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a b s t r a c t

We explore the effect of interfacial disorder on exchange bias properties of a soft ferromagnet with a
negligible intrinsic anisotropy exchange coupled to a hard amorphous magnet with a random magnetic
anisotropy, based on an extensive Monte Carlo simulation. The interfacial disorder is introduced by using
a '7 J’' model. As compared to the conventionally crystalline ferromagnet/antiferromagnet bilayers,
pronounced values and sign inversion in the exchange field are obtained at low temperature after cooling
even under a weak field. However, the coercivity in the amorphous system not only shows smaller va-
lues, but also exhibits an opposite trend. Different from the ordered crystalline systems, the intrinsic
properties of the Harris–Plischke–Zuckermann Hamiltonian rather than the domain structure determine
the coercive fields and the shapes of hysteresis loops with different temperatures and cooling fields in
the randommagnetic anisotropy model, and hence the exchange bias. This theoretical work opens a new
avenue for magnetism of the exchange bias and for its applications.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Giant magnetoresistance (GMR) devices are widely used in
read heads of ultrahigh density magnetic recording systems and
magnetic sensors [1]. Generally, they comprise a magnetic re-
ference layer and a free magnetic layer, and the direction of
magnetization in the reference layer is required to keep constant
within the field range being measured ideally. This can be
achieved by attaching an antiferromagnet (AFM) to generate an
exchange bias (EB) effect [2]. The EB coupling, characterized by a
hysteresis loop shifted away from the origin by the amount termed
the exchange field (HE), is very complex, and many questions on
the microscopic mechanism of the phenomenon are still open [3].
On the other hand, some recent studies have supported the ar-
gument that EB is not necessarily due to the presence of an AFM
phase [4–7]. For instance, high values of HE have been induced in
amorphous rare-earth-transition metals (RE-TM) experimentally
[8,9]. However, what has happened to the amorphous magnet
(AM) and what is the nature of the amorphous interface are still
controversial issues.

In this paper, an extremely soft ferromagnet (FM) without any
intrinsic anisotropy is used as a pinned layer, while the pinning
layer is either an AM with a randommagnetic anisotropy (RMA) or
an AFM for comparison. Meanwhile, we assume that competing

FM/AFM interfacial couplings exist at the FM/AM or FM/AFM in-
terface, and their proportion is allowed to vary to study their
special role in establishing EB.

2. Model and Monte Carlo simulation

Four FM monolayers are considered to be exchange coupled to
an AM or AFM layer with the same thickness, forming a bilayer
structure. Its lateral size is 100 100× and in the film plane the
periodic boundary conditions are used to eliminate the finite-size
effect. At the atomic level, the planar system can be represented by
a simple cubic lattice. In the presence of an external magnetic field
(H), the Hamiltonian can be described as
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where Si denotes the atomic spin at site i and ei denotes the unit
vector in the direction of the easy axis at site i. Remarkably, the
first line in Eq. (1) gives the energy of the soft FM layer which
consists of the nearest-neighbor exchange energy and the Zeeman
energy. The FM exchange coupling constant J 1FM = , serving as an
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energy unit to normalize other parameters, and H is applied
perpendicular to the film plane. Therefore, the intrinsic magnetic
parameters including exchange (J) and anisotropy (K) constants
are in units of JFM, while the extrinsic ones H in units of JFM/gμB,
temperature (T) in units of JFM/kB. Next, the energy contribution of
the hard AM or AFM layer is listed in the second line of Eq. (1).
Besides the nearest-neighbor exchange and Zeeman energies, a
uniaxial magnetocrystalline anisotropy energy term is included. If
the hard magnet is AM, the RMA model of Harris, Plischke, and
Zuckermann (HPZ) is used [10], where its exchange coupling
constant is J J JA AM FM= = , anisotropy constant K K J10A AM FM= = ,
and ei a random unit vector. Otherwise, for the AFM phase,
J J JA AF FM= = − , K K J10A AF FM= = , and ei perpendicular to the film
plane. Finally, the interfacial exchange energy between the FM and
AM (or AFM) layers with the absolute value of exchange coupling
constant J JIF FM= is considered, and in order to highlight the
disorder and defect of the frustrated interface, the coexistence of
FM and AFM interfacial couplings is postulated [11]. To quantify
such a disorder at the interface we define p as the fraction of AFM
interfacial coupling and thus the fraction of the FM one is p1 − .

The standard Metropolis algorithm with local dynamics is used
to calculate the orientation of spins in metastable states re-
sponsible for hysteresis [12]. For spin updates in every Monte Carlo
step (MCS), the new spin vector direction is adjusted randomly
only in a confined range, and the angular deviation amplitudes for
polar and azimuthal angles are /12δθ π= and /6δφ π= , causing a
constrained acceptance rate. In the simulation, the bilayers in
which the FM spins are aligning perpendicular to the film plane
while the AM or AFM ones are randomly oriented are cooled from
a temperature T J k2 /0 FM B= , which is higher than the magnetic
transition temperatures of the pinning layers, to a desired T in a
constant step of T J k0.1 /FM Bδ = , under a given magnetic field, so-
called cooling field (HFC). Then, at the T, the hysteresis loop is re-
corded by cycling H from 3JFM/gμB to J g3.0 /FM Bμ− in a constant step

of H J g0.02 /FM Bδ μ= . At every step of T and H, 5 103× MCSs per spin
are performed to equilibrate the system, succeeded by a run of
5 103× MCSs per spin for averaging the magnetization. The sweep
rate is slow enough to guarantee the quasiequilibrium state, and
the final magnetization is configurationally averaged over ten in-
dependent realizations of the initial spin configurations and sets of
the unit vectors of the easy axes in the AM or AFM layer to reduce
the statistical errors [13–15].

3. Results and discussion

Fig. 1 shows the results of HE and coercivity (HC) of the bilayers
with an AM or AFM layer at low T after cooling under different HFC.
Their quantities are calculated through H H H /2E R L( )= + and
H H H /2C R L( )= − , where HL and HR denote the coercive fields at the
decreasing and increasing branches of FM hysteresis loops. As for
the FM/AM bilayers, HE is negative and its value decreases with
increasing p when p is smaller than 50%. In addition, HFC has a
weak effect on HE in this p range. With further increasing p from
50% to 100%, the role of HFC on the HE�p behavior becomes sig-
nificant, that is, under weak HFCHE may be still negative and its
value may turn to increase, while under stronger HFCHE may
change its sign and its value may continue increasing. On the other
hand, HC of the FM/AM bilayers with p 50%= approximately is
slightly higher than those with other p, and the stronger HFC may
generate a larger HC only in the p range from 50% to 100%. As for
the FM/AFM bilayers, the stronger HFC, is the larger HE at p 0= .
However, with increasing p, HE exhibits an oscillatory behavior
around 0, while HC forms an obvious and symmetrical valley shape
with a larger value in comparison to the FM/AM bilayers.

From the HE results of the FM/AM bilayers, two interesting
phenomena are worthwhile to be studied further: (a) pronounced
hysteresis loop shift and (b) positive EB. Actually, the positive EB is
not new for AFM-based systems [16,17]. However, positive shifts
can be observed with large positive HFC while small positive HFC

only yield negative shifts as usual, in contradiction to the findings
from the FM/AM bilayers in this paper. Furthermore, in the AFM-
based systems, the EB effect is related to the uncompensated AFM
spins at the interface, which are created during the field-cooling
process [18]. It is reminiscent of the weak HFC that is incompetent
to induce a pronounced EB at low T since the number of un-
compensated spins at the interface is very small, also opposite to
the observations in the FM/AM bilayers. In order to interpret the
phenomena observed here and demonstrate their origins, the
coercive field behaviors versus p in the two kinds of bilayers and
the net magnetization in the AM layer (MIF) at different p are
presented in Fig. 2, respectively.

In the FM/AM bilayers, similar to the FM/AFM bilayers, a po-
sitive MIF exists at low T after field-cooling. However, different
from the completely frozen configurations in the FM/AFM bilayers
(the results are not shown here), the low-T configurations in the
FM/AM bilayers are rearranged constantly especially during the
FM magnetization reversal due to the RMA nature in the AM layer.

Fig. 1. (a) HE and (b) HC as functions of p in the bilayers with an AM (solid symbols
and lines) or AFM (open symbols and dotted lines) layer at T J k0.1 /FM B= after
cooling under different fields.
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