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A general model of a hybrid interfacial domain wall (HIDW) in ferromagnetic/antiferromagnetic exchange biased bi-
layers is proposed, where an interfacial domain wall is allowed to extend into either the ferromagnetic or antiferromagnetic
layer or across both. The proposition is based on our theoretical investigation on thickness and field dependences of ferro-
magnetic domain wall (FMDW) and antiferromagnetic domain wall (AFDW), respectively. Good match of the simulation
to the hysteresis loops of a series of NiFe/FeMn exchange-biased bilayers confirms the existence of the HIDW, where the
AFDW part is found to preferentially occupy the entire antiferromagnetic layer while the FMDW shrinks with the increased
magnetic field as expected. The observed asymmetry between the ascending and descending branches of the hysteresis loop
is explained naturally as a consequence of different partition ratios between AFDW and FMDW.
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1. Introduction
To investigate the mechanism for the exchange coupling

and therefore to understand the fundamental properties of ex-
change biased ferromagnetic/antiferromagnetic systems,[1–8]

the knowledge of the magnetic structure at the interface is
essential. Several models[9–15] have been proposed, among
which a model of an interfacial domain wall, first proposed by
Néel,[10] is compatible and may coexist with others.[9] Mauri
developed the model further and quantitatively described what
occurs during magnetization reversal.[11] In general, the oc-
currence of interfacial domain wall structure can be easily un-
derstood based on the idea of exchange length to reduce the
exchange energy of an abrupt local change of spin direction.
However, in the early model of Néel and Mauri, only a limiting
case that a thin ferromagnetic layer coupled with a very thick
antiferromagnetic layer and reasonably the interfacial domain
wall in the antiferromagnetic side, has been considered. Later
theoretical studies as well as experimental investigations[16–31]

suggest that the interfacial domain wall may exist in either
the antiferromagnetic or ferromagnetic layer depending on the
layer thickness and the magnetic-field intensity.[25] Neverthe-
less, a systematic study of both the full/partial antiferromag-
netic domain wall (AFDW) and ferromagnetic domain wall
(FMDW) in the practical exchange-biased bilayers is lacking,
particularly with the interfacial exchange coupling involved.
Moreover, the field-dependent behavior of the interfacial do-
mains in the magnetization process has not been thoroughly

investigated. In this paper, we propose a concept of hybrid
interfacial domain wall (HIDW), by which we aim to repro-
duce the magnetic behavior unambiguously in commonly used
exchange-biased bilayers (where the sub-layer thickness is
around a few or tens of nanometers and much less than the
natural 180◦ domain wall width) and to offer an approach to
solving the problems in the exchange-coupled interfaces in-
cluding the external magnetic field.

Our theoretical investigations on a normal exchange bias
system of a Ni80Fe20/Fe50Mn50 bilayer start with the thick-
ness effect and magnetic-field effect on the domain walls in
the antiferromagnetic and ferromagnetic thin films, respec-
tively, which reveal a general trend of the HIDW’s forma-
tion and physically predict its composition varying with the
field. Successful simulation for the experimental hysteresis
loops of these bilayers demonstrates the existence of HIDW
during the magnetization reversal and thereby shows directly
that the partition ratio of the AFDW to FMDW changes with
magnetic field and magnetization history. This also explains
naturally the asymmetry observed in the hysteresis loops. The
primary cause of why the FMDW is not easy to observe
experimentally[32] has been addressed as well.

2. Experiment
A series of typical exchange bias systems, Ni80Fe20

(40 nm)/Fe50Mn50 (2 nm–20 nm) bilayers, were prepared
by sputtering with a base pressure of ∼10−8 Torr (the unit
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1 Torr = 1.33322×102 Pa). Both the antiferromagnetic and
the ferromagnetic sublayers are much thinner than their nat-
ural 180◦ domain walls, which implies that the thickness ef-
fect cannot be neglected in the studies of the interfacial do-
main wall structure. An external magnetic field of 250 Oe
(1 Oe = 79.5775 A·m−1) was applied in the sputtering pro-
cess to induce a uniaxial anisotropy in the NiFe layer. The
FeMn layer was then grown on the top of the saturated NiFe
layer to produce a proper pinning effect.[33] The observed
dependences of the coercivity (HC) and exchange bias field
(HE) on the antiferromagnetic-layer thickness[34] are consis-
tent with those in the previous literature,[35] which allows
us to obtain the useful magnetic parameters for the antifer-
romagnetic layers: the induced uniaxial anisotropy constant
KAF = 2× 105 erg/cm3 and the exchange stiffness AAF =

3×10−7 erg/cm. At the same time, the parameters for the fer-
romagnetic layers are deduced from the magnetometry mea-
surements combined with a perfect fitting of the ferromag-
netic resonance results:[34] KFM = 2× 103 erg/cm3, AFM =

1.2× 10−6 erg/cm, and the saturated magnetization MS =

780 emu/cm3.

3. Proposition of hybrid interfacial domain wall
With the above values, the thickness effect and the

magnetic-field effect on the domain wall have been calculated
by variational principle.[36–39] Here we briefly introduce the
axis frame applied to our calculation before showing the im-
portant results, which lead to the idea of HIDW.

As shown in Fig. 1, the x axis is set to be perpendicular
to the film plane, and the z axis along the uniaxial easy axis.
Thus, the y–z plane coincides with the film plane. Assuming
that the magnetic moment rotates in the y–z plane as a Bloch-
type domain wall, we make the magnetization angle θ change
with x and independent of the y and z coordinates.
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Fig. 1. (color online) Scheme of the HIDW model. The z axis coincides
with the uniaxial easy axis for both antiferromagnetic and ferromag-
netic layers. The external reversing magnetic field is applied in the −z
direction. The magnetic moment directions on both sides of the antifer-
romagnetic layer are allowed to rotate away from the easy axis by angles
𝛼0 and 𝛼. The magnetization in the FMDW rotates from an angle 𝛽 at
the interface to 𝛾, forming the domain wall thickness δFM. Beyond the
FMDW, the magnetization is assumed to rotate uniformly by 𝛾 in the
ferromagnetic domain. The difference between spin directions across
the interface, 𝛼–𝛽, corresponds to an inter-space ξ .

We first assume that under zero field, a 180◦-AFDW and
a 180◦-FMDW are, respectively, so compressed that each of
them has a thickness t. The calculated thickness dependences

of the domain wall energy density (EAF and EFM) are shown
in Fig. 2. Both EAF and EFM increase with reduced t, and the
increase is abruptly accelerated when t is smaller than 40 nm.
Such an increase is mainly due to the enhanced exchange en-
ergy in reduced thickness, suggesting that a partial non-180◦-
domain wall (for simplicity, hereafter we call it a partial do-
main wall) instead of a full 180◦-domain wall is more ener-
getically favored in thin sublayers. It is noteworthy that the
relation between EAF and EFM is reversed when t is below
120 nm. That is, EFM becomes larger than EAF, and the in-
crease of EFM with reduced t is much more rapid than that of
EAF; in which case, we attribute it to the fact that the exchange
energy plays a dominant role in the compressed domain wall
in thin film and exceeds the effect of the anisotropy energy.
As a result, a partial AFDW has a priority over an FMDW to
appear in thin films, due to its smaller exchange stiffness than
that of the FMDW.
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Fig. 2. (color online) Variations of energy density of the 180◦-FMDW
and 180◦-AFDW with layer thickness. Inset shows the enlarged plot for
layer thickness smaller than 40 nm.

Besides the thickness effect, the magnetic-field effect has
also been studied. It is well known that a magnetic field com-
presses the FMDW.[37–39] Precisely, it is the steep part of the
FMDW with a large angle-variation that is compressed, while
the flat part in which the magnetization aligns close to the
field direction is broadened. In other words, the FMDW is de-
formed by the magnetic field. Such a deformation is ascribed
to an energy re-distribution after a field has been applied, as il-
lustrated in Fig. 3. During the re-magnetization by an applied
magnetic field H in the −z direction, the energy of a 40-nm-
thick 180◦-FMDW is re-distributed compared with the case
under zero field. When H = 0, the energy density differential,
dE/dθ , is symmetrically distributed across the FMDW and
has a maximum value at θ = 90◦. When H 6= 0, the symme-
try is broken: dE/dθ decreases for the part where θ > θCr,
and increases where θ < θCr. Here θCr is the angle where the
curve dE/dθ (H 6= 0) coincides with dE/dθ (H = 0), and
it increases with the augment of magnitude of magnetic field.
Such a re-distribution of FMDW energy is obviously caused
by the involvement of Zeeman energy, which is determined by
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the value of magnetic field and the angle between the mag-
netization and field, θ(M,H). Note that θ(M,H) = 180◦–θ

since the magnetic field is applied in the −z direction. Dur-
ing the magnetization reversal, the enhanced-energy part of
the FMDW is not energetically favored to exist on the ferro-
magnet side. It is expected to have a high possibility of being
pushed into the antiferromagnet side where no Zeeman energy
exists, in order to reduce the total energy. The reduced-energy
part, especially the FMDW tail with its magnetization aligned
close to the direction of the field, may remain on the ferromag-
net side. Thus, an HIDW is inferred as a low energy interfacial
spin structure generally.
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Fig. 3. (color online) Variations of energy density distribution in 40-nm-
thick FMDW with magnetization angle θ under H = 0, H =−500 Oe,
and H = −2000 Oe, respectively. Inset shows the enlarged plot for
H = 0.

Following the above theoretical analysis of both the thick-
ness effect and the magnetic-field effect, we propose an HIDW
with a reasonable division of the two partial domain walls on
both sides of the interface during the magnetization reversal
of the antiferromagnetic/ferromagnetic bilayers. The partition
ratio of the partial AFDW to the partial FMDW is not simply
determined by a balance between their energies. The inter-
facial exchange energy and any other possible energy should
also be considered; to be exact, it depends on the minimization
of the total free energy for the whole system instead.

The HIDW model is established in a reference frame
shown schematically in Fig. 1. By a partial AFDW, we re-
fer to the case that the magnetic moments on both sides of
the thin antiferromagnetic layer are generally allowed to rotate
away from the easy axis by angles 𝛼0 and 𝛼. The magnetiza-
tion in the FMDW rotates from an angle 𝛽 (at the interface)
to 𝛾, and the magnetization beyond the FMDW is assumed
to rotate uniformly by 𝛾 in the ferromagnetic domain. The
difference between the spin directions across the interface, 𝛼–
𝛽, is controlled by the strength of the exchange interaction
between the two interfacial atomic planes. Here we should
point out that for an extreme case where the antiferromagnetic
layer is thinner than the critical thickness tCr, the exchange
bias effect reduces to even zero, which has been discussed
frequently.[35] In such a case, the antiferromagnetic anisotropy

energy tAFKAF is comparable to or even smaller than the inter-
facial exchange coupling between the adjacent antiferromag-
netic and ferromagnetic spins,[40] so that 𝛼0 is expected to be
nonzero and even larger than 90◦. In this paper, we focus on a
typical case where the antiferromagnetic layer has a thickness
above tCr so that a reasonable pinning effect is produced in
the exchange-biased bilayers due to its high anisotropy energy
tAFKAF. Thus, we choose 𝛼0 = 0.

For simplicity, based on Refs. [32] and [33] the total free
energy can be expressed as follows:

F = 2
√

AAFKAF(1− cos𝛼)+A12/ξ [1− cos(𝛼−𝛽)]

+2
√

AFMKFM(cos𝛽− cos𝛾)

+HMδFM

[
1− cos

(
𝛽+𝛾

2

)]
+KFM(tFM−δFM)sin2 𝛾

+HM(tFM−δFM)(1− cos𝛾). (1)

The first term on the right-hand side of Eq. (1) is the
AFDW energy. The second one is the interfacial exchange
energy, with A12 being the exchange stiffness across the inter-
face and ξ the average distance between the adjacent antifer-
romagnetic and ferromagnetic atomic planes. The third and
the fourth terms describe the partial FMDW energy, including
an approximate Zeeman energy correction. The fifth term and
the sixth one are the anisotropy energy and Zeeman energy, re-
spectively, for the ferromagnetic domain in uniform rotation.
Using Lilley’s method,[41] the FMDW width δFM can be ap-
proximated by

δFM ≈ (𝛾−𝛽)
dx
dθ

∣∣∣∣
θ=θ0

= δ0(𝛾−𝛽)/

√
sin2

θ0−HM cosθ0/KFM +C.

Here the coefficient C is determined by the proper boundary
condition and δ0 =

√
AFM/KFM. Conventionally θ0 is the an-

gle at the inflexion point in a natural 180◦-domain wall.[42]

However, in the partial FMDW we find that θ0 = (𝛽+𝛾)/2 is
a good approximation because of the small variation in the an-
gle across the partial wall. In addition, dθ/dx= 0 when θ = π

under a large reversed field is a suitable boundary condition in
our following simulation.

4. Characteristics of hybrid interfacial domain
wall
The hysteresis loops of NiFe/FeMn bilayers are calcu-

lated by finding the angles 𝛼, 𝛽, and 𝛾 from Eq. (1) based
on the principle of energy minimum.[11,43] With the magneti-
zation history considered, the solved angles for each point on
the loop are used as the starting angles for finding the next suc-
cessive point following the magnetization process. The good
match of the simulation to the experimental data indicates the
validity of this model. The only adjustable parameter, A12/ξ ,
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is found to vary slightly with samples at around 0.11 erg/cm2

and the fitted A12 is smaller than the exchange stiffness in ei-
ther FeMn or NiFe. It is reasonable due to the rough uncom-
pensated interface where a number of grains with different ori-
entations cross the interface and defects can be embedded in
our polycrystalline samples.[33]

Figure 4 shows the simulation results for a typical sam-
ple NiFe (40 nm)/FeMn (6 nm). For comparison, a simula-
tion with only an interfacial AFDW involved is first plotted in
Fig. 4(a). Obviously it does not provide a satisfactory fit for
both the asymmetry shape and the values of HE and HC simul-
taneously. On the other hand, the theoretical calculation by the
HIDW model is in good agreement with the experimental data
instead, as shown in Fig. 4(b). Accordingly the representative
structures of the HIDW during the magnetization found from
our simulation are shown in Tables 1 and 2.

Table 1. HIDW in the descending branch of the hysteresis loop for the
NiFe(40 nm)/FeMn(6 nm) exchange-biased bilayer.

H/Oe 𝛼/(◦) 𝛽/(◦) 𝛾/(◦) δAF/nm δFM/nm (𝛾–𝛽)/(◦) M/MS

–30 1 6 6 6 ∼ 0 0 0.99
–33 3 18 18 6 ∼ 0 0 0.95
–35 6 30 31 6 0.8 1 0.86
–37 14 96 104 6 9.0 8 –0.35
–41 10 146 152 6 15 6 –0.87

Table 2. HIDW in the ascending branch of the hysteresis loop for the
NiFe(40 nm)/FeMn(6 nm) exchange-biased bilayer.

H/Oe 𝛼/(◦) 𝛽/(◦) 𝛾/(◦) δAF/nm δFM/nm (𝛾–𝛽)/(◦) M/MS

–41 8 152 158 6 19 6 –0.91
–37 12 128 136 6 15 8 –0.72
–35 14 112 120 6 11 8 –0.48
–33 12 88 94 6 7.0 6 –0.06
–30 4 18 18 6 ∼ 0 0 0.95

From Tables 1 and 2 we see that i) the HIDW does exist
with the angles spanning from 0 to 𝛼 in the antiferromagnetic
layer and from 𝛽 to 𝛾 in the ferromagnetic layer respectively,
ii) the partition ratio of the AFDW to FMDW varies with the
field, and iii) the difference between the composition of HIDW
in the descending branch and that in the ascending branch ex-
plains the asymmetry between the two branches (as shown in
Fig. 4).

In the descending branch, when the sample is remagne-
tized by a reversal field H = −30 Oe, a partial AFDW ap-
pears, while the magnetization across the whole ferromagnetic
layer remains in uniform rotation. When the magnetic field
becomes more negative, the ferromagnetic domain magnetiza-
tion M rotates further toward the direction of the magnetic field
and the angle θ(M,H) decreases. Consequently, the Zeeman
energy is reduced with the gradually reduced magnetic field,
which favors a partial FMDW to arise. When H = −35 Oe,

the FMDW appears as expected. The formation of the par-
tial AFDW prior to that of the FMDW is due to the relatively
small exchange stiffness and zero Zeeman energy in the anti-
ferromagnetic layer, as aforementioned in the discussion about
Fig. 2. With more and more magnetizations reversed by the de-
creasing field, the deformation of the FMDW is more distinct
by the energy re-distribution as discussed in Fig. 3. The com-
pressed steep part in the FMDW has its energy enhanced, and
is consequently pushed more into the antiferromagnetic side,
leading to the increase of 𝛼. At the same time, the FMDW
tail is broadened due to the highly-reduced energy with the re-
duced field, giving rise to the continuous growth of the partial
FMDW thickness as shown in Table 1.
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Fig. 4. (color online) Simulations of the hysteresis loop for NiFe
(40 nm)/FeMn (6 nm): (a) with only interfacial AFDW considered, and
(b) using the HIDW model, respectively. The circles represent the ex-
perimental data, and the solid lines are fittings to the loop.

The analysis for the data of the ascending branch in Ta-
ble 2 is similar to the above for the descending branch in Ta-
ble 1. The partial FMDW shrinks with the increased magnetic
field. This is seen to occur in both branches. Notice that the
partial FMDW with relatively large angle-variation, (𝛾–𝛽), is
not wide, while the broad one has a relatively small angle-
variation across the wall. Thus, the FMDW might be outside
the resolution of detection and therefore difficult to observe
experimentally.

5. Conclusion
Motivated by our systematic investigations on the thick-

ness effect and the magnetic-field effect on the domain walls in
ferromagnetic and antiferromagnetic thin films, respectively,
we propose a model of a hybrid interfacial domain wall in this
paper. The model describes a general interfacial spin struc-
ture in practical exchange-biased bilayers, containing a par-
tial AFDW, a partial FMDW, and an abrupt spin flop across
the interface, which may be a good candidate for the under-
standing of all kinds of exchange-coupled interfaces and may
coexist with any other existing interfacial mechanism.[44–46]

Previous models of the interfacial domain wall existing only
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on one side of the interface[10,11] can be regarded as particular
cases of HIDWs. The simulation of the hysteresis loops in typ-
ical exchange-biased bilayers demonstrates the validity of our
model, from which several important insights could be pro-
vided. i) During the magnetization reversal, the HIDW func-
tions as a spring to store and supply energy for exchange bias.
ii) The partial AFDW first arises in the magnetization reversal,
and then the partial FMDW appears with the decrease of field.
When the field is further reduced, the higher-energy part of
the FMDW is pushed into the antiferromagnetic side and the
lower-energy part remains in the ferromagnetic layer. iii) The
composition of HIDW varies with the magnetic field and si-
multaneously, varies at different points in the hysteresis loop,
leading to the asymmetry between the ascending and descend-
ing branches naturally.

The main results obtained from our calculations on the
thickness and magnetic-field effects play an essential role in
studying the domain wall structure at the interface. Our the-
oretical investigation on the ferromagnetic and antiferromag-
netic domain walls combined with a numerical simulation to
the experimental data provides a sensible approach to solving
the problems in exchange-coupled multilayers in the presence
of an external field.
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