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Signatures of Fermi surface topology change in the nodal-line semimetal ZrSiSe,_,Te,
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The topological nodal-line semimetal (TNLS) ZrSiM (M = S, Se, Te) is a promising platform to study the
TNLS phase by tuning chalcogens. In this work, we study the evolution of the Fermi surface (FS) by tuning the
Se/Te ratio in ZrSiSe;_,Te, compounds. Transport properties and magnetometry results present signatures of
Fermi surface topology change by the sudden changes in symmetry and carrier densities, as well as singularity
of FSs at the critical chemical potentials. A 2%—0rder Lifshitz transition occurs when 0.20 < x < 0.33. Another
3%-order electron topological transition is revealed by a large diamagnetic anomaly of susceptibility atx ~ 0.80.
In combination with first-principles calculations, this study reveals the vital roles of spin-orbit coupling, charge
transfer, and shifts of the chemical potential in the evolution of FSs in this system. Our results demonstrate
how the FSs evolve in ZrSiSe,_,Te, compounds, providing fundamental clues for designing topological state

switchable devices.

DOLI: 10.1103/PhysRevB.103.165141

I. INTRODUCTION

ZrSiM (M = S, Se, Te), a family of topological nodal-line
semimetals (TNLSs) [1-5], has attracted extensive attention
due to its exfoliated structure, which makes its members
candidates for exploring novel properties in low-dimensional
topological devices as well as future applications in fer-
mitronics [6,7]. ZrSiM has relatively simple electronic band
structures in the vicinity of the Fermi level among TNLSs,
such as PbTaSe, [3] and PtSny [4,8]. Thus, ZrSiM is suited
to understanding the properties of topological nodal-line
fermions, such as the high density of states at the Fermi level
[9-12]. The Dirac bands of ZrSiM have robust linear band
dispersions up to ~2eV, which is much larger than that of
most Dirac and Weyl materials [13—-15], providing a wide
range of tunable electronic topological states. Moreover, the
titanic angular magnetoresistance (AMR) observed in ZrSiM
under applied magnetic field motivates researchers to design
neoteric magnetic sensors and switches for industrial applica-
tions [16-18].

ZrSiS and ZrSiSe have similar electronic band structures
with a narrow corrugated Fermi surface (FS) tube surround-
ing the band-contact line [14], whereas ZrSiTe presents
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different FSs with quasi-two-dimensional (quasi-2D) charac-
ters, as shown in Fig. 1. Replacing Se by Te results in the
enhancement of spin-orbit coupling (SOC), a much larger
c/a lattice ratio, and charge transfer, which are significant to
the change in the band structure [19-22]. Consequently, the
energy of the electronic bands shifts upwards or downwards,
and some subtle crucial distinctions of the electronic bands
between ZrSiSe and ZrSiTe are observed in the vicinity of
the Fermi level, as shown in Figs. 1(a) and 1(b). Due to the
shifts of the electronic bands, additional small electron-type
pockets along the Z-R direction and around the X point as
well as hole-type pockets along the A-Z and M-T" directions
emerge in ZrSiTe, which have been reported in previous
angle-resolved photoemission spectroscopy experiments [19].
Furthermore, there is a Dirac nodal line protected by nonsym-
morphic symmetry along XR in the Fermi surface, as shown
in Fig. 1(d). On the other hand, compared with ZrSiSe, the
relatively stronger SOC and charge transfer in ZrSiTe lead to
a larger band gap and energy shifts of the band-contact line.
In Fig. 1(d), the locations where the topology of FSs changes
are highlighted by colored circles in three-dimensional (3D)
plot of ZrSiTe’s FS. The distinct changes in FS topology
(electron topological transitions) are closely related to the
transport behaviors at low temperature [23]. Therefore, their
transport properties show obvious differences, for example,
the upturn behavior in the temperature dependence of the
resistivity, and Shubnikov—de Haas (SdH) oscillations vanish
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FIG. 1. (a) and (b) The calculated band structures of ZrSiSe and ZrSiTe with SOC. (c¢) and (d) The 3D plots of FSs of ZrSiSe and ZrSiTe.

The major changes in FSs are highlighted by colored circles in (d).

in ZrSiTe up to 9 T due to its gapped-out nodal-line states
[14,19]. Thus, ZrSiM is an ideal platform to study the tunable
topological nodal-line states by regulating the lattice constant,
SOC strength, and chemical potential [19,24].

A recent study demonstrated a temperature-induced Lif-
shitz transition in ZrSiSe due to the coeffect of SOC and
excitonic instability [25]. Besides the temperature and pres-
sure [26], theoretical and experimental investigations suggest
that magnetic field H and chemical potential ¢ tuned by
chemical doping could cause changes in the FS topology
in topological materials [23,27,28]. Moreover, according to
theoretical predictions, if the chemical potential { passes
through a singular point, such as a Dirac node, a higher-
order electron topological transition occurs, accompanying
the large anomaly in orbital susceptibility [23,29]. These
raise a question about how the topology and geometry
of FSs evolve in ZrSiSe,_,Te, compounds. It is impor-
tant to identify the role of lattice structure, nonsymmorphic
symmetry-protected Dirac crossings, and SOC in the distinct
difference of properties between ZrSiSe and ZrSiTe. Under-
standing the underlying mechanism of these changes will
pave the way for designing practical topological switchable
devices.

In this work, we synthesize a series of ZrSiSe;_,Te, (0
< x < 1) compounds and present a detailed analysis of
FSs by transport properties. On the basis of theoretical cal-
culations, we clarify the evolution of the FS topology in
ZrSiSe|_,Te, compounds by changing the Se/Te ratio. Our
findings suggest that there are two discontinuous transitions,

including a 2%-order Lifshitz transition occurring in the range
020< x €033 anda 3%-order electron topological transi-
tion occurring when x ~ 0.80. These results show signatures
of FS topology change and clarify the details of FS evolution

in nodal-line semimetal ZrSiSe;_, Te,.

II. EXPERIMENTAL METHODS
<

Platelike ZrSiSe;_,Te, (0 x < 1) single crystals
were synthesized via the chemical vapor transport method
[17]. The crystal structure was checked by x-ray diffraction
(XRD) (Cu K« radiation) at room temperature. And chemical
compositions were characterized by energy dispersive x-ray
spectroscopy. The electrical transport measurements were per-
formed by using the standard four-probe DC technique on
an Oxford Instruments TeslatronPT cryogenic system. The
resistivity was measured in the ab plane under both posi-
tive and negative magnetic fields to eliminate the factor of
electrode asymmetry. The magnetization measurements were
performed on a Quantum Design MPMS-3 system. The elec-
tronic structures of ZrSiSe and ZrSiTe were calculated by the
first-principles calculations and the full-potential linearized
augmented plane-wave method based on density functional
theory as implemented in the WIEN2K code [30]. For the
exchange and correlation potentials, the generalized gradient
approximation of Perdew, Burke, and Ernzerhof [31] was
used. A mesh of 35 x 35 x 15 k-points was utilized for the
full Brillouin zone. SOC was considered through a second
variational procedure.

<
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FIG. 2. (a) The XRD patterns of ZrSiSe,_, Te, single crystals with indicated compositions. (b) The c-axis lattice parameters extracted from

XRD patterns versus Te content. The red solid line represents a linear fit. Inset: the crystal structure of ZrSiSe/Te. (c) Temperature dependence
of in-plane resistivity at zero field for ZrSiSe,_,Te, samples. The red lines present the fit by the Bloch-Griineisen function for ZrSiSe and
ZrSiTe. (d) The residual resistivity ratio p(300K)/p(2 K) (red) and magnetoresistance Ap/p, (blue) under uoH =9 T and T = 2K of

samples with various Te contents. (e) Parameters of power law fit of low-temperature resistivity (< 100 K) as a function of Te content.

III. RESULTS AND DISCUSSION

The crystal structure of ZrSiM [inset of Fig. 2(d)] be-
longs to the PbFCl-type structure with a Si square net layer
sandwiched between two Zr-M layers along the ¢ axis of the
tetragonal unit cell [32]. Figure 2(a) shows the XRD patterns
of single crystals with selected compositions; XRD spectra
of all samples are shown in Fig. S1 of the Supplemental
Material [33]. Only (00/) Bragg peaks are observed, implying
that the crystals are cleaved along the ab plane. The observed
diffraction peaks show a systematic shift with the increase
of Te content. The c-axis lattice parameters extracted from
the (00/) diffraction peaks via Bragg’s law are plotted as
a function of Te content in Fig. 2(b). It presents a linear
dependence, indicating a systematic substitution of Se by
Te. The temperature dependence of the in-plane resistivity
pap» for ZrSiSe;_,Te, samples is plotted in Fig. 2(c). Over
the entire temperature range, ZrSiSe and ZrSiTe both show
metallic behavior and can be fitted by the Bloch-Griineisen
(BG) function including the Padé approximant for scattering
due to electron-phonon coupling [34]. The Debye temperature
®p extracted from resistivity is about 482 K in ZrSiSe, which
is comparable to 493 K in ZrSiS [35]. However, ®g of ZrSiTe

is ~385 K, which is lower than those of ZrSiS and ZrSiSe and
consistent with the weaker interlayer interactions in ZrSiTe
[20]. The residual resistivity ratio [RRR = p(300 K)/p(2 K)]
of the ZrSiSe;_,Te, samples as a function of Te content is
plotted in Fig. 2(d). It drops rapidly with the increase of Te
content and changes systematically from 44.3 (of ZrSiSe) to
2.6 (of ZrSiTe). This is caused by the possible atomic disorder
and lattice distortion induced by the mismatch between the Te
atom and crystal structure [19]. Meanwhile, magnetoresistiv-
ity Ap/po at 9 T and 2 K presents a Te content dependence
similar to RRR, as shown in Fig. 2(d). The above-mentioned
systematic evolution of the lattice structure and in-plane resis-
tivity demonstrates that Te has substituted Se homogeneously.
Although the RRR value decreases by more than an order of
magnitude from ZrSiSe to ZrSiTe, electron-phonon coupling
is still one of the dominant mechanisms of resistivity.
Low-temperature resistivity pq»(7) (< 100K) of various
samples with different Te contents can be well fitted by the
power law expression p(T') = p* + AT", where n is the expo-
nent of the power law dependence. The extracted parameter
A and exponent n of the indicated compounds are plotted
in Fig. 2(e). For most samples, the exponent n is larger
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FIG. 3. (a) The scaling behavior of magnetoresistance at various angles and 2 K by using &4 for samples with the indicated Te content
(all magnetoresistance data are as seen in Fig. S2). (b) & versus angle for various samples at 2 K. Symbols are extracted from corresponding
experimental data. The regions of butterfly-shaped anisotropy and twofold anisotropy are highlighted in yellow and pink, respectively. (c) Polar
plot of the angle dependence of ¢, for selected samples at 2 K. Open triangle and square data points are extracted from corresponding
experimental data, and colorful lines represent the fitting curves with ¢y = a sin?(0) + bsin?(20) + 8. (d) The ratio of a/b as a function of Te
content. @ and b are obtained from the fits in (b) and (c). Inset: a and b coefficients as a function of Te content.

than 2, indicating a non-Fermi-liquid temperature dependence
of pu(T), which is also less than 5 for the conventional
electron-phonon coupling from the Bloch-Griineisen law. This
has been observed in the semimetals ZrSiS and LaBi (with
n = 3)[13,36] and indicates that low-temperature resistivity
is dominated by the interband s-d electron-phonon scatter-
ing instead of electron-electron scattering or intraband s-s
electron-phonon scattering [37]. It is notable that both A and
n present discontinuous changes between x = 0.20 and 0.33,
denoted by the green and blue dashed lines. Meanwhile, an-
other change in coefficients occurs around x = 0.80, as shown
in Fig. 2(e). Because these parameters correspond to the char-
acter of FSs, these changes reflect a discontinuous evolution
(topology change) of FSs between ZrSiSe and ZrSiTe.

To quantify FSs in ZrSiSe;_, Te,, MR versus applied mag-
netic field at 2 K and various angles are measured and scaled
in a single curve by using the scaling factor &y because
the AMR value under 9 T cannot directly present the real

situation of FSs in a nonperfectly compensated material
[38—40]. The measured AMRs at 2 K as a function of the
external field of each compound are plotted in Fig. S2. The ex-
ternal field is rotated in the plane perpendicular to the current,
as shown in the sketch in Fig. S2. Figure 3(a) shows scaled
AMR data for samples with the indicated compositions. &gy
of different samples as a function of angle are presented to
quantify the authentic geometry of their FSs, as shown in
Fig. 3(b). For samples with x < 0.20, gy increases with 6 and
reaches a maximum value at around 60°, then decreases. In
these samples, &y is always larger than 1, which indicates that
&g can be well characterized by a convolution of twofold and
fourfold symmetries. However, for samples with x > 0.33, gy
decreases monotonically with 6; consequently, &y is less than
1, indicating a twofold symmetry character of FSs in these
compounds.

In order to analyze the relative weight of twofold and
fourfold components, ¢y = a sin?(0) + bsin%(20) + 8 is used

165141-4
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to fit &y in different samples, as shown in Fig. 3(c), where a is
the coefficient of the twofold component, b is the coefficient
of the fourfold component, and § is an angle parameter [16].
The fitted curves show a butterfly pattern in compounds with
x < 0.20, which are similar to those cases observed in ZrSiS
and ZrSiSe [14]. For samples with x > 0.33, the symmetry of
AMR data changes and shows a simple twofold character. The
above change in the symmetry of the AMR results between
x = 0.20 and 0.33 indicates a change in FS symmetry, which
is in accordance with the discontinuous change in resistivity
coefficients presented in Fig. 2(e).

The coefficients of twofold (a) and fourfold (b) symmetry
components extracted from fits in Figs. 3(b) and 3(c) are plot-
ted in the inset of Fig. 3(d). In order to analyze the evolution
of FS geometry with changing Te content, the a/b ratio as a
function of Te content is plotted in Fig. 3(d). The ratio a/b is
about 1.5 when x < 0.2, indicating twofold and fourfold sym-
metries are equally important to the geometry of FS in these
compounds. When x increases to 0.33, the ratio increases to
about 6. This dramatic increase of a/b is consistent with the
change in FSs as revealed by the AMR data. The average value
of a/b is about 5 (when 0.33 < x < 0.67), suggesting that
the twofold symmetry becomes dominant. Another jump of
a/bis observed around x = 0.80, indicating a further increase
of the twofold symmetry character of FSs with the increase
of Te content, which is in line with the change in resistivity
coefficients observed in Fig. 2(e).

ZrSiM hosts two types of Dirac states: a nodal-line Dirac
state and a 2D nonsymmorphic Dirac state near Er [20,41].
The nodal-line Dirac state can be gapped by SOC, whereas
the nonsymmorphic Dirac state is protected by the nonsym-
morphic symmetry regardless of SOC strength. According to
previous reports, the lattice parameter ratio of c/a in ZrSiM
governs the energy shift of the nonsymmorphic Dirac cone
[20]. The c/a ratios are ~2.27, ~2.31, and ~2.57 for ZrSiS,
Z1SiSe, and ZrSiTe, respectively. Both ZrSiS and ZrSiSe have
close values of the c¢/a ratio with a similar FS dimensionality,
which is distinct from ZrSiTe, with a 2D-like character of
FSs. In ZrSiS and ZrSiSe, the nonsymmorphic Dirac cone
is far away from the Fermi level, as shown in Fig. 1(a) and
hardly affects the transport properties. However, it is located
very close to the Fermi level in ZrSiTe. Tuning M elements
will modify lattice parameters, change SOC strength as well
as chemical potential, and, consequently, affect the electronic
structure of ZrSiM. Therefore, detailed investigations of trans-
port properties of ZrSiSe;_,Te, samples could provide clues
to clarify the evolution of FSs from ZrSiSe to ZrSiTe.

Hall resistivity versus magnetic field is a useful probe to
detect the properties of carriers and is often employed to
identify the change in FSs. Hall resistivities of ZrSiSe;_,Te,
as a function of magnetic field at 7 = 2K are displayed in
Figs. 4(a) and 4(b). Field dependences of Hall resistivities
are nonlinear, indicating the existence of multiple bands in
ZrSiSe_,Te,. The Hall conductivity oy, = pyy/(p2 + p2)
is calculated by using the magnetic field dependence of the
longitudinal resistivity o (H) and Hall resistivity p.,(H), as
displayed in Figs. 4(c)—4(e). With increasing Te content, the
Hall conductivity decreases by three orders of magnitude.
Hall conductivity could be analyzed by using the two-carrier
model, which was described in Refs. [14,25] for ZrSiSe and

MoO, [25,42], respectively. The Hall conductivity tensor is
given by [43]

_epoH ny i3 )
14+ u3udH?’

_epoHn i
1+ puiugH?

Oxy

where n; and n, denote the carrier densities of two dis-
tinct bands and w@; and w, denote the mobilities of carriers,
respectively. The fits of oy, (H) for ZrSiSe_,Te, with the
indicated compositions are presented in Figs. 4(c)—4(e). The
fitting curves are represented by red solid lines, which show
good agreement with our experimental data in all compounds,
demonstrating the coexistence of two types of carriers in all
samples. According to the above two-carrier model, the carrier
densities and mobilities of two distinct carriers are extracted
and plotted in Figs. 4(f) and 4(g). As shown in Figs. 4(f) and
4(g), both carrier densities and mobilities exhibit a perfect
electron-hole compensation in ZrSiSe, with hole and electron
densities of £2.5 x 10! /cm? and mobilities of 1.38 and 1.08
x 10* cm?/V s, respectively. With the increase of Te content,
carrier densities of both n; and n, decrease and reach an
extremum of about 10'®/cm? at x = 0.20. Meanwhile, the
type of carrier n, changes from an electron to a hole. In
this Te content range, mobilities of two carriers also show
different values [denoted by the green area in Fig. 4(g)]. The
changes in carrier density and mobility could be an indication
of change in FSs, which has been observed in ZrSiSe as
a signature of temperature-induced Lifshitz transition [25].
Moreover, although only hole-type carriers are obtained by
the fits of the two-carrier model in the samples for x = 0.20
and 0.33, the nonlinear dependence of Hall resistivities as a
function of magnetic field [as seen in Figs. 4(a) and 4(b)]
indicates the multiple-band nature of these samples. Thus,
the change in carrier type provides further evidence for the
topology change in FSs. With a further increase of Te content
to 0.46 (x > 0.46), carrier densities restore the magnitude
of 10'°/cm?® and show an electron-hole compensation again.
Meanwhile, the mobilities of two carriers are close to each
other once again. Furthermore, the mobilities of carriers
and p, decrease overall with increasing Te content because
of the increase of SOC and lattice distortion. Although it is
technically difficult to control the Te content very precisely,
the above results demonstrate that a reconstruction of FSs
occurs when x is between 0.20 and 0.33, which is consistent
with our resistivity and AMR results.

SdH oscillations imply high mobility of the carriers and
circumvent the geometric shape of the samples themselves to
probe FSs. As shown in Figs. 5(a) and 5(b), SdH oscillations
of ZrSiSep9gTeg. o, are clearly observed in magnetoresistance
data up to 9 T at 2 K because the Landau-quantized cylinders
periodically cross the FSs under the increase of magnetic
field. The oscillation amplitude decreases gradually with an
increase of Te content and cannot be detected clearly when
x > 0.33. To further probe the dimensionality of FSs in
ZrSiSe;_,Te,, the frequencies at various angles are extracted
to analyze using maximum entropy spectral analysis [44].

Figures 5(c) and 5(d) exhibit fast Fourier transform (FFT)
spectra of SdH oscillations of ZrSiSepggTepp2. FFT spec-
tra of other samples show similar oscillation frequencies,
as presented in Fig. S3. Five dominant frequencies (£, Fs,
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FIG. 4. (a) and (b) Hall resistivity curves of ZrSiSe;_,Te, at T = 2 K. (c)—(e) Hall conductivity of ZrSiSe,_,Te, at T = 2 K. (f) and (g)
Carrier densities and mobilities of two carriers as a function of Te content.

F;, F,, and Fg are used to denote the peak positions) show
evident dependence of the angle, indicating quasi-2D char-
acters of the corresponding FSs. Although the geometry of
FSs in Fig. 1 is not ideal ellipsoids, an ellipsoid formula,
F(0) = Fy/+/sin(0) + r2 cos2(9) (r is the axial ratio of semi-
major and semiminor axes in the ellipsoid), could still be
employed to evaluate the dimensional information of each FS.
As shown in Figs. 5(e) and 5(f), the angle dependence of F,
F,, and Fyg can be fitted well using the above ellipsoid formula,
and extracted axial ratios as a function of Te content are
plotted in Fig. 5(g). Axial ratios of the « and ¢ bands are in-
dependent of Te content when x < 0.2. However, the 8 band,
which is highlighted by a red circle in Fig. 1(d), exhibits an
evident composition dependence by increasing about 3 times,
demonstrating an obvious change in FS geometry. Results
for samples with greater Te substitution are absent because
oscillations are not observed up to 9 T in these samples, as
shown in Fig. S2.

Quantitative information for FSs also could be obtained
from de Haas—van Alphen (dHvA) oscillations by mag-
netometry measurements [45]. Furthermore, the change in
susceptibility (or magnetization) could serve as a signature
of FS topology change in topological semimetals and semi-
conductors; for instance, for Na;_,Bi, and BiTel [29,46—
50], their magnetic susceptibilities show a large diamagnetic

anomaly when the chemical potential is tuned by doping
and approaches band-crossing points or the band-contact line.
Figure 6(a) presents the magnetization M versus magnetic
field woH curves of samples with the indicated composition
under the magnetic field along the ¢ axis and up to 7 T.
The results measured under in-plane magnetic field present
similar behavior and are shown in Fig. S4. Magnetization of
the ZrSiSe single crystal was reported in a previous study
by Hu er al. [14] and thus is not presented here. The inset
in Fig. 6(a) shows M vs H data for ZrSiSeg 99 Teg 01, which
show diamagnetism up to 7 T and are the same as those of
ZrSiSe. As shown in Fig. 6(a), diamagnetism is enhanced
with increasing Te content and reaches the maximum value for
x = 0.67. These curves show linear dependence with negative
slope in a wide magnetic field range due to Landau diamag-
netism, which becomes dominant in topological semimetals
and semiconductors due to the low effective electron mass
[50,51]. According to previous reports, for ZrSiSe and Zr-
SiTe, the effective cyclotron mass of carriers m* is less than
0.1mg [14], where my is the free-electron mass. For sample
ZrSiSep 99 Teg o1, the magnetic oscillations (dHvA) are ob-
served at low temperature and high magnetic field, as shown
in the inset in Fig. 6(a).

Strong dHvA oscillations and FFT spectra of in-plane mag-
netization at various temperatures are shown in Fig. 6(b).
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There are four dominant frequencies at 5, 21, 124, and 139 T.
Three of them are close to the frequencies of F, (23 T) and
F, (101, 120, 137 T), extracted from SdH oscillations on
the same sample. However, there are two major differences
between the results of the two kinds of oscillations. The lowest
frequency of dHvVA oscillations has not been detected in SAH
oscillations, and F, of SdH oscillations is not observed in
dHVA results. SdH oscillations are in concert with the oscilla-
tions of the density of states in the vicinity of the Fermi level,
while dHVA oscillations originate from the oscillations of the
free energy of electrons [41]. Hence, the observed frequencies
between SAH and dHvA oscillations could be different due
to the difference in probing methods. Similar results were
observed in previous reports on ZrSiS crystals [16,41].

The temperature dependence of the FFT amplitude of
each frequency is shown in Fig. 6(c), and m* of each
frequency is extracted by using Lifshitz-Kosevich (LK) for-
mula: Ry = aTm*/[myB sinh(aTm* /myB)] [41], where « =
(ankgme)/ (he). As shown in Fig. 6(c), m* of different
FS varies from 0.049m( to 0.142mg. Thus, Pauli suscep-
tibility xp = —3(m*/mg)>xo ~ —0.03x0, where xo is the
orbital susceptibility. Therefore, orbital diamagnetism is
dominant, and we can neglect the contribution from Pauli
paramagnetism.

Figure 6(d) shows the evolution of magnetic susceptibil-
ity x. as a function of Te content. According to theoretical
predictions [46,48], the orbital susceptibility has a negative
6 function when the chemical potential ¢ approaches critical
energies because the system could be considered a sum of 2D
gapless systems and, consequently, has diamagnetism with
a strong singularity. When ¢ crosses these critical energies,
the so-called 3%—0rder electron topological transitions occur
in metals [52], which have been experimentally observed in
Na;_,Bi, and BiTel [49,50]. Here, a Lorentzian representa-
tion of the § function [53],

m

1
fx)= lm ————,
) o w1+ m2x?

@

is employed to fit the susceptibilities in Fig. 6(d). For x <
0.67, with increasing Te content, diamagnetic susceptibility
is enhanced and can be well fitted by Eq. (2) with m = 3.
The critical point is located around x = 0.80. Samples with
x = 0.85 and ZrSiTe exhibit paramagnetism, in accordance
with previous reported results [14]. Clearly, this change in
magnetic properties can be related to the anomalies observed
in Figs. 2(e) and 3(d), demonstrating an electron topological
transition. There are two possible origins for this enhanced
paramagnetism observed in samples with x > 0.80. One is
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the orbital paramagnetism due to the tilted band crossing,
which was proposed in Ref. [49] for the Rashba semicon-
ductor BiTel. The other is the enhanced SOC arising from Te
substitution. According to a previous theoretical study [48],
the spin-orbit term of susceptibility for nodal-line semimetals
is directly related to the topological surface states, which
have a steplike jump at the critical energy corresponding to
a significant positive contribution to magnetization; conse-
quently, the system is paramagnetic in total. Furthermore,
we did not observe any anomalies in the evolution of carrier
densities and mobilities, as seen in Fig. 4, indicating the tran-
sition here is a 3%—0rder one, instead of a 2%-order Lifshitz
transition.

IV. SUMMARY

We studied the evolution of FSs in the topological nodal-
line semimetal ZrSiSe;_,Te, by tuning the elemental ratio
of chalcogenide elements. For 0.20 < x < 0.33, dramatic
changes in the resistivity power law components and the sym-
metry of AMR indicate a FS topology change. The results

of the Hall conductivity analysis showed further evidence
through the change in carrier type and mobilities. All the
above results suggest that a Lifshitz transition occurs when
020 < x <0.33.

However, for the anomalies shown in the power law com-
ponents of the resistivity and symmetry of FSs at x ~ 0.80,
no corresponding change in carrier densities and mobilities
was observed. Further investigations of the magnetic proper-
ties suggested that the system shows Landau diamagnetism
and orbital paramagnetism when x is below and above 0.80,
respectively. The diverging diamagnetic susceptibility around
x ~ 0.80 indicates that the chemical potential ¢ crosses a
singularity of the electronic band of ZrSiSe(,Teys. This sin-
gularity could be a band-contacted line or a Dirac node. The
orbital paramagnetism observed when x > 0.80 may have
two possible mechanisms. One is the tilted Dirac cones in
electronic bands, and the other is the enhanced SOC, which
may cause a step function distribution of susceptibility at a
critical energy, such as a band-contacted line. According to
previous theoretical investigation and our results, this transi-
tionis a3 %—order electron topological transition.
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In summary, we presented the detailed evolution of
FSs from ZrSiSe and ZrSiTe. The FS information for
ZrSiSe|_, Te, samples was analyzed by AMR and susceptibil-
ity. With increasing x, experimental results showed signatures
of FS topology changes in the range of 0.20-0.33 and
at ~0.80, in which the enhanced SOC and charge trans-
fer play crucial roles. These compounds also showed an
example with orbital paramagnetism, which could enrich
corresponding theoretical investigations. Furthermore, ZrSiM
could not only be applied to magnetic sensors in the fu-
ture but could also provide a better platform to study the
tunable topological nodal-line state and the novel properties

of topological nodal-line fermions via tuning the chemical
potential.
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