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Topological materials have drawn increasing attention owing to their rich quantum properties, as
highlighted by a large intrinsic anomalous Hall effect (AHE) in Weyl and nodal-line semimetals. However,
the practical applications for topological electronics have been hampered by the difficulty in the external
control of their band topology. Here, we demonstrate a magnetic-field-induced switching of band topology
in a-EuP3, a magnetic semimetal with a layered crystal structure derived from black phosphorus. When the
magnetic field is applied perpendicular to the single mirror plane of the monoclinic structure, a giant AHE
signal abruptly emerges at a certain threshold magnetization value, giving rise to a prominently large
anomalous Hall angle of |®yg| ~ 20°. On the other hand, when the magnetic field is applied along the
interlayer direction, which breaks the mirror symmetry, the system shows a pronounced negative
longitudinal magnetoresistance. Based on first-principles calculations and group-theoretic analysis, we
show that such nontrivial anomalies in the magnetotransport properties are manifestations of two distinct
topological phases: topological nodal-line and Weyl semimetals, respectively. Notably, the nodal-line
structure is composed of bands with the same spin character and spans a wide energy range around the
Fermi level. These topological phases are stabilized via the exchange coupling between localized Eu-4f
moments and mobile carriers conducting through the phosphorus layers. Our findings provide a realistic
solution for external manipulation of band topology, enriching the functional aspects of topological

materials.

DOI: 10.1103/PhysRevX.12.011033

I. INTRODUCTION

Topological semimetals (TSs) are a new class of quan-
tum materials hosting nontrivial massless fermionic states,
which are derived from linearly dispersing bands crossing
at the Fermi level [1-8]. Such band crossings occur in the
bulk and are formed at either isolated or continuous points
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in momentum space, the latter being commonly known as
topological nodal-line semimetals. TSs are further catego-
rized into two groups—Weyl and Dirac types—depending
on whether they lack or hold spin degeneracy throughout
their Brillouin zone, respectively. Owing to their relativistic
nature, such band crossings generate a local but large
internal magnetic flux, known as the Berry curvature, that
can give rise to intriguing transport phenomena such as the
intrinsic anomalous Hall effect (AHE) [9—12]. By control-
ling the time and space inversion symmetries, one such
topological phase can, in principle, be turned into another.
Externally, this can be achieved by applying a magnetic
field or via mechanical distortion, enabling practical
approaches to exploiting the band topology and embedding
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it into devices with novel spintronic functionalities of
relevance for future energy and information technologies.

Thus far, various TSs containing 3d and 4f elements
have been discovered in nature or grown under controlled
conditions [4-8,13-20], incorporating magnetism as a
possible controlling parameter. However, the expectations
for the magnetic tunability of their electronic states and
functionalities have not been met, owing to multiple
factors. For example, the magnetic states in 3d TSs are
generally irresponsive to the magnetic field because of the
strong chemical hybridization of 3d orbitals with the rest of
the electronic structure. More critically, in most of these
systems, the relevant topological nodes are distant from the
Fermi level Ex. As such, they are untraceable in transport
measurements unless extensive band tuning is performed,
which is not always possible, or at least leads to collateral
damage that can affect the desired properties of the system.
Therefore, significant effort is being dedicated towards the
discovery of TSs with tunable topological nodes in imme-
diate proximity to their Fermi level. In this paper, we
introduce a magnetic semimetal, a-EuP3, with a simple, yet
profoundly tunable electronic structure that ideally meets
these criteria.

II. RESULTS

a-EuP; is a layered magnetic semimetal with a mono-
clinic crystal structure (space-group type C2/m) whose b
vector serves as a twofold rotational axis normal to a mirror
plane [21-23] [Figs. 1(a) and 1(b)]. The bulk of a-EuPj is
comprised of two-dimensional (2D) puckered polyanionic
layers of phosphorus that stack along the ¢ axis, with Eu?*
cations in between. The structure of the P layers is closely
related to that of orthorhombic black phosphorus [24-26]
and can be derived by removing 1/4 of its P centers. The
remaining P layers form a closed shell by receiving valence
electrons from the 6s orbitals of Eu cations, to the extent
that the whole system gains a semimetallic or semiconduct-
ing character with half-filled Eu-4f shells. This black-
phosphorus-derived quasi-2D nature coordinated with
localized f moments is the key aspect of a-EuP;, which
enables large spin polarization in the intrinsically non-
magnetic P layers via the energetical proximity of their
carriers with the immobile Eu-4 f moments. The locality of
the Eu-4f moments and their close proximity to Er further
allows directional control of the resulting spin-charge
coupling that can be externally enforced by a magnetic
field. Such highly field-controllable magnetic layers enable
us to increasingly induce a large internal field by aligning
the local moments, which, as will be shown shortly, yields a
topologically nontrivial electronic structure that can sim-
ilarly be controlled using a magnetic field.

To demonstrate the effect of Eu-4f moments on the
electronic structure, Fig. 1(c) shows the relativistic elec-
tronic structure of a-EuP; in the paramagnetic (PM) and
field-induced ferromagnetic (FM) phases. The dashed lines

are spin-degenerate bands calculated by treating the 4f
states as core levels; thus, they represent the PM phase band
structure under B = 0. Here, two consecutive band inver-
sions occur at the time-reversal invariant momenta Z and I
points of the Brillouin zone. The combination of these two
band inversions keeps the Z, index of the occupied bands
equal to zero, meaning that the system is topologically
trivial under zero magnetic field in the PM phase
[Fig. 1(g)]. The colored solid lines are the corresponding
energy bands when the Eu 4/ moments are fully aligned
along the c¢* axis; thus, they represent the field-induced FM
phase. This makes the 4 f orbitals of divalent Eu ions half-
filled 4/7 in the highest possible magnetic state S = 7/2
(i.e., 7 up) because of the implications of Hund’s rule. Our
calculations reveal that these filled f bands lie about 1.5 eV
below Eg. Such proximity to Ey allows the localized f
moments to be coupled to each other through a carrier-
mediated exchange interaction mechanism [27-29]. As a
result of such an interaction with itinerant carriers, the
valence and conduction bands near Er undergo opposite
spin splitting depending on how the carriers couple to the
localized f moments [30-32]. The valence bands, consisting
of occupied P-p orbitals, show a Kondo-like interaction with
an antiparallel coupling to the Eu-f moments, whereas the
conduction bands, consisting of unoccupied Eu-s orbitals,
undergo a Hund-like parallel coupling. Consequently, spin-
up valence bands are forced to stay above their spin-down
counterparts, whereas conduction bands follow an opposite
spin splitting. Another important consequence of such spin
splitting is the immunity of particular types of crossings
between the conduction and valence bands, which could lead
to the formation of a nodal line or Weyl nodes depending on
whether the magnetic field breaks the mirror plane or respects
it. These scenarios are schematically illustrated in Fig. 1(g)
and will be discussed in more detail in the context of
magnetotransport, after a description of the experimen-
tal data.

Figures 1(d)-1(f) show the temperature dependence of
the magnetization, resistivity, and Seebeck coefficient,
respectively. The resistivity demonstrates metallic behavior
and a sharp peak at Ty = 8.2 K, where it exhibits anti-
ferromagnetic (presumably helimagnetic [33,34]) ordering.
This peak is significantly suppressed by aligning the local
spins with an external magnetic field, indicating the
presence of a magnetic coupling between local spins and
carriers, as expected from the band calculation. Despite the
field dependence and anisotropy of the resistivity seen at
higher temperatures, the corresponding Seebeck coeffi-
cients along the a and ¢* axes show nearly identical and T-
linear behavior below about 150 K, suggesting that the
carrier types or density of states are hardly affected by
direction or magnetic field in this temperature region.

Figures 2(a)-2(f) show the magnetic field dependence of
magnetization as well as the longitudinal and transverse
(Hall) resistivities. The magnetization shows multiple
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FIG. 1. Proximity-induced f-p exchange coupling in a-EuP;. (a) Side and (b) top views of the monoclinic crystal structure of a-EuP;
with unique axis b. The crystal has a single mirror plane perpendicular to the unique axis. The axis ¢* is depicted, along with crystalline
axes a, b, ¢, where we define a*, b*, ¢* asa* || b x ¢,b* || ¢ x a( || b), and ¢* || @ x b, respectively. (¢) Electronic structure of a-EuP5 in the
paramagnetic (B = 0, dashed lines) and field-induced ferromagnetic (colored lines) phases. The localized 4f bands lie approximately
1.5 eV below the Fermi level. In the FM phase calculation, Eu>* f moments are fully aligned along the ¢* axis, corresponding to
M =7 ug/Eu, and the color of the bands represents the spin polarization. (d,e) Temperature dependence of magnetization M and
resistivity p, respectively, through the antiferromagnetic transition temperature 7y = 8.2 K. Here, M has been measured under field
cooling (FC) and zero-field cooling (ZFC) conditions. A picture of the sample is given in the inset. (f) Temperature dependence of the
Seebeck coefficient S down to 10 K. (g) Schematic picture of the band topology engineering in a-EuP;. Nodal-line semimetal (B || b)
and Weyl semimetal (B || ¢*) phases are switched by the direction of B, and the nontrivial band crossings can be tuned to the Fermi level
via proximity-induced f-p exchange coupling.

magnetic-field-dependent transitions in the temperature  configurations at 7 =2 K, the longitudinal resistivity
range below Ty [Figs. 2(a) and 2(d)]. Notably, the  p,, shows a sharp anomaly along with a hysteresis
magnetization saturates at low fields (about 2.5 T at  corresponding to the magnetic transition [Figs. 2(b) and
2 K) in both directions, showing an isotropic tunability = 2(e)], further verifying the existence of a strong f-p
of the Eu-4f local spins. In both B||b and B|c¢*  coupling in this system. One notable difference between
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FIG. 2. Magnetic and transport properties of a-EuP;. Magnetization, longitudinal resistivity, and Hall resistivity as functions of B
along the b axis (a—c) and c¢* axis (d—f). The insets show the schematics of the measurement configuration. (g) p.. measured with
I|| B || c. (h) Magnetoresistance Ap/p(0) = {p(B) — p(0)}/p(0) measured in three configurations at 15 K.

the two configurations is the behavior of the Hall resistiv-
ities p .+, and py, [Figs. 2(c) and 2(f)]. While both measure-
ments show similar linear behavior at 7 =150 K, a
particularly large deviation from the normal Hall effect
is observed in p -, at lower temperatures, suggesting a large
additional Hall contribution with strong anisotropy.
Another characteristic behavior can be seen in the mag-
netoresistance (MR). Figures 2(g) and 2(h) show the B
dependence of p.. under I||B|| ¢ measured at selected
temperatures, and Ap/p(0) = {p(B) — p(0)}/p(0) mea-
sured under three different configurations at 7 = 15 K,
respectively. Reflecting the presence of localized spins and
spin-charge coupling, negative MR owing to the suppres-
sion of spin fluctuations is observed in all configurations. It

is worth mentioning that the negative MR is pronounced
for the configuration with I'||B| ¢, whereas it is nearly
identical for the others, as shown in Fig. 2(h). This chara-
cteristic will be further discussed in Sec. III.

The Hall resistivity in magnetic systems is described by
the empirical formula py = py™ + pp® + py". The first
term is the normal Hall contribution pyN = R,B due to the
Lorentz force, the second is the AHE, and the third is the
topological Hall effect derived from spin textures associ-
ated with a topological number, such as skyrmions [35,36].
The topological Hall effect is unlikely to be the case for
a-EuP; because the deviation from the normal Hall effect is
persistent at 7 > Ty, where the system has no long-range
spin ordering. This leads us to describe the Hall effect in
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< 4
5 qor LK M= g? splitting plays a critical role in the emergence of the AHE.
F'o} Figure 3(b) shows the M dependence of the anomalous
\; L Hall conductivity Gc*aA = _pc*aA/(puapc*c* - pac*pc*a)'
S Remarkably, we see a clear deviation from the conventional
M dependence as M exceeds M. Although the ¢,.,4-M
curve shows a variation depending on how we estimate

M (ug/Eu)

FIG. 3. Anomalous Hall effect in a-EuP3 under B || b. (a) Color
plot of the anomalous Hall resistivity p.,* = pey — pera’ 20 K
as a function of M and T. AFM denotes antiferromagnetic. The
schematics on the right side illustrate the M-dependent evolution
of the nodal ring shown in Fig. 4(d). Further explanations based
on DFT calculations are presented in the Supplemental Material
[37]. (b) Anomalous Hall conductivity o6.,* = —p.,/
(PaaPee — Pac-Pea) as a function of M. Further discussions
on the analysis are presented in the Supplemental Material [37].

a-BuP; as py = py® + py®. Further on, we will mainly
focus our analysis on the T > T’y region. In order to extract
pu’, py’Y must be determined from experimental data,
which is not necessarily definitive and thus requires a
certain degree of ad hoc assumptions. Several approaches
for extracting py” are presented in the Supplemental
Material [37]. Since each approach gives reasonably similar
results at the qualitative level, here we estimate py™ by
using py” =" K, which is far above T and approximately
reflects the normal contribution to the Hall effect.

Since magnetization M characterizes the proximity-
induced exchange splitting, it is meaningful to investigate
the relation between M and the AHE. Figure 3(a) shows
Ped = Pora = Peral PP K in the space of M and T,
showing a T-independent relationship between M and
Pea such that the anomaly clearly emerges at a certain
threshold of M ~ 1.8 ug/Eu (=M (). In other words, the
trigger of the anomaly is the magnitude of M rather than a
specific spin texture, strongly suggesting that the band

pu, as mentioned above, the overall behavior reasonably
follows the colored guide for the eyes shown in Fig. 3(b)
(see Fig. S9 [37]). We can also quantify the AHE using the
anomalous Hall angle ®xyg = tan!(c.,*/6,,). As pre-
sented in Table 1 and in Fig. S11 [37], the value of |® zyg|
in this work reaches 14°-28° at low temperatures, which is
notably large even when compared with the maximum
values observed in previously reported materials [4,6,7,38—
43] including topological candidates. These experimental
results suggest an unconventional origin of the anomaly.

The AHE has been well studied in FM metals [9,44,45]
and can be classified into the following three mechanisms.
The first mechanism is known as the intrinsic contribution,
related to r (real) space and k (momentum) space Berry
curvature b(R) (R = r,k). The former arises in noncopla-
nar spin textures with finite scalar spin chirality y;; =
S;* (S; x 8k), where S, are spins, which is again unlikely
to be the case here. In contrast, the latter originates from the
multibands in k space and is described as

b(k) = Vi x {i(p|Vilp)},

where ¢ is the electronic wave function [11]. The second
and third mechanisms can be described by the skew-
scattering and side-jump contributions, which are both
related to spin-orbit coupled impurity scattering. While the
skew-scattering contribution can be ruled out because it
only arises in highly conductive metals, the side-jump
contribution can be present. However, since the atomic
spin-orbit coupling term is expected to be generally small in
the relevant bands [46], the side-jump contribution is also
unlikely to dominate the large AHE. Moreover, these
contributions are expected to scale with M, and it is
unlikely that the side-jump scattering, caused by the

011033-5



ALEX HIRO MAYO et al.

PHYS. REV. X 12, 011033 (2022)

0

\/
Nl

(b) (©)
FM-b
(BlIb)
(@) M (B = 0)
0.2 / \/
S o1
f NN o

0.14
N
@l Ewl:rrr ek

~
vz L fﬂ“?
-

Mirror plane
Nodal ring

-

Electron pocket

FYM

Hole pockels

FIG. 4. Electronic structure of a-EuP; in the paramagnetic and field-induced ferromagnetic phases in different field directions.
Energy dispersions of a-EuP; along Y-I'-Z in the PM phase at (a) B = 0, and field-induced ferromagnetic phases corresponding to
(b) B|| b (FM-b) and (e) B || ¢* (FM-c). In panel (e), Eyp denotes the energy level of the Weyl point. The dots in panels (b) and (e) show
the symmetry-protected band crossings. (c) Schematic illustration of topological nodal lines and Weyl nodes emerging in the vicinity of
Er in phase FM-b. The nodal rings emerge within the mirror plane and the Weyl nodes along I'-X (see Supplemental Material [37]).
(d) Schematic illustration of the nodal ring around the I" point in phase FM-b. The area encompassed by the nodal ring is not flat in
energy and spans across Ep at large M. (f) Brillouin zone and constant energy surface plot at £ = Ewp in phase FM-c. The electronic
structure is composed of cylinderlike hole pockets stretched along the I'-Z direction, reflecting the quasi-2D nature of this system, plus
small electron pockets centered at the I" and Y points. (g) Electronic structure around the I" point at E = Eyp in phase FM-c, showing the

presence of a single Weyl-node pair along I'-Y.

impurity in the material, would abruptly be enhanced under
monotonically increasing M. Such nature of the extrinsic
components is incompatible with the observed unconven-
tional M dependence that turns on at M ~ M . Therefore,
the most likely dominant origin of this feature is the
intrinsic contribution derived from the k-space Berry
curvature. In this case, the direction of the Berry curvature
would strongly depend on the band-structure anisotropy in
k space.

To verify this, Fig. 4 shows the detailed electronic band
structure of a-EuP5 in various magnetic configurations. The
PM phase (B = 0) is given in Fig. 4(a). Figures 4(b)—4(d)
and 4(e)—4(g), in contrast, show the respective electronic
structures when the Eu f moments are forced to be fully
FM ordered (M = 7 ug/Eu) along the b axis (FM-b) and
c¢* axis (FM-c). Under the application of B, it can be
reasonably assumed that the exchange splitting continu-
ously increases as M increases, giving rise to a continuous
band evolution from Fig. 4(a) to Fig. 4(b) or 4(e). In FM-b,
since the magnetic field is normal to the mirror plane, all
the energy states maintain their mirror symmetry, even
though they are no longer protected by the time-reversal

symmetry. As a result, any band crossing between the
conduction and the valence bands can be immune against
hybridization by the mirror operators as long as they have
the same spin characters. This requirement is ideally met at
and in the vicinity of Er because of the opposite spin
splitting of the conduction and valence bands, as discussed
earlier. Since this crossing does not require any other
symmetry operation, it can form a closed-loop nodal line
within the mirror plane [2,47,48] [Fig. 4(c)]. Interestingly,
this nodal ring around the I" point can span a large energy
window, encompassing Er [Fig. 4(d)], and hence contribute
directly to the anomalous Hall part of the transport. This
energy spanning is due to the layered nature of a-EuP;,
which causes anisotropic electronic dispersions, ranging
from steep ones for any k vector in the intralayer direction
to nearly flat dispersions for the k vectors in the interlayer
direction. As shown in Fig. 4(b), and also in the schematic
panel of Fig. 3(a), the energy difference between the top
and bottom of the nodal ring reaches about 250 meV,
meaning that this material can naturally exhibit a giant
AHE, emerging from such a topological nodal line, in a
wide range of chemical potentials (see Fig. S8 [37]). Thus,
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usual structural imperfections and disorders can cause no
serious complication. The fact that this phase can be easily
stabilized using a relatively weak magnetic field applied
along the crystalline b axis further signifies the control-
lability aspect of such novel topological states in a-EuP;5. It
is also worth noting that this is a unique experimental
example of the realization and detection via quantum
transport of such a fully spin-polarized nodal ring, i.e., a
Weyl nodal ring consisting of bands of the same spins.

The situation in FM-c is characteristically different. In this
configuration, the nodal ring discussed earlier vanishes
because the new alignment of Eu f moments along the ¢*
axis breaks the mirror symmetry. Instead, a single pair of
Weyl nodes appear along the high-symmetry direction I'-Y
[Figs. 4(e)—4(g)]. Since the direction of the f moments is
parallel to the mirror plane, bands of opposite spins are
allowed to cross each other without hybridization as long as
they share the same mirror eigenvalues [2]. This is the only
way to avoid hybridization while respecting all existing
symmetries.

I11. DISCUSSION

Let us discuss the origin of the anomalous transport
based on the calculated band characteristics. The contri-
bution of the Berry curvature on the Hall resistivity depends
on the measurement configuration, as seen in the following
relation [1]:

paﬂA & gaﬂyby (k) ’

where ¢ is the Levi-Civita symbol with {a,f,y} =
{a,b,c*}. When B || c¢* (FM-c), the Weyl nodes emerge
along I'-Y || a*; thus, the Berry flux is expected to have
projection components 5 (k), along the ¢* axis contrib-
uting to p.+,”* as seen in Fig. 2(f), as well as b%(k), along the
a axis mainly contributing to p,.“4 (see Fig. S13 [37],
measured under an unconventional Hall measurement
configuration [/ || B]). For such a Weyl semimetal state,
we should expect a pronounced negative longitudinal MR
caused by the chiral anomaly, in the configuration of I || B
[1]. This is indeed demonstrated in Figs. 2(g) and 2(h). At
high magnetic fields, the negative MR for p... with I || B || ¢
is notably enhanced even when compared with p,, with
I||B || a, where the Lorentz force is absent as well. This
suggests an additional contribution of the Weyl nodes on
the negative MR, other than the suppression of spin
fluctuations (see also Fig. S15 [37]). Note that the positive
MR forming a kink at low magnetic fields is found in a
wide temperature range as shown in Fig. 2(g). Although
this kink can be a characteristic feature of the magnetic
generation of the Weyl states, further studies are necessary
to reveal the origin of this behavior.

When B || b (FM-b), which is the case for Figs. 2(a)-2(c),
the f moments are aligned normal to the mirror plane. In

this measurement configuration, the mirror symmetry is
preserved, and nodal rings emerge within the mirror plane.
In the low-M region, the topological band crossings are
wholly above Ef; thus, the k-space Berry curvature hardly
contributes to the Hall transport. At larger M (>M ), where
the exchange splitting increases, the anisotropic nodal ring
around the I" point starts to partially cross Eg in the I'-Y
direction, as depicted in the schematic panels of Figs. 3(a)
and 4(d), leading to a kry ||b projection of the Berry
curvature b”(k), manifesting as the giant anomaly in
Fig. 2(c). As for the prominently large |@yg|, not only
the large numerator o but also the small denominator o is
presumed to be an essential factor, which can be understood
as a result of few trivial bands composing the Fermi surface
rather than the dirtiness of the material (see Fig. S11 [37]).
In other words, the combination of the topological nodes
and the simple band manifold at Er enables the coexistence
of a large o™ and small ¢ in @-EuP;. Combining all the
experimental and theoretical evidence, it is reasonable to
presume that the topological nodes are generated under a
sufficient net magnetic moment, strong enough to break or
respect the mirror symmetry, and then can be tuned towards
the Fermi level by increasing the degree of spin polarization
of the localized f moments.

Our joint experimental and theoretical work on a-EuP;
presents a case for magnetic-field-triggered generation and
switching of topological states, as illustrated in Fig. 1(g).
The gigantic AHE in the nodal-line phase persists up to
high magnetic fields, which is consistent with our theo-
retical expectation of the existence of tilted nodal rings
spanning a wide energy range around Eg. Crucially, these
findings lead to a more general concept: that the combi-
nation of two critical components—a highly anisotropic
crystal structure with a relevant mirror plane and proximity-
induced f-p coupling—is a key guiding principle for
designing novel magnetic TSs suitable for external control
of topological phases and transport. This proposed model
can aid the search for promising magnetic TSs and help
pave the way towards realistic applications for spin-driven
topological electronics [49].
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APPENDIX A: METHODS

1. Single crystal growth

Single crystals of a-EuP; were grown by the high-
pressure synthesis method based on the synthesis procedure
of a-SrP; [21]. A mixture of Eu pieces (99.9% purity) and
red phosphorus pieces (99.9999% purity) in a stoichio-
metric molar ratio of 1:3 was weighed in an Ar atmosphere
glove box. The mixture was put into a pyrophyllite
crucible, and then the crucible was placed inside a
cylindrical graphite tube heater. The sample assembly
was set in a pyrophyllite cube of 12.7 x 12.7 x 12.7 mm?
and high pressure was applied using a cubic multianvil
apparatus. Under an applied pressure of 4 GPa, the sample
was heated to 1050 °C at a rate of 35°C/ min and then
cooled down to 550 °C at a rate of 70 °C /h, followed by a
quenching process to room temperature before releasing the
pressure.

2. Characterization

The crystals were characterized by single-crystal x-ray
diffraction using XtalLAB mini II (RIGAKU). The deri-
ved lattice parameters are a = 9.1191 A, b = 7.2593 A,

c = 5.6245A, p = 113.195° for space-group type C2/m.

3. Transport measurements

Electronic transport measurements were performed
using the physical property measurement system (PPMS,
Quantum Design) and the MPMS3 electrical transport
option (ETO, Quantum Design). Longitudinal and trans-
verse resistivities were measured by the standard four-
probe method. The Seebeck coefficient was measured by
the steady-state method. The single crystals were aligned
by x-ray Laue back-reflection and single-crystal x-ray
diffraction techniques. To correct the contact misalignment,
the measured longitudinal and transverse resistivities were
field symmetrized and antisymmetrized, respectively.

4. Magnetization measurements

Magnetization measurements were performed on ori-
ented crystals using dc-SQUID and vibrating sample
magnetometers (MPMS and MPMS3, quantum design).

5. Band calculations

The bulk electronic structure calculations were per-
formed within density functional theory (DFT) using
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [50] as implemented in the VASP program [51].
To properly treat the strong on-site Coulomb interaction of
Eu-4f states, an effective Hubbard-like potential term U
was added to the PBE functional. The value of Uy was
fixed at 6 eV for Eu-4f orbitals [52] and zero for all other
orbitals. Relativistic effects including spin-orbit coupling
were fully taken into account. The cut-off energy for plane

waves forming the basis set was set to 400 eV. The lattice
parameters and atomic positions were taken from experi-
ment. The corresponding Brillouin zone was sampled using
a 12 x 12 x 12 k-mesh. To stabilize each FM configura-
tion, the initial magnetic moment of Eu was set to 7 ug and
aligned along the expected ordering direction.

6. Visualization

Figures 1(a) and 1(b) use VESTA [53] for visualizing the
crystal structure. Figure 3(a) uses a perceptually uniform
color palette from the CET Perceptually Uniform Colour
Maps [54].
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