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Abstract

The family of transition-metal dipnictides has been of theoretical and experimental interest
because this family hosts topological states and extremely large magnetoresistance (MR).
Recently, TaAs;, a member of this family, has been predicted to support a topological
crystalline insulating state. Here, by using high-resolution angle-resolved photoemission
spectroscopy (ARPES), we reveal both closed and open pockets in the metallic Fermi surface
(FS) and linearly dispersive bands on the (201) surface, along with the presence of extreme MR
observed from magneto-transport measurements. A comparison of the ARPES results with
first-principles computations shows that the linearly dispersive bands on the measured surface
of TaAs, are trivial bulk bands. The absence of symmetry-protected surface state on the (201)
surface indicates its topologically dark nature. The presence of open FS features suggests that
the open-orbit fermiology could contribute to the extremely large MR of TaAs;.

Keywords: angle-resolved photoemission spectroscopy, electronic structure,
transition metal dipnictide, extreme magnetoresistance
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1. Introduction

Nontrivial insulators with spin-polarized surface states—the
topological insulators (TIs) [1-4]—spurred an intense interest
in topological quantum materials in view of their novel physics
and potential applications. In three dimensions, the Z, topolo-
gical invariants (v¢:v1,13) serve as quantum numbers classi-
fying the strong and weak nontriviality of the TIs [5, 6]. The
non-zero value of the strong topological index (vo = 1) dis-
tinguishes strong TIs from other insulators, while the weak
TIs are characterized by non-zero value of at least one of the
weak topological indices (v;1,13). The gapless surface states
in strong T1s form an odd number of Dirac cones and are robust
as long as the time-reversal symmetry is preserved [1-3, 7-9].
In contrast, weak TIs feature an even number of Dirac cones
on specific surfaces which are not robust against disorder, with
the remaining surfaces being topologically dark, i.e. without
topological surface state [5, 6, 10]. In the so-called topolo-
gical crystalline insulators (TCIs), the crystalline symmetries
such as the mirror or rotational symmetry can protect the Dirac
nodes [11-14]. In such TIs, the Dirac nodes may appear at gen-
eric momentum positions away from the time-reversal invari-
ant momentum (TRIM) points [12-17].

Transition metal dipnictides (TMDs) have been attract-
ing research interest due to their potential to host topolo-
gical states [17-25] and exhibit extremely large magnetoresist-
ance (MR) [25-38]. TMDs possess multiple crystalline sym-
metries, such as the mirror and rotational symmetries that
can support various crystalline symmetry protected topolo-
gical states in their electronic structures [17, 18]. TnPn, (Tn =
Nb, Ta; Pn = P, As,Sb), which belong to the TMD family,
have been predicted to feature weakly non-trivial electronic
structure [17-19] characterized by non-trivial weak topolo-
gical indices (v11,13) = (111). The extremely large values of
MR in quantum materials have been reported to originate from
various factors, including the compensation of electron—hole
density [22, 39-41], open Fermi surface (FS) orbits [33, 42],
and ultrahigh mobility [43, 44]. Within the TMD family, there
is no consensus on the origin of the extremely large MR with
suggestions ranging from electron—hole compensation [22, 28,
29, 45] to open-orbits in the FS [33] and other possible factors
such as high residual resistivity ratio and ultrahigh mobility
[26, 32, 46].

TaAs;, which is a member of the TMD family, respects
both time-reversal and inversion symmetries, and it has been
predicted to be a weak TI [17-19] and a rotational sym-
metry protected TCI with type-II Dirac dispersion on the
(010) surface [17], along with a large unsaturating MR [19].
Therefore, a comprehensive investigation to understand the
topological nature of its electronic structure is desirable. A
previous theoretical study predicts equal volume of electron
and hole pockets in the FS indicative of a near electron—
hole compensation in this material [17]. Some magnetotrans-
port reports also suggest TaAs, to have almost complete
electron-hole compensation with high carrier mobility [28,
29], while others report a finite imbalance between the elec-
tron and hole densities suggesting TaAs, as a not perfectly
compensated semimetal [ 19]. The contribution of other factors

to the extremely large MR in TaAs, thus warrants further
investigation.

Here, by using high-resolution angle-resolved photoemis-
sion spectroscopy (ARPES) in conjunction with density func-
tional theory (DFT) computations, we report the detailed
study of the electronic structure of TaAs,. Our study elucid-
ates the metallic FS of TaAs,, which comprises of closed
electron and hole pockets as well as some non-closing fea-
tures. Linearly dispersing states are observed on the cleaved
(201) surface, which is different from the (010) surface pre-
dicted to feature rotational-symmetry protected surface state.
A careful comparison of the experimental and computa-
tional results confirms that the observed linear bands are, in
fact, trivial bulk bands. Our magneto-transport measurements
reveal extremely large MR. The presence of non-closing fea-
ture in the FS could point to the possibility of open-orbit fermi-
ology being a contributing factor toward such large MR. Our
study provides a framework for a deeper understanding of the
electronic structure and the origin of the unusual MR in the
TMD-family.

2. Methods

Stoichiometric amounts of elemental Ta and high-purity As
were put in two different alumina crucibles and were sub-
sequently placed in a fused silica tube. High purity I, was used
as a growth agent with a typical concentration of 2 mgcm™3.
The tube was then sealed under vacuum and the crystals were
grown in a temperature gradient of 900 °C (source) to 850 °C
(sink) for 7 days. Large plate like crystals with length of 3—
7mm were obtained with some redundant arsenic grains in
the ampule. The crystal structure was determined by x-ray dif-
fraction on a Kuma-diffraction KM4 four-circle diffractometer
equipped with a CCD camera using Mo Ka radiation, while
chemical composition was checked by energy dispersive x-
ray analysis performed using a FEI scanning electron micro-
scope equipped with an EDAX Genesis XM4 spectrometer.
Transport measurements were performed in a quantum design
physical property measurement system. Gold wire (25 micron)
contacts were placed on the sample using Epotek H20E Epoxy.
A four-probe contact method was used for the AC resistiv-
ity measurement with an excitation current of 3 mA at a fre-
quency of 57.9 Hz. Electrical resistivity measurements were
performed in a temperature range of 2-250 K and MR meas-
urements were performed at 1.8 K and an applied field up to
9T.

Synchrotron-based ARPES measurements of the electronic
structure were performed at the Advanced Light Source beam-
line 10.0.1.1 at the Berkeley National Laboratory, which is
equipped with a Scienta R4000 hemispherical electron ana-
lyzer. Single crystals were cleaved in-situ in an ultra-high
vacuum condition (better than 10~'° Torr). The cleaved crystal
surfaces did not degrade within the time period of our measure-
ments. The energy resolution was set to be better than 20 meV
and the angular resolution was set to be better than 0.2° for the
synchrotron measurements. Measurements were conducted at
a temperature of 18 K.
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First-principles calculations based on DFT [47, 48] were
performed using the projector augmented wave method [49]
as implemented in the Vienna ab initio Simulation Package
[50-53]. Exchange-correlation effects were treated using the
generalized gradient approximation [54]. An energy cutoff of
350 eV was used for the plane-wave basis set and a I'-centered
12x12x8 k-mesh was used for Brillouin zone (BZ) integ-
rations. The atomic positions were relaxed until the residual
forces were less than 0.001 eV A~! on each atom. A tight bind-
ing model with atom centered Wannier functions was con-
structed using the VASP2WANNIERQo interface [55]. The
constant energy contours and the energy—momentum spectrum
projected on to the (201) surface were obtained using the iter-
ative Green’s function method, employing the WannierTools
package [56].

3. Results and discussion

TaAs; crystallizes in a monoclinic structure (figure 1(a)) with
space group number 12 (C2/m). With a non-magnetic ground
state, TaAs, respects the mirror symmetry, a two fold (C;10})
rotational symmetry, and the inversion symmetry [17, 18, 28,
36]. Figure 1(b) shows the spectroscopic core level spectrum
of TaAs,. Sharp peaks of As 3d3/,, As 3ds;,, Ta 4f5/, and
Ta 4f7,, are observed along with a small peak of Ta 5p3,,
(see inset). Figure 1(c) shows the bulk primitive BZ with high
symmetry points marked by blue dots. Temperature-dependent
resistivity plot shows the semimetallic/metallic nature down
to 1.8 K (figure 1(d)). Figure 1(e) shows MR as a function
of the applied field. The MR remains unsaturated up to 9T,
and at a temperature of 1.8 K with an applied field of 9T, a
colossal MR =2 44 000% is observed, which is compatible with
the value reported in semimetallic materials such as WTe,
[57].

Figure 1(f) showcases the calculated bulk band structure
without the spin—orbit coupling (SOC) effects. Contributions
from various orbitals to the band structure are distinguished
by using different colors. Three band crossings are identified
at distinct momentum positions along the M—A and I'-Y dir-
ections, which form nodal-lines across A and nodal-loops near
M (see [17] for the schematic illustration of these nodal lines
and loops). The inclusion of SOC leads to the band inversion
mainly between Ta d,» and Ta d,, orbitals at the Y and A points
and the nodal lines/loops are gapped out (figure 1(g)). The size
of the SOC gap is around 300 meV (also see [17]).

Result of Laue diffraction to identify the orientation of
the cleaved surface is presented in figure 2 and results of the
ARPES measurements are presented in figures 3 and 4 to
reveal the detailed electronic structure of TaAs,. The exper-
imental Laue diffraction pattern is seen to match well with
the QLaue simulation for the (201) plane, indicating that
the favorable cleaving surface of TaAs, is the (201) surface,
which also has the lowest cleavage energy [58]. This sur-
face is different from the (010) surface that is predicted to

host rotational crystalline-symmetry-protected surface states
[17]. Figure 3(a) shows the FS (leftmost panel) and the
constant energy contours measured using a photon energy
of 60eV. The FS comprises of several features depicting a
metallic nature. A similar FS is observed with measurements
using a photon energy of 55eV. Following the band evolu-
tion while moving toward higher binding energies, we see that
the elliptical (circular) pocket indicated by h (e) on the FS
increases (decreases up to 50 meV) in size confirming the hole
(electron)-like nature of the associated bands near the Fermi
level. Figures 3(c) and (d) show the calculated FS and the con-
stant energy contour at a binding energy of 50 meV, respect-
ively, which show the presence of electron and hole pockets as
observed in figure 3(a). In the experimental FSs in figures 3(a)
and (b), two non-closing FS features seem to extend along
the k, direction within |k;| = 0.77! and |k;| = 1.25~! (traced
by green and blue circles in figure 3(b), which represent the
peak positions in the k; versus intensity plot). Open FS fea-
tures have also been reported in isostructural NbAs, [59] and
MoAs, [33].

We now present the low photon energy dispersion maps
along the directions represented by k, and k; around the elec-
tron like pockets observed in the FS (figure 4(a)). By fol-
lowing the dashed black box in figure 4(a) while moving
toward higher binding energies, we can see that the small cir-
cular pocket evolves into almost a point (see —65 meV con-
stant energy contour) and the circle reappears, as seen in the
constant energy contour at around 120 meV below the Fermi
level, which corresponds to the lower part of a linear crossing
feature. Along the k, direction, which cuts through the two
electron-like pockets, we can clearly observe two linear cross-
ings, shown by green arrows in figure 4(b). Figure 4(c) shows
the dispersion map along the k;, momentum direction. Once
again, we observe a similar linear crossing. The observation
of the linear crossing along k, and k; nicely match with lin-
ear feature in the calculated dispersion maps (figures 4(d) and
(e)). Comparison with the calculated results along this generic
momentum direction clearly indicates that the bands associ-
ated with the linear crossing feature are formed by trivial bulk
bands.

Next, we discuss the dispersion of the bands along the
momentum directions indicated by the cuts 1 —5 in figure 5(a).
At the center of the elliptical pocket around the center of
the BZ (cutl), we clearly observe hole-like bands crossing
the Fermi level. An electron band can also be seen drop-
ping below the Fermi level away from the zone center on
either side. Moving toward cut2, a linear crossing-like fea-
ture can be seen where the lower part of this feature over-
laps with another bulk band. Moving away from cut2, the
linear crossing disappears and a gap appears. Along cut3
(and cut4, which lies in next BZ), the gap is at its largest
and an electron-band-like feature appears with its minimum
lying slightly below the Fermi level spanning between the
two electron pockets (marked by black arrows for cut4 in
figure 5(b)). Along cut5, which lies in the next BZ, we
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Figure 1. Crystal structure, bulk characterization, and the computed band structures. (a) Monoclinic crystal structure of TaAs; with
conventional unit cell (left) and primitive unit cell (right). Red and blue balls represent Ta and As atoms, respectively. Purple plane

represents the (201) plane. (b) Spectroscopic core level spectrum. The inset shows the zoomed-in view around the region pointed to by the
arrow. (c) Primitive bulk BZ labeled with the high symmetry points. A two-dimensional BZ projected onto the (201) surface is also shown.
(d) Temperature dependence of the resistivity in the absence of applied field. (e) Unsaturated MR up to 9 T at a temperature of 1.8 K. (f)—(g)

Bulk band calculations along the high symmetry directions without and with spin—orbit coupling.
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Figure 2. Laue diffraction from TaAs;. (a) The Laue diffraction. (b) QLaue simulation. (¢) Comparison of experimental result with QLaue

simulation.

again observe the linear-crossing feature. The dispersion map
along the cutl direction, measured with a different photon
energy of 55eV is presented in figure 5(c). It shows features
that are similar to those seen the first panel of figure 5(b).
The calculated surface spectrum along the cutl direction
(figure 5(c)) is in good overall accord with the experimental
results.

The Z, topological invariants (vg:v;1,13) in TaAs, are
found to be (0;111) indicating its weak non-trivial topology
[17-19]. The (010) surface is predicted to support topological
surface states protected by two-fold rotational symmetry, giv-
ing rise to a rotational-symmetry-protected TCI phase [17].

Our crystals, however, are cleaved along the (201) plane,
which, unlike the (010) surface, does not preserve the rota-
tional symmetry. Therefore, this surface is not expected to host
surface Dirac states, which is indeed found to be the case in
our experiments. This surface is thus a topologically dark sur-
face in this weak TI material. Furthermore, the observed lin-
ear crossings do not lie at the TRIM points and correlate well
with the computed bulk bands, indicating their bulk origin. The
presence of open features on the FS suggests that open-orbit
fermiology could also play arole in generating extremely large
MR in TaAs;, similar to what has been reported in other iso-
structural TMDs [33, 59].
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Figure 3. FS and evolution of band pockets with binding energy. (a) FS (left most panel) and constant energy contours of TaAs, measured
with 60 eV photon energy. Binding energies are given on top of the plots. (b) Experimental FS measured using a photon energy of 55eV.
(c)—(d) Calculated FS and constant energy contour at 50 meV binding energy.
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Figure 4. Observation of the linearly crossing features along the generic momentum directions. (a) FS (left) and constant energy contours
(right) measured at a photon energy of 55 eV. At around 65 meV binding energy, electron pockets evolve into a point like feature (follow the
black dashed box). (b)—(c) Experimental dispersion maps along k, (b) and k; (c) as indicated by dashed line in the FS map in figure 4(a)
leftmost panel. Observed linear crossings correspond to the momentum position of two electron like pockets, shown by green arrows. (d)-(e)
Calculated bulk band structure along k, and ky.
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Figure 5. Dispersion maps along various directions. (a) FS map measured at 60 eV photon energy. The dashed lines show the momentum
cut directions 1—5 along which the dispersion maps in (b) are taken. (c) Experimental dispersion map along cutl measured with 55eV
photon energy. (d) Calculated band dispersion along the cutl direction direction.

4. Conclusion

We report an in-depth ARPES study of the electronic struc-
ture of TaAs; along with parallel first-principles calculations.
The FS is found to contain multiple open and closed pockets.
Several linearly crossing features near the Fermi energy are
observed in the ARPES spectra, but our analysis indicates that
these features are connected with bulk bands. Our study shows
that the (201) surface of TaAs,, which is a weak TI/TCI can-
didate material, is topologically dark in that it does not support
crystalline symmetry protected surface states. The presence of
open FS pockets suggests that the open-orbit fermiology could
also contribute to the extremely large MR of TaAs;.
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