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Interplay between magnetism and electronic band topology is of central current interest in topological matter
research. We use quantum oscillations as a powerful tool to probe the evolution of band topology in the Dirac
semimetal EuMnSb2. The Eu local 4 f magnetic moments display different antiferromagnetic states below 25 K
and a field-polarized phase above 16 T. Upon cooling from 65 K into the field-polarized state, an exotic
temperature-dependent shift of oscillation peaks arises, accompanied by the development of nonzero Berry
phase and a huge unconventional splitting of the oscillations. Band-structure calculations confirm the change
from trivial to nontrivial band topology induced by the ferromagnetic Eu state, classifying EuMnSb2 as a unique
magnetic topological semimetal.

DOI: 10.1103/PhysRevB.107.L081112

Topological materials have received increasing attention
in recent years due to their intriguing physical properties
and potential applications [1–12]. Magnetism can introduce
novel transport phenomena to topological systems. Quantum
anomalous Hall effect has first been realized in the Cr-
doped ferromagnetic (FM) topological insulator (Bi,Sb)2Te3

[13] and later in the intrinsic magnetic topological insulator
MnBi2Te4 [14,15]. Under time reversal symmetry break-
ing, Dirac semimetal will be converted into magnetic Weyl
semimetal, with emergent magnetic monopole and chiral
anomaly [8–10,12]. Recently, the magnetic Weyl semimetal
state has been realized in kagome FM Co3Sn2S2 [16,17].

The layered manganese pnictides AMn(Bi/Sb)2 (A = Ca,
Sr, Ba, Eu, and Yb) were reported to host Dirac or Weyl
fermions, related to their two-dimensional (2D) Bi/Sb layers
[18–39]. The interplay between magnetism and Dirac disper-
sion induces novel quantum states: EuMnBi2 and BaMnSb2

show a bulk quantum Hall effect due to magnetically confined
2D Dirac fermions [26,40,41]. YbMnBi2 probably features a
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magnetic Weyl fermion state, due to spin degeneracy lifted by
a canted FM component [31].

Splitting of the spin degeneracy of Dirac bands by mag-
netism has been claimed to be responsible for the nontrivial
Berry phase of SrMnSb2 with Mn vacancy [30]. However, the
small net moment seems insufficient to achieve sizable band
splitting [38,42–44]. Taking into account the large moment of
Eu2+, the more promising system would be EuMn(Bi/Sb)2.
The Shubnikov–de Haas (SdH) oscillation period in EuMnBi2

is as low as 20 T [45], hindering a spin-splitting analysis,
because the charge carriers will already approach the quantum
limit, before Eu moments are fully polarized. This is different
in EuMnSb2, with oscillation period around 100 T [46].

In this Letter, we report exotic quantum oscillations
in Dirac semimetal EuMnSb2: an unusual temperature-
dependent shift of the high-field quantum oscillation pattern
and spin splitting arises upon cooling to the field-polarized
state of Eu moments. Berry phase analysis and accompanying
band-structure calculations for the antiferromagnetic (AFM)
low-field and FM high-field Eu states confirm the emergent
nontrivial band topology.

We refer to the Supplemental Material for details on syn-
thesis, structural, and magnetic characterization [47] (see also
Refs. [48–58] therein) and start with the magnetic properties
of EuMnSb2 shown in Fig. 1. Above 30 K [Fig. 1(a)], the
susceptibility is isotropic along three crystal axes, consistent
with the absent orbital component of Eu2+ moments. Upon
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FIG. 1. Magnetic structure and phase diagram of EuMnSb2.
(a) Low-temperature susceptibility of EuMnSb2 for B//a, B//b, and
B//c under 0.1 T, with an optical image of the single crystal as
an inset. (b) Isothermal magnetization M(H ) of EuMnSb2 for B//a
up to 30 T at various temperatures. (c) The crystal and magnetic
structure of EuMnSb2. Mn sublattices exhibit a C-type AFM order
below 350 K. Eu sublattices exhibit an A-type AFM order below
10 K with three-dimensional magnetic orders. (d) Phase diagram
of EuMnSb2 under B//a, including the magnetic susceptibility and
magnetization data (see text).

cooling, two subsequent phase transitions are resolved. Con-
sistent with neutron scattering [59–61], Eu2+ moments order
in the canted A-type AFM structure below 24 K [46,60,62],
which further rotates from the ac plane towards the b axis
at TN2 = 10 K [47,61], clearly evidenced by the χ (T ) de-
pendence along the three axes. Figure 1(c) [61] shows the
orientations of Mn and Eu moments below 10 K.

To map the phase diagram of Eu order for B//a, we
conducted magnetic susceptibility in various fields, shown in
Fig. S2(b) [47], and magnetization measurements up to 32 T at
different temperatures, displayed in Fig. 1(b). Similar as in its
sister compound EuMnBi2 [26], the Eu moment saturates at
6.5μB for 16 T at 2 K, slightly below 7μB. Figure 1(d) shows
the derived phase diagram for B//a with indicated Eu spin
orientations.

While SdH oscillations are visible already at low fields
within the AFM regime and influenced by the Eu-moment
rotation (cf. Fig. S5 [47]), we focus on the field-polarized
state above 16 T in Fig. 2. Similar as (Sr/Ba)MnSb2 [30,40],
EuMnSb2 exhibits more pronounced SdH oscillations with
current along the a axis [Fig. 2(a)], compared to the bc plane
case [Fig. S4(a)]. To clarify the Landau level (LL) structure,
we analyze the SdH oscillations in the conductivity tensors,
according to the formula σa = 1/ρa and σxx = ρxx/(ρ2

xx +
ρ2

xy). Interestingly, the SdH oscillations of σxx and σa resemble
each other [see Fig. 2(b) (below 5 K) and Fig. S7(a) (15 K)].
Therefore, both SdH oscillations directly reflect the density of
states in the LLs [26].
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FIG. 2. High-field SdH investigation of EuMnSb2. (a) Out-of-plane resistivity (ρa) (left) and corresponding conductivity σa (right) for
B//a between 11 and 39 T at 0.4, 20, and 65 K, respectively. (b) Quantum oscillations in the out-of-plane, σa (0.4 K), and the in-plane
conductivity, σxx (5 K) vs 1/B for B//a. (c) Quantum oscillations of σa vs 1/B for B//a up to 39 T at various temperatures, which are shifted
for clarity. (d) FFT spectra of �σa for B//a under high field at various temperatures. (e) Landau level fan diagram of �σa at 65 K. The colored
lines represent linear fits with integer LL indices assigned to the minimum of conductivity. (f) Quantum oscillations of �σa at 0.4 K with
1/B < 0.046 T−1, together with a two-band LK formula fitting curve in red. (g) Qualitative illustration of the spin splitting of the Dirac band
from AFM to FM Eu order under magnetic field. (h) Angular dependence of high-field SdH oscillations at 15 K (see text).
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Figure 2(c) presents the field dependence of magnetotrans-
port for EuMnSb2 at various temperatures for B//a up to 39 T.
Generally, thermal fluctuations only lead to an oscillation
damping but not to a shift of the peak values, as found for
SrMnSb2 [30]. By contrast, as marked by the dashed nonver-
tical lines, oscillation peaks are not temperature independent,
but significantly shift upon cooling. Similar as in EuMnBi2

[26], the Eu polarized moment in high fields B//a continu-
ously increases upon cooling from 65 K [Fig. 1(c)], which
seems closely related with the shift of the oscillation peaks.

In addition to the oscillation peak shift [cf. Fig. 2(c)], the
huge splitting of the oscillations, indicated by the blue arrows
in Fig. 2(b), is most striking. The fast Fourier transforma-
tion (FFT) analysis of the oscillations at 1/B < 0.057 T−1

is shown for different temperatures between 0.4 and 25 K
in Fig. 2(d). It displays the two frequencies 126 and 220 T.
This is ascribed to the splitting of the Dirac bands in the FM
Eu state under high field. Note, that this splitting cannot be
explained by the ordinary (Zeeman) spin splitting of quan-
tum oscillations for the following reasons. (1) For the related
SrMnSb2 [30] the Zeeman splitting is restricted to T below
1.6 K and fields above 40 T. (2) As observed, e.g., in ZrTe5

[63], Zeeman energy EZ = gμBB should gradually increase
the oscillation splitting as lower LLs are occupied in contrast
to the observed equal distance of 0.005 T−1, as marked by
the two blue arrows in Fig. 2(b). (3) The strong change in
the ratio of peak amplitudes in high field and their significant
temperature dependence speaks against the Zeeman origin of
oscillation splitting.

At high T the thermally disordered Eu moments cannot in-
fluence the electronic structure, and similarly as for SrMnSb2

[38] a negligible Berry curvature is expected. Indeed, as
shown in Fig. 2(e), the intercept on the LL index axis obtained
from the extrapolation of the linear fit in the LL fan diagram
is almost zero, i.e., 0.03(6) at 65 K, with the single oscillation
frequency 124 T. Figure 2(f) compares the 0.4 K oscillations
in blue with a two-band Lifshitz-Kosevich fit in red [47],
similar as applied in other topological semimetals [64]. The fit
results frequencies of 124 and 213 T (that are almost identical
to those from the FFT analysis) and corresponding Berry
phases of 0.44(5)π and 0.40(4)π , respectively. The left panel
of Fig. 2(g) sketches the spin degenerate Dirac band in the
low-field region at 15 K, with a single oscillation frequency
of 126 T, as observed in Figs. S4(d) and S4(e). Upon further
cooling, the FM Eu state induces band splitting as schemati-
cally shown in the right panel of Fig. 2(g), with two nontrivial
oscillations at 124 and 213 T.

To further study the origin of the unusual spin splitting,
we measured the field-angle dependence of SdH oscilla-
tions when tilting the field from B//a towards the bc plane.
Figure 2(h) shows σa plotted against 1/B cosθ at 15 K in
the FM Eu state. For the cylindrical quasi-2D Dirac bands
in (Sr/Ba)MnSb2, the overall behavior of the quantum os-
cillations plotted versus 1/B cosθ is almost independent of
θ , except for a slight phase shift above 70◦ [30,40]. As
shown in Fig. 2(h), similar behavior has been observed for
EuMnSb2 only for θ<20◦. At larger angles, the oscillation
pattern deviates from the vertical dashed line. This implies
that the topology of Dirac bands is modified under tilted Eu

moment orientation, leading to deviation from simple cylin-
drical quasi-2D Dirac bands in EuMnSb2.

The normalized distance of oscillation peak at 15 K, in-
dicated by arrows in Fig. 2(h), has identical spacing (of
0.0044 T−1) up to an angle of θ = 40◦. In the case of the
g factor not exhibiting a large variation with the angle, the
Zeeman effect scales with applied magnetic field so that the
quantum oscillation splitting would be independent of angle.
Thus, the angular-dependent distance of the oscillation peak
should be attributed to the dominating spin splitting of Dirac
bands in EuMnSb2.

To gain further insight, we performed density functional
theory (DFT) calculations of the electronic properties for the
corresponding Eu2+ magnetic configurations in EuMnSb2.
The magnetic order of Mn is fixed in AFM-C type along the
a axis because of its strong exchange interaction, while the
magnetic direction of Eu can be altered by external magnetic
field and temperature. For simplicity, the calculated magnetic
ground state is AFM-A type of Eu along the b axis. The mBJ
band structure of EuMnSb2 with this magnetic configuration
is shown in Fig. 3(a) [47]. There exists nearly linear Dirac
bands from Sb-p orbital contributions around high symme-
try points Y (0,0.5,0), as presented in the right side zoomed
band structures of Fig. 3(a), where its band gap is about
0.16 eV. The double degeneracy of any k vector is realized by
symmetry operator (1̄|0, 0, 0)′ that combines space inversion
symmetry and time reversal symmetry.

The strong external magnetic field turns the magnetic con-
figuration of Eu into the FM state [Fig. 1(d)]. Such a change of
spin configuration causes modification of the electronic band
structure because of the spin-textured band effect [65–68].
As shown in Fig. 3(b), four top doubly degenerate valence
bands of Sb-p orbitals in AFM state are split in the FM case
and the band gap decreases to 0.08 eV. Zoomed band struc-
tures around high symmetry points Y [right side of Fig. 3(b)]
also clearly show the splitting of the degenerate linear bands.
Because of hole doping [47], realistic Fermi energy slightly
crosses the two Dirac bands near Y with high Fermi velocity
[as shown in Fig. 3(e)], in contrast to the low Fermi velocity
of trivial bands at the � point. As shown in Fig. S18, the two
quantum oscillation frequencies observed at 0.4 K under high
field have been further verified by the DFT calculations [47].

In addition, the touching node line along the high symme-
try path T to Z (0.5,0.5,0.5) is still kept in the FM case. It
is attributed to the nonsymmorphic glide plane (my|0, 0, 1

2 )′
generating the two-dimensional irreducible representation
G2G2(2) [as shown in Fig. 3(b) and Fig. S11]. Here my shows
mirror at ky = 0, (0, 0, 1

2 ) means translated half distance along
out of plane and time reversal symmetry combines with these
two operators. Furthermore, we construct an enclosed k path
around the T point to calculate the Wilson loop which shows
a π Berry phase (Figs. S12 and S13) [69]. Here, the quan-
tized nontrivial geometrical phase of occupied electrons might
make a contribution to the quantum oscillation signal. More-
over, we calculated the Berry curvature located at kz = 0 for
the whole plane and enlarge the region around the Y point
(0,0.5,0) for two occupied states as illustrated in Figs. 3(c)
and 3(d). It can be seen that there are Berry curvature peaks
near this Y point. Two Berry curvature peaks’ symbols for the
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FIG. 3. Electronic properties of EuMnSb2. The mBJ orbital projected band structures with Eu in (a) AFM-A and (b) FM spin configu-
rations, with the spin configuration of Mn fixed in AFM-C type. Doping of 0.01 holes per unit cell reduces EF (indicated by dashed lines
crossing the Dirac bands) by 0.045 eV (a) and 0.05 eV (b), respectively. (c) Color plot of Berry curvature distribution at the kz = 0 plane for
the band structure of (b), calculated by GGA + U . (d) Berry curvature distribution near the Y point (0,0.5,0) on the kz = 0 plane (first and
second valence bands in red and blue, respectively). (e) Bulk Fermi surface of FM Eu state with EF = −50 meV.

specific occupied states [red or blue of Fig. 3(d)] are the same,
which might be similar to the two same chiral Weyl points
with a small gap. Owing to occupied top linear band electrons
contributing to the transport signal, the peak of Berry curva-
ture around the Y point and the nodal line along the T to Z
path provides important theoretical insight into the anomalous
experimental results.

The complex magnetic phase diagram with different con-
figurations of Eu2+ localized 4 f magnetic moments is key to
understand the anomalous quantum oscillations in EuMnSb2.
The observed spin splitting of degenerate Sb-p orbital Dirac
bands and emergence of nontrivial Berry curvature, indi-
cated by the exotic temperature dependence of the quantum
oscillations, opens an interesting perspective to design and
control novel topological phases by the help of local 4 f
electrons.

In conclusion, we observe anomalous magneto quantum
transport with a modification of SdH oscillation pattern with
temperature in the magnetic topological semimetal EuMnSb2.
Our results comprehensively demonstrate the entire pro-
cess how magnetism modifies the Dirac band with spin
degeneracy to acquire a nonzero Berry phase. EuMnSb2

semimetal in large magnetic field exemplifies the intriguing
quantum transport behavior arising in magnetic topological
materials.
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