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Nodal-line semimetals feature topologically protected band crossings between the bulk valence and conduc-
tion bands that extend along a finite dimension in the form of a line or a loop. While ZrSiS and similar materials
have attracted extensive research as hosts for the nodal-line semimetallic phase, an alternative avenue has
emerged in the form of isostructural rare-earth (RE )-based RESbTe materials. Such systems possess intriguing
potentialities for harboring elements of magnetic ordering and electronic correlations owing to the presence
of 4 f electrons intrinsic to the RE elements. In this study, we have carried out angle-resolved photoemission
spectroscopy (ARPES) and thermodynamic measurements in conjunction with first-principles computations on
PrSbTe to elucidate its electronic structure and topological characteristics. Magnetic and thermal characteri-
zations indicate the presence of well-localized 4 f states with the absence of any discernible phase transition
down to 2 K. The ARPES results reveal the presence of gapless Dirac crossings that correspond to a nodal-line
along the X -R direction in the three-dimensional Brillouin zone. Furthermore, Dirac crossing that makes up
the nodal line, which forms a diamond-shaped nodal plane centered at the center of the Brillouin zone, is also
identified within the experimental resolution. This study on the electronic structure of PrSbTe contributes to the
understanding of the pivotal role played by spin-orbit coupling in the context of the RESbTe family of materials.

DOI: 10.1103/PhysRevMaterials.8.L041201

Introduction. The prediction and subsequent discovery of
topologically protected surface states in three-dimensional
(3D) topological insulator (TI) [1,2] not only instigated the
search for such materials but also led to the realization of
topology in a diverse range of quantum materials beyond TIs,
including topological semimetals [3] and superconductors
[2,4]. In topological semimetals, the protected band cross-
ing occurs between the bulk valence and conduction bands
themselves [3], unlike the protected band crossings between
spin-polarized linear surface states that bridge the gapped
out bulk valence and conduction bands in TIs. Such topo-
logical protection is supported by the concurrent presence of
time-reversal (TR) and inversion (I) symmetries in what are
referred to as Dirac semimetals with a distinctive fourfold
degeneracy at the band crossing because of the Kramer’s
degeneracy principle [5,6]. On the other hand, Weyl semimet-
als manifest a pair of twofold band crossings with opposite
topological charge or chirality [7–10]. The presence of extra
crystalline symmetries may lead to a distinct scenario where
the protected band crossings extend along one or two dimen-
sions, leading to the emergence of a topological nodal-line
semimetallic phase [11–15].
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A well-known symmetry that is known to preserve the
topological crossing in nodal-line semimetals is the nonsym-
morphic symmetry, which is evident in the celebrated nodal-
line semimetal ZrSiS and analogous MSiC (M = Zr/Hf; C =
S/Se/Te) materials with a Si square lattice configuration in
the crystal structure [13–23]. These materials have relatively
modest spin-orbit coupling (SOC) and are nonmagnetic. To
delve into the response of nodal-line physics to the varying
degrees of the SOC as well as to the introduction of mag-
netism, it is necessary to explore materials containing heavier
elements, particularly those which can introduce long-range
magnetic order. Recently, a promising avenue has emerged
in a family of isostructural rare-earth (RE )-based RESbTe
materials, in which the presence of RE elements introduces 4 f
electrons offering an opportunity to investigate the interplay
between strong electronic interactions, magnetically ordered
moments, and topological properties. The presence of a mag-
netically ordered phase has been reported in several members
of the RESbTe family [24–35]. Additionally, signatures of
Kondo localization have been observed in various members
of this family, indicating the presence of strong electronic
correlation effects [24,29–31,36]. Studies of the electronic
band structure have revealed that the choice of the RE element
enables tuning of both topology and overall band structure.
Materials with lighter RE elements like (La/Nd/Sm)SbTe
[31,34,37,38] exhibit gapless topological band crossings, and
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the heavier counterparts such as (Ho/Dy)SbTe [28,33,39,40]
possess strong SOC-induced gap in their electronic structure,
which could potentially lead to the emergence of a weak
topological insulator state. A Dirac state is protected within
the TR symmetry-broken magnetic phase of GdSbTe, with the
protection facilitated by the combination of broken TR and
crystalline rotoinversion symmetries [25]. Furthermore, with
tunability of the 4 f moments, CeSbTe can accommodate a
variety of topological phases [26,41]. These collective find-
ings underscore the role SOC plays on the electronic structure
and topological characteristics within the RESbTe family and
the significance of extending research studies to encompass
additional members of this family. These studies will help
comprehend the role SOC plays in shaping the electronic and
topological properties within this material family.

Despite the growing interest directed toward RESbTe ma-
terials, as evident from recent investigations, PrSbTe within
this family remains relatively unexplored. In the present
study, we have carried out angle-resolved photoemission spec-
troscopy (ARPES) measurements on PrSbTe with an objective
of elucidating its electronic structure. These measurements
have been complemented by thermodynamic studies and first-
principles calculations, performed to establish or explain the
experimental findings. The ARPES results reveal Dirac-like
crossings along the �-M and �-X directions, which are
gapless within the experimental resolution. These Dirac-like
crossings are attributed to two distinct nodal lines, one along
the X -R direction and the other transversing the �-M direc-
tion. The later nodal line delineates a diamond shaped nodal
plane centered at the � point. This study brings out the elec-
tronic band structure of an additional material candidate in the
RESbTe family and facilitates the understanding of the role
of SOC and RE elemental choice in shaping the topological
electronic structure within this family of materials.

Methods. PrSbTe single crystals of high quality were
synthesized using chemical vapor transport technique and
characterized for their chemical composition and crystal
structure using energy dispersive x-ray spectroscopy (EDX)
and x-ray diffraction (XRD), respectively. Magnetic and
heat capacity measurements were performed using Quantum
Design MPMS-XL SQUID magnetometer and Quantum
Design PPMS-14 system, respectively. ARPES experiments
were conducted at the advanced light source (ALS) beamline
10.0.1.1 at a temperature of 15 K and at the Stanford
Synchrotron Radiation Lightsource (SSRL) beamline 5-2 at
a temperature of 7 K. The energy resolution was maintained
below 20 meV for all ARPES measurements. First-principles
calculations were performed within the framework of density
functional theory (DFT) [42,43], employing simultaneously
within the Vienna ab initio simulation package (VASP)
[44–46] and Quantum Espresso [47–49] on the basis of
projector augmented wave potential [50]. For more details on
experimental and computational methodologies, see Secs. S1
and S2 in the Supplemental Material (SM) accompanying this
manuscript [51].

Results and discussion. PrSbTe, similar to other materials
belonging to the RESbTe family, adopts a PbFCl-type crystal
structure within the P4/nmm space group. A graphical repre-
sentation of the side view of the crystal structure of PrSbTe
is presented in Fig. 1(a). The layers of Sb atoms are arranged
in square lattice configuration and sandwiched by the Pr-Te

layers. Figure 1(b) outlines the magnetic properties of single-
crystalline PrSbTe, where the magnetic field is aligned parallel
to the tetragonal axis. Above about 100 K, the compound man-
ifests Curie-Weiss behavior, exhibiting an effective magnetic
moment (μeff ) of 3.54(3) μB and a paramagnetic Curie tem-
perature (θp) of −18(1) K. At lower temperatures, the inverse
magnetic susceptibility [χ−1(T )] departs significantly from a
linear trend, likely due to crystalline electric field interactions.
The experimental value of μeff closely approximates the theo-
retical value (3.58 μB) predicted within the Russell-Saunders
coupling scenario for a free Pr3+ ion. The notably negative
value of θp indicates strong antiferromagnetic exchange inter-
actions. Nevertheless, as can be inferred from the upper inset
of Fig. 1(b), PrSbTe remains in a paramagnetic state down to
a temperature of 1.72 K, similar to previously reported [52].
However, an upturn in χ (T ) seen at the lowest temperatures
covered hints at a possible magnetic phase transition below
the limit in the thermodynamic measurements performed in
this study. The paramagnetic character of the compound at
T = 1.72 K is further corroborated by a quasilinear depen-
dence of the magnetization without any sign of hysteresis or
metamagnetic transition [see the lower inset of Fig. 1(b)].
The temperature variation of the heat capacity (Cp) [Fig. 1(c)]
does not show any anomalies, in line with the absence of
magnetic phase transition in the magnetic measurements. At
high temperatures, the heat capacity approaches the theoreti-
cal Dulong-Petit limit of 3nR, where n = 3 (number of atoms
in the formula unit) and R = 8.314 mJ/(mol K). Applying
a large magnetic field of up to 10 T does not bring any
significant alterations in the Cp(T ) curve (see Fig. S2 in the
SM [51]). At low temperatures, the temperature variation of
the heat capacity adheres to the equation Cp(T ) = γ T + βT 3.
By employing linear fitting to the plot of Cp/T versus T 2 (see
inset), the derived parameters are γ = 7.45 mJ/(mol K2), in-
dicative of modest electronic contribution to the heat capacity,
and β = 0.59 mJ/(mol K4). By using the β value, the Debye
temperature is estimated to be �D = [12π4nR/(5β )]1/3 ∼
215 K, which is in the range of the values reported for other
RESbTe compounds, such as 195 K in GdSbTe [27], 207 K in
TbSbTe [35], 216 K in DySbTe [33], 236.6 K in NdSbTe [30],
244.3 K in LaSbTe [30], and 232.14 K in SmSbTe [31].

Figure 1(d) presents an illustration of the three-
dimensional bulk Brillouin zone (BZ) and its projection onto
the (001) surface, with the high-symmetry points on both
BZs marked. The bulk band structures along various high-
symmetry directions are depicted in Fig. 1(e). The bands are
differentiated by color, to allow identification and comparison
of the band structures before (orange) and after (blue) includ-
ing the effect of the spin-orbit coupling (SOC). Notably, the
consideration of SOC influences a notable change in the over-
all electronic structure. Here, we focus on three bands labeled
A, B, and C [see Fig. 1(f)]. In the absence of SOC, bands
B and C form a gapped state with a modest gap along the
�-X direction, however, a nearly gapless state along the Z-R
direction. Similarly, bands A and B manifest gapless crossings
at the X and R points, with the former lying below the Fermi
level and the latter above it. Upon the introduction of SOC, the
gapped state formed by bands B and C along the �-X direc-
tion remains relatively unaltered. However, a pronounced gap
forms at the kz = π equivalent state (i.e., along Z-R). Shifting
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FIG. 1. Crystal structure, bulk characterization, and bulk band structure. (a) Side view of the crystal structure. (b) Inverse magnetic
susceptibility as a function of temperature. Inset on top left shows the low-temperature magnetic susceptibility data measured in a magnetic
field of 0.1 T. Inset on bottom right shows magnetization as a function of applied field taken at 1.72 K, with increasing (full circles) and
decreasing (open circles) field. (c) Temperature variation of heat capacity measured in zero field. Inset: Low temperature plot of ratio of heat
capacity to temperature versus temperature squared and its linear fit. (d) Bulk and (001) surface Brillouin zones. (e) Calculated band structure
without (orange) and with (blue) SOC along various high-symmetry directions. (f) Band structure focused on bands A, B, and C when SOC is
not taken into account (top) and is taken into account (bottom).

the focus to the crossings between bands A and B, one can
observe that the inclusion of SOC does not disrupt the inherent
gapless nature of the crossings at the X and R points. These
crossings form a gapless nodal-line configuration extending
along the bulk X -R direction, commonly reported in some
lighter members of the RESbTe family [34,37,38]. Along the
�-M direction, a strong gap occurs between bands B and C in
the absence of SOC, which is significantly reduced upon the
inclusion of SOC.

Similar to ZrSiS-type tetragonal materials, the Fermi sur-
face (FS) of PrSbTe also consists of a diamond shaped pocket
that is centered at the � point [Fig. 2(a)]. This diamond pocket
exhibits a double-sheet nature, clearly discernible from the ex-
perimental FS as well as its second derivative plot [Fig. 2(b)].
The FS spectrum obtained from DFT calculation resembles
the experimental one quite well. Upon examining the constant
energy contours at higher binding energies below the Fermi
level, the separation of the sheets within the diamond shape
reduces and eventually consolidates into a single sheet at a
binding energy of around 400 meV [Figs. 2(d)–2(f)] (also see
Fig. S5 in the SM [51]). Additionally, a small pocket exists
around the X point, which gives rise to a narrow electronlike

band, which can be observed in the dispersion map along the
M-X -M direction. By comparing with the theoretical calcula-
tion, we can establish that the electronlike band is a surface
band, which is found in other RESbTe and ZrSiS-type ma-
terials as well, and that it coexists with other bulk bands. A
similar band structure can be observed in the calculated sur-
face spectrum along M-X -M, where a significant gap appears
at the X point.

To gain deeper insight into the nodal-line topology in
PrSbTe, we took the dispersion maps along the X -�-X and
M-�-M directions and the results are presented in Figs. 3 and
4, respectively. A dispersion map taken with a photon energy
of 60 eV along the X -�-X direction is illustrated in Fig. 3(a)
and its second derivative plot is shown in Fig. 3(b). Below
the Fermi level, two band-crossing features can be observed,
one of which lies exactly at the X point (enclosed by a dashed
circle) and the other lies away from the X point toward the
� point (enclosed by a dashed square). The crossing at the
X point is consistent with the anticipated gapless crossing
between bands A and B, as predicted by the calculated band
structure presented in Fig. 1. This correspondence means that
it is associated with the nodal line that forms along the X -R
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FIG. 2. Energy contours and M-X -M band structure. (a) Fermi surface measured with a photon energy of 55 eV. (b) Second derivative plot
of (a). (c) Calculated FS spectrum on the (001) surface. (d)–(f) Constant energy contour plots at mentioned binding energy values. (g) ARPES
band structure along the M-X -M direction. (h) Calculated (001) surface spectrum along M-X -M. Experimental data were collected at the ALS
10.0.1.1 beamline at a temperature of 15 K.

direction, which is the out-of-plane direction in our measure-
ment setup. The location of this crossing is around 250 meV
below the Fermi level at the photon energy of 60 eV (also
see Fig. S6 in the SM [51]). The theoretical surface spec-
trum along X -�-X , which is shown in Fig. 3(c), reasonably
matches the experimental dispersion map. A nodal line is
formed by the bulk bands, which exhibits dispersion variations
with changing photon energy. The bulk nature of the bands
involved in this nodal crossing is evidenced by taking dis-
persion maps at different photon energies. A gapless crossing
exists at each photon energy as well, further supporting the
notion of a gapless nodal line extending along the kz direction

and the choice of different photon energy seems to change
the dispersion of the bands and also varies the position of the
crossing (see Figs. S6 and S7 in the SM [51]).

The other crossing along the �-X direction enclosed by
a dashed square [around 540 meV below the Fermi level;
see Fig. 3(a)] corresponds to the crossing made by bands
B and C in Figs. 1(e) and 1(f). It is important to note that
bands B and C are responsible for the diamond shaped pocket
in the Fermi surface and energy contours. In Fig. 4, we
present the surface spectrum along the M-�-M direction that
intersects the diamond-shaped pocket. Figures 4(a) and 4(b)
show the experimental spectrum and its second derivative plot,

FIG. 3. Band structure along the X -�-X direction. (a) X -�-X electronic structure map measured with 60 eV linear horizontal polarized
light. (b) Second derivative plot of (a). (c) Calculated surface spectrum along X -�-X on the (001) surface. Experimental data were collected at
the SSRL 5-2 beamline at a temperature of 7 K using linear horizontal polarized light.
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FIG. 4. Band structure along the M-�-M direction. (a) M-�-M electronic structure map measured with 55 eV photon energy. (b) Second
derivative plot of (a). (c) Calculated surface spectrum along M-�-M on the (001) surface. Experimental data were collected at the ALS 10.0.1.1
beamline at a temperature of 15 K.

respectively. Two linear bands extending over a large en-
ergy range appear to cross one other at a binding energy
of ∼400 meV. This is in concert with the energy contours
presented in Fig. 2, where the two sheets within the diamond-
shaped pocket merge around this binding energy in this
direction. In the bulk band calculations [Figs. 1(e) and 1(f)],
while SOC diminishes the gap between bands B and C along
the �-M direction, a small gap still exists, which remains
unresolved in the experimental data. In Fig. 4(c), a calcu-
lated surface spectrum is presented, which fairly reproduces
the experimental observation, including the gapless crossing.
Considering the fact that the theoretical surface spectrum is
produced by the projection from all kz planes onto the (001)
surface, this slight discrepancy between the bulk band calcu-
lation and experiment may be attributed to the limitations of
the experimental kz resolution, further compounded by slight
deviation in the chemical composition wherein Sb is partially
replaced by Te (see Fig. S1 in the SM [51]). A similar effect
of partial replacement of Sb atoms by Te atoms has been
recognized in other RESbTe compounds as well [29,30,64]
and could also be the reason behind the observed Fermi energy
shift (of about 100 meV) between theoretical calculations and
experimental observations. An additional factor could be the
finite energy resolution intrinsic to the experimental setup. It is
also essential to mention the potential of the discrepancy aris-
ing from the inability of DFT to precisely replicate the exper-
imental results, especially in metallic/semimetallic systems.

Conclusion. In conclusion, we performed an electronic
structure study of PrSbTe through the combined utilization
of ARPES and complementary DFT calculations. Multiple
Dirac-like crossings have been identified in this material,
which remain gapless within the experimental resolution. The
Dirac crossing observed at the corner of the surface BZ cor-
responds to the projection of the nodal-line crossing along
the bulk X -R direction, a feature that remains gapless in

both theoretical calculations and experimental observations.
The Dirac-like crossing observed along the �-M direction
corresponds to the nodal line that shapes the diamond pocket
centered at �. While bulk band calculations predict a gapped
nature for this crossing, experimental results reveal a gapless
nature, within the limitations of the experimental resolution.
This study provides an important platform for examining and
comprehending the role of the choice of RE and the degree of
SOC in the electronic structure and topological characteristics
within the family of RESbTe systems.
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