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We report a structural study of the Weyl semimetals TaAs and TaP, utilizing diffraction and
imaging techniques, where we show that they contain a high density of defects, leading to
non-stoichiometric single crystals of both semimetals. Despite the observed defects and non-
stoichiometry on samples grown using techniques already reported in the literature, de Haas-van
Alphen measurements on TaP reveal quantum oscillations and a high carrier mobility, an indication
that the crystals are of quality comparable to those reported elsewhere. Electronic structure calcu-
lations on TaAs reveal that the position of the Weyl points relative to the Fermi level shift with the
introduction of vacancies and stacking faults. In the case of vacancies the Fermi surface becomes
considerably altered, while the effect of stacking faults on the electronic structure is to allow the
Weyl pockets to remain close to the Fermi surface. The observation of quantum oscillations in a
non-stoichiometric crystal and the persistence of Weyl fermion pockets near the Fermi surface in a
crystal with stacking faults point to the robustness of these quantum phenomena in these materials.

I. INTRODUCTION

Weyl fermions, massless fermions predicted by Her-
mann Weyl in 19291 as solutions to the Dirac equation,
have not yet been observed as fundamental particles in
high energy physics. In 2011, however, it was predicted
that Weyl fermions can be realized in condensed matter
physics as electronic quasi-particles in the family of py-
rochlore iridates2 and the ferromagnetic spinel compound
HgCr2Se4.
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Following recent theoretical predictions of Weyl
fermions in the simple semimetal TaAs and its isostruc-
tural compounds TaP, NbAs, and NbP,4,5 Weyl fermions
were discovered experimentally shortly thereafter in
TaAs6,7 and was quickly confirmed by additional
studies,8,9 along with the discovery of Weyl fermions in
the isostructural NbAs10 and TaP.11 Several studies on
these semimetals have emerged: detailed investigations
of the Fermi surface topology,12–14 the observation of
large magnetoresistance and high carrier mobility,15–21

the report of a quantum phase transition in TaP,22 a
Raman study of the lattice dynamics identifying all
optical phonon modes in TaAs,23 a magnetization study
of TaAs,24 and pressure studies of NbAs.25,26

Until now, all four transition metal pnictide semimetals
– TaP, TaAs, NbP, and NbAs – have been studied with
an assumed nominal 1:1 stoichiometric ratio between
the transition metal and the pnictide. However, it is well
known that the thermodynamic and transport properties
of a material depend on the actual stoichiometry: e.g.,
the magnetoresistance and the Fermi surface topology
might be modified by disorder. In fact, a recent study
observed quantum interference patterns arising from
quasi-particle scattering near point defects on the surface

of a single crystalline NbP,27 followed by a theoretical
investigation of surface state quasi-particle interference
patterns in TaAs and NbP.28 It is therefore pertinent
that a structural study be carried out on these materials
to determine what, if any, defects are present.

The four semimetals have been extensively studied
prior to the recent surge of interest. In fact, a non-
stoichiometric composition for one of these compounds
was already reported in 1954:29 niobium phosphide was
found as NbP0.95, and an assumption was made that TaP
would have a similar composition: TaP0.95. The reported
symmetry, the centrosymmetric group I41/amd, was
later corrected to the non-centrosymmetric space group
I41md (# 109) for all isostructural semimetals.30,31

The phase relations were further explored in a number
of reports.32–37 Stacking disorder was reported by
Willerström in all four semimetals,38 where the disorder
originates from a formation of a metastable WC-type
(hexagonal, P 6̄m2) during the early stages of the
synthesis reaction that would partially transform into
the stable NbAs-type structure, resulting in a structure
containing variable fractions of NbAs- and WC-type
moieties. Depending on the temperature at which the
powder samples were removed from the furnace, the
nominal composition changed. Xu et al.39 performed
an extensive study on the crystal structure, electrical
transport, and magnetic properties of single crystalline
NbP. However, it was reported as stoichiometric with no
defects of any kind. Saparov et al.40 reported on exten-
sive structure, thermodynamic and transport properties
on a series of transition metal arsenides, including TaAs
and NbAs, but the samples were not single crystalline.

Here, we report a structural study on the tantalum pnic-
tide semimetals TaAs and TaP utilizing single crystal
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FIG. 1. (Color online) Crystal structure of TMPn (TM=Ta,
Nb, and Pn=As, P), which crystallizes in the non-
centrosymmetric space group I41md, depicting (a) the unit
cell, and the local environment of (b) the transition metal,
and (c) the pnictide.

x-ray diffraction (XRD), energy dispersive spectroscopy
(EDS), and transmission electron microscopy/scanning
transmission electron microscopy (TEM/STEM).

XRD is essentially a measure of electron density and
provides detailed information on the stoichiometry of a
single crystal. However, it is not as sensitive to defects
as other methods, as it assumes that all intensity is
located in Bragg peaks. Therefore, point defects show
up as reduced electron density, and stacking faults
can result in apparent twinning or in the formation
of anti-sites or anti-domains. Both of these will affect
the measured electron density. EDS cannot give any
information on possible defects, but it gives a value of
the composition of a single crystal and therefore the
overall stoichiometry, although it often has a large mar-
gin of error. In order to be able to detect defects, TEM
and STEM can give a detailed picture of the atomic
arrangement in a crystal, and, therefore, this technique
can clearly identify any possible point and planar defects.

Utilizing these three experimental methods, we show
that these semimetals – synthesized using techniques
recently reported in the literature – are, in fact, non-
stoichiometric, and display substantial defect densities.
The defects manifest themselves as site vacancies,
anti-site disorder and anti-domains due to stacking
faults. In TaP, we observe a phosphorous deficiency in
both XRD and EDS accompanied by stacking faults,
anti-site disorder and vacancies. In contrast, for TaAs,
we observe a tantalum deficiency in XRD but a range of
deficiencies in EDS, accompanied by a high density of
stacking faults only.

In addition, we present electronic structure calcula-
tions for TaAs where we show the effect of vacancies and

stacking faults on the band structure and Fermi surface.
Furthermore, we present de Haas-van Alphen measure-
ments (magnetic torque) on TaP to demonstrate that
the specimens studied here are of similar quality to those
discussed elsewhere.

II. RESULTS & DISCUSSION

The (Nb,Ta)(P,As) materials crystallize in the space
group I41md with the structure built up by a three
dimensional network of trigonal prisms of TMPn6 and
PnTM 6 (TM=Nb, Ta and Pn=P, As), as can be seen
in Fig. 1. The results of the structural refinements from
the single crystal x-ray diffraction of the two tantalum
semimetals are summarized in Table I. Both semimetals
refine with a Flack parameter41 of approximately 0.5,
indicating that these materials are racemic compounds.
What follows are results for each semimetal.

TaP. The single crystal refinement of the TaP crystal
structure displayed larger than expected anisotropic
displacement parameters (ADPs) for phosphorus when
compared to tantalum ADPs, indicating P-site defi-
ciency. Refining the site occupancy factor (SOF) of the
P-site indeed yielded a significant drop in occupancy to
0.83, and a commensurate reduction of the anisotropic
displacement parameters to match those of Ta. This
scenario was repeated for a different crystal and gave
identical results within errors. Elemental analysis via

TABLE I. Single crystal x-ray diffraction refinement parame-
ters of the TaPn semimetals, collected at ambient temper-
ature. The semimetals crystallize in I41md with Z = 4.
The atomic parameters and anisotropic displacement param-
eters (in ×104 Å2) are at the bottom. The atomic x- and y-
coordinates are the same for all atoms. The Ta z-coordinate
at 4a (0, 0, z) is fixed at z = 0, whereas the Pn z-coordinate
is refined.

TaP TaAs

Composition TaP0.83(3) Ta0.92(2)As

Formula weight (g/mol) 206.76 241.21
a (Å) 3.31641(5) 3.43646(7)
c (Å) 11.3353(2) 11.6417(3)
c/a 3.4179(1) 3.3877(1)
Volume (Å3) 124.672(2) 137.480(4)
ρcalc (g/cm3) 11.015 11.653
Data collection range 6.4° ≤ θ ≤ 66.4° 6.2° ≤ θ ≤ 66.2°
Reflections collected 3409 2562
Independent reflections 657 714
Parameters refined 11 11
R1, wR2 0.0543, 0.0971 0.0527, 0.0984
Goodness-of-fit on F 2 0.9999 1.0000

Atom Site x y z Ueq z Ueq

Ta 4a 0 0 0 30(4) 0 15(3)
Pn=As, P 4a 0 0 0.4173(3) 16(2) 0.4173(2) 25(6)
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FIG. 2. (Color online) TEM/STEM images of TaP (the tilt in the images is due to drift). (a) TEM bright field image view
of a TaP crystal with arrows highlighting the stacking faults. The faults are stacked along the c-axis. (b) Atomic resolution
HAADF-STEM Z-contrast image viewed along [010], with a region of stacking faults. As indicated by arrows, the bright
spheres are Ta atoms while the smaller, less intense spheres are P atoms. Atoms along a strip in the c-direction have been
highlighted with different colors to display the atomic models of the known I41md structure and the stacking fault region. For
clarity, the model atoms of Ta and P are of the same size. (c) An HAADF-STEM image of a different region, highlighting
anti-sites, a site vacancy, and a stacking fault. A selection of atoms has been colored to display the atomic model across the
anti-sites. (d) Diffraction pattern of the [010] direction showing streaks arising due to the stacking faults.

EDS on single crystals reveals a stoichiometric range
of TaP0.82−0.84, in excellent agreement with the XRD
results.

This non-stoichiometry initially hints at a large num-
ber of point defects (site vacancies) on the anionic P-sites,
and could also be a sign of a potential superstructure,
Ta6P5, in TaP, with 6 times the volume of the substruc-
ture. However, TEM/STEM images of a crushed crys-
tal of TaP (Fig. 2) reveal a somewhat different picture:
defects in the form of planar defects (stacking faults),
anti-sites and vacancies. The planar defects are preva-
lent with a high density of stacking faults while point
defects (anti-sites and vacancies) have much less den-
sity. In Fig. 2(a), the arrows indicate stacking faults
along the c-axis. Fig. 2(b) is a STEM high angle annu-
lar dark field (HAADF) Z-contrast image which shows

the atomic arrangement of Ta (Z = 73, bright spheres)
and P (Z = 15, small low-intensity spheres). The im-
age clearly displays the expected stacking of the known
I41md structure, disrupted by ”shifts” (indicated by yel-
low lines) of one half lattice width in a (or b), creating
a region with a different stacking arrangement. Fig. 2(c)
is an HAADF-STEM image of a different region clearly
displaying anti-site regions. These are areas where the
P sites are occupied by Ta and Ta sites occupied by P.
The normally low-intensity P sites have a much higher
intensity than expected in these regions, thus indicating
a substantial number of Ta atoms in these locations. In
addition, the Ta sites in these regions have a lower in-
tensity as expected, a sign that there are P atoms in
those columns. Furthermore, the anti-sites in Fig. 2(c)
also show point defects in the form of Ta vacancies, an
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FIG. 3. The de Haas-van Alphen signal (via magnetic torque
measurements) of TaP. The signal has been normalized by the
field and the background has been subtracted to reveal only
the oscillatory signal.

”empty” column of Ta atoms. It is possible that the col-
umn may contain some P atoms.

Fig. 2(d) shows an electron diffraction pattern of
the single crystal in the (h0l) plane with streaks along
the c∗ direction for h = 2n + 1. Due to the stacking
faults, the streaks appear along selected directions in
reciprocal space and are pronounced in the (h0l) plane
with h = 2n+ 1 positions (or, equivalently, in the (0kl)
plane with k = 2n+ 1) only. The reason for this can be
understood by examining the structure (Fig. 1) and its
layering of Ta atoms along the c-axis: as the structure
is incrementally built up along c, Ta atoms are located
in (0, 0, 0), (0, 1

2 ,
1
4 ), (12 ,

1
2 ,

1
2 ), (12 , 0,

3
4 ), and (0, 0, 1),

and so on for the next unit cell. One immediately
notices that the vectors between these positions includes
alternating shifts of 1

2a and 1
2b as the layers progress.

When a stacking fault occurs, this alternating shift
pattern is disrupted, resulting in the next Ta-atom to
be stacked directly above the previous one. Additional
layers of the same alignment may add on to create a
slab consisting of a different stacking arrangement than
the original stacking. To return to the original stacking,
an additional fault would be needed in order to bring
the next Ta-atom into the alternating shifts of 1

2a and
1
2b stacking pattern. Therefore, since the stacking faults

involve shifts by 1
2a (or equivalently, 1

2b), only (h0l) with
h odd (or k odd in (0kl)) show streaks.

The clear evidence of defects and non-stoichiometry in
TaP raises the question of crystal quality. However,
magnetic torque measurements on a single crystal of
TaP clearly display an oscillatory de Haas-van Alphen
signal (Fig. 3). Oscillations are observed as low as 1 T,

thus indicating a minimum drift mobility of 104 cm2/Vs
at 1.4 K, comparable to other reports of ultrahigh
carrier mobility in TaP.20 A Dingle plot42 suggests that
the drift mobility even exceeds 105 cm2/Vs, despite
the large number of defects. In fact, high frequency
oscillations are also observed, most likely arising due
a shift of the Fermi level produced by the defects
and/or non-stoichiometry of the samples. Further, the
oscillations differ from sample to sample, a feature that
can be attribute to different stoichiometries for different
crystals.42 The observed quantum oscillations are a sign
that, electronically, these crystals are of comparable
quality to those reported elsewhere, and it is likely that
all experiments performed so far on these materials used
non-stoichiometric samples with defects.

TaAs. For TaAs, initially the same assumption
was made as in TaP, viz. a pnictide deficiency. However,
the single crystal refinement clearly showed that the
As site is not deficient. In fact, refining the As site
occupancy factor (SOF), it increased above 1. Fixing
the arsenic SOF at 1.0 while refining the tantalum SOF,
the occupancy of the Ta site, as expected, dropped to
0.92, yielding a stoichiometry of Ta0.92As. In contrast,
EDS analysis on different single crystals showed a wide
range of elemental composition: from an As-deficiency
(TaAs0.91) to a Ta-deficiency (Ta0.7As). This wide range
observed with EDS and the discrepancy between the
XRD and EDS measurements are the result of a high
density of stacking faults, producing anti-domains.

TEM/STEM images of a crushed crystal of TaAs
(Fig. 4) clearly show the high density of stacking faults.
As in the case of TaP, the stacking faults occur along the
c-axis (Fig. 4(a)). Fig. 4(b) shows the HAADF-STEM
image where the Ta atoms are the bigger and brighter
spheres. The atomic number of As (Z = 33) is sufficient
to show the As atoms as less bright and smaller spheres.
An area along the c-axis has been highlighted to show
where the structure is broken up by regions of stacking
faults (between the yellow lines). Fig. 4(c) shows the
electron diffraction pattern in the (h0l) plane of a TaAs
single crystal, similarly to the TaP crystal, with streaks
along the c∗ direction for h = 2n + 1. Fig. 4(d) is an
illustration of the atomic arrangement showing two unit
cells separated by stacking faults.

Electronic structure calculations on stoichiometric
TaAs, TaAs containing vacancies, and TaAs containing
stacking faults were performed in order to elucidate
the effects these structural features have on the Fermi
surface, the Weyl points and the density of states (DOS).

The calculations confirm that Ta-deficient TaAs be-
haves as an electron-doped system and As-deficient TaAs
as a hole-doped system when compared to stoichiometric
TaAs (the band structures are displayed in the Appendix
in Fig. 7). Notice that the electronic structure is signif-
icantly altered when introducing vacancies: the position
of the Weyl points relative to the Fermi level has shifted
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FIG. 4. (Color online) TEM/STEM images of TaAs (the tilt in the images is due to drift). (a) TEM bright field image view
of a TaAs crystal. The faults in this case are also stacked along the c-axis. (b) Atomic resolution HAADF-STEM Z-contrast
image viewed along [010]. A strip has been highlighted to indicate unit cells of the known I41md structure and two regions of
stacking faults. (c) Diffraction pattern of the [010] direction with streaks arising due to the stacking faults. (d) Illustration of
two unit cells separated by a region of stacking faults.

dramatically in the presence of vacancies when compared
to the stoichiometric case. The DOS results are displayed
in Fig. 8. In the case of As vacancies, the DOS from
−2 eV to 0 eV is still of similar shape to the DOS of sto-
ichiometric TaAs near the EF , but with non-zero states
at EF , as expected. In contrast, Ta vacancies distort the
DOS at EF by about 0.5 states/eV/atom.

Fig. 5 shows the Fermi surfaces of three cases: stoichio-
metric TaAs, TaAs with 12.5 % Ta vacancies, and TaAs
with 12.5 % As vacancies, calculated using a 2×2×1 su-
percell (primitive unit cell), i.e., a supercell twice as long
along the a- and the b-axis. A number of small electron
and hole pockets of similar size to those found in the regu-

lar unit cell of stoichiometric TaAs exist (Fig. 5(a)), pock-
ets associated with the Weyl points.4,5 However, when
introducing Ta and As vacancies in the form of point
defects, the small electron and hole pockets appear to
form away from the Weyl points (Fig. 5(b) and (c)). No-
tice that in addition to the small pockets, much larger
Fermi surface sheets emerge upon introducing vacancies
(Fig. 5(d) and (e)). The presence of small electron/hole
pockets can explain the similar behavior in Shubnikov-de
Haas (SdH) oscillations where the larger frequencies may
be harder to detect.16

However, as noticed from the TEM results (Fig. 4), the
majority of defects are stacking faults, i.e., planar defects.
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FIG. 5. (Color online) Fermi surfaces of TaAs, TaAs with a 12.5 % Ta vacancy concentration, and TaAs with a 12.5 % As
vacancy concentration, calculated using a 2× 2× 1 supercell (primitive unit cell). The electron and hole pockets are shown in
blue and red color, respectively. In general the colors used in this figure are the same as used in Fig. 7 for the corresponding
bands. Figure (a) shows the small electron and hole pockets in the case of TaAs without any vacancy, (b) the small electron
and hole pockets that form when TaAs contains 12.5 % Ta vacancies, and (c) the small electron and hole pockets that form
when TaAs contains 12.5 % As vacancies. The corresponding Fermi surface sheets obtained in the vacancy cases are shown in
(d) and (e).

Fig. 6 compares the Fermi surface sheets of stoichiomet-
ric, ideal, TaAs with that of a stoichiometric TaAs con-
taining stacking faults (as depicted in Fig. 4(d)). The cal-
culations were performed on a 1×1×3 supercell, using a
simple tetragonal unit cell (conventional unit cell) for the
stoichiometric TaAs, and the stacking fault is accommo-
dated by taking three times the size of this unit cell along
the c-axis. If the conventional body-centered tetragonal
unit cell (primitive unit cell) would be used, the smallest
unit cell which includes a stacking fault would be larger.
Figs. 6(a) and (b) depicts the electron and hole pockets
of the stoichiometric, ideal, supercell, which include the
Weyl points. Figs. 6(c) and (d) show the correspond-
ing Fermi sheets when stacking faults are introduced.
However, when shifting the Fermi level by a rather small
amount of energy (60 meV upwards for the electron pock-
ets and 60 meV downwards for the hole pockets) the
pockets containing the Weyl points emerge again. Thus,

while the calculation corresponds to a periodic array of
stacking faults with a quite large stacking fault density
of 1/3, the Fermi surface structure is more or less pre-
served. Therefore, a different explanation for the robust
nature of the SdH behavior over several samples may be
that the main defects present in the crystals are stacking
faults as opposed to As or Ta vacancies. Band structure
calculations comparing stoichiometric, ideal, TaAs with
TaAs containing stacking faults are displayed in Fig. 9.
The effect of stacking faults near the Weyl point is to
slightly move the Fermi level, but the main features of
the band structure near the Weyl point are preserved.

Vacancy formation energy calculations were performed
to shed some light on the defects in TaAs. Using a 2×2×1
supercell (conventional body-centered unit cell), calcula-
tions for the compositions Ta16As15 (As vacancy) and
Ta15As16 (Ta vacancy) were performed. The formation
energy of an As vacancy was 4.09 eV per Ta16As15 unit,
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FIG. 6. (Color online) Figures (a) and (b) show the electron
(blue) and hole (red) pockets which include the Weyl points
in the case of a stoichiometric TaAs supercell which is three
times the unit cell along the c-axis (1×1×3 supercell). Figures
(c) and (d) show the corresponding Fermi sheets in the case of
a TaAs 1× 1× 3 supercell containing stacking faults. Figures
(e) and (f) show the same electron and hole pockets as in (c)
and (d) but with the Fermi level shifted by 60 meV upwards
and downwards for the electron and hole pocket, respectively.

while only 2.90 eV per Ta15As16 unit for a Ta vacancy.
This shows that the formation of Ta vacancies is more en-
ergetically favorable than the formation of As vacancies,
in agreement with the results from the single crystal x-ray
diffraction. In addition, a calculation of stacking fault en-
ergy yields ∆E = (ESF −E0)/A = 0.791 eV/Å2 = 126.7
mJ/m2. Here, ESF denotes the energy of a stacking fault
structure, E0 the energy of a perfect structure, and A the
surface area. The moderate value of the stacking fault en-
ergy suggest the likelihood of formation of stacking faults
in these compounds.

III. CONCLUSION

We have shown that the two tantalum pnictide
semimetals TaAs and TaP grow with stoichiometry devi-
ations, and display a high number of defect densities in
the form of stacking faults, anti-site disorder, and vacan-
cies. The differences between the two samples is striking:
while TaP displays the full range of defects and grows
with a large anionic pnictide deficiency, TaP0.83(3), TaAs
shows only stacking faults, although at a higher density
than TaP, accompanied by cationic transition metal de-
ficiency, Ta0.92(2)As. As the two semimetals were grown
using the same techniques reported in the literature, this
indicates that, most likely, all experiments performed so
far on these materials have used non-stoichiometric sam-
ples containing defects.
It is, however, clear that our crystals are electronically

of comparable quality to those studied previously, de-
spite the high number of defects and large stoichiometry
variations, since our magnetic torque measurements on
TaP reveal oscillatory de Haas-van Alphen signals and
an ultrahigh carrier mobility, two observations normally
associated with high quality crystals.
Our electronic structure calculations of TaAs show

that while the Fermi surface is considerably altered when
introducing vacancies, there still exist electron and hole
pockets of similar size to those found in stoichiometric
TaAs. These small electron and hole pockets, however,
appear to form away from the Weyl points and the
position of the Weyl points relative to the Fermi level is
shifted. Introducing a periodic array of stacking faults
show that the Fermi surface structure for the electron
and hole pockets near the Weyl points is similar to
the stoichiometric, ideal, TaAs, and the main effect
of the stacking faults is to change the location of the
Fermi level: by slightly raising or lowering the energy,
Weyl fermion pockets appear again, and of the same
size as seen in quantum oscillations. In other words,
while vacancies significantly alter the location of the
Weyl pockets, stacking faults seem to preserve the
main features (such as location and dispersion) of the
electronic structure near the Weyl points.

With quantum oscillations experimentally observed
in a single crystal containing a high number of stacking
faults and defects, and Weyl fermion pockets appearing
in the Fermi surface sheets of TaAs with stacking faults,
it is clear that our results illustrate the robustness of
these quantum phenomena in this family of semimetals.
Future studies of these materials need therefore to

carefully analyze the stoichiometry, since it is clear that
structural defects are present and may shift the actual
stoichiometry. Interestingly, these defects do not seem
to couple to the electronic transport properties, as re-
flected in the observed high mobilities, but do affect the
Weyl point positions and should have consequences for
the Weyl-related physics. It remains to be determined
what these effects will be.
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Appendix A: Band Structures and Density-of-States

1. Vacancies

Figure 7 displays the results of band structure cal-
culations of TaAs in the case of introduced vacancies.
Fig. 7(a) shows the band structure of TaAs obtained in
the body-centered tetragonal phase which is consistent
with published results. Fig. 7(b) reproduces the band
structure of the stoichiometric TaAs using a supercell
twice as long along the a- and the b-axis (four times
the volume of the unit cell), i.e., a 2 × 2 × 1 supercell
(primitive unit cell). This is in order to identify the
pockets near the Weyl points and to compare the band
structure of the stoichiometric case with the cases of
12.5 % vacancy concentration which require a similar
supercell. Fig. 7(c) shows the results obtained for
the band structure of TaAs with 12.5 % Ta vacancy
concentration, while Fig. 7(d) shows the band structure
of TaAs with 12.5 % As vacancy concentration. The
band structures are consistent with the fact that TaAs
with Ta vacancies behaves as an electron-doped system
whereas TaAs with As vacancies behaves as a hole-doped
system.

Figure 8 shows the total and partial density of states
(DOS) of stoichiometric TaAs, along with slightly Ta-
vacant TaAs, Ta15As16, and As-vacant TaAs, Ta16As15,
calculated using a 2× 2× 1 supercell (conventional unit
cell). The As vacancy case has a DOS that is still of
similar shape to the DOS of stoichiometric TaAs near
the EF , from −2 eV to 0 eV but with non-zero states
at EF , as expected. In contrast, the Ta vacancy case
seems to have distorted the DOS near EF , with about
0.5 states/eV/atom at EF .

2. Stacking Faults

Figure 9 compares the band structure of a stoichio-
metric, ideal, TaAs to that of TaAs containing a stacking
fault. In these calculations, a simple tetragonal unit cell
for the stoichiometric TaAs was used and the stacking
fault are accommodated by taking three times the size
of this unit cell along the c-axis, a 1 × 1 × 3 supercell
(conventional unit cell). The main effect of the stacking
fault is the significant changes in the bands in directions
Γ → X ′ and X ′

→ Z ′ which do not contain the Weyl
point (i.e., Σ′). The effect of the stacking fault near the
Weyl point, however, is mainly to slightly move the Fermi
level, and the main features of the band structure near
the Weyl point are preserved.

Appendix B: Methods

Sample Preparation. Single crystals of TaAs
were grown by chemical vapor transport, as previously
described.18 Polycrystalline precursor specimens were
first prepared by sealing elemental Ta and As mixtures
under vacuum in quartz ampoules and heating the mix-
tures at a rate of 100°C/hr to 700°C, followed by a dwell
at this temperature for 3 days. The polycrystalline TaAs
boules were subsequently sealed under vacuum in quartz
ampoules with 3 mg/cm3 of iodine to serve as the trans-
porting agent. The ampoules had diameters 1.4 cm and
lengths 10 cm and were placed in a horizontal tube fur-
nace such that a temperature gradient would be estab-
lished during firing. The ampoules were slowly heated
at a rate of 18°C/hr, and put into a temperature gradi-
ent with ∆T = 850°C−950°C. The ampoules were main-
tained under this condition for 3 weeks and were finally
rapidly cooled to room temperature. This process pro-
duced a large number of single crystal specimens with
typical dimensions of 0.5 mm on a side.
TaP single crystals were synthesized through a

chemical vapor transport technique using iodine as the
transport agent. 99.98% pure Ta powder and 99% pure
P lumps were introduced into quartz tubes together with
99.999% pure iodine serving as the transporting agent.
The quartz tubes were evacuated, sealed, brought to
500°C, held at this temperature for 1 day, then brought
to 650°C, held for 12 hours, and then finally raised to
975°C and held there for 5 days. Subsequently, they
were cooled to 800°C and held there for 1 day, followed
by an air quench.

Single Crystal X-ray Diffraction. Crystals of
the semimetals were structurally characterized by single
crystal x-ray diffraction using an Oxford-Diffraction
Xcalibur2 CCD system with graphite-monochromated
MoKα radiation. Data was collected to a resolution
of 0.4 Å, equivalent to 2θ = 125°. Reflections were
recorded, indexed and corrected for absorption using the
Agilent CrysAlisPro software.43 Subsequent structure
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FIG. 7. (a) The band structure of TaAs in the body centered tetragonal phase consistent with published results. (b) The
band structure of TaAs supercell containing four times the volume of the unit cell, twice along the a- and the b-axis. (c)
The band structure of TaAs with 12.5 % Ta vacancy concentration. (d) The band structure of TaAs with 12.5 % As vacancy
concentration.

refinements were carried out using CRYSTALS,44 using
atomic positions from the literature.45 The data quality
for all samples allowed for an unconstrained full matrix
refinement against F 2, with anisotropic displacement
parameters for all atoms. Crystallographic information
files (CIFs) have been deposited with ICSD (CSD Nos.
430436 and 430437 for TaP and TaAs, respectively).46

EDS. EDS was performed with a field-emission
scanning electron microscopy (Zeiss 1540 XB), on 6 to
12 spots each on the several single crystals studied. The
EDS stoichiometries quoted here result from average
values.

TEM. The TEM samples were prepared by crush-
ing single crystals that were previously checked by XRD,
in Ethyl Alcohol 200 Proof in a pestle and mortar. The
suspension was then dropped onto a carbon/formvar
TEM grid (Ted Pella, Inc.) using a 1.5 ml pipette.

TEM/STEM images were collected using the probe
aberration corrected JEOL JEM-ARM200cF with a cold
field emission gun at 80 kV to avoid beam damage. The
STEM high angle annular dark field (STEM-HAADF)
images were taken with the JEOL HAADF detector
using the following experimental conditions: probe size
7c, CL aperture 30 µm, scan speed 32 µs/pixel, and
camera length 8 cm, which corresponds to a probe
convergence semi-angle of 11 mrad and collection angles
of 76−174.6 mrad. Qualitatively, the intensity of atomic
columns in STEM-HAADF images is proportional to
the atomic number Zn, where n is close to 2, i.e., they
are Z-number-sensitive images (Z-contrast). The STEM
resolution of the microscope is 0.78 Å.

Electronic structure calculations. Electronic
structure calculations were performed by using the
Vienna ab-initio simulation package47–50 (VASP) within
the generalized gradient approximation (GGA). We
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FIG. 8. Total and partial density of states of stoichiometric
TaAs (bottom panel), TaAs with As vacancies (middle panel),
and TaAs with Ta vacancies (top panel).

have included the contribution of spin-orbit coupling in
our calculations. The Perdew-Burke-Ernzerhof (PBE)
exchange correlation functional51 and the projected
augmented wave (PAW) methodology52 were used to
describe the core electrons. The 5s, 5p and 5d electrons
for Ta and the 3d, 4s and 4p electrons for As were
treated as valence electrons in all our calculations.
The energy cut off for the plane-wave basis was chosen
to be 600 meV. A total of 208 bands and a k−point
mesh of 8 × 8 × 8 were used for the self-consistent
ground state calculations. A total of 100 k−points were
chosen between each pair of special k−points in the
Brillouin-zone for the band-structure calculations. The
Fermi surfaces were generated using a k−point mesh of
10 × 10 × 16. The Fermi surfaces were generated using
the eigenvalues obtained from VASP and were visualized
using the XCrysden software.53

In the case of the formation energy calculations, the
calculations were carried out using the linearized aug-
mented plane-wave (LAPW) method as implemented in
the WIEN2K code, with the fully relaxed structures gen-
erated from VASP. The LAPW sphere radii were 2.35
bohr for both Ta and As. The cut-off parameter for the
basis was RminKmax = 9. We used well converged k-
point sampling for the total energy calculations which are
sensitive to k-points, especially in the formation energy
calculations. For the vacancy formation energy calcula-
tion, a 2× 2× 1 supercell was generated, which includes
31 Ta and As atoms and one Ta or As vacancy, yielding
a composition of Ta15As16 and Ta16As15, respectively.
Then the vacancy formation energy was calculated us-
ing ∆Hf = Eα −Ehost +

∑
α nαµα, where Eα and Ehost

are the energies with and without vacancy α. Here, nα

and µα are the number of vacancies and the chemical
potential of vacancy α in the elemental phase, respec-

tively. The formation energies shown in the results are
calculated within WIEN2K with spin-orbit coupling.
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FIG. 9. (a) The band structure along certain high symmetry points of a stoichiometric TaAs supercell three times the unit cell
along the c-axis. (b) The band structure in the case of a TaAs supercell containing one stacking fault.
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