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Coexistent three-component and two-component Weyl phonons in TiS, ZrSe, and HfTe
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In analogy to various fermions of electrons in topological semimetals, topological mechanical states with two
types of bosons, Dirac and Weyl bosons, were reported in some macroscopic systems of kHz frequency, and
those with a type of doubly-Weyl phonons in atomic vibrational framework of THz frequency of solid crystals
were recently predicted. Here, through first-principles calculations, we have reported that the phonon spectra
of the WC-type TiS, ZrSe, and HfTe commonly host the unique triply degenerate nodal points (TDNPs) and
single two-component Weyl points (WPs) in THz frequency. Quasiparticle excitations near TDNPs of phonons
are three-component bosons, beyond the conventional and known classifications of Dirac, Weyl, and doubly-Weyl
phonons. Moreover, we have found that both TiS and ZrSe have five pairs of type-I Weyl phonons and a pair of
type-II Weyl phonons, whereas HfTe only has four pairs of type-I Weyl phonons. They carry nonzero topological
charges. On the (101̄0) crystal surfaces, we observe topological protected surface arc states connecting two WPs
with opposite charges, which host modes that propagate nearly in one direction on the surface.
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I. INTRODUCTIONS

Topological insulators [1–3] and topological semimetals
[4–8] are one of the fast growing families in the frontier
of material sciences and condensed matter physics due to
their unique density of states, transport properties, and novel
topological surface states as well as their potential for use in
quantum computers, spintronics, and novel physics. It has been
well known that topological semimetals highlight several main
types of interesting fermions in crystal solids, such as three-
dimensional (3D) Dirac cones [9–21], Weyl nodes [22–44],
Dirac nodal lines [45–60], triply degenerate nodal points
[61–70], and hourglass fermions [71] as well as even beyond
[61]. In addition, their realization in crystal solids is also
important because they provide the ways to study elementary
particles, which were long-sought and predicted ones, in high-
energy physics. Importantly, in similarity to various fermions
of electrons, the exciting progresses of bosons (vibrational
phonons) have also been predicted [72] or observed in the
3D momentum space of solid crystals with the topologi-
cal vibrational states, such as Dirac, Weyl, and line-node
phonons in photonic crystals only with macroscopic systems
of kHz frequency [72–87] and, recently, theoretically predicted
doubly-Weyl phonons in transition-metal monosilicides with
atomic vibrations at THz frequency [88]. Most recently, we
have even predicted highly unique Weyl nodal straight-line
phonons, extending the whole Brillouin zone (BZ) along the
one-way BZ boundary, in the famous high-temperature super-
conductor MgB2 [89]. However, to date within the atomistic
periodic lattice with THz frequency, no single Weyl phonon
has been reported and almost no three-component triply de-
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generate nodal phonons have been discussed, although three-
component fermions have been experimentally confirmed [68]
and phononic three-component degenerate nodal points have
been mentioned at the high-symmetry � point in the zone
center of the lattice BZ of transition-metal monosilicides [88].

The three-component phonons would possibly occur in
atomic solid crystals because threefold degeneracy can be
protected by lattice symmetries, such as symmorphic rota-
tion combined with mirror symmetries and nonsymmorphic
symmetries, as what was already demonstrated to be triply
degenerated points of electronic fermions in the solid crystals
[61–68]. In addition to the importance of seeking the new type
of three-component bosons, the topological phononic states
will be extremely interesting because they could certainly en-
able materials to exhibit novel heat transfer, phonon scattering,
and electron-phonon interactions, as well as other properties
related with vibrational modes, such as thermodynamics. In
the first, in similarity to topological properties of electrons, the
topological effects of phonons can induce the one-way edge
phonon states (the topologically protected boundary states).
These states will conduct phonon with little or no scatter-
ing [82,85], highlighting possible applications for designing
phononic circuits [90]. Utilizing the one-way edge phonon
states an ideal phonon diode [90] with fully 100% efficiency
becomes potential in a multiterminal transport system. In the
second, different from that of electrons, as one of bosons,
phonons are not limited by the Pauli exclusion principle. This
fact demonstrates that the whole frequency zone of phonon
spectrum can be physically probed. It was even theoretically
demonstrated that the chiral phonons excited by polarized
photons can be detected by a valley phonon Hall effect in
monolayer hexagonal lattices [91]. Within this context, through
first-principles calculations we report on the coexistence of
the triply degenerate nodal points (TDNPs) and type-I and
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type-II Weyl nodes (WPs) of phonons in three compounds
of TiS, ZrSe, and HfTe. Interestingly, these three materials
simultaneously still exhibit three-component fermions and
two-component Weyl fermions from their electronic structures.
The coexistence of three-component bosons, two-component
Weyl bosons, three-component fermions, and two-component
Weyl fermions provide attractive candidates to study the inter-
plays between topological phonons and topological fermions
in the same solid crystals.

II. METHODS

Within the framework of the density functional theory
(DFT) [92,93] and the density functional perturbation theory
(DFPT) [94], we have performed the calculations on the struc-
tural optimizations, the electronic band structures, the phonon
calculations, and surface electronic band structures. Both DFT
and DFPT calculations have been performed by employing
the Vienna ab initio simulation package (VASP) [95–97], with
the projector augmented wave (PAW) pseudopotentials [98,99]
and the generalized gradient approximation (GGA) within the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [100,101]. The adopted PAW-PBE pseudopotentials of
all elements treat semicore valence electrons as valence elec-
trons. A very accurate optimization of structural parameters
has been calculated by minimizing the interionic forces below
0.0001 eV/Å . The cutoff energy for the expansion of the
wave function into the plane waves was 500 eV. The Brillouin
zone integrations were performed on the Monkhorst-Pack k

meshes (21 × 21 × 23) and were sampled with a resolution of

2π × 0.014Å
−1

. The band structures, either with or without the
inclusion of spin-orbit coupling (SOC), have been performed
by the Gaussian smearing method with a width of smearing at
0.01 eV. Furthermore, the tight-binding (TB) through Green’s
function methodology [102–104] was used to investigate the
surface states. We have calculated the Hamiltonian of tight-
binding (TB) approach through maximally-localized Wannier
functions (MLWFs) [105,106] by using the Wannier90 code
[107]. To calculate phonon dispersions, force constants are
generated based on finite displacement method within the
4 × 4 × 4 supercells using the VASP code and their dispersions
have been further derived by Phononpy code [108]. We have
also computed the phonon dispersions by including the SOC
effect, which has been turned out to be no influence in them.
Furthermore, the force constants are used as the tight-binding
parameters to build the dynamic matrices. We determine the
topological charges of all WPs by using the Wilson-loop
method [109,110]. The surface phonon DOSs are obtained by
using the iteration Green’s function method [104].

III. RESULTS

A. Crystal structure and structural stabilities
of the MX compounds

Recently, the type of WC-type materials [Fig. 1(a)], in-
cluding ZrTe, TaN, MoP, and WC, has been theoretically
reported to host the coexistence of TDNPs and WPs in
their electronic structures. This type of coexisted fermions of
electronic TDNPs and WPs has been recently confirmed in
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FIG. 1. WC-type crystal structure and its Brillioun zone of MX(M
= Ti, Zr, Hf; X = S, Se, Te). These materials crystallize in the simple
hexagonal crystal structure with the space group of P 6̄m2 (No. 187).
M occupies the 1a Wyckoff site (0, 0, 0) and X locates at the 1d (1/3,
2/3, 1/2) site. Panel (a) shows the phonon vertical vibrational mode
(Modez

⊥) along the kz direction at the boundary—the high-symmetry
A (0, 0, π/2) point—of the Brilliouin zone (BZ). Panel (b) denotes
the phonon planar vibrational mode (Modex

=) along the kx direction,
which is twofold degenerate (Modex,y

= = Modex
= = Modey

=) because
of its C3v rotational symmetry. (c) The BZ in which the closed loops
around each K point denote the Dirac nodal lines (DNLs) of electrons
around the Fermi level when SOC is ignored. With the SOC inclusion
each DNL is broken into two Weyl points with the opposite chirality,
marked as blue (WP-) and red (WP+) balls and they coexist with the
triply degenerate nodal point (TDNP) of electronic structure (namely,
three-component fermion). Panel (d) shows the triply degenerate
nodal point (TDNP) of phonon dispersions (three-component boson)
along the �-A direction in the BZ.

MoP [68]. We further extended this family by proposing eight
compounds (TiS, TiSe, TiTe, ZrS, ZrSe, HfS, HfSe, and HfTe),
which are isoelectronic and isostructural to ZrTe. Among
these compounds, five compounds of TiS, ZrS, ZrSe0.90, and
Hf0.92Se as well as ZrTe were experimentally reported to have
the same WC-type structure [111–118]. No experimental data
is available for the remaining four compounds of TiSe, TiTe,
HfS, and HfTe. Here, in order to systematically investigate
their electronic structures and phonon spectra and to com-
pare their differences, we have considered that all these nine
compounds crystallize in the same WC-type structure. For five
experimentally known compounds TiS, ZrS, ZrSe, ZrTe, and
HfSe, our DFT calculations yield the good agreement of their
equilibrium lattice parameters with the experimental data (see
Supplemental Table S1 [119]). Their enthalpies of formation
are derived in Supplemental Table S1 [119], indicating their
stabilities in the thermodynamics and their phonon dispersions
have no imaginary frequencies, revealing the stabilities in the
atomic mechanical vibrations.
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FIG. 2. Phonon spectra of ZrS, ZrSe, and ZrTe. Panels (a), (b), and (c): DFT-derived phonon dispersions of ZrS, ZrSe, and ZrTe, respectively.
Panels (d), (e), and (f): DFT-derived total and partial phonon densities of states (PDOS) of ZrS, ZrSe, and ZrTe, respectively. At the high-symmetry
A point, the symmetries of the modes are indicated by E, E, A1, and A1 with increasing frequencies and at the zone center (�) the symmetries
of the modes are also indicated by A′′

2 and E′ for optical branches.

B. Three-component fermions and two-component Weyl
fermions in the electronic structures

We have elucidated the electronic band structures of these
nine compounds. Interestingly, they are in similarity to the
case of ZrTe in Ref. [64]. As an example, the electronic band
structure of ZrSe is given in the Supplemental Fig. S1 [119],
indicating the coexisted fermions, TDNPs and WPs, whose
coordinators are further compiled in Fig. 1(c). Of course,
the similar electronic behaviors can be observed for other
compounds, but TiS is unique. Because of its rather weak
spin-orbit coupling (SOC) effect, TiS exhibits the coexistence
of six DNLs and two sixfold degenerate nodal points of its
electronic structure in the BZ. This situation is exactly what
happens for other eight compounds when the SOC effect
is ignored. Basically, the appearance of these two types of
fermions, TDNPs and WPs, in this family share the same
physics, as previously discussed for ZrTe [64]. The details
of their electronic structures and their topologically protected
nontrivial surface states refer to Supplemental Figs. S1, S2,
S3, and S4 [119] as well as the corresponding supplemental
texts [119].

C. Triply degenerate nodal points (TDNPs) of the phonons
in TiS, ZrSe, and HfTe

We have found that the presence of the triply degenerate
nodal points (TDNPs) of the phonons in three compounds of
TiS, ZrSe, and HfTe after a systemical analysis of their phonon
dispersions (see Supplemental Fig. S5 [119]). Because each
primitive cell contains two atoms [Fig. 1(a)], their phonon
dispersions have six branches consisting of three acoustic
and three optical ones, respectively. As compared with the
computed phonon dispersions in Figs. 2(a)–2(c) and their
phonon densities of states in Figs. 2(d)–2(f) of the isoelectronic
ZrS, ZrSe, and ZrTe compounds, a well-separated acoustic-
optical gap can be observed in both ZrS and ZrTe with the
smallest direct gap at the A point (0, 0, π/2) on the boundary
of the BZ. The specified analysis uncovered that for both ZrS
and ZrTe compounds the top phonon band of the gap at the
A point is comprised with the doubly degenerate vibrational

mode (corresponding to the irrep symbol E) of phonons in
which both Zr and S (or Te) atoms, oppositely and collinearly,
displace along either x or y direction [Modex,y

= as marked
in Fig. 1(b)]. The vibrational amplitude of the E Modex,y

= is
contributed nearly 100% by the Zr atom, rather than by S (or
Te) atoms. The bottom phononic band of the gap at the A point
is a singly degenerate mode A1 at which both Zr and S (or Te)
atoms collinearly move in the same kz direction [Modez

⊥ as
marked in Fig. 1(a)]. But its amplitude of this Modez

⊥ is almost
fully dominated by the displacement of S (or Te) atoms.

In contrast to both ZrS and ZrTe in Fig. 2, the case of
ZrSe shows no acoustic-optical gap [Fig. 2(b)], as illustrated
by its phonon density of states in Fig. 2(e). It has been
noted that the planar E Modex,y

= at the A point becomes now
lower in frequency than the A1 Modez

⊥. Accordingly, this fact
corresponds to the occurrence of phonon band inversion at the
A point. It means the unusual fact that around the A point the
optical phonon bands invert below the acoustic band which
normally should have a lower frequency. Physically, within
the (quasi)harmonic approximation the vibrational frequency
ω has to be proportional to

√
β/m at the boundary of the

BZ. Here, β is the second-order force constant—the second
derivative of the energy following a given vibrational mode as
a function of the displacement and m the atomic mass. At the
zone boundary A point, both β= and m= refer to the second
force constant and atomic mass associated with the E Modex,y

= ,
whereas both β⊥ and m⊥ correspond to those of the A1Modez

⊥.
Therefore, as seen in Fig. 2(b) for ZrSe the occurrence of the
phonon band inversion at the boundary A point is certainly
induced by both β and m which are determined by the planar
E Modex,y

= and the A1Modez
⊥ at the A point. Following this

consideration, we have defined the dimensionless ratio τ as
follows,

τ =
√

β=/m=√
β⊥/m⊥

, (1)

where τ specifies the comparison between the frequencies of
both Modex,y

= and Modez
⊥. With τ > 1 the material shows no

band inversion, thereby indicating no TDNPs. τ < 1 implies
the appearance of the phonon band inversion with the TDNPs
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FIG. 3. Second-order force constant at the A point and the dimensionless ratio τ of MX. Panel (a): DFT-derived second-order force constant
at the A point for both the two-fold degenerate planar vibrational Modex,y

= and the vibrational Modez
⊥. Panel (b): The derived parameter τ from

Eq. (1) as a function of the δ value, as defined in the main text, for all nine compounds. Panels (c) and (e): DFT-derived phonon dispersions to
elucidate phonon TDNPs of ZrSe along the X1 (−π/2, 0, 0) to X2 (π/2, 0, 0) and �-A directions, respectively. Panels (d) and (f): Zoom-in 3D
visualization of phonon TDNPs in the kz = 0 and ky = 0 planes, respectively.

in the acoustic and optical gap. With such a definition, we
further plot the β with the sequence of ZrS, ZrSe, and ZrTe in
Fig. 3(a). It has been found that, only with the second-order
force constants of β= and β⊥ [Fig. 3(a)] it is not enough to
induce the phonon band inversion. This fact is in agreement
with the Eq. (1) although the difference between β= and β⊥ is
the smallest in ZrSe among them in Fig. 3(a). Furthermore, for
all nine compounds in this family we compiled their τ values
as a function of the ratio (δ) of the atomic masses related with
Modex,y

= over Modez
⊥ [namely, δ = m(Modex,y

= )/m(Modez
⊥)]

in Fig. 3(b). This implies that, if the atomic masses of
constituents in a targeted material highly differ, the possibility
to have TDNPs in the acoustic and optical gap of its phonon
dispersion is extremely low. However, if they have the compa-
rable atomic masses with the δ ratio close to 1 the possibility to
have TDNPs is high in the acoustic and optical gap. Following
this model, we have further uncovered that, because the τ value
is smaller than 1, both TiS and HfTe have similar property as
what ZrSe does [Fig. 3(b)]. The findings for both TiS and HfTe
are in accordance with the DFT-derived phonon dispersions
in Supplemental Fig. S5 [119]. However, there is no TDNP
in the acoustic and optical gap of the other members. These
facts imply that in these materials the difference between the
atomic masses of constituents in the compound plays a key role
in inducing the phonon band inversion for the appearance of
TDNPs in the acoustic and optical gap, as seen for three cases
of TiS, ZrSe, and HfTe whose δ value are all around 1.

Importantly, as accompanying with the occurrence of the
phonon band inversion, the TDNPs, featured by a linear
crossing of the frequencies between the acoustic and optical
bands, unavoidably appear at (0, 0, kz = ±0.40769) along the
�-A direction in the BZ [Fig. 2(b) and Fig. 3] for ZrSe. Their
appearance of the TDNPs in the acoustic and optical gap is
indeed protected by the C3z rotation and mirror symmetries
along the �-A direction because C3z allows the coexistence
of twofold (Modex,y

= ) and onefold (ModeZ
⊥) representations,

in similarity to their electronic band structures as discussed
above. To elucidate the underlying mechanism of the phonon
TDNPs in the acoustic and optical gap, it still needs to be
emphasized that, on one hand, the rotation and mirror symme-
tries substantially provide the prerequisite to produce these two
competing modes (twofold Modex,y

= and onefold ModeZ
⊥) and,

on the other hand, the comparable atomic masses of constituent
elements are another ingredient to trigger the phononic band
inversion. Of course, at this TDNP it still implies that the planar
Modex,y

= and the ModeZ
⊥ at (0, 0, kz = ±0.40769) locate at the

strictly same frequency of 183.9 cm−1. The TDNPs locate at (0,
0, kz = ±0.40382) with the frequency of 293.4cm−1 for TiS
and at (0, 0, kz = ±0.43045) with the frequency of 133.3cm−1

for HfTe. To elucidate the 3D TDNP shape of ZrSe, we also
plot the zoom-in dispersions on both kz = 0 and ky = 0 planes
of BZ in Fig. 3. From both Figs. 3(c) and 3(d) in the kz = 0 the
TDNP in the acoustic and optical gap can be clearly visualized
to have an isotropic shape. However, in the ky = 0 plane the
phonon bands around the TDNPs are highly complex with
the helicoid shape [Figs. 3(e) and 3(f)]. Recently, the similar
TDNPs also exist between doubly degenerate E1u mode and
singly degenerate acoustic mode along the �-A direction for
high-temperature superconductor MgB2 [89].

D. Two-component Weyl phonons in TiS, ZrSe, and HfTe

Besides the existence of the TDNPs in TiS, ZrSe, and HfTe,
the calculations revealed the occurrence of the two-component
Weyl nodes (WPs) in their phonon spectra. As evidenced in
Fig. 4(a) for TiS, the phonon bands have five different band
crossings (from C1 to C5) at the high-symmetry K point and
a band crossing at the H point. In particular, because these
crossings are not constrained by any mirror symmetry, they
result in the appearance of six pairs of WPs (Table I). Among
them, the band crossings from C1 to C5 confirm the five pairs
of type-I WPs from WP1 to WP5 and the C6 crossing gives rise
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FIG. 4. Topological phonons of TiS, ZrSe, and HfTe. Panels (a), (b), and (c): DFT-derived phonon dispersions along K to H for TiS, ZrSe,
and HfTe, respectively. Panels (d) and (e) show the Wannier center evolutions around positive charge WP3+ and negative charge WP2−
nodes for TiS, respectively. Panels (g) and (f) denote the Berry curvature distributions around WP3+ and WP2− Weyl nodes for TiS. Panels
(h) and (i) show the phonon dispersions around a type-I WP3+ and a type-II WP6+ Weyl node for TiS, respectively. Noted that the symbols of
WP1 ∼ WP6 are the Weyl nodes, the symbols of C1 to C6 refer to six different band crossings, and the signs of + and − denote the topological
positive and negative charges, respectively.

to the sixth pair of type-II WP6 one. The phonon dispersions
of type-I and type-II WPs are shown in Fig. 4(h) and Fig. 4(i),
respectively. To identify their topological nontrivial properties,
we have calculated the topological charge of each Weyl node,
which is defined by the integration of Berry curvature using
a closed surface surrounding a node within the framework of
the Wilson-loop method [109,110]. For instance, Figs. 4(d)
and 4(e) show the Wannier center evolutions around WP3+
and WP2− with the topological positive and negative charges,
respectively. Their corresponding Berry curvatures are shown

in Figs. 4(f) and 4(g), indicating that the positive and negative
charges, WP3+ and WP2−, have different winding directions
of their Berry curvatures. Furthermore, we determine the
charges of all the WPs of TiS in Table I. In similarity, ZrSe
shares the same six pairs of WPs (5 pairs of type-I ones and
a pair of type-II one) in Fig. 4(b) whereas HfTe only has four
pairs of type-I WPs in Fig. 4(c), whose coordinators are given in
Table I. This difference is mainly because in HfTe the phonon
dispersions from K to H are lacking two band crossings, C3 at
K and C6 at H.

TABLE I. Weyl points at k = ( 1
3 , 1

3 ,kz) and their frequencies ω, topological charges (+ or −) and types (type-I or type-II) of TiS, ZrSe, and
HfTe.

WPs kz ω (cm−1) Charge Type kz ω (cm−1) Charge Type kz ω (cm−1) Charge Type

WP1 0.1919 361.22 + I 0.1485 227.76 + I 0.1739 172.95 + I
WP2 0.3628 349.07 − I 0.2600 221.91 − I 0.2798 169.95 − I
WP3 0.0517 289.21 + I 0.0371 194.93 + I
WP4 0.2741 242.05 − I 0.2569 150.52 − I 0.2803 101.67 − I
WP5 0.2533 238.37 + I 0.2486 149.22 + I 0.2205 94.99 + I
WP6 0.3265 231.30 + II 0.2977 142.84 + II
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FIG. 5. The surface phonon spectra and the surface phonon densities of states (PDOSs) of the (101̄0) surface of TiS. Panels (a), (b), and
(c): the surface phonon spectra along the high-symmetry lines in panel (a) and along the defined K̄-H̄ line of the BZ in the (101̄0) surface.
Panels (d) and (e): the surface PDOSs at the six frequencies that the six pairs of Weyl nodes have and the projections of these bulk WPs are
marked as solid blue (positive topological charge) and white (negative topological charge) circles in each panel. The surface opening arc states
connect two WPs with opposite charges which can be visualized in panels (d)–(i). Panels (j) and (k): the frequency-dependent evolutions of the
arc states connecting the type-I WP1 and the type-II WP6 on the (101̄0) surface of TiS, respectively.

Certainly, the existence of these WPs gives rise to the
topologically protected nontrivial surface states (TPSSs) of the
surface phonon dispersions. As shown in Figs. 5(a)–5(c), we
have calculated the surface phonon spectrum of the (101̄0)
surface of TiS along the high-symmetry momentum paths in
the surface BZ. In particular, in order to see the projections of
all WPs on the (101̄0) surface, we have plotted the surface

phonon dispersions [Figs. 5(b) and 5(c)] along the K̄-H̄
direction, as defined in the (101̄0) surface BZ [Fig. 5(d)]. This
K̄-H̄ direction indeed is the projection of the K-H direction in
the bulk BZ. As evidenced in Fig. 5(b), the three type-I WPs,
WP1, WP2, and WP3, are clearly demonstrated and the other
two type-I WP4 and WP5 as well as another type-II WP6 can
be apparently seen in Fig. 5(c). Accordingly, we have observed
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FIG. 6. The surface phonon dispersion and its evolution of the PDOSs on the (101̄0) surface of HfTe. Panel (a): The surface phonon
dispersion on the (101̄0) surface of HfTe. Panels (b)–(e): The surface phonon densities of states (PDOS) at the frequencies of four pairs of Weyl
nodes (WP1, WP2, WP4, and WP5 in HfTe). The projections (solid white circles—negative charge and solid blue circles—positive charge) of
the bulk WPs (and their symmetric counterparts) on the (101̄0) surface are indicated on each figure. The surface arcs connect two WPs with
opposite charges. Panel (f): the frequency-dependent evolutions of the arc states connecting the type-I WP1 on the (101̄0) surface of HfTe.

the interesting TPSSs, which are typically connecting each WP
in Figs. 5(b) and 5(c). We further plot their 2D visualization
of their phonon density of states (PDOSs) in Figs. 5(d)–5(i)
using the exact frequencies with 361.22 cm−1 of WP1, 349.10
cm−1 of WP2, 289.21 cm−1 of WP3, 242.05 cm−1 of WP4,
238.37 cm−1 of WP5, and 231.30 cm−1 of WP6, respectively.
Interestingly, at each frequency for the (101̄0) surface in
Figs. 5(d)–5(i), the TPSSs featured by the broken surface arcs
connecting two WPs with opposite charges for WP1, WP2,
WP3, and WP6 can be clearly visualized. However, it is a bit
difficult to observe the broken arcs states connecting WP4 and
WP5 on the (101̄0) surface because they are heavily overlapped
with the projections of bulk phonon states. The case of ZrSe
also exhibits the quite similar arc states of surface phonon on
its (101̄0) surface (not shown here).

As compared with both cases of TiS and ZrSe, HfTe exhibits
some differences. HfTe only has four pairs of type-I WPs as
marked in Fig. 4(c) and no type-II WPs. Figure 6 shows its
phonon spectrum of the (101̄0) surface and the 2D visualiza-
tions of the PDOSs with the frequencies of 172.95 cm−1 of
WP1, 169.95 cm−1 of WP2, 101.67 cm−1 of WP4, and 94.99
cm−1 of WP5, respectively. The bulk WPs are also projected
onto the (101̄0) surface. As shown in Fig. 6(b), the broken
arc states of the TPSSs are clearly linked to the pair of WP1
with opposite topological charges, and only partial for both

WP2 and WP4 in Figs. 6(c) and 6(d), and not observable for
WP5 due to its overlapping with the projected states of bulk
phonon dispersions in Fig. 6(e). In addition, it still needs to
be emphasized that the arc states can be certainly observed
on some other planes which are paralleling to the bulk H-K
direction, such as the (011̄0) plane. However, note that the
arc states connecting Weyl nodes cannot be observable on
the (0001) surface because, on it, the projections of the K-H
direction coincide at the same surface momentum, and their
topological charges cancel each other.

IV. DISCUSSIONS

Through the DFT-derived results, these three materials of
TiS, ZrSe, and HfTe are highly attractive because of the
occurrence of the coexisted TDNPs and WPs. In the first,
the TDNPs of their phonons are interesting because (i) they
provide a good platform to study the behaviors of the basic
triple degenerate boson, one of elementary particles, in the real
materials, (ii) they are highly robust, which are locked by the
threefold rotational symmetry of the hexagonal lattices, and
(iii) they exactly occur in the optical-acoustic gap and do not
overlap with other phonon bands. Perhaps, the thermal-excited
signals related with these TDNPs will not be interfered by
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other vibrational modes, thereby highlighting the viable cases
to experimentally probe the TDNP-related properties.

In the second, it is well known that in the electronic
structures the WPs and their associated topological invariants
enable the corresponding materials to exhibit a variety of novel
properties, such as robust surface states and chiral anomaly
[22–34,36–41]. In our current cases, the existence of the
bulk phononic WPs and their robust TPSSs render them to
be very charming for possible applications, because these
states cannot be backscattered. In particular, as evidenced
in Fig. 5(j) the surface broken arc states connecting a pair
of WP1 nodes in TiS exhibit a nearly one-way propagation.
Its evolution further extends and shifts to the zone boundary
with increasing the frequencies in a relatively wide region
of frequency in Fig. 5(j). In similarity, the nearly one-way
arc states connecting a pair of WP1 nodes in HfTe can be
clearly visualized in Fig. 6(f). However, the evolution of the
surface arc states connecting a pair of type-II WP6 in TiS
cannot be fully visualized because most of them are overlapped
with the projections of the bulk phonon states in Fig. 5(k).
It needs to be emphasized that this topologically protected
one-way propagation in these compounds are certainly robust
and immune to defects. Within this context, utilizing the
frequency around the WPs it is possible to provide directional
selectivity for conducting heat (phonon) within the THz scales
from the atomistic crystals. For instance, it would hence be
promising to utilize them to propagate phononic vibrational
waves along some specified directions or surfaces for applica-
tions of direction (or surface)-orientation thermal conduction
and anisotropic thermoelectricity for innovative devices, or of
acoustic devices in soundproofing and sonar stealth systems.

V. SUMMARY

Summarizing, through first-principles calculations we have
revealed that three WC-type materials of TiS, ZrSe, and HfTe
host both three-component bosons featured by TDNPs and
two-component Weyl bosons featured by WPs in their phonon

spectra. In both TiS and ZrSe, there exist six pairs of bulk
WPs (five type-I nodes and one type-II node) locating at
the K-H line in the BZ, whereas in HfTe only four pairs
of type-I WPs exist. We have demonstrated that the phonon
spectra of these three cases are topological in nature, exhibiting
that the topologically protected nontrivial surface arc states
of phonons. These nontrivial states are directly linked with
various WPs with opposite chirality. Interestingly, these three
cases still exhibit three-component fermions featured by TD-
NPs and six pairs of two-component Weyl fermions (WPs)
in their electronic structures of the bulk crystals. The coexis-
tence of the main features are (i) three-component phonons,
(ii) two-component Weyl phonons and three-component
fermions, and (iii) two-component Weyl fermions and, in
particular, both three-component bosons and three-component
fermions at the nearly same momentum [Figs. 1(c) and 1(d)]
along the �-A direction could couple to each other through
electron-phonon interactions. They hence highlight a wonder-
ful platform to study the interplays between different types
of topological electron excitations and topological phonons
within the atomistic scale for potential multifunctionality
quantum-mechanical properties.
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