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A three-dimensional singular point that consists of two oppositely aligned emergent monopoles
is identified in continuous CoTb thin films, as confirmed by complementary techniques of resonant
elastic x-ray scattering, Lorentz transmission electron microscopy, and scanning transmission x-ray
microscopy. This new type of topological defect can be regarded as a superposition of an emergent
magnetic monopole and an antimonopole, around which the source and drain of the magnetic flux
overlap in space. We experimentally prove that the observed spin twist seen in Lorentz transmission
electron microscopy reveals the cross-section of the superimposed three-dimensional structure, providing a straightforward strategy for the observation of magnetic singularities. Such a quasi particle
provides an excellent platform for studying the rich physics of emergent electromagnetism.

Magnetic fields produced by multipoles are dominated
by the dipole term, following the electromagnetism principle of ∇ ·B = 0 [1]. An elementary magnetic dipole can
be constructed by a pair of a monopole (MP) and an antimonopole (AMP) that are spatially separated. MPs are
regarded as fundamental particles with quantized magnetic charges [2]. The existence of a MP in real space is
equivalent to that of having a local gauge transformation
due to the existence of singularities in the vector potential, and a closure surface that covers a MP satisfies the
π2 (S 2 ) definition in the language of topology [3]. Although the theoretical arguments above do not have experimental proof so far, the MP model provides deep insights into various analogous systems in condensed matter physics. For example, an emergent MP in parameter
space can effectively give rise to a Berry phase and is
closely related to topological band theory [4–6].
In magnetic systems, e.g., a magnetic field applied in
spin ice systems leads to the separation of emergent MPs
and AMPs in real-space, producing non-trivial magnetic
dynamics [7, 8]. In the continuum limit, MPs and AMPs
appear during the phase transition process between the
skyrmion lattice and conical order, being responsible for
unwinding topological structures [9–14]. They are also
closely related to the domain wall dynamics [15–22], an
aspect that is interest for spintronics. Emergent MPs

thus provide a laboratory system for studying important
physics such as symmetry-breaking-related dynamics due
to topological defects [23], emergent electromagnetism
[24], and even dynamical properties of fundamental particles [3].
The creation of various types of MP structures is the
key for the exploration of MP physics. These quasi particles prefer to be spatially separated, either forming a
MP-AMP dipole configuration [8], or spacing themselves
out individually at different locations [9, 12, 21, 22, 25].
The collision of a MP-AMP pair usually results in annihilation, reminiscent of the particle-antiparticle collision
process [16]. Nevertheless, MPs and AMPs may also form
a bound state such as monopolonium [26, 27], which remains elusive in a magnetic system. It is therefore important to explore the existence and properties of spatially
bound MP-AMP structures. From fundamental physics
point of view, this simulates a scenario of how a dipole
moment is formed or destroyed by infinitely proximate a
MP and an AMP together [1–3]. For emergent systems,
such novel texture can be regarded as a neutral MP that
takes zero magnetic charge yet having non-trivial topology [24].
Another challenging task is the experimental identification of three-dimensional (3D) MP structures. The
recent advances in synchrotron-based 3D magnetic imag-
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FIG. 1. Micromagnetic simulation results for a 25-nm-thick
CoTb ferrimagnetic thin film. (a) Left-handed hybrid 3D domain wall with a middle layer twisting angle of χ = 90◦ . (b)
An energetically equivalent right-handed hybrid 3D domain
wall structure with opposite chirality as in (a). (c,d) Two different singular points emerge when the two types of domain
walls join together.

ing techniques provides powerful methods that can visualize emergent singularities [22, 25]. Nevertheless, the
efficiency of such experiments is low due to the complicated data collection procedure, and the expense for obtaining a magnetic structure is high due to the nature of
large-facility experiments. It is thus urgent to develop a
convenient experimental strategy for the identification of
three-dimensional topological spin structures.
In this Letter, we address the above two issues by creating such an emergent MP-AMP superposition in continuum CoTb thin film system, and demonstrate a simple,
yet general characterization strategy for the identification
of such structure. The key idea of producing such novel
singular point is introduced as follows. In the continuum
approximation, a thin film magnetic medium is described
by the following expression for the total energy:
Z
E = d3 r[A(∇m)2 + Ku m2z − m · B] + Edipolar , (1)
where m(r) = (mx , my , mz ) is the local magnetization,
A is the exchange stiffness, Ku is the uniaxial anisotropy
along z-axis, and Edipolar is the dipole-dipole interaction
energy. Depending on the exact recipe of the microscopic interactions, a planar system may exhibit Bloch(χ = ±90◦ ) or Néel-type (χ = 0◦ , 180◦ ) walls, distinguished by the twisting angle χ [24, 28]. Recently, it was
recognized that in stacked multilayer systems with alternating ferromagnetic/non-ferromagnetic units, Edipolar
plays an important role in mediating the 2D domain wall
structures within each layer [29–32]. Consequently, a hybrid 3D domain wall is stabilized, within which each layer
can take arbitrary values of χ [29, 30, 33].
Figure 1(a) shows such a 3D hybrid domain wall structure with the wall direction pointing along y, and the
thickness direction along z. The competing interactions

described in Eq. (1) encourage a ‘closure magnetization
flux’ pattern in the yz-plane. In other words, at the bottom layer (z = 0), a χ = 0◦ Néel wall is formed. Upon
increasing z, the twisting angle increases until it reaches
90◦ at the very middle of the stack, presenting a Blochtype wall with fixed chirality. Further increasing z leads
to a π-turn of the twisting angle in a left-handed rotation fashion, resulting in a χ = 180◦ Néel wall. Nevertheless, the chirality of the middle layer Bloch wall is not
protected by the intrinsic symmetry, suggesting another
degenerated, right-handed hybrid structure as shown in
Fig. 1(b), in which χ = −90◦ in the middle layer [32].
In fact, the hybrid 3D domain walls do not only occur
in discontinuous multilayers. For a continuous magnetic
thin film with finite thickness and moderate perpendicular anisotropy, our simulation suggests that similar 3D
wall configurations also develop.
As the two types of degenerate 3D walls join together
along the x-direction, emergent singularities evolve. Figure 1(c) shows the consequence of merging wall types of
Fig. 1(a) and 1(b) in a tail-to-tail fashion, which commonly takes place during the domain wall formation. At
the merging point, the local magnetization vectors undergo minute modifications by maintaining continuous
variations in the vector field. The only exception is highlighted by the formation of a singular point in Fig. 1(c),
in which its emergent magnetic field satisfies the π2 (S 2 )
topological quantization for a magnetic charge qm [34, 35]:

qm =

1
4π

Z
dsk ijk (∂i n × ∂j n) · n ,

(2)

Σk

where the local magnetization is normalized by the saturation magnetization MS : n = m/MS , and Σk is a closure surface that covers qm . Our numerical calculation
shows that qm = 1 in this case, suggesting a magnetization configuration that resembles an emergent MP.
Next, the ferromagnetic texture above is replaced by a
ferrimagnetic one [36], i.e., the local magnetization vector
can be regarded as the net magnetic moment from two
oppositely aligned sublattices. As shown in Fig. 1(c), if
the material is ferrimagnetic, each moment that consists
of a MP can be decomposed into two, labelled as Tb and
Co moments in this case. Consequently, the singularity
resembles the MP-AMP superposition structure, i.e, the
source of emergent field produced by the Co overlaps with
the drain of emergent field produced by Tb. On the other
hand, if the two types of 3D hybrid domain walls are
joined in a head-to-head fashion, a similar superposition
singular point with a Co-based AMP and an Tb-based
MP is formed, as shown in Fig. 1(d).
Following by the above concept, ferrimagnetic CoTb
thin films were synthesized by magnetron sputtering [35].
All characterizations were carried out in zero field on a
25-nm-thick CoTb thin film, capped with 5 nm Pt. Figures 2(a) and 2(b) show typical scanning transmission
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FIG. 2. (a,b) STXM images for 25-nm-thick CoTb film measured at the Co and Tb edges, respectively. (c) LTEM image of the 25-nm-thick CoTb film measured at 423 K. (d)
CD-REXS pattern measured for the same sample and same
condition as in (c).

x-ray microscopy (STXM) images for the same CoTb
sample, targeted near the Co L3 (779 eV) and Tb M5
edges (1238 eV), respectively. STXM images show mz
configuration of the domain wall pattern with element
specification. The labyrinth domain can be clearly identified. The opposite circular dichroism (CD) signals for
the Co and Tb edges provides direct evidence that the
Co and Tb moments are antiparallel, a signature of ferrimagnetism [36].
In order to characterize the in-plane properties (mx -my
components) of the magnetic structure, Lorentz transmission microscopy (LTEM) measurements were performed on an identical film at an elevated temperature of
423 K. At higher temperature, the modulation periodicity λh decreases, while the detailed domain wall structure
remains the same. This leads to an increased scattering
wavevector qh = 1/λh in reciprocal space, which simplifies the successive REXS measurements. Figure 2(c)
shows a typical LTEM image measured at zero-tilt angle.
A similar labyrinth domain pattern can be clearly identified, which is consistent with the STXM results. For
typical LTEM analysis, the specimen presents Bloch-type
modulations if the magnetic signal is observable under
zero-titling [37]. On the other hand, the smearing-out
of the magnetic signal at zero oblique angle indicates a
Néel-type wall structure [31, 38, 39]. Therefore, the existence of clear magnetic domain contrast in Fig. 2(c)
leads to the straightforward conclusion that CoTb hosts
Bloch-type domain wall.
Next, we performed resonant elastic x-ray scattering
(REXS) measurements in order to retrieve the exact χ
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value. It has been established that CD-REXS is the ideal
technique for probing the twisting angle of modulated
magnetization domain walls [28, 30, 40]. The direct CDREXS data is represented as a half-positive-half-negative
diffraction pattern by CD intensity around a circle of
fixed radius. The radius of the circle is associated with
the domain wall propagating wavevector qh , and the azimuthal angle Ψ is used to define the angular position
on the ring. Thus, the CD-REXS pattern around the
circle ICD (Ψ) unambiguously reveals the twisting angle :
ICD (Ψ) ∝ sin(Ψ + χ) [28, 40].
Figure 2(d) shows the CD-REXS pattern measured on
the same CoTb structure as that for LTEM. The half-redhalf-blue configuration with a horizontal dividing line directly yields χ = 0◦ , leading to the conclusion that CoTb
is governed by a Néel-type domain wall. This strongly
contradicts the LTEM results, suggesting more subtle underlying physics [28, 30, 40].
In order to address the experimental discrepancy, one
has to consider rather prudent interpretation of LTEM
data. Indeed, LTEM measures the average magnetic
signal from all layers along z [31, 32, 37]. Therefore,
for a magnetic thin film sample of finite thickness, the
depth-dependent information is lost in the LTEM contrast. From this perspective, we argue that whether
LTEM shows magnetic contrast or not depends on the
exact χ(z) profile, and not directly related to the simple
2D wall type. If the χ(z) profile contains most of the layers with Néel-type walls and ignorable Bloch components,
the magnetic signals will smear out. On the other hand,
if the χ(z) profile contains most of the layers that present
Bloch-component, observable magnetic domain contrast
will appear, as if the system presents pure Bloch-type
domain walls. In our case, the topmost and bottommost
layers are invisible to magnetic imaging, while the middle layer contributes to discernible magnetic signals as
shown in Fig. 2(c).
Meanwhile, REXS probes the same system in a completely different manner due to the reflection geometry.
The x-ray penetration condition suggests
P that the meatotal
total
sured ICD
takes the form of ICD
= z ICD (z)e−z/Lz ,
where Lz describes the penetration depth that is a function of the x-ray incidence angle and the photon energy
[40, 41]. This means that the topmost layers dominate
total
more in ICD
compared to the layers buried underneath.
This explains why the CD-REXS signal [Fig. 2(d)] shows
χ = 0◦ even for a Néel-Bloch-Néel 3D configuration.
Therefore, the apparent contradiction between LTEM
and CD-REXS can be resolved by assuming ferrimagnetic CoTb thin films to host 3D hybrid domain walls, a
crucial precondition towards the realization of emergent
charge-neutral monopoles.
In order to provide unambiguous experimental evidence for the existence of hybrid 3D domain walls in our
film, a depth-dependent study that reveals the domain
wall type at each layer is required. The depth-dependent
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FIG. 3. (a) Calculated layer-specific CD-REXS pattern
ICD (z) for a left-handed hybrid wall, and (b) for a righthanded hybrid wall. (c) Calculated layer-specific CD-REXS
pattern for the coexistence of left- and right-handed hybrid
walls. (d) Angular dependence of the experimentally meatotal
.
sured ICD

χ(z) information can be obtained by varying the x-ray
total
incidence angle θ [29, 30]. At a particular θ, ICD
encodes the χ(z) information from all layers with weighted
intensities. By varying θ, the weighting configuration
total
pattern. The analychanges, leading to a different ICD
total
sis of the measured ICD
signal as a function of θ allows
one to gain knowledge of ICD (z), therefore the information about χ(z).
Figures 3(a) and 3(b) show the calculated layer-specific
CD-REXS pattern for left- and right-handed hybrid
walls, respectively, i.e, the ICD (z) pattern. It is clear
that ICD (z) follows an identical evolution as that of the
χ(z) profile. At the very top (χ = 180◦ ) and very bottom (χ = 0◦ ) layer, both left and right hybrid walls
have identical CD-REXS patterns. While approaching
the middle layer, the CD-REXS pattern starts to twist
with different rotation sense. For a left-handed wall, the
CD pattern rotates in a counterclockwise fashion from
the top surface to the bottom, as shown in Fig. 1(a);
while the right-handed wall behaves oppositely. If both
chiral structures coexist with the same density, the total layer-specific ICD (z) will take the average of both.
Figure 3(c) shows the calculated CD-REXS pattern as a
function of z for a system that hosts both chiral hybrid

domain walls. Interestingly, the dividing vector that separates positive and negative regions of the CD signals
does not rotate at all. The CD-REXS patterns for the
upper layers are uniform with decreasing CD intensities
while approaching the middle, and the bottom-half part
has a sudden CD sign reversal. At the very middle layer,
the CD signals are completely cancelling each other, giving zero intensity.
total
Figure 3(d) shows the measured ICD
patterns at different θ. At the smallest possible angle of 10◦ , a clear
CD-REXS ring with horizontal dividing vector can be
identified. At elevated θ, the red-blue ring keeps its configuration, until it completely vanishes at θ = 35◦ , the
largest angle possible in our experimental setup. It is
worth noting that for the CoTb system at the Co L3 resonance condition, the largest Lz is merely 12 nm. Consequently, the bottom-half layers that are responsible for
the CD sign reversal do not contribute sufficiently to the
total
overall measured ICD
. Therefore, at θ = 35◦ , the CDsign-reversal cannot be observed. Instead, an extinction
of the CD-REXS pattern appears. Thus, the observed
angular dependent CD-REXS is well in agreement with
the layer-specific ICD (z) profile shown in Fig. 3(c). This
directly proves that both types of hybrid 3D domain walls
[Fig. 1(a) and 1(b)] coexist in our ferrimagnetic thin
films. Therefore, all conditions that are needed for creating emergent MP-AMP superposition singularities are
met in our system.
It is therefore straightforward to look for such structures in the microscopy images, i.e., where left- and righthanded hybrid domain walls join together. We have established that for LTEM, the measured magnetic contrast is predominantly coming from the very middle layer
of the film at z = zm . In other words, the singular points
in the LTEM images are direct cross-sectional cuts of
the 3D topological volume structure. This provides us
a convenient method for observing the MP-AMP superposition singularities via transport-of-intensity (TIE) reconstruction [37].
Figure 4(a) shows typical LTEM images at 300 K and
0 Oe, specifically measuring the Bloch component of the
domain wall around the middle layer of the 3D film.
The Bloch-components of the 3D domain walls exhibit a
black-to-white contrast transitions across the worm-like
lines. Along the same ‘worm lines’, defect points can be
found along which the wall order is reversed by whiteto-black fashion, as marked by the yellow squares in Fig.
4(a). This is direct evidence that a left-handed hybrid
wall with χ(zm ) = 90◦ joins together with a right-handed
one with χ(zm ) = −90◦ . The emergent MP-AMP pair
is therefore tied to the merging point. In order to visualize the net magnetization flux lines of the topological
defect, TIE was performed at the marked region. Figure
4(b) shows the detailed internal structure of a tail-totail singular point, which is well in agreement with the
theoretical predictions as shown in Fig. 1(c). On the
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FIG. 4. (a) LTEM images for 25-nm-thick CoTb film measured at 300 K, from which tail-to-tail MP-AMP superposition point is found and marked by the yellow square. (b) TIE
reconstruction of the yellow square region in (a). (c,d) same
as in (a,b), showing head-to-head MP-AMP pairs.

other hand, Figs. 4(c) and 4(d) show another MP-AMP
pair with head-to-head configuration, which is consistent
with the texture shown in Fig. 1(d). Therefore, we have
successfully created and observed such novel topological
structure.
In summary, the spatially overlapping emergent MPAMP singular point can be nucleated in ferrimagnetic
CoTb thin films. Such a complex defect represents
a novel topological structure that is interesting for
studying both fundamental and emergent electromagnetism. Most importantly, 3D hybrid domain walls are
commonly found in continuous magnetic thin films with
finite thickness and moderate perpendicular magnetic
anisotropy. Therefore, LTEM measurements need to
be interpreted by taking into account the exact χ(z)
profile. In fact, most of the LTEM contrast probes the
particular layers where Bloch-components dominate.
This provides an experimentally convenient strategy for
visualizing cross-sectional cuts of the 3D singularities in
general.
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A. Bauer, A. Chacon, M. Halder, M. Schowalter,
A. Rosenauer, J. Zweck, J. Müller, A. Rosch, C. Pfleiderer, and C. H. Back, Sci. Adv. 3, e1701704 (2017).
[12] F. Zheng, F. N. Rybakov, A. B. Borisov, D. Song,
S. Wang, Z.-A. Li, H. Du, N. S. Kiselev, J. Caron,
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