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We demonstrate all-optical manipulation of magnetic domains in NiO=Pt and CoO=Pt thin films with
insulating antiferromagnetic layers. Using magneto-optical birefringence imaging, we show that even a
single laser pulse can thermally demagnetize the antiferromagnet, leading to a random redistribution of
domains. By sweeping the laser beam, domain-wall motion is induced, enabling partial switching of the
antiferromagnetic order. The behavior is captured by an analytical model in which temperature gradients
generated by the moving beam exert a thermal pressure on domain walls in the form of a ponderomotive
force. Of note, the 90° domains can be reversibly toggled solely by reversing the direction of the thermal
gradient, demonstrating all-optical switching without the need for electric currents. These findings
establish a route toward ultrafast optical manipulation of fully compensated antiferromagnets, with
potential impact on nonvolatile memory technologies and antiferromagnetic spintronics.
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I. INTRODUCTION

Over the past decade, lasers have been successfully used
to control the spin of an electron via optically driven
thermal and electronic excitations. Most notably, all-
optical switching (AOS) of the magnetization was dem-
onstrated for various ferromagnetic and ferrimagnetic
materials [1–7], which is of great interest for magnetic
recording [8]. In general, AOS can be either helicity-
dependent or helicity-independent, and can be achieved
with single or multiple laser pulses. Optical pumping of
magnetic layers is highly sensitive to the laser parameters,
such as fluence and the number of pulses, and often results
in so-called thermal demagnetization. Unlike AOS, ther-
mal demagnetization leads to a random redistribution of
magnetic domains. Regardless of the outcome, magnetic

domain imaging remains the most effective experimental
method for demonstrating and optimizing AOS and related
phenomena [9].
In contrast to ferromagnets and ferrimagnets, optical

control of antiferromagnets (AFMs) remains largely unex-
plored [10–12], mainly due to the difficulty of detecting
AFM domains arising from the absence of net magneti-
zation and stray fields. Nevertheless, AFMs are increas-
ingly recognized as promising candidates for future
energy-efficient, high-speed, high-density spintronic and
data storage applications [13–19]. Among the various
AFMs studied in recent decades, NiO and CoO thin films
stand out due to their well-established high quality
epitaxial growth, extensively explored spin structures
[20–27], as well as their unique magnetic properties that
are promising for spintronic applications [28–33].
Here, we utilize the magneto-optical birefringence

(MOB) effect [26,27], also known as the Schäfer-
Hubert effect [34,35], to directly image the AFM domains
in thin CoO and NiO films and to demonstrate how these
domains can be manipulated by ultrafast laser pulses. In
the case of a static laser beam, AFM domains undergo
thermal demagnetization, as indicated by the formation of
smaller, randomly distributed domains. Furthermore, we
demonstrate that partial domain switching can be achieved
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by sweeping the laser beam across the sample parallel to
one of the two possible Néel vector orientations, whereby
the resulting temperature gradient generates a spatial
variation in magnetic energy that drives domain-wall
motion.

II. RESULTS

A. Imaging antiferromagnetic domains
via magneto-optical birefringence

AFM domain images were acquired in reflection geom-
etry using wide-field Kerr microscopy (WFKM) with a
white-light LED source. The LED light, incident normally
on the sample, was polarized at 45° relative to the in-plane
component of the Néel vector n of the AFM films. To
obtain MOB contrast, two images IðþθÞ and Ið−θÞ were
recorded with the analyzer (or quarter-wave plate) set
symmetrically about extinction, yielding opposite contrast.
The MOB signal was extracted from the asymmetry
Ias ¼ IðþθÞ−Ið−θÞ

IðþθÞþIð−θÞ, which enhances sensitivity to the in-plane
projection of the Néel vector while suppressing artifacts
from surface morphology [26,35]. An optical pump beam
at 1035 nm with tunable pulse duration, variable polari-
zation, and repetition rate was incident at 45° to the sample
plane and focused to a 90 μm diameter spot (intensity at
1=e2). The number of laser pulses was controlled via an
external trigger signal from a function generator. All
measurements were conducted at room temperature.
The single-crystalline NiO and CoO films were grown on

MgO(001) substrates in an ultrahigh-vacuum system by
molecular beam epitaxy [26,27,36,37]. In NiO=MgOð001Þ,
tensile strain favors an out-of-plane orientation of the AFM
spins; that is, they rotate away from the h112̄i directions
characteristic of bulk NiO toward the [001] axis [38,39].
The critical thickness for lattice relaxation of NiO on
MgO(001) is expected to be around 20 nm [20].
However, a substantial canting of the Néel vector n away
from the sample normal is already observed at smaller
thicknesses; for a 10 nm thick NiO film, the canting angle
has been estimated to be approximately 10° away from the
[001] direction [26]. In NiO=MgOð001Þ, four different twin
domains (T domains) are present, while only one spin
domain (S domain) with the largest out-of-plane component
is energetically favored [20,26,40]. In contrast, for
CoO=MgOð001Þ, compressive strain induces a fourfold
in-plane magnetic anisotropy, with an out-of-plane hard
axis along [001] and two easy axes within the (001) plane
along the [110] and ½11̄0� directions [27,36,41,42].
Similarly to previous studies [12,26,27,33] both NiO
and CoO films reveal excellent epitaxial growth with the
lattice relations NiO½100�ð001ÞjjMgO½100�ð001Þ and
CoO½100�ð001ÞjjMgO½100�ð001Þ. The magnetic order is
expected to be fully compensated in both AFMs. When
NiO and CoO layers are grown together on MgO(001),
the AFM spin structures of the individual layers can be

further tuned via interfacial exchange coupling [36]. In
particular, a spin reorientation transition of the NiO spins
from an out-of-plane to an in-plane orientation can be
induced by increasing the thickness, while the Néel
temperature (TN) of the CoO layer can be significantly
enhanced [36]. Taking these considerations into account,
AFM domains with different orientations and TN values
can be engineered through an appropriate combination of
NiO and CoO thin films [36].

B. Thermal demagnetization with a static laser beam

Optical manipulation of magnetic domains usually
involves an ultrafast demagnetization [43], in which
pumping with laser pulses results in a strong nonequili-
brium excitation of the material’s electron system, which
subsequently transfers its energy to the spin system.
However, given the photon energies available in the visible
and infrared spectral ranges typically obtained from ultra-
fast lasers, this excitation scheme is not so easily realized
for antiferromagnetic NiO and CoO, which are insulators
with bandgaps of at least a few eV. To overcome this
limitation, an adjacent metallic layer is used, so that an
ultrashort laser pulse with photon energy below the
bandgap of the insulating AFM can excite the hot electron
system of the metallic layer, which then transfers energy to
the spin system of the AFM [12,44,45]. Our results
demonstrate that the domain structures of both CoO and
NiO films can be modified by exposure to optical pulses,
as long as they are capped with metallic layers. For NiO
and CoO films capped with nonmetallic layers, such as
Al2O3, we have not observed any effects due to optical
pumping (see Fig. S1 in Supplemental Material) [46]. Here
we focus on AFM films with a nonmagnetic, metallic Pt
(2 nm) capping layer, which effectively protects against
oxidation without significantly diminishing the intensity of
light reaching the AFM layer or the MOB effect [12,33].
The top row of Fig. 1 shows images of the AFM

domain structures in the ground (virgin) state acquired by
WFKM for the main sample, CoOð8 nmÞ=Ptð2 nmÞ. The
domain structures of other samples: CoOð8 nmÞ=
Ptð2 nmÞ=Al2O3ð3 nmÞ, NiOð16 nmÞ=Ptð2 nmÞ, and
CoOð8 nmÞ=NiOð5 nmÞ=Ptð2 nmÞ are shown in Fig. S2
in Supplemental Material [46]. In all investigated sam-
ples, we probe the in-plane projections of AFM spins
along the [110] and ½11̄0� axes, corresponding to bright
and dark areas, respectively. The relationship between
the direction of n and the optical contrast was charac-
terized in the CoO=Fe film, where the orthogonal inter-
facial coupling between the Fe spins and the CoO
AFM spins allows the orientation of n to be controlled
with the in-plane magnetic field [27]. The domain walls
appear to be preferentially oriented along the [010] and
[100] axes.
The bottom row of Fig. 1 illustrates the effect of optical

pumping for different fluences F and pulse numbers. Laser
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exposure results in smaller, randomly shaped domains
without preferential elongation, while spins remain
aligned along the [110] and ½11̄0� axes. This behavior
arises from magnetoelastic coupling to the substrate
[47,48], which favors a multidomain state with a nearly
homogeneous domain distribution. The as-grown domain
structure is nonequilibrium in terms of domain size and
distribution; laser heating promotes domain-wall motion
and Néel vector reorientation, enabling relaxation toward
an equilibrium state characterized by more uniformly
distributed, submicron domains. Following excitation with
a single pulse at a low fluence of F ¼ 1 mJ=cm2, the AFM
domains are modified locally at the center of the field of
view (FOV), as indicated by the dashed red ellipse in the
enlarged areas of Fig. 1(a). The size of the modified region
scales with fluence. At F ¼ 6 mJ=cm2 [Fig. 1(b)], the
domains within approximately half of the FOV are
affected, whereas at F ¼ 11 mJ=cm2 [Fig. 1(c)], all
domains within the FOV are affected. Figure 1(d) dem-
onstrates that exposure to 106 pulses at 1 MHz repetition
rate and F ¼ 11 mJ=cm2 results in permanent damage to
the sample. Although the effect of optical pumping is
broadly similar in other samples containing Pt, in samples
containing NiO films, it results in the formation of even
smaller domains, with some features that can hardly be
resolved using the current optical imaging method.
Furthermore, for the same fluence, the modified area
of the samples with NiO is reduced as compared with
those with only CoO (Fig. S2 in Supplemental Material
[46]). This can be attributed to the different Néel temper-
atures, which are expected to be around 330 K for
CoO(8 nm) [27], and around 500 and 515 K for
CoOð8 nmÞ=NiOð5 nmÞ and NiO(16 nm), respectively
[26,36].

C. Domain switching induced by a swept laser beam

Although a static beam can lead to a local rearrange-
ment of AFM domains, no controlled or reversible
manipulation of the Néel vector orientation was achieved
for any of the samples studied within the available
parameter space. However, previous studies on AOS in
ferromagnetic and ferrimagnetic materials have shown
that sweeping the laser beam across the sample surface
can facilitate AOS. This is attributed to the additional
thermal gradient, which helps activate domain wall
depinning and promotes domain-wall motion
[2,5,9,49–52]. To this end, we performed experiments
in which the laser beam was swept across the sample
surface. Various samples from Fig. 1 were tested for
different optical pumping parameters (see Figs. S3 and
S4 in Supplemental Material for exemplary images) [46].
The most substantial changes in domain structure were
observed for CoO films when the beam was swept
parallel to one of the easy axes of the Néel vector n.
Figure 2 shows the resulting changes in the CoO domain
structure after sweeping the beam back and forth along
the ½11̄0� axis, as indicated by red arrows. Histograms of
the intensity distribution after consecutive sweeps indi-
cate that the switching is also manifested in the overall
preferential orientation of the domains (see Fig. S5 in
Supplemental Material) [46]. The changes to the domain
structure are clearly visible in the differential images
between consecutive frames [(ii)−(i), (iii)−(ii) etc.]
shown in Fig. 2(b). Analysis of the consecutive differ-
ential images reveals that many AFM domains undergo
90° switching in a reproducible manner (see, for example,
the area marked by the white ellipse). Interestingly, both
types of domains, with nk½110� and nk½11̄0� can be
switched simultaneously during a single sweeping event.

FIG. 1. Domain structure images of CoOð8 nmÞ=Ptð2 nmÞ before (top row) and after (bottom row) optical pumping with p-pol, 1 ps
laser pulses with a photon energy E ¼ 1.2 eV. Panels (a)–(c) show single-pulse excitation at fluences of (a) F ¼ 1 mJ=cm2,
(b) F ¼ 6 mJ=cm2, and (c) F ¼ 11 mJ=cm2. (d) Effect of excitation with 106 pulses at F ¼ 11 mJ=cm2, resulting in permanent
damage to the sample. The images were acquired by WFKM at RTwith the laser light polarized along the [100] axis. Bright and dark
areas correspond to the in-plane projections of the Néel vector orientations n along the [110] and ½11̄0� axes, respectively. The scale bar
is 10 μm in length.
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See Fig. S6 in Supplemental Material [46] for enlarged
(zoomed-in) views of the areas marked by the white
ellipse.

D. Thermal gradient and the ponderomotive force

We examine the physical origin of the laser-induced
partial switching of AFM domains in CoO=Pt. The effect
is found to be independent of the pump beam polarization
and is absent under stationary beam conditions or single-
pulse excitation. Additionally, the observed optically
induced changes, including those observed with a sta-
tionary beam, are cumulative and depend on both the
number of pulses and the repetition rate. These observa-
tions suggest that the effect is thermal in nature, allowing
us to exclude nonthermal mechanisms such as the inverse
Faraday effect [53,54] and the inverse Cotton-Mouton
effect [54,55]. Laser-induced heating leads to partial
demagnetization, which can be described as a reduction
in saturation magnetization (Ms) and the corresponding
magnetic energy density (wmag ∼M2

s). The laser beam
creates an inhomogeneous temperature distribution TðrÞ,
resulting in a spatially varying magnetic energy wmag½TðrÞ�
that follows the beam’s intensity profile. As a result, regions
at higher temperature possess lower magnetic energy and
are energetically favored, irrespective of the local orienta-
tion of the Néel vector. The spatial gradient of magnetic
energy across a domain wall gives rise to a driving pressure
on the wall that originates from the difference in magnetic
energy density on its two sides. This pressure can be
understood within the general concept of a ponderomotive
force Fpond, which describes motion induced by gradients in
energy density. While ponderomotive forces are often
discussed in the context of charged particles in inhomo-
geneous electromagnetic fields, the concept also applies to
magnetic domain walls subject to spatial variations of
magnetic energy density [56,57].
The width of the domain wall (xDW) is of order 100 nm

and is small compared with the characteristic scale of the
temperature gradient (of order tens of μm). Under this
assumption, the value of the ponderomotive force acting at
the domain wall is given by Fpond ¼ −∇wmag½TðrÞ�, and the
force is directed toward the colder domain. Although the
ponderomotive force can push the domain wall, several
factors prevent observable modification of the domain
structure by a static beam. In particular, the domain walls
are pinned due to an inhomogeneous distribution of
spontaneous strains and crystal defects. Therefore, to set
the domain wall in motion, the ponderomotive force must
overcome the pinning barrier. This occurs at the point of
maximum temperature gradient. The idea is schematically
illustrated in Fig. 3(a). Once depinned, the domain wall
moves outside the laser spot to a colder region where the
value of the ponderomotive force is lower. A further
reduction in the ponderomotive force is related to heat
diffusion and temperature relaxation following the laser
pulse. Combined with damping, this results in finite
displacement of the domain wall. In conclusion, a static

FIG. 2. (a) Domain structure images acquired after sweeping the
laser beam across the surface at a velocity of v ¼ 100 μm=s along
the ½11̄0� axis, as indicated by the red arrows above the images.
(b) Differential images [(ii)−(i) etc.] show that some of the
domains can be switched back and forth (see e.g., the domains
marked by the white ellipse). Red and blue contrasts in the
differential images correspond to switching from ½11̄0� to [110],
and from [110] and ½11̄0�, respectively, while intermediate gray
contrast indicates areas where no switching occurs. The measure-
ments were performed at RT for the CoOð8 nmÞ=Ptð2 nmÞ
sample, with p-pol light, F ¼ 2.3 mJ=cm2, 1 MHz repetition
rate and 8 ps pulse duration. The scale bar is 10 μm in length.
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beam cannot support the steady motion of the domain wall,
in agreement with our experimental observations.
In contrast, the moving beam can drag the domain wall

through noticeable distances, thereby inducing switching
between the domains. When the velocities of the beam and
the domain wall are comparable, the moving domain wall
experiences a ponderomotive force that is sufficiently large
to compensate for damping and allow the domain wall to
travel a greater distance before being stopped by other
pinning defects (e.g., the junction of domain walls).
Figures 3(b)–3(e) present calculated temperature gradient
colormaps for the laser beam moving parallel to the Néel

vector along the [110] axis at different times τ0 ≡
σ2CV=ð2κÞ, where CV is a heat capacity, κ is a heat
conductivity, and σ is the radius of the beam. The orange
line (shown for illustrative purposes only) schematically
marks the position of the domain wall, oriented along the
[100] axis.
To gain a better understanding of the switching mecha-

nism, we modeled the light-induced motion of a single
domain wall. We used the Thiele-like equation for the
domain wall center, X (see Secs. S2, S3, and S5 in
Supplemental Material for the details) [46]:

Ẍ þ c2

τx2DW
Ẋ ¼ FpinðXÞ þ Fpondðt; XÞ; (1)

where c is the limiting magnon velocity, xDW is the domain
wall width, and τ is the relaxation time (caused by the
Gilbert damping). The pinning force FpinðXÞ is calculated
by assuming that the pinning has magnetoelastic origin:

FpinðXÞ≡− c2signðXÞ
2

ffiffiffi
2

p
xDW

�
1

2
− 1

cosh2½ðjXj þ ξ0Þ=xDW�
�
;

(2)

where ξ0 ¼ xDW sinh−1 1. The ponderomotive force

Fpondðt; XÞ ¼ − ffiffiffi
2

p c2

Ms

∂Ms

∂T
∂ξTðt; rÞ (3)

is calculated by assuming a temperature distribution
induced by a laser beam with Gaussian intensity distri-
bution. An example of Fpondðt; rÞ caused by the moving
beam is shown in Fig. 4. For simplicity we assumed that
∂Ms=∂T ¼ const. We find that steady domain-wall motion
occurs when the velocity of the laser beam is comparable
to that of the domain wall (red curve, v ¼ 100 μm=s in
Fig. 4). If the beam moves too quickly, the wall enters a
region where the ponderomotive force reverses direction
and the wall returns to its initial position (yellow curve,
v ¼ 210 μm=s in Fig. 4). When the beam moves too
slowly or remains stationary, the wall reaches a region
of negligible ponderomotive force and stops (blue curve,
v ¼ 0 μm=s in Fig. 4). This model can thus guide
optimization of switching performance by adjusting the
beam sweep velocity.
We also note that the CoO domain structure is complex,

consisting of a network of intersecting domain walls
oriented along the hard magnetic axes [100] and [010]
due to magnetoelastic effects. The most efficient way to
switch the domain structure and overcome pinning at
the junctions is to apply a force that sets both types of
intersecting walls into motion. This can be achieved by
applying a ponderomotive force along [110] or ½11̄0�, i.e.,
along the easy magnetic axes at 45° with respect to the
domain walls, as observed experimentally (Fig. 2) (see [46]

FIG. 3. (a) Schematic illustration showing the thermal gradient
induced by the laser beam, and associated with it the ponder-
omotive force Fpond, exerting the pressure on the domain wall
(marked in red). The domain structure image has been obtained
from the CoOð8 nmÞ=Ptð2 nmÞ sample. (b)–(e) Snapshots of the
calculated temperature gradient∇T induced by the laser beam as
it moves parallel to the Néel vector along the [110] axis. The
orange line indicates the position of the domain wall, which is
parallel to the [100] axis (shown for illustration purposes only).
At (b) t ¼ 0.12τ0, Fpond at the location of the domain wall is
below threshold and the domain wall does not move;
(c) t ¼ 0.48τ0, (d) t ¼ 0.83τ0, and (e) t ¼ 1.2τ0 the Fpond at the
location of the domain wall is above the critical value due to the
motion of the beam and the domain wall moves with steady
average velocity.
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for more details). Finally, the reason why switching
cannot be observed in films containing NiO (Figs. S3
and S4 in Supplemental Material [46]) can be explained by
their higher Néel temperatures, which are expected to be
around 500 and 515 K for CoOð8 nmÞ=NiOð5 nmÞ and
NiO(16 nm), respectively [26,36], comparedwith 330K for
CoO(8 nm) [27]. Closer to Néel temperature, the temper-
ature dependence of the magnetization becomes steeper,
resulting in a larger ponderomotive force Fpondðt; rÞ
[Eq. (3)] and thereby enabling switching.

III. DISCUSSION AND SUMMARY

In summary, we identify a mechanism for optical
manipulation of fully compensated insulating AFM
domains. This approach requires neither magnetic nor
electric fields, operates in continuous thin films, and paves
the way toward all-optical antiferromagnetic recording
using laser pulses. We show that a metallic Pt capping
layer enables efficient absorption of photon energies well
below the bandgaps of NiO and CoO, leading to thermal
demagnetization down to a single laser pulse. Sweeping
the beam across the sample surface along the Néel vector
generates a temperature gradient that drives domain-wall
motion toward colder regions and enables partial 90°
switching of AFM domains. Previous studies on cur-
rent-induced switching in CoO=Pt have shown that the
primary driving mechanism is the thermomagnetoelastic
effect [33,42,58], where the final orientation of the Néel
vector n is either perpendicular (n⊥ j) or parallel (n k j)
to the current density j [58]. In contrast, the optically
induced switching observed here is fundamentally differ-
ent: the same AFM domains can be switched back and
forth by 90° simply by reversing the direction of the
moving laser beam, without changing beam polarization or
fluence. The observed switching occurs only in localized

regions, indicating that domain wall pinning plays a key
role. Improved understanding and control of these pinning
sites should enhance the reproducibility and precision of
switching driven by the ponderomotive force proposed
here. More broadly, thermally driven ponderomotive con-
trol of antiferromagnetic domains may be applicable to
other antiferromagnets, including α-Fe2O3, Cr2O3, and
complex oxides, in which spatially reconfigurable domain
states and thermally sensitive domain-wall behavior have
been demonstrated [59–62]. Its effectiveness will depend
on properties such as the temperature dependence of the
domain wall energy, pinning, domain wall width, as well
as optical absorption. In weakly absorbing materials,
efficient excitation could be enabled by incorporating a
metallic capping layer, as demonstrated here using Pt.
The ability to locally modify and controllably displace

antiferromagnetic domain walls using light could offer
opportunities for antiferromagnetic racetrack-memory
devices. Magnetic bits could be locally nucleated using
a tightly focused laser, as demonstrated by He et al. [63],
and subsequently manipulated through optically generated
thermal gradients. Such concepts complement the growing
interest in racetrack-memory devices based on antiferro-
magnets [64]. The resulting domain configurations could
be detected electrically, as previously demonstrated in
similar antiferromagnetic thin films [65], or optically
through magneto-optical birefringence, as employed here.
The absence of stray fields and the intrinsically fast
dynamics of antiferromagnets may ultimately enable
densely integrated and high-speed magnetic memory
devices.
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