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Phonons, as the most fundamental emergent bosons in condensed matter systems, play an essential role
in the thermal, mechanical, and electronic properties of crystalline materials. Recently, the concept of
topology has been introduced to phonon systems, and the nontrivial topological states also exist in phonons
due to the constraint by the crystal symmetry of the space group. Although the classification of various
topological phonons has been enriched theoretically, experimental studies were limited to several three-
dimensional (3D) single crystals with inelastic x-ray or neutron scatterings. The experimental evidence of
topological phonons in two-dimensional (2D) materials is absent. Here, using high-resolution electron
energy loss spectroscopy following our theoretical predictions, we directly map out the phonon spectra of
the atomically thin graphene in the entire 2D Brillouin zone, and observe two nodal-ring phonons and four
Dirac phonons. The closed loops of nodal-ring phonons and the conical structure of Dirac phonons in 2D
momentum space are clearly revealed by our measurements, in nice agreement with our theoretical
calculations. The ability of 3D mapping (2D momentum space and energy space) of phonon spectra opens
up a new avenue to the systematic identification of the topological phononic states. Our work lays a solid
foundation for potential applications of topological phonons in superconductivity, dynamic instability, and

phonon diode.
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Topological phononics, including the acoustic waves in
artificial metamaterials and the phonons in solid crystal-
line materials, have been attracting extensive attention.
Although the progress of topological acoustic artificial
metamaterials [1-6] are highly exciting, topological pho-
nons (TPs) in solid crystalline materials are of fundamental
importance. Analogous to the topological classifications in
electronic systems, TPs in solid crystalline materials have
been theoretically classified into Weyl phonons [7-9],
Dirac phonons [10], nodal-line (ring) phonons [11,12],
and hourglass phonons [13]. Naturally, TPs produce non-
trivial topologically protected surface or edge states, which
are able to conduct phonons without scattering. This results
in low-dissipation transmission and, thus, carries very
promising properties and rich application perspectives
[14]. Conceptually, phonons are effective in the whole
region of the frequency without the limits of Fermi energy
and the Pauli exclusive principle and, thus, the topological
phenomena of phonons should be richer than topological
electrons for a solid material.
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Unlike the fast responses of topological electrons to
external electric or magnetic fields, the signature of TPs is
hard to be captured by measuring macroscopic properties.
Hence, the characterization of TPs relies on the measure-
ment of phonon spectra, analogous to the determination of
electronic topology by mapping electronic band structures.
However, to characterize the energetic difference between
topological phononic bands, usually in the range from ~0.1
to ~10 meV, requires high-resolution experimental tech-
niques, which are typically more difficult than elucidating
those between topological electronic bands in the scale of
~100 to ~1000 meV. In addition, to obtain the global
topological phononic feature, accurate and efficient mea-
surements of the phonon spectra in the entire momentum
space are needed. This brings big challenges to the current
mainstream phonon measurement techniques, such as
inelastic x-ray or neutron scattering upon the preparation
of high-quality single crystalline samples. Known mea-
surements of TPs [7,15—17] were only limited to observing
the crossovers of some bulk phonon branches along a
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specific momentum direction, lacking a global characteri-
zation of the phononic topology. Although TPs also have
been predicted in a series of two-dimensional (2D) materi-
als [18-20], it is almost impossible for x-ray or neutron
scattering techniques to detect phonons of 2D materials
because they are insensitive to the surfaces or monolayer
materials. Hence, no experimental verification of TPs in 2D
materials has been available to date. Apparently, there is an
urge to confirm the experimental evidence for 2D TPs.

In this context, the electron beam in use for the high-
resolution electron energy loss spectroscopy (HREELS)
with a reflective measuring geometry provides the pen-
etration length most suitable for surfaces (generally, several
atomic layers) or 2D materials. Hence, the HREELS would
be the suitable tool to measure topologically protected
phononic surface states and, in particular, it is the most
appropriate one to characterize TPs of 2D materials. More
importantly, the recently developed 2D HREELS technique
[21,22] enables the efficient mapping of phonon disper-
sions, with high resolutions of both energy and momentum,
within the entire momentum space. These advantages
provide the key prerequisite to depict the global topology
of phonons for 2D materials.

Interestingly, the ideal 2D single-atom-thick material,
graphene, was recently predicted to host robust TPs includ-
ing nodal-ring phonons (NPs) and Dirac phonons (DPs) [18].
Despite the phonon spectrum of graphene being extensively
studied experimentally, all measurements were made along
several typical high-symmetry paths [23,24]. Yet, mapping
of the full phonon spectra of graphene throughout its entire
2D Brillouin zone (BZ) and the whole energy scale, the key to
characterizing the global phononic topology, is still lacking.
Given the fact that the traditional, but state-of-the-art
HREELS technique seems to be feasible, this inspires us
to explore the experimental verification of TPs of 2D
materials using graphene as a benchmark. Here, we report
the direct observation of 2D TPs, including both the NPs and
DPs from the global phonon mapping of graphene by 2D
HREELS.

Topological phonons of graphene.—Within a periodic
crystal, the topological characteristics are mostly deter-
mined by symmetries. Generally, the classes of TPs of the
2D hexagonal lattice, which is isostructural to that of
graphene, are highly rich. As illustrated in Fig. 1, its lattice
possesses inversion (P), time-reversal (7)), and out-of-plane
mirror (M,) symmetries. Following these symmetries, the
crossings between phononic bands can be generally clas-
sified into DPs or NPs. DPs are protected by the P and T
symmetries (i.e., the PT symmetry) and are characterized
by Berry phases of +r at the locations of Dirac points. The
NPs are protected by the PT and M, symmetries, featured
by Berry phases of +rx in the inner region of the nodal
rings. Upon the tilted degree of the phononic bands with
respect to the g, — g, momentum plane, type-I, type-II,
and type-Ill. DPs or NPs can be further classified

FIG. 1. Symmetries and classification of TPs in a 2D hexagonal
lattice. (a),(b) 2D crystal structure and BZ of the hexagonal
lattice, respectively. (c)—(e) Illustrations of type-I, type-II, and
type-III DPs, respectively. (f)—(h) Illustrations of type-I, type-II,
and type-III NPs, respectively.

[Figs. 1(c)-1(h)]. In order to capture this modeling
analysis, we have performed the first-principles phonon
calculations [Fig. 2(a)] and corresponding Berry phase cal-
culations [details in the Supplemental Material (SM) [25] ]
of graphene, which agree well with our previous study [18].
Six TPs have been predicted, two of which are topological
NPs and the other four of which are topological DPs.
Among the four DPs, two type-I DPs (DP1 and DP2) occur
at the K point and two type-II DPs (DP3 and DP4) form
along the I'-M and I'-K paths, respectively [Fig. 2(a)]. DP1
describes the linear crossing of the phononic bands
between the out-of-plane optical (ZO) and the acoustic
(ZA) branches, whereas DP2 describes the linear crossing
between the longitudinal optical (LO) and the acoustic
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FIG. 2. Graphene phonon spectra and experimental setup.
(a) Calculated graphene phonon spectra along the high-symmetry
paths. (b) A schematic of the experimental setup. (c) Experimental
graphene phonon spectra corresponding to (a). (d) 3D HREELS
mapping of the graphene phonon spectra. The topological NPs
and DPs are indicated by the green and blue circles (a) or arrows
(c), respectively.
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(LA) branches. DP3 and DP4 are the results of the linear
crossings of the phononic bands between the L.O and the
transverse optical (TO) branches. In addition, two NPs,
namely, NP1 and NP2, are formed from the continuously
linear crossings of the phononic bands between the LA and
Z0 branches and between the transverse acoustic (TA) and
Z0 branches, respectively.

HREELS mapping of graphene phonons.—To experime-
ntally identify the topological characteristics of the TPs, we
have performed the HREELS measurements of the mono-
layer graphene samples, grown on the Cu(111)/sapphire
substrate via chemical vapor deposition (details in the
SM [25]). The 2D mapping was achieved by a specially
designed lens system in combination with an electron
monochromator and a hemispherical electron energy ana-
lyzer [Fig. 2(b)]. With such designs, the ultimate energy
and momentum resolutions are better than 0.7 meV and
0.002 A", respectively [21]. In this study, all the mea-
surements were performed using an incident beam energy
of 110 eV and an incident angle of 60° at room temperature.
To compromise with the detection efficiency, we have set
the resolutions to 3.8 meV and 0.03 A~! for energy and
momentum, respectively (Fig. S4 in the SM [25]), which
enables the characterization of the TPs from the phonon
spectra of graphene. Remarkably, the experimental map-
ping reproduced well the calculated phonon spectra. As a
benchmark, it can be seen that along the high-symmetry
I'-M-K-I" paths the experimentally measured spectra
[Fig. 2(c)] perfectly agree with the theoretical ones
[Fig. 2(a)]. The phononic band crossings, which are crucial
for characterizing TPs, can be clearly visualized, as expli-
citly exhibited by the corresponding energy distribution

NP1
Exp

FIG. 3.

curve (EDC) stacks in Fig. S5 in the SM [25]. There is no
doubt that the DPs and the nodal points on the NPs along
the high-symmetry paths are reproduced by our experi-
mental data. However, the global characterization of TPs,
especially for the structural features of the whole NPs, has
to be established by mapping phonons within the entire 2D
BZ. In this sense, the mapping of the phonon spectra
throughout the 2D momentum space (g,, ¢,) and energy
space (Aw) is essential. Fortunately, in our current exper-
imental setup for 2D HREELS, the high-resolution three-
dimensional (3D) mapping (q,, ¢y, hw) of the phonon
spectra can be obtained by rotating the samples along the
normal direction and collecting the 2D /- mapping with
different azimuthal angles. As illustrated in Fig. 2(d), the
3D HREELS mapping of the graphene phonon spectra is
compiled within the entire 2D BZ, which gives us the
chance to study the structural features of graphene TPs.
Visualization of nodal-ring phonons.—As shown in
Fig. 3, the structural features of graphene NPs are unam-
biguously revealed by the 3D mapping of the graphene
phonon spectra. Although along the high-symmetry paths
in Figs. 2(a) and 2(c) the crossings between both LA and
Z0 modes form the nodal points, these two nodal points
are not isolated ones but form a closed loop due to the
continuous phonon band crossings, as evidenced in
Fig. 3(a) (marked by a bright cyan curve). Notably, the
NP1 is flat, with a dispersionless feature at the energy of
~99 meV throughout the 2D BZ. The calculated spectrum
in Fig. 3(c) indicates an excellent agreement that the LA
and ZO modes result in the NP1 occurrence with a
calculated energy of ~99.3 meV. Furthermore, we plot
the experimental and calculated distributions of the energy

NP2
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@
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Nodal-ring phonons of graphene. (a) Experimental observation of NP1 from the dispersion of LA and ZO branches in the 2D BZ

from HREELS. The experimental data are marked by the black dots and the colored dispersions are reconstructed via linear interpolation
from the experimental data. The data were taken by varying the azimuthal angle by 5° from the I'-K direction each time until a total rotation
of 60° (to the nearest I"-K direction) is acquired. The entire spectrum is obtained by duplicating the experimental data according to the
sixfold symmetry. (b) Projected shape of NP1 obtained from the measured energy gap between the LA and ZO branches in the first BZ. (c),
(d) The calculated results corresponding to (a) and (b), respectively. (e)—(h) The corresponding results for NP2 from the experiments and
calculations of the TA and ZO branches. The NPs are highlighted by bright cyan lines in (a), (c), (e), and (g).
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FIG. 4. Dirac phonons of graphene. (a) Demonstration of DP1 from the calculated 3D dispersion plot of the ZA and ZO branches.
(b) The schematic of the measurement directions. #2 marks the direction along the I'-K, #1 and #3 mark the directions +15° off the I'-K
path. (c),(e),(g) The 2D phonon mapping corresponding to the #1, #2, and #3 directions, respectively. The white dotted lines mark the
BZ boundary (BZB), and the boxes i, ii, and iii mark the corresponding cuts illustrated in (a). (d),(f),(h) The EDC stacks corresponding

to the boxes i, ii, and iii in (c), (e), and (g), respectively.

gap between the LA and ZO modes (|op 5 — @70]) in the
first BZ in Figs. 3(b) and 3(d), respectively, revealing that
the experimental and calculated contours of the NP1 show
the almost identical shape of a rounded hexagon. In
similarity, the experimentally measured spectra of both
TA and ZO modes [Fig. 3(e)] show good agreement with
the calculated ones [Fig. 3(g)], consistently revealing the
formation of NP2. Different from NP1, NP2 is highly
dispersive with an energy range from ~80 to ~91 meV in
the 3D plot. In the g, — g, plane, NP2 exhibits a hexagram-

like loop, illustrated by the contour plots of the energy gap
between TA and ZO modes (|ops — @wz0]) in the first BZ
[Figs. 3(f) and 3(h)].

Note that the NPs of graphene are protected by the M,
symmetry. Breaking the M, symmetry, which can be
achieved by rumpling the two carbon atoms along the
out-of-plane direction in the unit cell of graphene, is
supposed to open an energy gap in the NPs. Our calcu-
lations (Fig. S6 in the SM [25]) indeed show that the NPs
open energy gaps, when one of the carbon atoms in the unit
cell is rumpled, consolidating the topological origin of the
NPs. To date, the largest atomic rumple of graphene has
been approximately 0.07 A, experimentally achieved on
graphene/Ni (111) [43]. But our calculations show that
even such a rumple is not big enough to generate an
observable gap. The largest NP gap, opened by a 0.07 A
rumple, is less than 2 meV (Fig. S6 in the SM [25]). This
gap is less than the linewidth of the associated phonon
branches, and thus is difficult to verify experimentally. It
would be possible to realize a larger degree of rumples in
some other honeycomb-based structures, such as graphene-
functionalized structures [54—56] or emerging 2D materials

(e.g., silicene [57]). The existence of their rumples enables
NPs to open larger gaps, which will be promising for
undergoing studies.

Identification of Dirac phonons.—Besides the continu-
ous loops of the two NPs, the calculations predict four
inequivalent DPs in graphene, as shown in Fig. 2(a). DPs
are discrete points at certain positions in the momentum
space, forming the conical structures. The type-I1 DP1, the
band crossing between ZA and ZO modes at the K point, is
the most obvious one among these DPs. The first-principles
calculations demonstrate the DP1 exhibits a conical struc-
ture with an energy gap opening in any momentum
direction away from the K point [Fig. 4(a)]. To exper-
imentally confirm this conical structure, HREELS mea-
surements along and off the I'-K path [Fig. 4(b)] were
performed. The resulting phononic spectra are displayed in
Figs. 4(c), 4(e), and 4(g), along with their corresponding
illustrations of the EDC stacks in Figs. 4(d), 4(f), and 4(h)
[corresponding to cut i, ii, and iii in Fig. 4(a), respectively].
Apparently, the ZA and ZO modes cross at the K point
along the I'-K direction, while a gap opens along the other
directions off the K point. This identifies the conical feature
of the type-I DP1. As predicted by the first-principles
calculations, the type-I DP2 is formed by the linear band
crossing between the LA and LO modes at the K point
with the frequency of ~150 meV. At this frequency, our
HREELS measurement identifies the existence of the band
crossing between the LA and LO modes at the K point
[see Fig. 2(c) and SM Fig. S7 [25]] along the I'-K path.
However, along the K-M path our current HREELS
technology cannot identify whether the gap between the
LA and LO modes exists. This is mainly because the
predicted gap between these two modes along the K-M
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path [Fig. 2(a)] is even smaller than the allowable highest
energy resolution of our measurements. Hence, the conical
structure of the type-I DP2 cannot be experimentally
verified, although the band crossing between the LA and
LO modes along the I'-K path is clearly observed.

Furthermore, the type-II DP3 and DP4, which originate
from the band crossings between the TO and LO modes,
have been confirmed by the phononic band crossings along
the high-symmetry I'-M and I'-K paths, as demonstrated
by the experimental EDCs (Fig. S8 in the SM [25]).
Unfortunately, it is difficult to currently distinguish whether
or not these two branches open a gap away from the crossing
points of DP3 and DP4 along the non-high-symmetry paths
due to the insufficient energy resolution and the low
scattering intensity caused by the selection rule of the
HREELS. Nonetheless, the tilted band crossings around
DP3 and DP4 are clearly captured by the experimental data,
confirming their type-II nature (Fig. S8 in the SM [25]).

In summary, using the HREELS method, we have
directly observed the topological NPs and DPs of graphene.
These TPs were further predicted to induce topologically
protected nontrivial phononic edge states [18], but the
current measurement is still challenging (discussed in the
SM [25]) for the mapping of these edge states. This will be
a direction for future efforts. The HREELS method with 3D
phonon mapping highlights a new paradigm for the
detection of TPs and lays a foundation for the experimental
discovery of widely existing topological bosonic states in
crystalline materials.
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