at L, 3 edge of semicon-
ductor Si (direct bandgap is about 3.2 eV) also revealed this
mechanism.!' 3! The above researches demonstrated the ultra-
fast control of carrier motion induced by an intense laser field
in the tunneling regime of % < 1. In contrast, carrier injec-
tion into the CB through multiphoton absorption (¥ > 1) can
also enable PHz carrier manipulation. Mashiko et al. observed
3w (= 1.16 PHz) and 7@r (= 2.6 PHz) absorption trace os-
cillations in their ATAS experiments on gallium nitride (GaN)
(Eg ~3.4 eV),®l a direct-gap semiconductor, and Cr:Al,O3
(Ey =5 eV),!'2% a wide bandgap insulator Al,O3 doped with
Cr ions, respectively. The latter, in particular, shows that it
is possible to manipulate carriers in the dielectric at a rate of
multi-PHz with frequency tunability offered by choosing the
identity of the chemical dopant. The above examples highlight
the huge potential of ATAS in PHz electronics and high-speed
signal processing based on wide-bandgap semiconductors.

When switching, semiconductor transistors dissipate all
stored energy through the electron—hole recombination. In
contrast, attosecond optical switching generates minimal dissi-
pation and is more energy-efficient, as dielectrics return nearly
all stored energy to the pump field. Reference [127] outlined
the physical requirements for achieving the PHz-speed device
utilizing solid materials with parabolic energy bands: a wide
bandgap, a first conduction band with large bandwidth, and
weak coupling between the first CB and higher CBs, and pre-
dicted that the response speed limit for such PHz electronic
devices is approximately 1 PHz.

6. Conclusions

Attosecond transient absorption spectroscopy has

emerged as a powerful tool for studying ultrafast electronic
dynamics across various systems, from atoms to solids. The

extremely short duration of attosecond pulses provides an ex-
cellent temporal reference point (delay zero). Moreover, the
ability to precisely control the relative time delay between two
light pulses at the attosecond time precision offers a fine-tuned
“clock” that allows for unprecedented accuracy in observing
material behavior on the natural timescale of electron motion.
In atoms, ATAS has been instrumental in studying the
build-up dynamics of Autler—Townes splitting, Fano reso-
nance, and light-induced states. The technique has provided
detailed insights into the coherent electronic dynamics of
atoms imprinted in sub-laser-cycle quantum beats. The ability
to track or even reconstruct the real-time response of atoms to
external fields has opened new avenues for understanding the
fundamental electronic processes. In molecules, ATAS has re-
vealed coherent molecular wavepacket dynamics and nonadi-
abatic dynamics near conical intersections. The technique has
enabled the observation and manipulation of coherent dynam-
ics of molecular wavepackets, providing detailed insights into
the ultrafast dynamics of electronic, vibrational, and rotational
states. In solids, ATAS has been extended to investigate ultra-
fast charge carrier dynamics in metals, semiconductors, and
insulators. The technique has provided detailed insights into
the coherent electron dynamics in solids, such as the dynam-
ical Franz—Keldysh effect. The ability to track the ultrafast
dynamics of charge carriers in solids has opened new possi-
bilities for developing ultrafast optical switches and petahertz
electronics. Overall, ATAS has demonstrated significant po-
tential in probing and manipulating electronic dynamics at the
attosecond timescale. Its applications have spanned from fun-
damental research to potential technological advancements.
ATAS holds much more exciting possibilities with the
continued shortening of attosecond pulses and enhancement
of photon flux. Thanks to the advancements in table-top
high-order harmonics generation and seeded free electron
lasers, broadband x-ray capable of covering the water win-

128] enabling simultaneous

dow has now become available,!
probing of the absorption edges of carbon, nitrogen, and oxy-
gen. Very recently, the first ATA spectrogram in liquid water
was achieved through attosecond-pump attosecond-probe x-

1291 ATAS in the water window is highly an-

ray spectroscopy.|
ticipated for ultrafast studies of biological and chemical reac-
tions in solvent environments, heralding a promising direction
for future research. Developing other ATAS-complementing
solid-state techniques, such as attosecond transient reflection
spectroscopy, offers another exciting avenue.!!3% ATRS is less
sensitive to sample thickness, overcoming the limitations of
ATAS and making it ideal for probing bulk samples and study-
ing interface chemistry. By controlling the polarization of at-
tosecond pulses, researchers can also study magnetic circular
dichroism effects in ultrafast magnetism. 131 Furthermore, the
application of ATAS to low-dimensional materials,!'3?! topo-
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logical insulators,
tems like superconductors,

[133] and strongly correlated electron sys-

[134] {5 expected to provide new in-

sights into the unique electronic properties of these materials.

The future of ATAS is limited only by our imagination.
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