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The structure dependence of exchange bias in ferromagnetic/antiferromagnetic (FM/AF) bilayers has been inves-

tigated in detail by extending Slonczewski’s

‘proximity magnetism’ idea. Here three important parameters are discussed

for FM/AF bilayers, i.e. interfacial bilinear exchange coupling Ji, interfacial biquadratic (spin-flop) exchange coupling

J2 and antiferromagnetic layer thickness tor. The results show that both the occurrence and the variety of the exchange

bias strongly depend on the above parameters. More importantly, the small spin-flop exchange coupling may result

in an exchange bias without the interfacial bilinear exchange coupling. However, in general, the spin-flop exchange

coupling cannot result in the exchange bias. The corresponding critical parameters in which the exchange bias will

occur or approach saturation are also presented.
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1. Introduction

Since the first observation of exchange coupling
between a ferromagnet (FM) in atomic contact with
antiferromagnet (AF) almost half a century ago,
this issue has triggered an enormous number of stud-
ies experimental®~7 and theoretical.B=13] As a result
of interfacial exchange coupling, the hysteresis loop
of an FM in contact with an AF is shifted in an ap-
plied magnetic field, with respect to that of an isolated
FM film by an amount termed the exchange field He.
The effect is of great practical value, for it is criti-
cal for the operation of high-density recording heads
based on giant magnetoresistance (GMR), as well as
for magnetic random access memories (MRAM).[14’15]
Despite numerous efforts that have been made, a sat-
isfactory understanding of the FM/AF exchange bias
is not yet available.

Up to now, many experimental and theoretical
results have all shown that the exchange bias He
is an interfacial effect, which is closely related to
some structural parameters in the FM/AF,[416] such
as FM/AF interface roughness denoted with interfa-
cial bilinear exchange coupling J; and interfacial bi-
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quadratic (spin-flop) exchange coupling Jo, antiferro-
magnetic layer thickness tap, etc. Xi and Whitel'®
have presented the AF thickness dependence of the
exchange bias by describing the reversible and irre-
versible behaviours of the AF in a simple FM/AF
model without J,. However, due to the frustration
of spin configurations at the interface, the interfacial
FM moments tend to align themselves perpendicular
to AF easy axis. Experimentally, there have existed
several systems exhibiting biquadratic coupling at the
interface between FM and AF layers.[*17 In recent
years, some investigations on the role of the ‘spin-
flop’ coupling in FM/AF have been carried out, which
has been theoretically discussed first by Koon!*®! and
later by Schulthess and Butler,['?) but their results on
whether the ‘spin-flop’ coupling leads to exchange bias
are contrary to each other. More recently, Hu et al 2%
have concluded that He is mainly determined by Ji,
but J2 may lower the exchange bias by establishing
a phenomenological model. In their model the inter-
face exchange coupling includes both J; and J,, but
the short-range exchange coupling in bulk of AF is ig-
nored. In reality, the AF has a finite thickness in the

FM/AF, thus the AF inner exchange coupling should
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be taken into account.’?!) From the above, though
some structure parameter dependencies of exchange
bias in FM/AF bilayers have been studied separately,
neither the interface exchange coupling Jy, J and AF
thickness dependence of exchange bias nor the corre-
sponding critical parameters determining the occur-
rence and the saturation of exchange bias have been
presented.

Recently, we have investigated the behaviour of
an FM/AF bilayer by taking into account both the
short-range AF inner exchange coupling and the in-
terfacial exchange coupling including bilinear and bi-
quadratic terms.['3] According to our model, we can
describe the four possible phases for the AF magneti-
zation, which are determined by Jy, Jo and tap. The
origins of the exchange bias (He) and the enhanced
coercivity (Hc) each have been explained. It shows
that only in the reversible recovering phase can the
FM/AF interfacial exchange coupling result in the ex-
change bias. The results also show that there is a crit-
ical biquadratic coupling constant Joci¢ , under which
the FM/AF bilayer system has exchange bias, other-
wise, the exchange bias is eliminated. Specially, only
can small Jy result in positive exchange bias without
J1, which, however, cannot lead to the exchange bias.
The structure dependence of He and corresponding
critical parameters are presented in this article.

The rest of this paper is organized as follows. Sec-
tion 2 is devoted to the theoretical model and the gen-
eral formulas. The relevant numerical results and dis-
cussion about structure dependence of the exchange
bias are presented in Section 3. Finally, a brief con-

clusion is given in Section 4.

2. Model

We first describe the geometrical arrangement
and magnetic configuration for an exchange-coupled
AF/FM bilayer model.
has shown that there is no helical structure along

An early theoretical study

the thickness direction in a thin enough FM layer ex-
change coupled with an AF layer.(??l Parkin et al 2%
have observed a uniform magnetization distribution
throughout the thickness of a 40nm NiggFeyy layer
coupled with a FesgMnsg layer. Therefore, we assume
that the FM moments rotate uniformly in the pres-
ence of an applied field. In our model, uniaxial magne-
tocrystalline anisotropy is assumed for the AF layer to
have a thickness of tpor, while bilinear and biquadratic

Y tap » FM

Fig.1. Schematic representation of the helical structure
of AF moments with right end exchange coupled with FM.
The angles are indicated in text.

couplings at the interface are taken into account. Fig-
ure 1 shows the magnetic moment configuration for an
AF/FM bilayer film that lies in the  — y plane with
the 2z axis normal to the layer plane. The arrow at
right end represents the magnetization Mgy for the
FM, which rotates away from the AF easy axis, the z
axis, through an angle of a. The series of arrows in-
side the AF represent the moments of one sublattice.
Owing to the interface exchange coupling and AF in-
ner exchange coupling, a twisting of the AF moments
along the thickness direction is expected if the FM
magnetization is rotated. Thus the energy including
the volume energy of the AF layer and the interfacial
exchange coupling energies can be written in a contin-
uum form as

tar 2
Foy :/ [AAF (dcp) + K ap sin? 4 dz
0 dz

- Jl COS(SD - OL) |Z:tAF

+ J5c08% (0 — @) |amtap 5 (1)

where Aar and Kar are exchange coupling constant
and uniaxial anisotropy constant of the AF layer with
a finite thickness of tap, respectively. The moments
of the AF layer at the interface are exchange coupled
with the FM layers by both bilinear exchange cou-
pling constant J; and biquadratic exchange coupling
constant Jo. The FM magnetization My is assumed
to make an angle o with the AF easy axis. The di-
rection of the AF moments varies spatially with z as
described by ¢(z).
minimize the total energy, the AF moment structure

Using the variational method to

is given by the differential equation for ¢(z) as follows:

d2e

) — Karsin (2¢) =0, (2)

with the boundary conditions

de
(dz) lz=0 =0
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and other words, for a certain set of AF thickness tpr and
dg Jy interfacial bilinear coupling .J;, there always exists a
(dz) ZQAAF sin (¢ — a) critical biquadratic coupling constant, Jset, only be-
F=tar low which can the exchange bias appear. The value

2 .
_2AAF sin2(¢ — a). (3) of critical Joeit is determined by both bilinear cou-

In our case, the finite AF layer has moments at one
end coupled with Mgy and moments at the other end
freely rotating. To perform the numerical calculation,
we transform Egs.(2) and (3) into discrete forms in
steps of 10734, where 6, = \/m. Our re-
sults are independent of step size in this regime. In
the following section, we present our numerical re-
sults for the AF thickness normalized by character-
istic domain wall length d,, and energy Esw, and in-
terfacial coupling constants normalized by the domain
wall energy parameter o, = 2v/AapKar. Our previ-
ous investigation!™®! turns out that this system shows
four different behaviour, such as reversible recovering
behaviour, irreversible half-rotating behaviour, irre-
versible reversing and irreversible half-reversing be-
haviour, depending strongly on interfacial bilinear
coupling, interfacial biquadratic coupling and the AF
thickness. In only the reversible recovering case the
exchange coupling between FM and AF can just re-
sult in the exchange bias, otherwise, there is no ex-
change bias for the other cases. Our present aims are
both to construct magnetic phase diagrams in terms
of AF thickness tap, interfacial bilinear coupling .J;
and interfacial biquadratic coupling J and to investi-
gate the comprehensive dependences of exchange bias
for the above three parameters.

3. Results and discussion

Here we assume that J; < oy, for which the
reversible transitions of the AF moments may take
place, and an exchange bias may exist. Otherwise,
the exchange coupling results in a nonbiased hystere-
sis loop in the exchange biased bilayer. According
to a large number of numerical calculations, we can
construct magnetic phase diagrams in terms of AF
thickness tap, interfacial bilinear coupling J; and in-
terfacial biquadratic coupling J» as shown in Fig.2.

There is a dimensional surface, under which the
reversible transitions of the AF moments can take
place, and the exchange coupling between FM and AF
can just result in the exchange bias, otherwise, the ir-
reversible half-rotating behaviour of the AF moments

can take place, and there are no exchange bias. In

pling J; and AF thickness tar, which largely increases
with the increase of bilinear coupling J;, but smoothly
decreases with AF thickness tarp. From Fig.2, we
can conclude that critical biquadratic coupling con-
stant Jocpi¢ is mainly determined by bilinear coupling
J1, but some modifications come from AF thickness
tar. Therefore, occurrence dependence of the ex-
change bias will be a comprehensive effect of bilinear
coupling Ji, biquadratic coupling Jo and AF thick-
ness tap. In reality, the interface is complicated by
defects and roughness, and most of AF films are poly-
crystalline, thus interfacial exchange couplings J; and
Jo will be hardly modified by the interface morphol-
ogy, which would explain why the experimental re-
sults on the exchange bias are hardly consistent with
each other. However, it is considerably significant that
one can choose the FM and AFM layers with suitable
magnetic parameters, such as Ji, Ja, and top in the
design of exchange biased bilayers. Specifically, for
the case of J;=0, when the AF film must be very
thin and the interfacial biquadratic coupling must be
small enough, the faint positive exchange bias appears,
otherwise, there are no exchange bias in the system,
which can explain the disagreement between Koon and
Schulthess!'®1%) on whether the interfacial biquadratic
coupling leads to exchange bias.

Fig.2. Magnetic phase diagrams in terms of tpr, J1 and
Jo for an AF/FM bilayer. The dimensional surface sepa-
rates the nonzero He region I from zero He region II.

For a bilayer system in phase I, a reversible recov-
ering behaviour of the AF moments occurs, leading to
a nonzero value of the exchange bias, He, which is
obtained as a magnitude of an applied field (Ha) at
which Mgy becomes perpendicular to the easy axis,
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corresponding to M=0 in a hysteresis loop measure-
ment. Therefore, He is given as

1 dEsw
He = Halpy—o = - 4
e a|M_0 <MFMtFM) ( dov ) |a7ﬂ'/2a ( )
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where tgyr is the FM layer thickness. The dependen-
cies of the exchange bias on structure parameters, in-
cluding interfacial Ji, Jo and AF thickness tap, are
shown in Fig.3.

—o—lap=1.00w
J1=0.60y

— o —{Ap=2.00y
—0—taF=1.60w|
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(b)

Fig.3. The dependencies of He on interfacial biquadratic coupling Jo2 in cases of taop = 5.00w (a)

and J; = 0.60w (b).

According to our example in Fig.3(a) with tar =
5.00y which is much larger than the critical thickness
(tarerit) determining the occurrence of He, He de-
creases slightly with the increase of biquadratic cou-
pling Jo for a given bilinear coupling J;, but it can
be enhanced distinctly by increasing bilinear coupling
Ji1. As a result, the bilinear and biquadratic cou-
plings are two competitive factors for controlling the
value of He, moreover, the exchange bias is deter-
mined mainly by the bilinear coupling, whereas the
biquadratic coupling may lower or eliminate the ex-
change bias. This result is in good agreement with
the former investigations.?! In addition, for any bi-
linear coupling Jp, there exists a corresponding crit-
ical biquadratic coupling Jocit, above which the ex-
change bias vanishes abruptly. Form Fig.3(a), we ob-
verse that critical value Jog.i; increases with the in-
crease of bilinear coupling Ji, which accords with the
observed behaviour in Fig.2. As an example, for the
J1 = 0.60, case in Fig.3(b), there is no exchange bias
when tar = 1.0y, which must be less than the criti-
cal thickness, tapcrit, mentioned above. He increases
rapidly with the increase of AF thickness, approaching
a saturated value. The same as the previous experi-
mental and theoretical conclusions on the AF thick-
ness dependence of the exchange bias, our calculations
show that an FM/AF bilayer with tap < tcn¢ results
in a nonbiased hysteresis loop, but He approaches
rapidly a saturated value with tap increasing. Fur-
thermore, critical biquadratic coupling Jo.is deter-

mining the occurrence of He can be improved by re-
ducing AF thickness tpp, but the improvement-extent
of Joeit decreases with tar decreasing. According to
the above analyses, in order to obtain a bigger He,
firstly, we should ensure that thickness tap is large
enough, secondly, we may improve bilinear coupling
Ji or reduce biquadratic coupling J>. Of course, these
three parameters must satisfy the condition of the oc-
currence of He shown in Fig.2.

4. Summary

We have studied the structure dependence of ex-
change bias in FM/AF bilayer systems in detail. We
find that for a certain set of AF thickness tap and
interfacial bilinear coupling J;, there always exists a
critical biquadratic coupling constant, Jset, only be-
low which can the exchange bias appear. In addition,
we conclude that the saturated value of He in an
FM/AF bilayer with the thick enough AF increases
markedly with bilinear coupling J;, but slowly de-
creases with biquadratic coupling J,, moreover, when
Jo > Joeris, He vanishes abruptly. The corresponding
critical parameters in which the exchange bias will oc-
cur or approach saturation have been also presented.
Particularly, J5 can lead to a positive He without Ji,
which is in agreement with the result of Koon, '8! gen-
erally, Jo can weaken or eliminate He and enhance Hc
greatly.
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