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While condensed matter systems host both fermionic and bosonic quasiparticles, reliably predicting and
empirically verifying topological states is only mature for Fermionic electronic structures, leaving
topological Bosonic excitations sporadically explored. This is unfortunate, as Bosonic systems such as
phonons offer the opportunity to assess spinless band structures where nodal lines can be realized without
invoking special additional symetries to protect against spin-orbit coupling. Here we combine first-
principles calculations and meV-resolution inelastic x-ray scattering to demonstrate the first realization of
parity-time reversal symmetry protected helical nodal lines in the phonon spectrum of MoB,. This structure
is unique to phononic systems as the spin-orbit coupling present in electronic systems tends to lift the
degeneracy away from high-symmetry locations. Our study establishes a protocol to accurately identify
topological Bosonic excitations, opening a new route to explore exotic topological states in crystalline

materials.
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The discovery of topological insulators and topological
semimetals in electronic band structures has ignited exten-
sive research to classify various topological states and
identify materials whose electronic structures are topologi-
cally nontrivial. A recent breakthrough is the development
of symmetry-based indicator theories [1-4] and compati-
bility relations [5], which have been used to thoroughly
diagnose topological states in the electronic structures of
most known materials. Despite this transformative progress
on electronic Fermionic quasiparticles, the systematic study
of topological Bosonic states in crystalline materials is still
in its infancy. In particular, it is unclear how to realize new
topological Bosonic excitations.

Phonons are the most basic emergent Boson of crystal-
line lattices, describing the collective motion of the under-
lying atoms. They strongly affect the physical properties of
crystalline materials and play a pivotal role in various
electronic phases, such as conventional superconductivity
and charge density waves. Phonons in crystalline materials
are different from those in mechanical metamaterials,
where the former are true quantum objects and correlate
with electronic and magnetic exciations while the latter
are derived from classical equations [6,7]. Conceptually,
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phonon band dispersions share similar symmetry properties
to spinless electronic band structures [8], and hence can
host topologically nontrivial band crossings, such as Weyl
points [9,10] and Dirac points [11,12]. In these cases, the
Weyl points are the sources of nonzero Berry flux in
momentum space with topological z invariance [13,14].
However, when both time-reversal symmetry, 7, and
inversion symmetry, P, are present, an isolated Weyl-point,
as shown in Fig. 1(a), no longer exists as the P7 operation
restricts the Berry curvature to be zero. In cases where
T2 =1, a new topological structure can be realized. This
structure describes the case where a topological band
crossing traces out an extended loop in the Brillouin zone
and is termed as a nodal line [see Fig. 1(b)]. These nodal
lines are topologically protected, with a nonzero z, number,
and carry a Berry phase of z. This is in contrast to nodal
lines in electronic band structures [15-19] where additional
crystal symmetries are required to protect the band cross-
ings as spin-orbit coupling (SOC) tends to lift the degen-
eracy away from high-symmetry locations. In this Letter,
we use first-principles calculations combined with meV-
resolution inelastic x-ray scattering (IXS) to discover the
first true P7 -symmetry protected nodal lines in the phonon
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spectrum of MoB,. This material is a well-known member
of the super hard family of transition metal diborides [20].
The helical-shaped topological state is not restricted by any
crystal symmetries and is prohibited in electronic struc-
tures. Interestingly, we find that the phononic nodal line
induced surface bands are flat with high density-of-states
(DOS) near the nodal energies, which might lead to
electronic anomalies on the surface through electron-
phonon coupling.

High quality single crystals of MoB, were grown via Al
flux. The starting elements of Mo (99.5%), B (99.9%), and
Al (99.99%) were put into an alumina crucible, with a
molar ratio of Mo:B:Al = 1:2.5:73.3. The mixture was
heated up to 1773 K in a high-purity argon atmosphere and
then slowly cooled down to 1173 K. The MoB, single
crystals were separated from the Al flux using diluted
hydrochloric acid. Phononic nodal lines were measured by
IXS in a single crystal of MoB, of approximately
2 x 3 x 0.08 mm>. The experiments were conducted at
beam line 30-ID-C (HERIX [21,22]) at the Advanced
Photon Source (APS). The highly monochromatic x-ray
beam of incident energy E; = 23.7 keV (4 = 0.5226 A)
was focused on the sample with a beam cross section of
~35 x 15 yum? (horizontal x vertical). The total energy
resolution of the monochromatic x-ray beam and analyzer
crystals was AE ~ 1.5 meV (full width at half maximum).
The measurements were performed in reflection geometry.
Typical counting times were in the range of 30 to
120 seconds per point in the energy scans at constant
momentum transfer Q. The phonon dispersions of MoB,
were calculated using the Vienna ab initio simulation
package (VAsP) [23] that is based on density functional
perturbation theory (DFPT) [24]. The exchange-correlation
potential was treated within the generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof
variety [25]. Prior to the phonon calculations, the crystal
structure was relaxed until the residual force on each atom
was less than 0.001 eV A~!. The relaxed lattice parameters
are in good agreement with experimental result [26-28].
The surface state was calculated by the Greens function
method. We take the imaginary part of the surface Green’s
function as the local density of states (LDOS) (see
Supplemental Material for calculation details [28,33-35]).

MoB, has a centrosymmetric structure R3m (No. 166)
[26], whose BZ, crystal structure and primitive cell are
shown in Figs. 1(c)-1(e), respectively. The Mo atomic layer
sits between two different B atomic layers [labeled as B,
and B, in Fig. 1(d), respectively] along the conventional
unit cell ¢ direction or the [111] direction in the primitive-
cell convention. The B; layer forms a planar quasi-2D
honeycomb lattice while the B, layer is a buckled honey-
comb network. Figure 1(f) shows the calculated phonon
dispersion along the high-symmetry lines alongside the
phonon DOS. The absence of negative phonon frequencies
proves that the R3m structure of MoB, is computationally
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FIG. 1. Schematics of (a) Weyl point with z invariance and
(b) topological nodal line with z, invariance. The structure in the
center of (b) (colored in light blue) represents the extended nature of
the crossing, which traces out a loop in reciprocal space. (c) is the BZ
of MoB,, where ki, k,, and k3 are the reciprocal basis of the
primitive cell. (d) and (e) are the conventional unit cell and primitive
cell of MoB,, respectively. a, b, and ¢ specify the conventional unit
cell directions, while a;, a,, and a5 are base vectors of the primitive
cell. The high-symmetry points, I':(0,0,0), 7:(0.5,0.5,0.5),
F:(0,0.5,-0.5), and L:(0.5,1,0), are defined in the primitive
cell notation. (f) is the DFPT calculated phonon spectra and the
phonon DOS of MoB,.

stable, in agreement with an early study [26]. As we show
schematically in Fig. 1(b), the topological nodal line
consists of two crossing bands. We thus inspect the phonon
dispersions and find two sets of nodes: the lower energy
nodes located near 7.25 THz (30 meV) and the higher
energy nodes located around 23 THz (95 meV). As shown
in Fig. 1(f), near these energies (indicated by dashed lines),
the phonon DOS shows local minima, consistent with the
nodal dispersion. As we go on to prove below, these nodes
are protected by P7 symmetry and form a helical topo-
logical nodal line through the BZ.

Symmetry-based indicator theories [1-4] and compati-
bility relations [5] are the main theoretical tools to diagnose
topological states in electronic band structures. Here, we
extend these methods to phonon spectra [36-38] and apply
the diagnostic procedure to the 30 meV band crossing in
MoB,. As summarized in Fig. 2(a), the procedure starts
with deducting the irreducible representations of the high-
symmetry points I', 7, F, and L through first-principles
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FIG. 2. (a) Diagnostic process for topological phonons by
compatibility relation and symmetry-based indicator theories. (b)
and (c) are the side view and top view (along the [111] direction)
of the 30 meV nodal-line path in the BZ, respectively. The black
dashed arrows in (b) indicate the IXS measurement trajectories.
The projected trajectory in the (1,1,1) plane is shown in (c). All
nodal lines carry a quantized 7 Berry phase.

calculations. We then check space group No. 166 with
symmetry-based indicator theories and compatibility rela-
tions, which are available for all 230 space groups [1-5].
We find that No. 166 has a nontrivial symmetry-based
indicator group. For the five lowest energy phonon modes,
however, the compatibility relation is not satisfied, sug-
gesting band inversions between the fifth and sixth mode.
To determine the topological structure, we use the indicator
formulas of the subgroup No. 2, whose compatibility
relation is satisfied for the first five lowest energy phonon
modes. The symmetry-based indicator formulas of sub-
group No. 2 can be written as:

N_(q)-N.(q)

d?2,
5 mo

2= i=123,

geTRIM at {g;=n}

(1)

N_(q) —=N,(q)

> mod 4, (2)

4 =
gETRIM

where TRIM stands for time-reversal invariant momenta.
N, (q) and N_(q) represent the number of bands that are
even or odd under P symmetry in ¢, respectively.
Equations (1) and (2) give the types, position, number,
and topological charge of the band crossings in MoB, [4].
Finally we use the indicator of z, 125222322424 = (1110)
for subgroup No. 2, which corresponds to 2 mod 4 nodal

lines along the [111] direction in the BZ. These nodal lines
carry a m Berry phase and are robust against small
perturbations that do not break P7 symmetry.

We perform meV-resolution IXS measurement to
directly probe the bulk phonon band crossings of MoB,
and the presence of the nodal line. IXS measures the
phonon dynamic structure factor, S(Q, ), which can be
formulated as

5(Q.w) = Z|F(T7q,j)|2/(1 — e MaltT)§(w—wg;).  (3)

where O = q + 7, ¢, and 7 are the total momentum transfer,
reduced momentum transfer in the first BZ and the
reciprocal lattice vector, respectively. w,; is the jth energy
of phonon mode at momentum g [39,40]. |F(z,q, j)|* is
given by

. 1 or 2
|F(T’q’1)|2_a)_qj’Zd{/d%Q'eqjdelQd . 4

where f; and M, are the atomic form factor and atomic
mass, respectively. The index d denotes atoms inside the
primitive cell. Vector e, is the eigenvector of the phonon.
As shown in Fig. 1(f), the nodal lines intercept the high-
symmetry directions: (h, h,h) — (h,h + 0.5, h —0.5) and
(h4+05,h+05h+05) > (h+0.5h+1,h), where h
is an integer. Since S(Q, ®) varies strongly in different BZs,
we first calculate the resolution convoluted SPFFT(Q, w)
and decide to perform our measurement along the
(7,7,7) - (8,8,8), (7,7,7) - (7,7.5,6.5), and (7.5,
7.5,7.5) > (7.5,8,7) directions [Figs. 3(a)-3(c)]. The
IXS data corresponding to the blue dashed squares in
Figs. 3(a)-3(c)] are shown in Figs. 3(d)-3(f), respectively.
To precisely determine the nodal-line loci along the
(7,7,7) - (7,7.5,6.5) and (7.5,7.5,7.5) — (7.5,8,7)
directions, we extract the phonon peak positions by fitting
the IXS spectra [28]. Figures 3(g) and 3(h) show repre-
sentative fittings. The number of phonon peaks that are
used in the fitting energy window are based on the
theoretical calculations shown in Figs. 3(b) and 3(c).
The high energy-resolution of our measurement enables
us to resolve band splittings larger than 0.5 meV. Within
this limit, we find that along the (7,7,7) — (7,7.5,6.5)
direction, the topological band crossing is observed near
scan #2, corresponding to Q = (7,7,7) + 0.84 x (0,0.5,
—0.5). Along the (7.5,7.5,7.5) — (7.5,8,7) direction, the
topological band crossing moves closer to the zone center
and locates near Q = (7.5,7.5,7.5) + 0.6 x (0,0.5,-0.5),
which is consistent with the first principles calculations. In
this way, we directly trace out the extended nature of the
band crossing that describes the nodal line, demonstrating
the realization of this state in MoB,.

Having experimentally established the topologically
nontrivial band crossings along the high-symmetry lines,
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FIG. 3. (a)—(c) are the resolution convoluted phonon dynamic structure factor along different directions calculated ab initio. These

momentum trajectories are equivalent to the black dashed trajectories shown in Fig. 2(b). The measured IXS data corresponding to the
blue dashed squares in (a)—(c) are shown in (d)—(f), respectively. Insets in (e) and (f) schematically show the points intercepting between
the helical nodal-line and high symmetry planes in momentum space. (g) and (h) show representative IXS spectra and fittings along the

(7,7,7) - (7,7.5,6.5) and (7.5,7.5,7.5) — (7.5,8,7) directions,

respectively. The scan numbers in (g) and (h) correspond to the

positions shown in (e) and (f), respectively. Near the nodal lines [curve #2 in (g) and (h)], the fitted peak separation is less than 0.3 meV,

in agreement with the DFPT predicted band crossing.

we perform complete phonon calculations in the entire BZ,
and map out the two helical nodal lines winding along the
[111] direction. The validity of our calculations is sup-
ported by the excellent agreement with the measurements
shown in Fig. 3. Since these topological states are not
restricted by any additional crystal symmetries, the nodal-
line path does not overlap with the high-symmetry direc-
tions in momentum space except when it intercepts with the
(0,0,0) and (0.5,0.5,0.5) planes, as shown in Figs. 2(b) and
2(c). This unique helical shape cannot be realized in
electronic structures, as the presence of finite SOC will
lift the degeneracy except at high-symmetry locations.
Using the same diagnostic procedure, we find that the
band crossing near 95 meV shares a similar topology with
those near 30 meV. Its topological invariant is found to be
2122022322424 = (1112) [28]. By examining the eigen-
vectors of the crossing bands, we find that the 30 meV
nodal lines are dominated by Mo vibrations on the
triangular lattice, while the 95 meV nodal lines are mainly
composed of B; and B, vibrations on the planar and
buckled hexagonal lattice, respectively. The same sym-
metry of the triangular lattice and the buckled hexagonal
lattice explains the similar topological nature of the low and
high energy nodal lines.

The combined theoretical analysis and bulk-sensitive
IXS measurements demonstrate the first realization of P7 -
symmetry protected helical nodal lines in MoB,. Similar to
other topological structures, these new bulk topological
states induce phononic boundary modes on the surface that
are robust against local disorder. Figure 4 shows the LDOS
on a log scale. The intensity is calculated by the Green’s
function method for a [010] surface. Interestingly, unlike
the Weyl points, which induce dispersive helicoid edge
modes [9,10], the surface states arising from the topological
nodal lines form a drumhead shape. In contrast to the bulk

phonon DOS minima near 30 meV and 95 meV, the flat
surface modes yield high surface DOS near these energies
[Fig. 4(b)]. Such high surface phonon DOS may thus
induce surface electronic structure anomalies through
electron-phonon coupling [41,42]. It would be interesting
for future studies to explore such electronic anomalies via
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FIG. 4. (a) The bulk BZ and the surface BZ along the [010]
direction of MoB,. (b) shows the calculated [010] surface LDOS,
containing both bulk derived modes and modes that are unique to
the surface [28]. The colorscale represents intensity on a log
scale. The integrated intensity of this image plot is shown in the
left panel. The drumhead surface phonon states (connecting the
node-line crossing points in side the white dashed rectangles)
have the highest LDOS as manifested by the sharp integrated
intensity peaks at the nodal-line energies (highlighted with

shading).
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angle-resolved photoemission spectroscopy, which may
provide an alternative route to justify the presence of
nodal-line edge modes.

In summary, using first principles calculations and
meV-resolution IXS, we show the first realization of P7
symmetry protected helical nodal lines in the phonon
spectrum of MoB,. Our work provides a blueprint for
systematic identification and verification of topological
Bosonic states in crystalline materials.
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