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Magnetic domain structure and domain-wall bound states of the topological semimetal EuB6
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Electrically manipulating domain wall (DW) is central in the field of spintronics. Magnetic Weyl semimetal
(WSM) offers an additional knob for electric manipulation of DW by utilizing the topological DW bound states.
Using magnetic WSM material EuB6 as a prototype system, we investigate its DW bound states combining first-
principles calculations and domain imaging via magnetic force microscopy (MFM). The MFM measurements
reveal that domains with magnetization aligned along three [100] directions dominate over others under a
small magnetic field along the [001] direction. Accordingly, first-principles calculations are performed based
on experimentally determined DW type, which show a robust DW bound state featuring a spectral distribution
over a large portion of the DW Brillouin zone. Such DW bound states should result in a significant amount of
localized charges which can be used to drive DW motion via the electrostatic forces exerted on the localized DW
charges.

DOI: 10.1103/PhysRevB.106.235108

I. INTRODUCTION

Controlling magnetic domain-wall (DW) motion is impor-
tant for spintronic applications including memory and logic
devices [1,2]. In general, DW motion can be achieved via
spin-transfer torque [3–5] or spin-orbit torque [6–8]. The lat-
ter is effective for materials with strong spin-orbit-coupling
(SOC) including topological materials which possess strong
SOC and spin-momentum locking [9]. Recent theoretical
study suggests that DWs in magnetic Weyl semimetal (WSM)
host unique topological bound states which can in turn af-
fect the spin texture (chirality) or the motion of DWs under
an electric field in a manner similar to spin-transfer torque
[10–13]. However, these arguments are rather generalized
and the knowledge of topological DW bound state in a real
magnetic WSM is very limited, impeding the experimental
exploration of such new DW control methods.

Soft ferromagnetic (FM) material EuB6 has long been stud-
ied, for which the concept of magnetic polarons was discussed
as the underlying mechanism for its large magnetoresistance
[14–23]. Research interests are revived as a recent theoreti-
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cal calculation suggests that EuB6 can be put into different
topological semimetal phases by simply changing the mag-
netization direction in its FM state [24]. For instance, EuB6

is a topological nodal-line semimetal when the moment is
aligned along the [001] direction, and it evolves into a WSM
when the moment is rotated to the [111] direction. Coex-
istence of a nodal line and Weyl points is found with the
moment in the [110] direction. Angle-resolved photoemission
spectroscopy measurements on EuB6 single crystal have re-
vealed that the band splitting and inversion occur upon FM
transition, confirming such time-reversal symmetry-breaking
induced topological phases [25,26]. The magnetotransport
measurements show weak magnetocrystalline anisotropy con-
sistent with the soft FM state of EuB6 [27].

The close correlation between magnetization direction and
topological phase in EuB6 implies that its magnetic DW, i.e.,
crossover region between domains with different magnetiza-
tion directions and thus different topological phases, may host
a topological bound state. Here we perform first-principles
calculations on such topological DW bound states in light
of their potential applications in DW control. These calcu-
lations are based on the DW types in EuB6 determined by
our cryogenic magnetic force microscopy (MFM) imaging.
In particular, we use MFM to investigate the magnetic do-
main structure on the (001) surface of EuB6 single crystal.
At zero magnetic field, one observes the formation of large
in-plane domains on the surface with typical size of tens of
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FIG. 1. (a) Temperature-dependent resistivity of EuB6 single crystal. Inset: the crystal structure of EuB6. (b) Initial magnetization as a
function of external magnetic field along [100], [110], and [111] directions taken at 2 K. Inset: temperature-dependent magnetization along
[100], [110], and [111] directions.

micrometers. A small magnetic field along the [001] direction
breaks up these large in-plane domains into a mixture of small
in-plane and out-of-plane domains with magnetization orien-
tation along the [100], [010], and [001] directions. Guided
by such experimental observation, our first-principles calcu-
lations focus on DWs separating domains of [100], [010],
and [010] directions, which confirm the existence of robust
topological bound states in DWs.

II. RESULTS

A. Global magnetization characterizations

EuB6 crystallizes in a simple cubic lattice similar to
other metal hexaboride RB6 [R = rare earth or alkaline met-
als; see inset of Fig. 1(a)]. We have done x-ray diffraction
to confirm the single crystallinity of EuB6 sample [28,29]
(see Supplemental Material [30]). Figure 1(a) shows the
temperature-dependent resistivity of EuB6 single crystal. A
resistivity upturn is observed at 15 K corresponding to an FM
transition as seen from the temperature-dependent magnetiza-
tion [inset of Fig. 1(b)] [14,15]. For a high-symmetric cubic
crystal, the magnetocrystalline anisotropy energy can be phe-
nomenologically expressed by two constants, K1 and K2: Ek =
K1(S2

x S2
y + S2

y S2
z + S2

z S2
x ) + K2S2

x S2
y S2

z . They together deter-
mine the easy axis of an FM order. Early experiment suggests
a two-step FM transition in EuB6 with an easy axis along
[100] below Tc1 = 15.3 K and along [111] below Tc2 = 12.5
K [15,20,31]. We examine the magnetic anisotropy of our
EuB6 single crystal by comparing the bulk initial magnetiza-
tion curves along three representative directions, i.e., [100],
[110], and [111] directions. It appears that [100] is the easy
axis of the FM ground state because the magnetization along
[100] rises up faster and saturates earlier than the other two
directions [Fig. 1(b)]. Accordingly, [111] is the hard axis. One
could further estimate the magnetic anisotropy from the initial
magnetization curves by considering the energy differences
needed for saturation along different axes [32]. The obtained
anisotropy energy differences are 0.022 meV between [110]
and [100] and 0.039 meV between [111] and [100], which
are small indicating that EuB6 is a very soft FM material.
Note that the saturation magnetization is close to 6.5μB per

Eu ion at 2 K, suggesting a fully polarized spin state of Eu 4 f
electrons.

B. MFM characterizations

The EuB6 single crystal was cleaved in air to expose the
(001) surface. After the cleavage, we used both optical mi-
croscope and atomic force microscopy to check the cleaved
surface at room temperature in air to ensure its high quality
(see Supplemental Material [30]). MFM measurements were
performed at 6 K on the (001) surface of EuB6 single crystal to
characterize the magnetic domain structure in its FM ground
state. Although the three-dimensional (3D) domain structure
is inaccessible by probes with only surface sensitivity, valu-
able insights can be obtained from MFM measurements with
aid of domain theory. Figure 2(a) is an MFM image consisting
of multiple scans stitched together to cover a large (001) sur-
face area. This image was taken at zero magnetic field after a
zero-field cooling. Except for some topographic features such
as terraces and step edges (see Supplemental Material [30]),
Fig. 2(a) is largely featureless over the whole area. The most
eye-catching features are several dark lines corresponding to
DWs. While some of these DWs align along [110] or [1-10]
directions [denoted by red arrows in Fig. 2(a)], others meander
on the surface [denoted by black arrows in Fig. 2(a)]. The
featureless morphology of Fig. 2(a) reflects that the domains
are all in-plane magnetized due to the large stray-field energy,
which are not detectable in MFM as it only senses the out-
of-plane stray field. Only at the DWs can one get out-of-plane
magnetic moments due to the winding of magnetization across
the DWs. This gives rise to the dark contrast in MFM images.

The in-plane magnetization direction of each domain in
Fig. 2(a) cannot be directly identified by MFM. However,
with the aid of domain theory, important insights are obtained.
In Fig. 2(b), we show an MFM image of the same area as
Fig. 2(a) with a small applied field (500 Oe) along the [001]
direction, i.e., surface normal direction. The domain pattern
changes dramatically from the zero-field case. Domain with
sawtooth shape grows from the dark DW lines, which is
known as fir-tree pattern commonly observed on the surface
of soft magnetic material [32,33]. We draw a 3D schematic
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FIG. 2. (a) An MFM image taken at zero field after a zero-field cooling. (b) An MFM image taken under 500-Oe magnetic field along
[001] direction. The color scale is 0.6 Hz. The scale bar is 5 μm.

in Fig. 3(m) to illustrate the magnetization orientation of a
typical fir-tree domain pattern. It can be considered as the de-
veloped fir-tree 90◦ domains (bright yellow) superimposed on
the original basic 180◦ domains (gray yellow). The principle
underlying the observed fir-tree pattern is the introduction of
shallow surface domains collecting the net flux for the case
of slightly misoriented surfaces, i.e., the [100] easy axis cants
slightly from in-plane to out-of-plane under the 500-Oe field
along the [001] direction. This canting leads to the misorien-
tation between the magnetization and the surface and explains
the observed domain contrast in Fig. 2(b) compared to the

zero-field case of Fig. 2(a). The more it cants, the darker
it appears in Fig. 2(b). Another important insight from the
observation of the fir-tree pattern is that DWs at zero field
in Fig. 2(a) are mostly 180◦ ones, so the orientation of the
DWs largely reflects the direction of in-plane magnetization
of the neighboring domains. The meandering DWs of Fig. 2(a)
thus suggest that the in-plane magnetization is almost free to
rotate on the surface of EuB6, which is reasonable because
the thermal energy at the measuring temperature (6 K) is
larger than the anisotropy energy difference between different
in-plane directions. We note that the experimentally observed

0.64 T 0.68 T0.60 T (i) 0.62 T (j) (k) (l)
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FIG. 3. (a)–(l) Sequential MFM images of the denoted area in Fig. 2(b) at various magnetic fields. The field value is shown on the upper-left
corner of each image. The measurements were done at 6 K. (m) Schematic of a typical fir-tree domain pattern. Black arrows denote the slightly
canted magnetization under a small magnetic field. (n) Schematic of domain pattern seen in (h). (o) Cross-sectional view of the V-lines domain
pattern of the marked yellow regions in (n). The color scale is 0.8 Hz. The scale bar is 2 μm.
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fir-tree pattern in Fig. 2(b) is richer than what is shown in the
schematic of Fig. 3(m), i.e., in additional to the two jagged
sides as shown in the schematic, Fig. 2(b) also features one
jagged and one straight side. The fir-tree pattern has different
variants depending on the relative misorientation between the
surface the nearest magnetization easy axis [32]. Given that
in-plane magnetization easy axis is almost free to rotate on
the surface, it is not surprising to find a rich fir-tree pattern
under the field.

Figures 3(a)–3(l) show evolution of the domain pattern
in a chosen area [red square in Fig. 2(b)] with further in-
creasing field over 500 Oe along the [001] direction. The
fir-tree patterned domains break into smaller ones [Figs. 3(a)
to 3(d)], and gradually form a palm-tree like pattern whose
branches and leaves are vividly displayed [Figs. 3(e) to 3(h)].
As schematically shown in Fig. 3(n), the alternating horizontal
dark and gray yellow domains in Fig. 3(h) correspond to the
out-of-plane and in-plane domains with magnetizations along
[001] and [100] ([-100]) directions, respectively. The in-plane
domains form additional head-to-head and tail-to-tail DWs
corresponding to the vertical dark and bright yellow lines in
Fig. 3(h). These DWs have finite out-of-plane magnetic mo-
ments due to the closure of magnetic flux giving rise to bigger
MFM signal contrast. Figure 3(o) shows the cross-sectional
view of the marked yellow regions in Fig. 3(n). Inside the
sample, there are domains with magnetization along the [001]
direction. However, the magnetic flux has to be closed on
the surface to minimize the stray-field energy. Therefore, one
has in-plane domains on the top surface whose magnetiza-
tion forms a closed loop with the internal domains, i.e., V
lines based on domain theory [32]. The fractal nature of the
palm-tree domain pattern is attributed to a so-called domain
branching process [32]. Such domain branching is aimed to
completely close the magnetic flux by continually breaking
up large domains into small pieces. That explains why the
out-of-plane domains in Fig. 3(h) are separated by so many
small in-plane domains in between [see Fig. 3(n)]. This frag-
mentation of out-of-plane domains effectively reduces the
stray-field energy. It becomes prominent for materials with
weak magnetic anisotropy that allows the magnetization to
almost freely rotate without much energy cost. Such domain
branching is also expected for EuB6 which has a relatively
large magnetization (Ms ∼ 6.5μB/Eu) and tends to form more
magnetic domains on sample surface to minimize stray-field
energy, which is proportional to (Ms)2. When the field contin-
ues to increase [Figs. 3(i) to 3(l)], dark out-of-plane domains
expand at the cost of in-plane domains. Note that only hori-
zontally oriented [100] domains are observed in Figs. 3(j) and
3(k), which is due to the limited size of the displayed area
rather than any C4 symmetry-breaking cause. We show areas
in the Supplemental Material [30] displaying both [100] and
[010] domains under this field range. The system eventually
becomes uniformly magnetized at 6800 Oe which agrees with
the global M(H ) behavior in Fig. 1(b). Note that the feature
seen in Fig. 3(l) is the topographic terrace in this area.

C. DW bound-states calculations

Having known the domain structure and the DW type, we
proceed to perform first-principles calculations on the cor-

responding DW bound states. These DW bound states can
be considered as two-dimensional (2D) topological interface
states. To begin with, the bulk band structures of EuB6 in an
FM state with different magnetization directions have been
calculated, which are consistent with the previous results
confirming EuB6 as a topological semimetal [24] (see Sup-
plemental Material [30]). After that, as a comparison, we
first calculate the regular topological surface states (interfaced
with vacuum) of EuB6. The (100) surface band structure of
EuB6 with magnetization along the [100] direction is pre-
sented in Fig. 4(a), where surface states are only visible
around the � point. In Fig. 4(b) we further show the surface
spectral function at Fermi level (set to zero) in the (100)-
surface Brillouin zone (BZ), from which it is more clearly
seen that the spectral weights are mainly located at the central
� point and X/Y points. They are the surface drumhead states
strictly confined to the interior of the surface projection of
the nodal loop, forming the red disk-shaped surface state as
shown in Fig. 4(b). We then construct a tail-to-tail DW (see
Supplemental Materials [30] for head-to-head DW results)
separating domains with magnetizations along [−100] and
[100] directions, as denoted in the inset of Fig. 4(c). The
electronic bound state of such 180◦ DW is shown in Fig. 4(c)
with the band dispersions plotted along a high-symmetry path
within the (100) DW BZ. Different from the surface states
shown in Fig. 4(a), we see that the DW bound states expand
over most of the DW BZ with an energy dispersion ∼ 0.4 eV.
In Fig. 4(d) we further show the DW spectral function at
Fermi level throughout the DW BZ, from which the two Fermi
surfaces contributed by DW bound states are evidently seen.
We also calculate 90◦ DWs separating domains along [100]
and [001] directions as another experimentally observed DW
[Fig. 4(e) and 4(f)]. Interestingly, a very similar topological
electronic structure bound to the DW is found. As the magne-
tization is rotated in real space from [100] to [001] direction
from one domain to the other, the Weyl nodal loops in re-
ciprocal space are also rotated by 90◦, leaving a trace of the
nodal points in the DW BZ which is filled by the topological
DW bound states [Fig. 4(g)]. That explains why DW bound
state has a wider spectral distribution on DW BZ than that of
regular surface states.

III. DISCUSSION

Our global magnetization and microscopic MFM domain
characterizations reveal EuB6 as a soft FM material with a
small magnetic anisotropy and a large saturation magnetiza-
tion (spin-polarized state). They dictate the domain structure
at zero field [Fig. 2(a)], i.e., domains with in-plane magneti-
zation are formed on the surface to minimize the stray-field
energy which is proportional to (Ms)2. In addition, the orien-
tation of magnetization is free to rotate on the surface as a
result of small magnetic anisotropy. They also manifest in the
domain evolution, i.e., a domain branching process proceeds
with increasing field. The 3D nature of domain structure in
EuB6 can be unveiled by the observation of V lines. More-
over, the fact that an applied field along the [001] direction
drives the system into a domain structure with domains mostly
along [100] and [010] directions [Figs. 3(e) to 3(h)] on the
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FIG. 4. (a) Surface states for EuB6 with magnetization along the [100] direction. (c), (e) Domain-wall states, the magnetization is along
the [−100] and [100] and (e) along the [100] and [001] directions for the left (up) and right (down) domain, respectively. (b), (d), (f) Constant
energy mapping corresponding to (a), (c), (e) taken at the Fermi energy. (g) Schematic of the evolutions of the Weyl nodal loops of EuB6

projected from the FM [100] and FM [001] domain, which are marked by black and red circles, respectively.

surface indicates a 3D cubic symmetry rather than a uniaxial
symmetry.

Our first-principles calculations show the robust topolog-
ical DW bound states resulting from the strong coupling be-
tween nodal points (loops) in reciprocal space with the magne-
tizations in real space, such that they are transformed to differ-
ent valleys of BZ in different magnetic domains, leaving gap-
less DW states filling up the interstitial regions. Such internal
interface states are different from the conventional topological
surface states of WSM which are usually confined to a small
region on the surface BZ [34–36]. Since the topological DW
bound states occupy most regions of the DW BZ, significant
amount of localized charges (on the order of one per primitive
cell) can be accumulated to the DW. As a result, an external
electric field perpendicular to the DW may drive the DW mo-
tion due to the electrostatic forces exerted on the localized DW
charges. This is particularly important for the EuB6 system
because conventional current-driven DW motion may be hin-
dered due to the fact that the Fermi surfaces of two different
magnetic domains of EuB6 have little overlaps in momentum
space, which is difficult to transmit charge current through the
DW from a ballistic transport perspective. The electrostatic
forces experienced by the topological DW charges may be
the dominant driving forces for the DW motion, which is also
desirable from the energy-saving point of view.

IV. SUMMARY

In conclusion, we systematically studied the magnetic do-
main structures of an FM order on the (001) surface of EuB6

single crystal at various magnetic fields. This microscopic
characterization confirms EuB6 as a 3D soft FM material with
a small magnetic anisotropy and a large saturation magnetiza-
tion. The calculated topological DW bound states in EuB6 turn
out to occupy most regions of the DW BZ, which are quali-
tatively different from conventional surface states of WSM.
While the conventional current-driven DW motion through the
spin-transfer torque may be difficult in this system, we argue
that the electrostatic forces exerted on the localized charges
in the DW could be utilized for the DW motion control.
To achieve this goal, one promising route is to synthesize
EuB6 2D thin film as previously demonstrated in SmB6 [37].
The perpendicular magnetic anisotropy may affect the domain
structure of EuB6 2D thin film resulting in a simple domain
structure populated with [001] domains, which is convenient
for experimental manipulations.
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