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Generation of isolated white-light attosecond pulses in solids
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Attosecond-pump attosecond-probe spectroscopy (APAP) is the key to understanding electronic-dominated
dynamics in light-matter interactions. Although the feasibility of APAP has been demonstrated using isolated
attosecond pulses (IAPs), the efforts are mainly confined to the ionization-induced dynamics triggered by the
extreme ultraviolet and soft x-ray lights. However, the generation of IAPs capable of exciting neutral electronic
excited states, which are more prevalent in nature, is still in its infancy, significantly limiting comprehensive
insights into valence-electron wave packet dynamics. Here, we theoretically demonstrate a scheme for the
straightforward and compact generation of white-light IAPs covering the visible and ultraviolet regions, based
on solid-state high-harmonic generation. By analyzing the strong-field-induced electron-hole dynamics together
with a saddle-point approximation, we unfold its microscopic generation mechanism. Furthermore, the feasibility
and robustness of this approach are validated by the generation of IAPs from various materials under the same
mechanism. Our work paves the way for generation of tabletop white-light IAP sources, thereby harnessing the

widespread applications of APAP.

DOI: 10.1103/8x1z-317k

The advent of attosecond laser pulses via high-harmonic
generation (HHG) [1,2] has undoubtedly revolutionized the
field of light-matter interactions. Over the past three decades,
the widespread use of attosecond pulses, particularly in
studying electron dynamics in atoms [3—6], molecules [7-9],
liquids [10,11], and solids [12—14], has led to the emergence
of attosecond science [15,16]. However, the vast majority of
attosecond science experiments are performed by combin-
ing attosecond pulses with intense femtosecond near-infrared
(NIR) pulses. The temporal resolution of this extreme ultra-
violet (XUV)-NIR pump-probe scheme is primarily limited
by the cross-correlation between the two pulses, typically
on the order of a few femtoseconds, preventing the study of
valence electron motion on the attosecond to femtosec-
ond timescale [17]. In principle, a true attosecond-pump
attosecond-probe spectroscopic (APAP) protocol can over-
come this bottleneck.

Yet, isolated attosecond pulses (IAPs) from gas-phase
HHG sources [18-23] have extremely low photon flux due to
poor conversion efficiency, limiting their applications as either
pump or probe pulse. With a significant higher photon flux,
x-ray free-electron lasers (XFELs) enable the APAP mea-
surements well suited for core-electron dynamics [11], while
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their limited availability restricts widespread applications.
For both gas- and solid-state HHG [24-27], extensive ef-
forts are focused on extending the plateau region, which can,
in principle, generate Fourier transform-limited attosecond
pulses with wavelengths predominantly confined to the XUV
region. Contrasting with the gas-phase HHG process, which
is generally well described by a semiclassical model [28],
solid-state HHG, pioneeringly achieved since 2010 [29], re-
mains its principal microscopic mechanism in a formative
stage [30,31].

In the solid-phase HHG, the attosecond chirp [32] can
be optimized by a designed laser waveform thanks to the
field-driven Bloch oscillations of the electron wave packet
[33] (see detailed discussion in the Supplemental Material
[34]). This offers a controllable parameter for balancing the
plateau width and pulse duration. Leveraging the modifiable
electron dynamics in solids, recent advances have optimized
HHG spectra to region of tens of attoseconds, featuring a
quasicontinuum plateau in the XUV region [24-27,35-37].
Despite these successes, the increasing attempts toward study-
ing attosecond valence-electron dynamics [17] ultimately
necessitate the generation of IAPs in the deep ultraviolet to
visible spectral region.

In this article, supercontinuum chirp-free white-light IAPs
are achieved by coherently manipulating electron wave packet
dynamics in solid-state samples, enabled through crystal self-
chirp compensation (CCC) scheme (see Fig. 1) with a simply
waveform-tailored laser pulse. In addition to the adjustable
pulse duration, our findings also reveal the remarkable flexi-
bility in polarization manipulation of IAPs, enabling seamless
switching between linear and circular polarization states.
Facilitated by the physical insights from the semiclassical
collision model and verified through quantum dynamical
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FIG. 1. (a) Principle of crystal self-chirp compensation: Under
the driving of an ideal optical field, the phases accumulated by
electrons moving in regions of positive effective mass (negative
chirp) and negative effective mass (positive chirp) mutually com-
pensate, resulting in the generation of transform-limited radiation
upon electron-hole recombination. (b) Schematic of white-light IAP
generation. Controlling wave packet dispersion enables construc-
tive interference between quantum pathways (color-coded by photon
energy), generating a supercontinuum. (c), (d) Evolution of |p.,|
with time and crystal momentum under a Gaussian pulse (GP)
and a tailored pulse (TP), respectively. The red lines represent the
corresponding electric driven fields.

simulations, we elucidate the underlying microscopic mech-
anism and develop a straightforward model for evaluating
suitable light waveforms and material systems.

Specifically for solid-state HHG, the presence of band dis-
persion naturally introduces group velocity delay into the light
field-driven electron dynamics. Considering the correspon-
dence between the dispersion of electron-hole wave packet
and the chirp of the corresponding coherent radiation, the
emitted HHG spectrum is intrinsically broadened by this im-
printed dispersion from the field-driven electron-hole wave
packet, deviating from the transform-limited condition. In
analogy to achieving the shortest pulse duration through a
dispersion-specific medium, the electron band structure natu-
rally provides a platform to encode both negative and positive
dispersion on the evolving electron-hole wave packet.

Figure 1 (a) clearly shows that the field-driven electron-
hole wave packet can gain negative chirp (dw/dk > 0) in
the region of positive effective mass, which lately can be
compensated in the region of negative effective mass (positive
chirp, dw/dk < 0) [38,39]. By manipulating the electron-hole
wave packet’s dispersion, constructive interference between
different harmonic emission channel can be achieved through
phase modulation between different quantum pathways, as
illustrated in Fig. 1(b). According to symmetry analysis, the
enhancement of odd harmonics and suppression of even har-
monics originate from the system’s inversion symmetry and
the driving field’s time-translation symmetry [40]. Therefore,
breaking time-translation symmetry and engineering dynami-
cal symmetry via the driving waveform is essential, which can
be flexibly synthesized through optical approach. To showcase

this point, we compare the electron dynamics driven by a
designed optical waveform and a Gaussian pulse with com-
parable intensity and frequency, as shown in Figs. 1(c) and
1(d), respectively. Given that dispersion during HHG emission
primarily arises from interband radiation, we first present the
amplitude of the off-diagonal elements of the density matrix
Pev, illustrating the behavior of electron-hole wave packets
in k space. The phase evolution over time and changes in
conduction band population are discussed in later sections and
provided in the Supplemental Material [41]. In waveform-
tailored case, p., displays a well-localized transient burst that
appears and vanishes rapidly, which indicates the possibility
of radiation emission with an ultrashort duration.

Considering this unique dispersion framework of solid
materials, we focus on investigating the electron-hole wave
packet by tailoring the driving field E(¢) according to the
semiclassical Bloch acceleration theory k(7) = — £ E(7)[42].
To examine this, we first analyze the phase composition of
electron-hole wave packets.

Under the Keldysh adiabatic approximation p,, — o ~ 1
and the first-order k - p model A,,,(k(t)) = dogy/e,(k(t)),
with g,(k) = e.(k) — &,(k), &, the band gap, and A,,, the
matrix element of transition dipole, the formal solution of the
interband current can be written as [43]
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where BZ is the first Brillouin zone and D(',t,k) =
% ftt dt"e,(k(¢")) is the dynamical phase and B =
arg[d(k))] — e/harg[E() - d(k(t, t'))] + f’ dt"eE(t) -

A(k(t"))/h is the topological phase [44]. Note that
inclusion of the topological phase results in it being gauge
invariant. Expanding the dynamical phase in the vicinity
of band-gap minima ko, we have D(t',t, k) = %f; dt"e, +

52 ey Ok — Ko) + 3 55 Loy, (k — ko) + 0l (k — Kko))].

In the expression on the right-hand side, the second term
represents the electron group velocity, v,. The third term is
the effective mass, o which dominates the dynamics of the

electron-hole wave packet The same procedure can be applied
to topological phase B as well. The anomalous velocity v,
arises from the Berry phase, determining another contribution
to the wave packet spreading, whereas B,fB describes the wave
packet chirp induced by this anomalous velocity (%). The

phase of the interband dipole matrix element accounts for the
contributions of band renormalization to wave packet dynam-

ics. Herein, we define the group velocity v}, and wave packet

dispersion ml to label its contribution. For simplicity, we

D ST
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Me vl M via

. We find that Berry curvature plays a negligible role in
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M ol
the present system (see the Supplemental Material for details
[45]), while it can significantly influence electron recollision
dynamics in many prototypical topological materials [46]. To

obtain a transform-limited pulse, the total phase ¢y must
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satisfy the following conditions:
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The first equation indicates that the electron and hole
recombine at ¢t =¢,. Simultaneously, the dispersion of the
electron-hole pair (wave packet) 1/m}_, = 1/m’ — 1/m} is
fully compensated at ¢+ = #,, which is reflected in the second
equation.

To validate the feasibility of our model, the simulated an-
nealing algorithm, characterized by its insensitivity to initial
conditions and global optimization capability, is employed
to perform waveform tailoring. Details of the simulated an-
nealing algorithm [47,48] can be found in the Supplemental
Material [49]. Considering the feasibility of experiment, we
synthesize the driving waveform simply by superposing two
arbitrary Gaussian envelopes.

The objective function is defined as f=

Jog e PI2BEB 2| EDB 2 where |p,,|? serves as
a weighting factor The pey and harmonic currents are
calculated using the Houston-based semiconductor Bloch
equations [50] (see details in the Supplemental Material [51]).
The key of dynamical control lies in breaking the discrete
time-translation symmetry and enhancing constructive
interference between different quantum paths. A tailored
two-pulse Gaussian sequence enables selective pathway
amplification while maintaining experimental feasibility for
waveform synthesis. To benchmark our approach, we start
with a gapped graphene model with a 2 eV band gap and a
dephasing time of 7, = 10 fs (see the Supplemental Material
for details [52]). This system is irradiated by a standard
Gaussian pulse with a central wavelength of 1.256 um [red
dashed line in Fig. 2(a)] to obtain the HHG spectrum. (This
Gaussian pulse exhibits the closest electric field profile to that
of our tailored pulse.) Figure 2(b) shows the simulated HHG
spectra, exhibiting discrete harmonics at odd multiples of
the fundamental photon energy. Importantly, these harmonic
orders can be generated at any temporal instant of the GP
pulse. Figure 2(d) presents the frequency-domain profile of
a broadband pulse generated by the interaction between the
tailored pulse (TP) [see the red dashed line in Fig. 2(c)] and
gapped graphene. The photoenergy of this pulse varies from
near 0 to 8 eV with its central energy around 3.5 eV, fully
covering the white-light region. The temporal duration of this
white-light pulse is obtained as 460 as by the time-frequency
analysis, which is indicated as the purple region in Fig. 2(c).
Around ¢t = 0, the harmonic radiation spreads a continuous
spectrum perpendicular to the time axis, exhibiting clear
characteristics of a transform-limited pulse.

Following Refs. [53,54], we employ waveform engineer-
ing to simultaneously localize both the tunneling/emission
timing and crystal momentum distribution of electron-hole
pairs. By ensuring these pairs experience an isotropic envi-
ronment during radiation, our approach enables generation of
near-circularly polarized isolated attosecond pulses. The tem-
poral and frequency spectra are shown in Figs. 2(e) and 2(f),
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FIG. 2. (a) Nonlinear current (blue solid line) generated by the
interaction of a GP with a central wavelength 1.256 um (red dashed
line) with gapped graphene. The colored area represents its spectra.
(b) Time-frequency analysis spectrum of the time-domain current
in panel (a). Panels (c) and (d) are similar to panels (a) and (b),
respectively, but for TP excitation. (e) Frequency-domain spectra and
ellipticity of the circularly polarized (CP) IAP. (f) Temporal field of
CPIAP. The ellipticity here is defined as € = % The parameters
of the driving laser used in the figure are listed in the table in
the Supplemental Material [57]. Gabor transform was performed by
optfrog package [58].

respectively. It is found that the ellipticity of this transform-
limited pulse is about 0.93 and its duration is estimated as 900
as, enabling the study of valley, spin, and chiral molecules in
materials in attosecond timescale [55,56].

Having demonstrated the feasibility of waveform tailoring
in generating both linearly and circularly polarized IAPs, we
now unveil the underlying mechanism driving the emission
of continuous spectrum. Within the framework of perturba-
tive nonlinear optics, the coherent emissions are naturally
explained as being strictly confined to integer multiples of the
driving frequency. This result emerges when the interference
between quantum transition pathways at different frequencies
can be neglected [59]. Nevertheless, as the driving intensity
increases to the nonperturbative regime, the interference be-
tween different quantum paths can no longer be neglected,
therefore raising opportunities for manipulating excitation
dynamics.
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FIG. 3. Panels (a) and (b) show the HHG intensity distributions
along the k, = 0nm™! axis under excitation by a GP and a TP pulse,
respectively. Panels (c) and (d) display the corresponding 87¢ with
respect to k along the same k, = Onm~' axis. The transparency of
each data point is weighted by the magnitude of p.,. The dashed area
indicates the region where the IAP is generated by the TP pulse.

To gain deeper insights into the microscopic mechanisms,
we analyze the momentum-resolved electron-hole pair contri-
butions to high-harmonic generation for both GP and TP pulse
excitations in Figs. 3(a) and 3(b), respectively. Under GP
excitation, (1) destructive interference between quantum paths
of different harmonic orders occurs at the same k point and (2)
destructive interference between quantum paths at different &
points leads to the pronounced, discrete harmonic structure. In
contrast, TP excitation is optimized such that the electron-hole
wave packet dispersion vanishes at ¢ = ¢,, enforcing construc-
tive interference among quantum paths originating from the
same k point. Simultaneously, the minimization of weighted
dispersion across the entire k space suppresses destructive
interference between different k points. As a result, Fig. 3(b)
reveals a relatively continuous harmonic-photon emission dis-
tribution along both the crystal momentum and photon energy
axes.

To better illustrate this dynamics, we show the acquired
field-driven dynamical and topological phases for the two
pulse excitations in Figs. 3(c) and 3(d), respectively. At the
harmonic emission time, the TP excitation drives d7¢ rapidly
to zero before it swiftly increases again. In contrast, under
Gaussian excitation Jy¢ remains finite and nearly uniform
throughout k space, consistent with the broad wave packet
spreading of electron-hole pairs observed each half cycle for
Gaussian pulses [see Fig. 1(c)].

In principle, constructive interference between different
quantum paths can only occur if the phase accumulated during
distinct transition events is appropriately matched. Namely,

Adij (k) ~ %(1 — sgn[E@)E())])

1 (U
+- / dt'e (1)), 3)
A

where sgn[E(#;,)E(¢;)] denotes the direction of electric field
at two transition instants, #; and ¢;, respectively, while the
second term corresponds to the dynamical phase [44,60]. For
short trajectories, which contribute predominately, the influ-
ence of the first term can be disregarded, as it remains constant
at w. Consequently, the nature of the interference, whether
constructive or destructive, is primarily determined by the
dynamical phase. This results in the formation of delocalized
resonant rings under GP excitation (see the Supplemental
Material [61] for details). However, a TP waveform, charac-
terized by its asymmetric electric field, breaks the system’s
symmetry, causing a deviation of the localized CB distribution
from the ring pattern.

To implement an intuitive physical picture, we further in-
troduce a semiclassical trajectory analysis [30], to capture
key aspects of the electron-hole dynamics in white-light IAP
generation. As anticipated, the saddle-point solutions exhibit
excellent agreement with time-frequency analysis (see Fig. S4
in the Supplemental Material [62]). This consistency enables
an intuitive description of TP-driven electron-hole dynamics:
(1) preacceleration at the valence band edge, (2) tunneling
ionization-induced electron-hole pair generation in the vicin-
ity of the band-gap minimum, followed by (3) propagating
carrier motion in their respective bands. Since electrons at the
Brillouin zone boundary display a dispersion that is opposite
to those near the band-gap minima, the TP pulse manipulates
the electron’s position in k space, thereby reducing wave
packet dispersion through its asymmetric temporal profile.

The robustness of the proposed strategy is subsequently
evaluated by assessing the performance of diverse material
systems in generating transform-limited broadband attosec-
ond pulses (see the Supplemental Material S6 for details
[63]). Using Landau-Zener-Stiickelberg interferometry [64],
the strong-field resonant excitation can be directly linked
to the driving laser parameters via the following equation
(see the Supplemental Material for details [65]):

Psiokes + D(t) = ni, 4

where ¢sokes 1S the Stokes phase accumulated in Laudau-
Zener transition. We demonstrate that the fulfillment of Eq. (4)
depends primarily on dimensionless time wt, electric field
strength, and envelope shape, with negligible dependence on
central frequency (see details in the Supplemental Material
[65]). Therefore, an ideal envelope that satisfies Eq. (4) es-
tablishes an upper limit for the achievable pulse duration.
For simplicity, we consider a cosine carrier with a central
wavelength of 1.256 um; the maximum achievable continuous
bandwidth is shown in Fig. 4(a). The corresponding pulse
duration limit based on the time-bandwidth limit of a Sech?
waveform is shown in Fig. 4(b). The estimated pulse duration
is in good agreement with our calculated results, indicating
the robustness of the approach proposed here.

Having demonstrated the feasibility of generating white-
light TAPs via waveform control, we now turn to its
experimental implementation, a challenge hindered by the
difficulty of shaping few-cycle laser pulses. This raises a
natural question: Can white-light IAPs be generated using
a multicycle field, which is more readily available in the
laboratory? To address this, we emphasize the key idea of
our approach: breaking the discrete time-translation symmetry
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FIG. 4. (a) Dependence of the continuous spectrum in gapped
graphene on peak field strength under ideal dispersion compensation
condition. (b) The transform-limited pulse duration calculated based
on panel (a), assuming a Sech® pulse shape (see the detailed laser
parameters in the Supplemental Material [66]). (c) IAP generation
driven by a multicycle laser field. The red and blue curves represent
the driving laser field and generated isolated attosecond pulse, re-
spectively. The inset shows the temporal profile of the IAP spectrum.
(d) Yield of IAPs generated by the driving laser pulse in panel
(c) across different CEP. (e) CEP-dependent pulse duration, derived
from integration of the data between the arrows in panel (d).

of the driving field and the dynamical symmetries of the
light-matter interaction to enable dispersion compensation via
trajectory steering. Consistent with prior gas- and solid-HHG
studies, the symmetry control in Fig. 2(a) is accomplished
via CEP-stabilized few-cycle pulses and temporal gating. Al-
ternatively, symmetry control can be ultimately achieved by
engineering a Floquet time quasicrystal through the synthesis
of a multicolor field with incommensurate frequency ratios,
owing to its inherent quasiperiodicity. Building on this idea,
we revisit our approach utilizing an experimentally accessible
multicycle and multicolor field. The corresponding driving

waveform and resulting harmonics are shown in Fig. 4(c)
(detailed laser parameters can be found in the Supplemental
Material [66]). Remarkably, an IAP pulse with its duration
approximately equal to 640 as is obtained by applying our
waveform optimization protocol to these multicycle and mul-
ticolor laser fields. On the other hand, CEP stabilization plays
an essential role in generating IAPs from both gases and solids
driven by few-cycle fields. To examine its influence on IAP
generation by multicycle, multicolor fields, we analyze the
Fourier-limited pulse duration under identical driving parame-
ters while varying the CEP. The results are shown in Figs. 4(d)
and 4(e). They demonstrate that the IAP intensity peaks at a
CEP approximately equals to 0.8, while the pulse duration
remains constant as the CEP increases from 0.6 to 1.17. Ex-
perimentally, the relative phase between the multicolor pulses
can be stabilized and locked with a precision of less than 30
as [35,67]. Consequently, the considerably reduced necessity
for CEP stability substantially weakens the experimental chal-
lenges associated with IAP generation.

In conclusion, by drawing an analogy to perturbative
nonlinear optics and combining light-wave electron control
techniques with strong-field resonant excitation dynamics, we
have achieved the generation of linearly polarized and nearly
circularly polarized IAPs in a wide range of material sys-
tems, demonstrating the versatility of this approach. Through
systematic investigations of the underlying microscopic dy-
namics in both quantum and semiclassical pictures, we have
demonstrated that tailoring the driving laser waveform en-
ables intentional manipulation of electron-hole dynamics
during light-matter interactions under strong-field excitation,
resulting in a nearly continuous population distribution in
momentum space. The present study bridges the critical gap
in the generation of IAPs covering visible to ultraviolet wave-
length range, which enables the steering of coherent electronic
motions and brings new possibilities toward the realm of
attochemistry [17,68,69] and related fields [55,56].
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