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Origin of large magnetoresistance in the topological nonsymmorphic semimetal TaSe;
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TaSe; is a layered van der Waals semimetal with several inverted band gaps throughout the entire Brillouin
zone and nontrivial Z, topological indices, which place it at the boundary between a strong and a weak
topological phase. Our transport experiments reveal a quadratic nonsaturating magnetoresistance (MR) with
values reaching 10*% at 1.8 K and 14 T, whose origins have to be searched in the material’s band structure.
Here we combine angle-resolved photoelectron spectroscopy experiments, also with spin resolution, with ab
initio calculations based on density functional theory in order to draw a connection between the Fermi surface
topology and the measured transport properties. Simulations based on the calculated Fermi surface clarify that
electron-hole compensation plays an important role for the observed MR in the bulk material. At the surface,
the position of Fermi level differs, and it can be controlled by alkali metal deposition which accounts not only
for the energy shift of the bands but it slightly modifies the dispersion of the valence and conduction bands. We
propose that the observed band-gap renormalization might offer a route for engineering the topological phase in

TaSe;, alternative to strain.

DOI: 10.1103/PhysRevB.104.155122

I. INTRODUCTION

The experimental observation of an increase in the resistiv-
ity of a crystal under application of an external magnetic field
is as old as quantum mechanics [1]. Magnetoresistance (MR)
has taken a central role in modern technology with the dis-
covery of giant MR in metallic heterostructures [2,3], which
served as basis for magnetic memories until the breakthrough
of tunneling MR [4]. Owing to its commercial relevance [5,6],
large efforts have been dedicated to foster the research in
this field and new discoveries have periodically aroused the
interest of the community, recently the observation of nonsat-
urating extreme MR in WTe, [7].

This finding greatly contributed to bring nonmagnetic
semimetals under the spotlight, in parallel with the advent of
topological semimetals [8], and since then the two fields have
grown intertwined [9]. In the case of topological fermions
with linearly dispersing bands, reduced backscattering has
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been invoked to explain the observation of linear nonsaturat-
ing MR [10,11]. Such topological protection is irrelevant for
its quadratic counterpart, which is observed nowadays in an
increasing number of semimetals [12-20]. In a minimal two-
band model, the quadratic field dependence is the signature
of perfect electron-hole compensation [21-23], which was
initially put forward as the origin of the effect in WTe, [7,24].
The difficulties of ab initio calculations to correctly estimate
the size of the band gap, combined with the large sensitivity
of the compensation upon the position of the Fermi level (Ef)
[25], are compelling reasons to experimentally investigate the
Fermi surface topology. High-resolution ARPES studies par-
tially questioned the perfect electron-hole compensation [26],
not only in WTe; but also in other semimetals [16,27]. As a
result, additional effects must contribute to the nonsaturating
MR, such as temperature- and field-dependent changes in the
band structure [28] and in the charge mobilities [25], due to
the spin polarization of the band structure [29].

In this article we report on the observation of a quadratic
nonsaturating MR in TaSe; with values reaching 10%% at
1.8 K and 14 T. We relate its origin to the Fermi surface

©2021 American Physical Society
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topology by combining angle-resolved photoelectron spec-
troscopy (ARPES) and ab initio calculations based on density
functional theory. TaSe; is found at the boundary between a
strong (STI) and a weak topological insulating phase (WTI),
depending on the number of inverted band gaps [30]. Despite
being a semimetal and not an insulator, the conduction (CB)
and valence band (VB) are well separated in energy over the
entire Brillouin zone (BZ), and Z, topological indices can
be defined [31]. The Fermi surface consists of electron and
hole pockets, whose perfect compensation is an important
ingredient for the observed MR. In fact, by exploiting re-
cently developed computational methods we are capable to
reproduce the quadratic behavior of the MR in the bulk TaSe;
[23]. We notice that the experimental position of the Fermi
level differs at the surface, as measured by ARPES, and it
can be further modified by evaporation of an alkali metal (K).
Interestingly, this is not responsible for a rigid band shift,
but it induces modifications in the band structure, and we
expect that this band-gap engineering might be generalized
to devices that could tune the material across its topological
phase diagram by an electric field.

II. METHODS

A. TaSe; crystal properties and synthesis

TaSe; belongs to the family of quasi-one-dimensional (1D)
trichalcogenides, which in the past have been thoroughly in-
vestigated as a case study for charge density wave (CDW)
ordering [32,33]. Unlike the related compounds, TaSes does
not undergo a CDW transition [34,35]. It remains metallic
down to T = 1.5 K, where it becomes superconducting [36].
The monoclinic crystal structure belongs to the nonsymmor-
phic space group P2;/m (No. 11) [37]. It is composed of four
prismatic chains running along the b crystallographic direc-
tion and weakly bounded by van der Waals forces [Fig. 1(a)].
The side view of Fig. 1(b) shows that the (101) surface, indi-
cated by red lines, is the natural cleavage plane, as confirmed
by independent studies [38,39]. At the macroscopic level, the
material’s 1D character is reflected in its crystal morphology:
single crystals are needlelike, oriented along the b direction,
as shown in Fig. 1(c). High quality single crystals of TaSe3
are grown by direct sublimation of high purity Ta and Se, as
described in detail elsewhere [35,40].

B. ARPES and magnetotransport experiments

ARPES and spin-resolved ARPES (srARPES) experiments
were carried out at the low-energy branch of the APE beam-
line, at the Elettra synchrotron. The photon energy was varied
in the range 50-83 eV, and the light was horizontally polar-
ized. According to the acquisition geometry, this does not
enforce any strict selection rule on the parity of the probed
states [41]. The samples were exfoliated in ultrahigh vacuum
via the scotch-tape method at room temperature, to expose
atomically clean and flat (101) surfaces. The measurements
were performed at liquid nitrogen temperature, and the com-
bined energy and momentum resolution of the spectrometer
were equal to 20 meV and 0.2°, respectively. Deposition of
potassium (K) was achieved in situ by a commercial dispenser
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FIG. 1. (a) Crystal structure of TaSes;, made by prismatic chains
of Ta (yellow) and Se (teal) atoms running along the b crystallo-
graphic direction and weakly bounded by van der Waals interaction.
(b) Side view of the crystal structure showing that the most favor-
able cleavage termination corresponds to the (101) plane. (c) Photo
of TaSe; single crystals several cm long along the b direction.
(d) Magnetoresistance (MR) as a percent variation of the longitudinal
resistivity (p,,) with respect to the values at zero magnetic field. Each
curve in (d) is normalized to the resistivity at the lowest temperature.
At low temperature a quadratic nonsaturating MR develops. (e) De-
pendence of the Hall resistance p,, as a function of magnetic field,
for various temperatures.

(SAES), properly outgassed in advance, and during evapora-
tion the sample was kept at liquid nitrogen temperature.

For the spin-resolved (srARPES) experiments, the spin
detection is based on high efficiency very low-energy electron
diffraction (VLEED) on a Fe(001)-p(1 x 1)O target, whose
magnetization axis and direction is controlled by coils [42].
The energy and angular resolution were 50 meV and 0.75°,
respectively. By exploiting the deflecting lens, the spin sig-
nal was acquired both along momentum distribution curves
(MDCs) and energy distribution curves (EDCs). In both cases,
from the measured majority (/™) and minority (I ™) spin com-
ponents, we have calculated the spin polarization defined as
P = S({;;f[:)), where S is the Sherman function. The value of
S = 0.3 was obtained by proper calibration on a Au(111) sin-
gle crystal. Finally, the spin-up (spin-down) components are
calculated following the relation Syp/gown = (1 & P)( T+I)
as in Ref. [42].

The transport properties were probed by using a commer-
cial Physical Property Measurement System (PPMS) from
Quantum Design, operating in the temperature range 1.8—
300 K with the possibility to apply a variable magnetic field in
the range +14 T. Samples were measured in a Hall bar geome-
try, with the magnetic field applied in the direction orthogonal
to the (101) surface termination, while the electric field was
applied parallel to the chain axis, along the b crystallographic
direction.

C. First-principles calculations

First-principles calculations were carried out with the ex-
perimental lattice parameters (@ = 10.402 A, b = 3.495 A,
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c =9.829 A, and B = 106.26°) and the atomic positions from
Ref. [40]. The calculations were performed within the density
functional theory (DFT) formalism as implemented in the
Quantum ESPRESSO package [43], using the generalized
gradient approximation (GGA) and fully relativistic norm-
conserving pseudopotential to account for spin-orbit effects.
For the self-consistent calculations we used a 6 x 16 X 6 k
mesh and an 80 Ry energy cutoff for the plane-wave expan-
sion. The Fermi surface, and the momentum-resolved bulk
and surface density of states using the semi-infinite Green’s
function technique [44], were obtained from the Wannier
Hamiltonian using Wannier90 code [45].

Magnetoresistance was calculated using the combination
of the Boltzmann transport theory and the Fermi surface
obtained from first principles [23] which was implemented
in an open-source software package WANNIERTOOLS [46].
This method is validated by many nonmagnetic metals and
semimetals such as Cu [23], Bi [23], WP, [23], ZrSiS [47],
MoO; [48], and SiP, [49]. Within the relaxation time approx-
imation, the band-wise conductivity tensor o is calculated by
solving the Boltzmann equation in presence of an applied
magnetic field as [23,46,50,51]

2
0wy = dkrnvn(km(k)(—ﬁ) L
473 08 ) o—e ()
where e is the electron charge, n is the band index, t, is the
relaxation time of nth band that is assumed to be independent
on the wave vector k, f is the Fermi-Dirac distribution, v, (k)
is the group velocity defined by the gradient of band energy

1
Va(k) = = Vien(k), @)

and v,(k) is the weighted average of velocity over the past
history of the charge carrier

0

_ dt :

(k) = / —ewv,[K(@)]. 3)
—00 Tl’l

The orbital motion of charge carriers in applied magnetic field

causes the time evolution of Kk, (¢), written as

dt - _hvn[ ] X s

with k,(0) = k. The total conductivity is the sum of band-
wise conductivities, i.e., 0 = Y, o™, which is then inverted
to obtain the resistivity tensor p = o~

III. RESULTS

A. Experimental magnetoresistance

The measured MR is displayed in Fig. 1(d) as percent
variation of the longitudinal resistivity (p,,) with respect to
the values at zero magnetic field. In order to ease the com-
parison among the data set acquired at different temperatures,
each curve in Fig. 1(d) is normalized to the resistivity at
the lowest temperature. By decreasing the temperature, a
quadratic nonsaturating MR develops, which gets as large as
1.5 x 10*% at 1.8 K and for a B field of 14 T. At low tem-
peratures we resolve quantum oscillations for large B values,
thus testifying the very high quality of our single crystals.
The observation of quantum oscillations paves the way for

investigating the transport properties of TaSe; beyond the
quantum limit. We leave these aspects for a future study, and
we focus here on elucidating the origin of the MR effect. For
completeness, Fig. 1(e) shows the measured Hall resistivity
Pxy- At high temperature its behavior is well approximated by
a line, whose slope denotes that electrons are the dominant
charge carriers. By lowering the temperature, the change in
Pxy 1S nonmonotonic, in particular in the low field region the
curves flatten and this is suggestive of a possible electron-hole
compensation [23].

B. Experimental and theoretical band dispersion

In order to clarify the contribution of electron-hole com-
pensation and other mechanisms to the measured MR, we
have carried out a systematic investigation of the band
structure of TaSes; by combining ARPES with ab ini-
tio calculations, whose results are summarized in Fig. 2.
Figure 2(a) displays the bulk Brillouin zone (BZ), where the
(101) projected surface BZ (SBZ) is indicated, as well (green
rectangle). We indicate in yellow the plane orthogonal to the
b* direction, with the aim to clarify the relative orientation
of the k, axis, normal to the sample surface, with respect to
the three-dimensional (3D) BZ. The k, direction, which is
accessible to ARPES by performing photon energy dependent
studies, forms an angle ® ~ 3.5° with respect to the I'D bulk
direction. The dispersion along k, will be discussed in detail
in Fig. 3. In Fig. 2(a) the high-symmetry points are indicated,
as well, with the parity products of the valence band wave
functions at the time-reversal-invariant momentum (TRIM)
points. We anticipate that, according to our first-principle
calculations, the material is in a weak topological phase de-
scribed by Z, indices (0;1,0,1), but this will be discussed in
depth later. The calculated bulk band structure of Fig. 2(b)
clearly shows that TaSes; is a semimetal, whose valence and
conduction bands, highlighted in red and blue, are well sep-
arated in energy and both cross Ef, thus contributing to the
material’s transport properties.

Figure 2(c) shows the photoemission intensity measured
at 77 eV photon energy along the M-X-I'-Y high-symmetry
directions of the (101) SBZ. We resolve several bands; CB
forms a shallow electronlike pocket with its minimum at a
binding energy of 160 £ 10 meV. The MDC integrated at
Er [Fig. 2(e)] shows that CB has Fermi wave vectors kg, =
0.09 +0.01 A~" and kg3 = 0.09 £0.02 A~!, along XM and
TX respectively.

The VB crosses Er along I'Y with Fermi wave vector kg, =
0.04 & 0.01 A~L; the dispersion of this state is linear with
an exceptionally large band velocity of 5 x 10° m/s, com-
parable to those of CdsAs, [52,53] and ZrTes [54,55]. The
momentum-resolved surface density of states, of Fig. 2(d),
calculated for a semi-infinite crystal, reproduces well the
experimental results, with small differences. The first is the
position of Ep, which is experimentally found at larger ener-
gies. We propose that this partial » doping is due to defects
created at the surface by cleavage. The second difference
concerns the dispersion of CB. Theory predicts the band to
produce two contours at Ep, and this has consequences on the
topology of the Fermi contour that we will comment on later.
Furthermore, according to Fig. 2(d) theory predicts CB to
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FIG. 2. (a) 3D bulk Brillouin zone (BZ). High-symmetry points are indicated along with the parity of the product of the valence band
wave functions at the time-reversal-invariant momentum (TRIM) points. We illustrate also the BZ projected on the (101) surface termination,
and the 2D BZ orthogonal to the b* direction, which helps us in clarifying the relative orientation of the k, axis, orthogonal to the sample
surface. (b) Calculated bulk band dispersion, red and blue lines trace the highest occupied VB and the lowest occupied CB. (c¢) Band dispersion
measured at 77 eV along the M-X-T'-Y high-symmetry directions of the (101) SBZ. Several states are resolved, corresponding to the conduction
band (CB), the valence band (VB), and surface states (SS). (d) Momentum-resolved surface density of states calculated for a semi-infinite
crystal along the same direction of (c). (¢) Momentum distribution curve integrated from the data of (c) at Ef in order to highlight the position

of the Fermi wave vectors kg.

disperse below Ef also along I'Y . This is due to the dispersion
of the bulk state in the direction perpendicular to the sample
surface. The calculations of Fig. 2(d) are integrated over all
the possible k, values, while despite its well-known surface
sensitivity, ARPES retains a partial k, resolution [56].

In order to better analyze the bulk dispersion of CB around
the BZ center, we have varied the photon energy, and the
results are summarized in Fig. 3. Figure 3(a) shows the disper-
sion along the k, direction, which corresponds approximately
to the bulk I'D direction, as discussed previously in Fig. 2(a).
We retrieve the k, values from the photon energy for a choice
of the inner potential Vy = 10 eV, compatible with other
ARPES study [39]. As a result, the data acquired at 77 eV
correspond to a curved surface in the reciprocal space passing
near the I" point of the sixth BZ (red line). Whereas, for energy
close to 65 eV, the ARPES data can be projected on a surface
passing near D (blue line). Figures 3(b) and 3(c) compare
the band dispersion along k, and passing through those two
points. While near I [Fig. 3(c)], the linearly dispersing VB is
well resolved, the extra intensity observed near D [Fig. 3(b)] is
attributed to dispersion of CB below Ef and the partial mixing
of the VB and CB signals.

C. Fermi surface and calculated magnetoresistance

Having discussed the material’s band dispersion over the
3D bulk BZ, we are now ready for analyzing the Fermi
surface, with the aim to elucidate its topology and how it
relates to the measured MR. Figures 3(d) and 3(f) show the
measured Fermi surfaces for (ky, k) planes passing through I
and D, respectively. The dashed green rectangle delineates the
boundary of the bulk BZ for the two &, values. In Fig. 3(d) we
resolve two contours with ellipsoidal and rectangular shapes.
We attribute the former to CB, and the latter to VB, on the
basis of the evolution of the contours 75 meV below Eg
[Figs. 3(e) and 3(g)]. According to these contours, the area
of CB is found to be Acg = 0.07 £ 0.007 A2, larger than the
value estimated for VB Ayg = 0.014 + 0.007 A2, Similarly,
in Fig. 3(f) the area corresponding to the CB and VB contours
are also different.

This apparent deviation from perfect electron-hole com-
pensation is clarified by theory in Fig. 4. Figure 4(a) shows
the 3D Fermi surface, where blue and red indicate electron-
like and holelike states, respectively. We immediately notice
that, despite the 1D character of the crystal, all the Fermi
sheets form closed surfaces. In order to better compare to
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FIG. 3. (a) Band dispersion along k, as obtained by photon en-
ergy dependent ARPES, for a value of inner potential V; = 10 eV.
The k, direction forms a small angle with respect to the bulk I'D
direction. Intensity disperses below Er when moving from the I'
point (red line) of the sixth BZ towards D (blue line), which is
accessible for a photon energies closer to 65 eV. (b) and (c) Band
dispersions measured along k, for photon energies equal to 65 eV
(b) and 77 eV (c). In the former we notice the appearance of extra
intensity near D due to the presence of CB. (d) and (e) Constant
energy maps at Er and 75 meV below, measured at 77 eV. This
fixed photon energy correspond to a curved surface in the reciprocal
space passing through the bulk I" point. (f) and (g) The same as in
(d) and (e), but for 65 eV, corresponding to a surface passing near D.
All the constant energy maps have been symmetrized on the plane
ke =0A""

the experiment, we project the Fermi surface on few selected
planes for k, = 0 (b), kK, = 0.2 (c), and k, = 0.5 (d), in units
of the periodicity along the out-of-plane direction. We find
that CB is made by two sheets, and not just a single ellipsoid.
Experimentally we cannot resolve the splitting due to the
limited momentum resolution achieved for the investigated
photon energy range, but a recent laser based ARPES study
confirms the topology of CB [38]. Figure 4(c) shows that VB
forms additional sheets which are accessible only for a small
range of k, values and that are not observed in our experiment,
probably due to the limited k, resolution. This shows how
theory can assist ARPES in providing a complete picture of
the 3D Fermi surface.

As a matter of fact, our experiment overestimates the elec-
tron density and it underestimates the hole density. On the
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FIG. 4. (a) Calculated 3D Fermi surface of TaSes, blue and red
colors distinguish the electron and hole contributions. (b)—(d) Projec-
tions of the Fermi surface onto three planes for k£, = 0 (b), k, = 0.2
(c), and k;, = 0.5 (d), in units of the periodicity along the out-of-plane
direction. (e) Red circles show the simulation of longitudinal MR
based on the calculated Fermi surface as a function of B - 7, the
product between the magnetic field and the characteristic relaxation
time. A black line shows the best fit, with a a characteristic exponent
of 1.83 that well captures the quadratic behavior of the MR.

basis of the calculated Fermi surface, we carried out advanced
simulations of the transport properties by using Boltzmann
theory within a semiclassical model and relaxation time ap-
proximation. Figure 4(e) shows the simulated longitudinal
MR as a function of B - t, the product between the magnetic
field and the characteristic relaxation time. Theory well repro-
duces the quadratic nonsaturating MR, and this signifies how
important the role played by electron-hole compensation and
Fermi surface topology is in TaSes.

We finally remark that the experimental difference in the
areas of CB and VB might reflect also the shift of the E,
which we already noticed in Fig. 2. Although we attribute this
n doping to defects and Se vacancies created at the surface
in the cleavage process, we cannot fully rule out that small
doping might be present also in the bulk, partially disrupting
the perfect electron-hole compensation. Additional ingredi-
ents might be taken into account to explain the measured MR.
Recently, Tafti and co-workers have discussed the role of large
p-d orbital mixing, whose hybridization can be modified by
the action of an external B field [18]. In TaSes the p-d orbital
hybridization arises from the inversion of the energy ordering
between the Ta d and the Se p levels, due to crystal field effect
in the prismatic cage structure, combined with the action of
strong spin-orbit coupling that opens a hybridization gap at the
crossing between those levels [30]. Unfortunately this term is
not included in our simulations of the magnetotransport and
we cannot quantify its role.

D. Topology and band-gap engineering

According to the theoretical study of Nie and coauthors
[30], TaSe; should realize a STI, in contrast with our findings
that predict a WTI phase, where an additional band inversion
occurs. The transition towards the trivial semimetallic phase
would require all the band-gap inversions to be removed. The
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FIG. 5. (a) Evolution of the K 3p core level as a function of dop-
ing. (b) Change in the binding energy of the Ta 4f core levels before
(red) K deposition and at maximum coverage (black). (c) Change in
band dispersion along XM, as measured at 65 eV, before (left) K
deposition and at maximum coverage (right). The position of CB is
analyzed by fitting MDCs, and the resulting peak positions are well
approximated by parabolic bands shown in green. (d) The same as
(c) but for VB measured at 77 eV. Blue markers indicate the position
of the secondary VB maximum as estimated from a fit of the EDC.

stability of the TI phases has been tested by computing the
topological invariants for different values of hydrostatic strain,
and variations up to £5% are not sufficient to bring the system
into the trivial phase, in good agreement with the results in the
literature [30]. The discrepancy between the computed topo-
logical phases likely arises from the fact that our calculations
are based on the experimental atomic positions [37], while
ionic positions were free to relax in the above-mentioned work
[30]. For van der Waals materials, it is well known that this
procedure leads to an artificial expansion of the interlayer
distances.

Having clear in mind that TaSes; lies in proximity of
a topological phase transition, it is interesting to consider
the possibility to manipulate its topological phase. From the
computational point of view, pressure and strain are ideal
knobs. While the former is difficult to combine with ARPES
experiment, there is an increasing number of reports of strain-
dependent ARPES studies [57-59]. Such an approach has
been recently exploited to manipulate the topology of TaSes
[39]. An alternative route is offered by evaporation of alkali
metals, which has been recently reported to engineer the band
gap in many layered materials. Absorption of alkali metals,
in fact, does not induce a rigid band shift, but in transition
metal dichalcogenides [60-62], in group III monochalco-
genides [63], and in black phosphorus [64], it is responsible
for a band-gap renormalization that can even result in the full
closure of the gap and a topological phase transition [65]. We
have adopted a similar strategy for TaSes, and the results are
summarized in Fig. 5.

Figure 5(a) shows the increase in the K 3p core level,
which we monitor upon subsequent cycles of evaporations.

Figure 5(b) compares the Ta 4 f levels before adsorption (red)
and at maximum K coverage (black); a shift of 150 £ 50 meV
is observed. Figures 5(c) and 5(d) show the effect of K on
CB and VB, along XM and TY, respectively. We directly
compare the dispersion before K evaporation (left) and at
maximum coverage (right). The dispersion of CB and VB
is analyzed quantitatively by fitting MDCs. The peak posi-
tions are then approximated by a simple parabolic dispersion
(CB) and by a linear dispersion (VB) and the results are
shown as green lines. The minimum of CB is found to shift
by AEcg = 240 + 20 meV while VB experiences a shift of
AEyg = 170 £20 meV. A smaller shift is consistently ob-
served also for the secondary maximum of VB. In Fig. 5(d)
we indicate with blue circles the positions as extracted from
a fit to the EDCs, yielding a shift of AEyg = 120 &+ 30 meV.
Therefore, the bottom of CB is lower in energy more than the
maximum of VB. Such an orbital-dependent shift could be
used to control the ordering of the energy levels, and the re-
sulting p-d hybridization. One could anticipate devices based
on exfoliation of TaSes, since an even larger renormalization
of the band gap should be achievable by external electric
fields.

E. Surface states and spin polarization

The observation of special surface states (SSs) would
establish the topological phase of the material. Nie and co-
workers proposed that, in TaSes, the fingerprint of the STI
phase is a SS linearly dispersing around the X point of the
(101) surface. However, our results clarify that the observa-
tion of this state is not sufficient to ensure the STI phase
alone, since our calculations of Fig. 2(d) shows that a similar
state, labeled SS1, is present also in the WTI phase. It is
important to recall that WTIs possess special surfaces, dubbed
dark surfaces, where no topological SS are present [66]. For
TaSes, the (101) termination is a dark surface, and therefore
SS1 must be topologically trivial.

Although we cannot experimentally resolve the dispersion
of SS1 from that of CB [Figs. 2(d) and 5(c)], the calculations
of Fig. 2(d) predicts the existence of a second surface state,
labeled SS2, which exhibits large spin polarization. In order to
further discuss this property of TaSes, we need to introduce a
technical aspect, which we have neglected so far: the existence
of two different terminations. Figures 6(a) and 6(b) show the
dispersion along T'Y measured at 77 eV for the two termina-
tions, labeled A and B. We do not observe major differences
between the two band structures, except for a large transfer of
spectral weight in B from the top of VB to SS2.

The enhanced spectral weight of SS2 allows us to investi-
gate its spin polarization by means of srARPES. Figure 6(c)
displays the calculated spin polarization along the same
high-symmetry direction, SS2 is spin-split and one of its com-
ponent is well isolated within the projected band gap below
the secondary VB maximum. In the region where its disper-
sion becomes linear, SS2 hybridizes with VB that inherits a
small spin polarization. These calculations support our ex-
perimental findings. Figure 6(d) shows the spin polarization,
obtained by collecting spin EDCs for the component of the
spin vector orthogonal to the wave vector, in the region of
band structure highlighted by the green rectangle in Fig. 6(b).
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FIG. 6. (a) and (b) Band dispersion along k, measured at 77 eV for the two terminations, labeled A and B. A large transfer of spectral
weight between VB and SS is observed in B. (c) Calculated spin polarization along the same direction, for the spin component orthogonal to
the wave vector. (d) Measured spin polarization in the area of the band structure highlighted in (b) by a green rectangle. (e)—(h) Spin MDC and

spin EDCs taken along selected cuts indicated by numbers in (d).

We resolve a large spin polarization in the region of SS2,
and the spin EDCs corresponding to the wave vectors of cuts
2-4 are shown in Figs. 6(f)-6(h). Along the linear dispersion
of SS, the spin polarization is better resolved in the spin
MDC measured along cut 1 and shown in Fig. 6(e). We can
conclude that future sSrARPES studies might identify the dis-
persion of the topological SS1, by focusing in particular on the
termination B.

IV. CONCLUSIONS

In summary, we have elucidated the relation between large
nonsaturating quadratic MR and Fermi surface topology in
TaSes. We have investigated its band dispersion and the Fermi
surface by combining ARPES and ab initio calculations. Sim-
ulations based on the calculated Fermi surface suggest that
electron-hole compensation is responsible for the observed
MR. We experimentally show that the material’s band gap
can be engineered by deposition of alkali metals, which might
be exploited to induce topological phase transition in alter-

native to strain. All together our results illustrate that TaSes
combine nonsaturating MR, topology, nonsymmorphic sym-
metry, with high mobility and a band velocity as large as that
of Cd3As, and ZrTes, all embedded in a material that exhibits
also a superconducting transition. TaSe; represents thereby
an ideal platform for realizing exotic quantum phenomena,
such as fractional quantum Hall effect, anomalous Hall effect,
Majorana fermions, and topological superconductivity.
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