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Abstract

We report the results of polarization-dependent Raman spectroscopy of phonon states in single-
crystalline quasi-one-dimensional NbTes and TaTes van der Waals materials. The measurements
were conducted in the wide temperature range from 80 K to 560 K. Our results show that although
both materials have identical crystal structures and symmetries, there is a drastic difference in the
intensity of their Raman spectra. While TaTes exhibits well-defined peaks through the examined
wavenumber and temperature ranges, NbTes reveals extremely weak Raman signatures. The meas-
ured spectral positions of the phonon peaks agree with the phonon band structure calculated using
the density-functional theory. We offer possible reasons for the intensity differences between the
two van der Waals materials. Our results provide insights into the phonon properties of NbTes and
TaTes van der Waals materials and indicate the potential of Raman spectroscopy for studying

charge-density-wave guantum condensate phases.

Keywords: One-dimensional materials; van der Waals materials; quantum materials; charge den-

sity waves
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I. INTRODUCTION

In recent years, there has been a growing interest in one-dimensional (1D) van der Waals (vdW)
materials, which reveal interesting phenomena, such as nontrivial band topology, superconduc-
tivity, magnetism, and charge-density-wave (CDW) formation.[**! The CDW quantum conden-
sate phase, often observed in quasi-1D materials, is a periodic modulation of the electron charge
density that is accompanied by a periodic distortion of the underlying crystal lattice.[®®! Transi-
tion-metal tri-chalcogenides (MX3, M: transition metal, X: chalcogen), transition metal tri-hal-
ides, and transition metal tetra-chalcogenides (MX4) are examples of compounds that encompass
a variety of 1D structures.[2°1 Among them, NbTes and TaTes attracted particular attention
owing to their CDW phases.*?2° A recent study suggested that the charge order modulation in
NbTe4 can transform it into a Weyl semimetal.'?! In the case of TaTes, it was proposed that the

charge order drives the system in a topological state with double Dirac fermions.[?"

In 1D van der Waals materials, atoms form one-dimensional chains through strong covalent
bonds. These chain structures are interconnected through weaker covalent, ionic, or van der Waals
bonds along other crystallographic directions.?1 Generally, 1D materials can be classified into
“true-1D” and “quasi-1D” systems, depending on the relative strength of the atomic bonds along
different crystallographic directions compared to the chain direction.[*? In “true-1D” materials,
atoms form strong covalent bonds along the atomic chains, accompanied by weak van der Waals
bonds along all other directions.[**121 Quasi-1D crystals also feature strong covalent bonds
along the atomic chains but exhibit weaker covalent or ionic bonds along other directions. As a
consequence of the varying bond strengths, true-1D materials, like Nb>Seg and Mols, adopt nee-
dle-like structures with extremely high geometrical aspect ratios, whereas quasi-1D crystals, such
as ZrTes, display ribbon-like structures after exfoliation.[1021221 Adopting this classification,
NbTes and TaTes, both fall into the category of quasi-1D structures owing to their unique tetrag-
onal crystal structure.**) One may also say that NbTes and TaTes belong to the intermediate
1D/2D class of van der Waals materials.[*]

Raman spectroscopy is the conventional way to probe the energy of optical phonons; it has been

extensively used as a non-destructive tool to identify the material, assess its quality, and provide
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deeper insights into the material’s properties.[>?42%1 Phonons and their interaction with electrons
play an important role in the formation of CDW phases. The signatures of CDW phases are ob-
served in the temperature-dependent Raman spectra in various ways, such as the appearance or
disappearance of certain Raman features, changes in their spectral position, full-width-half-max-
imum, or intensity.%2%2 For example, in 1T-TaS,, a quasi-2D CDW material, the Raman spectra
evolve from a single broad peak in the low-wavenumber regions to many distinguishable Raman
peaks in the low and high-wavenumber ranges as the material cools down from 350 K to 80 K.
The appearance of additional peaks in the low-wavenumber region is due to the formation of the
periodic superstructure, and the corresponding phonon zone-folding in the commensurate CDW
phase.’2%° |n other materials, one can observe CDW amplitude modes or additional phonon
peaks emerging due to the relaxation of the Raman selection rules as a result of crystal lattice
distortion associated with the CDW formation.® In order to assess the possibility of using Raman
spectroscopy as a tool to monitor strongly correlated phenomena in van der Waals materials,
systematic spectroscopy data is required. The information about phonon states in NbTes and
TaTey is either unavailable or scarce. We are only aware of one study, which reported the Raman
spectrum of TaTes.[*® The additional difficulties with the interpretation of Raman spectrum fea-
tures in van der Waals materials, typically synthesized via the vapor transport methods, are asso-
ciated with possible deviations from the stoichiometry, unintentional doping, and defects that
may affect the Raman selection rules.*®371 In this paper, we report the results of the combined
experimental and computational study of phonon states in quasi-1D NbTes and TaTes materials
and discuss possible physical mechanisms behind the drastic difference in the intensity of the

Raman spectra.

Il. MATERIALS SYNTHESIS AND CHARACTERIZATION

The materials for this study were grown using chemical vapor transport method. In the case of
NDbTes crystals, the stoichiometric amounts of Nb and Te, with a total weight of 2.6 g as well as
90 mg of I as the transport agent were sealed in a quartz ampoule under vacuum. The ampoule
was placed in the three-zone furnace and heated at ~1 °C/min until the temperature of the charge,
i.e., where the precursors are sitting, and the temperature of the growth zones of the ampoule, i.e.,

where the crystals grow, reached 800 °C and 700 °C, respectively. After 5 d of growth, the furnace
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was shut off and cooled at ambient temperature. The TaTes crystal was grown in a similar manner
using stoichiometric amounts of Ta and Te powders and TeCl4 as the transport agent. The tem-
perature at the charge and growth zones was 550 °C and 530 °C, respectively, and the growth

duration was 5 d.

Fig. 1 (a, b) presents the crystal structure of the NbTes and TaTes along different crystallographic
directions. NbTe4 and TaTes structures each have 10 atoms in the primitive cell with both crystals
having a tetragonal crystal lattice structure belonging to the space group of P4/mcc (124).112.15.3€]
The Te atoms (blue spheres) are arranged in chains of slightly distorted square antiprisms along
the c-axis, with Nb or Ta atoms (red spheres) sitting at the center of these square antiprisms. The
crystal structure and symmetry of the compounds were further verified using high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) imaging (vide infra) and
X-ray diffraction (XRD). The STEM image of NbTes and TaTes along the [010] zone axis is
presented in Fig. 1 (c, d), respectively. The obtained STEM images for both samples match with
the crystal structure schematic presented in panel (b). Fig. 1 (e) exhibits the diffraction patterns
of NbTes (black line) and TaTes (red line) with selected hkl indices. Lattice parameters of a =
b = 6.5029(2) A, ¢ = 6.833(9) A for NbTes and a = b = 6.5148(3) A, ¢ = 6.811(1) A for
TaTes were obtained which agree well with the data previously reported by others.3%1 The num-
bers in the parentheses represent the standard deviation values. Based on the STEM images and
the diffraction patterns, P4/mcc (124) space group symmetry was confirmed for both crystal
structures. Fig. 1 (f, g) shows scanning electron microscopy (SEM) images of representative
NbTes and TaTes samples mechanically exfoliated on Si/SiO2 substrates, respectively. After ex-
foliation, the samples appear in nanoribbon structures owing to their quasi-1D nature. More SEM

images of exfoliated crystals for both NbTe4 and TaTes are presented in Fig. S1.
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[Figure 1: Crystal structure of NbTes and TaTes shown along the (a) c, and (b) b crystallographic
directions. Red and blue spheres denote Nb (Ta) and Te atoms, respectively. (c, d) Atomically-
resolved HAADF-STEM images of (c) NbTes and (d) TaTes crystals along the [010] zone axis.
Note the excellent agreement of the STEM images with the crystal structure schematic presented
in panel (b). The scale bars exhibit 1 nm. (e) XRD patterns of NbTe4 (black line) and TaTes (red
line) crystals with selected hkl indices. (f, g) Representative SEM images of (f) NbTes and (g)
TaTes samples mechanically exfoliated on Si/SiO2 substrates.]
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I11. RAMAN SPECTRA AND PHONON BAND STRUCTURE

We conducted polarization-dependent Raman spectroscopy over a wide temperature range to in-
vestigate the phonon properties of NbTes and TaTes. All experiments were carried out in the
backscattering configuration under a 488 nm laser excitation wavelength. The laser power on
samples was adjusted at 450 uW to prevent any laser-induced local heating effects. Fig. 2 (a, b)
presents the results of Raman measurements of both crystals at room temperature (RT) when the
polarization of the incident light, ', is parallel with and transverse to the atomic chains, i.e., the
crystal’s c-axis. The polarization of the scattered light, e®, was not analyzed. In both crystals, the
Raman spectra strongly depend on the polarization of the incident light, a characteristic of quasi-
1D materials. Having 10 atoms in the primitive cell, both crystals have 3 acoustic and a total of
27 optical phonon branches. Since the Raman spectral features of NbTes are rather weak, one can
use a comparative approach to identify the Raman peaks of NbTes based on those observed for
TaTes. Taking this approximate approach, we determined the spectral position of the Raman
peaks of both crystals by fitting individual Lorentzian functions to the accumulated experimental
data. The vibrational symmetry of each phonon mode was also determined by the theoretical
calculations. An important observation from Fig. 2 is that there is a strong difference in the in-
tensity of Raman spectra obtained for NbTes and TaTes under similar experimental conditions.
One can clearly see that the intensity of Raman features of NbTes is significantly lower than that
for TaTes in both polarization configurations. We address possible reasons for such a difference

in Section 4.
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Figure 2: Raman spectra of (a) TaTes, and (b) NbTes at room temperature obtained at parallel,
e' |l ¢, and cross, e® L c, polarization configurations.

In order to interpret Raman spectral features, we calculated the phonon dispersion of both com-
pounds using the generalized gradient approximation (GGA),[“°! exchange-correlation functional
of Perdew, Burke, and Ernzerhof (PBE),“*%? and projected augmented wave (PAW) method as
implemented in the Vienna ab initio Simulation Package (VASP).[*1 A cutoff of 520 eV was

chosen for the plane wave basis set. The relaxation was performed with a conjugate gradient

8|Page



Z. Ebrahim Nataj et al, Raman Spectroscopy of Phonon States in NbTe, and TaTe, Quasi-1D van der Waals Crystals (2023)

algorithm until the difference in total energy and forces on the atoms were smaller than 10° eV
and 10°eV/A, respectively. The Brillouin zone was sampled with a 12 x 12 x 12 k-point grid and
the vdW interactions were accounted using the DFT-D3 method proposed by Grimme.[ The
phonon dispersion was calculated using the finite displacement supercell method as implemented
on Phonopy™84"1 with a grid of 6 x 6 x 6 k-points. The phonon band structure of TaTes and NbTes
are shown in Fig. 3 (a, b), respectively. The spectral position of the Raman peaks is shown with
green spheres and red stars for the e'||c and e’ L ¢ polarization configurations, respectively. As
one can see, there is a satisfactory agreement between the experimental Raman data points and

the calculated phonon energies.
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Figure 3: Calculated phonon dispersion for (a) TaTes and (b) NbTes. The green and red symbols
are the experimental data obtained in parallel and cross-polarization for both crystals, respec-
tively.

Fig. 4 shows the vibration profile of selected phonon modes with symmetries around the inversion
point along with their respective calculated frequencies for both TaTes and NbTes. The atomic
displacement and frequencies of all optical and acoustic phonon modes are listed in Table S1.

The vibrational symmetry of atoms determines the forbidden or permitted Raman modes, that is,
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the modes that appear in the experimental Raman spectra out of the entire optical phonon modes

of the material. In an undistorted P4/mcc structure and in the backscattering geometry, Aig, Big,

and Eq modes are Raman active while Ey, B2g and B1y modes are forbidden. However, as seen in

Fig. 2 (a, b), some peaks are assigned as E, and Bi, symmetries with their energies matching

closely with the calculated phonon energies presented in Fig. 3 (a, b). We will address possible

reasons of appearance of these modes in the Raman spectra in Section 4.
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Figure 4: Vibrational symmetry of phonon modes for both NbTes and TaTes along with their
respective mode frequencies. The green and yellow spheres represent Nb (Ta) and Te atoms,
respectively.

11|Page



Z. Ebrahim Nataj et al, Raman Spectroscopy of Phonon States in NbTe, and TaTe, Quasi-1D van der Waals Crystals (2023)

The temperature-dependent Raman spectra can be used for the identification of possible phase
transitions, irreversible structural modifications, or extraction of Raman temperature coefficients,
I.e., the energy change of each phonon mode as a function of temperature. The data on the tem-
perature coefficient provides insights into the mode-specific phonon anharmonicity and lattice
expansion.[“6-41 1t can be also used for thermal conductivity measurements using the Raman opto-
thermal technique.?*% We conducted temperature-dependent Raman experiments on exfoliated
NbTes samples in the temperature range of 80 K to 300 K. The results for parallel and cross-
polarization light scattering configurations with temperature increments of 10 K are presented in
Fig. 5 (a, b), respectively. The spectra at different temperatures are translated vertically for clari-
fication. The spectral position, w, of the intense peaks in both polarization configurations are
plotted as a function of temperature and shown in Fig. 5 (c, d). In both panels, the black lines are
the linear regression fittings, w(t) = xT + w,, over the experimental data, in which w, is the
wavenumber of the Raman peak at absolute zero and y is the Raman first-order temperature co-
efficient. As seen, the wavenumber of all selected peaks decreases linearly with temperature, with
some modes exhibiting stronger phonon softening. The phonons redshift with the temperature
rise due to the crystal lattice expansion and phonon anharmonic effects, as expected.™’] No strong
or abrupt changes in the peak spectral positions were observed in the temperature interval of
150 K < T < 200 K, the reported range in which NbTes undergoes a CDW transition. 11125152
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Figure 5: Temperature-dependent Raman spectra of NbTes, ranging from 80 K (violet) to 300 K
(red), displayed in a color gradient from bottom to top for (a) parallel, and (b) cross-polarization
scattering configurations. The spectra were taken with temperature increments of 10 K. (c, d) The
spectral position of selected peaks as a function of temperature. The dashed lines are linear re-
gression over the experimental data with y.denoting the Raman temperature coefficient.

We also accumulated Raman spectra of TaTes in the temperature range of 300 K < T < 560 K
to investigate its CDW transition reported at ~450 K. The results are presented in Fig. 6 (a) with
temperature steps of 10 K. As the temperature increases, the two peaks at ~113 cm™ and ~120
cm at RT eventually merge and form an intense broad peak located at 118 cm™ at 440 K. With
further temperature rise and at 460 K, another broad peak appears at ~420 cm™. To identify the
nature of changes observed in the Raman spectra, the same sample was cooled down again and
another Raman measurement was conducted at RT. The Raman spectra for a freshly exfoliated
sample at RT, at 570 K, and after cooling back to RT are shown in Fig. 6 (b). At 570 K, two sharp
peaks at 108 cm™ and 136 cm™ are formed that are likely associated with the oxidation of Te
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atoms or Te-metalloid-like chains.[®3%4 Also note that the peak 420 cm™ does not disappear after
cooling the sample back to RT, indicating that the process is irreversible. The latter indicates
oxidation or permanent structural change in TaTes at elevated temperatures rather than the re-
ported high-temperature CDW transition.!*15%51 A recent study reported the Raman signatures of
TaTes under vacuum conditions at varying temperatures and attributed changes in the intensity
of a peak at 58 cm™ to a possible CDW transition.[*1 We note that our DFT calculations for TaTes
do not reveal any phonon bands in the vicinity of the Brillouin zone center at 58 cm™. The reported
Raman data in Ref [ resembles that of TaTe, which exhibits a sharp peak at 58 cm™.[2l In Fig.
6 (c, d) we present the spectral position of some well-defined Raman peaks as a function of tem-
perature. The data is analyzed for the temperature range of RT to 440 K where the sample has not
undergone structural changes. Note that the peak at ~46 cm™ has low intensity which induces
significant uncertainty in determining its accurate spectral position and causes deviations from
linear regression fitting. The data was fitted using the linear regression, w(t) = xT + w,. All
phonon modes exhibit softening with temperature rise as expected. No anomalies in the peak
position were observed in the examined temperature range. While we did not observe clear sig-
natures of the CDW phase transitions, e.g., appearance of folded phonon modes in commensurate
CDW phase or disappearance of peaks due to the loss of translation symmetry in incommensurate
CDW phases, below we argue that the drastic difference in the Raman intensity of NbTes and

TaTes quasi-1D van der Waals crystals may be related to CDW phenomena.
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Figure 6: Temperature-dependent Raman spectra of TaTes, ranging from 300 K (violet) to 570 K
(red), displayed in a color gradient from bottom to top. The spectra were taken with temperature
increments of 10 K. (b) Raman spectra of TaTes during a heating-cooling cycle. The green, red,
and blue lines present the data for a freshly exfoliated sample at RT, at 570 K, and the same
sample cooled down to RT, respectively. (c, d) The spectral position of selected peaks in (a) as a
function of temperature. The dashed lines are linear regression over the experimental data with
x.denoting the Raman temperature coefficient.

IVV. DISCUSSION

Below 50 K, NbTes is in a fully commensurate CDW (C-CDW) state with its underlying lattice.
With the temperature increase, the C-CDW phase evolves into the discommensurate CDW state
(D—-CDW) in the temperature range between ~50 K to 60 K. With further increasing the temper-

ature, the material undergoes another transition between ~150 K to 200 K into the
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incommensurate CDW (IC-CDW) phase.? TaTe4 exhibits drastically different CDW character-
istics. The material is commensurately modulated even at room temperature. Upon heating, the
crystal exhibits a commensurate-to-commensurate phase transition at ~450 K and subsequently,
a C—-CDW to IC-CDW phase at 550 K.[*®] These transitions have been reported previously for
both tetratellurides using a variety of other experimental techniques such as X-ray diffraction
(XRD), selected area electron diffraction (SAED), satellite dark field electron microscopy
(SDFEM), and scanning tunneling microscopy (STM).[11-13.15.16.19.20.51,52.55-62] Qne should note
that the CDW transitions are accompanied by distortions in the lattice and can affect the dynamics
of the vibrational symmetry and Raman signatures of the material. Let us now consider the mul-
titude of observed Raman peaks of different symmetries and intensity disparity for NbTes and

TaTe4 quasi-1D van der Waals crystals (see Fig. 2 (a, b)).

The differential scattering cross section (DSCS) described as Z—; ~|es xkle{|2, can be used to

determine the forbidden and allowed Raman modes. Here, e} and e; are the elements of the po-
larization vector of the incident and scattered light and x,; are the elements of the Raman tensor
of the respective vibrational symmetry. Note that in our experiments, the polarization of the in-
cident light was aligned either parallel or transverse to the atomic chains, i.e., crystallographic
c-axis, while the polarization of the scattered light was not analyzed. The DSCS of each mode
in the backscattering geometry and for the P4/mcc crystal structure is calculated and listed in
Table 1. The DSCS of modes with Aig and Eq symmetries is nonzero in both cases of incident
light polarizations, and therefore, they are observable in Raman spectra when e'||c or e’ L c.
The DSCS of Big mode is zero when et||c and nonzero when e® 1L c¢. The DSCS of the Bag Vi-
brational modes are zero, thus they are forbidden in both incident light polarizations. All modes
with Eu or Au symmetries in an undistorted P4/mcc crystal symmetry are Raman inactive. The
fact that these modes are present in the spectra shown in Fig. 2 (a, b) might indicate the relaxa-
tion of Raman selection rules due to even small lattice distortions caused by CDW effects and a
consequent breaking of inversion symmetry. The sharp peak indicated with an asterisk in Fig. 2
(a) for TaTes is not associated with any theoretical phonon bands and its origin is unclear to us.
Similar anomalies such as observation of Raman-inactive modes or peaks without any corre-
sponding calculated values have been reported for other CDW materials such as GdTes.[*]
Thus, while there are no abrupt changes in the Raman spectra of these materials at the phase
transition points, the appearance of the forbidden peaks may indicate lattice distortion associ-
ated with CDW phases. The loss of translation symmetry due to boundaries and defects may
also result in the relaxation of the Raman selection rules. However, the cross-sectional dimen-
sions of our exfoliated crystals are rather large preventing the phonon spectrum changes. The
material characterization data suggest a high-quality material with low defects.
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Table 1: The vibrational symmetry and forbidden (f) and permitted (p) Raman modes

Parallel Polarization Cross Polarization
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To interpret the drastic difference between the Raman intensities of NbTes and TaTes quasi-1D

van der Waals crystals, we recall that the Raman scattering efficiency, dS/dQ, which is related

to the Raman susceptibility, a, can be calculated from the following equation:[®°!

ds

N(wpp) + 1]

dQl

B a)l(wl—wph)3 Al
= =

ZVC.uwph

2

1)

In this equation, w; is the frequency of the excitation laser, and w,, and N (w,,,) are the angular

frequency and the Bose-Einstein distribution of the specific phonon mode, respectively. V.

V.and u

are the volume and reduced mass of the unit cell and c is the speed of light. The measurable

guantity in Raman scattering, i.e., the number of scattered photons R, within a solid collection
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angle AQ is related to the Raman scattering efficiency and optical properties of the materials as

follows: 63!

8 w? N(wy)+1

= P,AQLa?. 2
T e @

S

In this equation, n is the refractive index of the material at the laser excitation wavelength, L is
the scattering length, and P; is the incoming laser power. Nb atoms are about two times lighter

than the Ta atoms, and thus, the u for NbTes is smaller than that of TaTes. The V, of both crystals

are ~304 A°. Therefore, the drastic difference between the intensity of Raman features in these
two crystals can be attributed either to their refractive index, n, and/or Raman susceptibility, a.
Given that the reported electrical resistivity of both materials is nearly the same at RT,? it can
be deduced that the refractive indices of the two materials are within a similar order of magnitude.
Thus, Raman susceptibility plays a key role in the intensity difference between two crystals. The
Raman susceptibility depends on the material’s polarizability and cannot be measured directly.
At RT, TaTes is still in the commensurate CDW phase whereas NbTes has already transformed
into the incommensurate CDW state with stronger metallic behavior. The polarizability of a
metal-like medium is weak, which results in weaker Raman features.[®* Based on the above con-
siderations, we argue that even though we cannot clearly observe the CDW phase transitions in
NbTes and TaTes, the differences in Raman intensity between these two materials are associated

with CDW quantum condensate phases.

V. CONCLUSIONS

We investigated the optical phonon properties of NbTes and TaTes, two quasi-1D vdW materials,
using temperature- and polarization-dependent Raman spectroscopy. It was found that TaTes re-
veals well-defined Raman peaks while NbTes exhibits extremely weak Raman signatures. The
latter is likely explained by the fact that NbTes is in an incommensurate CDW phase in the exam-
ined temperature range. This phase is characterized by a more metallic behavior and thus, weaker
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polarizability. The temperature-dependent Raman spectra of TaTes show irreversible peaks emerg-
ing at ~460 K upon heating, indicating the possibility of oxidation or permanent crystal reconfig-
uration at higher temperatures. The spectral position of the Raman peaks was compared to the
phonon band structure calculations obtained from the density-functional theory calculations. A
good agreement between the theory and experiment was achieved. Our results shed light on the
phononic properties of quasi-1D NbTes and TaTes and add to the knowledge of the properties of
these important topological van der Waals materials.
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