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Temperature-dependent collective excitations in the three-dimensional Dirac system ZrTes

Zijian Lin®,"2" Cuixiang Wang,"">"" Daqiang Chen
Jiandong Guo,"?" and Xuetao Zhu

,1'? Sheng Meng,">* Youguo Shi, 3
12,1

! Beijing National Laboratory for Condensed Matter Physics and Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
3Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, People’s Republic of China

® (Received 2 June 2023; accepted 9 October 2023; published 24 October 2023)

Zirconium pentatelluride (ZrTes), a system with a Dirac linear band across the Fermi level and anomalous
transport features, has attracted considerable research interest for it is predicted to be located at the boundary
between strong and weak topological insulators separated by a topological semimetal phase. However, the

experimental verification of the topological phase transition and the topological ground state in ZrTes is full
of controversies, mostly due to the difficulty of precisely capturing the small gap evolution with single-particle
band structure measurements. Alternatively, the collective excitations of electric charges, known as plasmons,
in Dirac systems exhibiting unique behavior can well reflect the topological nature of the band structure. Here,

using reflective high-resolution electron energy loss spectroscopy (HREELS), we investigate the temperature-
dependent collective excitations of ZrTes, and discover that the plasmon energy in ZrTes is proportional to the
1/3 power of the carrier density n, which is a unique feature of plasmons in three-dimensional Dirac systems or
hyperbolic topological insulators. Based on this conclusion, the origin of the resistivity anomaly of ZrTes can be
attributed to the temperature-dependent chemical potential shift in extrinsic Dirac semimetals.

DOI: 10.1103/PhysRevB.108.165146

I. INTRODUCTION

Topological semimetals and insulators have attracted ex-
tensive attention due to their potential to achieve various novel
quantum states [1,2]. In principle, just as their names suggest,
topological semimetals are characterized by linear semimetal-
lic bulk band crossings [3], while topological insulators have
parabolic bulk bands with insulating gaps [4,5]. Typically,
these two kinds of band features can be well distinguished
by single-particle imaging techniques such as scanning tun-
neling spectroscopy (STS) and angle-resolved photoemission
spectroscopy (ARPES) [6,7]. From a theoretical perspec-
tive, topologically distinct insulating phases, e.g., strong and
weak topological insulators, are separated by a topological
semimetal phase [8]. The transition between these phases is
defined as a topological phase transition [9]. Searching for the
topological phase transition in a real material system is one
of the most appealing topics in the fast-developing field of
topological physics [10].

ZrTes is such a system that is theoretically predicted to
be at the boundary of a strong and weak topological insula-
tor phase transition [11], but experimentally the verification
of the topological phase transition is still controversial. On
one hand, the anomalies of resistivity [12—14], thermopower
[12,15], and Hall coefficient [12,16] in ZrTes seem to im-
ply a temperature-induced topological phase transition [17].

“These authors contributed equally to this work.
jdguo@iphy.ac.cn
xtzhu@iphy.ac.cn

2469-9950/2023/108(16)/165146(7)

165146-1

However, on the other hand, there is currently no consensus
on the experimental band gap measurements. For example,
ARPES measurements [18-22] report inconsistent gap values
ranging from O to 100 meV at low temperatures due to the
difference in the data processing methods to deal with the
in-band broadening. STS experiments face challenges in dis-
tinguishing the V-shaped semimetal state [19,20] from a band
gap [23,24], owing to the zero density of states at the Fermi
level in a Dirac semimetal phase.

In topological systems, the bulk bands can manifest in
three different shapes (illustrated in Fig. 1): a parabolic band
with a gap (conventional topological insulator [4,5]), a gapless
linear band (Dirac or Weyl semimetal [25]), or a hyperbolic
band (massive Dirac semimetal [26] or hyperbolic topological
insulator [27,28]). The hyperbolic band emerges after contin-
uously introducing a gap to a gapless linear band, and the
asymptotes of the hyperbolic curve trace back to the original
linear band. In principle, a strict linear band with a gap is
theoretically implausible. Therefore, even if the small gap size
could be precisely measured, it is still hard to determine if
ZrTes is a conventional parabolic topological insulator, a mas-
sive Dirac semimetal, or a hyperbolic topological insulator.
The ground topological state of ZrTes and the existence of its
topological phase transition are still elusive.

In this context, attempting to determine the topological
ground state of ZrTes from the perspective of gap size has
to deal with various complexities. Alternatively, investigat-
ing topological properties from the perspective of collective
excitations has emerged as a potential approach, bypassing
the controversies of direct single-particle gap measurements,
as collective excitations can uniquely reflect the features of
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FIG. 1. Classification of bulk bands in topological systems.
(a) Conventional topological insulator with parabolic bands.
(b) Massless Dirac/Weyl semimetal with linear bands. (c) Mas-
sive Dirac/Weyl semimetal or hyperbolic topological insulator with
hyperbolic bands (distinguished by the absence or presence of topo-
logical surface states, respectively). The dashed line represents the
asymptote of the hyperbola.

topological band structures [25,29]. For example, a previous
theoretical work suggests that Dirac plasmons, which are col-
lective excitations of linear Dirac electrons, have a unique
carrier density-dependent plasmon feature that is completely
different from that of the topological insulator with parabolic
bulk electrons [30]. The advantage of this approach is that it
allows for a qualitative assessment of the topological ground
state solely based on the shape of the energy band near the
Fermi level obtained from the plasmon behavior, without re-
quiring precise measurements of the gap size.

In this study, we employ reflective high-resolution elec-
tron energy loss spectroscopy (HREELS) to investigate the
temperature-dependent collective excitations of ZrTes to de-
termine its topological ground state. We observe the existence
of plasmon-phonon coupling (PPC) in ZrTes and extract the
temperature-dependent plasmon energy via a phenomenolog-
ical model. We discover that the plasmon energy in ZrTes
exhibits a distinct behavior, proportional to n'/? (where n is
the carrier density), which is a characteristic feature of plas-
mons in three-dimensional (3D) Dirac systems with linear or
hyperbolic Dirac bands [31]. This rules out the possibility that
ZrTes is a conventional topological insulator with parabolic
bulk bands. Besides, we discuss the potentiality of it being
a topological insulator with hyperbolic bulk bands. Based
on these findings, we attribute the origin of the resistivity
anomaly in ZrTes to an extrinsic-intrinsic crossover of the
Dirac electron behavior, without necessitating the additional
assumption of a topological phase transition.

II. RESULTS

The single crystals of ZrTes were grown using the chemical
vapor transport (CVT) method. ZrTes single crystals were
cleaved in an ultrahigh vacuum and the crystallographic orien-
tations were checked by low-energy electron diffraction. Then

the collective excitations were measured in situ in an HREELS
system with a reflected scattering geometry [32]. The incident
electron beam energy E; = 110 eV and the incident angle
6 = 65° were used with a typical energy resolution of 2 meV.
The data were collected with the sample temperature varying
from 35 to 300 K at T point (¢; = 0) in the surface Brillouin
zone. The band structure of ZrTes was calculated by the first-
principles density functional theory (DFT) as implemented in
the QUANTUM ESPRESSO package [33]. The plasmons were
obtained from the calculations of the dielectric functions as
well as the energy-loss functions within the random phase
approximation. The details about the experimental methods,
sample characterizations, and plasmon calculations are de-
scribed in the Supplemental Material (SM) [34].

A. Plasmon-phonon coupling

Figure 2 displays the energy distribution curves
(EDCs) of the HREELS spectra in the high Iloss
energy region (<3 eV) and low loss energy region
(<100 meV), respectively. In the high energy region, four
excitations around 0.4, 0.6, 1.2, and 1.9 eV were observed
[Fig. 2(a)]. With the analysis of the calculated density of
states and the dielectric functions (see details in the SM
[34]), the three excitations around 0.4, 0.6, and 1.2 eV are
assigned to interband transitions, and the excitation around
2.0 eV is identified as an interband plasmon. The temperature
dependence of these excitations was not found to be related
to the Dirac electrons. Instead, they are demonstrated to be
originating from thermally induced lattice expansion (see
details in the SM [34]). Therefore, the focus of this work is
on the results in the low energy (<100 meV) region.

Figure 2(b) shows the low energy HREELS results in ZrTes
at room temperature (300 K). Two subtle features at fiw = 16
and 28 meV are detected. Previous works [17,35,36] reported
the existence of three IR-active phonons with energies of
about 5, 11, and 23 meV and a plasmon with an energy of
about 30 meV. If these excitations are independent of each
other, they should have appeared as peaks centered at the
phonon or plasmon energies in HREELS spectra. However,
the two characteristic peaks in ZrTes are inconsistent with
the energies of the independent phonons and the plasmon
in previous IR measurements [17,35,36]. This inconsistency
is caused by the PPC via a macroscopic electric field [37],
which has been well-studied in graphene [38—40] and doped
semiconductors [41-45]. In an HREELS spectrum, the PPC
is typically observed as split plasmon signals marked by w®,
where a plasmon contributes an envelope and a phonon creates
a dip on this envelope [37-40].

The measured HREELS spectra were fitted to demonstrate
the splitting mechanism induced by the PPC. In the fitting
process, we first consider the dielectric function described by
the Drude-Lorentz model, which can describe the PPC via
a macroscopic electric field, and subsequently simulate the
HREELS spectra from the dielectric function using a well-
established numerical method [46]. The dielectric function is
expressed as follows:
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FIG. 2. HREELS results of ZrTes at 300 K. (a) High energy
excitations. The black circles are the energy distribution curve (EDC)
from the HREELS experiment and the red line is the fitting result
using a baseline (blue), two Lorentz peaks (green and purple), and
two Fano peaks (orange and cyan). (b) Low energy excitations.
The black circles are the EDC from the HREELS experiment and
the red line is the fitting result using the Drude-Lorentz model.
The features of plasmon peak splitting w* ~ 16 and 28 meV induced
by PPC and the characteristic dip caused by phonons w, ~ 10.5 and
25.8 meV are represented by upward solid arrows and downward
dashed arrows, respectively. (c) Features of PPC in the fitting EDC.
The gray line is the baseline due to the elastic scattering without
any sample information. The blue and the green lines are the fitting
results with only one plasmon (PL) or with only three phonons (PH),
respectively. The red line [same as the red line in panel (b)] is the
fitting with one plasmon and three phonons (PL + PH). Horizontal
dotted lines show the offset between the different fitting results. The
vertical dashed lines, wyn, and w3, Tepresent the energies of the
phonons in the fitting.

The first term €4, on the right-hand side is the high-frequency
dielectric constant. The second term is the Drude term de-
scribing plasmons, and the third term is the Lorentz term
describing the IR-active phonon modes, where ,, I', Q,
wph, and I'p, represent the plasmon frequency, the carrier
damping, the phonon strength, the phonon frequency, and
the phonon damping, respectively. The fitting line [the red
line in Fig. 2(b)] agrees well with the EDCs measured by
HREELS, and the fitting results are given as the screened plas-
mon energy fiw, = €2,/ /€xc = 31.5 meV and the phonon
energies fiwpn; = 5.5 meV, fiwpny = 10.5 meV, and fiwyp =
25.8 meV (see other parameters in the SM [34]). The energies
of phonons and the plasmon obtained from this fitting show
little discrepancy to the IR experimental results, and mean-
while the fitting successfully reproduces the splitting features
marked by o* [Fig. 2(b)].

In order to establish an intuitive understanding of the
splitting features induced by the PPC, we also performed
fittings with only a plasmon considered or only three phonons
considered. As shown in Fig. 2(c), the gray line represents
the background from the elastic scattering without sample
information. Case I: Considering the Drude component from
an independent plasmon only, the spectral weight is added
in the EDC as a swelling centered at the energy fiw, =
31.5 meV (the blue line), which is so close to the zero loss
peak that it cannot manifest as a distinguishable peak. Case
2: When considering only three Lorentz components from
phonons (the green line), each phonon contributes a peak (or
a shoulder) in the EDC, except for the one with the energy
howpn1 = 5.5 meV merging into the zero loss peak. In sum-
mary, when plasmons and phonons exist independently, they
appear as peaks centered at their respective energies. Both of
these two cases exhibit significant discrepancies compared to
our experimental results. In contrast, when all the phonons
and the plasmon are included, the curve shape is significantly
altered, demonstrating the PPC spitting feature, as shown by
the red lines in Figs. 2(b) and 2(c). Specifically, the Drude
component (the plasmon) contributes an envelope centered
at hiw, = 31.5 meV, and the phonons provide dips on the
envelope, as if the phonons split the plasmon.

B. Temperature dependence of the plasmon

Based on the above analysis, we can examine the tem-
perature dependence of the plasmon using the method of
tracking the envelope center and fitting with the Drude-
Lorentz model. Figure 3 presents the temperature-dependent
low-energy EDCs. Qualitatively, the central energy of the
envelope contributed by the plasmon declines with the de-
creasing temperature, and then slightly rises below about
150 K [dashed lines in Figs. 3(a) and 3(b)]. The peak tem-
perature for the plasmon energy coincides with the peak
temperature for the carrier density measured in a sample
grown by the CVT method [36], establishing a resistivity
peak temperature Tioss ~ 145 K (details in the SM [34]). The
color mapping of the second derivative [Fig. 3(c)] displays
fine structures of the plasmon splitting. The two modes above
~250K correspond to the w' and @™ in Fig. 2(a). With the
plasmon energy /iw, decreasing upon cooling, the plasmon
moves further away from the phonon with energy 7iwpn3 and
the PPC weakens, resulting in the less discernible w®™ mode
below ~250 K. Additionally, the plasmon should have been
split again by the phonon with energy fwpn, when it ap-
proaches this phonon. The splitting mode with lower energy
is so close to the zero loss peak that it merges into it and
therefore cannot be resolved.

To further quantitatively determine the temperature de-
pendence of the plasmon, the aforementioned Drude-Lorentz
fitting was conducted while keeping the phonon energies un-
changed (more fitting results in the SM [34]). The fitting
results [Figs. 3(d) and 3(e)] can unambiguously reproduce all
the experimental features, including the nonmonotonic trend
of the plasmon envelope [Figs. 3(b) and 3(d)] and the PPC
induced splitting [Figs. 3(c) and 3(e)]. The screened plasmon
energy fiw), as a function of temperature is now extracted with
high precision.
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FIG. 3. Temperature dependence of the plasmon in ZrTes.
(a) Stack of EDCs at varying temperatures from 55 to 300 K. The
dashed line is the guide to the eyes of the envelope contributed by the
plasmon [same in panels (b) and (c)]. (b) Color mapping of panel (a).
The color bar is linear [same in panels (c)—(e)]. (c) Second derivative
mapping of panel (b). [(d), (e)] Fitting results corresponding to pan-
els (b) and (c). The red circles are the fitted screened plasmon energy
hay, and the white dotted line represents the three phonon energies
lwphi 2,3, which are determined through fitting at 300 K, and remain
constant in the fitting at other temperatures.

C. Plasmon in the 3D Dirac electron system

The above quantitative temperature dependence can be
utilized to clarify the topological properties of ZrTes. In a
3D parabolic electron system [the case in Fig. 1(a)], the
plasmon energy is proportional to the carrier density to the
power of 1/2, i.e., iw, ~ n'/? [47]. However, in a massless
Dirac electron system [the case in Fig. 1(b)], the plasmon
energy follows hw, ~ /n /n'/?4 [30], where d is the dimen-
sion, yielding fiw, ~ n'/? ford = 3 and hw, ~ n'/* ford = 2.
The comparison between the plasmon energy and the carrier
density is shown in Fig. 4 (the carrier density data from
Ref. [36]). The plasmon energy is almost entirely described
by n'/3 [Fig. 4(a)] for 3D Dirac systems instead of n'/?
[Fig. 4(b)] for 3D parabolic systems or n'/4 for 2D Dirac
systems [Fig. 4(c)]. In massive 3D Dirac systems [the case in
Fig. 1(c)], fiw, will deviate very slightly from n'/3. Our results
display a very subtle trend, with the mass gradually increasing
as the temperature rises (see details in the SM [34]). This
provides solid evidence that the plasmon observed in ZrTes
is a collective excitation composed of the 3D Dirac electrons.
Thus, the ground topological states of ZrTes could be either
a 3D Dirac semimetal (including massless or massive) or a
hyperbolic topological insulator.

Our measurements rule out the possibility that ZrTes is a
conventional topological insulator with parabolic bulk bands.
Unfortunately, it is still hard to distinguish between a massive
Dirac semimetal and a hyperbolic topological insulator. Yet
ZrTes could potentially serve as a prototypical candidate for
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FIG. 4. Verification of the plasmon behavior in a 3D Dirac elec-
tron system. [(a)—(c)] Comparison between the plasmon energy and
the carrier density in ZrTes. The stars (including the blue and red)
represent the screened plasmon energy w,, and the triangles represent
the power of the carrier density (a) n'/3, (b) n'/?, and (c) n'/4,
respectively. The data of n are extracted from Ref. [36]. The blue
and red dashed lines are the fitting results using theoretical models
in extrinsic and intrinsic Dirac systems [30] of the plasmon energy
(details in the SM [34]), respectively. (d) Calculated plasmon energy
wy at different temperatures. (¢) Temperature-dependent chemical
potential x. used in the calculation.

hyperbolic topological insulators, which recently started to
stimulate intense theoretical interests [27,28].

The behavior that the plasmon energy and the carrier den-
sity first decrease and then increase upon warming is an
inherent property of the extrinsic 3D Dirac system [30], where
the chemical potential (7 = 0) locates above the Dirac point
at zero temperature. In an intrinsic Dirac system, where the
zero-temperature chemical potential 1 (7 = 0) locates at the
Dirac point, the carrier density and the plasmon energy mono-
tonically increase with the temperature increasing following
hw, ~ T /+/In(1/T ) due to the thermal excitation and ultravi-
olet renormalization [30], which is called the intrinsic effect
of a Dirac system. However, in an extrinsic Dirac system,
the zero-temperature chemical potential (7 = 0) locates
away from the Dirac point, offering finite carrier density n
and plasmon energy fiw,. As temperature increases, thermal
excitations of carriers pull w(7") toward the valance band
in the condition of the particle number conservation, and
then the plasmon energy monotonically decreases following
hw, ~ p(T) [30], which is called the extrinsic effect of the
Dirac system. Upon reaching sufficiently high temperatures,
where (T') is brought close to the valence band, the system
undergoes an extrinsic-intrinsic crossover around the cross
temperature 7.5, and eventually displays intrinsic effects
at high temperatures. Overall, an extrinsic Dirac system is
dominated by the extrinsic and intrinsic effects below and
above Tioss, respectively. This phenomenon has been previ-
ously observed in 3D Dirac systems Na3;Bi and CdsAs, [48].
Our first-principles calculations (see details in the SM [34]) of
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ZrTes have successfully reproduced the nonmonotonic depen-
dence of the plasmon energy on temperature [Fig. 4(d)], with
w(T) monotonically approaching the valence band [Fig. 4(e)].
When the mobility change is minimal [49], the resistivity
follows p ~n~! ~ a);3 in a 3D Dirac system. Therefore,
the resistivity anomaly (largest resistance corresponding to
the lowest fiw, at Tiross ) can be primarily attributed to the
shift in chemical potential and the enhancement of thermal
excitations, without the requirement of a topological phase
transition [17].

In the extrinsic region, the plasmon and the chemi-
cal potential follow the relation w,(T) = a)g[l — %Z(TLF)Z] +
O(T*/T¢) and u(T) = Ep — 5m*E; ' T? [30]. Here, o) rep-
resents the plasmon frequency at zero temperature, and Tp
is the Fermi temperature. By fitting the data in the extrinsic
region, we obtained Tr = 343 K and u(T = 0) = 34.3 meV.
Meanwhile, we also noticed that the linear optical conductiv-
ity is truncated at about 70 meV near zero temperature [36],
which is consistent with 2 (T = 0).

III. DISCUSSION

The extrinsic-intrinsic crossover mechanism can also be
applied to samples grown by the self-flux method [35,36],
resulting in a smaller w(7 = 0) and a lower Tig. This is
consistent with the smaller truncation energy in the optical
conductivity (about 28 meV [36]) and the lower T;oss = 88 K
[35,36] compared to the samples grown by the CVT method.
Furthermore, these differences between samples can be at-
tributed to the influence of the Te defects [24] on the value of
the chemical potential (7 = 0). In general, the dependence
of Tioss On samples highlights the significant influence of
the chemical potential (7 = 0) in ZrTes, thereby consoli-
dating the self-consistency of the extrinsic-intrinsic crossover
mechanism. Besides, the sensitivity to u(7 = 0) significantly
impacts the temperature-dependent behavior of plasmons in
topological semimetals, as evidenced by our recent research
[50]. Our study provides a convincing example of inves-
tigating the topological properties by observing collective
excitations, which is widely applicable to other topological
materials.

After clarifying the topological ground state and the re-
sistance anomaly, Dirac polarons could emerge as the next
captivating subject in ZrTes. A polaron mechanism is pro-
posed to describe the gap opening in ZrTes [51], with

experiments revealing a monotonically increasing gap [52].
Regarding the formation mechanism of the Dirac polarons, a
Fermi liquid system evolves into a polaronic system when its
plasmon energy falls below the optical phonon energy [53].
In our results, the plasmon splitting distinctly demonstrates
that the plasmon energy descends below the optical phonon
[Figs. 3(d) and 3(e)] during cooling with a nonnegligible
PPC, satisfying the condition for the formation of the Dirac
polarons.

IV. CONCLUSION

We employed HREELS to study the temperature-
dependent collective excitations of ZrTes. Our results show
that the plasmon energy in ZrTes exhibits a distinct be-
havior proportional to the 1/3 power of the carrier density,
which is a characteristic feature of plasmons in 3D Dirac
systems. This rules out the possibility that ZrTes is a con-
ventional topological insulator with parabolic bulk bands.
The ground topological state of ZrTes could be either
a three-dimensional Dirac semimetal (including massless
or massive) or a hyperbolic topological insulator. We at-
tribute the origin of the resistivity anomaly in ZrTes
to the inherent extrinsic-intrinsic crossover of the Dirac sys-
tems, where the decrease in chemical potential dominates
the low-temperature extrinsic regime, and thermal excitation
dominates the high-temperature intrinsic regime. We also
observed the PPC at all temperatures below 300 K, which
may indicate the possible formation of the Dirac polarons
in ZrTes. Our study provides a convincing example of in-
vestigating the topological properties by observing collective
excitations, which is widely applicable to other topological
materials.
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