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The antiferromagnet is considered to be a promising hosting material for the next generation of magnetic
storage due to its high stability and stray-field-free property. Understanding the switching properties of the
antiferromagnetic (AFM) domain state is critical for developing AFM spintronics. By utilizing the magnetooptical birefringence effect, we experimentally demonstrate the switching rate of the AFM domain can be
enhanced by more than 2 orders of magnitude through applying an alternating square-wave field on a single
crystalline Fe=CoO bilayer. The observed extraordinary speed can be much faster than that triggered by a
constant field with the same amplitude. The effect can be understood as the efficient suppression of the pinning
of AFM domain walls by the strong exchange torque triggered by the reversal of the Fe magnetization, as
revealed by spin dynamics simulations. Our finding opens up new opportunities to design the antiferromagnetbased spintronic devices utilizing the ferromagnet-antiferromagnet heterostructure.
DOI: 10.1103/PhysRevLett.128.137201

Recent experimental demonstrations of electrical switching and detection of antiferromagnetic (AFM) spins have
opened up a new route toward information storage devices
based on antiferromagnets [1–12]. In comparison with its
counterpart, ferromagnet, the antiparallel spin among sublattices in antiferromagnets produce zero dipolar fields,
making them inert to the external field perturbations
[1–4,13–15], and also allowing multilevel stability in
memory devices [16,17]. The information storage in
AFM memory relies on the effective manipulation of the
Néel vector orientation, thus it becomes critically important
to understand the switching dynamics of AFM domains,
which is still poorly explored due to the great challenge to
detect the AFM spin states at the microscopic scale [18].
Although the photoemission electron microscopy based on
the x-ray magnetic linear dichroism (XMLD) effect [19]
provides an effective way to detect the AFM domains with
high resolution, and was also applied to image the change
of AFM domain states after being excited by current or
field pulses, it is still difficult to study the real-time
evolution of AFM domains under the electrical current
or magnetic field. AFM domain imaging with high resolution can also be achieved through the techniques based
on the scanning methods [20–24], which are hard to
study the time-dependent AFM domain switching process.
Such difficulty of real-time imaging of the AFM domains
0031-9007=22=128(13)=137201(7)

may be overcome by the magneto-optical birefringence
(MOB) effect, which has been demonstrated to optically
image the AFM domain in NiO and CoO films [25,26]
and AFM domain switching in NiO=Pt bilayers by current
pulses [27].
The electronical readout of the Néel vector orientation in
an antiferromagnet spintronic device also poses another
challenge. Although the switching of AFM spins can be
electrically detected by the anisotropic magnetoresistance
(MR) [1–4], the spin Hall MR [5–8,13], and the related
planar Hall resistance [14,15], the associated MR is usually
too small for the applications [28–30]. In the ferromagnetantiferromagnet heterostructure, by taking advantage of
the larger MR in the ferromagnet, e.g., based on tunneling
MR of ferromagnet-MgO-ferromagnet junctions, the strong
coupling between the ferromagnetic (FM) and AFM spins
may provide an alternative solution to effectively read out
the information stored in the AFM spins [31,32]. In such
ferromagnet-antiferromagnet spintronic devices, the key is
how to effectively write the information into the AFM
spins, which still relies on the understanding and manipulation of dynamical switching process of AFM domains.
However, most previous studies on the ferromagnetantiferromagnet systems were based on the exchange bias
effect with the goal to stabilize the FM spin orientation by
AFM spins. The XMLD measurements demonstrated the
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exchange coupling can manipulate the interfacial Néel
vector through an exchange spring mechanism [32], but
the understanding on the dynamical switching process of
AFM domains is still missing.
In this Letter, we demonstrate the dynamic switching of
CoO AFM domains in a single-crystalline Fe=CoOð001Þ
bilayer under an external magnetic field by the MOB effect.
We find a significant acceleration of the switching speed
through a square-wave alternating (ac) magnetic field with
more than 2 orders of magnitude faster than that induced by a
constant (dc) field with the same amplitude. Spin dynamics
simulations prove that the ac field driven ferromagnet
magnetization reversal can induce a strong exchange torque
inside the AFM domain wall (DW), resulting a strong
acceleration of AFM domain switching. Effective manipulation of AFM domain switching by the ac field not only
deepens the understanding on the AFM spin dynamics, but
also opens up new opportunities to design functional
spintronic devices based on the ferromagnet-antiferromagnet
bilayer structures. CoO has the G-type AFM spin structure
with a spin-compensated (001) surface. In an Fe=CoOð001Þ
↔
system, the Fe spins s⃗ Fe and the CoO AFM spins s CoO are
coupled orthogonally by the spin-flop coupling [33,34].
↔
Thus, s CoO is possible to be manipulated by s⃗ Fe through the
interfacial exchange coupling [33,35,36]. In order to study
the dynamic switching behavior of the CoO domain in real
time, we prepared a single crystal MgOð4 nmÞ=Feð5 nmÞ=
CoOð5 nmÞ sample grown on a MgO(001) substrate
[33,35,37]. The Néel vectors of CoO=MgOð001Þ have been
determined along either [110] or ½11̄0 directions in different
AFM domains [33]. If the field cooling is performed with
the cooling field HFC along [110], the interfacial spin-flop
↔
coupling aligns s CoO perpendicular to HFC , and only uniform contrast can be observed. At an elevated temperature, it
is expected that, by applying a magnetic field perpendicular
to HFC , the antiferromagnet domains will gradually form
with the AFM spins switched by 90° due to strong interfacial
exchange coupling and thermal activation [33,35,37]. Such a
concept of the AFM domain switching process shown in
Figs. 1(a)–1(d), however, has not been directly confirmed in
real space due to the difficulty of imaging the AFM domain
under a magnetic field.
The AFM CoO domain during the switching process can
be directly imaged with the MOB effect [26]. The sample
was first cooled from 330 K down to 77 K with HFC ¼
1000 Oe along CoO½11̄0. Figure 1(e) shows the birefringence image measured at zero field after the field cooling
using a commercial Kerr microscope equipped with a blue
LED source, and the observed uniform contrast indicates a
single AFM domain state in CoO film. Then, we applied a
dc field of 900 Oe along CoO[110] at 232 K, and kept
measuring the birefringence images with an interval of one
second. Figures 1(f)–1(h) show the AFM domain images
at different times after applying the field, which clearly
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FIG. 1. (a)–(d) Schematic illustration of the evolution of spin
configurations in Fe=CoO bilayer after the field cooling with HFC
and under a constant field with H⊥HFC . (e),(f) Corresponding
AFM domains measured with H ¼ 900 Oe at 232 K.

demonstrate the gradual evolution of AFM domains. Since
↔
s CoO is perpendicular to s⃗ Fe [40], the blue and red contrasts
↔
↔
in Fig. 1 correspond to s CoO kh110i and s CoO kh11̄0i,
respectively. Thus, our results prove that the timedependent AFM spin orientation evolution under a constant
field can be directly imaged by the MOB effect. Since the
MOB signal from a 5-nm-thick Fe film is negligibly small,
the observed contrast in the Fe=CoO bilayer mainly comes
from the CoO layer [32,37].
The AFM domain switching process in Fe=CoOð001Þ
has been investigated indirectly through the measurement
of the remanent Kerr signal by alternately switching the
Fe magnetization [33,35]. Since AFM domains can be
imaged through the MOB effect within strong magnetic
fields, it’s possible to identify the effect of Fe magnetization
reversal by monitoring the CoO domain distribution in real
time. We first cooled down the sample with HFC k½11̄0, then
imaged the CoO domain distributions while applying an ac
field of 900 Oe along h110i with a duration time Δt ¼ 1 s
[Fig. 2(a)]. Figures 2(b)–2(e) show the representative CoO
domains at different times. The CoO domains change from
↔
blue into red, indicating the switching of s CoO from h110i
to h11̄0i. We found that the domain switching was almost
completed at the time of 30 s, which is in sharp contrast
to the switching time longer than 9000 s induced by a dc
field in Fig. 1. Therefore, the dynamic switching of AFM
domains driven by ac fields is much faster than that
triggered by dc fields.
In order to understand the effect of the magnetic field on
the evolution of AFM domains, we quantitatively analyzed
the area S of the switched CoO domains at different times.
Figure 2(f) clearly shows that under the ac field, the AFM
domain switching occurs faster by 2 orders of magnitude
than that driven by the dc field. Moreover, the observed
time-dependent switching is almost identical for the dc
field along either ½1̄ 1̄ 0 or [110], in good agreement with
the 90° switching behavior of AFM domains.
In general, the AFM domain switching process includes
the domain nucleation and growth processes, and becomes
faster at higher temperatures due to thermal activation.
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FIG. 2. (a) Schematic of the ac field in the measurement. (b)–(e) Time-dependent AFM domain evolution under Hac ¼ 900 Oe at
232 K with Δt ¼ 1 s. (f) Time-dependent switched area S of AFM domain under dc fields or ac fields, the solid lines represent the fitted
results using Eq. (1). (g),(h) Time dependence of S at different temperatures under dc or ac fields with Δt ¼ 3 s. Amplitudes of both dc
and ac fields are 900 Oe.

Figure 2(g) shows that the switched area increases quickly
right after applying the dc field, and then gradually slows
down until saturation, which is similar to the training effect
[47,48]. The switching time reduces by more than one order
of magnitude for the temperatures from 243 to 235 K,
demonstrating the essential role of thermal activation on the
AFM domain switching.
The temperature-dependent effect on CoO AFM domain
switching was also investigated under the ac field, as shown
in Fig. 2(h). The ac field was applied with Hac ¼ 900 Oe
and Δt ¼ 3 s in a lower temperature range between 212
and 222 K. S increases slowly at the beginning, gets faster
in the middle, and then slows down again to approach to the
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saturation, which can be attributed to the competition
between domain nucleation and domain growth mechanisms [33,35]. We also investigated the time-dependent S at
215 K under an ac field with Hac ¼ 900 Oe and different
Δt. Figure 3(a) shows that the domain switching process is
faster for the shorter Δt. The inset shows an expanded local
region of the measured curve with Δt ¼ 7 s. It apparently
shows that the domain switching mainly happens right after
reversing the field direction, and the domain area during Δt
remains constant. Figures 3(b)–3(d) show the representative domain images before and after field switching at the
time t0 , t1 , and t2 , as marked in Fig. 3(a). The differential
image between t0 and t1 in Fig. 3(e) demonstrates the
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FIG. 3. (a) Time dependence of S with different Δt under Hac ¼ 900 Oe at 215 K. The solid lines are fitting curves using Eq. (1).
The inset is an enlarged view of the red dash area. (b)–(d) AFM domain image at the time of t0 , t1 , and t2 as marked by the arrows in (a).
(e) Differential image between (b) and (c). (f) Differential image between (c) and (d). (g) S as a function of normalized t=Δt.
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Here, t is time, σ is a power index, and τD is the
relaxation time constant. The time-dependent S shown in
Figs. 2(f)–2(h) can be well fitted by Eq. (1), indicating that
the Kolmogorov-Avrami model is valid in describing the
switching process.
The energy barrier Eb of AFM domain switching can be
quantified through temperature-dependent τD based on the
Arrhenius law [37,42]. The fitted Eb is ð2.70  0.70Þ eV
under the dc field of 900 Oe, and ð0.44  0.03Þ eV under
the ac field. The lower energy barrier under ac fields makes
the domain switching much faster.
In the following, we propose a model to explain the
microscopic origin of the enhanced AFM domain growth
↔
rate by the field reversing. In Fe=CoOð001Þ, s CoO is along
either [110] or ½11̄0, and s⃗ Fe is always perpendicular to
↔
s CoO due to the strong spin-flop coupling [33,35]. While
applying H along [110], due to the Zeeman energy of the
↔
Fe layer, CoO domains with s CoO k½11̄0 have lower energy
↔
than those with s CoO k½110, thus H can drive the expansion
↔
of the CoO domain with s CoO ⊥H. The DWs can be pinned
by the local defects, and certain thermal excitation is
required for the depinning of the AFM DWs, which can
explain the faster AFM domain switching at higher
temperature. As shown by the schematic drawing in
Figs. 4(a) and 4(b), while only a dc field is applied, all
the FM and AFM spins in domains and DWs are staying at
the local minimum energy state, and are orthogonally
coupled. However, if the field is reversed, s⃗ Fe on top of
↔
the CoO AFM domains with s CoO k½11̄0 will reverse its
direction, then s⃗ Fe inside the DWs are rotated accordingly,
as shown in Figs. 4(c) and 4(d). During the field switching
↔
process, s⃗ Fe inside the DWs are not perpendicular to s CoO ,
↔
thus s CoO will experience a large transient torque due to the
exchange coupling with s⃗ Fe . Such exchange torques can
drive the AFM DW to overcome the local pinning, leading
to expansion of the AFM domain. Our simulation proves
that the FM spins can fully reverse within the nanosecond
time scale, and it is expected that the faster switching of FM
spins by stronger field will result in the stronger exchange
torques inside the AFM domain walls.
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domain growth by field switching, as indicated by the white
circles. The differential image between t1 and t2 in Fig. 3(f)
shows zero difference during the duration time. Besides, if
we normalize the time with Δt, all the curves in Fig. 3(a)
fall into one curve, as shown in Fig. 3(g).
To reveal the mechanism behind the process, we quantitatively analyzed the experimental data. It is known that
the switching of AFM domains can be described by the
Kolmogorov-Avrami model, which contains an extended
exponential formula [33,35,47,49]:
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FIG. 4. Schematic illustrations of FM and AFM spins (a) before
and (c) right after the field switching, with the enlarged spin
structures shown in (b) and (d). Snapshots of spin dynamic
simulations (e) at the stable state and (f) at the intermediate state
right after the field switching, showing the strong torque inside
the AFM domain walls. (g) The time-dependent positions of two
AFM domain walls. (h) The time-dependent averaged torque
acting on the AFM spins. The blue and orange regions in (g) and
(h) mark the timespans of opposite fields.

In order to verify the scenario of the exchange torques
inside the AFM DWs during the field reversal, we
performed simulations on the dynamic switching of the
ferromagnet-antiferromagnet bilayer utilizing the object
oriented micromagnetic framework (OOMMF) package with
a quasiatomistic approach [50]. The details can be found in
the Supplemental Material [37]. As shown in Fig. 4(e),
the simulation structure contains a FM-AFM bilayer with
↔
size of 425 nm × 25 nm. We first set s CoO in the middle
area of 100 nm along ½11̄0 and the rest of the CoO spins
along [110], then the system is relaxed to its equilibrium
↔
state. As expected, s⃗ Fe is perpendicular to s CoO at zero
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field. The FM DWs are generally wider than the AFM
DWs, which may be attributed to the large crystalline
anisotropy of the AFM spins.
Then, we applied an ac field with Hac ¼ 150 Oe and
Δt ¼ 5 ns, and simulated the spin dynamics within 25 ns
at 0 K. It should be noted that the spin state with three
domains is unstable without any defects. Thus, in order to
stabilize the AFM DWs under the magnetic field, we distributed nonmagnetic defects in the AFM layer as the wall
pinning sites with a density of 8%, which provides the best
match with our experimental results. In general, local
defects are required to stabilize the AFM domains and
generate local energy barriers for the motion of AFM DWs.
Our simulations show that, when the field is switched,
the AFM DWs are moved and the middle domain is
expanded. Figure 4(g) shows the extracted positions of
left and right AFM DWs in the nanotrack as a function
of time which exhibits a nearly steplike behavior. The
domain wall position changes only after ∼1 ns when the
field is reversed, and keeps stable for the rest of the time.
Because of the pinning effect, the speed of DW motion is
usually on the order of ten meters per second. The torque
on the AFM spins can also be calculated during the
switching process. Figure 4(f) presents the distribution of
FM spins, AFM spins, and the torque at t ¼ 6.5 ns when
the AFM DWs start to move, and the strong torque can be
clearly observed at the positions of the AFM domain
walls. Figure 4(h) shows the time-dependent torque of
AFM spins inside the DWs, which always displays the
peaks during AFM DW movements and should strongly
depend on the sweeping slope of the ac field [37]. Our
results also suggest that the pulse field with higher
frequency could induce faster AFM domain switching,
which is pivotal for designing fast storage devices based
on the AFM domains.
In summary, we demonstrated the dynamic switching
process of AFM spins in Fe=CoO bilayers can be directly
imaged by the MOB effect under the applied fields. We
found that alternating fields promote much faster switching
process with smaller energy barrier for domain growth
due to the strong exchange torque inside the AFM DWs,
which was well proved by the spin dynamics simulations.
Moreover, our study also provides a possible route to
design novel information storage applications based on the
ferromagnet-antiferromagnet bilayer, which can utilize the
advantages of both FM and AFM spins. The information can
be effectively installed into the AFM spins by the ac field,
and is very stable in the ordinary environment with weak dc
fields, but can be read out through the FM states due to the
strong exchange coupling [37]. So, such spintronic devices
based on the ferromagnet-antiferromagnet bilayer can
reserve the advantages of both FM and AFM spins with
high stability insensitive to the field, and overcome the
shortcoming of a weak readout signal in the spintronic
devices based on the single AFM layer.
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