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Topological magnets—their basic science 
and potential applications
Satoru Nakatsuji1,2,3,4*    

Abstract 

The performance limitations of conventional electronic materials pose a major problem in the era of digital trans-
formation (DX). Consequently, extensive research is being conducted on the development of quantum materials 
that may overcome such limitations, by utilizing quantum effects to achieve remarkable performances. In particular, 
considerable progress has been made on the fundamental theories of topological magnets and has had a widespread 
impact on related fields of applied research. An important advance in the field of quantum manipulation is the devel-
opment of the technology to control the quantum phase of conduction electron wavefunctions through the spin 
structure. This new technology has led to the realization of phenomena that had been considered infeasible for more 
than a century, such as the anomalous Hall effect in antiferromagnets and the giant magneto-thermoelectric effect in 
ferromagnets. This review article presents the remarkable properties of Weyl antiferromagnets and topological ferro-
magnets, which have been discovered recently. Additionally, this paper examines the current status of how advances 
in the basic principles of topological magnetism are facilitating the development of next-generation technologies 
that support the DX era, such as energy harvesting, heat flow sensors, and ultrafast nonvolatile memory.
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regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

1  Introduction
 Digital transformation (DX) has been rapidly developed 
in recent years, and an era in which every physical object 
will be connected to the Internet is fast approaching. In 
such an era, new value will be created through informa-
tion processing in cyberspace, leading to the prevalence 
of new services such as automated driving, telemedicine, 
digital twins, and drone transportation networks.

 However, constructing the infrastructure required for 
the realization of these services remains a major issue. 
Trillion sensors will be required for data collection, and 
data sensors relying primarily on AI must be designed for 
data processing. The development of optical communica-
tions, photoelectric interfaces, and 5G and 6G wireless 
technologies will also be crucial. As such, the information 
technology industry corresponding to DX has steadily 

expanded along with the market for semiconductors, the 
primary “building blocks’’ of this industry. A major tech-
nological  problem concerning  semiconductors is  that 
the performance of conventional materials, such as sili-
con, is reaching its limit as illustrated by the breakdown 
of Moore’s Law. The exponential improvement of device 
operating speeds has slowed considerably in recent years, 
and the rapid increase in power consumption is becom-
ing increasingly serious. 

 Quantum materials are a field in which novel quantum 
concepts are realized to fabricate functional materials 
that present a considerable improvement in performance 
over existing technologies such as semiconductors. 
Beyond CMOS circuits, quantum bits, photoelectric con-
version devices, nonvolatile memory, and quantum sen-
sors are just some examples of quantum materials being 
actively studied and developed with the aim of innovating 
the infrastructure required to support DX as information 
processing, transmission, storage, and collection units.

This review article presents the recent highlights of 
studies on Weyl magnets and other topological mag-
nets, which have gained global interest as examples 
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of quantum materials. Their existence  was theoreti-
cally proposed in 2011 [1], and ever  since our group 
pioneered research by developing them experimentally 
[2–7], the number of such examples has been increas-
ing [8]. Here, “quantum” indicates that the quantum 
phase (Berry phase) of the wavefunction is controlled 
through the topology of the band structure. This has 
led to the discovery that previously undiscovered 
properties arise in alloys made of inexpensive materi-
als such as iron and manganese. The most significant 
example is the discovery of giant transverse responses 
in antiferromagnets, which have never been imple-
mented in any conventional application (Fig.  1a). 
Antiferromagnets are indispensable for the high-den-
sity and ultrafast operation of information carriers 
required for future DX, due to their lack of a stray field 
and their THz operating speeds [9–12]. This paper 
presents the detailed properties of how  Weyl antifer-
romagnets, first discovered by our group, can manifest 
a colossal anomalous Hall effect previously consid-
ered absent in such materials, and are paving the way 

for future development in the field of quantum materi-
als  (Fig. 1a).

Additionally, the effective use of unused heat below 
200 °C is highly desirable to achieve carbon neutrality 
by 2050. The magneto-thermoelectric effect (anomalous 
Nernst effect) is a promising method of converting waste 
heat into electricity [13, 14]. Our recent studies have 
demonstrated that the magneto-thermoelectric effect 
can be enhanced by an order of magnitude by taking 
advantage of the topology of the electronic structure [7, 
15, 16], allowing metallic alloys to be actively employed 
as thermoelectric materials, a field  thatwhich has been 
dominated by semiconductors thus far [14]. Metal-
lic alloys have the advantage over conventional materi-
als in that they allow a simplification of the structure of 
thermoelectric modules, leading to an unprecedented 
reduction in production costs. This enables the low-cost 
production of heat fluxow sensors for visualizing energy 
flows, which is fundamental to achieving carbon neutral-
ity. Depending on future improvements, thermoelectric 

Fig. 1  The Weyl antiferromagnet and its functions: a Ferromagnet: Exhibits a large response proportional to its magnetization and has a GHz 
operation speed. Conventional antiferromagnet: Magnetization is very small if any, and the response is proportionally small. Weyl antiferromagnet: 
Despite its low magnetization, it exhibits large electrical, magnetic, and optical responses and presents THz operation speed. b Weyl 
antiferromagnet Mn3Sn: Real space: six Mn magnetic moments form a magnetic octupole Tx

γ. Momentum space: Magnetic poles are strongly 
distributed at the Weyl points in the plane, and large fictitious magnetic fields (Berry curvature Ω(k), green arrows) are produced. The dotted lines 
conceptually illustrate the trajectory (loop) on which the Weyl point moves when the octupole is rotated or flipped by the magnetic field or spin 
current. Inset: Schematic of linear dispersion near the Weyl point: The intersections of linear dispersions (Weyl points) always appear in pairs and 
are characterized by magnetic monopoles of different signs, i.e., + and −. c Anomalous Hall effect of Mn3Sn and magnetic field dependence of 
magnetization. The anomalous Hall effect (red, left vertical axis) changes sign corresponding to the inversion of the magnetic octupole (inset). 
Conversely, the magnetization (blue, right vertical axis) is approximately three orders of magnitude smaller than that of a ferromagnet (~1 mμB/Mn)
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modules may have the potential to act as  stand-alone 
power sources for trillion sensors in the IoT era [16].

Topological magnets thus present significantly bet-
ter performance than conventional magnets and can 
be implemented in various applications. In this review, 
we focus on topological magnets, which have non-
trivial topology in their momentum space electronic 
structure. There is another class of topological mag-
nets that have topological texture in real space, such as 
non-coplanar spin texture and skyrmions, which have 
attracted much interest worldwide. However, due to 
space limitations, we will not discuss the latter in this 
article. The following section briefly introduces Weyl 
semimetals and Berry curvature, which are crucial for 
understanding the origin of these robust responses. 
We then provide an overview of the giant anomalous 
Nernst effect in ferromagnets, the novel realization of 
the anomalous Hall effect in an antiferromagnet, and 
the various possible applications of these effects.

1.1 � Topological magnets
1.1.1 � Fictitious magnetic field in momentum space
The aforementioned anomalous Hall effect and 
anomalous Nernst effect were initially discovered in 

ferromagnets in the nineteenth century [17]; their mag-
nitude is observed to be proportional to the magnetiza-
tion [18, 19]. The sizes of the anomalous Hall and Nernst 
effects increase in proportion to the magnetization 
in many ferromagnets, as shown in Fig.  2 [20]. Topo-
logical magnets such as Mn3Sn and Co2MnGa, which 
are introduced in this paper, do not follow this trend, 
and are found to have anomalous responses that are sev-
eral orders of magnitude larger than those  expected 
from their magnetizations [7, 15, 16]. This remarkable 
enhancement is attributed to the topology of the elec-
tronic structure in momentum space and the resulting 
fictitious magnetic field [21].

The first example of a phenomenon brought about 
by the topology of electronic structures is the quantum 
Hall effect, which was discovered by von Klitzing et  al. 
[22] in 1980, approximately 100 years after Edwin Hall’s 
discovery of the Hall effect [17]. 2 years later, Thouless 
et  al. [23] clarified that the quantum Hall effect can be 
understood as the quantization of the conductivity to 
an integer multiple of e2/h, when the flux of  a fictitious 
magnetic field (Berry curvature) through a two-dimen-
sional electron surface becomes an integer multiple of 
2π; they were awarded the 2016 Nobel Prize for Physics 

Fig. 2  A giant anomalous Hall effect and anomalous Nernst effect observed in topological magnets [20]. a Magnetization M dependence 
of the anomalous Hall conductivity σH of various ferromagnets. Hall conductivity σH of conventional ferromagnets is observed to increase in 
proportion to magnetization M (red belt). The Hall conductivity of Weyl magnets such as Mn3Sn, Mn3Ge, Co3Sn2S2, and Co2MnGa is at least an order 
of magnitude higher than the value predicted by the scaling law (red belt) of ferromagnets. b Relationship between the Nernst coefficient Sji and 
magnetization M for various ferromagnets. All the data falls roughly into the red belt, indicating that the Nernst coefficient increases in proportion 
to the magnetization. The measurement results of the antiferromagnets Mn3Sn and Mn3Ge for various magnetic field directions and temperatures 
are shown; in addition to not following the conventional scaling relation, their Nernst coefficients are almost the same magnitude as the highest 
values known for ferromagnets. The Weyl ferromagnet Co2MnGa and the nodal-line semimetals, Fe3Ga and Fe3Al, also take values an order of 
magnitude greater than a conventional ferromagnet (red belt)
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for this discovery. An important distinction to make is 
that whereas the ordinary Hall effect can be understood 
as the result of an external magnetic field (in real space), 
the quantum Hall effect is caused by a fictitious magnetic 
field (in momentum space). 

There is a clear duality between the magnetic field in 
real space and the fictitious magnetic field in momentum 
space, in that both act as quantum phases on the elec-
tron wavefunction. A typical example of this for the real 
space magnetic field is the Aharonov–Bohm effect. If we 
consider an electron whose time evolution of its position 
takes the form of a closed orbit, the phase of the electron 
wavefunction is determined by the magnetic flux pass-
ing through any closed surface enclosed by the orbit. The 
same effect can be seen for the fictitious magnetic field in 
momentum space. The motion of a conduction electron 
in a conductor is described as the time evolution of its 
momentum on the band structure defined in momentum 
space. As in the real space case, the phase of the electron 
wavefunction is determined by the fictitious magnetic 
flux (created by the fictitious magnetic field) passing 
through the closed surface enclosed by the electron orbit 
in momentum space. 

Thus, the fictitious magnetic field is significantly 
affected by the geometry of the electronic structure, i.e., 
its topological character. Particularly in the twenty-first 
century, materials science has undergone a paradigm 
shift caused by the discovery of the topological properties 
of electronic structures. However, most research devel-
opments - such as those on graphene, topological insula-
tors, and Weyl semimetals in Europe, the US, China, and 
other countries [8, 24–26] - have been limited to weakly 
correlated electron systems, and the topological nature 
of the electronic structure in strongly correlated elec-
tron systems remained completely unknown. Conversely, 
magnetism is an important property of strongly corre-
lated electron systems and is a field in which Japan has 
traditionally led the world. Research on how topological 
electronic structures are realized  in magnets, is becom-
ing something of a trend in condensed matter physics. In 
particular, since the Weyl semimetal state was first theo-
retically proposed to exist in a ferromagnet in 2011 [1], 
extensive research has rapidly progressed worldwide [8].

1.1.2 � Weyl semimetals
The magnetic Weyl semimetals are an example of a top-
ological electronic phase of a magnet.  As the simplest 
example, the case of a single pair of conical  electronic 
structures with linear dispersion in momentum space will 
be considered (Fig. 3), and the effects of electron correla-
tions will be ignored [27, 28]. Notably, the intersection of 
these linear dispersions (Weyl point) serves as a source 
of the fictitious magnetic field in momentum space, 

and can be considered a magnetic charge. Analogous to 
Gauss’s law of electromagnetism, which determines the 
correspondence between the electric charge and elec-
tric field, the magnetic charge located at the Weyl point 
determines the fictitious magnetic field in momentum 
space. Weyl semimetals are topological metals hosting 
the Weyl points near the Fermi energy.  When the Weyl 
points are located precisely at the Fermi surface, the 
Fermi surface becomes mere points, and an insulating 
state is realized in the direction connecting the two Weyl 
points. This direction connecting the magnetic charges 
determines the properties of the field; if it is along the 
z direction, the fictitious magnetic field penetrates the 
two-dimensional electronic system in the xy plane per-
pendicularly. Since the magnetic charge is quantized, the 
fictitious magnetic field penetrating this two-dimensional 
electron surface along the vertical direction is also quan-
tized to 2π, satisfying the conditions for the quantum 
Hall effect described above (Fig.  3). A Weyl semimetal 
can be considered a layered structure of such two-dimen-
sional electron systems stacked in the z direction. Thus, a 
spontaneous layered quantum Hall effect is observed in 
Weyl semimetals even in the absence of an external mag-
netic field, which proves to be the intrinsic mechanism 
of the anomalous Hall effect in such systems. Further-
more, by extending this argument, it can be stated that 
the fictitious magnetic field in the momentum space itself 
directly induces the anomalous Hall effect [19, 21].

In general, the  origin of the internal magnetic field is 
the spin polarization  of magnetic moments localized 
at the atomic sites. On the other hand, as mentioned 
above, the fictitious magnetic field has a different origin, 
derived from the quantum  phase of the wavefunction 
(Berry phase). Accordingly, the anomalous Hall effect 
found in  Weyl semimetals need not be proportional to 
the magnetic moment or magnetization  as in the case 
of ferromagnets, but may exhibit behavior that is inher-
ently independent of them. The most striking examples 
of this were observed by us in the in the antiferromag-
nets Mn3X (Fig.  1b) and spin liquid Pr2Ir2O7  [2, 29]. In 
these compounds, the magnetization was either at least 
1000 times smaller than that of a typical ferromagnet, 
or so small it could not even be observed. Despite this,   
an anomalous Hall effect larger than that of a ferromag-
net  was observed, defying the conventional wisdom of 
the anomalous Hall effect (Figs. 1c and 2a) [20].

As mentioned above, Weyl semimetals have intersec-
tions of linear dispersions hosting magnetic charge in the 
vicinity of the Fermi energy. Therefore, the effects of the 
Weyl particle, a quasiparticle excitation near the Weyl 
point, are strongly observed in their metallic conduc-
tion properties [20]. In particular, the size of the  mag-
neto-thermoelectric effect (anomalous Nernst effect) is 
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directly proportional to the magnitude of the fictitious 
magnetic field generated by the Weyl particle [21]. The 
anomalous Nernst effect can be understood as the ther-
mal counterpart of the anomalous Hall effect; although 
both are transverse electromotive effects, the former is 
driven by an electric current while the latter is driven by 
a thermal current. Similar to the anomalous Hall effect 
(Fig.  2a), it had been empirically accepted that the size 
of the  anomalous Nernst effect is proportional to mag-
netization, and therefore  appears only in ferromagnets 
(Fig. 2b). This widely accepted notion was overturned by 
our discovery of an anomalous Nernst effect, approach-
ing the highest values found in ferromagnets, in the non-
magnetic Weyl antiferromagnet Mn3Sn. The remarkable 
size of the anomalous Nernst effect is attributed to the 
existence of Weyl points near the Fermi energy (Fig. 2b) 
[7].

By utilizing these Weyl particles (Fig.  2b), we experi-
mentally demonstrated that the anomalous Nernst effect 
can be enhanced even further in the full-Heusler ferro-
magnet Co2MnGa (Fig. 4), reaching more than 10 times 
the previous maximum value [15]. The fundamental 

reason for  this enhancement is the appearance of a flat 
band accompanied by a giant fictitious magnetic field 
(Berry curvature), which arises as a result of the topologi-
cal Weyl particles  undergoing a quantum Lifshitz tran-
sition (Fig.  5a) from type I (Fig.  5b) to type II (Fig.  5c). 
There is a large density of states in the vicinity of the 
Weyl points owing to the flat band, which causes a quan-
tum critical phenomenon observed as a logarithmic 
divergence in the anomalous Nernst effect (Fig. 4c). Inde-
pendent of our research, enhanced values owing to this 
criticality have been reported in thin films, and future 
applications are awaited [30]. Considering Fig.  2b again 
from this perspective, the significant enhancement in the 
magneto-thermoelectric effect, as compared to conven-
tional ferromagnets, can be understood as the effects of 
the fictitious magnetic field appearing on a macroscopic 
scale. This giant magneto-thermoelectric effect is one of 
the most important features of topological magnets.

Fig. 3  Conceptual schematics of a Weyl semimetal [4]. Pairs of Weyl points with positive and negative magnetic monopoles (magnetic charges) 
exist in a Weyl semimetal, which act as the north and south poles of the fictitious magnetic field. When only a single pair of Weyl points exists at the 
Fermi energy, any surface perpendicular to the line connecting them corresponds to a two-dimensional semiconducting system. The flux of the 
fictitious magnetic field through this two-dimensional semiconducting plane is quantized to 2π based on Gauss’s law. This implies that this plane 
is a precise quantum Hall system, which displays a giant Hall effect when time-reversal symmetry is broken. Essentially, a Weyl semimetal can be 
considered a layered quantum Hall system. This is the origin of the giant anomalous Hall effect in a Weyl magnet (reproduced from reference [4])
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1.2 � Energy harvesting using the magneto‑thermoelectric 
effect

In the coming era of IoT trillion sensors, it will no longer 
be possible to replace the batteries of each individual sen-
sor and an independent power supply is essential. Energy 
harvesting in the range of microwatts to milliwatts is 
an immediate technological requirement for this power 
source. Among the various existing energy harvesting 
technologies  such as vibration, solar, and thermoelec-
tric technologies, the thermoelectric  alone accounts for 

approximately half of the current energy harvesting 
market.

Extensive research has been conducted on thermo-
electric materials for more than half a century. Current 
thermoelectric technology employs the Seebeck effect, 
and numerous substances have been studied. Despite 
this, those that can be used above room temperature are 
still composed primarily of bismuth, tellurium, and lead, 
which are unsuitable for consumer use due to their high 
toxicity. Additionally, these compounds are mechanically 

Fig. 4  Giant magneto-thermoelectric effect discovered in the Weyl ferromagnet Co2MnGa [15]. a Crystal structure of full-Heusler Co2MnGa, b 
Temperature dependence of the anomalous Nernst coefficient Sxy in Co2MnGa, and c Temperature dependence of the transverse thermoelectric 
coefficient divided by temperature αxy T  in Co2MnGa. The theoretical calculations (blue) show a logarithmic temperature dependence above 20 K, 
corresponding to the quantum Lifshitz transition shown in Fig. 5. The results are in general agreement with the experimental values (red)

Fig. 5  Quantum Lifshitz phase transition and the Weyl ferromagnet Co2MnGa [15]. a Weyl point near the quantum Lifshitz transition in Co2MnGa, 
b Type-I Weyl point, and c Type-II Weyl point. The inset of a depicts the Brillouin zone. The vertical axis of the figure corresponds to energy, and 
the two horizontal axes correspond to the xy plane in momentum space. The valence band (red) and the conduction band (blue) touch at the 
Weyl point. The band structure becomes conical in the vicinity of the Weyl point, reflecting the linear dispersion. b When the Fermi energy (yellow) 
is adjusted to the Weyl point position, the Fermi surface becomes the Weyl point for type-I materials. c In type-II materials, the valence and 
conduction bands form hole and electron pockets respectively. A large Fermi surface is created by the two, which meet at the Weyl point
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fragile and  vulnerable to vibrations. Furthermore, to 
achieve a high thermoelectric efficiency using the lon-
gitudinal Seebeck effect,  a three-dimensionally complex 
structure must be fabricated using alternating P-type and 
N-type modules along the vertical direction from the 
heat source surface (Fig. 6a). Not only is such a complex 
three-dimensional element expensive to manufacture, it 
is also difficult to deploy over a large area. Consequently, 
thermoelectric modules have yet to be widely employed 
for energy recovery. The magneto-thermoelectric effect 
can potentially solve these problems in practice (Fig. 6b).

In spite of these difficulties associated with its longi-
tudinal nature, the Seebeck effect is used in thermoelec-
tric modules as sensors for measuring heat flux. Unlike 
thermometers, heat flux sensors measure the magnitude 
and direction of the heat flow, which causes changes in 
the temperature. Accordingly, they are used in various 
fields  ranging from materials science to medicine, for 
measurements on housing insulation, the heat dissipa-
tion performance of electronic materials, and deep body 
temperature. Additionally, recent progress in microfabri-
cation technology has enabled higher sensitivity, present-
ing potential for further implementation in biometrics 
and optical energy measurement. However, these sensors 
share the same problems as the thermoelectric modules 

detailed above, in that the fabrication cost is expensive 
due to the complexity of their three-dimensional struc-
ture, with a unit price of several hundreds of dollars 
per cm2. Additionally, the fragility of the material makes 
it difficult to make the sensors flexible, and the purposes 
to which they can be applied are still limited.

We have performed extensive research on a new energy 
harvesting technology, i.e., the transverse magneto-
thermoelectric effect in magnets (Fig. 6b). Although the 
phenomenon itself had already been known, it had been 
neglected in the development of power generation tech-
nology owing to its low thermopower (0.1 μV/K: approxi-
mately 0.1 to 1% of a typical Seebeck coefficicient). 
However, as demonstrated  in the previous section,   it is 
possible to fabricate a substance with a thermopower 
greater than 10% of that of the Seebeck effect by con-
trolling the topology, or the geometric properties of the 
electronic structure. Recent discoveries have found that 
many such compounds are composed of less  expensive, 
more  durable, and safer elements as  compared to bis-
muth and tellurium [7, 15, 16, 20]. The magneto-ther-
moelectric effect is highly compatible with thin-film 
fabrication techniques due to its transverse nature, offer-
ing another advantage in that they allow for greater flex-
ibility in devices. Applying the obtained materials to 

Fig. 6  a Conventional thermoelectric and b magneto-thermoelectric conversion technologies [16]. In conventional thermoelectric conversion 
(Seebeck effect), the electromotive force is generated along the same direction as the temperature difference, requiring a three-dimensional 
module structure. Conversely, the magneto-thermoelectric effect (anomalous Nernst effect) generates an electromotive force perpendicular to the 
temperature difference, enabling a simpler structure more applicable to thin-film devices
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thermoelectric devices enables the use of the anomalous 
Nernst effect in thermoelectric applications and heat 
flux sensors, and the development of this market is just 
around the corner.

Based on our previous discoveries of a giant mag-
neto-thermoelectric effect in Mn3Sn and Co2MnGa,  we 
employed high-throughput calculations to perform first-
principles calculations quickly and automatically, in order 
to identify magneto-thermoelectric materials based on 
the most inexpensive of the elements, iron. The high-
throughput calculation method was used in cooperation 
with the Arita Group at RIKEN and the Koretsune Group 
at Tohoku University. Out of the more than 1400 candi-
date materials found by the calculations, Fe3Al and Fe3Ga 
(Fig.  7a), when doped with 25% aluminum or gallium, 
were found to exhibit a magneto-thermoelectric effect 
over 10 times larger than that of pure iron (Fig. 7b, c) [16] 
among more than 1400 candidate materials discovered 
in the computation. Additionally, they maintain a high 

performance over a wide temperature range from 100 to 
−100 °C and present excellent durability and heat resist-
ance, making them suitable for use in various situations 
and environments. There have also been reports on the 
fabrication of Fe3Al and Fe3Ga thin films with thicknesses 
on the order of ten nanometers (Fig. 7c). In the thin film 
state, not only do both compounds maintain their large 
magneto-thermoelectric effect, they also record the high-
est values ever measured without an external field. The 
power generated is greater  than anything possible using 
conventional technology under the same conditions 
(area, temperature difference), and their development 
into thin film devices is greatly awaited.

A detailed analysis of the electronic structure was per-
formed in cooperation with the Ishii Group at Kanazawa 
University and the Arita Group at RIKEN to determine 
the origin of this phenomenon. Fig.  7d illustrates the 
band structure around L without the spin-orbit inter-
action. The red and blue bands touch at the nodal lines 

Fig. 7  Giant magneto-thermoelectric effect in nodal line semimetals [16]. a Crystal structure of cubic DO3 Fe3Ga, b Temperature dependence of 
the anomalous Nernst coefficient -Syx of the nodal line semimetals, Fe3Ga and Fe3Al, and c Room temperature transverse EMF -Vyx of Fe3Ga and 
Fe3Al thin films. The zero-field value is approximately 20 times larger than that of α-Fe, which has the same bcc structure as Fe3Ga and Fe3Al. d 
First-principles band structure of Fe3Ga (red and blue surfaces) and a nodal web consisting of nodal lines (yellow). e Contour plot of the fictitious 
magnetic field (Berry curvature) �n

z generated around the nodal web. The yellow lines in the center correspond to the nodal lines shown in d. See 
reference 16 for details
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indicated in yellow. Although a finite band gap opens 
when the spin-orbit interaction is added, the Berry curva-
ture �n

z remains large due to the gap being relatively small 
(Fig.  7e). The Berry curvature and the density of states 
increase simultaneously as a result of the spider web-like 
spreading of the nodal lines, thus greatly enhancing the 
anomalous Nernst effect.

That the giant magneto-thermoelectric effect appears 
not only in Weyl semimetals but also in general nodal-
line semimetals is of great importance. In particular, the 
use of versatile and inexpensive iron-based alloys shall 
further accelerate the development of  magneto-thermo-
electric devices, such as thermoelectric modules and heat 
flux sensors.

1.3 � Functional antiferromagnets and nonvolatile memory
1.3.1 � Antiferromagnetic spintronics
  Spintronics is a field in which the development of quan-
tum materials plays a crucial role. The term “functional 
magnets” has long been associated with ferromagnets, 
and ever since their discovery several millennia ago, they 
have been used for, among other things, the magnetic 
needles in compasses. After the birth and development of 
electromagnetism, it was realized that ferromagnets ena-
bled the generation and transmission of electricity. They 
have also attracted great interest as magnetic record-
ing materials, following the discovery of the giant mag-
netoresistance effect and the tunnel magnetoresistance 
effect in the latter half of the twentieth century.  In the 
twenty-first century, various methods of domain switch-
ing using electric current, such as spin-transfer torque 
(STT) and spin-orbit torque, were discovered [31]. These 
techniques have led to the development of the nonvola-
tile magnetic memory STT-MRAM, which has been 
commercialized recently.

 Ferromagnets have a macroscopic magnetization as a 
result of the magnetic moments at the magnetic atoms 
aligning in the same direction. Therefore, the direction of 
the magnetic moment can be easily changed by a mag-
netic field. Such a change can be detected by a voltage 
measurement due to the magnetization dependence of 
the large anomalous Hall and magneto-thermoelectric 
responses, enabling the reading of nonvolatile memo-
ries storing information in the form of the magnetiza-
tion direction. In antiferromagnets, a different group 
of magnets without a macroscopic magnetization,  the 
moments cancel each other out by pointing in different 
directions. The discovery of antiferromagnets  was thus 
delayed until 1949, after World War II, when neutron dif-
fraction experiments became available [32]. Furthermore, 
despite there being far more antiferromagnets than fer-
romagnets, they have found limited applicational success 
due to their lack of magnetization, with one of the few 

examples being their use in memory materials to intro-
duce an exchange bias.

However, antiferromagnets have been gaining increas-
ing attention in the field of spintronics [9–12]. As 
mentioned earlier, antiferromagnets do not carry a mag-
netization and thus do not create a stray field. Therefore, 
antiferromagnets can be brought closer without interfer-
ing with each other, which is advantageous for miniaturi-
zation.  In terms of reaction speeds, ferromagnets require 
a reversal of magnetic domains which can be considered 
a precession of the macroscopic spin. The speed of such a 
precession is known to depend on the anisotropy energy 
and is generally in the gigahertz range. In antiferromag-
nets, the energy cost of magnetization reversal is several 
orders of magnitude higher than that of  ferromagnets, 
due to the exchange interaction between spins. Thus, 
the time scale of precessions reaches the order of tera-
hertz, making antiferromagnets invaluable in the field of 
DX where high-speed information processing is critical. 
Therefore, extensive research is being actively conducted 
on the development of electrically recordable and read-
able nonvolatile memory using antiferromagnets.

Antiferromagnetic memory was first developed by 
Wadley et  al. [33]. In 2016, they  used a staggered spin-
torque field to successfully change the spin direction 
by  90°, which they read using the anisotropic magne-
toresistance effect. Subsequently, magnetic switching 
experiments have been performed on several antifer-
romagnets [34–37]. However, reading the spin direction 
using the anisotropic magnetoresistance effect requires 
the current and voltage reading directions to be at an 
angle of 45° to each other, limiting the future integration 
of antiferromagnets into devices. This specific geometry 
is incompatible with the four terminal Hall-measurement 
configuration used for ferromagnets, requiring eight 
terminals with reading and writing terminals arranged 
at 45° intervals.

1.3.2 � Giant anomalous Hall effect in antiferromagnets
In our recent study, we conducted a principle demonstra-
tion of the world’s first four-terminal Hall-configuration 
memory device using an antiferromagnet  [38]. The Hall 
device was created as a bilayer of an antiferromagnet and 
a heavy metal; the spin-orbit torque was employed for 
writing, and the Hall effect for reading the magnetiza-
tion reversal. Here, we introduce Weyl antiferromagnets 
(Fig.  1a)  that made such a device possible. This group 
of innovative magnetic materials shows many proper-
ties previously considered absent in antiferromagnets, 
such as the anomalous Hall effect, anomalous Nernst 
effect, and magneto-optical Kerr effect, due to the topol-
ogy of the electronic structures  [2–7, 20, 39]. The first 
known  example of a Weyl antiferromagnet was the  
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Mn3X system developed by our group [2–7, 20, 39]. This 
system has a noncollinear antiferromagnetic order in 
which the magnetic moments of the Mn atoms on the 
Kagome lattice form a chiral 120° structure (Fig. 1b). The 
magnetic order can be controlled by a weak magnetic 
field of approximately 0.01 T despite Mn3X being an anti-
ferromagnet. Moreover, a large zero-field Hall effect close 
to the highest known value for ferromagnets is found at 
room temperature (Figs. 1c and 2a). The symmetry of the 
magnetic structure and the  topology of the electronic 
bands are essential for the generation of this anomalous 
Hall effect. First, by considering a cluster of the six near-
est neighboring moments, the 120° structure of the mag-
netic moment on Mn atoms can be viewed as forming a 
magnetic octupole (Tx

γ). These octupoles align ferromag-
netically, breaking the macroscopic time-reversal sym-
metry (Fig. 1b) [4, 5, 40]. Second, it is observed that the 
electronic structure is topologically nontrivial near the 
Fermi energy  due to the existence of a Weyl point, i.e., 
an intersection of linear dispersions.  Thus, a large ficti-
tious magnetic field (Berry curvature) exists in momen-
tum space, leading to a large anomalous Hall effect and 
Nernst effect (Fig. 1a, b) [2, 6, 7].

Furthermore, in collaboration with the Otani Group 
at the University of Tokyo Institute for Solid State Phys-
ics, our group has discovered a spin Hall effect in the 
Weyl antiferromagnet Mn3Sn that  is qualitatively dif-
ferent from the conventional spin Hall effect [41]. For 
the conventional spin Hall effect,  the spin polarization 
is orthogonal to both the normal vector of the interface 
and the current, and this direction cannot be changed 
by a magnetic field. However, for the magnetic spin Hall 

effect observed  in Mn3Sn, the sign and direction of the 
spin polarization vector can be controlled by rotating 
the direction of the magnetic octupole of the Weyl anti-
ferromagnet (Fig.  8), offering the potential for innova-
tive new functionalities in  spin conversion devices. It is 
theoretically proposed that the magnetic spin Hall effect 
may share its origins with the anomalous Hall effect, both 
being intrinsically caused by the fictitious magnetic field 
(Berry curvature).  This once again indicates the signifi-
cance of a topological electronic structure. An additional 
advantage over the conventional spin Hall effect is its 
efficiency in switching the perpendicular magnetization 
at zero field, as the spin accumulated at the surface can 
have a large perpendicular component.

1.3.3 � Antiferromagnetic nonvolatile memory
For the design of a  nonvolatile memory using Weyl 
antiferromagnets, it is essential to develop a method to 
electrically control the giant responses produced by the 
topology of their electronic structure using electric cur-
rent and/or spin current. We performed an experiment 
to verify whether the magnetic switching by a spin-
orbit torque, used in ferromagnets, can be applied to 
the Weyl antiferromagnet Mn3Sn [42, 43]. Specifically, 
a Hall-measurement device consisting of a multilayer 
film of Weyl antiferromagnet Mn3Sn and nonmagnetic 
metals such as Pt, W, and Cu was fabricated on a silicon 
substrate [44], and the change in the Hall voltage for an 
external current was measured at room temperature [38].

The experimental results demonstrate that for the 
devices composed of  Mn3Sn  and Pt or W,  the sign of 
the Hall voltage generated by the Mn3Sn  layer can be 

Fig. 8  Spin accumulation signal appearing at the interface between a Weyl antiferromagnet Mn3Sn and a ferromagnet [41]. The hysteresis of 
the resistance change ΔR caused by the magnetic field sweep indicates the presence of accumulated spins on the surface of Mn3Sn. The sign of 
the hysteresis observed in the resistance change ΔR varies with the reversal (a, b) of the magnetic octupole polarization (Tx

γ, upper right inset, 
corresponding to Fig. 1b). This corresponds to a reversal in the sign of the spin accumulation signal. The normal spin Hall effect is independent of 
the direction of the magnetic moment and magnetization. These experimental results reveal the existence of a new (magnetic) spin Hall effect that 
depends on the polarization direction of the negligible octupole magnetization
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reversed by applying a current of 1010 to 1011 A/m2 to 
the nonmagnetic metal layer (Fig. 9a, c, d). The cause of 
this Hall voltage reversal is concluded to be the spin cur-
rent generated in the nonmagnetic metal layer, as shown 
in Fig. 9d, because (1) the Hall voltage reversal is caused 
by the external current in the devices using Pt and W; 
(2) the voltage reversal has opposite signs in the devices 
using Pt and W, corresponding to the difference in signs 
of their spin Hall angles [45, 46]; and (3) the reversal does 
not occur in the device using Cu, for which the spin Hall 
effect is negligibly small. Furthermore, in this device, the 
magnitude of the reversed Hall voltage can be controlled 
in an analog manner by changing the magnitude of the 
write current (Fig.  9b). This behavior as a memristor is 
known to originate from the polycrystalline nature of the 
Mn3Sn film.

As explained earlier, the anomalous Hall effect in 
Mn3Sn is derived from the giant fictitious magnetic field 
coming from the Weyl points in the vicinity of the Fermi 
surface (Fig.  1b). Essentially, the observed reversal of 
the anomalous Hall effect corresponds to the reversal of 
the  pair of Weyl points  with opposite  magnetic charges 

in momentum space (Fig. 9d). The existence of Weyl fer-
mions in our thin film of Mn3Sn has been confirmed by 
carefully analyzing the transport properties, which are 
fully consistent with the expected  chiral anomaly. This 
study is thus the first report on a successful electrical 
control of an antiferromagnetic Weyl semimetal state, or 
in other words, of its Weyl points [38].

These results demonstrate that control over Weyl 
points and other topological electronic structures is cru-
cial to utilizing the giant anomalous Hall effect, anoma-
lous Nernst effect, magneto-optical effect, and other 
large responses of antiferromagnets as nonvolatile mem-
ories. Furthermore, these inferences form the basis for 
the development of next-generation technology for ultra-
fast operation of an antiferromagnetic memory, as well 
as for the analysis of the current-induced propagation 
of magnetic domain walls and the associated magnetic 
dynamics in antiferromagnets.

Fig. 9  Current-driven magnetic switching of an antiferromagnet [38]. a Write current Iwrite dependence of the Hall voltage VH in a bilayer thin 
film Hall device of Weyl antiferromagnet Mn3Sn, with Pt, Cu, or W. b Demonstration experiment of a multi-level memory. The Hall voltage VH 
becomes multilevel by changing the lower limit of the write current, I

write
min. c Hall device based on multilayer films of Mn3Sn with Pt, Cu, and W. d 

Schematic diagram of the spin-orbit torque switching in Mn3Sn. This demonstrates that the charges of the pair of Weyl points in momentum space 
are reversed by the magnetization switching
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2 � Conclusion
The materials currently available are incapable of con-
structing an  infrastructure that can fully  support the 
rapidly  proceeding DX.  For example, to support the 
exponential growth in data transmissions with the cur-
rent level of technology, data centers alone will require 
10% of the total global energy.  The development of quan-
tum materials is indispensable in providing an ultimate 
solution to these problems.

This review summarizes the recent discoveries of top-
ological magnets and the current status of their rapid 
development as the forefront of quantum materials. 
Topological magnets take advantage of their topologi-
cal band structure and exhibit  properties significantly 
enhanced from those of conventional magnets. The 
giant magneto-thermoelectric effect and the anoma-
lous Hall effect in antiferromagnets are both examples 
of phenomena that have been realized in topologi-
cal magnets. Although these breakthroughs are still in 
the nascent stages, having been discovered only a few 
years ago, they are expected to pave the way for the 
development of self-sustaining power supplies for IoT 
sensors, ultrafast and ultralow power consumption 
memory devices, and photoelectric interfaces in the 
coming ultrasmart society.
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