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k paths exactly with C3v symmetry allow to find triply degenerate points (TDPs) in band struc-
tures. The paths that host the type-II Dirac points in PtSe2 family materials also have the C3v

spatial symmetry. However, due to Kramers degeneracy (the systems have both inversion symme-
try and time reversal symmetry), the crossing points in them are Dirac ones. In this work, based
on symmetry analysis, first-principles calculations, and k · p method, we predict that PtSe2 family
materials should undergo topological transitions if the inversion symmetry is broken, i.e. the Dirac
fermions in PtSe2 family materials split into TDPs in PtSeTe family materials (PtSSe, PtSeTe, and
PdSeTe) with orderly arranged S/Se (Se/Te). It is different from the case in high-energy physics
that breaking inversion symmetry I leads to the splitting of Dirac fermion into Weyl fermions. We
also address a possible method to achieve the orderly arranged in PtSeTe family materials in exper-
iments. Our study provides a real example that Dirac points transform into TDPs, and is helpful
to investigate the topological transition between Dirac fermions and TDP fermions.

I. INTRODUCTION

The discoveries of Dirac1–5 and Weyl6–10 semimet-
als, whose low-energy excitations are analogous to el-
ementary particles in high-energy physics, have made
Dirac and Weyl fermions being intensively studied in
recent years. The Dirac/Weyl semimetals, in which
Dirac/Weyl points are isolated without contacting bulk
electron and hole pockets, may correspond to their coun-
terparts in the high-energy physics, are called type-I
Dirac/Weyl ones. Besides, unlike high-energy physics,
the restriction of Lorentz invariance is not necessary in
condensed matter physics. Therefore, many type-II Weyl
(e.g. WTe2,

11,12 MoTe2,
13–15 Ta3S2,

16 and TaIrTe4
17)

and type-II Dirac (e.g. PtSe2 family materials,18–23

and VAl3 family materials24) materials, in which the
cones are seriously titled and crossing points connect
bulk electron and hole pockets, have also been discov-
ered. Exotic properties, such as direction dependent chi-
ral anomaly,11,25,26 anti-chiral effect of the chiral Landau
level,27 and novel quantum oscillations28 also make the
type-II Dirac/Weyl semimetals significant compared with
the type-I Dirac/Weyl ones.

Whether the band crossings in Driac/Weyl semimet-
als are type-I or type-II, they are all fourfold/twofold
degenerate points. Moreover, condense matters also al-
low for the existence of other types of unconventional
quasi-particle excitations such as three-, six-, or eight-
fold degenerate points.29–33 The triply degenerate points
(TDPs) residing at high symmetry paths in reciprocal
spaces result from non-degenerate bands cross double-
degenerate ones, so it is necessary for the little groups
of k paths to connect one and two dimensional irre-
ducible representations. Hence in most so-far discovered

TDP materials (tungsten carbide (WC)-type structure
materials,30,32–34 NaCu3Te2,

35,36 simple half-Heusler,37

and metal diborides38), the k paths that host TDPs
mostly have C3v symmetry.

TDPs in the condensed matters can be viewed as in-
termediate topological phases between Dirac points and
Weyl points. PtSe2 family materials (PtSe2, PtTe2, and
PdTe2) with D3d point group symmetry (Fig. 1(a)) were
recently predicted by theories18 and confirmed in ex-
periments to be type-II topological Dirac materials.19–23

Γ − A (∆) paths that host the type-II Dirac points in
PtSe2 family materials also have the C3v spatial symme-
try. However, the materials have both inversion symme-
try I and time reversal symmetry T . Thus the two non-
degenerate bands are degenerate due to Kramers degen-
eracy. If the inversion symmetry I is broken, the Kramers
degeneracy along Γ − A path is generally broken, and
TDPs can exist under this symmetry condition. It is nat-
ural to consider the chalcogen substitution in PtSe2 fam-
ily materials to break the inversion symmetry I. In this
work, we focus on the PtSSe, PtSeTe, and PdSeTe, which
have been previously synthesized in experiments.39,40 In
order to simplify calculation and catch main physics, we
further consider the orderly arranged ones as shown in
Fig. 1(b). Therefore, the little groups of Γ − A (∆)
path merely has the C3v spatial symmetry without T · I
symmetry.

In the following main text, taking PtSeTe as a repre-
sentation, we propone that the Dirac fermions in PtSe2
family materials split into TDPs in orderly arranged
PtSeTe family materials (PtSSe, PtSeTe, and PdSeTe)
by breaking inversion symmetry I, and we analyses the
mechanism of the topological transitions in two family
materials. Furthermore, the phonon stabilities of Pt-
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FIG. 1. Crystal structures of (a) PtSe2 and (b) PtSeTe. (c)
Brillouin zone of PtSeTe. A′ is equivalent to A point, and lies
beneath Γ point. (d) Illustration of TDPs near A point. Or-
ange and blue dots in (c) and (d) stand for TDPs originating
from ∆4 band crossing ∆5 and ∆6 bands, respectively.

SeTe family materials are studied, and a possible syn-
thesis method is also addressed.

II. CALCULATION DETAILS

The first-principles calculations based on density func-
tional theory (DFT) were performed using QUANTUM-
ESPRESSO package.41 Ultrasoft pseudo-potentials and
general gradient approximation (GGA) according to the
PBE functional were used. The energy cutoff of the
plane wave (charge density) basis was set to 50 Ry (500
Ry). The Brillouin zone was sampled with a 12×12×8 k-
points mesh. The lattice constants and ion positions were
optimized using the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) quasi-Newton algorithm. All of band structure
calculations were cross-checked by VASP codes,42,43 and
the results are consistent with each other. Phonon spec-
tra were calculated using density functional perturbation
theory (DFPT)44 with a 6×6×4 q-points mesh. Low-
energy effective Hamiltonian were studied by k ·p method
with invariant theory.

III. RESULTS AND DISCISSION

PtSe2, PtTe2, and PdTe2 belong to transition metal
dichalcogenides with D3d point group and time reversal
symmetry T . Each has a layered structure with one tran-
sition metal atom and two X (X=Se, Te) atoms located
at (0,0,0), (1/3 , 2/3 , zX), and (2/3 , 1/3 ,−zX) sites, re-
spectively (Fig. 1(a)). The band structure of PtSe2 with
spin orbit coupling (SOC) effects is shown in Fig. 2(a).
Because Γ−A path processes the C3v and T · I symme-
tries, ∆5 (basis: (|3/2,−3/2〉 − i |3/2, 3/2〉)) and ∆6 (ba-

sis: (i |3/2,−3/2〉 − |3/2, 3/2〉))45 bands are degenerate
(Kramers degeneracy, denoted as ∆5+6), and they cross
double-degenerate ∆4 (basis: (|1/2, 1/2〉 , |1/2,−1/2〉))
band, forming the Dirac points. Therefore, the Dirac
points in PtSe2 are protected by C3v ⊗ 1̄′ symmetry
(1̄′= {I, T · I}, I: identity). Furthermore, the Dirac cones
are tilted along Γ−A path, which connect the electronic
and hole pockets, and called type-II Dirac cones. Due to
similar crystal structure, the band structures of PtSe2,
PtTe2, and PdTe2 resemble each other.18,23,46 Though
the Dirac points are far away from Fermi energy, theory19

and experiment47 have shown that it is possible to tune
the Dirac points to the Fermi energy by doping Ir in
PtTe2 (i.e. Pt1−xIrxTe2). Tight-binding mode predicted
that the type-II Dirac cones can be transformed into
type-I ones by controlling inter-layer hopping.23 DFT
calculations also revealed that external pressure can ma-
nipulate the type-II and type-I Dirac points in PdTe2,
PtTe2, and PdTe2.

46

TABLE I. Experimental and optimized lattice constants of
PtSSe, PtSeTe, and PdSeTe (in Å)

PtSSe PtSeTe PdSeTe

aExpt. 3.59 3.89 3.90

cExpt. 5.06 5.11 4.98

aOpt. 3.66 3.91 3.96

cOpt. 5.04 5.07 4.98

Note: Experimental data are from Refs. 39 and 40.

When one Se layer in PtSe2 is replaced by one Te layer,
and Se and Te layers are and orderly arranged as shown
in Fig. 1 (b), then the inversion symmetry I is absent
in PtSeTe, so its spatial symmetry is reduced from D3d

to C3v (D3d = C3v ⊗ Ci, Ci = {I, I}). The optimized
lattice constants of PtSeTe are in agreement with the
experiments as shown in Table I. Γ − A path still has
the C3v spatial symmetry, but no T · I symmetry. In
this case, the ∆5 and ∆6 bands are not degenerate at all,
then the split ∆5 and ∆6 bands cross ∆4 band, forming
two TDPs, as shown in Fig. 2(b). Near the TDPs, the
splitting energy of the ∆5 and ∆6 bands (∆E) is about
9 meV. As expected, there is another pair of TDPs along
Γ − A′ line (Fig. 2(b)). The position of these two pairs
of TDPs in the reciprocal space are (0, 0,±0.368) and
(0, 0,±0.370) (in crystal coordinate), respectively. While
at the Γ andA points, the Γ5 and Γ6 states are degenerate
again, due to possessing the T symmetry at these points
(Fig. 2(b) inset). The splitting energy of the ∆5 and ∆6

bands is small along Γ − A line, but the splitting of the
two band surface can be a large value on kx − ky plane
(Fig. 2(c)), so the separation on this plane of these two
bands is easier to be detected by experiments. ∆4 band
surfaces are also split on this plane (Fig. 2(c)), also due
to Kramers degeneracy breaking.

In high-energy physics, breaking time reversal T or in-
version symmetry I can lead to the splitting of Dirac
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FIG. 2. (a) Band structure of PtSe2. ∆5+6 means degenerate ∆5 and ∆6 bands, and D point denotes position where Dirac
cone locates along Γ − A path. (b) Band structure of PtSeTe. Insets are zoomed in pictures near A and T1 points. (c) Three
dimensional band structure of PtSeTe on kx − ky plane of kz = 0.370 (−0.2 ≤ kx, ky ≤ 0.2, all in crystal coordinate).

FIG. 3. Orbital resolved bands (fat-bands) of (a) PtSe2 and
(b) PtSeTe along Γ−A path.

fermion into Weyl fermions. However, in condensed mat-
ter physics, fermions are constrained by the crystal sym-
metries rather than by the Lorentz invariance. The sym-
metry group of any k path of any symmorphic system can
be described by magnetic point group. C3v ⊗ 1̄′ can be
classified as the black and white magnetic point group of

3
′
m.48 Therefore, though PtSe2 family materials are non-

magnetic, their Γ−A paths can be labeled by black and

white magnetic point group 3
′
m. Anti-unitary operator

T · I makes irreducible representations ∆5 and ∆6 of C3v

degenerate. The symmetries of Γ−A paths in orderly ar-
ranged PtSeTe family materials belong to original point
group 3m (C3v), without anti-unitary T ·I symmetry. So
the magnetic point groups of the Γ−A path of two kinds
of material are different.

The orbital resolved bands of PtTe2 along the Γ − A
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FIG. 4. Schematic picture of the origin of TDPs in Pt-
SeTe. (I) Se or Te p atomic energy level splits into a double-
degenerate E energy level and non-degenerate A1 energy level
under trigonal crystal field. (II) Interatomic hopping trans-
form the atom energy levels to corresponding bands along
Γ − A path. (III) A1 band transforms into ∆4 band, and E

band turns into ∆4 and ∆5+6 bands when SOC effects are
considered. (IV) When inversion symmetry I is broken, ∆5

and ∆6 bands separate (the splitting is exaggerated in order
to distinguish), and ∆Em denotes maximum splitting energy
of two bands.

path are shown Fig. 3(a). The upper ∆4 band is mainly
composed by Se-pz orbits, while the ∆5+6 and the lower
∆4 bands are mainly composed by Se-px + py orbits. So
is PtSeTe, as shown in Fig. 3(b). Therefore, the bands
forming the Dirac points or TDPs are mainly composed
by Se/Te-p orbits. Additionally, both for PtSe2 and Pt-
SeTe, Pt-d and Se/Te-p orbits hybrid in the ∆5 and ∆6

bands near the A points.

Starting from the atomic orbits of Se/Te, the following
four steps are required to understand TDPs in PtSeTe, as
illustrated in Fig. 4. Se/Te atoms locate in the trigonal
crystal field, and every p atomic energy level transforms
into a double-degenerate E energy level (from px and py
orbits) and non-degenerate A1 energy level (from pz or-
bits) under crystal field splitting (CFS) as shown in Fig.
4(I). The interatomic hopping transforms the atom en-
ergy levels into A1 and E bands along the Γ − A path.
The out-of-plane pz orbits usually have much larger the
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hopping than in-plane px and py orbits along the Γ− A
path,23 so the A1 band is more dispersive than the E
one, and they cross each other as shown in Fig. 4(II).
When SOC is considered, the A1 band transforms into
the ∆4 one, and the E band transforms into ∆4 and ∆5+6

bands (see the Supplemental Material45). Furthermore,
the ∆4 band originating from A1 band crosses the ∆5+6

band forming a type-II Dirac point in PtSe2 or PtTe2
(Fig. 4(III)). When the inversion symmetry is broken,
the ∆5+6 band splits into ∆5 and ∆6 ones, and one Dirac
point transforms into two TDPs as shown in Fig. 4(IV).
So the TDPs in PtSeTe can be explained by the evolu-
tion of Se/Te-p orbital energy levels as a result of CFS,
interatomic hopping, SOC effects, and inversion symme-
try breaking.
To further investigate the nature of TDPs in PtSeTe,

we constructed a low-energy effective Hamiltonian using
k · p method. The little group of A point is C3v ⊗ 1′

(1′ = {I, T }). The 4× 4 effective Hamiltonian (bases are
in the order of {∆4,∆5,∆6}) that considers first-order k
terms for off-diagonal matrix elements and second-order
k terms for diagonal matrix elements is (details are in
the Supplemental Material45)

Heff (q) = ε0(q)+










M(q) iCq+ Aq− −A∗q−
−iCq− M(q) −Aq+ −A∗q+
A∗q+ −A∗q− −M(q) +Bqz 0

−Aq+ −Aq− 0 −M(q)−Bqz











(1)

where ε0(q) = C0 + C1q
2
z + C2(q

2
x + q2y), M(q) = M0 −

M1q
2
z − M2(q

2
x + q2y), q = k − A, q+ = qx + iqy, and

q− = qx − iqy. A is a complex number, while B and
C are real numbers. Bqz exists in H33 and H44, and
this term makes ∆5 and ∆6 bands spilt. We can get the
eigenvalues along the Γ−A path:

E∆4 = C0 + C1q
2
z +M0 −M1q

2
z , (2)

E∆5 = C0 + C1q
2
z −M0 +M1q

2
z +Bqz, (3)

E∆6 = C0 + C1q
2
z −M0 +M1q

2
z −Bqz. (4)

According to Eqs. 3 and 4, ∆5 and ∆6 states are de-
generate at A point (qz = 0, i.e. A5 and A6), coinciding
with the DFT results. The ∆4 and ∆5 bands cross at
qz =

(

−B ±
√
B2 + 16M0M1

)

/4M1, while the ∆4 and

∆6 bands cross at qz =
(

B ±
√
B2 + 16M0M1

)

/4M1.
Using the k · p effective Hamiltonian around the TDPs,
we can prove that each TDP can be regard as two
Weyl points with opposite chirality (see the Supplemental
Material45). If the mirror symmetry of PtSeTe is broken
(such as applying magnetic field along z direction), the
symmetry of Γ − A path transforms from C3v into C3,
andH11 andH22 will also process linear qz terms. Hence,
the ∆4 band splits, and each TDP transforms into two
Weyl points when the mirror symmetry is broken.
The k·p model bands along the Γ−A path are shown in

Fig. 5(a). According to Eqs. 3 and 4, the splitting energy
of ∆5 and ∆6 bands ∆E(q) = 2Bqz (see Fig. 5(b)),
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FIG. 5. (a) Bands along Γ−A path for k ·p model compared
with DFT results. (b) ∆E(q) near the A point. (c) Maxi-
mum splitting energy ∆Em with pressure (obtained by DFT
calculations).

FIG. 6. Band structures of (a) PtSSe and (b) PdSeTe.
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FIG. 7. Phonon spectra of (a) PtSSe, (b) PtSeTe, and (c)
PdSeTe.

so B determines the splitting between the ∆5 and ∆6

bands. ∆E originates from the second-order interaction
between the Jz = ±3/2 (∆5 and ∆6) states and the metal
cation (Pt) d core levels.35,49 According to Ref. 35,
∆E(q) can be changed by varying p − d hybridization
of metal and anion atoms. To reveal the effect of p − d
hybridization on the splitting, we perform a hypothetical
experiment that applying positive and negative pressure
on PtSeTe to change the lattice constants by using DFT
calculations, and we find that positive (negative) pressure
does increase (decrease) ∆Em (see Fig. 5(c)).
Having examined PtSeTe, now we move on to PtSSe

and PdSeTe. Optimized lattice constants of PtSSe, and
PdSeTe are shown in Table I, experimental ones are also
given, and they coincide with each other. We find that

the Dirac points in PtSe2 and PdTe2 also transform into
the TDPs in orderly arranged PtSSe and PdSeTe (see
Fig. 6). The calculated phonon spectra of these three
orderly arranged compounds are all stable as shown in
Fig. 7. Previous study have shown that S and Se can
be orderly arranged in 1T -TaS2−xSex.

50 Mono to sev-
eral layers high-quality PtSe2 samples have been grown
by molecular beam epitaxy (MBE) method.51,52 There-
fore, MBE could be a promising method to synthesize the
orderly arranged PtSeTe, PtSSe, and PdSeTe by one-by-
one atomic layer growing sequence.

IV. CONCLUSION

Due to C3v ⊗ 1̄′ symmetry, ∆5 and ∆6 bands degen-
erate in PtSe2 family materials. By breaking I symme-
try, Kramers degenerate ∆5 and ∆6 bands split, there-
fore each Dirac cone in PtSe2 family materials transform
into two TDPs in orderly arranged PtSeTe, PtSSe, and
PdSeTe where the Γ − A paths only preserve C3v sym-
metry. Unlike the high-energy physics, breaking the in-
version symmetry I of PtSe2 family materials leads to
the splitting of Dirac fermion into TDPs rather than
Weyl fermions. The splitting energy ∆E of ∆5 and ∆6

bands can be manipulated by p−d hybridization of metal
and anion atoms. These three materials are stable in
phonon spectra and very possible to be grown in exper-
iments, such as using MBE method. If orderly arranged
PtSeTe family materials are synthesized, they will pro-
vide real examples, in which Dirac points transform to
TDPs points, and can help us to investigate the topologi-
cal transition between Dirac fermions and TDP fermions.
Further experimental verification and theoretical studies
need to be carry out.
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