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We report a signature of strain-controlled topological phase transition in the electronic structure
of a quasi-one-dimensional superconductor TaSe3. Using angle-resolved photoemission spectroscopy
and first-principles calculation, TaSe3 is identified to be in a weak topological insulator phase which
has topologically nontrivial surface states only at the allowed planes. Under uniaxial tensile strain,
Dirac point and the topological surface state emerge on the originally forbidden (101̄) plane, which
demonstrates the transition to a strong topological insulator phase. Our results accomplish the
experimental realization of possible topological insulating phases in TaSe3 and highlight a unique
possibility of coupling the superconductivity with two distinct topological insulating phases in a
controllable manner.

The discovery of topological insulators (TIs) has trig-
gered an intensive search for diverse topological materi-
als. For instance, strong/weak Z2 TIs [1–5], topological
crystalline insulators [6, 7], Dirac/Weyl semimetals [8, 9],
and topological superconductors (TSCs) have been ex-
plored and successfully identified [10–14]. In particular,
TSCs have attracted great interest since their Majorana
quasiparticles can be utilized for quantum computation
[15]. In searching for TSCs, intensively investigated are
the heterostructure systems based on superconducting
proximity effect [10, 11] and the superconductors which
possess topological surface state (TSS) [13, 14]. So far,
most of the previous studies have been carried out on the
systems coupled with strong TI (STI).

A quasi-one-dimensional (quasi-1D) superconductor
TaSe3 (TC ∼ 2 K) [16, 17] can be a promising mate-
rial which allows us to explore novel superconductivity
in connection with its topological property. In addi-
tion to its unusual behavior of the absence of diamag-
netic response below TC [18], the nontrivial topological
phase of this material has recently been suggested by the
first-principles calculation [19] and supported by trans-
port measurements [20–22] as well as photoemission spec-
troscopy studies [23, 24]. More intriguingly, the calcula-
tion predicts that this material locates near the bound-
ary between STI and weak topological insulator (WTI)
phases depending on its lattice sizes [19]. Indeed, re-
cent photoemission studies observed STI phase [23, 24]
whereas the transport measurement reports the absence
of TSS signal [22], indicative of the possible WTI phase
rather than STI. Putting all these things together, the

previous investigations seem to indicate that TaSe3 is a
unique superconducting system whose topological phase
can easily be changed by external or internal stimuli such
as strain. This exciting possibility of controllable topo-
logical phase transition coexisting with superconductiv-
ity is the main motivation of current study.

In this Letter, we report a detailed study on the elec-
tronic structure and topological phases of TaSe3 by angle-
resolved photoemission spectroscopy (ARPES) and first-
principles density functional theory (DFT) calculation.
The topologically nontrivial band structure was observed
with the gap induced by band inversion, while the TSS
is absent on (101̄) cleavage plane. Together with the
analysis of Z2 topological invariants, the topological na-
ture of TaSe3 is identified to belong to a WTI phase.
Furthermore, we successfully induced topological phase
transition into the STI phase by applying tensile strain,
which is signaled by the appearance of the TSS on the
same (101̄) plane. Our work suggests TaSe3 as a unique
platform to explore the interplay between superconduc-
tivity and two distinct topological phases in a controlled
manner.

Single crystals of TaSe3 with a typical size of
10×1×0.05 mm3 were grown by chemical vapor trans-
port (Fig. 1(a)). Electrical transport measurement in-
dicates the high quality of crystal with a residual resis-
tance ratio (RRR, R(300 K)/R(1.9 K)) ∼ 80 and the
superconductivity with the drop of resistance below ∼
2 K (Fig. 1(b)). Synchrotron-based ARPES measure-
ments were performed at beamlines 5-4, 5-2 of Stanford
Synchrotron Radiation Lightsource (SSRL) and beamline
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FIG. 1. (a) Images of TaSe3 single crystal. (b) Temperature-
dependent resistance along the chain direction. Inset shows
the superconducting transition at ∼ 2 K. (c) Crystal struc-
ture of TaSe3. Black solid parallelogram and blue dashed lines
indicate the unit cell and the practical cleavage plane (101̄),
respectively. (d) Calculated bulk band structure of TaSe3
with spin-orbit coupling. The weight of Ta-5d and Se-4p or-
bitals are presented by red and blue colors, respectively. (e)
Schematic illustrations of WTI (left) and STI (right) phases
in TaSe3. Below is calculated topological phase diagram as a
function of tensile strain along the b-axis. Markers indicate
points that calculations are conducted.

4.0.3 of Advanced Light Source (ALS). High-resolution
laser-based ARPES measurements were conducted at
Center for Correlated Electron Systems, Institute for Ba-
sic Science. Samples were cleaved at 10 K under ultra-
high vacuum with the pressure better than 5×10−11 Torr.
Total energy resolution was set to be better than 10 meV
for synchrotron-based and 4 meV for laser-based experi-
ments [25]. Photon energies used for each measurements
are given in the caption. DFT band calculations were
carried out with Vienna Ab initio Simulation Package
(VASP) based on the projector augmented-wave pseu-
dopotential [26, 27] in consideration of spin-orbit cou-
pling (SOC). Main results were obtained within ‘PBE’
generalized gradient approximation (GGA) for exchange-
correlation functional [28]. Other functionals, including
GGA-PBEsol [29], local density approximation (LDA)
[30, 31], and modified Becke-Johnson (mBJ) [32–34],
were also used for comparison. The maximally local-
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FIG. 2. (a) 3D and surface-projected BZs of TaSe3. The blue
plane represents (101̄) surface BZ. (b) FS measured on the
(101̄) plane (hν = 20 eV). (c),(d) Band dispersion along (c)

Γ̃–Ỹ and (d) X̃–S̃ measured by ARPES using LV (left) and
LH (right) polarized light. (e),(f) Entire band dispersions
obtained by adding up the spectra from different polarized
lights in (c),(d). Overlaid black dashed lines are the calculated
bulk bands along (e) Γ–Y and (f) Z–C. Red arrows indicate
additional hole bands which are not reproduced in the bulk
band calculation.

ized Wannier functions (MLWFs), as generated by “Wan-
nier90” code [35–37], were used for the analysis of topo-
logical invariants. For the surface electronic structure
calculations, we adopted “WannierTools” [38, 39]. The
topological nature of TaSe3 is double-checked by using
“Wien2k” [40] and “Vasp2trace” [41] software package.

TaSe3 has a quasi-1D monoclinic P21/m crystal struc-
ture [42] with prismatic chains elongating along the b-
axis. The chains are stacked via van der Waals inter-
action with a natural cleavage plane of (101̄) surface
(Fig. 1(c)). The calculated bulk band structure along
the high-symmetry lines of three-dimensional (3D) Bril-
louin zone (BZ) shows that the low-energy electronic
states are governed by Ta-5d and Se-4p orbital characters,
whose weights are depicted by red and blue colors, re-
spectively (Fig. 1(d)). The orbital-weighted band struc-
ture shows the band inversions along D-E, B-A, and Z-C
high-symmetry lines, which indicates a nontrivial topol-
ogy of the electronic structure. The band inversion and
gap opening become clearer in comparison to the calcu-
lated band structure without SOC [25]. Based on the
band inversions, the band parity at time-reversal invari-
ant momenta (TRIM) were calculated to understand the
topological nature of TaSe3. The result shows that the
parity of the highest occupied band changes at Z and B,
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FIG. 3. (a) Calculated surface electronic structure on the (101̄) surface of pristine TaSe3. The results in the areas closed by
the gray dashed box are magnified in the insets. (b),(c) Zoomed-in ARPES spectra (left) and the curvature plots (right) along

(b) Γ̃–Ỹ and (c) X̃–S̃ of Fig. 2(e),(f). (d),(e) Curvature plots compared with the calculated band structure taken from (a).
Red dashed lines are the guides to the eye for the additional hole bands indicated by red arrows in (b),(c). (f),(g) FS obtained
by (f) laser-based ARPES (hν = 11 eV) and (g) the calculation. Overlaid solid and dashed lines are guides to the eye for the
FS, of which colors represent BS (black) and SS (red). Dashed lines indicate invisible parts of FS in this photon energy [25].

(h) Band dispersion along X̃–S̃ taken from (a). (i) Band dispersion along X̃–S̃, measured by laser-based ARPES (hν = 6 eV)
(j) Curvature plot of (i) and its zoomed-in image. Overlaid lines are guides to the eye for the band dispersion.

which renders a WTI phase of the pristine TaSe3 with
topological invariants (ν0;ν1,ν2,ν3) = (0;101).

The quasi-1D structure makes the system to be easily
affected by the uniaxial strain along the chain direction,
which can also modify the topological phase. To check
the effect of the strain, DFT calculations were carried
out. Interestingly, by increasing the tensile strain along
the b-axis (black arrows in Fig. 1(c)), the band inversions
at Z and B sequentially disappear [25]. It drives the topo-
logical phase transition from WTI to STI characterized
by topological invariants (1;100) above ∼ 1.2 % of strain
and another transition to a trivial insulator phase with
more than ∼ 3.3 % of strain Fig. 1(e) [25]. Note that
a similar trend was previously reported in a theoretical
study [19] although identification of the topological na-
ture of pristine TaSe3 has a critical dependence on the
exchange-correlation functional choice [25]. An impor-
tant difference between WTI and STI is that WTI has
topologically dark surfaces, where TSS is absent, while
STI hosts TSS on every surface. In case of WTI, the
topologically dark surface is determined by the topologi-
cal invariants (ν1,ν2,ν3) [1], which is (101̄) surface for the
pristine TaSe3. Thus, the (101̄) plane is the key surface
in characterizing the topological nature and the phase
transition of this material.

To examine the electronic structure of TaSe3, ARPES

measurement was performed on the (101̄) surface. The
observed Fermi surface (FS) elongating perpendicular to
the chain direction (k⊥) reflects the quasi-1D charac-
ter (Fig. 2(b)). In particular, we focus on the band
dispersion along Γ̃–Ỹ and X̃–S̃ high-symmetry lines as
the bulk high-symmetry lines involving band inversions
are projected onto these lines (Fig. 2(a)). Both lin-
ear vertically (LV) and linear horizontally (LH) polar-
ized light were utilized to prevent any loss of the spectral
weight due to the matrix element effect. Indeed, each re-
sult taken with different polarizations visualizes different
bands (Fig. 2(c),(d)) so that both results are added up to
capture the entire band dispersion (Fig. 2(e),(f)). Over-
all band structure along Γ̃–Ỹ and X̃–S̃ are in agreement
with the bulk band calculation along Γ–Y and Z–C (black
dashed lines in Fig. 2(e),(f)), respectively, including the
gap induced by band inversion around X̃ near the EF

characterized by two separated electron bands and one
hole band located below [43]. However, there are some
bands that are not reproduced by the bulk band calcula-
tion, for example, the additional hole band at Γ̃ and the
tiny hole band around X̃ located inside the gap indicated
by red arrows in Fig. 2(e),(f), which are also found in
zoomed-in images below (Fig. 3(b),(c)).

In order to elucidate the origin of these additional
bands, we conducted surface electronic structure calcula-
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tion on the (101̄) plane (Fig. 3(a)) showing surface states
near Γ̃ and X̃ that are well separated from the projected
bulk continuum. In Fig. 3(d),(e), the calculated results
are compared with curvature plots [44] of ARPES spec-
tra (right panels of Fig. 3(b),(c)). The calculated sur-
face electronic structure reproduces the observed ARPES
spectra and unveils the surface origin of the extra bands,
which is further confirmed by comparing ARPES spec-
tra measured at several photon energies, examining the
kz independent dispersion of the bands [25].

The band topology was further investigated with
higher-resolution laser-based ARPES measurement. Fig-
ure 3(f) shows the observed (101̄) FS which agrees well
with the one in Fig. 2(b). The entire band structure is
analyzed along k‖ at several different k⊥ points between

Γ̃ and X̃ by tracing the dispersion of each band [25]. The
analysis reveals a hole pocket centered at Γ̃, two electron-
like Fermi sheets through the whole BZ, and an electron
pocket near X̃. The origins of FSs are classified by ac-
counting the calculated band (Fig. 3(g)) into bulk state
(BS) (black) and surface state (SS) (red); see the overlaid
guidelines in Fig. 3(f). Focusing on the bands crossing
EF along X̃–S̃ (Fig. 3(h)-(j)), three bands are identified;
one SS and two BSs. The SS locates inside the bulk band
gap and crosses EF twice (Fig. 3(a)), not merging into
the valence band. Also, there is no other SS to form the

Dirac point (DP) at X̃. Therefore, SS around X̃ cannot
be attributed to TSS. The absence of TSS evidences that
(101̄) plane is topologically dark, confirming the WTI
nature of pristine TaSe3.

Next, we examine the strain-induced changes of the
band structure and its topology. As noted in the phase
diagram of Fig. 1(e), the tensile strain of 1.2 – 3.3 %
can drive a topological phase transition to STI. In fact,
the calculated surface band structure with 2 % of tensile
strain along the b-axis clearly shows the Dirac point at
X̃ (Fig. 4(a)) which is consistent with the STI phase ex-
pected from the calculated topological invariants (1;100).
It is distinct from the result of the pristine case in which
DP is absent at X̃ (Fig. 3(a)). To confirm it, we ap-
plied the uniaxial tensile strain using a sample holder as
shown in Fig. 4(b) [45]. The actual value of the strain
controlled by rotating a screw, is estimated both by the
strain gauge and by analyzing the length of the sample
from the optical microscopic images (Fig. 4(c)) [25], as
summarized in Fig. 4(d). Based on these results, we ver-
ified that the appropriate strain (∼ 2 %) is applied to the
sample.

Figure 4(e) shows the FS measured on the (101̄) plane
for the strain-applied sample. The same analysis with
the above was carried out to classify each FS [25] and the
same color codes were used to indicate BS and SS. Dif-
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ferent from the pristine sample, a hole pocket centered at
Γ̃ and a narrow electron pocket along Γ̃–Ỹ are observed,
which are originated from the bulk. On the other hand,
two surface-originated bands cross at X̃ slightly below
EF (Fig. 4(g)-(i)). Notably, only one SS band disperses
above EF after crossing at X̃ and eventually merges into
the conduction band, while the other SS band goes into
the below valence band. The observed SS band, that
connects the valence and conduction band and crosses at
TRIM, strongly indicates the characteristics of the TSS.
This result therefore provides convincing evidence that
(101̄) plane is no longer topologically dark and the sys-
tem became to have a STI phase under the given strain.

We note that recent ARPES studies identify TSS on
the (101̄) surface of pristine TaSe3 [23, 24], and a transi-
tion into a trivial insulator was induced by tensile strain
[24], which is different from our observation. The dis-
crepancy would be attributed to the internal strain in the
sample. Given that TaSe3 locates in the vicinity of the
WTI–STI phase boundary (Fig. 1(e)), Se vacancies in
the as-grown single crystal can generate the unexpected
internal strain which is sufficient to alter the topological
phase of TaSe3. Indeed, in the presence of Se vacancy,
e.g. TaSe2.9, the DFT total energy has minimum at the
larger lattice constant, which corresponds to ∼ 2 % of
tensile strain [25]. This demonstrates that the internal
strain can be built by Se vacancy, and it could be strong
enough to switch the topological phase of the pristine
state. Furthermore, even in the same topological phase,
our calculation reveals that detailed band dispersion al-
ters depending on relatively small lattice size difference
within 1 % which further supports that the present sys-
tem is highly sensitive to the little variation of the lattice
constant [25].

By confirming the existence of the WTI phase, our
work completes the strain phase diagram of supercon-
ducting TaSe3 and demonstrates the transition into dif-
ferent topologically nontrivial phase, STI. This material
can thus serve as an unprecedented platform to study
the intriguing interplay between superconductivity and
two different TI phases. For instance, in WTI, TSS has
quasi-1D band dispersion which mimics the 1D topolog-
ical edge state of two-dimensional TIs. Due to the spin-
momentum locking, the spin directions are mostly anti-
parallel in the whole BZ so that the backscattering is
fully prohibited, resulting more robust TSS [4, 46]. In
case of STI, the partial skew scattering is allowed due to
the closed FS [47]. Thus, it would be expected that the
superconductivity coupled with WTI phase gives rise to
the more stable state. Furthermore, the controllability
of topological phases provides an exciting opportunity to
manipulate TSS and Majorana quasiparticles on certain
surfaces. We believe that further investigation on this
topologically nontrivial superconductor will expand our
knowledge of the exotic superconductivity.
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