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The emergence of exchange bias and coercivity enhancement has been investigated in epitaxial CoO/Fe films
with varied antiferromagnet (AF) thicknesses, even smaller than the critical value where the frozen CoO spins are
detectable. Vector magnetometry and first-order reversal curve (FORC) measurements reveal different CoO
thickness dependence of the exchange bias and coercivity enhancement, including the evolution of magnetiza-

tion reversal from a high coercivity, low bias phase due to rotatable CoO moments to a high bias, low coercivity
phase due to frozen CoO moments. The AF domain state is found to be metastable, which can be reoriented by
external and exchange fields prior to the appearance of frozen spins, pointing to a generic origin of the training
effect. Monte Carlo simulations show that the AF anisotropy energy barrier and the rotatable spins induced by
magnetic field and exchange interaction at the interface are responsible for the observed effects.

1. Introduction

The proximity effect between an antiferromagnet (AF) and a ferro-
magnet (FM) known as exchange bias has been an intriguing topic of
research since its discovery in 1956 by Meiklejohn and Bean [1]. This
effect is based on the unidirectional character of the exchange interac-
tion at the FM/AF interface, breaking the time-reversal symmetry of the
interaction between the external field and the magnetic moment [2-5].
It has important applications in spin-valve type of devices which are
central to numerous spintronic applications [6-10]. Indeed, there has
been a surge of interests recently on electric field control of exchange
bias with potentials to lower the energy consumption in spintronic de-
vices [11-18].

Although it is well acknowledged that the existence of the AF layer
induces the exchange bias and coercivity enhancement in the FM layer,
the microscopic correlation between the exchange bias and the AF order
is often masked by the complex magnetic frustration at the FM/AF
interface and the difficulty in experimental detection of the net zero
magnetization in the AF layer [2-5,19-21]. On the other hand, the
Meiklejohn and Bean theory has been extended to describe the critical
AF thickness behavior, but with limitations on quantitatively predicting
the exchange field value [22]. An alternate theory was proposed by

Mauri et al. [23] showing that a rotation of the magnetization accom-
panied by partial wall formation in the AF layer can substantially reduce
the exchange and that the peak in the bias dependence on AF thickness
could be explained by introducing a vertical domain wall in the AF layer.
By strongly coupling the FM layer to the AF layer, the FM magnetization
reversal winds up a region of the AF layer into a partial domain wall,
which has been probed in a number of experiments [24-26]. Stiles and
McMichael [27] have extended the modeling of AF domain wall for-
mation in polycrystalline systems by taking into account various sample
scenarios. Most studies imply or explicitly state that any irreversible
switching within the AF layer is confined very close to the interface.
Experimental and theoretical results in the FM/diluted AF bilayers and
the FM/AF/FM trilayers have shown that the strength of the bias and the
coercivity enhancement are also determined by spins deep inside the AF
layer [21,28-32].

Recently, a series of experimental investigations on the CoO/Fe
interface have been reported related to the CoO thickness dependence,
ranging from the exchange bias mechanism [33,34], to the AF anisot-
ropy [35,36] and domain [37,38], and to the influence of interface
chemical interactions on magnetic and structural properties [39]. The
behavior of the CoO AF spins as a function of thickness has been directly
investigated using element-specified x-ray magnetic linear dichroism
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(XMLD) and x-ray magnetic circular dichroism (XMCD) [33-35,37]. It
has been shown that rotatable and frozen CoO AF spins are uniformly
distributed in the AF layer and interestingly, the appearance of exchange
bias occurs prior to the detection of the frozen AF spins [33]. Further-
more, the uniaxial anisotropy and the CoO frozen spins are found to
exhibit the same CoO thickness dependence, and the relation between
the CoO activation energy and thickness is linear when the CoO thick-
ness is larger than 2.2 nm [35]. It has also been reported that a CoO
domain switching occurs with the increase of the CoO thickness [37].
Note that the CoO with this transitional thickness has a reduced effective
Néel temperature due to the finite-size effect [19].

Remarkably, for the thin CoO layer (<3.0 nm approximately), the
exchange bias, coercivity enhancement, CoO anisotropy and frozen
spins depend differently on the CoO layer thickness. The phenomeno-
logical interpretations based on the theories of the AF uncompensated
and frozen spins at the FM/AF interface are no longer suitable in these
studies. In this work, we have investigated the emergence of exchange
bias and coercivity enhancement in epitaxial CoO/Fe with increasing
CoO thickness, as the interfacial AF spins transition from being rotatable
to completely frozen. Vector magnetometry and the first-order reversal
curve (FORC) technique have been used to measure the magnetization
reversal details and separate the reversible and irreversible magnetic
switching events. An atomic Monte Carlo technique has been used to
simulate hysteresis loops and magnetic energies as a function of the AF
layer thickness. The AF anisotropy energy barrier and the rotatable spins
induced by magnetic field and exchange interaction at the FM/AF
interface, as a function of the AF layer thickness, both influence ex-
change bias and coercivity through direct interface coupling and indi-
rect Néel-Arrhenius relaxation in the AF layer.

2. Experimental

Samples were fabricated by molecular beam epitaxy (MBE) in an
ultrahigh vacuum system. Sample structures consist of MgO(001) sub-
strate/Fe(10 nm)/CoO(dce0)/Ag(10 nm), where the CoO is an epitaxial
wedge from 0 to 4 nm over a sample width of 6 mm, followed by a 6 nm
CoO plateau over a width of 4 mm [33,35]. The Fe grows epitaxially
onto MgO(001) with the Fe [110] parallel to the MgO [100] [33,35],
and exhibits a cubic magnetic anisotropy with the (100) axes as the
magnetic easy axes. The samples were then cleaved into 0.9 mm strips,
resulting in a CoO thickness variation of 0.6 nm across each cut wedge
piece. CoO has a NaCl type face-centered cubic lattice, with a lattice
constant of ag = 0.426 nm [19]; thus there is approximately a three-
monolayer variation of CoO across each cut sample piece (each mono-
layer ~ 0.2 nm).

Samples were field cooled from room temperature, above the CoO
Néel temperature of 290 K, to 80 K in a 2 kOe external field along the Fe
[100] direction for all measurements. VSM measurements were per-
formed with vector coils in the plane of the film along the Fe [100] and
Fe [010] directions at 80 K. The FORC technique [40-44] was utilized
to further investigate the magnetization reversal along the Fe [100] and
Fe [01 0] directions, particularly to probe irreversible switching events.
During the measurement, the sample was first brought from positive
saturation to a reversal field Hg, then the magnetization was measured
as a function of increasing applied field H, back to saturation. This
process was repeated for a family of Hg values yielding the magnetiza-
tion as a function of both the reversal field Hr and the applied field H.
The FORC distribution is calculated by taking the mixed second order
derivative of the magnetization [40],

1 *M(H, Hy)

PUHLHR) = =5 o,

(€))

By identifying reversal field Hg and applied field H as the switch-
down and switch-up field, respectively, a coordinate transformation is
performed to arrive at a FORC distribution in new coordinates of bias
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field Hg=(H + Hg)/2 and local coercivity Hc=(H-Hg)/2. These co-
ordinates correspond to the offset of the loop from center (Hg) and the
half width of the loop (Hc¢), respectively. Features in the FORC distri-
bution correspond to irreversible switching events, consequently
revealing details about the magnetization reversal and local interactions
within each sample [41,43,45]. For example, if the entire sample
switched exactly at a particular reversal field, the FORC distribution
would be a delta function. However, if different regions of the sample
experience different local environments, the distribution will spread out
[46]. In this way the extent of the FORC distribution can be used to
evaluate the rotatable and pinned CoO spins as a function of the CoO
layer thickness.

3. Theoretical model

To further understand the dependence of exchange bias and coer-
civity on the AF thickness d¢o0, simulations using an atomic Monte Carlo
method have been carried out. The simulation procedure mimics the
experiments. Different from many previous theoretical studies on the AF
thickness dependence which commonly linked the exchange bias with
the AF domain [32,47-50], the AF anisotropy energy barrier induced at
the FM/AF interface is considered to be crucial and calculated to
interpret the results in the present study where the AF layer may be too
thin to form a complete AF domain. In the presence of an external
magnetic field, the energy of the system with interacting spins can be
given as follows,

E = Epv + Eig + Ear, (2
where
Emi= —Jni ) _ 88—y [Ki(S)'
<ijeFM> iem™M
+ KIS = Y _Ki(S)" —gupH-Y S, 3)
ieFM Py
Er = —Jr Z Si-S;, 4)
<i€FM jEAF>
Exe= —8Is Y 8iS;— ) Ki(S})’ —gupH-y_S:. (5)
<i{jEAF> i€AF i€AF

Here S is the unit vector of classical Heisenberg spin. We consider the
exchange and Zeeman energies, as well as cubic and shape anisotropies
in the FM layer (Epy), along with exchange, Zeeman and uniaxial
anisotropy energies in the AF layer (E4p). If the spins in the FM (AF) layer
are exchange coupled to the spins in the AF (FM) layer, these spins
belong to the FM/AF interface (Ef). Different parameters are used to
distinguish the FM and AF layers, as listed in Table 1. Note that p is a
probability of obtaining § = 1. If p = 0, the nearest-neighbor spins in the
AF layer are decoupled to each other; on the contrary, if p = 1, all the
spins in the AF layer are coupled to their nearest neighbors antiferro-
magnetically. As concomitant effects with the increase of dcoo, the AF
anisotropy increases and the AF order is enhanced (i.e. p increases)

Table 1
Values of parameters used in the simulation.
K* K K* J 2 p Hinax T
FM 0.1 0.05 -0.1 1.0 - -
Thin AF 3.05 0 0 -0.56 Oorl 0 2.0 0.1
Thick AF 3.70 0 0 -0.56 Oorl 0.34

K and J are the anisotropy and exchange interaction constants in unit of energy
(Jrn)-

& equals 0 or 1 determined by the bonding fraction p of AF coupling.

Hipax is the maximum measuring field value in unit of Jev /gug.

T is the temperature in unit of Jpy/kg.
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[51,52]. The relationship between p and d¢qo is unknown, and thus for
simplicity, p and AF anisotropy both linearly increase with dceo and the
parameter values are determined by magnetometry measurements. In
the model, the spins are placed on the node of a simple cubic lattice, and
the 100 x 100 spins with periodic boundary conditions are considered in
a monolayer of the film plane. Open boundary conditions are used
perpendicular to the film plane. The FM layer is one-monolayer, while
various AF layer thicknesses are considered, including 0- (the FM single
layer), 1- (thin AF) and 7-monolayer (thick AF).

In the experiment, the initial temperature is room temperature, well
below the Fe Curie temperature. For the CoO/Fe bilayers with a small
dcoo, the cooling field of 2 kOe is strong enough to saturate the system at
80 K. Therefore, no additional cooling process is considered in the
simulations. The measuring field is applied on the system with an initial
state where the spins are all pointing to the positive x axis. The hysteresis
loops are recorded between 2.0 Jpyv/gpp and —2.0 Jepm/gpp in a step of
0.04 Jpm/gps. Under a magnetic field, the simulation time is represented
by Monte Carlo steps. A total of 10° Monte Carlo steps are used to
equilibrate the system, succeeded by another 10° Monte Carlo steps for
averaging magnetization and energy quantities. Furthermore, the results
are averaged over 200 independent realizations of randomly generated
trial spin configurations to minimize statistical errors.

4. Results and discussion

4.1. Magnetometry

Magnetic hysteresis loop measured along the Fe [100] direction
(Fig. 1) shows that the exchange bias first emerges in a sample with a
CoO thickness of dgoo = 1.5 £ 0.3 nm, and further increases in magni-
tude to —175 Oe at dcoo = 3.3 nm, before gradually decreasing with
further increase of dcoo, consistent with prior studies on this system
[33]. The coercivity increases to a maximum at dcoo ~ 1.5 + 0.3 nm and
then decreases. Note that the hysteresis loops for dceo < 3.0 nm (Fig. 1a-
c) have asymmetric descending and ascending field branches. The
descending branch exhibits a sharp reversal for all but the thinnest CoO

dCOO =1.2-1.8nm

dCOO =1.8-2.4nm
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while the ascending branch has a rounded up-turn and a more gradual
approach toward saturation. This effect is most notable for dcy,o =
1.8-2.4 nm (Fig. 1b), similar to what was predicted by Mauri et al. [23]
for a domain wall introduced into the AF layer and indicative of irre-
versible events within the CoO.

Subsequently the sample was rotated by 90° so the applied field was
along the Fe [01 0] direction. Vector coil loops were measured along the
Fe [010] and [100] directions (Fig. 2 schematic). The Fe [010] di-
rection (Fig. 2, solid circles) shows a gradual evolution into a hard axis
type loop at a CoO thickness of 2.7 + 0.3 nm. For the thinnest CoO
samples (Fig. 2a-b) the loops exhibit a single step reversal. However, for
larger CoO thicknesses the hysteresis loop evolves into two sub-loops
(Fig. 2¢-d); above dcoo = 2.4 nm (Fig. 2e) the hysteresis is largely sup-
pressed, indicating mostly reversible magnetization switching.

The Fe transverse magnetization along the [100] direction (Fig. 2,
open circles) initially follows a multiple domain reversal mode at dcoo =
0-0.6 nm (panel a), with opposite peaks along descending and ascending
field branches whose magnitudes are well below the saturation
magnetization. At dcoo = 0.6-1.2 nm (Fig. 2b), the transverse peaks shift
to the same side, due to the exchange bias breaking the rotational
symmetry of the sample and the moments preferentially rotate in the
exchange bias direction. However, the rotation is not fully coherent as
evidenced by the lack of saturation along Fe [100]. Interestingly, this
effect emerges just as the exchange bias is being established. For dcoo =
1.2-2.4 nm (Fig. 2c-d) the transverse magnetization is saturated in the
Fe [100] direction, indicating a coherent rotation of the Fe into the field
cooling direction, yet hysteresis remains. This suggests that the mag-
netocrystalline cubic Fe [110] energy barrier makes the Fe [010] and

Fe [01 0] directions metastable states. At dcoo > 2.4 nm the hysteresis in
the Fe transverse magnetization largely vanishes (Fig. 2e, open circles),
corresponding to the exchange field overcoming the magnetocrystalline
Fe [110] energy barrier, leaving only the Fe [100] as a stable energy
minima.

dCOO =2.4-3.0nm
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Fig. 1. Longitudinal hysteresis loops of Fe(10 nm)/CoO(dc.0) films with different CoO thickness measured along the Fe [100], the field cooling axis, cooled and
measured at 80 K, as illustrated in the schematic. Loops for dco,o < 3.0 nm exhibit asymmetric character, with pronounced differences between the ascending and

descending-field branches.
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dCOO =0-0.6nm

dcoo =0.6-1.2nm
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dCOO =1.2-1.8nm
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Fig. 2. Longitudinal (solid circles) and transverse (open circles) hysteresis loops of Fe(10 nm)/CoO(dc.0) films with different CoO thickness measured at 80 K.
Schematic shows the experimental geometry, with the measurement field applied along the Fe [01 0] direction, field cooling performed along the Fe [100] direction.

4.2. FORC analysis

To better understand details of the magnetization reversal, FORC
measurements were performed with the applied field along the Fe [100]
and [010] directions, while field cooling was always performed along
the Fe [100] direction, as shown in Fig. 3. Magnetization in the FORCs
was always measured parallel to the applied field. The FORC distribu-
tions map out irreversible switching events within the sample with the
peak of the feature at the dominant loop characteristic [41,53]. Note
that the center of the FORC features corresponds to most prominent
distributions of the microscopic bias field and local coercivity, which are
often correlated with, but not necessarily the same as those from the
major hysteresis loop. The FORC distributions clearly show the previ-
ously seen trends in both bias and coercivity. Furthermore, the extents of
the distributions reveal more detail about the behavior of the samples.

As expected, the sample with no CoO (i.e., just the Fe film) exhibits
very sharp FORC distributions with low coercivity and zero bias, and no
difference between measurement directions (Fig. 3a-b). For the smallest
amount of CoO deposited (0-0.6 nm) (Fig. 3c-d) the FORC distribution is
centered on (H¢ = 60 Oe, Hg = 0 Oe), with the feature spread out along
the coercivity axis. This shows that ~ 1.5 monolayer of CoO is enough to
hinder the reversal of the Fe film, yet not enough to establish bias or to
break the four-fold symmetry of the Fe film.

At a thickness of dgoo = 0.6-1.2 nm, the FORC distribution measured
along the Fe [100] direction (Fig. 3e) shifts to a yet higher coercivity
and finite bias, centered at (H¢ = 130 Oe, Hg = -10 Oe). The distribution
measured along the Fe [010] direction (Fig. 3f, arrow) shows the
development of “tails” off the main feature extending in the bias direc-
tion. This occurs as the vector coil loops show the four-fold symmetry of
the Fe being broken by the exchange field induced by the CoO along the
field cooling direction (Fig. 2b), causing the Fe to preferentially reverse
through the Fe [100] direction.

For dgoo = 1.2-1.8 nm a drastic change in the reversal behavior is
observed as two separate FORC features are observed. The Fe [100]
FORC distribution exhibits a larger spread in coercivity of the main
feature (H¢ = 150 Oe, Hg = -100 Oe), than any other samples (Fig. 3g).
The spread of the main feature along the bias direction also increases
significantly. There is a second, lower intensity peak at smaller bias and

larger coercivity (H¢ = 225 Oe, Hg = -35 Oe) (Fig. 3g, dashed circle),
showing two distinct phases coexist within the sample at this thickness
range. The placement and spread of these features provide interesting
insight into the transition from rotatable to pinned CoO moments. The
coexistence of a high bias, low coercivity phase alongside a high coercivity,
low bias phase strongly suggests the transition from mostly rotatable CoO
moments that lead to the high coercivity phase to frozen CoO moments
pinning a large bias, lower coercivity phase. At this thickness the vector coil
loops show the Fe film coherently rotating into the Fe [100] direction
during reversal (Fig. 2¢), confirming the existence of pinned CoO mo-
ments. The FORC distribution along the Fe [010] direction (Fig. 3h)
shows the feature split into three distinct peaks, a pair at Hc = 150 Oe,
roughly symmetric about the H¢ axis, and a third peak at (H¢ = 280 Oe,
Hg ~ 0 Oe). The observations of these peaks are due to the existence of
three local energy minima of the magnetization, corresponding to the
crystalline states of Fe [010], Fe [100], and Fe [0 T 0]. They arise
because the CoO exchange energy is not strong enough to overcome the
in-plane crystalline energy barriers as corroborated by the aforemen-
tioned vector coil measurements.

When the CoO thickness reaches 1.8-2.4 nm the Fe [100] FORC
distribution is centered at (Hc = 135 Oe, Hg= — 145 Oe) (Fig. 3i),
showing an even higher bias value. The FORC feature has smaller spread
than the 1.2-1.8 nm CoO sample, indicating tighter variations of ex-
change energy across the width of the sample as well as the feature
coalescing into the single high bias phase. The vector coils and the Fe
[010] FORC (Fig. 3j) show qualitatively similar features to the previous
sample with the same physical interpretations. The separation between
the peaks in the vector coil Fe [010] peaks is smaller than previous
measurements on thinner CoO samples and the peak separation of the
low coercivity features in the Fe [010] FORC distribution are larger
(Fig. 3j, dashed circle). The low coercivity peaks in the Fe [01 0] FORC
arise as a consequence of the applied field required to overcome the
crystalline and exchange induced energy barrier. Consequently, the
larger the spread between the low coercivity peaks, the larger the ex-
change field, as the crystalline energy barrier can be considered con-
stant. The high coercivity peak (Fig. 3j, arrow) in the Fe [010]
distribution arises from the existence of multiple stable magnetization
states at H = 0.
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Fig. 3. FORC distributions measured at 80 K are shown with cooling field along the Fe [100] direction for applied field along the Fe [100] and Fe [01 0] directions.
Fe [100] FORC distributions show the evolution of bias and coercivity as a function of dcoo. Fe [010] FORCs show the evolution of the exchange anisotropy versus

the crystalline anisotropy.

For dcoo = 2.4-3.0 nm the Fe [100] FORC distribution is shifted to
(Hc =110 Oe, Hg = -170 Oe) (Fig. 3k) and its spread shrinks, indicating
only slight variation in exchange bias across the sample and revealing a
weak thickness dependence. In the corresponding Fe [010] FORC dia-
gram (Fig. 31) the high coercivity feature disappears due to the fact that
there is only one zero applied field stable magnetization state. In other
words, the exchange field can now overcome the crystalline energy
barriers and there is no longer hysteresis at zero applied field. Likewise,
there is no longer significant hysteresis in the vector coil loops with field
along the Fe [010] direction (Fig. 2e).

At a CoO thickness of greater than 3.0 nm the FORC distributions are
very similar. The Fe [100] FORC distribution (Fig. 3m) shows a very
narrow feature centered at (Hc = 100 Oe, Hg = -160 Oe) for dcoo =
3.0-3.6 nm. Likewise, only two low coercivity features are observed in
the corresponding Fe [010] FORC distribution (Fig. 3n). These features
are consistent for all CoO thickness larger than 3.0 nm, the only differ-
ence being the evolution of the FORC features towards smaller absolute
values of both the coercivity and bias.

When considering the meaning of FORC distributions one must take
into account both the peak position and the spread of the features to
obtain a full picture of the reversal. The spread in the FORC features
arises from a convolution of independent regions exhibiting different
local coercivities, interactions within the CoO/Fe film, and irreversible
changes within the CoO. Fig. 4 shows the evolution of the Fe [100]
FORC distributions, integrated along the bias (solid circles) and coer-
civity (solid squares) axes and the peak positions in H¢ and Hp are
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© 150 150 ©
e S
= 1251 L-125
o I .0
= 100+ -100 =
7 )
o (o]
o 751 —m—H¢ Peak Posiotion] [-75 O
< —O—Hg HWHM =<
© i c - (4]
DG_) 50 —@—Hg Peak Posiotion] | 50 g

- 25 —O—Hg HWHM [ o5 &
T - I

0 -0

d
Fig. 4. Evolution of the FORC distribution in Hc and Hp (solid symbols) and the
half-width-at-half-maximum (HWHM) of each integrated FORC distribution
(open symbols) as a function of d¢oo. The HWHMS for the features are maximal

just below the thickness where frozen CoO spins are observed and are indicative
of irreversible switching events within the CoO.

3 4
CoO (nm)



P.K. Greene et al.

plotted along with the half-width-at-half-maximum (HWHM) (Fig. 4,
open symbols) of the integrated feature.

Starting from the left of Fig. 4 at dcoo = O the feature exhibits very
low coercivity and a very small HWHM in both the Hg and H¢ directions.
This provides a reference for a stand-alone Fe layer that switches rather
uniformly and abruptly. When a 0-0.6 nm layer of CoO is added to the
sample, the coercivity and spread in both Hg and H¢ increase. This in-
dicates that the CoO interfacial moments are impeding the domain wall
motion, likely by causing local pinning fields. Yet, the CoO moments are
still fully rotatable even with more than a full monolayer of CoO. As the
CoO thickness increases to dgo,o = 0.6-1.2 nm, the first measurable bias
is observed, the coercivity increases substantially, and the spread of the
FORC feature along the coercivity axis is maximal. The small bias and
relatively small spread of the FORC feature in the bias direction indicate
that most of the sample has no pinned CoO moments, or the anisotropy
in CoO is too weak to provide sufficient pinning [54]. The bias is most
likely due to the thickest edge of the sample at dcoo = 1.2 nm, supported
by the facts that the sample is only partially reversing via the field
cooling direction as an intermediate state (Fig. 2b, open circles) and the
similarities between the FORCs performed along the Fe [100] and Fe
[010] directions (Fig. 3e-f). However, the very large coercivity and
large spread in the coercivity indicates a rapid change in the interaction
strengths within this thickness range. While the CoO moments are nearly
completely free to rotate, there is a rapid increase in the CoO anisotropy
with thickness, thereby stabilizing the underlying Fe film against the
external field [52].

For dcoo > 1.2 nm the samples start to exhibit a new reversal pattern.
The rapid onset of bias is observed along with a maximum spread in the
bias projection of the FORC feature. For the first time in this series, no
part of the FORC feature extends over the coercivity axis (along Hg = 0)
in the FORC diagram, indicating all portions of the film experience a bias

dcoo = 0.6-1.2nm
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field. The spread of the FORC feature in the bias direction is maximal for
the dcoo = 1.2-1.8 nm sample, showing a very rapid change in exchange
field as a function of d¢op. This indicates a change in behavior from fully
rotatable CoO to higher anisotropy CoO spins. We also note that the Fe
[100] hysteresis loop (Fig. 1a) shows an asymmetry between the
descending and ascending branches suggesting irreversible switching
inside the CoO [21,23]. Both the hysteresis in the Fe [01 0] vector coil
loops (Fig. 2c-d, open circles) and the existence of three separate fea-
tures in the Fe [010] FORC distribution (Fig. 3h) indicate the existence
of metastable magnetization states along the Fe [010] and [0 1 0]
crystalline directions, and a stable state along the Fe [100] direction.
This shows the CoO anisotropy is not large enough to overcome the
crystalline energy barriers between these states. These metastable states
persist until a CoO thickness of dgoo = 2.4 nm. This behavior suggests
the existence of irreversible switching within the CoO, e.g. a winding-up
of a partial domain wall in the AF as suggested by a number of exchange
bias models [23,27] and experiments [24-26].

Fig. 5 shows the family of Fe [100] FORCs as well as the longitudinal
hysteresis loops along the Fe [100] and [01 0] directions. The Fe [100]
hysteresis loops (Fig. 5, circles) do not delineate the outer boundary, or
“envelope” of the family of FORCs (Fig. 5, lines) as is expected [53],
except for the dcop > 2.4 nm sample (Fig. 5d). A difference between the
hysteresis loop and the outer boundary of the FORCs can only occur if
the sample is changing states between each reversal curve. In other
words, this difference is directly caused by the irreversible switching
events occurring within the CoO during the FORC measurement. This
change is most evident for dcoo = 1.2-1.8 nm (Fig. 5b) in the hysteresis
loops measured both prior to and after the FORC measurement pro-
cedure. The post-FORC loop is remarkably different from the pre-FORC
loop. The post-FORC hysteresis loop is much closer in character to the Fe
[010] loop, indicating a massive reorientation of the CoO anisotropy

dcoo = 1.2-1.8nm
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Fig. 5. Selected families of FORCs along with longitudinal hysteresis loops. The outer boundary of the FORCs are significantly different from the pre-FORC hysteresis
loops for dceo < 2.4 nm. At dgoo = 1.2-1.8 nm the post-FORC hysteresis loop shows nearly zero bias and is very similar to the Fe [010] loop.
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directions. This observation is analogous to the training effect well
documented in exchange biased systems, where typically the AF layer
has sufficient anisotropy to establish exchange bias, yet the field cycling
is able to modify the AF domains or interfacial pinned AF spins [55-57].
Here the rotatable CoO spins with insufficient anisotropy in the ultrathin
layers are responsible for the evolution of hysteresis loops, pointing to a
more generic origin of the training effect.

The reorientation during the measurement process manifests itself as
a broadening of the FORC features as seen in Fig. 4. The FORC procedure
is known to access higher spin disordered states, even in the absence of
exchange bias, than the major loop [58]. For the dcoo < 1.2 nm samples
the effect is much smaller due to the very low anisotropy of the CoO for
these thicknesses. Therefore, the FORC distributions shown in Figs. 3-4
correlate well with the major loop magnetometry results shown in
Figs. 1-2, even for the CoO thicknesses much thinner than the critical
thickness (2.2 nm) where the frozen spins are detectable experimentally
[14]. These results reveal details of the magnetization reversal of Fe,
suggesting that the irreversible switching events and the rotatable and
pinned CoO spins may both contribute to the dco,o dependence of ex-
change bias and coercivity.

4.3. Monte Carlo results

In the experiments, the hysteresis loops measured at 80 K with the
field applied along the Fe [010] direction (Fig. 2) have probed the
magnetocrystalline cubic Fe [110] energy barrier by analyzing the
transverse component of the magnetization. However, exchange bias
and coercivity enhancement should be attributed to the stronger energy
barriers induced by large uniaxial magnetocrystalline anisotropy of the
AF CoO. The anisotropy energy barrier affects individual spins and de-
termines the spin rigidity, even though these spins are insufficient to
form a complete domain. It is conceivable that the exchange bias and
coercivity behaviors at the thin AF layer thicknesses may be linked with
the energy barriers. Therefore, in the simulations, the energy barriers
induced in the AF layer are considered as well. For an AF spin i, the
energy shown in Eq. (4)-(5) can be rewritten in a Stoner-Wohlfarth form,

Eari = — Kf(Sf)z - Si'(5JAFZSj +JiE Zsk + gugH). (6)

JEAF kEFM
Divided by K7, it obtains

— (S5)’ —28;h, @
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\
c 180 0
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where
8Ixr 32 8;+ e 3 Si+ gugH
h _ JEAF ZléfFM (8)

The energy barrier is an energy saddle point, which can be calculated
by setting the first-order partial derivatives of eap; with respect to the
spin polar (o) and azimuthal (p) angles to zero. Moreover, there exists a
critical value (h¢) of h to determine whether the energy barrier exists.
Fig. 6a illustrates the dependence of h¢ on the angle 6 between h and
easy axis (+x). The values of 0 can be obtained analytically by solving a
quartic equation transformed from h¢ [59]. Once 6 is determined, the
energy curved surface of eapi(a,f) is depicted and thus the value of en-
ergy barrier is calculated, e.g. a two-dimensional result of e5p; with f for
a given 0 is shown in Fig. 6b, where the energy barrier is also indicated.
Based on the Néel-Arrhenius relaxation theory, the energy barrier con-
trols the mean time between two spin flips. Hence it is acceptable that
the energy barrier influences the Boltzmann flipping probability in the
framework of Monte Carlo simulation [60,61].

Fig. 7 shows the main simulation results of FM hysteresis loops,
energy densities, energy barrier densities, and AF spin reversal fractions
at the FM/AF interface for small and large AF thicknesses. Note that the
spin reversal is defined when the spin rotates over its hard axis under a
given magnetic field and that the fraction of spin reversal is quantified
by pr = N/N where N is the total spin number and N, is the number of
the spins that have reversed at the descending (ascending) field branch
starting from H ; nax (H.max). As shown in Fig. 7a, compared with a single
FM layer, a wider hysteresis loop is observed in a FM/AF bilayer with a
thin AF layer, and a shift of hysteresis loop towards the negative field
direction in a FM/AF bilayer with a thick AF layer, respectively. That is,
an enhanced H¢ and a negligible Hp are obtained for a thin AF layer
similar to the experimental observation for dcoo < 1.2 nm. With the
increase of the AF layer thickness, Hp appears and increases rapidly
while H¢ decreases, corresponding to the experimental findings for 1.8
nm < dgeo < 3.6 nm. The AF magnetic energy at the FM/AF interface
exhibits a symmetric butterfly-like pattern for the thin AF layer (Fig. 7b),
indicative of the existence of a uniaxial symmetry instead of a unidi-
rectional one. Moreover, the energy barrier is reversible under high
magnetic field (Fig. 7c), in agreement with the discussion by Suess et al.
[62]. The energy barrier is nonlinear with magnetic field due to complex
incoherent AF magnetization reversals at the FM/AF interface, and the
reversibility indicates that the AF layer with such small thicknesses is

15F9=57.3° h 1
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0.0f ' ‘
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Fig. 6. (a) Normalized critical effective field as a function of the angle (8) between the effective field and the easy axis in the + x direction. (b) Spin energy as a
function of the spin azimuthal angle (8) under different normalized effective fields with 8 = 57.3°, where the spin energy involves a magnetocrystalline anisotropy
energy of an individual spin, and exchange and Zeeman energies of this spin coupled with its nearest neighbors and an external magnetic field, and the spin azimuthal
angle is between the projection of the spin in the xy plane and the + x axis. A schematic illustration of the directions of easy axis, effective field and spin is also shown

in (a).
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Fig. 7. (a) Calculated FM hysteresis loops without the AF layer (0 ML AF) or in the FM/AF bilayers with one-monolayer (1 ML)/seven-monolayer (7 ML) AF layer
thickness at low temperature. (b-d) AF energy density (¢), AF energy barrier density (¢2), and fraction of rotatable AF spin (p;) at the FM/AF interface as a function of
applied field. Here the energy density is the energy per AF spin at the FM/AF interface obtained from the simulation, the energy barrier density is the secondary
maximum value of the 4n-space energy per AF spin at the FM/AF interface calculated analytically, and the fraction p, is the result of the number of rotatable AF spins
divided by the total number of AF spins at the FM/AF interface. Red circles and blue triangles denote the results obtained in the FM/AF bilayers with one-monolayer
(1 ML) and seven-monolayer (7 ML) AF layer thicknesses, respectively. Solid and dashed arrows point out the magnetizing directions at the descending (solid

symbols) and ascending (open symbols) field branches.

not enough to establish the bias via interfacial coupling [52]. The
insufficient pinning provided by the thin AF layer is clearly illustrated in
Fig. 7d. Over 80% of the AF spins at the FM/AF interface are rotatable
under strong magnetic fields, which are stronger than the intrinsic co-
ercive field of the FM layer. Therefore, H¢ increases due to magnetic
field and interfacial coupling dragging the AF spins to rotate with the FM
[63].

With the increase of the AF layer thickness, the AF anisotropy and
exchange interaction are both enhanced. For a large AF layer thickness,
the intrinsic anisotropy field may exceed the applied field to stabilize an
uncompensated AF interface layer and thus breaks the uniaxial sym-
metry of the energy with magnetic field (Fig. 7b). At low temperature,
the energy barrier is dependent on magnetic field direction, i.e. it is
lower when the magnetic field is positive. With the decrease of the
magnetic field, the energy barrier is reduced. Interestingly, the FM
magnetization reversal occurs only when the AF anisotropy energy
barrier is reduced to smaller than zero, and the FM magnetization
reversal induces a sudden drop of the energy barrier. However, it fails to
predict the FM magnetization reversal from the energy barrier value
explicitly. In addition, with the decrease of the magnetic field in the
positive direction, the AF spin reversal occurs at the FM/AF interface
due to AF exchange interaction, not magnetic field. The reconstruction
of the AF spin configuration at the FM/AF interface decreases the net AF
magnetization and the AF anisotropy energy barrier, favoring the FM
magnetization reversal to occur under a smaller magnetic field. When
the magnetic field begins to decrease in the negative direction, the AF
layer keeps higher energy and energy barrier. The high energy indicates
the existence of a large net positive magnetization, and the high energy

barrier impedes the AF spin reversal. Therefore, the FM magnetization
reversal is favored under a much smaller magnetic field, leading to a
large shift of the hysteresis loop towards the negative field direction. As
shown in Fig. 7d, the total number of the spins that have reversed are
converging for the descending and ascending field branches, indicating
that the fractions of the rotatable and pinned spins are determined by
the AF layer thickness only. However, different energies and energy
barriers for the two field sweep branches cause the spin reversals to
occur under different magnetic fields and thus giving rise to exchange
bias. Therefore, the simulation results demonstrate that, for the thin AF
layer, the anisotropy energy barrier is high enough to stabilize the AF
spins under weak fields, while they may be overcome by strong fields.
The rotatable spins contributing to the coercivity enhancement originate
from the magnetic field rather than incomplete AF domains. That is, the
phenomenon of a large H¢ associated with a small Hp for the small d¢oo
originates from many rotatable spins at the CoO interface that are
mainly driven by the magnetic field. When the AF layer thickness in-
creases, the AF anisotropy energy is enhanced and some AF spins may be
trapped in one of the easy-axis directions by high anisotropy energy
barriers during FM magnetization reversal, and the symmetries of the
FM spin reversals at the two field sweep branches are broken due to FM/
AF interfacial coupling. Therefore, the pronounced Hp and the reduced
Hg¢ for the large dcoo are dynamically formed and attributed to the AF
spins at the FM/AF interface that are frozen in a preferred direction by
high anisotropy.
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5. Summary

We have investigated the onset of exchange bias and coercivity
enhancement in epitaxial CoO/Fe/MgO(100) films with ultrathin AF
thickness, even before frozen CoO spins are detected. Vector magne-
tometry and FORC studies reveal different CoO thickness dependence of
the exchange bias and coercivity enhancement. Interestingly, coexis-
tence of a high coercivity, low bias phase and a high bias, low coercivity
phase is revealed as the magnetization reversal evolves from being
influenced by rotatable CoO moments to frozen CoO moments. The AF
domain state is found to be metastable, which can be reoriented by
external and exchange fields prior to the appearance of frozen spins. This
is manifested in the evolution of FORC distributions, both the peak
positions and the extent of the distributions, and the massive training-
type effect seen before and after the FORC measurement. Simulations
by means of a modified Monte Carlo method also agree well with these
experimental observations, and show that the AF anisotropy energy
barrier and the rotatable spins induced by magnetic field and exchange
interaction at the interface are responsible for the observed effects.
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