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Seeing is believing: visualization of antiferromagnetic domains
Sang-Wook Cheong1*, Manfred Fiebig 2, Weida Wu 3, Laurent Chapon4 and Valery Kiryukhin3

Understanding and utilizing novel antiferromagnetic (AFM) materials has been recently one of the central issues in condensed
matter physics, as well as in materials science and engineering. The relevant contemporary topics include multiferroicity,
topological magnetism and AFM spintronics. The ability to image magnetic domains in AFM materials is of key importance for the
success of these exciting fields. While imaging techniques of magnetic domains on the surfaces of ferro-(ferri)magnetic materials
with, for example, magneto-optical Kerr microscopy and magnetic force microscopy have been available for a number of decades,
AFM domain imaging is a relatively new development. We review various experimental techniques utilizing scanning, optical, and
synchrotron X-ray probes to visualize AFM domains and domain walls, and to unveil their physical properties. We also discuss the
existing challenges and opportunities in these techniques, especially with further increase of spatial and temporal resolution.
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INTRODUCTION TO AFM DOMAINS AND DOMAIN WALLS
Ever since using a piece of lodestone (magnetite, Fe3O4) as a
compass, ferro-(ferri)magnetism has been of great fascination and
practical value for more than two thousand years.1–3 In fact, the
invention and further development of magnetic recording with
ferro-(ferri)magnets has been a key component of the microelec-
tronic revolution for the last century.3 On the other hand,
antiferromagnetism, the second basic type of magnetic order,
has been known since the 1930s and has been commonly
observed in numerous magnetic materials.4 The practical means
of combining manipulation and detection of antiferromagnetic
(AFM) spins in high-tech devices had remained elusive for a long
time, but understanding and utilizing exotic AFM materials have
been the central issue of condensed matter physics and materials
science and engineering in recent years. Contemporary topics
include multiferroicity and topological magnets. Multiferroics are
materials with simultaneous presence of magnetic order and
ferroelectric polarization, and the novel coupling between
magnetism and ferroelectricity in multiferroics can be used for
new magnetoelectric technologies.5,6 The gapless topological
surface states of topological materials such as Weyl, Dirac, and
other nodal semimetals have drawn enormous attention for their
unique topological properties such as topologically protected
surface Fermi arcs, the chiral anomaly, chiral magnetic effects,
giant non-linear optical susceptibilities, and beyond.7–9 Magnetic
Weyl semimetals promise to uplift the physics to the next level,
bringing new and large Hall effects, and exotic spin fluctuations
and correlations.10–14 It turns out that many of these multiferroics
and topological magnets are AFM.5,10–12,14–17

Spintronics where spin and charge degrees of freedom are
mutually coupled and manipulated through crossing conjugate
fields (i.e. electric fields for spins and magnetic fields for charges)
has been an active research area for the last three decades since
the discovery of giant magnetoresistance, and has been well
implemented in real devices.18–21 Traditionally, spintronics utilizes
ferro-(ferri)magnets, but AFM spintronics has become highly
topical due to the active manipulation of the AFM state and its
magnetic textures via spin and charge currents, exemplified by the

recently reported switching of AFM domains by the current-
induced Néel spin-orbit torque.22 AFM materials, in general, could
embody the numerous interesting features beneficial for spin-
tronic applications: they produce no stray fields, so are robust
against external magnetic fields and make them suitable for
device miniaturization. In addition, AFM materials display ultrafast
dynamics in THz ranges, and are capable of generating good spin-
current transport with micrometer spin-diffusion lengths.23–27

Note that due to their strong spin-momentum locking, the
topological states of topological AFM materials have been actively
researched for energy-efficient spintronics with, for example, high
charge-current to spin-current conversion efficiency, high electron
mobility and long spin diffusion length, large magnetoresistance
and efficient spin filtering.28 Finally, a large variety of states with
strong electronic correlations, leading to phenomena such as
superconductivity, heavy-fermi liquids or colossal magnetoresis-
tance are either emerging out of or competing with AFM order.
Thus, in order to acquire better understanding of these exotic
states, a closer look at the neighboring AFM phase may be
worthwhile.
The ability to image magnetic domains in AFM materials is of

key importance for understanding multiferroic and magnetic
topological materials and developing AFM spintronics. While
imaging techniques of magnetic domains on the surfaces of
ferromagnetic materials with, for example, magneto-optical Kerr
effect (MOKE) microscopy and magnetic force microscopy (MFM)
have been available for a number of decades (see Sections 1 and
2), AFM domain imaging is a relatively new development. Before
reviewing the variety of new techniques that can be used to
visualize different types of AFM domains, we present an overview
of the terms and definitions relevant for this discussion.

● Domain states and domains. Domain states represent the
ordered state associated to the possible orientation or phase
of the order parameter. A domain is a region assuming one of
the possible domain states. Thus, the former is an abstract
concept, whereas the latter is associated to the observable
order of a material. A particular sample does not have to
exhibit all the possible domain states, and more than one
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domain within a sample can order according to the same
domain state.

● Orientation domain states and translation domain states.
Orientation domain states differ in the orientation of the order
parameter and they are uniquely distinct: there is no
translation operation that can transfer the magneto-
crystalline structure of different orientation domain states
into each other. Note that in AFM materials, the choice and
orientation of the order parameter are not always obvious
because of the zero magnetization. Figure 1a–d show
orientation domain states differing in the magnetic modula-
tion direction (a), the spin orientation (b), or cycloidicity—
clockwise or counterclockwise or helicity—left or right (d) of
the AFM spin arrangements. Translation domain states differ
at most in the phase of the order parameter. Because of this,
they are also called phase domain states (the term we use in
this review). They are not uniquely distinct because the
magneto-crystalline structure of different phase domain states
can be matched by a sub-lattice-vector translation. Figure 1c
shows the meeting of the so-called antiphase domains, a term
used for a pair of phase domain states differing by a
translation of just half a lattice constant. They can occur in
commensurate or incommensurate spin structures and show
the simplest type of a 180� domain wall.

● Domains and domain configurations. Whereas a domain is a
single, uniformly ordered region of a sample, the domain
configuration describes the spatial arrangement of the domains
within a sample. In particular, domains may arrange themselves
in a vortex- or antivortex-like way around their meeting point if
they originate from a topological phase transition. As an
example, Fig. 1e shows a Z4-type vortex and antivortex on a
square lattice with in-plane spins. AFM Z6 vortex/antivortex
domains have been reported in a thin film of α-Fe2O3

(hematite) whereas bulk crystals of α-Fe2O3 do not seem to
exhibit them.29,30 The α-Fe2O3 magnetic vortex/antivortex
domains resemble crystallographic vortex/antivortex domains
observed in, for example, hexagonal R(Mn,Fe) O3 (R= rare
earths), Fe1/3TaS2, and Ca2SrTi2O7.

31–34 It is a theoretical and

experimental challenge to unveil such AFM vortex/antivortex
domains.

● Domain walls. A domain wall is the region of reorientation of
the order parameter at the boundary separating different
domains. The domain walls may possess physical or chemical
properties very different from those of the bulk interior of the
domains because of the chemical mechanical or electromag-
netic gradient and confinement occurring at the wall. Note that
for a meeting of a specific pair of domains, different types of
walls may occur between them. For example, a left- or right-
handed spin rotation of the AFM order parameter across a
domain wall may may guide the order-parameter reversal.

Subsequent to this classification, we can now focus on various
experimental techniques, many of which have been developed in
recent years to visualize AFM domains and domain walls. Note
that a number of theoretical and experimental issues such as the
dynamics, topology, or emergent physical properties of AFM
domain walls are recently under active research. In addition, we
will briefly comment on the emergent properties of AFM domain
walls, distinct from those of AFM domains. We first discuss optical
methods like second harmonic generation (SHG) to image AFM
domains. SHG works particularly well in magnets with broken
inversion symmetry. In the 2nd section, we discuss scanning
methods to image AFM domains or domain walls; examples
include spin-polarized scanning tunneling microscope (SP-STM)
and MFM. In the last section, we discuss AFM domain imaging
using synchrotron X-ray techniques such as micro-X-ray diffrac-
tion, X-ray magnetic linear dichroism with photo-emission
electron microscopy (XMLD-PEEM), and a new and unique method
of using coherent soft X-ray to visualize antiphase AFM domains
(X-ray Bragg diffraction phase contrast microscopy: XBPM). Note
that Lorentz transmission electron microscopy (L-TEM), utilizing
the Lorentz force on the incident electron beams, can detect local
ferromagnetic moments with a spatial resolution of ∼10 nm, so
L-TEM can be used to visualize long-range AFM modulations such
as long-wave-length helical spin order.35,36 We also comment that
some of these techniques such as the SHG technique rely mostly
on domain contrast, some techniques such as XBPM are based on
domain wall contrast, and others such as XMLD-PEEM and MFM
can result in images with both domain and domain wall contrast.
Finally, we present the perspective and challenges of future work
on AFM domain/domain wall imaging.

Seeing AFM domains with optical techniques
Access to AFM domains by optical techniques is not obvious since
there is no direct coupling between the photon field and the spin.
Yet, as early as in the 19th century, the Faraday effect, the Cotton-
Mouton effect and the MOKE were introduced as techniques for
probing ferromagnetic order and domains.37 All three effects root
in magnetic birefringence, usually manifesting as rotation of the
plane of polarization of a linearly polarized light wave in
interaction with a magnetized medium.
Nevertheless, a variety of optical effects coupling to the AFM

order and its domains have been identified over the years.38 We
will first discuss linear (frequency-conserving) and then nonlinear
(frequency-changing) optical techniques. In the final part, we will
discuss the optical detection of dynamical processes involving
AFM domains, which is an emerging field of research that benefits
from time resolution down to the sub-picosecond range as
particular degree of freedom inherent to optical techniques.

Linear optical techniques. Here the term “linear” refers to
coherent optical processes that change the amplitude or
polarization of a light wave in its interaction with a material, but
not its frequency. With very few exceptions, discussed below,
linear optical processes do not probe the AFM order directly, but
one of its consequences. For example, antiferromagnetism may

(a) k-domains
(d) Cycloidal/helical

(e) Vortex & antivortex

(b) Orientational

(c) Antiphase

Fig. 1 Various AFM domains and domain walls. Across a domain
wall, a k-type: magnetic modulation direction changes, b orienta-
tional: the orientation of AFM spin arrangement changes,
c antiphase: a phase shift of AFM order occurs, d cycloidal/helical:
cycloidicity (clockwise or counterclockwise) or helicity (left or right)
changes, and e AFM vortex/antivortex domains: pairs of AFM vortex
and antivortex domains can be present in a large-scale domain/
domain wall arrangement.

S.-W. Cheong et al.

2

npj Quantum Materials (2020)     3 Published in partnership with Nanjing University

1
2
3
4
5
6
7
8
9
0
()
:,;



induce strain into a material via the magnetostrictive or piezo-
magnetic effect. This strain will manifest as optical birefringence,
which distorts the polarization of a light beam transmitted
through the sample and is detected with a polarization micro-
scope. In fact, the first observation of purely AFM domains, after
these had been predicted to exist by Néel in 1948,39 occurred on
NiO in 1960.40 The number of materials displaying strain induced
by AFM order is limited, however,41 and the strain may interfere
with or even override manifestation of intrinsic AFM behavior. In
addition, AFM domain states can only be distinguished via strain if
their order parameter points along different crystallographic
directions. Most notably, phase domains (differing in the phase
φ of the order parameter only) and in particular the ubiquitous
spin-reversal domains (or 180° domains because of φ= 180°)
cannot be distinguished.42

In a variety of materials, the AFM order may also be
accompanied by a macroscopic magnetization in the order of
10–3–10–4 µB. This so-called “weak” or “parasitic” magnetization
originates in antisymmetric exchange coupling, the so-called
Dzyaloshinskii-Moriya interaction.43,44 The weak magnetic moment
is coupled 1:1 to the AFM order parameter, which allows to image
AFM domains through the Faraday rotation generated by the weak
magnetization. The probably first demonstration occurred on
hematite, α-Fe2O3, in 1958. Antiferromagnets exhibiting a parasitic
magnetization are restricted to certain symmetry classes, how-
ever,34 and despite the smallness of the magnetization, they may
behave as ferromagnets rather than antiferromagnets.45

Secondary effects allowing optical detection of the AFM order
may also be introduced artificially. A thin ferromagnetic film
deposited on an antiferromagnet may experience an effective
magnetic field from the coupling to the latter, a phenomenon
termed exchange bias.46 Thus, by probing the ferromagnetic order
by MOKE, conclusions on the distribution of the AFM domains
beneath can be drawn.47

There are also a variety of optical processes with direct
coupling to an AFM state that can be regarded as
non-magnetization-related complements to the classical
magneto-optical effects. Historically, we have the spontaneous
nonreciprocal reflection and nonreciprocal directional dichroism.
The former denotes a domain-sensitive rotation of the plane of
polarization of linearly polarized light in reflection, first observed
on Cr2O3,

48 a material exhibiting two purely AFM 180° domain
states, as sketched in Fig. 2a. With 0.2 mrad (see Fig. 2b) this
effect is an order of magnitude smaller than the magnetization-
related MOKE in CrO2.

49 Recently, a magnetization-less MOKE,
likely induced by the material's Berry curvature, was predicted or
even observed in Mn3X compounds (X= Rh, Ir, Pt),50–52 and an
AFM Cotton-Mouton effect has been observed in CuMnAs.53

Nonreciprocal directional dichroism, on the other hand, denotes
the dependence of the transmission of a light wave through an
AFM crystal on +k or −k as the direction of propagation.54–56

Symmetry requirements for MOKE-type optical rotation, non-
reciprocal directional dichroism, or SHG (see the next paragraph)
in AFM materials are discussed in ref. 57

Fig. 2 Linear and nonlinear optical detection of antiferromagnetic 180˚ domain states in Cr2O3. a Section of the crystallographic unit cell
of Cr2O3 with sketch of the AFM Cr3+ order along z in the two opposite 180° domain states. b Spontaneous nonreciprocal reflection measured
as circular dichroism as function of temperature on the two domain states. c SHG spectrum of the crystallographic and AFM contributions to
SHG. Inset: temperature dependence of the two contributions. d Spatially resolved image of the AFM 180° domain pattern in a z-oriented
Cr2O3 sample.66 Scale bar: 1 mm. a reprinted with permission from ref. 123 b reprinted with permission from ref. 48.
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Nonlinear optical techniques. The term “nonlinear” refers to
coherent optical processes where the interaction with a material
involves changes the frequency of the incident light waves.58 The
simplest process of this type is SHG. It describes simultaneous
absorption of two photons from a light field in the material,
followed by the emission of a frequency-doubled light wave. As
this process is very unlikely to occur, its observation requires high
electromagnetic field strengths, as provided by a pulsed laser.59

In the leading order, SHG is described by the equation Pi(2ω)=
ε0χijkEj(ω)Ek(ω) with E as incident light field at frequency ω and
P as nonlinear polarization that leaves the material as light wave at
2ω. The rank-three tensor χ as SHG susceptibility parametrizes
the light-matter interaction.47 The point-group symmetry of the
compound determines the set of allowed tensor components
χijk. Any type of ferroic order changes the point symmetry and
gives rise to new SHG susceptibilities χijk coupling directly to the
order parameter, as depicted in Fig. 2c.41,60,61 Since the process
depends on symmetry rather than on the presence of a
magnetization, it can detect ferromagnetic and AFM order equally
well. In a first experimental demonstration, the AFM order of Cr2O3

was detected by SHG.62 This sensitivity was microscopically
explained as the result of low ligand-field symmetry of the Cr3+

ions in combination with spin-orbit interaction.63,64 In spatially
resolved SHG measurements, reproduced in Fig. 2d, AFM 180°
domain patterns were imaged in Cr2O3, and furthermore in
hexagonal YMnO3.

65–67

Polarization-dependent SHG spectroscopy is particularly useful
for studying the coexistence and the magnetoelectric coupling of
ferroelectric and AFM domains in multiferroics.67–69 SHG even
allows to selectively address different coexisting AFM sublattices
in a material and analyze their interaction.70 Furthermore, SHG
identified ferrotoroidic domains.71,72 Ferrotoroidicity is regarded
as a candidate for a fourth form of primary ferroic order that
denotes a spontaneous uniform arrangement of magnetic vortices
in a material.73 It is closely related to antiferromagnetism by its
zero magnetization.
A particular benefit of SHG is its capability to distinguish

between AFM 180° and between phase domain states as defined
above.61,74 In principle, both of these can be distinguished by
polarized neutron diffraction but because of the exposure time of
24 h at a spatial resolution of 100 µm experiments are restricted
to very few cases.75 With SHG, the domains are typically imaged
in about 1 min and with about 1 µm resolution61,76 so that
systematic studies of these hidden and maybe most intrinsic
manifestations of AFM domains are now possible. Investigations
on a variety of compounds revealed that quite often AFM 180°
domains in bulk crystals possess dimensions of >100 µm and no
preference to run along specific crystallographic directions. Their
manipulation by magnetic fields, electric fields or temperature has
been studied in manifold ways.61,69

SHG from opposite AFM 180° domain states differs in the sign of
the corresponding SHG light waves only which is equivalent to a
180° phase shift.65 This allows to image opposite domain states as
regions of different brightness via an interference technique65 or
by the SHG interference between the opposite domain states
occurring at the domain walls.76 Even when the lateral size of the
AFM domains lies below the resolution limit, statistical information
on the topography of the domain pattern can be retrieved from
the SHG yield.76 Symmetry requirements for non-zero SHG in
normal incidence on arbitrary materials, including AFM com-
pounds are discussed in ref. 57 Furthermore, types of AFM orders
possibly exhibiting non-zero SHG are considered.

Magnetization dynamics in antiferromagnets. About 20 years ago,
a seminal experiment on nickel demonstrated that the magnetiza-
tion of a ferromagnet can be significantly reduced by an intense
optical pulse within 1 ps and thus, about 100 times faster than
expected up to that time.77 This initiated a plethora of studies on

ultrafast magnetization dynamics, a field continuing to progress
with unbroken attention. Presently, increasing interest is devoted
to the dynamical properties of antiferromagnets.78

It was shown that the time scale parameterizing the magnetiza-
tion dynamics of antiferromagnets may be inherently shorter than
that of ferromagnets.79,80 An intense optical pulse may even drive
an ultrafast AFM phase transition.80,81 In a conceptual experiment,
it was shown that the polarization state of a light wave can be
inscribed onto an AFM domain and, following a hold time,
retrieved back into a light wave without loss of information.82 AFM
domains were furthermore used to generate the inverse effect to
the Faraday and the Cotton-Mouton effect and thus create
substantial magnetic fields all-optically.83 Finally, reversal of an
AFM domain state just by light was demonstrated.84

Imaging AFM domains with scanning probe microscopy
Scanning probe microscopy (SPM) is a powerful analytic tool in
materials science. Among various SPM techniques, spin polarized
scanning tunneling microscopy (SP-STM),85 magnetic force
microscopy (MFM)86 and magnetoelectric force microscopy
(MeFM)87 microwave impedance microscopy (MIM)88 have been
instrumental in visualizing AFM domains/walls with high spatial
resolution. In some extreme case, magnetic exchange force
microscopy (MExFM) provide the ultimate atomic resolution of
AFM order in insulators.89

SP-STM is a very powerful technique to visualize spin texture
with atomic resolution. The atomic resolution of SP-STM is critical
to resolve the intrinsic size and internal structure of domain walls
in both ferromagnets90,91 and antiferromagnets.85 The principle of
SP-STM is the spin dependent tunneling between tip and surface.
By functionalizing the STM tip so that its last atom has a well-
defined spin polarization, the tunneling probability between tip
and sample depends on the relative angle between tip spin and
the local spin. In the pioneering work by Bode et al., the atomic
spin structure of an antiphase AFM domain wall of monolayer Fe/
W (001) was resolved by SP-STM, as shown in Fig. 3a–d.85

However, the strict requirements (atomic flat surface, small
domain size, etc.) to realize spin-polarized tunneling limit the
application of SP-STM on other AFM materials. Recently SP-STM
has been used to visualizing AFM domain walls in some correlated
system such as Fe1+yTe and Fe base superconductors.92,93

The twisting of AFM order parameters at domain walls could
result in uncompensated moments, which could be visualized by
magnetic imaging techniques. For example, the stray fields of the
single layer uncompensated spins on the surface of Cr2O3 were
imaged by scanning nitrogen-vacancy (NV) center microscopy,
which allowed to measure the reorientation of the AFM order
parameter across the domain wall with sub-100 nm spatial
resolution.94 This impressive sensitivity to the local magnetization
is achieved by attaching a diamond nanocrystal to the atomic
force microscopy tip. The NV centers exhibit a Zeeman splitting
according to the local magnetic field, which can thus be measured
with high magnetic and spatial resolution.
However, most AFM domain walls do not carry uncompensated

moments, or the moment size is too small to be detected by
typical magnetic imaging techniques. Hexagonal R(Mn,Fe)O3

compounds are a special class of multiferroics, where the
trimerization induces Z6 topological vortex domains with alter-
nating ferroelectric polarization. Interestingly, the 120° AFM order
of Mn spins couples to the ferroelectric order via the trimerzation
mode, resulting in intriguing coupled AFM-ferroelectric domain
walls. The winding of the AFM order parameter (120° phase shift)
induces alternating canted Mn moments inside domain walls.95

The rare earth elements (e.g. Er) couple to the Mn order, resulting
in substantial magnetic moment at the coupled AFM-ferroelectric
domain walls.96 In 2012, Geng and coworkers discovered
alternating uncompensated magnetic moments at the coupled
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ferroelectric and AFM domain walls in hexagonal ErMnO3,
86 as

shown in Fig. 3e, demonstrating that MFM is a powerful tool to
reveal emergent phenomena. Recently, AFM topological insulator
MnBi2Te4 with alternating ferromagnetic layers (A-type order) has
attracted a lot of attention in the condensed matter commu-
nity.97–99 The AFM domain walls of MnBi2Te4 were visualized with
cryogenic MFM, revealing micron-size random AFM domains that
are stable below the spin-flop transition.100

Another way to visualize AFM domain is to utilize the
magnetoelectric responses of special kinds of AFM materials
called magnetoelectrics or multiferroics. For magnetoelectrics,
linear magnetoelectric response requires breaking both time
reversal symmetry and spatial inversion symmetry. The inversion
symmetry could be broken by the presence of AFM order. The
archetypal example is Cr2O3, which was theoretically predicted to
be a magnetoelectric by Dzyaloshinskii.101 Since the magneto-
electric response changes its sign with the phase of AFM domain,
it is conceivable to visualize the AFM domains using local
magnetoelectric response of the AFM domains. However, the
magnetoelectric responses of most magnetoelectrics are either
small or become substantial at very low temperatures. Multi-
ferroics are materials where AFM order coexists with ferroelectric
polarization. The coupling between these two order parameters
could result in large magnetoelectric responses.
In 2014, Geng and coworkers developed a new type of

microscopy technique called MeFM, which is a combination of
MFM and in situ modulated electric fields, and can be employed
to detect the electric-field-induced magnetization.102 Using MeFM,
Geng et al. directly observed the local, intrinsic bulk magneto-
electric response of each multiferroic domain in hexagonal
ErMnO3, which is in excellent agreement with a symmetry
analysis, a microscopic model and first-principles calculations.
The magnetoelectric domains coincide with ferroelectric domains,
as shown in Fig. 3f, g. Later on, MeFM was demonstrated in

imaging AFM domains in archetypal magnetoelectric Cr2O3.
95

These pioneering works establish that MeFM is a powerful
imaging tool to visualize AFM domains in magnetoelectrics and
multiferroics.
For some correlated AFM insulators such as pyrochlore

Nd2Ir2O7, the magnetic ordering accompanies a metal-insulator
transition. The domain walls of such an AFM compound might
host different conduction from domains. As a result, the local
conduction contrast can be used to visualize AFM domain walls. In
2015, Ma and collaborators report observation of metallic mobile
AFM domain walls in Nd2Ir2O7 using cryogenic MIM.88

Probing AFM domains with synchrotron X-rays
Since the first measurement of X-ray magnetic scattering at the
beginning of the 1980s,103,104 probing AFM states and their
domain structure with sub-micron resolution has become possible
thanks to the multifold increase in spectral brightness at
synchrotron sources over the last decades. One can classify the
type of studies in three main categories: (1) scattering experi-
ments with a micro- or nano-focused X-ray beam, in the hard or
soft X-ray regime, where it is possible to simultaneously spatially
resolve the AFM wave-vector and magnetization density, includ-
ing chirality of the different domains, and in some cases their
depth dependence,105 (2) scanning X-ray microscopy and X-ray
photo emission electron microscopy (PEEM) both using the
absorption contrast produced by magnetic linear dichroism to
probe the moment direction along the polarization direction of
the incident light, and (3) coherent X-ray imaging in Bragg
condition, to image certain types of AFM domains.106

In the hard X-ray regime, and away from atomic resonances,
coupling of the photon field to spin and orbital momentum of the
electron is intrinsically weak (of the order hν/(mc2), compared to
Thomson scattering. Nonetheless, with very bright beams of 3rd
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Fig. 3 Scanning probe microscopy of AFM domain walls. a Theoretical spin structure. b Simulated, and c experimental SP-STM image of a
antiphase domain walls in the out-of-plane antiferromagnetic Fe monolayer on W(001). Scale bar: 300 pm. d Height profiles drawn at the
positions of the correspondingly coloured lines in c along the [110] (upper panel) and the [010] (lower panel) direction. Middle panel: sum
(black) and difference (gray) of the line profiles shown in the upper panel. The wall is about 1.6 nm wide, and its out-of-plane component
exhibits mirror symmetry. Adapted from ref. 85 e Room temperature PFM (top) and low-temperature MFM (bottom) images of the (001) surface
of a hexagonal-ErMnO3 single crystal. Scale bar: 1 µm. Adapted from ref. 86 f Room-temperature PFM image on the (001) surface of a
hexagonal-ErMnO3 single crystal. Scale bar: 3 µm. g Low-temperature MeFM image taken at the same location as f. Adapted from ref. 87.
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and 4th generation synchrotron, it has become possible to
study the AFM ordered states of systems even with
S= 1/2,107 as long as the signal is not dominated by charge
scattering (ideally when the AFM wave-vector lies inside the
Brillouin zone). Since the beginning of the 2000s, the progress of
micro-focusing optics (Fresnel zone plate and Kirkpatrick-Baez
mirror, focusing X-ray beams by reflecting them at grazing
incidence off a curved surface, usually coated with a layer of a
heavy metal) has opened-up opportunities to spatially resolved
magnetic scattering.108 The advantages of the technique are
threefold: first, the high momentum resolution allows to separate
magnetic reflections belonging to different k-domains, for
example in systems with long-wavelength magnetic modulations
which break the crystal translational symmetry. Secondly, analyz-
ing the scattered polarization perpendicular to the scattering
plane gives access to the moment direction, which is essential to
resolve orientation domains. Finally, scattering experiments with
circularly polarized light probes chiral magnetic scattering (AFM
domains either from cycloidal or helical modulations). Recent
studies on a single-domain ferroelectric crystal of BiFeO3

109

exploited the aforementioned characteristics to create a topo-
graphy of the three magnetic k-domains (Fig. 4) and determine
the absolute direction of rotation of the cycloids imposed by the
electric polarization direction in each domain. Studies on thin
films110 are also possible as well as experiments under external
perturbations111 (electric, magnetic field). However, in this photon
energy range, the penetration of the X-ray beam extends to
several microns, preventing the study of systems with domain
structures and/or magnetization densities varying rapidly perpen-
dicular to the sample surface. In the last few years, the progress in
optics has also driven the construction of hard X-ray nanoprobe
beamlines achieving 50 nm spatial resolution by using large
transport distance to de-magnify the photon beam size with
Kirkpatrick-Baez mirrors. These in principle could be exploited for
magnetic studies, but the scientific drivers currently push instead

the application towards high resolution elemental mapping in
inhomogeneous systems.
Scattering experiments in resonant conditions enhance drama-

tically the magnetic contribution and can be used in the hard
X-ray and soft X-ray regime, in a similar fashion to what is
described in the previous paragraph. Additionally, in the soft
regime, it is possible to exploit the large change in absorption at
energies close to certain atomic resonance to probe the change in
magnetization as of function of depth, virtually impossible to
access with other techniques. This was employed successfully
recently to probe the magnetization reconstruction of skyrmion
lattices close to the surface,105 and could possibly be exploited to
access domain information in buried interfaces. Magnetic soft
X-ray scattering is unfortunately limited since the Bragg condition
can only be satisfied for small momentum transfer (i.e. large
periodicity in real space, such as skyrmion lattices, magnetic
phases of hexaferrites) due to the low momentum of the
photon beam.
In the soft X-ray regime, X-ray magnetic linear dichroism (XMLD)

PEEM is a key absorption technique to probe magnetic domains
with at the same time an excellent spatial resolution (20–30 nm)
and a large field of view (typically 10 μm). Typically, a linearly
polarized radiation field is tuned at the L (or M) resonance of the
transition metal ion (rare earth ion). The X-ray absorption cross
section, dominated by electric dipole terms, includes a resonant
magnetic contribution in AFM materials, proportional to the
average of the square of local magnetization <M2>. What is
detected is the photoemitted electrons (to be precise the
secondary electrons emitted in the process) and a magnetic
contrast is obtained by subtracting the signals obtained using
horizontal and vertical incident polarization. The escape depth of
the secondary electrons is typically 6–7 nm, allowing to probe the
first few layers of magnetic samples. The electron microscope
forms an image with a large field of view in a single shot. Many
experiments have been conducted using XMLD-PEEM, which can
be performed in a range of temperature down to 10 K, and
external stimuli such as current. Recently, the switching of AFM
domains by an applied current in metallic CuMnAs has been
demonstrated using XMLD-PEEM.112

It is also possible to rotate the sample about the inclined axis
the surface makes with the incident direction to create a 3D vector
of the magnetization density of each domain. In a recent study,
AFM domain configurations in hematite (α-Fe2O3) epitaxial films
were observed using 3D vector maps.113 By combining the study
with XMCD-PEEM, which probes a net magnetic moment, the
authors claimed the presence of Z6 vortex/antivortex domains,
imprinted into the magnetization of the ferromagnetic Co layer
grown on top of the Fe2O3 film. As noted in the introduction,
these Z6 vortex/antivortex magnetic domains are not observed in
bulk single crystals of α-Fe2O3.

29

As discussed earlier, AFM phase domain states are identical in
every respect but the phase of the AFM order parameter. When
the phase difference is equal to π, the so-called antiphase domain
states and an antiphase domain boundary are realized (see Fig.
1c). Unless the individual atomic spins are measured, a phase-
sensitive magnetic probe is needed to image the phase domains.
In special cases, when the spins have non-equivalent environ-
ments, the antiphase domain states can be distinguished by
polarized neutron diffraction topography.114 Hours-long expo-
sures are required, and only ~100 μm-type spatial resolutions are
achievable. Non-linear optics techniques, such as the SHG
spectroscopy described in this article, also work in special low-
symmetry compounds such as Cr2O3.

61 Under certain symmetry
conditions, phase domains could be distinguished through the
circular dichroic charge-magnetic interference effect of resonant
X-ray diffraction, and ~10 μm resolutions have been achieved in
microbeam scanning experiments.115 All these approaches are
based on the interference of the lattice and magnetic signals, and

Fig. 4 AFM domain images with XMLD-PEEM. a Topography of the
magnetic k-domains in rhombohedral BiFeO3 single crystal. Red,
blue and green colors represent scattering from each of the 120°
domains. The micro-focused beam produces a footprint on the
sample of 2 × 2 micron (size of each pixel). b Vector map of the α-
Fe2O3 AFM domain configuration from XMLD-PEEEM. It is claimed
that it exhibits Z6 vortex/antivortex domains. Scale bar: 2 µm.
Adapted from refs. 109,113.
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require a favorable combination of low magnetic or structural
symmetries. For the general case, however, a probe possessing
both phase coherence and direct sensitivity to the AFM order is
needed. Magnetic scattering of coherent x rays provides such a
probe. A large variety of non-magnetic coherent X-ray imaging
techniques exists,116–119 and many of them should be adaptable
for the AFM domain imaging. For direct sensitivity to the AFM
order, scattering at non-zero wave vector transfer, such as
magnetic Bragg diffraction, is in general needed. The phase
domain patterns can be obtained by the detection of domain
boundaries using the destructive interference of the magnetic
Bragg signals from the adjacent domains.106 In principle, the AFM
domains can also be imaged by Fourier transform holography
utilizing interference of the incident and the diffracted beams,120

and by several existing coherent diffraction imaging techniques
that reconstruct the domain pattern from the observed complex
detector images using iterative phase retrieval algorithms.121

Various related approaches utilizing scanning of a nanoscale-sized
coherent X-ray beam across the surface of the sample121 should
also work. Figure 5 schematically illustrates some of these
experimental techniques. While the possibilities are broad, only
a very limited amount of work on antiferromagnets has been done
so far. Nevertheless, very encouraging initial results have been
achieved recently, and the situation could change quickly. As an
example, imaging of the antiphase AFM boundaries in a collinear
antiferromagnet Fe2Mo3O8 using resonant magnetic Bragg
diffraction phase contrast has been demonstrated106—this
technique is called X-ray Bragg diffraction phase contrast
microscopy (XBPM). In magnetic XBPM, a magnetic Bragg peak,
broadened by penetration depth effects, was observed on an area
detector. A coherent X-ray beam, producing a circular Airy fringe
pattern on the sample surface, gave rise to the similar structure in
the Bragg reflection. The antiphase boundaries on the illuminated
sample surface were seen as dark lines in the observed detector

pattern, producing a direct magnified image of the antiphase
domain patterns in a single exposure, see Fig. 5d, e. In these initial
XBPM experiments, micron-scale spatial resolutions in mm-sized
areas were achieved, and sub-second measurement times were
achieved.120 These results demonstrate the promise of coherent
X-ray methods for the AFM phase domain imaging. Importantly,
the small wavelength of X rays allows for eventual nanometer-
scale spatial resolutions. Equally important is the large variety of
the possible coherent imaging approaches. In addition to the
phase domains, these approaches should also be sensitive to the
other AFM domain types described in this paper. As any
experimental technique, coherent X-ray scattering has limitations.
They are chiefly associated with the necessity to obtain the signal
at the scattering vector corresponding to the periodicity of the
AFM structure, using the X-ray energy necessary to produce the
magnetic resonance. This is not always possible. Another difficulty
is the need for high-quality coherent X-ray beams. State-of-the-art
coherent scattering facilities are becoming rather widely available
at the synchrotron X-ray sources, such as the NSLS-II at
Brookhaven National Laboratory. Therefore, significant progress
in the imaging of the AFM phase domains using coherent X-ray
techniques is expected in the near future.

Perspectives and challenges
We have discussed various experimental techniques to visualize
AFM domains and domain walls, and to unveil their physical
properties. We now discuss the perspectives and challenges of
future work on AFM domains/domain walls.
A large number of types of AFM domains can be visualized by

microscopy techniques using MOKE-type optical rotation and/or
SHG.57 These techniques, possibly with enhanced spatial resolu-
tion, for example by employing near fields, will be further utilized
to explore AFM domains and domain walls and large-scale domain
configurations of new AFM states. Resolving the magnetic
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Fig. 5 Schematic illustrations of selected prospective coherent X-ray imaging techniques for AFM domain imaging. a Fourier transform
(FT) holography utilizing interference of the reference beam with the beam diffracted at the AFM wave vector. b Coherent diffractive imaging.
This technique utilizes complex iterative image reconstruction algorithms. In the variation of this approach called ptychography, the beam is
scanned on the sample surface, producing overlapping images. Such oversampling leads to more efficient algorithms. c serves as a
placeholder reminding that while similar approaches are known to work for structural and ferromagnetic domain imaging, they remain to be
realized for the AFM domains. d AFM phase domain imaging based on the detection of domain boundaries in the image of a magnetic Bragg
peak. A broad structured coherent beam covers many domain boundaries. Due to the destructive interference, the boundaries are imaged on
the detector as dark lines. e 180° AFM domain boundaries (dark wavy lines) observed in the wings of the (001) magnetic peak in a collinear
antiferromagnet Fe2Mo3O8 (left), and the corresponding antiphase AFM domain pattern (right).
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dynamics of AFM materials and, in particular, of magnetoelectric
correlation effects in multiferroics is still a much underrated topic.
How fast does the AFM order parameter switch and by which
mechanism exactly? This question is particularly important for
magnetoelectric correlation effects in multiferroics or in AFM
spintronics.23 Lack of an answer is surprising as any application of
antiferromagnetism inevitably involves the temporal manipulation
of the AFM order. Understanding and control of this manipulation
requires an intimate knowledge of the temporal progression of
the AFM order which therefore needs to be studied. Here, optical
experiments will play the key role in the future because of the
unparalleled time resolution down to the few-femtosecond range.
Aside from the AFM coupling within a material, the coupling at or
across the interface between different constituents can add
valuable functionalities to the field of oxide electronics. Therefore,
the AFM order, domains and domain walls in thin films and
heterostructures will catch increasing interest in the future. Here,
nonlinear optical techniques will prove useful in two ways. First,
they are the ideal tool to resolve AFM domains as well as the
coexistence of different types of ferroic domains and the coupling
in between them. Second, techniques like SHG allow to monitor
the growth of a multilayer heterostructure remotely, and thus
while the structure is assembled in the vacuum chamber. The
emergence of the oxide functionalities, including antiferromag-
netism, can therefore be monitored while they emerge during this
layer-by-layer assembly.122 Any processes involving the magneto-
electric order and correlations during the growth and that would
be inaccessible in a post-growth ex-situ characterization can
therefore be identified. In situ SHG will therefore play an
important in tailoring the desired functionalities of a magneto-
electric oxide heterostructure exactly to the needs of the user.
The ultimate spatial resolution of SPM is limited the size of atom

at the end of SPM tip, which can be achieved by SP-STM and
MeFM. However, the strict requirements (ultra-clean and atomic
flat surface) for these imaging techniques severely limit their
application on real materials. The functional properties of atomic
force microscopy, e.g. in spintronics, are controlled by domains or
domain walls. For them, SPMs with sub-micron spatial resolution
(e.g. MFM, MeFM, and MIM) are less surface sensitive, and thus are
more relevant. The nature of these techniques is such that phase
domains cannot be resolved directly. In specific cases, it may be
possible to detect the domain walls instead, if the magnetization
direction contrasts with the domains themselves, and for certain
wall thicknesses.
XMLD-PEEM has a bright future, alongside the recent develop-

ment in coherent diffraction imaging techniques, as the step-
change in technologies continue to drive improvements in
resolution and fast acquisition. On one hand, the new generation
of direct electron detectors can acquire images at kHz rates. Also,
aberration-corrected PEEM instruments are now commercially
available and will push the spatial resolution towards 10 nm or
increase throughput and image sensitivity dramatically at current
resolutions (20–30 nm).
The spatial resolution for the existing phase domain imaging

based on the detection of the domain boundaries by coherent
X-ray diffraction is limited by the size of the central maximum of
the beam footprint on the sample surface. For the pinhole optics,
this limits the observable domain size to the micron scales.
Focusing elements, such as Fresnel zone plates, should signifi-
cantly improve the achievable resolutions, potentially to the
10-nm scale.
Further increase of spatial and temporal resolution of these

optical/scanning/X-ray techniques will be quintessential for the
next step in scientific understanding and technological exploita-
tion of magnetic quantum materials such as spintronic antiferro-
magnets, multiferroics and magnetic topological materials.
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