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Magnetic and transport properties of the topological compound DySbTe
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We report the magnetic susceptibilities x(7), magnetization M (H), transport properties p(T, H), and heat
capacity Cp(T) of DySbTe single crystal. DySbTe is an isostructural compound with the nonmagnetic Dirac
nodal line (DNL) semimetal ZrSiS, in which Dy spins show a long-range antiferromagnetic (AFM) ordering
below Néel temperature 7y = 7K. A steplike magnetization curve and a 1/2 magnetization plateau were
observed at 2 K for a magnetic field H applied parallel to the ab plane. The temperature dependence of
electrical resistivity of DySbTe shows a bad-metal-like state and a peak at about 7 K associated with the AFM
phase transition. The transverse magnetoresistance exhibits a crossover at a critical field from the semiclassical
weak-field H? dependence to the high-field linear dependence, due to the Dirac nodal line states in DySbTe.
The first principles calculations of band structures illustrate that DySbTe is a DNL semimetal and turns to be a
weak topological insulator if the spin-orbit coupling is considered. DySbTe will be a new topological compound
exhibiting the complex interplay between magnetism, topology, and electron correlations.

DOI: 10.1103/PhysRevB.105.214434

I. INTRODUCTION

Topological materials have the advantages of an ultra-
high mobility, a high magnetoresistance (MR), and a chiral
anomaly [1,2], which can be used in next-generation spin-
tronic devices, and thus have attracted great attention in
quantum physics. Such materials, including topological insu-
lators (TIs) and topological semimetals, possess topological
nontrivial bulk states and/or surface states [3-9]. The for-
mer ones have an insulating state in the bulk and a gapless
surface state of E(k) linear dispersion showing time-reversal
symmetry (TRS) or crystalline symmetry-protected massless
tunneling of Dirac fermions [10], while the later ones have
bulk conduction and valence bands touching at single or
multiple discrete points at the Fermi level distinguished as a
Dirac semimetal or Weyl semimetal [11,12]. Previous studies
were mainly focused on these topological materials with dis-
crete band crossing points [3]. When a topological material
has one-dimensional continuous linear band crossing lines in
the momentum space, it is called a Dirac nodal line (DNL)
semimetal [11,13]. Various exotic properties such as an ex-
tremely large and anisotropic magnetoresistance [14—16], a
flat optical conductivity [17], and an unconventional mass
enhancement [18], may arise from the existence of DNL
fermions in topological materials [19]. Recently, ZrSiS-type
compounds that can be viewed as stacking of two-dimensional
(2D) TIs or DNL semimetals have attracted a lot of attention
[20]. It has been proven by angle-resolved photoemission
spectroscope (ARPES) and first principles calculations that
ZrSnTe hosts 2D electronic bands of TI state [21]. ZrSiS,
ZrSiSe, and ZrSiTe have been verified as topological DNL
semimetals through ARPES, transport measurement, and re-
lated calculations [3,14,16,22].
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Many correlation enhancement phenomena such as charge
density waves, Kondo effects, and the interplay between
topological, magnetism, and electron correlations have been
discovered in LnSbTe (Ln = lanthanide) compounds also
crystallized in the ZrSiS-type structure. LaSbTe is consid-
ered a true nodal line semimetal with nodal line states even
when spin-orbit coupling (SOC) effects are included [23,24].
When Ln is a magnetic lanthanide element, the spin de-
gree of freedom will play an important role in material
properties. CeSbTe is characterized as a low-carrier-density
antiferromagnetic (AFM) Kondo lattice compound and shows
magnetically tunable Weyl and Dirac states or an eight-
fold band cross at a high-symmetry point [25-27]. NdSbTe
exhibits an AFM order with metamagnetic transitions and
Kondo localization [28,29]. SmSbTe, GdSbTe, and HoS-
bTe are topological nodal line semimetals characterized by
ARPES and first principles calculations [10,19,30-33]. These
studies show that LnSbTe is a promising platform to search for
new exotic topological quantum states and explore technology
applications.

In this work, DySbTe single crystals were grown by the
Sb flux method. The crystal structure, anisotropic magnetic
susceptibilities x(7), and magnetization M(H), transport
properties p(T, H), heat capacity Cp(T ), and the calculated
electronic band structures are reported. The results show some
interesting properties, including the ordering temperature of
DySbTe, the steplike magnetization curve, and a metamag-
netic transition to a 1/2 magnetization plateau, bad metallic
resistance behavior, and a topological nodal line semimetal or
a weak topological insulator electronic band structure.

II. EXPERIMENT DETAIL

High-quality single crystals of DySbTe were grown by
the Sb-flux method [34]. High-purity bulk metal Dy pieces

©2022 American Physical Society
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FIG. 1. (a) Crystal structure of DySbTe. (b) X-ray powder diffraction pattern of DySbTe powder (grinded from single crystals) refined with
Rietveld method. (c) The XRD pattern of a flat facet for DySbTe single crystal is identified to be (001) plane of the crystal; the inset is the
photograph of a typical single crystal (the back square is 1 x 1 mm?). (d) The EDX spectroscopy data of the grown crystals.

(99.99%, Alfa), Te powder (99.99%, Alfa), and Sb particles
(99.99%, Alfa) with a starting atomic composition of 1: 1: 30
were placed in a high-quality recrystallized alumina crucible
and vacuum sealed in a quartz tube. The ampoule was heated
to 1373 K over 10 h and maintained for 20 h to ensure homo-
geneous mixing of the starting materials. Then it was slowly
cooled to 1083 K at a rate of 2 K/h, followed by centrifuging
to separate the crystals from excess Sb. The obtained single
crystal is in the form of flakes with metallic luster on the
surface, and the size is 2 mm x 1 mm x 0.5 mm, as shown in
the inset of Fig. 1(c).

A Cu— K, x-ray diffractometer (XRD, A = 1.5418 A)
was used for structure and composition characterization. The
chemical composition of the DySbTe single crystal was an-
alyzed using a scanning electron microscope (SEM) with
an energy-dispersive x-ray spectrometer (EDX). The mag-
netization (M) was measured between 2 and 300 K in an
applied field of 1 kOe in the field-cooling (FC) mode using
a superconducting quantum interference device magnetome-
ter (Quantum Design, Inc.). Isothermal magnetizations M (H)
were measured at 2—40 K with applied fields between 0 and 70
kOe of the single crystal ¢ axis set parallel and perpendicular
to the external magnetic field, respectively. The specific heat
(Cp) was measured from 2 to 210 K without applied magnetic
fields in a Physical Property Measurement System (PPMS,
Quantum Design, Inc.). The longitudinal resistivity was mea-
sured in the PPMS with a configuration of four-wire method
by silver contact.

The first principles calculations were performed within the
framework of density functional theory (DFT) implemented in
the QUANTUM ESPRESSO code where the projector-augmented
wave (PAW) pseudopotentials were used to describe the
interaction between the ion cores and the valence elec-
trons [35,36]. Moreover, electronic exchange correlation was
represented by the Perdew-Burke-Ernzerhof (PBE) functional
in the generalized gradient approximation (GGA). A set of

fully relativistic pseudopotentials were used for the spin-orbit
coupling (SOC) case. Since the 4f states of the Dy element
are far from the Fermi level, the magnetism was ignored
throughout the calculations. To get the optimized structure,
the convergence criteria for residual stress and force were
set to 1 x 1072 kbar and 1 x 107> Ry/bohr, respectively. The
cutoff energy for the plane-wave basis was set to 80 Ry. A
sufficiently dense k-point mesh of 11 x 11 x 5 was adopted
to numerically integrate the Hamiltonian over the first Bril-
louin zone. After structural relaxation, the electronic band
structures with and without SOC were obtained based on the
relevant ground-state charge densities.

III. RESULTS AND DISCUSSION

DySbTe crystallizes in a tetragonal structure of P4/nmm
(no. 129) space group, as shown in Fig. 1(a), which is iden-
tical to the fully explored prototype topological nodal line
semimetal ZrSiS [14—18]. It consists of stacking Te-Dy-Sb-
Dy-Te slabs along the ¢ axis, with Sb plane sandwiched by
Dy-Te layers. The Sb planar layer is similar to the Si square
net in ZrSiS that hosts 2D/quasi-2D relativistic fermions
[20,37]. In this space group, the Sb atom occupies the Wyck-
off position 2b (1/4, 3/4, 1/2) while Dy and Te occupy 2c¢
(3/4, 3/4, z) site. Powder x-ray diffraction (XRD) data were
collected at 300 K on crushed single crystals of DySbTe, as
shown in Fig. 1(b). The refinement result of the XRD pattern
reveals the single-phase nature of the crystal, representing
a high crystalline quality. The refined lattice parameters are
a=b=4240A and ¢ =9.168A, both smaller than the
corresponding parameters for CeSbTe, SmSbTe, or GdSbTe
[10,23,25,28,31]. The atomic percentages of DySbTe are Dy,
Sb, Te = 33.1, 34.4, 32.5, almost perfect stoichiometry Dy :
Sb:Te=1:1:1, obtained by the EDX spectroscopy, as
shown in Fig. 1(d). The XRD pattern of the big facet with
a flat surface for DySbTe crystal at room temperature was
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FIG. 2. (a) Magnetic susceptibility (left ordinate) of DySbTe
measured in an external magnetic field of H = 1 kOe applied parallel
and perpendicular to the crystallographic ¢ axis and the temperature
dependences of inverse susceptibility x ' and the fit to the Curie-
Weiss law (right ordinate). (b) Isothermal magnetizations in —70 to

70 kOe for DySbTe single crystal at 2 K. H,; and H,, represent the
critical fields. The brown ellipses mark the tiny hysteresis.

represented in Fig. 1(c). Only sharp (001) peaks can be ob-
served, indicating a uniform c axis orientation perpendicular
to the facet of the single crystal.

The temperature dependence of magnetic susceptibility
(x~'= %) and inverse magnetic susceptibility 1/x for a mag-
netic field H = 1kOe for H // ab plane and for H // ¢ axis of
the DySbTe single crystal are shown in Fig. 2(a). Both y,, and
X exhibit a distinct A-shape peak at 7 K due to the magnetic
ordering temperature Ty. The magnetic anisotropy (the dif-
ference of x,; and x.) decreases with increasing temperature,
existing untill about 50 K, much higher than Ty ~ 7K. The
temperature dependencies of susceptibility above 100 K can
be well fitted by the modified Curie-Weiss law y = xo +
ﬁ, where x is a temperature-independent component, C
is the Curie constant, and 6,, is the Curie-Weiss temperature,
respectively. A 6,, of —15 K was obtained for H // ab plane
and —28 K for H // c axis, revealing antiferromagnetic inter-
actions between the magnetic moments of Dy**. The effective
magnetic moments were determined to be 10.84 up /f.u. for H
// abplane and 10.20 pg /f.u. for H // ¢ axis, which are close to
the theoretical value for Dy3+ ion: ter = g7/ J(J + Dup =
10.65 up, with J = 15/2, g; = 4/3.

The M (H) isotherms were measured at 2 K for H up to £70
kOe and shown in Fig. 2(b). In the low magnetic field region
(—10kOe < H < 10kOe), M(H) is linear due to the AFM
ground state. With increasing magnetic field up to ~=£70
kOe for both directions, M(H) increases nonlinearly. M ex-
hibits a steeper increase with field above H,; & + 10kOe and
evolves toward sublinear field dependence at the higher field
above H, ~ =+ 54kQe. The critical fields H.; and H,, for
metamagnetic transitions are isotropy, almost the same for H
// ¢ axis and H // ab plane. There are some different behaviors
for magnetization processes along two crystallographic direc-
tions. For H // ¢ axis, the saturated field of magnetization is
about £70 kOe. The entire magnetization phenomenon can be
described as an AFM to canted magnetic state transition at H,
and a subsequent field-driven FM polarization at H,,. Sim-
ilar metamagnetic transitions were also observed in CeSbTe,
NdSbTe, and GdSbTe with the AFM ground states [10,25,29].
The metamagnetic transitions and FM polarizations provide a
different approach to turn on/off the time-reversal symmetry,
which has been proposed to modify the topological phases in
CeSbTe [25,26]. By contrast, for the H//ab plane, there is a
noticeable jump of the magnetization at +10 kOe to a value
4.2 up, which is almost 1/2 of the saturation magnetization
M,. This behavior implies that the Dy moment lies along
the ab plane and an average ferromagnetic component along
the ab plane in the zero-field magnetic structure speculated
from the low field jump. The 1/2 plateau suggests that in
a unit cell of four spins along the ab plane, it could con-
sist of three pointing in the same direction and one pointing
in the opposite direction in each tetrahedron. The proposed
magnetic structure would consist of the ferromagnetic planes
with moments along ab plane in an “up-up-up-down” se-
quence. It has been reported that stabilizing the 1/2-plateau
state over an extended field range is probably involving a
spin-lattice coupling [38]. A tiny hysteresis in M (H) marked
by a “brown ellipse” can be observed for H // ab plane,
indicating the first ordering attribution of the field-induced
metamagnetic transition. The M (H) curve shows a saturation
trend in the highest available field of 70 kOe and the satu-
ration magnetization value is My ~ 8.6 ug, which is lower
than the theoretical value of g;Jup = 10up for the moment
of a free Dy>* ion, which may result from the crystal field
effect [25].

Figures 3(a) and 3(d) represent the temperature depen-
dence of the field-cooling (FC) magnetization M with H =
5-70kOe measured in the field for H // ab plane and for H
/I ¢ axis. On the whole, the AFM peak generally shifts to
low temperature as magnetic field increases [see Figs. 3(a)
and 3(d)]. To further probe the magnetic order, isothermal
magnetizations were represented in Figs. 3(b) and 3(e). At
temperature above Ty, the magnetization curves show linear
behavior and small magnetization values, which is consistent
with the paramagnetic (PM) feature. The magnetic phase dia-
grams inferred from the contour plots of dM/dH along two
crystallographic directions are illustrated in Figs. 3(c) and
3(f). Magnetic phase diagrams contain paramagnetic phase,
antiferromagnetic phase, ferromagnetic phase, and canted
magnetic phase regions for H // ab plane, and paramagnetic
phase, antiferromagnetic phase, and canted magnetic phase
regions for H // ¢ axis. The obtained magnetic phase diagrams
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FIG. 3. Temperature dependence of the FC magnetization M with H = 5-70kOe measured in the field for (a) H // ab plane and for (d)
H // ¢ axis. Magnetization (M) plotted as a function of magnetic field H of DySbTe for (b) H //ab plane and (e) H //c axis in the temperature
range 2—40 K. Magnetic phase diagrams of DySbTe for H // ab plane (c) and H // ¢ axis (f), respectively. The color maps represent dM/dH in

the parameter spaces of temperature (7') and magnetic field (H).

are in good agreement with the changes of M (T') curves under
various magnetic fields.

In this part, we studied the correlation between magnetism
and transport properties. Temperature dependence of resis-
tivity p(T) curves measured at various applied fields for H
/I ¢ axis are represented in Fig. 4(a). With the temperature
decreasing, p increases and then decreases, showing a broad
humplike feature, where the sample is in the PM phase. This
phenomenon is unusual in ZrSiS-type series materials but
has been reported in HoSbTe [33]. On further cooling, p
decreases until a significant drop near 7 K, corresponding
to the PM to AFM phase transition. When magnetic fields
are applied, p increases with increasing magnetic fields, pre-
senting a positive magnetoresistance. An enlarged view of
p below 10 K is shown in the inset of Fig. 4(a). The peak
slightly shifts to lower temperatures with increasing of field,
which is consistent with the variation of Ty in the M(T)
curve for H // ¢ axis. The magnetoresistance MR(%) =
[p(H =70kOe) — p(H = 0)]/p(H = 0)is 26.2% at 2 K and
24.5% at 10 K respectively for an applied magnetic field of
70 kOe. At both 2 and 10 K, the curves of MR(H) are quite
consistent with that of M(H) for H // ¢ axis. The MR(H)
data show a crossover from the low-field H? dependence to
the high-field linear dependence, which is often observed in
Dirac materials [39—41]. Although the amount of magneto-
transport data is not sufficient, it is still going some way
towards indicating the existence of Dirac nodal line states in
DySbTe.

The specific heat capacity (Cp) of DySbTe with zero
magnetic field is shown in Fig. 5(a). The Cp decreases mono-
tonically down to 10 K and exhibits a A-shaped peak at about
7 K, in agreement with the observations in the magnetic
susceptibility and resistivity. The inset in Fig. 5(a) shows
the low-temperature Cp/T vs T? plots measured without a
magnetic field. Assuming that the magnetic contribution is
negligible when T > Ty, the Cp/T vs T? data from 9 to 18 K
were fitted by the Fermi-liquid model using the expression
C/T =y + BT? [42], where y is the electronic coefficient
and B is the phonon coefficient of the heat capacity, respec-
tively. The fit yielded y = 0.45J/mol K? and B = 5.79 x
10~ J/mol K*. The Debye temperature estimated from g
using the relation 6p = /1274rR5/8 (where r =3 is the
number of atoms in the formula unit and R is the gas con-
stant equal to 8.314 J/mol K) is 216 K. We can calculate
the magnetic entropy S, = fOT %dT by subtracting the
contribution of electron and phonon terms [see the inset
in Fig. 5(b)]. The S, increases with increasing temperature
and reaches a saturation value of 6.65 J/mol K, which is
slightly higher than RIn2 but far below the theoretical value
of 23.05 J/mol K calculated from S,, = RIn(2J 4 1). The
low magnetic entropy of this compound originates from the
doublet ground state of Dy*™, since the CEF splits the 16-fold
degenerate multiplet of Dy*" into eight doublet states [43].
The magnetic entropy value should be closer to RIn2 instead
of RIn16. Other Dy-contained compounds such as ¢-DyGa,
also have a magnetic entropy close to RIn2 [44].
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below 10 K at various applied fields. (b) Field dependence MR at 2
and 10 K of DySbTe.

The calculated band structures of DySbTe are shown in
Fig. 6. When SOC is not taken into consideration, the calcu-
lated electronic band structures of DySbTe without and with
the 4f electron states of Dy atoms taken into account are
shown in Figs. 6(a) and 6(b), respectively. For the strongly
correlated 4f electrons which contribute to local magnetic
moments, we follow the theoretical and experimental esti-
mates of Coulomb repulsion U for the rare earths [45] and
take an on-site U = 6¢eV in the calculation. From Fig. 6(a),
the lowest conduction band and the highest valence band
cross and form four distinct point-contact nodes, i.e., Dirac
nodal points on the lines of symmetry directed along I'-X,
M-T', Z-R, and A-Z, which are actually a part of the nodal
lines as shown in Figs. 6(c) and 6(d). The orbital projected
band structure shows that the bands close to the Fermi level,
especially around the Dirac nodal points, are dominated by
px and p, orbitals of Sb atoms. From Fig. 6(b), the Dy-4f
related bands appear at least 1 eV above the Fermi level
and have no significant entanglement with the Dirac nodal
line states. The dispersionless band’s feature indicates that
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FIG. 5. (a) The specific heat capacity measured without an ap-
plied magnetic field for H // ¢ axis. The inset shows the Cp/T-T?
plots at low temperature. The orange solid line is a fit to the data using
the Fermi-liquid model as described in the text. (b) Cp/T-T plots and
the inset shows the magnetic entropy as a function of temperature.

the 4 f electrons of Dy atoms are highly localized. Moreover,
the band splitting of the Dirac nodal line states (dominantly
from the Sb layer) around the Fermi level between majority
and minority spins is negligible indicating that the topological
properties of DySbTe are marginally affected by magnetism,
which is different from the case in Co,MnGa where the nodal
line states are relevant to the magnetic d orbital of Mn atoms.
If magnetism were off, the band structure of Co,MnGa would
become completely different and the line nodes would disap-
pear, showing that magnetism is essential for the topological
phase of Co,MnGa [46].

With SOC considered, we recalculate the band structure of
DySbTe while safely neglecting the background magnetism
due to the unpaired 4 f electrons as analyzed above. As a mat-
ter of fact, the same treatment was also adopted in the study
of other similar nodal line semimetals [19,33,47]. The SOC
induces gaps in the Dirac nodal points, as shown in Fig. 6(e),
and DySbTe becomes a weak topological insulator (WTI)
with a symmetry-based indicator Z; > 4 = (0010), which is
similar to the case of HoSbTe [33]. Figures 6(f)-6(i) give the
calculated values of SOC gaps varying from 21 meV along
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the SOC-induced band gaps at the Dirac nodal points. (f)—(i) the zoomed-in SOC gaps along the high-symmetry directions of I'-X, M-I", Z-R,

and A-Z, respectively, with the gap values given in each panel.

I'-X to 204 meV along Z-R, all of which show much larger
SOC strength than that (<1 meV) in the magnetism-induced
nodal lines in Co,MnGa [48].

IV. CONCLUSION

We have grown a magnetic DySbTe single crystal with
ZrSiS-type structure using the self-flux method. The crystal
structure refinement of DySbTe confirms the noncentrosym-
metric tetragonal symmetry of space group Pi/mmm being
identical to the nonmagnetic topological nodal line semimetal
ZrSiS system. x(7T) and Cp(T) study results reveal AFM
transition at Ty ~ 7 K. Meanwhile, DySbTe exhibits a large
anisotropic magnetic property at low temperatures. The
MR(H) exhibits a weak-field H? dependence to the high-field

linear dependence, indicating the existence of Dirac nodal line
states in DySbTe. Our first principles calculations of elec-
tronic band structures for DySbTe show a topological nodal
line semimetal or a weak topological insulator without or with
considering the effect of SOC. This material provides an ideal
platform for investigating the interplay between magnetism,
topological, and electron correlation physics in topological
quantum materials.
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