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Magnetic and electronic properties of a topological nodal line semimetal candidate: HoSbTe
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We report the experimental and theoretical studies of a magnetic topological nodal line semimetal candidate
HoSbTe. Single crystals of HoSbTe are grown from Sb flux, crystallizing in a tetragonal layered structure (space
group: P4/nmm, no. 129), in which the Ho-Te bilayer is separated by the square-net Sb layer. The magnetization
and specific heat present distinct anomalies at ∼4 K related to an antiferromagnetic (AFM) phase transition.
Meanwhile, with applying magnetic field perpendicular and parallel to the crystallographic c axis, an obvious
magnetic anisotropy is observed. Electrical resistivity undergoes a bad-metal-like state below 200 K and reveals
a plateau at about 8 K followed by a drop due to the AFM transition. In addition, with the first-principle
calculations of band structure, we find that HoSbTe is a topological nodal line semimetal or a weak topological
insulator with or without taking the spin-orbit coupling into account, providing a platform to investigate the
interplay between magnetic and topological fermionic properties.
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I. INTRODUCTION

Topological nodal line semimetals (NLSMs) are defined
as a system where the conduction and valance bands cross
with each other near the Fermi level and the crossing points
form a closed loop or periodically continuous line in mo-
mentum space [1–8]. Compared with Dirac/Weyl semimetals,
NLSMs exhibit more complex topological configurations,
such as nodal ring, nodal chain [9], nodal link, and nodal
knot [10], which are expected to lead to many quantum phe-
nomena including a fat Landau level, long-range Coulomb
interaction, the Kondo effect, and a quasitopological elec-
tromagnetic response [11–14]. Numerous NLSMs have been
theoretically predicted, such as CaAgX (X = P, As) [4],
carbon allotropes [6], black phosphorus under pressure [7],
antiperovskite Cu3PdN [8], and so on. However, only a few
candidates have been verified by experiments [15,16]. Search-
ing for new NLSMs is of great significance.

Recently, the WHM compounds (W = Zr, Hf, or La, H =
Si, Ge, Sn, or Sb, and M = O, S, Se, or Te), predicted as
stacking of two-dimensional (2D) topological insulators (TIs)
by Xu et al. when spin-orbit coupling (SOC) is considered and
as NLSMs when SOC is neglected, have attracted consider-
able attention [17]. ZrSnTe, one of the WHM family, hosts 2D
electronic bands of TI state, attested by using angle-resolved
photoemission spectroscope (ARPES) combined with the
first-principle calculations [18]. The other member ZrSiS has
been experimentally confirmed as a topological NLSM by
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ARPES and transport measurements [19–21]. Also, nodal
line fermions in ZrSiSe and ZrSiTe have been proved by
ARPES [22]. Recently, LaSbTe is expected to be a weak
topological insulator when SOC is taken into account, and
a crystal structural phase transition leads it to topological
crystalline insulator [23]. Substituting La with other rare-
earth elements with nonzero 4 f electrons can introduce the
magnetic couplings and correlated electronic effect, and new
physical phenomena will emerge due to the interplay between
magnetism and topological bands. One example is the anti-
ferromagnetic (AFM) CeSbTe (with one 4 f electron) which
shows magnetically tunable Weyl and Dirac states or an eight-
fold band cross at a high-symmetry point [24]. The high-order
band degeneracies in CeSbTe may be created by the AFM
order. Another example, AFM GdSbTe, is a topological nodal
line semimetal demonstrated by ARPES [25]. These studies
indicate that LnSbTe (Ln = rare-earth elements with nonzero
4 f electrons) is a promising platform to search for new exotic
topological electronic states.

In this work, single crystals of HoSbTe, a new member of
the WHM family, are successfully grown. HoSbTe is a bad
metal and shows an AFM order below 4 K. In the absence
of SOC, the first-principle band calculations indicate that
HoSbTe is an ideal NLSM and all band crosses are close to
the Fermi level. When SOC is considered, all of the band
crosses will open a small gap. Our discovery shall give access
to enrich the WHM family and expand the magnetic NLSMs.

II. EXPERIMENT DETAIL

High-quality single crystals of HoSbTe were grown by an
Sb-flux method. Starting materials of Ho, Sb, and Te with a
mole ratio of 1:20:1 were mixed and placed into an alumina
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FIG. 1. (a) Crystal structure of HoSbTe. Green, blue, and pink balls represent the Ho, Te, and Sb atoms, respectively. (b) The XRD pattern
for a HoSbTe single crystal and only a series of (00l) peaks were shown. The inset is a photograph of a typical single crystal (the back square
is 1 × 1 mm2).

crucible. The crucible was then placed into a quartz tube
and sealed under a high vacuum atmosphere. The ampoule
was heated to 1373 K over 15 h and maintained for 10 h to
ensure homogeneous mixing of the starting materials. Then
it was slowly cooled to 1073 K at a rate of 2 K/h, followed
by centrifuging to separate the crystals from the excess Sb.
Shine-sheet crystals with metallic luster were obtained, as
shown in the inset of Fig. 1(b).

Single-crystal x-ray-diffraction (XRD) measurement was
conducted on Bruker D8 Venture High-Resolution Four-
Circle Diffractometer at 273 K using Mo Kα radiation (λ =
0.710 73 Å). The data were refined by a full-matrix least
squares of F 2 via the SHELXL-2016/6 program [26]. The (001)
surface of the HoSbTe single crystal was studied via a Bruker
D8 Advance XRD detector by using Cu Kα1 radiation (λ =
1.5418 Å). The analysis of chemical composition was carried
out using energy-dispersive x-ray spectroscopy installed on a
Hitachi S-4800 scanning electron microscope at an acceler-
ating voltage of 15 kV. Magnetizations (M) were measured
between 2 and 300 K with varied applied fields (H = 1, 10,
30, 50 kOe) in the field-cooling (FC) and zero-field-cooling
(ZFC) modes using a Magnetic Properties Measurement Sys-
tem (Quantum Design Inc.) with a superconducting quantum
interference device–vibrating-sample magnetometer option.
Isothermal magnetizations M(H) were measured at 2 and
300 K with applied fields between −70 and 70 kOe. Dur-
ing the measurements, the c axis of the single crystal was
set parallel and perpendicular to the external magnetic field,
respectively. The heat capacity (CP) was measured from 2
to 300 K without/with applied magnetic fields in a Physi-
cal Property Measurement System (PPMS, Quantum Design
Inc.). The longitudinal resistivity was measured in the same
PPMS with a configuration of four wires by indium contact.

Theoretical calculations were performed using the
full-potential linearized-augmented plane-wave method
implemented in the WIEN2K software package [27]. The

exchange correlation of Perdew, Burke, and Ernzerhof within
generalized gradient approximation (GGA) was applied in the
calculations [28]. The atomic sphere radius RMTs for Ho, Sb,
and Te were 2.5 bohr. The truncation of the modulus of the
reciprocal lattice vector Kmax was set to RMT Kmax = 7. The
k-mesh grid of the BZ was 8 × 8 × 3. The GGA+Hubbard-U
(GGA+U) method was adopted in the ferromagnetic (FM)
and AFM calculations, and the exchange parameter U = 7 eV
was applied to the Ho 4 f states. The effect of SOC was
included in a second-variational procedure. The crystal
structure from our single-crystal XRD study was exploited.
The electronic structures were carried out both without and
with considering the SOC.

III. RESULT AND DISCUSSION

Single-crystal XRD data of HoSbTe were well refined
with a tetragonal space group P4/nmm (no. 129) which was
also adapted by sister compounds CeSbTe and GdSbTe. The
crystallographic data for HoSbTe are summarized in Table I
and the lattice parameters are a = b = 4.2294(3) Å and c =
9.1458(9) Å, which are both smaller than CeSbTe and GdS-
bTe [24,29]. In this space group, the Sb occupies the Wyckoff
position 2b (1/4, 3/4, 1/2) while Ho and Te each occupy
a 2c (3/4, 3/4, z) site. During the refinement, occupancies
on each site were examined and there was no indication of
deficiency. The occupancies were calculated to be 1 in the
final refinement. The refined atomic positions are summarized
in Table II.

The refined crystal structure of HoSbTe is displayed
in Fig. 1(a) and the Ho-Te bilayers are sandwiched be-
tween the square-net Sb layers, which is similar to that
series of ZrSiX (X = S, Se, Te) [22,30] and LnSbTe (Ln =
La, Ce, Gd) [23,24,29]. The interlayer Ho-Sb bond length
is 3.2963(8) Å × 4. The interlayer Ho-Te bond length is
3.1804(2) Å × 1, which is longer than the intralayer Ho-
Te bond [3.1255(5) Å × 4]. These bond lengths are slightly
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TABLE I. Crystallographic and structure refinement data for HoSbTe.

Empirical formula HoSbTe
Formula weight (g mol−1) 414.28
Temperature 273(2) K
Wavelength Mo Kα (0.71073 Å)
Crystal system Tetragonal
Space group P4/nmm
Unit-cell dimensions a = b = 4.2294(3) Å, c = 9.1458(9) Å
Cell volume (Å) 163.60(3)
Z 2
Density (g cm−3) 8.410
F(000) 340.0
h k l range −5 � h � 5, −5 � k � 4, −11 � l � 11
θmin(◦), θmax(◦) 2.227, 28.227
Linear absorption coefficient (mm−1) 40.685
No. of reflections 1069
No. independent reflections 151
No. observed reflections 144
R factors 2.85% (R1[F0 > 4σ (F0)]), 5.73% (wR2)
Weighting scheme w = 1/[σ 2(Fo

2) + (0.0196P)2 + 0.1805P] where P = (F0
2 + 2Fc

2)/3
Refinement software SHELXL-2016/6

shorter than those in GdSbTe [29] (intralayer Gd-Te =
3.17 Å × 4; interlayer Gd-Te = 3.21 Å × 1), which is reason-
able because the ionic radius of Ho3+ is somewhat shorter
than Gd3+ [31]. The XRD patterns on a flat surface of HoSbTe
single crystal are displayed in Fig. 1(b) and show only (00l)
peaks, revealing high crystalline quality.

Temperature-dependent magnetization curves, M(T), mea-
sured with various magnetic fields for H = 1, 10, 30, 50 kOe
are shown in Fig. 2(a) (H⊥c) and Fig. 2(b) (H ‖ c). The
results of the FC mode are concealed because of the super-
imposition with the ZFC data. When H⊥c, the H = 1 kOe
curve shows a sharp peak at ∼4 K, indicating an AFM tran-
sition. But, the peak disappears when the field is up to 10
kOe or larger [see the inset of Fig. 2(a)], implying a possible
field-induced spin reorientation. The magnetizations at low
temperatures are over 11 μB/f.u. for H = 50 kOe, suggesting
a fully polarized ferromagnetic state. For H ‖ c, all the curves
show cusps at ∼4 K, indicating a weak magnetic dependence
for AFM order. The different magnetic behavior between
H⊥c and H ‖ c indicates a strong magnetic anisotropy in
HoSbTe.

The inset of Fig. 2(b) presents the temperature dependence
of the ZFC inverse susceptibility (χ−1) with H = 10 kOe. For
both H⊥c and H ‖ c cases, the data above 100 K can be
well fitted by the Curie-Weiss law. The analytical formula is
χ−1 = T/C − θW /C, where C and θW are the Curie constant

TABLE II. Atomic coordinates and equivalent isotropic thermal
parameters of HoSbTe.

Site Wyckoff x y z Occupation Ueq(Å2)

Ho 2c 0.75 0.75 0.776 47(1) 1 0.0067(4)
Sb 2b 0.25 0.75 0.5 1 0.0072(4)
Te 2c 0.25 0.25 0.875 79(14) 1 0.0063(4)

and the Weiss temperature, respectively. From the fit, we ob-
tain negative θW of −22.5 K (−35.2 K) for H⊥(‖)c, revealing
strong antiferromagnetic interactions between the magnetic
moments of Ho ions. The effective magnetic moments μeff

are estimated to be 13.547 μB(12.51 μB) for H⊥(‖)c, which
are not far from the theoretical value of 10.6 μB for a Ho3+
ion. The relative larger experimental μeff may be caused by
the crystal electric field created by the surrounding ligands of
Ho3+ ions, as mentioned in other Ho compounds [32–36].

To further probe the magnetic order, isothermal magne-
tizations measured (at 2 and 300 K) below and above the
transition temperature were shown in Fig. 3. At 300 K,
both curves show linear behavior and small magnetization
values, which is consistent with the paramagnetic (PM) fea-
ture. An obvious anisotropic magnetization is observed at
2 K. For H⊥c, the magnetization increases rapidly and al-
most saturates at 70 kOe. However, the magnetization grows
monotonically and is far from saturation when H ‖ c. The
magnetic moment at 2 K and 70 kOe for H⊥c case is ap-
proximately 11.76 μB. Meanwhile, a flexure was observed at
around 10 kOe at 2 K, as seen in the inset of Fig. 3, indicating
a possible spin-flop transition. For H ‖ c, the magnetization
is far from saturation, but the M(H) curves are not linear and
show an upturn when fields are larger than 40 kOe, indicating
a possible spin-flop transition if higher fields would be ap-
plied. Spin-flop transitions and magnetic anisotropy were also
reported in similar compounds CeSbSe, CeSbTe, and GdSbTe
[24,25,37].

The specific heat capacity (CP) of HoSbTe with zero ap-
plied magnetic field was shown in Fig. 4. The CP decreases
monotonically down to 10 K and then a λ-shape peak near
4 K is observed, which confirms the long-range AFM or-
der observed in magnetic properties. Similar CP anomalies
were observed in other AFM isostructure materials, such as
CeSbSe, CeSbTe, and GdSbTe [24,25,37]. The right inset in
Fig. 4 shows the low-temperature CP/T vs T 2 plots measured
with H = 0, 5, and 10 kOe (H ‖ c). The sharp peak is immune
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FIG. 2. Temperature dependence of the ZFC magnetization M
(scaled by different factors) with H = 1, 10, 30, 50 kOe, measured in
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inset of (a) is a close-up view of magnetization curves at low tem-
perature for H⊥c. The inset of (b) shows the Curie-Weiss fit (solid
lines) to the ZFC inverse susceptibility in a field with H = 10 kOe
above 100 K.

to the magnetic fields, indicating a robust AFM order, which
is in accordance with the M(T) data for H ‖ c. A measurement
under a higher magnetic field was failed because the sample
was pulled away from the stage of the heat-capacity puck
when the magnetic fields were up to 30 kOe.

The CP/T vs T 2 data from 10 to 20 K was fitted by the
Fermi-liquid model using the expression for C/T = γ + βT 2,
where γ is the electronic coefficient of the heat capacity and
βT 2 is the low-temperature limit of the lattice term [37]. The
fit yields β = 1.12 mJ/mol/K4 and γ = 382.2 mJ/mol/K2,
which is unexpectedly high and almost comparable to some
heavy fermion materials. Based on this fit, we obtain the mag-
netic entropy Sm by subtracting the contribution of electron
and lattice terms (see the left inset of Fig. 4). The Sm rapidly
increases and reaches saturation of ∼6.52 J/mol/K, which is
nearly half of the theoretical value of 13.374 J mol−1 K−1 cal-
culated from Scal = Rln(2S + 1) for spin-only configuration.
The relatively small Sm may indicate that the lattice contribu-
tion was overestimated. It is noteworthy that a nonmagnetic
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reference compound may be better as the background of elec-
tron and lattice contribution. Unfortunately, the LuSbTe single
crystals are difficult to synthesize.

Temperature dependence of resistivity ρ(T) curves mea-
sured at various applied fields for H ‖ c are shown in Fig. 5.
On cooling, ρ increases first and shows a broad humplike
feature at ∼200 K, where the sample is in the PM phase.
Hence, the origin of this hump may need some special mea-
surements to clarify. On further cooling T, ρ decreases until
a drop appears near 4 K, supporting the consideration of
AFM order. When magnetic fields are applied, ρ increases
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with increasing magnetic fields. An enlarged view of ρ be-
low 10 K is shown as the inset of Fig. 5. The drop slightly
shifts to lower temperatures with increasing of H, and is
completely suppressed when H is larger than 10 kOe. As a
plateau of ρ occurs at around 8 K, the residual resistivity
ratio defined as [RRR = ρ(200 K)/ρ(8 K)] can be roughly
calculated to be ∼1.301, indicating a bad-metal-like state in
HoSbTe.

By calculating total energy, the AFM is more stable than
FM state in HoSbTe about 2 meV/f.u., which is consistent
with the AFM state we observed from the magnetization
curves around 4 K. We assume the magnetic moment is along
the (001) direction and the spin ordering is A type, i.e., the
intraplane coupling is ferromagnetic while interplane cou-
pling is antiferromagnetic. Thus, the magnetic space group

(MSG) is 129.419 [38]. The calculated band structures for
AFM HoSbTe without and with SOC are shown in Figs. 6(a)
and 6(b), respectively. In Fig. 6(a), the size of the blue circle is
proportional to the weight of px,py orbitals in Sb atoms. Since
the 4 f electrons of Ho mainly contribute to local magnetic
moments and they are far away from the Fermi level, the es-
sential characteristics of the band topology can be completely
captured by the Sb atomic layer similar with the properties of
LaSbTe and other WHM family compounds [17,23]. If SOC is
not taken into consideration, there are nodal points along 
-M,

-X(Y) at kz = 0 and Z-R, Z-A at kz = π planes protected
by glide mirror symmetry perpendicular to the (001) surface,
which is actually a part of nodal circles. When SOC is consid-
ered, time-reversal symmetry, space-inversion symmetry, and
all the mirror symmetries are broken in this AFM magnetic
structure. There is a full band gap with SOC and there is no
symmetry-based indicator that can be defined in this MSG
[39]. There is no band inversion along 
-Z, which is a very
typical two-dimensional (2D) feature [17]. The topological
feature of AFM HoSbTe can be understood as following. In
each spin channel, each layer is a 2D Chern insulator and
stacks weakly along c direction [23,40]. The two opposite spin
channels are degenerate in the ideal AFM case. If AFM is
ignored, the fully gapped nonmagnetic bulk state would be a
weak TI with symmetry-based indicator Z2,2,2,4 = (0010).

IV. CONCLUSION

Combining the measurements of physical properties
on single crystals and first-principle band calculations,
we present a systematic study of a magnetic topological
semimetal candidate HoSbTe. As a new member of the
WHM materials, HoSbTe crystallizes in a tetragonal layered
structure with the Ho-Te bilayer and Sb layer being alter-
nately stacked. A PM-AFM phase transition was observed at
∼4 K, indicating that the AFM interaction between Ho3+ ions
dominates the magnetic ground states. Meanwhile, HoSbTe
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exhibits a large anisotropic magnetic property at low temper-
ature with the magnetization of H⊥c saturating faster than
H ‖ c. Electrical resistivity measurements indicate an unex-
pected bad-metal-like dependence with temperature, which is
not as similar as the phenomenon observed in other WHM
materials. However, our first-principle calculations of band
structure propose that the topological NLSM or weak TI state
would emerge without or with considering the effect of SOC
in the AFM HoSbTe, which makes it a promising candidate
for exploring magnetic topological materials. Although the
results of our experiments are rather limited to notarize the
existence of topological NLSM state in HoSbTe, further mea-
surements on ARPES shall bring forward the evidence of the
existence of topological band structure.
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