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The nonlinear optical response of monolayer transition-metal dichalcogenides TX, (T = Mo, W; X =S, Se)
on Si0,/Si(001) substrates was examined using second-harmonic generation (SHG) spectroscopy in
combination with differential reflectance (DR) spectroscopy. In the SHG spectroscopy, the second-harmonic
intensity corrected by a crystalline quartz reference was obtained for the wavelength of the incident femtosecond
laser varied from 750 to 1040 nm. The SHG spectra of all the four 7X, were dominated by two-photon resonance
around the C peaks in the DR spectra that was previously assigned to interband transitions at critical points
formed as a result of band nesting. Multiple peaks were observed in each resonance spectrum, which was then
decomposed into a few components. The overall feature of the main components—denoted as C1 and C2—was
common among the four 7 X, materials. The optical transitions contributing to these components were concluded

to occur at different k points in a ring-shaped area around the I point with the aid of the published results of
optical spectrum calculations and the SHG spectrum of bilayer MoS,. In addition, one-photon resonance at the
A exciton and two-photon resonance at the A’ exciton were observed in MoSe, and WSe,, respectively, and their

intensities were proven to be significantly lower than those of the resonances around the C peaks.

DOLI: 10.1103/PhysRevB.100.075301

I. INTRODUCTION

Atomically thin layered materials have attracted consid-
erable attention since graphene was found to have novel
physical properties [1]. Among them, group 6 transition-
metal dichalcogenides TX, (T = Mo, W; X =S, Se) are
considered as promising semiconductors having controllable
bandgaps in the visible region [2—4] and have drawn sig-
nificant research interest for electronic and optoelectronic
device applications [5-8]. Monolayer 7' X is also interesting
from a scientific perspective as a two-dimensional model
system for exploring the characteristics of nanostructures,
such as anomalous lattice vibration [9,10], the transition from
indirect- to direct-bandgap semiconductors [11,12], and spin-
valley dynamics [13,14].

Most linear optical studies on monolayer TX, [15-19]
have focused on the exciton peaks at absorption edges, which
are conventionally denoted as A and B [20]. The dielectric
functions in the exciton region suggest apparent absorption
with a peak absorbance of 0.05 even in a monolayer [16]. On
the other hand, the absorbance of the peak around 3 eV due
to interband transitions, which is conventionally denoted as
C [20], is approximately three times larger than that of the
exciton peaks, and the bandwidth of peak C is approximately
10 times larger than that of the exciton peaks. Therefore, the
interband transition region plays an important role in photon-
ics and optoelectronics applications. The strong light-matter
interaction in this region was ascribed to band nesting [21].
Band nesting means that the conduction and valence bands are
parallel to each other in the band structure plot, which results
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in van Hove singularities in the joint density of states (JDOS)
function. In low-dimensional systems, the JDOS diverges at
the singularities, yielding high optical conductivities. The
importance of the band nesting in the light-matter interaction
was experimentally demonstrated in a dynamical study on
photocarrier relaxation pathways [22]. It was also predicted
that the nonlinear optical response in the interband transition
region is strong because the trigonal prismatic structure of
monolayer 7X, lacks inversion symmetry [21].

The nonlinear optical properties of mono- and few-layer
T X,, especially the second-harmonic generation (SHG), have
been studied using optical microscopy for MoS, [23-27], for
MoSe, [26], for WS, [26,28,29], and for WSe, [26-30]. It
was pointed out [29] that the estimated second-order non-
linear optical susceptibility (x®) is as high as 1 nm/V and
approximately three orders of magnitude higher than that of
common nonlinear optical crystals such as BBO. The photon-
energy dependence of the second-harmonic (SH) intensity
(SHG spectra) was first measured in the interband transition
region for MoS; [31] and was later measured in the exciton
region for MoS; [32,33], for MoSe, [34,35], for WS, [36,37],
and for WSe, [38,39]. Theoretical calculations provided SHG
spectra in a wider region of several tenths of eV to several
eV [29,32,40-43]. However, knowledge regarding the SHG
spectra in the interband transition region, where a larger SHG
is expected, is still limited. The authors of Ref. [31] reported
the SHG spectra of mono- and three-layer MoS,. This is the
only experimental study on the SHG spectra in the interband
transition region, to the best of our knowledge. Their SHG
spectra appeared to shift to higher energies compared with the
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differential reflectance (DR) spectra; however, the difference
was not mentioned in the article. If we measure the SHG
spectra of other 7X, materials and compare them with the
corresponding DR spectra, the cause of the difference can be
elucidated, because the relationship between the photolumi-
nescence excitation spectra and DR spectra is diverse among
the four 7X, materials [22]. Moreover, the x® of monolayer
T X, in the exciton region and the interband transition region
have been evaluated separately and with some uncertainty;
thus, the ratio of x® in the two regions is still unclear. A di-
rect comparison of the SH intensity in the interband transition
region with that in the exciton region will provide informa-
tion useful for the application of 7X, materials to nonlinear
optical devices.

In a previous study [44], we measured the SHG spectra
of few-layer MoSe; using a homemade SHG microscope and
evaluated the performance of the measurement system. In
the present study, we measured the precise SHG spectra of
monolayer group 6 transition-metal dichalcogenides (7'Xa,
T =Mo, W; X =8, Se) on SiO,/Si(001) substrates in the
two-photon energy region of 2.4-3.3eV at the average in-
terval of 0.017 eV. The SHG spectra were compared with
the DR spectra measured using a homemade DR microscope.
The precise SHG spectra allowed us to elucidate the origin of
the features of the SHG spectra and thus clarify the cause of
the difference between the SHG spectra and the DR spectra
previously observed for MoS,, as well as to directly compare
the SH intensities in the interband transition region with those
in the exciton region for MoSe, and WSe,. The information
obtained is indispensable for the application of monolayer
T X, to nonlinear optical devices.

II. EXPERIMENTAL PROCEDURE

Monolayer T X, flakes were mechanically exfoliated from
single crystals on a 90-nm-thick SiO;-coated Si(001) sub-
strate. The crystals used in the measurements were natu-
rally grown MoS;, MoSe, grown via Br, vapor transport,
and WS, and WSe, grown via vapor transport without a
transport agent [45]. The number of layers was identified
using an atomic force microscope (Bruker Innova). For the
SHG measurements, the fundamental pulse from a Ti:sapphire
oscillator (Spectra Physics Maitai-HP, pulse duration of 80 fs,
wavelength of 750—-1040 nm, repetition rate of 80 MHz, power
of 3 W) passed through a polarizer and a low-pass filter, was
reflected by a dichroic dielectric-multilayer mirror inside of
an optical microscope (Nikon, Y-FL), and was focused by an
objective lens (Nikon LU plan x 100, NA 0.9) onto a sample.
The pulse durations of fundamental light were monitored by
using a spectrum analyzer (Ocean Photonics, LSM-mini). The
light at the double frequency emitted from the sample passed
through the objective lens, the dichroic mirror, a high-pass
filter, a polarizer, and a monochromator and was detected by a
photomultiplier tube [44]. The SH light was expected to have
a spectral bandwidth of approximately 4 nm (approximately
0.03 eV at 3 eV) because the bandwidth of the fundamental
pulse was approximately 11 nm. For the dichroic mirrors,
we used DM 750 and XF 2033 below and above 1000 nm,
respectively, on the basis of their transmittance spectra [46].
SHG spectra were measured using s-polarized incident light

for 750-1040 nm and p-polarized SH light for 375-520 nm,
where the s and p polarizations were defined with respect to
the dichroic mirror tilted 45° against the incident light. The
SHG spectra were corrected by a crystalline quartz reference
placed at the sample position.

When the incident light polarization was parallel to the
zigzag direction, the element of the second-order susceptibil-
ity tensor x3) = x5 = x\n = — X1, where the x and y axes
are along the armchair and zigzag directions, respectively, was
observed. The azimuth-angle dependence of the SH intensity
measured by keeping the axes of the polarizer and the analyzer
parallel to each other exhibited threefold symmetry. SHG
spectra were measured with incident light polarized parallel
to the zigzag direction and without an analyzer. The interfer-
ence among the multiply reflected fundamental and SH light
beams in the T X, /Si0,/Si system did not severely affect peak
positions and intensities of the component spectra peaked in
the region from 2.6 to 3.1 eV when the thickness of the SiO,
layer is 90 nm. This is demonstrated by the enhancement
factor spectrum [44] calculated based on the method [47]
developed to explain unusual Raman spectrum of graphene
(see Supplemental Material, Ref. [48]).

The DR spectra were measured using broadband emis-
sion from a halogen lamp, which was spatially filtered by
a rectangular aperture before being focused onto the sample
using an objective. The spot diameter on the sample was
approximately 2 um. Reflected light was collected by the
same objective and introduced to a multichannel spectrometer
(an Acton SpectraPro 2150i monochromator and a Princeton
Instruments PIXIS 256E cooled charge-coupled device) with
an optical fiber cable. The reflectance spectrum of the sub-
strate, Rg, and that of a T X, flake on the substrate, R7x», were
measured to obtain a DR spectrum AR/R = (Rs — Rrx2)/Rs.
The wavelength purity of the DR measurements was 2.2 nm
(0.016 eV at 3 eV). All measurements were performed at room
temperature in ambient conditions.

III. RESULTS AND DISCUSSION

The corrected SHG spectra of monolayer 7X, on 90-nm-
thick SiO, coated Si (001) substrates are indicated by blue
dots with respect to the two-photon energy in Figs. 1(a)-1(d).
Each spectrum is dominated by a resonance curve, resembling
the SHG spectrum of monolayer MoS; in Ref. [31]. The peak
energy of our spectrum of MoS,, i.e., 2.93 eV, is almost
the same as that of theirs: 2.89 eV. However, our spectrum
obviously has a shoulder at 2.82 eV, which was not observed
in Ref. [31]. This is probably because our spectra were
measured every 0.017 eV on average, whereas the spectra
were measured every 0.067 eV in Ref. [31]. Several spectral
features are also found on the resonance curves for other 77X,
materials.

The SHG spectra were fitted by a linear combination of
Lorentz functions in order to decompose the spectra into a
few components and determine their peak energies. The linear
combination of the Lorentz functions is defined as
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FIG. 1. SHG spectra of monolayer (a) MoS,, (b) MoSe,,
(c) WS,, and (d) WSe, on SiO; (90 nm)/Si(001) substrates. Blue
dots: experimental spectra. Black lines: spectra fitted by the linear
combination of Lorentz functions. Colored lines: spectra of the
component Lorentzians.

where w;, I';, and f; are the resonance frequency, damping
frequency, and amplitude of each component, respectively
[49,50]. This formula does not include cross terms; i.e., the
phase of each term is not considered. The reason for this is as
follows. The resonance curves shown in Fig. 1 are associated
with the C peak in the DR spectra, as described later. The
C peak does not originate from a single optical transition

but arises from a number of transitions at critical points in
the Brillouin zone. Therefore, the components of the SHG
spectra are also associated with a number of transitions; thus,
the phase cannot be defined for each term in Eq. (1). The
components thus obtained are indicated by colored lines in
Fig. 1. The SHG spectra of MoS,, MoSe,, WS,, and WSe;
are decomposed into two, four, two, and three components,
respectively. The dominant features common to the four 77X,
materials are the largest and broadest (full width at half
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FIG. 2. DR spectra of monolayer (a) MoS,, (b) MoSe,, (c) WS,,
and (d) WSe, on SiO, (90 nm)/Si(001) substrates.
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maximum =~ 0.2-0.3 eV) component (violet line) and a small
component on its low-energy side (sky-blue line), which are
denoted as C2 and C1, respectively. For MoSe,, there are two
additional components on the high-energy side of C2. They
are denoted as C3 (green line) and A (orange line), respec-
tively. For WSe,, there is a weak component denoted A’ (red
line) on the low-energy side of C1. The origin of these compo-
nents will be discussed after the description of the DR spectra.

The DR spectra of monolayer 7 X, are shown in Figs. 2(a)—
2(d). For all the TX, materials, the A and B peaks at lower
photon energies (below 2.5 eV) are generally ascribed to
excitonic features associated with interband transitions from
spin-orbit split valence bands at the K and K’ points in the
Brillouin zone [15,16,22]. Broad C peaks at higher energies
(above 2.5 eV) were assigned to optical transitions at critical
points according to theoretical calculations [21,51,52]. In the
assignment, the critical points in a ring-shaped area around
the I point, particularly along the '—K /K’ line, make a major
contribution, while those in the vicinity of the K and K’ points
make a minor contribution. In any case, these critical points
are formed as a result of band nesting, which means that
there are energy regions where the conduction and valence
bands are parallel to each other. Then, Van Hove singularities
around the transition energies at the critical points, especially
logarithmic divergence in the two-dimensional system, appear
in the JDOS spectrum, giving rise to a strong optical response.
The peak C splits into two peaks C1 and C2 in WS,, as
previously reported [53]. For WSe,, an additional peak is
observed between B and C. This peak is attributed to the low-
energy peak A’ of the exciton pair (A’, B’) in the bulk [20]
according to the thickness dependence of the peak energies
[15,54]. This pair was initially interpreted to be split from
the exciton pair (A, B) by an interlayer interaction arising
from the overlap between the Se p orbitals of adjacent layers
[55]. However, the peak A’ is observed even in the monolayer,
which means that it does not originate only from the interlayer
interaction. Thus, the origin of the peak A’ remains an open
question.

The peak energies of the components of the SHG spectra
and the peak energies of the DR spectra are summarized in
Tables I(a) and I(b), respectively. The C peaks of the DR
spectra for MoS,, MoSe,, and WSe, are located between

the CI and C2 components of the SHG spectra. For WS,,
the C1 and C2 peaks roughly coincide with the C1 and C2
components, respectively. Thus, the C1 and C2 components
dominating the SHG spectra are naturally assigned to the two
parts of the optical transitions responsible for the C peaks.
The overall feature of the C1 and C2 components is common
to the four 7X, materials, which implies that the optical
transitions responsible for these components and therefore the
originating electronic structure are similar among the four
T X, materials. Moreover, the C peaks are closer to the smaller
component C1 than to the larger component C2, which means
that the SH intensity at the C2 component is considerably
higher than that at the CI component. Now, we compare
our SHG spectrum with the calculation results for MoS, in
Ref. [41], because the calculation included both the spin-orbit
interaction and the electron-hole interaction, and the presented
optical conductivity and SHG spectra were well resolved in
the interband transition region. The SHG spectrum exhibits an
apparent peak at 3.0 eV and a weak shoulder at 2.8 eV, which
correspond to the lower peak at 2.95 eV and the higher peak
at 2.75 eV in the optical conductivity spectrum, respectively.
Thus, the SH intensity at 3.0 eV is significantly higher than
that at 2.8 eV. The calculation results therefore agree with our
SHG spectra with regard to both the peak energies and the
relative intensities.

Although the optical transitions responsible for these peaks
were not assigned in Ref. [41], inferences about the transitions
can be drawn from the present SHG spectra with the aid
of the published results of calculations related to the linear
optical spectra in the interband transition region [21,51,52].
There are two possibilities. One possibility is that the C1
and C2 components correspond to transitions from spin-orbit
split valence bands around the same k point, because the
energy separations between the C1 and C2 peaks in WX, are
approximately 1.7 times larger than those in MoX ,; similarly,
the energy separations between the spin-orbit split A and B
peaks in WX, are approximately 2.3 times larger than those
in MoX . In this case, the k point is considered to be located
in the vicinity of the K and K’ points because the spin-orbit
splitting of the valence bands is the largest at these points.
The interpretation is consistent with the fact that the overall
feature of the CI and C2 components is common to the

TABLE I. (a) Peak energies (eV) of the components of the SHG spectra of monolayer 7T X,. (b) Peak energies (eV) of the DR spectra of

monolayer TX,.

A C1 2 C3 A
MoS, 2.817 £0.010 2.978 £ 0.007
MoSe, 2.603 £ 0.007 2.753 £ 0.002 2.969 £ 0.003 3.128 £ 0.006
WS, 2.804 £ 0.005 3.081 £ 0.002
WSe, 2.436 £ 0.001 2.789 + 0.009 3.031 £ 0.002

A B A/ CorCl C2
MoS, 1.85 2.00 2.87
MoSe, 1.55 1.74 2.60
WS, 1.97 2.34 2.81 2.98
WSe, 1.63 2.05 2.42 2.88
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FIG. 3. SHG spectra of double layer (2L) MoS, on SiO; (90 nm)/
Si(001) substrates. Blue dots: experimental spectrum. Black line:
spectrum fitted by the linear combination of Lorentz function. Col-
ored lines: spectra of the component Lorentzians. The experimental
spectrum of monolayer (1L), which is the same as that in Fig. 1(a),
is also plotted with blue circles for comparison.

four TX, materials. However, the considerably higher SH
intensity for the C2 component seems to conflict with this
interpretation, because the transitions from spin-orbit split
states are expected to induce a doublet with similar intensities
in the SHG spectra, similar to the transitions responsible for
the A and B excitons [33,34,38,41]. Another possibility is
that the transitions contributing to the C2 and C1 components
occur at different k points where the spin-orbit splitting of the
valence bands is small. These k points are away from the K
and K’ points because the spin-orbit splitting deceases to zero
as the k point goes to the I' or M points. The k points are
thus considered to be located in a ring-shaped area around the
I" point. This interpretation is consistent with the calculation
results for the linear optical spectra and with the considerably
higher SH intensity at the C2 component.

It is difficult to declare which possibility is plausible if we
only consider the SHG spectra of monolayer. Accordingly,
we measured SHG spectrum of bilayer MoS; to examine how
the interlayer interaction affects the C2 and C1 components,
because it is known that the valence-band maximum (VBM)
at the I point is very sensitive to the interlayer interaction,
but both the VBM and the conduction-band minimum (CBM)
at the K point is insensitive [56,57]. The sensitivity to the
interlayer interaction was explained in terms of the constituent
wave functions [56]: Wave functions of VBM at the I' point
shows lobes extend out from the sulfur atoms, while those of
the VBM and CBM at the K point are localized within the
transition metal sublattice. The corrected SHG spectrum of
bilayer MoS; on 90-nm-thick SiO, coated Si (001) substrates
is indicated by blue dots in Fig. 3. SH intensity from most
of bilayer area was nearly zero because SHG is symmet-
rically forbidden for 2H stacking. However, SH intensity
from some bilayer area probably having 3R-type stacking
was stronger than that from monolayer area [25,58]. The
spectrum indicated by blue dots is the SHG spectrum of
such bilayer area, and compared with the SHG spectrum of
monolayer MoS; (blue circles). The SHG spectra of bilayer
and monolayer MoS, have apparently different intensities and

TABLE II. (a) Peak energies (eV) of the components of the SHG
spectra of bilayer (2L) and monolayer (1L) MoS,. Fitted values for
monolayer are the same as those in Table I(a). (b) Intensities of the
components f7 of the SHG spectra of of bilayer (2L) and monolayer
(1L) MoS,.

(@)

Cl Cc2
2L 2.771 £ 0.007 2.949 £ 0.011
1L 2.817 £0.010 2.978 £+ 0.007
_ ® _
C1 Cc2
2L 0.098 + 0.019 0.192 + 0.022
1L 0.035 £ 0.012 0.129 % 0.009

different spectrum shapes. In order to quantitatively analyze
these features, the SHG spectrum of bilayer was fitted by
a linear combination of Lorentz functions [Eq. (1)] in the
same way as the SHG spectra of monolayers. The CI and
C2 components thus obtained are indicated by colored lines
in Fig. 3. Resultant peak energies and intensities for these
components of bilayer and monolayer spectra are summarized
in Table II. As the layer changes from monolayer to bilayer,
peak energies of these components shift to lower energies
only slightly, but the intensity-ratio of C1 to C2 remarkably
increases from 0.27 to 0.51. This result will explain the low
energy shift of the peak of the SHG spectra [31] and probably
that of the DR spectra [24]. It is noteworthy that the energy
shift of the unresolved peak does not mainly arise from the en-
ergy shift of the components but from their intensity change.
The interpretation of the bilayer spectrum is based on the
hypothesis that the transitions contributing to the C1 and C2
components are the same in bilayer and monolayer. However,
it is fair to mention that the hypothesis should be verified by
the optical spectrum calculation of 3R-type stacked bilayer
MoS; in future. In any case, electronic structures responsible
for C2 and C1 components are found to be very sensitive to
the interlayer interaction. Accordingly, we conclude that the
optical transitions contributing to the C2 and C1 components
occur at different k points located in a ring-shaped area around
the I point.

The C3 component is observed on the high-energy side of
the C2 component in MoSe,. The SH intensity for the C3
component appears to be as high as that for the C2 component.
According to Ref. [52], there is a third peak—denoted as
E—on the high-energy side of the two peaks Ca and Cb for
MoSe;. The E peak originates from the transitions around
the middle of K-M and I'-K. Thus, the C3 component may
be assigned to these transitions. In this way, the Cl1, C2,
and C3 components are ascribed to the two-photon resonance
with the transitions at various critical points in the Brillouin
zone. The C peaks in the DR spectra were resolved in the
SHG spectra. That is, the components of a multicomponent
spectrum were better distinguished in the nonlinear optical
spectra than in the linear optical spectra. The phenomenon
resembles the case of the SiO,/Si(001) interface, where | x |
resonances around E;- and E,-type critical points are sharper
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than the | x (| spectrum [49]. The reason for this phenomenon
is probably that the SHG spectra measured in this study
are for a specific element (Xﬁy)) of the x® tensor, and the
responsible transitions are more restricted by polarization-
dependent selection rules than the transitions contributing
to x1, as in the case of the Si0»/Si(111) interface [59].
In any case, the previously observed difference between the
SHG spectra and the DR spectra for MoS, [31] is readily
explained by the multicomponent nature of the C peak, that
is, by the fact that the optical transitions contributing to the
C2 component induce a stronger nonlinear optical response
than those contributing to the C1 component.

The A component in MoSe, is ascribed to one-photon
resonance at the A exciton, because half of the peak energy of
A is 1.56 eV, which is almost the same as the energy of the A
exciton. The A’ component in WSe; is ascribed to two-photon
resonance at the A’ exciton, because the peak energy of A’,
2.44 eV, is the same as the energy of the A’ exciton. Notably,
the intensities of the A and A’ components are at least one
order lower than those of the C2 component. Thus, it is proven
that the interband resonance is significantly stronger than the
excitonic resonance, although the SHG spectra have been
studied intensively in the exciton region rather than in the
interband transition region.

IV. CONCLUSION

The SHG spectra of four monolayer 77X, materials were
measured in the two-photon energy region of 2.4-3.3 eV. The
spectrum of each 7 X, material exhibited noteworthy multiple
peaks and was decomposed into a few components using a
linear combination of Lorentz functions. The spectrum shape

of the main C1 and C2 components was identical among the
four T X, materials, which implies that the electronic structure
responsible for these components was common among the
four TX, materials. The SH intensity for the C2 component
was considerably higher than that for the CI component,
which agrees with the published results of the SHG spectrum
calculation for MoS,. The optical transitions contributing to
these components were concluded to occur at different k
points in a ring-shaped area around the I' point with the
aid of the SHG spectrum of bilayer MoS,. Thus, the main
components in the SHG spectra, that is, CI and C2 (and C3
for MoSe,), are ascribed to two-photon resonance with the
interband transitions at various critical points formed as a
result of band nesting. Additional components, that is, A in
MoSe, and A’ in WSe,, are ascribed to one-photon resonance
at the A exciton and two-photon resonance at the A’ exciton,
respectively. The intensities of the A and A’ components were
at least one order lower than those of the CI and C2 (and C3
for MoSe,) components. Therefore, the interband resonance
was directly proven to be significantly stronger than the
excitonic resonance. The strong nonlinear optical response in
the interband transition region and the detailed interpretation
of its generation mechanism elucidated in this study could
be important in the future application of monolayer 7X, to
nonlinear optical devices.

Note added in proof. Very recently Mokim et al. re-
ported SHG spectra of monolayer WS, and WSe, measured
by a new single-shot second harmonic (SH) method using
broadband near-infrared femtosecond continuum pulses [60].
Their spectra are quite different from ours measured by the
well established conventional point-by-point laser tuning SH
spectroscopic method.
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