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The tantalum arsenide (TaAs) is a topological Weyl semimetal which is a class of materials of gapless with three-
dimensional topological structure. In order to develop a comprehensive description of the topological properties of the
Weyl semimetal, we use the density functional theory to study several defects of TaAs after H irradiation and report the
electronic dispersion curves and the density of states of these defects. We find that various defects have different influences
on the topological properties. Interstitial H atom can shift the Fermi level. Both Ta vacancy with a concentration of 1/64
and As vacancy with a concentration of 1/64 destruct a part of the Weyl points. The substitutional H atom on a Ta site could
repair only a part of the Weyl points, while H atom on an As site could repair all the Weyl points.

Keywords: Weyl semimetal, first-principles calculations, band structures, density of states
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1. Introduction
Weyl fermions are massless opposite chiral quasiparti-

cles with spin 1/2,[1–3] and the material containing this par-
ticle is called Weyl semimetals (WSM). The characteristic of
WSM with a gapless metal is topological invariant, which is
different from the classification of topological phases of in-
sulators. More significant characteristic is that the crossing
points of the valence and conduction bands as Weyl point[4–6]

are degenerate at the Fermi level.[7–9] Weyl nodes are asso-
ciated with chiral and protect the gapless surface state on the
bulk boundary of the sample.[10] Theory predicts the interest-
ing physical properties of WSM, such as the negative mag-
netoresistance and the discontinuous Fermi arcs due to the
chiral anomaly of Weyl nodes.[11–23] In Ref. [24], Rn2Ir2O7,
pyrochlore, with all-in or all-out magnetic structure,[25] pos-
sessing 24 pairs of Weyl points, was initiated associated with
WSM in condensed-matter materials. The Weyl points appear
when this system undergoes the magnetic ordering transition.
HgCr2Se4,[26] a relatively simple system, exhibited a pair of
double-Weyl points[10,27–30] when this system was in a ferro-
magnetic phase with the appearance of quadratic band cross-
ing. Recent band structure calculations predict a new family
of WSMs which includes TaAs, TaP, NbAs, and NbP, pos-
sessing 12 pairs of Weyl points[27,31] in the transition-metal
monoarsenides or monophosphides.[12,27,29,32–35] In their lat-
tice forms, these systems hold the time-reversal symmetry,

while breaking the inversion symmetry. For all the properties
mentioned above, of particular interest are the topological sur-
face states of TaAs and isostructural crystal compounds TaP,
NbP, and NbAs, which are experimentally investigated by the
angle resolved photoelectron spectroscopy (ARPES)[29,36,37]

pointing to the existence of the Weyl nodes.[27] Moreover,
there is no magnetic effect caused by the complexity of the do-
main, or more directly, from their bulk electronic band struc-
tures by means of sensitive ARPES measurements.[36,38]

All of the above four materials have very similar band
structures. First-principles calculations point to TaAs as a
topological semimetal. In real materials, this is of great help
to the exploration of Weyl physics. TaAs symbolizes a novel
topological state of matter arousing interest in fundamental
physics, and it has been verified to exhibit unique electronic
properties and energy band structures as well as high carrier
mobilities.[39] However, knowledge about its electronic prop-
erties of defects lags far from the perfect lattice.

As an effective material modification technique, ion beam
implantation plays an important role in the study of defective
crystals. The modified properties are from defects generated.
It is practical interest to investigate the defective properties of
these topological materials. When the exposure of this ma-
terial to H irradiation, it is worthwhile mentioning that there
are various kinds of defects in TaAs irradiated by H. In the
present study, we particularly focus on these static point de-
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fective structures. Investigation shows that the possible point
defects which can be produced are: interstitial (IH), vacancies
(VTa and VAs), the substitutional H atom on a Ta site (HTa) and
on an As site (HAs). As we know, HTa and HAs may not exist in
thermodynamic equilibrium, while they can appear in the ion
implantation process. In the current work, the defect concen-
tration is 1/64 in all defective lattices. The effect of defects on
topological properties was studied by analysing the dispersion
curves and density of states of different defects.

2. Optimisation algorithm and crystal struc-
tures

In the process of optimizing crystal structure, we
use Perdew–Burke–Ernzerhof (PBE) to parameterize the
exchange–correlation functional within a generalized gradi-
ent approximation.[41–45] In the present study, since spin–orbit
coupling (SOC) may conceal the Weyl band-crossings in this
system, we can not easily find out the Weyl band-crossings
different from the other points, which is inconsistent with our
discussion about the influence of defects on the topological
properties. Taking the above situations into account, we ne-
glect SOC in the calculation.

In the task of customized geometry optimization, we
select the convergence tolerance energy to less than 5.0 ×
10−6 eV, set the cut-off energy as 600 eV, and choose K-space
mesh to less than 0.02 nm−1 in each direction. The calcula-

tions were carried out by using the software CASTEP for the
first-principle calculations.[46] We have chosen the ultrasoft
pseudopotential which facilitates faster calculation to meet the
requirements. Since Weyl point is mainly correlated to valence
electron, the description of core electron is implemented using
pseudopotential.

The crystal texture of TaAs is a body-centered-tetragonal
structure, and its space group is I41md (No. 109) which lacks
inversion symmetry and nonsymmorphic. The other super-cell
of defects are Pmm2 (No. 25) symmetrical space group. The
measured lattice constants in the experiment are a= 3.4348 Å,
b = 3.4348 Å, and c = 11.6410 Å.[27,40] Wyckoff positions
for Ta and As are (0, 0, 0) and (0, 0, 0.417), respectively.
The primitive cell parameters are based on experimental pa-
rameters, and the cell parameters were optimized in order to
obtain an energy minimized lattice structure. After cell opti-
misation, we obtain the lattice constants a = b = 3.487932 Å
and c = 11.72503 Å. Due to the small variation of the cell
parameters, the position of the atom is optimized more pre-
cisely. Optimising u = 0.41535 for the As site results in good
agreement between our calculations and experiment. We set
the constants for the perfect and defective 2×2×2 super-cell
as a = b = 6.8696 Å and c = 23.282 Å. The optimized lat-
tice parameters are listed in Table 1. Prior to optimizing the
atomic positions, it is worthwhile mentioning that the param-
eters a and b were found unequal. This is due to the presence
of stress in the crystal.

Table 1. Lattice parameters of perfect and defective crystals.

TaAs(Exp.)[27,40] TaAs Ta32As32(Exp.)[27,40] Ta32As32 HTa32As32 Ta31As32 Ta32As31 HTa31As32 HTa32As31

IH VTa VAs HTa HAs

a/Å 3.4348 3.487932 6.8696 6.976038 6.983937 6.972358 6.964457 6.977009 6.956079
b/Å 3.4348 3.487932 6.8696 6.976038 6.976269 6.973589 6.963483 6.958429 6.967218
c/Å 11.6410 11.725030 23.2820 23.448498 23.464922 23.412359 23.394487 23.447923 23.388076

Figure 1 presents our established super crystal structure
with five defects. The perfect super crystal including 32 Ta
and 32 As atoms. In the near middle of the box, one H atom
stays in the gap and we get a defective crystal structure IH.
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Fig. 1. (color online) Established super crystal structures of Ta32As32, IH,
VTa, VAs, HTa, and HAs. Inserting one gray H atom to the cell center re-
sults in defective structure IH, removing one of the green Ta and red As
atom results in the two defective structures VTa and VAs in near the center
of the cell, and the substitutional H atom on a green Ta site and on a red As
site results in the two defective structures HTa and HAs in near the center
of the cell.

In the process of the H implantation, if one of the Ta and As
atoms can be knocked out and H atom has enough energy to es-
cape the lattice, we will obtain vacancy crystal structures VTa

and VAs. In another case, if one of the Ta and As atoms can
be knocked out and H atom just stays in Ta and As vacancy,
we will get defective crystal structures HTa and HAs. In our
calculation, all cell parameters and the atoms are free. In all
the defective crystal structures, the lattice constants are almost
identical and the symmetry is Pmm2 (No. 25).

3. Results and discussion
3.1. Defect formation energies

Before calculating the defect formation energy, we firstly
optimize the energy for the five defects. Calculating the crys-
tal energy of the optimized structure, we find that the energy
differences for IH, VTa, VAs, HTa, and HAs after and before op-
timization are −0.13 eV, −0.37 eV, −0.06 eV, −2.93 eV, and
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−0.37 eV, respectively.
The defects have an effect on the electronic band struc-

ture, therefore various properties of the material may be af-
fected. We calculate the crystal defect formation energy ∆H
using the energy formula

∆H = Edef −Ebulk +∑
i

∆niµi, (1)

where Edef and Ebulk represent the energy of the defective
structure and the bulk energy of the perfect structure, respec-
tively. µi represents the energy of the ith inserting atom or va-
cancy atom, and ∆ni represents that the number of each defec-
tive super-cell is changed in the defect formation energy.[47,48]

Five defect formation energies are calculated similar to
Refs. [47] and [49], summarized in Table 2. In Ref. [49], the
formation energy of native defects as a function of the chem-
ical potential of anion As was observed. Here, we calculate
the defect formation energies of five typical defects formed by
H irradiation. The defect formation energies, in descending
order, are followed by VAs, IH, VTa, HTa, and HAs.

Table 2. Defect formation energy of various defects.

Defect structures Formation energy/eV[47,49]

IH −3.26

VTa 2.75

VAs 3.45

HTa 0.97

HAs 0.11

After the H ions have slowed down, the H ions can stop in
a cage or stop in a vacancy center and the vacancies can be an-
nihilated. That the formation energy of IH is −3.26 eV means
that the most stable defective structure is IH. The minus sign
of formation energy means that H atoms are possible to stay in
one of the cages. According to Table 2, the formation energies
of VAs and VTa are 3.45 eV and 2.75 eV, respectively. This
means that VAs is more difficult to form than VTa. Compared
with other defect formation energies, the formation energies
of vacancies can be relatively large. Therefore, it is relatively
difficult that vacancies are formed. On Ta site or As site, the
substitutional H atom is energetically favorable. The tendency
of H atoms is to annihilate produced vacancies. When H occu-
pies the Ta vacancy, the formation energy is lower by 1.78 eV.
When H occupies the As vacancy, the formation energy is
lower by 3.34 eV. This result shows that H atoms are easier
to annihilate As vacancies than to annihilate Ta vacancies.

3.2. Band structures

We compute how crystal defects influence the position of
the Fermi level relative to the so-called Weyl points. As can
be seen from Fig. 2(a), the band structure of Ta32As32 is along
with the high-symmetry directions in Fig. 1, and as well, we

find out that there are clear band inversion and multiple band
crossing near the Fermi level along TY , UX , and ZT lines.
These three lines have four equivalent lines respectively in the
first Brillouin zone. Therefore, the band-crossing points along
TY , UX , and ZT have four equivalent points. In the present
study, five kinds of defects are discussed.

G

.

.



↩.

↩.

Z T Y S X U R

E
n
e
rg
y
/
e
V

G

.

.



↩.

↩.

Z T Y S X U R

E
n
e
rg
y
/
e
V

(b)

(a)

Fig. 2. (color online) Dispersion curves of (a) Ta32As32 and (b)
HTa32As32. The Fermi level in panel (b) is almost 0.1 eV above that in
panel (a). The square frames indicate the Weyl points.

3.2.1. IH

IH is represented by HTa32As32 with the symmetry group
of Pmm2, in which H atom is an interstitial atom. The disper-
sion curve of a perfect super crystal is shown in Fig. 2(a) and
the dispersion curve with a defect of H atom as an interstitial
atom is shown in Fig. 2(b). As we can see from Fig. 2(b), the
features of the band-crossings of Weyl points are fourfold de-
generacy near the Fermi level along TY , UX , and ZT lines.
However, the others are not located in corresponding area
which are not Weyl points. Compared Fig. 2(b) with Fig. 2(a),
it is found that the H atom can break the symmetry proper-
ties of TaAs and separate the degenerate curves. Although
the bonding network of TaAs is stable, the electron interac-
tions between surrounding host atoms and H atom are weak.
To some extent, the degenerate bands become non-degenerate,
which is linked to broken symmetry due to H atom. The band-
crossing point along ZT line is sensitive to perturbation. The
Fermi level was raised about 0.1 eV compared with pure TaAs.
The reason for this is that H atom provides an extra electron
which fills the bulk band of TaAs. In this case, the atomic
concentration of a H atom is about 1/65. It is reasonable to
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suppose that the Fermi energy can drop less when the con-
centration of H atoms decreases. As shown in Fig. 2(a), our
calculated Weyl points that lie near the Fermi level are about
0.54/c at line TY and 0.46/c at line XU , respectively, which is
consistent with experimental measurement.[50] The energies at
G point extends to about 0.3 eV below the Fermi level, which
is different from 0.2 eV for the perfect TaAs in Fig. 2(a). It
is well known that one of the two degenerate bands will move
up and the other will move down under perturbations, which
suggests that the symmetry breaking interaction strength of in-
terstitial is about 0.05 eV.

3.2.2. VTa

VTa is represented by Ta31As32 with the symmetry group
of Pmm2, in which a Ta atom is removed from the center of
the cell, and then a Ta vacancy cell is produced. The cal-
culated dispersion curve of Ta31As32 is plotted in Fig. 3(a).
Weyl points are located at about 0.3 eV above the Fermi level.
The Fermi level is dropped because of the lack of Ta valence
electrons. Compared vacancy with interstitial H, the shift of
Fermi level is in opposite directions. It is shown that the band-
crossings within lines TY and UX disappear. However, the
band-crossing within line ZT still exists. When the concentra-
tion of Ta vacancy (1/64) is rather high, it is enough to destruct
all the topological properties. The energies at G point extend
to about 0.4 eV near the Fermi level, which is somewhat dif-
ferent from 0.2 eV for the perfect Ta32As32 in Fig. 2(a). This
indicates that the interaction strength is symmetrically broken
by about 0.1 eV for the Ta vacancy.

3.2.3. VAs

VAs is represented by Ta32As31 with the symmetry group
of Pmm2, in which an As atom is removed from the center of
the cell, and then an As vacancy cell is produced. The calcu-
lated dispersion curve of Ta32As31 is presented in Fig. 3(b). In
this case, although the As vacancy almost does not affect the
Fermi level, the observed asymmetry is significant. The band-
crossings within lines ZT and TY still exist, while the band-
crossing within line XU disappear. The As vacancy affects
the topological properties less than Ta vacancy at the same va-
cancy concentration. The ground state electronic configura-
tions of As and Ta are [Ar]3d104s24p3 and [Xe]4f145d36s2, re-
spectively. Most known topological semimetals and topologi-
cal insulators contain one heavy element at least. It is possible
to conclude that the d and f electrons of Ta are the key to under-
standing the topological properties of TaAs. The energies at G
point extend to about 0.3 eV near the Fermi level, which is dif-
ferent from 0.2 eV for the perfect Ta32As32 in Fig. 2(a). This
indicates that the interaction strength is symmetrically broken
by about 0.05 eV for the As vacancy. These phenomena sug-
gest that the symmetry breaking interaction strengths of both

vacancies is different in this material. Compared with Ta va-
cancy, the As vacancy has less impact on the topological prop-
erties.
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Fig. 3. (color online) Dispersion curves of (a) Ta31As32 and (b) Ta32As31.
The band-crossings within lines TY and UX disappear in panel (a) and the
band-crossings within line XU disappear in panel (b). The square frames
indicate the Weyl points.

3.2.4. HTa

HTa is represented by HTa31As32 with the symmetry
group of Pmm2, in which H atom substitutes a Ta atom
on the corresponding site. The calculated dispersion curve
of HTa31As32 was plotted in Fig. 4(a). As compared with
Fig. 3(a), H atom can raise the Fermi level about 0.1 eV.
The band-crossings at XU is repaired by H, while the band-
crossing at TY is not repaired. This phenomenon is similar to
the role of H in IH. The bonding networks of HTa31As32 and
Ta32As32 are almost the same, while the Fermi level is shifted
by H and the band-crossing at TY is broken by defect. Al-
though the emergence of Ta vacancy brings dangling bonds,
H atom can heal these bonds. In this case, the topological
electronic properties can also be partially healed by H atom,
because H as a substitutional atom provides only s electrons.
To remove d and f electrons from a Ta atom in the perfect
Ta32As32 is similar to the defect HTa. It is shown that both the
d and f electrons play an important role in topological proper-
ties.

3.2.5. HAs

HAs is represented by HTa32As31 with a substitutional H
atom on an As site, which has the symmetry group of Pmm2.

097101-4



Chin. Phys. B Vol. 27, No. 9 (2018) 097101

The calculated dispersion curve of HTa32As31 is plotted in
Fig. 4(b).
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Fig. 4. (color online) Dispersion curves of (a) HTa31As32 and (b)
HTa32As31. The band-crossings within line XU can be healed in panel
(a). The band-crossing can be healed by H atom in panel (b). The square
frames indicate the Weyl points.

In this case, all the Weyl points are identified, as seen in
Fig. 4(b). As compared with Fig. 3(b), the band-crossings at
TY , XU , and ZT all appear, and the Fermi level shifts down
because H atom donates less electrons than As atom. The
bonding network of HTa32As31 and Ta32As32 are almost the
same, and the difference is that the Weyl points are located at
about 0.1 eV above the Fermi level. Although further studies
are required to clarify this question, a possible explanation is
the fact that Weyl points approach the Fermi level when the
concentration of substitutional H atom on an As site is lower
than 1/64. The vacancy of As provides dangling bonds which
H atom can heal. A credible explanation is that H atoms can
heal the topological electronic properties. The recovery effect
plays an extremely important role in the radiation resistant ma-
terials. To remove s and p electrons from an As atom in the
perfect Ta32As32 is similar to the defect HAs. This suggests
that the s and p electrons are less important for topological
properties.

3.3. Density of states

As shown in Fig. 5, there are densities of states of differ-
ent structures. We find that density of states for VAs is more
close to TaAs than VTa. This indicates that the Ta atom is more
important to the topological properties. At the same time, it

must also be mentioned that HAs is close to VAs and HTa is
close to VTa, and the differences of band dispersion both with
and without H atom are small on near the Fermi level. It looks
like that the interstitial H atom can only elevate the Fermi level
of the bulk TaAs, and H atom with proper concentrations can
fine-tune the Fermi level.
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Fig. 5. (color online) Density of states of TaAs, IH, VTa, VAs, HTa, and
HAs.

The density of states curves of different orbits of the crys-
tals are shown in Fig. 6. As compared with the partial density
of states of the perfect crystal, the defective crystals have a
higher density of states near the Fermi level. The density of
states of s-orbit, p-orbit, and d-orbit are not zero on the Fermi
level due to the lack of particle hole. Near the Fermi level,
the smallest density of states of p-orbit and d-orbit of perfect
TaAs are about 2 electrons/eV and 10 electrons/eV respec-
tively, while the corresponding values of TaAs with defects
are about 8 electrons/eV and 14 electrons/eV. The value of the
density of states suggests that p and d electrons are more im-
portant than s electrons where topological properties are con-
cerned. Our analysis shows the difference in the values of the
smallest density of states of perfection and defects of 6 eV and
4 eV respectively, in terms of p and d electrons. This illus-
trates that several defects loss more p electrons than d and s
electrons.

In addition, the specific focus is that the distribution of
density of states near the Fermi level is destroyed by the de-
fective atomic orbit hybridization.

4. Conclusion
The first principles calculations are performed to inves-

tigate its defect formation energies and explore the changes
of topological properties, when H is injected into the perfect
super-cell of TaAs. To the best of our knowledge, vacancies
are more difficult to be formed than other defects. H is more
efficient to repair the topological properties of As vacancies
than Ta vacancies. The simulation results show that different
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Fig. 6. (color online) Partial density of states of six super-cells of (a) s-
orbit, (b) p-orbit, and (c) d-orbit.

defects have different influences on the topological properties.
As H acts as an interstitial atom, it can shift the Fermi level.
This phenomenon is interesting and further effort is required to
understand the reason for shifted the Fermi level. Ta vacancy
with a concentration of 1/64 or As vacancy with a concentra-
tion of 1/64 can destruct a part of the Weyl points. H atom on
the Ta site can repair a part of the Weyl points, while the de-
fect of substitutional H atom on an As site repairs all the Weyl
points. The densities of states of HTa32As31 and Ta32As32 are
almost the same near the Fermi level. A comparison of the
curves of the density of states in different structures indicates

that d and f electrons of Ta atom are most important to topo-
logical properties. The location of Weyl points is independent
of types of defects. In addition, the Fermi level can be tuned
by concentrations of vacancies and interstitial.

On the one hand, our results suggest that the Fermi level
is regulated by changing the concentration of vacancy de-
fects and interstitial atoms in TaAs, which may potentially
be used to better separate electrons and holes in WSM. That
the concentration of defects adjusts the Fermi level, therefore,
provides a powerful method for topological material and is
broadly applicable to a variety of systems. On the other hand,
by thorough theoretical analysis, hydrogen can repair dam-
aged Weyl points, which suggests its promising applications
in reinforcing topological properties of materials and realizing
electronic transmission with low energy consumption.
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