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High-order Fermi arcs and topological phase transitions in the kagome semimetal Pt;P,Teg
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We design a kagome compound Pt;P,Teg and find it is a topological semimetal with a symmetry-protected
three-dimensional (3D) bulk Dirac point along the I'-A path. This Dirac point is not intrinsic to kagome
lattice and brings a parity inversion, leading to topological surface states and fragile Fermi arcs on the (100)
surface. These features are very close to the Fermi level and distinct from the bulk states, which suggests they
can be observed in experiments. We further characterize the 3D bulk Dirac point and compute a high-order
topological invariant, i.e., the change of the filling anomaly, whose value of 4 indicates the high-order bulk-hinge
correspondence and the existence of high-order Fermi arcs. Moreover, Pt;P,Teg exhibits rich topological phase
transitions under hydrostatic pressure. Our results provide a potential platform to study topological properties
related to 3D bulk Dirac points and pressure-induced topological phase transitions in the kagome lattice.
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I. INTRODUCTION

Kagome lattices, due to their rich intrinsic properties
such as flat bands, Dirac points, and saddle points, have
attracted lots of interest [1-11]. Flat band, which comes
from the destructive interference of electronic wave functions
in the kagome lattice, is known to favor ferromagnetism,
high-temperature superconductivity, and fractional quantum
Hall effects [12—15]. In contrast to flat band with vanish-
ing velocity, high-velocity (massive) Dirac/Weyl fermions
accompanied with large intrinsic anomalous Hall effects in
kagome magnets have been reported [16-21]. Besides, saddle
point can lead to various kinds of instability such as spin den-
sity wave, charge density wave, and nematicity order [22-27].
These exotic features make the kagome lattice an important
platform for studying topological states and correlated many-
body physics and it is meaningful to find and investigate more
kagome compounds to enrich and improve this field.

In 2020, a new kagome van der Waals (vdW) semicon-
ductor Pd;P,Sg was reported in which the kagome lattice
is formed by Pd atoms and the Pd-P-S blocking layers are
connected by interlayer vdW interaction [28]. One important
feature of Pd;P,Sg is that it can serve as an ideal system to
explore flat-band physics of two-dimensional kagome lattices
because of the easy exfoliation and the presence of an ex-
tremely flat band near the Fermi level (Er) [28,29]. More
interestingly, under high pressure, Pd;P,Sg exhibits metal-
licity at high temperatures and superconductivity emerges
at low temperatures [30-32]. With Se doping, the band gap
of Pd;P,(S;_,Se,)s becomes smaller and the superconduct-
ing transition temperature becomes higher under the same
pressure due to the enhanced intralayer and interlayer hop-
pings [29,30]. However, bulk Pd;P,(S;_,Se,)s at ambient
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pressure is still a semiconductor with a large band gap [29],
which indicates it is not a topological metal like a Dirac
semimetal [33] or topological insulator, which has odd band
inversions around Er [34,35].

In this work, based on the kagome semiconductors
Pd;P; (S, Se)s, we propose a kagome compound Pt;P,Teg and
systematically study its electronic structure and topological
property. Different from Pd;P,(S, Se)s, the aforementioned
flat band around Ef is destroyed and Pt;P,Teg becomes a
semimetal, due to the more extended Te 5p orbitals and
the large hybridization between Te 5p orbitals and Pt 5d
orbitals. Although the imperfect destructive quantum inter-
ference breaks the intrinsic flat band of kagome lattice, we
find that Pt;P,Teg is a topological semimetal with a single
parity inversion and three-dimensional (3D) bulk Dirac points,
which are not intrinsic to the kagome lattice. As a result,
topological surface states and fragile Fermi arcs are found
around Ep. We further compute a high-order topological in-
variant, i.e., the change of the filling anomaly to characterize
the 3D bulk Dirac point. The nontrivial result indicates the
higher-order bulk-hinge correspondence and the existence of
high-order Fermi arcs. Finally, we investigate the influence
of hydrostatic pressure and find that Pt;P,Teg exhibits rich
topological phase transitions. Our results suggest Pt3P,Teg is
a potential platform to study topological property related to
3D bulk Dirac points and pressure-induced topological phase
transitions in the kagome lattice.

II. METHODS

We perform density functional theory (DFT) calculations
to study the kagome compound Pt;P,Teg by using the pro-
jector augmented wave method as implemented in Vienna ab
initio Simulation Package (VASP) [36]. We use the Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional. The
cutoff energy for the plane-wave basis is set to be 600 eV.

©2024 American Physical Society
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FIG. 1. The crystal structure, Brillouin zone (BZ) and phonon
spectra of Pt;P,Tes. (a) The crystal structure. (b) Three-dimensional
BZ, projected (001) and (100) surface BZs. (c) The phonon spectrum.

The setting of the local axes of Pt follows the setting of
the local axes of Pd in Pd;P,Sg as described in Ref. [29]
and the local axes of Te are directly set to be the same as
the global axes, i.e., the x axis follows the a axis and the z
axis follows the ¢ axis. The lattice parameters and internal
atomic positions are optimized with the interlayer vdW inter-
action correction using the DFT-D3 method of Grimme [37].
The phonon spectrum is calculated by the density functional
perturbation theory (DFPT) method [38] with 2x2x2 super-
cell. The irreducible representations of the electronic states
are obtained by using IRVSP [39]. In order to calculate the
surface states, we use the tight-binding (TB) method by the
combination of WANNIER90 [40] and WANNIERTOOLS [41].
For the crystal structures under hydrostatic pressure, we relax
the lattice parameters and internal atomic positions under the
corresponding pressure. In Sec. III D, the modified Becke-
Johnson (mBJ) exchange potential correction implemented
in VASP [42] is taken into account to obtain accurate band
structures. We also use WIEN2K [43] with PBE exchange
correlation functional plus mBJ exchange potential correction
for double checking, which shows good agreement with VASP
calculated results.

II1. RESULTS AND DISCUSSION
A. Crystal structure and dynamic stability

The crystal structure and Brillouin zone (BZ) of Pt;P,Tes
are shown in Figs. 1(a), 1(b). Like Pd3P,Sg [28,29], Pt;P,Teg
crystallizes in the hexagonal lattice with space group P-3ml
(#164) and has a layered structure in which the kagome lattice
is formed by Pt atoms. The optimized lattice parameters and
internal atomic positions are listed in Table I. In order to con-
firm the kinetic stability of Pt3P,Teg, we calculate its phonon
spectrum. As shown in Fig. 1(c), the absence of imaginary
phonon frequency indicates Pt3P,Teg is dynamically stable.

TABLE 1. The optimized internal atomic positions of Pt;P,Teg
with lattice constants @ = b = 7.536 A and ¢ = 8.384 A.

Atom Wyckoff position X y Z
Pt 3e 0.5 0 0.5
Tel 61 0.171 —0.171 0.679
Te2 2d 1/3 2/3 0.132
P 2d 1/3 2/3 0.854

B. Electronic structure and topological surface states

We first investigate the electronic structure of Pt;P,Tes.
The band structure without spin-orbit coupling (SOC) is
shown in Fig. 2(a). Unlike Pd;P,(S,Se)s [29], due to the
enhanced intralayer and interlayer hoppings, which originate
from the more extended Te 5p orbitals, the highest valence
band and the lowest conduction band overlaps and makes
Pt;P,Teg become a metal. In the meantime, because the
kagome lattice is formed by Pt atoms and Pt 5d orbitals
strongly hybridize with Te 5p orbitals around Ef [Fig. 2(c)],
the intrinsic flat band of kagome lattice around Er seen in
Pd;P,(S,Se)g [29] is destroyed in Pt;P,Teg by the imperfect
destructive quantum interference of the Pt 5d orbitals. The
calculated total density of states (DOS) is very small at Er,
exhibiting semimetallic characteristic [Fig. 2(c)]. The orbital-
resolved DOS results show that the band structure around
EF is mainly contributed by Te 5p and Pt 5d (d,,, and d2)
orbitals [Figs. 2(c), 2(d)]. The features of kagome Ilattice,
i.e., flat band, saddle point, Dirac point can be found in the
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FIG. 2. The band structure and density of states (DOS) of
Pt;P,Teg. The band structure (a) without and (b) with spin-orbit
coupling (SOC). In (a), we use the purple arrow, cyan arrow, and
green dashed box to mark the intrinsic features of kagome lattice,
i.e., the saddle point (SP) at M point, Dirac point (DP) at K point,
and flat band (FB), respectively. In (b), we use the brown dashed box
to mark the Dirac point along I'-A near Er and the inset shows the
zoom-in result. (c), (d) The total and orbital-resolved partial DOS
without SOC.
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FIG. 3. The fat bands of Pt3P,Teg with SOC.

band structure of Pt;P,Teg, which are marked in Fig. 2(a)
but they are not close to Er because the contribution of Pt
5d orbitals is prominent below —1 eV [Fig. 2(c)]. After con-
sidering SOC, due to the large SOC strength of Pt and Te,
there are significant changes in the band structure [Fig. 2(b)].
Most importantly, we find a Dirac point that is not intrinsic to
kagome lattice along I'-A marked by the brown dashed box in
Fig. 2(b), which is vital for the nontrivial topological property
of Pt3P,Teg as discussed below.

(2) (b)

As can be seen in Fig. 4(a), the band crossing of interest
occurs between two bands with different irreducible represen-
tations DT, 4+ DTs (mainly composed of Te 5p, + p, and Pt
5d, orbitals) and DTs (mainly composed of Pt 5d,, and Te
5p, orbitals) (Fig. 3), which means the crossing is protected
by the Cs, symmetry and the crossing point is a Dirac point.
Besides, we also check the parities of the electronic states
and parity inversion. Based on the Fu-Kane criterion on the
Z, invariant of materials with inversion symmetry [34], we
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FIG. 4. The irreducible representations, fat bands, surface states, and constant-energy surface of Pt;P,Tes. (a) The irreducible represen-
tations along I'-A around Er. The Dirac point is marked by the brown dashed circle. (b), (c) The fatbands of Te 5p, + p, (b) and Pt 5d,,
(c) orbitals. In (a)—(c), the green dashed lines represent the Fermi curves. (d), (e) The surface spectral function on the (001) and (100) surfaces
(Fig. S1) [44], respectively, where the projections of the bulk Dirac points are marked by the brown dashed boxes while the insets show
the zoom-in results. In the inset of (e), the black dashed lines are used for the guidelines of the projection of the bulk Dirac point. (f) The
constant-energy surface on the (100) surface at E = Epp. The black and green solid dots represent the projection of the bulk Dirac points and

A in the (100) surface BZ, respectively.
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TABLE II. The number of the even and odd parity states at all
time-reversal-invariant momenta below the Fermi curve defined in
Fig. 3(a) by the green dashed line.

parity r M A L
even 24 15 11 19
odd 10 19 23 15

need to know the parity product of all the electronic states
at eight time-reversal-invariant momenta (TRIM) below Ep
for insulators or a Fermi curve for (semi)metals whose Er
is momentum dependent [45,46]. There are three equivalent
TRIM M points and L points, one I point and A point in
the BZ of Pt;P,Teg. Hence, we need these four TRIM (T,
A, M, and L) to determine the Z, invariant. We show the
parity results in Table II based on the Fermi curve plotted in
Fig. 4(a), which can be well defined once the C3, symmetry
is broken by some perturbations such as a slight increase of a,
making a # b. We obtain the Z, invariant (1;000). The reason
of the nontrivial Z, topological invariant is the parity inversion
happened between I'y +T'; (Af + A7) and I'y (A7) along
I'-A, and they can be attributed by the contribution of Te
5px + py and Pt 5d,, orbitals (the contribution of Pt 5d,,
orbitals for the F;r state is larger than that of Te 5p, orbitals),
respectively [Figs. 4(b), 4(c)].

This unique electronic structure of Pt;P,Teg, namely, the
coexistence of the Dirac point and a single parity inversion, is
similar to the cases of Na3Bi [47] and B-Cul [48]. We show
the calculated (001) surface spectral function in Fig. 4(d). The
projections of the bulk Dirac points and topological surface
states can be clearly seen around Er, which are different from
the case of topological insulator (TT) [49]. We also plot the
(100) surface spectral function in Fig. 4(e). In addition to
the projection of the bulk Dirac point and the corresponding
topological surface states, which connect the projection of the
bulk Dirac point and the surface Dirac point along I'-A, we can
also see the TI-like topological surface states along I'-M /3 in
Fig. 4(e).

A Dirac point can be viewed as the superposition of two
Weyl points, which means there are double Fermi arcs origi-
nating from it. It is interesting to know how the Fermi arcs are
connected. We plot the constant-energy surface at the energy
of the bulk Dirac point (Epp = Er — 55 meV) in Fig. 4(f). The
double Fermi arc feature can be seen around the projection of
the bulk Dirac point. We further plot them at different energy
around Epp to see their evolution with energy. As can be seen
in Fig. 5, the double Fermi arcs feature can be clearly seen
at Epp but once the energy deviates from Epp, the Fermi arcs
no longer connect the projections of the bulk Dirac points but
deform into Fermi contours, which indicates the fragile nature
of Fermi arcs of Dirac semimetals [48,50-54].

C. High-order topological invariant for the bulk Dirac point

Unlike Weyl semimetals, the Fermi arcs of Dirac semimet-
als are not truly the consequence of bulk-edge correspondence
because unlike Weyl points, the Dirac points are not a source
of Berry curvature [48,53,54]. In this situation, a higher-
order bulk-hinge correspondence has been proposed that the
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FIG. 5. The constant-energy surface on the (100) surface at dif-
ferent energies in which the projections of the bulk Dirac points and
A in the (001) surface BZ are marked by the black and green solid
dots, respectively. The inset of E = Epp — 1 meV shows the zoom-in
result around the projection of the bulk Dirac points.

topologically nontrivial 3D bulk Dirac point directly results
in one-dimensional high-order Fermi arcs [55-58]. One im-
portant high-order topological invariant An, i.e., the change of
the filling anomaly [58-60] can be used to characterize the 3D
bulk Dirac point. It is interesting to calculate this topological
invariant for Pt;P,Teg to verify whether it is a new candidate,
which can host high-order Fermi arcs.

With the help of symmetry indicator [59], we can calculate
An using the following formula in our case

An = (~2[Ki2] — 2[K] ;1) — (=2[H1 2] — 2[H] ,]) mod 6
(M)

in which [KI/Z] = #K1/2 — #FI/Z’ [Kll/z] = #KI,/Z — #FI/Z,
[HI/Z] = #H1/2 — #A]/Q, [Hl//2] = #Hl//2 — #Al/g, and #Pp
represents the number of the irreducible representation p at
the high-symmetry point P in the occupied bands (below the
defined Fermi curve) and K(H) and K'(H') are equivalent in
our case. We show the irreducible representations results in
Table III. The difference between the occupied number of the
irreducible representations with j, = 1/2 at I" and A points,
which originates from the symmetry-protected 3D bulk Dirac
point results in a nontrivial topological invariant An = 4.
This nontrivial high-order topological invariant indicates the
higher-order bulk-hinge correspondence and the existence of
high-order Fermi arcs [58,59].

D. Topological phase transition upon hydrostatic pressure

Due to the band-gap underestimation problem in the
conventional DFT-local density approximation (LDA)/PBE
calculations, we use the mBJ exchange potential correc-
tion to obtain more accurate band structures. As shown in

TABLE III. The number of the irreducible representations with
Jj.=3/2and j, =1/2 at I', A, K, and H below the Fermi curve
defined in Fig. 3(a).

r A K H
=172 23 22 23 23
j.=3/2 11 12 11 11
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FIG. 6. The DFT-PBE and DFT-PBE+mBJ calculated band structures with SOC for the original structure and the structures with
hydrostatic pressures. In (a), (e), (), (g), although there are Dirac points, which prevent us from defining the Fermi curves, for simplicity
and uniformity, we still use Z, to label whether the single parity inversion exists or not. (a)—(d) The DFT-PBE and (e)—(h) the DFT-PBE+mBJ
calculated band structures at ambient pressure (original structure) and with pressures of 0.5 GPa, 1.0 GPa, and 1.5 GPa, respectively. The
parities of the electronic states at I' point, which mainly determine the band inversion are marked. In (b), (e), the two DFT-PBE calculated
bands of interest for the original structure along I'-A are plotted by black dashed lines, while the shifting of the DT, + DTs band and DTg

band are marked by blue and green arrows, respectively.

Figs. 6(a), 6(e) after considering mBJ correction, the band
structure exhibits significant changes along I'-A direction.
The aforementioned DT4 + DT5 band shifts down and the
DT band shifts up, which are indicated by the blue and green
arrows in Fig. 6(e), respectively. These changes reverse the
parity inversion discussed above and create a new pair of
Dirac points. We want to keep the coexistence of the Dirac
points and a single parity inversion, which exhibits more
interesting topological surface states, compared to just having
Dirac points. Therefore, we calculate the electronic structure
of Pt3P,Teg under hydrostatic pressure and discuss the corre-
sponding pressure-induced topological phase transitions.

The DFT-PBE calculated band structures of Pt;P,Teg un-
der hydrostatic pressures are shown in Figs. 6(b)-6(d) (the
optimized lattice parameters and internal atomic positions
under hydrostatic pressure are detailed in the Supplemental
Material [44]). With external pressure, the DT4 4+ DTs band
is shifted up whereas the DT band is pushed down, indicated
by the blue and green arrows in Fig. 6(b), respectively, which
shows an opposite trend compared to the results of mBJ cor-
rection. The shifting of the bands changes the band crossing
from I'-A to A-L path. Along A-L path, the band crossing is no
longer protected by Cs, symmetry, resulting in a hybridization
gap and disappearance of the counterpart Dirac point along
I'-A. These changes indicate that in the DFT-PBE calculated
results, there is a topological phase transition between am-
bient pressure (original structure) and 0.5 GPa hydrostatic
pressure, from the coexistence of the Dirac points and a single
parity inversion to Z, = 1 (once the Dirac points are lifted, the
Fermi curve can be well defined and the Z, can be calculated).

We turn to the DFT-PBE4+mBJ calculated band struc-
tures under hydrostatic pressure. We find that with 0.5 GPa
hydrostatic pressure, the system returns to the coexisting

phase, similar to the case of Fig. 6(a). As hydrostatic pressure
further increases, the system undergoes a topological phase
transition again from the coexisting phase to the Z, = 1 phase,
which happens between hydrostatic pressure of 1.0 GPa and
1.5 GPa. Therefore, the effect of mBJ correction to PBE is
similar to some negative pressure, which destroys the co-
existing phase of the original structure. However, combined
with hydrostatic pressure, the system can return to the desired
coexisting phase and exhibit rich topological phase transitions
after considering mBJ correction.

IV. CONCLUSION

In conclusion, we design a kagome semimetal Pt;P,Teg
and systematically study its electronic structure and topolog-
ical properties. Unlike the insulating Pd;P,(S,Se)s, the more
extended Te 5p orbitals make Pt;P,Teg a semimetal whose
band structure around Er is mainly contributed by Te Sp
and Pt 5d orbitals. The intrinsic flat band, saddle point, and
Dirac point of kagome lattice can be found in the band struc-
ture. After considering SOC, we find a symmetry-protected
Dirac point very close to Ep along I'-A, accompanied by
a single parity inversion, which results in the nontrivial Z,
invariant (1;000) once the Fermi curve can be well defined.
The coexistence of the Dirac points and a single parity in-
version leads to topological surface states and fragile Fermi
arcs around Ep. We also calculate the change of the filling
anomaly An, which is a high-order topological invariant to
characterize the 3D bulk Dirac point. We obtain the nontriv-
ial topological invariant An = 4, indicating the higher-order
bulk-hinge correspondence and the existence of high-order
Fermi arcs. Furthermore, we investigate the influence of
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hydrostatic pressure with the mBJ correction and the results
exhibit rich topological phase transitions, i.e., from the phase
with only Dirac points (ambient pressure) to the coexistence
of the Dirac points and a single parity inversion (0.5 GPa and
1.0 GPa), and then to the Z, = 1 phase (1.5 GPa). We notice
that with proper high-pressure, superconductivity can be in-
duced in Pd;P,(S;_,Se,)s [30-32]. The compound Pt;P,Teg
we design is a metal at ambient pressure, which means that
it may be superconducting under some lower pressure, mak-
ing it a potential platform for studying the coexistence of
superconductivity and topological surface states, as well as

pressure-induced topological phase transitions in the kagome
lattice.
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