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Spectral shift of solid high-order harmonics from different
channels in a combined laser field
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We investigate theoretically the spectral shift of the high-order harmonic generation (HHG) in ZnO driven by a com-
bined laser field by solving the two-band semiconductor Bloch equations (SBEs) in the velocity gauge. The combined laser
field is synthesized by a fundamental laser pulse and its seventh-frequency laser pulse. When the seventh-frequency laser
pulse is added to the rising or falling parts of the fundamental laser field, we find that the spectral blueshift or redshift
appears, which is due to the unequal contribution of the rising and falling parts in the fundamental laser field to the harmon-
ics. By analyzing the time-dependent conduction band population in 𝑘 space, we found that, in addition to the tunneling
ionization channel, there is also the resonant electron injection channels which is induced by the seventh-frequency laser
pulse. The harmonics generated by the different channels show the spectral redshift or the spectral blueshift, respectively.
Through analyzing the 𝑘-integrated transient conduction band population of the electrons from different channels, we found
that if there is a certain delay in the process of the electron excitation, it will lead to the delay in the harmonic emission,
which results in the spectral redshift of the harmonics.

Keywords: high-order harmonic generation, ZnO crystal, spectral shift of harmonics, resonant electron injec-
tion channels
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1. Introduction
The interaction between intense laser pulse and gases has

revealed a series of high-order nonlinear optical phenomena
in the past several decades.[1,2] High-order harmonic gener-
ation (HHG)[3] is a significant tool to generate coherent ex-
treme ultraviolet (EUV) attosecond pulses[4–7] and can be
used to trace the ultrafast electronic dynamics of atomic or
molecular targets.[8–10] The HHG can also be used to real-
ize the imaging of molecular orbitals and structures.[11] In
recent years, the HHG of the solid has attracted much atten-
tion both experimentally[12] and theoretically.[13,14] The solid
HHG with low driving laser intensity and high emission ef-
ficiency offers a new way to obtain efficient and compact at-
tosecond light sources. The solid HHG creates a new oppor-
tunity for the investigation of the detection of attosecond elec-
tron dynamics in the bulk crystal.[15,16]

In order to understand the microscopic processes of elec-
tronic motion in bulk crystal, some physical models and
theoretical methods have been developed, such as semi-
conductor Bloch equations (SBEs),[14–17] the time-dependent
Schrödinger equation (TDSE),[18,19] and the time-dependent
density-functional theory.[20,21] There are two physical pro-
cesses of the solid HHG: the intraband and the interband pro-
cess. A three-step model in crystal momentum space can be
used to explain the interband processes of the solid HHG.[14]

The electron tunnels from the valence band to the conduc-

tion band so that an electron–hole pair is formed; the electron
(hole) in the conduction (valence) band is accelerated by the
laser field, resulting in the intraband current; the electron re-
combines with the hole and emits a high-energy photon with
an energy given by the energy difference between the conduc-
tion and valence band states at the final momentum.

Many significant works have contributed to the research
of the spectral shift of the harmonics. For example, Du et
al.[22] investigated the spectral redshift of the He+ when a
VUV laser pulse was added to the falling part of the fun-
damental field. Through the time-frequency analysis, it is
indicated that the spectral redshift can be observed when a
weak VUV pulse is added in the falling part of the funda-
mental pulse. The relationship between the harmonic instan-
taneous frequency and the laser field intensity is given by
ωq(t) = qω +αq[∂ I(t)/∂ t],[23,24] where ω0 is the frequency
of the laser field, q is the harmonic order. In the rising part
of the laser field, the amplitude of continuous laser cycles
is larger than that of the previous laser cycle, ∂ I(t)/∂ t > 0.
Thus the harmonic order gets large and spectral blueshift will
be observed. In the falling part of the laser pulse, the am-
plitude of the continuous laser cycles is small than that of
the previous laser cycle, ∂ I(t)/∂ t < 0, and the spectral red-
shift will appears. Many researchers have explored the spec-
tral shift of atoms and molecules both experimentally[25,26]

and theoretically[27,28] in the past several decades. The phe-
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nomenon of the spectral redshift in the solid HHG is also ob-
served, and the redshift appears on the higher plateau, which
can be explained by the step-by-step model.[24,29]

In this paper, we investigate theoretically the spectral shift
of the solid high-order harmonics in a combined laser field,
which is synthesized by a fundamental laser pulse and its
seventh-frequency laser pulse. By time-frequency analysis,
we found that the spectral shift is due to the unequal con-
tribution of the rising and falling parts of the laser field to
the harmonics. By analyzing the time-dependent population
of the conduction band in the 𝑘 space, it is found that the
tunneling ionization channel and the resonant electron injec-
tion channels which is induced by the seventh-frequency laser
pulse are contributed to the solid HHG. Through the crystal
momentum-resolved profiles of the harmonics,[17,30] we found
that the spectral blueshift or redshift of the harmonics pro-
duced by electrons from different channels in 𝑘 space can be
observed, which is due to the inconsistent excitation moments
of the electrons from different channels.

2. Theoretical method
We investigate the solid HHG by solving the two-

band semiconductor Bloch equations (SBEs) in the velocity
gauge[14,15] (Atomic units are used throughout the paper)

π̇(𝐾, t) =−π(𝐾, t)
T2

− iΩ(𝐾, t)ω(𝐾, t)e−iS(𝐾,t), (1)

ṅm(𝐾, t) = ismΩ
∗(𝐾, t)π(𝐾, t)e iS(𝐾,t)+ c.c., (2)

where π(𝐾, t) is the polarization strength between the con-
duction band (CB) and the valence band (VB), nm is the popu-
lation of the VB (m = v, sm =−1) and the CB (m = c, sm = 1).
ω(𝐾, t) = nv(𝐾, t)− nc(𝐾, t) is the population difference.
T2 is the dephasing time. Ω(𝐾, t) = 𝐸(t) · d[𝐾 +𝐴(t)]
is the Rabi frequency, and where d[𝐾 +𝐴(t)] is the tran-
sition dipole moment (TDM) between the VB and the CB,
𝐴(t) = −

∫
𝐸(t)dt is the laser vector potential, 𝐸(t) is the

electric field of the laser. According to the Bloch accelera-
tion theorem,[31] the initial crystal momentum 𝑘 can be trans-
formed into a moving frame 𝐾(t) by 𝐾(t) = 𝑘−𝐴(t), and
the first Brillouin zone (BZ) can be shifted to BZ = BZ−
𝐴(t).[14] S(𝐾, t) =

∫ t
−∞

εg[𝐾 +𝐴(t ′)]dt ′ is the classical ac-
tion and εg = Ec−Ev is the band gap between the VB and the
CB, where Ec and Ev are the energy values of the VB and the
CB, respectively.

The intraband current and interband current can be ob-
tained by

𝑗ra(t) = ∑
m=c,v

∫
BZ

𝑣m[𝐾+𝐴(t)]nm(𝐾, t)d3𝐾, (3)

𝑗er(t) =
d
dt

∫
BZ

𝑝(𝐾, t)d3𝐾, (4)

where 𝑣m(𝑘) = ∇𝑘Em(𝑘) denotes the band velocity in the VB
(m= v) or in the CB (m= c), and Em(𝑘) is the band dispersion.
𝑝(𝐾, t) = d[𝐾+𝐴(t)]π(𝐾, t)eiS(𝐾,t)+ c.c. is the polariza-
tion of the two bands related with π(𝐾, t).[14] The intraband
and interband high-order harmonics can be obtained from the
Fourier transform (FT) of 𝑗ra(t) and 𝑗er(t), respectively. The
total current driven by the laser field is: 𝑗(t) = 𝑗ra(t)+ 𝑗er(t).
Then the solid high-order harmonic spectrum can be obtained
by the modulus square of Fourier transform of the total cur-
rent:

I(ω) = ω
2|FT{𝑗(t)}|2. (5)

In this paper, we investigate the HHG of the ZnO crystal
under linearly polarized combined laser field. The combined
laser field consists of a driving pulse and its seventh-frequency
laser pulse. The seventh-frequency laser pulse is used to ex-
cite the electrons from the VB to the CB. The polarization
direction of the laser is along the Γ –M direction of the ZnO
crystal. The parameters of the band dispersion relation of the
ZnO crystal are taken from Ref. [15]. The crystal-momentum-
dependent transition dipole moments are calculated by Eq. (7)
in Ref. [32]. The combined laser field is given by

𝐸(t) = f0(t)𝐸0 cos(ω0t)+ f1(t)𝐸1 cos(ω1(t− tdelay)), (6)

where

f0(t) = exp[−2ln(2)t2/τ
2
0 ],

f1(t) = exp[−2ln(2)(t− tdelay)
2/τ

2
1 ]

are Gaussian-type envelope, τ0 = 40 fs and τ1 = 15 fs are
the full width at half maximum (FWHM) of the fundamen-
tal pulse and the seventh-frequency laser pulse, respectively.
tdelay is the time delay of the two laser pulses. 𝐸0 = 0.004 a.u.,
𝐸1 = 0.0015 a.u. are the amplitudes of the laser pulse, ω0 =

0.01732 a.u. is the fundamental frequency, the wavelength λ =

2629 nm, and the dephasing time is chosen as T2 = 2.725 fs.

3. Results and discussion
In our investigation, a 2629-nm laser pulse is used as

the driving laser pulse and its seventh-frequency laser pulse
(376 nm) is added to the fundamental laser pulse to enhance
the harmonic emission effciency. Figures 1(a)–1(c) show the
electric fields for time delay tdelay = −2 o.c. (o.c. is short for
optical cycle), tdelay = 0, and tdelay = 2 o.c., where the solid
black lines display the fundamental laser field and its seventh-
frequency laser pulses with time delay tdelay =−2 o.c., tdelay =

0, tdelay = 2 o.c. are also shown in Figs. 1(a)–1(c), respec-
tively. For these three cases, the seventh-frequency laser pulse
is added in the rising part, the middle part and the falling part
of the fundamental field as shown in Figs. 1(a)–1(c), respec-
tively. Figure 1(d) depicts the harmonic spectra driven by the
combined laser field with time delay tdelay =−2 o.c. (the blue
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dotted line) and tdelay = 0 (the green solid line), respectively.
We found that there is no spectral shift of the harmonics for
tdelay = 0. However, when the time delay equal to −2 opti-
cal cycles, i.e., the seventh-frequency laser pulse is added in
the rising part of the fundamental field, the spectral blueshift
of the harmonics is observed. Figure 1(e) shows the har-
monic spectra for the time delay tdelay = 2 o.c. (the red dotted
line) and tdelay = 0 (the green solid line), which indicates that
the spectral redshift of the harmonics appears for time delay
tdelay = 2 o.c., i.e., the seventh-frequency laser pulse is added
in the falling part of the fundamental field.

To investigate the redshift and the blueshift of the har-
monics as shown in Figs. 1(d) and 1(e), figures 2(a)–2(c) show
the time-frequency analysis of the high-order harmonic spec-
tra with different time delays. In Fig. 2(a), it can be seen that
the harmonic efficiency of the falling part is smaller than that
of the rising part of the fundamental laser pulse. Therefore,
the blueshift is dominant. As shown in Fig. 1(d), the spectral
blueshift of the high-order harmonics can be observed when
the seventh-frequency laser pulse is added in the rising part of

the fundamental field (time delay tdelay =−2 o.c.). Figure 2(c)
shows that the harmonics are dominated by the falling part of
the fundamental pulse. Hence for the case of tdelay = 2 o.c.,
the harmonics present the spectral redshift (see Fig. 1(e)). In
Fig. 2(b), we find that the harmonic emission is symmetrical
about t = 0 for the case of tdelay = 0, which presents that no
spectral shift of the high-order harmonics appears, as indi-
cated by the green solid line in Figs. 1(d) and 1(e). In addi-
tion, we evaluate the harmonic spectrum varying the electric
field strength of the seventh-frequency laser field for time de-
lay tdelay = −2 o.c., and the results are not shown in the text.
We find that the harmonic blueshift gradually disappears as
the seventh-frequency laser field decreases. We also evaluate
the harmonic spectrum varying the electric field strength of the
fundamental field for time delay tdelay = 2 o.c., and the results
are not shown in the text. We find that the harmonic emission
efficiency in t < 0 region gradually is enhanced as the field
strength 𝐸0 increased. However, the harmonic emission effi-
ciency in t < 0 region is still less than that in t > 0 region, thus
the harmonic spectral shift still appears.
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Fig. 1. Electric fields of the 2629-nm fundamental laser pulse (the solid black line) and its seventh-frequency laser pulse with time delay (a) tdelay =
−2 o.c., (b) tdelay = 0, (c) tdelay = 2 o.c., respectively. The harmonic spectrum generated by the combined laser fields for different time delays (d)
tdelay = −2 o.c. (the blue dotted line), tdelay = 0 (the green solid line), and (e) tdelay = 2 o.c. (the red dotted line), tdelay = 0 (the green solid line). The
field strengths of the fundamental pulse and the seventh-frequency laser pulse are 𝐸0 = 0.004 a.u., 𝐸1 = 0.0015 a.u., respectively.

Figures 3(a)–3(c) show the harmonic spectra as a function
of the crystal momentum 𝑘 with different time delays. When
the time delay equals to −2 optical cycles, the harmonics in
the region of around 𝑘 = 0 (the white box) show the spectral
blueshift and a clear positive triangle at 11th order harmonic
appears as depicted in Fig. 3(a). In contrast, the harmonics

generated in the |𝑘| > 0.13 a.u. regions (the pink box) as de-
picted in Fig. 3(a) show the spectral redshift. For the case of
tdelay = 2 o.c., figure 3(c) shows the spectral redshift of the
harmonics in the region of around 𝑘 = 0 (the white box), and
the harmonics in the |𝑘| > 0.13 a.u. regions (the pink box)
show the spectral blueshift. In Figs. 3(a) and 3(c), the spectral
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shift of the high-order harmonics in the white box is consis-
tent with that illustrated Figs. 1(d) and 1(e). Figure 3(b) shows
that there is no spectral shift of the high-order harmonics in

the 𝑘-resolved profile of the harmonics with tdelay = 0. More-
over, the harmonic intensity minimum can be observed around
𝑘 =±0.12 a.u. as indicated by the black ovals.
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and (c) tdelay = 2 o.c.
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To further illustrate the spectral redshift and blueshift in
different crystal momentum as shown in Figs. 3(a)–3(c), we
present the time-dependent population in the CB as function
of the initial crystal momentum 𝑘 (in Figs. 4(a)–4(c)) and as a
function of the moving crystal momentum 𝐾(t) (in Figs. 4(d)–
4(e)) with different time delays.[33] And the connection be-
tween 𝐾(t) and 𝑘 satisfies 𝐾(t) = 𝑘−𝐴(t). The black
dashed lines in Fig. 4 indicate the position of the maximum
amplitude of the seventh-frequency laser pulse. Figure 4(a)
presents that the enhanced concentrated electron population
appears around 𝑘 = 0 (indicated by the white arrow), and the
weak electron population appears around 𝑘 = 0.135 a.u. and
𝑘 = −0.124 a.u. (indicated by the pink arrows) with tdelay =

−2 o.c. For the case of tdelay = 2 o.c., the weak electron popu-
lation appears around 𝑘= 0.124 a.u. and 𝑘=−0.135 a.u. (in-
dicated by the pink arrows) as shown in Fig. 4(c), and the en-
hanced concentrated electron population appears around 𝑘= 0
(indicated by the white arrow). Figure 4(b) presents that the
weak electron population appears around 𝑘 = ±0.18 a.u. (in-
dicated by the pink arrows) and no electron distribution around
𝑘 = ±0.12 a.u. (indicated by the white dashed arrows) with
tdelay = 0, which is caused by the resonant electron injection
channels (REIC) as illustrated in Ref. [34]. Therefore, we be-
lieve that there are two channels which can excite the electrons
around |𝑘|= 0.135 a.u., |𝑘|= 0.124 a.u. with tdelay =−2 o.c.
or tdelay = 2 o.c. as shown in Figs. 4(a) and 4(c). Figures 4(d)–
4(f) show that the stripe-like distribution appears in the time-
dependent conduction band population in the 𝐾(t) space by
adding the seventh-frequency laser pulse to the fundamental
laser pulse, which is also due to the generation of the chan-

nels.
A clear physical picture can help us understand the chan-

nels in 𝑘 space for different time delays. Figure 5 shows
the energy band structure of the two-band model in recipro-
cal space for time delay tdelay = 0 and tdelay = −2 o.c. It is
shown that the electrons can be excited to the CB via two
channels, respectively. And the channel 1 (the blue dashed
arrow as shown in Figs. 5(a) and 5(b)) is the tunneling ioniza-
tion channel, which occurs only at the top of the VB and need
absorb 7ω0 photons. The oscillations of the electrons driven
by the laser field in the VB and CB need to satisfy the Bloch
acceleration theorem 𝐾(t) = 𝑘−𝐴(t) = 𝑘+ e

h̄
∫ t

t0 𝐸(t ′)dt ′,
where 𝑘 = 𝐾(t0) is the initial crystal momentum.[35,36] The
solid white line in Fig. 4(e) indicates the maximum momen-
tum 𝐾(t) = 0.28 a.u. that the electron can acquire after being
excited to the conduction band through the channel 1. Accord-
ing to 𝐾(t) = 𝑘+𝐴0, we obtain that 𝑘 = 0.05 a.u. Thus the
electrons at 𝑘 = 0.05 a.u. in the VB can reach the position of
channel 1 through the pre-acceleration process[37] (the green
arrows as shown in Figs. 5(a) and 5(b)) and then be injected
into the CB via channel 1 (the blue dashed arrow). The elec-
trons excited by the channel 1 oscillate periodically in the CB
(the solid green arrows) and are restricted in 𝑘 ∈ [−𝐴0,𝐴0] as
indicated in Fig. 5. As the laser field is inverted, the electron
and the hole recombine and generate the high-order harmonics
(the solid blue arrows).

Figure 5(a) shows that the electrons in the VB also can
be excited to CB through the resonant electron injection chan-
nels 2 (the pink dashed arrows) at 𝑘=±0.18 a.u. and need ab-
sorb 2ω1 photons with tdelay = 0 as illustrated in Ref. [34]. The
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dashed white line in Fig. 4(e) indicates the maximum momen-
tum 𝐾(t) = 0.43 a.u. that the electron can acquire after being
excited to the conduction band through the channel 2. Accord-
ing to 𝐾(t) = 𝑘+𝐴0, we obtain that 𝑘 = 0.2 a.u. Thus the
electrons near 𝑘 = ±0.18 a.u. in the VB can reach the chan-
nel 2 by the pre-acceleration (the green arrows in Fig. 5(a))
and then be excited to the CB via channel 2. The generation
of the channels 2 leads to the minimum of the harmonic inten-
sity around 𝑘 = ±0.12 a.u. as indicated by the black ovals in
Fig. 3(b). For the case of tdelay = −2 o.c., figure 5(b) shows
that the electrons can be excited to the CB through the tun-
nel ionization channel 1 (the blue dashed arrow) and chan-
nels 3 (the pink dashed arrows). Channels 3 is also the res-
onant electron injection channels, which will be illustrated
in the following discussion. The energy difference between
the CB and VB of the channels 3 corresponds to 11ω0 pho-
tons. For the electron at the initial momentum 𝑘n in the VB
as indicated in Fig. 5(b), the electron in the VB can reach
the position of channels 3 through the preacceleration pro-
cess (the green solid arrow) and can be excited to the CB (the
pink dashed arrow). The electrons oscillate periodically in the
𝑘 ∈ [𝑘n−𝐴0,𝑘n +𝐴0] region (the green solid arrows) in the
CB, and then combined with hole in the VB to generate the

high-order harmonics (the pink solid arrow).
Figures 6(a)–6(c) show the time-dependent population of

CB in 𝑘 space generated by the combined fields for 𝐸0 =

0.004 a.u., 𝐸1 = 0.0015 a.u. with different time delays. We
found that, as the time delays increase, the position of the
channels (the pink arrow) gradually approach to 𝑘= 0. There-
fore, the position of the channels is related to the time delay
of the two laser pulses. Thus we can also call the channel 3
the REIC as illustrated in Ref. [34]. Figures 6(d)–6(f) show
the time-dependent population of CB in 𝑘 space generated by
the combined fields for tdelay =−2 o.c., 𝐸0 = 0.004 a.u. with
different strengths of the seventh-frequency laser pulses. It
is shown that, as the intensity of the seventh-frequency laser
pulse increases, the position of the channels 3 remains un-
changed but the population gradually increase (as indicated
by the pink arrow), which means that the contribution of the
electrons from channels 3 to the harmonics depends on the
seventh-frequency laser pulse. The energy difference between
the CB and VB of the channels 3 corresponds to 11ω0 photons
as indicated in Fig. 5(b), thus we can also think that the elec-
trons from channels 3 absorb ω1 photon and 4ω0 photons (i.e.,
11ω0 = ω1 +4ω0) and then be excited to the CB.
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Fig. 6. Time-dependent population of CB in 𝑘 space generated by the combined fields for 𝐸0 = 0.004 a.u., 𝐸1 = 0.0015 a.u. with time delay (a) tdelay =
−1 o.c., (b) tdelay = −2 o.c., and (c) tdelay = −3 o.c. Time-dependent population of CB in 𝑘 space generated by the combined fields for 𝐸0 = 0.004 a.u.,
tdelay =−2 o.c. with different strengths of the seventh-frequency laser pulses (d) 𝐸1 = 0.001 a.u., (e) 𝐸1 = 0.002 a.u., and (f) 𝐸1 = 0.003 a.u.

To better illustrate the spectral blueshift and the spec-
tral redshift of the harmonics from the channel 1 (the white
box) and the channel 3 (the pink box) as shown in Figs. 3(a)
and 3(c), we define the region of 𝑘 ∈ (−0.1 a.u.,0.1 a.u.)
in the VB as Ω1 (the blue arrow) and the region of 𝑘 ∈

(−0.3 a.u.,−0.1 a.u.) as Ω2 (the red arrow) as shown in
Fig. 7(a). And region Ω1 and region Ω2 correspond to the
electrons be excited through the channel 1 and the channel 3,
respectively. Figures 7(b) and 7(c) show the 𝑘-integrated tran-
sient CB population of the electrons from region Ω1 (the blue
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solid line) and region Ω2 (the red solid line) with time delay
tdelay =−2 o.c. and tdelay = 2 o.c., respectively. To show more
clearly the excitation process of electrons from region Ω1 and
region Ω2, the insets in the lower right corner of Figs. 7(b)
and 7(c) give the details. For the case of tdelay = −2 o.c., the
electron population in region Ω2 at t =−2 o.c. is enhanced as
indicated by the green dashed line. However, the electron pop-
ulation in region Ω1 at t = −2.5 o.c. is enhanced as indicated
by the green dashed line. In addition, the inset of Fig. 7(b)
shows that almost all the electrons from region Ω1 are excited
to the CB at t = 3.4 o.c., and the CB population almost re-
mains unchanged after t = 3.4 o.c. For region Ω2, the elec-
trons are not almost all excited to the CB until t = 3.9 o.c.
Thus there is a certain delay in the excitation process of the
electrons from region Ω2 compared with that from region Ω1

(as indicated by the black arrow in the inset of Fig. 7(b)). The
delayed population will lead to the delay of the harmonic emis-
sion process,[24,29] and this will result in the spectral redshift
of the harmonics (as shown in the pink box of Fig. 3(a)). The
excited process of the electrons from region Ω1 is lie in the
smallest band gap, the electrons from region Ω1 makes the
main contribution to the harmonic spectrum. Thus the har-
monics generated by the electrons from region Ω1 (the white
box as shown in Fig. 3(a)) and the harmonics as shown in the
blue dotted line in Fig. 1(d) both show the spectral blueshift.
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Fig. 7. (a) The sectionalization of crystal momentum for the electrons in
valence band. The Ω1 and Ω2 correspond to the crystal momentum inter-
vals of [−0.1 a.u.,0.1 a.u.] and [−0.3 a.u.,−0.1 a.u.], respectively. The
𝑘-integrated transient CB population generated by the electrons within
Ω1 (the blue solid line) and Ω2 (the red solid line) in the combined laser
fields at 𝐸1 = 0.0015 a.u. with time delay (b) tdelay = −2 o.c. and (c)
tdelay = 2 o.c.

For the case of tdelay = 2 o.c., the electron population in
region Ω2 at t = 2 o.c. is enhanced as indicated by the green
dashed line. However, the electron population in region Ω1 at
t = 2.5 o.c. is enhanced as indicated by the green dashed line.
And the inset of Fig. 7(c) indicates that almost all the electrons

from region Ω2 are excited to the CB at t = 4.0 o.c. However,
the electrons from region Ω1 are not completely excited to the
CB until t = 4.6 o.c. Compared with region Ω1, the electrons
from region Ω2 are excited to the CB earlier (as indicted by
the black arrow in the inset of Fig. 7(c)), which results in the
spectral blueshift of the harmonics (as shown in the pink box
of Fig. 3(c)). The harmonics generated by the electrons from
region Ω1 (the white box as shown in Fig. 3(c)) and the har-
monics shown by the red dotted line in Fig. 1(e) both show the
spectral redshift.

4. Conclusion
In summary, we have investigated the high-order har-

monic spectral shift of the one-dimensional ZnO crystal in
a combined laser field by solving the semiconductor Bloch
equations, and the combined laser field is synthesized by a
fundamental laser pulse and its seventh-frequency laser pulse.
Through time-frequency analysis, we find that the spectral
shift is caused by the unequal contribution of the rising and
falling parts of the laser field to the harmonics. By analyzing
the time-dependent conduction band population in 𝑘 space,
we found that the REIC is induced by the seventh-frequency
laser pulse. And the position of the REIC can be controlled
by changing the time delay of the two laser pulses. When
the seventh-frequency laser pulse is added to the rising part
of the fundamental laser field, the harmonics generated by
the tunneling ionization channel and REIC show the spectral
blueshift and the spectral redshift, respectively. By analyzing
the 𝑘-integrated transient CB population of the two channels,
we found that it is the inconsistent electrons excitation times of
the two channels leading to the harmonics of the two channels
show spectral blueshift and spectral redshift, respectively.

Acknowledgment
Project supported by the National Natural Science Foun-

dation of China (Grant Nos. 12074142 and 11904122).

References
[1] Krausz F and Ivanov M 2009 Rev. Mod. Phys. 81 163
[2] Mourou G A, Labaune C L, Dunne M, Naumova N and Tikhonchuk V

T 2007 Plasma Phys. Contr. Fusion 49 B667
[3] Lewenstein M, Balcou Ph, Ivanov M Y, L’Huillier A and Corkum P B

1994 Phys. Rev. A 49 2117
[4] Wang X W, Wang L, Xiao F, Zhang D W, Lü Z H, Yuan J M and Zhao
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