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Abstract

This article examines recent advances in the field of antiferromagnetic spintronics from the
perspective of potential device realization and applications. We discuss advances in the
electrical control of antiferromagnetic order by current-induced spin-orbit torques, particularly
in antiferromagnetic thin films interfaced with heavy metals. We also review possible scenarios
for using voltage-controlled magnetic anisotropy as a more efficient mechanism to control
antiferromagnetic order in thin films with perpendicular magnetic anisotropy. Next, we discuss
the problem of electrical detection (i.e., readout) of antiferromagnetic order, and highlight
recent experimental advances in realizing anomalous Hall and tunneling magnetoresistance
effects in thin films and tunnel junctions, respectively, which are based on noncollinear
antiferromagnets. Understanding the domain structure and dynamics of antiferromagnetic
materials is essential for engineering their properties for applications. For this reason, we then
provide an overview of imaging techniques as well as micromagnetic simulation approaches
for antiferromagnets. Finally, we present a perspective on potential applications of

antiferromagnets for magnetic memory devices, terahertz sources, and detectors.
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I Introduction

Spintronics broadly encompasses materials, heterostructures, and devices where spin and
electronic (i.e., charge) transport are intricately coupled '. Over the past few decades, the field
of spintronics has been largely the domain of ferromagnetically ordered materials. The reason
is the typically large room-temperature macroscopic magnetization of ferromagnets such as Ni,
Co, Fe, and their alloys, which emerges from the collective ordering of individual electron
spins due to exchange interaction. This magnetization, besides being readily measurable in thin
films and heterostructures using an array of magnetometry and microscopy techniques, also
provides a useful experimental knob to control the underlying spintronic phenomena using an
external magnetic field.

Several discoveries initiated and grew the thriving research field of ferromagnetic (FM)
spintronics. Among these, the discoveries of giant magnetoresistance (GMR) %3, followed by
the theoretical prediction # and experimental realization of giant room-temperature tunneling
magnetoresistance (TMR) > played key roles, as they provided sizeable means to affect charge
transport (i.e., electrical resistance) by magnetization, and thereby by an external magnetic field.
These were followed by the discovery of a range of phenomena that allowed the inverse process,
i.e., electrical control of the collective magnetization state using various types of torques,
including spin-transfer torque (STT) 7 ®, spin-orbit torque (SOT) % 1, electric-field-induced
(i.e., voltage-controlled) magnetization '! or magnetic anisotropy (VCMA) >4 piezoelectric

and multiferroic effects '> ¢

, and other mechanisms. These phenomena collectively provided
a way to both electrically detect (i.e., read) and manipulate (i.e., write) information into
ferromagnetic devices. This combination of electrical detection and manipulation, in turn,
enabled a wide range of applications which have been the subject of active research and
development over the past three decades. Among these are magnetic field sensors based on
spin valves, which made the tremendous growth of bit density in hard disk drives possible,
paving the way for today’s data centers and computing applications such as machine learning
(ML) and artificial intelligence (Al). Another example is magnetic random-access memory

(MRAM) which uses TMR for readout of information, and current- or voltage-controlled

switching mechanisms for writing of information in nanoscale magnetic tunnel junctions



(MTJs) ' ¥ and is being produced by major semiconductor manufacturers today. Other
devices that are still mostly in the research or development stage include spintronic oscillators
and spin diodes (detectors), where magnetoresistance, current-induced spin torques, or VCMA
effects work in tandem to create interesting high-frequency properties with numerous potential
applications '+ 1933,

By contrast, electrical manipulation and detection of antiferromagnetic (AF) order was
thought to be necessarily inefficient, due to the vanishing macroscopic magnetization of
antiferromagnetic materials. As a result, while many of the above-mentioned types of devices
could benefit from using antiferromagnetic rather than ferromagnetic materials (e.g., faster and
more scalable memory devices, and detectors or oscillators that operate at THz frequencies and
room temperature), such devices were thought to be impractical until recently.

The use and impact of antiferromagnetic materials >* is being reexamined in the light of
new discoveries, some of which we review in this article. These include experiments that
demonstrated electrical control of antiferromagnetic order in a range of insulating and metallic

2538 as well as recent theoretical and experimental work **-* that

antiferromagnetic materials
is opening new possibilities for reliable electrical readout of antiferromagnetic order. This
review aims to provide an introduction to these developments from the perspective of using
antiferromagnetic materials in useful devices, particular for memory and computing. It is
therefore not meant to be a comprehensive accounting of all active research directions in
antiferromagnetic spintronics, for which we refer the reader to other recent reviews.

The paper is organized as follows. Section II introduces the basic concepts of
antiferromagnetic materials and some of their existing manipulation and readout mechanisms,
which will be discussed in more detail in later sections. Sections III and I'V then discuss recent
advances in electrical control of magnetic order in antiferromagnets. Section V focuses on
electrical readout, focusing on the case of noncollinear antiferromagnets, which are a subset of
antiferromagnetic materials that have recently seen significant progress towards practical
device applications. Sections VI and VII then present some of the microscopy and

micromagnetic modeling tools that allow one to study antiferromagnetic materials. Finally, in

Section VIII we present a perspective on the technological need and application perspectives



of antiferromagnetic spintronic devices, particularly for memory and THz device applications.

II. Antiferromagnets as the active element of spintronic devices

In general, an antiferromagnetic material has two or more sublattices, the magnetizations of
which ideally add up to zero in the absence of any external fields, i.e., Y ~, M; = 0, where N
is the number of sublattices and M; is the magnetization of the i-th sublattice. The simplest
case is that of a collinear antiferromagnet with N=2, where the two sublattices are separated by
180°, pointing in opposite directions. The order parameter (or state variable, when used in an
information processing device) in this case is the Néel vector S=M{-M,, which is often

normalized by the sum of the magnetization values, M;+M,. Note that collinear ferrimagnets

are a subset of these where M;#M,. This is illustrated in Fig. 1.
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Fig. 1. Schematic illustration of three basic types of magnetic order in materials with one or

two sub-lattices.

Many antiferromagnetic materials of interest, including some of those discussed in later
sections, however, are noncollinear and have more than two sublattices. Two examples of the
XMn; family of metallic antiferromagnets (where in this case, X is Ir or Sn) are shown in Fig.

2. In these materials, the definition of the Néel vector, i.e., state variable, can be generalized to
S§=M1 + Ryr/3M3 + Runy3M3, Where Ry;/3 and Ry /3 represent rotation operators by 120°

and 240° angles, respectively >>>7. This vector is also referred to as the octupole magnetic

moment, and is particularly relevant to the properties of certain noncollinear materials in terms

39, 46, 48, 58

of electrical readout of antiferromagnetic order , as discussed in Section V.
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Fig. 2. Illustration of the noncollinear spin configuration in two antiferromagnets of the XMnj

family discussed in this review. Reproduced with permission *°.

III.  Electrical manipulation of antiferromagnets by current-induced spin-orbit torque
Due to their vanishing net magnetization, antiferromagnetic materials do not interact efficiently
with external magnetic fields, which can readily manipulate ferromagnetic order. The
technological interest in antiferromagnetic spintronics grew when a number of experiments
demonstrated that current-induced spin polarization can indeed interact with Néel order. While
initial experiments focused on the so-called Néel SOT which originates in the bulk of certain
antiferromagnetic materials % 3% 33373 the focus of this review are structures where an
antiferromagnetic layer is interfaced with a heavy metal (or other material with large spin-orbit
interaction), where an interfacial SOT allows for manipulation of the Néel order in the presence
of electric current 2275860 The structure of these devices, shown schematically in Fig. 3, is
reminiscent of ferromagnetic SOT-MRAM devices that have three electrical terminals, with
separate read and write paths. This separation, while sacrificing bit density, is beneficial as it
ensures a higher endurance of the readout path (typically, a tunnel junction), which does not
experience the large write currents used to switch the antiferromagnetic layer ®'.

A picture of an early experiment of this type is shown in Fig. 4a, where the
antiferromagnetic and heavy metal layers are PtMn and Pt, respectively 2°. PtMn was chosen
as the antiferromagnetic layer in this experiment due to its compatibility with established
silicon manufacturing. Write currents are passed in opposite directions along one pair of pads
(Aand A’, or B and B’). A smaller alternating (AC) read current is then applied along the other
two terminals, which causes oscillations of the Néel vector at the same frequency as the current.

Combined with the anisotropic magnetoresistance (AMR) of the PtMn film, the result is a

5



measurable AC voltage at twice the frequency of the input. This allows one to electrically read
out the Néel vector orientation, as shown in Fig. 4b; however, the small readout margin
provided by AMR and the need for an AC read current severely limited the potential of this

structure as a practical memory device, as explained further below.
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Fig. 3. Schematic illustration of a three-terminal antiferromagnetic tunnel junction with

separate electrical read and write paths.
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Fig. 4. (a) Device structure and (b) electrical current-induced switching results in

antiferromagnetic PtMn pillars switched by electrical currents injected into an adjacent Pt layer.
6

Reproduced with permission 2

The switching data shown in Fig. 4b indicate a gradual change of the antiferromagnetic
order in response to electric current. This feature, which was a common characteristic of many
early experiments on current-induced antiferromagnetic switching in relatively large devices,

can be understood in terms of a domain-mediated switching mechanism where currents
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manipulate the average Néel vector throughout the antiferromagnetic layer, but do not succeed
in fully reorienting (i.e., saturating) it 2> 26:2% 35 A representative micromagnetic simulation of
this domain-mediated switching mechanism in the case of Pt/PtMn pillars is shown in Fig. 5.
The magnetoelastic energy due to the substrate and the easy plane magnetocrystalline
anisotropy allow the stabilization of metastable states, which are characterized by complex

domain wall patterns that involve vortices (V) and anti-vortices (AV).
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Fig. 5. Micromagnetic simulation results of (a) domain structure, including vortex (V) and anti-
vortex (AV) textures, in a PtMn pillar, and (b) reversible modification of the domain pattern in

response to a current-induced spin-orbit torque. Reproduced with permission 2°.

The current-induced manipulation of Néel order in the Pt/PtMn material system was also
studied in devices with a slightly different geometry 2’, where in addition to electrical readout,
the effect of current-induced SOT on the antiferromagnetic domains was directly observed
using photoemission electron microscopy (PEEM) magnetic linear dichroism experiments,
which further confirmed the above picture.

Overall, these results emphasized the need for better understanding of the micromagnetic
domain structure of the Néel vector in antiferromagnetic materials, its dependence on film
deposition and processing conditions, and its interaction with electrical signals. Such an
understanding can be gained by direct imaging techniques aided by micromagnetic simulations,
which will be the topics of Sections VI and VII, respectively.

The above experiments confirmed the encouraging possibility of electrical switching of
7



Néel vectors in silicon-compatible antiferromagnetic materials, which was an important step
towards practical device concepts for memory and computing applications. At the same time,
they clearly showed the difficulty of reliably reading out the Néel vector orientation by
electrical signals, due to the small magnitude of the AMR effect. A second issue compounding
this difficulty was the fact that very high current densities were required for switching the
antiferromagnet in many experiments of this type, which in turn, can cause to non-magnetic

artifacts in the measurement, e.g., due to electromigration and thermal effects within the device

25,28, 62
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Fig. 6. (a) Device photograph, (b) schematic of the electrical test configuration, and (c)
experimental current-induced switching results in a Pt/IrMns-based device structure. Switching
is only observed when currents are applied to the cross which contains the antiferromagnetic
pillar, confirming the magnetic origin of the observed switching signal. Reproduced with

permission 2.

To ensure that the observed switching was indeed magnetic in origin, a subsequent work
proposed a six-terminal double-cross device structure, where the antiferromagnetic pillar is
placed on only one of the two Pt crosses »°, as shown in Figs. 6a and 6b. The additional
terminals and the presence of a Pt-only cross within the device allow for performing an in-situ
control experiment. In this case, write currents can be applied along terminals 2 and 6, in which
case they will pass under the antiferromagnetic pillar on the left cross, or along terminals 3 and
5, in which case they will pass through the Pt-only cross without any interaction with the
antiferromagnetic layer. Readout can be performed by applying a small read current along

terminals 1 and 4, and reading the differential voltage between terminals 2 and 3. The results
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of this differential readout approach in the case of the Pt/IrMn3; materials combination are
shown in Fig. 6¢. A wide range of current densities was observed to result only in switching of
the IrMn; pillar, without switching the adjacent Pt layer. Larger current densities were, however,
indeed observed to switch also the Pt layer, as expected. Similar results were recently obtained
in the case of a Pt/PtMn; materials combination ®, illustrating that this approach can be
generally applied to a wide range of antiferromagnetic materials with a pillar geometry
deposited on a heavy metal. Note also that, in both of these six-terminal experiments, the
selected antiferromagnetic material had a noncollinear spin configuration, as seen in Fig. 2.

It is worth emphasizing that all current-induced antiferromagnetic switching experiments
discussed above were performed in the absence of magnetic bias fields. This is in sharp contrast
to the case of ferromagnetic SOT-MRAM, where deterministically switching the magnetic free
layer (which typically needs to be perpendicularly magnetized for long-term data retention)
requires a symmetry-breaking in-plane magnetic bias field " % . This bias field can be
challenging to realize on a semiconductor chip, and is a source of device-to-device variations.
The natural field-free operation of the antiferromagnetic SOT devices shown above is thus a

highly beneficial feature.

IV.  Electrical manipulation of antiferromagnets by electric fields
Current-induced manipulation of magnetic order, whether antiferromagnetic or ferromagnetic,
presents certain challenges 7. The most important of these are the Ohmic energy dissipation
due to the large write current, and the fact that underlying access transistors (which are required
to isolate the selected bits) must large enough to drive this current. As a result, switching of
magnetic order by electric fields is an appealing alternative, which could potentially solve both
problems at once ' 6870,

Much progress has been made in electric-field-induced switching of ferromagnetic
memory devices using the voltage-controlled magnetic anisotropy (VCMA) effect in recent
years. The VCMA effect relies on the electric-field-induced modulation of the interfacial

perpendicular magnetic anisotropy (PMA) at the surface of metallic ferromagnets interfaced

with an oxide 7!. In the case of perpendicularly magnetized CoFeB free layers interfaced with



an MgO tunnel barrier, which is the most common material system used for MRAM today ">
7 the PMA typically shows an odd behavior on the applied electric field. As a result, one
polarity of applied voltage increases the PMA and stabilizes the out-of-plane magnetized free
layer, while the opposite polarity reduces the PMA, thereby facilitating switching.

VCMA at the CoFeB-MgO interface of two-terminal CoFeB/MgO/CoFeB magnetic tunnel
junctions has been used to drive the magnetization into a precessional motion around an in-
plane applied magnetic field, which can result in 180° switching of the magnetization when the
voltage pulse is timed to half the precession period of the free layer '% 7. The same effect can
also be used to generate random numbers with a fast bit rate of ~10 ns/bit, provided the applied
voltage is kept long enough to allow the magnetization to reorient to the in-plane direction 7>
7. True random numbers generated with the latter approach have been shown to pass the NIST
Statistical Test Suite (STS) and have been utilized in recent demonstrations of physically

unclonable functions 7

and solving integer factorization problems using a probabilistic
computing approach 7.

In addition to switching or random number generation in single-domain ferromagnets, the
modulation of PMA by electric fields due to VCMA also allows for control over magnetic
textures and magnetization dynamics, the properties of which are sensitive to the PMA value
in thin magnetic films. For example, VCMA has been used to stabilize and annihilate skyrmions
using an applied voltage ’® °. Since propagating magnons (spin waves) in a magnetic material
are topologically scattered by a skyrmion (with a scattering angle determined by the skyrmion
topological charge) 3% 8!, the latter effect can also be utilized to realize a voltage-controlled
skyrmionic magnonic switch, which can divert magnons within a magnetic network of wires
82, VCMA can also be used to modify the resonance frequency of ferromagnetic elements
driven by a radio-frequency signal, and even as the main driving force driving the resonance
14" which has been shown to enable spintronic microwave detectors (spin diodes) with very
high sensitivity %°.

It is important to note, however, that the concept of VCMA is not unique to ferromagnets.

Computational studies have indicated the possibility of large VCMA coefficients at interfaces

of antiferromagnetic materials such as FeRh and PtMn %34 If successfully realized in a device
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geometry, VCMA-induced or VCMA-assisted switching of antiferromagnets could alleviate
many of the issues associated with high write current densities listed in Section III.

A proposed device concept is shown in Fig. 7 3. An antiferromagnetic free layer with PMA
is interfaced with an insulator. When a voltage pulse is applied across the insulator, the two
sublattices of the antiferromagnetic layer are driven into a coupled resonant motion.
Importantly, while the threshold electric field for inducing these dynamics is determined by the
PMA (which can be on the same order as that in ferromagnetic free layers), their frequency is
determined by the exchange interaction between the sublattices, and can therefore be much
higher than in the ferromagnetic case. This is a distinct advantage over both ferromagnetic
VCMA devices where the resonance frequency is typically in the GHz range, and over
antiferromagnetic SOT devices, where accessing the higher (sub-) THz dynamics requires very
large current densities. Similar to the case of the ferromagnetic VCMA devices, a timed pulse
that coincides with approximately half the precession period of these dynamics can switch the
antiferromagnetic order to its opposite state, with write times on the order of tens of

picoseconds, as opposed to ~1 ns which is typical for ferromagnetic VCMA-MRAM %,
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Fig. 7. (a) Concept and (b, ¢) simulation results illustrating a strategy for VCMA-induced
switching of antiferromagnetic memory devices. The modification of interfacial anisotropy by

electric field can reorient the Néel vector by 90° for long voltage pulses, while it can switch it
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by 180° if the voltage pulse coincides with approximately half the precession period of the

antiferromagnetic dynamics (in this case ~30 ps). Reproduced with permission .

V. Electrical readout of magnetic order in noncollinear antiferromagnets

The general structure of a potential antiferromagnetic memory device is shown in Fig. 3.
Whether writing of information (i.e., switching of the antiferromagnetic state) is achieved by
using electric currents or voltages, efficient electrical readout is also a key requirement for a
viable device concept. This is important not only for memory and computing devices, where
having an electrical characteristic (e.g., resistance) that is sensitive to the direction of the Néel
vector is required for reading the stored information %, but also for an array of ultrafast
proposed antiferromagnetic devices that utilize either single-domain exchange-enhanced
antiferromagnetic dynamics or antiferromagnetic textures (e.g., skyrmions) 8. Potential
applications include the realization of (sub-) THz sources and detectors, going beyond the
frequency range that is attainable with ferromagnets. Such devices can be potential candidates
for filling the “THz gap” for communications and sensing applications, as discussed in Section
VIII.

In the context of memory devices, having a sizeable electrical readout mechanism is
essential. The latter is often defined as an on/off or magnetoresistance (MR) ratio 4R/R, which
quantifies the difference between electrical resistance characteristics in the two states of the
device (4R) — for example, corresponding to two Néel vector orientations — relative to its
baseline value (R). The importance of this ratio derives from the fact that larger AR/R values
can result in easier and faster readout by electrical circuits, for example by sensing a voltage
difference of the two states when a readout current is applied to the device. In addition, a large
AR/R value helps eliminate overlap between the statistical distributions of on and off (i.e., low
and high resistance) states across large numbers of devices °!. As a result, the larger the number
of devices on a chip (e.g., the memory capacity needed for an application), the larger the TMR
ratio typically has to be for reliable memory operation.

The structure of Fig. 3 schematically illustrates a potential solution to this problem, namely,

by building a structure which is analogous to the widely used ferromagnetic MTJs. Here, the
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bottom antiferromagnetic layer has a Néel vector that can be electrically manipulated (e.g., by
SOT as discussed in Section III), while its relative orientation with respect to a top (fixed) Néel
vector is read resistively. Other possibilities for readout of the Néel vector in such a device
might include anomalous Hall effect (AHE) or GMR, which are again analogous to their
ferromagnetic counterparts. Naively, one might assume the TMR, GMR, or AHE in such an
all-antiferromagnetic memory device concept to be nearly zero, due to the absence of
macroscopic magnetization in antiferromagnetic materials. However, an increasing number of
recent theoretical and experimental advances call this assumption into question.

Recent reports show that AHE can, in fact, be understood as a topological property of the
material that follows from the Berry curvature of its band structure, and is therefore not limited
to the normally considered ferromagnetic AHE effect 473952 3% 58 Several experiments have
provided experimental evidence for this. For example, anomalous Hall readout of the
antiferromagnetic state has been observed in Mn3Sn, which is a noncollinear antiferromagnetic
Weyl semimetal *°. Switching in this case was performed by using the finite magnetic moment
which arises from the tilting of the noncollinear moments, although it was argued that the large
size of the observed AHE effect could not necessarily be explained by this small magnetization.
Interestingly, this effect was also observed in the case of polycrystalline sputter-deposited
Mn;3Sn films, where the magnetization could be controlled by current-induced spin-orbit torque

58 similar to the experiments discussed in Section III. It is worth noting that the same

148 146

noncollinear antiferromagnet was also shown to exhibit thermal ** and optical *° characteristics
that are normally associated with macroscopic magnetization.

Measurement of the AHE effect, however, necessitates a multi-terminal device structure
where the transverse voltage in response to a longitudinal reading current can be sensed
electrically. This does not lend itself well to memory applications, where the number of leads
to each device should be minimized to reduce the effective bit area. A more common approach
followed in the case of ferromagnetic MRAM, therefore, has been to read out the free layer
state by TMR, as shown in Fig. 3. In ferromagnets, TMR is understood in terms of the net spin

polarization of the current, which is preserved through the tunneling process. Due to the

asymmetry of the density of states of majority and minority spins on the receiving side, this
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then results in different resistance levels depending on the relative magnetization directions of
the two ferromagnets. In collinear antiferromagnets such as those shown in Fig. 1, such a spin
polarization is not expected since the two sublattices have magnetizations that exactly cancel
out. Recent theoretical works, however, have shown that a spin-polarized current analogous to
that of ferromagnets is in fact possible in collinear antiferromagnets, provided certain
symmetries are broken °* %> 3 These types of materials, which have recently been termed
“altermagnets”, can therefore be expected, in principle, to also exhibit TMR in an appropriately
engineered tunnel junction. The presence of a net spin current created by charge currents in
altermagnetic RuO> has recently been shown experimentally, where an adjacent ferromagnetic

layer was used to detect the spin polarization 2.
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Fig. 8. Tunnel magnetoresistance in PtMn3/MgO/PtMn3 antiferromagnetic tunnel junctions
epitaxially grown on a MgAlbOs (MAO) substrate. Switching is performed by a ~0.1 T
magnetic field, as shown in the right panel. Reproduced with permission *°.

Another approach to realizing TMR in antiferromagnets has involved the use of
noncollinear antiferromagnets, specifically, the XMns family discussed in connection with
AHE earlier in this section. It has been shown that the band structure of these materials is non-
spin-degenerate, and the direction of the antiferromagnetic order parameter § (defined in
Section II) has a well-defined momentum dependence. As a result, the overall conduction
across the tunnel barrier can indeed exhibit a dependence on whether the vectors S are aligned
parallel or form an angle on two sides of the junction ***°*, An experimental realization of this
effect was observed in two recent works *%%°, where the material systems chosen were based
on PtMn3; and Mn3Sn antiferromagnets, respectively, shown in Fig. 8. In both cases, the films

were grown epitaxially on non-silicon substrates, and the manipulation of the antiferromagnetic
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order was performed by a magnetic field, taking advantage of the finite canted magnetic
moment. Even though the manipulation of magnetic order was therefore not electrical, these
works point to a promising strategy for fully electrical readout of antiferromagnetic order using
TMR in a tunnel junction.

Full antiferromagnetic memory devices such as those shown in Fig. 3, however, will
require both electrical reading and writing within the same device structure. While this has not
yet been achieved in structures based on fully antiferromagnetic tunnel junctions, another
possible strategy is to couple an antiferromagnetic free layer, switched by SOT, to an adjacent
ferromagnetic tunnel junction (e.g., based on the widely used CoFeB-MgO material system),
and then read it out via ferromagnetic tunneling. This concept, illustrated in Fig. 9, was recently
successfully demonstrated , with the resulting TMR reaching values as high as 80%. However,
it is worth noting that some of the challenges associated with ferromagnetic MRAM, such as
dipole interaction of neighboring bits, could also be present in arrays made of these hybrid

devices.

Fig. 9. Illustration of readout of an antiferromagnetic IrMn layer switched by spin-orbit torque,
by exchange coupling to a ferromagnetic CoFeB/MgO/CoFeB tunnel junction, as recently
demonstrated . The figure also shows the access transistors that would drive the write current

in a typical circuit implementation. Reproduced with permission *.

VI. Imaging of antiferromagnetic domain structures

As previously mentioned, understanding the magnetic domain structure of the Néel vector in

15



antiferromagnetic materials along with their electrical manipulation can be significantly
enhanced by direct imaging approaches. Domains can be described as regions in the material
with a uniform order parameter either in orientation or phase. For antiferromagnetic materials,
this order parameter is typically the Néel vector. Thus, a sample can have a single domain with
uniform Néel vector or can be composed of several domains leading to a domain configuration.
Different domains are then separated by a domain wall. The difference between
antiferromagnetic domains due to change in the orientation leads to formation of cycloidal or
helical states or vortex/anti-vortex states such as those shown in Fig. 5, whereas the difference
due to the phase leads to formation of antiphase domains. Furthermore, these changes can be
commensurate or incommensurate with respect to the lattice and spin structure. In recent years,
there is also increased interest in topology and chirality of the domains such as formation of
skyrmions in antiferromagnetic materials. Therefore, understanding the formation, and
behavior of domains in antiferromagnetic materials is critical not only from a fundamental
standpoint, but also harnessing their properties for spintronic devices. In particular, we need to
understand how the domain configuration changes under external stimuli of magnetic field,
electric current (e.g., in Fig. 4b) or temperature as well as the effect of local structure and
defects on domain behavior. Direct imaging of domains and their behavior in antiferromagnetic
materials can provide information which can be coupled with simulations and electrical
measurements to form a holistic picture of the dynamics of antiferromagnets.

Imaging of domains in ferromagnets has made tremendous progress over the last several
decades, but antiferromagnetic domain imaging has progressed relatively slowly. Direct
imaging of antiferromagnetic domains presents several challenges due to the near net-zero
magnetization and/or stray field. However, in the recent years, research is ongoing on imaging
antiferromagnetic domains with increased spatial and temporal resolution. In the next sections,
we will describe the recent capabilities for imaging antiferromagnetic domains, which can be
broadly classified into four categories based on the type of probe: (A) Synchrotron X-ray, (B)

Electron imaging, (C) Optical imaging, and (D) Scanning probes.

VI.A. Synchrotron X-ray microscopy
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Imaging using X-ray magnetic scattering has undergone significant improvement over the past
decade due to higher coherence and brightness available at synchrotron sources. X-rays can
interact and hence be used to image the magnetic spin textures in antiferromagnetic materials
in three possible ways: (1) X-ray scattering effects, (2) X-ray photo emission electron
microscopy (PEEM), and (3) coherent Bragg X-ray imaging.

X-ray scattering depends on the photon-spin interaction, which is typically weak compared
to Thomson scattering”, but with high brightness X-ray photons, it is possible to probe the
antiferromagnetic ordered states in materials. The scattering studies can be performed either
under resonant conditions or away from resonance. Focusing of the X-rays can be used to
spatially probe the local antiferromagnetic order, which was used to image spin density waves
in Cr *®. The advantage of this approach is that by selecting specific magnetic reflections in g-
space, it is possible to image magnetic modulations that break crystal symmetry. Recent work
has combined this approach with polarized X-rays to study chiral magnetic scattering such as
antiferromagnetic domains with helical modulations, as demonstrated for imaging domains in
BiFeO;*’. Advances in focusing optics have now enabled achieving a spatial resolution down
to 50 nm for imaging antiferromagnetic domains.

X-ray PEEM is currently one of the most widely used methods for imaging
antiferromagnetic domains with a spatial resolution of 20-30 nm and typically a large field of
view %8, Linearly polarized X-rays are tuned to the resonance of specific elements and show
intensity variations in the near-edge X-ray absorption fine structure in the presence of
antiferromagnetic order. Magnetic contrast is then obtained by subtracting signals obtained by
changing the direction of polarization parallel and perpendicular to the antiferromagnetic Néel
vector *°. The electrons emitted in this process are then used to form an image using an electron
microscope. This technique is extremely versatile as it provides element specificity, variable
depth sensitivity, and allows for separating contributions from various magnetic contributions
in multilayer structures or multi-element alloys (Fig. 10a) '°* '°!, This method was used to
image vortex pairs in antiferromagnetic Fe;O3 2. Further in-situ experiments are also possible
with varying the temperature to as low as 10 K as well as stimuli such as external electric

currents and magnetic fields in materials such as CuMnAs (Fig. 10b) *® and Mn>Au '*. One of
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the current limitations of this method is combining with magneto-transport measurements since
performing such measurements on antiferromagnetic domains requires significantly large
magnetic fields, at which PEEM is difficult to perform.

More recently, coherent X-ray imaging has become popular for high resolution imaging of
materials. The advances in detectors and coherence of X-rays enable recording images of
speckle patterns in the diffraction plane on the detector and then reconstructing the real-space
image using various algorithms such as ptychography. In order to image antiferromagnetic
domains, however, it is necessary to be in the magnetic Bragg diffraction geometry '**. Recent
work has shown imaging of antiferromagnetic domain walls in FeaMo3Og using resonant
magnetic Bragg diffraction phase contrast 1%,

With better and faster detectors, improved optics, and next-generation X-ray sources, these

imaging methods have a bright future to push the resolution to sub-10 nm and image dynamic

behavior of antiferromagnetic domains.

VI.B. Electron microscopy

Historically, Lorentz transmission electron microscopy (LTEM) has been used to image
domains and domain walls in ferromagnets. The magnetic contrast arises from the electron
beam deflection due to the magnetic induction from the sample, or in quantum mechanical
terms, the phase shift induced by the sample’s vector potential '°. The magnetic contrast can
be observed in out-of-focus images and quantitative information can then be recovered either
by phase retrieval approaches '°7 or using methods such as differential phase contrast!?®: 1% and
4D STEM imaging '"°. These approaches have been used for indirect imaging of
antiferromagnetic domains through imprinting or interfacing them with ferromagnets. Domain
behavior arising from phenomena such as exchange bias between antiferromagnetic materials
(IrMn, PtMn) and ferromagnets (NiFe, FesGeTe>) have been extensively studied using LTEM
(see, e.g., Fig. 10c) """!1>, Current state-of-art LTEM imaging can achieve sub-nm spatial
resolution ''*, making it possible to image helical or cycloidal antiferromagnetic order. Similar
to X-ray imaging, recent advances in detectors and electron optics have now enabled angstrom

scale magnetic imaging where the atomic columns can be resolved along with associated
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magnetic fields. Imaging of atomic scale magnetic fields was demonstrated in
antiferromagnetic Fe>Os (Fig. 10d), where reorientation of the spin texture because of Morin
transition was successfully shown'!®. Similarly, imaging of atomic scale antiferromagnetic
order was also observed in Fe»As ''®. These imaging methods are based on the phase shift
associated with the electron wave when it interacts with the magnetic field of the sample.
Another method like X-ray dichroism which is based on measuring the electron energy loss
spectroscopy and changes in the near-edge structure can also be used to get magnetic
information from antiferromagnetic materials. This approach, known as electron magnetic
linear dichroism or electron magnetic circular dichroism, can be used to obtain element specific
magnetic information in materials such as Fe,Os ''". However, so far this approach is only
limited to obtaining spectroscopic signals and only few experiments have been performed to
resolve this signal spatially. Future research based on high-quality spectrometers and direct

electron detectors should enable spatially resolved imaging of antiferromagnetic order.
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Fig. 10. (a) Correlative imaging of domains and local spectra from antiferromagnetic LaFeO3
layer and ferromagnetic Co layer obtained using XMLD and XMCD, respectively. Reproduced
with permission '%°; (b) XMLD-PEEM image of antiferromagnetic domains in CuMnAs in as
grown state and after applying alternate orthogonal current pulse trains. Reproduced with

permission *%; (c) Lorentz TEM images of FesGeTe; interfaced with hBN and PtMn, showing
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difference in domain structure due to interactions with the antiferromagnet. Reproduced with
permission '%; (d) Atomic resolution annular dark field image of Fe,Os and corresponding

color map showing the direction of local magnetic induction. Reproduced with permission ''°.

VI.C. Optical microscopy

Like transmission electron microscopy, optical microscopy has also been traditionally used for
imaging of ferromagnetic domains with sub-micron spatial resolution but significantly higher
time resolution. The contrast arises from the magneto-optic Kerr effect (MOKE) which causes
the polarization of the reflected light from the surface of the material to be rotated by an angle
due to the interaction with the magnetic moment ''® "%, By measuring this change in the
polarization, information about the magnetic domains can be obtained. MOKE imaging can be
performed in several possible geometries such as polar, longitudinal or transverse, depending
on the orientation of the magnetization (perpendicular or parallel to the surface) and the plane
of incidence of light. While traditionally, observation of a MOKE signal has been associated
with the presence of macroscopic magnetization, in recent years, MOKE imaging has also been
extended to image magnetic domains in antiferromagnetic materials. Interestingly, some of the
antiferromagnetic materials exhibiting this unconventional optical response are the same ones
that exhibit unconventional spin-dependent electrical transport due to their band topology, as
discussed in Section V. Domains in non-collinear Mn3Sn (Fig. 11a) were imaged successfully
using MOKE where the signal originated from the ordering of magnetic octupoles (see Section
IT) in the non-collinear Néel state *°. MOKE imaging can also be combined with several in-situ
capabilities such as application of external magnetic field, temperature, and electrical biasing
to probe the changes in domain structure. This was shown also in Mn3+xSni films where
anomalous Hall effect and MOKE imaging were performed to understand the domain evolution
120 Besides these, MOKE imaging has also been applied for other antiferromagnetic
materials such as MnpAs ', MnyAu '??, and CuMnAs '2. Besides the Kerr effect, another
higher order effect known as the magneto-optical birefringence (MOB) effect is also sensitive
to the in-plane Néel order in antiferromagnetic materials. The MOB effect exhibits a quadratic

dependence on the Néel vector and can be applied to compensated antiferromagnetic materials
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124 In addition, imaging of domains can also be performed using a non-linear optical effect
known as second harmonic generation (SHG) '?. This process involves simultaneous
absorption of two photons followed by the emission of a frequency doubled light wave, and
typically requires pulsed lasers !%6. This effect is sensitive to the underlying change in
symmetry of the material and hence can be used to detect both ferromagnetic and
antiferromagnetic domains. The first example of this technique was demonstrated by imaging

antiferromagnetic domains in Cr,Os3 %/

. An advantage of SHG is that it can probe coexisting
antiferromagnetic sublattices in the material, and their interactions '?®. SHG has also been used
to image domains in antiferromagnetic materials such as MnPS3 and Crls. However, this

imaging approach typically requires the use of high-intensity lasers, along with a detailed

analysis of the symmetry of the material.

VI.D. Scanning probe microscopy

Unlike the previous imaging techniques, scanning probe microscopy typically involves
interaction of a sharp tip with the surface of the sample that is being scanned. Magnetic imaging
can be performed using magnetically sensitive probes, which include spin-polarized scanning
tunneling microscopy (SP-STM) and magnetic force microscopy (MFM). SP-STM is an
extremely powerful technique with atomic resolution to resolve the structure of domain walls
and spins on a lattice in antiferromagnetic materials. In SP-STM, the magnetic contrast is based
on the spin tunneling current between the spin polarized tip and the sample surface. Pioneering
work was done by Bode et. al. on imaging of antiferromagnetic domain wall structure in an
ultrathin layer of Fe grown on W. In the recent years, this method has been used to probe the
antiferromagnetic domain wall structure in several other antiferromagnetic materials 213!,
Most recent work has been performed in combining the SP-STM capability with synchrotron
X-rays to obtain simultaneously the magnetic spin information and the local chemical
information at atomic resolution '*2. However, the major limitation of this method is that it
requires atomically flat surfaces and due to limited field of view, the domain sizes that can be

imaged are relatively small. Magnetic force microscopy depends on the stray field resulting

from the magnetic domain structure which acts on the magnetic tip in an atomic force

21



microscope. In general, for antiferromagnetic materials, there is near zero stray field and hence
imaging antiferromagnetic domains using MFM is extremely hard. However, in some cases of
non-collinear antiferromagnets or at domain walls with uncompensated spins, it is possible to
image them using MFM. This was shown in MnBi>Tes where the antiferromagnetic domain
walls show a spin flop state and were successfully imaged below the Néel ordering temperature
using cryoMFM (Fig. 11b) '3, There are several modifications of the scanning probe
microscopy method available which have been used for imaging antiferromagnetic domains.
One such example is scanning nitrogen-vacancy (NV) center microscopy. The NV centers
exhibit Zeeman splitting due to the local magnetic field and are extremely sensitive to very
small fields at high spatial resolution. This method has been used to image magnetic domains
in a variety of antiferromagnetic materials such as Cr,03 '**, BiFeO; '*°, and CuCrP,S¢ '°.
Other approaches include scanning thermal gradient microscopy where a laser spot is scanned
over the surface and the resulting thermo-voltage is recorded '*7, magnetic exchange force
microscopy which detects the exchange force between the tip and the magnetization on the
sample surface !*8. Scanning probe methods also allow for certain in-situ characterization such
as application of magnetic fields, and variation of temperature, but are typically time

consuming to acquire the data, and only probe the surface of the sample.
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Fig. 11. (a) MOKE images showing evolution of domains as a function of applied magnetic
field in the noncollinear antiferromagnetic Mn3Sn. Reproduced with permission *¢; (b) MFM
image taken at 6 K showing the antiferromagnetic domain wall formed in MnBi1.37Sbg.s3Tes,

and the corresponding schematic correlating the MFM signal with the domain wall structure.
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Reproduced with permission '*?

VII. Micromagnetic modeling of antiferromagnetic domain structure and dynamics
The information gained from the above-mentioned microscopy approaches, combined with
micromagnetic modeling of antiferromagnetic domain structure and dynamics, can enable the
antiferromagnetic device research community to achieve more uniform electrically switchable
antiferromagnetic states with large on/off ratios, as discussed in Section V. In this section, we
provide a brief overview of micromagnetic modeling approaches that have been applied to
antiferromagnetic devices.

At the mesoscopic scale, the micromagnetic properties of collinear and non-collinear
antiferromagnets can be described by the Landau-Lifshitz-Gilbert (LLG) equation within the
two- and three-sublattices model approximation, respectively. Indeed, this implies studying two

or three coupled LLG equations, which for the three-sublattice model, can be written as follows.

dm1 _ dm1
a2t Yomy X B g1 (M, my, m3) + am, X I
dmz _ dmz
2t = YoMz X B g, (M, my, m3) + am; X o (1)
dm3 _ dm3
PR (VLLLE T B 3(my, my, m3) + ams X at

Here, m; and Befsi (i=1, 2, and 3) are the magnetization vector and the effective magnetic
field for the i-th sublattice, respectively. The effective field takes into account all the
contributions from external fields, anisotropy, Dzyaloshinskii-Moriya interaction (DMI), and
exchange fields %8. The equations are coupled through the exchange field which depends on all

the three magnetization vectors and for each sublattice is given by five terms, as described

below.
2A 4A A 4A A
B “Upim *m, +2V’m, + —2m; +-2V?’m
1 exch M, + aZM; 2 M, 2 azM; 3 M 3
_ 2422 52 44, A23 2 4Ao A12 52
BZ,eXCh =M 174 m, + ms + _‘7 m,y + _‘7 (2)
s azM;
2A 4A A 4A A
B; cxch = Mz3 V2m; +— . 2 \72 1+ = M2+ 2 l72

It can be observed that the exchange field is characterized by two qualitatively different
contributions, referred to as homogeneous and non-homogeneous terms. It can be shown that

the ground state driven by those terms gives rise to a uniform configuration of m; in each
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sublattice, the magnetization vector at each different sub-lattice being stabilized in a given
plane, set by the magnetic anisotropy of the material, with at rotational angle of 120°. For
collinear antiferromagnets, the exchange field has only two contributions and drives a uniform
configuration of the magnetization with a configuration where the magnetization vectors are
antiparallel, along a direction set by the magnetic anisotropy of the material.

However, as discussed in the previous section, a uniform ground state is rarely observed
in magnetic imaging results of antiferromagnets. From a micromagnetic modeling point of view,
the key reason can be found in the magnetoelastic interactions of the antiferromagnets with the
substate which introduces in the micromagnetic energy landscape a non-uniform magnetic
anisotropy. This gives rise to complex domain patterns and/or interesting textures such as
magnetic vortex pairs 92, half skyrmions '* and skyrmions %, A remaining challenge is the
quantitative micromagnetic modeling of complex magnetic patterns where it is necessary to
combine the non-uniform magnetocrystalline anisotropy (grain-dependent value) with the
magnetoelastic interactions set by the substrate!*! 142,

As mentioned in Section III, a milestone of antiferromagnetic spintronics was the
demonstration of the electrical manipulation of the antiferromagnetic order via current-induced
SOT, which is proportional to the current flowing into antiferromagnets for both intrinsic (bulk)
SOT effects or to the current flowing into a heavy metal interfaced with the antiferromagnetic
layer. In terms of modeling, this SOT can be described by adding an anti-damping term to the
LLG equation, similar to the approach used for ferromagnets. This SOT has the same sign in
all the sub-lattices and if large enough, can give rise to a net magnetization. This model was
successfully used to describe some of the SOT-driven switching experiments in PtMn and
IrMn; materials 2> 2°, In general, this modeling approach also allows the study of nonuniform
configurations such as those of Fig. 5, including domain wall dynamics !4, which are typically

observed in the majority of antiferromagnets.

VIII. Perspectives on device applications
The advances in electrical manipulation and detection of antiferromagnetic order, which were

discussed in Sections III to V, open new pathways for the development of a wide range of
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potential antiferromagnetic spintronic devices. Among these, we will discuss antiferromagnetic
memory and high-frequency (THz) devices as two main examples.

Antiferromagnetic memory devices. The landscape of existing and emerging memory
technologies in the semiconductor industry is illustrated in Fig. 12. Overall, it is characterized
by a tradeoff between density and speed °!-67-71: 144145 'ywhich can be traced back in part to the
electronic interfaces used for each technology, and in part, to the characteristics of the
underlying devices. MRAM devices broadly fall within the higher-performance end of this
tradeoff, with speed and density that are approximately within the range achievable by static
random-access memory (SRAM, which is mostly embedded in logic processes today) and
dynamic random-access memory (DRAM, which is mostly implemented in standalone chips,
often along with a high-bandwidth memory interface). In ferromagnetic STT-MRAM,
achieving higher speed typically requires larger write currents, which in turn reduces the bit
density (due to the larger access transistors required) and endurance. Emerging mechanisms
such as SOT and VCMA, which are currently moving from research towards development
stage, may enable improving this tradeoff by achieving more efficient electrical switching. The
newest addition to the family of next-generation MRAM candidates is antiferromagnetic
MRAM, which falls within the top right (preferred corner) of this plot. It may, in principle,
achieve much higher device-level switching speeds than any of the other emerging MRAM
technologies by taking advantage of the exchange-enhanced antiferromagnetic dynamics. It
may also achieve high bit density by eliminating bit-to-bit dipole interactions. We hope that the
perspectives provided in this article will encourage research on antiferromagnetic device

concepts to realize this potential.
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performance-density tradeoff and different stages of development.

Antiferromagnetic THz oscillators and detectors. The manipulation of the
antiferromagnetic order driven by SOT also enables a new direction for the application of
antiferromagnetic devices for THz technology, a prospect enabled by antiferromagnetic
resonances in the THz frequency range. Up to now, the design of these devices has been mainly
based on predictions by both analytical and theoretical models, focusing on two possible
application categories: Oscillators (sources) and detectors.

Sources of THz radiation based on antiferromagnetic dynamics have been proposed ¢ and
studied both analytically and numerically in recent years %% °% 147 The main characteristics of
these THz oscillators are their room-temperature operation, frequency tunability by electric
current and potentially, very high quality factors *°. The threshold current in such devices is
proportional to the anisotropy field and exhibits a bistability, giving the possibility to sustain
the THz dynamics with a current smaller than the threshold current needed to initiate the
oscillations. This latter property can result in energy-efficient sources, and may also be useful
in the design of spiking neurons. antiferromagnetic oscillators are also expected to exhibit
possibilities for frequency modulation and injection locking, which may find applications in
communication systems 45,

Detectors of THz radiation can be presently implemented with various types of photon
detectors and thermal detectors (i.e., bolometers), as well as a range of emerging device

candidates '*°. Antiferromagnetic THz detectors may offer salient benefits including room-
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temperature operation and frequency tunability with current in the passive regime of detection
159 Emerging principles of detection and manipulation of Néel order, such as the all-
antiferromagnetic TMR discussed in Section V, may increase the sensitivity of such
antiferromagnetic THz detectors to technologically useful levels. As an example, a recent work
predicted that VCMA can parametrically excite the THz response of antiferromagnets with
high efficiency and without the need for an external bias field, opening a path to a compact and

ultralow power THz technology ®’.

IX.  Summary

The field of antiferromagnetic spintronics is now entering a stage where the tool set of
electrically induced torques and magnetoresistance effects is sufficiently developed to begin
device-level research for memory, computing, and THz applications. At the same time, there
remain many open fundamental questions to be investigated. These range from understanding
and utilizing the role of symmetry and topology of antiferromagnetic materials to achieve large
electrical detection effects, to investigating the interconnection of such unconventional
electrical transport with thermal and optical properties. Other areas of active research will be
the improvement of techniques for imaging of antiferromagnetic domain structures, aided by
advanced modeling to define strategies for creation of single-domain and textured
antiferromagnetic configurations on demand. Coupled with their intrinsic potential
technological benefits, including high-frequency dynamics and insensitivity to external fields,
this paints a promising perspective for fundamental and applied studies of antiferromagnetic

spintronics over the next decade.
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