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Antiferromagnetic insulatronics: spintronics in insulating 3d metal oxides

with antiferromagnetic coupling
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Y Institute of Physics, Johannes Gutenberg University Mainz, 55099 Mainz, Germany
2) Centre for Quantum Spintronics, Department of Physics, Norwegian University of Science and Technology,

7034 Trondheim, Norway
(Dated: 5 July 2023)

Antiferromagnetic transition metal oxides are an established and widely studied materials system in the
context of spin-based electronics, commonly used as passive elements in exchange bias-based memory devices.
Currently, major interest has resurged due to the recent observation of long-distance spin transport, current-
induced switching, and THz emission. As a result, insulating transition metal oxides are now considered to
be attractive candidates for active elements in novel spintronic devices. Here, we discuss some of the most
promising materials systems and highlight recent advances in reading and writing antiferromagnetic ordering.
This article aims to provide an overview of the current research and potential future directions in the field of

antiferromagnetic insulatronics.

I. INTRODUCTION 51

52

In spin-based electronics, writing, storing, and reading %
information relies on the electron’s spin rather than its s
charge. Spintronic devices are commonly implemented 55
in ferromagnets'. Despite major advances, real devices 5
utilizing conventional ferromagnetic metals and spin- 5
polarised charge currents have several drawbacks: par- s
asitic magnetic stray fields, intrinsically low character- 5
istic dynamic frequencies, large magnetic damping, and &
ohmic losses. These limit the device density, integration, 6
and operation speed, as well as increase the power con- ¢
sumption. 63

AFMs have moved to the forefront of condensed mat- &
ter physics and especially spintronics, due to their unique 6
and favorable properties, which have recently started to ¢
be exploited? ®. In particular, the zero net magnetic mo- &
ment makes AFMs insensitive to external stray fields, es
thus enhancing their stability. Furthermore, the absence e
of stray fields implies that there is no dipolar coupling be- 7
tween different areas in an AFM. If used for storage, this =
could lead to more than a 100-fold increase in the poten- 72
tial storage density”. In collinear AFMs, 180° reversal of
the magnetic ordering is not easily detectable. Therefore, 7
in contrast to ferromagnets, where a logic ”1” and a logic 7
70" are commonly encoded by 180° reversal of the mag- 7
netization, information is stored along multiple directions 77
in AFMs. Beyond the static properties, the exchange en- 7
hancement of the dynamics® leads to eigenmode frequen-
cies that are orders of magnitude higher compared to &
ferromagnets. The ultrafast dynamics holds promise for
antiferromagnetic devices with THz operation speed® 1.

The three key strategies for developing novel devices a1
for the next-generation information and communication
technologies are thus to i) eliminate stray fields to in-
crease the density, ii) integrate low-damping insulators

84
85
86

a)Electronic mail: Klaeui@Uni-Mainz.de a7

to decrease the power consumption and increase the effi-
ciency and, iii) employ materials with ultrafast dynamics
to increase the operation speed.

Theoretically, it was predicted that pure spin currents
can be generated, transported, and used in antiferromag-
netic insulators for writing, reading, and transporting
spin information to enable such new devices>3'2. The
experimental verification for electrical detection and con-
trol of the antiferromagentic order!® has recently pro-
pelled AFMs into the limelight and paves the path to-
wards utilizing AFMs as active components in spintronic
devices. Ferromagnets currently still dominate the field
of spintronics, but insulating antiferromagnets (AFMs)
have been shown to exhibit properties that have the po-
tential to revolutionize the industry by enabling ultrafast,
low-power spin-based electronic devices in the future'4.

Insulating magnetic oxides have been of particular in-
terest due to their tunable magnetic ordering, magnetic
properties and their chemical stability'® 7. While ferro-
and ferrimagnetic oxide systems have been widely stud-
ied, insulating antiferromagnetic oxides have recently
also gained significant interest. Most conspicuous are 3d
metal (Fe, Ni, Co, Cr, etc.) oxides that commonly exhibit
antiferromagnetic order with well-defined spin structures
and can be grown in high quality both as bulk crystals
and thin films. This review presents an overview of insu-
lating antiferromagnetic 3d oxide materials and discusses
recent developments in detecting and manipulating the
antiferromagnetic state based on a variety of mechanisms
ranging from static to ultrafast phenomena.

1. IMAGING METHODS TO REVEAL THE MAGNETIC
ORDERING IN ANTIFERROMAGNETS

A key challenge for realizing antiferromagnetic devices
is the readout of the antiferromagnetic state. The ab-
sence of net magnetic moments and stray fields makes it
more challenging to detect the antiferromagnetic order
compared to their ferromagnetic counterparts. However,
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(a) X-ray magnetic linear dichroism
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FIG. 1. (a) X-ray absorption spectra for linear horizontal (blue) and vertical (green) polarization at the Fe L3, edges for
a-Fe;03. Inset shows the bright (dark) contrast for parallel (perpendicular) alignment of the Néel vector (red) and the X-ray
polarization. (b) Illustration of imaging the stray field of AFMs at domain walls and topographic features using scanning NV

magnetometry.

recent developments in experimental magnetic imagingizo
techniques have led to easier access to the antiferromag-
netic domain structure with increased spatial and tem-

121
poral resolution!'18.

122
123
124
125
126
127
128
A. Birefringence imaging zz
131

132
The first imaging of antiferromagnetic domains uti-

lized birefringence imaging to visualize antiferromag-
netic domains in the insulating collinear emtiferromagnet135
NiO'?:29, Birefringence imaging is based on the polar-
ization rotation of reflected or transmitted light from an
antiferromagnetic material. Many magneto-optical ef-
fects that are linearly dependent on the magnetization
M of a material (such as the Kerr or Faraday effect)
can be used to investigated materials with a net magne-
tization M = M, + M, but are not suitable for com-
pensated AFMs because the opposite sub-lattice magne-

tizations My = — M, cancel each other out. However,

there are also second-order effects that depend quadrat-

ically on the Néel vector L = My — M5 and do not van-'*
ish even for compensated AFMs!'%2!, While differences

in the birefringence of antiferromagnetic domains canis
originate directly from second order magneto-optical ef-s
fects (Cotton-Mouton or Voigt Effect)?2:23, birefringenceiss
of AFMs with a strong magnetoelastic coupling is oftenis
dominated by strain-induced birefringence?* 26, Birefrin-us
gence imaging using a polarizing microscope is a power-io
ful and easily accessible tool to investigate the antiferro-iso
magnetic domain structure of bulk crystals?®?” and thinus
films?®29. Moreover, it can be readily combined with ad-is
ditional techniques such as current-induced switching ex-1ss
periments39 32 application of magnetic fields®® or pump-iss

probe techniques??. 155

33

B. X-ray magnetic dichroism

Element specificity, sensitivity to chemical sites, and
variable depth sensitivity make polarized X-ray absorp-
tion spectroscopy a powerful tool?*. While X-ray mag-
netic circular dichroism (XMCD) vanishes for fully com-
pensated magnetic moments, antiferromagnetic order
can be studied by measuring the X-ray magnetic linear
dichroism (XMLD)3% 38, The XMLD signal is given by
the difference in absorption of linearly polarized X-rays
with polarization parallel and perpendicular to the Néel
order (see Fig. 1a). In addition to XMLD, crystal fields
can also induce linear dichroism, which has to be care-
fully disentangled from the magnetic contribution®’.

Today, XMLD detected by photoemission electron mi-
croscopy (PEEM) is one of the most widely used tech-
niques to image antiferromagnetic domain structures.
Vector maps reconstructed from angle-dependent X-ray
imaging reveal the orientation of the Néel order®®4!.
In contrast to PEEM, scanning transmission X-ray mi-
croscopy (STXM) allows for measuring XMLD in sizable
magnetic fields. The necessity to deposit the material of
interest on a membrane can be circumvented by detecting
the XMLD in the total electron yield (TEY)42:43,

C. Nitrogen-vacancy center magnetometry

Nitrogen-vacancy (NV) centers in diamond have been
shown to be highly sensitive and non-perturbative probes
for sensing the stray field of magnetic materials, oper-
ating over a wide range of temperatures and magnetic
fields, and a dynamic range spanning from direct current
to gigahertz447. While AFMs do not produce global
stray fields, small magnetic stray fields can arise locally
due to uncompensated magnetic moments at the sur-
face, topographic features, or domain walls (see Fig. 1b).
Wide-field NV microscopes use a camera to image a dense
layer of NV centers close to the surface of a diamond
crystal adjacent to the magnetic layer and are, hence,
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diffraction limited. The spatial resolution of scanning
NV magnetometry, which is based on scanning a single
NV center at the apex of a diamond tip across the sam-
ple, can reach the nanometer scale. A major challenge
of NV magnetometry is the reconstruction of the mag-
netization from the stray fields. To lift the ambiguity
of the reconstruction, a dual approach enabling detec-
tion of both, the stray field and the magnetic order, can
be used*®. Recent reports have successfully probed the
magnetic domain structure of 3d metal oxide AFMs us-
ing NV magnetometry?® 2 as well as the magnetic noise
and spin waves via spin relaxometry®3-°6,

111. 3D OXIDE MATERIALS AND THEIR SPIN
STRUCTURES

211
212
In ferromagnets, magnetic domains are defined by re-»i3
gions of uniform magnetization. In order to minimizess
the stray field, ferromagnets typically adopt a multi-as
domain state in absence of an external magnetic fieldas
depending on the interplay of a range of relevant energysr
terms such as the exchange interaction, dipolar interac-zs
tion, and anisotropy. While complex spin textures haveao
been studied widely in ferromagnets, much of the under-o
lying physics of their analogues in AFMs remains to bea
explored. 2
In collinear AFMs, the order parameter, the Néel vec-
tor, is given by the direction of the staggered magneti-
zation of the sublattices. Given the zero net magnetic?
moment, one might expect that magnetic fields are un-
able to change the Néel vectors. However, in order to:.
explain the magnetic susceptibility observed in some an-s
tiferromagnetic materials, Néel proposed that domainzs
walls separating different antiferromagnetic domains canas;
be displaced by small magnetic fields®”. Indeed, multi-»s
domain states have been observed in a broad range ofxg
materials today20-38:°8-62 The staggered magnetic orderss
in collinear AFMs gives rise to a zero net stray field..s
Thus, based on the intuition developed for ferromagnets,.s
spontaneous formation of domains in AFMs might comess
as a surprise. In antiferromagnetic oxides, strong mag-».
netoelastic interactions come into play and can lead touss
the formation of domains, as discussed in more detail be-a
low. Antiferromagnetic domains resulting from magne-»s
toelastic interactions predominantly form along differentas
(noncollinear) directions**%3765. However, antiferromag-zs
netic domains can also form with the Néel vector alongae
the same axes in the adjacent domains. In collinear anti-»,
ferromagnets composed of two sub-lattices the directionas
of the spins of the sub-lattices can be interchanged be-zs
tween two domains, as shown in Fig. 2. Thus, the Néelaus
vector in these two domains is pointing along the samess
axes, but along the opposite direction, creating domainsass
with 180° different Néel vector orientation delineated by
a 180° domain wall. 218
To understand the formation of 180° domains, we havess
to consider additional mechanisms®-67. For instance,sso

180° domain wall

M, ¢y M,

Néel vector L

FIG. 2. Depiction of 180° domains in which the magnetization
of the sub-lattices (red and blue) is interchanged and the Néel
vector (green) points along the opposite direction.

180° domains can result from defects where domains are
nucleated during cooling from above the ordering temper-
ature, the Néel temperature Tn*°. Another possibility is
the merging of two 90° domain walls when the antiferro-
magnet is driven above the spin flop transition®’. Dur-
ing this process, two domains that have nucleated sepa-
rately meet and may form a 180° domain wall. In AFMs,
the formation of domains and complex spin textures is
mainly governed by the interplay between exchange in-
teraction, anisotropy, and magnetoelastic coupling and
can vary strongly between different materials systems as
discussed below.

A. Oé—FeQ 03

A promising material candidate for antiferromagnetic
spintronics is the well-known insulating AFM «a-Fe;03
(hematite) in which recently long-distance transport of
spin-information was observed (see section VB). a-
Fe;O3 exhibits a range of exciting properties such as
the Dzyaloshinskii-Moriya Interaction (DMI) leading to
the Morin transition®®: at low temperatures the inter-
play between anisotropy and DMI favors an uniaxial
anisotropy with the Néel vector oriented along the c-axis,
while above the Morin transition (260K) the canting of
the two sublattices favored by the DMI leads to a weak
magnetic moment with the Néel vector perpendicular to
the c-axis®. In this canted moment state, the antiferro-
magnetic domains can be controlled by modest magnetic
fields, leading to large single domain states”. The Morin
transition and the anisotropies can be tailored by doping
and a strong dependence on the structure and the result-
ing direction of the easy axis has been observed”"72.

To study the magnetic properties, early experiments
on bulk a-Fe;O3z were carried out using neutron scat-
tering”™ 7. Using electrical methods based on spin Hall
magnetoresistance (see section V A), the anisotropies,
DMI and the spin-flop have been determined as a func-
tion of temperature”. To understand the spin dynam-
ics properties, additionally, antiferromagnetic resonance
measurements’® and spin pumping measurements’’ were
carried out, and a low magnetic damping was estab-
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FIG. 3. XMLD-PEEM images of the domain structures of (a)*°
100 nm thick (0001) a-Fe2Os at 100K and (b) 100nm thick®”
(1102) a-Fe203 at 100K, the scale bar corresponds to 2 pm.29
(c) Magneto-optical Kerr microscopy image of a bulk (1102)209
bulk crystal at room temperature showing large domains. (d)so0
A spin structure with the topology of an antiferromagneticsy,
antiskyrmion found in (1102) a-Fe;Os. (a-b) Reprinted with,,
permission from Ref. 78. Copyright 2022 American Chemical,
Society. (d) from supplementary information of Ref. 71.

The spin structure in a-FesO3 can be ascertained by
magnetic imaging. In bulk a-Fe;O3 crystals, large do-
mains are observed, and macroscopically large areas of
single domain can be found™. More interesting are thin
films, where the growth-strain can generate additional
domain configurations. As seen in Fig. 3, very different
domain structures exist. In (0001) a-FesOs small do-
mains are observed below the Morin transition (Fig. 3
(a)), while in (1102) films, larger domains with clear do-
main walls are found (b). In the easy-plane phase above
the Morin transition also multi-domain states are ob-
served in thin films, while large domains can generally
be stabilized in bulk crystals (Fig. 3 (c)). The transition
from the easy-axis phase to the easy-plane phase that3
occurs in the Morin transition also leads to a transition
from 180° to 60° domain walls, given the six-fold in-planeses
symmetry. 306

307

Finally, a-Fe; O3 also exhibits topologically non-trivialses
spin structures (Fig. 3 (d)), which is surprising sinceso
the symmetry of a-FesOs does not allow for Lifshitz-sio
Invariants that could stabilize a chiral magnetic struc-su
ture. The antiskyrmion-like structures observed in a-sw
Fey03 are likely rather domain structures stabilized byas

local pinning sites*!:71:80, 314

B. a—Cr203

Similar to a-FesO3, the a-Cra0381:32 adopts a corun-
dum structure and is an insulating collinear AFM below
the Néel temperature (Tx = 308 K®3). The crucial differ-
ence between the two isomorphous a-Fe; O3 and a-CryOg
lies in the arrangement of the spins along the [111] axis as
shown in Fig. 4 (a) and (b)3*. The symmetry of the mag-
netic crystal also gives rise to the linear magnetoelectric
effect in Cry(456:85-86

Due to the the easy-axis anisotropy in CroQOg, there
are two types of domains separated by 180° domain walls
which makes the detection of the domain structure chal-
lenging. The first experimental observation of the do-
main structure was achieved via second-harmonic gen-
eration®”. The equilibrium boundary magnetization of
magnetoelectric AFMs®® leads to the formation of sur-
face magnetization domains due to uncompensated mag-
netic moments at the interface. These domains have been
imaged by XMCD, magnetic force microscopy, and scan-
ning NV magnetometry®®3° revealing the existence of
both Bloch and Néel type domain walls®!. In addition to
the magnetic imaging technique, the antiferromagnetic
order has also been studied electrically in CryO3/ heavy
metal heterostructures?® 92,

Recent work has demonstrated the high potential of
Cry03-based devices for a wide variety of further re-

search, ranging from spin superfluidity to novel memory
50,93,94

technologies

/I' ) \|
] \$/
a-Fe,0; a-Cr,0; NiO

FIG. 4. Spin structure of the AFMs (a) a-Fe2Os, (b) a-
Cr203, and (c) NiO.

C. NiO

NiO was possibly the first material in which anti-
ferromagnetic domains could be observed directly!'?2°
and this material has been been used as an insulat-
ing spacer to observe tunnel-magneto resistance in a
reproducible manner®. The high Néel temperature of
Tx = 523 K in the bulk makes NiO an attractive can-
didate for investigating antiferromagnetic domain struc-
tures and antiferromagnetic spintronics. Below its Néel
temperature, NiO adopts a type-II antiferromagnetic or-
der: the spins are antiferromagnetically coupled between
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the {111} planes due to superexchange®” and ferromag-sno
netically coupled inside the {111} planes?® as shownsn
in Fig.4 (¢). The exchange striction between the an-s
tiferromagnetically coupled planes leads to a contrac-ss
tion between the {111} planes and a temperature de-s.
pendent?®:1% rhombohedral distortion of the cubic crys-ss
tall®1104  The symmetry of the original fcc lattice al-srs
lows four possible combinations of antiferromagneticallys:
coupled {111} planes, which are each associated withss
a different strain. These domains are considered to besrw
Twin domains (T-domains)?°. An additional smallerss
anisotropy due to dipolar interactions leads to a threefoldss:
set of preferential spin orientations within the ferromag-ss
netic planes along the [112] directions, the so-called Spinsss
domains (S-Domains)?0:27:105:106 " Tf one additionally con-ss
siders 180° domains, we arrive at a total of 24 possiblesss
domain configurations in the NiO bulk system. 386
The impact of strain on the antiferromagneticss
domain structure has been studied extensively insss
NiQ19:20,27,106-113 " Tp particular, external strain such ass
strain during cleaving, polishing, sample glue, or han-ss
dling with tweezers can easily manipulate the antifer-so
romagnetic domains?”'14 117, Furthermore, the domainse
structure of both, bulk and thin film NiO samples is influ-ses
enced by the growth conditions such as growth temper-ss
atures' 8119 oxygen pressure'?’, and film thickness3%.s0
Importantly, the strain resulting from the lattice mis-30
match with the substrate plays a significant role for thesso
anisotropy!!?12!, Large domain sizes can be achieved by
annealing'®122,  As a result, it is crucial to study the
domain structure of NiO thin films by an imaging tech-,,
nique like XMLD-PEEM, to understand observations in

current-induced switching experiments'23:124,
399

400

401

D. CoO 402
403

First neutron diffraction data has indicated a simi-sos
lar magnetic structure for CoO as for NiO'%2. How-aos
ever, in contrast to NiO, the orbital moment in CoO iSaes
not quenched and CoO exhibits a strong spin-orbit cou-sr
pling, which affects the orientation of the spins!02:125:126
Investigations of the crystallographic structure of CoQOao
revealed a tetragonal distortion of the fcc lattice be-ao
low the Néel temperature (290°K) in contrast to thes:
rhombohedral distortion in NiO or MnO'27 129 Neutrona:
diffraction measurements could not provide clear infor-as
mation on the spin structure of CoO and different mod-sa
els were proposed!?°. Initially, a collinear spin struc-as
ture was assumed in which the spins are ferromagneti-ss
cally coupled inside the {111} planes'®%1317133  However a7
the tetragonal symmetry of the crystal led to the pro-as
posal of a noncollinear spin structure in a multi-spin-axisao
model’33 135 Further studies revealed that the tetrago-so
nal deformation can occur in a collinear spin alignmenta
and is additionally accompanied by a monoclinic defor-s:
mation!2%:136:137  After the experimental observation ofizs
the additional monoclinic distortion, the magnetic struc-4

ture of CoO is widely accepted to be collinear!3%:137-141,

However, we note that recent studies have again proposed
a noncollinear structure for CoO27144_ In the collinear
structure, the spins of CoO are coupled ferromagneti-
cally inside the {111} planes and antiferromagnetically
between the planes. The tetragonal distortion of CoO
along one of the three cubic axes leads to the possible
formation of three different twin domains, compared to
four different twin domains in NiO®'. Large domains
in CoO crystals can be obtained by annealing the crys-
tals above the Néel temperature!37:139:145146 31 the ap-
plication of external strain can lead to the preferential
stabilization of certain domains'®. Similar to NiO, the
magnetic structure of CoO depends on the growth pa-
rameters and on the substrate-induced strain®“'47. In
thin films, compressive strain favors an in-plane align-
ment of the magnetic moments'#®149 and tensile strain
leads to an out-of-plane alignment!'4®149, For CoO grown
on MgO(001) the spins align in the plane of the film'%°
and two in-plane magnetic easy axes along [110] or [110]
are present'®1152_ Birefringence imaging can be used to
image the domains of thin-films?%33 and second-order
magneto-optical effects can also be used to study the
magnetization dynamics of CoO thin films!®3. CoO is
often considered to be similar to NiO, however, the un-
queched orbital moment leads to significant differences
in its crystallographic structure, magnetic properties'®?,
and rich electrical properties'®®.

IV. ANTIFERROMAGNETIC SHAPE ANISOTROPY

In ferromagnets shape anisotropy due to stray fields
has long been a key tool to tailor device properties. In
AFMs this effect is absent due to the lack of a net mag-
netic moment. Nevertheless, it has been predicted that in
AFMs with a strong magnetoelastic coupling, strains can
lead to antiferromagnetic shape-anisotropy'®®®7. First
investigations of this effect were carried out on anti-
ferromagnetic LaFeOs and local changes of the domain
structure near the edge of patterned devices were ob-
served!®8161 " However, recent investigations on NiO
have revealed that the patterning of devices can lead to
two different effects. In devices patterned along the pro-
jection of the easy axes of NiO, local changes of the sur-
face anisotropy lead to a preferential stabilization of cer-
tain domains in the vicinity of the patterned edge. Each
domain is associated with a different deformation of the
crystallographic structure due to the strong magnetoe-
lastic coupling. Thus, long-range magnetoelastic strains
which originate from the domain formation determine the
equilibrium domain structure in the center of the device.
The equilibrium domain structure depends here on the
interplay between multiple effects such as the destressing
of the domains, the coupling with the non-magnetic sub-
strate and the energy of the domain walls!®2. One way
to control the antiferromagnetic ground state is to vary
the aspect ratio of the patterned elements, see Fig. 562
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Therefore, antiferromagnetic shape anisotropy is a pow-
erful tool to engineer antiferromagnetic domain structure
in devices and is not limited to NiO, but can be extended
to other AFMs with strong magnetoelastic coupling such
as CoO or a-Fe;O3.

[110]

FIG. 5. XMLD-PEEM image of the domain structure in pat-
terned NiO/Pt bilayer devices after annealing. The arrows
indicate the direction of the inplane projection of the Néel
vector, adapted with permission from Meer et al., Phys. Rev.
B 106, 094430 (2022). Copyright 2022 American Physical So-
ciety. Appl.

V. CURRENT-INDUCED EFFECTS
A. Electrical detection

Electrical detection of the antiferromagnetic order
is one of the main building blocks for realizing
antiferromagnet-based memory technologies. For insu-
lating AFMs, electrical reading of the magnetic state is
commonly achieved in antiferromagnet/ heavy-metal bi-
layer structures making use of the spin Hall magnetore-
sistance (SMR)16%:164. A charge current in a heavy-metal
creates a spin current flowing toward the interfaces due
to the spin Hall effect. The interfacial interaction of the
spins in the heavy-metal with the magnetic insulator de-
pends on the relative orientation of the spins and the
magnetic order. The interfacial exchange of angular mo-
mentum can be detected electrically via the inverse spin
Hall effect in the heavy-metal. This gives rise to the char-
acteristic sin(26) dependence of the SMR on the angle 6,5,
between the charge current direction and the magnetic,g
order. In contrast to ferromagnets, the perpendicular,
alignment of the Néel vector with respect to the external,g,
magnetic field results in a negative sign of the SMR signal,g,
for AFMs7%1657169 "~ Given the simple planar device struc- e
ture required for electrical detection, SMR has proven t0,s
be a powerful tool for probing magnetic properties and,g
enables the integration of AFMs in the next-generation,g
computing technologies. 168

469
470
B. Spin Transport an
472

Many new ideas regarding the generation and trans-.:

port of spin-currents in antiferromagnetic materials havear
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FIG. 6. (a) Schematic of non-local spin transport. Spins

are injected by the spin Hall effect from a heavy metal wire
(left blue injection wire) as a magnonic spin current into the
antiferromagnetic insulator (gray), where they propagate to
a second heavy metal wire (right blue detection wire). There,
the spin current is absorbed and detected electrically by the
inverse spin Hall effect. (b) Measured non-local resistance as a
function of distance in a bulk a-Fe2O3 (1120) crystal, showing
spin transport over micrometer distances. The inset shows a
linear dependence of the signal on the current density with
no threshold, indicating diffusive transport. (b) adapted with
permission from Lebrun et al., Nature 561, 222-225 (2018).
Copyright 2018 Springer Nature Limited.

been generated in the last few years, but most of them
remained at the stage of predictions. Conventional ex-
perimental work has so far mainly consisted of studying
AFMs in coupled AFM/FM systems!” 17 in which the
antiferromagnetic properties are deduced from a detec-
tion in the adjacent FM, as for instance realized in a
magnon spin-valve device!™. The transport perpendic-
ular to the plane across the layer thickness in antiferro-
magnetic insulators with adjacent ferro-(ferri-)magnetic
layers has typically yielded only very short spin transport
length scales of a few to a few tens of nm! 51757177 To
study the pure AFM transport without other magnetic
layers involved, non-local transport (see Fig. 6 (a)) is a
suitable technique. Recently, some of the longest known
spin transport length scales were shown for low damping
antiferromagnetic insulators like YFeO3!™®, Cro03?3 and
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a-Fe,03 in the easy axis phase (Fig. 6 (b))!™. While spinss:
transport is expected in the easy-axis phase due to thes:
circular polarization of the magnons, lateral spin trans-ss
port has also been demonstrated in the easy-plane phase
of a-Fe;03. Fundamentally, no magnonic spin transport
is expected because the magnons in easy-plane AFMs
are in the simplest description linearly polarized. How-
ever, pairs of linearly polarized magnons with different
k-vectors but the same energy can be combined into cir-
cularly polarized magnons, leading to magnons with a
certain degree of circular polarization and thus transport
of spin angular momentum?%18%:181 " This means that in
easy-plane and orthorhombic AFMs, one can electrically
generate pairs of linearly polarized spin waves, which
carry an effective circular polarization and thus spin in-
formation™!.

Finally, by linking the spin structures to the transport,
it has been found that the domain structure signinficantly
impacts the length scale of spin transport. The domain
walls act as efficient spin scatterers and thus strongly
governing the spin transport”™ 78,

C. Electrical manipulation w13
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In addition to reading, writing AFMs efficiently is ansss
actual key open goal of the field. One possible approachsss
relies on Néel spin-orbit torques, creating a staggeredss
effective field of opposite sign on each magnetic sub-ss
lattice for special crystallographic compounds, as stud-ss
ied in the particular metallic compounds CuMnAs ands«o
MnpAu'®182 An approach, applicable to a broadersa
range of AFMs including the 3d oxide materials reviewedss
here, is to use the non-staggered, antidamping-like torquesss
exerted by a spin accumulation at the interface of a heavy
metal and an AFM-insulator due to a charge current in
the heavy metal'8*184  This mechanism leads to a dis-s
placement of domain walls that can potentially be very
fast due to the absence of a Walker breakdown phe-sss
nomenon'®*. Here, the direction of the wall motion iSsss
governed by their sense of rotation. If there are no Lif-ss
shitz - invariants that break the inversion symmetry andsss
lead to a chiral spiralization of the AFM domain walls,sg
this means that different domain walls move in differentsso
directions and no overall switching is achieved. In par-ss
ticular, with the recent observation that domain wallsss
in NiO/Pt are not chiral'?*) this mechanism would besss
difficult to use for devices. Another mechanism is a pon-ss
deromotive force effect that has been predicted to yieldsss
deterministic 90° domain wall motion!8®.
Experimentally, the possibility of switching wasss
demonstrated in NiQ/Pt30:1857188 and also in het-sss
erostructures of CoO/Pt15! and a-FepO3/Pt1¥9190 Ases
contradicting directions of the switching were reported,seo
other effects beyond spin orbit torques had to be in-se
voked. In particular, by comparing direct imaging andse:
transport data, it was found that some of the transport-ses
based detection suffered from artifacts due to electromi-sss
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7

gration. Resistances changed due to structural changes

of the material, rather than switching of the magnetiza-
30,151,191-193

tion

FIG. 7. (a) Birefringence image of the domain structure in a
NiO/Pt bilayer device used for current-induced switching ex-
periments before any current application. The circular area
in the center of the cross is electrically isolated from the rest
of the device. (b) When a current is applied to the device, the
current flows around the dot. Nevertheless, after the current
pulse has been applied, the domain inside the electrically iso-
lated part is switched. (c) The application of an orthogonal
pulse leads to orthogonal heat-induced strain and the dot can
be switched back. Adapted with permission from Meer et al.,
Nano Lett. 21, 114-119 (2021). Copyright 2022 American
Chemical Society.

Furthermore, the magnetic switching observed by di-
rect imaging also turned out to comprise contradicting
directions of the switching, indicating that not only spin-
orbit torques are involved. In a careful analysis, it was
shown that localized heating leading to spatially vary-
ing strain induces switching by magneto-elastic coupling
that depends strongly on the device geometry32151:194,
As shown in Fig. 7, switching can even be achieved in
areas where no current is flowing, indicating that the
governing mechanism in NiO/Pt bilayers studied here is
not due to spin-orbit torques.

VI. LIGHT-INDUCED EFFECTS

While the current-induced torques enable switching
between different equilibrium antiferromagnetic states,
the fast intrinsic dynamics of AFMs can be accessed ef-
fectively by optical pulses. One of the most promising
applications of AFM-based devices is the optical genera-
tion of THz radiation induced by oscillations of the Néel
vector.

Light-induced excitation of the magnetic dynamics can
be governed by different mechanisms. Direct excita-
tion via magneto-optical effects (inverse Faraday effect,
Cotton-Mouton effect) induces coherent rotation of the
Néel vectors. It occurs on short (subpicosecond) time
scales and is sensitive to the polarization of the light.
According to first-principle calculations'®® and atomistic
simulations'®®, the polarization should ideally be circu-
lar. Experimentally, optically-induced coherent magnetic
dynamics and generation of THz magnons were observed
in NiO'97201 and in Cro 03197198, However, magnon dy-
namics were also induced by linearly polarized pulses?°°,
which was attributed to the multi-domain structure of
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NiO?92, A less explored pathway to light-induced genera-se
tion of coherent magnons involves excition-magnon tran-ses
sitions. Using this technique, the ultrafast spin dynamicsse
of multi-domain NiO was explored?®® (see Fig. 8). 595
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FIG. 8. (a) Typical setup for optical pump-probe experi-6is

ments. (b) Selected pump-probe traces for different pump-ews
photon energies.  Oscillations are associated with high-g0
frequency ( 1 THz) magnon modes in the NiO crystal. The
inset shows power spectra of the signal, displaying the pres-
ence and absence of the 1 THz magnon mode (high peak)
and domain wall oscillations (small peak). Reprinted with
permission from Ref. 203. Copyright 2021 American Physi-
cal Society. 622

621

623

Another mechanism of light-induced magnetic dynam-e2
ics in AFMs is associated with the direct coupling ofses
light with the electronic orbital angular momentum of theszs
magnetic atoms, as demonstrated in a CoO single crys-ez
tal204, Direct energy exchange between hot electrons of ass
heavy-metal (Pt) and the localized magnetic moments ofe2
an antiferromagnet (NiO) can result in optically-inducedsso
ultrafast reduction of the sublattice magnetization®%®.
In insulating antiferromagnet/ heavy-metal multilay-ss
ers, laser-induced heating dominates over magneto-ess
optical effects. In particular, laser-induced dynam-es
ics observed in NiO/Pt films?°® were explained by thess
spin Seebeck effect combined with the ultrafast thermo-ess
magnetoelastic mechanism. Both effects appear due toes
the temperature gradient between Pt and NiO layers,es
that induces shock strain waves and spin torques act-es
ing on the antiferromagnetic layer. The heating-induceds«
response is slower compared to the magneto-optical re-ea
sponse, but is insensitive to light polarization. In ad-es«
dition to dynamic manipulation of the magnetic order,ess
recent observations report that optically-induced heat-ess
ing can also lead to a polarization-independent creationess
of antiferromagnetic domains?°7.

631

646

All-optical manipulation of antiferromagnetic state
was demonstrated both in single crystals!®7-199,203,204,208
and thin films with a heavy metal layer?00,201,205,206 Ty,
the latter case, the heavy metal enables magnon-to-light
conversion via inverse spin Hall effect and re-emission of
optical pulses.

Both the electrical and optical manipulation of an-
tiferromagnetic states involve magnetic dynamics that
can be excited either by spin torques or by varying the
magnetic anisotropy landscape. Spin torques can be ex-
cited in insulators, by interfacial spin exchange via spin
Hall effect”™ 77, by spin-transfer torque from optically
induced spin polarized photoelectrons???, or via the in-
verse Faraday effect!??. The first two effects are inter-
facial and are efficient in thin films. In 3d metal ox-
ides with strong magnetoelastic coupling, varying the
magnetic anisotropy by stress or strain is also an effi-
cient tool for spin switching. Similarly to current-induced
switching, laser-induced heating of heterostructures cre-
ates additional shear strains that set preferable orienta-
tion of the magnetic vectors and induce switching. Re-
markably, in addition to quasi static switching3?, such
thermo-magnetoelastic effects in NiO/Pt bilayers were
also observed in the THz dynamics?°6. Nevertheless, in
real devices, both switching mechanisms, spin-assisted
(by spin torques) and non-spin-assisted (by strain), co-
exist. Proper tailoring of the sample geometry can opti-
mize the combination of both mechanisms and, thus, the
switching.

Vil. OUTLOOK

Insulating 3d metal oxides are a promising class of ma-
terials for future antiferromagnetic devices, offering a va-
riety of approaches for controlling and reading the anti-
ferromagnetic order. A key advantage over their metallic
counterparts is the observed long distance spin transport
in these antiferromagnetic insulators'®17. Transport-
ing information without transporting charge carriers is a
key aspect of insulating spintronics and builds the foun-
dation for future energy-efficient spintronic devices.

Due to the pronounced magnetoelastic coupling in
AFMs, the domain structure is very sensitive to strain.
As a result, strain can be used to tailor device prop-
erties during the growth or by strain-induced shape
anisotropy. This static approach known as “straintron-
ics” allows for the design of energy-efficient devices?!0:211,
Dynamic manipulation of the Néel order via current-
induced switching is based on two competing mecha-
nisms, spin-orbit torque-based switching and switching
due to current-induced heat and strain. Optically in-
duced switching and detection of the antiferromagnetic
order extends the study of insulating transition metal
oxides into the ultrafast regime, making them an attrac-
tive candidate for THz emitters due to their resonance
frequencies in the THz range'!.

Another area in which antiferromagnetic 3d metal ox-
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ides could play a crucial role is the emerging field of “or-eo
bitronics”, where the orbital angular momentum is usedeos
to control the magnetic ordering?!?2. Comparing 3d metaless
oxides with a quenched orbital moment, such as NiO, andeos
strong orbital moment, like CoQO, could be used to study
the influence of the orbital moment.

In recent years, several key concepts for the control of; :;
the antiferromagnetic ordering in 3d metal oxides haveg,
been developed. Today, a major challenge is the exploita-7o
tion of the combination of these fundamental phenom-7o
ena in spintronic devices. Overall, the extensive research™
into the fundamental properties of transition metal ox—:zj
ides and the recent advances in the reading and writing,s
of their antiferromagnetic ordering in thin films makeres
them promising candidates for the exploration of novel??

concepts in future antiferromagnetic spintronic devices. 722
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