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Antiferromagnetic cubic anisotropy governed exchange bias in CoFeB/IrMn bilayers
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Dependence of exchange bias (EB) on field-measuring direction is commonly studied to establish the re-
lationship between unidirectional and magnetocrystalline anisotropies in ferromagnet/antiferromagnet (AFM)
systems, and phenomenologically, a cosine series expansion with/without higher-order odd terms may be used
to fit the experimental data. The role higher-order AFM anisotropy plays on EB and the reason for the existence
of higher-order odd terms in the expansion are still ambiguous. Herein, the influence of AFM cubic anisotropy
on EB and coercivity was studied in amorphous-CoFeB /epitaxially grown IrMn bilayers, based on experimental
measurements and Monte Carlo simulations. The results show that EB is still unidirectionally symmetric with
respect to the field-measuring direction, and the symmetric axis is parallel to the field-cooling (FC) direction.
Monte Carlo simulation results evidence large enough AFM anisotropy capable of trapping the AFM spins in
one of the easy-axis directions closest to the FC direction. These findings, on the one hand, reveal an EB mode
with orthogonal major and minor axes by modifying the energy wells and thus patterning the spin alignments
of the AFM IrMn layer by means of AFM in-plane fourfold anisotropy in layered thin films, external cooling,
and measuring magnetic fields and, on the other hand, are an important step toward a complete microscopic

understanding of EB.
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I. INTRODUCTION

Exchange bias (EB), also known as unidirectional ex-
change anisotropy, commonly occurs at the interface between
a ferromagnet (FM) and an antiferromagnet (AFM) by cooling
the FM/AFM system under an applied field (Hgc) through
the Néel temperature of the AFM (the temperature at which
the AFM order sets in). Since its discovery, EB has been
of great technological importance in tailoring the operating
characteristics of most magnetic devices such as magnetic
recording read heads, magnetic random access memories, and
EB magnetic tunnel junctions (MTJs) due to the advantage of
effectively pinning the FM magnetization in magnetic mul-
tilayers [1,2]. Moreover, from fundamental interest, EB can
be used to determine the AFM surface order parameter [3],
which is a probe of the interface magnetic exchange interac-
tions that are otherwise difficult to measure. Measurements
of the FM magnetization reversal in EB systems as a func-
tion of the in-plane angle of applied field with respect to
the unidirectional anisotropy direction have been reported to
get a better understanding of the relationship between EB
and anisotropies [4-9]. An initial insight into the problem
came from Meiklejohn and Bean (the M-B model) [1,4], who
proposed an anisotropy energy term of Ky cos¢ to account
for the shifted hysteresis loop, where Kp = Hg /Mgy, and ¢
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is the angle between the FM magnetization (Mgy) direction
and the EB field (Hg) direction dictated by field cooling (FC).
This should lead to a simple cosg dependence for Hg(¢),
which has also been found in amorphous-CoMoB/CoO [5]
and amorphous-FeNiB /CoO bilayers [6], respectively.

On the contrary, a more general cosine series expansion
with higher-order odd terms seems necessary to explain the
experimentally observed data in some crystal systems such
as FeNi/CoO [7,8] and FeNi/CrMnPt bilayers [9]. Theoret-
ically, Geshev et al. [10] calculated the angular dependence
of Hp derived from the hysteresis loop measurements in
FM/AFM bilayers in the framework of a phenomenological
model that considers both rotatable and nonrotatable contri-
butions to AFM layer anisotropy. The inclusion of rotatable
anisotropy changes the shape and characteristics of the mag-
netization curve. The larger the relative contribution of the
rotatable anisotropy to the effective uniaxial anisotropy, the
closer the loop shift angular variation gets to a pure cosine be-
havior, opposite to the conclusion drawn by Krivorotov et al.
[11] in Fe/MnF, bilayers experimentally that the high-order
terms in the Fourier expansion of EB vs angle originate from
the nonrigid AFM spin structure. Furthermore, Jiménez et al.
[12] compared the angular dependencies of EB from two FM
layers with different intrinsic anisotropies and found that the
suppression of FM anisotropy also favors obtaining a simple
cosg dependence of Hr. Remarkably, much research focused
on the correlation between EB and FM anisotropies involving
high-order terms [13], and the role AFM cubic anisotropy
plays on EB has not been reported yet.
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On the other hand, to establish a link between the tai-
lored vectorial magnetization switching process and EB with
high-order AFM anisotropies via FM/AFM interfacial cou-
pling, it is highly desirable to investigate the feasibility
of incorporating amorphous FM alloys where the magne-
tocrystalline ordering is absent to exhibit very soft magnetic
properties, higher electrical resistivity, and better corrosion
resistance, and a very wide composition range can be tai-
lored in exchange-coupled FM/AFM structures [5]. For the
AFM, clean anisotropies with low dispersions are favored
to appear in epitaxial films or single crystals, and fully epi-
taxial stacks allow for the maximum control of properties.
Zhang and Krishnan [14] summarized the recent progress
of epitaxial EB systems and presented an outlook on how,
in this paper on epitaxial EB systems, we could shed light
on the future developments in AFM spintronics. Using more
advanced compounds has been suggested, as these can exhibit
a range of exciting properties related to EB [14-24]. For
example, epitaxial growth of Fe;04/CoO superlattices and
NiO/Fe(001) films has been demonstrated, and it has revealed
that the AFM spins are preferentially frozen perpendicular
to the FM spins at low temperature below a critical temper-
ature [15,16]. In single-crystal FeF,, zero EB was observed
along the FC direction for a well uncompensated interface
of FeF,(001) or FeF,(100), while perpendicular coupling ob-
served for a compensated FeF,(110) interface also produced
rather small EB, implying hindered spin canting due to large
AFM anisotropy [17]. Moreover, the conventional square and
the unusual two-step EB hysteresis loops were obtained in a-
axis oriented PdMn/Fe bilayers [18], while in c-axis oriented
PdMn/Fe bilayers, asymmetrical multistep loops may also be
observed [19]. The study of polarized neutron reflectivity has
interpreted that the differences of the surface compensation in
different orientations give rise to different FM/AFM coupling
and magnetic reversal properties once the AFM is exchange-
coupled to a FM layer [20]. In epitaxial IrMn/Fe bilayers
[14,21,22], several kinds of multistep loops were observed for
the samples measured at various field orientations, and EB at
room temperature was induced by applying a small magnetic
field without postannealing. Furthermore, transitions of Hg
from a negative field to a positive field with increasing time
scale have been reported in epitaxial IrMn/CoFe bilayers [23].
Our previous work [24,25] has also reported in-plane fourfold
symmetric coercivity (H¢) in an amorphous CoFeB layer,
which was imprinted by an epitaxial FeRh layer with cubic
anisotropies.

Finally, Hgc is also crucial for the determination of the
magnetization switching process and EB direction [26]. This
called for a systematic study on the magnetization reversal
asymmetry as to different directions of the in-plane Hgc and
measuring field with respect to the AFM easy-axis direc-
tion. Many material systems have been developed for both
the fundamental understanding of physics and technologi-
cal applications. CoFeB/IrMn is an ideal system for EB
MT]Is due to the high thermal stability and high blocking
temperature of IrMn. The CoFeB alloys show excellent soft
magnetic behaviors, and the resultant high spin polarization
makes CoFeB extensively applied in multilayered spintronic
devices [27-29]. As of today, CoFeB/IrMn has emerged as
one of the most important material systems in spintronic de-

vices [30-35]. In this paper, we study the role fourfold AFM
magnetocrystalline anisotropy plays on EB and coercivity in
amorphous-CoFeB /epitaxially grown IrMn bilayers, where
uniaxial magnetic anisotropy in the amorphous CoFeB layer
is rather weak, and the IrMn layer is epitaxially grown on
the MgO(001) substrate, based on the measurements of lon-
gitudinal and transverse magneto-optic Kerr effect (MOKE)
magnetometry and Monte Carlo calculations.

II. METHODS

A. Experimental details

IrMn/CoFeB bilayers with IrMn thickness of 30 nm and
CoFeB thickness of 10 nm were deposited on the commercial
(001)-oriented MgO substrate [see Fig. 1(a)] by a magnetron
sputtering system with a base pressure <1.0 x 1078 Torr. The
substrate was annealed at 500 °C for 1 h in a vacuum chamber.
Then the IrMn layer was epitaxially grown at 500°C and
annealed at 500°C for 1 h. After cooling down to room tem-
perature, the CoFeB layer was deposited on top of the IrMn
layer. A magnetic field of 500 Oe provided by a permanent
magnet was applied along the MgO[110] axis during growth
to induce EB parallel to IrMn[110], based on the epitaxial re-
lationship of IrMn(001)[110]||[MgO(001)[110]. Before being
taken out of the vacuum chamber, a 3 nm Ta capping layer
was used to prevent the films from oxidation. To realign the
EB along the IrMn[100] direction, the sample was heated up
to 300 °C, held for half an hour, and then naturally cooled to
room temperature in the vacuum chamber with a magnetic
field of 500 Oe applied along the MgO[100] direction. The
film thicknesses were controlled by deposition time, which
have been calibrated by x-ray reflectivity (XRR). The crystal
structure was analyzed by x-ray diffraction (XRD). The mag-
netic hysteresis loops were measured at room temperature by
using a self-built MOKE setup. The longitudinal Kerr signal
was recorded by illuminating the sample from the top side
with a He-Ne laser light (A = 633 nm). The orientation of the
magnetic field was changed at an interval of 10° by rotating
the sample in the plane of the film. The FM resonance (FMR)
absorption spectra of the bilayer were obtained at room tem-
perature by using a Bruker EMX-plus 10/12 spectrometer at a
radiofrequency of 9.31 GHz. An in-plane magnetic field swept
from 0 to 2000 Oe was applied with respect to the IrMn[100]
direction at an interval of 10°.

B. Monte Carlo simulation

To interpret the experimental results of the angular (¢)
dependencies of Hg and H¢ in CoFeB/IrMn bilayers, mean-
while, to present a correspondence between magnetization
reversal processes, Hg (¢) behaviors, and microscopic AFM
spin configurations at the FM/AFM interface, Monte Carlo
simulations with a modified Metropolis algorithm are per-
formed. Regardless of the actual spin structures of CoFeB and
IrMn layers at the interface, which remain unknown, a coarse-
grained model is used, where 100 x 100 x [2(fcore) +
2(timn)] = 40000 spins are placed on the node of simple
cubic lattice, with periodic boundary conditions considered in
the lateral (xy plane) directions and open in the z direction.
In the presence of a magnetic field, the Hamiltonian of the
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FIG. 1. (a) X-ray reflectivity experimental data (black dots) for the CoFeB/IrMn bilayer and the corresponding fitting curve (red line).
The inset schematically shows the layered structure of the sample. (b) X-ray 6-26 scan for the CoFeB/IrMn bilayer. X-ray in-plane ¢ scans
for (c) the epitaxial [rMn layer and (d) the MgO(001) substrate. (¢) Angular dependence of resonance field H, obtained by the ferromagnetic
resonance (FMR) measurements. (f) The calculated coercivity, normalized by the maximum value, as a function of ¢. The inset shows the

in-plane fourfold anisotropy of the epitaxial IrMn layer.
bilayer is written as

oo ¥

JeoreB(Si - S)

<ijeCoFeB>

- Z Kcoren (Si - @%OFCB)Z
ieCoFeB

- Z Jivn (S - S;) — Z KIrMn[(S;C)4 + (Siy)4]
<ijelrMn> ielrMn

— Z JeoFeB/1Mn (Si - S)

<ieCoFeB, jelrMn>

- ZHMS(S,- ), (1)

where S; denotes the unit vector of spin i. The first line in
Eq. (1) gives the FM exchange and uniaxial anisotropy energy
terms, where Jeopes and Kcopep are the FM exchange and
anisotropy constants, the angular bracket denotes the summa-
tion over the nearest-neighbor pairs only, and &{°F°B is the
unit vector of the FM easy-axis direction. The second line
gives the AFM energy contributions with the AFM exchange
(Jimn) and cubic anisotropy (Kimn) constants. Due to the
nature of the interface, only the in-plane components of Ky,

are considered, and the easy-axis directions are set along the

x ([100] and [—100]) and y ([010] and [0-10]) directions. The
last line presents the FM/AFM interfacial exchange energy
and the Zeeman energy, where JcoreB/vn, H, My, and éy
are the interfacial exchange constant, the magnetic field, the
saturation magnetization, and the unit vector of magnetic-field
direction, respectively.

For the soft FM CoFeB, Jcores = 10meV, Mg =1.2 x
10°Am~! [28,29], and ¢fM = ¢y are set when the magne-
tizing direction changes. For the hard AFM IrMn, a locally
nonzero uncompensated magnetization component at the
CoFeB/IrMn interface and high Ky, are both crucial for EB,
and thus, Ji, 1s set by a small value, i.e., Jivn = —1meV, to
encourage the appearance of large-area parallel spin domains
in the AFM layer at the target temperature after FC. On the
other hand, Kcopep and Kpv, are both adjustable parameters
to fit and study the experimental EB results. Furthermore,
JcoreB/iMn = SmeV is used and much larger than the real
values when the simulation EB results fit well with the ex-
perimental one since a size-scaling technique based on the
micromagnetism approximation has been applied [36,37].

The simulation procedure mimics the experimental one.
The initial state of the bilayer model is magnetically dis-
ordered, and then the model is cooled from a high enough
temperature of 600 K, where the AFM layer is superparam-
agnetic, down to 300 K under a cooling field of 2 T, which is
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applied along the [100] or [110] directions to determine the
unidirectional anisotropy (Kp) direction. At 300 K, the hys-
teresis loop is recorded by cycling the magnetic field between
—300 and 300 Oe. Then the magnetic field counterclockwise
rotates by 5°, and the hysteresis loop is rerecorded. We de-
fine ¢ as the angle between the magnetic field and [100]
directions, and ¢ is varied between 0° and 355° in incre-
ments of 5°. The Monte Carlo Metropolis algorithm is used
to determine the evolution of spin, and at each Monte Carlo
step, the spin energies are exactly calculated based on the
Stoner-Wohlfarth model to judge whether the spin flip occurs
to avoid an unphysical tunneling [38,39]. At each temperature
or magnetic field, 1.0 x 103 Monte Carlo steps are used to
equilibrate the system, followed by another 1.0 x 10° Monte
Carlo steps to average the quantities such as magnetization,
magnetic energy, and spin configuration. Finally, 50 sets of
independently and randomly initial states are used to calculate
the final simulation results to minimize the calculation errors,
and thus, the error bars are not plotted in the figures.

II1. RESULTS

Figure 1(a) shows the XRR data for the CoFeB/IrMn bi-
layer sample. The corresponding fitting result indicates the
thicknesses of IrMn, CoFeB, and Ta are 32.1, 10.1, and 3.3
nm, respectively. The [rMn(002) and MgO(002) peaks are
observed in the XRD pattern, indicating the (001) growth
orientation of IrMn on the MgO(001) substrate, as shown in
Fig. 1(b). No CoFeB peak is detected due to the amorphous
structure. The x-ray in-plane ¢ scans reveal the cube-on-
cube epitaxial growth of IrMn on MgO with a relationship
of IrMn(001)[110]||MgO(001)[110], as shown in Figs. 1(c)
and 1(d). Figure 1(e) presents the angular dependence of
the resonance field H, obtained by the FMR measurements
for the CoFeB/IrMn bilayer with the EB aligned along the
MgO[100] direction. They can be well fitted by using a sim-
plified equation derived from the Landau-Lifshitz equation
by considering a fourfold magnetic anisotropy Kj, a uniaxial
magnetic anisotropy K, and a unidirectional anisotropy K,
[15,40]:

o\ 3K, 2K,
4 2Ms Mg

+£cos(4 )+—ebcos( )]
oM O g C°Y

H, + K o (20)
x | H, + — cos
M 14

2K, Ko
—— cos (4 —— COS , 2
+Msc (¢)+MS (9) 2
where 52 is the microwave excitation frequency, and y is

the gyromagnetic ratio. Consequently, the anisotropic field
parameters of AI? =44 Oe, M‘; = 6 Oe, and Ke" = 118 Oe are
obtained, which indicate that EB gives rlse to not only
the well-known unidirectional and uniaxial anisotropies but
also in-plane fourfold magnetic anisotropy in the amorphous
CoFeB layer because of the epitaxially grown IrMn layer.
In the Monte Carlo simulations, the angular dependence of

Hc¢ in the CoFeB/IrMn bilayers after zero FC (without EB)

is firstly studied with the results presented in Fig. 1(f). The
results show that the maximum H¢ is obtained along the
easy-axis directions (0°, 90°, 180°, and 270°), while the mini-
mum H¢ obtained in the hard-axis directions (45°, 135°, 225°,
and 315°), analogous to the coercivity behaviors reported in
the CoFeB/FeRh bilayers previously [24,25], where in-plane
fourfold anisotropy in the AFM layer can be imprinted on the
angular dependence of Hc in the amorphous CoFeB layer. Un-
fortunately, the EB effect is not observed in the CoFeB /FeRh
bilayers even if a cooling field is added, and this paper pro-
vides an opportunity to study the role AFM in-plane fourfold
anisotropy plays on EB in the CoFeB /IrMn bilayers.

Figures 2(a) and 2(c) depict the representative hysteresis
loops experimentally measured at different ¢ at room tem-
perature for the bilayers with K., parallel to the [100] and
[110] directions, respectively. When K, is parallel to the
[100] direction, i.e., the magnetizing direction at ¢ = 0° is
along with K, and one of the easy axes of K, the loop is
square-shaped and shifts to the negative field direction. As ¢
increases to 45°, the magnetization reversal becomes rounded,
and the loop exhibits an S shape and moves to the right while
still shifting to the negative field direction. At ¢ = 90°, where
the magnetizing direction is along another easy axis of K;
and orthogonal to K.}, the loop becomes symmetric about the
field axis, the magnetization nearly linearly decreases with
decreasing magnetic field under weak fields. When K, is
parallel to the [110] direction, it is noteworthy that ¢ = 0°
is also defined when the magnetizing direction is along the
[100] direction, the same as Kp||[100] for comparison. Thus,
the widest, square-shaped loop with a shift to the negative
field direction is observed at ¢ = 45°. The loops obtained
at ¢ = 90° and 135° are like that at ¢ = 45° and 90° for
Kep![[100].

As shown in Figs. 2(a) and 2(c), the FM easy-axis di-
rection, identified by obtaining the square-shaped loop, is
always roughly parallel to the FC direction, even though
the FC direction overlaps one of the AFM easy-axis di-
rections. Thus, the so-called spin-flop coupling, commonly
induced in epitaxial EB systems to result in a two-step re-
versal characteristic [15,17,41-43], seems not to exist in the
present CoFeB/IrMn bilayers. Spin-flop coupling refers to
the perpendicular arrangement of FM and AFM spins at the
interface and intuitively arises from the long-range ordering
of a compensated interface since an orthogonal FM/AFM
arrangement is a natural consequence, as it minimizes the
frustration of exchange coupling from the two AFM sublat-
tices [14]. Nevertheless, exceptions were also proposed; for
example, in epitaxial Fe/MnPd bilayers, Zhang and Krish-
nan [44] found a transition from the perpendicular FM/AFM
coupling to the collinear FM/AFM coupling for the MnPd
thickness <30 nm or the temperature >90 K, and this spin-
reorientation transition was physically attributed to competing
effects between the interface-induced-uniaxial anisotropy and
intrinsic FM anisotropy [45]. Moreover, a globally compen-
sated matrix with local uncompensated clusters exhibiting net
moments due to a strong interfacial exchange coupling [46]
or a strong AFM/external-magnetic-field coupling [47] may
also favor forming collinear FM/AFM anisotropies. There-
fore, the types of FM/AFM coupling in epitaxial EB systems
can be determined by the interplay between the intrinsic
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FIG. 2. Typical longitudinal magneto-optic Kerr effect (MOKE) loops measured at various field orientations when K., is set along the (a)
[100] and (c) [110] directions. (b) and (d) Exchange bias field (Hg) and coercivity (Hc) as a function of ¢. The insets show the magnetic field
orientation and different easy-axis directions with respect to the in-plane x and y axes.

FM/AFM anisotropies and the external magnetic field. In
amorphous-CoFeB /epitaxially grown IrMn bilayers, the mag-
netocrystalline anisotropy of the amorphous CoFeB layer is
considered negligible [24]. Furthermore, the interfacial ex-
change coupling between CoFeB and IrMn layers and the
cooling field both play dominant roles in inducing uncom-
pensated spins that exist on the surface of the epitaxial IrMn
layer. Thirdly, the given IrMn thickness and temperature may
also be responsible for no spin-flop coupling observed in
CoFeB /IrMn bilayers.

The loop variation with ¢ is further quantified through cal-
culating Hg = (Hg + Hy)/2 and He = (Hgr — Hy)/2, where
Hp and H; are the coercive fields at the ascending and
descending branches of a loop. For Kg,||[100] shown in
Fig. 2(b), Hr gets maximum values in the negative field
direction around ¢ = 0° and then rapidly decreases in the
negative field direction and increases in the positive field
direction when ¢ increases to 135° and Hg(90°) ~ 0. At ¢ =
135°-225°, Hg nearly levels off at the highest positive value
and then Hg drops down as ¢ further increases from 225°
and changes its sign around ¢ = 270°. On the contrary, the
H¢ behaviors are insensitive to ¢, while H¢ kicks up around
¢ = 0° and 180°. Remarkably, the ¢ dependence of Hg ex-
hibits a unidirectional symmetry, while that of H¢ is uniaxially
symmetric. However, this dependence of Hr on ¢ deviates
from a pure cosg relation [4-6] due to the nonnegligible roles
of K; played in the hard-axis directions (45°, 135°, 225°, and
315°), which is confirmed by the FMR measurements. To
distinguish the roles played by K., and K, on the Hg vs ¢
behaviors, Hg and H¢ as a function of ¢ for K, ||[110] are
also studied and shown in Fig. 2(d). The maximum values
of Hg in the negative and positive field directions occur at
¢ = 0°—90° and 180°—270°, respectively, and zero Hg ap-

pears around ¢ = 135° and 315°. Meanwhile, H¢ kicks up
around ¢ = 45° and 225°. Remarkably, the ¢ dependence of
Hg and H¢ for K ||[110] both shift by 45° with respect to
Kb |[[100], designating that the symmetric axes of Hg and H¢
in the CoFeB/IrMn bilayers mainly depend on the cooling
field direction, i.e., K,. Furthermore, the ¢ dependence of
Hp, is still unidirectionally symmetric, concomitant with a uni-
axially symmetric Hc behavior against ¢. Thus, the in-plane
fourfold anisotropy of IrMn induces higher-order terms, while
the uniaxial anisotropy of CoFeB plays a minor role.

Next, the calculated hysteresis loops recorded along differ-
ent magnetizing directions and the Hg and H¢ behaviors with
increasing ¢ at room temperature based on the Monte Carlo
simulations are presented in Fig. 3. For K||[100], seen in
Fig. 3(a), the widest square-shaped loop appears at ¢ = 0° and
with increasing ¢, the descending branch moves to the right,
while the ascending branch initially moves to the left from
@ = 0° to 45° and then turns to the right from ¢ = 45° to 90°.
Moreover, the obvious shift of the loop is observed at ¢ = 0°
and 45°, while the most rounded loop with no shift appears
at ¢ = 90°. As shown in Fig. 3(b), Hg is maximum in the
negative field direction around ¢ = 0°, and decreases down
to zero with increasing ¢ from 0° to 90°. With increasing ¢
from 90° to 180°, Hg increases in the positive field direction
from zero to the maximum value. When ¢ further increases
from 180° to 360°, Hr decreases in the positive field direction
to zero at ¢ = 270° and increases to a maximum value in
the negative field direction. Meanwhile, the maximum values
of Hg exhibit a small plateau around ¢ = 0° and 180°. On
the other hand, H¢ exhibits peaks at ¢ = 0° and 180°, while
H¢ fluctuates around the minimum value between ¢ = 45°
and 135° and between 225° and 315°. For Kg,||[110], the
widest square-shaped loop appears at ¢ = 45°, while the most
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FIG. 3. Calculated hysteresis loops measured at various field orientations when Ky, is set along the (a) [100] and (c) [110] directions. (b)
and (d) Exchange bias field (Hg) and coercivity (Hc) as a function of ¢. The insets show the magnetic field orientation and different easy-axis
directions with respect to the in-plane x and y axes. The fitting values of IrMn cubically (Kimn/Ms), CoFeB uniaxially anisotropic fields
(Kcores/Ms), and the measurement value of the unidirectionally anisotropic fields (K.,/My) are presented.

rounded loop with no shift is obtained at ¢ = 135°. In other
words, the Hr and H¢ behaviors with ¢ for K. ||[110] shift by
45° as compared with K, |[[100].

The calculated ¢ dependence of Hr and H¢ are qual-
itatively consistent with the experimental results, reminis-
cent of the validity of the model and simulation method
adopted to study the experimental findings. Furthermore,
when Kg||[100] and K.,/Ms = 1100e in the simulations
approaches the experimental findings (Kep/Ms = 118 Oe),
Kcore/Ms = 60e is very consistent with the experimental
fitting value of K,/Mg = 6 Oe, while Kym/Ms = 150 Oe is
3.4 times larger than that (K; /Mg = 44 Oe) experimentally,
indicating that the FM anisotropy is weakly influenced by
the AFM layer, while only partial fourfold anisotropy of the
AFM layer imprinted on the FM layer via their interface. The
calculated H- maximum value (~1500e) is also threefold
higher than that (~50 Oe) observed in the experiment. The
complex angular dependence of Hr and H¢ and the discrep-
ancy between experiments and theories were also reported in
other epitaxial EB systems [48-51]. In epitaxial CoFe/IrMn
bilayers, the hysteresis loop drastically changed from a nor-
mal magnetization process to an asymmetric double-shifted
one due to the competition between comparable cubic crys-
talline and uniaxial anisotropies ~45° [48]. In addition, the
deviations between experimental findings and theoretical fit-
ting results were observed in the narrow angular ranges ~0°
and 180° in epitaxial NiFe/FeMn(001) and Co/NiO(001) bi-
layers, which were interpreted by the possibility of domain
formation and thermal activation to overcome the involved
energy barriers [49,50]. Thirdly, Hajiri et al. [51] presented
that the interface frustration and roughness in fully epitaxial
CoszFeN/MnN bilayers experimentally were responsible for

the discrepancy of the order of magnitude of Hr between
calculation and experiment. Thus, the inconsistence of quanti-
ties between experimental and simulation results in this paper
may also arise from the perfect CoFeB /IrMn interface model
with a much smaller size that is considered in the simulation.
However, the interface is never perfect even for the epitaxially
grown bilayers. Roughness, deviations from stoichiometry,
interdiffusion, structural defects, low spin coordination at sur-
face sites, etc., cause nonideal magnetic interfaces, and it is
therefore natural to assume that, on average, a fraction of
AFM spins have lower anisotropy than the bulk ones [52,53].

IV. DISCUSSION

In EB systems, it is well known that different reversal
pathways, corresponding to the coherent rotation and the
domain wall nucleation, on each branch of the hysteresis
loop, i.e., asymmetry, may be obtained and result in irre-
versible Barkhausen jumps [54,55]. Moreover, the FC and
field-measuring treatments executed along different directions
are effective to create two or more misaligned and competing
anisotropies [56]. Therefore, a number of pairs of longitudinal
(M,)) and transverse (M ) components of magnetization were
measured for an external field orientation with respect to the
[100] direction ranging from 0° to 360°, with the representa-
tive results of ¢ = 0°,45°,90°, and 135° for K ||[100] shown
in Fig. 4. At ¢ = 0°, the M|, loop with a square shape exhibits
a shift toward the negative field direction, while the M, value
always equals zero, indicating no existence of measurable
nonzero components of magnetization during magnetization
reversal. An asymmetric magnetization reversal at the de-
scending and ascending branches is observed at ¢ = 45° due
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FIG. 4. Calculated longitudinal (M) and transverse (M ) components of hysteresis loops at selected ¢ for K, ||[100], where arrows
indicate the schematic illustrations of spin configurations on the IrMn surface.

to different peak magnitudes of M, and the forward com-
ponent of M, is lower than the reverse component. With the
increase of ¢ to 90°, the M), loop becomes completely sym-
metric, and this is also seen in the M, loop, where the forward
and reverse components have the same nonzero magnitude.
Finally, the M) loop shifts to the positive field direction for
¢ = 135°, concomitant with an asymmetric reversal of the M |
loop where the reverse component is lower.

At first, a collinearly coupled bilayer is identified because
M only reverses in one semicircle [57], and thus, the varied
value of M in the FM layer during the magnetization reversal
of M) can mirror the rotating AFM spins at the FM/AFM
interface strongly depending on ¢, which may be used to
interpret the angular dependence of EB meanwhile to study
the role of AFM anisotropy. A direct indication of the rotating
AFM spins has been revealed experimentally by soft x-ray
magnetic dichroism [53,58,59]. Element-specific hysteresis
loops showed that some spins belonging to the AFM layer
rotate reversibly with the FM spins. Due to the shift of the
hysteresis loop, it is obvious that the other part of the AFM
layer is frozen. Therefore, the AFM layer can be considered,
to a first approximation, as consisting of two types of AFM
states: one part having a large anisotropy preserving the AFM
state and the other interfacial part with a weaker anisotropy,
allowing the spins to rotate together with the FM spins. Hence,
the features of the instant AFM spin configurations during
FM magnetization reversals at selected ¢ values are schemat-
ically shown in Fig. 4, which is like the experimental findings
of polarized neutron scattering in Co/CoO and CoFe/IrMn

bilayers, where the FM spins at the FM/AFM interface are
not collinear with the applied field direction during the rever-
sal, and the interface is disordered, containing domains and
domain walls even in saturation, analogous to a spin-glass
system [60—62].

By comparing the Hg and H¢ behaviors with ¢ obtained
from experiment (seen in Fig. 2) and simulation (seen in
Fig. 3), the calculated values of H¢ in the easy-axis di-
rections are roughly triple those in the experiment. Both
experimentally and theoretically, it is found that Hg (p) still
stays unidirectionally symmetric even in the presence of a
strong cubic AFM anisotropy, although it has been discussed
that a cosine series expansion of Hg(¢) should have higher-
order odd terms. Next, the roles of Kcopeg and Ky, on
angular-dependent He and Hg have been studied to interpret
the discrepancy mentioned above. As shown in Fig. 5(a),
with decreasing Kcopes/Ms, the He values at ¢ = 0° and
180° decrease monotonically, and the decrement of H¢ is
proportional to that of Kcopep, indicating the maximum values
of H¢ in the directions parallel or opposite to K., strongly
depend on Kcopep. At ¢ = 90° and 270°, Hc firstly decreases
down to zero with decreasing Kcore/Ms, and the further
decrease of Kcopep/Mys results in a widening of the ¢ range
where Hc equals zero. For the experimental results of He
shown in Fig. 2(b), Hc is always nonzero, and its value
with ¢ varies from ~200e around ¢ = 90° and 270° to
~500e around ¢ = 0° and 180°. Hence, the fitting value of
Kcores/Ms = 6 Oe is suitable for ¢ = 90° and 270°, while
the value of Kcopes/Ms at ¢ = 0° and 180° should decrease
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FIG. 5. (a) Coercivity (H¢) as a function of ¢ for selected values of ferromagnet (FM) anisotropic field (Kcopes/Ms). (b)—(f) Exchange bias
field (Hg) and Hc as a function of ¢ for selected values of antiferromagnet (AFM) anisotropic field (Kiwmn/Ms). Kep is pointing to the [100]

direction.

to ~20e to meet the experimental result of He. In other
words, the nonzero H¢ around ¢ = 90° and 270° mainly orig-
inates from the contribution of FM anisotropy. The different
values of Kcopep/Ms in the AFM orthogonal easy-axis direc-
tions probably arise from the distinct p-related frozen AFM
spin configurations at the FM/AFM interface after the FC
process.

On the other hand, with decreasing Kpmn/Ms, He(@)
evolves from a monotonic function, where Hg varies from
a negative minimum to a positive maximum with increas-
ing ¢ from 0° to 180°, to a nonmonotonic function, and at
Kivin/Ms = 120 Oe, Hg increases from a negative minimum
around ¢ = 0°, across zero at ¢ = 45°, and to a positive value
with increasing ¢. Then Hg drops down to the negative mini-
mum value around ¢ = 90° and increases again across zero at
@ = 135° and to a positive maximum around ¢ = 180°. The
Hp behavior with increasing ¢ from 180° to 360° is mirror
symmetric about the vertical axis of ¢ = 180°. Meanwhile,
the behavior of He becomes complex with increasing ¢ and
remains mirror symmetric about the vertical axis of ¢ = 180°.
In other words, for a smaller K /My value, the negative min-
imum and positive maximum of Hg still appear around ¢ = 0°
and 180°, respectively, which are close to the easy-axis direc-
tions of Ky, parallel and antiparallel to K., while near the
easy-axis directions of Ky, orthogonal to K.y, the Hg value
exhibits a sharp drop/jump between negative values and posi-
tive values, and Hg = 0 is obtained in all hard-axis directions
of Kivmn, although the unidirectional symmetry of Hg behavior
with ¢ remains. Meanwhile, H¢ also exhibits weak fourfold
symmetry with existence of peak values in all easy-axis di-
rections. The deficit of AFM anisotropy energy favors its
fourfold characteristics to be imprinted by the ¢ dependence
of Hr and H, reminiscent of the energy competition between
Kivin and JeoreB/ivn as well as the uncompensated AFM
magnetization (M) governed by K., which play crucial
roles.

Figure 6 depicts the results of the ¢ dependence of normal-
ized uncompensated AFM magnetization [Miwnn/Msamvnl,
FM/AFM interfacial exchange energy density (&coFeB/1Mn)>

and AFM anisotropy energy density (ep™") for selected

K., directions and Kyvn/Mg values. For Kep||[100] and
Kivin/Ms = 150 Oe, the calculated My /Msrvny value de-
creases monotonically from +1 to —1 with increasing ¢ from
0° to 180°. Then the average AFM spin orientation at the
FM/AFM interface is calculated by (@) = Zi\’:l @i/N,
and remarkably, (¢mvm) = ¢ is obtained with a reversible
value of Miwmn/Msamvny under Hy and Hg for a given ¢.
Moreover, &cores/mrmn Under H; remains minimum when ¢
is <45° and increases to the maximum with increasing ¢ to
180°. On the contrary, &coreB/1rMn Under Hy decreases from the
maximum to the minimum with increasing ¢ from 0° to 135°
and then levels off for larger ¢. The degenerate state under Hy,
and Hp, for ecopen,/mvn appears when My /Msaviny = 0. The
values of ef™M" stay low, and the barrier is observed between
¢ = 90° and 180° under H;, while it is between ¢ = 0° and
90° under Hg. The existence of ecoren/mvn associated with
different My, values is not sufficient for the existence of
EB, and EB also requires a mechanism for fixing the di-
rection of an exchange field produced on the FM through,
for example, the pinning of domains within the AFM near
the interface. The results show that My, is stabilized in
the [100] direction by low enough &f™", regardless of ¢,
and the hard-axis directions can be detectable by ei™" only
when £coreB,/1vn 18 high. According to the random-field model
presented by Malozemoff [63,64] and a sophisticated model
reported by Stiles and McMichael [65-67], the existence of
domain walls in the AFM layers plays an important role in
the EB effect, and Hg is proportional to the energy stored in
the AFM domain walls. Thus, the AFM domain wall energy
at the FM/AFM interface becomes proportional to ¢ for high
enough Kpnn/Ms.

When Ky, is oriented in the [110] direction and Ky, /My
is constant, the maximum value of My, /Msrvn) decreases
to ~0.7, and the Mynn/Msamvn peak and zero values shift
by 45° as compared with K. ||[100]. Moreover, the calculated
(¢mvn) value equals ~45° when ¢ increases from 0° to 90°
and then linearly increases for larger ¢ by (@) = ¢ + 45°.
The minimum value of &coren/mn Under Hj is enhanced
to ~ — 0.8 and stabilized between ¢ = 0° and 112.5°, and
under Hg, the maximum value of &core/mvn is lower, and
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FIG. 6. (a), (d), and (g) Uncompensated antiferromagnet (AFM) magnetization (Mia/Msamn)), (b), (€), and (h) CoFeB/IrMn interfacial
exchange energy density (cores/iMn)» and (c), (f), and (i) AFM anisotropy energy density (eI™Mm under the coercive fields at the descending
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of AFM anisotropic field (Kpavn/Ms). (j) Effective AFM magnetization directions at ¢ = 0°, 45°, 90°, 135°, and 180°. The insets show the ¢

dependence of the average AFM magnetization direction ({@pmn))-

the degenerate state under H; and Hg for ecopen/imn Still
corresponds t0 Minn/Msamy = 0 (at ¢ = 135°). The gfMn
values also stay in the low-value range, and the energy bamers
of efM" under H, and Hg both occur between ¢ = 90° and
180°, resulting in a slight irreversibility of Mnn/Msamvn)
observed around ¢ = 157.5°. When Kymn/Ms decreases from
150 to 120 Oe and Ky, is pointing in the [100] direction, the
behaviors of Minn/Msmn)> (@1Mn)> ECoFeB/ivn, and e
are distinct from those for Ky, /Ms = 150 Oe. The Value of
Mivin/Msavny decreases from +1 with increasing ¢ from
0° to 80°, and a large irreversibility between Hy and Hy is
observed when ¢ is >30°. Then Mimn /Msamvn) increases with
increasing ¢ from 80° to 100° and decreases with increasing
¢ from 100° to 120°, with a reversibility between H; and Hp.
With increasing ¢ from 120° to 150°, Mimn/Msarvn) sharply
decreases from positive to negative, accompanied with an
irreversibility between H; and Hg. Finally, the irreversibility
vanishes, and Mynn/Msvn) smoothly decreases to —1 with
further increasing ¢ to 180°. The results of ecorep/iMn and
eI™Mn indicate that the AFM spins are frozen when the field is
applied along one of the easy-axis directions of Ky, such as
0°,90°, and 180°. Otherwise, the AFM spins become rotatable
in the hard-axis direction, designating that the energy barriers
in the enhanced ™" can effectively affect the AFM spin
reversal and result in complex behaviors of Hg and Hc with
respect to ¢. Therefore, a possible origin of the fourfold and
uniaxial anisotropy terms is the nonrigid spin structure of

the AFM layer. Rotation of the FM layer magnetization may
cause canting of the AFM spins. It was theoretically shown
that these rotations of the AFM spins away from an AFM easy
axis may lead to high-order terms in the Fourier expansion of
the exchange anisotropy [11,68].

V. CONCLUSIONS

In summary, an amorphous-CoFeB /epitaxial-IrMn bilayer
was fabricated, and the IrMn anisotropy was characterized
to be cubically symmetric. The angular (¢) dependence of
Hp and H¢ at room temperature after cooling under a field
applied parallel to or by 45° with the [100] direction is studied.
A unidirectional symmetry of Hg vs ¢ with the symmetric
axis parallel to Ky}, is observed, while the higher-order terms
must be used to fit the experimental data. The Monte Carlo
simulation was also performed to reproduce the experimental
findings and elucidate the mechanisms. The large Ky gen-
erates a low enough energy potential to trap the AFM spins
frozen near the FC direction, and Ky, in other easy-axis
directions cannot contribute to EB with ¢, which is interpreted
by the calculated results of uncompensated AFM magneti-
zation at the FM/AFM interface and energies of interfacial
exchange interaction and AFM anisotropy. This has been ev-
idenced by decreasing the Ky, value by hand as the input
parameter in the simulation, where the Hg and H¢ behaviors
with ¢ show responses to each easy- and hard-axis direction
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of Kimn. On the other hand, Kcopeg plays a crucial role in
H¢, which also depends on ¢. Our results shed light on some
of the open questions in EB such as reversal asymmetry and
especially the relationship between EB and AFM anisotropy.
This understanding will provide profound insight into the EB
phenomena in FM/AFM bilayers with a fully epitaxial AFM
layer and certainly open prospects for future applications in
magnetic devices.
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