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We theoretically investigate the high-order harmonic generation (HHG) of defect-free solids by solving the time-
dependent Schrodinger equation (TDSE). The results show that the harmonic intensity can be enhanced, harmonic order
can be extended, and modulation near the cutoff order becomes smaller for the second plateau by increasing the time delay.
These effects are due to an increase of the electron population in higher energy bands, where the larger band gap allows
electrons to release more energy, and the long electronic paths are suppressed. Additionally, we also investigate the HHG
of defective solids by Bohmian trajectories (BT). It is found that the harmonic intensity of the second plateau can be further
enhanced. Simultaneously, cutoff order is also extended due to Bohmian particles moving farther away from the defective

zone.
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1. Introduction

High-order harmonic generation (HHG) in the gas
phase has been extensively studied over the past sev-
eral decades and received widespread attention, whether
in experiments or theory.l' The harmonic generation has
brought successful applications such as synthesizing attosec-

[5.6 [7.8]

I exploring ultrafast electron dynamics, and

S.[9’10

ond pulses,
imaging molecular orbitals and structure I The exper-
imental breakthrough of nonperturbative solid—matter har-
monics in 2011 has attracted considerable attention.!!!] Be-
cause the solid material has the properties of high-density
electron configuration,'>!31 regular periodic structure,!'*!3]
natural crystal orientation,'®!”l and nonnegligible covalent
bonding.[lg] Therefore, the harmonic emission efficiency is
higher than that of gas in the low field strength.['”] Researchers
are eager to expand the success of HHG in the gases to solids.

HHG of solids originates from two different mechanisms,
i.e., intraband current and interband polarization.?*2%! The
carriers confined to particular bands travel to perform Bloch
oscillations, and intraband current arises from nonlinear opti-
cal radiation during accelerated oscillating motion.[?3! A sim-
ilar atomic HHG three-step model can describe the fundamen-
tal processes involved in interband polarization: the electrons
tunnel from the valence band (VB) to the conduction band
due to the intense laser field, then the electrons are accelerated

away under the laser field. Finally the recombination of elec-
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trons with the hole leads to the emission of harmonic photons
as the laser field changes direction.>¥] Besides the applica-

tions of the compact-advanced light source and time-resolved

25,26] and

[27]

dynamics, one can also measure the Berry curvature!
reconstruct band structures by utilizing HHG of solids.

Recently,
(TDSE), semiconductor Bloch equations (SBEs), and time-
dependent density functional theory (TDDFT) are used to in-

the time-dependent Schrodinger equation

vestigate the solid harmonics. The TDSE can be solved ef-
ficiently with high computational speed, yielding the time-
dependent wave function and enabling the exploration of
HHG in solids within multi-band systems.?-3% SBEs in k-
space accurately predict population dynamics in the highest
valence band and first conduction band (CB1) and can be
captured the delicate structures of the harmonic spectrum in
solids. 192223311 The ab initio simulations of HHG in solids
can be obtained by the TDDFT model, which is huge time-
consuming.32341 We investigate the modulation properties of
the second plateau of solid HHG, which involves multiple
bands in this paper. The recollision model,?!:>?! the strong

33381 and the quantitative rescat-

field approximation (SFA),!
tering (QRS) theory**~*!l have been generally used to illus-
trate the underlying physical mechanisms of HHG in solids.
Besides these methods can be used to describe the motion pro-
cess of electrons in solids, the electron motion can be tracked
by a quantum method of Bohmian trajectories (BT).[4>~8]

The Bohmian mechanics, a complementary quantum me-
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chanics, was first proposed by Louis de Broglie and fur-
ther extended by David Bohmian, which depicts electrons
as microcosmic particles in quantum phenomena.[4>47:49]
Unlike the quasiclassical theoretical methods, Bohmian
mechanics accurately reproduces particle trajectories of
HHG and time-dependent displacement path in atoms and
molecules.[*4639311 Tt provides a clear physical picture of
the complex dynamic process of atoms and molecules. It can
agree well with that from numerically solving the TDSE by
selecting adequate BT.[3%-32.33]

The energy band can be obtained employing the Mathieu-
type potential by numerically solving the TDSE, which is sim-
ilar to the energy band structure of ZnO crystal.>*7] The typ-
ical model potential has been widely used in recent investiga-
tions of the solid HHG. In order to explore the electrons mo-
tion in the defective solids, we calculate the BT. As we know,
the BT can be viewed as that the wave functions guide the
electronic dynamics.®®! The method of TDSE can easily cal-
culate the wave function and have high computational speed.
Therefore, the method is feasible.

As is widely recognized, the driving laser field plays an
important role in HHG.%! And recently, there has been grow-
ing interest in investigating solid-state HHG under a two-color
laser field. Introducing a two-color field has been shown to
benefit high-order harmonics, leading to phenomena such as
two-plateau structure, enhanced harmonic intensity, modula-
tion of HHG in ZnO crystal, and attosecond burst isolation.
Li et al. demonstrated an intensity enhancement of the sec-
ond plateau by approximately two to three orders of magni-

(281 Qiao et al. pro-

tude under an optimized two-color field.
posed an all-optical reconstruction method for three-band tran-
sition dipole moments using harmonic spectrum generated
by a two-color laser field.[°) Recently, they further investi-
gated a co-rotating two-color circularly polarized laser field
and observed significant modulation of harmonic intensity in
the plateau region.[®!! Edwards et al. achieved enhanced at-
tosecond bursts in relativistic high-order harmonics driven by
two-color fields.[%?! With the deepening of research on two-
color laser fields, the effects of time delay between the two
pulses on HHG have also been extensively studied. Feng et
al. revealed that adjusting the time delay could optimize the
harmonic spectrum, enabling the synthesis of isolated attosec-

n.[9] Peng et al. re-

ond pulses without phase compensatio
ported HHG spectral intensity enhancement by utilizing the
time delay between the two-color laser fields.!%*! Frolov ez al.
demonstrated control over harmonic generation via time delay
modulation. (%3]

In recent theoretical studies, researchers have begun to

explore the influence of defects in solids on HHG. Pattanayak
et al. found that the total energy cutoff of the harmonic spec-
trum increased with higher concentration of vacancy defects,
which was attributed to defects breaking the translational sym-
metry of the unit cell locally.®®] Additionally, Mrudul et al.
observed that defects affected low-order harmonic genera-

[67) Recently, Pan et al.

tion due to defect-induced gap states.
demonstrated that the intensity of the second plateau of HHG
could be enhanced by reducing the potential well depth of de-
fects in solids.’! Therefore, the distinct HHG characteristics
between defect-free and defective solid-state systems under a
two-color laser field with varying time delays present an in-
triguing domain for studying electron dynamics in condensed
matter. In addition, we track the motion process of elec-
trons by the Bohmian mechanics scheme, which introduces
the concept of quantum effects of the Bohmian trajectories.
The Bohmian mechanics scheme makes theoretical calcula-
tions faster and more accurate to explore the mechanism of
solid-state HHG.

In this paper, we aim to explore the HHG in defect-free
and defective solids induced by a two-color laser field. In
defect-free solids, we find that the harmonic intensity is en-
hanced and the cutoff order is extended in the second plateau
as the time delay increases. This is attributed to more en-
ergy being released from the second conduction band (CB2),
which has a wider bandgap. Additionally, we also investigate
the HHG in defective solids by analyzing the BT. The har-
monic intensity of the second plateau can be further enhanced,
and cutoff order is also extended because of Bohmian particles

moving farther away from the defective zone.

2. Models and calculations

We theoretically investigate HHG within one dimension.
In the length-gauge and dipole approximation, the TDSE can

[28-30

be written as | (atomic units are used throughout the paper

unless otherwise specified)

S ) = |30 HEO) V@ v, )

where y/(x,7) and p represent the time-dependent wave func-
tion and the momentum operator. The laser field can be written

as follows:
E(t) = Eqofycos(mot) + E\f; cos[a(t — T)].

Here f, and f; are sin® envelope. The duration time of the
fundamental and weak laser fields are 6 and 3 optical cy-
cles (o.c.), respectively. 7 represents the the time delay be-
tween the two fields. @y = 0.0154 a.u. (atomic unit) is the
frequency which corresponds to wavelength A = 2957.54 nm.
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The laser filed intensity are Iy = 5.6 x 10" W/cm? of funda-
mental frequency field and I; = 5.0 x 10'© W/cm? of weak
frequency field, respectively. V(x) = —Vy[1 + cos(27mx/ap)],
is the Mathieu-type potential, which satisfies the periodic con-
dition, i.e., V(x) = V(x+ap), ap = 8 a.u. is the lattice con-
stant. In our simulation, the location of a defect in the solid is
x€[-12au, 12 au].

The eigenvalue equation Hy@,(x) = E,$,(x) can be de-
rived by using the finite-difference approximation method.
¢n(x) is the eigenstate wave function, where n is the eigen-
state number. The operator Hy can be written as a tridiagonal

square matrix (]
1
Hjj= 33 +tV ),
1
HiijFl = 2Ax27
Hji1j=Hjj+1, 2

where V (x;) is the potential of the j-th grid element and Ax is
the grid space.

The time-dependent wave function can be obtained by
solving second-order splitting operator method, and the har-
monic spectrum can be obtained by Fourier transformation
from the laser-induced current j(¢) = —(y(x,1)|p|w(x,1))

@)= [ joye i ar. )
To illustrate the motion of electrons in solids, the trajec-

tory of the Bohmian particles can be obtained at moment ¢

t
x(t) = xi(t = 0) + / vi(i')dr, @)
0
where the velocity of Bohmian particle is
1 0
vi(t) =Im [Watllli(xat”xxi(t):l )
i=1,2,3, ..., Ny is the number of the particle trajectories.

x;(t = 0) is the displacement at time ¢ = 0 in the i-th trajectory.

3. Results and discussion

Figure 1(a) shows the high-order harmonic spectrum of
defect-free solids induced by a two-color laser field, where the
time delays are 7 = 0 o.c. (green dotted curve), T =1 o.c.
(red dashed curve), and T = 2 o.c. (blue solid curve), re-
spectively. The harmonic spectrum exhibits a two-plateau
structure, where the harmonic intensity of the first plateau is
stronger than that of the second plateau. For the time delay
7 =0 o.c., the cutoff orders for the first and second plateaus
are around 24th and 82th (vertical green dashed lines). There
is a large harmonic modulation in the two-plateau struc-
ture. The harmonic intensity of the second plateau is around
10712 W/cm? (horizontal green dashed line). As the time de-

lay increases to T =1 o.c., the cutoff orders for the first and

second plateaus are extended to around 30th and 96th (vertical
red dashed lines), and the harmonic intensity is enhanced by
1 orders of magnitude compared to the time delay 7 = 0 o.c.
in the second plateau, which the harmonic intensity is around
10~ W/cm? (horizontal red dashed line). When the time de-
lay increases to T = 2 o.c., the cutoff order for the first plateau
is also around 30th, but the cutoff order for the second plateau
is extended to around 100th (vertical blue dashed line). The
harmonic intensity is enhanced by 1 order of magnitude com-
pared to the time delay T = 1 o.c. in the second plateau, which
is around 101 W/cm? (horizontal blue dashed line). Addi-
tionally, the harmonic modulation becomes small near the cut-
off order in the second plateau. Thus, the intensity and cutoff
order of high-order harmonics in defect-free solids are related
to the time delay, and the harmonic modulation can be reduced
by increasing the time delay.

Figure 1(b) shows the harmonic spectrum of defect-free
solids with the time delay T = 2 o.c., where the weak fre-
quency intensity is identical to those in Fig. 1(a), and the fun-
damental field intensity can be changed, which are Iy = 6.0 x
10" W/em? (pink dotted curve), Iy = 7.0 x 10'! W/ecm? (pur-
ple dashed curve), and Iy = 9.0 x 10" W/cm? (brown solid
curve), respectively. It is observed that the harmonic spectrum
also exhibits a two-plateau structure. The harmonic intensity
of the first plateau is stronger than that of the second plateau.
The cutoff orders of the first plateau are both around 30th order
(vertical black dashed line). There is a large harmonic modu-
lation in the first plateau. For the fundamental field intensity
Iy = 6.0 x 10! W/cm?, the cutoff order is around 101th (ver-
tical pink dashed line) for the second plateau. The small mod-
ulation is observed in this region. As the fundamental field
intensity increases to Iy = 7.0 x 10" W/cm?, the cutoff order
for the second plateau is extended to around 104th (vertical
purple dashed line). The harmonic modulation for the second
plateau becomes smaller compared to the fundamental field
intensity Iy = 6.0 x 10'" W/cm?, as shown in Fig. 1(b) (pink
dotted curve). The harmonic intensity is enhanced compared
to the fundamental field intensity Iy = 6.0 x 10'" W/cm? in
the second plateau. When the fundamental field intensity in-
creases to Ip = 9.0 x 10'! W/cm?, the harmonic intensity in the
second plateau is further enhanced compared to the fundamen-
tal field intensity Io = 7.0 x 10!' W/cm?, as shown in Fig. 1(b)
(purple dashed curve). The cutoff order of the second plateau
is also extended to around 108th (vertical orange dashed line),
and modulation is small in this region. Increasing the funda-
mental field intensity can further enhance the harmonic inten-
sity, broaden the cutoff order, and reduce the modulation in the

second plateau.
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Fig. 1. The high-order harmonic spectrum of defect-free solids induced by a two-color laser field. (a) The time delays between two laser
field are T = 0 o.c. (green dotted curve), T =1 o.c. (red dashed curve), and T = 2 o.c. (blue solid curve), respectively. (b) The time delay
T =2 o.c. with the fundamental field intensity Iy = 6.0 x 10'! W/cm? (pink dotted curve), Iy = 7.0 x 10'" W/cm? (purple dashed curve), and

Io = 9.0 x 10" W/em? (brown solid curve), respectively.

Figures 2(al)-2(a3) illustrate the time—frequency distri-
butions of the defect-free solid HHG induced by a two-color
laser field with the time delays Tt =0o0.c., 7=10.c., T=2o0.c.,
respectively. As depicted in Fig. 2(al), the intensity of the
time—frequency distribution significantly diminishes for har-
monic orders beyond the 24th. This indicates that the har-
monic spectrum intensity of the second plateau is weaker com-
pared to that of the first plateau, consistent with the harmonic
spectrum shown for the time delay 7 = 0 o.c., as shown in
Fig. 1(a) (green dotted curve). When the time delay is in-
creased to T =1 o.c., both long and short electronic paths are
observed, as shown in Fig. 2(a2). The interference between
these paths results in harmonic modulation.[%® Additionally,
the intensity of the time—frequency distribution weakens for
harmonic orders exceeding the 30th. Three emission peaks,
labeled as A1, Ay, and A3, are observed. The emission peak A,
exhibits the strongest intensity and plays a dominant role in
the harmonic generation of the second plateau. When the time
delay is further increased to T = 2 o.c., it is observed that the
three emission peaks shift to right, labeled as By, B;, and B3,
and emission peaks B, and B3 exhibit the significant intensity,
which play the dominant role in the harmonic generation of
the second plateau. The intensity of the time—frequency distri-
bution is enhanced compared to the case with the time delay
7 =1 o.c., as shown in Fig. 2(a3). Only the short electronic
paths is observed, the interference between the long and short
electronic paths will reduce, and it results in small harmonic
modulation, which is consistent with the harmonic spectrum
for the time delay T =2 o.c., as shown in Fig. 1(a) (blue solid
curve). These findings indicate that the intensity of the har-
monics in the second plateau can be enhanced by increasing
the time delay, and harmonic modulation is reduced due to the
suppression of long electronic paths.

Figures 2(b1)-2(b3) illustrate the time—frequency distri-
bution of the defect-free solid HHG spectrum induced by a

two-color laser field. Keeping the time delay of two-color
laser field constant at T = 2 o.c., the fundamental field inten-
sity is set to Iy = 6.0 x 10" W/em?, Iy = 7.0 x 10" W/cm?,
and Iy = 9.0 x 10'" W/cm?, respectively. As depicted in
Fig. 2(bl), three emission peaks, labeled as C;, C,, and Cj,
are observed. The emission peak C, has the strongest inten-
sity among them, which plays a dominant role in the harmonic
generation for the second plateau. The long electronic paths
are suppressed. When the fundamental field intensity is in-
creased to Iy = 7.0 x 10" W/cm?, the intensity of the three
emission peaks, labeled as D1, D, and D3, is significantly en-
hanced compared to the case with the fundamental field inten-
sity Ip = 6.0 x 10'! W/cm?. Additionally, the intensity of short
electronic paths is enhanced, whereas long electronic paths re-
main suppressed. The interference between the long and short
electronic paths will further reduce, and the harmonic spec-
trum will become smooth. These results are consistent with
second plateau of harmonic spectrum, as shown in Fig. 1(b).
When the fundamental field intensity is further increased to
Iy = 9.0 x 101! W/ecm?, the intensity of three emission peaks,
labeled as E, E5, and E3, is enhanced, and the strongest emis-
sion peak E; plays a dominant role in the harmonic gener-
ation for the second plateau. The short electronic paths are
further enhanced. When the time delay is fixed at T =2 o.c.,
the intensity of time—frequency distribution of harmonic spec-
trum above 30th order is enhanced, and the short electronic
paths are enhanced, whereas the long electronic paths remain
suppressed, as the fundamental field intensity increases. This
further explains that increasing the fundamental field intensity
can enhance the intensity of the time—frequency distribution
of HHG spectrum, and suppress the long electronic paths, ulti-
mately enhancing the harmonic intensity and reducing the har-
monic modulation of the second plateau, as shown in Fig. 1(b).

To explore the physical mechanism of the harmonic inten-
sity enhancement, we also investigate the electron population
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of the defect-free solids. Figures 3(al)-3(a3) show the popu-
lation of the CB1 induced by a two-color laser field with the
time delays 7 =0 o.c., T =1 o.c,, T = 2 o.c., respectively.
Figures 3(b1)-3(b3) show the corresponding population of the
CB2. For the population of the CB1, it is observed that emis-
sion peaks appear every half optical cycle. The electron pop-
ulation is around the order of magnitude 10~* . However, the
population in the CB2 is 3 or 4 orders of magnitude lower than

120 120

that in CB1. Due to the wider bandgap, the electrons in CB2
can release more energy than those in CB1 when they return
and recombine with holes in the VB.[?8%0] The more energy
extends the cutoff order. However, the harmonic intensity of
the first plateau is significantly stronger than that of the sec-
ond plateau, due to the more population of electrons in CB1

compared to CB2, as shown in Fig. 1(a).

Ip=6.0X10'"" W/cm?

C

90 90
60 60 . 5.0x10—4
30 30
§ 120 5.0X105
<
3
=~ 90
15
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£
g 30
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Ej 120
5.0X10°7
90
60
5.0X10-8
30

Time (o.c.)

Time (o.c.)

Fig. 2. The time—frequency distribution of the defect-free solid HHG spectrum induced by a two-color laser field. The time delays between two laser
field are (al) T=0o.c., (a2) T =1 o.c., and (a3) T =2 o.c., respectively. Keeping the time delay of two-color laser field constant at T =2 o.c., the
fundamental field intensity is set to (b1) Iy = 6.0 x 101" W/cm?2, (b2) Iy = 7.0 x 10'! W/em?, and (b3) Iy = 9.0 x 10'" W/cm?, respectively.
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Fig. 3. The time-dependent electron population of the defect-free solids. (al)—(a3) Electron population of CB1, and (b1)—(b3) the corresponding
electron population of CB2, the time delay (al) and (bl) 7 =0 o.c., (a2) and (b2) T =1 o.c., and (a3) and (b3) T =2 o.c.
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As depicted in Fig. 3(bl), the electron population is
around the order of magnitude 10~® and exhibits irregular
emission peaks. When the time delay is increased to T =1 o.c.,
as shown in Fig. 3(b2), the electron population is 1 orders of
magnitude more than that for the time delay 7 = 0 o.c., as
shown in Fig. 3(bl). The more electrons there are, the more
energy is released when they recombine with holes, and thus
the stronger the harmonic intensity becomes. This indicates
that harmonic intensity of the second plateau is enhanced at
the time delay T = 1 o.c. compared to the case with the time
delay T =0 o.c., as shown in Fig. 1(a) (green dotted curve and
red dashed curve). Three emission peaks, labeled as Fi, F3,
and F3, are observed. The emission peak F> has the strongest
intensity, which plays a dominant role in the harmonic gener-
ation for the second plateau. The number of emission peaks in
Fig. 3(b2) is identical to that in Fig. 2(a2), and the strongest
emission peaks A, and F, are at the middle position. These
indicate that the population in CB2 influences the intensity of
the time—frequency distribution of HHG spectrum. When the
time delay is further increased to T = 2 o.c., it is observed that
the three emission peaks, labeled as Gy, G, and Gj3, shift to
right, and emission peaks G, and G3 play a dominant role in
the harmonic generation for the second plateau. The number
of emission peaks in Fig. 3(b3) is identical to that in Fig. 2(a3),
and the emission peaks By, B3 and G, G3 are at the middle and
rear positions. These provide further evidence that the popu-
lation in CB2 influences the intensity of the time—frequency
distribution of the HHG spectrum.

We also investigate the high-order harmonic spectrum of
defective solids. The potential energy curve for the defec-
tive solids are shown in Fig. 4(a). The red solid curve rep-
resents the defective solids, with a potential well depth of
Vo = 0.37 a.u. The defect is located at x € [—12 a.u., 12 a.u.].
Figure 4(b) shows the the high-order harmonic spectrum in-
duced by a two-color laser field with the time delays 7 =0 o.c.
(green dotted curve), T = 1 o.c. (red dashed curve), and T =
2 o.c. (blue solid curve), respectively. The harmonic spec-
trum also exhibits a two-plateau structure. For the time delay
T = 0 o.c., the cutoff orders of the first and second plateaus
are around 22th and 78th (vertical green dashed lines), respec-
tively. The harmonic intensity of the second plateau is around
1072 W/cm? (horizontal green dashed line), which is signif-
icantly enhanced by 3 orders of magnitude compared to the
case of defect-free for the time delay 7 = 0 o.c. as shown in
Fig. 1(a) (green dotted curve). When the time delay is in-
creased to T = 1 o.c., the cutoff orders are extended to 30th
and 92th (vertical red dashed lines), respectively. The har-
monic intensity of the second plateau is around 10~8 W/cm?
(horizontal red dashed line), which is enhanced compared to
that for the time delay 7 = 0 o.c., as shown in Fig. 4(b) (green
dotted curve). Furthermore, it is enhanced by 3 order of mag-

nitude compared to the case of defect-free for the time delay
7 =1 o.c., as shown in Fig. 1(a) (red dashed curve). The har-
monic intensity of the second plateau is around 10~/ W/cm?
(horizontal blue dashed line), which is enhanced by 3 orders
of magnitude compared to the case of defect-free for the time
delay T =2 o.c., as shown in Fig. 1(a) (blue solid curve).

(a) — ze[—12 a.u,, 12 a.u.]
or i
&
-~
—0.4H i
—0.8 . . . . .

10—°

10-12

1015

Spectral intensity (arb. units)

10-18 \ ) ) \ .
0 20 40 60 80 100 120
Harmonic order (w/wp)

Fig. 4. The potential energy curve and the high-order harmonic spec-
trum of defective solids. (a) The red solid curve represents the defec-
tive solids. (b) The high-order harmonic spectrum of defective solids
are induced by a two-color laser field with the time delays T = 0 o.c.
(green dotted curve), T =1 o.c. (red dashed curve), and T =2 o.c. (blue
solid curve), respectively. Other parameters of laser field are identical
to those in Fig. 1(a).

To explore the physical mechanisms of defective har-
monic spectrum, we investigate the time—frequency distri-
bution of HHG spectrum and BT in defective solids. Fig-
ures 5(al)-3(a3) show the time—frequency distributions of
HHG induced by a two-color laser field with the time delays
T=0o0.c,T=10.c, T=2o.c, respectively. As depicted in
Fig. 5(al), five emission peaks are observed, where the start-
ing time of the strongest emission peak, labeled as H, is around
2.4 o.c., which plays a dominant role in the harmonic gener-
ation. It is also observed that the intensity of the emission
peaks is enhanced compared to the case with the time delay
T =0 o.c., as shown in Fig. 2(al). This indicates that the har-
monic intensity of the second plateau from defective solid is
stronger than that from the defect-free solids. When the time
delay is increased to T = 1 o.c., as shown in Fig. 5(a2), the five
emission peaks are observed, and the intensity of the emis-
sion peaks is enhanced compared to the case with the time
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delay 7 = 0 o.c., as shown in Fig. 5(al). The starting time
of the strongest emission peak, labeled as J, is around 2.9 o.c.
which is right-shifted compared to the case with the time delay
7 =0 o.c., as shown in Fig. 5(al). When the time delay fur-
ther increases to T = 2 o.c., the intensity of the emission peaks
is enhanced, and the strongest emission peak, labeled as K, is
further right-shifted. The starting time of the emission peak K
is around 3.4 o.c. These confirm that the harmonic intensity
of the second plateau in defective solids is stronger than that
in defect-free solids under the same conditions, and it can be
further enhanced by increasing the time delay.

Figures 5(b1)-5(b3) show the BT of defective solids in-
duced by a two-color laser field with the time delays T =0 o.c.,
T =1 o.c., T=2 o.c, respectively. It is observed that the
evolution of the BT can be divided into two kinds. The first
kind of particles are always located in the defective zone of
solids (x € [—12 a.u., 12 a.u.]).
cles move away from the defective zone to the negative direc-

The second kind of parti-

tion. Specifically, the emission time of harmonic spectrum of
solids from the time—frequency distribution agrees well with
the time that the BT change direction.’! The farther the par-
ticles move, the more energy they carry. When the laser field
reverses, the recombination of electrons and holes emits high-
order harmonics with a broader range of orders. As depicted in

120 120
3 100 100
3
g 80 80
T
e}
5 60 60
=]
S 40 40
g
2 -
T 20} 20

Figs. 5(al) and 5(bl), the starting time of the strongest emis-
sion peak H aligns with the time of the direction change in
BT, which is around 2.4 o.c., as indicated by the vertical pink
dashed line. Meanwhile, the position of Bohmian particles of
the direction change in the BT is around 25 a.u. (cyan solid
arrow). When the time delay is increased to T = 1 o.c., the
position of Bohmian particles of the direction change in the
BT is turned into around 50 a.u. (cyan solid arrow) at the time
of 2.9 o.c, at which the starting time of the strongest emission
peak J aligns with the time of Bohmian particles of the di-
rection change in BT, which is indicated by the vertical pink
dashed line, as shown in Figs. 5(a2) and 5(b2). This explains
the extension of the cutoff order in the second plateau, which
is due to Bohmian particles moving farther away from the de-
fective zone for the time delay 7 = 1 o.c. compared to the case
for the time delay 7 = 0 o.c. When the time delay is further in-
creased to T = 2 o.c., the position of Bohmian particles of the
direction change in the BT remains around 50 a.u. (cyan solid
arrow) at the time of 3.4 o.c, which is indicated by the verti-
cal pink dashed line, as shown in Figs. 5(a3) and 5(b3). This
further confirms that the cutoff order in the second plateau is
determined by Bohmian particles moving farther away from
the defective zone, as shown in Figs. 5(b2) and 5(b3).

120 ;5.0><10—4

5.0x10-°

5.0x10-6

5.0x10~7

i5.0><10*8

3
Time (o.c.)

Time (o.c.)

4 5 1 2 3
Time (o.c.)

Fig. 5. The time—frequency distribution of the HHG spectrum and BT of defective solids. (al)—(a3) The time—frequency distribution of the HHG
spectrum, and (b1)—(b3) the corresponding BT, the time delay (al) and (b1) T =0 o.c., (a2) and (b2) T =1 o.c., and (a3) and (b3) T =2 o.c.

To better illustrate the influence of different types and
locations of defective solids on harmonic spectra, we inves-
tigate HHG in defective solids with potential well depths of
Vo = 0 a.u. (red dashed curve), V) = 0.26 a.u. (blue dot-
ted curve), and Vy = 0.52 a.u. (pink short-dotted curve), as
shown in Fig. 6(al). The location of the the potential wells

is at x € [-12 a.u., 12 a.u.]. For comparisons, the black solid
curve represents defect-free solids with a potential well depth
of Vo = 0.37 a.u. The corresponding harmonic spectra are
shown in Fig. 6(a2). It can be observed that the first plateau
is significantly extended (pink dashed vertical line) for poten-
tial well depths of V) = 0 a.u. and Vj = 0.26 a.u., whereas the
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second plateau becomes narrower (cyan solid vertical line). In
contrast, for Vy = 0.52 a.u., the harmonic spectrum inelarly
matches that of defect-free solids. These results indicate that
the depth of the defective potential well significantly affects
HHG, with deeper potential well exhibiting weaker influence.

We also calculate the HHG spectra for different defective
locations. The locations are at x € [—36 a.u., —12 a.u.] (red
dashed curve), x € [36 a.u., 60 a.u.] (blue dotted curve), as
shown in Fig. 6(b1). The potential well depth is Vp = 0.37 a.u.,
and the black solid curve represents defect-free solids. The

V(x)

—Vp=0.37 a.u.

—0.8}
-- V=0 a.u.
- V5=0.26 a.u.
(al) - Vp=0.52 a.u.
1'2 1 1 1 1 1
-30 -—15 0 15 30
z (a.u.)
100

Spectral intensity (arb. units)

s . . L
10 0 20 40 100 120

Harmonic order (w/wp)

corresponding harmonic spectra are shown in Fig. 6(b2). It can
be observed that the firs plateau is significantly extended (pink
dashed vertical line), while the second plateau completely dis-
appears. Additionally, the harmonic intensity is remarkably
enhanced compared to that of defect-free case. By comparing
the harmonic spectra in Figs. 6(a2) and 6(b2), we can conclude
that both potential well depth and defective locations can sig-
nificantly alter the structural characteristics of the harmonic
spectra. Specifically, the defective locations can lead to the
complete disappearance of the second plateau.
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Fig. 6. The potential well depths, the defective locations, and the corresponding harmonic spectra. (al) The potential well depths are Vo =0 a.u.
(red dashed curve), Vp = 0.26 a.u. (blue dotted curve), Vo = 0.52 a.u. (pink short-dotted curve). The black solid curve represents defect-free
solids with a potential well depth Vj = 0.37 a.u. (a2) The corresponding harmonic spectra for the cases shown in panel (al). (bl) The defective
locations are at x € [—36 a.u., —12 a.u.] (red dashed curve) and x € [36 a.u., 60 a.u.] (blue dotted curve). The black solid curve represents a
defect-free solids. (b2) The corresponding harmonic spectra for the cases shown in panel (b1).

4. Conclusion

To sum up, we investigate the HHG of defect-free and de-
fective solids induced by a two-color laser field with the time
delays T =0 o.c., T=1 o.c,, T =2 o.c., respectively. It can
be observed that the harmonic intensity of defect-free solids
is enhanced, and the cutoff order is extended for the second
plateau by increasing the time delay. This is because more en-
ergy can be released when electrons transition from the CB2
to the VB. Additionally, the modulation near the cutoff order
can be reduced in the second plateau due to the suppression
of the long electronic paths as the time delay increases. We
also investigate the HHG of defective solids and find that the
harmonic intensity in the second plateau is further enhanced
compared to that of defect-free solids. Besides, cutoff order is
also extended due to Bohmian particles moving farther away

from the defective zone. Further investigations can explore
different potential well depths and the locations of defect sites
in solids. Additionally, the effects of nonlinear laser fields or
different solid materials (such as MgO, SiO», ZnS, efc.) on the
HHG can be studied. Moreover, all the above researches di-
rections can be extended to two-dimensional systems. These
studies will advance the understanding of HHG in defective
solids.
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