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Anisotropic coercivity and the effects of interlayer exchange coupling in CoFeB/FeRh bilayers
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In an amorphous CoFeB layer, coercivity becomes anisotropic with fourfold symmetry when the CoFeB layer
exchange couples to an FeRh layer. The angular dependence of coercivity of the CoFeB layer coincides with the
in-plane easy-axis direction of the FeRh layer and experiences a 45◦ shift with the occurrence of a metamagnetic
phase transition of the FeRh layer from antiferromagnetism at room temperature to ferromagnetism at 400 K. The
intriguing phenomena are well reproduced by our unbiased Monte Carlo simulation. The interfacial exchange
and anisotropy energies, as well as the interfacial magnetization in the CoFeB/FeRh bilayer, are disentangled to
demonstrate the strong dependence of the imprinting of anisotropy in the CoFeB layer on the interfacial exchange
coupling. The evolution of the easy-axis direction of the induced anisotropy arises from the reconstruction of
the interfacial exchange energy profile accompanied with the change of the magnetic state of FeRh, which
governs the magnetization reversal of the CoFeB layer at both branches. Moreover, the imprinting is further
applicable for the uniaxial magnetocrystalline anisotropy. This work not only presents the possibility of directly
duplicating anisotropy between dissimilar materials, but it also provides a powerful tool to probe the hidden
magnetic structures and/or the properties of materials that have weak magnetism, such as antiferromagnetic
materials.
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I. INTRODUCTION

When two or more dissimilar materials with different
long-range magnetic orderings and/or functionalities are
combined, it may give rise to new interfacial properties, such
as the exchange bias/spring effect [1–4] and the magnetic
proximity effect [5–8]. The research in this area has become
an important aspect of modern information technology, since
one can expect various novel properties in such compos-
ite materials that are not present in constituent materials.
The continued progress is highly advantageous for the de-
velopment of magnetic read-heads, high-density magnetic
storage media, etc. [9]. Nevertheless, there may be lattice mis-
match, strain, and defects at interfaces, resulting in different
magnetic structures at the vicinity of the interface from the
bulk [10], as well as complex crystallographic and magnetic
reconstructions and relaxations at interfaces. Moreover, a pre-
cise determination of the structural and magnetic nature of
the interface is often hindered by the difficulty of measuring
the interface due to its low volume; in other words, it is chal-
lenging to extract the interfacial contributions from individual
components. As a result, the challenges of understanding the
physics behind the interface phenomena have promoted this
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technologically important area as a promising one both for
theoreticians and experimentalists.

Magnetic anisotropy generally originates from the spin-
orbit coupling and long-range dipolar interaction of magnetic
moments [11–13], which determines the direction of a spon-
taneous magnetization vector with respect to the lattice axes.
The spin-orbit coupling is responsible for intrinsic magne-
tocrystalline anisotropies such as uniaxial anisotropy in the
case of a hexagonal crystal and cubic anisotropy in the case
of a cubic one, while the dipolar interaction mainly con-
tributes to shape anisotropy. The intrinsic anisotropy energies
are usually in the range of 102–107 J m−3, depending on
the lattice symmetry; that is, the anisotropy energy in lowly
symmetric lattices of magnetic ions is larger than that in
highly symmetric lattices, such as Fe-Ni (∼2 × 102 J m−3)
[14,15], Fe-Co (∼104 J m−3) [16], Fe-Al (∼104 J m−3) [16],
magnetite (∼2.5 × 104 J m−3) [17], pure Fe (∼5 × 104 J m−3)
[18], pure Ni (∼8 × 104 J m−3) [19], and a series of fer-
rites (∼104–105 J m−3) [20–23]. Weak magnetic anisotropies
are desired to minimize hysteresis losses, eddy current, and
anomalous losses when maximizing permeability; on the con-
trary, strong magnetic anisotropies contribute to large amounts
of magnetic hysteresis, with figures of merit including coer-
cive force, remnant magnetization, and energy product [24].
Remarkably, different anisotropy energy levels suit differ-
ent applications, therefore the development of methods to
control anisotropy in materials can extend the materials’ func-
tionalities. A few studies have been reported showing that
the anisotropy magnitude can be fine-tuned by annealing or
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doping elements [13,25], and the anisotropy direction can
also be precisely adjusted between in-plane and out-of-plane
directions by changing the Co layer thickness in a Co/Pd
superlattice [26,27].

Between two dissimilar magnetic components, the usual
signature of magnetic proximity is that the component with
a high ordering temperature could enhance the lower one
[7,28], and many other interesting phenomena have also been
presented, such as the enhancement of perpendicular magnetic
anisotropy in Fe/Mn bilayers by incorporating an additional
ultrathin Fe film [29], the enhancement of coercivity at tem-
peratures far above the antiferromagnetic Néel temperature
in Co/FeF2 bilayers [30,31], and a directional exchange bias
in the FeRh-based bilayers [32,33]. In the Fe/Mn bilayers,
the magnetic ordering temperature in the Mn film was in-
creased due to the magnetic proximity to the Fe underlayer,
and thus the thermal stability of low-dimensional Mn film
was promoted. A direct imaging of magnetic structures at
interfaces was achieved by an element-specific x-ray magnetic
circular dichroism (XMCD) measurement technique [31], and
an enhanced coercivity in Co/FeF2 bilayers was attributed to
the detectably unpinned Fe uncompensated moments coupling
with the Co layer. In Fe/FeRh bilayers, exchange bias was
observed in the FeRh(111) plane while it was absent in the
FeRh(001) plane [32]. On the other hand, a unidirectional
anisotropy (exchange bias) constant up to 0.8 erg cm−2 has
been reported at the FePt/FeRh(001) interface [33]. Remark-
ably, the magnetic proximity effect involving exchange bias
usually arises from hard magnets with a large anisotropy, such
as an antiferromagnet, which provides an additional energy
well to capture the moments of soft magnets, e.g., an amor-
phous ferromagnet, CoFeB. Recent theoretical investigations
based on micromagnetic calculation and Monte Carlo sim-
ulation [34–40] supported the idea that both the magnetic
structure of the pinning layer at the interface and the domain
walls parallel to the interface play a key role in the final
interface magnetism.

In this work, the angular dependence of coercivity in the
CoFeB/FeRh bilayer is systematically studied. The paper is
organized as follows: In Sec. II, the experimental results of
hysteresis loops as well as the extracted coercivity behav-
iors are summarized, which show that the FeRh magnetic
anisotropy can be well imprinted on the coercivity behavior of
the CoFeB layer with respect to the magnetizing direction, and
the FeRh magnetic states at different temperatures can tune
this angular dependence of coercivity. In Sec. III, a bilayer
model containing the energy terms of magnetic anisotropies
and exchange interactions is established, and its magnetically
hysteretic behaviors are examined by means of the classical
Monte Carlo method. The phenomena are reproduced and
interpreted by our simulation in Sec. IV. The simulation
results of magnetic energy variations with temperature and
magnetizing direction elucidated that the induced anisotropy
is stabilized and governed by interfacial exchange coupling.
The final section is devoted to a summary and outlook.

II. SUMMARY OF EXPERIMENTS

The Co40Fe40B20(CoFeB)/FeRh bilayer with an FeRh
thickness of 30 nm and a CoFeB thickness of 10 nm was

deposited on the commercial (001)-oriented MgO substrate
[see Fig. 1(a)] in a magnetron sputtering system with a base
pressure below 1.0 × 10−8 Torr. At first, the substrate was
annealed at 500 ◦C for 1 h in a vacuum chamber. Then, the
FeRh layer was grown at a temperature of 530 ◦C, followed
by annealing at 650 ◦C for 1 h. Finally, the CoFeB layer was
deposited on the top of the FeRh layer after cooling the sample
down to room temperature. Prior to being taken out of the
vacuum chamber, the sample was capped by a 3 nm Ta layer
to avoid oxidation. The film thicknesses were controlled by
deposition time, which have been calibrated by x-ray reflectiv-
ity (XRR). The magnetic switching processes were measured
by using a magneto-optical Kerr effect (MOKE) setup. Prior
to MOKE measurements, the sample was heated to 400 K,
which is above the antiferromagnetic-to-ferromagnetic phase
transition temperature, and then cooled down to 300 K with an
external magnetic field of 2 T along the MgO[100] direction in
a magnetic property measurement system (MPMS, Quantum
Design). The magnetic anisotropy was quantitatively deter-
mined by a ferromagnetic resonance (FMR) spectroscopy at
the microwave frequency of 9.5 GHz.

Figure 1(b) shows the MOKE loops of the
CoFeB(10 nm)/FeRh(30 nm) bilayer measured at room
temperature in different in-plane magnetic field orientations
(ϕ) with respect to the MgO[100] direction. The coercivity
HcI of 73 Oe at ϕ = 0◦ is observed, which is much larger
than Hc = 15 Oe in a single CoFeB layer, indicating the
existence of an interfacial exchange coupling between CoFeB
and FeRh layers. Meanwhile, a two-step magnetic transition
of ascending branch emerges at ϕ = 20◦ and 40◦, indicating
that the magnetization along the lateral directions can be
detectable [41–44]. The angular dependence of HcI and
HcII in the CoFeB(10 nm)/FeRh(30 nm) bilayer at room
temperature indicates a distinct fourfold symmetry about the
in-plane MgO[100] and MgO[010] directions, as depicted
in Fig. 1(c). However, the CoFeB layer with an amorphous
crystal structure should not possess any intrinsic fourfold
magnetocrystalline anisotropy.

To quantitatively analyze the induced fourfold magnetic
anisotropy in the CoFeB layer, the FMR derivative absorp-
tion spectra for the CoFeB(10 nm)/FeRh(30 nm) bilayer are
detected at various ϕ at room temperature, as presented in
Fig. 2(a). The resonance field exhibits four minimum val-
ues at ϕ = 0◦, 90◦, 180◦, and 270◦, corresponding to the
FeRh〈110〉 easy-axis directions, that is, an induced four-
fold magnetic anisotropy in the CoFeB layer overlaps the
FeRh intrinsic anisotropy, when the FeRh layer is in an
antiferromagnetic (AFM) state at room temperature. Remark-
ably, as the temperature of the magnetic phase transition is
approaching and the FeRh layer becomes ferromagnetic (FM),
Hr along the FeRh〈100〉 direction becomes minimal, which
indicates that the easy-axis directions are shifted by 45◦, as
shown in Fig. 2(b).

III. MODELING OF EXPERIMENTS

To interpret the experimental findings shown above, a
coarse model, which consists of 100 × 100 × 22 atoms placed
on the nodes of a simple-cubic lattice, is used, where two-
monolayer (ML) CoFeB layers are on the top of 20-ML FeRh
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FIG. 1. (a) Sample structure of the CoFeB/FeRh bilayer grown on the MgO(001) substrate. The weak uniaxial anisotropy of the CoFeB
layer and the strong in-plane fourfold anisotropy of the FeRh layer are shown in the bottom panel. (b) Typical MOKE loops of the
CoFeB(10 nm)/FeRh(30 nm) bilayer in selected magnetizing directions at room temperature, where ϕ is designated as an angle between
the in-plane measuring field and MgO[100] directions, HcI and HcII are weak- and strong-field coercivities at ascending branches, and blue
arrows indicate the moment orientations of the CoFeB layer. (c) HcI and HcII as a function of ϕ.

layers. In the film plane, periodic boundary conditions are
considered while open boundary conditions are set along the
film normal. In the presence of an external magnetic field, the
Hamiltonian can be written as

H = −
∑

i∈CoFeB

k1
(
si·êUA

k1

)2 −
∑

〈i j∈CoFeB〉
j1si·s j

−
∑

i∈FeRh

k2
(
si·êCA

k2

)4 −
∑

〈i j∈FeRh〉
j2si·s j

−
∑

i

H (si·êH ) −
∑

〈i∈CoFeB, j∈FeRh〉
j12si·s j, (1)

where si denotes the unit vector of the ith atom moment, and
ê denotes the unit vector along the easy-axis or magnetic-field
direction. The first two terms are anisotropy and exchange
energies in the CoFeB layer; a weak uniaxial anisotropy (UA)
is assumed, and the angular brackets denote the summations
over the nearest neighbors only. The next two terms give the
anisotropy and exchange energies of the FeRh layer, where a
strong cubic anisotropy (CA) is considered unless stated oth-

FIG. 2. (a) Typical FMR spectra measured in different field
orientations (ϕ) for the CoFeB(10 nm)/FeRh(30 nm) bilayer at
room temperature, where black dots indicate the resonance fields.
(b) Typical angular dependence of resonance field Hr at selected
temperatures.

erwise. The last two terms present the Zeeman and interfacial
exchange energy contributions.

For the amorphous CoFeB and epitaxially grown FeRh
layers, the magnetic parameters k1 = 1.8 × 102 J m−3, j1 =
10 meV at−1, the saturation magnetization MS = 1.2 × 106 A
m−1, k2 = 1 × 107 J m−3, and j2 = ±0.1 j1 are used [45–47],
i.e., the magnetic state of the FeRh layer is adjustable by
j2 < 0 and j2 > 0, which represent the AFM and FM
states, respectively. Furthermore, the easy-axis direction in
the CoFeB layer is aligned with the magnetic field, i.e.,
êUA

k1
= êH , while the easy-axis directions of the FeRh layer

are fixed along the x and y axes. Finally, j12 = j1 for sim-
plicity. The bilayer with dimensions in the range of those
experimentally investigated is far from the straightforward
calculations. In other words, the determination of the spin
structure of such a bilayer based on the investigation of its
individual magnetic moments using Monte Carlo techniques
becomes prohibitively time-consuming with present standard
computational facilities. Therefore, in order to obtain the
informative results such as magnetization in a model with
much smaller sizes, the input magnetic parameters may be
unrealistically large as compared to the real values presented
above [48]. This issue can be solved to achieve an agree-
ment between experiment and simulation if we resort to a
scaling technique, which is based on an approximation of
micromagnetism [49]. The detailed scaling process can be
found in Refs. [49,50], and the scaling factor x is determined
as 0.1362 by setting the lattice size scaling relation x0.551 =
[simulation value]/[real value] = 1/3 [49].

In the simulation, the initial state of the bilayer is mag-
netically disordered, and the system is annealed from 450
to 22.5 K in zero field. At a given temperature after (zero-)
field-cooling, the magnetization hysteresis loop is recorded
by cycling the magnetic field between 400 and −400 Oe.
To study the role of the cooling process and the magnetiz-
ing direction, the cooling field (HFC = 0.8 or 2 T) may be
applied and the magnetizing direction can vary from 0◦ to
355◦ with respect to the positive x-direction. To update the
spin state, the Monte Carlo METROPOLIS algorithm is used. At
each temperature or field, 2 × 104 Monte Carlo steps (MCSs)
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FIG. 3. (a) Calculated magnetization hysteresis loops at selected magnetizing directional angles with respect to the positive x-direction (ϕ)
in CoFeB single layer (open symbol) and CoFeB/(FM) FeRh bilayer (solid symbol). (b) Calculated coercivity as a function of ϕ. The inset
shows the model of CoFeB(2)/FeRh(20) bilayer, where numbers are in units of monolayers.

are performed with the first 104 MCSs thermally equilibrating
the system, followed by another 104 MCSs to average the
magnetization and magnetic energy quantities. The sweep
rate is slow enough to guarantee quasiequilibrium, and the
final simulation results are obtained after averaging the results
obtained from 50 sets of independent initial states.

IV. NUMERICAL RESULTS

The results of the magnetization hysteresis loops in the
CoFeB single layer and the CoFeB/FeRh bilayer at selected
magnetizing directional angles (ϕ) are shown in Fig. 3(a). The
loops of the CoFeB single layer measured along different ϕ

have no change, indicating that k1 is too small to induce an
anisotropic magnetization hysteresis behavior, roughly con-
sistent with the feature of an amorphous ferromagnet. On the
contrary, the magnetization hysteresis behavior of the CoFeB
layer depends on ϕ when the CoFeB layer couples to an
anisotropic FM FeRh layer. At ϕ = 0◦ and 90◦, i.e., along
the easy-axis directions of the FeRh layer, the loop remains
wide and square-shaped, while at ϕ = 45◦, that is, along one
of the hard-axis directions, the loop is even narrower than
that in the CoFeB single layer, and the initial magnetization
reversals are rounded. The loop variation with ϕ is further
quantified through coercivity, HC = (HR − HL)/2, HR and
HL being coercive fields where the magnetization and field
axis intersect. In other words, the coercivity in the CoFeB
single layer is insensitive to ϕ, while it exhibits a four-pointed
star pattern with ϕ in the CoFeB/FeRh bilayer, and each point
overlaps one of the easy-axis directions of fourfold anisotropy
of the FeRh layer, as shown in Fig. 3(b). Quantitatively, the co-
ercivity in the CoFeB single layer is roughly equal to 160 Oe
for ϕ = 0◦–355◦, while in the CoFeB/FeRh bilayer the co-
ercivity has four maximum values between 240 and 260 Oe
at ϕ = 0◦, 90◦, 180◦, and 270◦, and in between at ϕ = 45◦,
135◦, 225◦, and 315◦, the four minimum values of coercivity
lower than ∼100 Oe are obtained. The width variation of the
hysteresis loop with increasing ϕ is opposite to that experi-
mentally shown in Fig. 1(b), where the widest hysteresis loop
is observed at ϕ close to 0◦. As a result, the ϕ dependence

of coercivity depicted in Fig. 3(b) is also opposite to that
presented in Fig. 1(c). Furthermore, it is apparent that the
evolution of coercivity from the single layer to the bilayer,
i.e., from an isotropic to an anisotropic symmetry, is attributed
to the existence of the FeRh layer. In view of the fourfold
symmetry, some results may be shown in the ϕ range from 0◦
to 90◦ only.

Next, the magnetic state (i.e., antiferromagnetism and fer-
romagnetism) of the FeRh layer is changed by j2 to study
its role, as shown in Fig. 4. The results show that the maxi-
mum value of coercivity appears at ϕ = 0◦ and 90◦ while the
minimum one is obtained at ϕ = 45◦ for the FM FeRh. The
magnetization reversal from one easy axis to the other requires
a magnetic field to drive all of the moments by overcoming
anisotropy energy barriers, while the moments in the FM
FeRh layer yield a high magnetic viscosity, resulting in the
occurrence of magnetization reversal of the CoFeB layer un-
der a stronger magnetic field as compared to in a single CoFeB
layer. It clearly demonstrates that in the CoFeB/FeRh bilayer,
the cubic anisotropy of the FeRh layer can be well imprinted
on the coercivity of the CoFeB layer. If the moments in the
FeRh layer are FM coupled to each other, the easy-axis direc-
tion of the induced magnetic anisotropy in the CoFeB layer
remains unchanged, and the coercivities close to the easy-axis
directions are enhanced. Interestingly, when the CoFeB layer
is coupled to an AFM FeRh layer, the widest loop emerges at
ϕ = 45◦ while the narrowest loops are obtained at ϕ = 0◦ and
90◦. In other words, the angular dependence of coercivity is
preserved while the coercivity behavior with ϕ for the AFM
FeRh layer is opposite to that in the FM FeRh layer, that is,
the maximum value (slightly higher than 200 Oe) of coercivity
emerges at ϕ = 45◦ while the minimum values (∼100 Oe)
are obtained at ϕ = 0◦ and 90◦. It is designated that, for the
AFM FeRh layer, the easy-axis direction of the induced cubic
anisotropy in the CoFeB layer can displace 45◦. Therefore,
the simulation results of coercivity for the AFM FeRh are
qualitatively consistent with those shown in Figs. 1(b) and
1(c). When ϕ is close to 45◦ the hysteresis loops are widened,
while for ϕ = 0◦ or 90◦ the loops are narrow, resulting in the
identical trend of HC with ϕ presented in Figs. 1(c) and 4(a).
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FIG. 4. (a) Calculated angular (ϕ) dependence of coercivity in the CoFeB layer, which is coupled to a ferromagnetic (FM) or an
antiferromagnetic (AFM) FeRh layer. (b) Calculated magnetization hysteresis loops in the CoFeB/(AFM) FeRh bilayer at selected ϕ.
(c) Schematic illustrations of virgin isotropy in the CoFeB single layer and the induced cubic anisotropy in the CoFeB/(FM) FeRh bilayer,
with the easy-axis direction identical to that of the FeRh layer, and in the CoFeB/(AFM) FeRh bilayer, with a 45◦ deviation of the easy-axis
directions from that of the FeRh layer.

To interpret the induced magnetic anisotropy in the amor-
phous CoFeB layer, the physical mechanism is schematically

diagrammatic in Fig. 5. As shown in Fig. 5(a), the micro-
scopic spin configurations close to the CoFeB/FeRh interface

FIG. 5. (a) Magnetization of each monolayer in the CoFeB/FeRh bilayer for the FeRh layer with a ferromagnetic (FM) or an antiferro-
magnetic (AFM) state at low temperature after zero-field cooling, and the insets show the magnetization vs temperature (M-T ) behaviors of
layers 17–22 (L17–L22) in the CoFeB/FeRh bilayer for FM or AFM FeRh. (b) Microscopic spin configurations of L17–L22 in CoFeB/(FM)
FeRh (upper) and CoFeB/(AFM) FeRh (bottom) bilayers, where (1)–(6) give the zoomed-in views of configurations in the selected layers.
(c) Schematic illustrations of the role of the FeRh layer played on the CoFeB layer during magnetization reversal, where dashed arrows
represent the dragging directions via interfacial exchange coupling, and two-headed arrows stand for two directions that are possible with
equal probability.
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FIG. 6. (a) Calculated coercivity as a function of directional angle (ϕ) after cooling under selected fields (HFC) in the CoFeB/(FM) FeRh
bilayer. (b) Calculated coercivity as a function of temperature under zero HFC at selected ϕ. Energy densities of (c) interfacial exchange
coupling (ε j12) and (d) cubic anisotropy (εk2) and their temperature derivative as a function of temperature calculated at selected ϕ. The inset
shows the coercivity as a function of ϕ at selected temperatures.

are crucial for determining the magnetization reversal be-
haviors of the CoFeB layer. Therefore, in Fig. 5(b), the
microscopic spin configurations of the monolayers close to
the CoFeB/FeRh interface at low temperature after zero-field
cooling are presented. For the FM FeRh layer, the moments
in the CoFeB and FeRh layers are parallel, and thus the
magnetization reversal of the CoFeB layer depends on the
coupled moments in the FeRh layer, which may be trapped by
the fourfold symmetric anisotropy. In other words, when the
magnetic field is applied between 0◦ and 22.5◦, the moments
in the FeRh layer are trapped in the anisotropic well along
the positive-x direction, and thus the magnetization reversal
of CoFeB is impeded and coercivity is enhanced. On the
contrary, with increasing magnetizing angle, the moments in
the FeRh layer may be trapped in an adjacent orthogonal
anisotropic well [seen in Fig. 5(c)], and the interfacial cou-
pling encourages the magnetization reversal of the CoFeB
layer under a smaller magnetic field. As a result, the coercivity
decreases in the hard-axis direction of FeRh anisotropy. As
the FeRh layer is AFM, in order to minimize the energies
of AFM j2 and FM j12 simultaneously, a canted AFM con-
figuration is preferred at the CoFeB/FeRh interface, as (4)
and (5) show in Fig. 5(b), similar to the model presented by
Koon at FM/(compensated) AFM interfaces [51]. As shown
in Figs. 5(b) and 5(c), at ϕ = 0◦, some moments in a sublattice

of the FeRh layer [two-headed arrows shown in Fig. 5(c)]
may not work, or they may have a weak influence on the
magnetization reversal of the CoFeB layer. Consequently, a
weak ferromagnetism is generated on the surface of the FeRh
layer to influence the magnetization reversal of the CoFeB
layer in a similar manner to that at small magnetizing angles,
that is, the interfacial coupling still plays a negative role on
impeding the magnetization reversal of the CoFeB layer. In
contrast, with increasing ϕ, the energy balance of the ground
state after zero-field cooling is broken. Due to the tilting, all
of the moments in the FeRh layer at the CoFeB/FeRh inter-
face start to take effect upon determining the magnetization
reversal of the CoFeB layer. For the antiparallel moments of
the FeRh layer, the moments oriented far away from those in
the CoFeB layer induce a high interfacial exchange energy to
make the magnetization reversal of the CoFeB layer occur
toward the nearest one of the easy-axis directions of FeRh
anisotropy. Hence the coercivity along the easy-axis directions
of FeRh anisotropy is the lowest, while it is the highest along
the hard-axis directions.

Next, the effects of the cooling field (HFC) and the tem-
perature on the angular dependence of coercivity are studied
numerically, with the results presented in Figs. 6(a) and 6(b).
During cooling, thermal fluctuations are lowered and mag-
netic energy terms take effect one by one to determine the spin
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configurations at selected temperatures. If HFC is applied at
high temperature, the paramagnetic moments are aligned with
HFC, and with decreasing temperature down to those lower
than the magnetic ordering and/or freezing temperatures, the
final configuration at low temperature also depends on HFC

[52–54]. Therefore, the HFC dependence will elucidate the
role that spin configuration created during cooling plays on
the coercivity behavior. In Fig. 6(a), the coercivity curve
with ϕ is almost overlapped in zero HFC or HFC = 0.8 and
2 T, indicating that the ϕ dependence of coercivity is not
related to the spin configuration of the bilayer created after the
zero-field-cooling or field-cooling process. On the other hand,
different magnetic energy terms take effect at distinct critical
temperatures to cause the magnetic phase transition between
magnetic disordering and ordering or between free and frozen
spins [39,44]. In other words, the temperature dependence
may tell us which magnetic energy terms play a crucial role.
The coercivity difference between ϕ = 0◦ and 45◦ is enhanced
with decreasing temperature. At high temperature, the co-
ercivity curves at two ϕ are overlapped and then splitting
below T = 180 K. With further decreasing temperature from
T = 180 K, the coercivity keeps increasing, while the increase
of coercivity at ϕ = 0◦ faster than that at ϕ = 45◦ results in
a larger splitting at lower temperature. More precisely, the ϕ

dependence of coercivity at selected temperatures close to the
splitting temperature is studied (seen in the inset of Fig. 6),
and the coercivity behavior becomes fourfold symmetric be-
low 90 K. Note that the first-order magnetic phase transition
of the FeRh layer between AFM and FM states found ex-
perimentally is not taken into account in the simulation, and
thus the numerical results of the temperature dependence of
coercivity are distinct from those observed experimentally.
However, the results of magnetic ordering and freezing with
decreasing temperature governed by exchange coupling and
magnetic anisotropy are still informative.

Further, as mentioned above, the in-plane anisotropic co-
ercivity of the CoFeB layer is due to the existence of the
FeRh layer. Thus the interfacial exchange energy (ε j12), de-
fined by the energy of exchange interactions between CoFeB
and FeRh moments, should play a crucial role in establishing
this coercivity behavior. On the other hand, the other prereq-
uisite to obtain the in-plane imprinting of coercivity in the
CoFeB/FeRh bilayer should be a strong intrinsic anisotropy in
the FeRh layer. To distinguish their roles, and to demonstrate
the origin of the in-plane imprinting of coercivity from the
FeRh to the CoFeB layer, we present the temperature de-
pendence of ε j12 and the cubic anisotropy energy (εk2) and
their temperature derivative at representative ϕ to interpret the
splitting of coercivity curves between ϕ = 0◦ and 45◦ at a
critical temperature. The results show that ε j12 and εk2 both
decrease monotonically with decreasing temperature, while
their decreases are ongoing by distinct slopes; the decrement
of ε j12 reaches the fastest pace at T = 135 K, while for εk2 the
lower the temperature is, the faster is the decrement. The peak
of dε j12/dt designates that the most drastic reconstruction
of magnetic ordering happens, resembling a magnetic phase
transition between paramagnetic and ferromagnetic states. On
the other hand, the continuous decrease in εk2 at low tem-
perature stands for the freezing of moments. By comparing
the temperature dependence of coercivity and magnetic ener-

gies, apparently, in the pinning state of moments in the FM
FeRh layer, the fourfold symmetric coercivity phenomenon
is observed only when the interfacial exchange coupling takes
effect. In other words, the interfacial exchange coupling, other
than the spin configuration, is crucial for the imprinting of
cubic anisotropy on the amorphous CoFeB layer.

Finally, the universality of this kind of induced anisotropy
imprinted through interfacial exchange coupling is studied. At
this point, the CoFeB layer and its uniaxial anisotropy are
both preserved, while the cubically anisotropic FeRh layer
is replaced by another, namely a uniaxially anisotropic hard-
magnet layer with unchanged k2 magnitude. The easy axis is
set along 45◦ or 90◦ with respect to the positive x-direction,
and the hysteresis loop and coercivity results are depicted in
Fig. 7. For the 45◦ easy axis, labeled by 45◦ EA, the widest
and square loop is obtained at ϕ = 45◦, while the narrowest
and rounded loop appears at ϕ = 0◦ and 90◦. On the con-
trary, if the hard-magnet layer with an easy-axis direction
is in-plane orthogonal to that of the CoFeB layer, i.e., 90◦
EA, the narrowest hard-axis loop appears at ϕ = 0◦, and with
increasing ϕ to 90◦, the loop width is increasing and the loop
shape is of rectangularity. In the ϕ range from 0◦ to 355◦,
the easy-axis distribution and coercivity are given. Interest-
ingly, the anisotropy can also be imprinted on the amorphous
CoFeB layer, corresponding to the angular dependence of
coercivity in the CoFeB layer, and it remains uniaxial as well,
with the direction well overlapping the easy-axis direction
of the hard-magnet layer. Hence, the imprinting of a hard-
magnet anisotropy on a soft-magnet layer through interfacial
exchange coupling is suitable for both cubic and uniaxial
symmetries.

V. CONCLUSION

In summary, an in-plane fourfold magnetic anisotropy,
characterized by the angular dependence of coercivity, was
obtained in the amorphous CoFeB layer of the CoFeB/FeRh
bilayer system, which should be of weak ferromagnetism
with uniaxial anisotropy. The maximum values of coercivity
in the CoFeB layer overlap the easy-axis directions of the
in-plane fourfold anisotropy for the FM FeRh layer, despite
an in-plane 45◦ deviation from the anisotropy direction of
the AFM FeRh layer. By means of Monte Carlo simulation,
the cooling field dependence of coercivity excludes the role of
spin configuration; meanwhile, the temperature dependence
of coercivity, and the exchange and anisotropy energies, have
demonstrated the crucial role of interfacial exchange coupling
in the process of imprinting the anisotropy. Finally, we sug-
gest that this imprinting mechanism of anisotropy through
interfacial exchange coupling is also applicable for different
types of magnetocrystalline anisotropies. This work provides
strong evidence that the induced anisotropy in a soft-magnet
layer depends strongly on interfacial exchange coupling, and
reveals the mechanism of the magnetic state governed easy-
axis direction of the induced anisotropy. Our results indicate
a pathway to engineer the formation and controllability of
magnetic anisotropy in soft-magnet materials for the achieve-
ment of writing, processing, and reading functionalities in
ultradense information storage as well as in different types of
purely solid-state spin-based information-processing devices.
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FIG. 7. (a) Unit vector of the easy axis of uniaxial anisotropy (open symbols) and angular (ϕ) dependence of the normalized coercivity
(solid symbols) in the CoFeB layer, which is coupled to a hard-magnet FM layer with strong uniaxial anisotropy along selected easy-axis
directions. (b) Calculated magnetization hysteresis loops of the CoFeB layer, which is coupled to the hard-magnet FM layer with uniaxial
anisotropy along the 45◦ and 90◦ easy-axis directions with respect to the positive x-direction, at selected ϕ.
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