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Abstract

Positive exchange bias (PEB) is a remarkable phenomenon, which was recently observed experimentally. Normal (negative)
exchange bias (NEB) was discovered more than 40 years ago. Its signature is the shift of the hysteresis loop along the applied
field axis byHE , 0; in systems where a ferromagnet (FM) is in close contact with an antiferromagnet (AFM). This occurs after
the system is cooled below the Ne´el temperature in an external fieldHcf of a few kOe. AsHcf is substantially increasedHE adopts
positive values. Here we explain this rather unexpected behavior on the basis of an incomplete domain wall model that develops
in the FM, for Fe/FeF2 and Fe/MnF2 systems. A consistent and unified picture of both NEB and PEB, and satisfactory
quantitative agreement with experimental results are obtained on the basis of our theory.q 2000 Published by Elsevier Science
Ltd.
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1. Introduction

Exchange bias (EB) is a phenomenon that occurs in
systems where a ferromagnet (FM) is in atomic contact
with an antiferromagnet (AFM). When a sample with a
FM/AFM interface is cooled below the Ne´el temperature
TN (assuming that the FM Curie temperature is larger than
TN) in a static external magnetic fieldHcf, the center of the
FM magnetization loop (M versusH) shifts away fromH �
0: The magnitude of this shift is known as the exchange bias
field HE. Since the discovery of EB, by Meiklejohn and Bean
[1,2] more than 40 years ago, extensive efforts have been
devoted [3] to develop a full understanding of the phenom-
enon [1,2,4–9], because of its fundamental interest and the
important technological applications that it has. Among the
latter the most notable are the domain stabilization of
magnetoresistive heads [10] and “spin-valve”-based devices
[11].

The main feature of normal EB is the displacement of the
hysteresis loop to fields that point opposite to the applied
cooling field ~Hcf : This shift of the hysteresis loop in the
2 ~Hcf direction was invariably observed in weak field-
cooled samples, until in 1996 Nogue´s et al. [12] applied
strong cooling fields, to the same samples where normal
(or negative) exchange bias (NEB) had been measured in
weakHcf, and discovered positive exchange bias (PEB) in
Fe/FeF2 and Fe/MnF2 systems; i.e. a shift to the right of the
hysteresis loop�HE . 0�:

The discovery of PEB is an interesting and rather
unexpected phenomenon in itself, reflected in the fact that
it took no less than 40 years between the original discovery
[1,2] and the detection of PEB [12]. In addition, it also
constitutes an important clue to understand the mechanism
that governs EB in general. Theoretically PEB was investi-
gated for uncompensated interfaces, on the basis of a spin
wave model, by Hong [13] who generalized work on NEB
by Suhl and Schuller [14].

Most of the available EB models (more properly NEB
models) make different assumptions on the interface struc-
ture [15–17], and postulate a domain wall in the AFM
[1,2,4–9,18,19]. However, quite recently we put forward a
model based on an incomplete domain wall (IDW) in
the FM [20], in order to properly take into account new
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experimental information [21–26]. This model, which
received strong support by the results recently published
by Fitzsimmons et al. [27], assumes that the AFM interface
monolayer reconstructs, close to Ne´el temperatureTN, into
an almost rigid canted magnetic structure which freezes,
into a spin glass like configuration, as the AFM bulk orders.
Moreover, it remains frozen, in a metastable state, during
the cycling of the external magnetic field, when performed
for H , Hcf : The analytic formulation of our model was
outlined in Ref. [20] and some of its consequences explored
in Ref. [28]. In particular, the magnetization cycle was
obtained both by numerical simulation (simulated anneal-
ing) and by an analytic micromagnetic calculation which is
carried out solving a system of nonlinear equations. The
theory incorporates only one adjustable parameter: the
FM/AFM interface exchange coupling and yields values
of HE which are in excellent agreement with experiment
[20].

This paper is organized as follows. After the introduction
in Section 1 our model is presented and results are obtained
in Section 2, and the contribution is closed, with a brief
discussion of the main results, in Section 3.

2. Model and results

In this paper we present an IDW model for PEB that relies
on the same hypothesis outlined above [20], and which fits
quite well with most of the available experimental informa-
tion on PEB [12,24,25], with the same parameter values of
our previous work on NEB [20,28]. As our prototype
systems we have chosen Fe deposited on the (110) crystal
face of FeF2 and MnF2 [12]. They share a very small AFM/
DW width, (of the order of monolayers) and a well
characterized, controlled and simple FM/AFM interface

structure [3]. As in the experiment we assume that the
samples are cooled from 120 to 10 K, through the FeF2 or
MnF2 Néel temperature (TN < 79 K for FeF2 is very close to
the MnF2 value, which isTN < 72 K� in a cooling fieldHcf

parallel to the Fe slab surface and large enough to saturate it
[12]. In the absence of the Fe slab, or if the interfacial
interaction is negligible, the AFM layers order at, or very
close toTN the bulk transition temperature. But, the presence
of the Fe slab (which adopts a magnetization perpendicular
to AFM bulk easy axis [9,12,15–17]) acts on the AFM inter-
face monolayer, via the interface exchange constantJF/AF,
generating a canted spin interface configuration. In fact,
even forT . TN; the (110) interface AFM layer starts to
order in a canted configuration, as illustrated in Fig. 1a and
c, since the spins in this monolayer have a different magnetic
environment than the bulk spins. This precursor ordering
was observed experimentally by Go¨kemeijer et al. [29] in
EB systems where the Curie temperature of the FM is lower
than the ordering temperatureTN of the bulk AFM.

Our model is specified analytically by the following
Hamiltonian:

Ĥ � ĤAF 1 ĤF=AF 1 ĤF; �1�
whereĤAF; ĤF=AF andĤF describe the AFM substrate, inter-
face coupling and the FM slab, respectively. For the single
interface magnetic cell, illustrated in Fig. 1, they can be
written as

ĤAF � 2JAF�SêAF·�~S�a� 2 ~S�b��1 2~S�a�·~S�b��

2 1
2 KAF��~S�a�·êAF�2 1 �~S�b�·êAF�2�

2 1
2mBgAFM�~S�a� 1 ~S�b��·~H; �2�

ĤF=AF � 2JF=AF�~S�a� 1 ~S�b��·~S1; �3�

ĤF � 22JF

XN 2 1

k�1

~Sk·~Sk11 2
XN
k�1

KF

H2 �~Sk·~H�2 1 mBgFM
~Sk·~H

� �
:

�4�
AboveS� u~Su; whilemB andg denote the Bohr magneton

and the gyromagnetic ratios, respectively, and~H is the
external applied magnetic field. In Eq. (2) the unit vector
êAF defines the AFM uniaxial anisotropy direction,~S�a� and
~S�b� are canted spin vectors in the AFM interface, belonging
to thea andb AFM sub-lattices. The vectors~Sk are the
classical spin vectors of thek-th FM layer, withk � 1 denot-
ing the FM interface�1 # k # N�: We have adopted the
value N � 65 for the number of FM layers (which corre-
sponds to an Fe slab width of< 13 nm).

As already discussed above, in the expression forĤAF we
assume that spin canting in the AFM is significant only in
the interface monolayer [20]. However, in Eq. (4) we allow
the FM spins~Sk to rotate in each of the 1# k # N layers of
the Fe slab, parallel to the each other and to the interface.

In Fig. 1 we display the interface spin configuration of the
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Fig. 1. Spin configuration of the AFM interface monolayer and both
the two FM and the two AFM monolayers closest to the interface,
after it is field-cooled throughTN. The canting angleu c is measured
relative to the cooling field~Hcf ; applied parallel to the� �110� AFM
crystal direction: (a) corresponds to weak; (b) to the critical; and (c)
to strongu ~Hcf u values.



system, after it is field-cooled throughTN, for three different
values ofHcf. Fig. 1a corresponds to low fields, such that the
interfacial exchange energy is larger than the Zeeman
energy; on the contrary, in Fig. 1c the Zeeman energy is
dominant. Fig. 1b illustrates the configuration that corre-
sponds to the criticalHcf value, when a crossover from
one regime to the other does occur. In each of these three
cases the FM slab magnetization is fully saturated. On the
other hand, the AFM spins are fixed, except those at the
interface monolayer [20]. Therefore, the only energy
difference is due to changes of interface configuration.
From Eq. (1), and using the definitions given in Eqs. (2)–
(4), we obtain

E � 2uJAFu cos�2u�1 cos u 1
p

2

� �� �
2 KAF cos2 u 2

p

2

� �
1 �2uJF=AFu 2 mBgAFMHcf�cosu; (5)

whereE is the energy per spin (constant terms have been
omitted). Due to symmetry considerations, we assume that
u � u�a� � 2u�b�; where u (a ) (u (b )) is the angle between
~S�a��~S�b�� and the cooling field~Hcf ; which is taken as the
reference direction. The values we adopt for the Fe/FeF2

parameters in Eq. (5) areJF=AF � JAF � 21:2 meV; KAF �
2:5 meV=spin; while for Fe/MnF2 they areJF=AF � 20:35;
JAF � 21:3 meV andKAF � 0:35 meV=spin; exactly as in
Ref. [28].

To obtain the energy minimum we set equal to zero the
derivative of Eq. (5), which reads

2E
2u
� �KAF 2 4uJAFu�sin 2u 2 2uJAFucosu

2 �2uJF=AFu 2 mBgAFMHcf�sinu � 0: �6�
Eq. (6) embodies the qualitative explanation of the cross-

over from NEB to PEB. For low cooling fields�Hcf ,
2uJF=AF u=mBgAFM�; the energyE is minimum for u � uc .
p=2; whereu c is the canting angle of the AFM interface
monolayer measured relative to~Hcf (Fig. 1a). As outlined
in Ref. [20] this configuration accounts for NEB. But, when
the sample is cooled in high fields�Hcf . 2uJF=AFu=mBgAFM�;
the minimum of E shifts to u � uc , p=2; as shown in
Fig. 1c. This implies a frustrated configuration of the FM
spins relative to the AFM interface, which is due to the large
Zeeman energy that tends to align the AFM spins in the
external field� ~H� direction. Thus, asu ~Hu is lowered during
the measurement of the hysteresis loop, frustration is
relieved through the rotation of the FM spins beforeH �
0 is reached. This explains the onset of PEB. Finally,Hcf �
2uJF=AFu=mBgAFM implies uc � p=2; such that the spin con-
figurations on theH . 0 andH , 0 sides of the hysteresis
loop are mirror images of each other (Fig. 1b). The absence
of a symmetry breaking mechanism, which occurs at this
critical Hcf value, implies the quenching of EB.

Experiments exhibit a quite complex dependence of the
magnitude ofHE on interface roughness [12,24]. Nogue´s

et al. [12] relate high growth temperatures with increased
interface roughness and observe that low temperature grown
samples have smoother interfaces. While in Fe/FeF2 the
maximum value of uHEu increases with roughness the
opposite occurs for Fe/MnF2. This fact also implies that
several different values for the criticalHcf are obtained
depending, mainly, on the growth temperature of the
sample. For example, the criticalHcf value of Fe/FeF2
grown at 3008C is close to 10 kOe, but when the growth
temperature is lowered to 2008C PEB is not achieved for
fields as high as 70 kOe.

Our model applies toideal flat interfaces. Consequently,
we compare our estimates with the results obtained for the
most perfect (smoothest) interfaces experimentally reported.
We estimateHcf using Eq. (4), which allows to compute the
full magnetizationM versus applied fieldH relation. The
relevant terms of the Hamiltonian, with the frozen interface,
are

e � 2h
XN
k�1

cosuk 2
XN 2 1

k�1

cos�uk11 2 uk�2 k cosu1

2 D
XN
k�1

cos2 uk: �7�

Above we define the following dimensionless quantities:
the energy e in units of JF, the applied field h�
mBgFMH=2JF , 1023

; the effective interface couplingk �
�JF=AF=JF�cosuc; and the anisotropyD � KF=2JF , 1025

:

We differentiate respect tou j, to obtain

2e

2uj
� h sinuj 2 �1 2 dj;N�sin�uj11 2 uj�1 �1 2 dj;1�

� sin�uj 2 uj21�1 dj;1k sinu1 1 2D sinuj cosuj ;

�8�
whered i, j is the Kronecker symbol. Eqs. (7) and (8) are
valid for all values ofHcf, which is present throughk via
the canting angleu c. In fact, the sign ofk is thesignatureof
EB. If k . 0; NEB is obtained, but ifk , 0 PEB sets in;
k � 0 determines the crossover from one to the other. To
find the minimum energy configuration we set all the Eq. (8)
�1 # j # N� equal to zero.

In the absence of interface coupling�JF=AF � 0� or if the
sample is field-cooled at the criticalHcf [i.e. k �
�JF=AF=JF�cos�p=2�� the valuek � 0 is obtained and the
trivial solutionsuk � 0 or uk � p; for all k’s, are immedi-
ately recovered. But, ifk . 0 at least another solution exists
for h , 0 yielding NEB [20]. In thek , 0 case solutions are
obtained forh . 0: In both cases the FM spins adopt an
incomplete domain wall structure (IDW). For NEB this
IDW develops from the free surface, propagating into the
FM slab, while for PEB the IDW generates at the interface,
due to frustration between the first FM monolayer and the
AFM interface layer.

The results forHE versus cooling field, both for Fe/FeF2
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and Fe/MnF2, are illustrated in Fig. 2. The fit of our theory of
the experimental results, assuming only one adjustable para-
meterJFM/AFM (for which we also used the same values as in
Ref. [28]) is in good agreement with experimental observa-
tion for Fe/MnF2 and Fe/FeF2.

3. Discussion

Above we have developed a model that provides an
explanation of positive exchange bias. It is based on a single
assumption: that the AFM interface monolayer reconstructs,
close to Ne´el temperatureTN, into a fairly rigid canted
magnetic structure which freezes, into a spin glass like
configuration, as the AFM bulk orders [20,28]. Moreover,
it remains frozen (in a metastable state) due to the presence
of interface pinning centers, during the cycling of the exter-
nal magnetic field, when performed forH , Hcf : Our model
accounts qualitatively and quantitatively for the crossover of
a specific sample from normal�HE , 0� to positive EB, as a
function of the cooling field intensityHcf. All the above is
achieved without the introduction of a single additional
parameter. In fact, the same values of Refs. [20,28] were
used, and they in turn only imply a single free parameter: the
interface exchange couplingJF/AF. Thus, a unified picture of
negative and positive EB is provided, that is consistent with
the experiment, for systems in which the AFM is strongly
anisotropic, like is the case of Fe/MnF2 and Fe/FeF2.
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