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Based on first-principles calculations, symmetry analysis and model construction, we predict that Ho, CF, hosts both
straight and twisted Weyl nodal lines in its bulk phonon spectrum. We identify that the top two phonon bands entangle
with each other, forming two straight Weyl nodal lines on the K—H and K’—H’ paths at the Brillouin zone (BZ) boundary,
and six twisted Weyl nodal lines within the BZ. All the Weyl nodal lines along the k; direction and across the entire BZ.
The symmetry analysis indicates that these Weyl nodal lines are protected by the P77 symmetry and crystal symmetry. The
Berry phase and drumhead-like nontrivial surface states are calculated. We also construct a tight-binding model to describe
these nodal lines. Our work provides an excellent material platform for exploring the fascinating physics associated with

straight and twisted Weyl nodal line phonons.
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1. Introduction

In the past decade, there has been a significant surge
of research interest in the topological quasiparticles that
emerge around band degeneracy points in condensed matter
systems.[!=3] Based on the dimension of the band degeneracy
within the Brillouin zone (BZ) in momentum space, topologi-
cal quasiparticles can be categorized as zero-dimensional (0D)
node points (such as Weyl and Dirac semimetals), *®! one-
dimensional (1D) nodal lines®'°! and two-dimensional (2D)
nodal surfaces.?>23! Due to these degeneracies in topologi-
cal quasiparticles, the low-energy electron excitations are en-
dowed with various exotic physical properties.

Topological quasiparticles were studied in electronic
band structures at first and then the study was extended
to bosonic and even classical systems, such as photonic

[24-26]

crystals, acoustic systems,/?’21 and electric circuit

30-321 Phonons are the fundamental bosonic excita-

networks. !
tions in a crystal material, describing the collective motion of
an atomic lattice. Unlike electronic fermions, phonons are not
constrained by the Pauli exclusion principle. Consequently,
the entire frequency range of a phonon spectrum can be ex-
perimentally explored. Recently, topological quasiparticles in
phonons have been attracting a great deal of attention. 332!
As an interesting type of topological quasiparticles, topo-
logical nodal line semimetals, which are band degeneracy
curves between the conduction and valence bands in a BZ,
have been attracting significant interest due to their vari-
ety of intriguing properties, such as drumhead-like surface

101 anisotropic electron transport,!'?! an unusual optical

4345

states, |

response and circular dichroism, | I possible surface mag-
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y,[16:46-48] and density fluctuation

netism and superconductivit
plasmons and Friedel oscillations.[*”! In addition, topologi-
cal nodal lines can be classified into various types based on

their geometry, such as nodal rings,'*-15] nodal chains, %]

nodal links,’># and even nodal knots.[3¢

! These topo-
logical nodal lines all have closed configurations. Recently,
straight nodal lines and twisted nodal lines that extend in a cer-
tain direction and traverse the entire bulk BZ have been discov-
ered, and several concrete materials hosting such nodal lines

18,38.57-601 However, the number of can-

have been proposed.!
didates is still very limited. Hence, there is a need to explore
more realistic materials that can realize straight and twisted
Weyl nodal lines.

In this work, through first-principles calculations and
symmetry analysis, we report that Hop CF, material hosts both
straight Weyl nodal lines and twisted Weyl nodal lines in its
bulk phonon spectrum. We find that the crossing points be-
tween the top two phonon bands form two straight Weyl nodal
lines at the BZ boundary and six twisted Weyl nodal lines
within the BZ. Here, all the straight and twisted Weyl nodal
lines extend along the k, direction and across the entire BZ
and they are topologically distinct from those which do not
penetrate the BZ. The results of symmetry analysis and the
nontrivial & Berry phase are demonstrated. The correspond-
ing nontrivial surface states are revealed. We also construct
a tight-binding (TB) model to capture these nodal lines. Our
findings suggest an exceptionally suitable platform for exper-
imentally exploring the intriguing properties of straight and

twisted Weyl nodal line phonons.
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2. Crystal structure

Ho,CF, belongs to the rare earth carbide fluoride
compounds and it has been successfully synthesized in
experiments. [®!] The crystal structure has been determined by
a quantitative analysis of the x-ray diffraction data (the crystal
structure data are a = b = 3.6567 A and ¢ = 6.3171 A).1o1
Ho,CF; crystalizes into a trigonal structure with space group
No. 164 (P3m1), which can be generated by the following
symmetry elements: S;r and C}. The crystal structures of
Ho,CF; and the BZ are schematically shown in Fig. 1. The
Wyckoff positions of the Ho, C and F atoms are 2d (1/3, 2/3,
0.2098), 1a (0, 0, 0) and 2d (1/3, 2/3, 0.6175), respectively.

Fig. 1. (a) Side view and (b) top view of the crystal structure of Ho,CF,.
The primitive cell is shown with a solid line. (c) Bulk BZ and the projected
surface BZ of the (100) plane. The high-symmetry points are labeled.

3. First-principles methods

The density functional theory (DFT) was employed for
first-principles calculations, utilizing the projector-augmented
wave method as implemented in the Vienna ab initio simula-
tion package.!%>%41 The exchange—correlation functional em-
ployed the Perdew—Burke—Ernzerhof!® realization within the
generalized gradient approximation. The plane wave energy
cutoff was set to 600 eV and the BZ was sampled using a I'-
centered k mesh of size 15 x 15 x 8. The convergence crite-
ria for energy and force were set to 1077 eV and 1073 eV/A,
respectively. The structure is fully optimized. The optimized
lattice parameters for the HopCF; are a = b = 3.638 Aandc=
6.416 A, which are close to the experimental values (a = b =
3.6567 A and ¢ = 6.3171 A). The force constants and phonon
spectra were obtained using the density functional perturba-
tion theory in combination with the Phonopy package.[%®! The
irreducible representations of the phonon spectra were cal-
culated using the PhononIrep package.!®”] The surface states

were calculated using the Green’s function method based on

the WannierTools package.[6%-70]

4. Results
4.1. Straight and twisted Weyl nodal line phonons

The phonon spectrum of Ho,CF, obtained from first-
principles calculations is shown in Fig. 2(a). From Fig. 2(a),
one can observe that three phonon bands (the 13th to the 15th
bands) between 10.8 THz and 18 THz separate from other
phonon bands and entangle together. Among the three phonon
bands, the crossing between the top two phonon bands (14th
and 15th) forms a twofold degenerate along the K—H path and
linear band-crossing points along the I'—K and H-A paths. Via
a careful scan of the BZ, we find that these degenerate points
form two straight Weyl nodal lines along paths K—H and K'—
H' at the BZ boundary and six twisted Weyl nodal lines within
the BZ, as shown in Figs. 2(b) and 2(c), respectively. Par-
ticularly, the phonon band structure around the straight and
twisted Weyl nodal lines is very “clean”, since the crossing
points of the nodal lines are located in the gap between the
14th and 15th phonon bands and there are no other extrane-
ous bands nearby. Meanwhile, the nodal lines are exposed in
a large frequency window with a width of about 1 THz. The
frequency of the nodal lines can be inferred from the dip in the
phonon density of states. The clean phonon band structure,
the large frequency window and the small frequency variation
on the nodal lines make Ho,CF; an almost ideal candidate for
experimental studies of straight and twisted Weyl nodal line
phonons.
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Fig. 2. (a) Calculated phonon spectrum and phonon density of states for
Ho,CF,. The irreducible representations (IRRs) are given. Distribution
of straight Weyl nodal lines (b) and twisted Weyl nodal lines (c) in the BZ
for Ho,CF, obtained from the DFT calculation.
Here, both the straight and twisted Weyl nodal lines tra-
verse the whole BZ in the k; direction. This type of nodal line
is topologically different from those that do not traverse the

BZ because the former cannot be continuously contracted to a
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point, while the latter can. Mathematically, the BZ is topolog-
ically equivalent to a three-dimensional torus denoted as T>.
Closed loops on T? can be categorized based on their funda-
mental homotopy group 71 (T?) = Z>, which is described by
three integers representing the number of times the loop winds
around each of the three directions./'® From this perspective,
the nodal lines that do not traverse the BZ belong to the trivial
class with Z3 = (0,0,0), while the nodal lines discussed here
belong to the class (0,0, 1).

Since the straight and twisted Weyl nodal lines extend
along the k, direction and display strong anisotropy in the dis-
persion relation, they may result in pronounced anisotropic
transport.

4.2. Symmetry protection and Berry phase

The straight Weyl nodal lines along paths K—H and K'-H’
are protected by two independent symmetries: P77 symmetry
and C3, symmetry. Phonons are intrinsically spinless and the
presence of P77 symmetry requires that the Berry phase asso-
ciated with any closed path must be quantized into multiples of
7.7 In this context, the Berry phase is given by the equation

= ¥ flua(0)]iVeu (k) dk. (1)

Here, the Berry phase is computed for a locally gapped spec-
trum along a closed path ¢. The term |u,(k)) represents the
periodic part of the Bloch eigenstate. For a nodal line, we can
calculate its Berry phase 7, for a closed path ¢ encircling the
nodal line. Through DFT calculations, we find that the Berry
phases for the straight Weyl nodal lines along paths K—H and
K'-H' are — 7 and 7 [see Fig. 2(b)], respectively, showing that
the straight nodal lines are topologically nontrivial.

Another protection for the straight Weyl nodal lines is
from the C3; symmetry. The straight nodal lines lie on the
K-H and K'-H' high-symmetry lines, which are invariant un-
der Cs,. Thus, each state on these high-symmetry lines is also
an eigenstate of C3;, with an eigenvalue g3, = e*'2%/3. The
nodal line is protected if the two degenerate bands have differ-
ent g3, on the K—H (K'-H’) path. In fact, the IRRs of the two
phonon bands calculated by our DFT is 2EDLE [see Fig. 2(a)],
which can allow the existence of twofold degeneracy. The

ei2n/3 0 )
0 e-i2n/3 } , which

indicates that the twofold degenerate bands at K—H path have

IRRs 2E @ 'E of C3, correspond to {

a different Cs, eigenvalues e'?%/3 and e ~12%/3_ In addition, the
C3,; symmetry further pins the straight nodal line to be on the
K-H (K'-H') high-symmetry line.

Similarly, the twisted Weyl nodal lines are protected by
the P7 symmetry and C; symmetry. The P7 symmetry re-
quires that the Berry phase for any closed path encircling the
twisted Weyl nodal line is =7, which is also confirmed by our
DFT calculations, as shown in Fig. 2(c). The two crossing

phonon bands near the nodal point on the twisted Weyl nodal
line have different IRRs A and B [along the path I'-K and H—
A, as shown in Fig. 2(a)], which correspond to the opposite C}
eigenvalue 1 and —1.

4.3. Drumhead-like surface states

One of the important signatures of the topological nodal
line is the presence of drumhead-like surface states at the sam-
ple surface.!'%! In Fig. 3, we plot the calculated surface phonon
spectrum for the (100) surface of HooCF,. One indeed ob-
serves a surface band connecting the nodal points that corre-
spond to the nodal line in the bulk, as indicated by the green
arrows in Fig. 3. The surface band connects the nodal lines
through the surface BZ boundary. We also plot the isofre-
quency surface contour at 14.5 THz of the (100) surface in
Fig. 3(b).

a)
15.2

—~

,_.

~

0
7

Frequency (THz)

f=14.5 THz

Fig. 3. (a) Calculated surface phonon spectrum for the (100) surface and
(b) the corresponding isofrequency surface contour at 14.5 THz. The
green arrows indicate the drumhead-like surface states.

4.4. TB model

To further characterize the straight and twisted Weyl
nodal lines, we construct a TB model based on the symmetry
requirements. We consider one atom occupying the Wyckoff
position la (0, 0, 0) within a unit cell with three p-like basis
orbitals (py, py, and p;) in each site. We consider the nearest-
neighbor hopping, the spinless TB model is constructed using
the MagneticTB package!’?! and the model is given by

e;+m M m
H=| mn5 e+ns 15 |, 2
n; ns e+

where 1); is given by

nm = \%tl [cos(ky) —2cos(ky) —2cos (ke +ky)]

116301-3
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+2n[cos(ky) +cos(ky) + cos(ke +ky)],
M2 = —211[cos(ky) — cos (ke +ky)],
M3 = 2V/313[cos(ky) —cos (ke + k)],
Ny = —2/31 cos(ky)
+215[cos (ky) 4 cos(ky) + cos(k, + ky )],
N5 = —213[2cos(ky) — cos(ky) — cos(ky +ky)],
2t4[cos(ky) 4 cos(ky) +cos(ky + ky )], 3)

Ne

where ¢;, t; are real model parameters and the wave vectors
are measured in units of the respective inverse lattice constant.
The phonon bands calculated by the TB model are shown in
Fig. 4, which shows that our TB model accurately captures the
dispersion features of the straight and twisted Weyl nodal line
phonons in Ho, CF;.

17
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Fig. 4. The calculated phonon bands using the tight-binding (2) model.
In the calculation, we set e; = ey = 14,1 = —0.4, 1, = —0.5, 13 = 0.1,
t, =04,

5. Conclusion

In conclusion, we have theoretically predicted the exis-
tence of both straight and twisted Weyl nodal line phonons in
Ho,CF,. These nodal lines traverse the whole BZ along the
k, direction. The results of the symmetry analysis and Berry
phase calculations indicated that these nodal lines have sym-
metry protection and are topologically nontrivial. In addition,
drumhead-like surface states occur on the (100) surface. We
have constructed a TB model to describe these nodal lines. In
an experiment, the bulk straight and twisted Weyl nodal line
phonons can be directly probed in neutron scattering!’3! and
x-ray scattering!’# (for example, the helical nodal lines in the
phonon spectrum of MoB; have been probed by inelastic x-
ray scattering'*®!), and the surface states could be probed by
high-resolution electron energy loss spectroscopy,!’ helium
scattering, 7! and THz spectroscopy.!””78 Our results offer a
promising platform for exploring the intriguing physics asso-
ciated with straight and twisted Weyl nodal line phonons.
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