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Nodal-line plasmons in ZrSiX (X =S, Se, Te) and their temperature dependence
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Topological nodal-line semimetals gain extensive attention for their peculiar linear band crossings along closed
lines in the Brillouin zone leading to various interesting properties. Here, we systematically study the nodal-line
plasmons of prototypical nodal-line semimetals ZrSiX (X = S, Se, Te) by high-resolution electron energy loss
spectroscopy, and first-principles calculations. In energy range from near- to mid-infrared frequencies, plasmons
induced by the intraband correlations (~0.8 eV) and the interband correlations (~0.3 eV) of surface states
related to the nodal-line electrons are universally observed in all the ZrSiX family. The bulk plasmon (~0.6 eV)
is observed in ZrSiS but is indiscernible in both ZrSiSe and ZrSiTe owing to their stronger screening effect
from the surface states and large interlayer distance. Although the plasmons in ZrSiS seem to be temperature
independent, the frequencies of the intraband plasmons in ZrSiSe and ZrSiTe show large redshifts (~10%)
with temperature increasing from 30 K to room temperature, which can be ascribed to the prominent thermal
occupation effect of nodal-line electrons when the Fermi level is close to the nodal line.

DOI: 10.1103/PhysRevB.107.155421

I. INTRODUCTION

Topological semimetals, a family of new quantum ma-
terials, have triggered much interest for their topological
bulk and nontrivial surface states, germane to linear band
crossing [1,2]. According to the dimension of the band cross-
ing points in the momentum space, topological semimetals
can be classified into Dirac (Weyl) semimetals with discrete
Dirac (Weyl) points and nodal-line semimetals (NLSM) with
nodal lines or rings. In Dirac (Weyl) semimetals, plasmons,
the collective excitations of electrons, are theoretically pre-
dicted to exhibit various fascinating properties [3—11] such as
anomalous temperature dependence [4], anisotropy due to the
Fermi-arc surface states [8], and nonreciprocity induced by
the chiral anomaly [11]. Many experiments in Dirac (Weyl)
semimetals have observed unconventional plasmons originat-
ing from topological electronic states [12—14]. Remarkably, in
NLSM, plasmons are also predicted to demonstrate interesting
properties such as unique carrier density dependence [15],
anisotropy due to the toroidal Fermi surface [16], and gap-
less spin-wave mode induced by population imbalance [17].
In particular, recent experiment has elucidated the existence
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of nodal-line plasmons originating from the correlations of
nodal-line states and the relevant surface states in ZrSiS [18].

As a prototype of NLSM, ZrSiX (X = S, Se, Te) hosts
topological nodal lines protected by nonsymmorphic sym-
metry and linearly dispersing bands at the Fermi energy Ep
extending over up to 2 eV energy range [19-23]. This class
of materials exhibits exceptional properties such as unusual
magnetoresistance [24] and ultrahigh mobility of charge car-
riers [25]. From the perspective of collective excitations, the
isostructure and similar band structure in the ZrSiX family
[19] implies similar plasmon behavior in ZrSiSe and ZrSiTe to
that in ZrSiS. On the other hand, the structure ratio ¢/a, where
a and c are the in-plane and out-of-plane lattice parameters,
respectively, increases with the increase of the atomic size
of the chalcogen element from S to Se, Te, implying weaker
interlayer bonding and more two-dimensional-like (2D-like)
characteristics [23]. The different interlayer bonding strength
implies the distinct out-of-plane hopping parameters between
layers and usually modifies the energy bands of both the bulk
states and the relevant surface states, such as the projection of
bulk states near the surface and the screening of bulk states
from the surface states. Consequently, the tunable interlayer
bonding strength in the ZrSiX family can be used to tailor
the properties of plasmons therein. However, the influence of
the interlayer bonding strength on the properties of plasmons
in ZrSiX remains elusive, since the experimental evidences
of nodal-line plasmons in ZrSiSe and ZrSiTe are still lack-
ing. Besides, the nodal lines in ZrSiX guarantee the presence
of topologically protected drumhead surface states (DSS) or

©2023 American Physical Society
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FIG. 1. (a) Crystal structure of ZrSiX (X = S, Se,Te). The orange plane represents the cleavage plane between the X atom layers along
the (001) direction. (b) The bulk and surface Brillouin zone of ZrSiX. (c)—(e) Stacks of momentum-dependent EDCs, with the corresponding
momentum values on the right, along the TM direction of ZrSiS, ZrSiSe, and ZrSiTe, respectively. At the bottom the EDCs at ¢ = 0 have been
fitted with three or two Guassian peaks and Drude background (the shaded orange areas). The plasmon peak positions are indicated with error
bars from fitting procedure and experimental error. Data along the I'X direction can be found in the SM [29] without significant difference.

other surface states [26-28], which may give rise to distinct structure. According to the calculated electronic structure of

surface plasmon behaviors. ZrSiX [23,28,30], only the linear bands related to the nodal
In this paper, several nodal-line plasmons with energies lines are dominant at Er, and thus the properties of ZrSiX
ranging from the near- to mid-infrared frequencies are ob- are dominated by the nodal-line states. As the electronic col-

served by high-resolution electron energy loss spectroscopy lective excitations in ZrSiX, the surface plasmons are mainly
(HREELS) in ZrSiS, ZrSiSe, and ZrSiTe. Combined with determined by three kinds of surface electronic states: (i) the
angle-resolved photoemission spectroscopy (ARPES) and topologically protected DSS mentioned previously, (ii) the
first-principles calculations, these plasmons are assigned to  hybrid surface states (HSS), which appear on the upper edge
the intra- or inter-band correlations of bulk nodal lines and of the projected bulk nodal-line bands onto the surface, and
their projected surface states. Strikingly, apart from two uni- (iii) the floating surface states (FSS), which is the conse-
versally emerged surface plasmons in the isostructural ZrSiX quence of the breaking of the nonsymmorphic symmetries at
materials, the bulk plasmon clearly observed in ZrSiS seems the cleaved surface [31].

to disappear at the surfaces in ZrSiSe and ZrSiTe. The dif- In this study, single crystalline samples of ZrSiS, ZrSiSe,
ferent behavior of the bulk plasmon can be ascribed to the and ZrSiTe were grown by chemical vapor transport method.
stronger screening effect from the surface states in ZrSiSeand  All the samples were cleaved under an ultrahigh vacuum of
ZrSiTe. We also reveal that the surface interband plasmons in 2.0 x 107'° mbar to obtain the (001) surface. The surface
ZrSiS, ZrSiSe, and ZrSiTe actually originate from different quality and the crystallography direction were checked by in
surface states. Moreover, unlike the temperature-independent situ low-energy electron diffraction. The electronic structures
behavior in ZrSiS, the surface intraband plasmons in ZrSiSe were characterized at 35 K by in situ ARPES using a UV light
and ZrSiTe exhibit a large redshift (~10%) in frequencies at 21.2 eV from Scienta VUV5000 helium lamp source. Then

with increasing temperature. The temperature-dependent be- the plasmon dispersions were measured by in situ HREELS,
havior is explained by a phenomenological model for the which is a powerful technique to probe vibrational or elec-
thermal occupation effect of the nodal-line carriers. tronic excitations through the interaction between the incident

electrons and solid surface. In the so-called dipole scattering
IL. PLASMONS AND ORIGINS regime, the incident el.ectrons can b§ treated similarly as an
infrared electromagnetic wave that interacts, at long range,

The class of compounds ZrSiX, where X is a chalcogen  with oscillating dipoles created by the charge density oscilla-
atom (X = S, Se, Te), crystallizes in a PbFCl-type structure tions, i.e., the plasmons. From our HREELS measurements,
in the tetragonal P4/nmm (No. 129) space group, containing the plasmon energy, which equals the energy loss of inci-
five-layer square nets with a stacking sequence [Si-Zr-X-X-  dent electrons, as well as the plasmon momentum determined
Zr] [23], as shown in Fig. 1(a). Experimentally, the cleavage by the incident and scattering angles, can be simultaneously
occurs between the two adjacent Zr-X layers along the (001) obtained [32]. Most of the HREELS measurements were per-
direction, due to the weak Van de Waals bonding. Figure 1(b) formed with an incident beam energy E; = 110 eV and an
shows the bulk and surface Brillouin zones of the tetragonal incident angle of 60° unless specified otherwise. Details about
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the sample preparation and characterization were described in
the Supplemental Material (SM) [29].

Figures 1(c)-1(e) illustrate the stacks of momentum-
dependent energy distributions curves (EDCs), with the
corresponding momentum values on the right, along the TM
direction of ZrSiS, ZrSiSe, and ZrSiTe, respectively. From
the EDCs, several energy loss peaks are observed clearly
between 0.1 eV and 1.5 eV, especially in the small mo-
mentum range. Their frequencies and prominent damping
characteristics manifest the nature of plasmons. Besides, the
EDCs along the TX direction (see details in the SM [29]) are
similar to those along the TM direction, implying isotropic
characteristics of the plasmons. From the model of an ideal
nodal ring, the theoretically predicted plasmon dispersions
are different along the directions parallel and perpendicular
to the nodal-ring plane [16]. This predicted anisotropic plas-
mon feature from a simple model is not the case here due
to the complicated distributions of nodal lines in the three-
dimensional (3D) Brillouin zone of ZrSiX [28]. Especially,
although the overall band structures of ZrSiX are anisotropic,
the most prominent feature is the Dirac cones with similar
Fermi velocity in both TX and T'M directions. And as will be
discussed later, the plasmons observed in this work originate
from the band correlations related to these Dirac cones around
the Fermi level, i.e., the electronic states effectively contribut-
ing to the plasmons are actually isotropic. To gain a better
understanding, the EDCs were fitted by Gaussian peaks with
the Drude background subtracted (see details in the SM [29]).
The fitted peak positions are depicted as colored diamonds
in the figures. The error bars come from the fitting procedure
due to the uncertainty from different background subtractions,
and the experimental error estimated by the full width at half
maxima (FWHM) of the specular peak (~5 meV). From these
fittings, the peaks o (~0.3 eV), B (~0.6eV), and y (~0.8eV)
can be clearly discerned in ZrSiS, consistent with our previous
study [18]. However, in ZrSiSe and ZrSiTe, the peaks « and y
still exist while the peaks § are indiscernible.

All the dispersions of aforementioned plasmons are sum-
marized in Figs. 2(a)-2(c) for ZrSiS, ZrSiSe, and ZrSiTe,
respectively. To elucidate the nature of the measured plasmon
modes, we carried out an ARPES measurement [Figs. 2(d)—
2(f)] to determine the position of the Fermi level, and
first-principle calculations for a quantitative understanding
of the plasmon dispersions. From a 20-layer slab model,
the electronic band structures are obtained and shown in
Figs. 2(g)-2(i), with the Fermi level depicted as green dashed
lines. The ARPES mapping and the calculated band structures
are well consistent, all showing conspicuous linear-dispersing
nodal-line states. Furthermore, the plasmons can be revealed
as sharp peaks in the electron energy-loss functions [33],

-1
o=t | W

and the dynamical dielectric functions within the random
phase approximation (RPA) are given as [34]

e®M(q, w) = 1 — v,T1(q, ®), )

where v, is the 3D Coulomb interaction, and I1(q, w) is the
density-density correlation function, which can be obtained
by the calculated electronic band structure.

Using Egs. (1) and (2), the layer-dependent dielectric func-
tions as well as the energy-loss functions were acquired (see
details in the SM [29]), and several plasmons were obtained
and shown as black solid lines in Figs. 2(a)-2(c). Within
the RPA method, the calculated plasmon dispersions match
well with the experimental results, except for the deviation
at large momentum due to the electron-electron correlations
beyond RPA. The origin of each plasmon mode can be deter-
mined through a comparison between the calculated plasmon
dispersions and the experimental results. It turns out that
the plasmons « and y are related to the surface states. The
plasmons y, observed in all the cases of ZrSiS, ZrSiSe, and
ZrSiTe, are originated from the intraband correlations of the
HSS. For the plasmons «, the origins are slightly different.
In ZrSiS, as shown in Fig. 2(g), it comes from the interband
correlations between the HSS and the FSS. In ZrSiSe, with the
FSS away from the Fermi level [Fig. 2(h)], the interband cor-
relations between the upper bands and lower bands of the HSS
instead play a crucial role. In ZrSiTe, the well-known DSS is
much more prominent [Fig. 2(i)], and the interband plasmon
is mainly due to the interband correlations between the DSS
and the HSS. Furthermore, the HREELS measurements with
varying incident angles of the electron beam indicate that the
grazing incidence can enhance the intensities of the plasmons
around ~0.8 eV and ~0.3 eV (see details in the SM [29]),
consolidating their surface nature.

The plasmon B, which is ascribed to the intraband cor-
relations of the bulk nodal-line electrons around the Fermi
level [18], only appears in ZrSiS but becomes invisible at
the surfaces of ZrSiSe and ZrSiTe. This can be explained
by the electronic density of states (DOS) calculated from the
bulk and surface electronic states in ZrSiX [as illustrated in
Figs. 2(j)-(D]. It is clear that, around the Fermi level, the
difference between the DOS of surface states and bulk states
(pink shaded area) increases from ZrSiS to ZrSiSe and ZrSiTe,
suggesting the increasing screening effect from the surface
states to the bulk states. In ZrSiS, around the Fermi level, the
bulk states have similar DOS to the surface states, thus the
screening effect is weak and the bulk plasmon g is observed.
However, in ZrSiSe and ZrSiTe, probably due to the weaker
interlayer bonding caused by the larger lattice parameter c
(interlayer spacing) [23], the surface states have higher DOS
than the DOS of the projected bulk states near the surface.
Hence the bulk plasmons are more effectively screened and
become weakened by the surface states and thus are invisible
in ZrSiSe and ZrSiTe.

III. TEMPERATURE EFFECTS

Temperature dependence of plasmons could reveal the na-
ture of electronic states in materials. Temperature-dependent
HREELS measurements (see details in the SM [29]) of the
three materials were performed to investigate the possible
thermal effects on the observed nodal-line plasmons, with the
results shown in Fig. 3. In ZrSiS all three plasmons show
no discernible temperature dependence in energy. In ZrSiSe
and ZrSiTe, however, although the « plasmons are almost
temperature independent, the y plasmons exhibit clear energy
softening (~10%) with increasing temperature from 35 K to
room temperature. For further confirmation, the dispersions of
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FIG. 2. For ZrSiS, ZrSiSe, ZrSiTe, respectively: (a)-(c) Comparison between the extracted experimental plasmon peaks (red and blue dots)
and the calculated loss function peaks (black lines). (d)—(f) ARPES images obtained at 35 K. The green dashed lines represent the Fermi levels.

(2)—(i) Calculated electronic dispersions of a 20-layer slab along the X —

T — M path. The gray solid lines are the surface projected bulk bands,

while the surface states HSS, FSS, and DSS are indicated by the purple, orange, and green solid lines, respectively. The green dashed line is
the Fermi level obtained from ARPES. The blue arrow corresponds to the interband correlations, while the pink and green arrows sketch the
intraband correlations. (j)—(1) The calculated DOS for surface states (red line) and bulk states (black line). The difference between the DOS of
surface states and bulk states around the Fermi level is emphasized as pink area.

these plasmons at 35 K and room temperature are measured
with the results illustrated in Figs. 3(d)-3(f). In ZrSiS the
dispersions of all the plasmons at low temperature show no
obvious difference from the case at room temperature. In Zr-
SiSe and ZrSiTe, while the o plasmons show no temperature
dependence, the y plasmons exhibit apparent softening behav-
ior at room temperature in the small momentum range. With
the increasing momentum, the temperature effect weakens and
the plasmons at 35 K and room temperature merge into the
same dispersion.

In order to clarify the nature of the different temperature-
dependent behaviors of these plasmons, we analyze the
experimental results with a simple phenomenological model.

The thermal variation of the carrier distribution was reported
previously, responsible for the substantial temperature effects
on plasmons in Dirac systems with relatively low Fermi levels
[4,35]. Similarly, we consider the chemical potential u of a
nodal ring first. At T = 0, u equals to the Fermi energy Ef.
At finite temperature 7', u is determined by

Ef

N(E)dE, 3)

o
/ f(E)N(E)E =
0
where f(E) = 1/(1 4+ eE~1/%sT) ig the Fermi-Dirac distri-
bution function, kg is the Boltzmann constant, and N(E)
is the DOS. At the low-temperature limit, the analytical
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FIG. 3. (a)—(c) Stacks of temperature-dependent EDCs at ¢ = 0,
along the TM direction of ZrSiS, ZrSiSe, and ZrSiTe, respectively. At
the bottom the EDCs at room temperature have been fitted with three
or two Guassian peaks and Drude background (the shaded orange
areas). The dashed lines are guide lines for temperature-dependent
peak positions. (d)—(f) Dispersions of plasmons at room temperature
(red dots) and 35 K (blue dots) with error bars, along the TM
direction of ZrSiS, ZrSiSe, and ZrSiTe, respectively.

approximation [36] is given as

7T_2N/(EF) (kgT)*
6 N(Ep) Er

where N'(Eg) is the derivative of N(Ep).

Besides, since a 3D nodal line is equivalent to a collection
of continuous 2D Dirac points connecting each other along the
third dimension, the 3D nodal line has the same low-energy
DOS N(e) « ¢ as a 2D Dirac point (¢ is energy relative to
the Dirac point at ¢ = 0). Substituting N(¢) « ¢ into Eq. (4)

yields
72 (kgT\*
/L/SF: 1—?<:—F> s (5)

where ef represents the energy difference between the Fermi
level and the Dirac point.

With increasing temperature, the chemical potential u
shifts down and moves closer to the Dirac point, as shown
in Fig. 4(a). And smaller e would lead to a more prominent
temperature-induced shift of . Thus, when the Fermi level
is lower and closer to the Dirac point, the chemical potential
goes faster to the Dirac point with increasing temperature.
Furthermore, at zero temperature, the plasmon energy at g =
0 of a nodal ring is given by [3,16] =" sé/z, and at finite
temperature we have wy o ©'/2. Combining it with Eq. (5) we

w(T) %EF[I — 4)
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FIG. 4. (a) Schematic of the evolution of chemical potential of
an ideal nodal-ring electronic structure with increasing temperature.
(b) The experimental temperature dependence of the surface intra-
band plasmon energy for ZrSiS, ZrSiSe, ZrSiTe (dots with error bars)
and fittings (lines) using the thermal occupation effect model. (c) The
experimental temperature dependence of the surface interband plas-
mon energy for ZrSiS, ZrSiSe, ZrSiTe (dots with error bars). The
dashed lines are guide lines.

get

2 291/2
wo/wl =0 = [1 _ ”-(kB_T) } . (6)

6 EF

The temperature dependence of the chemical potential of
the nodal-line semimetals results in the plasmon energy soft-
ening behavior with increasing temperature (referred to as the
thermal occupation effect here for simplicity; see details in
the SM [29]). Note that this simplified model is also applied
to the case of the hole carriers when the Fermi level is below
the nodal ring.

Using Eq. (6), the experimental results of the surface intra-
band plasmons in ZrSiX, which exhibits obvious temperature
dependence, were fitted with the results shown in Fig. 4(b).
The reduction in the energy of the surface intraband plasmon
with the increasing temperature only depends on the energy
difference between the Fermi level and the Dirac point. It is
noteworthy that the nodal lines in ZrSiX itself have energy
dispersion in the Brillouin zone [37], and thus the simplified
model used here only reflects the effective energy difference
between Fermi levels and the nodal lines. From the fittings
the effective Fermi levels eg can be extracted for ZrSiS
(=150 meV), ZrSiSe (~70 meV), and ZrSiTe (~70 meV),
consistent with our ARPES measurements in Figs. 2(d)-2(f).
In ZxSiS, since its Fermi level is far away from the nodal lines
(=150 meV), the thermal occupation effect is weak according
to Eq. (6). Therefore, the surface intraband plasmon in ZrSiS
shows no discernible temperature dependence. In contrast, the
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Fermi level is close to the nodal lines in ZrSiSe and ZrSiTe,
which leads to a prominent thermal shift of the chemical
potential, resulting in the temperature-dependent behavior of
the surface intraband plasmon. Similar temperature depen-
dence of plasmons in several Dirac systems due to thermal
occupation effect have been reported [38—40]. Recall that the
surface interband plasmons around ~0.3 eV in all three sys-
tems seem to be temperature independent [shown in Fig. 4(c)].
It is possible that due to the lower energies of these plas-
mons (~0.3 eV), the corresponding energy decreases at room
temperature [~30 meV if the softening fraction is the same
as the intraband plasmons (~10%)] is within the error bars
of our HREELS measurement and is hard to be determined.
Besides, unlike the intraband plasmons, whose frequency is
proportional to the number of coherent electron-hole pairs
near the Fermi surface and thus sensitive to the temperature,
the number of interband electron-hole pairs instead becomes
insensitive to the thermal effect within a moderate temperature
region. The quite distinct behavior against the temperature
between « and y also implies the interband nature of «.

Apart from the thermal occupation effect, another possi-
ble cause for the observed temperature dependence of the
plasmons could be the lattice expanding or shrinking with
temperature. Generally, with increasing temperature the lat-
tice of normal metals, such as Pb, Al, and Ag, will expand
due to the thermal expansion, and consequently, the carrier
concentration and the plasmon energy will reduce by a ra-
tio of about 1% [41,42]. The temperature-dependent x-ray
diffraction (XRD) measurement of ZrSiSe reports a slightly
temperature-induced variation of lattice parameters around
0.4% [30], which is hardly responsible for the plasmon soft-
ening behavior observed here in ZrSiSe and ZrSiTe around
10%.

It is worth noting that due to the thermal occupation effect,
the chemical potential in Dirac materials will shift to the Dirac
point when the temperature is high enough, and then the tem-
perature dependence of the plasmon energy will be dominated
by the thermally excited carriers for intrinsic systems. This
transition of the plasmonic temperature-dependent behavior
has been theoretically predicted [4] and experimentally ob-
served [35].

In Dirac semimetals and Weyl semimetals, the thermal
occupation effect on plasmons should be more prominent
than that in nodal-line semimetals, because the DOS of

3D Dirac/Weyl semimetals [N (g) o £2] generates significant
temperature-dependent change in the plasmon energy (wp o
w) [6]. Besides, it is suggested that the significant tempera-
ture effect on plasmons induced by the thermal occupation
effect is a hallmark of semimetallic materials with the Fermi
level close to the minimum position in the DOS [43]. In
normal metals, which have large DOS near the Fermi level,
the temperature dependence of the plasmon energy is usually
negligible.

IV. CONCLUSION

In summary, we performed systematic investigations on
the nodal-line plasmons and their temperature dependence
in the nodal-line semimetal family ZrSiX (X = S, Se, Te).
Surface plasmons associated with the interband or intraband
correlations of distinct surface states were observed in all
three materials. Meanwhile, the bulk plasmon observed in
ZrSiS is undetectable by HREELS in ZrSiSe and ZrSiTe due
to the stronger screening effect from surface states therein,
qualifying ZrSiSe and ZrSiTe as suitable NLSM platforms
to study the plasmonic properties due to the topologically
protected surface states. Moreover, in ZrSiSe and ZrSiTe,
since Fermi levels are close to the nodal lines, resulting in
the thermal occupation effect to the nodal-line electrons, the
surface intraband plasmons show large redshifts (~10%) with
increasing temperature. These unique properties of the nodal-
line plasmons in the ZrSiX family facilitate their plasmonics
or optics device applications in the near- to mid-infrared fre-
quency range [44].
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