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ABSTRACT

High-order harmonic generation (HHG) in gases is frequently used nowadays to produce
attosecond pulses and coherent radiation in the visible-to-soft-X-ray spectral range. HHG in solids
is a natural extension of idea of HHG in gases, and its first observation about ten years ago opened
the door to investigations on attosecond electron dynamics in solids and the development of solid-
state attosecond light sources. The common process in both types of HHG is nonlinear photocarrier
generation, and thus transitions between different bands (interband transitions) are always
important for HHG. As well, in the case of solids, the transitions within a band (intraband
transitions) also need to be considered, because efficient carrier acceleration is possible due to
them. This perspective focuses on experimental findings that show how intraband transitions can
be controlled, because such an understanding will be essential in the development of unique

optoelectronics that can operate at petahertz frequencies.
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The field of nonlinear optics began to receive significant attention soon after the first
demonstration of the laser, and in the course of time, it has seen various technological
developments.'? For example, it has been shown that strong excitations of atoms or molecules can
induce emissions of so-called high-order harmonics, i.e., radiation that contains photons with
energies that are integer multiples of the photon energy used for excitation.’ The emitted light is
thus said to consist of different orders. This phenomenon of high-order harmonic generation
(HHG) in atomic and molecular systems has already been applied to attosecond-pulse and coherent
keV-X-ray generation as well as to observation and manipulation of ultrafast electron dynamics.*
® The discovery of HHG in atomic and molecular systems has had a substantial impact on science,
and the pioneering work on this topic was honored with the Nobel Prize for Physics in 2023.
Strong-field physics in solids, however, is not so straightforward to study, because the strong
excitation conditions required for HHG usually damage the material. Thus, non-resonant excitation
is required, which means that we need laser light in the terahertz or midinfrared range,’ '
depending on the chosen solid. Fortunately, the development of intense laser sources in the
terahertz and mid-infrared frequency regions has enabled us to apply low-frequency electric fields
with intensities comparable to the critical field strength (the strength of the atomic potential; a few
volts per nanometer). The first report on HHG in bulk crystals with sub-bandgap emission was
published about two decades ago, and its experimental results were explained in terms of a process
in the perturbative regime.!” About ten years later, non-perturbative HHG spectra of ZnO'8 (shown
in Figure 1a) and GaSe'® (shown in Figure 1b) were reported. This accelerated the progress of
research on HHG in solids, as non-perturbative HHG enables pulses in the extreme-ultraviolet

spectral range to be generated.?* 24



The semiclassical three-step model for HHG, which was developed in the early 1990s, is able
to explain the most important characteristics of HHG in gases: It describes the initial tunneling
ionization of an electron, the following acceleration, and the final recollision process of the
electron with the parent ion.>>” For a quantitative explanation of HHG in solids, however, more
complex models are required. Even before the discovery of non-perturbative HHG in solids,
theoretical discussions had already pointed out a potential enhancement through carrier

acceleration.

Regarding HHG in crystals, coherent transitions between the valence and
conduction bands (interband transitions) and the nonlinear current generated by acceleration of
carriers in a band of the crystal (intraband transitions) need to be considered (Figure 2a): The
microscopic picture here is photocarrier generation followed by acceleration of electrons in the
first Brillouin zone and eventual electron—hole recombination, which leads to HHG (i.e., both
acceleration and recombination can lead to HHG). In particular, the efficient increase of
ponderomotive energy by an intense low-frequency field implies efficient carrier acceleration and
thus emphasizes the impact of intraband transition processes in solids.?*3! Note that the term
intraband transition refers to the shift of the momentum of carriers as described in Figure 2a, and
it is also known as the intraband motion. The nonlinear coupling between the interband and
intraband transitions modifies the carrier generation process as schematically shown in Figure 2b,
and depending on the material and the driving field, the carrier generation efficiency may increase
or also decrease due to coupling.’? Furthermore, the dynamical Bloch oscillations that occur when
the electrons reach the boundary of the Brillouin zone also contribute to HHG (dynamical Bloch

oscillations in a crystal with a multiband structure can lead to an HHG spectrum that contains a

second plateau, as shown in Figure 1b).!” Thus, besides its provision of attosecond light sources,



HHG is also useful for optically characterizing electronic states across the entire Brillouin zone in
solids, leading to the idea of all-optical reconstruction of the band structure.>*-¢

We consider that the role of intraband transitions in HHG should receive more attention in the
context of lightwave electronics, which refers to the idea of controlling electrons using very short
(sub-cycle) light pulses.’”* However, while the importance of intraband transitions for efficient
HHG in solids is widely accepted, experimental approaches that can separate the contributions
from the interband- and intraband-transitions are rare. Recent observation of HHG from
nanocrystals provided new insights into understanding of the intraband transitions in solids.***¢ In
this perspective, we introduce our recent experimental and theoretical work on intraband
transitions to discuss how these transitions affect the HHG intensity and how these transitions can
be controlled by nanosizing (e.g. use of quantum dots or graphene) or also by using two-color laser
fields.***® These insights should be useful for making technological advances, because the

understanding and control of intraband transitions will be essential for the development of

lightwave electronics and for all-optical reconstruction of the band structures of various materials.
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Figure 1. (a) HHG spectra of ZnO for different excitation intensities (excitation photon: 0.38 eV).
Only odd harmonic orders are observed in this experiment due to inversion symmetry. (b) HHG
spectrum of GaSe excited by a short terahertz pulse with a peak electric field of 72 MV/cm. Here,
even- and odd-order harmonics can be observed. A second plateau is observed in the frequency
range of 200-500 THz. Panel (a) is reproduced with permission from Ref. 18. Copyright 2011,

Springer Nature. Panel (b) is reproduced with permission from Ref. 19. Copyright 2014, Springer
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Figure 2. (a) Schematic diagram of the different processes during HHG. (b) Coupling of intraband
and interband transitions enhancing HHG. In addition to the contribution of the pure interband
transition terms (left), the efficient intraband transition in a larger bulk crystal opens up multiple
excitation paths due to the nonlinear coupling between the intra- and interband transitions (right).
At least in several direct-gap semiconductors, the additional excitation channels induced by the
combination of intraband and interband transitions can enhance nonlinear carrier injection and thus

also enhance HHG (Refs. 19, 31, 46).



HHG in solids is a rather complex phenomenon since various radiation mechanisms are
possible.**->! In general, the electric current J(¢) in a crystal contains both interband- and intraband
contributions. The power spectrum of HHG can be evaluated from J(¢) because the emission of
harmonics is related to the acceleration of charged particles. Therefore, an analysis of the current
corresponds to an analysis of the photon emission process. On the other hand, the intraband and
interband transitions due to a given light field directly specify the driving process. Therefore, an
analysis of the intraband and interband transitions is useful for identifying the radiation mechanism
(ST Section 1).

Under adiabatic conditions, the acceleration of an electron in a band constitutes an intraband
transition with a wavevector shift: k — k + eA(t)/h,*® where k is the Bloch wavevector of the

considered Bloch state and A(7) is a spatially uniform vector potential that is related to the external

electric field E(t) according to A(t) = — [ ‘dt'E (t"). Depending on the rate of change in k, two
regimes can be considered: conventional optics and extreme nonlinear optics. In the former regime
(resonant or near-resonant excitation conditions), typically only a small shift Ak can be reached
due to the extremely short optical cycle-period oscillation of the excitation light, leading to a
dominant contribution from the interband transitions between the valence band and the conduction
band. In the latter regime (non-resonant condition), where usually terahertz or mid-infrared pulses
are used, the wavevector shift tends to reach large values due to the relatively slow oscillation of
the excitation light, and thus intraband transitions play a major role in the optically induced
dynamics. Furthermore, the nonlinear coupling between the interband and intraband transitions
should modify the carrier generation process. However, it is not always easy to separate the
contributions of these transitions. Fortunately, the nature of the electronic bands of quantum dots

(QDs) can be utilized to assess the role of intraband transitions,> > because they can be



continuously tuned from atom-like discrete states to a band continuum.***%°%>7 Qur first
observation of HHG from perovskite QDs implied that QDs can be used to study the intraband
transition effects on HHG.*

In the following, we consider small QDs made of CdSe, which has a bandgap energy of 1.75
eV. In the case of strong quantum confinement, the transition energies between different subbands
are on the order of hundreds of millielectronvolt. Figure 3a shows the HHG spectra of different
CdSe QD films for an excitation with linearly polarized mid-infrared light (photon energy: 0.35
eV). The pulse duration was 80 fs and the maximum electric field strength was 19 MV/cm. We
find that the peak intensities increase as the average QD diameter increases (as the quantum
confinement becomes weaker), and the strongest increase is observed in the range from 2 to 3 nm.
These features are related to intraband transitions. In CdSe, the accelerated electrons mainly
contribute to HHG, because the effective electron mass is significantly smaller than the effective
hole mass (m*/mn* > 3), and the estimated path length [L = eET*/(2n’mc*) of the electron (e is the
elementary charge)] is about 15 nm during one half optical cycle T of the excitation field £ = 20
MV/em, T = 1.2x10"" s, and me* = 0.13 mo. The change in the spatial confinement caused by
increasing the QD size is thus important for interpreting the observed data. Furthermore, we need
to consider that the spatial confinement is directly related to the energy spacing between the

confined electron states.
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Figure 3. (a) QD-size dependence of the HHG spectrum of a CdSe QD film. (b) Numerical
prediction of the QD-size dependence of the HHG spectrum based on a one-dimensional dimer
chain model (left panel) and schematic excitation processes without (center panel) and with
coupling between intraband and interband transitions (right panel). The figures are adapted with

permission from Ref. 46. Copyright 2022, The Authors, under exclusive license to Springer Nature.

The effect of intraband transitions on the QD-size dependence of HHG can be explained by
considering the electron dynamics in a simple one-dimensional dimer chain model. Figure 3b
shows the computed HHG spectra for different QD diameters (chain lengths). By changing the
calculation conditions, it can be verified that weaker quantum confinement of the electron (a longer

chain) leads to stronger HHG. A change in the size of the QD changes both the lowest electron—



hole transition energy (the QD bandgap) and the intraband transitions energies between the
confined electron states. Although the narrowing of the bandgap caused by the longer chain does
not have a significant impact on the diameter dependence of HHG, the contribution from the
intraband transitions in the case of a longer chain is significant. This behavior can be explained by
the fact that HHG is a coherent optical process where a superposition of multiple transitions from
various microscopic paths occurs due to the nonlinear coupling between the intra- and interband
transitions. An understanding of this coupling process, which is discussed in the next section,
together with our findings on the control of nonlinear optical phenomena by nanosizing are
important considerations for the development of lightwave electronics, especially nanoscale

devices.

The experiment in the previous paragraphs clarified that intraband transitions can significantly
enhance HHG in solids. In this section, we theoretically explore the role of intraband transitions
in HHG from the viewpoint of the coupling with interband transitions. In particular, we shall
investigate HHG in graphene, since this material has a distinct ellipticity dependence to its HHG
yield,’® which can be attributed to its Dirac cone dispersion.>*®! Optically induced Dirac-cone
intraband and interband transitions are schematically described in Figure 4a. These transitions
cause different types of perturbation of the electronic state. Multi-photon processes can be
described by a combination of intraband and interband transitions, as shown in Figure 4b.

To clarify the microscopic origin of the ellipticity dependence of HHG in graphene, we
performed a numerical simulation of the electron dynamics by using a quantum master-equation
approach and compared its results with experimental results.*’ Figure 4c shows that the simulation

reproduces the experimentally observed behavior: an enhanced HHG yield in the case of a larger

10



ellipticity. Additionally, we performed a simulation that only allows intraband transitions (Figure
4d; red dashed curve) and a simulation that only allows interband transitions (Figure 4d; blue
dotted curve). Since neither the pure-intraband case nor the pure-interband case can explain the
observed enhancement of HHG, the coupling of these transitions plays an essential role.

As mentioned in the previous section, the intraband transitions can be described by a
wavevector shift k - k + eA(t)/h (SI Section 1). The interband transitions can be described in
terms of the dipole matrix element (denoted by d,, (t)) and the electric field E(t). Considering
the contribution from the dynamical phase factor in the adiabatic solution of the Schrodinger

equation for independent electrons, the magnitude of the intraband transitions can be estimated by

. ] . . I .
using the slope of the band, > Epk> where €, is the eigenvalue of the Hamiltonian. The magnitude

. . . . : d
of the interband transitions can be directly evaluated using d,, 1, (t). Figures 4e—4h show > Epk

and d,,1,(t) in the Brillouin zone with respect to both directions of the two-dimensional layer
(the x and y directions). The Dirac cone of graphene is located at the origin. As can be seen from
Figures 4e and 4g, the distributions of the intraband transitions are particularly strong along the x-
and y-axes, respectively. On the other hand, the distributions of the interband transitions are
particularly strong along the y- and x-axes, respectively (Figures 4f and 4h). Therefore, in the case
of linearly polarized light, the intra- and interband distributions hardly overlap in the Brillouin
zone, and thus, the coupling between them is not very effective. The observed distributions imply
that more efficient coupling should occur in the case of elliptically polarized light, which is in
agreement with the experiments. This confirms that the cross coupling between the intraband and
interband transitions plays a central role in enhancing HHG. This result further indicates that the
coupling between intraband and interband transitions is also important for HHG in various other

solids.
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In a similar way, the results on QDs can be interpreted in terms of coupling: The contribution
to intraband-transition-induced radiation from the coupling increases if the intraband transitions
are enhanced by using larger QDs. Our results indicate that the primary impact of intraband

transitions in these types of solids is a more efficient nonlinear carrier generation, and this results

in stronger HHG.
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Figure 4. (a) Schematic diagram of Dirac-cone intraband and interband transitions. (b) Schematic
multi-photon absorption process based on the combination of intraband and interband transitions.
(c) Computed ellipticity dependence of HHG yield in graphene is shown by the solid and dashed
curves from Ref. 44. Experimental results (data points including error bars) taken from Ref. 55 are
shown for comparison. (d) Comparison of numerical results obtained using different calculation
conditions. (e) Distribution of the magnitude of the intraband transitions induced by the x
component of the electric field and (f) the corresponding distribution of the interband transitions.

(g) Distribution of the magnitude of the intraband transitions induced by the y component of the
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electric field and (h) the corresponding distribution of the interband transitions. Panels (e)—(h) are

adapted from Ref. 47 under the Creative Commons Attribution 4.0 International license.

One possible way to manipulate the intraband motion in a band is to use multiple driving fields
with different polarizations and different optical frequencies.*® Figure 5a shows the excitation
geometry that we used to study HHG in bulk GaSe (c-cut GaSe; thickness: 30 um; bandgap energy:
2.0 eV). Here, we used two orthogonally polarized excitation pulses, defined by the electric fields
E(t) and E,(t) with photon energies /iw1=0.517 eV and w2 = 0.954 eV. The maximum electric
field amplitudes inside the sample were £1 =10 MV/cm and E>= 0.5 MV/cm. Figure 5b plots the
considered approximation of the potential of the first conduction band as a function of the two in-
plane wavevectors kx and ky (we used a cosine-band approximation). The orientation of E¢(t) with
respect to the crystal is expressed by the angle ¢; ¢ = 0 is defined as the condition when E4(t) is
parallel to the zigzag direction of GaSe. The crystal-angle dependence of the HHG spectrum was
measured by rotating the sample with respect to the z-axis. Figures 5¢ and 5d depict 2D maps of
the ¢ dependences of the emitted high-order harmonics: Figure 5c shows the intensity of the
emission polarized along the direction of E4(t), I{#, and Figure 5d shows that along the direction
of E5(t), I’ . These maps reveal relatively complicated behavior: Firstly, peaks appear at photon
energies equal to mhwi+nhw2, where m and n are integers that denote the harmonic order. Secondly,
the even orders (m + n = even) exhibit a six-fold rotational symmetry. For m + n = even, I}/
vanishes at ¢ = 30 and 90°, while I2/ vanishes at ¢ = 0, 60, and 120°. The even orders (the peaks
at mhw for m = even and the peaks at n/icw> for n = even) can be assigned to the components of
the interband polarization, while the six-fold rotational symmetry of the harmonic orders obeying

m + n = even can be attributed to the conventional nonlinear polarization.
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Figure 5. (a) Illustration of a GaSe crystal excited by two orthogonally polarized electric fields
E (t) and E,(t). (b) 2D map of the first conduction band based on a cosine approximation. (c)
Component of the HHG spectrum that is polarized in the direction of E4(t) as a function of the
crystal angle, and (d) component that is polarized in the direction of E,(t). The Panels in this
figure are reproduced from Ref. 48 under a Creative Commons Attribution 4.0 International

License.

On the other hand, the condition m + n = odd results in either six- or twelve-fold rotational
symmetries. For example, in the case of m = even, i.e., (2,1) and (4,1), a twelve-fold rotational
symmetry appears for I, To explain this behavior, we consider that the two orthogonally

polarized fields accelerate the electron along the two directions k1 and k> of the conduction-band
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potential shown in Figure 5b, which constitutes an intraband current. The electric field of the
emitted harmonics can thus be separated into two mutually orthogonal harmonics, which are
related to the band dispersion €(k). The considered equation of motion is dk;(t)/dt = —(e/h)E;(t),
where i = 1 and 2.5% In the case of small E; and E» values, the response is isotropic because the
electron stays in the convex potential region near the I" point. If E; is increased, the electron is
carried from the isotropic to the anisotropic region. Here, as the electron moves between the
concave potential region and the convex region near the I' point, the band curvature along k>
changes significantly, and thus dki/d¢ becomes larger than in the case of small £ values. Because
the HHs are proportional to the time derivative of the band curvature, the intraband current
amplitudes in both k directions are amplified by Ei. Accordingly, since the conduction-band
potential far away from the I" point has a six-fold rotational symmetry, the harmonic intensities in
the experiment show a six-fold rotational symmetry for £1 around 10 MV/cm. In addition, the band
structure possesses mirror symmetry about the axes defined by the '-K- and I'-M-directions (the
dashed dotted and the dashed double-dotted lines in Figure 5b), even far away from the I point, in
addition to inversion symmetry with respect to the I' point. Thus, when an electric field is applied
along the I'-K or I'-M directions, the even oscillatory component of the current and the
corresponding electric field of the emitted harmonic for the combinations (m, n) = (even, odd) and
(odd, even) vanish. Therefore, these components become zero every 30° and show a twelve-fold
rotational symmetry. These results show how the angular and polarization selection rules are

governed by the order of the harmonics and the direction of the excitation field.

The polarization of the HHG spectrum can also be controlled by selecting a material with an
appropriate topology. Here, we will briefly consider monolayer MoS,% which provides higher

HHG efficiency than the bulk material does. The crystal structure of monolayer MoS; resembles
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that of graphene and GaSe, because the atoms are arranged on a hexagonal crystal lattice. Similar
to the analysis of HHG in GaSe, the experimental results can be represented on a 2D map where
the harmonic intensity for a given order is plotted as a function of the angle between the
polarization direction of the excitation light and a certain axis of the crystal. The crystal-angle
dependence of the HHG spectrum of MoS; for excitation with a photon energy of 0.3 eV and a
peak electric field of about 33 MV/cm reveals that the even harmonics are mainly polarized
perpendicular to the excitation field. This result for the even harmonics has been attributed to
transverse intraband currents induced by the Berry curvature. This type of current is referred to as

anomalous current.

In conclusion, we provided an overview of the effects of intraband transitions in HHG. Firstly,
we described how intraband transitions can be controlled by changing the quantum confinement
in CdSe QDs. Secondly, to better illustrate this effect, we examined theoretical work on the
coupling between intraband and interband transitions in graphene, where this coupling is
responsible for a unique ellipticity dependence of the HHG yield. We note that ellipticity-induced
HHG enhancements can be observed not only in graphene but also in bulk crystals including the
archetypal direct-gap semiconductor GaAs.®>®® These enhancements can be explained by
interference between intraband and interband transition processes among multiple bands. On the
other hand, it should also be considered that single- and multi-photon transitions, intraband
transitions, and band-dressing can compete in the overall excitation process in multiband
semiconductors such as germanium?2. We consider that further research is needed to develop a
complete microscopic theory of the interband and intraband transitions to thoroughly understand

their role in the excitation processes related to HHG in solids.
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Thirdly, we discussed two additional experiments on HHG: one examining the mechanism
behind the angular and polarization selection rules of HHG in GaSe driven by two lasers, and
another examining the unique polarization properties of HHG in MoS; related to the Berry
curvature. The topology of the band structure can affect the currents responsible for HHG, and to
exploit particular topological features of a given material, an appropriate driving field needs to be
selected. While it was not discussed here, it has been shown that in three-dimensional topological
insulators with band inversion, the spin—orbit interaction and time-reversal symmetry imply a
connection between insulating bulk states and conducting surface states.®*”’* Regarding Bi>Tes,*
a previous study showed that the surface states exhibit relatively high HHG efficiency, which was
attributed to long scattering times caused by spin—-momentum locking and a quasi-relativistic
dispersion. Moreover, it was shown that the Berry curvature of Bi,Tes affects the trajectories of
the Dirac fermions, and this causes a unique polarization pattern in the emitted field.

We consider that the studies presented in this work provide insights into phenomena that are
important for the realization of HHG-based solid-state devices (such as attosecond sources) and
all-optical reconstruction of the band structure. Note that attosecond emissions from a solid target
(silicon dioxide) has already been reported,?® but the required bias-field strength (110 MV/cm)
may be too high for broad application. Metallic nanostructures and dielectric metasurfaces may
help to resolve this issue.” %2 To realize petahertz devices, which are electronic devices that
operate in the petahertz regime (instead of the gigahertz regime), suitable light sources are needed,
as well as measures to reduce power consumption. One such measure would be to efficiently focus
the high-order harmonic emission, which can be achieved by using nano-structured devices.®* To
keep the broader context in mind, we would like to end by noting that, so far, much research has

been performed using intense electric fields, but recently it has also become possible to generate
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high-intensity magnetic field pulses, which will enable new nonlinear effects to be studied.33*

The effects presented in this article could be exploited in the development of unique technologies
that will push operation speeds beyond the gigahertz regime while still being compatible with

today’s semiconductor technology.
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