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We report a succession of pressure-tuned structural transitions in the topological nodal-line superconductor
PbTaSe2, evidenced from synchrotron x-ray diffraction, elastic neutron scattering, Raman spectroscopy, and
electrical transport measurements up to 56 GPa, accompanied by first-principles calculations to uncover the
evolution of the underlying electronic structure. In contrast to the previously proposed small shift of the Pb
Wyckoff coordinate in the sub-GPa regime, our study reveals that it is rather a transition from P6m2 (α phase)
to P63mc (β phase), subsequently followed by a transition to P6/mmm (γ phase) at ∼7.5 GPa and to Pmmm (δ
phase) at ∼44 GPa. In addition, the first-principles calculations unambiguously demonstrate the multiple types of
topological fermions associated with these different pressure-driven structures. Collectively, our results not only
present the intriguing structural transitions in this topological PbTaSe2 superconductor, they also provide the
impetus to study topological phase transitions and their physical consequences in a broader class of topological
materials.

DOI: 10.1103/PhysRevB.106.L060501

Topological semimetals, such as Dirac, Weyl, and nodal-
line semimetals, have been a subject of intense interest ever
since they were theoretically predicted and experimentally
verified, revitalizing the field of condensed-matter physics
[1–5]. Apart from their conceptual richness, topological
semimetals also hold promise for applications in, for instance,
spintronics, based on their spin-momentum-locked surface
states. Despite many nodal-line semimetals having been theo-
retically proposed, only some of them, such as ZrSiX (X = S,
Se, Te) [6,7], PbTaSe2 [8–13], AuSn4 [14], SrAs3 [15], and
MnAlGe [16], have been synthesized and validated in exper-
iments. Among these nodal-line semimetals, some have been
found to be superconducting at ambient conditions and as
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such, they provide the material candidates in studying topo-
logical superconductivity. PbTaSe2 is such an example.

Although it was first discovered in the 1980s [8], PbTaSe2

only attracted tremendous research interest in recent years
after its topological electronic structure was experimentally
identified [9–13,17,18]. This stoichiometric PbTaSe2 is par-
ticularly interesting as it is also superconducting below Tc =
3.8 K at ambient pressure, offering an interesting play-
ground to study topological superconductivity [9,10,18,19].
Structurally, PbTaSe2 consists of alternating stacks of hexag-
onal TaSe2 and Pb layers, with the Ta atoms situated at a
position that breaks the inversion symmetry [see Fig. 1(a)].
This crystal structure has the P6m2 space group. Due to its
noncentrosymmetric structure and strong spin-orbit coupling
(SOC) inherent to the heavy Pb atom, the spin degeneracy of
electronic bands is lifted and lines of Dirac nodes are formed
in the vicinity of the Fermi level [10]. The bulk supercon-
ductivity observed in this Dirac nodal-line semimetal makes
it one of the candidates to host topological superconductivity
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FIG. 1. Schematic diagrams of the crystal structure evolution
with increasing pressure. There exist four different structures up to
56 GPa, with space groups of P6m2, P63mc, P6/mmm, and Pmmm
that are denoted as the α phase, β phase, γ phase, and δ phase,
respectively. Note that the c-axis lattice constant is nearly doubled in
the β phase. In the γ phase, the half-white–half-gold sphere indicates
Ta positions are only half occupied.

[10,18]. Indeed, topological surface states have recently been
visualized by scanning tunneling microscopy and the Majo-
rana bound states were also claimed on the Pb-terminated
surface of this fully gapped superconductor [18].

More intriguingly, it was recently observed that the struc-
ture of PbTaSe2 is highly sensitive to external pressure
[20–22]. A sharp, first-order structural transition (occurring
at ambient pressure near ∼425 K) was found to be entirely
suppressed by a small hydrostatic pressure of ∼0.25 GPa,
accompanied by a steplike decrease of Tc in the new phase
[see Fig. S6 in the Supplemental Material (SM) for the low-
pressure phase diagram [23]]. In this new structure, the c-axis
lattice parameter shrinks (more precisely, c/2 in the new struc-
ture is smaller than c of the pristine P6m2 phase if the unit
cell is nearly doubled along the c axis, as it occurs here, to
be discussed later) whereas the a axis expands [21]. Although
the first-principles calculations suggested that this is due to
the shift of Pb atoms from the 1a to 1e Wyckoff position with
Ta and Se positions remaining unchanged [21], direct experi-
mental evidence for this structural transition is still lacking.

Here, we report a synchrotron x-ray diffraction (XRD)
study of the crystal structure of PbTaSe2 up to 56 GPa to
reveal the nature of its structural transitions under pressure.
In contrast to a previous proposal [21], it is found that the
lattice actually undergoes a transition from P6m2 (α phase) to
P63mc (β phase) in the sub-GPa pressure regime. In addition,
there are two more structural transitions in the high-pressure
range, driving the lattice to P6/mmm (γ phase) at ∼7.5 GPa
and to Pmmm (δ phase) at ∼44 GPa, sequentially. Comple-
mentary to the synchrotron XRD, elastic neutron scattering,
Raman spectroscopy, and electrical transport have also been
conducted to investigate the change in its electronic and lattice
properties. Importantly, the electronic band structure, studied
by first-principles calculations, displays a plethora of topolog-
ically nontrivial states rooted in these structures, providing a
versatile platform to study topological phase transitions under
pressure.

FIG. 2. The XRD patterns under pressure and the extracted lat-
tice parameters. (a) and (b) The XRD patterns of PbTaSe2 taken in a
pressure range of 0.5–56.4 GPa. From a pressure of ∼0.5 to ∼6 GPa,
it is the β phase; from ∼7.5 to ∼42.5 GPa, it is the γ phase; from
∼44.1 to ∼56.4 GPa, it is the δ phase. For clarity, the index for each
peak is only illustrated in the first panel of Figs. S3– S5 in the SM
for each phase [23]. (c) and (d) The lattice constants and the unit-cell
volumes in individual phases.

The experimental and computational methods used in this
study as well as some supporting data under pressure are
described in the SM [23–33]. The powder XRD pattern of
the pulverized PbTaSe2 single crystals at ambient pressure
and temperature has been studied and it is found that the
diffraction peaks of our samples can be indexed into the
noncentrosymmetric P6m2 space group (No. 187), consistent
with previous works [17]. The lattice constants extracted from
XRD are a = 3.45 Å and c = 9.35 Å. This structure is com-
prised of alternately stacked hexagonal Pb and TaSe2 layers
[Fig. 1(a)]. In the TaSe2 layer, a hexagonal Ta atomic plane
is sandwiched by two hexagonal Se atomic layers. The lattice
can thus be viewed as a Pb layer intercalating two adjacent
TaSe2 layers with Pb atoms sitting right above the Se atoms.
Further, we performed the high-pressure synchrotron XRD
measurements on the pulverized single crystals as shown in
Fig. 2 at different pressures. The data were taken in the angle
range of 2θ = 6◦–24◦ and the Le Bail refinement was utilized
to identify the underlying phases. Note that this angle range
is very limited due to the intrinsic technical issue in all high-
pressure XRD experiments with the diamond anvil cell. It is
found that the data between 0.5 and 6 GPa cannot be indexed
with P6m2, nor to the Pb-1e (Pb-1c) structure suggested by
Kaluarachchi et al. [21], where the Pb atom shifts from the
1a to 1e (1c) Wyckoff positions without changing the global
symmetry. Rather, the data can only be overall fitted with
the P63mc space group that was also considered in their pi-
oneering work [21]. The P63mc structure can be obtained by
doubling the unit cell of the P6m2 structure along the c-axis
lattice vector and then moving the upper half of the unit cell
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by 1/3 along the long diagonal of the basal plane [1/3(b − a)]
[see Fig. 1(b) and Ref. [21]]. This P63mc structure under this
low pressure can be well justified for the following reasons:
As indicated by transmission electron microscopy (TEM) and
XRD measurements at ambient pressure [21], compared to
the P6m2 phase, this high-temperature/high-pressure phase
shows a contraction in the c-axis constant (or more precisely,
c/2 of the new phase is smaller than c of the original P6m2
phase if the unit cell is doubled along the c axis, as it occurs
here) while the basal plane (a axis) undergoes a normal ex-
pansion. Our fitting at 0.5 GPa also shows this trend; c/2 in
the P63mc phase is smaller than the c-axis lattice constant of
the P6m2 phase whereas the a axis gets expanded.

As the pressure is further increased beyond 6.0 GPa, new
peaks emerge in the XRD pattern, suggestive of the new struc-
tural transition. The pattern at 7.5 GPa can be best fitted with
the P6/mmm space group (hexagonal), in which Ta atoms
sit at one of two equivalent (1/3, 2/3, 1/2) sites with half
occupancy, i.e., Ta is distributed evenly statistically without
ordering within each TaSe2 layer [Fig. 1(c)]. As seen from
Fig. 2, this same structure persists up to ∼42.5 GPa. In this
P6/mmm structure, the unit cell is comprised of alternately
stacked hexagonal Pb and TaSe2 layers. In the TaSe2 layers, a
hexagonal Ta atomic plane is sandwiched between two hexag-
onal Se atomic planes, and the Pb atomic layer is intercalated
between two adjacent TaSe2 layers, with Pb atoms sitting
right above the Se atoms [see Fig. 1(c)]. In this structure, Pb
occupies the Wyckoff 1a position and Ta (Se) resides at the
position of 2d (2e). A further increase in the pressure causes
the splitting of a peak around 2θ ∼ 16◦ and an additional
peak around 11◦ [Fig. 2(b)]. The XRD patterns from 44.1
to 56.4 GPa have been fitted with the Pmmm (orthorhombic)
space group as demonstrated in the SM (Fig. S5) [23]. In this
unit cell, Pb is located at the orthorhombic corners; Ta and Se
coordinates are schematically shown in Fig. 1(d). Here, Pb is
at the Wyckoff position of 1a and Ta (Se) at the position of 1 f
(1b and 1e).

The lattice parameters and the volume of the unit cell
extracted from the above XRD analysis are summarized in
Fig. 2. For simplicity, we designate the space groups P6m2,
P63mc, P6/mmm, and Pmmm as the α, β, γ , and δ phases,
respectively. The lattice parameters are denoted as, e.g., a(β )
and c(β ) for the β phase and likewise for others. The phase-
wise variation of lattice parameters with pressure is depicted
in Fig. 2. In the β phase, the c-axis lattice parameter is nearly
doubled compared with that of the α phase, while in the γ

phase, it is halved again. In parallel, the structure in the pres-
sure range of 0.06–5.58 GPa has also been studied by neutron
diffraction at room temperature and the data were fitted by
the Rietveld refinement using the FULLPROF program (see SM
[23]). As noted, the structure at 0.06 GPa belongs to the α

phase with the lattice parameters a = 3.43 Å and c = 9.38 Å,
comparable to those extracted at ambient pressure. Similar to
the XRD study, the structure in the pressure range of 0.26–
5.58 GPa belongs to the β phase. The neutron diffractions at
0.06 GPa (α phase) and 0.26 GPa (β phase) fitted with the
Rietveld refinement are shown in the SM [23]. The variation
of lattice parameters and the unit-cell volume achieved from
the neutron analysis is also incorporated in Fig. 2 and seen to
follow the same trend as those observed from the XRD.

The unit-cell volume for these four phases shows an in-
teresting pressure dependence [Fig. 2(d)]. The volume of the
β phase is observed to decrease with increasing pressure and
gets almost halved once reaching the γ phase. The γ phase
then shows a monotonic decrease in volume as the pressure
increases further. Upon reaching the orthorhombic δ phase,
the unit-cell volume shows an abrupt expansion and it get
compressed again with a further increase in pressure.

Raman spectroscopy is a technique that is widely used
to determine the nature of bonds and their vibrations and
is thereby a useful tool in high-pressure studies [34–37].
Here, we studied the Raman spectrum of PbTaSe2 under high
pressure up to ∼50 GPa. As known, in high temperatures, a
2H-TaSe2 crystal structure possesses hexagonal D4

6h (space
group P63/mmc) symmetry and the irreducible representation
of Raman active modes is given by � = A1g + 2E2g + E1g

[38]. Recently, Glamazda et al. doped Pb in TaSe2 and studied
the Raman spectrum of PbxTaSe2 [39] and proposed three
space groups P6m2(D3h), P6(C6), and P63/mmc(D6h) for
its structure at ambient conditions (zero pressure and room
temperature). The trigonal crystal structure D3h (space group
P6m2), being the most plausible structure under ambient con-
ditions, yields � = A′ + 3E ′ + E ′′ Raman active modes. The
A′, E ′, and E ′′ are correlated to A1g, E2g, and E1g modes of
2H-TaSe2, respectively. The additional mode with E ′ sym-
metry has been assigned to the existence of a Pb atom in
the system [39,40]. We have observed a structural transi-
tion by the application of pressure at 0.5 GPa from the
XRD studies and the structure in the pressure range of 0.5–
6.0 GPa has been fitted with the P63mc (C6v) space group. The
group-theoretical symmetry analysis yields the irreducible
representations of the �-point phonon Raman modes for
such a system as follows: � = 3A1 + 4E2 + 3E1 [41]. The
structural phase transition occurring at 7.5 GPa possesses a
P6/mmm(D6h) space group as observed from the XRD anal-
ysis and the Raman modes for such a system are given as
� = A1g + E2g + E1g [39]. The next structural phase transition
occurring at 44.1 GPa possesses an orthorhombic phase with
the space group Pmmm and does not possess any Raman
mode [41], as seen from Fig. 3(b). The pressure-dependent
Raman spectra ranging from 0.96 to 49.5 GPa is encapsulated
in Figs. 3(a) and 3(b).

The phonon mode M1 appearing at a frequency of
232 cm−1 existing at pressure 0.96 GPa corresponds to the
E1

2g mode [39]. The increase in the pressure causes the peak
to shift to a lower wave number. The compression in general
causes the phonon modes to shift to a higher wave number due
to the decrease in the length of bonds that possess the vibra-
tions. However, the mode frequency may decrease sometimes
due to the applied pressure, and such modes are known as soft
modes. The reason for softening of the Raman modes on the
application of pressure may be attributed to the decrease in
bond strength [42]. Mishra et al. have also observed a sim-
ilar shift in the pressure-dependent Raman mode existing at
557 cm−1 in a TiS3 system [43]. Similarly, the Raman spectra
of GaTa4Se8 measured at room temperature up to a pressure
of 15 GPa showing the dominant mode at 236 cm−1 has also
shown softening [44]. One can infer the crystal instability
from the presence of such soft modes in a system when it
goes through a structural phase transition. The XRD studies
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FIG. 3. Raman spectroscopy under pressure. (a) and (b) The
Raman spectra of PbTaSe2 under pressure up to 50 GPa. (c) The
Raman modes plotted as a function of applied pressure.

show a decrease in the value of the lattice parameters as we
increase the pressure beyond 0.5 GPa. The decrease in the
lattice parameters causes the M1 to shift to the lower wave
number. At a pressure of 7 GPa, there appears another peak
M2 at 228 cm−1, corresponding to the A1g mode that shifts
to a higher wave number on increasing pressure and sustains
up to the pressure of 39.8 GPa. The third peak M3 appearing
at 244 cm−1 corresponds to the E1g phonon mode which
appears beyond the pressure of 11 GPa. The shift of Raman
modes with pressure is summarized in Fig. 3. The observed
phonon modes are consistent with the factor group prediction
for the P6/mmm space group. From a pressure of 44.1 GPa
onwards, the structure turns to the orthorhombic phase and the
Raman peaks diminish altogether. Since the pressure causes
geometric changes in the structure of PbTaSe2 as evidenced
from the XRD study, the Raman modes also show changes
with the variation of applied pressure.

The resistivity was seen to be monotonically suppressed by
pressure up to 51 GPa, as illustrated in the SM [23]. No super-
conductivity was observable above 1.1 GPa (β phase) down
to 2 K. As discussed in Refs. [45,46], the superconductivity
in PbTaSe2 is intimately related to the strong electron-phonon
coupling associated with the A1g phonon mode at the momen-
tum L. The origin for the disappearance of superconductivity
in the γ phase and δ phase at high pressure is unknown to
us. It may be linked to the stiffening of the A1g phonon under
pressure, as revealed in the Raman study.

In order to better understand the topological properties of
all phases revealed above, we calculated the band structures
for these four phases using first-principles calculations. In the
γ phase, however, only one of two Ta positions is evenly
occupied, which makes the calculation difficult. Here, we cal-
culated the band structure with Ta positions fully occupied and
a priori assume that the half occupancy of Ta only shifts the
Fermi level compared to the fully occupied phase. As shown
in Fig. 4, all phases exhibit metallic characteristics, which
in fact feature a different band topology. Here, experimental
lattice constants are adopted for all the structures and spin-
orbit coupling is considered in our calculations. Note that the
inversion symmetry (P) is broken for α and β phases, while
P is preserved for γ and δ phases. Time-reversal symmetry
(T ) is respected for all of them since they do not contain
any magnetic atoms. The additional symmetrical operators
for the symmetry analysis are a horizontal mirror symmetry
Mz for the α phase, three vertical (glide) mirror symmetries
˜Mxy = Mxy|00 1

2 }, ˜M2xy = M2xy|00 1
2 }, and My, and twofold

screw rotation along z, S2z = {C2z|00 1
2 } for the β phase, and

threefold rotation along the z axis (C3z) and mirror symme-
try Mx for the γ phase. Here, Mxy : (x, y, z) → (y, x, z) and
M2xy : (x, y, z) → (−x,−x + y, z).

Let us start from the α phase. One can observe that two
bands cross each other near the Fermi level, which form two
nodal lines located on the plane of kz = π/cα (where cα is the
c lattice constant for the α phase, etc.), as shown in Fig. 4(g).
Through first-principles calculations, we find that the crossed
bands host opposite mirror eigenvalues (+i or −i), demon-
strating that the nodal lines are protected by Mz. These results
are consistent with previous work [10]. Intriguingly, for the β

phase, the calculated band structure demonstrates there exist
multiple types of band crossings, including type-II Weyl nodal
lines, type-II Dirac points, and a twofold nodal surface, in the
vicinity of the Fermi level as plotted in Figs. 4(c)– 4(f) and
4(h). Remarkably, there exists a pair of Dirac points along the
A-L direction, which is protected by My and the combination
of S2z and T [47] [see Figs. 4(c) and 4(h)]. In reality, there is a
twofold nodal surface located on the plane of kz = π/cβ as a
protection of S2z and T [47,48] [see Figs. 4(f) and 4(h)]. In ad-
dition, one can see that four type-II Weyl nodal lines traverse
the whole BZ, in which NL1 and NL2 are protected by My and
they eventually meet at the position of the Dirac points [see
Figs. 4(c) and 4(h)], and NL3 and NL4 are protected by ˜Mxy

and ˜M2xy [see Figs. 4(d) and 4(e)], respectively. In Fig. 4(i),
we plot the results of the band structure for the γ phase when
two Ta positions are fully occupied, i.e., the PbTa2Se2 phase.
It is clear that there is a pair of Dirac points formed by two
bands with the double irreducible representations of �7 and
�9 along the K-H direction, which is guaranteed by P, T , Mx,
and C3z [49,50]. Furthermore, based on the Fu-Kane formula
from Ref. [51], the Z2 invariant for the plane of kz = 0 can
be evaluated from the parities of the occupied bands, and
we find Z2 (kz = 0) = 1 for the γ phase. Lastly, the bulk
band structure of the δ phase is illustrated in Fig. 4(j). Band
inversion occurs around the Z point, implying that this system
possesses a nontrivial topology. Indeed, by using the Fu-Kane
formula [51], it is also revealed that the δ phase stays in the
strong topological regime, for which the topological indices
are (v0; v1v2v3) = (1; 001).
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FIG. 4. The electronic structure of individual phases. (a) Bulk BZ for the α, β, and γ phases, and (b) bulk BZ for the δ phase. Here,
black dots indicate the high-symmetry points. Bulk band structures for (g) α, (h) β, (i) γ , and (j) δ phases. ±i indicates the calculated mirror
eigenvalues for the bands around the H point. Red dots indicate Dirac points along the A-L direction for the β phase and the K-H direction for
the γ phase. Black arrows indicate the nodal surface (NS) in (h). (c)–(e) show four type-II nodal lines on the distinct planes, respectively. (f)
The distribution of the nodal surface on the plane of kz = π/cβ .
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To summarize, by means of synchrotron x-ray diffraction
up to 56 GPa, we are able to identify a series of pressure-
induced structural transitions in the archetypal topological
superconductor candidate PbTaSe2. Contrary to the previous
thought that only a small change of Wyckoff coordinate occurs
in the sub-GPa regime, our study instead revealed a struc-
tural transition that doubles the c-axis lattice, giving rise to
a significant modification in the electronic structure, char-
acterized by multiple band crossings that form an isolated
Dirac node, Dirac nodal line, and Dirac nodal surface. The
structural transitions at higher pressure lead to other distinct
topological phases, thereby making it a different platform
to study the topological phase transitions in a stoichiomet-
ric material. The structural transition was further studied
by Raman scattering that reveals the associated lattice de-
formation and phonon modes. The electrical resistivity was
seen to be progressively suppressed by the pressure with
no signature of quantum criticality [52] and no supercon-
ductivity can be observed above ∼2 GPa. It was suggested
that the superconductivity of PbTaSe2 arises from the dras-
tically enhanced electron-phonon coupling associated with
the A1g phonon mode [45,46]. The absence of supercon-
ductivity under high pressure, therefore, may be related to
a significant shift of the A1g phonon mode under pressure

as revealed in the Raman study. Overall, our results estab-
lish that PbTaSe2 is an interesting material for investigating
the interplay between structure and topology, and potentially
a plethora of topologically nontrivial phases rooted in this
interplay.
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