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ABSTRACT: Layered Ta,M;Te; (M = Pd, Ni) has emerged as a platform to study 2D topological insulators, which
have exotic properties such as spin-momentum locking and the presence of Dirac fermions for use in conventional
and quantum-based electronics. In particular, Ta,Ni;Te has been shown to have superconductivity under pressure
and is predicted to have second-order topology. Despite being an interesting material with fascinating physics, the
detailed crystalline and phononic properties of this material are still unknown. In this study, we use transmission
electron microscopy (TEM) and polarized Raman spectroscopy (PRS) to reveal the anisotropic properties of
exfoliated few-layer Ta,Ni;Te;. An electron diffraction and TEM study reveals structural anisotropy in the material,
with a preferential crystal orientation along the [010] direction. Through Raman spectroscopy, we discovered 15
vibrational modes, 3 of which are ultralow-frequency modes, which show anisotropic response with sample
orientation varying with the polarization of the incident beam. Using angle-resolved PRS, we assigned the
vibrational symmetries of 11 modes to A, and two modes to B;,. We also found that linear dichroism plays a role in
understanding the Raman signature of this material, which requires the use of complex elements in the Raman
tensors. The anisotropy of the Raman scattering also depends on the excitation energies. Our observations reveal the
anisotropic nature of Ta,Ni;Te;, establish a quick and nondestructive Raman fingerprint for determining sample
orientation, and represent a significant advance in the fundamental understanding of the two-dimensional
topological insulator (2DTI) Ta,Ni;Te; material.

KEYWORDS: 2D materials, quantum materials, Raman spectroscopy, transmission electron microscopy, in-plane anisotropy,
topological insulator

opological insulators (TI) have emerged as a
captivating class of materials, offering a platform for

exploring quantum states that could potentially Received:  October 1, 2023
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computing.'® These materials possess a band gap that is Accepted: January 23, 2024
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semiconductors, leading to distinctive electronic properties.
Materials with strong spin—orbit coupling can also host
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Figure 1. (a) Diagrams of the atomic structure of Ta,Ni;Tes, including a 3D perspective and crystallographic projections along three major
axes. (b) Optical image of a single crystal of the material. (c) The single-crystal X-ray diffraction spectrum taken along the (100) family of
planes. (d) A representative optical micrograph of a flake. (e) An atomic force micrograph of the same flake showing the variations in the

height profile along a horizontal line scan.

topological insulating properties with conducting surfaces*™°

due to the presence of gapless states on the interface between a
topological insulator and a trivial insulator such as vacuum.
These states are protected by time reversal symmetry resulting
in spin-momentum locking where spins of opposite directions
have opposite momentums.' This single-direction spin filtering
of electrons results in there being no available states for
electron backscattering, leading to high mobilities compared to
trivial semiconductors.”® Within this realm of topological
insulators, layered two-dimensional topological insulators
(2DTIs), also known as quantum spin Hall insulators, have
garnered significant interest. These materials exhibit helical
edge states that behave similarly to one-dimensional
conductors.” The quantum spin Hall effect indicative of
2DTIs has previously been realized in quantum well
structures.”'® However, a layered material with 2DTI behavior
has advantages compared to quantum well structures such as
increased tunability and accessibility to external stimuli like
light. By combining the fascinating effects of topological
insulators with the tunability of 2D materials, layered 2DTIs
hold the potential for innovations in nanoelectronics,
facilitating the development of next-generation devices like
topological field-effect transistors.'' Therefore, the study of
layered 2DTTs will aid in understanding the topological phases
of matter and their potential applications in conventional and
quantum-based electronics.

Ta,Ni;Te; is part of a class of layered 2DTTs, Ta,M;Xs (M =
Ni, Pd; X = Se, Te), that has recently gained interest as a
platform to explore topological states. Some of the materials in
this class have been shown to have exotic properties such as
superconductivity, excitonic states, edge states, and Luttinger
liquid behavior."*~"” In particular, Ta,Ni;Te; is also predicted
to possess a second-order topology with gapless corner states,
making it a quadrupole topological insulator. The double band
inversion in Ta,Ni;Te is expected to manifest as a band gap of
65 meV,'® large enough to be observed at room temperature.

Moreover, Ta,Ni;Tes exhibits topological phase transitions
under pressure and is predicted to undergo a similar phase
transition in response to strain,'”*° highlighting its tunability
and potential for practical applications.

In addition to its topological properties, Ta,Ni;Tes is also
likely to host in-plane anisotropy due to its anisotropic crystal
lattice and point group. While the majority of experimentally
accessible layered materials display relatively isotropic in-plane
properties,”’ anisotropic 2D materials offer an additional
degree of freedom to tune properties. This can be seen in black
phosphorus, where the crystal orientation changes its optical,
electronic, and thermal properties, allowing for anisotropic
photoelectric and thermoelectric devices.”” " Therefore, the
in-plane anisotropy in Ta,Ni;Te; introduces an additional
degree of freedom, enabling the exploration and manipulation
of next-generation electrical, optical, and thermal devices.”>?*
Despite being an interesting material with many exotic
properties, experimental investigations of the exfoliation,
anisotropic properties, atomic structures, and optical and
vibrational properties of the 2DTI Ta,Ni;Tes including the
number of phonon modes and their symmetry assignments
have not yet been studied. Such studies are significant in
advancing the fundamental understanding of layered topo-
logical anisotropic materials for the realization of many
overarching goals in future applications.

In this work, we present the anisotropic structural and
phononic properties of exfoliated few-layer Ta,Ni;Tey flakes.
X-ray diffraction (XRD) of the bulk crystal, grown through
iodine-assisted vapor transport, shows a good crystallinity of
the material. Optical and atomic force microscopy (AFM)
images of the exfoliated flakes show an elongated nanoribbon-
like morphology. A high-resolution transmission electron
microscopy (HRTEM) investigation reveals the anisotropic
nature of the crystal with a = 13.91, b = 3.7 + 0.6, and ¢ = 16.8
+ 0.6 A. Due to the structural anisotropy, elongated ribbon-
like shapes are formed in the exfoliated samples whose
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Figure 2. TEM images of Ta,Ni;Tes showing (a) a HRTEM image of the anisotropic crystal lattice, (b) the Fourier transform of the image
with the corresponding reciprocal lattice vectors labeled, and (c) higher magnification HRTEM of Ta,Ni;Tes, from the region in (a)
highlighted in blue. The inset contains a simulated TEM image and the unit cell as seen from the [100] crystallographic direction. The
measured lattice parameters along the [010] and [001] directions are 3.7 + 0.6 and 16.8 + 0.6 A, respectively. (d) TEM image of ribbon
edge (red square region in the inset) showing that the (001) planes are parallel to the edge and hence the ribbon longest dimension extends
along the [010] crystalline direction. This was confirmed to be the case in all the ribbons examined.

preferential crystal orientation was determined, by TEM, to be
along the [010] direction. Using angle resolved polarized
Raman spectroscopy (ARPRS), we discovered 15 phonon
modes, 3 of which are ultralow-frequency (ULF) modes, likely
to be shear and breathing modes. We assigned 11 of these
modes to A, vibrational symmetry and 2 modes to B;,. We also
discuss complex tensor analysis and the excitation energy
dependence of the Raman data.

RESULTS AND DISCUSSION

Unlike most layered 2D materials, Ta,Ni;Tes hosts a large and
rather complex unit cell. Each unit cell contains 40 atoms with
two monolayers of 20 atoms each, with van der Waals
interactions between the layers.”® The crystal lattice of
Ta,Ni;Te;y is predicted to be orthorhombic with point group
D,;, and space group Pnma (Figure 1a).”** For this study,
single crystals of Ta,Ni;Tes were grown via an iodine vapor
transport method as outlined in Methods. A representative
single crystal is shown in Figure 1b. These crystals grow as
shiny ribbons that are as long as 2 mm and as wide as 200 ym.
The single-crystal XRD taken on a grown sample that is
presented in Figure lc shows good crystallinity with only
(h00) planes present due to monolayers that extend in the
(100) plane. Using XRD analysis we obtain 13.91 A as the
lattice constant for a, consistent with previously reported
values.”*° Mechanical exfoliations via the “Scotch tape”
method were then performed to obtain few-layer samples, a
representative optical micrograph of which is shown in Figure
1d. Exfoliated Ta,Ni;Tey flakes are much more transparent
than their bulk counterparts, appearing red on a Si substrate
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with a 250 nm oxide capping layer. Exfoliated flakes mirror the
elongated ribbon shape of the bulk crystals. The AFM image in
Figure le shows a height profile where the thickness of the
flake is 12.8 nm (18 layers); however, along the line profile the
height can vary between 9.8 nm (~14 layers) and 19.6 nm
(~30 layers) (see Figure Sla). This thickness variation along
the ribbon is due to the inherent randomness of the exfoliation
process. Additional exfoliated flakes are presented in
Supporting Figure SI and show thicknesses from 8.0 to 19.0
nm. Notice that the interlayer distance is a/2 = 6.955 A as
obtained from the XRD analysis. We note that the mechanical
exfoliation of Ta,Ni;Te; was not reported before. Not all
layered materials can be easily exfoliated due to the different
strengths of the interlayer attractions; the viability of
exfoliating Ta,Ni;Te; could facilitate many future studies on
this material.

Transmission Electron Microscopy. HRTEM imaging
and diffraction pattern analysis were performed to investigate
the atomic structure of Ta,NiyTe;. Flakes used for TEM
imaging were exfoliated via sonication, as outlined in Methods.
The sonication produced an elongated morphology similar to
the exfoliated flakes in Figure 1 but generated smaller flakes
than those obtained by the “Scotch tape” method. Different
scanning electron microscopy (SEM) images of sonicated
flakes are provided in Supporting Figure S2. The solution
containing exfoliated ribbons was deposited on TEM grids, and
the thinnest flakes were used to perform TEM analysis. Figure
2a shows an atomic-resolution HRTEM image of one
nanoribbon, where the anisotropic nature of the crystal lattice
is revealed. Figure 2b shows the Fourier transform
corresponding to the HRTEM image in Figure 2a with the
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Figure 3. (a) Diagram of the experimental setup for the angularly dependent Raman intensity with sample rotation (@) with respect to the
incident beam. Raman spectra of Ta,Ni;Te; with the polarization of the incident laser along the (b) [001] and (c) [010] crystal directions,

including the ultralow-frequency region.

Table 1. Raman Tensors for the D,, Point Group
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lattice vectors labeled. Using the Fourier transform (FT) we
have obtained the remaining lattice constants of Ta,Ni;Te;,
which are 3.7 + 0.6 and 16.8 + 0.6 A along the directions b =
[010] and ¢ = [001], respectively; the uncertainties used for
these values correspond to the maximum deviation from the
average value as shown in Supporting Figure S3.

Figure 2c¢ provides a larger magnification of the region
enclosed in the blue square of Figure 2a. The simulated image
in the inset of Figure 2c¢ matches the actual image well and
allows for a correlation between the light and dark features in
the image and the atomic positions in the unit cell. More
information on the TEM simulation used in this study is
shown in Supporting Figure S4. Here the direct measurement,
in real space, of the unit cell also reveals the in-plane lattice
parameters with values very close to those obtained from the
FT. The ribbon’s longest dimension (or ribbon axis) extends
along the [010] crystalline direction. This is apparent in Figure
2d, which shows a lower magnification TEM image of a
Ta,Ni;Tes nanoribbon’s edge. These results are consistent
among the three nanoribbons analyzed by using TEM. Even at
this magnification, the (001) planes can be observed to be
parallel to the nanoribbon axis along the [010] direction. The
elongated morphology of the grown crystals suggests distinct
growth rates along the different directions in this highly
anisotropic crystal lattice, and the cleavage along the [010]
direction to form the nanoribbons during exfoliation indicates
weaker bond strengths in the [001] direction.

Raman Spectrum of Ta,Niz;Tes. We further investigated
the in-plane anisotropy of Ta,Ni;Tes through a series of
polarized Raman spectroscopy experiments in backscattering
geometry. We performed different Raman scattering experi-
ments where the relative orientations of the incident electric
field polarization (;), the scattered polarization (e,), and the
crystallographic orientation of the sample were varied.
Although a general schematic for the experimental setup is
shown in Figure 3a, not all of the optical elements (polarizer,
half-wave plate, and analyzer) were used simultaneously in all
of the experiments, as we describe next.

In our first experiment (Figure 3), ¢; is fixed in the horizontal
direction using a polarizer, and the Raman spectra were
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collected for the Ta,Ni;Tes ribbon oriented perpendicular
(inset in Figure 3b) and parallel (inset in Figure 3c) to this
direction, so we are only probing the effect of ¢; being oriented
along the [010] or [001] crystalline direction. In both spectra,
we observed common peaks at 10, 28, 35, 63, 86, 92, 116, 127,
138, 153, 166, 172, and 228 cm™'. The peak at 104 cm™" is
only observed when the laser is linearly polarized in the [001]
crystal direction, while the peak at 204 cm™ is observed for the
other configuration (; along the [010] direction). The spectra
in Figure 3 were taken with a long acquisition time of 60 s,
which allowed us to observe the low-intensity peaks. The
ultralow-frequency (ULF) Raman peaks observed in Figure 3
at 10, 28, and 34 cm™! are usually associated with breathing
and/or shear modes in van der Waals layered systems.’"** It is
worth noting that the intensity of the Raman peaks for
Ta,Ni;Tes depends on the orientation of the crystal, which
could be due to the anisotropic nature of the crystal structure
shown in our TEM analysis. For example, the peak intensity at
204 cm™' is higher when the incident laser is polarized along
the [001] crystal direction, while the peak at 228 cm™ is more
intense when the laser is polarized along the [010] crystal
direction. The orientation response of some of these peaks
facilitates identification of the crystal orientation by manipulat-
ing the relative polarization of the light. To do so, we can use
the Raman peaks at 92 and 116 cm™" which have the highest
overall intensities and the Raman peaks at 204 and 228 cm™
which have the highest and lowest anisotropic behavior,
respectively. When the laser polarization is along the [001]

. . . . . K _
crystal direction, we observe a peak intensity ratio of B = 1.42

and 2 = 0.06, while in the [010] crystal direction these ratios
B

15

% = 0.38 and % = 2.02. The anisotropy of the
8 15

Raman response in Ta,Ni;Tes can be understood through the
Raman tensors of point group D,, shown in Table 1.>> The
Raman tensor elements of this material are given by the
derivative of the dielectric tensor. Depending on the point

group of the material, the tensor’s elements have different

change to
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values and hence different optical and electronic properties
along those directions.

Ta,Ni;Tes has 120 eigenmodes at the I’ goint of the
Brillouin zone predicted through group theory,” including 3
acoustic and 117 optical modes, which can be displayed as

I = 20A, + 10B,, + 20B,, + 10B, + 10A, + 19B,,

+ 9B,, + 19B,, + (B;, + B,, + B3,)

acoustic

where Ay, By, B,,, and B;, are Raman-active modes. Of the 60
Raman-active modes, only the 30 modes from A, and Bs; are
observable in the backscattering geometry, as we discuss next
based on tensor analysis. The next series of experiments are
performed to identify which of the observed peaks presents A,
and B;, symmetries.

Angular Dependence of the Raman Peak Intensities.
In a second experiment, we systematically varied the relative
orientations of ¢ and e, with respect to the crystal to
investigate the effect of the anisotropic crystal structure of
Ta,Ni;Te; on the Raman spectrum. With this aim, we
introduced a polarizer, an analyzer, and a rotation stage in
which the sample was mounted, as indicated in Figure 3a. The
spectrum was measured as a function of the sample rotation
angle (0) when ¢ and ¢ are parallel (Figure 4a) and
perpendicular (Figure 4b) to each other. The resulting color
maps for each configuration are shown in Figure 4a,b, where 6
is the angle between the polarization of the incident laser (&;)
and the [010] crystal direction. Spectra at three representative
angles of each configuration are also shown in Figure 4c,d,
respectively. Figure S shows the polar plots for some of the
peaks in the parallel-polarization configuration in Figure 4a.
The Raman peaks at 28, 35, 86, 92, 104, and 228 cm ™" have 2-
fold symmetry (two-lobed shape) with maximum intensities
close to 90°, while the Raman peaks at 153 and 204 cm ™! have
2-fold symmetry with the two lobes of maximum intensity
oriented close to the 0° angle. Only two peaks (63 and 116
cm™") show clear 4-fold symmetry. However, while the peak at
63 cm™! has its four lobes rotated 45° from the vertical and
horizontal axis, the peak at 116 cm™ has its four lobes oriented
closer to the axis. Meanwhile, the Raman peaks at 166 and 172
cm™ display angle-dependent intensities with low or no
symmetry. For the cross-polarization configuration, the overall
absolute intensity of the spectra decreased significantly and
fewer peaks were observed. These include the peaks at 92, 104,
116, 153, 166, 172, and 228 cm™".

To quantitatively fit the data, we utilize the equation for the
polarization-dependent intensity (I) of each Raman-active
mode

A A2
I« lé;-R-é&l

(1)

where ¢ and e, are the unit vectors associated with the
polarization of the incident and scattered electric fields,
respectively, and R is the Raman tensor corresponding to
each mode given in Table 1.>* In this particular experiment
where the sample is rotated while keeping the polarization
fixed, we can write the unit vectors as a function of the angle 6
with respect to the [010] crystal axis as follows: ¢, = (0, cos 6,
sin @) for both parallel- and cross-polarization configurations,
while & = (0, cos 6, sin 6) for parallel-polarization and & = (0,
—sin 6, cos 6) for cross-polarization. The incident and
scattered light propagate along the x-axis (parallel to vector @
in Figure la). Utilizing the Raman tensors shown in Table 1,
we obtain the angular dependence of the intensities of the A,
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(IAg) and B;, (IBss) modes (see section S12 in the Supporting
Information for the derivation):

Ilg « [c(sin® @) + b(cos® O)]

(2)
Ii‘g  [(c = b)(cos O-sin 0)]* 3)
11‘3‘35  [2f(cos -sin B)]* )
I;Sg  [fcos 201 (s)

For parallel-polarization, eq 2 assigns a 2-fold symmetry to the
Ag modes that varies with the ratio of the tensor elements b/c
(Supporting Figure S6a). The intensities of the modes with ¢ >
b peaks dominate when the incident laser is polarized in the
[001] crystal direction. Conversely, the modes with b > ¢ peaks
dominate when the laser is polarized in the [010] crystal
direction. On the other hand, according to eq 4, the B;, modes
are expected to have a 4-fold symmetry (four-lobed clover
shape) with the lobes of maximum intensity rotated 45° from
the horizontal and vertical axes (Supporting Figure S6c). The
peak at 63 cm™ is in good agreement with By, symmetry.
Additionally, the peak at 138 cm™" presents very low intensity
and hence its polar plot is more scattered (Supporting Figure
S7c); however, the position of its local maxima is also
consistent with the B;, symmetry. The intensities for the B,
and B,, symmetries, calculated according to eq 1, are zero;
hence, they are not observed for this scattering configuration.
For the cross-polarization condition, eq 3 predicts 4-fold
symmetry for the Aﬁvibrational modes (similar to the B;, in
parallel-polarization), but the maximum intensity varies
depending on the b/c ratio (Figure S6b). The above analysis,
which uses real Raman tensors, can describe the angular
dependence of the By, modes. However, not all of the peaks
resembling the A, symmetry can be well fitted by these
equations (see section S7 in the Supporting Information).
Next, we consider introducing complex tensor elements to
understand the effect of light absorption on the angle-
dependent Raman intensity of some of these modes.”™*
This is due to birefringence which changes the absorption of
light within the material for different directions and polar-
izations.’® The complex tensor elements corresponding to (a,
b, ¢, and f) in Table 1 can be written as (lale®e, 1ble??, |clei?, If1

Imaginary
le ¢

¢”), respectively, where ¢p = tan~ for each element of

Real
£l

the Raman tensor (R). Substituting the real by the complex
tensor elements (section S12 in the Supporting Information)
eqs 2 and 3 can be rewritten as

Ilg  [lclsin® @ + Iblcos® 6 cos thc]2 + IbI* cos* @ sin® ?,.
(6)
Ii‘g o [(lcl = 1bl cos qﬁhc)z + IbI* sin* &, sin? @ cos® 0
(7)

It is important to notice that the use of complex tensor
elements does not affect the angle-dependent intensity for the
Bs; modes, hence eqs 4 and S remain the same but have the
absolute value [fl instead of f. For the A, modes, eqs 6 and 7
can now explain the formation of secondary local maxima for
some of the Ag-like modes; for instance, the 92 cm™ peak has
the two lobes of absolute maxima oriented in the vertical
direction (along 90 and 270°) but has secondary maxima at 0
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Figure 6. Polar plots for changing the polarization of the incident beam, with respect to the polarization of the analyzer. The intensities are
normalized intensities and the angle used is the angle between the polarization of the incident and scattered light, which we notate by @.
Experimental data are represented as dots, while fits are represented as solid curves.

and 180°. In contrast, for the peaks at 116, 127, and 153 cm™!
the secondary maxima are close to 90 and 270° instead.
However, for some of the A,-like peaks, the angular position of
the intensity maxima presents a small deviation from those
predicted by tensor analysis along the main crystallographic
axes. Since this angular deviation (or shift) varies for the
different peaks, it cannot be associated with a systematic error
in the alignment between the laser polarization and crystal axis
for 6 = 0. To better fit the experimental data, we artificially
introduced the aforementioned angular shift as ¢, and with this
small correction eqs 6 and 7 can now be written as

Illg [l sin® (6 + @) + Ibl cos® (6 + ¢) cos (zﬁbc]2

+ 1b1* cos*(0 + @) sin® ¢, (8)
Iy, o [(id = Ibl cos ¢,)* + Ib” sin” ¢y, ] sin*(6 + )
cos*(0 + @) (9)

At this moment, the origin of the small shifts ¢ is not
completely understood for Ta,Ni;Te; and will require further
studies, where the thickness and excitation laser are system-
atically varied. However, similar angular deviations of the
Raman intensity maxima from the main crystallographic axes
have been also reported for ReS,.””*" In this case, the angular
deviation also depends on the thickness and the excitation laser
energy and is attributed to the appearance of a nonzero off-
diagonal Raman tensor and phase delay. The Raman selection
rules are governed by the polarization-dependent electron—
photon and electron—phonon interactions. For the A, modes,
the symmetry of the optical transitions, and hence the
electron—photon interactions, should be the same. However,
the electron—phonon interactions could vary for each A,
mode, serving as the origin of the different polar plots
observed in Figure 5.

Using eq 4 for the B;, mode and eq 8 for the A; modes, we
fitted the data in Figure S and obtained the ratios of tensor

4817

elements b and ¢, as well as the complex phase difference ¢,
¢, — @, and the angular shift ¢ for each Raman peak. The
values of the fitting parameters using the different equations
are summarized in sections S6—S8 in the Supporting
Information. The 172, 204, and 228 cm™' modes had small
complex phase differences ¢, as calculated by eq 8. However,
the modes at 92, 116, and 153 cm™' had complex phase
differences of around 120°, which are comparable to those of
other materials, where a considerable absorption effect is
seen 343839

To further verify the peak assignments, a different
experiment, where the sample orientation and the polarization
of the scattered light are fixed, was performed. Then, using the
half-wave plate in the setup described above, the polarization
of the incident light was systematically rotated by a. The polar
plots (dots) in Figure 6 correspond to the angle-dependent
intensities of the seven strongest peaks. For the case in which ¢
(for @ = 0) and & are along the [001] crystal direction, we
made ¢; = (0, sin a, cos a) and ¢, = (0, 0, 1). If they are along
the [010] crystal direction, then & = (0, cos @, sin @) and ¢, =
(0, 1, 0). Substituting these polarization vectors and R (from
Table 1) in eq 1 we obtain the following relations for the
angle-resolved polarized Raman intensities in this experiment:

IKLIO] = (b-cos 0{)2

(10)
11[\0501] = (c-cos (1)2 (11)
IBSg = (f-sin a)z (12)

From these equations, we note that the polar plots
corresponding to the and B;, modes both have 2-fold
symmetry, with a 90° phase difference. The A, modes have the
two lobes of highest intensities aligned horizontally (a = 0 and
180°), while the B3, modes have two vertical lobes of high
intensities (@ = 90 and 270°). The difference in values for
Raman elements b and ¢ leads to the anisotropic response of
the Raman signal for light polarized in different crystal
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orientations, as discussed earlier. The intensities for A, in
cross-polarization and Bj, in parallel-polarization modes are I =
0. Hence, A, modes are forbidden under cross-scattering while
B;, modes are forbidden under parallel scattering for both
crystal axes. In this experiment, however, the intensity of some
of the modes that we identified as A, is considerably reduced
under the cross-polarization conditions (Figure 6) but does
not become completely zero likely due to the birefringence
contribution and the anomalous angular shift ¢ that we
observed in Figure 5.

Correlating the results in Figure 6 and those in Figure S, the
Raman peaks at 92, 116, 153, 204, and 228 cm™" are confirmed
as vibrational modes. The Raman peak at 63 cm™' is
confirmed as a B, vibrational mode. Also, in this experiment,
the peak at 138 cm™', despite having rather scattered data due
to its low intensity, presents an angular intensity distribution
close to that expected from a Bs, mode (section S10 in the
Supporting Information). We tentatively assign the Raman
peaks at 166 and 172 cm™" to A, symmetry, both of which have
unusual behavior in Figure 5. Using the data from Figure 5, we
are also able to assign the ultralow-frequency peaks at 28 and
35 cm™" and the low-intensity modes at 86 and 104 cm ™" to A,
symmetry. We have analyzed additional low-intensity peaks
and provided them in section S10 of the Supporting
Information. The tentative assignment of vibrational symme-
tries to their respective Raman modes is shown in Table 2.

Table 2. Assignment of Vibrational Symmetries

mode peak position (cm™)
A 28, 35, 86, 92, 104, 116, 153, 166, 172, 204, 228
By, 63, 138
unknown 10, 127

It is worth noting that some of the peaks cannot be properly
fitted even by introducing complex tensor elements. There are
two peaks (at 138 and 204 cm™') that present relatively
scattered angular patterns; we believe that the main reason for
this behavior is the low signal-to-noise ratio of the peaks. On
the other hand, the peak at 228 cm™ can be fitted very well
using eq 8 corresponding to the A, modes for the experiment
in Figure S; however, Figure 6 presents a small angle deviation
with respect to the angular pattern predicted by eqs 10 and 11.
In contrast, the peak at 172 cm™" is tentatively assigned to an

mode based on its two-lobed angular dependence shown in
Figure 6, which can be well fitted by eqs 10 and 11. However,

in the experiment corresponding to Figure S, this peak displays
an anomalous butterflylike angular pattern that cannot be
accurately fitted using the tensor analysis presented here. As we
mentioned earlier, similar anomalous angular rotations and
butterfly patterns have been observed in ReS,, which is another
anisotropic 2D material.>’ In this case, the anomalous behavior
was explained by the existence of nonzero off-diagonal tensor
elements combined with an optical birefringence effect, which
can depend on both the thickness of the sample and the
excitation laser.

Excitation-Dependent Raman Spectroscopy. Next, we
study Raman scattering as a function of the excitation laser
energy. First-order Raman scattering is a process that involves
an electronic transition between two states (that can be virtual
or allowed) due to the absorption of a photon and the
subsequent absorption or emission of a phonon due to the
interaction of the excited electron with the lattice vibrations.
The closer the excitation laser energy is to an allowed
electronic transition, or excitonic state, the higher the Raman
intensity is since it is close to a resonant condition.*” The same
argument is valid for higher-order Raman scattering which
involves multiple phonons.'**' Figure 7 shows the Raman
spectra for excitation energies of 1.58 eV (785 nm), 1.96 eV
(633 nm), 2.33 eV (532 nm), 2.62 eV (473 nm), and 3.06 eV
(405 nm), with polarizations parallel to both the [010] and
[001] crystal directions. For 3.06 eV no Raman signal was
observed in any polarization configuration, indicating that this
energy is far from any resonant condition. Although different
peaks can be observed at all of the remaining energies, 2.33 eV
is the only energy for which all of the peaks are clearly
observed. The Raman mode at 63 cm™" was only discernible at
2.33 and 2.62 eV excitations. Similar behavior can be seen in
the peak at 104 cm™', which shows stronger coupling to the
excitations at 1.58 and 2.62 eV than what is seen in the other
excitations. The intensity anisotropy of the A; modes is a
function of the excitation energy. This is evident in Figure 7c,
where the ratio of the intensities along the two crystal
directions for each Raman mode is plotted as a function of the
excitation energy. The preferred polarization direction of the
Raman mode at 92 cm™' switches from being c-dominant in
the 1.58, 2.33, and 2.62 eV excitations to being b-dominant in
the 1.96 eV excitation. This points to the anisotropy of each
mode being dependent on the coupling between phonons and
the electronic bands which are highly anisotropic in nature.'®
The opposite effect occurs with the Raman mode at 116 cm™
in the 1.96 eV excitation, which switches from being b-

a) [x10 306eV] b) [x1.0 3.06 eV C)34_ — /
—e—116
—~ [ 262ev] —~ |50 A A A 262 ¢V
3 3
& &
> [x10 233eV| 2 [x1.0 233 eV
‘@ ‘@
c c
o] o]
£ peo 196V £ |30 1.96 eV
x2.5 158 eV] x2.5 158 eV 4
100 150 200 250 100 150 200 250 16 1.8 20 22 24 26

Raman Shift (cm-')

Raman Shift (cm-')

Excitation Energy (eV)

Figure 7. Raman resonance effect in Ta,Ni;Te, for S different excitation energies shown for incident laser polarization parallel to the (a)

[001] and (b) [010] crystal directions. Ratios for peak intensities along the two crystal directions ol for each mode as a function of

excitation energy (c).
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dominant in the 1.58, 2.33, and 2.62 eV excitations to being c-
dominant in the 1.96 eV excitation. The Raman peak at 153
cm™! gradually changes from being c-dominant to b-dominant

I

in this range, crossing the threshold of g = 1 between 1.96
[010]

and 2.33 eV.

CONCLUSION

Through a comprehensive study involving XRD, AFM, TEM,
and polarized Raman spectroscopy, we have established a clear
correlation between the structural and optical in-plane
anisotropies in exfoliated few-layer Ta,Ni;Te;. Electron
diffraction and TEM analysis revealed lattice constants a =
1391, b=3.7 + 0.6, and c = 16.8 = 0.6 A for the material. Due
to the structural anisotropy, elongated ribbon-like shapes are
formed in the exfoliated samples whose preferential crystal
orientation was determined, by TEM, to be along the [010]
direction. This shape-structure relation was subsequently
correlated with the phononic anisotropy, providing an optical
signature for quick and nondestructive determination of the
crystal orientation in larger area samples or devices. This
method will facilitate the study and discovery of the physical
properties associated with the anisotropic structure of this
material. Through Raman spectroscopy, we discovered 15
vibrational modes, three of which are ultralow-frequency
modes likely to be shear and/or breathing modes. The
vibrational symmetries of 11 A; and 2 B;, phonon modes in
Ta,Ni;Tes were assigned also using different configurations of
ARPRS. Our analysis revealed that linear dichroism plays a role
in understanding the Raman signature of this material, which
requires the use of complex elements in the Raman tensors.
Additionally, the resonant Raman effect was leveraged to gain
insight into the coupling of phonons to excited states, which
revealed the intensity anisotropy as a function of the excitation
energy. Our observations reveal the promise Ta,Ni;Tes has as
an in-plane anisotropic layered material and significantly
advance the fundamental understanding of the layered
topological insulator Ta,Ni;Tes.

METHODS

Single crystals of Ta,Ni;Te; were grown using an iodine vapor
transport method as previously reported for Ta,Pd;Tes'” and
Ta,Ni;Tes.”* Ta powder (99.98%), Ni powder (99.996%), and Te
powder (99.9999%) were mixed in a 4:6:9 molar ratio and then
loaded with a small amount of I, powder (99.99%) into a quartz tube
which was then vacuum-sealed. The tube was heated to 500 °C in 7 h
and held at this temperature for 24 h. Then the source (sink) side of
the tube was heated to 900 °C (850 °C) in 8 h and held at this
temperature for 96 h. The furnace was then turned off, and single
crystals of Ta,Ni;Tes were found on the sink side of the tube. The
stoichiometry of the crystals was confirmed with energy-dispersive X-
ray spectroscopy using a Sirion XL30 scanning electron microscope,
and the crystal structure was confirmed with single-crystal X-ray
diffraction using a Rigaku MiniFlex 600 system with a Cu source and
Hy-Pix 400MF 2D-detector.

Few-layer Ta,Ni;Te; flakes were obtained by mechanically
exfoliating bulk crystals onto silicon wafers coated with a 250 nm
SiO, capping layer using Nitto tape. Optimal flakes were selected
based on color contrast and transparency using optical microscopy,
and their thickness and layer number were determined with atomic
force microscopy taken on a Park Systems NX20 instrument in
noncontact mode.

SEM images were taken in a Zeiss ULTRA-SS instrument with
Schottky field emission gun (voltage range: 0.1-30 kV). The image
resolutions were 1 nm at 15 kV and 1.7 nm at 1 kV.

Transmission electron microscopy (TEM) analysis was conducted
using an FEI Tecnai F30 instrument operated at 300 kV acceleration
voltage. The sample was prepared by drop-casting. The Ta,Ni;Tes
flakes were dispersed in IPA and sonicated for 30 min. A small drop of
the solution was placed on a lacey-carbon grid and dried in air for
imaging. TEM image simulation was performed using QSTEM
software. Here, a 2 X S X 2 supercell was used with the zone axis set
to [100], corresponding to a thickness of ~30 nm. The acceleration
voltage and spherical and chromatic aberration were set to 300 kV, 1.2
mm, and 2.0 mm, respectively, which were taken from the
specifications of the TEM used in this work (Tecnai F30). The
defocus value (—80 nm) was adjusted to match the HRTEM image
obtained from the experiment.

Raman experiments were conducted by using a Horiba Scientific
LabRAM HR Evolution system with backscattering geometry. A 2.33
€V (532 nm) Nd:YAG laser was used as the excitation source, and the
Raman emission was collected and dispersed by an 1800 gr/mm
grating. The laser was focused on the exfoliated Ta,Ni;Te; flakes
through a 100X objective lens (NA = 0.9, WD = 0.21 mm) with a
laser spot around 1 um. Peak positions of Raman modes were
obtained through the average peak values of multiple spectra
normalized using 520 cm™ as the signal of the substrate. For
polarized Raman experiments, the polarization of the incident laser
was manipulated with a fixed linear polarizer and a rotating half-wave
plate, while the scattered Raman signal passed through a scrambler
before passing through a second polarizer, which was kept stationary.
Orientation-dependent data were obtained by rotating the polar-
ization of the incident light without the use of an analyzer. The
resonance Raman effect was investigated using lasers with excitation
energies of 1.58 eV (785 nm), 1.96 eV (633 nm), 2.33 eV (532 nm),
2.62 eV (473 nm), and 3.06 eV (405 nm). All Raman measurements
were taken under ambient conditions. Each Raman mode was
analyzed by using Gaussian—Lorentzian fittings. The angle-dependent
experimental data were fitted in OriginPro using a nonlinear least-
squares fit and eqs 8 and 9 with the variables shown in Supporting
Table 1 as fitting parameters.
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