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Abstract: We experimentally and theoretically study high-order harmonic generation in zinc
oxide crystals irradiated by mid-infrared lasers. The trajectories are mapped to the far field spatial
distribution of harmonics. The divergence angles of on-axis and off-axis parts exhibit different
dependences on the order of the harmonics. This observation can be theoretically reproduced
by the coherent interference between the short and long trajectories with dephasing time longer
than 0.5 optical cycle. Further, the relative contribution of the short and long trajectories is
demonstrated to be accurately controlled by a one-color or two-color laser on the attosecond
time scale. This work provides a reliable method to determine the electron dephasing time
and demonstrates a versatile control of trajectory interference in the solid high-order harmonic
generation.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Electrons are the glue of materials and respond to laser fields rapidly. Observing and manipulating
the behavior of electrons on the sub-femtosecond time scale is one of the hearts of ultrafast
science [1–5]. Advancements in laser technologies have allowed us to extend electron metrology
to the multi-petahertz range [6]. At the same time, coherent high-order harmonic (HH) photons
are emitted when strong lasers interact with atoms, molecules, and condensed matter. HH and
its sidebands offer a powerful platform for exploring the dynamics of microscopic particles
with subcycle temporal resolutions [7–9]. In 2011, Ghimire et al. reported the observation of
non-perturbative HH in ZnO bulk crystals [10], which opened the door to the research of solid
high-order harmonic generation (HHG). Up to now, solid HH has been observed in wide-bandgap
crystals [11,12], metamaterials [13–15], atomically thin materials [16–19], topological materials
[20], and semi-metallic materials [21–24]. In principle, the mechanism can be divided into
intraband mechanism and interband mechanism. The former is caused by the strong laser
field-driven electron dynamic oscillation in individual bands. The latter is a result of interband
polarization between electrons and holes, analogous to the extensively studied gas HHG in the
past few decades [25–28]. It has been confirmed that the HHG in GaSe single crystals driven
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by a THz laser originates from nonlinear intraband currents [29], while the HHG in sapphire
single crystals is believed to originate from interband polarization [30]. Due to the complexities
of solid materials, the dominating mechanism is still under debate. A typical example is HH in
ZnO. It is thought to be derived from the intraband contribution, which explains the unique linear
scale of high-energy cutoff with drive-laser field strength [10]. Nonetheless, the pump-probe
measurement in Ref. [31] indicates that the interband polarization is the primary origin. Novel
experimental data are helpful to determine the microscopic genesis of solid HHG.

The structure of HH spectrum contains abundant information regarding ultrafast electron
motion, from which the trajectory-resolved dynamics has been successfully extracted in gas HHG
[27,28,32]. The extraction of such information relies on the direct comparison of experimental
measurements and theoretical simulations. However, the semiconductor Bloch equation (SBE)
simulation, one of the most important numerical approaches for studying solid HHG, is sensitive
to the obscure dephasing time. The reliable trajectory-resolved analysis of solid HHG cannot
be performed due to the lack of knowledge of the dephasing time. A short dephasing time is
commonly used to obtain a high-resolution HH spectrum, but the underestimating of this time
may inevitably lead to the artificial destruction of ultrafast electron dynamics. Unfortunately, it is
extremely difficult to deduce the origin of dephasing time and determine its magnitude, which
may include the tricky many-body effect. The value of the dephasing time is widely believed to be
around a quarter of an optical cycle (o.c.) [33]. An isolated attosecond pulse is required to directly
measure the dephasing time, which is only available in few laboratories [34]. Very recently, this
time is extracted in an atomically thin semiconductor by photodoping incoherent electron–hole
pairs [35]. Discovering the indirect relationship between dephasing time and experimental
observable quantity is likely a deft solution to the dilemma. Determining the dephasing time paves
the way for reliable trajectory-resolved analysis of solid HHG. Controlling the trajectory-resolved
interference is crucial for comprehending the origin of solid HHG [24,30,36–39], elucidating its
relationship with gas HHG [40], and promoting solid HHG application in the establishment of
advanced laser sources and material characterization [41–46].

In this work, we imaged the far-field divergence angle of HH in ZnO crystals by spatial filtering.
In conjunction with theoretical simulations, it is revealed that the interband polarization dominates
the contribution to the harmonics above the bandgap. More importantly, we determined the
magnitude of the dephasing time using a reliable method that is easy to realize in laboratory.
Further, we demonstrate that the trajectory interference for HH in ZnO can be controlled by the
shape of the driving laser field. The parallel two-color laser can precisely tune ultrafast electron
interference between long and short trajectories, resulting in a rich interference structure in the
frequency domain. Our work sheds light on the value of electron dephasing time and modulation
of trajectory interference in solid HHG.

2. Methods

2.1. Experimental scheme

Figure 1 shows the schematic diagram of the experimental setup. A mid-infrared laser (MIR)
with center wavelength of about 3.5 µm and pulse duration of about 150 fs is generated through
the collinear difference frequency between the signal and idler beams of a femtosecond optical
parametric amplifier (OPA). The second harmonic of the MIR is generated in a AgGaS2 (AGS)
crystal right after the pin-hole to improve laser mode quality, where the crystal and pin-hole are
placed in a focusing and collimating system consisting of two symmetrical off-axis parabolic
mirrors. The fundamental and second harmonic lasers are separated and recombined to precisely
control their relative phases by a Michelson interferometer configuration, including a nanoscale
precision delay line. Finally, the MIR and its second harmonic are focused into the ZnO single
crystal (0001 crystal orientation, 350 µm thickness) by an off-axis parabolic mirror. The laser
intensity can be adjusted continuously by a combination of a half-wave plate and a linear polarizer.
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The HHs are spatially filtered by a scannable slit with 1 mrad acceptance angle and then focused
by a MgF2 lens into a spectrometer for spectral analysis. When the AGS crystal was removed
from the optical path, the same optical setup was used to perform the HHG experiment with a
one-color laser. The laser field strength is calibrated by comparing the theoretical simulation and
experimental observation.

Fig. 1. Schematic diagram of the experimental setup. MIR, Mid-infrared laser; PH,
pin-hole; AGS, AgGaS2 crystal; DM, dichroic mirror; DL, delay line; Slit, spatial filtering
slit; Lens, MgF2 lens. The inset is a schematic diagram of trajectory-resolved measurement
by spatial filtering.

2.2. Theoretical method

The electron/hole dynamics in the crystal driven by the strong laser is modeled by the reciprocal
k-space semiconductor Bloch equation (SBE). The two-band model is expressed as follows
[33,47],

π̇(K, t) = −
π(K, t)

T2
− iΩ(K, t)w(K, t)e−iS(K,t) (1a)

ṅb(K, t) = isbΩ∗(K, t)π(K, t)eiS(K,t) + c.c. (1b)

where π(K, t) represents the polarization strength between the conduction band (CB) and valence
band (VB), and nb(K, t) denotes the conduction and valence band population. The Rabi frequency
is expressed as Ω(K, t) = d(K + A(t))E(t). The population difference is expressed as follows,
w(K, t) = nV (K, t) − nC(K, t). The distinguish factor Sb is given by, Sb =1 (CB) and -1 (VB),
respectively. S(K, t) = ∫ t

−∞ εg(K + A(t′))dt′ is the classical action, εg is the band gap, and T2 is
the dephasing time.

The intracurrent (jra) and intercurrent (jer) can be obtained by solving the SBE,

jra(t) =
∑︂

b=c,v
∫BZ vb[K + A(t)]nb(K, t)d3K (2a)

jer(t) =
d
dt

∫BZ p(K, t)d3K (2b)

where vb[K + A(t)] is defined as the band velocity, an p(K, t) = d(K + A(t))π(K, t)eiS(K,t) + c.c. is
the polarization. It should be noted, the above integration in Eqs. (2a) and (2b) is taken over
the whole first Brillouin zone (BZ). Our calculation is carried out along the one-dimensional
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path along the polarization direction of the linearly polarized driving laser. The interband
contribution |FT{jer(t)}|2 and intraband contribution |FT{jra(t)}|2 to the HHG can be obtained
separately from the Fourier transform (FT) of jer(t) an jra(t). The total HHG spectra is obtained by
|FT{jtot(t)}|2, where jtot(t) = jer(t) + jra(t). Our simulation indicates that interband contribution
is about two orders of magnitude higher than the intraband contribution for the above-bandgap
harmonics. Therefore, the intraband contribution is not included in our theoretical simulation.

Under the Keldysh approximation (w(K, t) ≈ 1), the jer(t) can be expressed as follows [33,47],

jer(t) =
d
dt

∫BZ d3Kd(K)

[︃
∫

t
−∞ dt′E(t′)d∗(K + A(t′))eiS(K,t′,t)− t−t′

T2 + c.c.
]︃

(3)

Then in the frequency domain, the HHG contributed by the interband current can be written as,

jer(ω) = ω ∫BZ d3Kd(K) ∫
∞
−∞ dte−iωt

[︃
∫

t
−∞ dt′E(t′)d∗(K + A(t′))eiS(K,t′,t)− t−t′

T2 + c.c.
]︃

(4)

The phase term of the HH photon is given by,

iϕ = iS(K, t, t′) − iωt −
t − t′

T2
(5)

Using the saddle-point method,

∇kϕ = ∫ t
t′ ∆v(K − A(t) + A(t′′))dt′′ = 0 (6a)

dϕ
dt′
= εg[K − A(t) + A(t′)] −

i
Td
= 0 (6b)

dϕ
dt
= εg(K) − ω +

i
Td
= 0 (6c)

where ∆v(K) = vc(K) − vv(K) in Eq. (6a) is the band velocity difference between the conduction
band and valence band. By solving Eqs. (6a) to (6c), the classical trajectory of the interband
transition can be traced, the dependence of the HH photon energy ω on the ionization time ti and
recombination time tr can be obtained.

3. Results and discussion

Figure 2 presents the far-field distribution of harmonics obtained from the experiment and
simulation. In Fig. 2(a), the measured above-bandgap HH spectrum exhibits two far-field spatial
parts, corresponding to large and small divergence angles. The on-axis part has a small divergence
angle that is approximately constant with the harmonic order. In contrast, the off-axis part has a
large divergence angle, which decreases with the increase of the harmonic order and exhibits an
arrow-like shape. Such far-field distribution has been observed in the gas HHG and has been
applied to distinguish the contribution of different trajectories to the harmonic yield [32,48]. In
solid HHG, some theoretical works predicted that harmonic radiation at different times may lead
to the harmonic radiation with different divergence angles [49,50]. Here, we demonstrate that the
dephasing time, one of the most important parameters in the theoretical simulation of solid HHG
[47], can be determined for the first time through the comparison between the measured far-field
HH spectrum and theoretical simulation with different dephasing times. Figures 2(b) and 2(c)
show the simulated far-field spectra for dephasing time T2 = 0.500 o.c. and 0.167 o.c. with the
electric field E being 0.0030 a.u. Figure 2(b) reproduces the experimental observation, both
on-axis and off-axis parts are obvious. In Fig. 2(c), the off-axis part disappears because a shorter
dephasing time is applied and suppresses the contribution of long trajectories. The contribution
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of the short trajectories to the harmonic radiation mainly distributed along the axis. The phase
accumulation of different quantum trajectories can be mapped to the far-field divergence angle of
harmonics through propagation. Dephasing time modulates the far-field distribution of HH by
determining the survived trajectory. Thus, the far-field distribution can be served as a sensitive
probe of the dephasing time. By the combination of theoretical simulations with experimental
measurements, far-field HH spectrum provides a reliable way to determine the dephasing time.
This method is not restricted by the limitation of the time resolution of the driver laser. It relies
on the spatial resolution, which can be easily achieved in the laboratory. Using this method,
the HHG dephasing time of ZnO bulk is determined to be 0.500 o.c., which is twice as long as
the value taken in the earlier theoretical research [33]. Spatial-integral HH spectrum is often
used to determine dephasing time by comparison with theoretical simulation. However, this
method is more suitable for the condition that the HH spectrum has some typical features, such
as the appearance of spectral peak splitting. The presented spatial-resolved HH spectrum can
quantitatively determine the dephasing time by measuring the divergence angle. In the following
experiments, we measured the spatial-integral HH spectrum. The theoretically simulated HH
spectrum reproduced the spectral peak splitting by using the dephasing time determined by the
spatial-resolved HH spectrum. These results agree with each other and demonstrate that the
dephasing time determined by far-field filtering method is reliable.

Fig. 2. Far-field harmonic spectra in ZnO. (a) Experimental measurement, (b) theoretical
simulation with dephasing time T2= 0.500 o.c. and (c) T2= 0.167 o.c. The color diagram
represents the normalized harmonic yields. Simulated laser parameters: wavelength
λ= 3600 nm, pulse duration τ = 150 fs, field strength E0= 0.0030 a.u.

In addition, the spatial-resolved HH spectrum indicates that above-bandgap harmonics mainly
come from the interband polarization under our experimental condition because the spatial
divergence angle of intraband harmonics decreases sharply with the harmonic order [50], which
is inconsistent with our experimental observation. This result is in line with our prediction in
the theoretical method section by separating the intraband and interband contributions. The
far-field distribution of harmonics contains the characteristic fingerprint. It provides evidence for
revealing the generation mechanism of solid HH and experimental reconstruction of the ultrafast
electron dephasing time, while these potentials have not been fully exploited in previous studies
of spatially distributed HH spectra [51].
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The long dephasing time makes multiple quantum trajectories coexist. The phase difference
between different trajectories is influenced by the laser intensity. Therefore, the shape of the HH
spectrum depends on the interference between quantum trajectories as well as the laser intensity.
Indeed, the HH peaks become broadening and splitting when the laser intensity increases, as
shown in Fig. 3(a). Reflection harmonic spectrum is also measured as shown in Fig. 3(b), in
which the nonlinear propagation effect is eliminated [52]. The qualitative consistency between the
reflection and transmission harmonic spectrum indicates that peak splitting is not from nonlinear
propagation of the laser. Figures 3(c) and 3(d) show the calculated harmonic spectra (left panel)
and time-frequency analysis (right panel) with dephasing time T2 = 0.500 o.c. and T2 = 0.167
o.c., respectively. When the dephasing time T2 is taken as 0.500 o.c., the time-frequency analysis
shows that both short and long trajectories contribute to harmonics. The calculated harmonic
spectrum reproduces the main characteristics of the experimental observation at high laser
intensity, the peak broadening and splitting. With T2 changing from 0.500 o.c. to 0.167 o.c.,
the long trajectory is almost completely suppressed. The narrow odd-order harmonic spectrum
without any splitting indicates that the broadening and splitting of the harmonic spectrum come
from the interference between long and short trajectories. Figure 3(d) also implies that the peak
splitting is not caused by the interference between short trajectories of different optical cycles.
The long dephasing time makes both the long and short trajectories contribute to harmonic
generation even driven by long wavelength laser. The relative contribution of the long and short
trajectories can be controlled by adjusting the laser intensity. This modulation method requires
laser intensity changes in a wide range. However, the maximum laser intensity in solid HHG is
limited by the material damage threshold and the laser nonlinear propagation effect.

Fig. 3. High harmonic spectra in ZnO driven by a one-color laser field. Experimental
measured harmonic spectra with various field strengths in the transmission (a) and reflection
(b) modes. The inset is a schematic diagram of harmonic emission. Calculated harmonic
spectra (left panel) and time-frequency analysis (right panel) with dephasing time T2 = 0.500
o.c. (c) and T2 = 0.167 o.c. (d). The black scatters represent the semi-classical harmonic
energy as a function of emission time. Simulated laser parameters: wavelength λ= 3600 nm,
pulse duration τ = 150 fs, field strength E0= 0.0030 a.u.

Next we turn to explore the trajectory-controlled HHG in ZnO using a synthetic laser field,
which offers a powerful platform for controlling electron motion without introducing extra
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propagation effect of a strong one-color laser field [53]. The typical synthetic laser field consists
of a fundamental laser and its second harmonic (SH). The two-color laser field breaks inversion
symmetry and even leads to a single HHG shutter in one optical cycle. Here, we use a parallel
two-color laser field with a weak SH to demonstrate the trajectory-controlled HHG in ZnO
crystal. Figure 4(a) shows the HH spectra as a function of the time delay between the two laser
pulses. The SH breaks the inversion symmetry and produces a spectrum containing even and
odd harmonics. The harmonic yields oscillate periodically at four times the fundamental laser
frequency. Different from previous two-color laser scheme with the time delay as the control
parameter [54,55], the time delay is fixed at 0.500 π and the intensity of weak SH is used as a
control knob in the present control scheme. Figure 4(b) shows the HH spectra at three different k
values, where k represents the intensity ratio of SH to the fundamental laser. When k surpasses
1.0%, the peak of 11th harmonic becomes wider and exhibits a splitting fringe pattern. The
result indicates that the present two-color laser field is a highly sensitive manipulation scheme
and extra nonlinear propagation effects are not introduced due to the little change of the total
laser intensity in ZnO. We also performed a numerical simulation of SBE with various k values.
As illustrated in Fig. 4(c), the theoretical simulation reproduces the experimental trend for the
spectral broadening and splitting of 11th harmonic with the increase of k value. Figure 4(d)
provides detailed simulation results, including the individual contributions of short (red dotted
line) and long trajectories (blue dotted line) filtered by a Hanning window function. The coherent
superposition spectrum profile from short and long trajectories clearly reproduces the measured
spectral shape. The result provides another evidence that the modulated spectral splitting and
broadening observed from the 11th harmonic peak come from the interference between short and
long trajectories, and this interference can be sensitively controlled by a parallel two-color laser
field.

Fig. 4. Harmonic spectra in ZnO driven by a two-color laser field. (a) Measured
harmonic yield oscillates periodically with the relative phase of the two lasers. (b) The
shape of the harmonic spectrum is controlled by the SH intensity with the relative phase
is 0.500π. (c) Calculated harmonic spectra with T2 = 0.500 o.c. (d) Absolute amplitudes
of interband polarization for long, short trajectories, their coherent superposition, and total
contribution of SBE with k= 3.0%. Simulated laser parameters: wavelength λ= 3500 nm,
pulse duration τ = 150 fs, field strength E0 = 0.0020 a.u., relative phase Φr= 0.500π.



Research Article Vol. 31, No. 2 / 16 Jan 2023 / Optics Express 3386

The windowed Fourier transform and the semi-classical analysis provide more insight into the
coherent manipulation. Figure 5 presents the temporal profiles of HHG with different k values.
The black scatters represent photon energy as a function of the birth time of electron-hole pair
obtained by the saddle point analysis. The color diagram represents the recombination time
of electron-hole pair, where HHs are emitted. The birth times of electron-hole pairs form an
effective harmonic excitation window with the rising (falling) edge corresponding to the long
(short) trajectories. The recombination times of electron-hole pairs form a harmonic emission
window, which is around half optical cycle after the harmonic excitation window. The solid
red line represents the time-dependent electron excitation rates and forms an electron excitation
window. In Fig. 5(a), k= 0 corresponds to the one-color laser field, the subcycle harmonic
emission repeats in each half optical cycle. It is similar to a balanced time-domain Michelson
interferometer with two arms consisting of harmonic emissions in consecutive half cycles. All
even harmonics vanish due to the temporal symmetry. As k grows, the temporal symmetry is
broken. The waveform of the two-color laser field changes both the electron excitation window
and the harmonic excitation window. The contribution from adjacent half cycles is not equal
anymore. As shown in Figs. 5(b-d), every optical cycle can be divided into one strong half
cycle and one weak half cycle, which are respectively marked by solid and dashed rectangles.
In the strong half cycle, such as t= 0.500 o.c., the electron excitation window matches with the
harmonic excitation window better and the harmonic yield increases. Instead in the weak half
cycle, such as t= 0 o.c., the two windows do not match and the harmonic yield reduces. The
reduction does not mean that the absolute number of excited electrons decreases in the weak half
cycle. Instead, these electrons cannot efficiently recombine with the associated hole, resulting in
the reduction of the harmonic yield.

Fig. 5. Second harmonic laser intensity effect on spectrograph modulation. (a) k= 0.
(b) k= 1.0%. (c) k= 2.0%. (d) k= 3.0%. Black scatters show photon energy as a function of
excitation times from the saddle-point analysis. The color diagrams show the photon energy
as a function of the recombination times, and different colors are used to describe their
respective normalized harmonic yields. The solid red line represents the time-dependent
excitation rates. The fundamental laser parameters are the same as those in Fig. 4.

Further, we explore the subcycle interference between short and long trajectories in a strong
half cycle. When k= 0, the electron excitation window coincides with the harmonic excitation
window of the long trajectory. As a result, the contribution of long trajectories is dominant.
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As k increases, the increased electric field enhances the contribution of both the long and
short trajectories. However, the contribution of short trajectories increases faster than the long
trajectories, which modulates the equivalent interferometer in the same half cycle. By comparing
the electron excitation window and harmonic excitation window from the saddle-point analysis,
the electron excitation window moves monotonously from the long trajectory branch to the short
one as k increases, until the long and short trajectories have the same contribution to make the
interference stronger. In fact, the dephasing time induced by electron scattering suppresses the
contribution of long trajectories more than that of short trajectories since these carriers travel
longer in real space. In the experiment, although the total laser intensity varies less than 2.0% and
the time shift of the excitation window is less than 600 as, the harmonic spectral shape produces
significant modulation, demonstrating the extremely high sensitivity of the two-color control
scheme.

4. Conclusions

In summary, our study builds a bridge between the time and space domain of HHG through
far-field spatial filtering. It allows not only the separation of short and long trajectories to the
harmonic contribution, but also the determination of electron dephasing time. Moreover, precise
control of ultrafast electron interference between the long and short trajectories is demonstrated by
using a two-color synthetic laser field. The slight variation of the SH intensity can modulate the
harmonic optical frequency comb and the relative contribution of the long and short trajectories,
presenting detectable interference fringes in the frequency domain. Our theoretical simulation
reproduces all experimental observations and provides solid evidences of the quantum interference
between the short and long trajectories from interband transitions. Our work provides a reliable
experimental means to determine the magnitude of dephasing time in solid. It paves the way for
accurately extracting ultrafast electron dynamics in condensed matter by HHG and extending
information science to the multi-petahertz range through controlling ultrafast electron trajectory
interference.
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