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Van der Waals Layered Mineral Getchellite with Anisotropic

Linear and Nonlinear Optical Responses

Ravi P. N. Tripathi, Xiaodong Yang,* and Jie Gao*

Ultrathin ternary 2D materials have recently gained significant attention in the
context of tailoring physical properties of materials via stoichiometric
variation, which are crucial to many applications in optoelectronics,
thermoelectrics, and nanophotonics. Herein, sulfide mineral getchellite is
identified as a new type of ternary layered material and large-area getchellite
thin flakes are prepared through mechanical exfoliation. The highly
anisotropic linear and nonlinear optical responses of getchellite thin flakes
facilitated by the reduced in-plane crystal symmetry are reported, including
anisotropic Raman scattering, wavelength-dependent linear dichroism
transition, and anisotropic third-harmonic generation (THG). Furthermore,
the third-order nonlinear susceptibility for getchellite crystal is retrieved from
the thickness-dependent THG emission. The demonstrated strong anisotropic
linear and nonlinear optical properties of van der Waals layered getchellite will
have implications for future technological innovations in photodetectors,
optical sensors, nonlinear optical signal processors, and other on-chip

emerged  with  unique  physical
properties(’?l which are not exhibited
for the mono-elemental and binary
layered vdW material systems such
as extraordinary charge carrier mobil-
ity, favorable band structure,'3! and
phonon vibration.>"1*] Moreover, intro-
ducing novel multi-elemental layered
vdW materials!® into optoelectronic
and photonic devices will allow the in-
creased adaptability and versatility for
the relevant applications.!'>1¢]

In this regard, ternary layered vdW
materials such as Ta,NiS;, Bi,O,Se, and
other ternary TMDs have recently gained
substantial attention.'"!21417] Consider-
able efforts have been shown in exploring
ternary vdW materials as novel 2D plat-

photonic device prototypes.

1. Introduction

Van der Waals (vdW) nanomaterials with their exceptional phys-
ical properties such as quantum confinement, interlayer cou-
pling, dangling-bond-free smooth surface,!! superior electronic
response, and anisotropic optical responsel?! have paved an ef-
fective way to tailoring light-matter interactions beyond the sub-
wavelength scale. Since the successful exfoliation of 2D vdW
nanomaterials in 2004,5 significant efforts have been dedicated
to unveiling their full potential in advancing many research
fields*! especially condensed matter physics,l’! electronics,!®!
energy storage,”l sensing,!®! and quantum photonics.”) De-
spite the progress so far, the library of the explored 2D vdW
nanomaterials is typically confined to mono-elemental and
binary materials!®>®! such as black phosphorous, tellurium,
GeS, GeSe, GeAs, ReS,, and transition metal dichalcogenides
(TMDs)."!l' Recently, complex 2D vdW nanomaterials have
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forms used for a variety of applications
ranging from electronic transport to en-
ergy storage.''121418] Chromium-based
layered materials (CrOX, X = Cl and Br; Cr,Ge,Te;) have been
demonstrated as intrinsic ferromagnet,’”) whereas bismuth
based ternary materials (Bi,O,Se; BiOX, X = Cl and Br) have
been explored to investigate spin-orbit coupling and magneto-
transportation.[12142°] Also, other associated derivatives have
been demonstrated for efficient phototransistors, memristors,
and electronic devices. Recently, the attention has been dedicated
for tailoring light-matter interactions in such ternary layered vdW
materials, for example, Ta,NiS; nanosheets for broadband opti-
cal pulse generation and ultrafast photonics,!*”! Cr,NO, for spin
filtering,?!! and BiOCl as ultraviolet (UV) photodetectors.??] Nev-
ertheless, the understanding of ternary layered vdW materials is
in its early stages and a considerable amount of work is yet to be
done for the comprehensive analysis of such promising material
systems as well as the further expansion of the current existing
2D materials library.

From another perspective, there has been a recent trend in 2D
materials research about the exploration of complex naturally
occurring layered minerals,['®! which have facilitated a unique
opportunity to advance various important applications and
phenomena such as electrocatalysts, thermoelectrics, super-
capacitors, topological insulators, high electrical conductivity,
and optoelectronic integration. For example, strong vibrational
and mechanical anisotropy of the exfoliated layered orpiment
(As,S;) has been demonstrated.”)) Also, the layered franckeite
(PbsSn,FeSb,S,,) has been studied for the application in near-
infrared photodetection and the anisotropic nonlinear optical
responses.?*®] The exfoliated cylindrite (Pb,Sn,FeSb,S;,)
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Figure 1. Getchellite crystal structure and exfoliated thin flakes. a—c) Schematic representation of getchellite crystal structure from three side views. d)
Image of typical bulk natural getchellite mineral (size: 1 cm x 1cm). e,h) Optical reflection microscopic images and f,i) optical transmission microscopic
images of mechanically exfoliated getchellite thin flakes on glass substrate, respectively. Red dashed-line box indicates the scanned region for AFM image,
whereas x-axis and y-axis signify the crystal’s g-axis and b-axis, respectively. g) and j) AFM images of the marked regions in the reflection and transmission
microscope images. The line profiles signify the thickness and smoothness of the investigated flake region.

nanosheets have been shown to preserve the intrinsic magnetic
interactions.[?! In addition, the exfoliated teallite (PbSnS,)
flakes have been applied in electrocatalytic energy reactions
and anisotropic optoelectronics.l?”-2] The layered kawazulite
(Bi,Te,Se) have been identified as a naturally occurring topolog-
ical insulator.[??]

Motivated by this, herein we identify getchellite as a new type
of anisotropic ternary layered vdW material. Getchellite is a
rare sulfide mineral of arsenic and antimony with the chemical
formula of AsSbS;, which was discovered by B. G. Weissberg
from an epithermal arsenical gold deposit at the Getchell mine,
Nevada, United States.?") Getchellite shows dark blood-red color
and orange-red streak. Getchellite has a Mohs scale hardness
of 1.5 to 2 with a perfect cleavage yielding flexible and inelastic
lamellae.?% Recently, transient absorption spectroscopy has been
used to reveal the spatiotemporal dynamics of photocarriers in an
AsSbS, flake from a synthetic crystal. 3!l However, the linear and
nonlinear optical properties of getchellite are still unknown so
far. Here, we explore the anisotropic linear and nonlinear optical
responses of mechanically exfoliated getchellite thin flakes. It is
shown that natural mineral getchellite can be mechanically exfo-
liated into ultrathin flakes. We further use high-resolution trans-
mission electron microscopy (HRTEM) and energy dispersive
X-ray spectroscopy (EDXS) techniques to determine the crystal
structure and chemical composition of getchellite crystal. Subse-
quently, anisotropic Raman vibrational modes in getchellite thin
flakes are investigated using angle-resolved polarized Raman
spectroscopy. The polarization and wavelength-dependent linear
dichroism transition effects from getchellite thin flakes are also
observed with optical absorption spectroscopy. Furthermore, the
anisotropic THG response of getchellite crystal with respect to
the incident linear polarization of pump beam is probed and
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the third-order nonlinear susceptibility is retrieved from the
thickness-dependent THG emission. These results will provide
new opportunities for advancing future photonic and optoelec-
tronic applications in photodetectors, optical sensors, nonlinear
optical signal processors, and integrated photonic circuits.

2. Results and Discussion

2.1. Structural and Chemical Composition Analysis of Getchellite
Crystal

Getchellite is a natural, thermodynamically-stable, and mixed-
metal sulfide mineral composed of arsenic (As), antimony (Sb),
and sulfur (S). It has a monoclinic crystal structure belonging to
the P2, /a space group with the unit cell parameters of a = 11.85
A, b=899A,c=10.16 A, and f = 116.45°. Figure 1a-c schemati-
cally depicts the atomic arrangement in a typical getchellite crys-
tal from three side views. The structure is made up of the puck-
ered M,S, ring (M = As, Sb) connected to each other by bridging
additional sulfur atoms to form sheets parallel to (001).3%32 The
angle of S—M—S and M—S—M have been estimated as ~96.1°
and 101.2°.%) These atomic sheets are further stacked with each
other via weak vdW forces, which makes mechanical exfoliation
feasible from the bulk crystal. Within the atomic sheet, all metal
sites are three-coordinated by S, with the MS; unit forming trig-
onal pyramids. The M—S bond distance in MS; pyramids ranges
in between 2.275 to 2.489 A.[303233]

The bulk natural getchellite mineral (from Twin Creeks mine,
Potosi District, Humboldt County, Nevada, United States) as
shown in Figure 1d is mechanically exfoliated with Nitto tape
(SPV 224) to obtain thin flakes of several thicknesses on glass
substrate. Optical reflection and transmission microscope im-
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Figure 2. TEM and TEM-EDXS mapping of getchellite crystal. a) Representative atomic HRTEM image of an ultrathin getchellite flake. b) FFT of (a)
showing the reflections of the crystal lattice. c) Average EDXS spectrum. The peaks of three major elements As, Sb, and S are primarily considered for
elemental quantification of the probed getchellite crystal. d) Dark-field TEM image of the probed region. e-g) TEM-EDXS mapping of getchellite crystal

showing the presence of As, Sb, and S, respectively.

ages of one prepared getchellite flake are shown in Figures le
and 1f, which also underline the high aspect ratio of lateral di-
mension (~18 um) and thickness (%89 nm) for the flake. In addi-
tion, the high aspect ratio is also noticed in another exfoliated
flake, as shown in Figure 1h,i. To further ensure this, a sec-
tion of the prepared flake indicated by the red dashed-line box
is scanned using atomic force microscopy (AFM) to estimate the
flake thickness and surface smoothness. The obtained AFM im-
ages are shown in Figure lej, giving the flake thicknesses of
89 and 48 nm. Furthermore, the getchellite crystal is character-
ized using HRTEM and EDXS to determine the atomic arrange-
ment and chemical composition. Figure 2a shows a HRTEM im-
age of getchellite crystal with the determined lattice spacings of
~4.50 and ~2.31 A and the intersection angle of ~89°, which are
consistent with the [020] and [400] sets of planes for the mono-
clinic crystal. Figure 2b presents the indexed fast Fourier trans-
form (FFT) of the HRTEM image of Figure 2a, where the reflec-
tions of the crystal lattice are marked. Next, the chemical com-
position of getchellite crystal is quantified. Figure 2c shows the
average EDXS spectrum and Figure 2d—g shows the dark-field
TEM image of the scanned region and the corresponding TEM-
EDXS elemental maps, emphasizing that arsenic (As), antimony
(Sb), and sulfur (S) are the prime components which are ho-
mogenously distributed in getchellite crystal. The observed cop-
per (Cu) peaks in the EDXS spectrum come from the TEM grid.
The elemental composition summarized in Table 1 is used for the
compositional stoichiometry analysis, resulting in an empirical
formula of As ¢, Sby00S; ¢0- The empirical formula determined
from EDXS is not completely matched with the generic getchel-
lite chemical formula As 44 Sb; o, S;.>%**! This deviation between
these two formulas can be attributed to the geological origins!?’!

Laser Photonics Rev. 2021, 2100182

2100182 (3 of 11)

Table 1. EDXS quantification of bulk getchellite.

Elements Concentration (at%)
As 29.64 + 5.46
Sb 16.19 + 3.77
S 54.17 + 8.29

and the presence of carbon (C), oxygen (O), and silicon (Si) im-
purities in naturally occurring minerals. Such type of deviation
between empirical and generic formula has been noticed in other
natural vdW materials as well.[2734]

2.2. Raman Spectroscopy Characterization of Getchellite Crystal

To understand the vibrational modes of getchellite crystal, the
Raman spectroscopy is performed on the 89 nm-thick flake in
two different polarization configurations. Figure 3a shows the
measured Raman spectra with a 632.8 nm He—Ne laser as the
excitation source in parallel and perpendicular polarization con-
figurations, where the analyzer direction is set to be parallel or
perpendicular with respect to the input linear polarization in
the signal collection path. The Raman spectrum exhibits several
peaks between 70 to 400 cm™!, which are indicated at 83, 132,
152, 167, 181, 269, 285, 297, 327, and 342 cm™'. These observed
Raman modes can be assigned as per previously studied Raman
spectra of the constituent components of orpiment (As,S;)*]
and stibnite (Sb,S;).*%] The 83 cm™! peak is attributed to the
combination of A, mode of As,S; (70 cm™) and A, mode
of Sb,S; (73 cm™). The peak at 132 cm™" and 152 cm™' are
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Figure 3. Angle-resolved polarized Raman spectroscopy of getchellite flakes. a) Raman spectra from a typical getchellite flake with 89 nm thickness in
parallel (red curve) and perpendicular (blue curve) polarization configurations. The observed Raman peaks are denoted with black dashed lines. b,c)
Color maps of angle-resolved polarized Raman spectra in parallel (//) and perpendicular (L) polarization configurations. d—h) Polar plots for different

Raman modes in parallel configuration at 83, 132, and 297 cm™', and in

perpendicular configuration at 83 and 297 cm~', respectively. Black squares

denote the measured data points and red solid lines are the theoretical fits.

related to A, modes of As,S; at 137 and 154 cm™". The 167 and
181 cm™ peaks are assigned as A, modes of Sb,S; at 156 and
191 cm™. The peak at 269 and 285 cm™ are ascribed to A,
mode of Sb,S; (283 cm™). The characteristic 297 cm™ peak is
accredited to A, mode of As,S; (309 cm™). The last two peaks at
327 and 342 cm™! are attributed to A, modes of Sb,S; (313 cm™)
and As, S, (354 cm™!), respectively. Importantly, a majority of the
Raman modes are present in both polarization configurations.
However, the Raman intensity is higher in the case of parallel
polarization configuration, indicating that the observed Raman
modes are highly polarized.

To better understand the nature of anisotropic optical prop-
erties of getchellite crystal, the dependence of the Raman scat-
tering features on the incident linear polarization angles is sys-
tematically studied. Getchellite crystal belongs to the monoclinic
crystal family. Considering the crystal symmetry as per reported
literature, the Raman tensor for different A, and B, modes can
be written as:37]

[ge?. 0 de
R(A)=| 0 be" 0 1)
| des 0 ce¥

0 e’ 0
R(B,)=|e” 0 fe¥ (2)
| 0 fe 0

where a, b, ¢, d, ¢, and fare the amplitudes of Raman tensor ele-
ments, and @, 6, 8., #,, ., and @, denote the associated phases.
For a Raman mode, the observed Raman intensity is strongly re-
lated with the Raman tensor and the incident/scattered beam po-
larization vector. In general, the intensity of Raman mode can be
expressed as:

I |e.Re,| 3)

where ¢; and e, denote the unit polarization vectors for the inci-
dent and scattered light, R is the Raman tensor of the crystal. In
accordance with the experimental configuration, there is no con-
tribution from z-axis, hence the unit polarization vectors are ¢, =
(cos 8, sin 8, 0), whereas e, = (cos 8, sin 0, 0) and (— sin 6, cos 6, 0)
for parallel and perpendicular polarization configurations, re-
spectively. The resultant Raman intensity for A, and B, modes
in parallel and perpendicular configurations can be written as
follows:[37]

Ig o (|a| sin” @ + |b| cos @, cos’ 6)2 + (b] sin @, cos® 0)2 (4)

Iig x [(Ial — |b| cos (/)ba)z + (Ip| sinﬂba)z] (sin @ cos 6)* (5)
Igg o |e|? sin’ 20 (6)
I'fg  |e|? cos? 260 7)
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where // and L denote the parallel and perpendicular polariza-
tion configurations and §§;, = @, — @, denote the associated phase
difference. Figure 3b,c shows the Raman intensity color maps as
a function of the incident linear polarization angle in the paral-
lel and perpendicular polarization configurations for the 89 nm-
thick getchellite flake. It is observed that the Raman modes are
anisotropic in nature and the Raman intensities vary periodically
as a function of the incident linear polarization angle. To get more
details regarding the periodicity of Raman modes, experimentally
recorded angle-resolved Raman spectra are theoretically fitted us-
ing Equations (4)—(7). Figure 3d—f shows the polar plots of the
Raman modes at 83, 132, and 297 cm™! in parallel configuration,
while Figure 3g-h shows the polar plots at 83 and 297 cm ™! in per-
pendicular configuration. The experimental data are denoted as
black squares, whereas the theoretical fitting is shown with red
solid lines, indicating a good agreement between experimental
observation and theoretical fitting. Under the parallel configura-
tion, the B, mode at 83 cm™" exhibit the characteristic four-lobe
pattern with a period of 90° and the Raman intensity maxima at
angles ~45°, ~135°, ~£225°, and ~315° (Figure 3d), whereas the
A, modes at 132 and 297 cm™" show anisotropic four-lobe pat-
terns with the Raman intensity maxima either at 90° and 270°
(Figure 3e) or 0° and 180° (Figure 3f). On the other hand, under
the perpendicular configuration, the Raman intensity patterns
show the anisotropic four-lobe patterns with a period of 90° (Fig-
ure 1g,h). However, the B, mode at 83 cm™" reaches the inten-
sity minima at angles ~45°, #135°, ~#225°, and ~315°, whereas
the A, mode at 297 cm™" reaches the intensity maxima at 45°,
135°, 225°, and 315°, highlighting the Raman intensity maxima
of A, and B, modes cannot appear at the same angle in two differ-
ent polarization configurations. The anisotropic angle-resolved
Raman spectra also endorse the presence of linear dichroism
in getchellite crystal. Moreover, the orientation of A, modes in
the parallel configuration indicates the crystal axis of the probed
getchellite flake.[*®] Here, the 0° and 90° directions are identified
as the g-axis and b-axis of getchellite crystal,[*%! for further prob-
ing the anisotropic linear and nonlinear optical responses of the
crystal.[38-40]

2.3. Wavelength-Dependent Linear Dichroism Transition in
Getchellite Flake

To obtain further insight regarding the intrinsic linear dichro-
ism that resulted from the reduced in-plane crystal symmetry
of getchellite, the optical absorption characteristics in the visible
range from 420 to 800 nm are investigated using polarization-
resolved optical absorption spectroscopy. First, two getchellite
flakes of significantly different thicknesses of 48 and 89 nm are
selected to study the effect of flake thickness on the optical re-
sponse. Figure 4a—c shows the measured reflectance (R), trans-
mittance (T), and absorbance (A = 1 — R — T) spectra for these
two flakes with the incident linear polarization along a-axis of
the crystal. It is found that the thick flake of 89 nm has a higher
reflectance but a lower transmittance compared to the thin flake
of 48 nm. In addition, it is noticed that the reflectance from both
flakes gradually decreases before the wavelength ~520 nm and
abruptly drops afterwards, while the transmittance registers a sig-
nificant increase before 560 nm and a more gradual increase sub-
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sequently. Hence, the minimum absorbance is exhibited ~530
nm for both flakes, as shown in Figure 4c. Such wavelength-
dependent reflectance, transmittance, and absorbance play a cru-
cial role in generating an anomalous linear dichroism transition
behavior in getchellite crystal. The absorbance peak ~730 nm cor-
responds to the optical band gap in getchellite crystal.?! To fur-
ther investigate the anisotropic features of optical absorption and
the linear dichroism transition phenomena, angle-resolved re-
flectance, and transmittance and absorbance spectra are system-
atically measured for the 89 nm-thick getchellite flake, as shown
in Figure 4d—f. The linear polarization angle is defined relative
to a-axis of the crystal (along x-axis). Intriguingly, the absorbance
spectra at different linear polarization angles from 0° to 180° al-
most converge around the wavelength of 560 nm and the trend
in absorbance on both sides are precisely opposite, where the
absorbance gradually decreases in the wavelength range to less
than 560 nm but increases afterwards. To get a more intuitive
understanding, the polar plots of reflectance, transmittance, and
absorbance spectral features as a function of the linear polariza-
tion angle with a step of 10° are shown in Figure 4g-1, at two
wavelengths of 520 and 650 nm located at different wavelength
ranges as marked by the vertical dashed lines in Figure 4d-f.
All the experimental data exhibit angle-dependent two-lobe pat-
terns and can be fitted with a sinusoidal function of the form
a (0) = a, cos’(0) + a, sin’(6), where @, and a, are the magni-
tudes along x-axis and y-axis. The obtained reflectance, transmit-
tance, and absorbance anisotropy ratios at 520 nm (650 nm) are
R,/R,=1.02 (1.05), T,/T, = 0.95 (0.97), and A, /A = 1.15 (0.95),
respectively.

It is worth noting that the polar plot of absorbance at 520 nm
in Figure 4i is consistent with the observed Raman A, mode
at 297 cm~! in Figure 3f, whereas the polar plot absorbance at
650 nm in Figure 41 is rotated exactly 90° relative to that at 520
nm. From this observation we can infer that getchellite crystal
absorbs photon energy anisotropically along the directions of a-
axis and b-axis, and the wavelength-dependent linear dichroism
transition behavior is present in the crystal. Such linear dichro-
ism transition effect has been recently observed in few other 2D
crystals such as palladium diselenide PdSe,!*!l and BaTiS; per-
ovskite chalcogenide.[*?) Owing to the presented insight,[*1*2] we
attribute such wavelength-dependent linear dichroism polarity in
getchellite crystal as a consequence of the strong localization of
the absorption peaks along two principal crystal directions in the
energy band at different wavelengths. Nevertheless, further in-
vestigation is desirable for insightful comprehension regarding
this phenomenon in ternary sulfide minerals.

2.4. Anisotropic Optical Refraction of Getchellite Flake

We further investigate the birefringence in the 89 nm-thick
getchellite crystal using polarization-resolved optical microscopy.
The details about the optical setup are discussed in Experimental
Section. The incident light polarization is varied from 0° to 180°
under the cross-polarization illumination configuration with a
step of 10°. Figure 5a shows the transmission optical microscopy
image at the incident polarization angle of 45° and 90°. It is in-
dicated that the flake shows a slightly higher brightness when
the incident polarization is along the 45° direction, compared to
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Figure 4. Linear dichroism in getchellite flakes. a—c) Comparison of measured reflectance, transmittance, and absorbance spectra for two getchellite
flakes with thicknesses of 48 and 89 nm. Blue solid curves correspond to the 48 nm flake and black solid curves represent the 89 nm flake. d—f) Measured
angle-resolved reflectance, transmittance, and absorbance spectra for the 89 nm-thick getchellite flake under incident linear polarization from 0° to 180°.
g—1) Evolution of reflectance, transmittance and absorbance as a function of the incident linear polarization angle at two wavelengths of 520 and 650
nm. Black squares represent the experimental data points and magenta solid lines show the fitted curves.

the case when the incident polarization is along the crystalline
orientation at 90° (along y-axis), due to the birefringence effect
of anisotropic getchellite crystal. To further quantify the birefrin-
gence, the captured images are processed by normalizing the
background intensity and extracting the brightness contrast be-
tween the getchellite crystal and the glass substrate. Figure 5b
plots the normalized transmitted light intensity from the flake
(I = Lyin)/ (Inax — Lin) @s a function of input linear polarization
angle under the cross-polarization illumination configuration.
The maximum transmitted light intensity I, represents the in-
tensity along the 45° direction, while the minimum transmitted
light intensity I, stands for the intensity along the 90° direc-
tion. The experimentally extracted values are indicated with black
dots, whereas the fitted curve is shown with a solid red curve us-
ing the equation T = a sin*(26), where a shows the total trans-
mittance along a- and b-axes. Noticeably, the flake brightness ex-
hibits the characteristic four-lobe pattern with the maxima at an-
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gles ~45° and ~135°, whereas no brightness contrast is observed
at 0° (along x-axis) and 90° (along y-axis) when the incident po-
larization is along the crystalline orientation. Such phenomenon
of polarization angle-dependent flake brightness emphasizes the
presence of birefringence in an anisotropic getchellite crystal.
Further, this observation can also be understood in the context of
the polarization state of the transmitted light from the getchellite
flake.[**#4] When the incident linear polarization is aligned along
the crystal axis (a- or b-axis) of the getchellite flake, the polariza-
tion state of the outcoupled light doesn’t encounter any change,
so that the transmitted light through the flake remains linearly
polarized and perpendicular to the analyzer direction in the col-
lection path. Therefore, the brightness contrast of the flake re-
mains low. On the other hand, when the input linear polarization
is aligned away from these crystal axes, the transmitted light ex-
periences some amount of phase retardation with the maxima at
the incident linear polarization angle of 45° and 135°. This phase
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Figure 5. Anisotropic optical refraction of getchellite flake. a) Captured op-
tical images of the 89 nm-thick getchellite crystal in the cross-polarization
illumination configuration at two different incident linear polarization an-
gles of 45° and 90°. The camera exposure time is kept same while cap-
turing the images. b) The normalized transmitted light intensity from the
flake as a function of the incident linear polarization angle under the cross-
polarization illumination configuration.

retardation changes the output polarization state into elliptically
polarized light. Consequently, the brightness contrast of the flake
systematically varies as a function of the incident polarization an-
gle and reaches the maxima at 45° and 135°.

2.5. Anisotropic THG and Third-Order Nonlinear Susceptibility of
Getchellite Crystal

The low in-plane crystal symmetry of getchellite also suggests
highly anisotropic nonlinear optical response. The anisotropic
THG in getchellite flakes of different thickness is probed by us-
ing a 1560 nm pulse laser with a spot size of 1.5 um. Figure 6a
shows the recorded THG emission spectrum from the 89 nm-
thick getchellite flake, giving the THG emission peak at 520 nm
which is one-third of the excitation wavelength. The THG emis-
sion process is further confirmed by the cubic power law fitting
observed in Figure 6b, where the log-scale plot of the THG emis-
sion power as a function of the pump power is presented. Next,
the in-plane anisotropic THG emission is studied by measuring
the THG intensity dependence on the incident linear polariza-
tion of pump beam. The desired linear polarization is obtained
by introducing a linear polarizer and a rotating half-wave plate
combination in the excitation path. In addition, a linear polariza-
tion analyzer is fixed along parallel (0°) and perpendicular (90°)
to a-axis of the crystal in the collection path for collecting the x
and y components of THG emission. Figure 6¢c—f shows the mea-
sured angular dependence of THG emission power with respect
to the incident linear polarization angle for four getchellite flakes
of different thicknesses 17, 32, 48, and 89 nm, showing highly
anisotropic four-lobe THG patterns for all the flakes. The mea-
sured THG emission power includes x component (red squares),
y component (blue dots), and total power (black upper triangles).
Noticeably, the maximum THG power is recorded at 0° in the di-
rection of a-axis of the crystal (along x-axis), whereas the second
maximum is obtained at 90° in the direction of b-axis (along y-
axis). The observed anisotropic THG is further corroborated with
the theoretical model of the third-order nonlinear susceptibility.
For getchellite with the monoclinic crystal structure,!*! the corre-
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sponding third-order nonlinear susceptibility tensor can be writ-
ten as follows:(45:4€]

, m 9 s 0 s xie v xs O 0
}(()= 0 x» 0 x O 0 0 0 ¥ o (8)
1 0 xs 0 xs X6 X Xs O 0

where the first term in subscript 1, 2, and 3 denotes x, y, and z,
respectively, and the second subscript refers to the combination
of three components as:

XXX YYYy 22Z yZZ YYZ XZZ XXZ XYy XXy XYz
1 2 3 4 5 6 7 8 9 0

In accordance with the experimental condition, the getchel-
lite crystal is excited with the linearly polarized electric field of
E=% (1E] cos 0) + (| E| sin 6), where 6 is the linear polarization
angle relative to a-axis of the crystal. As the excitation field polar-
ization always remains in the x—y plane, the contributions from
nonlinear susceptibility tensor containing z-component are not
accounted for. Thereby, only four non-zero elements yy;, xis: Y22,
and y,, will contribute to the in-plane THG emission process.
The electric field components of THG emission and the THG
intensity can then be written as:[*C]

g 211 €0S> 0 + 3 1,5 cos B sin” 0
FBo) — E)(fw) e 50E3 X sin’ 0 + 3){29 sin 6 cos? 6 (9)
E(Sm) 0
v4
IS”)) - (}(11 cos® 0 + 3y, cos 0 sin® 9)2 (10)
I;Sw) « (), 5in’ 0 + 3 7,4 5in 6 cos’ 0)2 (11)

Equations (10) and (11) are used to fit the experimental values
in the angular dependence of THG emission. The theoretical fit-
ted curves are shown as the solid curves with the respective col-
ors in Figure 6¢—f, showing a good agreement with the measured
data.

Additionally, these theoretically fitted curves can be used
to retrieve the relative magnitudes of the y©® elements y,,
Xis» XYoo and y,e, which are plotted in Figure 7a with re-
spect to the flake thickness. It is shown that the y©® ele-
ments are almost unchanged with different flake thicknesses
and the average relative magnitudes of y©® elements are
X1t Xis ' XYoot X =1:031:0.73:0.24, which features the
intrinsic nonlinear optical anisotropy in getchellite crystals. Fur-
thermore, the ratio of | y;,1?/| x,,|? indicates the THG anisotropy
ratio 1°(6 = 0°)/ I)(fw) (0 = 90°) in the getchellite flakes, which
almost remains as a constant of 1.88. Next, the third-order
nonlinear susceptibility y© value of getchellite crystals will be
estimated. Figure 7b plots for THG emission power as a function
of the getchellite flake thickness for the incident linear polariza-
tion along x-axis. The average pump power is 1.25 mW with 9.82
GW cm~2 peak irradiance. The THG emission power gradually
increases up to 0.65 pW for the 102 nm-thick getchellite flake
and then exponentially decays. The thickness-dependent THG
emission response can be understood in terms of the competitive
processes of optical gain and loss. For low flake thickness, the

© 2021 Wiley-VCH GmbH
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Figure 6. Anisotropic THG emission from getchellite flakes. a) Recorded THG emission spectrum from the 89 nm-thick getchellite flake. b) Logarithmic
scale plot of THG power as a function of pump power. Green squares show the measured data points and red solid line is the power law fit. c—f)
Polarization-resolved angular dependence of THG emission power for four getchellite flakes with thicknesses of 17, 32, 48, and 89 nm. Red squares,

blue dots, and black triangles denote the measured x-component (I)(fw)

fittings are plotted as solid curves.

THG emission power is proportional to the square of the flake
thickness, which is observed in Figure 7b for the flake thickness
up to ~#110 nm. As the flake thickness further increases, the
strong optical absorption plays a crucial role to attenuate the
THG signal propagating through the flake. This trend is ob-
served in the exponential decay of the THG signal for the flake
thickness greater than 110 nm. This exponentially attenuated
THG signal enables us to extract the imaginary part of the re-
fractive index (k;) at A; = 520 nm for getchellite crystal with the
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(3)

y '), and total (18®)) THG emission power. The theoretical

(_4ﬂk3l

fitting of THG emission power P’ (I) = Al exp(~——=), where

A is a constant, and I is the flake thickness. The exponential
fitting for THG emission power is plotted in Figure 7b with the
fitted k; of 0.745. From literature, the real part of the refractive
index of getchellite crystal n, is ~2.72.1471 By taking into account
the values of refractive index and other experimental parameters
of average pump power, laser pulse width, repetition rate, and
spot size (P)= 1.25 mW, 7 = 90 fs, f,.,= 80 MHz, and W =

1.5 um) at the pump wavelength of 1560 nm, the magnitude of
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Figure 7. Third-order nonlinear susceptibility and thickness-dependent THG emission. a) Retrieved relative magnitudes of yq1, x13, X22, X209 as a
function of the flake thickness, as shown with black squares, blue upper triangles, red dots, and magenta lower triangles. The average values are
represented with dashed lines in respective colors. b) Thickness-dependent THG emission power. Measured values are shown with black squares with

error bars, whereas theoretical fitting is plotted as a red solid curve.

%) can be estimated by the following expression:8

0 3
piol (1) = 9wl | ;(‘3’)2#
[ 2 12,3 2
164/n; + k3n; €; c* rngATZ [Tl:lz]
4rksl 2rksl
) _ ) 747rk31
e 2e 3 +1 oo (12)

4n2k?
r ()
where n, is the real part of the refractive index of getchellite
crystal at the fundamental wavelength 4, = 1560 nm and here

n,= 2.72 is used. The estimated magnitude of y©® for getchellite
crystal is 2.89 X 1072 m?2 V=2,

3. Conclusions

In summary, we have prepared large-area getchellite crystal flakes
of various thicknesses via mechanical exfoliation method. The
crystal structure and chemical composition of getchellite flakes
have been extensively characterized. The anisotropic linear and
nonlinear optical properties of getchellite thin flakes have been
demonstrated, including anisotropic Raman scattering, linear
dichroism transition effect, and anisotropic THG response. With
angle-resolved polarized Raman spectroscopy, we have shown
that the Raman vibrational modes are anisotropic in nature, at-
tributed to the reduced in-plane symmetry in getchellite crystal.
Furthermore, by using polarization-resolved optical absorption
spectroscopy, we have demonstrated the wavelength-dependent
linear dichroism transition effect in getchellite crystal, which has
not been explored in naturally occurring ultrathin ternary vdWs
crystals. We have also explored anisotropic nonlinear optical re-
sponse of getchellite crystal in term of the THG emission and
extracted the third-order nonlinear susceptibility for getchellite
crystal. With this hindsight, we envisage that getchellite will be
a valuable addition to expand the current existing layered vdW
materials library. Moreover, these promising findings in the con-
text of structural, vibrational, and optical anisotropy for getchel-
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lite crystal will be relevant not only to the insightful understand-
ing of other naturally occurring complex vdW materials, but
also pave a way of its engagement for polarization-sensitive lin-
ear and nonlinear optical devices for future photonic and opto-
electronic applications such as photodetection, frequency conver-
sion, wavelength-division multiplexing, encrypted optical signal
processing, and optical communication.

Lastly, the uniqueness in the complex crystal structure of
ternary getchellite facilitates an exceptional platform to tailor
the optical, vibrational, electronic, and mechanical responses to-
wards its binary-element constituent orpiment and stibnite via
stoichiometric engineering, which will lead to many other impor-
tant applications by utilizing this material. The exfoliated getchel-
lite flakes have been studied in the context of photocarrier life-
time, diffusion coefficient, and charge carrier mobility,3!! with
the reported values comparable with other vdW materials. These
results stimulate its utilization for optoelectronic applications.
In addition, getchellite is found to be a direct band gap semi-
conductor with the value ~1.74 eV, which is close to an ideal
single-junction photovoltaic band gap. Hence, it endorses the
prospect of the utilization for photovoltaic and solar cell appli-
cations. Furthermore, it would also be interesting to examine
getchellite in the context of mechanical properties such as flex-
ibility, strain, and Young’s modulus for highly sensitive wear-
able and flexible device applications. Nevertheless, we anticipate
that getchellite and other complex vdW layered minerals certainly
have the potentials to meet the increasingly growing demand for
the application-based high performance of future nanoscale elec-
tronic and optoelectronic devices.

4. Experimental Section

Sample Preparation: ~ Getchellite flakes of various thicknesses were me-
chanically exfoliated using Nitto tape (SPV 224) from bulk natural getchel-
lite mineral (from Twin Creeks mine, Potosi District, Humboldt County,
Nevada, United States). The glass substrates with 1 cm x 1 cm were
treated with deionized water, acetone, and isopropanol followed by ultra-
sonication for 15 min to remove the undesirable residues from the sur-
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face. These pretreated glass substrates were further used for transferring
the getchellite thin flakes.

Angle-Resolved Polarized Raman Spectroscopy: For collecting the
Raman spectra, the sample was excited with a 632.8 nm He—Ne laser
using a 40x objective lens (NA = 0.65) and the back-reflected signal was
collected via the same objective lens to a spectrometer (Horiba, iHR 520)
with a beam splitter. The incident beam polarization was controlled using
a linear polarizer and a rotating half-wave plate in the excitation path.
To reject the laser light, an edge filter (Semrock, LP02-633RE-25) was
introduced in the collection path. The collected signal was further passed
through a linear polarization analyzer in the collection path to record
the parallel and perpendicular polarization components of the Raman
spectra.

Polarization-Resolved ~ Optical ~ Absorption  Spectroscopy: For the
polarization-resolved optical absorption measurement, a broadband
white light source (Thorlabs, SLS201L, 360-2600 nm) was passed
through a linear polarizer and a half-wave plate and then focused on
the probed getchellite flakes with a 80x objective lens (NA = 0.5). For
measuring the reflection spectrum, the back-reflected light was collected
from the sample using the same objective lens and routed towards the
spectrometer using a beam splitter. Next, the light source spectrum in
the reflection configuration was measured by mounting a silver mirror
on the sample stage. The reflectance (R) spectrum was then calculated
by normalizing the sample response by the light source spectrum. In
the case of the transmission spectrum, the transmitted light through
the sample was collected using another 100x objective lens (NA =
0.7) and then routed towards the spectrometer. Next, the light source
spectrum in the transmission configuration was measured by moving out
the sample from the illumination path. The transmittance (T) spectrum
was calculated by normalizing the sample response by the light source
spectrum. Finally, the absorbance (A) spectrum was obtained by using
the relationof A=1—-R—T.

Birefringence Measurement: A broadband white light source was
passed through a linear polarizer and focused on the probed getchellite
flake with a 20x objective lens (NA = 0.42). The transmitted light was col-
lected with another 20x objective lens (NA = 0.42) from the other side of
the substrate and routed to a charge-coupled device (CCD) camera to cap-
ture the image. Further, a half-wave plate was engaged to rotate the linear
polarization of incident beam from 0° to 180° while maintaining the cross-
polarization illumination configuration for each incident linear polariza-
tion angle by using a linear polarization analyzer in the collection path.
The camera exposure time was kept same during the measurement. The
captured images were further processed for filtering out the contribution
from the background and extracting the brightness contrast between the
getchellite crystal and the glass substrate. Finally, the normalized transmit-
ted light intensity from the flake was plotted as a function of the incident
polarization angle to examine the birefringence of the crystal.

THG Emission Measurement: For collecting the THG emission, the
sample was pumped with a femtosecond laser source at the wavelength
of 1560 nm (pulse width 90 fs, repetition rate 80 MHz) using a 40X objec-
tive lens (NA = 0.65). The transmitted THG signal was collected through a
100x objective lens (NA = 0.7). The incident pump beam was filtered out
by putting a shortpass filter in the collection path. The THG signal was
then routed to a spectrometer and an imaging camera for collecting the
spectra and corresponding image.
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