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Magnetic field induced Weyl state in the van der Waals—type antiferromagnet GdTe;
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GdTes;, a van der Waals—type antiferromagnetic (AFM) metal with high mobility, is gaining a lot of attention
for its potential use in high-speed spintronic devices as well as for fundamental physics research. Due to the
magnetocrystalline anisotropy of GdTe;, exotic effects are envisaged, when the magnetic configurations interact
with an external magnetic field. In this work, a magnetic-field-induced Weyl state in GdTes is revealed. In the
AFM state, GdTe; is topologically trivial. However, when an external magnetic field exceeding ~20 T aligns all
spins, band splitting occurs, and then a topological transition is induced, i.e., from a trivial metallic state to a
topological Weyl metallic state. In addition, a topological change of Fermi surfaces, i.e., a field-induced Lifshitz
transition, is uncovered, which may also be rooted in band splitting. Moreover, high-pressure electrical transport
measurements reveal a peculiar superconducting transition with a nearly invariant superconducting transition
temperature (7. ~ 4.2 K) spanning a wide range of pressure up to 48 GPa. These findings imply that GdTe;
provides a unique platform for investigating not only the interactions of charge-density-wave fluctuations and
superconductivity but also the interplay between magnetism and topology.

DOI: 10.1103/PhysRevB.108.205132

I. INTRODUCTION

In recent decades, magnetic van der Waals (vdW) type
materials have attracted a great deal of interest due to various
intriguing electronic, magnetic, and optical properties [1-14],
such as giant tunneling magnetoresistance [7—10], tunable
magnetism [11-13], giant nonreciprocal second-harmonic
generation [14], etc. Thanks to the layered structure with weak
vdW force in the interlayers, magnetic vdW-type materials
can be mechanically exfoliated into monolayer or few-layer
flakes, which paves the way for the realization of twistronic
or high-speed spintronic devices [15—17]. Moreover, due to
the existence of charge-density-wave (CDW) instabilities, the
phase diagrams of magnetic vdW-type materials are enriched,
and the additional electronic degree of freedom offers an al-
ternative approach for exploring the underlying physics of the
interactions between CDW, superconductivity, and magnetism
[18].
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For magnetic materials, another interesting subject is ex-
ploring novel topological states [19,20]. When magnetic
elements are included, the time-reversal (TR) symmetry is
broken, resulting in various exotic phenomena, for exam-
ple, anomalous Hall/Nernst effects [21-23], topological Hall
effect [24,25], and topological magnetic textures (for ex-
ample, skyrmions) [26]. More interestingly, the coupling of
magnetic configurations with the electronic wave functions
leads to extraordinary topological states, such as a spin-
fluctuation-induced Weyl semimetal state in EuCd,As, [27],
a magnetism-induced topological transition in EuAs; [28],
a magnetic-exchange-induced Weyl state in EuCd,Sb, [29],
magnetization tunable Weyl states in EuB¢ [30], a magnetic-
field-induced ideal type-II Weyl state in Mn(Bi;_,Sb,),Tes
[31], and a Weyl-mediated magnetism in NdAISi [32]. The
relationship between magnetism and topology is still tricky,
despite notable advancements in magnetic topological materi-
als (MTMs). Furthermore, most MTMs are three dimensional
(3D), thus vdW conductive magnetic materials are rare and
they are expected to exhibit exotic properties with potential
use in spintronic devices.

Recently, the magnetic vdW-type RTe; family (R = rare
earth) with CDW instability has attracted increasing attention
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[33-45], among which GdTes stands out for several surprising
properties, such as the slow oscillations of intralayer mag-
netoresistance (MR) [46], pressure-induced superconductivity
[43], high mobility beyond 60000 cm? V~!s~! comparable
to black phosphorus [47], the observation of axial Higgs
mode [48], robust CDW and stripe antiferromagnetic order at
the two-dimensional (2D) limit [49], and field-induced novel
magnetic behavior [50]. Nevertheless, the topological proper-
ties in GdTe; are heretofore uninvestigated.

In this paper, we demonstrate that external magnetic field
fully polarizes the spins above ~20 T, and then the in-
duced band splitting leads to a topological transition from
a topologically trivial metallic state in the AFM state to a
topological Weyl metallic state in the ferromagnetic state. Be-
sides, a field-induced Lifshitz transition is also revealed. The
superconducting transition is also investigated under higher
pressure, and displays a broad pressure dependence with
an invariant superconducting transition temperature (7,) of
~4.2 K up to 48 GPa, the highest pressure we measured.
These findings imply that magnetic vdW-type GdTe; offers a
special platform for studying the relationships between CDW,
superconductivity, magnetism, and topology.

II. EXPERIMENTAL DETAILS

GdTes single crystals were synthesized through a self-flux
method, as described in Ref. [37]. The large natural surface
is identified to be the (0/0) plane by a D8 Advance x-ray
diffractometer from Bruker. For electrical transport measure-
ments, one typical GdTes single crystal was cut into a bar
shape. A standard four-probe method was used for the lon-
gitudinal resistance measurements. Data were collected in a
3He cryostat. High-field measurements were performed at the
Steady High Magnetic Field Facilities (SHMFF) in Hefei.
High-pressure transport measurements were performed in a
physical property measurement system (PPMS, Quantum De-
sign) by using a diamond anvil cell (DAC). Pressure was
determined by the pressure-induced fluorescence shift of ruby
before and after measurements at room temperature [51].

First-principles calculations based on density functional
theory (DFT) are performed using the Vienna Ab initio Simu-
lation Package (VASP) which adopts the projector-augmented
wave method [52,53]. The lattice constants of the fully re-
laxed structure are a = 4.273 A, b = 25.367 A, and ¢ = 4.322
A. The energy cutoff is set at 400 eV and the exchange-
correlation functional of Perdew-Burke-Ernzerhof (PBE) type
is used for the electronic band calculations [54,55]. For the
lattice relaxation, vdW corrections of the DFT-D3 methods
are adopted in consideration of the vdW interactions between
the layers [56]. The convergence criteria for the total energy
and forces are set to 107° eV and ~0.001 eV/A, respec-
tively. The Brillouin zone (BZ) is sampled by a I'-centered
8 x 8 x 24 k mesh for the primitive structure. The Wannier
tight-binding models used for the topological calculations are
obtained through the WANNIER90 code [57-60].

III. RESULTS AND DISCUSSION

GdTe; crystallizes in an orthorhombic structure with space
group Bmmb [or in its standard setting Cmcm (No. 63)]
[37,47,48,50]. Note that the definitions of crystallographic

axis for the space groups Bmmb and Cmcm are different. Here,
we adopt the standard setting Cmcm, and therefore GdTes
consists of double Te square-net sheets and corrugated GdTe
slabs stacking along the long crystal b axis [Fig. 1(a)]. To
shed light on the topological properties, the electronic band
structure is calculated. Figure 1(c) exhibits the band structure
with spin-orbit coupling (SOC) of GdTes; in the AFM state.
Some bands intersect the Fermi level, suggesting that GdTes
is a good metal. However, if a curved chemical potential
between conduction and valence bands is defined [marked in
red in Fig. 1(c)], a trivial gap traverses the entire BZ [61-63].
In other words, GdTe; in the AFM state is topologically
trivial.

Given that the spins in the AFM state can be aligned by an
external magnetic field, it would be interesting to investigate
how the band structure evolves in the fully spin-polarized
state. Figure 1(d) shows the calculated band structure with
SOC for the ferromagnetic state with spins aligned along
b axis. The total energy of the ferromagnetic state is only
~3 meV higher than the AFM state, implying that an external
magnetic field could serve as an effective knob to tune the
ground state. With magnetic field tuning, the linear bands
around the Fermi energy remain nearly unchanged. This is be-
cause Te atoms are the source of the linear bands surrounding
the Fermi energy, and magnetic field tuning has little impact
on them. However, below 0.2 eV, the d orbitals of Gd atoms
start to contribute. The external magnetic field reduces the
spin degeneracy, and then results in band splitting, which
is indeed observed in the band calculations [Fig. 1(d)]. In
the gap between valence and conduction bands, several Weyl
nodes appear, but not at the high-symmetry points or along
high-symmetry lines. The inset of Fig. 1(d) shows one rep-
resentative Weyl node along a non-high-symmetry line.There
are 20 pairs of Weyl nodes in the BZ, and two of them closest
to Er are displayed in Table I. In addition to the topological
transition, the topological change of Fermi surfaces is clearly
evident, as shown in the insets of Figs. 1(e) and 1(f). Putting
together the results, we propose that GdTes is a topological
Weyl metal in the magnetic-field-induced ferromagnetic state,
and the band splitting gives rise to a Lifshitz transition.

To verify the topological property, electrical transport was
implemented. Figure 2(a) shows the longitudinal resistivity
of GdTes in zero field. The CDW transition with a transition
temperature of ~376 K is evident, consistent with previous
reports [37,43,47]. The inset of Fig. 2(a) shows the x-ray
diffraction (XRD) pattern on the largest natural surface of a
typical GdTes single crystal, demonstrating that the largest flat
plane is the ac plane corresponding to the Cmcm setting [37].
For GdTes, there are two AFM transitions, at 11.5 K (7y;) and
9.5 K (Ty2), but the latter is hardly recognized in magnetiza-
tion profiles [the inset of Fig. 2(b)]. Besides, there exists an
anomaly at 7 K (77) that might arise from the incommensurate
CDW state [47,50]. In order to ascertain the critical magnetic
field required for the suppression of antiferromagnetic order,
field dependence of the magnetic transitions is plotted, as
shown in Fig. 2(b). By assuming a quadratic field dependence,
two critical magnetic fields of ~20 and ~13.7 T for Ty, and
T, respectively, are estimated. Figure 2(c) shows the longitu-
dinal (po,,) and transverse (o, ) resistivities at 2 K. Figure 2(d)
is the calculated Hall conductivity. A fit to the data using
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FIG. 1. (a) Schematic crystal structure for the orthorhombic GdTe; (Gd: purple; Te: yellow) with space group Cmcm (No. 63). Double
Te square-net sheets and corrugated GdTe slabs stack along the b axis. (b) Three-dimensional (3D) Brillouin zone (BZ). There are 20 pairs
of Weyl nodes in the BZ. Electronic band structures of GdTe; in (c) the antiferromagnetic state and (d) the field-driven ferromagnetic state
with spin-orbit couping (SOC) considered. If a curved chemical potential between conduction and valence bands (marked in red) is defined,
there is a trivial gap traversing through the BZ for the antiferromagnetic state, while several crossing points (i.e., Weyl nodes) exist for the
ferromagnetic state. The inset shows one representative Weyl node along a non-high-symmetry line. (¢) and (f) Constant energy mappings
taken at £ = 0 eV for the antiferromagnetic and ferromagnetic states, respectively. Insets depict a zoomed-in view centered around the I'

point, from which a field-induced new pocket, ie., £ can be resolved.

a two-band model yields n, = 1.93(4) x 10'® cm™3, n;, =
1.547(4) x 10 cm™3, u, = 1.83(4) x 10* cm?> V~'s7!, and
wp = 1.401(4) x 103 cm®> V~!s~! for electron density, hole
density, electron mobility, and hole mobility, respectively.
The extracted mobility is in the same order of magnitude as
reported [47], verifying the high-mobility feature of GdTes.
The electron density and hole density are two and one orders
of magnitude lower than in previous reports, respectively. Our
sample is therefore hole doped, implying that the position of
the Weyl nodes with respect to £ should be less than 0.52 eV.
The precise impact of Weyl node position on transport prop-
erties varies in different systems, so the extent to which the
position of Weyl nodes affects transport properties in GdTes
remains to be further explored.

Figure 3(a) presents the high-field magnetoresistance with
magnetic field applied along b axis at several selected temper-
atures, and distinct Shubnikov—de Haas (SdH) oscillations are
visible. The SdH oscillation amplitudes could be described by

TABLE I. The location of two pairs of Weyl nodes in the field-
driven ferromagnetic state of GdTe;.

(ky ky k2) E (eV)
(=0.19701—0.22057 0.27348) —0.52
(0.19701 0.22057—0.27349) —0.52003
(0.19686 0.22066 0.27379) —0.52099
(—0.19686—0.22066—0.27379) —0.52101

the Lifshitz-Kosevich formula [28,61,64],

27T2kBT/fla)c _ 2rkgTp F
X — e e cos2m|——y —4,
sinh(2m2kgT [ Fiw,.) B

where w. = eB/m* and Tp represent the cyclotron fre-
quency and Dingle temperature, respectively. The Berry phase
2B will be discussed later. y = 1/2 — ¢p/2m represents
the Onsager phase factor with the Berry phase ¢p. The
phase shift § is 0 or £1/8 for a quasi-2D or a corru-
gated 3D Fermi surface, respectively. The cyclotron effective
mass m* can be deduced from the thermal damping factor
Ry = 2%k T [hw,/ sinh(2r?kgT /hw.). The average mag-
netic field B in the formula is determined from 1/B =
(1/By + 1/B;)/2, where By and B, are the minimum and
maximum values of the field range of the oscillations.

To reveal the evolution of Fermi surfaces in the ferromag-
netic state, we analyze the oscillations in the range of 25-38 T.
Figure 3(b) depicts the fast Fourier transform (FFT) analy-
sis for the oscillatory components at 0.3 K. Four oscillation
frequencies, i.e., 65, 301, 501, and 803 T, are distinguished,
and are assigned to o, 2& (discuss later), 8, and y bands,
respectively. Previously, multiple frequencies from quantum
oscillations have been reported [47], i.e., 60 T («), 472 T (B1),
506 T (B2), 813 T (y1), 847 T (y2), 2230 T (i), 3708 T (8),
and 3948 T (8;). Here, from SdH oscillations, the 8; and 8,
frequencies cannot be distinguished, and the y; and y, bands
cannot be resolved either due to the broad peak. Besides,
the high frequencies for 7, 8;, and §, cannot be resolved
in our experiments. Beyond that, the main frequencies are
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FIG. 2. (a) Temperature-dependent resistivity of GdTe; single
crystal in zero magnetic field. A distinct charge-density-wave (CDW)
transition with a critical transition temperature (Tcpw) of ~376 K
is evident. The inset shows the x-ray diffraction (XRD) pattern
on the largest natural surface of a typical as-grown GdTe; single
crystal, demonstrating that the largest flat plane is the ac plane.
(b) Magnetic field dependence of the antiferromagnetic transition
temperature (7y;) and the anomalous transition temperature (77)
that possibly originates from the incommensurate CDW state. By
assuming a quadratic field dependence, two critical magnetic fields
of ~20 and ~13.7 T for Ty, and T;, respectively, are estimated.
The inset displays the magnetization normalized to that at 20 K at
several selected fields. (c) Longitudinal (p,,) and transverse (o,.)
resistivities at 2 K. (d) Hall conductivity (o,,) at 2 K. The red
line represents the fit to the data by using a two-band model, i.e.,
04y (B) = eBlny/[1 + (3B — nep2 /(1 + (u2B)]).

overall consistent with the previous reports [47]. Strikingly,
the emerged & band with a frequency of 301 T has not been
reported before, even in the nonmagnetic analog LaTe; [65],
indicating its unusual origin.

To figure out the origin of the & frequency, we calculated
the oscillatory frequencies. The calculated frequencies in the
FM state at Er ~ —0.01 eV give ~75 T from band 27 for
the o band; ~130 T from band 28 for &; ~347, ~530, ~565,
and ~655 T from bands 35-36 for 8; ~754, ~890, ~956,
and ~1000 T from bands 33—34 for y; ~3400 and ~3680 T
from bands 29-30 for §. In the AFM state, most frequencies
are consistent with those in the FM state, except that the fre-
quency of ~130 T cannot be found. As displayed in Fig. 3(b),
due to the broad peak of «, the £ cannot be resolved. However,
its second harmonic frequency ~260 T is nearly consistent
with our experimental value ~(301 £ 40) T. By fitting the
temperature dependence of the thermal damping factor Ry,
the cyclotron effective mass m* for the 2& band is extracted
[Fig. 3(c)], yielding 0.17(1)mg. The Dingle temperature (7p)
is also calculated to be ~42.4 K, as shown in the inset of
Fig. 3(c). According to the LK equation, Tp = h/2mkgtyp,
where 7, kg, and 7y are the reduced Planck constant, the
Boltzmann constant, and the quantum scattering lifetime,
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FIG. 3. (a) Shubnikov—de Haas (SdH) oscillations in GdTe; at
several temperatures. The profiles are vertically shifted with an offset
of 0.15 mQ for clarity. (b) Fast Fourier transform (FFT) analysis
for the oscillatory components of resistance above 25 T, identifying
five frequencies, i.e., 65, 301, 501, and 803 T, which are assigned
to «, 2&, B, and y, respectively. (c) Temperature dependence of
the normalized FFT amplitude at 0.3 K. The solid line shows the
fit to the Lifshitz-Kosevich (LK) formula for the 2& band. The inset
shows the LK fit to the oscillatory component of resistance for
2£& band to extract the Dingle temperature (7p). AD is defined to
be AD = Ap/Rr with Ry the thermal damping factor. By plotting
In(AD) vs 1/1oH, Tp can be obtained through a linear fit. (d) Landau
level index N plotted against 1/uoH for the 2¢, B, and y bands. Lines
represent linear fits. The inset shows the extrapolation of 1/u¢H to
zero.

respectively. Therefore, the quantum scattering lifetime 7o
is estimated to be 2.9 x 104 s. Furthermore, the quantum
mobility ng = etp/m* is obtained to be ~300 cm?/Vs.

Now we turn to the topological property of GdTes.
Figure 3(d) shows the Landau level index N fan diagram for
2&, B, and y bands. Due to the weak signal of «, the plot
for o is not shown. Here, we assign integer indices to the
peak positions and half integer indices to the valley positions
in (oH)~'. The data fall into very straight lines, and the
linear fits give the intercepts 0.04 & 0.07, 0.35 £ 0.12, and
0.67 £0.08 for 2&, B, and y bands, respectively. As men-
tioned, the intercept falling between 3/8 and 5/8 suggests
trivial band topology, while the intercept in the range of —1/8
to 1/8 indicates nontrivial topology [28,61,64]. Therefore,
these results provide a strong hint that GdTej in the ferromag-
netic state possesses nontrivial topology.

In quantum materials, pressure—as a clean and effective
approach for tuning the crystal structure associated with the
reconstruction of Fermi surfaces and the interplay among
multiple degrees of freedom—plays a significant role [66],
in particular for exploring the interplay between CDW and
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FIG. 4. (a) Temperature dependence of resistance for GdTe;
under various pressures. The inset shows the superconducting transi-
tions at low temperature. The superconducting transition temperature
(T.) is defined as depicted in the picture. (b) Temperature vs pres-
sure phase diagram for GdTe;. CDW1 and CDW2 denote two
charge-density-wave (CDW) regimes. The values of CDW transition
temperature and the superconducting transition temperature under
low pressure are taken from Ref. [43]. Above ~24 GPa, T. is nearly
invariant up to 48 GPa, the highest pressure we measured.

superconductivity. Previously, the pressure technique has
been implemented in GdTes and its siblings RTe; (R = La,
Ce, Pr, Nd, Sm, Tb, Dy), finding the suppression of CDW
under pressure [39-43]. In addition, superconductivity has
been induced in GdTes;, TbTes, and DyTe; [43]. Among
the RTe; family, there are three types of CDW transitions
[45,67,68]. The first CDW arises from the Te-Te planes be-
low the transition temperature Tcpw; With an incommensurate
wave vector g; = (0,0, ~2/7¢c*) [69,70]. With heavier rare
earth elements, a second CDW below a lower transition tem-
perature Tepw, forms with wave vector g, = (~1/3a*, 0, 0)
[67,71,72]. With further reducing temperature, a third CDW
develops, possibly coming from a lifting of the degeneracy
of conduction bands of double Te net sheets, which is de-
rived from optical conductivity experiments [45,67,68]. In

RTejs, the Fermi surface nesting and the electron-phonon cou-
pling play important roles in driving the formation of CDWs
[36,73]. For GdTe;, with increasing pressure, the first CDW
transition (Tcpw ) declines, while the second CDW transition
(Tepwz) increases, and converges with Tepw) at an inter-
mediate pressure, as proposed by Zocco et al. [43]. Under
low pressure, a domelike pressure phase diagram is proposed
[43]. At 1.2 GPa, the superconductivity with a critical tem-
perature T, of 0.55 K arises, and then the 7, increases to
~1.3K at 2.7 GPa [43]. In contrast to the decline of overall
CDW transition, the increase of 7, implies the competition be-
tween the CDW and superconductivity [43]. Beyond 2.7 GPa,
T, shows a steep enhancement at ~6 GPa [43]. However,
such an enhancement coming from tellurium inclusions can-
not be completely excluded [43]. Therefore, higher pressure
is needed.

Figure 4(a) shows the temperature dependence of resis-
tance for GdTes; under various pressures. At 7 GPa, T, is 3.4 K,
which is consistent with a previous report [43]. Increasing
pressure to 24 GPa, T is further enhanced to ~4.2 K. Then T
remains nearly invariable up to 48 GPa, the highest pressure
we measured. For tellurium, pressure could induce multiple
structural phase transitions accompanied by the presence of
superconductivity [74,75]. T, in pressurized tellurium peaks
at ~6.3 GPa with a maximum value of ~4.3 K, and then
decreases to ~2.5 K with pressure increasing to ~30 GPa
[75]. Above ~30 GPa, T. is significantly enhanced to ~8 K,
which corresponds to the structural phase transition from the
B-Po type to the body-centered cubic (bcc) type, and then
it monotonically decreases with pressure [75]. At 35 and
42 GPa, the T.’s for tellurium are 7.4 and 4.5 K, respec-
tively [75]. Therefore, the pressure evolution of T, observed
in GdTe;s is different from tellurium, excluding the extrinsic
superconductivity from tellurium inclusions.

We plot the pressure phase diagram of GdTe; in Fig. 4(b),
and the CDW transition temperatures and the 7, from a previ-
ous study are also added [43]. The superconducting transition
displays an anomaly at ~5 GPa. Zocco et al. argued that
there is a domelike region for GdTe; under low pressure
(below 5 GPa) [43]. If this is the case, the superconductivity
beyond 5 GPa is supposed to derive from a second super-
conducting state. For magnetic systems, two superconducting
states are often observed, usually associated with uncon-
ventional superconductivity [76]. The origin of the second
superconducting state has two scenarios. The first is that the
superconductivity arises from the pressure-tuning fluctuations
of magnetic ordering. However, the weak anomaly in resistiv-
ity for the AFM ordering makes it difficult for us to determine
how the AFM ordering evolves with pressure [43]. Alter-
natively, the superconductivity may come from a structural
phase transtion induced by pressure. In CeTes, high-pressure
XRD experiments demonstrated that the slight orthorhombic
distortion at ambient pressure is suppressed with increasing
pressure [40]. GdTes shares the same crystal structure with
CeTes, and therefore pressure is presumed to have an impor-
tant effect on the structural evolution. To elaborate whether
the superconductivity arises from magnetic fluctuations or a
structural phase transition, more experiments, for example,
high-pressure magnetization, heat capacity, and XRD mea-
surements are called for.
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Besides, it was proposed that the Fermi surface nesting
and the electron-phonon coupling play crucial roles in the
RTe; family [77-80]. Therefore, in addition to the scenarios
mentioned above, pressure may modify the crystal structure of
GdTes;, and consequently tune the Fermi surface nesting and
the strength of electron-phonon coupling, leading to the steep
enhancement of 7, [81]. We note that a nearly invariant 7,
is also found in some topological systems, such as Cds;As;
[82], Bi,Se; [83], etc., and may have a close relation to
topological superconductivity. This renders RTe; an intriguing
candidate to explore topological superconductivity for future
studies. Nevertheless, the pressure-induced superconductivity
in GdTes is very unusual, and needs more theoretical and
experimental inputs to clarify its origin.

IV. CONCLUSION

In summary, based on band structure calculations, a
magnetic-field-induced topological transition from a topolog-
ical trivial state to a topological Weyl state in GdTe; has
been revealed. In addition, a magnetic-field-induced Lifshitz
transition is uncovered, which may come from band split-
ting. High-pressure electrical transport measurements reveal
an unusual superconducting state with a nearly invariant

superconducting transition temperature spanning a wide range
of pressure. These results suggest that GdTe; provides a
unique platform for exploring exotic physics involving CDW,
magnetism, topology, and superconductivity.
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