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Magnetism in the axion insulator candidate Eu5In2Sb6
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Eu5In2Sb6 is a member of a family of orthorhombic nonsymmorphic rare-earth intermetallics that combines
large localized magnetic moments and itinerant exchange with a low carrier density and perpendicular glide
planes. This may result in special topological crystalline (wallpaper fermion) or axion insulating phases.
Recent studies of Eu5In2Sb6 single crystals have revealed colossal negative magnetoresistance and multiple
magnetic phase transitions. Here, we clarify this ordering process using neutron scattering, resonant elastic x-ray
scattering, muon spin-rotation, and magnetometry. The nonsymmorphic and multisite character of Eu5In2Sb6

results in coplanar noncollinear magnetic structures with an Ising-like net magnetization along the a axis. A
reordering transition, attributable to competing ferro- and antiferromagnetic couplings, manifests as the onset
of a second commensurate Fourier component. In the absence of spatially resolved probes, the experimental
evidence for this low-temperature state can be interpreted either as an unusual double-q structure or in a phase
separation scenario. The net magnetization produces variable anisotropic hysteretic effects which also couple
to charge transport. The implied potential for functional domain physics and topological transport suggests
that this structural family may be a promising platform to implement concepts of topological antiferromagnetic
spintronics.

DOI: 10.1103/PhysRevB.109.174404

I. INTRODUCTION

The guided design and control of topologically protected
conduction states on surfaces and interfaces of bulk insulators
and semimetals is one of the most sought-after results of
quantum materials physics. The concept of topological quan-
tum chemistry [1] has enabled high-throughput calculations
and predictions of topological band properties in the absence
of electronic correlations [2,3]. While progress on intrinsi-
cally magnetic topological matter has been much slower, the
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analysis of all magnetic space groups and tabulated magnetic
structures indicates that there is indeed an abundance of candi-
date strongly correlated materials with potential for functional
band-topology [4,5]. However, as magnetic symmetry cannot
currently be predicted from first principles, the identifica-
tion of suitable material platforms remains an outstanding
challenge.

Following the proposal of fourfold degenerate Dirac sur-
face states with hourglass connectivity in the nonsymmorphic
orthorhombic Zintl phase Ba5In2Sb6 [6], there has been in-
creased interest in magnetic members of this 5-2-6 structural
family. The narrow band-gap semiconductor Eu5In2Sb6 has
been previously studied for its outstanding thermoelectric
properties at high temperature [7,8]. Following the synthe-
sis of single-crystalline samples, the material revealed highly
unusual low-temperature properties, including colossal mag-
netoresistance, which has been attributed to the localization
of charge carriers at magnetic polarons [9–11]. In-depth den-
sity functional studies of Eu-based 5-2-6 compounds have
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since identified the potential for axion insulating phases and
predicted a high sensitivity to chemical and pressure/strain
tuning [12]. However, both the electronic and magnetic struc-
tures of the 5-2-6 compounds have so far eluded experimental
determination.

Here, we report on the complex magnetic ordering process
of Eu5In2Sb6. Using muon spin-rotation (μSR), neutron pow-
der diffraction, and resonant elastic x-ray scattering (REXS),
we are able to shed light on an unusual two-step ordering
process due to the nonsymmorphic and multisite character of
Eu5In2Sb6. Unexpectedly, our findings imply the existence
of net-magnetized domains, and angle-dependent electrical
resistivity measurements indicate coupling of magnetism and
charge transport.

Figure 1(a) illustrates the orthorhombic Pbam unit cell
of Eu5In2Sb6. The structure can be understood as layers of
coplanar Eu ions (ten per unit cell) that are interpenetrated by
chains of corner-sharing InSb4 tetrahedra along the c axis. The
figure also illustrates the positions of the b glide (blue), the
a glide (red), and the mirror plane (gray). The perpendicular
glide planes endow the Eu layers with the symmetry of the
wallpaper group pgg, encountered in daily life as the her-
ringbone pattern [13]. This combination of nonsymmorphic
symmetries is the prerequisite for the topological-crystalline
phases predicted in this structural family [6]. In Eu5M2X6

compounds [12], this potential for nontrivial topology com-
bines with the large magnetic moment of divalent europium
(S = 7/2, L = 0, μ ≈ 8μB).

We find that below the Néel temperature TN = 14.5 K, the
Eu2+ spins initially form a complex coplanar, noncollinear
arrangement (Γ ) that carries a net magnetic moment along the
a axis, as illustrated in Fig. 1(b). Below TZ = 7.5 K, this phase
is either gradually displaced by a growing volume fraction of
another magnetic phase (Z) or it forms a double-q state with
perpendicular Γ and Z components. Crucially, the per-layer
spin arrangements of the Γ and Z components obey the same
magnetic symmetries—they differ only in the (parallel vs.
alternating) stacking of this motif along the c axis. While
all three magnetic states (Γ , Z , double-q) conserve inversion
symmetry I, effective time-reversal symmetry {T |00 1

2 } is
only conserved in the Z state, which would make these regions
candidate axion insulators [14,15]. The phase separation sce-
nario could therefore provide a platform to explore interfaces
of topologically distinct insulating regimes.

II. RESULTS AND INTERPRETATION

Previous measurements of the heat capacity and magnetic
susceptibility [9], reproduced in Figs. 2(c) and 2(d), revealed
two continuous magnetic transitions, which correspond to the
Néel temperature TN = 14.5 K and the onset of the Z compo-
nent at TZ = 7.5 K. The magnetic neutron powder diffraction
patterns in Fig. 2(a) illustrate that magnetic Bragg peaks in the
intermediate phase (TZ < 10 K < TN) can be indexed by the
propagation vector qΓ = (0, 0, 0). The low-temperature data
set (1.5 K < TZ ) features both qΓ and qZ = (0, 0, 1/2) peaks
[13].

Using REXS at the Eu L edges, we characterized the qZ

and qΓ magnetic order in more detail. Figure 2(b) shows the
thermal evolution of Bragg intensities associated with the two

FIG. 1. (a) The orthorhombic unit cell and Pbam symmetries of
Eu5In2Sb6. The perpendicular glide planes are highlighted in blue
and red. (b) Solid arrows show the spin arrangement inferred for the
Γ magnetic component, which forms at TN = 14.5 K. The structure
is collinear within the uncertainty of the neutron diffraction data.
Shaded arrows illustrate tilts away from this collinear configuration,
which creates a net magnetization. (c) Corresponding views of the Z
magnetic component, which originates below TZ = 7.5 K. The x-ray
and neutron scattering data do not allow the distinction between a
double-q state and magnetic phase separation. Both Γ and Z com-
ponents are described by the same magnetic basis vectors, which
generally add to a per-layer magnetization along the a axis. For the Γ

component, this results in a spontaneous macroscopic magnetization,
while in the Z component it is compensated by alternating stacking.

Fourier components. These intensities are not necessarily a
direct measure of the ordered magnetic moment because the
magnetic order has degrees of freedom that affect the structure
factor and may evolve with temperature. Nevertheless, the rise
of qZ intensity below TZ appears to be proportional to the
reduction of the qΓ peak, consistent with the displacement of
the Γ by the Z-type Fourier component. While for a double-q
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FIG. 2. (a) Magnetic neutron powder diffraction at 1.5 K and
10 K. The nuclear intensity (at 25 K) has been subtracted from the
data [13]. (b) Temperature dependence of REXS intensities associ-
ated with the propagation vectors of the Ising weakly ferromagnetic
Γ order and the compensated antiferromagnetic Z component. Below
TZ = 7.5 K, Γ and Z either coexist by phase separation or as a
double-q structure. (c) The consecutive second-order phase transi-
tions at 14.5 K and 7.5 K observed in heat capacity (C/T ). (d) The
anisotropic magnetic susceptibility χ a/b/c(T ) at 100 mT applied
along the principal axes. Note the small spontaneous magnetization
of χ a in the Γ state and the change in easy axis below TZ .

model the Γ /Z ratio may be different at each Wyckoff site,
the refinement of the 1.5 K neutron powder diffraction data in
the phase separation scenario results in phase volumes of 34%
(Z) and 66% (Γ ) [13].

Azimuthal scans and full linear polarization analysis of the
REXS signal, shown in the Supplemental Material [13], reveal
the direction of magnetic structure factor vectors of individ-
ual Bragg peaks. Combined with representational analysis,
this information determines the irreducible representations
(irreps) associated with the two magnetic phases [13]. The
Γ and Z magnetic structures are described by the irreps Γ +

3
(Pb′am′) and Z+

3 (Pbnma), and the superposition of both would
correspond to magnetic space group Pb′am′. Crucially, these
two irreps impose the same phase relations (basis vectors) on
the relative alignment of the coplanar magnetic moments—the
two magnetic components differ only in the parallel (Γ ) or

alternating (Z) stacking of this motif along the c axis. Given
that magnetometry reveals a localized S = 7/2 (≈8 μB) [9],
a physical model should require the same magnitude of the
magnetic moments in each layer. Cancellation of the Γ /Z
magnetic basis vectors in every second layer can be avoided
under the special condition that the Fourier components asso-
ciated with either irrep must be perpendicular to one another.
An illustration of the resulting type of double-q order is given
in the Supplemental Material [13].

As indicated by solid arrows in Figs. 1(b) and 1(c), we
find that the magnetic components associated with the Γ and
Z magnetic structures are close to collinear with the b and
a axes, respectively. The shaded arrows illustrate tilts away
from the collinear structures that are allowed by symmetry
and evidenced by magnetometry. The magnitude of the tilts
is either smaller than the uncertainty of the data (neutron
scattering) or 1◦∼10◦ (REXS, Z component).

The per-layer arrangement of the ten magnetic moments
has several important implications. The Eu ions occupy one
twofold and two fourfold Wyckoff sites, as indicated by
different shades in Fig. 1 (see Ref. [13] for more detailed
illustrations). The overall structure is defined by three in-plane
spin orientations (one per site), which may vary continuously
with temperature. Crucially, the components of the magnetic
moments (anti)parallel to the b axis cancel necessarily, but
all a-axis components per Wyckoff orbit are parallel. Given
the 2/4/4 multiplicity, they can, therefore, in general, not
be compensated between the three sites. This makes each
layer a weak (canted) Ising ferromagnet with a variable net
magnetization along the a axis. Notably, this holds true inde-
pendently of whether the moments are mostly aligned with
the a or b axis, as shown in Fig. 1(b). For instance, in the Γ

component, the net magnetization of layers is small because
the moments are, within the accuracy of our measurements,
aligned with the b axis. However, small tilts away from this
collinear configuration (indicated by shaded arrows) produce
a small net moment along a, which adds up to a macroscopic
magnetization. Conversely, the Z magnetic component carries
a large per-layer magnetization along a (the spins are close
to collinear along a), but here this is compensated by the
alternating stacking.

Knowledge of this magnetic order explains several unusual
observations of bulk and local magnetic probes. For example,
in Fig. 2(d), the H ‖ a magnetic susceptibility χa(T ) shows
a ferromagnet-like increase below TN. This is not compat-
ible with conventional antiferromagnetism but can now be
explained by the weak M ‖ a ferromagnetism. Below TZ , the
bulk susceptibility gradually takes on the character of the Z
magnetic structure shown in Fig. 1(b): As the weakly ferro-
magnetic (Γ ) component recedes, χa(T ) decreases rapidly.
Eventually (below ≈5 K), the magnetic susceptibility is
largest for H ‖ c, as expected of a coplanar antiferromagnet.
Given that the moments of the Z component align largely
with the a axis, see Fig. 1(b), χa should be minimal once the
Z component dominates. Accordingly, the gradient of χa(T )
below TZ is much steeper than that of χb(T ).

To probe the magnetic ordering process from a local
point of view, we turn to muon spin-rotation (μSR) experi-
ments. To reveal both static and dynamic characteristics (μs
timescale), we measured spectra at continuous (PSI/GPS) and
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FIG. 3. (a) Static internal fields (top) and corresponding relax-
ation rates (bottom) determined by zero-field continuous-source μSR
(GPS instrument). Solid lines are a guide to the eye. We attribute
different components of the μSR asymmetry to muon stopping sites
that are more sensitive to fields within (intra) and between (inter)
the layers. The inset shows an example of the μSR asymmetry mea-
sured at GPS (3 K, typical fit indicated by a red line). (b) Dynamic
relaxation rates determined from the decay of the zero-field μSR
asymmetry up to 20 μs. Circles and triangles mark values inferred
from data measured at continuous (GPS) and pulsed source (EMU)
muon instruments, respectively. The inset shows a typical fit in this
time window, including both continuous source (black) and pulsed
source data (blue).

pulsed (ISIS/EMU) muon sources. The observed μSR asym-
metry can be interpreted by assuming two types of muon
stopping sites. Each contributes an oscillatory component
associated with a characteristic relaxation rate λ and a dynam-
ical relaxation λdyn (due to fluctuating fields). One possible
interpretation of the fit results is that one class of stopping site
is more sensitive to magnetic fields within the planes (intra)
and the other is more sensitive to fields between the planes
(inter). The variation of these characteristics throughout the
ordering process, along with exemplary fits to the data, is
shown in Fig. 3.

As seen in Fig. 3(a), the oscillatory signal that we associate
with quasistatic in-plane fields Hintra sets in abruptly at TN,
as often observed for materials with two-dimensional correla-
tions. By contrast, the gradual onset of Hinter is more typical

for three-dimensional magnetism. Interestingly, as seen in
Fig. 3(b), neither dynamical relaxation λ

dyn
inter, nor λ

dyn
intra, which

encode magnetic fluctuations, have strong anomalies at TN.
The transition could therefore be interpreted as a freezing-out
of preexisting short-range magnetic correlations.

At TZ , the absence of discontinuities of the static fields in
Fig. 3(a) is consistent with the picture that the local magnetic
structure does not change abruptly. Since the onset of an
alternating stacking (Z) component does not affect the per-
layer magnetic symmetry, the static fields within the layers
(Hintra, λintra) are not strongly affected by this transition. By
contrast, the onset of the Z component qualitatively changes
the trend of Hinter and causes an anomaly in λinter. Moreover,
as shown in Fig. 3(b), both dynamic relaxation rates (λdyn

inter,
λ

dyn
intra) collapse around TZ . This implies that the magnetism

overall becomes much more static, possibly because compe-
tition between magnetic correlations is relieved. Below TZ ,
Hinter has a slight tendency to decrease upon cooling. This
unusual behavior may reflect changes in the domain structure,
as previously suggested in GaV4S8 [16,17]. Notably, the rel-
ative amplitudes of the components do not change below TZ ,
as one might expect for varying volume fractions. Although
this might be taken as evidence for the double-q scenario, the
nature of the Γ and Z magnetic orders (which share the same
magnetic symmetry per layer) means that we cannot discount
the phase separation picture.

Neither local nor bulk magnetic probes nor magnetic scat-
tering allow a clear distinction between a double-q or phase
separation scenario below TZ . In either case, the net magneti-
zation of the Γ state implies that Ising-like magnetic domains
and their interplay on the mesoscale may play an important
role in Eu5In2Sb6, as illustrated in Fig. 4. For instance, as
observed in other phase-separated magnets [18], interfaces of
ferromagnetic domains may provide natural nucleation points
for the growth of antiferromagnetic (Z) regimes. As illustrated
in Figs. 4(a) and 4(b), Γ domains with and odd number
of layers could be converted entirely into a Z region. By
contrast, Γ domains with an even number of layers neces-
sarily leave behind antiferromagnetic domain walls with net
magnetization [19]. Even if the Z fraction should approach
100%, the magnetization would not be fully compensated and
the magnetic state would not be homogeneous. This scenario
could explain that even at low T , predominantly Z magnetic
states would feature spontaneous magnetization and hysteretic
effects.

Domain effects provide a compelling scenario to under-
stand the unusual field cooled and zero-field cooled (FC/ZFC)
characteristics of the H ‖ a magnetic susceptibility shown in
Fig. 4(c). Upon warming, a ZFC sample in which, at low
T , the opposite domain configuration happens to be encoded
shows the same (FC) magnetic susceptibility curve of opposite
sign until the thermal energy is sufficient to allow consecutive
flips of Γ domains (or domains carrying a Γ component) into
the field direction. The observed sign reversal of the magnetic
susceptibility might be attributable to a specific Γ -component
domain structure dictated by demagnetization fields (which
would be compatible both the phase separation and double-
q scenarios). Details of this process should depend on the
sample shape or pinning centres of antiferromagnetic domain
walls, which could be verified by imaging techniques.

174404-4



MAGNETISM IN THE AXION INSULATOR CANDIDATE … PHYSICAL REVIEW B 109, 174404 (2024)

FIG. 4. (a) Illustration of the magnetic phase separation scenario
below TZ . Each layer of Eu5In2Sb6 is represented by an arrow in-
dicating the direction of the Ising (per-layer) net magnetic moment.
Up (down) domains of the qΓ state are colored blue (red). Interfaces
between Γ domains may provide natural nucleation points of the
Z state (white). Γ domains with an even (2n) number of layers pre-
vent the formation of a homogeneous Z ordered state. They leave
behind antiferromagnetic domain walls that carry a net magnetic
moment and could also contribute to hysteretic effects. (b) Sketch
of the thermal evolution of an Eu5In2Sb6 slab, colored in analogy
to (a). (c) Field-cooled and zero-field cooled (FC/ZFC) curves of
the magnetic susceptibility measured with a weak (20 Oe) bias field
along the a axis. Magnetization reversal and domain flip transitions
[indicated by inset illustrations] provide a tentative explanation for
these unusual characteristics.

The magnetism of Eu5In2Sb6 appears to be coupled to
charge transport over a wide temperature range. Figure 5(a)
illustrates that the μSR dynamic relaxation rates λ

dyn
inter and

λ
dyn
intra, associated with slow magnetic dynamics, increase sig-

nificantly when cooling below T ∗ ≈ 35 K. This temperature
scale has previously been associated with the onset of strong
short-ranged antiferromagnetic correlations [9]. As illustrated
in Fig. 5(b), T ∗ also coincides with the temperature below
which the resistance diverges from activated behavior, R ∝
T exp(42 meV/kBT ) [9]. Taken together, this suggests that
below T ∗, the charge transport in Eu5In2Sb6 starts being af-
fected by magnetic dynamics.

Hysteretic characteristics in Eu5In2Sb6 change throughout
the magnetic ordering process, with a variable effect on charge
transport. As illustrated in Fig. 5(c), we identify three tem-
perature regimes of charge transport: The CMR regime above
T > 10.5 K (III), the region 3.0 K < T < 10.5 K where the
resistance is reduced by more than five orders of magnitude
(II), and a steep rise of resistance below T < 3.5 K (I). Fig-
ures 6(a)–6(d) show how the resistance (current I ‖ ĉ) varies
under an azimuthal rotation in an applied field of 1 T. The
three transport regimes differ not only quantitatively (in the
magnitude of R) but also qualitatively.

FIG. 5. (a) Pulsed-source μSR measurements of the dynamic
relaxation rates λ

dyn
intra and λ

dyn
inter indicate an onset of short-ranged

magnetic correlations at T ∗ ≈ 35 K. This is consistent with the
interpretation in terms of interacting magnetic polarons proposed in
Ref. [9]. (b) On the same temperature scale, the resistance R (current
I ‖ c, log scale) begins to diverge from activated behavior. (c) De-
tailed view of the resistance within the magnetically ordered phase
(linear scale). We identify three regimes of charge transport (I, II,
III).

The corresponding Figs. 6(e)–6(l) show hysteretic effects
for fields applied along the a and b axes, as observed in the
magnetization Figs. 6(e)–6(h) and resistance Figs. 6(i)–6(l).
To isolate the hysteretic components �M and �R, a linear
slope was subtracted from the M(H ) curves, and up and down
ramps of R(H ) were subtracted (for reference, we show the
raw data in the Supplemental Material [13]). The observations
are similar at 5 K and 10 K (i.e., below and above TZ ); see
Figs. 6(f) and 6(g) and Figs. 6(j) and 6(k). Specifically, both
�M and �R are negligible for H ‖ b̂, but sizable and of coin-
ciding coercive fields for H ‖ â. This matches the expectations
for the reversal of weakly ferromagnetic domains, which are
indeed expected below and above TZ . Variations of the coer-
cive field and remanent magnetization between 5 K and 10 K
are expected, given the trade-off between a decreasing ordered
magnetic moment and an increasing Γ Fourier component, or
possibly Γ volume fraction. The linear �R(H ) ∝ ±H at low
temperatures distinguishes the hysteretic effects in regimes
(I, II) against the much larger and nonmonotonic �R(H ) in
the CMR regime (III). Interestingly, �R(H ) changes signs
between (I) and (II), but retains its association with the a
axis. As bulk and transport measurements are not sensitive to
the spatial distribution of the spontaneous magnetization, they
do not allow us to distinguish between the phase separation
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FIG. 6. Characteristic anisotropic hysteretic phenomena in the three regimes of charge transport (I, II, III). (a)–(d) Polar plots of the
resistance R at 1 T (current I ‖ ĉ) for varying field directions φH in the a–b plane. The three regimes differ not only in the magnitude of R
[cf. Fig. 4(c)], but also in their anisotropy. (e)–(h) Respective hysteretic components in the magnetization �M(H ) for fields along a and b.
Linear slopes have been subtracted from each curve. (i)–(l) Corresponding hysteretic contributions �R(H ) = R(H↑) − R(H↓) to the resistivity.
Note both the quantitative and qualitative variation between the regimes. In regime II (3.0 K ∼ 10 K), �R(H ) has a positive slope and is
concomitant with �M. It can therefore be associated with the (re)orientation of magnetic domains of the Γ magnetic order.

and double-q scenarios. However, they show that the coupling
to charge transport changes qualitatively in the regime where
both components coexist.

III. DISCUSSION

Our findings show that the magnetic ordering process
in Eu5In2Sb6 is shaped by its nonsymmorphic orthorhom-
bic structure and, specifically, by the fact that magnetic
ions occupy multiple, nonequivalent Wyckoff sites. A search
for rare-earth intermetallics with these characteristics indeed
yields several interesting materials with similarly complex
magnetism. For instance, the R5Ni2In4 structural family is
also of Pbam symmetry and also features a rare-earth R on
two fourfold and one twofold site. In contrast to the 5-2-6
family, since the R ions are here trivalent, a range of rare
earths can be substituted. For instance, a similar complex
noncollinear magnetism with multiple phase transitions is
found for R = Tm [20], and similar characteristics, including
weak ferromagnetism, can also be obtained above 100 K by
substituting R = Dy [21].

Multiple magnetic (re)ordering transitions at zero field are
a common observation among these and related orthorhom-
bic rare-earth intermetallics. This may be attributable to
the competition between ferromagnetic and antiferromagnetic
itinerant magnetic exchange interactions and, specifically,
competing ordering tendencies at inequivalent Wyckoff sites.
The low symmetry of these arrangements of localized mag-
netic ions among anisotropic conduction bands makes for
potentially very complex scenarios. For instance, the positions
of Eu ions in the basal plane of Eu5In2Sb6 can be viewed as a
network of distorted corner-sharing or side-sharing triangles,
with 6+1 (in-plane + out-of-plane) distinct nearest-neighbor
distances ranging between 3.8 Å and 4.7 Å [13]. The layer
spacing, 4.6 Å, is intermediate to these values, which em-
phasizes that competition between in-plane and out-of-plane
itinerant exchange is likely, and magnetic correlations are not
necessarily two-dimensional. Measurements of the magnetic
dynamics in these materials would be of great interest to
clarify the hierarchy of correlations.

The small Ising-like net magnetization of the Γ -type
magnetic component is a central finding with important
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consequences. While dipolar interactions are unlikely a
driving force of the magnetic reordering at TZ , the net mag-
netization must necessarily lift degeneracies of the electronic
structure, which was previously not taken into account in
density functional calculations [9,12]. The hysteretic effects
imply that magnetic domains play an important role in
Eu5In2Sb6, that the domain structure is coupled to charge
transport, and that this relation changes qualitatively with
temperature. Mesoscale transport studies would now be of in-
terest to clarify whether these observations arise from intrinsic
variations of the transport channels or extrinsic mechanisms
(scattering of charge carriers from domain walls).

The magnetic phase transition at TZ is driven by a com-
petition of ferro- and antiferromagnetic coupling along the c
axis. The two possible scenarios, phase-separation or double-
q magnetic order, impose different constraints on the spin
arrangement but overall have a similar number of degrees of
freedom. Since both models are compatible with magnetic
scattering, local and bulk magnetic probes [13], their dis-
tinction will require direct evidence from spatially resolved
techniques. Notably, both possibilities are unusual results:
The double-q structure mixes distinct commensurate struc-
tures with different ratios at the three Eu sublattices but only
provides a physical solution if these components are strictly
orthogonal. The concept of phase separation, as illustrated in
Figs. 5(a) and 5(b) is more straightforward, but it is unclear
what microscopic mechanism in Eu5In2Sb6 could favor inho-
mogeneity.

IV. CONCLUSION

In this study of the magnetism of the nonsymmorphic
Zintl phase Eu5In2Sb6, a combination of local, bulk, and
momentum-resolved probes of magnetism allowed us to
reveal an unusual magnetic ordering process that is also con-
sistent with hysteretic phenomena in both magnetization and
charge transport. This complexity originates in the combina-
tion of perpendicular glide symmetries and the distribution of
localized magnetic moments on three magnetic sublattices. As
a consequence, a complex arrangement of ten coplanar Eu
spins is endowed with a net magnetic moment along the a
axis, which makes each layer an Ising weak ferromagnet. The
demagnetization energy therefore takes a decisive role in the
bulk magnetism, and a complex behavior of net magnetized
domains may be expected on the mesoscale. At lower tem-
peratures, competing interlayer exchange couplings induce
a compensated antiferromagnetic component that displaces
the weak ferromagnetism. In the absence of microscopic evi-
dence, it is not possible to distinguish whether this transition
occurs in the form of a double-q structure or phase separation.

It will be of great interest to clarify what bearing the
observed magnetic symmetries have on various proposals for
crystalline topological phases in the 5-2-6 Zintls [6,12]. For
instance, phase separation would imply the presence of Z-
type magnetic regimes that conserve effective time-reversal
symmetry (time reversal and translation along c), a prereq-
uisite for the axion insulator state. In either case, the net
magnetization of the (variable) Γ components will necessarily
have an impact on the valance bands and might also serve

as an unexpected, adjustable (by domain size) parameter of
the electronic structure. Furthermore, 5-2-6 Zintls have also
been noted for their chemical tunability, and density func-
tional studies predict that the putative topological features
in their band structure are extremely sensitive to hydrostatic
and uniaxial pressure [12]. Among the wider family of non-
symmorphic orthorhombic intermetallics, there are several
structural families in which bulk probes point to similar com-
plex ordering scenarios. Among these are compounds with
trivalent rare-earth sites that provide similar potential for non-
trivial band topology [22] but open additional possibilities
to tune magnetism. Combining the technological potential of
weakly ferromagnetic domains and band topology in such
materials is an exciting avenue to manipulate topological
transport and thus to realize specific technological proposals
from the emerging field of topological antiferromagnetic spin-
tronics [23–25].

Note added. Recently, we became aware of a single-crystal
neutron diffraction study by Morano et al. [26]. Although the
data sets are complementary (in terms of the techniques used
and the regime of reciprocal space probed), the type of mag-
netic structures inferred are consistent with our findings. As in
our case, the refinement of the single crystal neutron scattering
intensities does not allow a clear distinction between the phase
separation and double-q models of the Z magnetic component.
However, Morano et al. observed additional Γ -type magnetic
Bragg intensities with qualitatively different temperature de-
pendencies. This implies that the three Eu sublattices already
have different ordering tendencies below TN—which adds to
the plausibility of the double-q scenario. On the other hand,
density functional calculations by Morano et al. appear to
favor phase separation.

V. METHODS

A. Samples

Single crystals of Eu5In2Sb6 were prepared using an In-Sb
flux method, as previously described [9]. This growth tech-
nique yields prismatic rods of Eu5In2Sb6 (approximately 1 ×
0.5 × 0.2 mm3), along with thinner needles, which we iden-
tified as the Eu11InSb9 phase [27]. To obtain a high-quality
powder sample (0.55 g overall), clean Eu5In2Sb6 crystals were
selected from a large number of batches, cleaned, and ground.

B. Neutron powder diffraction

Time-of-flight neutron powder diffraction was performed
at WISH (ISIS, Rutherford Appleton Laboratory) [28], which
provides strong signal-to-noise ratio down to very small mo-
mentum transfers. This was essential to reveal the magnetic
scattering from Eu5In2Sb6, given the extreme neutron absorp-
tion cross section of Eu, as well as In. To minimize absorption,
the sample (0.55 g) was filled into a double-walled vanadium
can and cooled in a lHe cryostat (Oxford Instruments). Data
was obtained at 1.5 K, 10.0 K, and 25.0 K, and was processed
using MANTID [29] and FULLPROF [30].
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C. Muon-spin relaxation

Zero field μSR studies of polycrystalline samples were
performed on the EMU spectrometer at the STFC-ISIS Neu-
tron and Muon Source (pulsed source, higher sensitivity to
slow relaxation processes), and the GPS spectrometer at
the Swiss Muon Source, Paul Scherrer Institut (continuous
source, higher time resolution to resolve static magnetism).
Measurements on GPS were performed with the muon spin
initially rotated 45◦ from the incident beam direction and
made use of a veto detector to remove the signal from
muons that missed the sample. Measurements on EMU were
performed with the muon spin antiparallel to the incident
beam direction. For the EMU measurements, the sample was
mounted on a thick silver plate that stops all muons that miss
the sample, yielding a nonrelaxing background signal.

D. Resonant elastic x-ray scattering

Due to the large Eu2+ ordered magnetic moment and the
strong resonant enhancement at the Eu L absorption edges,
hard x-ray resonant elastic scattering (REXS) is highly suit-
able for magnetic structure determination in Eu compounds.
REXS studies were performed at the instruments I16 (Dia-
mond Light Source, Rutherford Appleton Laboratory) [31]
and P09 (DESY, Hamburg) [32]. In both cases, the photon
energy was tuned to the Eu L3 (2p 3

2
↔ 5d) absorption edge

(6.970 keV, λ = 1.779 Å). Scattered x rays were detected
either by a position-sensitive CMOS detector (DECTRIS) or
an avalanche photodiode in combination with a Cu (220)
analyzer crystal. The orientation of the magnetic structure
factor vector M̂(Q) was characterized either by azimuthal
scans (I16) or by full linear polarization analysis (P09) [33].

E. Magnetometry and transport measurements

Temperature-dependent magnetic susceptibility and mag-
netization measurements were performed in a Quantum
Design MPMS3 magnetometer. Resistivity measurements
were performed in a Quantum Design PPMS using the
standard four-point technique and an ac resistance bridge
(Lakeshore 372 with 3708 preamp). The current was applied

parallel to the c axis. For the rotation experiments, the sample
was mounted on a motor-driven rotation stage. The axis of
rotation was parallel to the applied current.
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