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Nodal-line semimetals (NLSMs), a large family of new topological phases of matter with continuous
linear band crossing points in the momentum space, attract considerable attention. Here, we report the
direct observation of plasmons originating from topological nodal-line states in a prototypical NLSM ZrSiS
by high-resolution electron energy loss spectroscopy. There exist three temperature-independent plasmons
with energies ranging from the near- to the mid-infrared frequencies. With first-principles calculations of a
slab model, these plasmons can be ascribed to the correlations of electrons in the bulk nodal lines and their
projected surface states, dubbed nodal-line plasmons. An anomalous surface plasmon has higher excitation
energy than the bulk plasmon due to the larger contribution from the nodal-line projected surface states.
This work reveals the novel plasmons related to the unique nodal-line states in a NLSM.
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Introduction.—Topological materials, including topologi-
cal insulators and topological semimetals, possess topologi-
cally nontrivial bulk states and surface states [1–6]. Recently,
a series of fascinating plasmons in topological materials
[7–20] have been predicted, such as the spin plasmon [8], the
chirality-anomaly induced plasmon [12], and the tilting
induced undamped gapless plasmon [20]. Meanwhile, many
unconventional bulk and surface plasmons have been
observed in topological materials through high-resolution
electron energy loss spectroscopy (HREELS) [21–25] and
optical spectroscopy [26–29]. However, most of the previous
studies mainly focused on the topological insulators and
topological semimetals with discrete band crossing points
(Dirac or Weyl points) and the resulting low-density mobile
Dirac electrons.
Instead of the discrete crossing points, topological

materials with one-dimensional continuous linear band
crossing points in the momentum space are classified into
the so-called nodal-line semimetals (NLSMs) [30,31]. A
great number of candidate materials have been predicted
[32–41] and exhibited many novel physical properties from
the unique nodal-line electronic structures [42–51]. The
topological nodal-line states contribute much larger Fermi
surfaces to both the surface and bulk Brillouin zones.
Consequently, the nodal-line Fermi surfaces and the

corresponding high carrier density could significantly
influence the plasmon excitations [52,53]. Here, we would
like to take a realistic NLSM ZrSiS as a prototype to
demonstrate the important impacts of topological nodal
lines on plasmons.
In this Letter, we observe three monotonously dispersing

plasmons (α, β, and γ) in ZrSiS by HREELS. Theoretical
calculations suggest their origins from the intra- or inter-
band correlations of bulk nodal lines and their projected
surface states. Remarkably, the surface γ plasmon has
higher excitation energy than the bulk β plasmon due to
the larger contribution from the nodal-line projected surface
states. Moreover, the energy dispersions of all these
plasmons in ZrSiS are temperature-independent, distinct
from the plasmons in other known semimetals.
Electronic properties of ZrSiS.—ZrSiS crystallizes in a

tetragonal lattice whose space group is P4=nmm (No. 129)
and point group D4h, with Si square nets sandwiched by
Zr-S layers [Fig. 1(a)]. The weak bonding between two
adjacent Zr-S layers makes it easy to cleave along the (001)
plane. With the aid of low-energy electron diffraction
(LEED), a (1 × 1) square lattice is clearly observed
[Fig. 1(b)], confirming the tetragonal structure and the
cleaved (001) crystal plane. There are two nonsymmorphic
symmetries in the crystal structure, a glide mirror plane and
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two screw axes C2xðC2yÞ. The crossing of the conduction
band and valence band near the Fermi energy is along a
continuous trajectory in the momentum space [33,54–56].
The bands around the line nodes disperse linearly in a large
energy range (about 0.5 eV) without overlapping with other
bands [33,54,56–60]. Our calculations (Fig. S8 in the
Supplemental Material (SM) [61]) reproduce the bulk
electronic bands reported in other works [33,56].
NLSMs are predicted to possess topological drumhead-

like surface states [31,40]. But such drumheadlike surface
states in ZrSiS still lack experimental evidence. In fact,
when the bulk nodal lines are projected onto the surface,
hybrid surface states (HSS) will appear on the upper edge
of the projected bands [Fig. 1(d), with a detailed model in
Sec. III A of the SM [61] ]. Moreover, the breaking of the
nonsymmorphic symmetries at the cleaved surface leads to
the floating surface states (FSS) [Fig. 1(d)] that are distinct
from the conventional Shockley states, quantum well states,
or topologically protected surface states [70]. In this
context, the intraband and interband correlations among
the three different kinds of electronic states (bulk nodal
line, HSS, and FSS) would give rise to rich plasmon
properties in ZrSiS.

Plasmons from HREELS.—The plasmon dispersions of
ZrSiS were measured by a HREELS system with the
capability of 2D energy and momentum mapping [71].
The excitation spectra detected along the Γ̄ X̄ and Γ̄ M̄
directions with incident energy Ei ¼ 110 eV are illustrated
in Figs. 2(a) and 2(b), respectively. In the 2D mapping, the
yellow represents the distribution of the energy loss, with
zero energy corresponding to the elastic scattering and
nonzero features corresponding to the collective excitations
of ZrSiS. Some fine structures can be identified below
50 meV, which are the phonons discussed previously [72].
Besides, there are several noticeable energy loss features
between 0.1 eV and 1.5 eV. To understand these features,
we extract the momentum-dependent energy distribution
curves (EDCs) along Γ̄ X̄ and Γ̄ M̄ directions, as plotted in
Figs. 2(c) and 2(d), respectively. From the EDCs, three
energy loss peaks, labeled α, β, and γ, can be clearly
discerned, especially in the small momentum range. To
quantitatively obtain the plasmon dispersions, the peaks
were fitted by Gaussian functions with the Drude back-
ground subtracted (see details in the SM [61]).
The extracted energy dispersions and linewidths are
shown in Figs. 3(a) and 3(b), respectively. The excitation
energy of α plasmon is ∼0.20 eV at q ¼ 0, dispersing to
∼0.26 eV at q ∼ 0.02 Å−1, and damps out quickly beyond
q ∼ 0.02 Å−1. The β and γ plasmons show similar energy
dispersions and damping behaviors. We summarize their
energy ranges in Table I. Figure 3(a) also suggests that the
overall dispersions of all of the three plasmons along the
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FIG. 1. (a) Crystal structure of ZrSiS with thin solid lines
depicting a unit cell and yellow plane representing the cleavage
plane. (b) LEED pattern on the (001) surface of ZrSiS, obtained at
room temperature with an incident beam energy of 125 eV.
(c) Fermi surface in the bulk Brillouin zone encapsulating nodal
lines in electron or hole pockets. The diamondlike nodal line at
kz ¼ π plane is demonstrated by the yellow lines as an example.
The cyan plane above is the surface Brillouin zone. (d) Band
structures of ZrSiS along the Γ̄ X̄ M̄ path around X̄ point from the
tight-binding model. The gray lines are the projection of bulk
bands, while the blue and red lines are the surface states (the HSS
and the FSS, with the details in the text).
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FIG. 2. Typical 2D momentum-energy mappings of HREELS
along (a) the Γ̄ X̄ and (b) the Γ̄ M̄ directions of ZrSiS at room
temperature. (c),(d) Stacks of momentum-dependent EDCs along
the Γ̄ X̄ and Γ̄ M̄ directions, respectively. The corresponding
momentum values are listed on the right. The plasmon peak
positions are indicated, with error bars from the fitting procedure
described in the text.
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two high symmetry directions (Γ̄ X̄ and Γ̄ M̄) are identical.
It is theoretically predicted that plasmon dispersions are
anisotropic along the directions parallel and perpendicular
to the nodal-line plane [52]. However, the nodal lines in
ZrSiS show complicated distributions in the 3D Brillouin
zone [Fig. 1(c)]. And thus the missing anisotropy at the two
directions in the surface Brillouin zone cannot fully reflect
the direction-dependent information.
Moreover, we also performed the temperature-dependent

HREELS measurements (details in Sec. II D of the
SM [61]). The plasmon dispersions at 35 K and at room

temperature are both plotted in Fig. 3(c), and several typical
peak positions at different temperatures are plotted in
Fig. 3(d). It is known that the thermally excited carriers
in semimetals usually lead to a strongly temperature-
dependent plasmon frequency, such as in graphite [73]
and in 3D Dirac and Weyl semimetals [13,14,24,74].
However, the energy dispersions of the observed plasmons
in ZrSiS are all temperature independent, a typical behavior
resembling well-defined metallic plasmons.
Origin of plasmons.—To elucidate the nature of the

measured plasmons, we first briefly discuss the possible
plasmons from the modeled electronic structure in
Fig. 1(d). First of all, the intraband correlations within
the linearly dispersing bulk nodal-line bands around the
Fermi surface usually support a bulk plasmon. Second, the
intraband correlations within the surface states crossing the
Fermi level (HSS) will generate a surface plasmon. Third,
the interband correlations between the HSSs and the FSSs
would strongly modify the surface plasmons and may
generate an extra surface plasmon. Note that other band
correlations make minor contributions to measured plas-
mons and can be ignored [75].
In order to gain quantitative understanding of the

plasmons, we carry out first-principles calculations for
the plasmon dispersions. The plasmons can be revealed as
sharp peaks in the electron energy-loss functions [76]

Lðq;ωÞ ¼ Im

�
−1

εðRPAÞðq;ωÞ

�
; ð1Þ

and the dynamical dielectric functions within the random
phase approximation (RPA) are given as [77]

εðRPAÞðq;ωÞ ¼ 1 − vqΠðq;ωÞ; ð2Þ

where Πðq;ωÞ is the density-density correlation function
and vq is the 3D Coulomb interaction.
Since HREELS mainly probes the signals from the

topmost few layers, we thus consider a 20-layer slab
[Fig. 4(a)] terminated with a S-atom surface to calculate
the layer-dependent dielectric functions as well as the
energy-loss functions [78]. The calculated electronic band
structure is shown in Fig. 4(b). The projected nodal-line
bands and the surface states from the slab calculations are
well consistent with the bands from the tight-binding model
in Fig. 1(d). Using Eqs. (1) and (2), three plasmons were
obtained. We ascribe the peak of each plasmon mode to the
intraband or interband correlations of the bulk or the
surface states. We could assign the most relevant processes
for electron-hole excitations that dominate each plasmon
mode (Fig. S10 in the SM [61]). The comparison with
the experimental results, shown in Fig. 4(c), can reveal the
origin of the measured plasmons. The β plasmon with the
energy around 0.6 eV, is dominated by the intraband
correlations of the bulk nodal-line electrons around the
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FIG. 3. (a) Extracted plasmon dispersions from the EDC stacks
in Figs. 2. The dashed lines are the polynomial fittings.
(b) Extracted plasmon linewidths (full width at half maximum,
FWHM) along the Γ̄ X̄ direction at room temperature (RT).
(c) Comparison of dispersions along the Γ̄ X̄ direction between
RT and 35 K. (d) The dependence of peak positions on tempera-
ture. The peak positions of α are at q ¼ 0.005 Å−1 while the peak
positions of β and γ are at q ¼ 0.020 Å−1. The error bars
originate from the uncertainty of the fittings with different
background subtractions.

TABLE I. Summary of the observed plasmons in ZrSiS.

Plasmon Energy (eV) Origin

α 0.20–0.26 Interband correlations between
FSS and HSS

β 0.50–0.75 Intraband correlations within
bulk nodal lines

γ 0.90–1.18 Intraband correlations within HSS
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Fermi surface, which was simulated at the slab center. The
α plasmon with the energy around 0.3 eVand the γ plasmon
with the energy around 1.0 eV are both related to the
surface states, which are simulated at the top or bottom
surface of the slab. It turns out that the α plasmon comes
from the interband correlations between the HSS and the
FSS, while the γ plasmon is from the intraband correlations
within the HSS. As explained in the SM [61], the HSS and
the FSS are both the projected surface states from the bulk
nodal lines. As a result, all three plasmons originate from
the nodal-line states and can be dubbed as nodal-line
plasmons. The origins of these plasmons are listed in
Table I.
The dispersions of these plasmons can be fitted by

simple polynomial functions

ωðqÞ ¼ ω0 þ Cq2 þDq3; ð3Þ
where ω0 represents the plasmon energy at q ¼ 0, and C
and D are the fitting parameters. The fitting results are
plotted in Fig. 3(a). The nearly flat band of α plasmon
reflects the nature of its interband correlations. The
dispersion of the β plasmon is parabolic, manifesting its
bulk nature, which is consistent with the predicted bulk
plasmon dispersion of NLSMs [52]. The dispersion of the γ
plasmon is parabolic at small q while deviates from the
parabola with a cubic term at large q, reminiscent of the
plasmon dispersions at the surface of simple metals [79].

Interestingly, the excitation energy of the surface intra-
band plasmon γ is much higher than that of the bulk
intraband plasmon β. It can be understood by comparing
the Fermi surfaces at different positions in the slab. The
Fermi surface obtained at the top (bottom) of the slab
[Fig. 4(d)] occupies a larger area in the kx-ky plane than the
one obtained at the center [Fig. 4(e)], which can be
confirmed by the difference of the two images, shown in
Fig. 4(f). The local density of states (DOS) around the
Fermi energy at the surface and at the center of the slab are
plotted in Fig. 4(g), indicating that the local DOS at the slab
surface is larger than that at the slab center. It can be
verified from Figs. 4(f) and 4(g) that the surface has larger
carrier density than the bulk,which is responsible for the
higher excitation energy of the γ plasmon compared with
that of the β plasmon. Note that the γ plasmon is mainly
induced by the HSS which is a hybrid of surface and bulk
states, instead of the purely 2D FSS. Therefore the γ
plasmon does not obey the 2D characteristic

ffiffiffi
q

p
law. Note

that this anomalous enhancement of excitation energy of
surface plasmon is unique and absent in 3D electron gases
and Dirac and Weyl semimetals.
The nature of interband correlations of the α plasmon can

also be analyzed from Fig. 4(g). Two peaks around 0 eV
and −0.25 eV clearly appear in the surface DOS, implying
the strong interband correlations. The peak at −0.25 eV is
dominated by the FSS, while the peak at 0 eV is dominated
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by the linear HSS, as illustrated in Fig. 4(b). The length of
the FSS with the largest DOS is relatively short
[Δk ∼ 0.02 Å−1 in Fig. 4(b)] compared to the size of the
Brillouin zone, which accounts for a narrow window to
observe the α plasmon (q < 0.02 Å−1) [Fig. 3(a)]. The
calculated Im½ε�, shown in Sec. III C of the SM [61],
verifies that the α plasmon indeed damps out
beyond q > 0.025 Å−1.
The above calculations within RPA well capture the

three measured plasmons and their energy dispersions.
However, as shown in Fig. 4(c), the calculated energy
dispersions, especially for the γ plasmon at large q,
deviate from the experimental results. This discrepancy
is mainly due to the electron-electron correlations beyond
the RPA, leading to inaccuracy in the large momentum
regime. The strong correlation interactions [45] in ZrSiS
have been manifested by the unconventional mass
enhancement of carriers [44]. Especially, the surface
states in ZrSiS are mostly composed of d electrons,
which have strong local field effects that will influence
the plasmon behavior [77]. Similarly, the correlation and
local field effects would also modify the electron-hole
continuum and account for the disappearance of the β
plasmon at large q. In addition, the damping channels due
to scatterings by impurities and phonons are neglected in
the RPA calculations. Therefore, these aspects call for a
comprehensive theory to fully capture the damping
behaviors of the observed plasmons.
To summarize, we have observed three plasmons (α, β,

and γ) and revealed their nature from the nodal-line states
and the related surface states in ZiSiS.An anomalous surface
plasmon γ has higher excitation energy than the bulk
plasmon β due to the larger contribution from the nodal-
line projected surface states. All of the observed plasmons
are temperature independent, providing possibilities for
plasmonics or optics with high thermal stability [80,81].
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