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Quantum transport observed in films of the magnetic topological semimetal EuSb2
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We report fabrication of EuSb2 single-crystalline films and investigation of their quantum transport. First-
principles calculations demonstrate that EuSb2 is a magnetic topological nodal-line semimetal protected by
nonsymmorphic symmetry. Observed Shubnikov-de Haas oscillations with multiple frequency components
exhibit small effective masses and two-dimensional field-angle dependence even in a 250 nm thick film, further
suggesting possible contributions of surface states. This finding of the high-mobility magnetic topological
semimetal will trigger further investigation of exotic quantum transport phenomena by controlling magnetic
order in topological semimetal films.
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I. INTRODUCTION

Topological semimetals are characterized by nontrivial
band crossings at nodal points or nodal lines in the momen-
tum space [1–5]. In topological nodal-point semimetals, Dirac
or Weyl semimetals, these gapless points give rise to exotic
quantum transport phenomena [3,4]. Under magnetic fields,
for example, Fermi arcs of the surface state merge with the
bulk state and form so-called Weyl orbits [6,7], as recently
observed in its quantum Hall state [8–11].

Topological nodal line semimetals (TNLSMs) are charac-
terized by the Zak phase [12] in loops encircling the nodal
lines. It has been theoretically suggested that this topological
feature appears in bulk [13,14] and surface [15–19] quan-
tum oscillations. In this context, it is important to prepare
high-mobility films of TNLSMs. On the other hand, many
compounds which possess nodal lines without spin-orbit cou-
pling (SOC) turn into topological insulators or nodal point
semimetals when considering SOC [20,21]. In order to protect
these nodal lines from gapping by strong SOC, nonsymmor-
phic symmetry is required [20–22].

In general, time-reversal symmetry breaking destroys the
robustness of nodal lines [23], while they remain stable only
when the magnetic ordering still respects space group sym-
metries [24,25]. Therefore, there are very few reports about
intrinsic magnetic TNLSMs under SOC (single-layer GdAg2
[26,27] and GdSbTe [28,29]). Many of the nodes are slightly
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gapped on the entire lines (Fe3GeTe2 [30,31] and Fe3X (X =
Ga, Al) [32]) or except the Weyl points (Co3Sn2S2 [33] and
Co2MnGa [34–36]) under SOC. Moreover, quantum oscil-
lations have not been observed in all of these compounds.
Hence, to identify new magnetic TNLSMs strongly calls for
exploring unique quantum transport phenomena.

CaSb2 is a novel TNLSM where nodal lines are protected
by twofold screw symmetry along the b axis even in the
presence of SOC [37]. Recently, superconductivity has also
been observed in polycrystalline samples [38]. In EuSb2, on
the other hand, large magnetic moments are expected to be in-
troduced while keeping the unique crystal structure. Although
antiferromagnetic (AFM) ordering of nearly Eu2+ spins has
been investigated in the 1980s [39,40], electronic structures
and transport properties have long been unknown for EuSb2.
Here we demonstrate that EuSb2 is an magnetic TNLSM
protected by nonsymmorphic symmetry of the space group
P21/m. We fabricate single-crystalline EuSb2 films by molec-
ular beam epitaxy and investigate their magnetotransport.
Observed Shubnikov-de Haas (SdH) oscillations with multi-
ple frequency components indicate small effective masses and
two-dimensional (2D) field-angle dependence characteristics
in topological semimetals.

II. EXPERIMENTAL METHODS

EuSb2 epitaxial films were grown on single-crystalline
(112̄0) Al2O3 substrates in an Epiquest RC1100 chamber.
The molecular beams were simultaneously provided from
conventional Knudsen cells containing 3N Eu and 6N Sb.
The growth temperature was set at 850 ◦C, and the beam
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equivalent pressures, measured by an ionization gauge, were
set to 1×10−5 Pa for Eu and 4.0×10−4 Pa for Sb, considering
the Eu-Sb binary phase diagram [41]. The film thicknesses
were typically set at 250 nm for structural characterization and
magnetotransport measurements, and 750 nm for magnetiza-
tion measurements. The growth rate was about 0.3 Å/s.

High-field resistivity and magnetization measurements
were performed at the International MegaGauss Science Lab-
oratory in the Institute for Solid State Physics at the University
of Tokyo. Resistivity up to 58 T was measured by a stan-
dard four-probe method for 200 μm-width multiterminal Hall
bars, using a nondestructive pulsed magnet [42]. Tempera-
ture dependence was also measured using a Quantum Design
physical properties measurement system. Magnetization up
to 27 T was measured by a conventional induction method
with coaxial pickup coil [43]. Temperature dependence was
also measured using a superconducting quantum interference
device magnetometer in a Quantum Design magnetic property
measurement system.

First-principles calculations of the band structure with
SOC were performed by using the VASP package [44–46], with
the experimentally determined lattice constants [39]. The gen-
eralized gradient approximation of Perdew-Burke-Ernzerhof
was adopted for the exchange-correlation functional [47].
16 × 16 × 10 k-point mesh with Monkhorst-Pack scheme
[48] was used for the Brillouin zone sampling of the primitive
cell and Gaussian smearing with a width of 0.02 eV was
applied.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the crystal structure of EuSb2. This
structure is characterized by Sb zigzag chains running parallel
to the b axis and mirror planes in the ac plane. This Sb chain
forms Sbn−

n and the valence of Eu becomes divalent (Eu2+).
These Eu spin moments are oriented along the [010] direction
and antiferromagnetically ordered with a propagation vector
of (1/2, 0, 0), corresponding to the magnetic space group
Pa21/m [40]. Therefore, this AFM ordering does not break
the twofold screw symmetry (21/m) which protects the nodal
lines on the ky = π/b plane. It is thus expected that the nodal
lines stably exist in the AFM phase.

The Brillouin zone and band structure calculated for the
AFM phase are presented in Figs. 1(b) and 1(c). While flat
bands located between −0.3 and −0.7 eV are attributed to the
Eu 4 f orbitals, dispersive bands crossing EF originate from
the Sb 5p ones, resembling TNLSM CaSb2. There are band
crossing points at the high-symmetry points Z, A, E, and D
as in CaSb2 [37], and which are connected by nodal lines on
the ky = π/b plane, as shown in Fig. 1(d). This indicates that
EuSb2 is a magnetic TNLSM even in the presence of SOC.

X-ray diffraction (XRD) θ -2θ scan in Fig. 2(a) reveals
sharp reflections from the (001) EuSb2 lattice plane without
any impurity phases. Figures 2(b) and 2(c) show the epitaxial
relation viewed along the out-of-plane c∗ axis, with a mis-
match of 0.7% between the c axis of the (112̄0) Al2O3 plane
and the b axis of the (001) EuSb2 plane. The c axis of EuSb2 is
tilted by approximately 13 deg. from the c∗ axis perpendicular
to the a-b plane. Figure 2(d) shows a cross-section image
of the EuSb2 film, taken by high-angle annular dark-field

FIG. 1. (a) Crystal structure of EuSb2 with AFM ordering of
Eu2+ spins at zero field. The solid lines indicate the unit cell, which
is doubled along the a axis by the AFM ordering. The screw sym-
metry that protects the nodal lines is represented in combination
with rotational (C2) and translational (T ) operations. (b) Brillouin
zone of EuSb2. The �-Z line is parallel to the ky axis. (c) Band
structure of EuSb2 calculated for the AFM phase including SOC.
Band crossings at the high-symmetry points, which are protected by
the twofold screw symmetry, are denoted by blue arrows. (d) Line
nodes appearing on the ky = π/b plane in the presence of SOC.

scanning transmission electron microscopy. The periodic ar-
rangement of EuSb2 is clearly confirmed which corresponds
to the EuSb2 crystal structure determined by single-crystal
XRD [39]. Elemental maps are taken by energy dispersive
x-ray spectrometry as shown in Figs. 2(e) and 2(f). The Sb
zigzag chains along the b axis are atomically resolved. Further
XRD characterization was also performed to confirm high
crystallinity and in-plane orientation (see Supplemental Ma-
terial [50]).

Figure 3(a) summarizes temperature dependence of
the resistivity. The resistivity exhibits metallic behavior
down to 2 K with a residual resistivity ratio [RRR =
ρxx(300 K)/ρxx(2 K)] of 26, reflecting high quality of the
film. A clear kink observed at 26.2 K corresponds to the
Néel temperature (TN) [39], which is also seen in tempera-
ture dependence of the magnetization (inset). The resistivity
decreases rapidly with decreasing temperature below TN

probably due to suppression of the magnetic fluctuations.
Figure 3(b) presents out-of-plane magnetic field sweeps of the
resistivity up to 58 T at various temperatures. The resistivity
at the base temperature of 1.4 K exhibits a cusplike behavior
at 14.1 T, which is more clearly seen in its second deriva-
tive (inset). This saturation field shifts to the lower values
with increasing temperature and then disappears above TN.
Figure 3(c) shows magnetization curves measured at various
temperatures. The magnetization taken at 1.4 K increases
approximately linearly with field and then saturates at about
7 μB, indicating transition from the AFM phase at low fields
to the forced ferromagnetic (FM) one. This behavior is consis-
tent with previous magnetization measurements [39]. Below
TN, the saturation field shifts to lower values with increasing
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FIG. 2. (a) XRD θ -2θ scan of a EuSb2 film grown on Al2O3 (112̄0) substrate. Al2O3 substrate peaks are marked with an asterisk. Epitaxial
relation between (b) the EuSb2 film and (c) the Al2O3 substrate viewed along the out-of-plane direction. (d) Cross-sectional image of the EuSb2

film, taken by high-angle annular dark-field scanning transmission electron microscopy. Energy dispersive x-ray spectrometry map for Eu L
(e) and Sb L (f) edges in the boxed region in (d). The Sb zigzag chains along the b axis are atomically resolved.

FIG. 3. (a) Temperature dependence of the resistivity ρxx mea-
sured at zero field. The inset shows temperature dependence of the
magnetization M, taken with applying an out-of-plane magnetic field
of 1.0 T. Both ρxx and M exhibit a clear kink at the Néel temperature
TN of 26.2 K, as marked by a circle and a square, respectively.
(b) ρxx taken with sweeping the out-of-plane magnetic field at various
temperatures. The inset shows the second derivative of ρxx, where the
saturation field is more clearly confirmed as marked by a triangle.
(c) Magnetization curve taken at various temperatures, where the
saturation field is marked by a diamond. (d) Magnetic phase diagram
obtained for out-of-plane magnetic fields (B ‖ c∗). The dashed curve
represents the boundary between the AFM and FM phases. As shown
in the inset, the antiferromagnetically ordered Eu2+ spins along the
b axis at zero field are gradually canted toward the c∗ axis upon
increasing the magnetic field.

temperature, as confirmed in the resistivity change. Above TN,
the kink indicating saturation disappears and the magnetiza-
tion curve follows the Brillouin function. Therefore, the kink
indicates the phase transition from AFM to FM phase, where
Eu2+ S = 7/2 spins are polarized along the c∗ direction by the
magnetic field.

Figure 3(d) summarizes a B-T phase diagram as deter-
mined by the above transport and magnetization measure-
ments. Upon increasing the out-of-plane magnetic field, the
Eu2+ spin moments, which are initially oriented along the
b axis at zero field, are gradually canted toward the c∗ axis
without spin-flop transition. For the in-plane field, on the
other band, the magnetization below TN exhibits a spin-
flop transition at 2.4 T, corresponding to reorientation of
the spin moments perpendicular to the applied field (see
Supplemental Material [50]). EuSb2 exhibits large positive
magnetoresistance both in the AFM and FM phases, similar to
nonmagnetic TNLSMs (such as ZiSiS [49] and CaSb2 [37]).
In the FM phase, the Eu2+ localized spins are polarized along
the magnetic-field direction and electron scattering by the
localized spins is expected to be further suppressed.

The SdH oscillations appear at high fields below 40 K,
where the Eu2+ spin moments are oriented along the out-
of-plane direction and band structures for the FM phase are
expected to be realized (see Supplemental Material [50]).
Figure 4(a) plots the oscillatory component of the resistivity
�ρ(B) as a function of 1/B involved at various temperatures.
Apparently, there is more than one type of frequency. As
shown in Fig. 4(b), the fast Fourier transform (FFT) of �ρ

yields three major frequencies at Bα
F = 247 T, Bβ

F = 372 T,
and Bγ

F = 583 T and their harmonics. The obtained frequen-
cies suggest the presence of three Fermi pockets (α, β, γ )
perpendicular to the c∗ axis. As summarized in Table I, the
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FIG. 4. (a) Temperature dependence of the SdH oscillation �ρxx,
plotted against 1/B after subtracting a smooth background from
ρxx. (b) FFT spectra of the SdH oscillation �ρxx for the same
set of temperatures. As shown in the inset, temperature depen-
dence of the FFT amplitudes of α, β, and γ peaks is well fitted
by the Lifshitz-Kosevich formula. (c) Magnetoresistance (ρxx(B) −
ρxx(0 T))/ρxx(0 T) taken with rotating the magnetic field direction
at 4.2 K. The field angle θ is measured from the normal direction.
(d) Field angle dependence of the oscillation frequencies obtained
from the FFT spectra at 4.2 K. All the peaks follow a cos θ−1 depen-
dence (dotted curves) rather than being constant (dashed curves).

Fermi surface cross-section areas AF perpendicular to the ap-
plied magnetic field are calculated to be 2.3, 3.6, and 5.6 ×
10−2 Å−2, using the Lifshitz-Onsager relation, BF = h̄

2πe AF

with the electron charge e and the reduced Planck constant
h̄. These cross-sectional areas are typically small, taking only
∼2% of the entire BZ on the kx-ky plane.

The FFT amplitudes of these three peaks gradually
decrease with elevating temperature. As confirmed in the
inset, their temperature dependence can be suitably fitted
using the standard Lifshitz-Kosevich formula with thermal
damping factors

�R(T ) ∝ 2π2kBT/h̄ωc

sinh(2π2kBT/h̄ωc)
, (1)

where kB is Boltzman constant and ωc = eB
m∗ the cyclotron

frequency. The effective masses m∗ are estimated as small as
about 0.11m0 for all three peaks with the free electron mass
m0, as listed in Table I. Importantly, this value is comparable
to or even smaller than one reported in many other topological
semimetals, e.g., 0.049m0 (bulk) [42] and 0.27m0 (surface)

TABLE I. Parameters for the three Fermi pockets extracted from
the SdH oscillations.

Carrier BF (T) AF (Å−2) m∗ (m0) vF (105 ms−1)

α 247 0.023 0.109 3.66
β 372 0.036 0.113 4.39
γ 566 0.056 0.117 5.24

[11] in Cd3As2, 0.07m0 (bulk) [54] and 0.50m0 (surface)
[55] in TaAs, and 0.04–0.18m0 (bulk) [56] in ZrSiS. The
Fermi velocity vF = h̄

m∗
√

AF
m∗ is also estimated as large as

∼4 × 105 ms−1, similar to other topological semimetals
[11,42,54–56]. More detailed analysis of the SdH oscillations
indicates that the mobility is estimated as high as about
200 cm2 V−1 s−1 (for details see Supplemental Material [50]).

Figure 4(c) shows field-angle dependence of the SdH oscil-
lations taken at 4.2 K. The magnetoresistance is significantly
suppressed with rotation of the field direction from the out-
of-plane (θ = 0◦, B ‖ c∗) to the in-plane (θ = 90◦, B ‖ a-b)
direction. In addition, peaks and valleys of the oscillations
shift to higher fields upon increasing θ . As confirmed in
Fig. 4(d), although the oscillation amplitude becomes small
and it is difficult to follow the frequency at higher angles
(θ > 40◦), all frequencies extracted from the FFT spectra can
be fitted to 1/ cos θ , indicating that the quantum transport ob-
served in these EuSb2 films originates from the 2D electronic
structure.

One possible origin of the 2D field-angle dependence is
that EuSb2 hosts a 2D bulk Fermi surface structure. However,
most of the calculated Fermi surfaces are three-dimensional
(3D), except only one 2D-like Fermi surface with low Fermi
velocity (for details see Supplemental Materials [50]). An-
other possible origin is the quantum confinement effect. When
the film thickness is comparable to the de Broglie wavelength
of the carriers, the 3D bulk state is confined to form a 2D
quantum-well state. However, the film thickness of 250 nm
is considered large enough to maintain the 3D state, because
even in Dirac semimetal Cd3As2 with extremely low carrier
density and large Fermi velocity exhibits a 3D state above
100 nm film thickness [42]. A third possibility is surface states
of EuSb2. By fitting �ρxx using the LK formula, we obtain
nontrivial Berry phases for the β and γ pockets (for details see
Supplemental Material [50]). These bands may be nontrivial
surface states, which are likely to be protected by the combi-
nation of twofold screw and time reversal symmetry. Another
possibility is that they are trivial surface states formed on the
(001) polar surface, which can also obtain nontrivial phases
with the Rashba splitting. In any case, it is not obvious why
the 2D conduction state is much more dominant than the 3D
state and further studies are needed to determine its origin.

IV. CONCLUSION

In summary, we have fabricated single-crystalline EuSb2

films by molecular beam epitaxy and have studied quan-
tum transport at high fields. First-principles calculations
have demonstrated that EuSb2 hosts topological nodal lines
protected by nonsymmorphic symmetry, which remains pre-
served even under AFM ordering. Effective masses extracted
from multiple SdH oscillations are fairly small, which is
characteristic of topological semimetals. The 2D field-angle
dependence of the SdH oscillations suggests the possibility
of surface quantum transport in EuSb2. Our finding of the
magnetic TNLSM and observation of quantum transport will
stimulate further investigations of exotic quantum transport as
represented by Weyl orbit and topological phase transitions in
magnetic topological semimetals.
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