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We investigate the influence of the birefringence on the high-order harmonics in an a-cut ZnO crystal with mid-
infrared laser pulses. The high harmonics exhibit strong dependence on the alignment of the crystal with respect to the
laser polarization. We introduce the Jones calculus to counteract the birefringent effect and obtain the harmonics with
polarization corrections in ZnO. We show that the birefringent effect plays an important role in the orientation dependence

of HHG.

Keywords: high-order harmonics, birefringent effect, Jones calculus

PACS: 42.65.Ky, 42.25.Lc, 02.10.Yn

1. Introduction

High-order harmonic generation (HHG) in gaseous me-
dia has led to significant advances in the study of molecu-
lar electron dynamics on the attosecond time scales.!!~19 Be-
cause the information of the target structure is encoded in the
HHG, a technology called molecular orbital tomography has
been developed.!!!-14 Recently, the developments of HHG in
the solids have opened a new frontier in the ultrafast science.
Since Ghimire et al. observed HHG in the ZnO crystal us-
ing mid-infrared (mid-IR) laser pulses,!'>! harmonics gener-
ated from various crystals have been reported.!'®4 Similar
to the HHG in the gases, the solid structures are related to the
dependence of harmonic yields on the orientation of the crystal
axis. Different from the gas-phase media, solids have periodic
structures and can be precisely aligned to a certain orienta-
tion. It is expected to have great potential for band-structure
reconstruction!>=281 and probing electron dynamics>*-% by
using the HHG in solids. Whereas, the harmonics in solids
are coupled with the propagation effect, such as the absorp-
tion, phase mismatch of HHG,3!! and the birefringence of the
crystals. It may affect the HHG in solids. However, the effect
of birefrigence is not explored in previous works of HHG in
7n0.120.32.33]

In the past several years, the propagation effect has been
studied in some crystals. [31.34-37] 1 Ref. [36], Vampa et al. in-
vestigated the HHG in a reflection geometry with MgO and Si.
They predicted the variation of the high-harmonic power with
the angle of incidence by introducing the nonlinear reflection
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coefficients. By using both the reflection and transmission ge-
ometries, Xia et al. studied the propagation effect in the HHG
of GaAs.*”] They observed that the orientation dependence of
HHG in the transmission geometry becomes more anisotropic
for the thicker sample. In contrast, the orientation dependence
of HHG in the reflection geometry is less anisotropic than that
in the transmission geometry. When the laser pulses propa-
gate through the crystal, the polarization can be altered from
linear to elliptical because of the birefringent effect. Whereas,
the influence of the change on the HHG in solids has not been
discussed clearly.

In this paper, we measure the harmonics in a ZnO crystal
as a function of the alignment of the optic axis with respect to
the laser polarization. The orientation dependence of the HHG
spectra is affected by the birefringence of ZnO. We find that
the birefringent effect can be described by a Jones matrix even
in the intense field. We introduce the Jones calculus to correct
the laser polarization. We obtain the orientation-dependent
harmonics with linear polarized laser pulses at the last layers
of the ZnO crystal. There are distinctions between the har-
monics with polarization corrections and the signals without
the corrections.

2. Experimental setup

In our experiment, we use a transmission geometry. The
sample is a 500-um-thick a-cut ZnO crystal. Its rough-
ness is less than 5 A, and the purity is more than 99.99%.

The transmission spectra and x-ray diffraction data refer to
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Refs. [38,39]. The mid-IR pulse (center wavelength of 2.4 pm,
temporal duration of 150 fs) is produced by a commercial op-
tical parametric amplifier (OPA, Light Conversion TOPAS-
prime) pumped by an amplified Ti:sapphire laser system (Leg-
end Elite Duo, Coherent, Inc.). The repetition rate is 1 kHz.

The laser pulse is focused into the crystal at a normal inci-
dence with a lens of 50-mm focal length. The spot size is about
150 pm in vacuum, which is measured by a knife-edge scan.
To control the alignment with respect to the laser polarization
and the field strength, we mount the crystal to allow rotation
about its normal and translation through the laser focus. We
use a half-wave plate (HWP) and a quarter-wave plate (QWP),
which are set in front of the focusing lens, to control the polar-
ization of the incident laser pulse. At the exit of the crystal, we
use a combination of a polarizer (WP25M-UB, Thorlabs) and
a power meter to analyse the polarization of the emitted laser
pulse. HHG signals are collimated by a 50-mm-focal-length
lens and focused by a lens with the same focal length. Then
the signals are collected to a spectrometer with a 150 g-mm™!
grating and detected by an intensified charge-coupled device
camera (ICCD, PI-MAX1024UV).

Orientation (°)

N T

3. Results and discussion

The schematic of the ZnO crystal is shown in Fig. 1(a).
The blue shaded region shows the a-cut plane. The laser po-
larization, shown as a black arrow, is lying in this plane. 0 in-
dicates the angle between the optic axis and the laser polariza-
tion. As shown in Fig. 1(b), the measured spectrum covers har-
monics from 4th to 9th order. The conversion efficiency of har-
monics is estimated to be from 2.5 x 107> (4th) to 1.0 x 107
(9th). The HHG spectra are measured as a function of 6. The
wavelength of the laser field is centered at 2.4 pwm and the
strength is about 0.9 TW/cm?. Under this field strength, we
observe the maximum yield of HHG without optical damage.
The even harmonics are at their maxima when the laser po-
larization is along 0° or 180°, which correspond to the optic
axis. And they are at their minima when the laser polarization
is along 90°. The periodicity of even harmonics is 7. In ad-
dition, secondary peaks appear near 60° and 120° for the even
harmonics. The odd harmonics show their maxima when the
laser polarization is along 0°, 90°, and 180°. The periodicity

of odd harmonics is /2.

105
104
103
102

10!

5 6 7 8 9
Harmonic order

Fig. 1. (a) Schematic of the wurtzite ZnO crystal with shaded region showing an a-cut plane. The Zn is shown in blue and slightly larger than
the red O. The laser polarization is shown as the black arrow, and the angle 6, between the optic axis and the laser polarization is indicated. (b)
High-order harmonic spectra as a function of the crystallographic orientation with respect to the polarization of the laser pulse. The crystal is
rotated about the laser propagation axis to vary the angle between the laser polarization and the optic axis. The field is centered at 2.4 pm, and
the strength is about 0.9 TW/cm?. The intensity of harmonics is normalized in arb. units. The periodicity of odd harmonics is /2, and the

periodicity of even harmonics is 7.

To eliminate the birefringent effect, we need to quantify
the variation of the laser polarization. Because of the absorp-
tion of the harmonics above the bandgap (3.2 eV), the gener-
ation of high order harmonics is limited to the last few tens
of nanometres of ZnO.!"3! Therefore we measure the polariza-
tion of the transmitted laser pulse to quantify the variation of
the polarization. We obtain the polarization state of the emit-
ted laser pulse by using the analysis system, which contains a
polarizer and a power meter (see Section 2). The results are
shown as red solid lines in Fig. 2. We can observe that the
laser pulse remains linear when it is parallel (0°) or perpen-
dicular (90°, not shown in the figure) to the optic axis of the
crystal. When the crystal is rotated along different orienta-
tions, the ellipticity of the pulses changes from 0.05 (0°) to

0.37 (45°). Unless otherwise indicated, the ellipticity is de-
fined as \/Inin/Imax> Where Inin (Imax) is the minimum (maxi-
mum) transmitted intensity of the polarimetry scan by rotating
the polarizer. The laser polarization changes from elliptical
to linear when the rotation angle increases from 45° to 90°.
To quantify the birefringent effect of ZnO, we use the Jones
calculus to describe the birefringent effect in the ZnO crystal.
The incident laser pulse is expressed as

Esin@
Jincidem:{ o } 1)

EcosB

where E is the electric field of the incident laser pulse. Then
we model the birefringent effect of ZnO crystal as a matrix, R.
From Fig. 2, we observe that the orientation of the major axis
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of the transmitted laser pulse is the same as that of the incident
pulse. Only the ellipticity changes. So the Jones matrix can be

10
R:[o k~ei"’]’ @

where k is the coefficient of the amplitude of the electric field,
and ¢ is the phase difference between x-component and y-
component of the electric field. The transmitted pulse after

given by

propagation in the crystal is given as following:

J. emitted — R-J incident - (3)
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By fitting the value of Jepiyeq to the experiment, we get the
value of R, which is given by

1 0

R=1) 10571. 0717

“
The fitting results are shown as the blue dash lines in Fig. 2.
They are in good agreement with the experimental data (shown
as the red solid lines in Fig. 2). The agreement confirms that it
is reasonable to use the Jones matrix to describe the birefrin-
gent effect of ZnO crystal even in the intense laser field.
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Fig. 2. Polarization of the laser pulse after passing through the ZnO crystal in the experiment (red solid lines) and the Jones calculus calculations
(blue dash lines). The title is the angle between the polarization of the incident laser with the optic axis of the crystal. The intensity is normalized
by the maximum. The ellipticity of the emitted laser changes from 0.05 (linear, 0° or 90°) to 0.38 (elliptical, 45°).
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Fig. 3. High-order harmonic spectra as a function of the alignment of
the crystal with respect to the polarization of the laser pulse by counter-
acting the birefringent effect. The wavelength and field strength of the
laser pulse are same as those in Fig. 1. The periodicity of odd harmonics
and even harmonics is /2 and 7, respectively.

Then we use the inverse matrix, B!, to counteract the
birefringent effect. We firstly calculate the polarization of the
incident laser pulse by Jincident = R Jemitted. By controlling
the angles of the HWP and QWP in front of the focusing lens,

we alter the polarization of the incident laser to make sure that
the transmitted laser is linearly polarized along a specific di-
rection. Then we measure the orientation dependence of the
HHG using the corrected polarization laser pulses. The mea-
surement results are shown in Fig. 3. The wavelength and the
field strength of the laser pulse are the same as those in Fig. 1.
One can clearly see some distinctions compared with the HHG
spectra in Fig. 1.

To show the distinction clearly, we compare the HHG
with polarization corrections to the signal without corrections
in Fig. 4. The blue dots are the HHG signal with the bire-
fringent effect, and the red dots are the HHG with polariza-
tion corrections. By comparing to the even harmonics without
polarization corrections, the modulation of the even harmon-
ics from 45° to 135° is much smaller after the polarization
correction. Moreover, the secondary peaks of even harmon-
ics disappear after the polarization correction. It shows that
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the secondary peaks originate from the change of the laser po-
larization. For the odd harmonics, the intensity with polariza-
tion corrections exhibits a deeper modulation compared to that
without polarization correction. The ratio between the min-
imum and the maximum of the 5th-order harmonic is about
0.32 (0.38 for the 7th-order harmonic, 0.5 for the 9th-order
harmonic) without polarization correction. The ratio becomes
about 0.1 for the 5-th order harmonics (0.15 for the 7th-order
harmonic, 0.25 for the 9th-order harmonic) with polarization
correction. Furthermore, the birefringence affects the symme-
try of the HHG signal. As shown in Fig. 4, the symmetry

axis is at 90°. The symmetry of the HHG with polarization
corrections is excellent. But for the HHG without the correc-
tions, the intensity along 6 (from 0° to 90°) is smaller than
that along 180° — 6. These comparisons show that the sec-
ondary peaks, the small modulation, and the asymmetry of the
HHG are associated with the birefringent effect. Some extra
features are coupled in the orientation dependence of the HHG
without polarization correction. It will affect the understand-
ing of the generation mechanism of the HHG. Moreover, we
need to eliminate the birefringent effect to obtain the original
signals and retrieve the solid structure.
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Fig. 4. Comparison of the HHG spectra from transmission through the bulk ZnO and that with polarization corrections by using the Jones
calculus. The blue dots are the measurements with the birefringent effect, and the red dots are the HHG spectra counteracting the effect by

using the Jones calculus.

4. Conclusion

We report the HHG spectra in ZnO as a function of the
alignment angle between the laser polarization and the optic
axis. The harmonics are affected by the birefringent effect of
the crystal. By introducing the Jones calculus, we counter-
act the birefringent effect and obtain the HHG spectra with
polarization corrections. There is explicit distinction in the
HHG spectra compared with the uncorrected signals. Without
the birefringent effect, the modulation of the odd harmonics is
deeper and the even harmonics have no secondary peaks. It is
important to eliminate the birefringent effect from the HHG to
reflect the original structure of solid.
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