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Magnets, with topologically nontrivial Dirac/Weyl points, have recently attracted significant attention owing
to their unconventional physical properties, such as a large anomalous Hall effect. However, they typically have a
high carrier density and a complicated band structure near the Fermi energy. In this Letter, we report a degenerate
magnetic semiconductor EuMg,Bi,, which exhibits a single valley at the I" point, where field-tunable Weyl
points form via a magnetic exchange interaction with the local Eu spins. By the high-field measurements on
high-quality single crystals, we observed quantum oscillations in the resistivity, elastic constant, and surface
impedance, which enabled us to determine the position of the Fermi energy Er. In combination with a first-
principles calculation, we revealed that the Weyl points are located in the vicinity of Er when the Eu spins are
fully polarized, leading to a peak of energy-dependent anomalous Hall conductivity due to the Berry curvature.
Accordingly, in the forced ferromagnetic phase, we observed a large anomalous Hall effect (Hall angle ©®ay ~
0.07) qualitatively consistent with the calculation, which demonstrates a marked impact of the Weyl points in

the simple band structure.
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The interplay of magnetism and topology is one of the most
active research topics in recent condensed matter physics.
A magnetic Weyl semimetal or Weyl magnet is a typical
topological magnet, in which spin-polarized linear bands
cross in the vicinity of the Fermi energy, thereby form-
ing topologically protected crossing points (Weyl points).
Since the large Berry curvature originating from the Weyl
points leads to exotic physical properties [1] such as gi-
ant anomalous Hall/Nernst effects (AHE/ANE) and chiral
anomalies, the exploration of Weyl magnets is important
not only for basic science but also for device applications.
To date, a number of Weyl magnets have been predicted
and their experimental verifications are currently in progress.
Typical examples include antiferromagnets with noncollinear
magnetic structures [e.g., Mn3(Sn, Ge) [2-7]] and ferromag-
nets with peculiar crystal structures such as kagome and
Heusler lattices [e.g., Co3Sn,S, [8-11], Fe;GeTe, [12,13],
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CoyMn(Al, Ga) [14-18]]. These metallic magnets generally
exhibit complicated band structures with many topologically
trivial bands near the Fermi energy.

Another way to obtain a Weyl magnet involves using
magnetic interactions in semimetals or narrow-gap semicon-
ductors with a partial substitution of magnetic elements (e.g.,
Eu®*, Gd**) acting as localized spins. In this case, given
that Weyl points are formed by the exchange splitting of the
bands due to the (field-induced) magnetization, materials with
much simpler band structures can be considered as candi-
dates. As typical examples, in GdPtBi [19,20], EuTiO3 [21],
EuCd,(As, Sb), [22-27], and a«—EuP3 [28], various uncon-
ventional AHEs associated with field-induced Weyl points
have been recently reported. However, in most of them, both
the conduction and valence bands cross in a complex manner
owing to the semimetallic nature, leading to multiple Weyl
points at various energies. To investigate the physics of Weyl
magnets, materials with fewer bands involved in forming the
Weyl points are more promising.

We here are focused on the XMg,Bi, compound (X =
Ca, Sr, Ba, Eu, and Yb) [29-35]. This compound exhibits

©2023 American Physical Society
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FIG. 1. (a) Temperature dependence of out-of-plane (red) and in-plane (blue) magnetic susceptibilities measured at 0.01 T in a cooling
run. The vertical dotted line denotes the Néel temperature 7y (=6.7 K) for the Eu sublattice. The inset shows a photograph of a typical crystal.
(b) Temperature dependence of intensity of resonant magnetic reflection (0 0 1.5) at E = 6.975 keV at 0 T. The inset shows the intensities of
(0 0 1.5) magnetic reflection below and above Ty (3 and 8 K, respectively). (c) The temperature dependence of in-plane resistivity p,, below
20 K. The inset shows the overall temperature dependence of p,,. (d) Calculated band structure of EuMg,Bi, for the A-type antiferromagnetic
order of Eu spins. The inset shows the first Brillouin zone. (e) The magnetic phase diagram of EuMg,Bi, as functions of the field (B || ¢) and
temperature (7). PM, A-AFM, and f-FM denote the paramagnetic, A-type antiferromagnetic, and forced-ferromagnetic phases, respectively.
B, corresponds to the transition field to the f-FM phase. The inset exhibits the crystal and magnetic structure of EuMg,Bi,. The easy-axis
direction is here assumed to be parallel to the b axis because the in-plane spin direction cannot be determined from the present experiment
on a sample with magnetic domains [35] (see Fig. S2 for details). (f)—(h) The field dependence of (f) magnetization M, (g) p.., and (h) Hall
resistivity p,, (up to 9 T). Triangles in (f) and (g) denote B, at various temperatures below Ty. All p,, data in (g) are shifted vertically by 20 or

40 u€2 cm for clarity. The insets show a schematic illustration of measurements of oy, (Vi) and py,(Vyy).

a CaAl,Si,-type crystal structure [space group P3ml; see
Fig. 1(e) inset], which corresponds to an alternative stack-
ing of the X layer with a triangular lattice and a Mg,Bi,
layer with a buckled honeycomb lattice. A previous first-
principles calculation predicted that the valence band top and
conduction band bottom, mainly consisting of Mg s and Bi
p orbitals, are located at the I' point and no other bands
exist near the Fermi energy [30,31]. Furthermore, it was high-
lighted that the band gap (and possible band inversion) is
tunable with the X species. Recent angle-resolved photoe-
mission spectroscopy (ARPES) experiments indeed revealed
a signature of a transition from a band insulator to a Dirac
semimetal via the replacement of the X site from Sr to Ba
[32]. Hence, this type of band structure, which is sensitive
to the X sites, should also be significantly modified via the
exchange interaction, when the nonmagnetic X site is sub-
stituted with a magnetic Eu?* ion. Moreover, the zero-field
band structure for EuMg,Bi, examined by ARPES shows
a single small hole pocket around the I' point [33], con-
sisting only of valence bands. This likely provides an ideal

arena to reveal the impact of Weyl points without considering
many different kinds of bands. It was previously reported that
EuMg,Bi, undergoes antiferromagnetic order below ~6.7 K
at zero magnetic field [34,35]. However, the variation of
the band structure with respect to the magnetic states of Eu
spins and associated magnetotransport phenomena has been
elusive.

In this Letter, by a detailed transport measurement and
first-principles calculation, we show the band structure to be
dependent on the magnetic order for EuMg,Bi,. Specifically,
we observed a clear quantum oscillation originating from the
bulk band at high fields (up to 55 T), which enabled us to
experimentally determine the Fermi energy. Hence, it was
clarified that the Weyl points are located in the vicinity of the
Fermi energy, when Eu spins are fully polarized. In experi-
ments, we observed a large AHE in the forced ferromagnetic
phase, which was comparable in magnitude to those reported
for ferromagnetic Weyl (semi)metals. We discuss its origin by
comparing with the calculation based on the Berry curvature
mechanism relevant to the emergent Weyl points.
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Single crystals of EuMg,Bi, were grown via a self-flux
method [29] with a starting composition of EuMggBio. Large
single crystals with a typical size corresponding to 5 x 5 x 5
mm> were obtained [see the inset of Fig. 1(a)]. Resonant
x-ray magnetic diffraction measurements near the Eu L3 ab-
sorption edge (E = 6.975 keV) were performed at BL-3A
in Photon Factory, KEK, Japan. The low-field resistivity and
magnetization were measured using a physical property mea-
surement system (PPMS, Quantum Design) and a magnetic
property measurement system (MPMS, Quantum Design).
The high-field resistivity measurements were performed up
to 55 T using the nondestructive midpulse magnet at the
International MegaGauss Science Laboratory at the Institute
for Solid State Physics, University of Tokyo. To observe the
quantum oscillations, we measured the surface impedance and
elastic constant using a tunnel-diode oscillator (TDO) [36]
and an ultrasonic pulse-echo method [37], respectively. We
performed first-principles band-structure calculations using
the Heyd-Scuseria-Ernzerhof (HSE06) energy functional [38]
and projector augmented-wave methods [39] including the
+U correction [40,41] with U = U —J = 14 eV for the
Eu-f orbitals [42] and the spin-orbit coupling, as implemented
in the Vienna ab initio simulation package [43—46]. The band
structures with spin polarization (S,) were calculated using the
Bi-p Wannier orbitals [47,48] extracted with the WANNIER90
software [49]. For details, see Supplemental Material [50].

Figure 1(a) shows the temperature dependence of the mag-
netic susceptibility, where a cusplike anomaly is discernible at
Ty = 6.7 K, indicating an antiferromagnetic transition of the
Eu sublattice. While the magnetic susceptibility in B || ¢ is al-
most constant below Ty, that for B L ¢ decreases significantly
below Ty. This suggests that the easy axis of magnetization
of Eu spins is within the ab plane. To investigate the order
structure of Eu spins in the ground state, we performed a
resonant x-ray magnetic scattering measurement. As shown
in the inset of Fig. 1(b), a superlattice reflection (0 0 1.5) is
observed below Ty, resonating at the Eu L3 absorption edge
E =6.975 keV [57,58] [see Fig. S2(a) for details]. Since
the intensity of this peak develops significantly below Ty
[Fig. 1(b)], it arises from the magnetic reflection due to the Eu
spin order. Furthermore, a g vector of (0 0 0.5) indicates that
the Eu spins show A-type antiferromagnetic (A-AFM) order
with a cell doubling along the c-axis direction. This result
is consistent with previous neutron diffraction experiments at
zero field [35,59]. By considering the anisotropy of magnetic
susceptibility, the order structure of Eu spins is determined as
shown in the inset of Fig. 1(e).

Figure 1(d) shows the band structure of EuMg,Bi, in the
A-AFM phase calculated using the HSE06 functional, which
shows a direct band gap E, ~ 0.5 eV at the I' point. This
semiconducting band structure is similar to that calculated
for XMg,Bi, (X = Sr, Ba) [31,32]. However, the metallic
conduction was experimentally observed from room temper-
ature to 20 K [inset to Fig. 1(c)], thereby indicating that a
few carriers are present in reality. As shown in Fig. 1(c),
the in-plane resistivity p,, slowly increases with decreas-
ing temperature below 20 K, followed by a rapid decrease
below Ty = 6.7 K. Thus, doped carriers are strongly cou-
pled with the antiferromagnetic order (and fluctuation) of the
Eu spins.
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FIG. 2. Field dependence of anomalous Hall angle ®ay =
py’}(H /px at various temperatures. The oscillatory structure above
6 T is due to SdH oscillation for py.. The inset shows the field
dependence of p,, and its anomalous part pyAx at 2 K. The black
dotted line corresponds to the ordinary part pﬂ of p,, at 2 K, which
is obtained from the liner fit to the experimental data above B,. Note
here that the pyl\i is vertically shifted to demonstrate the fitted result at
the high-field region. The red curve represents the field dependence
of the magnetization M at 2 K.

To investigate the coupling between the magnetism and
transport properties, we applied the field along the ¢ axis to
measure the magnetization and resistivity. Figure 1(f) shows
the field dependence of magnetization M below 20 K. At
2 K, M increases almost linearly with increasing field up
to B, = 3.9 T, above which M is almost constant, and Eu
spins are fully polarized along the c¢ axis. The saturated
magnetization in this forced ferromagnetic (f-FM) phase is
Mg, ~ 6.1up/Eu, which is close to the magnetic moment
of a bare Eu>* ion. This indicates that the Eu 4f electrons
are almost localized. As temperature increases, B, shifts to
lower magnetic fields and disappears above Ty. The resultant
magnetic phase diagram is shown in Fig. 1(e).

Figure 1(g) shows the field dependence of p,, below 20 K
for B || c. At 2 K, a negative magnetoresistance was observed
for B < B.. A clear kink is discernible at B., above which
Pxx 18 almost constant up to 9 T. As temperature increases,
B, shifts to lower magnetic fields and the kink becomes less
apparent. Figure 1(h) shows the magnetic field dependence
of the Hall resistivity p,, for B || c. The positive slope of p,,
indicates that hole carriers are slightly doped, and thus Ep
crosses the top of the valence band at the I point. Although
Pyx 1s almost linear with respect to field above Ty, it deviates
from the straight line below Ty ; a hump structure at approxi-
mately 2.5 T becomes pronounced as temperature decreases.
This signals the evolution of AHE coupled with Eu magnetic
ordering.

To extract the anomalous component ,o)’;, we estimate the
ordinary component ,of,\jc = RyB from the data above B,, where

the magnetization is fully saturated [Fig. 1(f)] [60]. As shown
in the inset to Fig. 2, the Hall coefficient Ry is unambiguously
determined at 2 K from the slope of p,, above B.. The resul-
tant P}A} = Pyx — pyl\)’c is roughly proportional to magnetization
(inset to Fig. 2) [61]. Figure 2 shows the field dependence
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FIG. 3. (a)—(c)Valence band structures around the I" point near Er (lower panels) for various magnetic states (upper panels). Red and blue
colors of band dispersions represent spin up and spin down, respectively. The dotted lines denote the Fermi energy Er determined from the
SdH frequency Br at T = 1.4 K. The vertical arrows in (b) and (c) denote the size of spin splitting. The insets of (a) and (c) show the schematic
illustration of Fermi surfaces within the k.k, plane, where the color denotes the (S.) value. (d) Anomalous Hall conductivity Ux‘t as a function
of Er. The solid black curve represents the calculated result for the f-FM phase. The solid red circle denotes the experimental data (2 K, 9 T)
for pristine EuMg,Bi,, while the open blue squares and open green triangle denote those for the Mg-annealed crystals and In-doped crystal

(see Fig. S9 for details), respectively.

of the anomalous Hall angle ®y = ag /0oy below Ty, where
O = P/ (P2 + ,oyzx) is longitudinal conductivity and o/} =
pﬁ /(P2 + ,o)z,x) is anomalous Hall conductivity (see Fig. S3
for determining p)ﬁ at each temperature). At B > B,, the ©®ay
is nearly constant (~0.07), reflecting the field dependence of
magnetization. The constant value of ®,y is comparable to
those reported for ferromagnetic Weyl semimetals CosSn;,S,
(~0.2 at 150 K) [8], Fe3GeTe, (~0.09 at 2 K) [12], and
GdPtBi (~0.15 at 2.5 K) [20]. Hence, such a large ®ay
indicates that EuMg,Bi, has band crossing points near Er in
the f-FM phase as a source of Berry curvature [62,63]. Below,
by taking advantage of the simple band structure with a single
valley [Fig. 1(d)], we compare the experimental and theoreti-
cal results in detail and reveal that the AHE in EuMg,Bi, can
be quantitatively explained by the intrinsic Berry curvature
mechanism.

To clarify the impact of Eu spins on the band structure,
we performed a first-principles band calculation for various
magnetic states. We show the variation of valence bands near
the I' point in Figs. 3(a)-3(c). In the A-AFM phase (at zero
field), there are two valence bands I and II consisting of Mg-s
and Bi-p orbitals, which cross each other at k, ~ 0.03 A~!
on the I' — A line [Fig. 3(a)]. This leads to a Dirac-like point
because the crossing bands are spin degenerate in the A-AFM
phase with no net magnetization. When the field is applied
along the ¢ axis, Eu spins start to cant towards the ¢ axis.
In Fig. 3(b), we show the band structure calculated for the
Eu spins tilted by approximately 30° with respect to the ab

plane [upper panel of Fig. 3(b)]. In this canted AFM phase,
the net magnetization from the Eu spins is no longer zero,
which leads to clear spin splitting (red and blue) in bands I
and IT owing to the exchange interaction [21,28,64]. This leads
to multiple Weyl-like points, where the spin-polarized bands
cross. The magnitude of splitting increases as the field or the
net magnetization along the ¢ axis increases [vertical arrows in
Figs. 3(b) and 3(c)]. In the f-FM phase [Fig. 3(c)], the splitting
of band II reaches as large as ~70 meV for the present U
value, and the Weyl-like points are formed at E ~ —20 and
—110 meV.

In order to quantitatively discuss their impact based on
the first-principles calculation, it is necessary to determine
the position of Ep. Hence, we performed high-field mea-
surements up to 55 T using a pulsed magnet to reveal
the quantum oscillation phenomena. Figure 4(a) shows the
field dependence of p,, at T = 1.4 K. At fields exceeding
10 T, py, increases almost linearly with respect to the field
wherein the Shubnikov—de Haas (SdH) oscillation is super-
imposed (solid triangles indicate the peak positions of the
oscillation). The fast Fourier transform (FFT) spectrum of
—d? pi/d(1/B)?* shows the clear single peak at a frequency of
Br = 36.8 T as shown in the inset. Figures 4(b) and 4(c) show
the field dependence of resonance frequency of TDO, A f, and
the relative elastic constant, ACs3/Cs3 = [C33(B) — C33(B =
0)]/Cs3(B = 0), respectively. For both physical quantities,
the oscillatory structures consistent with the SdH oscillation
were observed above B. (denoted by solid triangles). More-
over, by considering that the acoustic de Haas—van Alphen
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FIG. 4. (a)—(c) Field dependence of (a) p.., (b) resonance frequency of tunnel diode oscillator Af, and (c) the relative change of
longitudinal elastic constant AC33/Cs3 at T = 1.4 K up to ~50 T. Triangles denote the oscillatory component. The inset shows the fast
Fourier transform (FFT) spectrum of —d? .. /d(1/B)? for a field of 5-15 T. ¢ and & in (c) indicate the propagation and polarization direction
of ultrasonic waves, respectively. (d) —d?p../d(1/B)* vs 1/B at various field tilt angles (), where @ is the angle between the ¢ axis and
magnetic field (see inset). (e) The # dependence of oscillation frequency By, which is determined from the FFT spectra of —d?p,./d(1/B)?

shown in the inset.

effect in Fig. 4(c) is due to the Landau quantization via the
electron-phonon coupling [65,66], the observed quantum os-
cillation should arise from a bulk band.

The quantum oscillation of the bulk origin is also supported
by the dependence of By on the tilt angle of field. Figure 4(d)
shows —d?p,./d(1/B)> vs 1/B at T = 1.4 K for various 6
values, where 6 denotes the tilt angle with respect to the ¢
axis (see the inset). While the amplitude of the SdH oscillation
gradually decreases as 6 increases, the positions of peaks
and dips are almost unchanged with respect to 6, resulting in
nearly f-independent By [Fig. 4(e)]. This 6 dependence of Br
indicates that the detected Fermi surface is three dimensional
and almost isotropic [67], and it is consistent with the hole
pocket at the I point obtained by the first-principles calcula-
tion (Fig. S4).

Finally, we estimate the position of Er based on the quan-
tum oscillation. Since the quantum oscillation is discernible
in the f-FM phase (above 10 T), we compare the experi-
mental result with the band structure for the f-FM phase
[Fig. 3(c)]. From the experimental By value, the Fermi-
surface cross section Sr on the k.k, plane is estimated as
Sr=0.352nm~2 at § = 0° [by Onsager’s theorem, Sy =

(2me/h)Br]. Theoretically, the Fermi surface on the k.k,
plane approximately consists of inner and outer surfaces, ig-
noring the spin splitting [inset to Fig. 3(c)]. Assuming that
the observed Br corresponds to the inner Fermi surface, Ep
is located at E = —110 meV [68], and the carrier density
is calculated as nge = 1.9 x 10" cm™3. This carrier density
is in good agreement with that estimated from the Hall co-
efficient Ry at high magnetic field (nyg,; = 2.0 x 10" cm™3
at 2 K). Conversely, if we assume that the experimental
Bp corresponds to the outer surface, then we obtain Ep =
—30 meV and ngy. = 1.3 x 10'8 cm™3. The latter value is
1/10 lower than ny,y. Therefore, the quantum oscillation
should arise from the inner Fermi surface, and the resultant
Er (= — 110 meV) is denoted by the horizontal dashed line
in Fig. 3(c).

Based on the fact that the carrier density is constant irre-
spective of the magnetic order, Er was also determined for the
A-AFM and canted AFM phases [dashed lines in Figs. 3(a)
and 3(b)]. In the A-AFM phase, Ef is located approximately
60 meV below the Dirac point. On the other hand, in the
f-FM phase, the lower-energy Weyl point, which is generated
from the Dirac point by spin splitting, is located very close
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to Ep. Consequently, as shown in Fig. 3(d), the calculated
EFr dependence of ag exhibits a clear peak around the ex-

perimental Er value (= — 110 meV). The peak value of ag
quantitatively agrees with the experimental data of EuMg,Bi,
[solid circle in Fig. 3(d)]. We further experimentally inves-
tigated the Er dependence of ag by synthesizing crystals
with different carrier concentrations via annealing and doping
(Fig. S9); The resultant 0;; data also exhibit a peak around
Ep ~ —110 meV [Fig. 3(d)]. Such a quantitative agreement
between the calculated and experimental Er dependence of
oj strongly indicates that the AHE in EuMg,Bi, is ex-
plained by the intrinsic Berry curvature mechanism. These
detailed analyses on Ep and ag for a single-valley system
should provide firm evidence of a marked impact of the emer-
gent Weyl points on the transport phenomena.

In conclusion, we examined a band structure controllable
by the magnetic order and associated large anomalous Hall
effect (with a Hall angle of ~0.07) in the degenerate magnetic
semiconductor EuMg,Bi,, which exhibits the same crystal
structure as the putative topological material (Sr, Ba)Mg,Bi,.
When the field is applied along the ¢ axis, the bands exhibit
large spin splitting due to the exchange interactions with Eu

spins, resulting in field-tunable Weyl points. Based on the
experimental Er determined from the quantum oscillation at
high fields, we revealed that the low-energy Weyl points are
formed very close to Er in a forced ferromagnetic phase,
which quantitatively explains the observed large anomalous
Hall effect in this compound.
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