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The multiple directions of antiferromagnetic 
spintronics
New developments in spintronics based on antiferromagnetic materials show promise for improved fundamental 
understanding and applications in technology.

T. Jungwirth, J. Sinova, A. Manchon, X. Marti, J. Wunderlich and C. Felser

Spintronics1–3 has revolutionized the 
field of magnetic recording and it 
is hoped that it will complement 

semiconductor-based microelectronics 
in ‘beyond Moore’s law’ information 
technologies4. Whether designed for 
sensing, memory or logic applications, 
spintronic devices have been traditionally 
based on ferromagnetic materials. Here we 
present a brief overview of an emerging 
subfield of spintronics research in which 
antiferromagnets take the central role5–8. 
We focus on the latest developments, which 
range from demonstrations of experimental 
microelectronic memory devices and optical 
control of antiferromagnetic spins to the 
interplay of antiferromagnetic spintronics 
with topological phenomena, noncollinear 
antiferromagnets, antiferromagnet/
ferromagnet interfaces and synthetic 
antiferromagnets. We illustrate that the 
envisaged applications of antiferromagnetic 
spintronics may expand to areas as diverse 
as terahertz information technologies or 
artificial neural networks.

Ferromagnets have been a subject of 
fascination and have been of great practical 
value for thousands of years. They were in 
the cradle of sound recording more than a 
hundred years ago and carried on through 
the video recording era to modern data-
storage media and computer memories. The 
latest incarnation of magnetic recording and 
magnetic sensors, called spintronics, was 
also all due to ferromagnets9.

Antiferromagnets have been known 
since the 1930s and exhibit the second 
basic type of magnetic order10. They 
are abundant, but practical means of 
combining manipulation and detection of 
antiferromagnetic spins in microelectronic 
devices have remained elusive until 
recently11,12 (Fig. 1). Among the key 
prerequisites that, in 2016, led to the 
experimental demonstration of the 
antiferromagnetic memory device were 
studies of relativistic charge–spin coupling 
phenomena — namely the spin Hall 
and spin galvanic effects13 — that have 
shaped much of the recent research and 
development in spintronics14.

Combined with broken spatial 
inversion symmetry, relativistic spin–orbit 
coupling leads to current-induced spin 
polarization even in systems with no 
equilibrium magnetization13. Remarkably, 
this non-equilibrium spin polarization 
can provide highly efficient means for 
controlling ordered spins in magnets15. 
While in ferromagnets a global current-
induced spin-polarization has to be 
induced to couple strongly to the global 
magnetization16,17, antiferromagnets 
require the generation of a local non-
equilibrium spin-polarization whose 
sign alternates between the lattice sites 
occupied by opposite magnetic moments18. 
This is achieved, for example, in an 
antiferromagnetic crystal shown in Fig. 1a, 
in which the antiparallel magnetic moments 
occupy locally non-centrosymmetric  
lattice sites. The resulting staggered  
current induced spin–orbit field is 
commensurate with the antiferromagnetic 
order that allows for the efficient  
electrical switching11.

Over the past year, electrical write/read 
functionality in experimental memory  
devices has been verified in semimetallic  
antiferromagnetic CuMnAs with a  
Néel temperature of 480 K, deposited  
by molecular beam epitaxy on silicon  
and other common semiconductor  
wafers11,19, as well as in sputtered  
metallic antiferromagnetic films of 
Mn2Au with a Néel temperature above 
1,000 K (refs 20,21). The microfabricated 
antiferromagnetic bit cells are compatible 
with standard microelectronic circuitry19, 
are insensitive to magnetic fields and 
do not generate stray fringing fields11. 
A common feature of antiferromagnetic 
memory devices is a multilevel switching 
(Fig. 1b) that allows in principle to 
integrate memory and logic within 
the bit cell. It has been observed in 
antiferromagnetic metal20,21, semimetal11,19 
and semiconductor22 structures 
and associated with multidomain 
reconfigurations. Moreover, the 
antiferromagnetic order can also induce the 
analogue multilevel switching behaviour 

in an adjacent, exchange-coupled 
ferromagnetic film23.

One of the major attractions of 
antiferromagnetic spintronics is the 
prospect of high-speed operation of the 
devices. Highly reproducible reversible 
writing by current-induced spin–orbit 
torque has been demonstrated with writing 
current pulse length reduced from seconds 
to picoseconds11,19,24. In comparison, the 
writing speed (the inverse of the writing 
pulse length) by current-induced spin 
torques in ferromagnets is limited by the 
GHz scale of the ferromagnetic resonance 
frequency. Beyond this threshold, electrical 
switching costs a prohibitive amount of 
energy in ferromagnets25,26. On the other 
hand, the antiferromagnetic resonance  
is in the THz range due to the inter- 
spin-sublattice exchange, which shifts the 
accessible electrical writing speeds up by 
three orders of magnitude compared  
to ferromagnets18,24,27.

Laboratory setups with femtosecond 
lasers are now readily available, allowing 
the study of optical excitations of 
antiferromagnets at ultimate speeds. 
Remarkably, initial studies of ultrafast 
optical reorientation of spins in 
antiferromagnets preceded the experimental 
realization of electrically controlled 
antiferromagnetic memory devices by a 
decade. These early optical works took 
advantage of laser-induced heating that 
in certain ferrites can trigger a transient 
change in the antiferromagnetic easy-axis 
direction28. Recently, thermally induced 
reversible switching between distinct 
stable states of antiferromagnetic spins was 
demonstrated in optical experiments in a 
multiferroic oxide29.

However, efficient ultrafast optical 
control of antiferromagnets requires 
the utility of non-thermal excitation 
mechanisms. An example is the recent 
observation of a large-angle coherent  
spin-precession in a ferrite antiferromagnet 
excited by intense terahertz-field transients30. 
Here non-thermal orbital transitions 
induced a modification of the anisotropy 
field that drove the antiferromagnetic spins 
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out of equilibrium. Optical techniques 
have yet another remarkable feature: the 
ability to excite not only the uniform 
antiferromagnetic resonance mode but also 
higher wave vector modes. This has been 
illustrated by non-thermal sub-20 fs optical 
excitation of high-frequency (20 THz) 
magnons with wavevectors near the edges of 
the Brillouin zone in a Heisenberg fluoride 
antiferromagnet31.

While the vast majority of optical studies 
focus on insulating antiferromagnets, a 
recent trend is to include the same type of 
(semi)metallic materials used in electrically 
controlled devices in order to build bridges 
between electronic and optical sides of the 
antiferromagnetic spintronics research24,32. 
Connections between electronic and optical 
tools apply both to the manipulation and 
detection of antiferromagnetic spins. 
For example, the frequently employed 
magneto-optical effects in optical spin 
detection are the a.c. counterparts of d.c. 
magnetotransport phenomena used for the 
electrical readout in the antiferromagnetic 
memory devices11,32.

Recent breakthroughs in efficient 
electrical and optical manipulation and 
detection of antiferromagnetic spins unlock 
a multitude of well-known and newly 

emerging features of antiferromagnets that 
are unparalleled in ferromagnets. The THz-
scale spin dynamics is an example of an 
outstanding property of antiferromagnets 
acknowledged in the seminal work by Kittel33 
in the 1950s. This can now be exploited in 
the research towards magnetic memory 
and logic devices for the elusive THz 
band. Current studies, however, go beyond 
the uniform antiferromagnetic order by 
including static and dynamical properties 
of antiferromagnetic domain walls34–37 
and more complex spin textures, such as 
skyrmions38,39. In crystal antiferromagnets, 
these concepts are still mostly at the level 
of theoretical proposals. However, efficient 
domain wall and skyrmion motion has been 
already experimentally demonstrated in 
synthetic antiferromagnets, which makes 
these artificial stacks of antiferromagnetically 
coupled thin-film ferromagnets an attractive 
basis for the research and development of 
racetrack memories40,41.

A counterexample of a research direction 
that could have been hardly envisaged 
at the time of Néel’s or Kittel’s seminal 
works is the topological antiferromagnetic 
spintronics. Topologically protected Dirac, 
Weyl or Majorana quasiparticles and their 
interplay with the spintronic control of 

antiferromagnetic moments are concepts 
that have been proposed only very recently 
and still await experimental verification42–45. 
Their utility could be in realizing highly 
efficient magnetoresitive readout and spin 
torque writing schemes in antiferromagnetic 
memories. In a collinear antiferromagnetic 
Dirac semimetal, for example, a large 
anisotropic magnetoresistance has been 
predicted, associated with a topological 
metal–insulator transition driven by the 
reorientation of the antiferromagnetic 
spins43. A fundamental feature allowing 
some antiferromagnets, unlike ferromagnets, 
to host Dirac band crossings is the 
effective time-reversal symmetry in which 
the time reversal combined with other 
crystal symmetry like spatial inversion is a 
symmetry operation of the magnetic lattice.

Another avenue for intersection 
between spintronics and topology-related 
phenomena opens up in antiferromagnets 
with more complex non-collinear magnetic 
orders. For example, several compensated 
non-collinear antiferromagnets with strong 
spin–orbit coupling have been shown to 
exhibit a large anomalous Hall effect even 
in the absence of a net magnetization of 
the system46,47 (Fig. 2). Here it is the lack of 
effective time-reversal symmetry in these 
non-collinear antiferromagnets that allows 
for the anomalous Hall effect.

Alternatively, chiral non-collinear spin 
textures can substitute the role of spin–orbit 
coupling and generate a topological Hall 
effect in non-coplanar antiferromagnets48. 
Non-collinear antiferromagnets are also 
predicted to generate spin polarization 
of the electrical current driven through 
these crystals, which opens the prospect 
of realizing analogous phenomena in 
antiferromagnets to the ferromagnetic giant 
magnetoresistance and spin-transfer torque49.

Research in antiferromagnetic spintronics 
has so far focused on fundamental physics 
aspects of this emerging field. Despite its 
infancy, however, it is timely to frame the 
field also in the context of its potential future 
applications. As of 2016, the Moore’s law-
driven International Technology Roadmap 
for Semiconductors is officially at an end4. It 
is being replaced with the new International 
Roadmap for Devices and Systems in order 
to tackle the semiconductor scaling problem 
that is further magnified by the huge 
increase in the complexity of information 
technologies. It is envisaged that new 
material types and new device concepts 
will join forces with semiconductors in data 
collection, processing and storage devices. 
This might help in matching their massive 
deployment with the required functional 
diversity and energy efficiency. Robustness 
against external charge and magnetic 
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Fig. 1 | Experimental antiferromagnetic memory device. a, Within traditional schemes of magnetic 
recording, efficient control of antiferromagnets would require the generation of local Ørsted fields of 
alternating sign, commensurate with the staggered antiferromagnetic order. While winding a microcoil 
around each individual magnetic atom is unlikely to become a meaningful concept, antiferromagnetic 
spintronics is discovering new physical principles bringing efficient electrical control of antiferromagnets 
into reality. b, A memory microchip, placed on a USB printed circuit board, fabricated from CuMnAs 
antiferromagnet in which a global macroscopic electrical current generates a local spin–orbit field 
whose sign alternates between the spin sublattices, in analogy to the hypothetical microcoils in a. c, The 
staggered current-induced spin–orbit field provides efficient means for electrical writing of the multilevel 
states in the memory bit cell whose design also allows for electrical readout via the antiferromagnetic 
anisotropic magnetoresistance effect.Credit: adapted from ref. 15, AIP (a); ref. 19, Macmillan Publishers 
Ltd (b); and ref. 11, AAAS (c)
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field perturbations, absence of fringing 
stray fields favourable for high-density 
integration, non-volatile binary or multilevel 
bit cells, ultrafast operation, or alternative 
concepts based on coding information in 
robust spin textures are examples of the 
features that might bring antiferromagnetic 
order into the spotlight of frontier research 
and development in the beyond-Moore 
technology era.

The unique merits of antiferromagnetic 
spintronics can be relevant for several 
technology fields, including magnetic 
random access memories (MRAMs), 
neuromorphic computing and THz 
information technology. Antiferromagnetic 
spin–orbit torque memories can be switched 
using comparable current densities (∼​108 
A cm–2) at the GHz writing speed to their 
ferromagnetic spin–orbit torque MRAM 
counterparts19,25. This has been achieved 
without any systematic optimization of 
the antiferromagnetic material properties, 
device designs and physical mechanisms of 
the employed spin–orbit torques.

Apart from further exploration of the 
writing schemes, a conceptual breakthrough 
is required on the readout side of the 
memory functionality in order to fully 
exploit the potential of antiferromagnets in 
MRAMs. Currently, the readout is limited 
by the several-percent signals typical of the 
Ohmic anisotropic magnetoresistance11,19–21. 
The scalability of the bit cell size and 
readout time require significantly larger 
signals typical of the present ferromagnetic 
tunnel-magnetoresistance MRAMs3. 
Turning to tunnelling devices might be 
also a viable route for antiferromagnets49,50 
or, alternatively, the anomalous Hall or 
topological magnetoresistance phenomena 
might provide the key for devising efficient 
readout schemes, if compatible with 

electrical writing43,47,48. Another essential 
and yet virtually unexplored topic is 
magnetic anisotropy and the associated 
thermal stability of the memory states in 
antiferromagnetic materials and structures.

A proof-of-concept study using 
antiferromagnet/ferromagnet bilayers has 
already demonstrated the utility of the 
analogue multilevel switching characteristics 
in realizing non-volatile programmable 
synapses for artificial neural networks23. 
Whether using multilevel bit cells made of 
the antiferromagnet/ferromagnet hybrid 
structures23 or antiferromagnets alone11,19–21, 
the reliability of the associative memory 
operations will depend on the ability to 
control the microscopic domain structure 
of the multilevel cells and to fabricate these 
cells with highly reproducible analogue 
characteristics. For these neuromorphic 
computing applications, optimizing writing, 
reading and retention will also play an 
important role.

Another research direction for 
antiferromagnetic multilevel bit cells is 
motivated by potential applications in non-
volatile pulse-counter and related memory-
logic applications19. Highly reproducible 
pulse-counter characteristics have been 
demonstrated for up to thousands of pulses 
with an individual pulse time scaled down 
from milliseconds to picoseconds19,24. 
Here, one of the outstanding challenges 
is the reduction of the pulse delay time 
along with the individual pulse time in 
order to realize, within the bit cell, the 
corresponding memory-logic operation 
at frequencies scaled up to the GHz or 
even THz range. These considerations 
connect antiferromagnetic spintronics 
to future developments in the field of 
THz information and communication 
technologies. Antiferromagnets are 

favourable candidate materials not only for 
the THz memory-logic devices but also for 
other essential components, including THz 
sources or detectors. ❐
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Fig. 2 | Antiferromagnetic anomalous Hall effect. a, Non-collinear spin structure in the a–b plane of 
antiferromagnetic Mn3Sn. b, Anomalous Hall effect measurement in Mn3Sn. The chiral spin structure in 
this non-collinear antiferromagnet allows one to observe the anomalous Hall effect even in the absence 
of net macroscopic magnetization in the crystal.Credit: adapted from ref. 47, Macmillan Publishers Ltd
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