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Abstract

Rare-earth tritellurides (RTes) are popular for their charge density wave (CDW) phase,
magnetotransport properties and pressure induced superconducting state among other
features. In this literature, Density functional theory has been exploited to study various
properties of NdTes. The calculated elastic and thermomechanical parameters, which were
hitherto untouched for any RTes, uncover soft, ductile, highly machinable and damage
tolerant characteristics, as well as highly anisotropic mechanical behavior of this layered
compound. Its thermomechanical properties make it a prospective thermal barrier coating
material. Band structure, density of states, Fermi surfaces and various optical functions of the
material have been reported. The band structure demonstrates highly directional metallic
nature. The highly dispersive bands indicate very low effective charge carrier mass for the in-
plane directions. The Fermi surfaces display symmetric pockets, including signs of nesting,
bilayer splitting among others, corroborating previous works. The optical spectra expose high
reflectivity across the visible region, while absorption is high in the ultraviolet region. Two
plasma frequencies are noticed in the optical loss function. The optical conductivity,
reflectivity and absorption reaffirm its metallic properties. The electronic band structure
manifests evidence of CDW phase in the ground state.

Keywords: Rare-earth tritelluride; Density functional theory; Elastic properties;
Thermomechanical properties; Optoelectronic properties

. Introduction

Recently rare-earth tritellurides (RTes) have gained tremendous interest due to their charge
density wave (CDW) phase [1-5], magnetotransport properties [6,7], pressure induced
superconducting state [8,9], and competition between CDW and magnetically ordered phases
[10]. Large number of studies experimentally detected the CDW phase in RTes using angle-
resolved photoemission spectroscopy (ARPES) [11-13] and quantum oscillations [14,16]
among other methods. Some of these investigations, including others, contain theoretical
sections on RTez compounds using first-principles and tight binding methods [7,12,17]. They
show promising physical aspects to design electronic states by magnetic field and ultra-short

1



light pulse [16,18,19]. Moreover, they turned out to be an ideal system for studying the
Higgs (amplitude) mode of the CDW by quantum interference methods [20]. These are
related to novel electronic ground states of RTez and their complex interplays.

All RTes crystallize in Bmmb space group with an orthorhombic
S — column-like structure [21,22], each conventional unit cell

‘ - o consisting of four molecular units as showed in Fig. 1. The
i ¥ “layered” structure basically comprises oOf alternate stacking of a
» . bg dual layer of almost square planes made of Te sheets, and a

; combined RTe layer, which is one R and one Te layer intertwined
® into one cubic NaCl-type structure [21,23,24]. A weak interlayer
D bonding holds these stacked RTe and double Te layers together.
: , The Te sheets are believed to be separately responsible for electric
; conduction, while the RTe layers dominate magnetic properties
[10,24]. This makes the electrons roam without restraint in two
dimensions, but they are restricted within the square planes, just
¥ like graphene [16,25]. If R in RTes, goes from lighter to heavier
. metals across the lanthanide series in the periodic table, the lattice
: parameters decrease, i.e., replacing R constitutes as chemical
pressure [26]. This chemical pressure can modify the CDW
properties (CDW gap, CDW transition temperature Tcpw, CDW
wave vector) without having to introduce defect [27,28]. Again, an
] amazing feature of these materials is that applying external
meeens pressure on one of the lighter RTes is equivalent to chemical
Figure 1: Crystal pressure Wh_en it comes _to the aforement.ioned properties [28],
structure of NdTes. The which implies modification in the Fermi surface (FS) under
brown balls represent Nd applied pressure [10]. While lighter members (R) of RTes,
atoms and the blue balls including NdTes, show one CDW phase, heavier ones have more

represent Te atoms. than one [27,29].

RTes are characterized by partially gapped region in FS, which originates from quasi one-
dimensional px and py orbitals in the square Te lattice [30]. The FS consists of a diamond
shaped pocket in the middle of the Brillouin zone (BZ), and four outer pockets near the zone
boundary [12]. It has been proposed that the gap opens up due to displacement of the
diamond pocket arisen from the Te layers by a nesting wave vector, while others argue that
electron-phonon coupling is most likely in charge [30-32]. Both FS and quantum oscillations
(QO) enrich us crucially when it comes to CDW transition. An FS study on NdTes unearthed
excellent features using both ARPES and tight binding calculations [30]. The authors
successfully solved the otherwise unsolved problem of assigning QO frequencies to FS
elements, and hence explained high mobility of charge carriers. Previously, a QO study on
NdTes probed low temperature magnetotransport properties using both de Haas—Van Alphen
(dHvA) and Shubnikov—de Haas (SdH) effects [16]. The authors showed that mobility of
electrons in NdTes increases by 58% below the magnetic-ordering temperature (Tn), which is
due to mitigation of spin-disorder scattering disrupting antiferromagnetic order [33-35].
Another anomaly in temperature-dependent resistivity around 20 K is noted when an external
magnetic field was applied. The temperature dependent SdH oscillation curve also has



anomalies below Ty and around 20 K i.e., it deviates from the conventional Lifshitz-
Kosevich fit [16].

Other studies on RTes include electrical resistivity, and magnetic susceptibility along two
crystallographic axes, with varying temperature [23]. The authors reported anisotropy in
magnetic susceptibility, and anomaly in both susceptibility and resistivity for NdTes. Another
paper contributed with temperature-dependent specific heat among other properties [24].
While the former study clearly pointed out susceptibility deviates from Curie-Weiss law at
low temperature, both studies report two closely separated 2" order phase transition for
NdTes (more for another RTez compound). In addition, an experimental optical spectroscopy
study of NdTes including comparative analysis of all RTes revealed evidence of CDW
transition [36]. Electronic band structure, density of states, phonon dispersion, Raman spectra
and Raman active modes of NdTez have also been reported in the literature [31,37]. For other
RTes compounds, it was found that the optoelectronic features can be tuned using chemical
and external pressure [38] and possibly by intercalating with Pd atoms [39] or introducing Te
vacancies [40]. Some of the RTes compounds are not environmentally very stable; stability
decreases with heavier R as 4f electrons increase, which have a direct impact on degeneration
[10,41]. But luckily in degenerated RTes, CDW properties remain intact.

It is surprising to note that, although many of the exotic electronic, magnetic and CDW
features of NdTes have been explored both theoretically and experimentally in detail, the
more conventional theoretical study on the elastic, thermal, bonding and optical properties
have not been done exhaustively yet. All these hitherto unexamined bulk properties are
extremely important to check the viability of potential applications of this compound. In this
particular work, using first-principles method, elastic and thermomechanical properties of
NdTes have been studied, which are not reported for any RTes, to the best of our knowledge.
It was found that the compound under interest is a soft, ductile, highly machinable and
damage tolerant system, showing highly anisotropic mechanical behavior. It is a potential
thermal barrier coating agent, and it possesses optical characteristics to be used as solar
reflector and efficient ultraviolet radiation absorber. We reaffirm highly directional metallic
character and low effective charge carrier mass in the in-plane directions of NdTes. We have
revisited the FS and found various pockets, signs of nesting, bilayer splitting and other
features. We presented various optical functions at different energies and detected two plasma
frequencies. We have identified evidence of CDW phase as well.

The rest of this article is organized as follows: Part 11 contains an overview of methodology.
In Part 111, along with a discussion on optimized structure, aforementioned bulk properties are
reported and compared with those of the other literatures. We have included comparative
analysis with other RTes compounds whenever possible. Then part 1V is for the concluding
remarks.

[I.  Computational Scheme

Density functional theory (DFT) has been used throughout the paper, which means solving
for the ground state electron energy using the Kohn-Sham equation [42]. Computations have
been carried out with local density approximation (LDA) exchange-correlation functional
[43] using the quantum mechanical CAmbridge Serial Total Energy Package (CASTEP) [44].
As far as the electron-ion interactions are concerned, norm-conserving pseudopotentials and
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Koelling-Harmon relativistic treatment were used [45,46] to achieve high level of accuracy.
For self-consistent calculations, density mixing electronic minimizer was chosen. Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm was implemented to optimize the crystal
geometry [47]. The electronic configurations used for pseudo atomic calculations are, Nd:
[4f4 5s2 5p6 6s2] and Te: [5s2 5p4]. In order that final enthalpy saturates during
optimization, a special k-point sample of size 12x12x2 in the Brillouin zone based on the
Monkhorst-Pack scheme [48] and a plane wave basis set cut-off energy of 550 eV have been
employed. The convergence thresholds set up while optimizing the geometry are: 10° eV
atom™ for the energy, 0.03 eV A for the maximum force, 0.05 GPa for maximum stress and
10 A for maximum atomic displacement. A spin polarized calculation has been performed,
since Nd has parallel 4f electron spins. To optimize the spin states, a sufficiently large
number of empty bands were added. Spin orbit coupling (SOC) was not included because it
was reported that for RTes systems, it generates an insignificant effect on bulk physical
characteristics [31,39,40,49]. Furthermore, our calculations without SOC agrees well with the
prior experimental results.

To calculate the single-crystal elastic constants Cij, and elastic compliances Sjj, the stress-
strain technique from the CASTEP package has been utilized. From these elastic constants,
all the other elastic moduli and thermomechanical parameters have been determined using
well established methodology [50-52]. When it comes to optical functions, at first, the
complex dielectric function, &(w) = e1(w) + ie2(w), was realized. Taking advantage of the
Kramers-Kronig transformations, the real part e1(w), of the dielectric function was derived
from the imaginary part e2(w). From the matrix elements of the electronic transitions between
occupied and unoccupied electronic states, e2(w) was calculated using the formula
programmed into CASTEP which is given by:
2
CE Kl IS (B B~ E)
Qe
k,v,c
where Q, w, e and 4 are the unit cell volume, the incident photon’s angular frequency,
electron’s charge and is a unit vector denoting the incident electric field polarization,
respectively, while W and W} are the wave functions of conduction and valence electrons,
respectively, with wave-vector k. This equation describes vertical optical transitions which is
the dominant channel in the ground state. The purpose of the delta function is to ensure the
conservation of energy and momentum during the optical transition process. The other five
optical functions are derived from the complex dielectric function using well-known
formulae [53-55].

&(w) =

1. Results and Analysis
A. Structure

The space group of NdTez is found to be Bmmb (no. 63), or equivalently Bm21b, or B2mb. All
the crystallogaphically independent atoms reside in position 4c, x = 0 and y = 0.25 in the
plane, while the z-axis coordinates are 0.8306 (Nd), 0.0705 (Te), 0.4294 (Te) and 0.7047 (Te)
[21]. The optimized lattice constants are tabulated below (Table 1). We have also included
previously obtained experimental lattice parameters in this Table. Reasonable agreement has
been found. It should be noted that the experimental results were obtained at finite

4



temperature (close to room temperature), while our theoretical values are appropriate at 0 K.
It must also be kept in mind that some authors orient the longer axis along c-direction, while
others along b; we have adopted the former and changed the notations where needed.

Table-1: The lattice parameters a, b, ¢ (A) and volume V (A%) of NdTes.

a b C \ Volume
deviation (%)
Experimental [21] 4.350 4.350 25.800 488.201
Experimental [22] 4.347 4.363 25.851 490.276
This work 4.315 4.313 25.565 475.755 2.55% — 2.57%

There are two types of layers in the structure: Te layers and NdTe combined layers. The
arrangement of 8 layers along c-axis is as follows, Te, NdTe, NdTe, Te, Te, NdTe, NdTe, Te.
There are 4 Nd and 12 Te atoms in a unit cell. This (for any RTes) arrangement is in fact two
slightly distorted NdTe, (any RTez) unit cells stacked over one another, with an added Te
layer between the cells, with every other cell translated by a/2, which opens up interesting
opportunity for comparison [21]. Some authors have worked on polytellurides in general as
well [39]. The compound NdTes, thus, forms an incommensurate structure [22,26].

B. Elastic Properties

Elastic constants are the generalized coefficients of Hooke’s law, which in general form a 6x6
matrix, also referred to by the name the stiffness matrix or the elastic matrix. But due to
symmetry considerations, elastic matrix of an orthorhombic crystal has only nine independent
components: Ci1, Co2, Cas, Cas, Css, Ces, C12, C13, and Coz. For NdTes, the independent elastic
constants Cjj, and elastic compliance constants Sj;, determined using the LDA are given in
Table 2.

Table-2: The single crystal elastic constants Cjj (GPa), and elastic compliance constants S;
(GPal) of NdTes.

ij Cij Sij

11 92.128 0.0237387
22 100.419 0.0218200
33 37.706 0.0299205
44 13.740 0.0727783
55 13.166 0.0759573
66 57.902 0.0172707
12 70.374 -0.0159857
13 18.405 -0.0033697
23 19.383 -0.0034137

Among the nine stiffness constants, Ci;, C22 and Cazs quantify the crystal’s capacity to
withstand applied mechanical stress along the crystallographic a-, b-, and c-axis, respectively.
For NdTes, Csz is way smaller than C11 and Cz2, pointing out that it is way more compressible
in the c-direction than the other two. This is expected since bonding in the in-plane directions




would be stronger due to its layered nature. The ability of a crystal to resist shear is measured
by the constants Cas, Css and Cee. Shearing strains dictate mechanical failure mode of
crystalline solid when the stress is tangential to crystal plane. Cas also gives an idea about the
indentation hardness of a solid. For NdTes, small values of C4s and Css indicate its limited
ability to counter shear in (100) and (010) planes, respectively. Large value of Ces compared
to Cas and Css implies that [100](001) shear is harder than the other two shears. The off-
diagonal elements, Ci2, Ci3, and Cz3 measure the defiance against volume conserving
orthogonal distortions. The large gap between Ci1 and Csz is manifested in the lowest value of
Cus. This shows the amount of stress produced along the crystallographic a-direction due to
the uniaxial strain along crystallographic c-direction. The same pattern follows for Ci> and
C23. The mechanical stability of a solid can be tested from the elastic constants using the
Born-Huang criteria [56]. For orthorhombic crystals, the appropriate Born-Huang criteria in
the ground state are given by [57]:

Cu > 0; C11C22 > C12?
C11C22C33 + 2C12C13C23 — C11C23° — C22C13° — C33C12° > 0
C4s>0;Cs5>0; Ces>0

All the criteria are fulfilled by the elastic constants of NdTes; therefore, this material is
mechanically stable.

Table-3: The isotropic bulk modulus B (GPa), and shear modulus G (GPa) , for
polycrystalline NdTes using the single crystal elastic constants according to Voigt, Reuss and
Hill’s methods, and the Pugh ratio B/G, Young’s modulus E (GPa), Poisson’s ratio v, and the
machinability index um, according to Hill’s approximation.

Br Bv Bu Gr Gv GH B/G E 0 UM

33.399 | 49.619 | 41.509 | 16.835 | 25.101 | 20.968 | 1.979 | 53.838 | 0.284 | 3.021

Using the single crystal elastic constants and compliances, polycrystalline elastic moduli can
be found [58]. The obtained polycrystalline bulk modulus B, shear modulus G, Pugh’s ratio
B/G, Young’s modulus E, Poisson’s ratio v, and machinability index uw, using various
approximations are presented in Table 3. The assumption in \oigt approximation is
continuous strain and discontinuous stress distribution, and consequently there is a lack of
balance in actual stresses among the grains [59]. While, conversely, in Reuss approximation,
continuous stress and discontinuous strain distribution are assumed, therefore, strained grains
do not fit smoothly [60]. This is why the former approximation delivers the maximum value
of polycrystalline elastic moduli and the latter gives the minimum. On the other hand, Hill’s
technique uses the arithmetic mean of the two values, which is closer to the actual value of
elastic moduli [61]. The bulk modulus and the shear modulus determine the resistance to
volume change due to applied isotropic pressure and plastic deformation because of shear,
respectively. These values are comparatively small for NdTes, proving that it is a soft and
damage tolerant material.

The Pugh’s ratio, Young’s modulus, Poisson’s ratio and the machinability index can be found
from the bulk and shear moduli [58]. Since, B > G for NdTes, its mechanical failure mode is
governed by shear. Large value of the Pugh’s ratio (> 1.75) means ductility and small value
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(< 1.75) means brittle material. Therefore, NdTez is a ductile compound according to our
computations. By definition, Young’s modulus is the ratio of the tensile stress to the
longitudinal strain, which determines the stiffness of a material. Very small value of E for
NdTes implies that it is a less stiff solid. The failure mode of solids can be unraveled from
Poisson’s ratio as well. If o is greater (less) than 0.26, the material is ductile (brittle) [62].
NdTes is a ductile material consistent with the prediction from Pugh’s ratio. Since, 0.25 <o <
0.50 for NdTes, the interatomic forces are expected to be dominated by central forces [63].
For pure covalent bonding, » is around 0.10, while a value of around 0.33 means metallic
bonding, which implies combination of both types of bonds in NdTes. The machinability
index, given by the ratio of bulk modulus to Cas, holds significance in the materials design
industry [64]. The large value of um for NdTes means very good level of machinability.

Table-4: The calculated values of hardness Hi, i=1-8 (GPa) of NdTes

H1 H> Hs Ha Hs Hs H7 Hs

3.997 3.268 3.093 3.419 0.810 2.329 3.022 2.335

The resistance to permanent deformation, namely the hardness, is a very important feature for
industry. The hardness Hi, has been calculated from the bulk, shear and Young’s moduli using
various semi-empirical formulae [65-68], for NdTes, and are listed in Table 4. These values
are close to each other and are quite low.

C. Elastic Anisotropy

Elastic anisotropy is about directional dependence of mechanical properties. It contains
information about several physical properties important for material design, such as creation
of micro-cracks, motion of cracks, formation of plastic deformations in crystals, etc. From the
elastic moduli and constants, various anisotropy factors for NdTesz have been
calculated [58,69,70] and tabulated in Table 5. Shear anisotropy factors are measures of
anisotropy in the bonding between atoms with respect to various crystal planes. A; is the
shear anisotropy factor for the {100} shear planes between the <011> and <010> directions,
A is for the {010} shear planes between the <101> and <001> directions, and As is the factor
for the {001} shear planes between the <110> and <010> directions. A1 = A = Az would
mean isotropic crystal with respect to shape deformation. Any value greater or less than one
would point out the degree of anisotropy, which is very high for NdTes, as expected due to its
highly layered structure. The log-Euclidean index is zero for perfectly isotropic crystals.
Materials with higher (lower) AL values exhibit strongly layered (non-layered) structure [70].
Although AL can be as high as 10.26, AL < 1 for 90% of the crystals. A comparatively high
value verifies layered structure of NdTes. A zero value of the universal anisotropy index also
indicates absolute isotropy. The deviation from zero measures the degree of anisotropy.

Table-5: Shear anisotropy factors Ai;, A> and As, universal log-Euclidean index A, the
universal anisotropy index Au, equivalent Zener anisotropy measure Aeg, and anisotropy in
shear Ag and anisotropy in compressibility Ag, for NdTes.

Aq A As AL AY A®d A Ag

0.591 0.530 4471 0.405 0.683 2.091 0.197 0.195




For an isotropic crystal, A*d = 1. A very high value indicates highly anisotropic behavior.
Range of anisotropy in shear and compressibility is from 0 to 1. A zero value means perfect
isotropy and unity means maximum possible anisotropy. The computed values of Ag and Ag
are high for NdTes.

Table-6: Uniaxial bulk moduli Ba, By and B (GPa), anisotropy indices for bulk modulus Aga
and Agc, and for linear compressibility S and Sc (TPal), along different crystallographic
axes, and ratio of the compressibility Sc/f,, of NdTes.

Ba Bb Bc ABa ABc ﬂa ,Bc ,Ba/,Bc

228.139 | 413.124 |43.221 0.552 0.105 3.542 23.063 0.154

The uniaxial bulk modulus along a-, b- and c-axis, anisotropies of the bulk modulus along a-
and c-axis with respect to the b-axis, and compressibility along a- and c-axis have been
calculated [58,71] and listed in Table 6. Strong anisotropy is evident in the uniaxial bulk
modulus. These values are way larger than isotropic bulk modulus. Linear compressibility
along crystallographic c-axis is significantly higher than that along a-axis, due to the layered
structure of NdTes. Small value of Sa/fc is yet another measure of its marked anisotropy.

(b)

P So

Figure 2: Three dimensional directional dependences of (a) Young’s modulus (b)
compressibility (c¢) shear modulus and (d) Poisson’s ratio for NdTez. Green and blue surfaces
represent lower and higher limits of the parameters, respectively.




Three dimensional (3D) plots of Young’s modulus, compressibility, shear modulus and
Poisson’s ratio using the ELATE code [72], have been plotted for NdTes in Fig. 2. Green and
blue surfaces represent lower and higher limits of the parameters, respectively. For an
isotropic crystal the profiles would be spherical. On the other hand, the more distorted the
shapes, the more anisotropic they are. Almost all the profiles show extreme anisotropy. The
code also shows projections of these surfaces along three crystal planes, with circular shapes
implying isotropy. As expected from high degree of anisotropy, none of the projections are
anywhere near circular.

D. Thermomechanical Properties

The Debye temperature 6p, melting temperature Tm, Grineisen parameter y, and minimum
phonon thermal conductivity kmin, have been calculated from elastic constants and moduli
employing well-established theoretical formalisms [58,73-75] and are tabulated in Table 7.
All these parameters are significant to explore the potential of a solid in various
thermomechanical applications. The Debye temperature is a very important physical
parameter, related to thermal conductivity, lattice vibration, superconducting transition
temperature, interatomic bonding strength, melting temperature, coefficient of thermal
expansion, phonon specific heat etc. Compounds with smaller Debye temperature have
weaker interatomic bond strength, higher average atomic mass, lower melting temperature,
low hardness and lower acoustic wave velocity. According to Debye model, &b corresponds
to the highest allowed phonon frequency of a single normal mode vibration in a crystal. For
NdTes, the Debye temperature calculated is small, revealing its softness and low thermal
conductivity at lower temperature.

Table-7: The Debye temperature 0o (K), melting temperature Tm (K), Grineisen parameter y,
and minimum phonon thermal conductivity kmin (Wm™K™) for NdTes.

(o) Tm Y Kmin

180.785 686.943 1.677 0.271

Like the Debye temperature, Tm of NdTes is not high, indicating low overall bond strength,
consistent with other parameters discussed previously. The dimensionless quantity Griineisen
parameter is an assessment of lattice anharmonicity, large value of y implying greater
anharmonicity. The compound NdTes possesses medium level of anharmonicity. It points out
temperature-dependence of the phonon frequencies and their damping, as well as how
phonon frequency is linked to variation of volume due to anharmonicity in the lattice
potentials. It is also useful for determining thermal expansion effects, thermal conductivity
and phase transitions related to volume change. At high temperatures above ép, the thermal
conductivity approaches to a minimum value (kmin). This occurs when the phonon mean-free
path becomes lower than the average interatomic separation. Generally, compounds with
lower 6p such as NdTes have lower kmin. The estimated value of the minimum thermal
conductivity is quite low. This, together with very low Debye temperature and high damage
tolerance of NdTes, implies that this can serve as a thermal barrier coating (TBC) material
[68].




E. Electronic Properties
a) Band Structure
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Figure 3: The spin-resolved electronic band structure of NdTes along the high symmetry
directions in the Brillouin zone.

The electronic band structure (BS) of NdTesz along high symmetry directions in the Brillouin
zone (BZ) is illustrated in Fig. 3. The Fermi level Ef, is set at 0 eV. Several highly dispersive
bands cross Er, indicating a metallic behavior. While bands along c-axis (I'-Z, T-Y and X-U)
are mostly non-dispersive, many of the bands in the ab-plane (Z-T, Y-S-X and U-R) are
exceptionally dispersive, which means that effective mass of the charge carriers in ab-plane is
much smaller compared to those running along the c-axis. This clearly reveals highly
directional metallic characters. This is anticipated since electrical conductivity is dominated
by Te atom containing planes [10,21,24]. In isostructural SmTes, the in-plane conductivity is
more than 3000 times higher than the out-of-plane value [76]. We predict similar anisotropic
feature for NdTes as well. Therefore, the highly dispersive bands that cross Er must be the Te
in-pane p orbitals, and less dispersive bands crossing Er might be due to the localized Nd 4f
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electronic orbitals. These are the electrons responsible for strong electronic correlations and
magnetic order in NdTes. This assumption as well as the shape of our BS is consistent with
previously calculated result for NdTes [31]. This is further confirmed by the electronic
dispersion curves of LaTes and LuTes, where there is no partially filled f orbital and therefore
no less dispersive bands close to Er; but the similar dispersive bands are still present [17,31].
There is notable effect of electronic spin on the dispersion curves. Clear signs of band folding
are found in the c-direction electronic dispersions both below and above Er. All these features
harmonize with prior research [19,30].

b) Density of States
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Figure 4: (a) Total density of states for NdTes, and partial density of states for (b) Nd and
(c) Te atoms.
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The total density of states (TDOS) along with the atom-resolved partial density of states
(PDOS) as functions of energy E-Ef, are shown in Fig. 4. Er is represented by the vertical
line at 0 eV. It is seen from Fig. 4(b), that contribution from Nd 4f electrons is the largest in
Er, which is due to the less dispersive bands crossing Er in the BS. Apart from that, Te 5p
electrons have significant contribution in Er, which are the dispersive bands crossing Er [Fig.
4(c)]. Various authors predicted that, contrary to our results, Te 5p orbitals would dominate
Er instead of Nd 4f, since electric conductivity is driven by Te planes. But previous
theoretical calculation for NdTes agrees well with ours. This might be because of Nd 4f
electrons being localized and hybridization between Nd 4f and Te 5p orbitals [31]. Besides
the peak at Er, another broad peak close to 4 eV is apparent in TDOS. The gap between these
two peaks might be ascribed to the suppression in the TDOS due to the presence of an
unconventional CDW. The peak in the TDOS at Er and its large value are indicative of
electronic/magnetic instability. Such electronic systems show diverse electronic ground states
due to small perturbations.

c) Fermi Surface

Figure 5: Fermi Surfaces of NdTes for the 19 bands that cross the Fermi level. The dashed
lines enclose the Brillouin zone.
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Features unique to CDW materials are captured by their Fermi surfaces (FS). The FS plot
inside the Brillouin zone (BZ) of NdTez is shown in Fig. 5, for all the 19 bands that cross Er.
A diamond shaped pocket around I'-point can be seen in the figure, as well as four “outer”
pockets, only parts of which reside in the first BZ. These pockets are observed in various
ARPES and QO studies of RTes compounds including NdTes, as mentioned in the
introduction of this paper. Quasi one-dimensional px and py orbitals in each square Te layer
create the pockets inside their two-dimensional (2D) BZ [12,30]. All of these surfaces which
create the pockets look split, which is called “bilayer splitting”. This occurs because of the
interplay between two Te layers within the structural unit [11,17,77]. Since the unit cell of
three-dimensional (3D) crystal structure is larger than that of 2D square Te structure, the
corresponding smaller 3D BZ is projected onto the 2D BZ, this makes FS elements “fold”
into this smaller BZ. Shadow bands are signatures of strong electronic correlations which
lead to shadow FS elements. This is intimately connected to the nesting of FS. Nesting wave
vectors give the periodicity in the CDW. A CDW gap can be seen in the region between the
two red arrows (Fig. 5). The gap originates from the interaction between the original bands
and shadow bands. Change in FS of NdTes induced by temperature and field is indicated by
Dalgaard et al. [16]. We refer to Brouet et al. and Chikina et al. for a more comprehensive
discussion on the nesting driven CDW [12,30].

F. Optical Properties

In this section, various frequency/energy dependent optical functions have been calculated
and presented. Fig. 6(a-c) depicts both the real and imaginary parts of the dielectric constants
e1(w) and e(w), respectively, the real part of the refractive index n(w), the extinction
coefficient k(w), the real and imaginary parts of the optical conductivity o1(w) and o2(w),
respectively, while fig.6 (d-f) presents reflectivity R(w), the absorption coefficient a(w), and
the loss function L(w), respectively. Incident photon energy range was set to be 20 eV with
electric field polarization vectors along [100] and [001] directions. Since the in-plane lattice
parameters are very close, the corresponding anisotropy in optical functions is barely
noticeable, and therefore, one of the directions among them is omitted. A Drude damping of
0.05 eV and a Gaussian smearing of 0.5 eV have been used while calculating the
aforementioned optical functions.

In Fig. 6(a), it is seen that both real (Re) and imaginary (Im) parts of the complex dielectric
function fall to zero approximately at 25 eV. Therefore, the plasma frequency of NdTes
should be 25eV, that is, for photons above this frequency the material is transparent to
electromagnetic waves. The real part of dielectric function indicates polarizability; the
imaginary part signifies loss. The real part n(w), of the refractive index signifies the phase
velocity of electromagnetic wave, while the imaginary part k(w), alternatively extinction
coefficient, is related to attenuation of wave.
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Figure 6: (a) Dielectric function (real and imaginary), (b) refractive index (real and
imaginary), (c) optical conductivity (real and imaginary), (d) reflectivity, (e) absorption
coefficient, and (f) loss function as functions of energy for two different polarization
directions.

Metallic nature of NdTes was discussed in the electronic band structure section. Fig. 6(c)
reaffirms this, where finite value of conductivity at zero photon energy is noticed. So does the
reflectivity of unity in Fig. 6(d) and non-zero value of absorption in Fig. 6(e) at zero photon
energy. This metallic behavior in conductivity and reflectivity was reported experimentally as
well [36]. Across the visible region, the reflectivity is very large for NdTes in Fig. 6(d), which
means that this material might be used in devices where high reflectivity is needed.
Absorption of NdTes in Fig. 6(e) is high in the energy range 6-15 eV, indicating its possible
usage as an ultraviolet light absorber. The absorption sharply reaches to very close to zero
around plasma frequency 25 eV. In Fig. 6(f), the peaks of the loss function, which are the
plasma frequencies, occur at 17 eV and 25eV. The multiple plasma peaks imply that there are
multiple energies for plasma oscillations. This is probably a multiband effect where charge
carriers have different effective masses.

We can also notice two peaks in the real part of the optical conductivity spectrum at lower
frequency range; one at 0 eV and another at around 4 eV, just like the density of states shown
in Fig. 4(a). The former peak is called the Drude peak and the latter is a single particle
excitation peak. The Drude peak indicates metallic conduction due to free charge carriers
[36]. The second peak is due to the charge excitation across the CDW gap into a single
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particle state, which is a signature of the CDW phase [78]. The energy difference between the
two peaks is associated with the CDW gap. It is also interesting to note that, despite having
highly layered structural, elastic, and electronic features, the optical parameters’ spectra are
comparatively isotropic with respect to the polarization direction of the electric field
associated with the incident light.

IVV. Conclusions

We have explored the structural, elastic, thermomechanical and optoelectronic properties of
NdTes exploiting Density functional theory. Our optimized structural features of this layered
compound are congruous with earlier works. According to the calculated elastic constants,
this material is found to be mechanically stable and its ability to resist mechanical stress in
the in-plane directions is stronger than that of the out-of-plane direction. The isotropic shear
and bulk modulus and hardness indices suggest its soft and damage tolerant nature, while
Pugh’s and Poisson’s ratio convey that it is a ductile material. The machinability of NdTes is
very good as well. Comprehensive investigation points out its high elastic anisotropy. When it
comes to thermomechanical features, the calculated Debye temperature once again proves
softness of the material, and along with low melting temperature, it implies weak interatomic
bond strength. We also report low minimum thermal conductivity, which makes it a
prospective thermal barrier coating material (if the operating temperature is not very high).
To the best of our knowledge, none of these parameters were experimentally examined. The
band structure of NdTes reveals highly directional metallic character, with effective mass of
carriers being very low in the in-plane directions. Signs of band folding in the out-of-plane
direction are found as well. In the density of states, a charge density wave gap of 4 eV can be
noticed. The Fermi surface shows a diamond shaped pocket around I'-point along with four
other pockets in the Brillouin zone, consistent with earlier works. They also exhibit nesting,
bilayer splitting and other related phenomena. The optical conductivity, reflectivity and
absorption provide confirmation that the material is metallic. The optical spectra reveal
notable reflectivity in the visible region, suggesting potential application as a solar reflector.
Simultaneously, high absorption in the ultraviolet region indicates the material's potential
efficacy as an ultraviolet radiation absorber. We can notice multiple energies for plasma
oscillations and proof of charge density wave gap in the optical functions.
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