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Following our measurements and analysis made on several GaSe crystals, we demonstrated that terahertz
(THz) generation from ultrafast laser pulses can be developed into a sensitive technique for investigating
symmetries of second-order nonlinear susceptibility tensor of a nonlinear crystal. Indeed, for GaSe crystals,
both Kleinman's symmetry condition and spatial symmetry were violated due to the contribution of ionic

displacement to nonlinear polarization and deviation of GaSe lattice from hexagonal symmetry. When the
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pump photon energy was increased from that below the bandgap of GaSe to that above it, the mechanism for
the THz generation was switched from optical rectification to photocurrent surge.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Terahertz (THz) waves have important applications in spectroscopic
analysis of chemicals [1], pollution monitoring [2], nondestructive
evaluation [3], detections and identifications of explosives [4], far-field
imaging [5], remote sensing [6], and biomedical diagnostics [7]. Among
different methods used for THz generation, generation by ultrafast laser
pulses has an advantage for producing extremely high peak-power
broadband THz pulses [8]. According to our previous studies [9], GaSe
ranked the third in terms of the average THz output powers generated
by ultrafast laser pulses. Besides generation, it can be used in
ultrabroadband THz detection in time-domain spectroscopy [10,11].
On the other hand, it was demonstrated that GaSe can be used for
efficient generation of monochromatic THz radiation tunable in an
extremely-wide frequency range [12,13].

In almost all the previous works [10-13], the THz generation and
detection in GaSe crystals is attributed to optical rectification based on
second-order nonlinearities. Since the symmetries of the second-
order nonlinear susceptibility tensor affect the effective second-order
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nonlinear coefficient, they may also affect the THz generation and
detection. In particular, Kleinman's symmetry condition and spatial
symmetry have been applied, in order to simply certain elements of
the second-order nonlinear susceptibility tensor for GaSe having point
group 62m. However, the detailed study on whether these two
symmetry conditions are valid has not been carried out. In the past, by
measuring the THz electric field as a function of azimuth angle, the
ratios between nonlinear optical coefficients were determined based
on electro-optic sampling [14,15].

In this article, we demonstrate that the ratios between the
elements of second-order nonlinear susceptibility tensor for GaSe
crystals can be readily deduced by monitoring characteristics of the
THz output power. Following our result and analysis, we conclude
that both Kleinman's symmetry condition and spatial symmetry are
violated for THz generation.

2. GaSe crystals and experimental condition

GaSe crystals in our experiment were grown by a Bridgman
method. During the crystal growth, In or Cr was introduced as a
dopant to replace Ga in order to improve the crystal hardness [16].
Each sample has two facets perpendicular to the c axis being
separated about 1 mm. The doping level and crystal thickness of our
GaSe crystals are listed in Table 1.
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Table 1

Summary of data on GaSe crystals. Excitation wavelengths: * — 782 nm, f — 391 nm.
Sample Thickness  Dopant dig/dyy  doap/dyy Highest Output Power

(mm— (ppm) PI* (W) P2 (W)

GSU0145 0.15 Undoped  0.873 —1.068 5470 -
GSU7903 1.0 Undoped  0.979 —1.042 19.405 0.060
GSI8701 1.0 In (500) 1.004 —1.063 22929 0.037
GSI7801 0.9 In (3000) - - 16.332 0.043
GSC8902 1.1 Cr (500) - - 19.451 0.037

Broadband THz pulses were generated from these crystals by using
a Ti:sapphire regenerative amplifier at the center wavelength of
782 nm and a coherent beam at the center wavelength of 391 nm
obtained after frequency-doubling of the Ti:sapphire laser beam in a
BBO crystal. The pulse width and repetition rate for both of the
coherent beams are 180 fs and 250 kHz, respectively. After each
excitation beam was focused onto one of the crystal facets, the THz
radiation beam was collimated and then focused to a pyroelectric
detector for measuring the THz output powers in the transmission
and reflection geometries.

3. Results and analysis

The highest output powers generated from different GaSe crystals
in our experiment are summarized in Table 1. At the average pump
power of 1.14 W at 782 nm, the THz output powers were measured to
be in the range of 16.3-22.9 UW from four GaSe crystals in the
transmission geometry. Among different GaSe samples, the highest
output power is 23 pW. This is amounted to an improvement by a
factor of 4.2 compared to our previous result on GaSe [9]. Such an
enhancement is caused by the combination between the linear scaling
of the output power with the interaction length and phase-mismatch
factor when the interaction length is comparable to the coherence
lengths [9]. After normalizing the highest THz output power by the
crystal thickness for the four bulk GaSe crystals (i.e. the bottom four in
Table 1), the normalized output power is improved by introducing a
small amount (500 ppm) of In. This increase may be caused by the
increase in the effective second-order nonlinear coefficient, which is
consistent with the previous report [17]. However, based on our
result, crystal quality may be deteriorated after introducing Cr at the
level of 500 ppm. This could be attributed to the increase in the
density of the defects, resulting in the increase in the absorption of the
THz wave. It is worth noting that due to the phase-mismatch factor, as
mentioned above, the four crystals do not scale down linearly with
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Fig. 1. Average THz output power as a function of average pump intensity for GaSe
crystal GSI8701. The excitation wavelength is 782 nm. Squares correspond to the
experimental data. Solid curve corresponds to the quadratic least-square fitting to nine
data points from the low-intensity end.
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Fig. 2. Spectra of THz waves emitted from GaSe crystals under pump wavelength of
782 nm and pump intensity of 1003 W/cm?,

the interaction length, when being compared with the 0.15-mm-
thickness crystal.

According to Fig. 1, when the pump intensity is lower than
618 W/cm?, the power dependence for crystal GSI8701 is well
fitted by a square power law. However, for the pump intensity of
above 618 W/cm?, the power dependence is below the quadratic
power law. We have noticed similar behaviors for all four GaSe
crystals. Due to the strong two-photon absorption [18] at extremely-
high peak intensities of the pump beam (e.g. 13.7 GW/cm?
corresponding to the average pump intensity 618 W/cm?), the
power dependence significantly deviated from the quadratic power
law. In addition, the two-photon-absorption-induced free carriers in
GaSe crystal may absorb the THz radiation, resulting in the effective
decrease of the THz output power [19,20]. The spectra of THz
radiation measured on GaSe crystals by rotating a mechanical THz
grating are illustrated in Fig. 2. We can see that the THz spectra from
different samples are very similar, covering the wavelength range
from 150 pm to 1200 um (i.e. the frequency range from 250 GHz to
2 THz). The obvious modulations appearing in the THz spectra, located
at around 273 pm, 407 um, 538 um and 802 um, respectively, are
attributed to water vapor absorption after comparing them with the
resonance frequencies of the water vapor available at Hitran database
[21].

It is worth noting that optical rectification of ultrafast pulses is a
second-order nonlinear process. For GaSe, the second-order nonlinear
susceptibility tensor has three nonzero elements due to its structural
symmetry, and therefore, the nonlinear polarization at the THz
frequency can be derived from the following matrix product:

E
pTHz E§
);'H 0 O 0 O O d] 6 E2
P, “l=1dy dp 0 0 0 O z (1)
piHz 0 000 O 2E/E,
z 2E,E,
2E\E,

Under the normal incidence for the pump laser beam, the components
of the nonlinear polarization at the THz frequency, generated by GaSe,
are given by

P, = 4dEE,; P, = 2dyE; + 2dyE, ()

where E,=Eycosf and E, =E,sinf are projections of the pump
polarization (Ep) onto x and y axes, respectively, and 6 is the
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polarization angle of the pump beam being defined relative to the x
axis.

When both Kleinman's symmetry condition (d, = d»1) and spatial
symmetry (d,, =—d,;) are satisfied, the second-order nonlinear
susceptibility tensor of GaSe has only one nonzero independent
element. Therefore, the magnitude and angle of the nonlinear
polarization at the THz frequency can be derived from Eq. (2) as:

2
Pry, = \/Pf + P2 = 2dy,E, 3)

_1/(P 3
1
Oy, = tan (P_i> = 5m—26. (4)

Since the intensity of the THz output is proportional to the square
of Pry,, it is independent of the polarization angle of the pump beam
whereas the polarization angle of the THz output is linearly depen-
dent on the polarization angle of the pump beam. However, such a
predicted behavior of the THz output power vs. the pump polarization
angle is inconsistent with our experimental results, see Figs. 3 and 4.
Indeed, for two GaSe crystals, the measured dependence of the THz
output power on the pump polarization angle exhibited periodic
oscillations instead of constants, see Figs. 3 and 4.

Our closer examination of Kleinman's symmetry condition reveals
that it is valid only for a lossless medium in which case the dispersion
of second-order nonlinear susceptibility is negligible. If one of the
frequencies for the waves participating in the parametric interaction
is below the ionic resonance frequencies, both electronic and ionic
displacements contribute to the nonlinear polarization, and therefore,
the second-order nonlinear susceptibility becomes frequency-depen-
dent. For GaSe, one of the ionic resonance frequencies is 6.41 THz (the
corresponding wavelength of 46.8 um) for the transverse-optical (TO)
phonon frequency, which is significantly higher than the THz
frequencies generated by us, see Fig. 2. Therefore, the second-order
nonlinear susceptibility for GaSe depends on the THz frequency. This
implies that the Kleinman's symmetry condition is violated for the
THz generation. In addition, GaSe is well known for its layer structure.
Indeed, each layer consists of four two-dimensional atomic sheets,
with the sequence of Se-Ga-Ga-Se, bounded together by strong
forces, mostly covalent. However, the forces between layers belong to
the weak van der Waals type. The layer structure for GaSe at room
temperature has the hexagonal symmetry (¢-GaSe), which results in
the spatial symmetry condition, i.e. do, = —d5;. However, due to the
strain induced by imperfection or doping in crystal growth, the rather
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Fig. 3. Normalized THz output power as a function of pump polarization angle with
pump wavelength of 782 nm for GaSe film GSU0145. Dots correspond to experimental
data. Solid curve corresponds to the nonlinear least-square fitting by using Eq. (5).
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Fig. 4. Normalized THz output power as a function of pump polarization angle with
pump wavelength of 782 nm for GaSe crystal GSU7903. Dots correspond to
experimental data. Solid curve corresponds to the nonlinear least-square fitting by
using Eq. (5).

flexible layer structure of GaSe may deviate from its perfect hexagonal
symmetry. As a result, the spatial symmetry condition of dp, = —do1 is
no longer valid.

When both Kleinman's symmetry condition and spatial symmetry
are no longer valid, we have obtained the expressions for the
amplitude and angle of the nonlinear polarization at the THz
frequency:

2
Py =d,,E? \/ 4 (%z) sin?(20) +2 <%> sin?(20)+4 (?) ?cos*0+ 4sin‘0

22 22
()

(6)

6 — tan~! [(d21 / dy)cos?0 + sinze}
=

(dyg / dyy)sin(26)

By varying the ratios of dyg/d,> and d;/dy,, we have achieved the
nonlinear-least-square fit to the data of the THz output power vs.
pump polarization angle by using Eq. (5), see Figs. 3 and 4.
Specifically, we first estimated an approximate value for d;e/d>;.
This can be done by assuming that the ratio of d,;/d»; is exactly —1,
while deducing the ratio of d;¢/d>; through the nonlinear-least-square
fit to the data points. Subsequently, we simultaneously deduced the
ratios of d,;/d», and d;e/d>; through the nonlinear-least-square fit to
the data points by using the pair of the values above as the initial
values. Consequently, we have obtained the optimal values for d;g/d>>
and d,1/do; for three samples, see Table 1. According to Table 1, the
ratios between d;g and dy; are different among three samples by at
most 14%. In contrast, the ratios between d,, and d,; vary only by
2.5%. However, according to Fig. 5, the ratios of die/d5> and dyq/dy;
have a negligible effect on the THz polarization angle vs. the pump
polarization angle, due to the strong linear dependence, which has
completely masked the slight deviations of the THz polarization angle
vs. the pump polarization from the linear behavior. We would like to
mention that for the last two samples listed in Table 1, we were not
able to deduce the ratios due to the damage occurred to the crystals
during the experiment.

When the GaSe crystals were pumped above the bandgap of GaSe
by using a coherent beam at 391 nm obtained by frequency-doubling
in a BBO crystal, the THz output powers were measured under the
reflection geometry at an incident angle of 71° for the pump beam, i.e.
the Brewster angle for the pump beam,. The output powers were
reduced by two orders of magnitude, see Table 1. In the past, it was
demonstrated that both optical rectification and photocurrent surge
contribute to the THz generation, when the pump photon energy was
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Fig. 5. Typical polarization angle of THz beam as a function of pump polarization angle
with pump wavelength of 782 nm. Dots correspond to experimental data. Solid curve
corresponds to the nonlinear least-square fitting by using Eq. (6).

set above the bandgap in InN [20] and InAs [22], respectively.
However, for the GaSe crystals, the THz generation from GaSe crystals
exhibited the typical behavior originating from photocurrent surge.
One can see from Fig. 6(a) and (b) that at an incident angle of 71° the
polarization angle for the THz output beam was more or less a
constant regardless of what the pump polarization angle or azimuth
angle was. Such behaviors are clear indications that the mechanism
for the THz generation pumped at 391 nm was induced by
photocurrent surge. On the other hand, the dependence of the THz
output power on the pump polarization angle exhibited an oscillation
over two periods within 0-360°, which can be well fitted after taking
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Fig. 6. Typical (a) polarization dependence and (b) azimuth angle dependence of GaSe
crystal with the pump wavelength of 391 nm in reflection scheme. Squares and circles
are the measured output power and polarization angle of THz beam, respectively,
versus the pump polarization. Solid curve is the theoretical result after taking into
consideration Fresnel reflections at crystal/air surface. And up-triangles are the
measured THz polarization angle as a function of crystal azimuth angle.

into consideration the Fresnel reflection of the pump beam at the
crystal entrance facets, see the solid curve in Fig. 6(a). Such a behavior
can be used to rule out the contribution of the optical rectification to
the THz generation.

4. Concluding remarks

By using the GaSe crystals, we demonstrated that both the
Kleinman's symmetry condition and spatial symmetry were violated
for the THz generation. The violation of the Kleinman's symmetry
condition was caused by the contribution of the ionic displacement to
the nonlinear polarization since the THz output frequencies were
below the ionic resonance frequencies. On the other hand, the
violation of the spatial symmetry reflected the deviation of the GaSe
lattice from the hexagonal symmetry due to the rather flexible layer-
stacking structure for GaSe. By fitting the THz output power as a
function of the pump polarization angle, the ratios between the
elements of second-order nonlinear susceptibility tensor, i.e. die/d21
and d,»/d,q, can be deduced. Therefore, we conclude that the THz
output power vs. the pump polarization angle can be developed into a
sensitive technique for investigating the symmetries of the second-
order nonlinear susceptibility tensor of a nonlinear crystal. When the
pump photon energy was increased from that below the bandgap to
that above the bandgap of GaSe, the mechanism for the THz
generation was switched from optical rectification to photocurrent
surge.
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