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High harmonic generation (HHG) from solids shows great application prospects in compact short-wavelength light sources and
as a tool for imaging the dynamics in crystals with subnanometer spatial and attosecond temporal resolution. However, the
underlying collision dynamics behind solid HHG is still intensively debated and no direct mapping relationship between the
collision dynamics with band structure has been built. Here, we show that the electron and its associated hole can be elastically
scattered by neighboring atoms when their wavelength approaches the atomic size. We reveal that the elastic scattering of
electron/hole from neighboring atoms can dramatically influence the electron recombination with its left-behind hole, which
turns out to be the fundamental reason for the anisotropic interband HHG observed recently in bulk crystals. Our findings
link the electron/hole backward scattering with Van Hove singularities and forward scattering with critical lines in the band
structure and thus build a clear mapping between the band structure and the harmonic spectrum. Our work provides a
unifying picture for several seemingly unrelated experimental observations and theoretical predictions, including the
anisotropic harmonic emission in MgO, the atomic-like recollision mechanism of solid HHG, and the delocalization of HHG
in ZnO. This strongly improved understanding will pave the way for controlling the solid-state HHG and visualizing the
structure-dependent electron dynamics in solids.

1. Introduction

Collision dynamics lies at the heart of particle physics and
also constitutes one of the fundamental blocks in strong-
field physics and attosecond science [1–5]. When an intense
laser field interacts with an atom, electron can be liberated
and then accelerated by the oscillating laser field in the con-
tinuum. When the electric field reverses its direction, the

electron could be driven back to collide with the atomic core.
During the recollision, if the electron recombines with the
parent ion, high-order harmonics (HHG) and attosecond
photon bursts would be emitted; otherwise, the electron
would be scattered away and high-energy electrons would
be detected. The emitted high-energy photons and electrons
encode structural and dynamical information about the
atom or molecule they have left behind. Therefore, the
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electron recollision with the ion/molecular core provides not
only an efficient way to generate attosecond optical and elec-
tron pulses but also an optical technique to probe the struc-
ture and ultrafast electronic dynamics in its natural time
scale [6–11].

Recently, the recollision model has been transferred to
solids, where the electron-hole recombination has been
considered as the main mechanism of interband solid
HHG [12–20]. However, in contrast to atomic HHG, where
the liberated electron moves in the continuum and the
influence of the ion core is negligible when the electron
travels far away, in solid HHG, the electron and the left-
behind hole move in periodic potentials, making collisions
with other neighboring atoms in the lattice highly probable.
In this way, the microscopic electron dynamics becomes
much more intricate [21–29]. Thus, new fundamental ques-
tions have to be raised: Can the electron recombine with
other uncorrelated hole at the positions of neighboring
atoms or is it scattered away during a collision with neigh-
boring atoms? Under what circumstances can such colli-
sions occur and how would they affect the interband
solid-state HHG?

Here, we focus on resolving these questions. Our results
support the fact that the electron does not directly recom-
bine with but is scattered by the neighboring atoms. When
driven by a linearly polarized laser field, the backward scat-
tering of electron/hole by neighboring atoms would increase
the rate of the recombination of electron with its associated
hole, whereas the forward scattering would suppress it. This
mechanism represents the principal reason of the anisotropy
of solid-state HHG. Moreover, we clarify that delocalization
of HHG in solids can be attributed to the fact that the elec-
tron and its left-behind hole experience different times of
backward scattering. In this way, they recombine at atomic
sites which are different from the ones where they were born.
Most importantly, we identify a close correspondence
between the Van Hove singularity points in the band struc-
tures and the backward scattering of electron/hole from
neighboring atoms and map these effects onto the harmonic
spectrum.

2. Materials and Methods

To unveil the collision dynamics of electron/hole with other
atoms in solids, we focus on the recently observed aniso-
tropic HHG in MgO reported in Reference [21]. The exper-
imental harmonic spectra from MgO reveal that interband
current plays a dominant role and the interband high har-
monics show a clear fourfold symmetry with a set of sharp
maxima along 0∘, 90∘, 180∘, and 270∘, which are the Mg-O
h100i nearest-neighbor bonding directions. A second set
of maxima can be seen along 45∘, 135∘, 225∘, and 315∘,
which are the Mg-Mg (or O-O) h110i nearest-neighbor
directions. The enhancement (diminution) of harmonic
efficiency was attributed to the connection (avoiding) of
the semiclassical electron trajectories with the neighboring
atomic sites, which suggests that the electron would not
necessarily recombine with its associated hole to emit
high-frequency radiation [21, 22]. Subsequent investigation

about delocalization of HHG in ZnO predicted by a
Wannier-Bloch approach, whereby an electron ionized
from one site in the periodic lattice may recombine at
another one, seems to support this viewpoint [23]. Very
recently, similar angular dependence of HHG has also been
observed in Reference [30] (see Figure 2 of the supplemen-
tary information in [30]), where the angular dependence of
the enhancement of HHG was attributed to an enhanced
constructive interference of the interband currents at Van
Hove singularities.

Here, we perform first full quantum theoretical simula-
tions based on semiconductor Bloch equations (SBEs)
including intra- and interband dynamics [15, 31] (the math-
ematical details are described in Supplementary Materials
(available here)). The band structure and the eigenfunctions
are calculated by the density functional theory (DFT) pack-
age in ELK [32], and the smooth transition dipole phase is
gotten in the twisted parallel transport gauge [33–35]. In
MgO, the real parts of the complex-valued transition dipole
moment (TDM) are close to 0, whereas the imaginary parts
have both positive and negative values; i.e., the phases are 0
or π, and as a result, the accumulated Berry phase is equal to
0, which is consistent with Reference [35]. The imaginary
parts of TDM are shown in Figure S1 in Supplementary
Materials. The driving laser wavelength we used in our
simulation is 1.3μm, the same as in the experiments [21,
30]. The pulse duration is 10 laser cycles and the peak field
amplitude is 1.2VÅ−1, which are chosen to correspond to
the experimental conditions. The dephasing time T2 = T0/4,
where T0 is the laser cycle. In Figure 1, the left part (i.e.,
from 90∘ to 270∘) is the experimental result extracted from
Reference [21] and the right part (i.e., from −90∘ to 90∘) is
our quantum simulation result. The anisotropy of HHG
observed in experiments is well reproduced by our
numerical simulation.

3. Results and Discussion

3.1. Subcycle Dynamics of Orientation-Dependent HHG. The
purpose of this work is to provide a clear physical under-
standing of the subcycle collision dynamics in solids. To this
end, in the following, we confine all the excitation and emis-
sion dynamics within one laser cycle by adopting a near
single-cycle optical pulse (see blue dashed line shown in
Figures 2(b) and 2(e)). Such pulses have been successfully
synthesized in the terahertz, mid-infrared, visible, and UV
spectral range [36–38]. Their potential for subcycle electron
control in solids and for tracking the nonlinear response of
bound electrons has been demonstrated recently [37]. Fol-
lowing Reference [21], θ is defined as the angle between
the polarization direction and the cubic (Mg-O bonding)
direction of the crystal.

We focus on the interband dynamics which dominate the
emission above the band gap in MgO. Figures 2(a)–2(c) show
the time-frequency analysis of the time-dependent interband
polarization for θ = 0∘, 27∘, and 45∘, respectively, in the consid-
ered spectral region. The results are compatible with the
experimental and quantum simulation results when driven
by a long-duration laser field (see Figure 1), where the high-
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energy parts of the harmonics are strongest along θ = 0∘, join
with a secondary strong lobe along θ = 45∘, and nearly disap-
pear along around θ = 27∘ [21, 30]. This behavior demon-
strates that the angular dependence of the HHG observed in
the experiments is essentially related to dynamics at a subcycle
time scale. Recently, the orientation dependence for the high-
est harmonics (21st) has been discussed in Reference [39] and
was interpreted in the momentum space picture in terms of
the several different conduction band contributions. Here,
we mainly focus on the lower-order harmonics, those in the
primary plateau, and analyze their underlying physics in the
real space picture.

3.2. HHG Assisted and Suppressed by Scattering with
Neighboring Atoms. To explore the subcycle collision
dynamics, we calculate the real-space electron and hole tra-
jectories for the same laser and structural parameters as that
in Figures 2(a)–2(c), with a semiclassical analysis and focus
on electrons that can reencounter with their associated holes
(see Supplementary Materials for further details (available
here)) [15, 16]. We consider the electron-hole pair is created
at the Γ point, where the transition dipole moment peaks.
The dashed and solid lines in Figures 2(d)–2(f) show the
harmonic photon energy (i.e., the energy difference of the
electron-hole pair at the momentum where they reencounter
with each other) as a function of the time of the electron-
hole pair creation (ionization, dashed lines) and recombina-
tion (emission, solid lines), respectively. Because the total

interband harmonic spectrum extracted from the quantum
simulation (shown in Figures 2(a)–2(c)) is a result of a coher-
ent superposition of all electron trajectories ionized at differ-
ent crystal momentum in the Brillouin zone (BZ), for better
comparison with the semiclassical simulation, we anatomize
the total interband HHG and extract the contribution of elec-
tron/hole trajectories ionized only around the Γ point with a
reciprocal-space-trajectory (RST) method [25] (see the color
maps in Figures 2(d)–2(f)). The semiclassical simulations
show very good agreement with the quantum results
(Figures 2(d)–2(f)), demonstrating the validity of the picture
that an electron would recombine with its associated hole [15,
16], rather than other unrelated one [21, 22, 40].

A key feature in the semiclassical simulations is that
there are two sets of electron-hole recombination trajectories
for a laser polarization along θ = 0∘ and θ = 45∘, which are
referred to as “1” and “2” in Figures 3(d) and 3(f), whereas
set “1” disappears for θ = 27∘ (see Figure 3(e)). It is striking
that ionization occurs before the field crest in set “1” consid-
ering the associated recombination would be absent in atoms
[5]. By comparing the electron/hole trajectories in momen-
tum space (see the dashed arrow lines in Figures 3(a) and
3(b)) to that in real space (see Figures 3(d) and 3(e)) in this
set, we find that the electron and hole reverse their directions
in real space whenever they reach the critical points where
∇kEc/vðkÞ = 0 in momentum space (see black dots in
Figures 3(a) and 3(b)). These critical points are known as
Van Hove singularities [41, 42].

Figure 3(c) shows the real space trajectories of electron
(black line) and hole (red line) for a laser polarization along
θ = 0∘ and ionization time at −0:13T0. In this case, the elec-
tron and hole reverse their directions at about t = 0:08T0
(see Figure 3(c)), much earlier than the electric field inverts
its direction, which occurs at 0:25T0. This suggests that the
direction inversion of the electron and hole here is not
driven by the electric field as in atoms. According to the
movie of electron/hole’s movement track shown in the
Movie S1 and Movie S2 in Supplementary Materials, we
attribute such direction inversion to the backward scattering
resulting from the collision of the electron/hole with other
neighboring atoms.

In a recent work [30], it has been shown that the recom-
bination rate of semiclassical trajectories would become infi-
nite, and thus, the semiclassical method would fail if the
recombination of electron and hole occurs at the critical
points where ∇kEc = ∇kEv = 0. In our case, however, the
results seem to demonstrate that for backward scattering-
induced electron-hole recombination, the recombination
would in practice rarely occur at these singularities. This is
because that, at these critical points, the electron and hole
just begin to reverse their directions due to the scattering.
After that, they still need to move towards each other before
they can reencounter; therefore, recombination would occur
around but not exactly at these singular points. This is com-
patible with the experimental results shown in Figure 2 of
Reference [30], where the enhanced harmonics are indeed
near but not exactly at the singular points, which confirms
the neighboring atom scattering-assisted electron-hole
recombination mechanism of HHG in MgO.
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Figure 1: Comparison of experimental data (lines with points on
the left), extracted from Reference [21], and simulated HHG
(solid lines on the right) for MgO.
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Note that collision with other atoms can occur only
when the wavelength of electron/hole is small enough to be
comparable to atoms in size. Therefore, only critical points
at high-momentum region are relevant to this scattering
mechanism. Under the present laser conditions, only when
ionization occurs before the field crest, the electron and hole
could get enough energy such that the wave number may get
large enough that scattering from other neighboring atomic
sites gets relevant [43]. Otherwise, if ionization occurs after
the field crest, the electron and hole would move only within
a small fraction of the Brillouin zone near the Γ point (see
right panel of the Movie S3 in Supplementary Materials).
Due to the small wave number, the wavelength of electron/-
hole is much larger than the size of atoms, so that the elec-
tron/hole would directly cross neighboring atoms as if they
were absent, and no scattering with these atomic sites
occurs. In this case, only after the electric field changes its
sign, the electron and its associated hole would reverse their
directions and recombine with each other to emit harmonic
photons, which essentially is an atomic-like scenario (see set
“2” in Figure 2). In momentum space, the direction inver-
sion of the electron/hole occurs when they cross the Γ point,
which is also a Van Hove singularity but located at low-

momentum region. The atomic-like electron-hole recombi-
nation mechanism is the main cause of the atomic-like
behavior of HHG from ZnO [14–16].

Along θ = 45∘, there are two Van Hove singularities, in
both the conduction and valence bands at high-
momentum region (indicated by “P2” and “P3” in the con-
duction band and “P2 ′” and “P3 ′” in the valence band of
Figures 3(a) and 3(b)), which means that multiple backward
scatterings from neighboring atoms would occur before the
electron recombines with its associated hole (see Figure 3(e)
and Movie S2 in Supplementary Materials). Multiple scatter-
ing trajectories correspond to earlier ionization and later
recombination (see Figure 2(f)). In the classical simulation,
the dephasing is not taken into account, whereas indeed a fast
dephasing is included in its quantum counterpart which
would attenuate the probability of recombination that takes
a longer time due to multiple scattering. This is confirmed
in Figure 2(f), where the emission is weaker at a later recom-
bination time. As a result, multiple backward scattering
before the electron recombination is the basic reason of a
weaker HHG signal along θ = 45∘ orientation than that along
θ = 0∘ in both our quantum calculation and experiments [21]
(see Figure 1 and Figures 2(d) and 2(f)).
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tunneling at around the Γ point; the dashed and solid lines indicate the emitted harmonic energy as a function of ionization (dashed
lines) and recombination (solid lines) times in the semiclassical simulations. All spectral intensities in color map are on a logarithmic
scale. To indicate the time scale, the waveform of the incident laser electric field is shown by the blue dashed lines in (b) and (e).

4 Ultrafast Science

D
ow

nloaded from
 https://spj.science.org on July 31, 2023



The neighboring atom scattering-assisted electron-hole
recombination mechanism can also explain the delocaliza-
tion mechanism recently predicted for HHG emission in
ZnO along the Γ‐M direction, whereby an electron ionized
from one site in the periodic lattice may recombine at others
[23]. Figure 4(a) shows the band structure along the Γ‐M
direction of ZnO adopted in Reference [23]. There exists
only one Van Hove singularity in the conduction band
(indicated by “P1”), whereas two in the valence band (indi-
cated by “P1 ′” and “P2 ′”) in the high-momentum region.
According to our scattering-assisted electron-hole recombi-
nation picture introduced above, such band structure means
that the electron would experience only one backward scat-
tering; however, the hole would experience multiple ones,
if the electron-hole pair is created before the electric field
peak and can reach these critical points (see Figures 4(b)
and 4(c)). Multiple scattering makes the average velocity of
the hole lower than that of electron. Thus, when the electron
returns to the parent atomic site where it was born, the hole
is still far away. In this way, the electron will continue its
motion through the parent atomic site and reencounter the
hole near another atomic site (see Figure 4(b)) (more details
can be seen in the Movie S4 in Supplementary Materials).
Figure 4(d) shows the distance between the creation and
recombination positions of an electron-hole pair in ZnO as
a function of the ionization and recombination instants,
when driven by a subcycle pulse. This result is consistent
with the corresponding Wannier analysis (see Supplemen-

tary Materials for further details (available here)) shown in
Figure 4(e) and that presented in Reference [23], demon-
strating that recombination of electron with its associated
hole is the principal mechanism, and the different dynamics
between the electron and the left-behind hole is the under-
lying physics of the delocalization of HHG in solids.

In addition to the backward scattering, forward scatter-
ing can also occur during the collision. In the momentum
space, the forward scattering points correspond to some
critical lines in the band structures, where only ∇kx

Ec/vðkÞ = 0
(light yellow solid lines in Figures 3(a) and 3(b)) or ∇ky

Ec/v
ðkÞ = 0 (grey solid lines in Figures 3(a) and 3(b)). When
the laser polarization is linearly polarized along θ = 27∘ in
MgO, the trajectories in the momentum space indicate that
the electron and its associated hole born before the field crest
would go through some critical lines (see green dashed arrow
lines in Figures 3(a) and 3(b)). The comparison between the
trajectories of electron and hole in real and momentum
space reveals that, whenever the electron/hole crosses a crit-
ical line in momentum space, the electron/hole trajectory in
real space would experience a forward scattering by a side
collision with other neighboring atoms. This happens when
the electron/hole reverses its direction along one direction
component while keeps on moving along the other (see
Figures 3(a), 3(b), and 3(d) and more details are provided
in Movie S5 in Supplementary Materials). After experiencing
several such side collisions, the electron is farther and farther
away from its associated hole and recombination can hardly
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occur (see Figure 3(d) and Movie S5), which is consistent
with both experiments in Reference [21] and our quantum
simulations, where the harmonic signal at the high-energy
part is weakest along θ = 27∘ (see Figures 1 and 2). There-
fore, forward scatterings by side collisions with neighboring
atoms, which suppress the electron recombination with its
associated hole, is the main underlying physics for the min-
imum of the HHG signal along this direction. It should be
mentioned that for a laser polarization along θ = 0∘, 90∘, 18
0∘, and 270∘, the electron/hole itself moves along the line
kx/y = 0, where ∇kx

Ec/vðkÞ = 0 or ∇ky
Ec/vðkÞ = 0, so it is

uncorrelated to the collision/scattering by other neighboring
atoms even though it might cross same kind of critical lines

(see the solid lines which cross the Γ point in Figures 3(a)
and 3(b)).

When driven by a circularly or elliptically polarized
laser, such forward scatterings by side collisions with other
neighboring atoms could indeed help the electron reencoun-
ter with its associated hole (see Figure 5) (more details can
be seen in Movie S6 and Movie S7 in Supplementary
Materials). This is again consistent with the measured
ellipticity dependence of HHG in MgO [21], where har-
monics at high-energy part have maxima at circular polar-
ization ∣ε ∣ = 1 where the major axis is set along the Mg-O
bonding direction and at elliptical polarization around ∣ε ∣
= 0:65where major axis along O-O (or Mg-Mg) direction.

4. Conclusions

We propose and establish a transparent collision and recom-
bination picture for interband HHG in semiconductors by
providing a direct mapping between the band structure and
the collision dynamics. If after the ionization the electron
and hole move only within a small fraction of the Brillouin
zone near the Γ point, practically, no scattering of electrons
and holes with other atomic sites is possible. In this case,
the electron and its associated hole are driven back together
by the laser field, a mechanism quite similar to the atomic
case. Therefore, the HHG spectrum shows a weak anisotropy.

For high field amplitudes and ionization occurring
before the field crest, the electron can reach larger k-points
in momentum space and, correspondingly, it can collide in
real space with other atomic sites in the periodic array. This
collision information can be directly read out from the band
structure. Head-on collisions, which induce a direction
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reversal, occur at the Van Hove singularities where
∇kðEc,vðkÞÞ = 0. Such collisions may lead to the recombina-
tion of electron-hole pairs without the need of a sign reversal
of the electric field, which is a novel HHG mechanism that is
absent in the atomic case. When the electron/hole passes
through the critical lines where only ∇kx

εðkÞ = 0 or ∇ky
εðkÞ

= 0, side collision occurs in the real-space trajectories. Such
collisions support electron-hole recombination for the case
of circular/elliptical polarization; however, these diminish
the electron-hole recombination for linear polarization.

In summary, our electron-hole recombination picture
gives an unified and entirely new explanation of many aspects
of previous experimental observations and theoretical findings
[14, 21, 23, 30] and paves the way towards a more complete
understanding of the underlying collision dynamics within
subcycle attosecond time scale in solids.
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