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High harmonic generation in ZnO crystals under chirped single-color field and static electric field are investigated
by solving the semiconductor Bloch equation (SBE). It is found that when the chirp pulse is introduced, the interference
structure becomes obvious while the harmonic cutoff is not extended. Furthermore, the harmonic efficiency is improved
when the static electric field is included. These phenomena are demonstrated by the classical recollision model in real
space affected by the waveform of laser field and inversion symmetry. Specifically, the electron motion in k-space shows
that the change of waveform and the destruction of the symmetry of the laser field lead to the incomplete X-structure of
the crystal-momentum-resolved (k-resolved) inter-band harmonic spectrum. Furthermore, a pre-acceleration process in the

solid four-step model is confirmed.

Keywords: high-order harmonic generation, the semiconductor Bloch equation, k-resolved inter-band har-
monic spectrum, four-step semiclassical model

PACS: 42.50.Ct,31.15.-p,31.15.xg

1. Introduction

High-order harmonics generation (HHG) driven by laser
not only is a special nonlinear optical phenomenon, but also
has become an important way to make extreme UV or soft x-
ray band light source and desktop attosecond light source in
the laboratory,!!?! which provides a feasible scheme for syn-
thesizing attosecond pulses to observe the internal electron dy-
namics of atoms and molecules, and also makes it possible to
further explore and control microscopic particles. The physi-
cal mechanism of HHG is mainly given by the semi-classical
three-step model proposed by Corkum in 1993.51 Tn 2019, Lu
et al.'*1 proposed a four-step model to study HHG in solids,
which can be explained as follows: (i) Electrons in the va-
lence band are accelerated by a laser field. (ii) Tunneling ex-
citation occurs at the minimum band gap. (iii) Subsequently,
electron and hole pairs accelerate within the band. (iv) Fi-
nally, electron and hole recombine and emit harmonic photons
with band-gap energy. Compared with the three-step model,
the four-step model mainly has a pre-acceleration process. In
2020, Song et al.! studied ZnO driven by multi-color pulses
to enhance HHG, and proved the occurrence of intra-band pre-
acceleration, which confirmed the proposed four-step model of
HHG from semiconductor.

Based on the research of high harmonics in gas, the de-
scription of the harmonic radiation process in solids is gradu-

Corresponding author. E-mail: luoxylgq@163.com
fCorresponding author. E-mail: gjing@jlu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acfa89

ally perfected, and compared with the electron dynamics pro-
cess in gas, there is a bit of differences for ultrafast electron
dynamics in solids. In order to improve the harmonic effi-
ciency and to extend the high-order harmonic spectrum, re-
searchers have taken many methods in research of high-order
harmonic generation from gas, such as using the chirp to con-
trol the laser waveform and controlling the dynamics of HHG.
Spatially inhomogeneous fields,!®! two-color field,!”! and its
combination with chirped pulse,®°! as well as the combina-
tion of static electric field and chirp!®!?) are used to extend the
cutoff energy. For example, Mohebbi!'!l used the combina-
tion of chirped laser pulse, non-chirped laser pulse and static
electric field to drive helium atoms to enhance HHG, and then
synthesized a clean 38 as isolated attosecond pulse. Liu et
al.'"?) introduced a two-color chirped pulse to extend the plat-
form of HHG, and also added a controlled IR or UV pulse
to improve the harmonic efficiency. Koushki e al.!”) showed
that adding a static electric field to a two-color chirped laser
field can significantly increase the harmonic cutoff and obtain
pulses with a minimum duration of 21 as.

However, the emission of high harmonics driven by com-
bined fields in solids needs to be further studied. Since
the HHG process in solids is more complicated than that in
atoms, which is due to the coincident movement of elec-
trons and holes in the conduction band and valence band in

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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solids,13-171

the interference between high harmonics emitted
by different channels, ') or between inter-band and intra-band
currents.!!”) Based on this, we study the HHG of the combined
field along the I'-M direction of the ZnO crystal by solving
the SBEs.

lyzed based on the recollision model. Moreover, k-resolved

The characteristics of harmonic spectra are ana-

inter-band harmonic spectra are also given. The incomplete
X-structure of the inter-band harmonic spectrum can be ana-
lyzed by the four-step model.

In the rest of this paper, we present the theoretical method
used here in Section 2. The calculation results and discussion
are given in Section 3. Finally, the conclusions are given in
Section 4. Atomic units are used throughout the text unless
stated otherwise.

2. Theoretical method

HHG in solids can be investigated by many theoreti-
cal methods, such as the time-dependent Schrodinger equa-
tion (TDSE),?%-2] the time-dependent density functional the-
ory (TDDFT),[?6-3! and the semiconductor Bloch equation
(SBE).327381 In this paper, we use SBEs to simulate HHG in

solids: [14:15.:39.40]
i =1 Yyt Ty &S00 +-c.c., ()
m'£m
. T . i
T = —% F1Q (M — 1y ) € St
2
b (G S
m" ¢{m,m'}
— Qmm” 7rm/m// € IS””"N) . (2)

Our simulation is based on a two-band model, in-
There-
fore in Eq. (1) my—v represents band population, v and

cluding a valence band and a conduction band.
c refer to valence band and conduction band, respec-
tively, and 7,,,, (K ) represents the quantum coherence be-
tween valence band and conduction band. (K1) =
E(t)-d, K + A(t)] is the Rabi frequency, where E()
is the electric field and d,,,/[K + A(t)] is the momentum-
dependent transition dipole moment of the crystal between
the two bands. Here, e'Sw/ is the phase term, and
Syt (K1) = [*_{en[K + A(t')] — &0 [ K + A(t')] }dt' is the
classical action, g, and &g, refer to band energy, and 7> is the
dephasing time. According to Bloch’s acceleration theorem,
crystal momentum K () = k — A(t) is in a moving coordi-
nate system, K (7) is the time-dependent momentum under the
laser field, k is the initial momentum, A(t) = — [*_ E(¢')dr’
is the vector potential of the laser field. In the semiconductor
Bloch equations, we are using K + A(t) to denote k, and A(t)
depends on ¢, so the variables are represented only by K and 7.
The polarization, which represents the polarizability between

two energy bands, is defined as!!'¥]

P (Kvt) - (K t) mm/ (K t) C St (K1) +cc. (3)
The intra-band current and the inter-band current are ex-
pressed as!4!

Gl Z/ oK + AWK, )EPK, &)

Jerlt) = / Pt (K1) K, 5)

m;ém’

where v,,(k) = V€,(k) denotes the velocity of valence band
The intra-band and

inter-band harmonic spectra are obtained by taking the Fourier

(m = v) and conduction band (m = c).

transform of the intra-band current and inter-band current after
derivation of time, respectively, and the total harmonic spec-
trum is obtained from the total currents:

|0*FFT[jra(t) + jer (1)) . (6)

The one-dimensional SBE is adopted for simulation, and

(@) =

laser field can be expressed as

E(t) = Eof(t) cos(wot + @o+ ar*) + BEy, @)
f0) = e 2V @®)

where f(¢) is a Gaussian type envelope, 7 is the full width at
half maximum (FWHM). Ey, @y, and ¢ are the peak value,
frequency, and carrier envelope phase of electric field, respec-
tively; « is the chirped parameter; f is the amplitude ratio
between the static electric field and the fundamental frequency
field (Ep). The polarization direction of the laser pulse is along
the I'-M direction of ZnO crystal.

In solid, electrons (holes) move according to Newtonian
d
a; (k)
details are as follows:

The velocity of the electron (hole) is v = V€ (k), where
g(k) is the energy of the band. The acceleration is a(t) =
F/m=—qE(t)/m=—E(t) (in atomic units, i =g =m = 1)
and a(t) = dv(t)/dz, thus dv(t)/dt = —E(t). The momen-
tum is k(¢) = mv, so dk(t)/dt = — E(¢). By integrating both
sides with respect to time [’ d’; 7 ) dt" = — [LE(¢")dt", we
get k(1) — k(') = A(t) — A(t). Furthermore, the reciprocal
space trajectory of the ionized electron (hole) from time ¢’ can
be obtained as k(1) = ko + A(t) — A(Y).

The intraband current and interband current can be calcu-
[14]

equations: = E(t), where hik is the momentum. The

lated by the solid strong field approximation formula

(@)=Y sn / dte_“‘” / d* kv, (k

m=c,v

x / A E(f)d

% eiS(k:,t”,t,)*(l’—t”)/Tz)_;'_C.C.}, 9)

Ll . t
Ju(®) =0 / dre™ [ [ &k (k) / A E()
—oo BZ —oo

*(kt’) X /jm dt//E(l//)d(ktu)

013102-2



Chin. Phys. B 33, 013102 (2024)

x d(ky)e SR e ] (10)

where ky = k+ A(t') — A(t), S(k,t',t) = [} &,(k:)dT.

In the solid strong field approximation theory, the contri-
bution of interband polarization near the saddle point domi-
nates. The phase term in the interband current is
i(r—1")

-

0 =S(k,t',t) — ot + (11)
At the saddle point, the first derivative of the phase term with
respect to the three variables k,?’, ¢ is equal to 0, and the three
saddle point equations can be given as follows:

g%:vks(kvtl7t):Ax(kvtlvt):xe_xhzo’ (12)
a(P _i / i_ / L_
5 _at,S(k,f 1) — B =glk+A(t') - A(t)] - B =0,
(13)
¢ d / i B i
y—ES(katat)_w‘f'Tz—gg(k) (D—l—i—(). (14)

Three saddle point equations are given, and three saddle point
conditions can be obtained: (i) k(t) = ko + A(t) — A(Y)
denotes the electron tunneling from the minimum band gap
ko at time ¢, which is called the tunneling condition. (ii)
Ax. — Axp = O represents the recollision of electrons and holes
in real space, and the harmonic photons are emitted when
the collision occurs, which is called the recollision condition.
(iil) @ = &[k(t)] — &y[k(¢)] indicates that the energy of the
harmonic photon radiated upon recollision is equal to the in-
stantaneous band gap when the electron—hole pair recombines,
which is called the energy conservation condition. If only (i)
and (ii) are considered, the k-space quasi-classical model can
be obtained. If (i), (ii), and (iii) are considered at the same
time, the real space recollision model can be obtained. The
real space recollision model holds that electrons undergo three
processes, namely tunneling ionization, electron acceleration,
and electron hole pair recombination, and finally we can real-

ize harmonic radiation.*!

3. Results and discussion

In our calculations, we use fundamental pulse (@ =0,
B =0) with Ey = 0.0037 au. (I = 0.48 TW/cm?), A =
3200 nm, wy = 0.0142 a.u,, g =0, and T =103 fs or 7 =
64 fs. The chirp parameter « is selected to be 3 x 107® and
5x 1075, The amplitude ratio between the static electric field
and the fundamental frequency field, 3, is chosen as 0.2 and
0.4. Although the static field of 8 = 0.4 is slightly higher, it
may be difficult to realize experimentally, but low-frequency
laser field (such as CO, laser) can be used instead.[94243] The
total duration is taken as 4 o.c. and 25 o.c. (o.c.: optical cycle)
in the simulation. Firstly, the structure top view of ZnO and

the valence band and conduction band are shown in Figs. 1(a)
and 1(b). Figure 1(a) shows the top view of ZnO in real space,
which presents a hexagonal honeycomb structure. We focus
on the band structure along the I'-M direction of the crystal,
as shown in Fig. 1(b), including a valence band and a conduc-
tion band, marked by solid line and dashed line, respectively.
In order to compare the influence of chirp parameters and am-
plitude ratios of static electric field to fundamental frequency
pulse on HHG, the harmonics under different parameters or
amplitude ratios of fields are shown in Fig. 2.

T T
—— VB ---CB

@ p ® |
0— P r- .-
6}7 V4 E'ka) S\ 6 .

/ w" )/") L og .~
- <P 8 o
= }?)}—*o g
m

)o@ s ]
//(F:g 2/\
. 20 —4+

° —04 —02 00 02 04
k (a.u.)
Fig. 1. (a) Top view of wurtzite ZnO with the Zn (the blue balls) and
O (the orange balls) atoms. (b) Energy band structure of ZnO along the
I'-M direction, considering the two-band model with a valence band
and a conduction band.

It can be seen from Figs. 2(al) and 2(bl) that the har-
monics drop rapidly from O to the 7th order, and the intensity
of the harmonics is almost constant from 9th to 29th order,
about 10~7 orders of magnitude, and the cutoff is of the 29th
order. With the introduction of chirped pulse with 4 o.c. and
25 o.c. in Figs. 2(al) and 2(bl), we can see that harmonic
modulation is obvious. Moreover, the existence of static elec-
tric field can improve the harmonic efficiency, as shown in
Figs. 2(a2) and 2(b2). When the combination of single-color
chirp-free pulse and static electric field is considered (@ = 0,
B # 0), the modulation in the harmonic platform is reduced,
and the interference structure of harmonics below the 7th order
is obvious. Driven by the combination of single-color chirped
pulse and static electric field, we can obtain relatively contin-
uous harmonic spectrum. Compared with the 4-period case,
the harmonic spectrum presents similar characteristic with the
25-period case. Furthermore, we also consider the influence
of the combined pulse of chirped pulse and static electric field
on HHG, and find that the harmonic intensity in Figs. 2(a3)
and 2(b3) is roughly 1 or 2 orders of magnitude higher than
that in Figs. 2(al) and 2(bl). However, compared to HHG
driven by the combination of single-color chirp-free pulse and
static electric field in Figs. 2(a2) and 2(b2), the modulation of
the harmonic driven by the combination of chirped pulse and
static electric field is more obvious [as shown in Figs. 2(a3)
and 2(b3)].

The harmonics are optimized. By changing the laser in-
tensity of the single-color chirp-free field, the peak intensity
of the electric field reaches the peak intensity of the com-
bination of the single-color field and the static electric field

013102-3
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(Ep =0.0044 a.u., Ey; = 0.0051 a.u.), and calculating the har-
monic spectrum in Figs. 3(a) and 3(b), we find that the har-
monic intensity is improved. When the static electric field is
added, the harmonic efficiency is indeed improved and rela-
tively continuous harmonic spectra are obtained with the 4-
period and 25-period cases, and with the 4-period case the har-
monics are smoother. Moreover, by changing the carrier en-
velope phase (CEP) of the single-color chirp-free laser pulse,

harmonics are seldom changed, which is not shown.

The harmonic spectrum is calculated when the amplitude
ratio of the static electric field to the fundamental laser field
is negative (8 = —0.2, B = —0.4), as shown in Fig. 4. We
can find that the harmonic efficiency is improved no matter
whether 8 is positive or negative. However, when positive
values are taken, relatively continuous harmonics can be ob-
tained.

-2
(a]_) ——a=0,8=0 (a3) —— a=5x10"5, =0
..... a=3%x10"6, B=0 - a=5X%X10"6, 3=0.2
—4 — a=5x10"%, =0 | —— a=5%10"%, 3=0.4

Intensity (arb. units)

Intensity (arb. units)

— a=5x10"5,3=0
----- a=5x10"5, 3=0.2
—— a=5x10"6, 3=0.4

[ (b3)

T

9 13 17 21 25 29 33 1 5
Harmonic order

9 13 17 21 25 29 33 37 1
Harmonic order

T T

5 9
Harmonic order

13 17 21 25 29 33 37

Fig. 2. HHG from ZnO driven by different fields in 4-period and 25-period cases. (al)-(a3) HHG in the single-color chirped pulse
(a=3x 10_6, 5% 10_6), the combination of single-color chirp-free pulse and static electric field (8 = 0, 0.2, 0.4), and the combina-
tion of single-color chirped pulse and static electric field with duration of 4 optical cycles. (b1)—(b3) Results with pulse duration of 25
optical cycles. Other laser parameters are the same as those in (al)—(a3).

T L S L L
Ey=0.0037a.u.,

i e L
Ey=0.0037 a.u., =0
-2 (a) ——— E;=0.0037 a.u., §=0.2
——— E,=0.0037 a.u., 3=0.4
——— E;=0.0044 a.u., =0
—4 ———E;=0.0051a.u., =0

B
——E;=0.0037 a.u., 8
———Ey=0.0037 a.u.,
———E;=0.0044 a.u.,
———Ey=0.0051a.u., 3

Intensity (arb. units)
|
o

-4+
1 5 9 13172125293337

Harmonic order

—10H———TT1—T—T—1
1 5 9 13172125293337
Harmonic order

Fig. 3. The total harmonic spectrum under the laser field with (a) 4 o.c.
and (b) 25 o.c. at different laser intensities.

In the case of HHG in gas, the introduction of chirp
pulse and static electric field can greatly improve the cutoff
frequency, ' #4+*] and enhance the harmonic efficiency.!#47]
However, in our work, the intensity of the harmonic plateau
is improved, but the cutoff cannot be extended. This phe-
nomenon is quite different from the results of HHG in gas. In
order to analyze the internal reasons for these differences, we
first give the profile and vector potential of each field, and the
time-dependent electron population in the conduction band.

For the convenience of the analysis, we only consider the 4-

period case.

T T T T T T T T T

—27 (a) p=0 1
o~ ——3=02 —p3=04
é’g —44 ——f=—02—fB=-04 1
n
5 _gd
i2-
SR -8
—104
2 ®) —8=0 ]
| ——B=02 —— =04
_61 I —fB=-02 —B=-04

bl
| Il
I

Al
LA
\ "’H ™

1 5 9 13 17 21 25 29 33 37
Harmonic order

Intensity
(arb. units)

|
—
N

T T T T T

Fig. 4. The harmonic spectrum under the combination of the single-
color pulse and static electric field with different amplitude ratios (f =
0,=02,B=04,8=-028=-04): (a)4o.c.,(b)25o.c.
Figure 5 shows the electric field profiles of different laser
fields, the vector potential, and the electron population of con-
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duction band. We can see that with static electric field, the
ionization probability of electron is greater than that of single-
color chirp free pulse and chirped pulse. The fast excitation of
electrons is still related to the peak value of electric field and
corresponding vector potential. When the electric field reaches
its peak value and the value of the corresponding vector poten-
tial is not O, the electron is rapidly excited to the conduction
band [see Fig. 5(b)]. Because the addition of the static elec-
tric field breaks the symmetry of the field in the adjacent half
period, the maximum peak value of the laser field increases,
so that the probability of electron ionization increases [see
Figs. 5(a) and 5(c)].

In order to clearly understand the physical mechanism
of the large difference between the harmonic spectra in ZnO
and the gas, we present the time-frequency of the harmonics
in ZnO. Based on the change of the field waveform and the
rapid excitation rate of electrons at the peak value of the elec-
tric field, the harmonic spectrum in Fig. 2 is further analyzed
in combination with the time frequency, as shown in Fig. 6.
The harmonics mainly contribute from short trajectories by a
single-color chirp free pulse in Fig. 6(a). By introducing the
chirped pulse, the contribution of long quantum trajectories is
enhanced, leading to the appearance of modulation in the har-
monics, and the interference structure is evident in Fig. 6(b),

Harmonic order

Harmonic order

Time (o.c.)

which is consistent with the harmonic spectrum in Fig. 2(al).
Similar results can be obtained in the case of 25 o.c.

0.004- 3 oc:O,:B:O —;—a:5><1‘0’“,ﬁi10 (a)
- a=5x1075, =0.2 —a=0, B=0.2
2 . o
\C_é/ 0.0021 : :
S
~— 0.000
S

—1.0 a:5><10*“”,ﬂ:0.32
- - -a=0,3502 !
—1.54 : f
a=0,3=0 |
0.0109_ _ _ 4 =sx10, g=0
ol =5X1016, 3=0.2
g 0.005—"'"‘;:075%02
1 ! 1

! I
0.000 pememem=me====T ;

-2 -1

Fig. 5. (a) Electric field profiles of single-color chirp free pulse, single-
color chirped pulse, combination of single-color chirp free pulse and
static electric field, and combination of single-color chirped pulse and
static electric field. (b) The vector potential corresponding to (a).
(c) Evolution of electron population in conduction band as a function
of time in each field.

3.5X10°%  1.0x10®

8.5X107%  6.0x10°

Time (o.c.)

Fig. 6. The time-frequency distribution of HHG driven by (a) single-color chirp free linearly polarized laser field, (b) single-color
chirped pulse (o =5 x 107), (c) the combination of single-color chirp-free pulse and static electric field (8 = 0.2), and (d) the
combination of single-color chirped pulse and static electric field (¢ =5 x 107, B = 0.2). The electric field profile (white dashed

line) and the classical trajectory (pink dashed line) are given.

In the case of 4 o.c., the main contribution of harmonics
is from short trajectories when ZnO is driven by single-color
chirp-free pulse and there are mainly two peaks in the time-
frequency distribution of harmonics. Some electrons are ex-
cited to the conduction band at t = —0.5 o.c. and return to

the valence band around ¢ = 0 o.c., radiating harmonics, cor-
responding to harmonic peaks of the time-frequency distribu-
tion around ¢t = 0 o.c. The harmonic peak around r = 0.5 o.c.
mainly stems from the fast excitation of electrons at r = 0 o.c.
when the pulse reaches its peak. The time frequency agrees
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well with the classical recollision trajectory in Fig. 6. In
Fig. 6(b), compared with the chirp free pulse, the amplitude
and frequency of the chirp pulse are smaller, and the prob-
ability of electron ionization is lower at t <0 o.c. As a re-
sult, the probability of electron returning to valence band and
recombination with hole after r = 0 o.c. is reduced, and the
harmonic signal of radiation is weakened. Corresponding to
Figs. 2(al) and 2(b1), the intensity of the high-energy region
of harmonics decreases slightly. However, the strong signal of
harmonic peak around ¢t = 0.5 o.c. is mainly due to tunneling
excitation of electrons at t = 0 o.c., when the laser field reaches
its peak, and the probability of electron ionization reaches its
maximum. At ¢ = 0.5 o.c., the amplitude and instantaneous
frequency of the chirp field increase, then the possibility of
recollision of electron—hole pairs increases, and the emitted
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harmonic signal is enhanced, which leads to a slightly increase
in the intensity of the harmonic plateau as shown in Figs. 2(al)
and 2(b1).

In Figs. 6(c) and 6(d), in the presence of static electric
field, for low order harmonics, both long and short quan-
tum trajectories have important contribution, corresponding to
strong harmonic spectrum modulation.?! For the part larger
than 17th order, the short trajectory makes the great contri-
bution to HHG, and the long trajectory is largely suppressed,
corresponding to relatively continuous harmonic spectrum in
Figs. 2(a2) and 2(a3) and Figs. 2(b2) and 2(b3).

The total harmonic spectrum is mainly contributed by the
inter-band harmonic spectrum, so we also give k-resolved pro-
file of the inter-band harmonic spectra analyzed by a four-step
model.

k (a.u.) k (a.u.)

Fig. 7. The k-resolved profile of inter-band harmonic spectra generation by different fields. (al)—(d1) The k-resolved profile of inter-
band harmonic spectra by single-color chirp-free pulse (a = 0, = 0), single-color chirped pulse (o =5 x 107%), the combination
of single-color chirp-free pulse and static electric field (8 = 0.2), and the combination field of single-color chirped pulse and static
electric field (ot =5 x 1079, B = 0.2) with the duration of 4 o.c. (a2)—(d2) Results with a pulse duration of 25 o.c. Other parameters

are the same as those in (al)—(d1).

Figures 7(al)-7(d1) and 7(a2)-7(d2) show the k-resolved
inter-band harmonic spectra for a single-color chirp free pulse,
a single-color chirped pulse, a combined field of single-color
chirp free pulse and static electric field, and a combined field
of single-color chirped pulse and static electric field with 4 o.c.
and 25 o.c., respectively. In the case of 4 o.c., some elec-
trons whose initial momentum is not 0 move to the top of the
valence band driven by the laser field, and this is called the
pre-acceleration process. The electrons that reach the top of
the valence band will be excited to the bottom of the conduc-
tion band more easily, and the electrons excited to the con-
duction band and the holes in the valence band will undergo
Bloch oscillation together in the laser field. Since the peak
values of laser pulses in the adjacent half periods are differ-
ent, the electrons moving on the conduction band will move

at different distances on both sides of the I" point. In adjacent
half-cycle, when the peak value of pulse is small, electron—
hole pairs are driven to move near k = 0, while the peak
value of pulse is large, electron—hole pairs are driven to move
far away from k = 0, resulting in incomplete X-type struc-
tures of k-resolved inter-band harmonic spectra in Figs. 7(al)—
7(d1). In the case of 25-period single-color chirp free pulse as
shown in Fig. 7(a2) and single-color chirped pulse as shown
in Fig. 7(b2), the k-resolved inter-band harmonics presents the
X-type structure. Under the chirped pulse, the inter-band har-
monic spectrum in k-space is asymmetric with respect to k = 0.
After the static electric field is added, k-resolved inter-band
harmonic spectrum has a periodic incomplete X-type intensity
distribution structure along the k direction [see Figs. 7(c2) and
7(d2)]. Due to the introduction of 25-period pulses, k-resolved
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inter-band harmonic spectrum shows a periodic sloping struc-
ture as shown in Figs. 7(cl) and 7(c2) and Figs. 7(d1) and
7(d2).

Incomplete X-type k-resolved profile of interband har-
monic spectrum can be explained by the four-step model. In
Figs. 8(al)-8(a3), we can see that the electron tunnels from the
top of the valence band at # = 0 o.c., and then presents Bloch
oscillation in the conduction band. At ¢ = 0.25 o.c., vector
potential reaches its peaks at —0.2573 a.u., and the electron
moves to k() = —0.2573 a.u. At ¢ = 0.55 o.c., the vector
potential is approximately 0 and the electron returns to the
bottom of the conduction band. At t = 0.75 o.c., the vector
potential reaches peak of 0.0988 a.u., and the electron also
moves to the k(¢) = 0.0988 a.u. In addition, the electrons have
a pre-acceleration process in the valence band before tunnel-
ing. Therefore, in the case of 4 o.c., the k-resolved inter-band
harmonics finally present an incomplete X-shaped structure as
shown in Fig. 7(al). In the 4-period single-color chirped field
(see Figs. 8(b1)-8(b3)), the asymmetric X-type structure can
also be analyzed by the motion of electrons in k-space. Before
t = 0.026 o.c., the electron near the top of the valence band
goes through a pre-acceleration process to k = 0 a.u. and then
the electrons are excited at t = 0.026 o.c. At? =0.24 o.c., the
vector potential reaches a peak of —0.2088 a.u. and the elec-
tron moves to k(¢) = —0.2088 a.u. The electron then acceler-
ates. The vector potential is 0 and the electron returns to the
bottom of the conduction band at# = 0.48 o.c. Atr =0.68 o.c.,

the vector potential reaches another peak of 0.1197 a.u., and
the electron also moves to the k(t) = 0.1197 a.u. The velocity
of the electron decreases to 0 and returns to the lowest point
of the conduction band, and then reaches the bottom of the
conduction band at = 1 o.c.

In the presence of static electric field, the asymmetric mo-
tion of electrons with the change of laser field and vector po-
tential can also be analyzed. Because the static electric field
greatly breaks the symmetry of the laser field, k-resolved in-
terband harmonic spectrum only reflects a part of the X-type
structure.

In order to visualize how the laser field affects the electron
trajectory, we present the population of transient conduction
band. In the 4-period case [see Figs. 9(al)-9(d1)], the elec-
tron Bloch oscillation is small, while in the 25-period case,
the oscillation is significant [see Figs. 9(a2)-9(d2)], and the
electron Bloch oscillation is much stronger when the chirped
pulse is introduced in Figs. 9(b1) and 9(b2) and Figs. 9(d1)
and 9(d2). Introducing the static electric field, the region re-
flecting the electrons oscillating is wider, and electrons cross
the edge of the first Brillouin zone and experience a Bragg re-
flection, superimposing the Bloch oscillations 13243548491 jp
the band [see Figs. 9(c1) and 9(c2) and Figs. 9(d1) and 9(d2)],
so that the radiation of multi-channel harmonics occurs, which
plays an important role in promoting the harmonic efficiency.
The k-resolved inter-band harmonics in Figs. 7(c1) and 7(c2)
and Figs. 7(d1) and 7(d2) show a periodic slope structure.
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Fig. 8. The electric field and vector potential of [(al), (a2)] single-color chirp-free pulse and [(bl), (b2)] single-color chirped pulse
in single cycle. Schematic diagram of the motion of the electron driven by (a3) a single-color chirp-free pulse and (b3) a single-color

chirped pulse in k-space.
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Fig. 9. The time-dependent population of conduction band by laser pulse with (al)—(d1) 4 o.c. and (a2)—(d2) 25 o.c.

In Figs. 9(al)-9(d1l), in the 4-period case, it can be seen
that the asymmetry of the electron oscillation in k-space is con-
sistent with the asymmetry of the electron motion analyzed in
Fig. 8. Electrons travel longer distances along the negative
half axis and shorter distances along the positive half axis of
the crystal momentum in k-space. This also corresponds to the
X-type structure with asymmetric k-resolved inter-band har-
monic spectra in Figs. 7(al)-7(d1). However, in the case of
25-period [see Figs. 9(a2) and 9(b2)], due to the presence of
the pre-acceleration process and the conservation of energy,
the corresponding k-resolved inter-band harmonic spectrum
shows a relatively symmetric X-type structure [see Figs. 7(a2)
and 7(b2)].

4. Conclusions

We have studied HHG in ZnO crystals under chirped field
and static electric field with 4 o.c. and 25 o.c. In the single-
color chirped laser field, the harmonic cutoff does not extend,
but the interference structure is enhanced. In the presence of
the static electric field, the harmonic cutoff also remains un-
changed, but the harmonic efficiency is improved. The obvi-
ous interference structure of harmonics originates from the in-
terference between short and long trajectories, while the con-
tinuous harmonics larger than the 17th order in the static elec-
tric field are mainly contributed by the short trajectories. By
analyzing the motion of electrons in k space, we explain the
incomplete X-type structure of the harmonic spectrum in the
asymmetric chirped pulse and static electric field. By single-
color chirp-free pulses with 25 cycles, k-resolved inter-band
harmonic spectrum exhibits a complete X-shaped structure,
which reflects the energy conservation and pre-acceleration
process. Because the two peak values of the laser field in ad-
jacent half periods have different sizes, resulting in different
movement distances of electrons on both sides of the I" point,

the k-resolved inter-band harmonic spectrum presents an in-
complete X-type intensity distribution structure. At the same
time, we also explain the existence of the pre-acceleration pro-
cess. In the presence of the static electric field, electrons cross
the first BZ and experience a Bragg reflection, as well as a su-
perposition of oscillation in the conduction band, thus result-
ing in the radiation of multi-channel harmonics. In addition,
time-dependent conduction band population is given, which is
consistent with the electron motion in the conduction band.
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