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Magnetic behavior of systems composed of coupled ferromagnetic bilayers with distinct
anisotropy directions
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A shift in the hysteresis loop of a NiFe thin film (with in-plane anisotropy) exchange coupled to a [Pt/Co]
multilayer (with out-of-plane anisotropy) is observed after in-plane saturation of the system. The origin of this
effect and the related magnetic properties are investigated by means of in-plane and out-of-plane magnetom-
etry techniques, magnetic force microscopy imaging, and micromagnetic simulations. Both the number of
Pt/Co repetitions in the multilayer and the NiFe thickness are found to have an influence on the magnitude of
the loop shift and the in-plane and out-of-plane coercivity values of the system. This is correlated with
variations in the number and average size of the magnetic domains formed in the [Pt/Co] multilayer which, as
revealed by micromagnetic simulations, pin the NiFe magnetization via formation of closure domains with a
preferential orientation at the interface between the [Pt/Co] multilayer and the NiFe.

DOI: 10.1103/PhysRevB.73.144407

I. INTRODUCTION

Interfacial exchange interactions between a ferromagnetic
(FM) and an antiferromagnetic (AFM) material typically
lead to a displacement of the hysteresis loop along the
magnetic field axis by a quantity termed the exchange-bias
(EB) field Hp." This shift is usually accompanied by an in-
crease in the coercivity and it is frequently used to obtain a
reference layer for giant-magnetoresistance- or tunneling-
magnetoresistance-based devices.? Usually, the FM-AFM bi-
layer must be cooled under an applied field through the
blocking temperature of the system, T, in order to induce
Hp. Thus, structural degradation of the multilayered structure
can take place during the heating up procedure prior to the
field cooling. It has been shown that the use of an AFM
material with a low anisotropy allows modifying the magni-
tude of the EB by isothermally applying sufficiently large
fields, hence avoiding the annealing process. The resulting
Hp is attributed to field-induced changes in the domain struc-
ture of the AFM.>* Alternatively, it has been recently re-
ported that a shift in the hysteresis loop of a NiFe thin film
can be obtained, without need of any heating or cooling pro-
cedure, by depositing it on top of a [Pt/Co] multilayer (with
perpendicular anisotropy) and subsequently applying a suffi-
ciently strong in-plane magnetic field.’

In this work, we investigate the origin of such an effect by
means of magnetic force microscopy (MFM) imaging to-
gether with micromagnetic simulations. The obtained results
indicate that the pinning of the magnetic domain structure of
the [Pt/Co] multilayer induced after saturating the system
along an in-plane direction plays a fundamental role in order
to obtain a shift in the hysteresis loop (“EB-like” effect).
Micromagnetic simulations reveal the presence of Néel-type
flux closure caps at the interface between the two FM for the
[Pt/Co]-NiFe system. After applying the strong in-plane
saturating field, a magnetic configuration consisting of un-
equal closure domains explains the EB effect originated in
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this system without the necessity of a field cooling proce-
dure. Furthermore, the evolution of Hy with the number of
Pt/Co repetitions (n) and the NiFe thickness (fy;r,) has been
systematically studied both experimentally and numerically,
in order to make a comparison with EB effects observed in
conventional FM-AFM systems.

II. EXPERIMENTAL PROCEDURE

The composition of the magnetic multilayer films is
Pty0 nm/ (C00.6 nm/ Py g nm)n/ 00,2 nm/ NiFe(tnipe) / Cug i/ Py -
The first series under study consisted of films with a NiFe
layer of constant thickness fyjp.=3 nm while n was varied
from 3 to 10; a second series was prepared keeping constant
the number of Pt/Co repetitions (n=6) and varying fyip.
from 1 to 5 nm. To accomplish the comparison, single
[Pt/Co] multilayers were also prepared. The films were de-
posited at room temperature onto thermally oxidized Si sub-
strates by dc magnetron sputtering. The Pt buffer layer with a
thickness of 20 nm was deposited on the Si substrate prior to
the deposition of the multilayer. The base pressure was 4.9
X 1078 mbar and the Ar gas pressure was maintained at 2.5
X 1073 mbar during deposition. The procedure to induce an
EB-like effect comprised first the application of an in-plane
field of 15 kOe to fully saturate the magnetization of all the
layers; and second, the measurement of the in-plane hyster-
esis loop in the same field direction with a maximum applied
field (Hyysmax=1.5 kOe), large enough to saturate the NiFe
but insufficient to saturate the [Pt/Co] multilayer. In-plane
hysteresis loops were measured by means of vibrating
sample magnetometry at room temperature. The extraordi-
nary Hall effect (EHE) has been used to record hysteresis
loops along the perpendicular to the film direction after satu-
rating the system with a field applied in the measurement
direction. This technique is sensitive to the perpendicular-to-
film-plane component of the magnetization,%’ allowing us to
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probe the influence of varying the number of repetitions n
and the NiFe layer thickness fy;r.. The magnetic domain
structures of selected samples were imaged by MFM. Two-
dimensional (2D) periodic micromagnetic simulations were
performed in order to extract information about the magnetic
domain structure in the [Pt/Co]-NiFe system at remanence
after application of a large in-plane magnetic field. In the
micromagnetic model,® the [Pt/Co] multilayer was consid-
ered as a single FM layer having the same characteristics
as the multilayer. The material parameters used for the
[Pt/Co] multilayer were the exchange constant A.=3
% 1077 erg/cm, the out-of-plane uniaxial magnetocrystalline
anisotropy constant K,=2.195 X 10° erg/cm?, and the satura-
tion magnetization M, =388 emu/cm?’ resulting in a quality
factor =K, /(2wM?)=2.3 comparable to values reported in
the literature.”!? Standard values for the NiFe were consid-
ered: A, =2 X 107 erg/cm, M ;=800 emu/cm?, and no mag-
netocrystalline anisotropy. The mesh size was 2.5 X 0.2nm?,
i.e., smaller than the magnetic characteristic lengths of the
system (exchange length and domain wall width).

III. RESULTS AND DISCUSSION

We first focus on the series with fy;g.=3 nm and variable
n. The hysteresis loops measured by the EHE, i.e., with the
magnetic field applied perpendicular to the film plane,
exhibit a square shape similar to that of single [Pt/Co]
multilayers, indicating that magnetization reversal takes
place first by nucleation of reversed domains (with perpen-
dicular magnetization) followed by rapid domain wall mo-
tion [see inset in Fig. 1(a), corresponding to n=6]."' By com-
parison with single [Pt/Co] multilayers, the coupling
between the NiFe and the [Pt/ Co] multilayer leads to several
effects: increased out-of-plane saturation field H} (with val-
ues of 550 and 850 Oe for Ptyy,m/(COp6nm/Pti gnm)s and
l:)t2() nm/(co().é nm/PtlA8 nm)S/CO().2 nm/NiFGS nm/CUZ nm/PtZ nm»
respectively), decreased out-of-plane coercivity H CL (475 and
350 Oe, respectively) and slightly reduced remanence to
saturation ratio M;/M, (1 and 0.95, respectively). Figure
1(a) shows the evolution of HL,l as a function of n for the
[Pt/Co]-NiFe(, __3nm system. The initial increase of H'
has been already observed for single [Pt/Co] multilayers and
has been explained as being due to the increased number of
interfaces when increasing the number of Pt/Co bilayers
which enhance the perpendicular anisotropy and act as pin-
ning sites for magnetization reversal.'> For n>6, HCl pro-
gressively decreases. This can be ascribed to a decrease of
the effective magnetic anisotropy constant, similar to what
happens in a single [Pt/Co] multilayer when increasing the
Co thickness.”!3 The in-plane hysteresis loop of the
PtZO nm/(COO.G nm/Ptl.S nm)6/C00.2 nm/NiFeS nm/Cu2 nm/PtZ nm
system, obtained after application of a strong in-plane field
H,=15 kOe, is shown in the inset of Fig. 1(b). Remarkably,
this loop is shifted along the magnetic field axis. The depen-
dences of the loop shift H; and the in-plane coercivity H‘L'_ on
the number of Pt/Co repetitions are shown in Fig. 1(b). In-
terestingly, both Hy and H'l increase with increasing n. Ac-
tually, these two quantities and H CL all increase with n, up to
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FIG. 1. (a) Evolution of the out-of-plane coercivity H. with
the number of Pt/Co bilayers, n, after saturating the
PtZOnm/(COOEnm/PtLS nm)n/C00.2nm/NiFe3 nm/Cu2nm/Pt2nm in the
perpendicular to the film plane direction. (b) Evolution of the
in-plane coercivity Hl and the loop shift Hg with n after
applying an in-plane field Hy=15 kOe and subsequent measure-
ment of the in-plane hysteresis loop with Hyygmax=1.5 kOe.
The lines are guides to the eye. Insets: Corresponding (a) out-
of-plane and (b) in-plane hysteresis loops measured for
Pt20nm/(C00.6nm/Pt148 nm)6/C00.2nm/NiFe3 nm/Cu2nm/Pt2nm-

n=6. This similar trend indicates that all these parameters
may be directly related to the magnetic configuration in the
[Pt/Co] multilayer.

MFM studies on selected samples after in-plane saturation
were thus performed in order to obtain deeper understanding
on the magnetic behavior of the system. MFM imaging, at
remanence, of the sample with n=6 and #y;g.=3 nm in the
remanent state after in-plane saturation [see Fig. 2(a)] exhib-
its a disordered pattern due to the overlapping between the
domain structure of the [Pt/Co] multilayer and that of the
NiFe layer, which does not allow one to extract information
about the multilayer domain structure. In order to overcome
this problem, single [Pt/Co] multilayers (with n=3, 5, 7,
and 10) have also been imaged, at remanence, after applica-
tion of the in-plane magnetic field Hy,=15 kOe [Figs.
2(b)-2(e)]. Tt should be noted that micromagnetic simula-
tions indicate that the presence of the NiFe on top of the
[Pt/Co] multilayer does not significantly modify the evolu-
tion of the domain structure with n in the multilayer. Hence,
the images shown in Fig. 2 are also representative of the
trend followed by the domain pattern in the [Pt/Co]-NiFe
system when varying n. The MFM images indicate the exis-
tence of magnetic domains with antiparallel magnetization,
orientated preferentially out-of-plane (downward and up-
ward) and disposed in a pattern relatively segmented with
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FIG. 2. MFM images for (a) Ptyyum/(COpenm/Ptisnme/
Cog2 nm/NiFe3 pn/ Cuy y/ Pto and (b)-(e) Pty nm/
(Cog.6nm/ Pty gnm)n (=3, 5, 7, and 10, respectively) at remanence
after in-plane saturation with Hy=15 kOe. Scanned areas: 5
X5 um?.

nonuniform widths for the lower number of repeats (=3 and
5). Although the length scale of these patterns is somewhat
poorly defined, the average domain size clearly decreases
with increasing n (with the largest value of 1.2 wm obtained
for n=3). The finer domains observed for larger n (n=7 and
10 with average values of about 700 and 300 nm, respec-
tively) are more regular in their spacing. Similar domain pat-
terns have been observed by MFM after in-plane saturation
in Pt/Co multilayer'* and Co/Au multilayer'>'® films with
perpendicular anisotropy and have been attributed to a flux
closure pattern inside the stack. Additionally, a study based
on an exchange-coupled NiFe-TbCo (ferrimagnetic) bilayer
explained the observed EB effects as being due to a variation
of the magnetization in the TbCo layer from in-plane at the
interface to perpendicular at the top surface.!” In a similar
manner, in the [Pt/Co]-NiFe system, a remanent multido-
main configuration consisting of enlarged closure domains
oriented parallel to the in-plane H field and shortened along
the antiparallel direction to H at the interface, was proposed
to be responsible for the loop shift.> However, up to now no
direct proof of the existence of closure domains could be
found for this system.

The use of 2D micromagnetic simulations of both single
[Pt/Co] multilayers and [Pt/Co]-NiFe systems in the rema-
nent state after in-plane saturation confirms the existence
of Néel-type flux closure caps. Figures 3(a) and 3(b)
illustrate, as an example, cross-sectional views obtained for
the single [Pt/Co] multilayer with n=10 and for the
PtZO nm/(COO.6 nm/Ptl‘S nm)lO/COO‘Z nm/NiFCS nm/CUZ nm/PtZ nm
system, respectively. The length of the arrows displayed is
proportional to the magnetization component in the plane of
the figure. Bloch-like walls are located in the film center
while a clear magnetization circulation takes place at the
upper interface and at the bottom surface, leading to the
Néel-type flux closure caps. This circulation results in Bloch
wall cores between domains pointing along the z axis (Fig.
3). By adding a layer of 3 nm of NiFe onto the [Pt/Co]
multilayer two main effects appear: first, enlarged closure
domains and, second, an asymmetry between the bottom and
the top caps [indicated by the black dashed lines in Fig.
3(b)]. In fact, a considered fy;r. of 1 nm in the model was
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FIG. 3. (Color) Cross-section view of the magnetization distri-
bution  simulated  for  Ptygnm/(COp6nm/Pti snm) 10/ CO0 2 nm/
NiFe(tnige) / CUp pm/ Pty nm With fyig.= (a) 0 nm and (b) 3 nm. The y
axis is along the direction perpendicular to the film plane. The
[Pt/Co] multilayer appears framed by thin black lines. The black
dashed lines in (b) illustrate the breaking in the symmetry between
the bottom and top flux closure caps resulting from adding the NiFe
layer onto the [Pt/Co] multilayer. The scale bar indicates the values
for the magnetization component in the z direction.

enough to produce the observed breaking in the symmetry.
This type of asymmetry has been previously reported by La-
brune and Thiaville!® when studying the depth dependent
magnetization of a (Co/Au), system by the Mdossbauer ef-
fect. Furthermore, the simulations show a decreased mean
domain size with increasing n for single [Pt/Co] multilayers
in good agreement with MFM studies [Figs. 2(b)-2(e)]. The
observed trend is similar to that obtained from the model
proposed by Kaplan and Gehring'® in the regime of low
thickness where an increased film thickness leads to de-
creased domain sizes, although this latter approximation is
only valid in the case of having an ideal system and an equi-
librium configuration which would consist of parallel stripes.
As shown in Fig. 2, this is not strictly the case for the system
under study here.

The NiFe is coupled to the [Pt/Co] multilayer simulta-
neously by exchange and magnetostatic interactions. At re-
manence, after the preliminary in-plane saturation with an
in-plane field Hy=15 kOe, closure domains are created at the
interface between the [Pt/Co] multilayer and the NiFe which
in the real system, most probably, are in a nonequilibrium
configuration with unequal sizes. This is the origin of the
observed shift of the hysteresis loop along the field axis;
namely, the uncompensated moments stemming from un-
equally oriented closure domains at the [Pt/Co]-NiFe inter-
face play the equivalent role to uncompensated spins in the
AFM in conventional FM-AFM exchange-biased bilayers.
Furthermore, the reduction in the domains size with increas-
ing n results in an increased number of domain walls, i.e., an
increased number of unequal closure domains. The similar
evolution observed in H CL, Hp, and H!_, with n (Fig. 1) prob-
ably results from the enhanced effective pinning of the mag-
netic domains in the [Pt/Co] multilayer as n is increased.
After in-plane saturation and subsequent measurement of the
in-plane hysteresis loop, enlarged H'l and Hy values are the
consequence of the pinning of the resulting Néel-type flux
closure caps.
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FIG. 4. Detail of the out-of-plane hysteresis loops

measured by the extraordinary Hall effect after saturating the
Ptognm/ (C00.6 nm/Pti 8nm)6/ C00 2 nm/ NiFe(tnire) / Cuy yn/ Pty i (With
tnire=1, 2, 2.5, and 3 nm) in the direction perpendicular to the
film plane.

The second series of samples Ptyynm/ (COg 6 nm/ Pty gnm)e/
Cog 2 nm/ NiFe(tnipe) / Cuy g/ Pty ym Was prepared and charac-
terized in an analogous manner as the first series.
Figure 4 shows a detail of the hysteresis loops measured
by extraordinary Hall effect for samples with fype
=1, 2, 2.5, and 3 nm after saturation in the perpendicular
to film direction. The hard axis contribution from the NiFe to
the loop becomes relevant when increasing the thickness of
this layer, as it can be seen in Fig. 4 from a reduced M /M,
ratio for fy;p.=2.5 nm, while MrL/Msxl for fyjpe <<2.5 nm
due to the strong perpendicular anisotropy of the [Pt/Co]
multilayer. MFM images of selected samples at remanence
after out-of-plane saturation are shown in Fig. 5. In good
agreement with the measured hysteresis loops, MFM images
show that the [Pt/Co]-NiFe system remains in a single do-
main state with an out-of-plane magnetic moment for fy;g.
< 2.5 nm [Figs. 5(a) and 5(b)]. It is for f\jp.=2.5 nm that a
clear magnetic domain pattern appears [Fig. 5(c)] indicative
of a clear transition in the orientation of the magnetic mo-
ments of the upper NiFe layer from an out-of-plane direction
(niFe < 2.5 nm) to an in-plane direction [y = 2.5 nm, Figs.
5(c)-5(f)]. In a similar manner, the evolution of H~ with fyf.

FIG. 5. MFM images for Ptygnm/(C00.6nm/Pti nm)s/ CO0.2nm/
NiFe(fnige) / Cup pm/Pto ym With fnige=1 (a), 2 (b), 2.5 (c), 3 (d), 4
(e), and 5 nm (f), at remanence after out-of-plane saturation.
Scanned areas: 2.5X 2.5 um?.
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FIG. 6. (a) Evolution of the out-of-plane coercivity H.
with the NiFe thickness i#yjr, after saturating the
Pt20 nm/(COO.é nm/Ptl.S nm)ﬁ/COO.Z nm/NiFe(tNiFe)/CHZ nm/PtZ nm in the
direction perpendicular to the film plane. (b) Evolution of the in-
plane coercivity H'C‘ and the loop shift Hg with ;. after applying
an in-plane field Hy=15 kOe and subsequent measurement of the
in-plane hysteresis loop with Hypygmax=1.5 kOe. The lines are
guides to the eye.

[Fig. 6(a)] shows two differentiated regions. In the first one,
for fyjpe<2.5 nm, HL.l decreases with increasing fy;g. due to
the tendency for the magnetic moments in the NiFe layer to
orient in the film plane as the layer thickness is increased, in
spite of the coupling with the [Pt/Co] multilayer. This is due
to the increasing role of the shape anisotropy of this layer.
For tyipe>>2.5 nm (second region) the orientation of the suc-
cessive upper NiFe spins is already in plane and thus the
measured H, tends to become constant.

In-plane  measurements  performed  with  Hyyg max
=1.5 kOe after saturation with the in-plane large field H,
=15 kOe show a somewhat unexpected behavior; namely,
Hj increases and Hl decreases for increasing fy. in the
range 0<tyjpe<<2.5 nm [Fig. 6(b)] but further increase of
Inire Tesults in the opposite trends. This behavior can be in-
tuitively understood taking into account that an increased
in-plane orientation of the magnetic moments in the NiFe
with increasing fy;z. Will favor a net in-plane magnetization
of the [Pt/Co] multilayer at the interface, i.e., an enhanced
EB effect in the system. Indeed, 2D micromagnetic simula-
tions reveal that for a fixed n the mean domain size increases
with decreasing fy;p. (in the studied range fyjp. <3 nm), the
increment being larger when considering a lower number n.
MFM observations have been carried out for samples with
n=6 and typ.=1, 2, 2.5, and 3 nm at remanence after in-
plane saturation with Hy=15 kOe. A slight decrease in the
domain size with increasing fy;g. is shown in Fig. 7, in good
agreement with the trend observed in the simulations. As
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FIG. 7. MFM images for Pt20nm/(C0046nm/Ptl.8nm)6/C00.2nm/
NiFe(tnige)/ Cs pm/ Pty nm With fyige=1 (), 2 (b), and 2.5 nm (c), at
remanence after in-plane saturation with Hy=15 kOe. Scanned ar-
eas: 5X5 um?.

previously noted, a thickness of 3 nm for the NiFe [Fig. 2(a)]
leads to a pattern difficult to interpret as a consequence of the
contribution of the in-plane magnetic moments of the NiFe
upper layer. Conversely, the observed domain patterns [Figs.
7(a)-7(c)] consist of segmented and nonuniform stripes
analogous to those observed for single [Pt/Co] multilayers
after identical saturating procedure [Figs. 2(b)-2(e)]. The
formation of a domain pattern consisting of enlarged, un-
equally oriented, closure domains can explain the observed
evolution for Hy with fyg. for fyjpe <3 nm plotted in Fig.
6(b). However, for fy;p. >3 nm, a decrease in Hy with g, is
obtained [Fig. 6(b)], indicating the prevalence of the interfa-
cial, i.e., short-range character, of the observed EB-like ef-
fect in the [Pt/Co]-NiFe system, by analogy with conven-
tional EB systems consisting of exchange coupled FM and
AFM materials.

The reduction of the EB-like effect is accompanied with
an increase of HQ. This is attributed to a more pronounced
dragging of the uncompensated, in-plane, magnetic moments
at the [Pt/Co]-NiFe interface, which progressively results in
more equally oriented closure domains, i.e., a decreased net
in-plane magnetic moment at the interface. During the in-
plane hysteresis loop, the extra energy required to switch the
in-plane interfacial magnetic moments of the [Pt/Co]
multilayer causes the H'l increase. To prove the enhanced
dragging effect when increasing fy;r., an investigation of the
training effects (i.e., the effect of repeated hysteresis loops
on Hg and H'!,) has been pursued, for the systems with fy;g.
=3 and 4.5 nm. These repeated in-plane hysteresis loops
were all recorded with Hyygma=1.5 kOe after saturation
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with an in-plane field of 15 kOe prior to the measurement of
the first hysteresis loop. For both samples Hj decreases
abruptly from the first to the second recorded hysteresis loop
(20% and 30% decrease for fyp.=3 and 4.5 nm, respec-
tively) and more gradually with the subsequent cycles (25%
and 50% decrease, respectively, after nine repetitions). The
steeper reduction of Hy when increasing the loop number
observed for fy;g.=4.5 nm confirms that this sample is more
prone to training effects and, consequently, that the dragging
effects are more pronounced for larger #y;z. values.

IV. CONCLUSIONS

The magnetic properties of a system consisting of NiFe
deposited onto a [Pt/Co] multilayer have been shown to be
closely related to the magnetic domain configuration in the
[Pt/Co] multilayer. This domain structure can be modified
by varying either the number of Pt/Co repetitions in the
multilayer or the NiFe layer thickness. Interestingly, a shift
in the in-plane hysteresis loop of the system is observed.
Remarkably, by comparison with conventional EB systems,
no AFM material is present here and no field cooling is re-
quired to induce Hp. Actually, the loop shift is induced by
simply applying a strong in-plane magnetic field H to the
system.

As revealed by micromagnetic simulations and experi-
mental results, the key point for the interpretation of the EB
phenomena in this system is the creation of Néel-type flux
closure caps in the [Pt/Co] multilayer, with unequal in-plane
orientations (i.e., enlarged domains parallel to the H,, direc-
tion), which couple to the NiFe layer, hence pinning its mag-
netic moment during the magnetization reversal. The depen-
dence of the loop shift and the in-plane and out-of-plane
coercivities on the sample composition can be understood as
a result of the interplay between the resulting number and
size of unequal closure domains and the short-range charac-
ter of the phenomenon.
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