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This work verifies the existence of dispersive nodal-arcs and their evolution into Weyl nodes
under the effect of spin-orbit coupling (SOC) in NbAs & NbP. The obtained features mimic the
observations as reported for TaAs & TaP in our previous work’. In addition, this work reports that
the number of nodes in TaAs class of Weyl semimetals (WSMs) can be altered via creating strain
along a or ¢ direction of the crystal. For instance, the number of nodes in NbAs under SOC-effect
along with 2% (3%) tensile-strain in a direction is found to be 40 (56) in its full Brillouin zone (BZ).
Besides the nodes, such strain are found to have considerable impact on the nodal-lines of these
WSMs when effect of SOC is ignored. A 3% tensile (compressive) strain along the a (¢) direction
leads to the partially merging of nodal-lines (without SOC) in the extended BZ of NbAs & NbP,
which is not observed in TaAs & TaP within the range of -3% to 3% strain. Apart from this, the
work discusses the role of Weyl physics in affecting the Seebeck coefficient (S) of any WSM. In this
direction, it is discussed that how a symmetric Weyl cone, even if tilted, will have no contribution
to the S of WSMs. Furthermore, the work highlights the conditions under which a Weyl cone can
contribute to the S of a given WSM. Lastly, the discussion of Weyl contribution to S is validated
over TaAs class of WSMs via investigating the features of their Weyl cones and calculating the
contributions of such cones to the S of these semimetals. The value of S contributed from Weyl
cone is found to be as large as ~65 uV /K below 25 K in case of TaAs. The findings of this work
present a possibility of engineering the topological properties of TaAs class of WSMs via creating
strain in their crystal. It also makes the picture of Weyl physics’ impact on the S of WSMs a more

clear.

I. INTRODUCTION

In the realm of condensed matter physics, re-
searchers are increasingly attracted by the exploration of
topological materials” *. Among them, Weyl semimetals
(WSMs) stand out for their fascinating electronic charac-
teristics that challenge conventional understanding” '“.
At the heart of WSMs are Weyl nodes, mysterious points
in momentum space where electronic bands intersect lin-
early, forming cone-like structures'®'°. These nodes
are sources or sinks of Berry curvature'®'", leading to
intriguing phenomena like the chiral anomaly'®'’ and
Fermi arc surface states”’?!. Weyl semimetals offer not
only fundamental insights but also potential for trans-
formative technologies, from ultrafast electronics”>** to
quantum computing””.

Tantalum arsenide (TaAs) and tantalum phos-
phide (TaP) serve as prime examples of these
materials”’” ?.  Studies have revealed the presence of
nodal-lines (also referred as nodal-rings) in their elec-
tronic band structures, when the effect of spin-orbit cou-
pling (SOC) is ignored'”. These nodal-lines are emerging
from special kind of band inversion phenomena known as
intraband dp inversion (IDPI)'. Notably, these nodal-
lines are getting generated from nodal-arcs under the
effect of crystal symmetries including the time-reversal
symmetry'. However, with SOC, these arcs transform
into Weyl nodes, giving the material unique topological
properties and chiral characteristics.

Besides TaAs & TaP, the TaAs class of WSMs

include NbAs & NbP?”*", These WSMs share similar
electronic structures and semimetalic features as that of
TaAs & TaP?’. Particularly, NbAs & NbP also possess
four nodal-lines on their mirror planes as possessed by
the TaAs & TaP. Moreover, previous works reveal that
the evolution of Weyl nodes under the effect of SOC in
NbAs & NbP is also similar to TaAs & TaP, in terms of
their number and coordinates®'. These features indicate
that there is a possibility of the existence of nodal-arcs
in NbAs & NbP with similar properties as that were ob-
tained in the case of TaAs & TaP. Such an analysis of
NbAs & NDbP in order to search the nodal-arcs and ex-
plore their properties is still missing. Moreover, the com-
parative analysis of features of accidental-degeneracy in
the four members of TaAs class of WSMs will highlight
the role of hybridization-strength and SOC in formation
of such degenerate points in a more clear manner. This is
because different members of this family possess different
hybridization-strength and the magnitude of SOC.

Moving further, the Weyl nodes (nodal-lines) in
any material generally arises due to the bands-inversion
phenomena resulting from the hybridization of vari-
ous atomic orbitals®”??. Such hybridization of orbitals
are extremely sesitive to the the inter-atomic distances.
Thus, the hybridization-strength can be altered through
the application of strain along certain directions of mate-
rials hosting non-trivial bands-degeneracy. In this direc-
tion, several analysis have been carried out over various
WSMs to highlight the ability of the strain-induced en-
gineering of Weyl nature of WSMs. It has been shown
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FIG. 1: (Color online) Plot (a) ((b)) shows the effect of change in lattice parameters on IDPI in NbAs (NbP). Plots (c) & (d) shows
the change in nodal-line in k=0 plane obtained corresponding to change in lattice parameters of NbAs & NbP, respectively. Plot (e)

shows the area of nodal-line versus primitive unit cell volume for NbAs & NbP.

that in HfCuP, which hosts both the type I and type
II Weyl nodes at its experiamntal lattice parameters,
application of 1% biaxial compressive-strain in the a-
b plane leads to the annihilation of type I Weyl nodes
leading the material to become purely type II WSM'*,
In another study on HgTe, it was found that under a
large enough tensile strain, the eight Weyl points annihi-
late with each other in the k,==+k, planes, leading to a
strong topological insulator phase’*. These study clearly
shows that Weyl semimetallic features can be easily al-
tered through the application of strain. Now, we shall
discuss the possible impact of strain along the a or ¢ di-
rections of body-centered tetragonal crystal-structure of
TaAs class of WSMs.

Strain can be of two type: (i) compressive strain &
tensile strain which reduces or increases the size of crystal
along the direction their application, respectively. Partic-
ularly for TaAs class of WSMs, tensile strain along the a-
axis will stretch the lattice, affecting hopping parameters
between atoms. This may influence the band inversion,
leading to the emergence of new Weyl nodes. Conversely,
compressive strain along the a-axis will compress the lat-
tice and may potentially cause existing Weyl nodes to
merge. Along the c-axis, strain will influence interlayer
coupling, which may affect hopping and Weyl node distri-
bution. Additionally, in the absence of SOC, these strain
will affect the nodal-lines degeneracy due to the above
mentioned mechanism. To the best of our knowledge,

such aspects are still remaining untouched correspond-
ing to the nodal-lines and Weyl nodes in TaAs class of
WSMs. Understanding these strain-induced effects on
nodal-lines and Weyl nodes will be crucial for tailoring
the electronic and topological properties of TaAs class of
WSMs.

Another necessary topic of discussion is the extent
to which Weyl physics will affect the transport properties
of TaAs class of WSMs. Weyl physics is associated with
the states around the linear region of the Weyl cone of
a given WSM'Y. Thus, the extent to which these Weyl-
dominated states affect the total transport of a given
WSM measures the significance of Weyl physics in influ-
encing the properties of the semimetal. Generally, the
Weyl nodes are situated close to the Fermi energy of
WSMs. Thus, performing experiments at low temper-
ature may provide some insight to Weyl physics contri-
butions to the transport of WSMs. However, particularly
in the TaAs class of WSMs, along with the Weyl cones
there are also trival states present close to their Fermi en-
ergy. This makes it experimentaly a challenging task to
extract the Weyl-contributed transport of these WSMs.
However, such an analysis, which is still found to be miss-
ing in our literature survey, can be carried out through
computational methods.

In the present work, we have established that each
nodal-line in NbAs & NbP are formed from a pair of
nodal-arcs. These arcs are related to each-other via crys-
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FIG. 2: (Color online) Plot (a) shows the energy of nodal-line in
NbAs & NbP, respectively. The obtained energy is symmetric
across k=0 plane. Plot (b) shows the quantitative comparison of
energy of nodal-arc along ky axis for NbAs & NbP.

tal symmetry operations. It also highlights the role of
SOC in evolving each nodal-arc into two pairs of Weyl
nodes out of which one pair is coming from the com-
bined contribution of the two arcs forming a ring. Apart
from this, the work presents a detailed analysis of the
effect of compressive and tensile strain along a or ¢ di-
rection of crystals of TaAs class of WSMs on the nodal-
lines and the node points (when SOC is considered). Be-
yond characterization, the work also explores the role of
Weyl physics in affecting the thermoelectric properties
of WSMs, with a specific focus on the Seebeck coefficient
(S) contribution from Weyl cones. For this study, TaAs
class of WSMs are used as prototype.

II. COMPUTATIONAL DETAILS

In our study, we utilized the WIEN2k package for
density functional theory (DFT) calculations, employing
the PBESol as exchange-correlation functional. TaAs
class of WSMs crystallize in body-centered tetragonal
crystal structure with the space group I4;md*°. The lat-
tice constants and Wyckoff positions of atoms for TaAs
& TaP are taken same as mentioned in reference'. The
lattice constants for NbAs (NbP) are taken as a=3.4520
A & ¢=11.6790 A*°(a=3.3340 A & c= 11.3760 A"°).
The Wyckoff position of Nb is (0,0,0) while for As &
P, it is (0,0,0.416). For these semimetals, self-consistent
ground state energy calculations were conducted with a
10x10x10 k-mesh size and a charge convergence limit
of 10719 electronic charge. The nodal-lines and Weyl
nodes analysis are performed using the PY-Nodes code’’
that employs the Nelder-Mead’s function minimization
method to identify bands-touching features in the elec-
tronic band structures. Additionally, the Weyl-cone-
contributed S were computed using the TRACK code,
which utilizes the Kubo linear-response formalism®®.

IIT. RESULTS AND DISCUSSION

A. Formation of nodal-arc

Inspired by our previous studies on TaAs & TaP!,
there is a strong interest in investigating the presence
of nodal-arcs in NbAs & NbP. Our focus is on ana-
lyzing the band characteristics of the topmost valence
band (TVB) and bottommost conduction band (BCB)
of NbAs & NbP along the directions I'-N-Z-P-X-I'-P-N
in their electronic structure. Our analysis reveals that
these states are primarily influenced by Nb-4d and As-
4p/P-3p orbitals. At the atomic level, Nb-4d orbital pos-
sess higher energy when compared with the energy of
As-4p/P-3p. Thus, it is typically expected that the BCB
(TVB) must have higher (lower) contributions from Nb-
4d than that from As-4p/P-3p across the BZ. However,
deviations from this behaviour are observed in certain
regions of the BZ, where BCB (TVB) is found to have
higher (lower) contributions from As-4p/P-3p than that
from Nb-4d orbital. This leads to what is termed as in-
traband dp inversion (IDPI)*. The IDPI observed along
the N — Z high symmetric directions of NbAs & NbP
is shown in Fig. S1 of supplementary materials. It is
well known that such bands-inversion generally leads to
non-trivial bands-touchings. Further analysis in this di-
rection reveal that NbAs & NbP possess a pair of nodal-
lines on each of its mirror planes (k,=0 & k,=0 planes).
Moreover, examination shows that IDPI predominantly
occurs within these nodal-lines when compared with the
regions outside these rings, highlighting its crucial role in
their formation.

Our previous work' reveal that the four nodal-
lines in TaAs & TaP can be generated from a single
nodal-arc by applying on it the crystal symmetry op-
erations associated with these materials. Based on this
result, the nodal-arc degeneracy was reported to be as-
sociated with the irreducible parts of the BZ of these
WSMs and thus, considered as fundamental degeneracy.
As NbAs & NbP share similarities with TaAs & TaP
in terms of crystal symmetries'’, it is anticipated that
each nodal-line of NbAs & NbP can be further devided
into nodal-arcs. These arcs are supposed to be related
to each other through crystal symmetries including the
time-reversal symmetry. In that case, one of the arcs can
be considered as arising from fundamental degeneracy
phenomena, while the others can be termed as derived
arcs. This expectation is supported by energy analysis
of nodal-line in NbAs & NbP as shown in Fig. 2(a), re-
vealing symmetric energy distribution about k,=0 plane.
Thus, the periphery of the shaded region can be consid-
ered as nodal-arc. This arc can generate all the four
nodal-lines upon the application of crystal symmetries
as discussed in our previous work”®”. Moving further, the
comparison of energy spread between NbAs & NbP indi-
cates a higher spread in NbP (~215 meV) as compared
to NbAs (~157 meV). The relevant graphs are shown in
Fig. 2(b). The nodal-arcs in TaAs & TaP were reported
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FIG. 3: (Color online) Energy gap created at the nodal-arc due
to SOC in NbAs & NbP.

to be extended beyond the boundaries of first BZ'. In
this direction, investigation in NbAs & NDbP reveals a
similar results. The extended nodal-arcs of NbAs & NbP
beyond the boundaries of the first BZ is shown in Fig.
S2 of supplementary materials. The figure also shows the
degeneracy created in the first BZ when the extended re-
gions of the nodal-arcs are mapped inside the first BZ.

Another well-established aspect about TaAs &
TaP is that the strength of hybridization among the
atomic orbitals play an important role in the occur-
rence of IDPI and the formation of nodal-lines’”. As
the hybridization-strength depends on the inter-atomic
distances, changing the lattice parameters was used to
probe the hybridization-strength among these materials.
In this direction, the study has been carried out to ex-
plore the sensitivity of IDPI in TVB & BCB of NbAs &
NDbP to the variation in lattice parameters. The obtained
results are shown in Fig. 1(a) (Fig. 1(b)) corresponding
to NbAs (NbP). It is found that spatial-extent of IDPI
in the bands increases with the decrease in magnitude
of lattice parameters. The size of nodal-lines also shows
exactly similar variations with the change in lattice pa-
rameters of these WSMs. Corresponding plots are shown
in Fig. 1(c) (Fig. 1(d)) for NbAs (NbP). A comparative
analysis of change in the area of nodal-lines with the
variation in primitive unit cell volume of NbAs & NbP
is presented in Fig. 1(e). These observations mimics to
the one observed in TaAs & TaP®". This establishes the
crucial role of hybridization of atomic orbitals in the for-
mation of nodal-lines in NbAs & NbP.

B. Evolution of nodal-arc to Weyl-nodes

In the presence of SOC, the nodal-arcs degener-
acy in NbAs & NbP gets destroyed. The magnitude of
energy-gap created along these arcs varies along the k,
direction, showing a different trend when compared to
the case in TaAs & TaP. Unlike TaAs & TaP', where the
energy-gap initially decreases, reaching a minimum non-
zero value before increasing again to a maximum value
as k, increases’’, in NbAs & NDP, it first increases to
a local-maximum value (NbAs: 15.2 meV & NbP: 24.2

meV) and then decreases to a non-zero minimum. Sub-
sequently, it rises to a maximum value (NbAs: 46.9 meV
& NbP: 38.9 meV) at the end of the nodal-arc along the
k, direction. Comparing these results with TaAs & TaP,
it is found that the value of maximum energy gap created
due to SOC follows the trend: TaAs (162.0 meV)'>TaP
(143.7 meV)' >NbAs (46.9 meV)>NbP (38.9 meV). It is
important to note that this trend is in accordance to the
order of SOC-strength associated with these WSMs. The
quatitative comparision of this feature in NbAs & NbP is
shown in Fig. 3. Before moving further, it is important to
highlight that the nodal-arcs in NbAs & NbP, as already
mentioned, are extended beyond the boundaries of the
first BZ. Thus, in further discussion, the term nodal-arc
will refer to the one obtained when the extended por-
tion is also mapped into the first BZ. Moving further, al-
though SOC leads to the vanishing of nodal-arc, it causes
the formation of two pairs of Weyl nodes close to the
plane containig the nodal-arc. The two nodes forming
each Weyl pair are found to be situated on either sides of
the plane containing the nodal-arc and also perpendicu-
lar to it. Out of the two pairs, one is positioned on either
side of the middle portion of the nodal-arc (called as W2
points), while the other pair is situated at the junction
point of the two arcs forming a nodal-line (referred as
W1 points). This second pair shares contributions from
both arcs, resulting in a total of three pairs of Weyl nodes
per nodal-line and 12 pairs of Weyl nodes in the entire
BZ. These findings closely parallel to those observed in
TaAs & TaP'. Detailed figures illustrating these fea-
tures for NbAs & NbP can be found in supplementary
materials (Fig. S3). Furthermore, the Fermi-level-scaled
energy of representative W1 & W2 points in NbAs &
NbP are mentioned in table I. Grassano et.al. have pre-
viously investigated the energy of these nodes in TaAs
class of WSMs”’. For NbAs (NbP) they reported the en-
ergy of W1 point as -33 (-56) meV whereas for W2, it is
4 (26) meV with respect to the Fermi energy. However,
in present analysis, the energy of W1 points is found to
be ~-40 (~-68) meV while for W2 it is obtained as ~13
(~8) meV with respect to Fermi energy in NbAs (NbP).
The differences in the results of present work with that
of Grassano et.al. is probably because they have used k-
mesh gridding method to search the Weyl nodes while in
the present analysis, the highly efficient PY-Nodes code
is employed for searching these bands-touching points.
On the top of that, Grassano et.al. have used the pseu-
dopotential methods as implemented in the Quantum
expresso’’ package while in the present analysis, full-
potential Linearized augmented-plane-wave method (FP-
LAPW) method as implemented in WIEN2k package is
used. This FP-LAPW method is considered to be the
most accurate one in the research community. Thus, the
results of the present analysis can be considered as more
reliable and accurate.

The next point of discussion is whether the
strength of SOC affects the number of Weyl-nodes into
which these arcs evolve. As the SOC Hamiltonian (Hy,)



TABLE I: The coordinates and energy of the representative Weyl-nodes (W1 & W2) in NbAs & NbP obtained corresponding to

different strength of SOC used in the calculations.
Material Value of ¢ [SOC-strength per Nb atom W1 point W2 point
(atomic unit) (meV) Coordinates |Energy (meV)| Coordinates |Energy (meV)
137.03 75.60 (0.484,0.003,0.000) -39.98 (0.281,0.007,0.581) 12.86
NbAs 130.18 93.68 (0.484,0.003,0.000) -38.50 (0.281,0.007,0.581) 12.71
123.32 117.63 (0.484,0.003,0.000) -36.69 (0.281,0.008,0.580) 12.42
137.03 60.84 (0.491,0.003,0.000) -68.40 (0.271,0.006,0.578) 8.08
NbP 130.18 75.49 (0.491,0.003,0.000) -68.19 (0.271,0.006,0.578) 7.24
123.32 94.95 (0.491,0.003,0.000) -67.98 (0.271,0.006,0.578) 6.08
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FIG. 4: (Color online) Plot (a) ((b)) shows the effect of axial strain, applied along the a (c) direction, on the nodal-lines situated in

k=0 plane of NbAs.

is inversely proportional to the c2*’, value of c is de-

creased in our calculations to increase the strength of
SOC. The method is similar to the one as followed in our
previous work'. The SOC-strength per Nb atom is calcu-
lated by finding the difference between the ground state
energy obtained before and after adding the SOC-effect
in our calculations. The obtained results are shown in
table I. It is seen that as the value of ¢ decreases from
~137 to ~123, the strength of SOC in NbAs (NbP) in-
creases from ~0.08 (~0.06) eV to ~0.11 (~0.09) eV. This
increase is found to be extremely small when compared
with increase in SOC strength in TaAs (~0.7 V) & TaP
(~3.0 eV) for the same change in value of ¢'. Similar
to the case of TaAs & TaP, the evolution of nodal-arc
into two pairs of Weyl-nodes in NbAs & NbP is found to
be robust against the given increase in the magnitude of
SOC-strength. That is, the nodes forming a Weyl pair
are still found to be situated on either sides of the plane
containing the nodal-arc and also at equidistant from the
plane. The coordinates and energy of one node from each
pair is mentioned in table I. The coordinated of obtained
nodes are also found to be robust to the given increase
in SOC strength of NbAs & NbP, which is similar to the
case as observed in TaAs & TaP'. As the increase in
the SOC strength in NbAs & NDbP is extremenly small,
it is expected that the energy of Weyl nodes in these

semimetals will be less sensitive when compared to that
of TaAs & TaP. The obtained results as mentioned in
table I reflects these aspects.

C. Effect of axial strain

Understanding the effects of strain along differ-
ent crystallographic directions is crucial for tailoring the
electronic properties of TaAs class of WSMs. The study
of impact of strain on nodal lines is carried-out under
two different cases: (i) strain created along a direction
and (ii) strain created along the ¢ direction. Fig. S7 il-
lustrates the results for nodal lines situated in the k,=0
plane of NbAs. For clarity, we divide a nodal line into
three parts: a larger portion, a smaller portion, and an
extended portion forming beyond the boundaries of the
first BZ, as indicated in the figure. It is found that strain
(either tensile or compressive) along the a or ¢ direction
has no effect on the smaller portion of the rings. How-
ever, it significantly impacts the larger and extended por-
tions. Increasing strain magnitude along the a direction
enlarges these portions, while the opposite trend occurs
with strain along the c¢ direction. Notably, a 3% ten-
sile strain along a (or >2% compressive strain along c)



leads to the partial merging of nodal lines 1 and 2 in the
extended BZ. This merging is schematically depicted in
Fig. S4 of supplementary materials. Similar observations
hold for nodal lines in the k,=0 plane. Also, nodal-lines
in the k,=0 plane of NbP, TaAs & TaP are also found to
be sensitive to the creation of such strain (see Figs. S5,
S6 & ST7 of supplementary materials). It is important to
note that partial merging of rings at specific strain values
(in between -3% to 3%) is observed only in NbAs & NbP
but not in TaAs & TaP. This difference may stem from
the larger area covered by nodal lines in NbAs & NbP
at experimental lattice parameters when compared with
that of TaAs & TaP. Consequently, further ring enlarge-
ment upon creating a strain in NbAs & NbP brings the
rings closer in the extended BZ, resulting in their partial
merging. This discussion establishes the effect of lattice
strain on nodal lines in TaAs class of WSMs (under no
SOCQC). Further discussion will investigate the impact of
SOC on these strained nodal lines.

Fig. S10(a) (S10(b)) depict the influence of SOC
on nodal lines in the k£, =0 plane of NbAs under compres-
sive (tensile) strain along the a direction. In Fig. S10(c)
(S10(d)), the effect of SOC on these rings is shown for
compressive (tensile) strain along the ¢ direction. It is
seen in these figures that some of the nodes (clustered at
discrete places of the BZ) are encircled in blue dashed-
circles. These nodes are forming at the points in the
k=0 plane, where end portions of nodal-arcs existed in
the absence of SOC. One must not confuse these nodes
(encircled in blue-dashed circles) with the nodal-lines,
because nodal-lines generally form due to the crossing
of two bands to form a closed loop-like structure. How-
ever, these nodes (encircled in blue-dashed circles) do
not form a closed loop. Instead, they are discrete bands-
degenerate points forming in the k, =0 plane. Apart from
these nodes, there are also other node-points that are
created away from the k,=0 plane as shown in Fig. S10.
One must note that each red dots that are not encircled in
a dashed-circle denotes two nodes, which are getting pro-
jected at the same point when shown in 2D plots. Next,
we shall discuss how the number of nodes get affected on
creating strain along a direction. One must keep in mind
that for the experimental lattice parameter, nodal-lines
of NbAs in k,=0 plane evolve into 6 pairs of nodes off to
the k,=0 plane, as discussed before.

Fig. S10 (a) shows that compressive strain of 1%
or 2% or 3% along a direction has no effect on the number
of nodes created in k, #0 plane. However, with increas-
ing compressive strain, new nodes are found to get cre-
ated within the k,=0 plane, particularly where the ends
of nodal-arcs existed under no-SOC case. Now moving
to the effect of tensile strain along a direction (shown in
Fig. S10 (b)), it is observed that the 4 pairs of nodes that
used to be formed in the k, #0 plane under no-strain, get
vanished upon the application of 1% tensile strain. How-
ever, the two pairs of nodes are still generated in the k,=0
plane as used to be in the no-strain case. With further
increase in the strain, the number of nodes in k, #0 plane

starts increasing along with maintaining the number of
nodes in k,=0 plane as was in no-strain case. The total
number of nodes generated from the nodal-lines in the
k,=0 plane under SOC-effect along with 2% (3%) strain
in a direction is found to be 20 (28). Regarding the im-
pact of compressive strain on node energy, it is observed
in Fig. S10 (a) that nodes in the k,=0 plane become in-
creasingly negative in energy relative to the Fermi energy
as the magnitude of compressive strain along the a direc-
tion increases. Similar behavior is observed for nodes
situated within the k,=0 plane (encircled in blue-dashed
circles). Conversely, nodes not encircled and located in
k. #0 planes approach the Fermi energy from the posi-
tive energy direction with increasing compressive strain
magnitude. Moreover, the energy of nodes with respect
to the Fermi-energy, obtained after tensile strain are also
found to be sensitive to the magnitude of strain. Nextly,
the effect of strain along ¢ direction on the number and
energy of nodes is discussed.

Fig. S10(c) illustrates the impact of compressive
strain (1%, 2%, and 3%) along the ¢ direction on the
number of nodes in NbAs. The strain of 1% have no ef-
fect on the number of nodes generated from nodal-lines
in the k,=0 plane. However, at 2% strain, the number
increases to 28. Notably, 2% compressive strain along c¢
has no effect on the number of nodes in the k,=0 plane.
At 3% strain, the extra nodes vanish, reverting to the
1% compressive strain scenario. Additionally, the effect
of tensile strain along the ¢ direction is discussed in Fig.
S10(d). Strain percentages of 1%, 2%, and 3% have no
effect on the number of nodes generated off the k,=0
plane. However, the number of nodes in the k,=0 plane
increases with higher tensile strain percentages, cluster-
ing at the regions where the ends of nodal-arcs existed
when SOC was ignored. Similar to strain along the a
direction, increasing compressive or tensile strain along ¢
direction leads to nodes in NbAs spreading further apart
in energy and with respect to the Fermi level, as depicted
in Figs. S10(c) and S10(d).

It is important to note here that as the nodal-lines
situated in k,=0 plane are related with crystal-symmetry
to those situated in the k,=0 plane, similar observations
as discussed above will be obtained for the effect of SOC
on the nodal-lines in k,=0 plane of NbAs. Moreover,
similar effect of lattice strain along a and c¢ direction of
unit-cell is obtained on the nodal-lines and Weyl nodes of
other family of TaAs class of WSMs (i.e., for TaAs, TaP
& NbP). Corresponding results are shown in supplemen-
tary materials (Figs. S8, S9 & S10). However, as already
mentioned, for strain of -3% to 3% along a or ¢ direction
do not lead to the partial merging of two nodal-lines in
a given plane for TaAs & TaP.
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FIG. 5: (Color online) Plots (a) & (b) ((c) & (d)) shows the position of node points and their energy with respect to Fermi energy

(scalled to 0 meV shown in dashed blue line) when the strain is applied along a (c) direction in NbAs.

D. Weyl-contributed Seebeck Coefficient

For studying the Seebeck coefficient (S) behaviour
of any given material, it is important to know the physi-
cal parameters upon which it depends. Within the Kubo
linear-response formalism, expression for S is defined
agili2_

gaa' _ _k_Bﬁa,
e Kg*

(1)

where Kﬁo‘, are called the kinetic coefficients. Their ex-
pression is given by’°-

Ko = Nyrh / dw(Bw)" (W) f(—w)T* (w,w)  (2)

where, N, and f(w) are the spin factor and Fermi
function, respectively. A denotes the reduced Planck’s
constant™. Here, I'*® (w1, ws) is known as transport dis-
tribution function and is defined as-

T (01, o) = % ST {08 (k) Ak, w10 (k) A(k, ws)}
k
(3)

The term A(k,w), known as spectral function in real w,
is expressed as’’-

1 ImX(w)

Alk,w) = —— [w—e% — ReS(w)]? + [ImE(w)]?

(4)

Here, w is the energy with respect to the chemical poten-
tial () where the transport is supposed to be calculated.
In the present work, the S is calculated by the setting u
at the energy of Weyl node. Nextly, as the topological
and transport analysis in the present work is carried out
at DFT level, a slight modification in the above formal-
ism is required to use it for studying the behaviour of S
obtained from Weyl cones of TaAs class of WSMs. In
the Eq. 4, the ReX(w) must be taken as 0 while the
value of Im3(w) should be taken to be extremely small.
As TRACK code”® provides such options, we have used
it in our present study. The value of ImX(w) is taken
as 0.5 meV in our calculations. Before discussing the be-
haviour of S obtained from Weyl cones, we are motivated
in exploring that under what conditions will a Weyl cone
contribute to a non-zero value of S to a given WSM.
This aspect is discussed further.

To understand the contribution of Weyl cone to
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FIG. 6: (Color online) Plot (a) shows the temperature-dependent curves of Swf(w)f(—w) & f(w)f(—w) around a Weyl node. Plots (b)

and (c) shows the symmetric and asymmetric Weyl cones, respectively.

the S of a given materials, it becomes extremely impor-
tant to analyse the minute aspects of the Weyl cone. In
this regard, the two most important aspects of the cone
are (i) tilt of the Weyl cone and (ii) asymmetry of the
Weyl cone. The term ‘tilt of the cone’ means that how
much angle does the axis of the Weyl cone makes with
the energy axis. Thus, if the axis of the Weyl cone is par-
allel with the energy axis, the Weyl cone is said to be not
at all tilted (see Figs. 6 (b) and (c)). Moving further,
in this work the term ‘symmetric cone’ stands for the
one which possess either the inversion symmetry with re-
spect to the Weyl node or mirror symmetry with respect
to plane perpendular to energy axis and passing through
the Weyl node. To make it more clear, let us explain the
meaning of asymmetry of the Weyl cone using Fig. 6. If
the cone is symmetric, then on applying inversion sym-
metry operation (with respect to Weyl node) or mirror
symmetry operation (with respect to plane perpendular
to energy axis and passing through Weyl node) on the red
cone, full blue cone can be obtained. In the other case,
the cone is said to be asymmetric. In addition to this, in
the present work the term ideal cone stands for the case
in which the Weyl cone is symmetric and not tilted. In
further discussions, the condition under which the Weyl
cone will have non-zero contribution to S is explained.

Firstly, consider the case of ideal cone as shown in
Fig. 6 (b), the non-tilted cone. It is well known that the
velocity v (k) is defined as (1/h)(0z,,(k)/0ks)"". As the
red & blue cones are symmetric, corresponding to mag-
nitude of velocity of the red cone at each k-point, there
will be a k-point where the blue cone will have the same
magnitude of velocity. If the Weyl cone is inversion sym-
metric about the Weyl node, these two k-points will be
different. However, if the Weyl cone possess mirror sym-
metry about the energy plane passing through the energy
of Weyl nodes, the red & blue cone will have same mag-
nitude of velocity at the same k-point. Moreover, corre-
sponding to these k-points, the value of A,,(k,w) for both
the bands forming the Weyl cone will also be same. This
is because, as the cone is symmetric at these k-points,

they will possess same magnitude of [w — £9]?. Moving

further, due to such behaviour of v¥(k) & A, (k,w), the
quantity rao’ (w,w) will also become symmetric with re-
spect to the energy of the Weyl node. As can be seen in
Fig. 6 (a), at any temperature, the term Swf(w)f(—w)
is an odd function of w. Due to this, the value of Kf‘o‘/,
as mentioned in equation 1, will vanish out at any given
temperature (7). Hence, an ideal Weyl cone will have
zero contribution to the S of a material possessing it.
Now moving to the case of symmetric Weyl cone hav-
ing non-zero tilt as shown in Fig. 6 (b). The discussion
for such cone will be exactly similar to case of an ideal
Weyl cone as discussed above. The only difference is that
it will have different magnitude of velocity at a given
k-point when compared to case when the cone was not
tilted. This is because the tilt in the cone with respect
to the energy axis modifies the value of velocity at each
k-points. Thus, in this case also there will be a compen-
sating effect from the red & the blue cones resulting into
zero contribution to the value of S at any given temper-
ature. Now we are left with the case of asymmetric Weyl
cone which is discussed further.

For the asymmetric Weyl cone with no tilt, there
will be some k-points where corresponding to the mag-
nitude of v% (k) of red cone, there will not be a k-point
where the magnitude of v$ (k) of blue cone will be same
with same magnitude of A, (k,w) for both the cones.
Thus, for such a asymmetric Weyl cone there will be no
compensating effect from the red & the blue cone. This
will result in a non-zero contribution to the value of S
at any given temperature. Moving further, for such an
asymmetric Weyl cone, tilting of the cone will change the
profile of temperature dependent value of S**. The rea-
son behind this is that tilting of the cone will modify the
value of v%(k) and due to the non-compensating effect
from red & blue cones, the value of S*¢ will get affected.
From these discussions, a general conclusion that can be
drawn is that the basic requirements for a Weyl cone to
have finite contribution to the S of WSMs is its asym-
metric nature. At the top of that, tilting of the cone
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FIG. 7: (Color online) Plot (a) shows the Weyl cone around W2
point of TaAs. Plot (b) shows the extent to which red cone
overlaps the balck one when inversion operation is applied on it
with respect to the Weyl node. Plot (c) shows the extent to which
red cone overlaps the balck one when mirror-reflection operation
is applied on it with respect to the plane parallel to kz-ky plane
and passing through Weyl energy. Plot (d) shows the components
of ST* SYY & S*#* contributed from this cone.

may change the magnitude of contribution to the S at
any given T. In the further discussion, this conclusion
is validated over the TaAs class of WSMs by analysing
their Weyl cones and calculating the contribution of such
cones to S of these semimetals.

It is well-known that TaAs class of WSMs contain
24 Weyl nodes in their full BZ. These nodes are arranged
in a particular fashion: 8 Weyl nodes in the k,=0 plane
and 8-8 nodes are also situated in a similar fashion on
the k, ~0.58 & k. ~-0.58 planes of these WSMs. In the
present analysis of S, we have separately calculated .S for
3 different nodes for each semimetals, taking one from
each plane. Also we have examined the features of each
of these Weyl cones. The results corresponding to Weyl
node (0.283, 0.020, 0.590) in case of TaAs is shown in Fig.
7. Let us first discuss the features of Weyl cone around
this node (shown in Fig. 7(a)). The cone is drawn by
taking the k-points sampled in k,-k, plane. In the pre-
liminary analysis of the cone, it is seen that the axis of
the cone is tilted with respect to the energy axis. Further
analysis reveal that the cone is assymmetric for symme-
try operations: (i) inversion symmetry with respect to
Weyl node and (ii) mirror symmetry with respect to en-
ergy plane corresponding to Weyl energy. Correspond-
ing plots are shown in Figs. 7(b) and (c), respectively.
Thus, according to our previous discussion, the cone must
have non-zero contribution to temperature dependent S.

It is important to note here that such an asymmetry is
found corresponding to all the three cones (in the above
mentioned three planes) and also in such cones for other
members of TaAs class of WSMs. The relevant plots
are shown in supplementary materials (Figs. S11-S21).
Now, we are interested in studying the magnitude of S
obtained from the above mentioned Weyl cone in TaAs,
which is discussed below.

Generally, a Weyl cone is visualised as a 3-
dimensional figure in the reciprocal space where the z-y
plane consists of states and the z-axis contains the en-
ergy of the two bands forming the cone. For studying the
Weyl dominated transport, it is needed to consider the
excitations only from the states close to the Weyl nodes.
However, one must keep in mind that passing through
a Weyl-node, infinite number of 2-dimensional plane can
be constructed which will produce the Weyl cones (as all
these planes will contain the Weyl node). Thus, for cal-
culating the Weyl-contributed transport coefficients such
as S, it is necessary to consider the states contained
in all these planes. Hence, in the present work, a 3-
dimensional k-points sampling around the Weyl nodes
is performed to calculate the S. The results obtained
for Weyl-contributed S to the TaAs form the Weyl node
(0.283, 0.020, 0.590) is shown in Fig. 7(d). S ob-
tained corresponding to the Weyl cone is found to be
anisotropic. That is, the S**, SY¥ and S** components
are all differently contributed from the Weyl cone. This
occurs because in general, the vl #v¥#v? for the states
comprising the two bands forming Weyl cones in these
WSMs. Another important feature that can be seen is
that the magnitude of each components of S (i.e., S,
SYY & S%%) changes in a non-monotonous fashion with
the rise in the value of T'. It is found that with the rise
in temperature, each components attains a peak at some
value of T'. With the further increase in the magnitude of
temperature, the value of each components of .S is found
to decrease. The observation of such behavious of each
components of S is found to be common for the S con-
tributed from the Weyl cones corresponding to the nodes
in k,=-0.590 and k,=0 planes in TaAs (see Figs. S11 &
S12). Furthermore, similar observations have been found
for the Weyl cones in case of other members of TaAs class
of WSMs, i.e., NbAs, NbP & TaP. The relevant plots are
shown in supplementary material (Figs. S13-S21). With
this analysis, the fact has been successfully validated that
the assymmetric nature of the Weyl cone is necessary for
it to affect the S of any WSM.

IV. CONCLUSIONS

This work confirms the presence of dispersive
nodal-arcs in NbAs and NbP Weyl semimetals (WSMs),
when the effect of spin-orbit coupling (SOC) is ig-
nored. These arcs result in the formation of four nodal-
lines when crystal symmetries, including time-reversal



symmetry, are applied. The nodal-arcs are found to
arise from band inversion involving Nb-4d and As-4p
(P-3p) orbitals and are highly sensitive to changes in
hybridization-strength. Under the influence of SOC, each
nodal-arc are found to evolve into two pairs of Weyl
nodes, out of which one pair is coming from the com-
bined contribution of the two arcs forming a ring. The
energy of Weyl nodes in these WSMs are found to be
sensitive to the change in SOC-strength. An increase in
SOC-strength of NbAs (NbP) from ~75 (~61) meV to
~117 (~95) meV decreases the energy gap of W1-W2
points from ~52 meV to ~49 meV (~76 meV to ~74
meV). These features of nodal-arc and its evolution into
Weyl nodes are found to be similar to the case in TaAs
& TaP'. Additionally, it is obtained that application of
strain along specific directions can affect nodal-lines and
the number of nodes in TaAs class of WSMs. It is impor-
tant to note that a 3% tensile (compressive) strain along
a (c) direction leads to the partial merging of nodal-lines
(under no SOC) in the extended Brillouin zone of NbAs &
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NbP. This feature is found to be missing in TaAs & TaP
for strain-percentage from -3% to 3%. In the presence
of SOC, the number of nodes in NbAs under 2% (3%)
tensile-strain in a direction is found to increase from 24
to 40 (56). Similar effect of strain on number of nodes is
also obtained in TaAs, TaP & NbP. Lastly, it has been
established that a symmetric Weyl cone (even if tilted)
have negligible contribution to the Seebeck coefficient ()
of Weyl semimetals (WSMs). However, asymmetric ones
will contribute significantly, and their tilt influences mag-
nitude of S. This conclusion regarding S is validated
over the TaAs class of WSMs, which contains assymmet-
ric cones. The value of S contributed from Weyl cone is
found to be as large as ~65 uV /K below 25 K in case of
TaAs. These findings clarify the impact of Weyl physics
on S and demonstrate the potential for engineering topo-
logical properties of these WSMs through crystal strain.
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(Color online) IDPI in N-Z direction for TVB & BCB corresponding to NbAs & NbP.
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(Color online) The position of Weyl-nodes in NbAs & NbP with respect to the coordinates of nodal-arcs from which they are

evolved due to SOC.
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FIG. S4: (Color online) Schematic showing the partial merging of nodal-lines in extended BZ upon the application
of strain along a or ¢ direction of NbAs & NbP.
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FIG. S8: (Color online) Plots (a) & (b) ((¢) & (d)) shows the position of node points and their energy with respect
to Fermi energy (scalled to 0 meV shown in dashed blue line) when the strain is applied along a (c) direction in NbP.
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((c) & (d)) shows the position of node points and their energy with respect

in dashed blue line) when the strain is applied along a (c) direction in TaP.
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Cone around Weyl node (0.283, 0.020, -0.590) Inversion operation on red cone w.r.t Weyl node
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FIG. S11: (Color online) Plot (a) shows the Weyl cone around W2 point of TaAs. Plot (b) shows the extent to which red cone
overlaps the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red
cone overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to k;-ky plane and passing
through Weyl energy. Plot (d) shows the components of S*® SYY & 5% contributed from this cone.

Cone around Weyl node (0.515, 0.008, 0.000) Inversion operation on red cone w.r.t Weyl node
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FIG. S12: (Color online) Plot (a) shows the Weyl cone around W1 point of TaAs. Plot (b) shows the extent to which red cone
overlaps the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red
cone overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to k.-ky plane and passing
through Weyl energy. Plot (d) shows the components of S**  SYY & S%7 contributed from this cone.



18

Cone around Weyl node (0.281, 0.006, 0.582)

Inversion operation on red cone w.r.t Weyl node
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FIG. S13: (Color online) Plot (a) shows the Weyl cone around W2 point of NbAs. Plot (b) shows the extent to which red cone
overlaps the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red
cone overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to k;-ky, plane and passing
through Weyl energy. Plot (d) shows the components of S*® SYY & 5% contributed from this cone.

Cone around Weyl node (0.281, 0.006, -0.582) Inversion operation on red cone w.r.t Weyl node
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FIG. S14: (Color online) Plot (a) shows the Weyl cone around W2 point of NbAs. Plot (b) shows the extent to which red cone
overlaps the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red
cone overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to k.-ky plane and passing
through Weyl energy. Plot (d) shows the components of S**, SYY & S#7 contributed from this cone.
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Cone around Weyl node (0.484, 0.003, 0.000)

Inversion operation on red cone w.r.t Weyl node
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FIG. S15: (Color online) Plot (a) shows the Weyl cone around W1 point of NbAs. Plot (b) shows the extent to which red cone
overlaps the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red
cone overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to k;-ky, plane and passing
through Weyl energy. Plot (d) shows the components of S*® SYY & 5% contributed from this cone.

Cone around Weyl node (0.271, 0.005, 0.579) Inversion operation on red cone w.r.t Weyl node
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FIG. S16: (Color online) Plot (a) shows the Weyl cone around W2 point of NbP. Plot (b) shows the extent to which red cone overlaps
the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red cone
overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to kz-k, plane and passing
through Weyl energy. Plot (d) shows the components of S**  SYY & S%7 contributed from this cone.
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Cone around Weyl node (0.271, 0.005, -0.579) Inversion operation on red cone w.r.t Weyl node
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FIG. S17: (Color online) Plot (a) shows the Weyl cone around W2 point of NbP. Plot (b) shows the extent to which red cone overlaps
the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red cone
overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to k;-ky plane and passing
through Weyl energy. Plot (d) shows the components of S*® SYY & 5% contributed from this cone.
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FIG. S18: (Color online) Plot (a) shows the Weyl cone around W1 point of NbP. Plot (b) shows the extent to which red cone overlaps
the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red cone
overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to kz-k, plane and passing
through Weyl energy. Plot (d) shows the components of S**  SYY & S%7 contributed from this cone.
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Cone around Weyl node (0.274, 0.017, 0.588) Inversion operation on red cone w.r.t Weyl node
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FIG. S19: (Color online) Plot (a) shows the Weyl cone around W2 point of TaP. Plot (b) shows the extent to which red cone overlaps
the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red cone
overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to k;-ky plane and passing
through Weyl energy. Plot (d) shows the components of S*® SYY & 5% contributed from this cone.
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FIG. S20: (Color online) Plot (a) shows the Weyl cone around W2 point of TaP. Plot (b) shows the extent to which red cone overlaps
the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red cone
overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to kz-k, plane and passing
through Weyl energy. Plot (d) shows the components of S**, SYY & S%7 contributed from this cone.
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Cone around Weyl node (0.513, 0.008, 0.000) Inversion operation on red cone w.r.t Weyl node
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FIG. S21: (Color online) Plot (a) shows the Weyl cone around W1 point of TaP. Plot (b) shows the extent to which red cone overlaps
the balck one when inversion operation is applied on it with respect to the Weyl node. Plot (c) shows the extent to which red cone
overlaps the balck one when mirror-reflection operation is applied on it with respect to the plane parallel to k;-ky plane and passing
through Weyl energy. Plot (d) shows the components of S*® SYY & 5% contributed from this cone.
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