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Field dependence of antiferromagnetic domain switching in epitaxial Fe/CoO/MgO(001) systems
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Utilizing the magneto-optic Kerr effect and Kerr microscopy measurements, we investigated the antiferro-
magnetic (AFM) domain switching process at different magnetic fields in a single-crystalline Fe/CoO bilayer
grown on MgO(001) substrate. In spite of the zero-net magnetic moment in the CoO layer, we find that the
activation energy barrier of CoO AFM domain switching decreased at larger magnetic field. To separate the
different behaviors of domain nucleation and domain wall motion during the CoO spin switching process, a
new analytical method was developed. Using this method, we found that the CoO domain nucleation energy
barrier exhibited a jump at a critical magnetic field while the CoO domain wall motion experienced only a tiny
energy barrier variation. The field-dependent behaviors of the energy barriers were attributed to the formation of
a spiral domain wall in the Fe layer during its magnetization reversal and this was supported by micromagnetic

simulations.
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I. INTRODUCTION

The dynamics of magnetization reversal in magnetic thin
films is of great interest due to its application in spintronic
devices and for a fundamental understanding of magnetism
[1-4]. For ferromagnetic (FM) materials, the energy barrier
associated with magnetization reversal is known to be related
to the magnetic field [1-3,5-7], temperature [1-5], electrical
current [7,8], dimensions [9], the atomic morphology of
the substrate [10], etc. In contrast, antiferromagnetic (AFM)
magnetization reversal has been much less explored, despite its
wide application in magnetic data storage and sensor devices
[11]. There is evidence that many important properties, such as
electrical transport in AFM materials, can be largely influenced
by AFM spin configurations [12,13]. Very recently, AFM
materials have also been employed in the generation, transport,
and detection of spin current [14—18] for future spintronic
devices. Since AFM spin configuration and domain switching
are widely involved in spintronics technology, it is of great
interest to study the AFM domain switching process especially
in FM/AFM systems, where the FM magnetization switching
is highly correlated with AFM magnetization switching.

AFM domain evolution has been previously explored to
a certain extent in the exchange bias phenomenon as a
function of time (usually referred to as the training effect)
[19-22]. However, the random spin orientations of AFM
polycrystalline grains, which are usually employed for such
studies, complicate the spin switching, prohibiting an explicit
exploration of the AFM spin switching process. Using single-
crystalline Fe/CoO bilayers, it was recently demonstrated that
the CoO AFM domain switching process can be revealed
by the evolution of the Fe remanent state [23]. It was
found that the AFM CoO spin switching in the Fe/CoO
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system is characterized by an energy barrier dominated by
thermal excitations. However, how to control AFM spin
switching remains a big issue. Despite the observation of these
temperature-dependent thermal excitations, there have been
very few reports on how to control AFM spin switching (e.g.,
using a current-induced field to switch the AFM spins [24]).
In this paper, we report magnetic field control of the energy
barrier for CoO AFM spin switching in a coupled Fe/CoO
bilayer. In spite of the zero-magnetic moment in the CoO
AFM layer, the excitation energy barrier for CoO AFM domain
switching was demonstrated to decrease in a larger field.
Different contributions from domain nucleation and domain
wall motion in the CoO AFM domain switching process can
be separated as a function of magnetic field based on our new
analytical method. We attributed this field-dependent behavior
of the energy barrier to the formation of an exchange spring in
the Fe layer, which is supported by micromagnetic simulation.

II. EXPERIMENTS

Fe/CoO/MgO(001) films were prepared in an ultrahigh
vacuum (UHV) system by molecular beam epitaxy. The
MgO(001) single-crystal substrates were cleaned with acetone,
followed by annealing at 600 °C for half an hour inside a
UHV chamber. A 10-nm MgO seed layer was deposited at
500 °C before the Fe/CoO growth. The 5-nm CoO film was
grown by reactive deposition of Co at an oxygen pressure of
1.0 x 10~° Torr at room temperature [25,26]. Subsequently,
a 25-nm Fe film was grown on top of the CoO layer. Sharp
reflection high-energy electron diffraction patterns revealed
excellent epitaxy growth of Fe and CoO films with the lattice
relation of Fe[100]||CoO[110]||MgO[110] [23,25,26]. Finally,
this sample was capped with 4 nm MgO as a protective layer.
The magnetic hysteresis loops of Fe films were measured by
longitudinal magneto-optic Kerr effect (MOKE), in which the
magnetic field was applied in the optical plane [Fig. 1(a)]. A
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FIG. 1. (a) Schematic of longitudinal MOKE measurement ge-
ometry. (b) Hysteresis loops for H1 Hgc and H || Hgc from Fe
(25 nm)/CoO (5 nm)/MgO(001) at 82 K. (c) Schematic of spin
configuration in a Fe/CoO bilayer after field cooling and CoO AFM
domain switching with (d) large range of field sweeping and (e) small

range of field sweeping perpendicular to the field cooling direction.
All the Fe and CoO spins are in the film plane.

vector magnet was used here, allowing in-plane field cooling
both perpendicular and parallel to the field scanning direction.
The maximum field of our vector magnet is 1400 Oe. The
wavelength of the laser diode for MOKE measurement is 670
nm with the beam diameter ~0.2 mm. Sample temperatures
could be varied between 82 and 330 K in a small optical
Dewar cooled by liquid nitrogen. Magnetic domain images
were taken with commercial Kerr microscopy from the Evico-
magnetics company. In this instrument, longitudinal MOKE
was measured with an in-plane rotatable magnet.

III. RESULTS AND DISCUSSION

It is well known that CoO contains the G-type AFM spin
structure, and the CoO(001) surface is spin compensated,
thus Fe FM spins and CoO AFM spins are perpendicularly
coupled in an Fe/CoO(001) system, commonly referred to as
the spin-flop coupling [23,27]. Thus if a sample is cooled
down with the cooling field Hgc along the Fe(100) direction,
the CoO AFM spins should be aligned perpendicular to Hgc
[Fig. 1(c)], and the spin-flop coupling between the Fe and
CoO spins induce an in-plane uniaxial anisotropy in Fe film
with the easy axis along Hpc, as proven by the hysteresis loop
measurement shown in Fig. 1(b) [28,29]. The magnitude of
this uniaxial anisotropy can be retrieved from the splitting field
Hg ~ 350 Oe, defined as the offset field of the minor loop in
the HA double-split loop in Fig. 1(b). Due to the compensated
spin configuration on the CoO(001) surface, the exchange
bias in Fe/CoO/MgO(001) is negligible if compared with the
much stronger uniaxial anisotropy. However, as demonstrated
inRef. [23], CoO AFM spins can be switched by 90° by contin-
uously sweeping the field perpendicular to Hgc due to strong
interface exchange coupling and thermal activation [Figs. 1(c)
and 1(d)]. Combining hysteresis loop, Kerr microscope, and
x-ray magnetic linear dichroism measurements, the CoO AFM
switching was investigated both directly and indirectly through
the Fe layer, in which the remanence Kerr signal can be used to
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FIG. 2. Representative hysteresis loops for H | Hrc during mag-
netic field cycling using a field sweeping range of (a) 900 Oe at
120 K, (b) 1000 Oe at 120 K, and (c) 200 Oe at 173 K. N denotes
the cycling number. Before taking cycles of field scanning at each
temperature, the sample was warmed to 330 K and field cooled to
80 K with Hgc = 1000 Oe. (d)—(f) The remanent Kerr signal in panels
(a)—(c) increases with the cycling number. The red lines in panels
(d)—(f) are the fitting result using Eq. (1).

represent the fractional area of the switched CoO spins due to
the strongly coupled domains [23]. In this paper, we reported
the study of how the CoO AFM domain switching depends
on the strength of the sweeping field. We found the AFM
domain switching occurred even for magnetic fields smaller
than Hg [Fig. 1(e)] and the magnetic-field-dependent AFM
domain switching process.

Figure 2 shows the typical hysteresis loops with different
maximum field strength for H | Hgc at selected temperatures.
It is clear that cycling of the magnetic field gradually switched
the in-plane easy axis of the Fe film by 90° from EA || Hgc
to EA_L Hpc, which originates from the underlying CoO AFM
domain switching under thermal excitation [23]. The required
loop cycling number to fully switch the CoO AFM domains
for H =9000e [Fig. 2(a)] is about three times larger than
that with the sweeping field of 1000 Oe [Fig. 2(b)]. This
result clearly demonstrates that CoO AFM domain switching
strongly depends on the applied magnetic field strength, and a
stronger field can switch the CoO AFM domain more easily.

CoO AFM domain switching can be understood by consid-
ering interface exchange coupling. As indicated in Fig. 1(d),
when the strong field aligns the Fe moment along H (H L Hgc),
spin-flop coupling drives the CoO AFM spin from the initial
direction parallel to H to the direction perpendicular to H.
However, we found that CoO AFM domain switching does
not necessarily require alignment of the Fe moment to its
initial hard axis. Figure 2(c) shows the typical hysteresis loops
under the maximum field strength of 200 Oe, which is well
below the splitting field. Thus under the 200 Oe field, the
Fe magnetization only deviated slightly from its easy axis
due to the strong in-plane uniaxial anisotropy, as indicated in
Fig. 1(e). It is clear that such a small field could also gradually
switch the hysteresis loops from the HA loops into the EA
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loops, as indicated by the 90° switching of CoO AFM domains.
It should be noted that such AFM domain switching under the
sweeping field of 200 Oe occurs at 7 = 173 K, much higher
than that in Figs. 2(b) and 2(c), and this indicated that CoO
domain switching encountered a higher energy barrier at the
lower field, thus requiring larger thermal activation at higher
temperature.

In order to understand the CoO AFM domain switching
process, we studied the evolution of the ratio between the
remanence Kerr signal (M,) and the saturation signal (My)
along the Fe hard axis [Figs. 2(d)-2(f)], which has been
proven to be proportional to the fractional area of switched
CoO AFM domains [23,30]. This switched CoO AFM domain
area increases slowly with the cycling number at the beginning,
faster in the middle, and then slowly again to approach the final
saturation value of 1. The switching of the CoO AFM domain
should involve a combination process of domain nucleation
and growth, which can be described by the Kolmogorov-
Avrami (KA) model [4,23,31,32]. Therefore, the CoO domain
switching process can be described by exponential formula

M.(N)/Ms =1—exp(N/tp)°. ey

Here N is the number of field cycles and o is the power
index of the exponential function. 7, is the relaxation time
constant characterizing the typical time for CoO domain
switching which has the unit of the time cost Tj in each
loop scan, and in our measurement, 7y usually is ~10 s.
Excellent agreement between Eq. (1) and the experimental
data in Figs. 2(d)-2(f) prove that the KA model is valid for
describing the CoO AFM domain switching process.

In the Kolmogorov-Avrami model, the parameter t rep-
resents the relaxation time constant, thus the temperature-
dependent tp can provide the energy barrier of CoO AFM
domain switching based on the Arrhenius law:

Tp = Toexp(Ep/kpT). (2

Here, 1 is the characteristic attempt time with the unit of
Ty in our measurements, E,, is the energy barrier of the CoO
AFM domain switching, and kp is the Boltzmann constant. By
fitting the data in Fig. 3(a), we can obtain the energy barrier for
Fe (25 nm)/CoO (5 nm) under a sweeping field of 600 Oe to
be E;, = 0.99 eV, which is comparable to that of other AFM
materials such as NiO, IrMn, and NiMn discussed in Ref. [19].

To understand field-dependent CoO AFM domain switch-
ing and the energy barrier, we studied the relaxation time
7p at different temperatures and various ranges of sweeping
magnetic field, as shown in Fig. 3(b). CoO AFM domains show
higher thermal stability at lower magnetic field, consistent with
the fact of the smaller circling number at higher sweeping
field measured at the same temperature. By fitting tp in
Fig. 3(b) using Eq. (2), we can obtain the energy barrier
E, as a function of magnetic field, which saturates at low
field range (H < Hs ~ 350 Oe) and decreases for stronger
sweeping field. This result shows that AFM domain thermal
stability in the Fe/CoO system also depends on the applied
magnetic field.

The power index o is ~3 at high magnetic field, and
increases at a lower field smaller than Hg. o is associated
with the exponent value of the power-law function describing
domain growth as a function of time [4], and in Eq. (1),
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FIG. 3. (a) Temperature-dependent relaxation time constant tp
using sweeping field range of 600 Oe of sample Fe (25 nm)/CoO
(5 nm)/MgO(001). The red line is the fitted result using Eq. (2) based
on the Arrhenius law. (b) Temperature-dependent relaxation time
constant 7 and (d) the fitted exponent o at various magnetic fields.
Lines in panel (b) are fitted results using Eq. (2). (c) The fitted energy
barrier using Eq. (2) as a function of magnetic field. The unit 7j of
Tp is the time cost (~10s) of each loop scan in our measurements.
The error bars are obtained during the fitting using Egs. (1) and (2).

the value of o determines how stretched or compressed the
exponential relaxation curve is, thus the o value indicates the
relative contribution from domain wall motion over that from
domain nucleation. For the reversal dynamics of FM domains,
a value of o ~ 3 corresponds to a domain wall motion
dominated process [4]. Thus, we attribute our o ~ 3 value
at high magnetic field to the domain wall motion dominated
CoO domain switching process, which coincides with the
mechanism of AFM domain switching in Fe (23 nm)/CoO
(5 nm) using a sweeping field of 700 Oe in Ref. [22]. A larger
value of o in a smaller field indicates even more dominance of
domain wall motion over domain nucleation. This point is also
reflected in the shape of the remanent Kerr signal change curve
in Figs. 2(d)-2(f), where Fig. 2(f) under 200 Oe field sweeping
has a steeper slope in the middle process than Fig. 2(d) under
900 Oe and Fig. 2(e) under 1000 Oe field sweeping. The
change of the remanent Kerr signal at the beginning is usually
attributed to the nucleation of new CoO AFM domains, while
the domain change in the middle process is contributed by
both the domain nucleation and domain wall motion [1,3,4],
but may be dominated by the domain wall motion.

To better understand the effect of magnetic field on AFM
domain switching, we performed magnetic domain imaging
measurements using a Kerr microscope on a sample of Fe
(25 nm)/CoO (4 nm)/MgO (001). First, the sample was cooled
down with Hgc || y, to align CoO spin with Scoo || x and
easy axis of the Fe layer with EA || y. As shown in Figs. 4(a)
and 4(e), a single domain with My, || y appeared after field
cooling. Remanent domain images were then taken after
applying a positive field +H and a negative field —H at
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FIG. 4. Time-dependent domain evolution of Fe (25 nm)/CoO (4 nm)/MgO (001) at remanent state after different numbers of field cycling
with [(a)—(d)] H decreased from 200 Oe at 163 K and [(e)-(h)] H decreased from 500 Oe at 144 K. The cycling number N is listed in each

frame.

different numbers of cycles along the Fe hard axis (H | x).
Here, Figs. 4(a)-4(d) [top row] show the remanent domain
images with magnetic field decreasing from +200 Oe to zero
and Figs. 4(e)—4(h) [bottom row] show the remanent domain
images with magnetic field decreasing from 4500 Oe to zero.
After several field cycles, new nucleated domains with Mg, || x
appeared randomly and finally expanded all over the film.
Since Fe spin and CoO spin are strongly coupled together, the
switch of the Fe easy axis from EA || y to EA || x at zero field
corresponds to the switch of CoO spin from Sceo || X to Scoo ||
y [23,30]. Figures 4(a)—4(d) display CoO domain switching
under 200 Oe, which is dominated by domain growth based
on a few nucleated domains, whereas Figs. 4(e)—4(h) show
more new nucleated small domains accompanying domain
wall motion for CoO domain switching under 500 Oe. This
experiment clearly demonstrates the difference of the CoO
AFM domain switching mechanism under different ranges of
field sweeping in the exchange-coupled Fe/CoO bilayer.

The contribution of domain nucleation and domain wall
motion changes with magnetic field in the CoO AFM domain
switching process, thus a clear clarification of these two
mechanisms is strongly needed. In the earlier mentioned KA
model used to describe the FM reversal process [4,23,31,32],
the relaxation time tp and the power index o depend on
parameter k, which is k = v/Rr¢. Here v is the domain wall
motion speed, R is the domain nucleation rate, and r¢ is
the radius of the nuclei [1,4]. However, the two mechanisms
of domain nucleation and domain wall motion cannot be
well separated from this extended exponential approximation
fitting, as in Eq. (1). In order to understand the different role of
the magnetic field, we tried to develop a new analysis method
to distinguish the contribution of AFM domain nucleation and
the contribution of domain wall motion through the remanent
Kerr signal change. In this method, the nucleation process
and domain wall motion are considered together, where a new
domain is formed by the nucleation rate npy per unit area
during each field cycling and the AFM spin at the domain
boundary switching at the rate of npw per unit area during each

field cycling, which leads to the wall motion of the existing
domain. Then the switched domain area AS within each field
cycle is given by

AS = npn X (1 = 8) + npmL(S). 3

Here S is the area with the switched CoO AFM spin and the
total area under examination is normalized to 1. Since domain
nucleation occurs randomly at the place of the nonswitched
spin, the first term on the right side of the equation describes the
domain nucleation process [3] and indicates that the nucleation
possibility is proportional to the area of the unswitched CoO
spins. The second term is ascribed to the wall motion process.
Since domain wall motion could only occur at the domain
boundary, the switching AFM domain area due to the domain
wall motion is considered to be proportional to the length of
the domain wall boundary L, which should be a function of
S [3]. The relation between L and S could be complicated
depending on the microscopic domain evolution process. The
domain wall length L should be zero before and after the
domain switching process, and can be expected to reach its
maximum value if the half area is switched. So we propose
that L(S) is proportional to [S(1 — S)]", indicating that L
is a power function of the macroscopic switched domain
area considering that the boundary is formed between the
switched and nonswitched domains. By substituting L(S) with
[S(1 — S)]*, we obtain

AS =npx(1 = 8) + nom[SU = )" “

We found the experimental data has a good fit with Eq. (4)
by choosing the proper value of exponent n in the range of
0.7-1.3, as shown in Fig. 5(a). The variance of calculation
from the experimental data is shown in the inset of Fig. 5(a),
which shows the best n value is around 1. Interestingly, for
n = 1, Eq. (4) happens to have the analytical solution

1 — e~ N(pn-+ipM)
S

&)

T 1 4 DR p—NGpn+ipm) |
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FIG. 5. (a) The change of remanent Kerr signal with field cycling
number from Fe (25 nm)/CoO (5 nm)/MgO(001) using 800 Oe of
field range at 124 K. Red and blue curves are numerical calculations
with n = 0.7 and n = 1.3, respectively. The inset gives the variance
of the calculated data using Eq. (4) from the experimental data as
a function of power index n. Temperature-dependent (b) domain
nucleation rate and (d) domain wall motion rate at various magnetic
fields. (c) Energy barrier for both domain nucleation and domain wall
motion as a function of magnetic field.

So in the following analysis, we only consider the situation
with n = 1. The nucleation rate npy and domain wall motion
rate npw for the CoO AFM domain switching process are
obtained through fitting of experimental data. Figures 5(b)
and 5(d) show explicitly the temperature-dependent npN and
npw at different maximum magnetic fields during the field
sweeping process. We found npy to be about two orders
smaller than npw for H > Hg =~ 350 Oe, and four orders
smaller for H < Hg. All of the temperature-dependent npn
and npw can be well described by the Arrhenius law

n = noexp(—E,/kpT). (6)

Here 7y is the characteristic spin switching rate. The fittings
in Figs. 5(b) and 5(d) yield the energy barriers EPN and EPM
for domain nucleation and domain wall motion as a function of
magnetic field, as shown in Fig. 5(c). For H > Hg =~ 350 Oe,
both EPN and EEM decrease with H, and EEM is always less
than EPN, indicating that domain wall motion dominates the
AFM domain switching process. However, while decreasing
the field H to about 350 Oe, EPN shows a clear jump, while
EPM only slightly increases at lower field. The difference
between EPN and EPM becomes larger for H < 350 Oe,
so the domain wall motion becomes more dominant in the
AFM domain switching process, consistent with the domain
evolution process measured with the Kerr microscope shown
in Fig. 4. It should be noted that the energy barrier determined
by the Kolmogorov-Avrami model shown in Fig. 3(d) is only
slightly larger than the energy barrier EPM of domain wall
motion, and this is very reasonable since the KA model
describes the effective energy barrier of the domain switching
process dominated by domain wall motion in our system.

PHYSICAL REVIEW B 96, 024420 (2017)

§ /‘: o
——100 800
& 60 - : 200 900
o ! 1
=, : i 300 ——1000
D X 400 —— 1100
° ! 500 1200
= 304 ! ! 600 —— 1300
=) ! | 700 —— 1400
- '
8 e —
(o8
B

@ 0 | Interface :Surface

0 10 20 30

Z, (nm)

FIG. 6. Schematic drawing of the spin configuration (a) after field
cooling, (b) applying magnetic field along x, (c) domain nucleation,
and (d) domain wall motion of the CoO layer in the Fe/CoO system.
The switched CoO spins are highlighted in yellow. The boundary of
switched CoO spins and Fe spins on the top are shown with a dashed
line. (e) Spin profile of the Fe layer under various magnetic fields
along the x direction by micromagnetic simulation. The spin angle 0
is defined as the angle between the y axis and the spins in each Fe
layer, as shown in (b). All the Fe and CoO spins in different layers
are in the x — y plane.

Next, we should understand why the CoO AFM spin
switching energy barrier can be influenced by the magnetic
field, since usually the spins in the AFM layer should not
respond to the magnetic field. It should be noted that the
90° switching of the CoO AFM domain occurs with the
field along the hard axis, and it is the exchange coupling at
the Fe/CoO interface driving the switch of the CoO AFM
spins. The measured field-dependent energy barrier indicates
that the effective exchange coupling changes with the field
strength. The interface coupling in the Fe/CoO(001) system
should make the Fe and CoO spins perpendicularly coupled
due to the spin-flop coupling, thus after field cooling along the
Fe(100) direction, the CoO AFM spins were set perpendicular
to the cooling field Hgc, as shown in Fig. 6(a). The exchange-
coupling-induced anisotropy should locate at the interface,
thus the Fe spins at the interface contain a very strong uniaxial
anisotropy, different with the other Fe spins away from the
interface. When the field was applied perpendicular to Hgc,
the surface Fe spins could follow along the field direction and
the strong interface anisotropy could drive the interface Fe
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spins away from the field direction, forming a vertical spin
spiral in the Fe film, as indicated in Fig. 6(b). The orientation
angle 0, defined as the angle between the Fe spin and Hpc,
varies with the layer position of the Fe spins and also changes
with the applied field strength. However, if the CoO spins
switch by 90°, the easy axis of the exchange-coupling-induced
anisotropy should switch to the field direction. Thus if a 90°
AFM domain nucleates as shown in Fig. 6(c), the Fe spins on
top of this switched CoO domain should fully align along the
field direction. The energy of the spin configuration in Fig. 6(c)
could be less than that in Fig. 6(b) due to the lower Zeeman
energy, then the thermal activation could generate the new
CoO AFM domains with a lower system energy. After domain
nucleation, the AFM anisotropy energy in the final state is
the same as that in the initial state due to the fourfold AFM
anisotropy, but the AFM domain wall will cost the additional
exchange energy. In the Fe layer, after CoO AFM domain
formation, the Fe film will increase the lateral domain wall
energy, but reduce the vertical exchange energy by reducing
the area of the vertical spin spiral. It should be noted that the
force driving the CoO AFM spins across the AFM anisotropy
barriers is the interface exchange coupling, the strength of
which is related to the angle between the CoO AFM spins and
the Fe FM spins at the interface. The spin angles in the Fe
film can be strongly influenced by the external field, thus the
interface Fe spins could be more parallel to the x axis at the
stronger field, which could align the CoO spins to the y axis,
so that the resulting thermally activated energy barrier for CoO
domain nucleation is lower for the stronger field. Moreover, the
system energy can be further reduced by expanding the AFM
domain through the domain wall motion. Figure 6(d) shows the
schematic spin configuration for an expanding AFM domain
due to the domain wall motion from an existing AFM domain.
Compared with domain nucleation, AFM spin may overcome
less exchange-coupling energy between CoO-CoO during the
domain wall motion process. Thus, it is understandable that
the measured energy barrier of domain wall motion in Fig. 5(c)
is always less than that of the domain nucleation.

The vertical spin spiral in Fig. 6(b) can be confirmed by
the micromagnetic simulation based on the standard OOMMF
package [33]. In the simulation, we assumed that the exchange
coupling at the Fe/CoO interface created a constant strong
interface uniaxial anisotropy on the interfacial Fe layer,
thus the interface Fe layer contains both exchange-coupling-
induced uniaxial anisotropy and cubic anisotropy, and the
other Fe layer only contains a cubic anisotropy [23,25,34].
If assuming the cooling field is along the y axis, the easy axis
of the interfacial uniaxial anisotropy is along the x axis with the
strength of Jpe_coo=HsMsdp. ~ 1.5 erg/cm2 [25]. The cubic
anisotropy of K4 p. = 4.5 x 103 erg/cm? with easy axis along
the x and y axes [34], exchange stiffness of 15 x 107'2 J/m,
saturation magnetization of 1714 emu/cm?, and thickness of
25 nm were used for Fe layers in the simulation. The lateral
dimension of 60 x 60 nm? with the two-dimensional periodic
boundary condition was applied in the simulation. The unit cell
size was chosen as 1 x 1 x 0.2nm>. Note that the uniaxial
interfacial anisotropy should locate in the Fe atomic layer at the
Fe/CoO interface, so to better simulate the interface character
of this interfacial uniaxial anisotropy, the unit cell along z axis
was chosen as 0.2 nm, which is close to the layer thickness
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ape = 0.143nm of the Fe film. Figure 6(e) shows the spin
orientation angle 6 at different layer positions with different
field strengths, and here 6 is defined as the angle between the
y axis and the spins in each Fe layer. It is clear that & changes
with the layer position, confirming the existence of the vertical
spin spiral in the Fe layer. Moreover, the calculated results
show that the spin orientation changes quickly around 350
Oe, indicating that the observed energy barrier change around
Hj in Fig. 5(c) is related to the magnetic spin structure in Fe
film. It should be pointed out that the driving force to create
a new AFM domain is the interface coupling at the Fe/CoO
interface, thus the strong change of the measured energy barrier
of domain wall nucleation in Fig. 5(c) should be attributed
to the change of the interfacial Fe spin orientation at Hj.
However, the measured energy barrier due to the domain wall
motion does not show obvious change around Hy in Fig. 3(c).
The AFM domain wall motion happens below the FM domain
wall, and our simulation cannot obtain the field-dependent spin
structure inside the FM domain wall, which should be much
different with that inside a FM domain. For a magnetic field
smaller than Hg but larger than H¢, a ferromagnet on top of
switched CoO spin is always aligned parallel to the magnetic
field direction while a ferromagnet on top of unswitched CoO
spin tilts toward the magnetic field direction at an angle, thus
forming a lateral domain wall within Fe layer. In this way, the
interfacial Fe spin orientation within the Fe domain wall does
not exhibit abrupt change for the magnetic field across Hg. It
should be noted that in micromagnetic simulations, we could
not consider the change of the CoO AFM spin configuration
with the applied field, and the AFM spin configuration would
also be important for understanding the nucleation and wall
motion of the AFM domains.

IV. SUMMARY

In summary, we investigated field-dependent AFM spin
switching in epitaxially grown Fe/CoO/MgO(001). MOKE
hysteresis loops and Kerr microscopy demonstrated that the
energy barrier decreased at larger magnetic field. AFM domain
switching occurred even for H < Hy, where the Fe moment is
not fully driven along the field direction, and the domain wall
motion of the nucleated AFM domain is dominant in the CoO
AFM spin switching process. To explain different behaviors
of the magnetic-field-dependent energy barrier for domain
nucleation and domain wall motion across Hg, a new analytical
method was proposed to separate these two mechanisms.
Micromagnetic simulation confirmed the formation of a spiral-
like spin configuration in the Fe layer, and the field-dependent
behavior of the energy barrier was attributed to the interface
exchange coupling between FM and AFM spins. This work
sheds light on a way to control the AFM spin switching process
layer using magnetic fields.
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