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ABSTRACT: Recently, there has been significant interest in topological nodal-line 04%1
semimetals due to their linear energy dispersion with one-dimensional nodal lines or
loops. These materials exhibit fascinating physical properties, such as drumhead surface & E X
states and 3D anisotropic nodal-line structures. Similar to Weyl semimetals, type-II nodal- t }

line semimetals have two crossing bands that are both electron-like or hole-like along a X Type 1 nodal-line fermions
certain direction. However, the direct observation of type-II nodal-line Fermions has been k

challenging due to the lack of suitable material platforms and the low density of states. 800 (32(2?“-1) 1600 2000
Here we present experimental evidence for the coexistence of both type-I and type-1I

nodal-line Fermions in ZrSiSe, which was obtained through magneto-optical and angle-resolved photoemission spectroscopy
(ARPES) measurements. Our density functional theory calculations predict that the type-II nodal-line structure can be
developed in the Z-R line of the first Brillouin zone based on the lattice constants of the grown single crystal. Indeed, ARPES
measurements reveal the type-II nodal-line band structure. The extracted type-II Landau level transitions from magneto-
optical measurements exhibit good agreement with the calculated type-II energy dispersion model based on the band
structure. Our experimental results demonstrate that ZrSiSe possesses two types of nodal-line Fermions, distinguishing it from
other ZrSiX (X = S, Te) materials and positioning it as an ideal platform for investigating type-II nodal-line semimetals.

KEYWORDS: nodal-line semimetal, magneto-optical spectrum, Landau level transition, band structure, two types of nodal-line structures

extensive experiments were conducted to identify

potential candidates. Some materials have been con-
firmed as type-II Weyl semimetals, and their unique electro-
magnetic responses, such as Fermi arcs and the chiral anomaly,
have been reported.” > More recently, nodal-line semimetals
have been predicted as a new class of topological materials with
linear energy dispersion.”” Unlike discrete band crossing
points found in Dirac or Weyl semimetals, nodal-line
semimetals exhibit a one-dimensional line or loop of band
crossings.” Several topological nodal-line semimetals have been
experimentally established, including PbTaSe,,® PtSn,,’
SrAs;,'”'" and ZrSiX (X = S, Se, Te).'”"’ Similar to the
band inversion structure in type-II Weyl semimetals, tilted lines
or loops are also allowed in nodal-line semimetals, giving rise
to a new class of materials called type-II nodal-line semi-
metals.' "> However, the experimental observation of type-II
nodal-line Fermions remains challenging due to the lack of
effective tools to investigate Fermi surfaces and Landau-level
quantizations, as well as the absence of an ideal material
platform with a robust type-II nodal-line band structure.
Among the reported nodal-line semimetals, the ZrSiX family of
materials has attracted significant attention due to the large
energy window of the linear band dispersion in certain regions
of the Brillouin zone.'® The band structures of these materials

S oon after the proposal of type-Il Weyl semimetals,’
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have been extensively investigated through theoretical
calculations and angle-resolved photoemission spectroscopy
(ARPES) measurements.'>'°">> While the physical properties
of typical type-I nodal-line semimetals have been studied using
various transport and optical measurements,'>'*'"*7*" the
band structure of ZrSiX near the Fermi energy in the Z-R
range is predicted to exhibit the shape of a type-II nodal line,
especially in the case of ZrSiSe.'®

In this study, we present our findings on the coexistence of
type-I and type-II nodal-line Fermions in ZrSiSe. To obtain
high-quality ZrSiSe single crystals, we employed a two-step
chemical vapor transport process that utilized I, as the
transport agent. Surprisingly, the lattice constant ¢ in our
samples was found to be smaller than previously reported
values. Our density functional theory (DFT) calculations
revealed the presence of a clearly tilted type-II nodal line
structure along the Z-R line, while the type-I nodal line
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Figure 1. Crystal and band structure of ZrSiSe. a. Crystal structure of ZrSiSe. b. Single crystal XRD spectrum, showing the (001) crystal
planes of single crystallinity of ZrSiSe. The inset shows a photo of the sample with a length of 2 mm. c. Calculated Fermi surface of ZrSiSe. d.
Band structure of ZrSiSe. The red dashed line denotes its Fermi energy.

remained intact. To observe the existence of the type-II nodal-
line band structure in ZrSiSe, we performed angle-resolved
photoemission spectroscopy (ARPES) measurements. By
analyzing the magneto-optical spectra, we obtained Landau
level transitions originating from both types of nodal lines. The
Landau level transitions corresponding to the type-I nodal-line
Fermions were well-fitted with a gapped linear energy
dispersion model, which is consistent with previous research
ﬁndings.27 On the other hand, the Landau level transitions
associated with the type-II nodal-line Fermions were
determined by comparing the spectra obtained from Faraday
and Voigt geometries. By combining our DFT calculations and
magneto-transport measurements, we established a low-energy
Hamiltonian for the type-II nodal-line which can effectively
capture the tilted structure. Intriguingly, our transport
measurements provided evidence that the carriers along the
Z-R line were active and dominated the transport behaviors.
Furthermore, we found that other materials in the ZrSiX family
lack the type-II nodal-line structure, and only Landau level
transitions from the type-I nodal-line structure were observed
in the magneto-optical measurements. Thus, our study
demonstrates the coexistence of type-I and type-II nodal-line
Fermions in the topological material ZrSiSe, characterized by
specific lattice constants. Additionally, we show that magneto-
optical measurements are effective in experimentally inves-
tigating complex topological systems.

RESULTS AND DISCUSSION

The crystal structure of ZrSiX can be described as a typical
layered compound consisting of quintuple layers of X-Zr-Si-Zr-

X. ZrSiX adopts a PbECl-type crystal structure with the space
group P4/nmm, as illustrated in Figure la. In this structure,
each quintuple layer is centered around the Si layer which
forms a tetrahedral coordination with four Zr atoms. The X
atoms are positioned on the two sides of each quintuple layer
and interact weakly with the neighboring layers through van
der Waals forces."””" High-quality single-crystal ZrSiSe was
grown using a chemical vapor transport method. A
stoichiometric mixture of Zr, Si, and Se powders was sealed
in a quartz tube, and iodine was used as a transport agent (2
mg/ cm3). Plate-like single crystals with metallic lusters were
obtained by conducting vapor transport growth with a
temperature gradient from 950 to 850 °C."” The inset of
Figure 1b shows the 3 X 3 mm” samples. The composition and
structure of the crystals were examined using an Energy-
dispersive X-ray spectrometer and X-ray diffractometer,
respectively. Figure 1b displays a representative X-ray
diffraction pattern obtained from a single crystal sample,
revealing preferred orientation along the (00l) and (110)
planes. Based on the diffraction peaks, refined lattice
parameters were determined as a = b = 3.66 A and ¢ = 8.47
A. 1t is worth noting that our experimental lattice parameter
differs from the reported value of ¢ = 8.676 A*. Our sample
has a relatively lower ¢ constant. The small lattice parameter ¢
has been reported in earlier studies where the growth methods
are not uncommon.”’ The lattice parameter ¢ has generally
been observed to be similarly lower, at around 8.3 A, and the
type-I nodal-line structure has not been impacted."” The
smaller lattice parameter has been identified in the actual
sample growth. Our growth process is not unique but the
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Figure 2. Type-I Landau level transitions of ZrSiSe. a. Magneto-optical spectra of ZrSiSe obtained under Faraday geometry, showing two
types of peaks classified as C-type and T-type transitions. b. A false-color plot of relative magneto-reflectance spectra. The black dashed lines
are the fitting curves of type-I nodal line Landau level transitions. The blue dashed line denotes the position of the C-type transition. c.
Landau fan diagrams for the type-I nodal line in ZrSiSe under varying magnetic fields. The labels indicate the experimental transition energy
and Landau level index from —0 — 1 to —2 — 3 with increasing incident energy under different magnetic fields. The solid lines serve as
guidelines, confirming the presence of type-I nodal-line Fermions and the assignment of transition indices using the fitted Fermi velocity. d.
Schematic Landau level spectrum of the type-I nodal line in ZrSiSe. The blue and red arrows denote the inter-Landau-level transitions with

opposite circular polarizations.

resulting lattice constants are critical to the presence of type II
nodal-line structure.

Based on the experimentally obtained lattice constants of
Z1SiSe, we conducted first-principles calculations to investigate
the Fermi surface and band structure (see Methods for
details). The calculated 3D Fermi surface is presented in
Figure lc. The type- I nodal-line structure has been confirmed
in the A-Z direction. And in the Z-R line, we observe two
pockets, one with holes and the other with electrons,
intersecting and forming a type-II nodal line structure. To
further illustrate the electronic properties, Figure 1d displays
the band structure with spin—orbit coupling (SOC) along the
high-symmetry lines. The position of the Fermi energy is
indicated by the red dotted line. Notably, we observe a series
of Dirac-type bands with linear dispersion near the Fermi
energy, resulting in a type-I nodal-line structure along the I'-X
direction in the first Brillouin zone. Additionally, there is a
band inversion along the Z-R line, leading to the formation of a
type-1I nodal-line structure. Therefore, our theoretical analysis
predicts the coexistence of the type-I nodal line along I'-X and
the type-II nodal line along Z-R in ZrSiSe.

In order to investigate the energy dispersion of the two types
of nodal-line Fermions, we employed magneto-optical
measurements as an effective tool to identify the Landau
level transitions around the Fermi energy in ZrSiSe. The
magneto-optical spectra on the (001) surface under Faraday
geometry are presented in Figure 2a. For more experimental
details, please refer to the Methods section. We observed four
distinct reflection features, which we classify into two types of

16686

Landau-level transitions denoted as C-type and T-type,
respectively. Previous studies on magneto-optical properties”’
suggest that a gapped massive nodal-line dispersion model can
be applied to fit the T-type transitions. The Landau level
quantization is described by’’ E,, = =+

\/ZefllnIsz cos(¢p) + (A/2)*, where n is the Landau level
index, v is the Fermi velocity, ¢ is the angle between the nodal-
line direction and the magnetic field direction. The selection
rule for Landau level transitions is given by An = Injl — Ind =
+1,°"*? where n; and n; are the Landau level index of the initial
and final states, respectively. The dashed curves shown in
Figure 2b represent the best-fitting results obtained using the
gapped model with assigned transition indices. The Fermi
velocity is extracted to be vi = 3.72 X 10° m/s. The fitted band
gap is found to be A ~ 40 meV, which is consistent with
previous studies.”” Based on these fitting results, the T-type
Landau level transitions can be classified as type-I nodal-line
Landau level transitions. To further validate the fitted Landau
indices and the accuracy of the fitting for the T-type
transitions, we summarize the Landau indices and the
transition energies in Figure 2c. The parameter y denotes a
constant which is calculated by the function

2
(%) /(2ehBv* cos(¢)). ¥y changes with the magnetic field.

We confirm that the T-type transitions originate from type-I
nodal-line Fermions and also exclude the possibility of the
conventional semiconductor origin. Moreover, the correspond-
ing Landau indices include not only —N — N+1 but also —(N
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Figure 3. Type-II nodal-line band structure in ZrSiSe. a. The band dispersion along the Z-R direction was measured at 15K using ARPES
with 114 eV photon beazm. b. A zoomed-in view of the red-boxed area on the left. The red curve is the momentum distribution curve
(MDC) close to Fermi energy in the right panel. The yellow and orange dashed lines stand for electron pocket and hole pocket, respectively.
c. DFT calculated band structure in the Z-R range. The red and blue lines correspond to the orange and yellow lines in panel a respectively.
d. Band dispersion of k,-k, plane at k, = 0. e. Band dispersion of of k,-k_ plane at k, = 7.

+1) — N. The results of all T-type Landau level transitions and
their energy dispersion are presented in Figure 2d. It is worth
noting that the blue and red lines represent the Landau level
transitions that are active in the o+ and o- polarizations of the
incoming light, respectively.33_35 Furthermore, we found that
the C-type transition cannot be fitted using the gapped model
for type-I nodal-line Fermions, indicating that this transition is
arising from another band.

To identify the proposed type-II nodal-line band structure,
we performed high-resolution ARPES measurement on ZrSiSe.
Despite ZrSiSe being extensively studied as a type-I nodal-line
semimetal, our study not only confirms the existence of type-I
nodal-line structure but also finds the type-II nodal-line
structure in the Z plane. The small difference in the lattice
constants does not change the type-I nodal-line structure, so
we can observe similar behavior of the type-I nodal-line
structure. Based on our DFT calculation, the lattice constants
of our sample result in the formation of the type-II nodal-line
structure. Comprehensive photon energy-dependent measure-
ment was conducted to precisely locate the k, = 7/2 plane in
the Brillouin Zone (BZ) (see Supplementary Materials V), and
in situ Rb surface dosing was used to elevate the Fermi level of

the pristine sample to better visualize the nodal-line structure
(details can be found in Supplementary Materials V). Our
main result is depicted in Figure 3a, where the band dispersion
along the Z-R direction is illustrated. The electron and hole
pockets are marked by the yellow and orange dashed lines,
respectively. A type-II nodal line is formed, where these two
bands intersect. This intersection can be better visualized from
the zoomed-in plot as shown in Figure 3b. Our experimental
result is in line with the calculated bandstructure along the Z-R
direction (Figure 3c) where tilted bands intersect and form the
predicted type-II nodal-line structure. Based on the exper-
imentally confirmed lattice constants, our DFT calculation and
ARPES experiment have revealed the existence of type-II
nodal-line structure. This provides a foundation to further
explore the behavior of the type-II nodal-line Fermions. Figure
3d shows the band dispersion of the k,-k, plane at k, = 0. It can
be clearly seen that the band intersection only exists at the Z
point in the k, direction. In Figure 3e, the nodal line is marked
by an orange dotted line in Z plane (k, = z), More detailed
calculations and ARPES results are shown in Supplementary
Materials V.
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Figure 4. Type-II nodal line transition. a. Comparison of spectra under Faraday and Voigt geometries. The inset shows a schematic diagram
of the Voigt geometry setup. b. The calculated energy spectrum of type-II nodal line Landau levels. c. Fitting result of C-type transition in

the type-II nodal line model.

Based on the calculated band structure and the ARPES
measurements, considering the tilt of the nodal line, the
generic low-energy Hamiltonian near the nodal line can be
expressed as follows:

H(q) =
r(a =) +4a,” +4q” — q,) + v.q.0 + Ag,

where Ais introduced to control the size of the finite gap. The
tilt is controlled by the ratio y/A, where y and A have the
dimensions of the inverse of mass that describe the inclination.
This generic low-energy Hamiltonian can describe both type-I
dispersion (y/4 < 1) and type-Il dispersion (y/A > 1).
However, as we have acquired very detailed band structure
information near the type-II nodal line through DFT
calculations and ARPES measurements, we will consider the
following Hamiltonian, which can capture a broader range of
the real band structure, to understand the magneto-optical
spectra involving the type-II nodal line. To be specific, the
Hamiltonian has the form

(k. — k)’

2m,

+ U yhk, — ivhk,
H(k) =
(k. — k)
Wk, — k) +

2m,

U

vhk, + ivhk, s
where U, and U, reflect the energy offset between the band edge
of the conduction and valence bands, k, and k, reflect the
separation of the locations of conduction and valence band
edges, and other parameters have the usual meaning as
effective mass or velocity.

In the presence of a magnetic field, one can determine the
Landau levels by replacing the momentum via the Landau
ladder operators, i.e.,

—

hkx=\/h%3(a+aT), hk, = —i %(a—({r)

where u(ai) refers to the lowering (raising) operator and

satisfies [a, aT] = 1, and then diagonalizing the total Landau
level Hamiltonian under the harmonic-oscillator basis. Further
details are provided in Supplementary Materials IIL

Now the energy dispersion mode can be induced to search
for the origin of the C-type transition. To this end, we
conducted magneto-transport measurements for ZrSiSe. The

16688

Hall effect signal was found to be weak, suggesting that holes
and electrons contribute almost equally to the carrier
population. This behavior is consistent with the Z-R band
structure where the Fermi energy intersects both the
conduction and valence bands, resulting in subequal hole
and electron pockets. We analyzed the quantum oscillations
and examined the Fermi surface (see Supplementary Materials
II). The frequency of the oscillation corresponds to the
pockets along the Z-R line, indicating that the carriers near the
Fermi surface in the Z-R band are detectable. The transport
behavior is dominated by the carriers along the Z-R line,
implying that the density of states of the Fermions is sufficient
for detection. In addition, magneto-optical measurements
under Voigt geometry were performed to compare the C-
type transition with T-type transitions. As shown in Figure 4a,
only the C-type transition disappears when B.Llk,. This
observation suggests that the C-type transition arises from a
different band structure compared to the T-type transitions.
Combining the results from transport and magneto-optical
measurements, it is likely that the Fermions near the Fermi
surface in the Z-R range are responsible for the C-type
transition. To verify this hypothesis, it is crucial to examine the
energy dispersion mode of the Fermions in the Z-R range.
Using the theoretically calculated Hamiltonian and fitting
parameters of the band structures, we extracted the energy
dispersion mode of type-II nodal-line Fermions in the Z-R
range. The calculated energy spectrum of the Landau levels is
presented in Figure 4b. The C-type transition energy agrees
well with this model, with a Fermi velocity parameter v¢; = 6.5
X 10° m/s, which is close to the Fermi velocity vi, = 6.42 X
10°m/s extracted from the transport measurements (Figure
4c). The corresponding Landau index is —0 to +1 or —1 to +0.
Additionally, to confirm our fitting result, the trace of another
interband Landau level transition is found and has a good
agreement with our theoretical type-II nodal-line model. As
shown in Figure 4c, the T3 transition can be fitted in the type-
II model. T3 transition can be detected under both Faraday
and Voigt geometries which is different from the C-type
transition. However, the calculated transition energy for —1 +
2 transition is highly consistent with the T3 transition. In this
case, we can identify the T3 transition as —2 + 3 transition in
the type-I nodal-line structure and —1 + 2 transition in the
type-II nodal-line structure. The T3 transition has a good
agreement with the two models. It also explains the reason why
the noise of T3 transition is relatively high under low magnetic
fields. The quality of the fitting and its consistency with the
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transport measurements support the conclusion that the C-
type transition originates from the type-II nodal-line Fermions
in the Z-R range.

To further validate the origin of the C-type transition, we
conducted investigations on other materials from the ZrSiX
family with similar crystal structures as ZrSiSe. In addition to
Z1SiSe, we performed magneto-optical measurements on ZrSiS
to observe Landau level transitions. By comparing the spectra
under Faraday and Voigt geometries, we found that the C-type
Landau level transition does not exist in ZrSiS. Furthermore,
based on the DFT calculations of the band structure of
Z1SiS,”" we determined that the tilted nodal-line structure is
not formed within the Z-R range. The magneto-optical spectra
and a detailed analysis can be found in the Supplementary
Materials IV. By comparing the band structures of ZrSiSe and
ZrSiS, we observed that the type-I nodal-line structures in both
materials are similar and can be detected in magneto-optical
measurements. However, the absence of the type-II nodal-line
structure in ZrSiS results in the lack of a C-type Landau level
transition. Regarding ZrSiTe from the ZrSiX family, we did not
detect any signals in the magneto-optical measurements. This
could be due to the low mobility of ZrSiTe, which prevents the
Landau level transitions from occurring in the nodal-line
Fermions. Additionally, the theoretically calculated band
structure of ZrSiTe does not exhibit the type-II nodal-line
structure. Furthermore, the energy dispersion of the C-type
transition follows a +/B-like dispersion mode, which is not
observed in conventional semiconductor bands. After exclud-
ing the type-I nodal-line Fermions and conventional parabolic
dispersive Fermions, we can conclude that the C-type Landau
level transition originates from the Z-R band of ZrSiSe. The
coexistence of type-I and type-II nodal-line Fermions is only
observed in ZrSiSe, as summarized in Tablel. These results
confirm the coexistence of both types of nodal-line Fermions
in ZrSiSe, and demonstrate that both types are experimentally
detectable.

Table 1. Definition of Nodal Line Types in ZrSiX Materials

Z-R band inversion Type I Type II
ZrSiS X v x
ZrSie \/ \/ \/
ZrSTe X v x

CONCLUSIONS

Since the proposal of nodal-line semimetals as a new quantum
state in topological Dirac material systems, the experimental
identification of type-II nodal-line semimetals has remained
elusive. ZrSiSe, as the earliest candidate for a nodal-line
semimetal, has provided evidence of type-I nodal-line
Fermions through both transport and optical measurements.
Through our band structure calculations, we have determined
that the type-II nodal-line structure is developed in ZrSiSe due
to the experimental lattice parameters. The existence of the
type-II of nodal-line band structures is confirmed by ARPES
measurements. Moreover, the T-type and C-type Landau level
transitions extracted from magneto-optical measurements
agree well with the type-I and type-II nodal-line models,
respectively. By combining magneto-transport and magneto-
optical measurements under different geometries, as well as
comparing with other materials in the ZrSiX family, we have
established that the density of states of type-II nodal-line

Fermions in the Z-R line of ZrSiSe is sufficiently large. The C-
type Landau level transition in ZrSiSe is classified as a —1 to +2
type-1I nodal-line Landau level transition. The tilted nodal line
structure only forms in ZrSiSe, and the type-II nodal-line
Fermions can be experimentally observed. In the presence of
an electromagnetic field, the type-II nodal-line structure indeed
displays distinctive behaviors. We have presented that the C-
type Landau level transitions in magneto-optical spectra are
exclusive for the type-II nodal line semimetals under Faraday
geometry. This is one of the emerging optical phenomena that
is rooted in the type-II nodal-line band structure. In addition,
there are other intriguing effects associated with the type-II
band structure. For example, in type-II nodal line semimetals,
the electron and hole pockets coexist at the energy near where
the nodal line structure is located. Therefore, when the
chemical potential is lying at that energy, the effects of
Landau—Zener transitions between the electron and hole
pockets are pronounced, leading to additional cyclotron orbits
for electrons. This phenomenon is known as “magnetic
breakdown”, and can be viewed as a momentum space
counterpart of Klein tunneling at a p—n junction. It can be
observed through the periodicity of quantum oscillations in the
measurement of de Haas-van Alphen effects. However, for
type-I nodal line semimetals, Klein tunneling will not occur,
since there is only one type of pocket at an energy.

Our theoretical and experimental results demonstrate that
Z1SiSe serves as an excellent platform for studying the unique
properties of type-II nodal-line Fermions and confirm the
Landau energy dispersion mode associated with the type-II
nodal-line structure.

METHODS

Broadband infrared reflection measurements were conducted using a
Bruker 80 V Fourier-transform IR spectrometer in both the Voigt and
Faraday configurations. The collimated infrared beam emitted from
the spectrometer was directed into an evacuated beamline, where it
was focused at the upper end of a brass light pipe fitted with a
diamond window. Subsequently, the infrared beam was guided
through the pipe to reach the sample region located within the 17.5 T
vertical bore superconducting magnet. The sample was positioned
between two confocal 90° off-axis parabolic mirrors, which were
mounted at the base of the probe. The first mirror was responsible for
focusing the IR radiation onto the sample, while the second mirror
collimated the reflected radiation toward a short light pipe that
housed a 4 K composite Si bolometer at its end. To control the
incident IR light’s polarization, a thin-film wire-grid polarizer was
placed in front of the first mirror. The sample temperature was
maintained at 5.5 K using a small amount of helium exchange gas.
Magneto-transport measurements were carried out employing a
physical property measurement system (PPMS) utilizing a standard
Hall-bar geometry. Lock-in amplifiers were used for measuring the
electrical signals. ARPES measurements were performed at beamline
BLO3U of Shanghai Synchrotron Radiation Facility (SSRF), China
(photon energy hv = 7—165 eV) and beamline 7 (MAESTRO) of the
Advanced Light Source. The samples were cleaved in situ at 15 K (5.8
K) and measured in an ultrahigh vacuum with a base pressure of
better than 5 X 107" (4 x 107'!) mbar at SSRF (ALS). Data were
obtained by a DA30 (R4000) electron analyzer at SSRF (ALS). The
energy and momentum resolution were 10 meV (20 meV) and 0.2°
(0.1°) at SSRF (ALS), respectively. Our first-principles calculations
were carried out within the DFT framework as implemented in the
QUANTUM ESPRESSO code.***” A kinetic energy cutoff of 55 Ry
was considered, using the ultrasoft pseudopotentials to describe the
core electrons, including semiempirical Grimme’s DFT-D2%*
correction for the van der Waals forces present in the system. We
used the Perdew—Burke—Ernzerhof (PBE) form of the generalized
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gradient approximation (GGA) for the exchange-correlation func-
tion,” including spin—orbit coupling (SOC) interactions. The
Brillouin zone was sampled over a uniform I'-centered k-mesh of
10 X 10 X 4.
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