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ABSTRACT: Optical modulation of high-harmonics generation in solid
solids enables the detection of material properties, such as the band
structure, and promising new applications, such as super-resolution
imaging in semiconductors. Various recent studies have shown optical
modulation of high-harmonics generation in solids, in particular, _\,\IW“VVVV\,_’
suppression of high-harmonics generation has been observed by

synchronized or delayed multipulse sequences. Here we provide an vl I
overview of the underlying mechanisms attributed to this suppression modulation
and provide a perspective on the challenges and opportunities regarding
these mechanisms. All-optical control of high-harmonic generation allows
for femtosecond, and in the future possibly subfemtosecond, switching,
which has numerous possible applications: These range from super-resolution microscopy to nanoscale controlled chemistry and
highly tunable nonlinear light sources.

Generation HHG

KEYWORDS: high-harmonic generation, attosecond science, condensed matter, ultrafast dynamics, insulator-to-metal transition,
emission control

1. INTRODUCTION Lessons from research on atomic and molecular gas-phase
High-harmonic generation (HHG) allows for the coherent HH,G teach us that HHG can be controlled to greaﬁ extent by
generation of ultrashort pulses, which has enabled the field of adding additional laser pulses. Important examples include the

. 1-7 emission control of odd and even harmonic orders in
attosecond science for the study of ultrafast phenomena, ; 3941 ) . .
. . . L .89 multicolor laser fields, controlling the harmonic emission
nanoscale microscopy via coherent diffraction imaging,”” and

. . o -y . ; intensity by aligning*>*’ and orienting molecules,** ™" as well
increasingly applications within the semiconductor industry for / .o € ! 4854

10 as controlling emission by photoexciting molecules.”™
wafer metrology.

Originally done with gases, recently there has been an Nc?w developn.ie.nts in high—hafmonic g.eneration in solids
increasing interest in HHG from solids.”"'™"® Solids are P r.0v1de an exciting prosp ,eCtzglzl:lg Sgnabllng the study of
particularly interesting with regard to HHG as the generation microscopic electron dynamics, highly tunable (EUV)

. 37,56,57 1 . 1820
process depends strongly on the electron dynamics, which can light sources, . ulFrafas.t aligop tical signal modulation,

vary widely between solids. Various different solids have been and super-resolution imaging. ™ Instrumental for all of these
used for HHG, including but not limited to semiconductors: advancements is controlling high-harmonic generation. The
$i'* $i0,"> MgO," and ZnO;''7~'° monolayers: gra- literature on controlling gas HHG strongly suggests that all-
p};ene,zo’ﬁ MoSZ,ZZ’,B and WSe2;24,strongly correlated elézctron optical emission control in solids is feasible. Recent

17-20,22—25,59 . ey
materials: V0225 and Nb02,~26 perovskites: MAPbBrg,;27 and works have shown strong modulation of high

even metals: TiN.>® While this article focuses on HHG from harmonic generation, most notably strong suppression was

. . . observed. While the consistent observation of HHG
solids, high-harmonics have also been generated from ) . .
30 31,32 i ) suppression might be considered contrary to the dream of
and plasmas. This wide range of materials

liquidszg‘ e . .
indicates the generality of the HHG process. achieving extremely efficient solid HHG sources, tunable

Moreover, the spatial structuring of solids allows for the
fabrication of devices that enable further control of the HHG Received: January 25, 2024 Phdtonics

emission, examples include metasurfaces™ that can enhance Revised:  April 11, 2024
Accepted: April 11, 2024 >

Published: April 24, 2024

o34 . . 3s
HHG emission™ and allow for nonlinear beam steering,
Furthermore, nanostructures can enable the shaping of EUV

36 . 37 3 .
beams,” and single nanocones’’ and resonators’ provide
means for miniaturizing HHG sources.
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Figure 1. (a) Schematic of the three-step model for high-harmonic generation is shown in reciprocal space for a solid. In step 1, the strong external
electric field excites an electron—hole pair. In step 2, after excitation, the electron—hole pair is accelerated by the strong electric field gaining kinetic
energy. Acceleration along the nonparabolic bands of a solid generates the intraband current. In step 3, the electron—hole pair recombines, which
generates the interband current. The total high-harmonic signal is the combination of the intraband and interband contributions. (b) HHG
spectrum is shown, which is simulated using a one-dimensional SBE simulation with two sinusoidal bands with a 7.8 eV bandgap and a 1 TW/cm?
generation pulse at 1600 nm. In blue (red) the intraband (interband) contributions to the HHG signal are shown.

suppression does allow for advancements in applications such
as those mentioned above. The power of suppression is very
well exemplified in the recent demonstration of label-free
super-resolution imaging in solids using harmonic deactivation
microscopy (HADES),”® which has links to the successful
fluorescence-based super-resolution technique stimulated
emission depletion (STED). Here, the most crucial part is
complete signal suppression and the ability to saturate this
suppression. Additionally, the understanding of the suppres-
sion of high-harmonics may very well be the key to increasing
high-harmonic generation for the purpose of an all-solid HHG
source. Thus, for the development and optimization of high-
harmonic modulation, it is important to obtain a more
complete understanding of the underlying principles. In this
Perspective, we will discuss the recent developments in the
modulation of high-harmonicity from solids, provide an
overview of the mechanism used to explain these recent
observations, and provide an outlook into their main
challenges.

As we aim to provide a general overview, we will mostly
refrain from going into detail and discussing any material-
specific properties. There are several effects that can play a
dominant role in the HHG process in certain materials while
being negligible or nonexistent in others. These effects include,
for example, the presence of excitons,’”®" hot-carriers that are
subject to study in investigations of photochemical processes
probed by solid-state HHG,””*>** plasmonic effects,”* or even
defect states.'**>~®” The impact of these effects on the HHG
process is outside the scope of this Perspective. For the most
part, our discussion assumes conventional semiconductor
materials, except for the section on insulator-to-metal phase
transition materials. These strongly correlated materials are
deliberately included: They are particularly relevant in the
context of HHG suppression because in recent studies the

suppression observed in these materials was especially
25,26

2. HIGH-HARMONIC GENERATION IN SOLIDS

High-harmonic generation is a highly nonlinear strong field
effect. Harmonics are generated from a high-intensity

1833

fundamental driver where the harmonic frequencies w, are
multiples of the fundamental frequency @

wn = 71'6()0 (1)
Normally only odd harmonics are generated due to the
conservation of inversion symmetry.'' However, the effective
generation of even harmonics can be achieved by using
noninversion symmetric materials.”**~"° Alternatively, multi-
color fields consisting of, e.g., the fundamental frequency and
its second harmonic have also been used to break the inversion
symmetry and generate even harmonics.'””" In solid intensities
around GW/cm?***? to tens of TW/cm?*® are used for HHG,
which is reached by the use of femtosecond pulsed lasers.

HHG is a strong-field effect where the electric field strength
of the fundamental is in the same order of magnitude as the
effective Coulomb force experienced by the valence
electrons.”” As a result, HHG depends strongly on the
fundamental electric field, as well as the material itself. This
also means that an accurate description of HHG in solids
requires a detailed description of both the fundamental field
and the electronic structure of the material. For lower-intensity
n-photon processes an intensity scaling of I, o I is observed,
which matches the predictions of perturbation theory.”” For
higher harmonics, clear deviations for these ideal scalings are
observed.'""® This indicates that HHG can not simply be
described using perturbation theory.

The microscopic process underpinning high-harmonic
generation is ultrafast and takes place on the attosecond time
scale within an optical cycle of the fundamental. The
harmonics are generated via the induced movement of charge
carriers by a strong electric field. This effective current can be
separated into the intraband and interband currents which are,
respectively, related to transitions to different momenta within
the same band and between different electronic bands,
respectively. An introductory understanding of solid high-
harmonic generation can be gained from the three-step model
which is an adapted version of the three-step model used to
explain gas high-harmonic generation.” In the three-step
model, a simplified two-band solid is considered with a single
valence and a single conduction band that is illuminated by a
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Figure 2. Schematic of the pump—probe system used to perform time-resolved high-harmonic generation. A high-intensity generation pulse is used
to generate high-harmonics from a sample. An in space and time closely spaced control pulse is subsequently used to modulate the HHG. In the
majority of measurements, the control pulse has a wavelength shorter than that of the generation pulse. By varying the delay time At between the
generation and control pulse time-resolved measurements are obtained. For positive delay times, the control pulse arrives before the generation
pulse while for negative delay times, the control pulse arrives after the generation pulse.

strong electric field. In Figure 1, the three-step model for solids
is schematically shown.

In the first step, the excitation of charge carriers is enabled
by the strong field, deforming the Coulomb potential of the
solid to such an extent that tunneling becomes possible. The
excitation results in a coherent hole and electron in the valence
and conduction bands. The excitation in a solid can occur
throughout k-space, this is contrary to gas HHG where
electron tunneling is confined close to k = 0 due to the
conservation of momentum.'” In the second step, the excited
electron and hole are accelerated by the strong electric field
within their respective band, gaining kinetic energy. The
movement of the electron and hole is impacted by the
potential landscape of the solid. This step is distinctly different
in gas HHG where tunneling electrons are accelerated through
free space. During the acceleration of the electron—hole pair,
the varying effective masses along the bands allow for the
generation of the intraband current. The intraband current is
not found in gas HHG, as the effective mass of charge carriers
in the free space is constant. As the direction of the electric
field changes within an optical cycle, the trajectory of the
electron—hole pair can be such that they recombine, which is
the third and final step. The recombination of the electron—
hole pairs generates the interband current.

The significance of the intraband and interband contribu-
tions has been found to vary between harmonic orders.”””*
The distinction can be made that the intraband current
generally contributes more to the lower-order below-bandgap
harmonics. In contrast, the interband current generally plays a
more significant role for the higher-order above-bandgap
harmonics; this distinction can also be seen in the spectrum
shown in Figure 1b. This separation can classically be
understood: The intraband current arises from a nonlinear
response to the electric field of the driving pulse that gives rise
to higher-order frequency components in the current. This
necessitates nonparabolic band structure or, equivalently,
changes in effective mass as a function of carrier momentum.
The changes in effective mass are usually small, thus giving rise
to below-band gap harmonics. On the other hand, the
interband current arises from electron—hole recollision
between carriers in conduction and valence band in the
classical picture and thus contributes energies that exceed the
bandgap.

The semiclassical description as given above does have its
limits, and to really obtain a predictive description of HHG in
solids, the electron dynamics have to be considered quantum
mechanically. This semiclassical model does however provide a
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very effective framework in which to understand the HHG
process and the underlying suppression mechanisms.

A more quantitative description of the system, which
accounts for the quantum mechanical nature, can be obtained
using the semiconductor Bloch equations (SBE).”*”*7® Using
the length gauge in the dipole approximation and the Bloch
basis to describe the electronic states, the equation of motion
(EOM) that is obtained for the density matrix elements with
momentum k is given by’

0

i P (®) = (€, = €D, (1) = B(0)- 2 [dpyi(6) = digyi(e)]
1

1- 5mn k

+ iB(t)-Vipk (1) — i pe ()
mn ’1’%{ mn

)

F(t) here indicates the electric field, €¥ is the energy level of the
state, d¥,, is the dipole coupling between states n and m, T, is
the dephasing time, and 6,,,, is the Dirac function. The diagonal
elements of the density matrix (m = n) are the populations in
the bands while the off-diagonal elements (m # n) are the
coherences between the bands. The right side of the EOM
contains four distinct terms. The first term is a phase term and
is dependent on the energy difference between the bands; the
second term depends on the dipole couplings and describes
transitions between the different bands; the third term depends
on the derivative in k-space and describes the movement of
carriers within a band; and the fourth term is a phenomeno-
logical damping term, which describes the dephasing between
the carriers. Dephasing will be discussed in more detail in the
section on excitation-induced dephasing. The interband and
intraband current can be expressed as

jintra(t) = ZkGBZ zm Vke];lprtm(t)’
. 0
]inter(t) = ZkGBZ ot Zm#n di{””pnl:n(t) (3)

BZ here refers to the Brillouin zone. We see that the intraband
current is due to the movement of the population through a
band, while the interband current is due to the time derivative
of the coherent dipole coupling between bands. Important to
note is that the intraband and interband currents are not
entirely independent, as the EOM couples the population and
coherence via the dipole coupling. The spectral intensity can
be obtained by applying a Fourier transform to the total
current:

S(w) = 17

intra

(t) +j,

inter

Ol 4)

The semiclassical interpretation as described by the three-step
model can be derived from the SBE when considering a two-
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Table 1. Overview of Recent Works Showing Suppression of HHG in Various Materials”

mechanism(s) material Agen (nm) Acon (nm) HO suppression ref
state blocking ZnO 3500 400 7,11, 13 909%(1113) 17
state blocking MoS, 1560—2385 400 34,5 959%™ 22
state blocking graphene 1350 400, 800 3 90%* 20
EID ZnO 2350 400, 800 s, 7 95%) 18
EID MoS, 5000 660 5—-16 859%19 23
EID (state blocking”) WSe, 4770 760 s,7,9, 10, 12 909%(>1012) 24
EID MAPbBr¢ 1440—2320 400 3,5 75%3) 27
IMT VO, 7000, 10000 1500 5,79 999354 25
IMT NbO, 1800, 2160 400 3,5 999394 26
field modulation ZnO 3500 1300 9,11 80%() 19

“The mechanisms indicate the suppression mechanisms discussed in these works, these being state blocking, excitation-induced dephasing (EID),
insulator-to-metal phase transitions (IMT), and field modulation. Agen and A, respectively, indicate the generation and control wavelength used.
HO indicates the harmonic orders that have been shown from these experiments. Suppression indicates the approximate maximum intensity
suppression reported for the harmonic(s) denoted between the brackets. In a number of works the suppression is explicitly stated while for others
the maximum suppression has been evaluated based on the figures presented. It is of note that the majority of works presented here have not
explicitly sought after optimization of this suppression. State blocking is explicitly discussed, however, is determined not to be the main cause of
suppression. “MAPbBr: methylammonium lead bromide. “In these measurements the harmonic intensity dropped below the detection threshold.
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Figure 3. In (a) the harmonic spectra by ref 23 from MoS, using S000 nm as generation wavelength and 660 nm as control wavelength. The two
different spectra show the control pulse being, respectively, on and off, the delay time is 1 ps. The arrows indicate the decrease in intensity for each
of the harmonics. In (b) the suppression curve measured by ref 18 is shown for the fifth harmonic from ZnO using 2350 and 800 nm, respectively,
as generation and control wavelengths. In (c) the suppression curve measured by ref 26 is shown for the fifth harmonic from NbO, using 2000 and
400 nm, respectively, as generation and control wavelengths. We note that the curves in (b) and (c) show very similar behavior although they are
measured from vastly different materials. A sharp drop in HHG yield is observed when the generation and control pulse overlap, while for longer
delay times we see a gradual recovery of the intensity. In both (b) and (c), the overlap and electronic recovery region are indicated explicitly.
Increased suppression is found for increasing control intensity. (a) is reprinted with permission from ref 23. Copyright 2022 Optica Publishing
Group. (b) is reprinted and adapted with permission from ref 18. Copyright 2022 Optica Publishing Group. (c) is reprinted and adapted with
permission under the Creative Commons CC-BY 4.0 from ref 26.

band system and applying the saddle-point approximation to 3. TIME-RESOLVED HIGH-HARMONIC GENERATION
the interband current.”

Commonly solid HHG is described in the reciprocal space;
however, real space interpretations have also been used to gain

Modulation of high-harmonic generation is achieved by
introducing a control pulse, enabling pump—probe-style

additional insight into the generation process.””’® We will measurements, as shown in Figure 2. The control pulse is
explicitly discuss solid HHG in real space in the section on made to spatially overlap the generation pulse such that it can
excitation-induced dephasing. affect the HHG process. By varying the delay time between the

1835 https://doi.org/10.1021/acsphotonics.4c00156
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Figure 4. In (a) the effect of state blocking is schematically shown where the generation of new electron—hole pairs is inhibited by the presence of
an initial carrier population. In (b) SBE simulation results for the harmonic yield generated by a 3500 nm generation pulse with a 400 nm control
pulse in ZnO, by ref 17, P and J, respectively, indicate the interband and intraband contributions and the yield is shown separately for the above and
below bandgap harmonics. The yield is shown as a function of relative control intensity, as well as the corresponding excitation fraction. The
corresponding measurements in ref 17 showed near complete suppression, so for these simulations to match, excitation fractions over 40% are
required. (b) is reprinted and adapted with permission under the Creative Commons CC-BY 4.0 from ref 17.

generation and control pulses time-resolved spectroscopy can
be performed. Positive time delays refer to the situation where
the control pulse arrives before the generation pulse while
negative time delays refer to the situation where the generation
pulse arrives first. The intensity used for the control pulse
varies widely but is often lower than that of the generation
pulse so as to not generate harmonics itself or damage the
sample. Different implementations of this same measurement
scheme have been used in nearly all recent works which have
shown modulation of HHG in solids.'”~>”**"** An overview
of these recent works with the materials and wavelengths used
can be found in Table 1.

Although various materials have been studied using
significantly different measurement conditions, the results
have shown some rather noticeable consistencies, the most
important of these being strong suppression. Figure 3a shows
the HHG spectra measured by ref 23 from ZnO for a 1 ps
pulse delay where increasing suppression is observed for the
harmonic orders. In Figure 3b the suppression of the fifth
harmonic from ZnO measured by ref 18 is shown as a function
of delay time. Per comparison, Figure 3¢ shows a similar figure
but now for the fifth harmonic measured from NbO, by ref 26.
The suppression curves shown in Figure 3b,c are exemplars for
HHG suppression observed in solids.

For negative delay times, no change in the harmonics is
observed as the control pulse arrives after the generation
process. When the control pulse starts to overlap with the
generation pulse, a strong suppression is observed. During
pulse overlap, the control pulse can directly affect the carrier
dynamics during HHG. Significant suppression is also
observable outside the direct overlap region for positive
delay times, where for increasing delay time the suppression
gradually recovers up to the unsuppressed HHG yield. For
these delay times, the control pulse can not directly affect the
HHG process but instead does this via the excitation of charge
carriers. The presence of an initial carrier population generated
by the control pulse is what causes the suppression. The carrier
population will over time be affected by relaxation and
recombination, which bring the excited charge carriers back to
their ground state; this is directly observed in the recovery of
harmonic yield for longer delay times. Increased suppression is
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found for both increasing control intensity and increasing
harmonic order. The fact that the suppression increases with
harmonic order strongly suggests that the underlying
suppression mechanisms predominantly affect the interband
current.

4. MECHANISMS OF SUPPRESSION OF
HIGH-HARMONIC GENERATION

So far we have described the common observation of HHG
suppression and its significant features; in the next section, we
will discuss the specific microscopic mechanisms that can
explain these observations. Four main possible mechanisms
were identified, these being state blocking, excitation-induced
dephasing (EID), insulator-to-metal phase transitions (IMT),
and field modulation. Table 1 shows which of these
mechanisms have been discussed in recent works in which
suppression was observed. In the following sections we will
discuss these mechanisms individually.

4.1. State Blocking. A number of works
looked into the effects of state blocking in order to explain the
observed suppression. The idea here is that the control pulse
generates an initial carrier population that occupies some of
the excited states. The occupation of these excited states
prevents the excitation of coherent electron—hole pairs to
these states by the generation pulse. Similarly, the lack of
electrons in the valence band will also inhibit excitation; this is
referred to as ground state depletion. When the excitation by
the generation pulse is prevented, the HHG is suppressed.

The effects of state blocking and ground state depletion have
been observed in a variety of different systems””™*” that
motivates the investigation of this mechanism in the context of
HHG suppression.

The impact of state blocking has been investigated using
simulations based on SBE. These SBE simulations make use of
second-quantization to describe the electron dynamics, which
enables the simulation of state blocking. Different SBE
simulations' ”** show that the effects of state blocking are
likely negligible for realistic parameters. In Figure 4, the results
of an SBE simulation of HHG in ZnO are shown. In the
corresponding experiments,’” near-complete suppression of
the harmonics was observed that would require excitation

17,20,22,24 100
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fractions above 40% to be consistent with these simulations.
Realistic excitation fractions in semiconductors are considered
to be only a few percent, as above this dielectric breakdown
occurs, which results in material damage. The big discrepancy
between simulations and experiments is a strong indication
that state blocking by itself can not solely account for the
significant observed suppression of HHG.

4.2. Excitation-Induced Dephasing. Coherence between
the generated electron—hole pair is essential for effective
recombination, resulting in the interband current. To
effectively illustrate this, we can consider the semiclassical
three-step model in real space, as is shown in Figure Sa. After

a) hole'r-\cfbl/é)\A electron R
—+ ¢
92 _"w___ X
®
b)
hole r\ll/_\A electron R
' T ’ A4 x'
\/scattering
c)

hole' r_\. K_\ electron
. L T A 4
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Figure S. In (a) the three-step model is schematically shown in real
space. In step 1 an electron—hole pair is generated, in step 2 the
charge carriers are accelerated, and in step 3 the electron and hole
recombine. In (b) a scattering event of one of the charge carriers
during the propagation is included. The scattering event causes the
electron and hole to lose spatial coherence and prevents their
coherent recombination. The scattering shown here can be carrier—
carrier scattering, carrier-phonon scattering, or scattering of defects all
of which will result in the loss of coherence. In (c) the electron and
hole recombination is inhibited by an induced spatial displacement
dx. This spatial displacement can be induced by having an additional
electric field present during the acceleration of the electron—hole pair.

>
»

excitation, the electron and hole are spatially separated, as they
are driven by the electric field. If during propagation one of the
carriers scatters, as shown in Figure Sb, part of its momentum
and/or energy is transferred. As a result of this scattering, the
electron—hole pair will lose spatial coherence and will not
coherently recombine. Figure Sc shows an alternative manner
in which recombination can be inhibited; this figure will be
discussed in more detail in the section on field modulation.
The loss of spatial coherence is also referred to as dephasing.
Dephasing can be caused by all different scattering events,
including carrier—carrier scattering, carrier—phonon scattering,
and scattering of defects.

The importance of dephasing has consistently been
confirmed by the modeling of HHG. In models, the dephasing
effectively functions as a damping term that stops the buildup
of the coherent population over multiple optical cycles. As the
particle density of solids greatly exceeds that of gases,
dephasing plays a significantly greater role.
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In order to match simulations of HHG from solids with
experiments, short dephasing times of only a few femtoseconds
have to be used.”””* This is considerably lower than the
dephasing time found with photon-echo measurements, where
dephasing times are closer to tens of femtoseconds.”” By
including the macroscopic propagation it is possible to explain
the discrepancy between dephasing times.** This propagation-
induced dephasing effect does however require sample
thicknesses of at least a few micrometers and thus can not
explain the short dephasing times of thin and monolayer
samples. More recently, by considering dephasing in real space
the short dephasing times were attributed to recombination
events of carriers that experience large spatial separation.”” We
also note that for HHG the carriers are accelerated to much
higher momenta than those in photon-echo measurements.
Therefore, we see the significant discrepancy in dephasing
times as a strong indication that the dephasing time is strongly
dependent on the carrier momentum.

The excitation of carriers by the control pulse can cause an
alteration of the dephasing time by increasing the likelihood of
scattering. This is either directly by the presence of more
excited carriers or mediated via phonon coupling. A reasonably
lowered dephasing time can account for the significant
suppression observed in experiments.””** Moreover, the
observation of strong harmonic dependence when it comes
to suppression is a convincing sign that dephasing dominates
high-harmonic suppression. This can intuitively be understood,
as higher harmonics require longer acceleration times and thus
will be affected more when the dephasing rate is increased.”’

Control over the dephasing rate in solids will thus enable
major control over high-harmonic generation in a material.
Interestingly, a reduction of the dephasing rate should allow for
a significant increase in the high-harmonic yield.

The difficulty with dephasing is that it results from carrier
scattering, which is intrinsically a multielectron effect, as well as
carrier-phonon scattering, which requires an accurate descrip-
tion of electron—phonon coupling. Photon-echo experiments"”
have measured photocarrier-density dependent dephasing
times that are linked to carrier scattering, but only at low
excitation intensities, for single-photon absorption at the I'
point, all conditions that are not fulfilled in HHG. Current
state-of-the-art simulations either make use of SBE or density
functional theory (DFT). In SBE simulation dephasing is
added via a phenomenological damping term to the EOM, as is
also shown in eq 2.”° T, is the dephasing time, while T; refers
to the recombination time. Conventionally in SBE simulations,
T, is chosen to accomplish good agreement between
simulation results and measurements.””*> This means that
SBE simulations that do not explicitly calculate T, have no
predictive power when it comes to the dephasing time. Time-
dependent DFT simulations have been applied to solid HHG®
and allow for the inclusion of some scattering effects
depending on the choice of the exchange-correlation func-
tional. The complexity of DFT simulations, however, can make
gaining physical intuition challenging, and the multielectron
nature of T, makes it particularly difficult to grasp in DFT.
Moreover, some dephasing effects are not easily implemented
in DFT simulations, such as the contribution of material
defects.

New advancements in modeling and understanding the
scattering in solids as causing dephasing in high-harmonic
generation will be key to the advancement of all-optical high-
harmonic modulation.
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4.3. Insulator-to-Metal Phase Transitions. Both state
blocking and excitation-induced dephasing focus on carrier
interactions and do not consider significant changes in
electronic potential in the material. For most conventional
materials carrier excitation has a limited effect on the electronic
structure, with effects such as bandgap renormalization being
small.*”

Contrary to this are strongly correlated materials (SCMs)
which can undergo phase transition under carrier excita-
tion.”®™”" Significant changes to the electronic structure will
have a major impact on the carrier dynamic and as a
consequence also on the HHG emission. In this section, we
will focus on a particular class of SCMs, where the insulator-to-
metal phase transition (IMT) has been found, and also studied
via HHG.**

IMT in SCMs refers to the material switch from the
insulating or semiconducting phase to the metallic phase under
certain external triggers, such as temperature or photo-
excitation.”””"" As an example, Figure 6a schematically
shows the IMT in NbO, where the merging of the separated
orbitals around the Fermi level results in the collapse of the
bandgap.89 Due to their unique electronic properties, SCMs
have been of significant interest to the development of new
novel devices. For example, IMT materials are a key enabler of
Mott memristors which in turn pave the way for neuromorphic
computing.”>”*> While IMT in SCMs has been studied over the
past decade, a number of relevant open questions remain. For
example, how to distinguish between the competing electron—
electron and electron—lattice interactions in the IMT.

Due to its highly nonlinear nature, HHG is extremely
sensitive to the IMT, as HHG emission can be greatly altered
by any subtle change in electronic or lattice structures, let
alone the bandgap collapse. It is possible to directly observe
the IMT using time-resolved HHG. Figure 6b shows the IMT
in NbO, at a control fluence of 12 mJ/cm?® via the clear
deviation from a saturation model.”® The saturation model
considers the suppression due to the lowered dephasing time
in the semiconducting state. The deviation corresponds to a
sudden increased suppression of HHG and is assigned to
photoinduced IMT.

To explain the greatly reduced HHG efficiency in the
metallic phase two main effects can be considered: first, a
higher density of free carriers in the metallic phase results in a
significantly reduced dephasing time; second, the bandgap
collapse results in carriers movement closer to that of free
carriers.”® Free carriers miss the nonlinear response to the
driving field required for generating high-harmonics. Both
effects together can result in a very strong, practically complete
signal suppression, as shown in Figure 6b.

Besides all-optical control of HHG, this very strong signal
suppression enables HHG as an ultrasensitive probe for
ultrafast nanoscopy in SCMs. As the HHG process takes place
within an optical cycle, it becomes possible to resolve the
phase transitions with very high temporal resolution of only a
few femtoseconds and possible subfemtosecond. This will
enable the identification of electronic contributions in the
IMT.

Except for the temporal properties of IMT, spatial
information could also be accessed using HHG imaging. As
shown in Figure 6¢, the IMT will not occur throughout the
whole material at the same time. Spatial imaging of the IMT
will benefit greatly from the aforementioned super-resolution
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Figure 6. (a) Restructuring of the energy states around the bandgap
of NbO, when it undergoes the insulator-to-metal phase transition.
This phase transition can be initialized by temperature (around 1080
K) or by photoexcitation. In the semiconducting state, NbO, has a
bandgap of around 0.7—1.1 eV. In (b) the suppression of the third
harmonic from NbO, is shown for increasing control intensity for
three different pulse delays measured by ref 26. 1800 nm generation
pulses were used in combination with 400 nm control pulses, and the
measurements were performed at room temperature. A clear deviation
from the exponential suppression is observed at around 13.5 mJ/cm?,
indicating the material phase transition. In (c) the spatial states of
NbO, are shown for increased illumination intensity. Segments of
semiconducting and metallic states can exist within a NbO, sample at
the same time. To study individual segments high-resolution spatially
resolved measurements are required. (b) is reprinted and adapted
with permission under the Creative Commons CC-BY 4.0 from ref
26.

imaging techniques which make use of the HHG modulation
and have already been demonstrated to work for NbO,.”®

Optical modulation of HHG in solids is promising in
simultaneously providing the temporal and spatial information
on IMT, which not only benefits a comprehensive under-
standing of IMTs but can also guide the device design with
SCMs.

4.4. Field Modulation. So far, we have discussed
mechanisms where HHG was affected via carrier excitation
of the control pulse. When there is overlap between the
generation and control pulse, the field of the control pulse can
affect the electron dynamics of the HHG process directly.
During overlap, we can consider the control pulse as a
modulation of the generation field.

Shaped multicolor fields have been demonstrated to allow
for an increased HHG yield, an increased cutoff frequency, and
divergence control in gases.‘w’“’%95 In these cases, the field is
shaped such that more of the excited charge carriers can
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Figure 7. In (a), (b), and (c) the different frequency relations between the generation @, and control @, pulse are shown. In (a) the generation and
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control frequencies are degenerate, which means that substantial field changes can only be accomplished when the fields are out-of-phase and
orthogonal such that elliptical polarization can be achieved. In (b) the control frequency is an integer multiple of the generation frequency which
results in equal modulation of every optical cycle. In (c) the control frequency is not an integer multiple of the generation frequency such that every
optical cycle is modulated differently. In (b) and (c) the total field curve has been offset to better show its shape. In (d) ZnO HHG results from ref
97 are shown for different generation ellipticity. The ellipticity of —1 and 1 corresponds to the left- and right-handed circular polarization, while 0
corresponds to linear polarization. PL indicates the photoluminescence. In (e) ZnO HHG results from ref 19 are shown for 3500 nm generation
and 1300 nm control wavelengths. As the control wavelength far exceeds the bandgap of ZnO (around 368 nm'®*®) suppression can only be
observed in the region of pulse overlap. PL indicates the photoluminescence and SE indicates some stimulated emission signal. (d) is reprinted and
adapted with permission under the Creative Commons CC-BY 4.0 from ref 97. (e) is reprinted with permission from ref 19. Copyright 2023

American Physical Society.

coherently recombine by tuning the excitation rate and
trajectories. While these works focus on increasing the HHG
yield, the same principle can be used to achieve suppression by
instead inhibiting coherent recombination. We can imagine
this suppression in real space by considering that the control
field induces a spatial displacement between carriers, as shown
in Figure Sc. The control field can affect the trajectories such
that the induced spatial displacement inhibits recombination
and, as a result, suppresses the harmonics. Alternatively viewed,
the control field can modulate the carrier movement through
reciprocal space, which allows it to impact the intraband
current. Additionally, for strong enough control fields, the time
at which significant excitation occurs can also be altered.

Depending on the wavelength ratio between the generation
and control pulse, various modulations of the electric field are
possible. One way of modulating the generation pulse is by
having it become elliptically polarized, this is equivalent to
adding a degenerate out-of-phase orthogonal component to
the generation field, as is also shown in Figure 7a. In practice,
elliptical polarization is achieved by making use of quarter-
waveplates. For various materials, near-complete HHG
suppression is observed when ellipticity is increased,”"”*"’
an example of which is shown in Figure 7d where also a clear
harmonic dependence is observed.

To effectively control the field shape during an optical cycle,
nondegenerate wavelengths have to be used. To modulate all
optical cycles equally, the control frequency has to be an
integer multiple of the generation frequency, as shown in
Figure 7D, if this is not the case all optical cycles are modulated
differently, as shown in Figure 7c. For the aforementioned
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multicolor HHG process, second and third harmonic
generations are used to allow for consistent modulation of
the optical cycles. For efficient suppression, this consistent
modulation is not necessary, as is shown by the results in
Figure 7e where near complete suppression is observed by
using a noncommensurate control pulse. Note that the
suppression is only observed in the region of overlap as the
control pulse in this experiment is far enough below the
bandgap such that it does not excite carriers. It is also visible in
Figure 7e that at the temporal overlap of HHG generation
pulse and control pulse, there is an increased stimulated
emission. This is linked to increased electron—electron impact
excitation, which correlates with decreased HHG efficiency.
This correlation could suggest that conditions that promote
impact excitation may be the most advantageous for
deactivating HHG, which presents a further avenue for future
research.

Modulation and suppression have mostly been found to be
the most significant during overlap; as a result, applications
utilizing HHG suppression will likely rely on processes
governed by the effect of field modulation. As there is no
requirement for exciting charge carriers, there is a lessened
importance of the material and an increased importance of the
electric field. The loosening of this requirement also allows the
use of higher wavelength and lower intensity control pulses for
achieving significant suppression.

As the modulation in the system is caused just by the electric
field, simulations of these systems are much more feasible
compared to those considering dephasing, where scattering
interactions have to be considered. An exciting challenge lies in
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the optimization of the control pulse for maximum modulation
of high-harmonic generation, certainly considering the great
number of possible parameters to optimize.

5. CONCLUSION AND OUTLOOK

In this Perspective, the microscopic mechanisms underlying
the suppression of HHG in solids have been discussed. Four
main mechanisms were identified, these being state blocking,
excitation-induced dephasing, insulator-to-metal phase tran-
sitions, and field modulation.

Simulations of state blocking indicated only a minor
contribution to the suppression of HHG in conventional
semiconductors, which indicates that state blocking by itself
can not account for the significant suppression observed in
recent measurements.

Excitation-induced dephasing can account for the significant
suppression observed, as well as the further temporal dynamics
observed in experiments. The scattering underlying dephasing
makes it difficult to model and exceeds the limits of current
state-of-the-art simulations. An interesting challenge lies in
enabling predictive modeling of the dephasing, which, in turn,
would enable the precise study of the underlying electron and
phonon dynamics.

For IMT materials, a significantly increased HHG
suppression occurs due to the bandgap collapse. Due to the
possibility for high temporal and spatial resolution, HHG
provides an exciting platform for resolving the material phase
transitions, which will greatly benefit the development of
SCMs devices.

The most significant suppression is consistently found
during pulse overlap, where the control field effectively
modulates the generation field. The significance of the
observed suppression makes this mechanism especially relevant
for applications such as all-optical signal modulation and super-
resolution imaging. The significant degrees of freedom with
regard to generation and control pulse combinations open the
door for precise field optimization to obtain a very controlled
modulation of HHG.

Improving our understanding of these microscopic mecha-
nisms underpinning the HHG process will be key to achieving
complete optical control of the HHG process. Such complete
all-optical control has numerous applications. We have
elaborated on the potential for label-free super-resolution
microscopy via deactivated high-harmonic generation in solids.
Additionally, by controlling the carrier excitation during the
HHG process, subdiffraction-controlled chemistry on the
nanoscale may become possible. This seems particularly
feasible for field modulation, where experience from gas
HHG has shown that the excitation step of HHG can be
controlled effectively.*”*" Finally, nonlinear solid light sources
are explored in many fields, for example, via nonlinear
dielectric metasurfaces™ that offer great deals of beam control
via nanoscale engineering of structures. Optical control of
HHG adds another control knob that enables femtosecond
switching of these metasurfaces. Consequently, we are
convinced that optical control of HHG has numerous
applications in the future, as it represents a fully controllable
femtosecond, possibly even subfemtosecond, all-optical switch.
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