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In recent days, study of topological Weyl semimetals have become an active branch of physics and
materials science because they led to realization of the Weyl fermions and exhibited protected

Fermi arc surface states. Therefore, topological Weyl semimetals TaX (X =P, As) are important
electronic systems to investigate both from the point of view of fundamental physics and potential
applications. In this work, we have studied the structural, elastic, mechanical, electronic, bonding,
acoustic, thermal and optical properties of TaX (X =P, As) in detail via first-principles method using
the density functional theory. A comprehensive study of elastic constants and moduli shows that
both TaP and TaAs possesses low to medium level of elastic anisotropy (depending on the measure),
reasonably good machinability, mixed bonding characteristics with ionic and covalent contributions,
brittle nature and relatively high Vickers hardness with a low Debye temperature and melting
temperature. The minimum thermal conductivities and anisotropies of TaX (X' =P, As) are calculated.
Bond population analysis supports the bonding nature as predicted by the elastic parameters. The
bulk electronic band structure calculations reveal clear semi-metallic features with quasi-linear
energy dispersions in certain sections of the Brillouin zone near the Fermi level. A pseudogap in the
electronic energy density of states at the Fermi level separating the bonding and the antibonding
states indicates significant electronic stability of tetragonal TaX (X =P, As).The reflectivity spectra
show almost non-selective behavior over a wide range of photon energy encompassing visible to mid-
ultraviolet regions. High reflectivity over wide spectral range makes TaX suitable as reflecting coating.
TaX (X =P, As) are very efficient absorber of ultraviolet radiation. Both the compounds are moderately
optically anisotropic owing to the anisotropic nature of the electronic band structure. The refractive
indices are very high in the infrared to visible range. All the energy dependent optical parameters
show metallic features and are in complete accord with the underlying bulk electronic density of states
calculations.

Topological quantum materials, such as topological insulators?, semimetals (Dirac or Weyl)*~7, metals®®, and
superconductors'®!! have recently become a subject of great interest in basic science and technology, both theo-
retically and experimentally. Although the topological system starts with the remarkable discovery of topological
insulators, recently the significant focus has been shifted towards topological Dirac or Weyl semimetals (WSM).
Unlike ordinary metals (where most of their electronic properties are related to the existence of a Fermi surface),
the main focus of WSMs is on the appearance of band touching points or nodes at the Fermi energy, where two
or more bands are exactly degenerate at particular values of the crystal momentum within the Brillouin zone
(BZ). Basically, WSMs are related to Dirac semimetals (DSMs), which can be realized by breaking either the
time reversal symmetry or the spatial inversion symmetry of Dirac semimetals. In this situation the Dirac point
splits into two Weyl points of opposite chirality'?%. The WSM is an unusual solid that hosts the Weyl fermions.
Weyl fermions are massless chiral fermions with a relativistic spin of 1/2 that are allowed solutions of Dirac’s
equation'>™"”. Weyl fermions are relevant to both high energy particle physics and low-energy in condensed
matter physics and play a crucial role in quantum field theory. The specific features of WSMs are the unique bulk
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Weyl fermions, the surface Fermi-arcs (open Fermi surfaces),chiral anomaly, drum-head surface states, gapless in
the bulk and a pair of Weyl points (band crossing points) existing with opposite parity. All these exotic electronic
features lead to many intriguing properties such as extremely large (sometimes negative) magneto-resistance,
chiral magnetic effects, high carrier mobility, light effective mass, nontrivial Berry phase, quantum anomalous
Hall effect, and novel quantum oscillations'®?2. These properties make WSMs interesting for the future applica-
tions in electronic, spintronic and quantum computing devices. Besides there exists a large number of techno-
logically important properties of WSMs in different crystal classes which are largely insensitive to the spin-orbit
coupling (SOC) which mainly give rise to the exotic features in the surface and bulk electronic band structure®”.

TaAs and TaPare newly predicted”*** and experimentally synthesized**-?’ topological Weyl semimetals. TaP
and TaAs are Type-I topological Weyl semimetals with naturally broken inversion symmetry**?. Several physi-
cal properties of TaP and TaAs have been studied both theoretically and experimentally so far**?>*0-4!, Elastic,
thermo-physical and optical properties of isostructural TaX (X =P, As), on the other hand, have not been explored
in details. For example, analysis of the Cauchy pressure, tetragonal shear modulus, linear compressibility, internal
strain parameter, machinability index, hardness, and anisotropy in elastic moduli are still lacking. The thermo-
physical properties such as Debye temperature, melting temperature and minimum thermal conductivity have
not been investigated thoroughly yet. The bonding nature is also unexplored. Besides energy dependence of the
optical constants are still unknown. A thorough understanding of the elastic, mechanical, thermal, bonding
and optical response of these compounds is necessary to unravel the potential of the titled WSM:s for possible
applications. This constitutes the primary motivation of the present study.

The rest of this manuscript has been structured as follows: In “Computational methodology” section, we
briefly described the computational methodology. In “Results and analysis” section, we have presented the
results of our computations and their analyses. Finally, the important features of this study are summarized and
concluded in “Discussion and conclusions” section.

Computational methodology

All the structural, elastic, electronic and optical properties calculations were carried out by employing plane
wave pseudopotential approach based on the density functional theory (DFT)*»*} implemented in the CASTEP
(CAmbridge Serial Total Energy Package) simulation code*!. The electronic exchange-correlation energy has
been selected using the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) scheme®.
The Coulomb potential energy caused by the interaction between the valence electrons and ion cores has been
modeled by the Vanderbilt-type ultra-soft pseudopotential*®. Use of ultra-soft pseudopotential saves us sub-
stantial computational time with little loss of computational accuracy. To perform pseudo atomic calculations,
the following valence electron configurations have been considered:5d” 6s* for Ta, 3s* 3p® for P and 4s* 4p°for As
atoms, respectively. To get the lowest energy crystal structure of TaX, geometry optimization was performed using
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme?’. The cut off energy for the plane-wave
expansion for both the compounds were set to 400 eV. The sampling of Brillouin zone (BZ) was carried out using
the Monkhorst Pack mesh*® with a mesh size of 11 x 11x9 and 10 x 10 x 8 k-points for TaAs and TaP, respectively.
Geometry optimization of both TaP and TaAs were performed using total energy convergence tolerance of
10~° eV/atom, maximum lattice point displacement within 10~ A, maximum ionic Hellmann-Feynman force
within 0.03 eVA~land maximum stress tolerance of 0.05 GPa, with finite basis set corrections®. These selected
levels of tolerances produced reliable estimates of structural, elastic and electronic band structure properties
with an optimum computational time.

The single crystal elastic constants, Cy, for tetragonal structure were calculated based on stress—strain
method®. From symmetry considerations, a tetragonal crystal has six independent elastic constants (C,;, Cs,
Cu Ce» Cyp and C,3). All the others elastic properties, such as the bulk modulus (B) and shear modulus (G),
can be evaluated from the calculated values of single crystal elastic constants C;; by using the Voigte-Reusse-Hill
(VRH) approach®2.

The imaginary part of the dielectric function,e;(w), has been calculated by using the CASTEP supported
formula,
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where Q is the unit cell volume, w is the frequency of the incident photon, e is the charge of an electron, i is the
unit vector defining the incident electric field polarization, and \I/,i and ‘IJIZ are the conduction and valence band
wave functions at a given wave-vector k, respectively. This formula makes use of the calculated electronic band
structure. The real part of the dielectric function,e; (w), has been found from the corresponding imaginary part
€2(w) using the Kramers—Kronig transformation equation. Once the values of ¢; (w) and & (w) are known, the
refractive index, the absorption coefficient, the energy loss-function, the reflectivity, and the optical conductivity
can be extracted from those®.

The Mulliken bond population analysis® has been used widely to understand the bonding characteristics of
solids. For TaP and TaAs we have used a projection of the plane-wave states onto a linear combination of atomic
orbital (LCAO) basis sets®>*. The Mulliken bond population analysis can be implemented using the Mulliken
density operator written on the atomic (or quasi-atomic) basis:

P =" Pu(g)Sm(g—g) =L e *PeS) @
g/ v/

k

and a charge designated on atom A is defined as,
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Figure 1. Schematic 3D Crystal structure of TaX (X =P, As). The crystallographic directions are shown.

Compound | a c ca |V, B Ref
337 | 1144 |339 [129.72 |196.49 | This
332 |11.34 |- - - 57Exp.
TaP
332 | 1136 | - - - S8Exp.
334 | 1143 |- - _ 34Theo.
349 |11.71 |3.36 |142.75 |167.96 | This
343 |11.65 | - - - S7Exp.
TaAs
344 | 11.66 | - - _ 58Exp.
347 |11.76 | - - _ 34Theo.
NbP 333 | 1137 |- - - 58Exp.
NbAs 345 | 11.68 | - - _ 58Exp.
CaSns* 477 |- - 108.87 | 44 STheo.

Tablfe 1. Calculated and previously estimated lattice constants a(A) and c(A), c/a ratio, equilibrium volume
V, (A?) and bulk modulus B (GPa) of TaP and TaAs. Relevant structural data for other binary WSMs are also
given. *Cubic.

QA:ZA_ZPIIXIM (3)

HEA

where Z, is a charge of nucleus or atomic core (in simulations using the atomic pseudo-potential).

Results and analysis

Structural properties. TaX (X=P and As) assumes body-centered tetragonal crystal structure with space
group I4;md, (No. 109) without inversion symmetry. Figure 1 shows the crystal structure of TaX. The Ta and X
atoms occupy the following Wyckoff position in the unit cell**: Ta atoms at (0, 0, 0) and X atoms at (0, 0, 0.416).
The unit cell of TaX contains four Ta atoms and four X atoms. Table 1 listed the results of first-principles cal-
culations of structural properties of these materials together with their available theoretical and experimental
values*>”38, The calculated values of lattice constants are in good agreement with previous results.

The structure is characterized by strongly bonded Ta and X atomic species (see “Bond population analysis”
and “Theoretical bond hardness” sections) particularly in the vicinity and parallel to the ab-plane. Much larger
c-axis lattice parameter implies that atomic bonding in the out-of-plane direction is relatively weak.

Table 1 illustrates that Both TaX and NbX WSMs have very similar structural characters. CaSn; in the cubic
phase, on the other hand, has much smaller cell volume and bulk modulus.
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Compound | Cy; @ ©Cm (@ @H Cg c’ C ¢ Ref
338.14 |281.95 |110.15 |183.34 |163.95 |124.58 [53.80 |87.10 |0.61 | This
Top 379.1 |308.5 |1205 |2155 |1763 |1417 |- - - 36Theo.
279.76 | 234.41 |87.08 |166.80 |147.17 |109.60 |60.09 |66.30 |0.65 | This
TaAs 3105 |256.1 | 945 1945 |1642 |1289 |- - - 36Theo.
3103|2607 |93.0 1978 [1780 1380 |- - - 35Theo.
CaSn, 72 - 26 - 31 - 5 - 0.57 | STheo-

Table 2. Calculated elastic constants, Gy (GPa), Cauchy pressure, C” (GPa), tetragonal shear modulus, C'
(GPa), Kleinman parameter ({) for TaP and TaAs at P=0 GPa and T=0 K. For comparison, some relevant
parameters for cubic WSM CaSn; are also displayed.

Mechanical and elastic properties. Elastic constants of compounds are important parameters to deter-
mine mechanical stability and stiffness against an externally applied stress. Due to symmetry consideration,
a crystal with tetragonal structure has six independent elastic constants: C;;, Cs3, Cyuy, Cg Ci, and Cy;. The
calculated elastic constants are listed in Table 2. For mechanical stability, according to Born-Huang conditions,
a tetragonal system requires to satisfy the following inequality criteria®: C,;>0, C33>0, Cyy>0, Cs>0, (Cy -
C15) >0, (C;+C33-2C3) >0, {2(Cy; + Cyp) + C53+4C 5} > 0. All the elastic constants of TaP and TaAs are positive
and satisfy these mechanical stability criteria. This indicates that both TaP and TaAs are mechanically stable.
The resistance to linear compression along [99] and [001] directions are characterized by C,, and Cj;, respec-
tively. Here it is seen that for both the compounds C,, is larger than Cs;. This indicates that for both TaP and
TaAs the bonding strength/compressibility along [99] direction are stronger/lesser than those along [001] direc-
tion. Also, TaAs is more compressible than TaP. The elastic constant C,, parameterize the resistance to shear
deformation with respect to a tangential stress applied to the (100) plane in the [010] direction of the compound.
Here it is seen that for both TaP and TaAs, C,, is lower than C;, and C;;, which indicates that both the compounds
are more easily deformed by a shear in comparison to a unidirectional stress along any of the three crystallo-
graphic directions. For both TaP and TaAs, C,, is lower than Cg, which indicates that the shear along the (100)
plane is easier relative to the shear along the (001) plane. Since C,, + C,,> Cs; for both the compounds, we can
say that the bonding in the (001) plane is more rigid elastically than that along the c-axis as well as the elastic
tensile modulus is higher on the (001) plane than that along the c-axis. The tetragonal shear modu-

lus,(C’ = Cu ;C” ) of a crystal is the measure of crystal’s stiffness (the resistance to shear deformation by a shear

stress applied in the (110) plane in the [ﬁo} direction).
The Kleinman parameter (), also known as internal strain parameter, is an indicator that measures stability of
a compound against stretching and bending. The Kleinman parameter ({) is calculated using following equation®:

Ci1 +8Cy2
f= T (@)

7C11 +2Cr2
The Kleinman parameter is a dimensionless parameter whose value generally lies in the range 0<{<1. This
parameter describes the relative ease of bond bending to that of bond stretching. The lower and upper limits
of { ({=0and {=1, respectively) represent significant contributions due to bond stretching and bond bending,
respectively. Therefore, bond stretching dominates under stress if { is close to zero and bond bending dominates
when (s close to 1. The estimated values of { of TaP and TaAs are 0.612 and 0.647, respectively. From which we
predict that mechanical strength in both TaP and TaAs is mainly affected by bond bending contribution over
bond stretching or contracting. The Kleinman parameter also explains the relative shift of position of the cation
and anion sub-lattice under volume conserving distortions for which atomic positions are changed such a way

that they are not fixed by crystal symmetry®'.

The isotropic bulk modulus (B) and shear modulus (G) (by the Voigt-Reuss-Hill (VRH) method), Young’s modulus
(Y), Poisson’s ratio (v) and hardness (H) of the compounds are calculated using following well known equations®-

By — By + Br )
2
Gy = M (6)
2
y— 9BG
" (3B+0) @)
b (3B —2G) .
T 2(3B+0) (8)
_ 1-2w)Y
T 6(14v) ©)
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B G
WSM | B, By By Gy Gz Gy Y & 1 |GB M |v H Ref
Tap 19827 | 19470 |196.49 |117.07 |109.04 |113.06 |284.58 |1.07 |1.02 |0.58 |1.78 |0.26 |18.07 | This
- - 219 - - 66 180 - - - - 036 |- 36Theo.
169.63 | 166.29 |167.96 |96.70 |87.06 |91.88 |233.13 |1.11 |1.02 | 055 |1.93 |0.27 |14.07 | This
TaAs - - 189 - - 54 147 - - - - 037 |- 36Theo.
- - 197 - - 53 145 - - - - 038 |- 35Theo.
CaSn, |44 44 44 24 23 235 60 - - 053 |1.71 |027 |3.65 |5
MoTe, |6035 |4830 |5432 |4301 |[3597 |3949 [9537 |- - 073 |224 |021 |- 6Theo.
WTe, |5826 |3891 |4858 |44.11 |3451 [3931 |92.89 |- - 081 |2.03 |0.18 |- 7Theo.

Table 3. The calculated isotropic bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus Y(GPa),
Pugh’s indicator G/B, Machinability index p,, Poisson’s ratio v and hardness H (GPa) of TaP and TaAs
compounds deduced from Voigt-Reuss-Hill (VRH) approximations. Relevant parameters of some other WSMs
with different crystal symmetry are also given.

or both TaP and TaAs, larger value of B compared to G (Table 3) indicates that the mechanical strength will be
limited by the shear deformation. It is known that the large value of shear modulus indicates pronounced direc-
tional bonding between atoms®. The Young’s modulus is the ratio between tensile stress to the tensile strain.
Y is the measure of the resistance (stiffness) of an elastic solid to a change in its length®®” and provides with a
measure of thermal shock resistance. The covalent nature of a material increases with Young’s modulus®®. The
lattice thermal conductivity and Young’s modulus of a material are related as: K, ~ +/Y *. Pugh’s ratio’®-"2 pro-
vides with the information about the brittle/ductile nature of a material. If the value of G/B is higher than 0.57,
the material is brittle, otherwise it would be ductile. In our case, the G/B values of TaP and TaAs are 0.58 and
0.55, respectively, which indicate that both the compounds are located quite close the brittle/ductile borderline.
This implies that no particular type of atomic bonding dominates overwhelmingly in TaX WSMs.

A Poisson’s ratio, v ~0.31 is another indicator of brittle and ductile threshold”. This suggests that both TaP
and TaAs should be brittle in nature. For central-forces, the lower and upper limits of v for a solid are 0.25 and
0.50, respectively’*”. From the values of Poisson’s ratio in Table 3, we can predict that interatomic forces of TaP
and TaAs are central in nature. Poisson’s ratio is also an indicator of presence of ionic and covalent bonding
in a compound. For ionic and covalent materials the values of v are typically 0.25 and 0.10, respectively’®. The
calculated Poisson’s ratio of TaP and TaAs are 0.26 and 0.27, respectively. This implies that ionic contribution is
present in both the compounds.

Cauchy pressure (C” =Cp — C44) is also another indicator of brittle/ductile nature of a compound. A
negative Cauchy pressure suggests brittleness while a positive one means damage tolerance and ductility of a
material””. Cauchy pressure also describes the angular characteristics of atomic bonding in a solid’®. Positive
value of the Cauchy pressure indicates about the presence of ionic bonding in a material and the negative value of
Cauchy pressure indicates about the presence of covalent bonding. It is seen that Cauchy pressure of both TaP and
TaAs are positive suggesting that the compounds under consideration should be ductile in nature. According to
Pettifor’s rule’®, materials with large positive Cauchy pressures have more metallic bonds and thus become more
ductile, on the other hand, if Cauchy pressures of the materials are strongly negative, they possess more angular
bonds, and thus exhibit more brittleness. It should be noted that positive Cauchy pressure found for TaP and TaAs
can be somewhat misleading since corrections due to many body interaction among atoms and electron gas are
not taken into account in determining the elastic constants”. Positive value of Cauchy pressure for TaX probably
implies that in addition to ionic and covalent bondings, these compounds have some metallic bondings as well.

Machinability of a material has become a useful topic in today’s industry, because it is related to a number of
variables like, the inherent properties or characteristics of the work materials, cutting tool material, tool geom-
etry, the nature of tool engagement with the work, cutting conditions, type of cutting, cutting fluid, and machine
tool rigidity and its capacity. The machinability index, ups of a material is calculated using following equation®:

B

= Ca (10)

Hm
which can also be used as a measure of plasticity® -** and lubricating property of a material. From this equation
we can say that, a compound with lower C,, value gives better dry lubricity. Larger value of B/C,, of a compound
indicates excellent lubricating properties, lower feed forces, lower friction value, and higher plastic strain value.
The B/C,, values of TaP and TaAs are 1.78 and 1.93, respectively. This implies the presence of good level of
machinability. Hardness value is also needed to understand elastic and plastic properties of a compound. The
calculated values of hardness of TaP and TaAs are 18.07GPa and 14.07 GPa, respectively. It is seen from Table 3
that compared to other well-known WSMs>~7, the elastic moduli of TaX are significantly larger.

Elastic anisotropy. Elastic anisotropy explains directional dependence of mechanical properties of a com-
pound. It is essential to study the anisotropic elastic properties of a material because a number of physical
properties such as formation of micro-cracks in solids, motion of cracks, development of plastic deformations
in crystals etc. are related to it. For instance, the degree of anisotropy in the bonding strength for atoms located
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Compound |A, |A, |A, [Al |AU |4 |AS | AP |Layered |B. |Bc |5 |Ref
TaP 143 |1.19 | 126 |0.09 |0.39 |1.75 |0.04 |0.009 | No 142 | 229 |1.61 |This
TaAs 1.18 |1.18 |1.31 |0.12 |0.57 |1.97 |0.05 |0.010 | No 1.64 |2.73 | 1.66 | This
CaSn; 1.28 |1.28 |1.28 |0.15 |0.07 |1.28 |0.01 |0 No - - - STheo.
MoTe,* 0.69 |1.64 | 150 |- - - 0.09 |0.11 - - - - 6Theo.
WTe,* 0.71 1097 |1.05 |- - - 0.12 | 0.20 - - - - 7Theo.

Table 4. Shear anisotropic factors (A;, A, and A;), universal log-Euclidean index AL, the universal anisotropy
index AY, equivalent Zener anisotropy measure A%, anisotropy in shear A (or A€) and anisotropy in
compressibility AP, linear compressibilities (8, and B;) (TPa™") and their ratio (8./B,) for TaX (X=P, As)

at P=0 GPa and T =0 K. For comparison, the anisotropy indices of some other WSMs are also given.
*Orthorhombic.

in different planes is measured by the shear anisotropic factors. A proper explanation of these properties has
significant implications in crystal physics and applied engineering sciences. Therefore, it is important to calcu-
late elastic anisotropy factors of TaP and TaAs in details to understand their durability and possible applications
under different types of external stresses.
The degree of anisotropy in the bonding between atoms in different planes can be measured by shear ani-
sotropic factors. The shear anisotropy for a tetragonal crystal can be quantified by three different factors®>>:
The shear anisotropic factor for {100} shear planes between the 011 and 010 directions is,

4C44

Al=—m———— 11
"7 Ci+ C33 — 21 (1)

The shear anisotropic factor for the {010} shear plane between 101 and 001 directions is,

4Css

Ay= ——————— 12
Co + C33 —2Cp3 (12)
and the shear anisotropic factor for the {001} shear planes between (110) and (010) directions is,
4C,
66 (13)

3=
Ci1+ G —2Cpp

The calculated shear anisotropic factors of TaP and TaAs are enlisted in Table 4. For a crystal with isotropy in
bonding between atoms in different planes have unit values (A, =A,=A;=1) and any other value (lesser or
greater than unity) implies degree of anisotropy possessed by the crystal. The estimated values of A, A, and A,
predict that both the compounds are moderately anisotropic. TaP shows maximum anisotropy for A, and for
TaAs, A; = A,. Besides, there are several other useful anisotropy indices.

o]

The universal log-Euclidean index is defined as®®*’, where the Voigt and Reuss values of C,, are obtained
from?®s:

3 (Ci1 — Ci2 — 2Cu4)?

cl=ck += (15)
44 7 53(C1 — Cr) +4Cu
and
5 Cyu(Cpp—C
ek =2 44(Cn1 12) (16)
33(Cy1 — C12) +4Cy

The expression for AL is valid for all crystal symmetries. AL is closely related to the universal anisotropy index
AU. For a perfectly anisotropic crystal, AL =0. The values of A’ for TaP and TaAs indicate low level of anisotropy.
The values of A" range between 0 and 10.26, and for almost 90% of the solids A*< 1. It has been argued that A
is also an indicator regarding the layered/lamellar type of configuration®. Compounds with higher and lower
Al values show strongly layered and non layered structure, respectively. From the comparatively lower value of
AL, we can predict that our compounds do not exhibit layered type of structural configuration. The universal
anisotropy index AY, equivalent Zener anisotropy measure A%, anisotropy in compressibility A® and anisotropy
in shear A® (or A) for the crystal with any symmetry are calculated using following standard Eqs. 859

Gy

By
AV=52YX 417 _g>0
GR+BR = (17)
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Compound B, By B, Ap, | A, | Ref
TaP 927.03 | 927.03 | 4754 |1 0.51 | This
TaAs 72273 | 722.73 | 4423 |1 0.60 | This
CaSn; 13331 |- - 1 1 STheo.
MoTe, 223.96 |483.62 |69.87 |- - §Theo.
WTe, 353.41 |347.80 |50.08 |- - 7Theo.

Table 5. Anisotropies in bulk modulus along different crystallographic axes of TaP and TaAs compounds.
Relevant data for some other WSMs are also shown.

A% = 1+EAV + L+3AU2—1 (18)
12 12
By — B
B VR (19)
By + Br
GV_GR
A= __ 20
Y (20)

Universal anisotropy factor has become an attractive anisotropy index because of its simplicity compared to
the plurality of anisotropy factors defined for specific planes in crystals. Ranganathan and Ostoja-Starzewski®’
introduced the concept of universal anisotropy index A” which provides a singular measure of anisotropy irre-
spective of the crystal symmetry. AV introduced the influence of the bulk to the anisotropy of a solid for the very
first time unlike all other anisotropy measures. From Eq. 14 it is seen that a larger fractional difference between
the Voigt and Reuss estimated bulk or shear modulus would indicate a stronger degree of crystal anisotropy. From
the values of G,/Gy and B,/By for TaP and TaAs, we can say that G,/Gpg has more influence on AY than that due
to By/Bg. For an isotropic crystal, AV=0. While any deviation from this value, which must be positive, suggests
presence and level of anisotropy. AV for TaP and TaAs are 0.39 and 0.57, respectively. These derivate from zero
and both the compounds possess moderate anisotropy in elastic/mechanical properties.

For an isotropic crystal, A% = 1. The calculated values of A% for TaP and TaAs are 1.75 and 1.97, respectively,
predicting that both the compounds are anisotropic. For an isotropic crystal, A= Af=0. While any deviation
greater than zero represents the degree of anisotropy. For both TaP and TaAs, A is higher than A® (Table 4),
which indicates that anisotropy in shear is larger than the anisotropy in compressibility. Compared to all other
anisotropy measures; for both the compounds, A® predicts least anisotropy.

The linear compressibility of a tetragonal compound along a and ¢ axis (8, and B,) are calculated from®":

Cs3 —Ci3 Cu+Ci2—2C3
Ba = D and B = D (21)
with D = (Cp1 + C12)Cs3 — 2(C3)”.

From the calculated values (Table 4) one can say that for both the compounds, compressibility along a axis
is lower than that along c axis and also TaAs is more compressible than TaP. Which are also in good agreement
with the calculated elastic constants and structural features of TaP and TaAs.

The uniaxial bulk modulus along a, b and c axis and anisotropies of the bulk modulus are calculated from
the following Egs. %

5 dpP A 5 P _ By, _ dP _ B
= a— = —, =ad— = —; =C— = —
O T Trarp T m T TC% TR (22)
and
B, B, o
Au:—: = = — 23
5= B, %= B " B (3)

where A = Cj; +2Cpa + Cpa? +2Ci38 + C338% + 2C3308 and for tetragonal crystals, o =1 and

B = % Ap, and Ap_ represent anisotropies of bulk modulus along the a axis and c axis with respect

to b axis, respectively. The calculated values are listed in Table 5. For both the compounds, Ag, = 1and Ap, # 1,
which indicates anisotropy in axial bulk modulus. Bulk modulus along ¢ axis is smaller than those along a and
b axes. These values are different from the isotropic bulk modulus and are much larger. This arises from the fact
that the pressure in a state of uniaxial strain for a given crystal density generally differs from the pressure in a
state of hydrostatic stress at the same density of the solid®. These findings are also in good accord with the result
we got for linear compressibility.
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Compound p vt v v, Z (x10%) VG/p? Ref
Tap 9.86 3386.22 5934.37 3732.31 33.39 0.34 This
: 10.02 - - _ _ _ 96Exp.
10.81 2915.40 5183.65 3217.71 31.52 0.27 This

TaAs
11.65 - - - _ _ 96Exp.
Ag 104 - - - 27.9 0.26 7Exp.

Table 6. Density p (g/cm?), transverse velocity v:(ms™), longitudinal velocity v; (ms™), average elastic wave
velocity v, (ms™), acoustic impedance Z (Rayl) and radiation factor \/G/p3 (m?/kg s) of TaP and TaAs
compounds.

Acoustic behavior and its anisotropy. Sound velocity is an important property of a material related to
its thermal and electrical conductivity. Acoustic behavior of a material has become a matter of notable interest in
physics, materials science, seismology, geology, musical instrument designing, and medical science. The trans-
verse and longitudinal velocity of sound traversing through a crystalline solid with bulk modulus B and shear

modulus G can be written as”:
G B+ 4G/3
v =4/ —andy = 7/ (24)
P o

where p refers to the mass-density of the solid.
The average sound velocity v, can be evaluated from the transverse and longitudinal sound velocities using®:

B
3\ v

A material having same or different acoustic impedance with respect to the surrounding medium is an impor-
tant factor of transducer design, noise reduction in aircraft engine, industrial factories and many underwater
acoustic applications. When sound is transmitting from one material to another, the amount of transmitted and
reflected sound energy at the interface depends on their difference in acoustic impedance. Therefore, if the two
impedances are about equal, most of the sound gets transmitted, but if the impedances differ greatly, most of it
is reflected. The acoustic impedance of a material can be defined as*:

Z=1/pG (26)

This equation implies that a material with high density and high shear modulus has high acoustic impedance.

The intensity of sound radiation is another important parameter for designing sound boards. The intensity,
I, is proportional to the surface velocity for a given driving function, this scales with modulus of rigidity and
density as®:

Wl

I~+/G/p? 27)

A high value of \/G/ p3, called the radiation factor is used by instrument makers to select materials for suit-
ably designed sound boards.

The calculated sound velocities, acoustic impedance and radiation factor for TaP and TaAs are listed in Table 6.
To give a general idea, relevant acoustic data for a widely used element, silver (Ag) is also presented in this table.

The propagation velocity of sound (longitudinal and transverse) waves in a solid is independent of its fre-
quency and the dimension of the material and depends only on the nature of the material. Every atom in a solid
has three modes of vibrations, one longitudinal and two transverse modes. Elastically anisotropic solids have
anisotropic sound velocities. Also for anisotropic solids, sound velocities can only propagate in pure longitudinal
and transverse mode along certain crystallographic directions. For tetragonal symmetry, the pure transverse and
longitudinal modes can be found for [010], [99], [001], and [109] directions. For tetragonal crystal, the acoustic
velocities along the principle directions can be expressed as’®:

[010] = [100] :

[100]uy = [010Juy = /C11/pc (001w = 1/ €34/, [010Jur, = /Co/,

[001] :
[001]ur = /C33/y:  [010]uia = [100]uy = 1/Cs/, o
[110] :

[110]v; = \/(Cn +Cn+ 2C66)/2p; [001]ug = 4/Cad Y [110] vy, = +/(Cu — CIZ)/zp
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Propagation directions ‘ TaP ‘ TaAs
[99]

[100]y 5856.12 | 5081.57
[001]vyy 3342.36 | 2838.22
[010]vyp 4312.11 | 3928.12
[001]

[001]y; 5347.46 | 4656.67
[100]vsy 4312.11 | 3928.12
[010]vss 4312.11 | 3928.12
[109]

[110]y; 6637.41 | 5931.03
[170] vea 2972.06 | 2476.44
[001]vyy 3342.36 | 2838.22

Table 7. Anisotropic sound velocities (ms™) of TaP and TaAs along different crystallographic directions.

where v¢; and vy, are the first transverse mode and the second transverse mode, respectively. Directional sound
velocities are displayed in Table 7.

Both longitudinal and transverse sound velocities are correlated to elastic constants and crystal density, the
compound with low density and high elastic constants will have large sound velocities.

Thermal properties. Debye temperature. Debye temperature (Op) is one of the most prominent thermo-
physical parameter of solids, closely related to large number of physical properties like, thermal conductivity, lat-
tice vibration, interatomic bonding, melting temperature, coefficient of thermal expansion and phonon specific
heat. Generally, a compound with stronger interatomic bonding strength, lower average atomic mass, higher
melting temperature, greater hardness and higher mechanical wave velocity has larger Debye temperature. At
low temperature, O, calculated from elastic constants is the same as that calculated from specific heat, since at
low temperatures the vibrational excitations arise solely from acoustic modes (lattice vibrations). The Debye
temperature can be obtained from the average sound velocity using the following equation®>®:

h 3n \ /3
®p = — 29
D ks (471 VO) Va (29)

where h is PlancK’s constant, kg is the Boltzmann’s constant, Vj is the volume of unit cell and # is the number of
atoms within the unit cell.

The calculated Debye temperature of TaP and TaAs are listed in Table 8. Debye temperature of TaP is much
higher than TaAs. Thus it is expected that lattice thermal conductivity of TaP should be significantly higher
than TaAs.

Melting temperature. In a theoretical search for new materials to be used at different temperatures, an interest-
ing and important area of research is to investigate the melting temperature. Compounds with higher melting
temperature have lower thermal expansion and higher bonding energy. Fine et al. showed that the average elastic
moduli (Cy; + Cy, + Cs3)/3 and the melting temperature of a solid are interrelated. We have calculated melting
temperature T,, using following equation'®:

201 +C
Ty = 354K + (4.5K/GPa) (y) + 300K (30)

The calculated melting temperatures of TaP and TaAs are listed in Table 8. The melting temperature of TaP
and TaAs are 1791.35 K and 1544.90 K, respectively indicating that both are good candidate materials for high
temperature applications. This also agrees with bulk modulus, Debye temperature, minimum thermal conductiv-
ity, strength of the bonds and hardness. The bonding energy of crystalline material proportionally related with
its melting temperature T,,. From Table 6, it is seen that the theoretically calculated T,, for TaAs agrees very well
to that obtained experimentally.

Thermal expansion and heat capacity. The thermal expansion (TE) of a material is connected to many other
physical properties, like, thermal conductivity, specific heat, temperature variation of the energy band gap and
electron effective mass. Thermal expansion coefficient («) is also important for epitaxial growth of crystals, to
reduce the harmful effects during its use in the electronic and spintronic devices. The thermal expansion coef-
ficient of a material can be obtained using the following equation®:

1.6 x 1073
0= — (31)
G
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Compound | O®p a (10 | Ty pCp(107°) | Ref
276.10 | 1.415 1791.35 | 2.55 This

TaP
408 _ _ 36Theo.
230.57 | 1.741 1544.90 |2.32 This
341 _ _ _ 36Theo.

TaAs -
338 _ _ 35Theo.
_ _ 1673 _ 101Exp.

Table 8. The Debye temperature O, (K), thermal expansion coefficient o (K™!), melting temperature T,, (K)
and heat capacity per unit volume pCp (J/m*K) of TaP and TaAs compounds.

Compound n(10%%) [100] ki [001]K;in [110]Ksmin Kmin Ref
TaP 6.167 1.176 1.216 1.127 0.822 This
TaAs 5.604 0.968 1.022 0.919 0.665 This

Table 9. The number of atom per mole of the compound 7 (m™), minimum thermal conductivity k,;,
(W/m K) of TaP and TaAs compounds along different directions.

Thermal expansion is inversely related to melting temperature: « &~ 0.02/ T, °+!%°. From Table 8, we can see
that TaP with higher melting temperature has lower thermal expansion compared to those of TaAs.

Heat capacity is another important thermodynamic parameter. A compound with higher heat capacity has
higher thermal conductivity and lower thermal diffusivity. The heat capacity per unit volume can be calculated
from following equation®:

3k
pCp = EB (32)

where N = 1/Q is the number of atoms per unit volume.

Minimum thermal conductivity. At high temperatures above the Debye temperature, thermal conductivity of a
compound approaches a minimum value known as minimum thermal conductivity (k,,,;,). One striking feature
of the minimum thermal conductivity is that it does not depend on the presence of defects (such as dislocations,
individual vacancies and long-range strain fields associated with inclusions and dislocations) inside the crystal.
This is largely because these defects affect phonon transport over length scales much larger than the interatomic
spacing and at high temperatures the phonon mean free path becomes significantly smaller than this length
scale. Based on the Debye model, Clarke deduced the following formula for calculating the minimum thermal

conductivity k,,;, of compounds at high temperatures'*%:

2
kmin = kpva(Vatomic) ™ B (33)

In this equation, kp is the Boltzmann constant, v, is the average sound velocity and Vasomic is the cell volume
per atom'®,

The calculated values of minimum thermal conductivity for TaX (X=P, As) WSMs are enlisted in Table 9.
kmin of TaP is higher than TaAs. Compounds with higher sound velocity and Debye temperature have higher
minimum thermal conductivity.

It is well known that heat is transmitted through solids in three different modes: by thermal vibrations of
atoms, by the movement of free electrons in metals, and, if they are transparent, by radiation. Transmission by
thermal vibrations involves the propagation of elastic waves. An elastically anisotropic material also has aniso-
tropic minimum thermal conductivity. The anisotropy in minimum thermal conductivity depends on sound
velocity in different crystallographic directions. The minimum thermal conductivities along different directions
are calculated by using Cahill and Clarke model'®:

kg 2
Kimin = T:Sn B (ur + v + vi) (34)
and n = N/V. where kj is the Boltzmann constant, # is the number of atoms per unit volume and N is total
number of atoms in the cell having a volume V.

The minimum thermal conductivity of TaX (X =P, Ta) along [99], [001] and [109] directions are summa-
rized in Table 9. Minimum thermal conductivity of TaP is higher than that of TaAs. For both the compounds,
the minimum thermal conductivities along different crystallographic directions are higher than the isotropic
minimum thermal conductivity.
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Figure 2. Electronic band structures of (a) TaP and (b) TaAs along several high symmetry directions in the
Brillouin zone at P=0 GP. Some of the quasi-linear dispersive regions are marked by blue lines.

Electronic properties. Band structure. In solid state physics, electronic band structure is one of the most
important concepts that can explain many electrical, optical, and even some magnetic properties of crystals. The
electronic band structure, as a function of energy (E-Ej), along different high symmetry directions (M-I-X-M-
R-X-T-R) in the first BZ has been calculated at zero pressure and temperature. Figure 2a,b show the band struc-
ture of TaP and TaAs, respectively. The horizontal broken lines indicate the Fermi level (Ej). The total number
of bands for TaP and TaAs are 61 and 79, respectively. From Fig. 2a,b, we can see that there is no band gap at the
Fermi level, due to the overlap of valence band and conduction band. The extent of band overlap and crossings of
the Fermi level are rather weak. This implies that TaX (X =P, As) compounds are expected to exhibit semimetal-
lic character. For both TaP and TaAs, the M-I" and X-M-R bands do not contribute in charge transport whereas
I'-X and R-X-T-R bands contributes to electrical and thermal conduction. Moreover, energy bands around the
Fermi level are mainly derived from the Ta 5d states for both the compounds. This indicates that the Ta 5d states
dominate the conductivity of TaP and TaAs. On the other hand, bands below the Fermi level mainly originate
from the Ta 5d and P/As 3p for TaP and TaAs, respectively. Bands running along X-M and M-R show significant
electronic dispersion near the Fermi energy. Certain parts of the E(k) curves show almost linear dispersions. For
example, there is a quasi-linear electronic dispersion near X point (shown in blue) of TaP and TaAs, respectively.
Such quasi-linear energy dispersion implies that the effective mass of the charge carriers with associated wave
vectors is very small. Such charge carriers are expected to possess very high degree of mobility.

Density of states (DOS). The calculated total and partial density of states (TDOS and PDOS, respectively) of
TaP and TaAs at zero pressure and temperature is shown in Fig. 3a,b, respectively. The vertical broken lines
denote the Fermi level. The non-zero values of TDOS at the Fermi level indicate that both TaP and TaAs will
exhibit metallic electrical conductivity. To understand the contribution of each atom in the TDOS of TaP and
TaAs, we have also calculated the PDOS of Ta, P and As atoms. TDOS values of TaP and TaAs at the Fermi level
are comparable and 1.77 and 1.70 states per eV per unit cell, respectively. Near the Fermi level, the main contri-
bution comes from Ta 5d and P/As 3p states in TaP and TaAs. There is significant hybridization between these
electronic states. Such hybridization near the Fermi energy is often indicative of formation of strong covalent
bonding.

Electronic stability of a compound is associated with the position of Fermi level and the value of the TDOS at
the Fermi energy, N(Ep)!**1%. The electronic stability of a solid is related to the presence of a pseudogap or quasi-
gap in the TDOSs around the Fermi level'°!%”. This gap separates bonding states from nonbonding/antibond-
ing electronic states. For both TaP and TaAs, Fermi levels lie almost on the pseudogap minima, particularly for
TaAs (see Fig. 3). Two mechanisms!'%*!1%® are usually mentioned in the literature responsible for the origin of the
pseudogap or the quasi-gap. One has an ionic origin and the other is due to hybridization among atomic orbitals.
The pseudogap around the Fermi level also indicates towards the presence of the directional bonding!® which
facilates the formation of covalent bonding and enhances the mechanical strength of material. To be specific,
around the Fermi level, the strong bonding hybridization is originated mainly from the Ta 5d states with P/As
3p states, which thus forms the directional covalent bonding between Ta-P and Ta-As atoms in TaP and TaAs,
respectively. This agrees with the electronic charge density mapping and Mulliken bond population analysis
results (presented in “Electronic charge density distribution” and “Bond population analysis” sections). If the
Fermi level lies exactly at the pseudogap, it refers to an ordered compound with high melting point. If Fermi
level lie to the right of the pseudogap, i.e. antibonding region, it refers to an unstable state and the system will
exhibit tendency to be in the disordered or glassy state''°.

The electron-electron interaction parameter can be estimated using the following relation!!!:

. 0.26N(Ep)

=1 NEn (35)
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Figure 3. Total and partial electronic density of states (PDOSs and TDOSs) of (a) TaP and (b) TaAs at P=0
GPa.

The total density of states at the Fermi level for TaP and TaAs are 1.77 and 1.70 states/eV-unit cell, respectively.
The electron-electron interaction parameters of TaP and TaAs are found to be 0.17 and 0.16, respectively. This
repulsive Coulomb pseudopotential reduces the transition temperature, T of superconducting compounds''*-'12,

Electronic charge density distribution. To attain further insights into the bonding nature of TaX (X =P, As), the
charge distribution around the atoms within the crystal has been investigated. We have studied electronic charge
density (e/A%) distribution within different crystal planes. Figure 4 shows the electronic charge density distribu-
tion of TaP and TaAs in the (100) and (010) planes. The color scales on the right hand side of each compound’s
charge density maps illustrate the total electron density. The red color indicates high charge (electron) density
and blue color indicates low charge (electron) density for TaP and for TaAs, respectively. The charge density dis-
tribution map shows clear signatures of covalent bonding between Ta-Ta, Ta-P and P-P atoms and Ta-Ta, Ta-As
and As-As in TaP and TaAs compounds respectively. These findings agree with the Mulliken bond population
analysis (“Bond population analysis” section). For both the planes, from the charge density maps of TaP and
TaAs, we can see that P and As atoms have high electron density compared to Ta atoms. Ta atoms are electron
deficient in both TaP and TaAs and have nearly spherical charge distribution. These features point toward some
ionic contribution to the overall bonding. The charge distribution around P and As are non-spherical, which
suggests directionality and covalent bonding between Ta and P atoms and Ta and As atoms, respectively. This
feature is consistent with the DOS curves (Fig. 3a), which shows strong hybridization between Ta-5d4 and P-3p
in TaP and Ta-5d and As-3p in TaAs. Charge density distribution of TaP and TaAs on different planes shows
both direction and plane dependency. Thus we can say that, both TaP and TaAs have anisotropic charge density
distribution.

Bond population analysis. The Mulliken bond populations'!® are studied to get understanding of the
bonding nature (ionic, covalent and metallic) in a compound and effective valence of atoms in the molecules
present in the compound in greater depth. The Mulliken charge is related to the vibrational properties of the
molecule and quantifies how the electronic structure changes under atomic displacement. It also affects dipole
moment, polarizability, and charge mobility in reactions, electronic structure, and other related properties of
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Figure 4. The electronic charge density distribution map for TaP (a,b) and TaAs (c,d) in the (100) and (010)
planes, respectively.

Ta 0.47 0.43 4.03 4.93 0.07 +4.93 0.11 +4.89
TaP 0.86
P 1.60 3.47 0.00 5.07 -0.07 -0.11
This
Ta 0.68 0.83 4.01 5.52 -0.52 0.08
TaAs 0.65
As 1.05 343 0.00 4.48 0.52 +4.48 -0.08 +4.92
Ca 221 6.00 0.91 9.12 0.88 +1.12 -0.03
CaSn; 0.19 5Theo.
Sn 1.77 2.52 10.00 14.29 -0.29 0.01 +3.99

Table 10. Charge spilling parameter (%), orbital charges (electron), atomic Mulliken charges (electron),
effective valence (electron) and Hirshfeld charge (electron) in TaP and TaAs. For comparison, we have
displayed the results of bond population analysis of CaSn; WSM in this table.

molecular systems. The results of this analysis are presented in Table 10. It is found that the total charge for P and
Ta atoms are larger than those for Ta and As atoms in TaP and TaAs, respectively. The atomic charge of Ta and
P in TaP are 0.07 and — 0.07 electron, respectively. Both are deviated from the normal value expected for purely
ionic state (Ta:+5 and P:+5,+ 3, — 3). This deviation reflects that covalent bonds are present between Ta and P
with ionic contributions. For TaP, electrons are transferred from Ta to P. Therefore, we can predict some ionic
contribution in the bonding between Ta and P in TaP. From orbital charge values, we can say that these electrons
mainly come from 5d orbital of Ta. Similarly the atomic charge of Ta and As in TaAs are — 0.52 and 0.52 electron,
respectively. Both of these values are deviated from the normal value expected for purely ionic state (Ta: +5 and
As:+5,+3, — 3). This reflects the presence of covalent bonds between Ta and As in TaAs. For TaAs, electrons are
transferred from As to Ta. The contribution of ionic bonding is higher in TaAs. From orbital charge values, we
can assume that these electrons mainly come from the 3p orbital of As.

To comprehend the degree of covalency and/or iconicity, the effective valence of TaP and TaAs are calculated.
Effective valence is defined as the difference between the formal ionic charge and the Mulliken charge on the
cation species®. The zero value of effective valence indicates perfect ionic bond, while values greater that zero
indicate increasing level of covalency. The effective valences for Ta in TaP and for As in TaAs are +4.93 and +4.48,
respectively. This implies that both ionic and covalent bonds are present in TaP and TaAs and covalent bondings
dominate in these compounds.
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Compound Bond p¢ da P N v,‘: H! H, Ref
P-Ta 0.62 2.55 0.061 16.129 4.014

TaP 8 6.93
P-Ta 1.76 2.56 0.061 16.320 11.962 Thi

is

sAs-Ta -0.14 2.63 0.061 17.641 -1.243

TaAs 8 2.65
As-Ta 1.01 2.65 0.061 18.047 5.650

Table 11. The calculated Mulliken bond overlap populatlon of u-type bond P, bond length d*(A), metallic
population P*, total number of bond N*, bond volume vy, " (A3), hardness of y-type bond HY (GPa) and
Vickers hardness of the compound, H, (GPa) of TaP and TaAs

Since early days, it was recognized that the Mulliken bond population analysis has strong basis set dependency
and because of this, sometimes it gives results in contradiction to chemical intuition. On the other hand, Hirsh-
feld population analysis (HPA) gives more meaningful result because it has practically no basis set dependence.
Keeping this point in mind, we have determined Hirshfeld charge of TaP and TaAs using the HPA. For TaAs,
HPA shows opposite result compared to Mulliken charge. For TaP, Hirshfeld analysis shows atomic charge of Ta
and P is+0.11 and — 0.11 electronic charge, respectively. For TaAs, Hirshfeld analysis shows atomic charge of
Ta and As is+0.08 and — 0.08 electronic charge, respectively. Hirshfeld charge predicts that electrons are trans-
ferred from Ta to P and As atoms in TaP and TaAs, respectively. At the same time, it should be noted that both
the approaches predict an admixture of covalent and ionic bondings between Ta and P/As atoms. We have also
calculated effective valences of TaP and TaAs using the Hirshfeld charge, which are +4.89 and +4.92 electron,
respectively. Therefore, HPA predicts that TaP has lower level of covalency compared to TaAs, which is different
from the result we get from the Mulliken charge analysis.

Theoretical bond hardness. The study of the behavior of a material under varying load is an impor-
tant part to understand its application, especially using as an abrasive resistant phase and radiation tolerant
material''*. A compound with higher bond density or electronic density, shorter bond length, and greater degree
of covalent bonding is harder. In general, a compound with larger bulk modulus and shear modulus indicates
higher hardness. Though the bulk modulus or shear modulus gives some information regarding hardness, there
is no direct one to one correspondence between hardness and bulk/shear modulus''®. There are two types of
hardnesses: intrinsic and extrinsic. Generally the hardness of a perfect crystal is considered as intrinsic and that
of nanocrystalline and polycrystalline as extrinsic. The hardness of a compound can be obtained using the fol-
lowing equation!®117:

u RADIG
Hy = [H {7a0(P" = ') (v} 5/3}”] (36)

where P¥ is the Mulliken population of the y-type bond, P¥ = nﬁge /V is the metallic population (with 15, =num-
ber of free electrons), n* is the number of y-type bond, and v}, is the bond volume of y-type bond. The constant
740 is a proportionality coefficient obtained from the hardness of diamond.

The calculated bond length, overlap population and the theoretical hardness of TaP and TaAs are given in
Table 11. The hardness of covalent crystal depends on the sum of resistance of each bond per unit area to the
indenter!”!18, The Mulliken bond populations define the degree of overlap degree of the electron clouds forming
bondings between atoms in the crystal. The overlap population of electrons between atoms is a measurement of
the strength of the covalent bond between atoms and the strength of the bond per the unit volume. The positive
(+) and negative (-) values of overlap population indicate the presence of bonding-type and anti-bonding-type
interactions between the atoms, respectively''*'?. The overlap population close to zero indicates that there is
no significant interaction between the electronic populations of the two bonding atoms. The calculated values
indicate that bonding type interaction dominates in TaP. Whereas both bonding-type and anti-bonding-type
interactions are present in TaAs. It is also clear that as far as bonding strengths are concerned, TaP is stronger
than TaAs, consistent with the results concerned to the elastic/mechanical properties.

It is instructive to note that, from the effective valence concept, sometimes it is difficult to put a figure on the
level of ionicity and covalency. Overlap population qualitatively reflect the trend of bond iconicity/covalency. A
high positive overlap population indicates a low degree of iconicity or high degree of covalency (e.g., sharing of
electrons via overlapping atomic orbitals between atoms) of the chemical bonding. From Table 11, we can say
that covalent nature present in TaP is stronger than in TaAs.

Metallic bonding is soft in nature and has negligible contribution to the hardness of a material. Metallic
population for both TaP and TaAs is very low. The calculated values of theoretical hardness of TaP and TaAs are
shown in Table 11. The hardness of TaP is significantly higher than that of TaAs.

Optical properties. Study of optical properties of compounds has become a crucial part in materials sci-
ence. It is also important to explore possible applications in optoelectronic and photovoltaic device sectors.
Optical properties of a material describe mainly the interaction of electromagnetic wave with the charge carrier
in materials. The presence of a medium in electric and magnetic fields may lead to electric dipoles and magnetic
moments, polarization charges, and induced current. Clearly the electric and magnetic fields will not be uniform
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within the material but fluctuate from point to point reflecting the periodicity of the atomic lattice. Since both
TaP and TaAs are elastically anisotropic, optical parameters may also show direction dependence. So we have
investigated optical properties of TaP and TaAs for two different polarization directions [99] and [001] of the
incident electric field. The electronic band structures properties TaP and TaAs show that both the compounds
are metallic in nature. For metallic material, the Drude damping correction is required'?"!*2. The calculation of
the optical constants of TaP and TaAs have done using a screened plasma energy of 10 eV and a Drude damping
of 1 eV as prescribed in the CASTEP.

The macroscopic electronic response of a material can fully be described by the complex dielectric function,

g(w) = e1(w) +iez2(w) (37)

where ¢,(w) and ¢,(w) are real and imaginary parts of dielectric function ¢(w). In the condensed matter system,
there are two contributions to &(w), namely intra-band and inter-band transitions. Intra-band transitions play
an important role at low energy and the inter-band term depends strongly upon the details of the electronic
band structure!?. For both TaP and TaAs, the large negative values of ¢, at low energies indicate that the crystal
has a Drude-like behavior, whereas at higher energies the inter-band transitions take place giving rise to optical
features. On the other hand, the large positive values of ¢, at low energies indicate that both the compounds
have high absorption for the both polarizations. From complex dielectric function e(w) of a material, one can
calculate other energy (frequency) dependent optical functions, such as the refractive index n(w), extinction
coeflicient k(w), optical reflectivity R(w), absorption coefficient a(w), energy-loss function L(w), and complex
optical conductivity o(w). For a good metallic system, the dielectric contribution become less important com-
pared to the conductive contribution at low frequencies. Figures 5a and 6a show the real and imaginary part of
&(w) for photon energy up to 30 eV of TaP and TaAs, respectively.

The refractive index is a complex parameter, expressed as N(w) = n(w) + ik(w), where the imaginary part
k(w) is known as extinction coefficient. The real part of the refractive index illustrates the phase velocity of the
electromagnetic wave inside the sample, while the extinction coeflicient (imaginary part) spectrum explains
the amount of attenuation of the incident electromagnetic radiations when traveling through the material. The
frequency dependence of refractive index (real and imaginary) of TaP and TaAs for both polarization directions
are shown in Figs. 5b and 6b, respectively. For both TaP and TaAs, refractive index is large at low energy and
decreases with increasing energy.

The conduction of free charge carriers over a defined range of the photon energies are explained by optical
conductivity. This is a dynamic response of mobile charge carriers which includes the photon generated electron
hole pairs in semiconductors. Figures 5c and 6¢ display the calculated frequency-dependent optical conductivity
o(w) of TaP and TaAs, respectively. For both TaP and TaAs, photoconductivity starts with zero photon energy,
which indicates that the materials has no band gap agreeing with the band structure (Fig. 2) and TDOS calcula-
tions (Fig. 3). The photoconductivity of both the compounds increases with photon energy, reaches to maximum,
decreases gradually with further increase in energy and tends to zero at around 20 eV. Both TaP and TaAs have
higher conductivity along [99] direction compared to [001] direction, especially at low energies, indicating a
small anisotropy in optical properties. The optical conductivity of a material can be related to its imaginary part
of the dielectric function. This is obvious from qualitative agreement in the response spectra of o(w) and &,(w).

Figures 5d and 6d show reflectivity spectrum of TaP and TaAs, respectively. For both the compounds, the
reflectivity spectra start from zero frequency for both field polarizations. Reflectivities for both TaP and TaAs are
somewhat higher for [99] polarization of the electric field. TaP shows high reflectivity compared to TaAs. R(w)
of both the compounds show almost nonselective behavior over this broad energy range.

The absorption coefficient is an important parameter to understand a material’s electrical nature, whether it
is metallic, semiconducting or insulating. It also helps us to understand the optimum solar energy conversion
efficiency of a material. Figure 5e and 6e show the absorption spectra of TaP and TaAs, respectively. As we can see
from the figures that for both TaP and TaAs, optical absorption starts from zero photon energy. This reconfirms
the absence of optical band gap and semimetallic nature. The optical absorption starts due to the free electrons
within the conduction band. The absorption coefficient of TaP is quite high in the region from ~5.9 to 19.4 eV,
peaking around 8.04 eV. The absorption coeflicient of TaAs is high in the spectral region from ~3.6 to 15 eV,
peaking around 7.4 eV. For both the compounds, a(w) is slightly higher along the [99] polarization direction
compared to [001]. a(w) decreases sharply at ~23.8 eV and ~23.5 eV for TaP and TaAs, respectively, in agree-
ment with the position of the loss peaks.

Figures 5f and 6f show the frequency dependent electron energy loss function L(w) of TaP and TaAs, respec-
tively. Loss function is an essential optical parameter describing the energy loss of a first electron traveling in
a material. Loss function, absorption and reflection characteristics of a material are interrelated. The highest
peak of loss spectrum represent the plasma resonance due to collective charge excitation and the corresponding
frequency is known as the plasma frequency wp of that material. This appears at &, < 1 and ¢, =0%***. The energy
at which L(w) is maximum, is known as the plasmon energy. Study of energy loss function is useful for under-
standing the screened charge excitation spectra, particularly the collective excitations produced by a swift electron
traversing a solid. The loss spectrum also arises due to photon absorption with appropriate energy which can give
rise to the same excitations of collective charge oscillations called the plasmons. The peak in L(w) spectra appears
at a particular incident light frequency (energy), known as the bulk screened plasma frequency. It is observed
that for TaP, the peaks of L(w) for [99] and [001] polarizations are located at 24.73 eV and 24.38 eV, respectively.
For TaAs, the peaks of L(w) for [99] and [001] polarizations are located at 24.92 eV and 24.11 eV, respectively.
Sharp loss peaks represent the abrupt reduction in reflectivity and absorption coefficient of TaP and TaAs (see
Figs. 5d,e and 6d,e, respectively). Above this resonance energy, TaP and TaAs are expected to be transparent to
incident photons and will change their response from metallic to dielectric like.
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Figure 5. (a) €,(w) and €,(w), (b) n(w) and k(w), (c) o(w), (d) R(w), (e) a(w) and (f) L(w) of TaP for [99] and
[001] electric field polarizations.

Discussion and conclusions
A detailed analysis of structural, elastic, electronic, acoustic, thermal, bonding, optical and anisotropic properties
of TaP and TaAs topological Weyl semimetals have been performed using the first-principles calculations. The
magnitudes of the various elastic constants and moduli indicate that the mechanical failure mode of TaP and
TaAs will be controlled by the shear deformation. Apparently, the positive Cauchy pressure implies that TaP and
TaAs are ductile in nature. On the other hand, Poisson’s ratios of TaP and TaAs suggest that both the compounds
should exhibit brittleness under mechanical stress. The possible source of this contradiction can be traced back
to the value of the Pugh’s ratio which lies very close to the boundary value differentiating between ductile and
brittle characters. A simple analysis based on the Cauchy pressure is also limited as stressed in “Mechanical
and elastic properties” section. The charge density distribution and bond population analyses indicate that
both covalent and ionic bondings are present in TaP and TaAs. This is further supported by the PDOS features,
where significant hybridization between Ta 54 and P/As 3p electronic orbitals are found. This indicates towards
a tendency to the formation of covalent bonding between these atomic species in TaP and TaAs. Covalent bond-
ing with directional character tends to push both the materials towards brittle/ductile boundary despite the
presence of ionic bondings. Mechanical strength in both TaP and TaAs is mainly dominated by bond bending
contribution. Both the compounds show moderately anisotropic charge density distribution. Low values of the
universal log-Euclidean index (A) imply that the compounds do not show layered characteristics. TaP is signifi-
cantly harder than TaAs but TaAs shows better machinability compared to TaP. It is instructive to note that the
machinability indices of TaX (X=P, As) are comparable to widely mentioned MAX phase nanolaminates and
other layered ternary and binary compounds including topological systems®712*-13°, The high hardness of TaP
is quite remarkable and exceeds that for many MAX phase compounds and related systems'?*125-13% The high
bond hardness of TaP found from bond hardness calculations supports the findings from the analysis of elastic
constants and moduli of this WSM.

The Debye temperature and melting temperature of TaP is lower than TaAs. The low estimated value of ®p,
implies that lattice thermal conductivity of TaP and TaAs are expected to be low as well. The minimum thermal
conductivity of TaP is lower than TaAs. The lower values of EDOS at the Fermi level of TaP compared to TaAs also
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[001] electric field polarizations.

predict that TaP will exhibit relatively low overall electronic thermal conductivity at all temperatures. Remark-
ably high hardness and relatively low Debye temperature of TaP makes this WSM particularly interesting with
respect to its thermo-physical properties. This is a useful combination which can make TaP an efficient thermal
barrier coating material. Besides, both TaX (X =P, As) have high melting temperature, making them suitable for
high-T applications.

The electronic band structure reveals clear semimetallic character with low and almost identical values of
TDOS at the Fermi level for TaX (X =P, As). The Fermi level lies quite close to the pseudogap minima of both
the compounds. It is important to note that we have not included SOC in our electronic band structure calcula-
tions. A number of previous studies on variety of topological WSMs and topological insulators®'* belonging
to different crystal classes have demonstrated that, as far as the bulk physical properties described in this work
are concerned, inclusion of SOC has only a minimal effect. None of the conclusions drawn from our investiga-
tion is affected significantly by the SOC. In fact, the effect of SOC on the band structure of TaX (X=DP, As) was
studied by Lee et al.*®. The prime effect of SOC is in the lifting of degeneracy in certain parts of the E(k) disper-
sion curves. As a consequence some of the bands are splitted. The degree of splitting is very low; of the order
of ~0.10 eV*%. Such small shift in electronic energy has no significant bearing on the bulk physical properties,
including the optical spectra.

The optical constants spectra of both TaP and TaAs show close agreement with the underlying electronic
band structure. The absorption coefficients of TaP and TaAs are very high in the ultraviolet region compared to
other topological electronic systems®~. The refractive indices of both the compounds are also very high in the
infrared-visible region. The high refractive indices of TaP and TaAs in the infrared and visible region indicate
that both the compounds will be a good candidate for applications in the optimization of various display systems.
The compounds under study also exhibit almost non-selective and high reflectivity over a wide range of photon
energy in the ultraviolet part of the electromagnetic spectrum. Both TaP and TaAs have very high reflectivity for
spectral regions covering the infrared to near-ultraviolet radiations and can be used as an efficient solar beam
reflector. Furthermore, both the compounds can be utilized to confine thermal energy and to minimize heat
loss to the environment. All these features hold significant promise for potential applications of TaP and TaAs.
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Quite recently, Grassano et al.'* have presented results of ab initio calculations of dielectric constant, reflec-
tivity, loss function, and optical conductivity of a number of transition metal monopnictide Weyl semimetals,
namely: NbAs, NbP, TaAs, and TaP. The results found in Refs.!3¢ show reasonable agreement with those found
in this study.

To summarize, we have studied the elastic, mechanical, bonding, acoustic, thermal, bulk electronic and opto-
electronic properties of tetragonal topological Weyl semimetals TaP and TaAs in this paper. The elastic, bonding,
acoustic, thermal and optoelectronic properties are studied in depth for the first time. Both the compounds pos-
sess several attractive mechanical, thermal and optoelectronic features which are suitable for engineering and
device applications. We hope that the results obtained here will inspire researchers to investigate these interesting
Weyl semimetals in further details in future, both theoretically and experimentally.

Data availability
The data sets generated and/or analyzed in this study are available from the corresponding author on reasonable
request.
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