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First-principles prediction of ideal type-II Weyl phonons in wurtzite ZnSe
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Weyl materials, exhibiting topologically nontrivial touching points in band dispersion, are fascinating subjects
of research, which have been extensively studied in electron-related systems. In this paper, by employing first-
principles calculations of topological phonons in wurtzite-structured phases of MX chalcogenides (where M =
Zn and Cd and X = O, S, Se, and Te), we demonstrate the existence of ideal type-II Weyl phonons in wurtzite
ZnSe, a well-known II-VI semiconductor. There are in the qz = 0.0 plane six pairs of Weyl points stemming
from the inversion between the two optical branches. The nontrivial phonon surface states and surface arcs
projected on the semifinite (0001) surfaces are investigated. Phonon surface arcs connecting each pair of Weyl
points with opposite chirality, guaranteed to be 0.55 Å−1 and very long, are readily observable in experiment.
The opposite chirality of Weyl points with quantized Berry curvature produces the Weyl phonon Hall effect. Our
results propose a potential platform for future experimental study of type-II Weyl phonons in realistic materials.
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I. INTRODUCTION

Topological phases of matter can host analogs of parti-
cles relevant for high-energy physics and may enable fresh
pathways for the application of quantum materials [1–4]. A
more recent example is the experimental discovery of left-
and right-handed chiral Weyl fermions as quasiparticles in
Weyl semimetal TaAs by addressing the Fermi arcs in angle-
resolved photoemission spectra [5,6], which brings the Weyl
equation [7] into the experimental realm. Weyl semimetals are
crystalline solids hosting emergent Weyl fermions which are
the crossing points of two nondegenerate linearly dispersing
energy bands in the three-dimensional (3D) momentum space.
At the Weyl point (WP), the Fermi surface usually shrinks into
a point with a nonzero topological charge (C = +1 or −1)
according to the Nielsen-Ninomiya theorem [8]. Each WP acts
as a monopole of the Berry curvature field, which leads to
topological boundary states on the surface. The topological
surface state connects the WPs in pairs with opposite chirality
[3,9], forming an unclosed curve in the Fermi surface. Ac-
cording to the geometry of the dispersing energy bands and
Fermi surfaces at the WP, Weyl semimetals can be classified
into type I and type II [10,11]. In type-I Weyl semimetals, a
linear crossing of two bands occurs at the Fermi level with the
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standard conical energy dispersion, collapsing into a pointlike
Fermi surface [12]. As for type-II Weyl semimetals, tilted
Weyl cones appear with Fermi surfaces consisting of touched
electron-hole pockets [11], which could break the topologi-
cal Lorentz invariance at the energy of the WP and lead to
many unusual electromagnetic responses [13–17]. To date,
two broad categories, relying on breaking either time-reversal
symmetry T or spatial symmetry P (or possibly both), have
boosted discovery of Weyl semimetals of electronic fermions
in both experiment and theory [18].

As the counterpart of electrons, phonons are the population
of quasiparticles describing the collective motion of the under-
lying atoms [19] and are crucial to many physical properties
and the behavior of crystalline materials, such as thermal con-
ductivity [20,21], mechanical properties [22], phase transition
[23], superconductivity [24–26], and other properties related
to vibrational modes [27]. Similar to topologically nontrivial
fermions of electrons, there are also unconventional topo-
logical vibrational phonons which have been experimentally
observed in the 3D momentum space of solid crystals by
using inelastic x-ray scattering experiments, such as double
Weyl phonons in parity-breaking FeSi [28,29] and phononic
helical nodal lines with PT protection in MoB2 [30]. In
the meantime, intensive efforts have been devoted to ex-
ploring topological phonons in materials via first-principles
methods, and thus a number of candidates have been pre-
dicted to host nontrivial states [31], such as Dirac phonons
(two-dimensional materials of CrI3, YGaI, CuI, and group V
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elements) [32], WPs {In2Te3 [33], wurtzite cuprous iodide
(CuI) [34], zinc-blende CdTe [35], LiCaAs [31], cubic SrSi2

[36], K2Sn2O3 [37], WC-type materials [38], and BaPtGe
[39]}, nodal-line topological phonons (ZrSiO [33], MgB2
[40], ScZn [31], and Rb2Sn2O3 [41]), nodal-ring phonons
(graphene [42], CaMg2 [43], and bcc C8 [44]), topologi-
cal triple-point phonons (silicon [45]), and triangular Weyl
phonons (YPt2B and α-SiO2) [46], which greatly enrich the
family of topological phonon materials.

As opposed to electronic fermions, phonons, being the
most basic emergent boson of crystalline lattices and not lim-
ited by the Pauli exclusion principle [19], could be physically
probed within the scale of terahertz frequency in a phonon
spectrum [47]. In general, nondegenerate two-phonon bands
touching in the Brillouin zone (BZ) could give rise to the
possible appearance of WPs in 3D materials due to the ab-
sence of spin degrees of freedom for phonons [34,35]. This
feature of phonons provides an ideal platform for studying
topological Weyl bosonic excitations in realistic materials.
Ideal Weyl phonons should have a relatively large separation
with the same energy in the 3D momentum space and be
separated from any other phonon bands [34,48]. These fea-
tures are in favor of the observation of topological nontrivial
surface states in experiments and the further development of
Weyl physics. Amongst all the predicted realistic candidates
[29–31,34,35,38,46,49], rare phonons have been found to sat-
isfy the above criteria for ideal type-II WPs. In this case,
exploring the ideal type-II Weyl phonons with clean surface
states is still a priority to guide efforts in experiment and
theory.

In this paper, based on first-principles calculations, we
make a screening of topological type-II Weyl phonons in
wurtzite-structured phases of MX chalcogenides (where M =
Zn and Cd and X = O, S, Se, and Te). We demonstrate that
wurtzite ZnSe hosts the ideal type-II Weyl phonons with six
pairs of accidentally degenerated WPs at the frequency of 5.49
THz in the qz = 0.0 plane. The WPs originate from a band
inversion between the two optical branches. We observe that
clear phonon Fermi arcs connect two WPs of opposite chiral-
ity and vanish in the bulk phonon continuum in the surface
state calculations. Each pair of WPs with quantized opposite
Berry curvature are well separated by a distance of 0.55 Å−1

in the momentum space, suggesting that wurtzite ZnSe is a
promising material candidate for studying the type-II Weyl
phonons and phonon Fermi-arc surface states experimentally.

II. COMPUTATIONAL METHODS

First-principles calculations were performed at the density
functional theory level using the Vienna ab initio simulation
package [50]. The Perdew-Burke-Ernzerhof generalized gra-
dient approximation revised for solids [51,52] was selected
to describe the exchange-correlation energy. The projector
augmented-wave method [53,54] was used to treat the inter-
actions between ions and valence electrons with a plane-wave
cutoff energy of 500 eV. The full BZ was sampled with
a 15 × 15 × 7 Monkhorst-Pack k mesh [55]. All geometric
structures were fully relaxed until the residual forces on each
atom were less than 0.01 eV/Å. The real-space interatomic
force constants were calculated with a 4 × 4 × 2 supercell

FIG. 1. (a) Crystal structure of wurtzite MX (where M = Zn
and Cd and X = O, S, Se, and Te) chalcogenides. Orange and
green spheres denote the M and X atoms, respectively. (b) BZ and
the projected surface BZ for the (0001) surface of wurtzite MX
chalcogenides.

by the finite-displacement method [56] using the PHONOPY

package [57] with the following equation:

�αβ (R jl − R j′l ′ ) = ∂2V

∂uα
jl∂uβ

j′l ′
= −∂Fβ (R j′l ′ )

∂uα
jl

� −Fβ

(
R j′l ′ ; �uα

jl

) − Fβ (R j′l ′ )

�uα
jl

, (1)

where V represents the potential energy, {α, β} = (x, y, z) are
the Cartesian indices, Fβ (R j′l ′ ) is the force of the l ′th atom
in the j′th unit cell along the β direction, and uα

jl (uβ

j′l ′) is
the displacement component of the lth (l ′th) atom in the
jth ( j′th) unit cell along the α (β) direction. Since wurtzite-
structured phases of MX chalcogenides are polar materials,
the nonanalytical term correction has been considered in the
dynamical matrix to avoid the degeneracy of optical branches
when q goes to zero [58,59]. We also used some already
existent force constant data from a public phonon database
[60,61]. The Wannier tight-binding Hamiltonian of phonons
was constructed from real-space interatomic force constants
[43,62] which can be described by

H = 1

2

∑
l,m,α

∑
l ′,m′,β

�αβ (R jl − R j′l ′ )u
α
lmuβ

l ′m′ . (2)

The nontrivial boundary-edged phonon states were calculated
from the imaginary part of the surface Green’s function [63]
as provided by the open-source software WANNIERTOOLS [64].

III. RESULTS AND ANALYSIS

A. Crystal structure

As an important kind of semiconductor, MX chalcogenides
(where M = Zn and Cd and X = O, S, Se, and Te) in general
have two types of crystal phase, cubic blende and hexagonal
wurtzite, which could be selectively synthesized via differ-
ent chemical methods [65,66]. Wurtzite MX chalcogenides,
illustrated in Fig. 1(a), crystallize in a noncentrosymmetric
hexagonal space group of P63mc (No. 186) with 2 f.u. and
four atoms per unit cell. The structure can be considered as
being formed by the penetration of two hexagonal closest
packing lattices in the same 63 axis [67], with one of them
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TABLE I. The calculated lattice constants (la and lc in
angstroms), bond lengths of M-X (lM-X in angstroms), and param-
eters d for MX chalcogenides.

Compound la lc lM-X d (×10−2)

ZnO 3.238 5.227 1.980/1.973 6.05
ZnS 3.782 6.207 2.322/2.319 6.29
ZnSe 3.977 6.533 2.443/2.439 6.30
ZnTe 4.281 7.035 2.629/2.627 6.31
CdO 3.684 5.825 2.246/2.229 5.72
CdS 4.123 6.710 2.526/2.521 6.18
CdSe 4.303 7.015 2.636/2.633 6.21
CdTe 4.580 7.502 2.809/2.807 6.28

being displaced with respect to the other. In the wurtzite
structure, there are two crystallographically distinct Wyckoff
positions for M atoms and X atoms. The positions of the atoms
are given by M 2b ( 1

3 , 2
3 , 1

2 − d) and X 2b ( 2
3 , 1

3 , 1
2 + d), re-

spectively, with a parameter d for wurtzite MX chalcogenides.
Each atom is featured with tetrahedral symmetry; that is, an
atom is fourfold coordinated to four other atoms of the same
kind. In terms of cell symmetry, the length of the vertical M-X
bonds is slightly larger than that of the diagonally oriented
M-X bonds, giving rise to the distorted tetrahedral structure
in wurtzite MX chalcogenides. More details about the lattice
parameters of wurtzite MX chalcogenides are listed in Table I.
Our calculated results are in good agreement with experimen-
tal results [65,66,68] and other calculated values [58,69]. The
bulk hexagonal BZ and the corresponding (0001) surface BZ
are given in Fig. 1(b).

B. Phonon Weyl points

The phonon dispersions of wurtzite MX chalcogenides are
shown in Fig. 2(a) and Supplemental Material Figs. S1–S8

FIG. 2. (a) Calculated phonon dispersion of wurtzite ZnSe along
the high-symmetry momentum path. The phonon WP along the blue
line indicated in the inset is shown in the right section of the phonon
dispersion along the M-Q line with the shadow color. (b)–(d) The
enlarged phonon dispersions of the blue shadow regions shown in
Fig. 2(a). The colorful lines in the phonon dispersions highlight
different vibrational modes.

[70]. For ZnO, ZnS, ZnSe, ZnTe, CdS, CdSe, and CdTe, the
absence of unstable vibrational modes in the BZ indicates
the dynamical stability of these crystals. In contrast, wurtzite
CdO is unstable, with the result of an imaginary frequency
around the � point, stemming predominantly from vibrations
of Cd and O atoms along the qz direction. Since the primitive
cell contains four atoms with two M and two X atoms in
the wurtzite structure, there are 12 phonon branches for any
chosen q point in total dispersions: 3 acoustic and 9 optical
modes. When going from X = O, to S, to Se, to Te with
increasing mass, the optical phonon branches of the wurtzite
MX chalcogenides shift to a lower-frequency region and get
close to each other. This makes optical branches touch at
some points. At first glance, there is a tiny gap along the
�-M and �-K directions between the third and fourth opti-
cal branches (the sixth and seventh phonon branches) in the
phonon dispersions of wurtzite ZnSe and CdTe. This indicates
the possibility of WPs existing in it. After carefully checking
the phonon dispersions with a much denser grid of momentum
points in BZ, we find that the wurtzite CdTe has a full energy
gap between the third and fourth optical branches throughout
the whole BZ without Weyl phonons. In wurtzite ZnSe, the
frequency gaps finally approach zero and form Weyl points at
12 positions (shown in Table S1 [70]) in the qz = 0.0 plane
around the optical phonon frequency of 5.40 THz in Fig. 2(d).
This is similar to wurtzite CuI [34], which also has ideal
type-II phonon Weyl points.

To clarify the origin of the Weyl points, the phonon
branches have been sorted with different colors according
to the continuity of the eigenvectors by the phononic k · p
theorem [71,72] as follows:

∣∣∣∣
∑

e∗
k,σ1

( j) · ek+�,σ2 ( j)

∣∣∣∣ = ∣∣δσ1,σ2 − o(�)
∣∣, (3)

where e∗
k,σ ( j) is the displacement of the atom j in the eigen-

vector of the (k, σ ) vibrational mode and � is a small wave
vector. Far away from the Weyl point in Figs. 2(b) and 2(c), the
red state is the sixth phonon branch and energetically lower
than the yellow state (the seventh phonon branch). When
getting close to the Weyl point in Fig. 2(d), the two bands have
inverted energy order with the phonon band inversion in anal-
ogy to the topological electronic structure [73,74]. Atomic
vibrations of both Zn and Se atoms contribute to those two
optical branches. The vibrations of the touching points are
derived from the rotations of the Zn and Se atoms, while the
positions of all atoms remain unchanged.

Since the structure of wurtzite ZnSe belongs to the point
group C6ν , its reciprocal space holds the mirror symme-
tries σν (−qx, qy), sixfold rotational symmetry C6z = ( qx

2 −√
3qy

2 ,
√

3qx

2 + qy

2 , qz ), and time-reversal symmetry T . On the
basis of these symmetries, 12 WPs are periodically distributed
in the momentum space with accidental degeneracy and could
not locate at in-plane high-symmetry lines, as shown schemat-
ically in the inset of Fig. 2, which is the same as wurtzite CuI
[34]. A perspective 3D plot of the corresponding one pair of
WPs is presented in Fig. 3(a). It is clear that the two bands
touch with linear dispersions. In order to identify the type of
these WPs, an enlarged 2D view of one point is displayed in
Fig. 3(b). Both linear crossing bands show tilted contacts with
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FIG. 3. (a) Perspective plot of the phonon WPs with positive
and negative charge in the 3D momentum space. (b) The zoomed-in
crossing phonon dispersion around one phonon WP. The WPs with
opposite chirality are marked with different colors.

homochromous velocity along one direction, indicating that
the 12 WPs are typical type II. It should be noticed that the gap
out of the qz = 0.0 plane between the third and fourth optical
branches is relatively large, as shown in Fig. 2. This feature
can give rise to the benefit of experimental observations of ex-
otic topological bosons. So, wurtzite ZnSe is an ideal material
harboring type-II Weyl phononic points.

C. Topological charges and surface states

To confirm the topological properties of these gapless
points, we calculate the Berry curvature [64] via

�z
n(q) = �q × i〈un(q)|�q|un(q)〉, (4)

where un(q) represents the phonon eigenmodes of the nth
phonon band. Usually, one pair of Weyl nodes could show
the positive and negative Berry curvature distributions, which
can be regarded as the source and sink of Berry curvature in
the momentum space, respectively. As drawn in Figs. 4(a)
and 4(b), it clearly shows the monopolelike distribution of
the Berry curvature around two crossing nodes in the qz =
0.0 plane. As a long-pursued topic in topological materials,
WPs host well-defined chiral charges with opposite signs
[75], whose chirality is calculated by integrating the Berry
curvature on a closed surface in the 3D BZ enclosing the
corresponding WP as follows [76,77]:

γn =
∮

C
�n(q) · dq. (5)

Figures 4(c) and 4(d) present the Wannier center evolutions
around the two points with opposite charges ±1, which

FIG. 4. (a) and (b) Normalized Berry curvature �z of wurtzite
ZnSe surrounding a pair of the phonon WPs with positive and nega-
tive charge on the qz = 0.0 plane of the BZ. The length of each arrow
is the magnitude of the in-plane Berry curvature. (c) and (d) The
Wannier center evolution around WPs with (c) positive and (d) neg-
ative charges, respectively. Here, θ is the polar angle of orbitals, and
ϕ shows the phase factor of the position operator on the orbitals.

correspond to the source and sink of the Berry curvature
distributions, respectively. Furthermore, we determine the
topological charges of all the WPs of wurtzite ZnSe in the
inset of Fig. 2 and in Table S1 [70], which shows a distribution
similar to that of wurtzite CuI [34], giving six WPs with
C = +1 and six WPs with C = −1 in pairs.

To clearly verify the type-II WPs, we calculate the topo-
logically protected nontrivial surface states and Fermi arcs of

FIG. 5. (a) The surface arcs for wurtzite ZnSe projected onto the
top (0001) surface (Zn-terminated surface) at the frequency of 5.49
THz. It is observed that the surface arc always connects two WPs
with the opposite charges. (b) Surface band structure along the blue
lines indicated in (a). (c) and (d) Same as (a) and (b), respectively, but
for the bottom (0001) surface (Se-terminated surface). The length of
one pair of WPs connecting with the topological surface arcs is near
0.55 Å−1.
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FIG. 6. The frequency-dependent evolution of the topologically
protected phononic nontrivial surface states of wurtzite ZnSe for
(a) Zn-terminated and (b) Se-terminated (0001) surfaces.

phonons in the momentum space containing the phonon WPs
with opposite chirality. The different-colored spheres in Fig. 5
denote the phonon WPs with oppositely charged chirality of
C = +1 or −1, respectively. On the Zn-terminated surface in
Fig. 5(a), there are interesting topological surface arcs which
typically connect each pair of phonon WPs with opposite
chirality at the exact frequency of 5.494 THz. One can clearly
see the arc-shaped dispersing states around the phonon WPs,
contributing to the the candidate topological arcs. Figure 5(b)
depicts the surface phonon dispersion along the blue lines
indicated in Fig. 5(a). It can be seen that the topologically
protected surface states of Weyl phonons with isotropy ac-
tually exist within the phonon bulk bands of wurtzite ZnSe.
In Fig. 5(b), there are also additional trivial surface states
crossing bulk pocket bands below the phonon WPs. As for
the Se-terminated surface, the phonon bulk states harbor very
clean surface arcs forming M-centered closed circles with
trivial surface states coming into being as �-centered closed
hexagons in Fig. 5(c). The distance of a pair of WPs connect-
ing with topological phonon surface arcs is about 0.55 Å−1

(30% of the reciprocal lattice constants), which is much larger
than Weyl phonon material (wurtzite cuprous iodide CuI) [34]
and Weyl fermion semimetal TaAs [5,6]. In Fig. 5(d), the
corresponding nontrivial surface states and irrelevant trivial
states crossing bulk bands above phonon WPs are observed in
the surface phonon dispersion, agreeing with the foregoing 2D
surface arcs projected onto the (0001) surface. In addition, one
trivial surface state below the phonon WPs exists in phonon
bulk bands in Fig. 5(d). These boundary-dependent surface
states reasonably correspond to the bulk topological charges
and Berry curvatures, confirming that the wurtzite ZnSe in-
deed hosts nontrivially topological Weyl phonons. In addition,
we also calculate the frequency-dependent evolutions of the
arc states connecting the type-II WPs with the surface spectral
function being fixed at phonon frequencies of 5.29, 5.39,
5.49, and 5.59 THz on the ZnSe(0001) (Zn-terminated) sur-
face and the ZnSe(0001) (Se-terminated) surface in Fig. 6.
Certainly, there are interesting topological surface arcs which
typically connect each pair of phonon WPs. These results are
in good agreement with the numerical predictions shown in
Fig. 5.

It has been established that accidental degeneracy, which
occurs coincidentally without any protection by symmetry in

a 3D reciprocal space, could give rise to the possible existence
of Weyl points in both electron [78] and phonon structures
[34]. For wurtzite ZnSe, the 12 Weyl points are also induced
by accidental degeneracy, which is similar to that of wurtzite
CuI. For a given point in the phonon spectrum of wurtzite
ZnSe, it will certainly exist at or off high-symmetry mo-
mentum lines. Previous results have demonstrated that WPs
cannot locate at any high-symmetry momentum lines with the
point group C6v in wurtzite CuI [34]. Thus the WPs surely
locate off high-symmetry lines and stem from time-reversal
symmetry T . Besides the above-mentioned ideal Weyl points,
we also find another 24 Weyl points at the phonon frequency
of ∼6.48 THz (shown in Table S1 and Fig. S9 [70]). With
the operations of σv and C6z, the 24 Weyl points locate in
two planes of qz = ±0.3523 with a similar distribution to
that described above. What is more, we predict that wurtzite
ZnSe hosts the well-defined phononic topological Weyl nodal
lines [40] in its bulk phonon spectrum. We have shown them
in Fig. S10 [70]. It is clearly observable that countless WPs,
which are always paired in the opposite Berry phase, extend
the whole surface Brillouin zone through the high-symmetry
boundary with countless broken surface arc states in Fig. S11
[70]. This feature is also predicted in the Weyl phonon lines
of MgB2 [40].

IV. CONCLUSIONS

In summary, on the basis of first-principles calculations, we
find that wurtzite ZnSe hosts ideal type-II Weyl phonons in
the qz = 0.0 plane at the equilibrium volume. The six pairs of
WPs have minimal hybridization between the Weyl nodes and
the bulk bands, which is guaranteed to be readily detectable
in experiments. The Fermi-arc surface states connecting the
WPs with opposite chirality are very clean and could be easily
distinguished by the Zn- and Se-terminated surfaces. Each
pair of the degenerated WPs with the splitting distance of
about 0.55 Å−1 shows the opposite quantized Berry curvature,
which could produce the Weyl phonon Hall effect [79,80].
Besides, we also find 24 Weyl points that locate in two planes
of qz = ±0.3523 at the phonon frequency of ∼6.48 THz and
so-called phononic topological Weyl nodal lines [40] in the
phonon spectrum of wurtzite ZnSe. Our work points out a real
material for studying ideal type-II phononic topological WPs
and is useful to advance the fabrication of topological phonon
devices.
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