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Extraordinary Chiral Exchange-Bias Phenomenon: Engineering the
Sign of the Bias Field in Orthogonal Bilayers by a Magnetically
Switchable Response Mechanism

Alberto Bollero, ** Volker Neu, ® Vincent Baltz, ¢ David Serantes, ¢ José Luis F. Cufiado, ¢ Javier
Pedrosa, ? Ester M. Palmero, ? Marietta Seifert, ® Bernard Dieny, ¢ Rafael P. del Real, ¢ Manuel
Vazquez, ¢ Oksana Chubykalo-Fesenko, ¢ and Julio Camarero %¢

Isothermal tuning of both the magnitude and the sign of the bias field has been achieved by exploiting a new phenomenon
in a system consisting of two orthogonally coupled films: SmCos (out-of-plane anisotropy)-CoFeB (in-plane anisotropy).
This has been managed by using the large dipolar magnetic field of the SmCos layer resulting in pinning one of the

branches of the hysteresis loop (either the ascending or the descending branch) at a fixed field value while the second one
is modulated along the field axis by varying the orientation of an externally applied magnetic field. This means the
possibility of controlling the sign of the bias field in a manner not reported to date. Moreover, modulation of the bias field
strength is possible by varying the thickness of a spacer between the SmCos and CoFeB layers. This study shows that the
observed phenomena find their origin in the competition of artificially induced anisotropies on both layers, resulting in a
reversible chiral bias effect that allows selecting the initial sign of the bias field by switching (upwards/downwards) the

magnetization in the SmCos film.

1 Introduction

Magnetic materials are playing a key role in our technological
development and they are present in many technological sectors:
energy, transport, aerospace, biomedicine, spintronics...1 This latter
area keeps indeed a close relation with all the others since mass
storage media and magnetoresistive sensors find important

functionalities in many technological control and monitoring
devices. Paradoxically, these devices are based on a phenomenon —
the so-called exchange-bias (EB)— which was discovered in 1956,2
and whose physical origin remains poorly understood at present.3#
The rapid technological development and miniaturization of devices
make necessary to advance in the knowledge and control of the
interfacial effects responsible of the EB phenomenon to discover

novel effects with added functionalities.3

EB is frequently used in magnetic random access memories and
magnetoresistive read heads to pin the magnetization of a
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reference layer. Setting EB is usually achieved by cooling a
ferromagnetic (F)-antiferromagnetic (AF) bilayer under an applied
field through the Néel temperature (Tn) of the AF.> The EB
phenomenon typically manifests itself as a unidirectional field shift
(EB field) as well as a broadening of the hysteresis loop, i.e. an
increased coercivity. Both coercivity and EB field can be controlled
by fine-tuning the F anisotropy, the F-AF coupling and the angle of
the applied magnetic field as shown in continuous and
nanostructured films.%7 Usually a positive cooling field results in a
shift of the F hysteresis loop toward negative fields (i.e., negative
bias field). However, there are also reports showing the possibility
of achieving a positive bias field. Nogués et al.8 demonstrated the
possibility of setting a positive exchange bias in FeF, (AF)-Fe (F)
bilayers by field cooling of the system in large magnetic fields.8 This
effect was attributed to a combination of an AF exchange at the AF-
F interface and a F coupling of the AF surface spins to the cooling
field above Tn. A subsequent study on this same system,
additionally including CoO (AF)/Co (F), done by Miltényi et al.® (and
including coauthors of the previous work) and another research
work carried out by Gékemeijer and Chien!® on CoO (AF)/NigiFeis
(F) showed the possibility of tuning the sign of the bias field by
cooling the system in zero field.? The post-annealing (field- or zero
field- cooling) treatment typically needed to set EB has been
recently shown to be avoidable in specifically designed systems

such as FeCo/IrMn bilayers via a structural phase transition.!



The possibility of inducing EB-like effects has also been
demonstrated in recent years in systems consisting of two coupled
F materials with orthogonal anisotropies: [Pt/Co] multilayer (with
out-of-plane anisotropy)-NiFe (with in-plane anisotropy).12-14 A shift
along the field axis in the in-plane hysteresis loop of the permalloy
(NiFe) was obtained without necessity of a field cooling procedure.
In a similar manner to the mechanism behind the EB phenomenon
observed in the ThCo (ferrimagnetic)/NiFe system,116 the EB field
is a consequence of the coupling between NiFe and a net in-plane
magnetization of the [Pt/Co] multilayer. Navas et al.17 and Nguyen
et al.'8 observed similar behavior in two F/F systems consisting of
CoCrPt (out-of-plane easy axis)-Ni (in-plane) and [Co/Pd]s (out-of-
plane)-NiFe (in-plane), respectively. Experimental results in
combination with micromagnetic simulations have shown that the
loop shift magnitude in orthogonally coupled [Pt/Co]/NiFe is
strongly dependent on the strength of the out-of-plane anisotropy
of the [Pt/Co] multilayer.l® This conclusion opened the door to
explore the possibility of managing an effective tuning of the EB
field in orthogonally coupled bilayers by proper choice of a hard
magnet system with a strong out-of-plane anisotropy. That makes
perpendicular epitaxial hexagonal SmCos an excellent candidate to
be used in EB magnetically hard-soft bilayers as the hard magnet
since it exhibits the largest uniaxial magnetocrystalline anisotropy
of K,=14 MJ/m3 at room temperature as a bulk phase,2021 thus
guaranteeing a stable out-of-plane magnetization in the hard layer

when reversing the magnetization of the soft magnetic layer on top.

By comparison with the relatively large number of studies dealing
with Sm-Co films with in-plane magnetic anisotropy,2227 those
focused on out-of-plane Sm-Co films are rather scarce.?$2° The
fabrication of epitaxial Sm-Co films with out-of-plane anisotropy is
of interest as part of the research and technological effort done on
developing highly anisotropic materials for perpendicular recording
media. The strong perpendicular anisotropy in these devices
guarantees the stability of the stored information against thermal
switching of the magnetization.

The present study combines a hard magnetic phase (SmCos) and a
soft magnetic phase (CoFeB). This combination of hard/soft bilayers
provides model systems for studying the exchange-spring
coupling.3° Insight into the magnetization reversal in these bilayer
the

metal/permanent magnet exchange-coupled composites.3%31 In this

systems can provide guidance for optimization of
work we will focus on the possibility of setting an extraordinary
exchange bias-like effect —under specific conditions— when having a
bilayer of this type with orthogonal magnetic anisotropies: SmCos

(out-of-plane) and CoFeB (in-plane) separated by a spacer.

2 Experimental methods

2.1 Fabrication of the SmCos films by Pulsed Laser Deposition
SmCos films have been prepared on a heated substrate by UHV
pulsed laser deposition (PLD) from elemental Ru, Sm, Co, and Cr
targets in on-axis geometry (KrF excimer laser, 248 nm wavelength,
100 mJ energy per pulse, base pressure <5x10~° mbar). The SmCos
films were prepared at 700°C on Al,O3 (0001) substrates using a Ru
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buffer layer (20 nm) and a Cr cover layer (2.5-11 nm) as an
oxidation protection (Fig. 1a). Prior to film preparation, the
deposition rates of the individual targets were measured with an
Inficon XTM/2 rate monitor.

2.2 Growth of the CoFeB film by sputtering

Sputtering of an amorphous CogaFezsB12 (3 nm) film on a Pt buffer
layer was done with oblique incidence of the atomic flux in order to
induce an in-plane uniaxial anisotropy.3? This structure was capped
by an additional protective Pt layer (Fig. 1d). All the CoFeB-based
samples were grown at room temperature under a 0.25 Pa Ar
pressure with deposition rates of about 0.08 nm s-1.

2.3 Fabrication of the SmCos/spacer/CoFeB multilayer structure

Once verified the magnetic quality of the magnetically hard (SmCos)
and soft (CoFeB) films, the complete multilayer structure was
prepared by growing first the SmCos structure followed by transfer
of the sample to the sputtering chamber to complete the system by
growing the Pt(1.8nm)/CoFeB(3nm)/Pt(1.8nm) multilayer. The
parameters used for the growth of the SmCos and the CoFeB
structures were identical to those previously described. The Cr layer
protected the SmCos against oxidation during ex-situ transfer from
the PLD to the sputtering chambers. The SmCos/spacer/CoFeB
multilayer  structures consisted of:  Al,05(0001)/Ru(20nm)/
SmCos(30nm)/spacer(tspacer)/CoFeB(3nm)/Pt(1.8nm) with a total
thickness of the spacer tspacer = 4.3 and 12.8 nm. The spacer was
based on Cr(tc,)/Pt(1.8nm) (with te = 2.5 and 11 nm, respectively).

2.4 Magneto-Optical Kerr Effect (MOKE) measurements

The MOKE system used in this study combines simultaneous
acquisition of rotations of polarization and changes of reflectivity
for a given sample orientation with respect to a variable external
magnetic field, allowing full angular studies.3® The sample was
placed on a eucentric goniometer head to ensure a fixed plane of
reflection upon sample rotation. The whole head could be rotated
in the complete angular range 0-360° by a stepping motor in steps
of 0.5°. A 5 mW HeNe laser (A = 632 nm) was used. A Glen-
Thompson polarizer with an extinction coefficient 1x10-° addressed
the undefined polarization of the laser. Lenses were used to focus
the light beam onto the sample as well as to focus the divergent
beam after reflection. A A/2 retarder, set to 22.5 of the optical axes,
and a Wollaston prism with extinction coefficient 1x10-> were used.
The intensities of the reflected waves were measured by two fast
photodiodes incorporated into amplification electronics. The v-
MOKE measurements were performed at room temperature with a
10 Hz triangular-shaped magnetic field ramp and a maximum field
strength of 60 mT. For each angular condition the signal was
averaged during 1 min (recording of over 600 loops at each angular
condition). This setup provided sensitivity better than 1 prad and
10 for Kerr rotation angles and reflectivity changes, respectively.

3 Results and discussion
3.1 Design of the multilayer structure

We have designed a multilayer system consisting of a hard magnet
epitaxial SmCos film with a strong perpendicular anisotropy?® and a
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soft magnetic amorphous CogFe 6B12 film with in-plane anisotropy
interacting through a spacer. Ferndandez-Pacheco et al.3* have
reported a chiral bias in a system consisting of two coupled
ultrathin magnetic layers made of Co and CoFeB. In our study, we
demonstrate the possibility of obtaining a chiral EB effect by
the the
(upwards/downwards) of the SmCos layer. Well beyond that effect,
our work presents the first experimental evidence of the possibility

changing orientation of magnetization

of controlling isothermally not only the magnitude but also the sign
of the bias field in an unprecedented manner. The bias controlling
mechanism is based on pinning exclusively one of the branches of
the hysteresis loop (either the ascending or descending one at will)
while displacing the second one along the field axis. This is managed
by simple variation of the orientation of an external magnetic field
applied parallel to the film surface (in-plane field) and with no need
of any post-depositional treatment. Variation of the thickness of the
spacer allows tuning the strength of the magnetostatic coupling
between the soft and the hard magnetic layers;—+-e—studying—the
3.2 Inducing magnetic anisotropy in the ferromagnetic hard and
soft layers

Prior to fabrication of the complete SmCos/spacer/CoFeB structure,
reference samples consisting on SmCos and CoFeB have been
grown to check for the quality of the individual films.

layer.28 The film structure was completed with the deposition of a
Cr layer, with two different thickness values of 2.5 and 11 nm. The
complete Al,03(0001)/Ru(20nm)/
SmCos(30nm)/Cr(2.5-11nm) as schematically shown in Fig. 1a. Fig.
1c shows the quality of the perpendicular SmCos film with the c-axis

multilayer  structure was

perpendicular to the film plane (schematics in Fig. 1b). It is worth
remarking the absence of a Cu buffer layer during the growth, by
comparison with some previous works,3>3% which has been avoided
to maintain the high uniaxial anisotropy of the pure SmCos phase.?®
It must be considered that the use of a Cu buffer layer is beneficial
to decrease the crystallization temperature, increase the stability of
the SmCos phase and promote the out-of-plane orientation, but on
the other hand it decreases the intrinsic anisotropy of the SmCos
phase. Further details on the growth of the SmCos film used in this
work have been published elsewhere.2® A large uniaxial
magnetocrystalline anisotropy constant of about K,=7.5 MJ/m3 was
determined for SmCos at room temperature in the out-of-plane
configuration, resulting in a coercivity above 1 T (see Fig. 1c).
Sputtering of an amorphous CoFeB (3 nm) film on a Pt buffer layer
was done with oblique incidence (Figs. 1d,e) of the atomic flux in
order to induce an in-plane uniaxial anisotropy.3° This structure was
capped by an additional protective Pt layer. Fig. 1f shows successful
inducement of a preferred magnetization (easy axis) direction in the

CoFeB film.

Pulsed Laser Deposition (PLD): Al,O3(0001)/Ru(20nm)/SmCos(30nm)/Cr(2.5-11nm)
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Fig. 1. Reference SmCos and CoFeB multilayers: (a) Al203(0001)/Ru(20nm)/SmCos(30nm)/Cr(2.5-11nm) structure grown by PLD with the ¢ -axis perpendicular
to the film surface as schematically shown in (b); (c) hysteresis loops measured with the field applied perpendicular (out-of-plane) and parallel (in-plane) to
the surface. (d) Si/SiO2/Pt(1.8nm)/CoFeB(3nm)/Pt(1.8nm) structure with the CoFeB layer grown by sputtering with oblique incidence (schematically shown in

(e)) in order to induce a uniaxial anisotropy, responsible of setting a preferential magnetization (easy axis) direction; (f) hysteresis loops measured with the

applied field along the easy (defined as an=0°) and hard (a+=90°) axis directions of the CoFeB film.

A 30 nm thick SmCos epitaxial film was prepared by pulsed laser
deposition (PLD) on Al,05(0001) substrate using a Ru (20 nm) buffer

This journal is © The Royal Society of Chemistry 20xx
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3.3 Effect of the exchange-bias phenomenon on the coercivity of
the orthogonally-coupled bilayers

Once verified the magnetic quality of the magnetically hard (SmCos)
and soft (CoFeB) films, the complete multilayer structure was
prepared by growing first the SmCos structure shown in Fig. la
followed by transfer of the sample to the sputtering chamber to
complete the system by growing the
Pt(1.8nm)/CoFeB(3nm)/Pt(1.8nm) The Cr layer
protected the SmCos against oxidation during ex-situ transfer from
the PLD to the sputtering chambers. A detail of the complete

multilayer.

SmCos/spacer/CoFeB multilayer structure is shown in Fig. 2,
Al;05(0001)/Ru(20nm)/SmCos(30nm)/spacer(tspacer)/
CoFeB(3nm)/Pt(1.8nm) with a total thickness of the spacer tspacer =
4.3 and 12.8 nm. The spacer is based on Cr(tc,)/Pt(1.8nm) (with tc, =
2.5 and 11 nm, respectively). A direct consequence of using a

comprising

spacer between the two ferromagnetic layers is the possibility of
applying relatively low in-plane fields to study systematically the
angular dependence of the magnetization reversal in CoFeB by
Magneto-Optical Kerr Effect (MOKE). This has been done by
rotating the sample in a full angular range (0-360°) in presence of
an external in-plane magnetic field with a maximum strength of 60
mT.

The EB phenomenon typically results in a broadening of the
hysteresis loop, i.e. enhanced coercivity, and a unidirectional field
shift. In order to show the effect on coercivity due to the
magnetostatic coupling between the magnetically soft and hard
layers, Fig. 2 shows the hysteresis loops after proper centering
along  the field axis measured by MOKE for
Al;,03(0001)/Ru(20nm)/SmCos(30nm)/spacer(tspacer)/CoFeB(3nm)/Pt
(1.8 nm) with tepacer = 4.3 and 12.8 nm and, for the aim of
comparison, the hysteresis loop of the CoFeB reference film
[Si/SiO,/Pt(1.8nm)/CoFeB(3nm)/Pt(1.8nm)] grown with oblique
incidence. This representation allows observing an enhanced
coercivity of 8.5 mT for the multilayer containing a thinner spacer
(4.3 nm), i.e. CoFeB closer to the SmCos layer, by comparison with
2.6 mT measured for the multilayer comprising a thicker spacer
(12.8 nm). This latter value is still higher than the coercivity (1.5 mT)
measured for the single CoFeB reference layer and shows the effect
that the magnetostatic coupling of CoFeB to SmCos has on
increasing coercivity. A thinner spacer results in an enhanced
coercivity due to a stronger coupling between the SmCos and CoFeB
layers, which makes necessary application of a stronger external
field to reverse the magnetization of the CoFeB layer.

The angular evolution of the coercivity has been studied by applying
an external in-plane magnetic field to the multilayer system while
rotating in a full 0-360° angular range (see Fig. 3). An angle of the
external applied field an = 0° has been chosen as that
corresponding to the application of the field parallel to the easy axis
direction of the Si/SiO,/CoFeB reference sample (Figs. 1d-f), i.e. in
absence of the influence exerted by the magnetically hard SmCos
film. When using a thinner spacer, i.e. decreasing the separation

distance between the hard and the soft magnetic layers, the
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maximum of coercivity of the combined SmCos/spacer/CoFeB
system points 90° rotated with respect to the easy axis of the single
CoFeB film (Fig. 3a). Similar observation related to the rotation of
the easy axis direction has been previously done by Camarero et
al.3 for two F layers (NigoFezo and Co) coupled through a NiO layer.
In that system an in-plane uniaxial anisotropy was induced on the
Co layer resulting in an in-plane perpendicular coupling between
both layers, with the hard axis of Co corresponding to an easy axis
for NigoFezo. The authors demonstrated that this effect was the
result of the combination between interfacial roughness and the
small value of the effective NiO anisotropy.3®* The mechanism
behind the effect observed in the system under study might be
related to the homogeneous spiraling spin structure considered in
Slonczewski’'s model*® or, mostlikely based on the analogies
between the two ferromagnet/spacer/ferromagnet systems, to the
formation of partial spirals in the spacer layer going from one
ferromagnet interface to the other.3® Further work is in progress to
discriminate the precise mechanism behind the observed effect.
Indeed, and additionally supporting the given argument, Fig. 3b
shows that an increased thickness of the spacer tends to reorient
the maximum of coercivity of the SmCos/spacer/CoFeB system
towards the uniaxial anisotropy induced during the growth of the
CoFeB layer. The angular evolution measured for the CoFeB layer
(Fig. 3c) agrees well with that of a thin film with a well-defined
uniaxial anisotropy.33 This may be understood considering that the
strength of the magnetostatic coupling between both soft and hard
magnetic layers is diminished with increasing the separation layer
between both of them. On this basis, the maximum coercivity for a
sufficiently thick spacer is foreseen to lie along ay = 0° since for
such situation the CoFeB layer will not be subjected to the magne-

—+— SmCo /spacen4.3nm)CoFeB
—o— SmCo./spacen12 nmj/ CoF eB

1.0+

05

0.0

A7 M

40 30 20 10 0 10 20 30 40
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Fig. 2. Centered in-plane hysteresis loops measured by MOKE for CoFeB
reference sample [Si/SiO»/Pt(1.8nm)/CoFeB(3nm)/Pt(1.8nm)] grown with
oblique incidence (solid black line); Al,03(0001)/Ru(20nm)/SmCos(30nm)/
spacer(tspacer)/CoOFeB(3nm)/Pt(1.8 nm) with tspacer = 4.3 nm (close symbols)
and 12.8 nm (open symbols). Spacer comprises Cr(tc)/Pt(1.8nm) [with tcr =
2.5 and 11 nm, respectively]. Schematic representation of the complete
multilayer structure is displayed in inset.

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Nanoscale
(a)E 136 3 (b)a 42 .
12.8 39 <
120 22
1
A2 i3
= 104 iE 28
E oo E 25
> ,E. 2.1
5 o6l | 3 21
(2] | S 251
5 104 2 5
o \ >
8 12{ ,% O 32
12.0 | 35
128 39
13.6 42

- capping
“ CoFeB
«— spacer

1

1

spacer

ARTICLE

© (c)@

Coercivity (mT )

capping
é CoFeB

capping
.~ CoFeB

Fig. 3. Angular evolution (polar-plot representation) of coercivity and schematic representation of the corresponding multilayer structure (bottom part) for:
(a) SmCos(30nm)/spacer(4.3nm)/CoFeB(3nm); (b) SmCos(30nm)/spacer(12.8nm)/CoFeB(3nm); and (c) CoFeB(3 nm) reference film (equivalently
represented by an infinite thickness of the spacer). aw = 0° corresponds to application of the external magnetic field parallel to the easy axis direction of the
Si/Si0,/CoFeB reference sample as indicated in (c). Representative hysteresis loops for shaded regions (I and II; Il and 1V) are shown in Fig. 4.

tostatic field of the SmCos layer, and thus will follow the uniaxial
anisotropy that was induced during
configuration to that shown in Fig. 3c). The diminished saturation
field of the CoFeB layer with increasing the thickness of the spacer
(Fig. 2) also corroborates the weaken coupling.

In order to understand the requirements needed for appearance of
this phenomenon, two different types of samples were additionally

its growth (analogous

prepared: isotropic CoFeB layer grown under vertical incidence
onto magnetized SmCos with a separating spacer (Supplemental Fig.
S2); and anisotropic CoFeB layer (oblique
demagnetized SmCos film with a separating spacer (Supplemental
Fig. S3). In both cases, when measuring the angular evolution of
coercivity, both multilayer SmCos/spacer/CoFeB samples were
isotropic. Accordingly, and as a first conclusion, the competition
between the uniaxial anisotropy induced in the CoFeB layer and the
dipolar field created by the out-of-plane magnetization of the
SmCos layer is mandatory to guarantee the appearance of the
reported phenomenon.

incidence) onto

3.4 Novel modulation of the bias field in the orthogonally coupled
bilayers

We proceed in the following to study the influence of the spacer
thickness, i.e. modulation of the CoFeB-SmCos coupling, on the EB-
like phenomenon. Fig. 4 shows representative hysteresis loops
measured with the external magnetic field applied at different in-
plane angles, ax, and corresponding to the angular regions (I-1V)
shaded in Fig. 3. Figs. 4a,b relate to the multilayer system
comprising the thinnest spacer in this study. First important remark
is that no EB effect should be expected in this system based on the
mutually orthogonal orientation of both magnetic layers (CoFeB

oriented in-plane, and SmCos oriented out-of-plane). The

This journal is © The Royal Society of Chemistry 20xx

explanation to address the appearance of the EB-like phenomenon
in this system comes from the formation of an in-plane
magnetization component in the SmCos film, which results in a
coupling effect between the in-plane magnetization of the CoFeB
and such an in-plane component of the SmCos film. Previously
reported systems comprising orthogonally coupled F bilayers,12-1417
showed that the EB field was a consequence of an artificially
created domain configuration with an effective in-plane magnetic
moment in the hard magnetic layer at the interface, thus leading to
the coupling between the magnetic moments of both soft and hard
layers. Experimental results in combination with micromagnetic
simulations?® showed that the magnetic configuration responsible
of the measured loop shift was the result of the exchange-coupling
between the magnetization of the soft magnetic layer and the
magnetization of vortex cores, which formed in the domain walls
separating upwards and downwards magnetized domains in the
hard magnetic multilayer. This cannot be the explanation behind
the phenomenon observed in the system under study because the
hard magnetic layer (epitaxially grown SmCos) is in a single-domain
state, which in this particular case invalidates the argument
referred to the formation of any closure domains at the interface.
However, a small misfit with the substrate and/or interfacial
roughness3 cannot be disregarded and would result in a tilt of the
out-of-plane magnetization in SmCos and thus in the appearance of
an in-plane component responsible of the coupling between CoFeB
and SmCos. Indeed, the large lattice misfit of 8% between SmCos
and the Ru buffer layer is expected to be accommodated by misfit
dislocations, which will result in a granular film morphology with a
roughness that can achieve 2-3 nm, as previously reported by
authors of this work for a comparable SmCos thin film (28 nm).28

J. Name., 2013, 00, 1-3 | 5
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Fig. 4. In-plane hysteresis loops measured by MOKE with magnetic field applied at different in-plane angles, a, and corresponding to colored regions I-II
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ax = 0° corresponds to application of the external magnetic field parallel to the easy axis direction of the Si/SiO2/CoFeB reference sample. Arrows are visual

guides to show the continuous increase in coercivity when varying aw while maintaining one of the loop branches pinned.

This possibility (formation of in-plane component of the
magnetization in SmCos) might become less probable (although still
possible) when considering the excellent texture of the SmCos film
confirmed by XRD (Supplementary Fig. S1 and previous work by
Seifert et al.?8) and its extremely high uniaxial anisotropy. However,
it is the tilt that the dipolar field of the SmCos film will experience
when growing the soft magnetic layer on top of it (moreover with a
spacer between them), which might play the main role behind the
origin of the bias effect here reported. Anh Nguyen et al.*! showed
for a similar F (out-of-plane)/F (in-plane) system, and consisting of
[Co/Pd]n-FeNi, an increased tilt of the magnetization of the FeNi
layer with increasing the thickness of this magnetically soft layer. In
particular, they reported a threshold of the NiFe thickness (> 5nm)
below which magnetic force microscopy (MFM) images were
essentially featureless (i.e., a large single remanent domain with
predominant out-of-plane magnetization) and above which contrast
variations appeared in the MFM images suggesting some tilting of
the magnetization away from the film normal.#l In the system
under study we are able of tuning the tilt of the magnetization in
the CoFeB layer by varying the thickness of the spacer between the
hard and soft films. In other words, an increased thickness of the
spacer between the magnetically hard and soft layers will weak the
strength of the dipolar field at the position of the soft magnetic
layer and thus will have an increased in-plane component.
Accordingly, and in a similar manner to the study reported on
[Co/Pd].-FeNi, we have found contrast variations in remanent state
MFM images for the two SmCos/spacer/CoFeB systems, suggesting
a tilt in the magnetization of the CoFeB film (Supplemental Fig. S4).

It is observed that application of an in-plane external field in the 0-

90° angular range (region |, Fig. 3a) results in approximately pinning
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of the descending branch of the hysteresis loops, while the
ascending branch evolves to higher positive field values with
increasing the angle. This effect results in a transition from a
negative to positive bias field going through zero (i.e., no EB effect).
Application of the in-plane external magnetic field in a 180-270°
angular range (region I, Fig. 3a) shows the same effect but with
opposite evolution of the two branches of the hysteresis loop, i.e.
approximate pinning of the ascending branch while the descending
one evolving to higher negative field values with increasing the
angle (Fig. 4b). As a result, a transition from positive to negative
bias field may be managed in this system by simple variation of the
orientation of the in-plane applied magnetic field. Compared to the
coercivity of the hysteresis loop, the described effect is significantly
more pronounced when increasing the separation between the
CoFeB and the SmCos layers, as it is shown in Figs. 4c,d. Again, and
taking Fig. 4c as an example (since Fig. 4d is the symmetrical
equivalence), the bias field can be tuned from negative to positive
values going through zero bias. This result suggests that the
interplay between the uniaxial anisotropy of the CoFeB layer and
the unidirectional anisotropy (EB-like phenomenon) is responsible
for both the amplitude of the bias field and the unusual change in
its sign from negative to positive, and vice versa, depending on the
in-plane incidence angle of the externally applied magnetic field.
Figs. 5a,b show the complete angular evolution of the bias field and
the coercivity for the two samples under study, with indication of
the angular regions from which the selected hysteresis loops shown
in Fig. 4 were extracted. Another interesting observation comes
from the different behavior of the bias field when comparing the
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Fig. 5. Angular evolution of the loop shift (close symbols) and coercivity
(open) vs field angle, ax, for SmCos(30nm)/spacer/CoFeB(3nm) with a
thickness of the spacer (a) 4.3 nm and (b) 12.8 nm. Shaded regions illustrate
regions I-1l and IlI-IV indicated in Figs. 3a,b, respectively. Angle au = 0°
corresponds to application of the external field parallel to the easy axis
direction of the Si/SiO./CoFeB reference sample. Dash line is a visual guide
indicative of au = 180°.

sample with the thinnest and the thickest spacer (Figs. 5a,b).
Independently of the thickness of the spacer layer, the loop shift
has 360° symmetry while coercivity has 180° symmetry, which is the
well-known result of the unidirectional nature of the exchange bias
phenomenon.3342 However, with increasing the thickness of the
spacer, the magnetostatic coupling between the CoFeB and the
SmCos layers is diminished and, accordingly, the uniaxial anisotropy
of CoFeB begins to play a relevant role as it may be observed by the
presence of two maxima (minima) in the angular region oy = 0-180°
(o = 180-360°). As a consequence, the cosine angular dependence
of the bias field,*? related to the unidirectional anisotropy, typically
observed in EB systems, becomes frustrated by an increased
influence of the uniaxial anisotropy of the CoFeB layer (Fig. 5b).

3.5 Chiral exchange-bias phenomenon

An additional multilayer structure was grown in the same fashion as
detailed for the previous two samples to proof that a bias field can
be induced in an orthogonally coupled SmCos(out-of-
plane)/spacer/CoFeB(in-plane) system independently of using a
material different to Chrome (Cr) as constituent of the spacer. With
this aim a sample with a spacer comprising Tantalum (Ta) instead of
Cr was grown, specifically with the following structure:
Al,03(0001)/Ru(20nm)/SmCos(30nm)/Ta(3nm)/Pt(1.8nm)/CoFeB(3n
m-oblique)/Pt(1.8nm). Fig. 6a shows a room temperature MOKE
hysteresis loop measured with the external in-plane magnetic field

applied along o = 90°, where a shift of the hysteresis loop towards

This journal is © The Royal Society of Chemistry 20xx

(a) 1.0
0.5 {———— CoFeB
00 - 4 smco,
= buffer
-0.5 substrate
-1.0 . X L )

-6 -4 22 4 6
Applied Field (mT)

=
f '. SmCo,

buffer
substrate

!

-6 -4 -2 Ir2 4 5]
Applied Field (mT)

Fig. 6. In-plane hysteresis loops measured by MOKE for
Al,03(0001)/Ru/SmCos(30nm)/Ta(3nm)/Pt(1.8nm)/CoFeB(3nm)/Pt(1.8nm)
after application of an out-of-plane magnetic field of 2 T upwards (a) and
downwards (b), respectively. A symmetric break of 2 mT has been
introduced in the field axis to allow for a better comparison. Images
illustrate schematic representation of the multilayer structure and the two
different orientations of the magnetization in the SmCos layer.

negative field values is clearly distinguishable. Consequently, and
independently of using Cr or Ta, a bias field is induced in this
orthogonally coupled system. In a second step, and in order to
proof the control that the orientation of the magnetization of the
SmCos layer exerts on the EB-like effect phenomenon, we decided
to switch the magnetization orientation in the SmCos layer from
upwards to downwards by application of an external magnetic field
of 2 T perpendicular to the film surface as schematically illustrated
in Figs. 6a,b, respectively. The effect of switching the magnetization
state in SmCos (from upwards to downwards) on the sign of the bias
field (from negative to positive) is straightforward as observed from
a direct comparison of the recorded hysteresis loops (o = 90°)
shown in Fig. 6. Coercive and bias fields take the same values in
both situations, respectively, although the sign of the bias field is
reversed when magnetizing the SmCos layer in opposite sense. This
result points to the main role played by the dipolar field created by
the SmCos layer in defining the initial sign of the bias field in the
SmCos-CoFeB system.

Conclusions

In summary, exceptional exchange bias-like effects have been
observed in a system consisting of a hard magnet epitaxial SmCos
film with out-of-plane anisotropy in interaction with a soft magnetic
amorphous CoFeB film with in-plane anisotropy through a spacer.
By contrast with conventional EB films, this system shows

extraordinary features induced by application of an external
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magnetic field and, by contrast with typical EB systems, with no
need of any post-growth annealing treatment:

(i) Possibility of tuning not only the magnitude, but also the sign of
the bias field (with no need of any post-annealing treatment).
This is achieved in a manner not reported to date for any
exchange bias system: pinning exclusively one of the hysteresis
loop branches (either the ascending or the descending branch)
while simultaneously displacing the second branch along the
field axis. As a consequence the bias field can be modulated
from negative to positive values going through zero (i.e., no
bias). This mechanism is reversible and the choice of the pinned
branch is done by selecting the orientation of an external
magnetic field applied parallel to the film surface.

(ii

=

Possibility of frustrating the cosine angular dependence of the
bias field by modifying the magnetostatic coupling strength
through variation of the thickness of a spacer between the
CoFeB (in-plane) and the SmCos (out-of-plane) layers.

(iii) Chiral exchange-bias phenomenon: switching the orientation of
the magnetization (upwards/downwards) in the SmCos film
allows for fixing the initial sign of the bias field in the
SmCos/spacer/CoFeB system.

A systematic study done by changing the magnetization states of
both hard and soft magnetic layers has confirmed that the observed
effects are due to the interplay between the uniaxial anisotropy of
the soft magnetic layer and the bias field imprinted in the soft layer
by the magnetostatic field provided by the hard layer. We have
proven that the combination of the uniaxial anisotropy induced in
the CoFeB layer and the dipolar field created by the out-of-plane
magnetized SmCos layer is mandatory to guarantee the appearance
of this novel phenomenon. Variation of the thickness of the CoFeB
layer might be an additional factor to modulate the bias field
reported in this study. The observed effect is of interest for
applications in the development of magnetic read-heads and
magnetic sensors as it allows for a controlled modulation of both
the bias field strength and the sign in a manner not reported to
date, thus opening the path to a new generation of spintronic
devices.
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