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Dirac nodal line induced anomalous low-energy acoustic plasmons on beryllium (0001) surface
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Beryllium is a simple hexagonal metal but exhibits anomalous low-energy acoustic plasmons on its (0001)
surface, which are radically distinct from the conventional metal surface plasmons. Although the plasmons
on Be(0001) have been extensively studied, the underlying mechanism remains elusive. Here, through first-
principles calculations combined with model analysis, we unambiguously demonstrate that it is the topological
Dirac nodal line induced surface states that result in the anomalous low-energy acoustic plasmons on Be(0001),
rather than the commonly believed Shockley surface states. Our study not only clarifies the origin of the puzzling
anomalous plasmons on Be(0001), but also provides a sound theoretical interpretation for the appearance of
low-energy acoustic surface plasmons on the noble metal (111) surfaces. This work suggests that the topological
nodal line semimetals offer a potential platform for obtaining low-energy acoustic plasmons.

DOI: 10.1103/PhysRevB.107.195408

A plasmon is a collective oscillation of charge density
due to the long-range Coulomb interaction and an intrinsic
property of three-dimensional (3D) metals [1] and metal sur-
faces [2]. The plasmons on the normal metal surfaces usually
show very high frequencies (over 20 eV) and have thus been
widely applied to surface dynamics [3,4], microscopy [5,6],
and subwavelength optics [7–9]. In the two-dimensional (2D)
nearly-free-electron-gas systems, the plasmons exhibit low
frequencies (<5 eV) [10–13] and the frequencies are pro-
portional to the square root of the incident momentum [10].
These plasmons are referred to as 2D plasmons. The typical
examples of the 2D plasmons are those appearing in silicon
inversion layers [11] and artificial layered materials [12,13].

In contrast to the 2D plasmons, the low-energy acous-
tic surface plasmons were observed on the (0001) surface
of beryllium and the (111) surfaces of noble metals [14].
Because of the low-energy excitations and linear-dispersion
nature, these acoustic surface plasmons exhibit very pe-
culiar physical properties. They can participate in many
low-temperature dynamical processes involving electrons and
phonons, such as the electron-hole and electron-phonon dy-
namics near the Fermi level to mediate the formation of
Cooper pairs in superconductors [13]. Although both the
2D plasmons and acoustic surface plasmons show low ex-
citation frequencies, the latter are more effective in those
low-temperature dynamical processes due to their soundlike
long-wavelength dispersion relationships.

Due to the Coulomb screening effect of bulk electrons,
on the surfaces of normal metals the low-energy excitations
are usually suppressed [15] and only the conventional surface
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plasmons with very high frequencies form [2]. Therefore,
the appearance of the low-energy acoustic plasmons on the
Be(0001) surface [14,16–18] and the (111) surface of noble
metals [14] is somewhat unexpected. These unusual phenom-
ena have been intensively investigated in the past decades. To
obtain a surface plasmon solution for the low-energy linear
mode, Chaplik [19] first proposed a model by incorporating
the 3D long-range dynamical screened Coulomb interactions
into the 2D electron gas. Afterward, the 2D electron gas–like
surface states, i.e., the Shockley surface states, were observed
on the Be(0001) surface [20–25]. It was then recognized that
the Be(0001) surface is a perfect system that can be well
explained by Chaplik’s model [19]. Later on, the anomalous
low-energy acoustic plasmons on the Be(0001) surface were
theoretically predicted [16,17] and experimentally observed
by angle-resolved electron energy loss spectroscopy [14].

Only very recently has it become clear that the Shockley
surface states were in fact topological nontrivial half-filled
drumhead-like surface states (called DNSSs) on the (0001)
surface induced by the topological Dirac nodal line (DNL)
[26,27]. Now the common belief is that the formation of the
low-energy acoustic plasmons was attributed to the anomalous
localization of surface electrons [20–25], and the anomalous
localization of such surface states is caused by the topological
feature of the bulk bands. However, it remains elusive how
the low-energy acoustic plasmons are mechanically connected
with the surface state localization. Furthermore, although the
surface plasmons have been extensively studied in topological
insulators and Weyl semimetals [28–50], the studies of the
surface plasmons in topological nodal-line materials are quite
rare [51].

Here, through first-principles calculations and model anal-
ysis, we calculate the electronic structure and surface response
function on the Be(0001) surface. From the derived surface

2469-9950/2023/107(19)/195408(5) 195408-1 ©2023 American Physical Society

https://orcid.org/0000-0002-6950-1386
https://orcid.org/0000-0002-5904-6578
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.195408&domain=pdf&date_stamp=2023-05-05
https://doi.org/10.1103/PhysRevB.107.195408


LI, LI, LIU, SUN, AND CHEN PHYSICAL REVIEW B 107, 195408 (2023)

band structure, we identify the topological Dirac nodal line
induced surface states (DNSSs) close to the Fermi level and
find that the DNSSs are highly localized on the Be(0001) sur-
face. Our calculated surface plasmon dispersion relationships
agree well with the experimental results [14] and previous ab
initio calculations [17]. Moreover, our calculations reveal the
anisotropic nature of the surface plasmon dispersion relation-
ships on Be(0001), which, however, cannot be described by
the one-dimensional (1D) potential model using a full non-
local 3D dynamical screening [14,16–18]. By disentangling
the contributions of the DNSSs from the states of the whole
slab to the electron excitation rate of the surface plasmons,
we show that the electron excitations from the DNSSs play a
dominant role in the emergence of the anomalous low-energy
acoustic plasmons on Be(0001).

The first-principles density functional theory (DFT)
[52,53] calculations were carried out using the Vienna ab
initio simulation package [54]. The Perdew-Burke-Ernzerhof
exchange-correlation potential [55] was used. The plane-wave
cutoff energy for the orbitals was set as 400 eV. The structure
was optimized until the forces were less than 0.001 eV/Å, and
the obtained lattice constants (a = 2.263 Å and c = 3.573 Å)
are in good agreement with previous results [56,57]. The sur-
face response function of the Be(0001) surface was computed
using a 12-layer slab model with a vacuum width of 17.85 Å.
A very dense k-point grid of 96×96×1 was employed for the
Brillouin zone (BZ) integration.

In order to obtain the surface plasmon spectral functions,
we calculated the surface response function g(ω, q) at fre-
quency ω and momentum q by [58]

g(ω, q) =
∫

dz eq·z
∫

dz′χG,G′ (z, z′, q, ω)Vext(z′, q, ω). (1)

Here, the atomic units (e2 = h̄ = me=1) were used. The in-
tegration over the coordinate zwas performed from −0.5c
to 0.5c with c being the lattice constant of bulk Be in the
z direction (3.573 Å). G denotes the reciprocal lattice vec-
tor. Vext is the external potential, which has the form of
Vext(z′, q, ω) = − 2π

q eq·z′
, and χG,G′ (z, z′, q, ω) is the nonlocal

frequency-dependent interacting density response function,
which can be obtained by solving the following Dyson-like
equation within the framework of random-phase approxima-
tion and time-dependent density-functional theory,

χG,G′ (q, ω) = χ0
G,G′ (q, ω)

+
∑
G′′

χ0
G,G′′ (q, ω)vG′′ (q)χG′′,G′ (q, ω), (2)

where v denotes the bare Coulomb potential kernel and
χ0

G,G′ (q, ω) is the noninteracting density response function,
which is calculated by

χ0
G,G′ (q, ω) = 2

S

BZ∑
k‖

∑
n

∑
n′

1

εk‖,n − εk‖+q,n′ + ω + iδ

× 〈ϕk‖,n|e−i(q+G)·r|ϕk‖+q,n′ 〉
× 〈ϕk‖+q,n′ |ei(q+G′ )·r|ϕk‖,n〉, (3)

where εk,n and ϕk,n are the eigenvalues and eigenstates of the
DFT self-consistent electronic Hamiltonian, respectively. k‖
is the wave vector in the 2D BZ. S represents the surface

FIG. 1. The plasmon dispersion relationships along the �̄-M̄ and
�̄-K̄ directions. The previous theoretical results derived by a 1D
potential model [14,16–18] and the ab initio calculations [14,17] as
well as the experimental results [14] are given for comparison.

area and the factor of 2 is due to the spin. δ is a broadening
parameter (here 5 meV). Note that by neglecting the lateral
local field effects on the Be(0001) surface [16–18,59], only
the G = G′ = 0 component of the density response function
is effective in solving Eqs. (2) and (3).

Finally, the electron excitation rate W (ω, q) of the surface
plasmons is obtained by taking the imaginary part of the
surface response function g(ω, q), i.e.,

W (ω, q) = Im[g(ω, q)]. (4)

The plasmon dispersion relationship is then derived by deter-
mining the peak positions of W (ω, q).

Figure 1 shows the theoretically derived plasmon disper-
sion relationships as well as the experimental results. The
calculated results almost exhibit a linear dispersion along the
�̄-M̄ and �̄-K̄ directions with very low plasmon frequencies.
Although the 1D potential model using a full nonlocal 3D
dynamical screening is able to describe the strong localiza-
tion of the electron and acoustic plasmons on the Be(0001)
surface [17,18], it is evident that this isotropic model is insuf-
ficient to describe well the experimental plasmon dispersion
relationships [14,16–18]. The obtained results from the 1D
potential model represent the upper edge of the continuum
for the electron-hole pair excitations within the surface states.
By contrast, our ab initio derived plasmon dispersion rela-
tionships are in nice agreement with the experimental results
[14] as well as previous ab initio calculations [14,17]. In
particular, the anisotropy of the Be(0001) surface plasmon
excitations along �̄-M̄ and �̄-K̄ are well captured by our ab
initio calculations.

In order to uncover the underlying mechanism for the
emergence of the acoustic surface plasmons on Be(0001),
we calculated the surface band structure of Be(0001), as
shown in Fig. 2(a). Our calculated surface band structure
agrees well with the experimental data [22]. One can observe
the twofold degenerated drumhead-like surface bands (i.e.,
DNSSs) close to the Fermi level, which essentially correspond
to the topological boundary modes [60–64] induced by the
band inversion between Be s-like and pz-like orbitals [26].
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FIG. 2. (a) The surface band structures of Be(0001) and (b) the
distribution of the DNSS charges on the Be(0001) surface. The points
in (a) denote the experimental data obtained by the angular-resolved
photoemission spectroscopy (ARPES) [22]. The green filled areas
denote the bulk bands and the red curves indicate the DNSSs. The
blue and purple curves near the M̄ point arise from the surface oscil-
lation of the topmost and second outer atomic layers, respectively.

These DNSSs are very distinct from the nearly free electrons
on normal metal surfaces and can essentially be obtained from
the Jackiw-Rebbi zero-energy solution of the boundary condi-
tion [65]. The DNSSs are partially occupied when the surface
is electrically neutral and the particle-hole symmetry is con-
sidered. Also, these DNSSs are highly localized on the (0001)
surface of Be, since they are composed of s- and pz-like
electronic states from the topmost atomic layer. As shown in
Fig. 2(b), the DNSSs charges are localized at the single sheet
clinging to the topmost atomic layer, in accordance with the
low-energy acoustic plasmon excitations form of the Lindhard
polynomials [14,16–18]. Furthermore, although the DNSSs
appear to be parabolic, they are actually anisotropic along
�̄-M̄ and �̄-K̄ , as evidenced from Fig. 2(a). This may explain
the anisotropy of the Be(0001) surface plasmon dispersion
relationships. Therefore, one can expect that the DNSSs are
likely to be the origin for the emergence of the low-energy
acoustic surface plasmons on Be(0001), other than the com-
monly believed 2D-electron-gas-like Shockley surface states
[17,18].

To prove this, we derived the momentum-dependent nonin-
teracting density response functions and plasmon excitations
rates. Four different momentum transfers q along �̄-M̄ were
considered. The momentum-dependent noninteracting density
response functions for each q at respective plasmon frequen-
cies are shown in Figs. 3(a)–3(d). One can observe the typical

arc states surrounding the �̄ point, similar to the arc states for
the electron-hole pair excitations within a surface parabolic
band [19]. In addition, these arc states are much more bright
than the other parts in the full surface Brillouin zone, indicat-
ing that the electron excitations at the k points on the arc states
contribute the main parts to the surface noninteracting density
response functions. From Fig. 2(a), it can be inferred that these
arc states are intimately associated with the excitations of the
DNSSs close to the Fermi level. Furthermore, it is obvious
from Eqs. (1)–(3) that the plasmon excitations distribution
and dispersion relationships are all determined by the surface
noninteracting density response functions. Hence, calculating
the contribution of the DNSSs to the surface noninteracting
density response functions allows us to assess the effect of the
DNSSs on the low-energy acoustic plasmons of the Be(0001)
surface. To this end, we derived the plasmon excitations rates
W (ω, q) of Be(0001) by disentangling the contribution of
DNSSs to the acoustic surface plasmons from the states of
the whole slab.

The results are compiled in Figs. 3(e)–3(h), and the exper-
imental obtained angle-resolved electron energy loss spectra
[14] are also shown in Figs. 3(i). One can see that under
each momentum transfer, the derived plasmons excitations
from the whole slab contain several peaks, whereas the plas-
mons excitations from DNSSs just show one dominant peak,
which damps very fast to zero as the frequency increases. The
plasmons excitations from DNSSs are in accordance with the
plasmon excitations from parabolic-like bands. Then it can be
inferred that the plasmon excitation peaks of the whole slab
except the highest one have no relation with the DNSSs. Since
their excitation energies are larger than that of the dominant
peaks from DNSSs, these peaks can only belong to the excita-
tions of the bands below DNSSs [see Fig. 2(a)], corresponding
to the electrons in second outer or deeper atomic layers of the
slab, which were not observed by the experimental surface
measurement [see Fig. 3(i)]. Importantly, the highest peak
positions of the plasmon excitation rates obtained from the
whole slab, which determine the plasmon dispersion relation-
ships, are almost identical with those from the DNSSs for all
the considered momentum transfers. The highest main peak
positions under each momentum transfer are located at 0.15,
0.31, 0.46, and 0.60 eV, respectively, thereby resulting in a
low-energy linear dispersion relationship (Fig. 1). Besides, at
the highest peaks for each momentum transfer, the DNSSs
contribute the dominant parts to the plasmons excitations from
the whole slab. This indicates that, for the plasmons from the
whole slab, the main peaks are formed due to the excitations
on DNSSs. As a result, it can be concluded that the anomalous
low-energy and acoustic behaviors of the Be(0001) surface
plasmons are indeed induced by the existence of DNSSs.

In summary, our study clearly demonstrates that the origin
of the anomalous low-energy acoustic linear plasmon on the
(0001) surface of Be is due to the topological bulk DNL
induced DNSSs. Since the strongly localized and partially
occupied DNSSs close to the Fermi level are very general for
the topological DNL materials, the low-energy acoustic plas-
mons should be quite common for the topological semimetals
with DNLs. Indeed, on the noble metal (111) surfaces, the
low-energy acoustic surface plasmons have also been ob-
served [66–68] and are most likely driven by the bulk DNLs
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FIG. 3. (a)–(d) The imaginary part of the momentum-dependent noninteracting density response functions at the frequencies for plasmon
excitation maximum of different q along the �̄-M̄ direction, and (e)–(h) the corresponding plasmon excitation rates. The bulk curves in (e)–(h)
denote the plasmon excitations from the whole slab, while the red curves represent the plasmon excitations from the DNSSs only. The curves
shown in (i) are the measured angle-resolved electron energy loss spectra [14].

as well, since their partially occupied Shockley surface states
have been attributed to be the Rashba spin splitting DNSSs
[69,70]. This work suggests a new route to obtain low-energy
acoustic surface plasmons in the topological DNL semimetals.
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