Observation of a chirality created exchange bias effect
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Chiral magnetism that manifests in the existence of skyrmions or chiral domain walls offers an
alternative way for creating anisotropies in magnetic materials that might have large potential
for application in future spintronic devices. Here we show experimental evidence for a new type
of in-plane exchange bias effect present at room temperature that is created from a chiral 90°
domain wall at the interface of a ferrimagnetic (DyCo)/ ferromagnetic (NiFe) bilayer system. The
chiral interfacial domain wall forms due to the orthogonal exchange coupling of NiFe and DyCo
at the interface and the presence of Dzyaloshinskii-Moriya interaction in the DyCo layer. As a
consequence of the preferred chirality of the interfacial domain wall, the sign of the exchange bias
effect can be reversed by changing the perpendicular orientation of the DyCo magnetization. The
chirality created tunable exchange bias in DyCo/NiFe is very robust against high in-plane magnetic
fields (uoH < 6T) and does not show any aging effects, therefore, it overcomes the limitations of

conventional exchange bias systems.

INTRODUCTION

Since the discovery of the exchange bias (EB) effect
in 1950s by Meiklejohn and Bean when studying Co par-
ticles embedded in their native antiferromagnetic oxide
[1] it has been intensively investigated due to its impor-
tance in magnetic spin valves and their applications in
data storage technology [2, 3]. Despite its wide appli-
cation, the EB effect is still not completely understood
due to the technological limitations involved in directly
observing and manipulating spin structures at an atomi-
cally thin magnetic interface [4, 5]. It is generally consid-
ered to form from an uncompensated spin configuration
at the ferromagnetic (FM)/antiferromagnetic (AFM) in-
terface with both frozen and rotatable spins [6-10]. Be-
sides the classical system, EB related effects have also
been observed in ferrimagnetic (FI) based materials with
compensated interfaces[11-17]. Moreover, an atomic EB
has been reported in a single ferrimagnetic DyCoy thin
film where the magnetic surface region pins the magne-
tization of the bulk[18].

Recently, chiral ferrimagnetism was observed in
amorphous GdCo films[19] due to the interfacial
Dzyaloshinskii-Moriya interaction (DMI) effects[20, 21].
Besides, a new class of EB effect based on orthogo-
nally exchange coupled systems has been proposed and
observed[22-26]. Thereby, the DMI is suggested as a
mechanism to drive the EB in G-Type antiferromag-
netic perovskite interfaces[22] as well as in AFM/FM

IrMn3/Co(111) bilayer[23] or is accounted responsible
for forming a tunable EB effect in dilute magnetic
alloys[24]. A new form of magnetic anisotropy, originat-
ing from the tilted magnetization at the edges of mag-
netic structures due to the DMI, has been investigated
in MgO/CoFeB/Pt[25] and Pt/Co/Ir[26]. In the latter
case an out-of-plane EB-like effect was found when us-
ing an additional in-plane magnetic field. In a similar
way a chirality-induced asymmetric domain nucleation
in Pt/Co/AlO, with perpendicular magnetic anisotropy
was observed when using in-plane magnetic fields [27].
The latter studies demonstrate effective paths for using
DMI and DMI-like effects for creating and manipulating
EB effects with a high potential for future applications.
Moreover, the presence of DMI in magnetic thin film
systems can lead to the creation of chiral domain walls
(DW), that enable a surprisingly fast current-driven DW
motion [28-35], while the velocity and the direction can
be controlled by interfacial engineering [35-37].

Here, we report on a new approach to create a ro-
bust and tunable EB effect at room temperture that is
based on a chiral interfacial domain wall (~ 90°) present
at the interface of orthogonally coupled layers of ferri-
magnetic DyCo and ferromagnetic NiFe. Results from
superconducting quantum interference device (SQUID),
magneto-optical kerr effect (MOKE), and polarized neu-
tron reflectivity (PNR) confirm the presence of an inter-
facial domain wall with a preferred chirality whose origin
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FIG. 1. Schematic picture of an exchange bias effect created from chiral interfacial domain wall. The figure illustrates
magnetization profile in remanence and magnetization reversal along the x-axis for a magnetic bilayer system with an orthogonal
exchange coupling: (a) For a bilayer with orthogonal UMA (represented by the anisotropy constants K., and K,.) and
ferromagnetic exchange coupling at the interface, a two-step hysteresis loop results when the magnetic field is applied along
the x-axis (d). In the presence of DMI at the interface, the four interfacial spin textures (marked as 1, 2, 3 and 4) become
energetically unequal and a preferred (b) clockwise (CW) or (c) counter clockwise (CCW) spin rotation from top to bottom
layer exists (represented by a positve or negative angle ). (e) As shown for the CCW scenario, the DMI effect induces a dual
EB effect for the switching of the top and the bottom layer, marked as Hg g top and Hgg bottom, resulting in a shifted in-plane
hysteresis when the out of plane magnetization of the top layer is fixed. The sign of the in-plane EB effects can be switched by
an out-of plane magnetic field H, that changes the orientation of M, of the top layer. (e) In the case of a favorable CCW spin
rotation a negative (red) or positive (blue) shift of the M, (H,) hysteresis exists for a downward or upward magnetization M,

of the top layer, while no shift (brown) is expected for the M, (H,) hysteresis.

can be explained with the presence of the DMI effect in
the DyCo layer.

Concept of chirality created exchange bias

The magnetization profile in a bilayer system strongly
depends on magnetic anisotropies present in the layers
and the nature of the magnetic interactions occuring at
the interface. In Fig. la, a bilayer system consisting of
two planar films is considered exhibiting uniaxial magetic
anisotropies (UMA) whose easy axes (as marked as K,
and K,.) are oriented perpendicular to each other. The
exchange coupling at the interface results in a slightly
tilted effective easy axis as illustrated for the top layer
in Fig. 1(a). Such tilted magnetic configurations were
experimentally observed e.g. in orthogonally exchange
coupled [Co/Pd]/NiFe and CoPt/NiFe exchange spring
systems[38, 39], or achieved by resputtering processes [40]
or by using curved surfaces as substrates [41, 42]. The
coupling between both layers will lead to four energeti-
cally equivalent interfacial spin textures, marked as 1, 2,
3, and 4, with their spins from top to buttom aligned as
up-right, down-left, down-right and up-left. In the case

of a pinning of the magnetization component M, . of
the top layer along one of the out-of-plane directions, a
two-step hysteresis loop will be observed when a mag-
netic field is applied along the x-axis (Fig. 1d). Such a
two step hysteresis loop as well as training effect of the
exchange bias has been observed in the coupled ferro-
magnetic bilayer structures of CoCr/Ru/CoPtCrB. [43]

We propose a way to form a tunable exchange bias
effect by lifting the degeneracy between the states with
different chirality of the interfacial domain walls. The
chirality refers here to the clockwise (CW) or counter
clockwise (CCW) spin rotation from the top to the bot-
tom layer (CW for states 1,2, Fig. 1b; CCW for states
3,4, Fig. 1c). Such chiral domain walls can originate from
the bulk-like DMT [20, 21] or the DMI due to the break
of the inversion symmetry at the interface. The DMI
favors spins on neighboring sites to be aligned orthog-
onally, thus the interplay between DMI and exchange
coupling between both layers at the interface will lead
to non-collinear spin textures with a preferred chirality.
Depending on the orientation of the perpendicular com-
ponent of magnetization in the top layer, M,y ., & uni-
directional shift of the hysteresis loop occurs (Fig. le).
Hence, the direction of the EB shift can be controlled
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FIG. 2. Chirality created tunable EB effect in DyCo/NiFe.
(a) Sample preparation: (I) The NiFe layer was deposited on
a heated Si substrate (T=475 K) at a magnetic in-plane field
of 5mT, (II) followed by the deposition of DyCo at T=325
K, (III) while the magnetic characterization was performed
at room temperature. (b), (¢) The direction of the in-plane
EB in DyCo/NiFe depends on the perpendicular component
of magnetization of DyCo ((b) Mpyco,- >0: Hgp <0, (c)
Mpyco,- <0: Hgp > 0). (d) Out-of-plane magnetic hystere-
sis loop (H || ), and (e) in-plane hysteresis loops for H per-
pendicular (black) and parallel to x-axis (red: Mpyco,- >0
and blue: Mpyco,» <0). The unidirectional shifts in the
switching field for NiFe and DyCo are marked as A and B, or
A’ and B’. (f) Azimuthal angle dependence of the EB field af-
ter a pre-magnetization with puoH, = —1 T (blue curve) and
pnoH, = +1 T (red curve), respectively. The solid lines are
+cos¢ curves fitted to the data.

by setting My, . with a sufficiently strong out-of-plane
magnetic field.

Chirality created exchange bias effect in DyCo/NiFe

To realize a chiral interfacial domain wall in an or-
thogonally coupled system and create a tunable EB as
it is shown in Fig. le, a bilayer consisting of ferromag-
netic NiggFeao(~ 130nm) and ferrimagnetic Dy,,Cogo(~
70nm) layer, denoted as DyCo/NiFe, was prepared on a
Si wafer (Fig. 2a). In this system DyCo possesses a large
perpendicular magnetic anisotropy while the soft mag-
netic NiFe layer shows an easy in-plane behavior. During
the deposition of the individual layers, a small in-plane
magnetic field of ugH = 5mT was applied to establish a
uniaxial magnetic anisotropy (UMA) for the NiFe layer
in the film plane. The easy axis of NiFe is denoted in

the following as the x-axis. At room temperature the
ferrimagnetic DyCo layer is in the Co dominant phase
(M,©° > M,P¥) and the magnetic moments of Co and
NiFe are ferromagnetically coupled at the interface.

The magnetization behavior of the DyCo/NiFe bi-
layer is investigated at room temperature using MOKE
with the magnetic field applied perpendicular (P-MOKE:
H | £z) and parallel (L-MOKE: H || £x,+y) to the
sample plane. Fig. 2d shows the out-of-plane behavior
with a coercive field of poH, ~ +120mT revealing the
switching of the magnetization of the DyCo layer. Af-
ter the sample was magnetized along the surface normal
with poH, = —1T, the bilayer is studied by L-MOKE.
When the external magnetic field is applied along the x-
axis direction, a positive shift of the hysteresis loop by
noHE=39mT is observed confirming the occurence of
an in-plane EB effect in the bilayer (blue curve). If the
in-plane magnetic field is applied, however, perpendicu-
lar to the x-axis, no exchange bias effect is found and
the hysteresis loop exhibits a magnetic hard axis behav-
ior (black curve). When the sample was magnetized with
an opposite out-of-plane field (uoH, = +1T) the M, (H,)
hysteresis gets shifted to negative field values (red curve),
while the absolute value of the exchange bias field Hgp
remains the same. This demonstrates that the direction
of the EB effect can be switched by solely reversing the
direction of the out-of-plane magnetization of DyCo.

For a switching of the EB direction, a magnetic field
has to be applied along the out-of-plane direction that is
sufficient to completely reverse M, of the DyCo layer, i.e.,
the field has to be slightly larger than the coercive field of
|poH.| = 120mT. Once established, the EB persists un-
altered even after applying magnetic fields of more than
woH = 6T in the film plane. Fig. 2f shows the azimuthal
angle dependence of the EB field taken after the sam-
ple was magnetized with pgH, = £1T. Within the error
bar the azimuthal behavior of the EB can be well fitted
with a cos¢ function with ¢ denoting the angle between
the external field and the x-axis of the sample and thus
following the behavior of classical EB systems.

Besides the prominent magnetization reversal at
woHep = 39mT, marked as B and B’ in Fig. 2(e) for
both premagnetized states, additional kinks are observed
at low magnetic fields (~ £3mT'), marked as A and A’.
The kinks corresponds to the switching of the NiFe layer,
hence a dual exchange bias effect exists for the switch-
ing of the bilayer. Note that the signs of magnetooptical
constants of NiFe and DyCo are opposite to each other,
so that it wrongly appears that the NiFe layer switches
antiparallel to the field. This misleading feature does not
occur for SQUID technique. SQUID measurements were
applied to gain complementary information of the mag-
netization behavior of the bilayer system, since MOKE
is limited in penetration depth and is therefore mainly
sensitive to the DyCo layer.

Fig. 3a shows the in-plane SQUID hysteresis curve for
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FIG. 3. Chiral interfacial domain wall. (a) Sketch of the three magnetic states marked as (I), (II), and (III) that are obtained
from the MOKE and SQUID hystersis loops. (b) Polarized Neutron Reflectivity (PNR) data (Expt.), and the results of the
simulation (fits) taken at in-plane fields of poH = 0.7, 10 and 150 mT for spin up (red) and spin down neutrons (blue),
representing the three states given in (a) obtained after the sample was premagnetized at a field of uoH, = —1T in the out-of-
plane direction. (c) Spin-asymmetry (SA) ratio SA = (R*T —R™7)/(R™" + R™ ") for the three spin states. (d) Nuclear and
magnetic scattering length density (NSLD and MSLD) profiles of DyCo/NiFe layers obtained from the simulation. Magnetic
states of (I), (II) and (III) are clearly observed, which are well separated by the two reversible kinks at poHgs=3 mT and 39
mT. For the state (II), the transition regime in the MSLD data (green area) indicates an exchange spring like spin texture
(only the in-plane component) at the interface (e) for 3 < poH, <39 mT.

pre-magnetization of pugH, = —1T with its main signal
slightly shifted with respect to zero magnetic field in ab-
solute accordance with the position of the small kink A’
present in the L-MOKE measurement. The SQUID sig-
nal is dominated by the magnetization of the NiFe layer
which is much larger than the magnetization of the ferri-
magnetic DyCo layer, confirming that the kinks A’ origi-
nate from the magnetic switching of the NiFe layer. How-
ever, a tiny kink reflecting the switching of the DyCo
at poHx = 3mT is also observed in the SQUID mea-
surements confirming the presence of the dual EB effect.
From the results about the dual EB (Fig. 2 and 3) and
the comparion with Fig. 1 we finally can conclude that
for DyCo/NiFe a CW chirality is favored for the interfa-
cial domain wall.

Field dependent magnetic structures

To understand the underlying spin structure provid-
ing the EB effect in more detail, we employed polarized
neutron reflectivity (PNR) measurements which enables
to probe the nuclear and magnetization depth profiles
for the different magnetic states [44-46]. According to
the results of the L-MOKE and SQUID measurements,
the DyCo layer has a slightly tilted magnetic config-
uration in the zz—plane while the magnetic moments
of the NiFe layer are aligned along the x-axis. Con-

sidering the different in-plane switching fields for DyCo
and NiFe, there are three principle field-dependent mag-
netic states in the bilayer, marked as (I), (II) and (III)
in Fig. 3a. For these states, the details of the nuclear
profile and the magnetization vector configuration were
revealed from the analysis of the non-spin flip reflec-
tivites RT (spin up neutrons) and R~ (spin down neu-
trons) and the corresponding spin-asymmetry (SA) ratios
SA=R*"™ -R 7)/(R™ + R~ ") shown in Fig. 3b and
3¢, respectively. The corresponding profiles of the scat-
tering length density (both nuclear and magnetic) are
shown in Fig. 3d. The non-sharp transitions of the nu-
clear scattering length density at the surface, DyCo/NiFe
and NiFe/Si interface are due to the roughnesses which
were determined to be 2.0, 2.2, and 1.6nm, respectively,
from the fittings.

First, a small in-plane magnetic field of +0.7 mT was
applied along the x-axis after the initial out-of-plane
magnetic field of -1 Tesla was switched off (state (I)).
A simultaneous fit to the experimental reflectivity with
opposite polarization states (RT™ and R~) shows that
the in-plane component of magnetization of both DyCo
and FeNi layers are magnetized along the same in-plane
direction, antiparallel to the direction of the external
field in agreement with SQUID and MOKE measure-
ments (Fig. 3a). The assumption of a constant, uni-
form in-plane magnetization inside both layers leads to a
very good agreement between the experimental and the-



oretical curves. The result at quasi-zero magnetic field
demonstrates that the system has a preference for a cer-
tain in-plane orientation of magnetization after it is pre-
magnetized beforehand along one of the out-of-plane di-
rections.

At poH, = 10mT (state (II)), clear changes in the
polarized reflectivity curves are observed. The fit to the
experimental data shows that the in-plane magnetization
direction of the NiFe has switched along the direction of
the field while the in-plane component of DyCo magne-
tization remains still orientated in the previous, opposite
direction. For this oppositely aligned magnetic layer con-
figuration, PNR reveals the existence of a ~ 20nm thick
interfacial region (much larger than the interface rough-
ness of 2.2 nm) where the in-plane magnetization grad-
ually changes from opposite to field magnetized DyCo
to field aligned magnetization of NiFe. It indicates the
formation of an interfacial layer where the magnetic mo-
ments are perpendicularly oriented to the applied mag-
netic field as it is the case for non-collinear spin structures
like e.g. exchange spring structures (Fig. 3e), similar to
what was observed in a CoPt/Permalloy/Ta/Permalloy
heterostructure [46]. After increasing the external mag-
netic field above Hgp of the DyCo layer (uoH, = 150mT,
state (IIT)), the PNR results reveal that the in-plane
components of the magnetization of both layers are field
aligned. The magnetization profile around the interface
of both layers follows again the chemical profile.

Summarizing the complementary results from MOKE,
SQUID, and PNR techniques, the scenario for the pres-
ence of a chiral interfacial domain wall with CW chirality
as depicted in Fig. 1c has been confirmed. During the
initial application of an external magnetic field along the
out-of-plane direction (uoH, > 120mT’) the magnetiza-
tion of DyCo and NiFe layers follows the applied field
and the z-component of DyCo switches along the field
direction. After the magnetic field is switched off, the
NiFe moments follow their in-plane UMA, turning their
moments along the negative or positive x-axis depend-
ing on the orientation of Mpyc.,.. The PNR data, with
the absence of the off-specular scattering, clearly demon-
strate that such a single domain state is created. The
resulting DyCo moments, that are exchange coupled at
the interface to the NiFe layer, partly follow the NiFe mo-
ments into the in-plane direction leading to a tilted con-
figuration. By applying an in-plane magnetic field along
the opposite direction of the orientation of the NiFe and
DyCo moments, first the NiFe moments start to reverse,
slightly exchang-biased, until the in-plane orientation of
NiFe and DyCo are antiparallel aligned (state (I) — state
(II) in Fig. 3a). At this stage the magnetic configuration
at the interface leads to an interfacial regime that can
be pictured as an exchange spring structure. When the
magnetic field exceeds the larger EB field of 39mT, the
in-plane magnetization of the DyCo layer finally also re-
verses and aligns along the field direction as depicted in
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FIG. 4. Microscopic origin of the chirality created tunable
EB effect. Upper Figure: During the growth process the ap-
plication of an in-plane field poHx = 5mT provides a uni-
axial anisotropy and a field aligned single domain state in
NiFe. With the ferromagnetic coupling between the Co and
the NiFe atoms at the interface, two possible magnetization
configuration may form when the DyCo layer is deposited on
NiFe which are energetically degenerate in the case of vanish-
ing DMI. State (A) (or (B)) is favored in the case of negative
(positive) DMI constant D;; in DyCo along the y-direction
(i:Co, j:Dy) correponding to a CW (CCW) chirality of the
interfacial domain wall between NiFe and Co. Lower Figure:
The sign of the perpendicular component of magnetization of
the DyCo layer Mpyco,» (Co moments m;) dictates the sign
field Hgg. For Dij >0 or Di]' <0 (CW or CCW Chirality of
interfacial DW), Mpyco,. and Hgp have opposite signs.

state (III) of Fig. 3a, resolving the spring structure at
the interface.

Origin of the chiral domain wall

During the growth of the DyCo alloy onto the NiFe
layer, the latter is in a single domain state with the
moments pointing along the x-axis due to the applied
field of puoH, = 5mT. Because of the ferromagetic cou-
pling between Co and NiFe moments, the Co moments
get slightly tilted away from the perpendicular easy axis
along the x-direction with the option to point upward
(state A) or downward (state B), respectively (upper
sketch in Fig. 4). Since the presence of the EB effect
revealed that a CW chirality of the interfacial domain
wall is favored the Co moments tilt upward. Note that
due to the cone spin structure of Dy [60] and its weak
coupling to the NiFe layer, the averaged in-plane mag-
netic component of Dy is relatively small and, for the
sake of clarity, neglected in the following discussion as
depicted in Fig. 4. Hence, the magnetic moments of Co
and Dy atoms at neighboring atomic sites i and j can be



written as m; = a1Z + 17 and m; = cy7, respectively,
with ay, ¢; and ¢ representing the Co and Dy magnetic
components along +x and +z axes.

In order to understand the origin of the EB effect a
possible DMI effect between Co and Dy moments is con-
sidered whose contribution to the free energy is generally
written as Epy o< D;j(s; x sj) where D;; is the DM
vector and s; and s; are the respective spins. [20, 21].
In consideration of a homogeneous, non-zero DM vec-
tor D;; along the +y (D;; >0) or the -y (D;; <0) axis,
the contribution of the DMI effect to the free energy is
aics - ij, lifting the degeneracy between state (A) and
(B) shown in Fig. 4. Therefore a preferred tilting of the
magnetization with the angle of 8 or —# with respect to
the film normal exists and the sign of the angle depends
on whether ij points along the -y or +y axis. All other
projections of the DM vector cannot give any contribu-
tion to the preferred chirality.

Due to the ferromagnetic exchange coupling between
the Co and NiFe moments, the chiral effect in DyCo is
transferred to the moments (my;r. and me,) at the in-
terface and therefore a preferred chirality for the inter-
facial domain wall exists as depicted in the lower panel
of Fig. 4. Without the presence of a macroscopic DMI
during the growth procedure, the energies of clockwise
(CW) and counter clockwise (CCW) chiral spin struc-
ture at the interface are equal and no EB effect would be
observed. For a CW chirality as favored for DyCo/NiFe
the DM vector points along -y-direction.

In order to estimate the strength of the DMI, we take
into account that a reverse field of ugHy = 39 mT is
required to generate the DMI-unfavored orientation be-
tween the Co and Dy spins (state III in Fig. 3(a) and
state (B) in Fig. 4). Hence, at this magnetic field the
Zeeman energy overcompensates the DMI energy in the
DyCo layer: E = /LOHmAMéDyCO. According to the
SQUID data shown in Fig. 3(a) the in-plane compo-
nent in DyCo changes by AM?yCO ~ 65kA m~!. Con-
sequently, E ~ 2.5kJ m™2 results for the bulk DMI
energy density between Dy and Co moments. The re-
maining question is, if the DMI is inherently present in
the whole DyCo layer [67] or only exists in the DyCo
atomic layers next to the interface [19] triggered by the
adjacent NiFe layer. A bulk DMI in GdFeCo amorphous
ferrimagnets has been reported, attributed to an asym-
metric distribution of the elemental content[67]. Even
though no evidence can be provided here for such an
asymmetric distribution of the Dy and Co elements, the
finding of an asymmetric magnetization from the sur-
face to the bulk in a thin film of DyCo4[18] suggests
the existence of a bulk-like DMI in the DyCo system.
Then the effective DMI constant can be estimated to be
Desy = E x t = 0.18mJ m™2 with t the thickness of
DyCo layer of 70 nm. The value of 0.18 m.J m~2 follows
the value of GdFeCo when extrapolated to 70 nm [67].
This value is one order of magnitude smaller than the pro-
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FIG. 5. Connection between EB effect and domain stability.
Three scenarios are depicted with the experimentally mea-
sured hysteresis loops (left) and the corresponding domain
state configurations (right). (a) and (b) demonstrate the re-
sults for the system Dy20Cogo/NiFe bilayer, (a) for the sin-
gle domain state with M. pyco < 0 (red) and M. pyco > 0
(blue), respectively, and (b) for the multi-domain state where
up and down domains exist simultaneously. (c) shows the
scenario for a switching of Mpyco,. during the H-field appli-
cation measured for a Dy26Cor4/NiFe bilayer.

totypical Pt/Co interface (of the order of ~ m.J m=2)[68],
in which Neel domain walls or skyrmions are stabilized
[47, 48] and the DMI energy is contributed from the width
of the domain wall region. Even though the D,y is much
weaker here, the value is significant since the whole in-
terfacial area contributes to the DMI energy and thus
to the observed chirality effect. In order to distinguish
between bulk and interface DMI effect, one has to deter-
mine the DMI strength as a function of DyCo thickness.
Such studies are foreseen in the future.

The DMI induced chiral interfacial domain wall is not
the only mandatory requirement for generating the EB
effect in DyCo/NiFe. As illustrated in Fig. 5, it also re-
quires the stabilitiy of the out-of-plane magnetic compo-
nent, in particularly, it may not reverse under the applic-
tion of an in-plane magnetic field. As shown in Fig. 5a,
a dual in-plane exchange bias effect exists when a single
domain state was formed in the DyCo layer. In contrast,
in the case of a multi-domain state with up and down do-
mains in the DyCo layer, which can e.g. be generated by
the application of a reversed out-of-plane magnetic field
equal to the coercive field, a double shifted in-plane hys-
teresis loop with two steps is observed (Fig. 5b). The rel-
ative amount between both out-of-plane domains remains
unchanged even after the application of a high magnetic
in-plane field. Without this domain stability in the ferri-
magnetic layer the described chirality created EB effect
cannot be established on a laterally macroscopic scale.
Such a case without domain stability is shown in Fig. 5¢



depicting the in-plane hysteresis of a Dy2gCor4/NiFe bi-
layer system. Here the out-of-plane magnetization of the
Dyo6Co74 layer, with a different compensation temper-
ature and magnetic anisotropy from DyooCogg [18, 59—
62], completely switches during the hysteresis resulting
in an axial symmetric loop without the presence of the
EB effect. However, the fingerprint of the chiral DW at
the DyCo/NiFe interface, i.e., the occurence of two steps
in the hysteresis, still persists even for this alloy com-
position. The reason for the domain instability is the
higher Dy concentration in the DyCo layer which leads
to a reduced perpendicular magnetic anisotropy at room
temperature, so that the DyCo magnetization gets sus-
ceptible and can be switched even by the application of
low in-plane magnetic fields.

Conclusion

In conclusion, we report on a tunable in-plane EB effect
we observed at room temperature in DyCo/NiFe bilayer
system that is stable on a macroscopic scale up to high in-
plane magnetic fields (uoH < 6 T). The direction of the
EB effects can be switched and controlled by the direc-
tion of a moderate magnetic field applied along the out-
of-plane direction beforehand. The results from comple-
mentary MOKE, SQUID, and PNR measurements leads
to the conclusion that the EB effect originates from the
chiral spin texture of the interfacial domain wall. The
creation of the chiral interfacial domain wall is a conse-
quence of the interplay between DMI in DyCo and fer-
romagnetic exchange coupling between both NiFe and
DyCo layers whose uniaxial anisotropies are orthogonally
oriented to each other. Realizations of isothermal EB
switching have been reported earlier by means of local
electric fields [49-56] and magnetic fields [57, 58]. Here
the chirality created tunable EB effect may introduce a
new approach to overcome the limitations of conventional
EB systems. The use of an easy and fast production path
via standard sputtering techniques to create a chiral do-
main wall for establishing a sizeable exchange bias effect
makes this film system very attractive for the application
in future spintronic devices. Particluarly, the flexibility
in controlling exchange bias at room temperature could
be exploited in future spintronic devices and new con-
cepts where e.g. the storage density can be increased
allowing more as the standard dual logical states, with
thermomagnetic data erasing and writing[65, 66]. Be-
sides, the extreme stability of the exchange bias effect
even at very high magnetic fields without any observ-
able training effect is a very important feature for the
fabrication of long-living spintronic devices. Finally, the
creation of chiral interfacial domain walls in thin film sys-
tems provides a possible way to control the out-of-plane
magnetization by the application of an in-plane magnetic
field. However, compared to the frequently discussed chi-

ral spin textures of skyrmions, further investigations on
the dynamics and transport properties of such chiral in-
terfacial domain walls are required to determine their full
potential for technological applications.

K.C. benefited from the support of the German fund-
ing agency DFG (Project No. 615811). A.P.-K. grate-
fully acknowledge support from DFG via SFB925.

Sample Preparation and characterization

The Dy,,Cosgo/NigoFey film was fabricated by ther-
mal evaporation in vacuum of 3 x 10T orr by succes-
sively sputtering the NiFe and DyCo layers from inde-
pendent evaporators (NiFe, Dy, Co) with a ring cathode
onto Si (110) substrates. NiFe was deposited on Si(110)
at T=475K at poH = bmT applied along the x-axis, and
DyCo was co-deposited at T=325K and DyCo/NiFe bi-
layer was finally cooled to room temperature. The de-
position rates were identical at 0.5nm/s. In good agree-
ment with the PNR fittings, the thicknesses of the NiFe
and DyCo determined by x-ray reflectivity measurements
are 139 &+ 5nm and 70 + 2nm, respectively. Since for
DyCo, the room temperature compensation composition
is between Dy, Corg and Dy,,Corg[18, 60-62], the net
magnetization in the ferrimagnetic Dy,,Cosgg is equal to
M = M€ — MPY.The in-plane magnetic field applied
during the sample preparation that imprints the uniax-
ial anisotropy is required for the EB effect. In similar
samples prepared without field during the growth of the
films, no preferred in-plane tilting direction is established
resulting in the absence of a macroscopically observable
EB effect.

Polarized Neutron Reflectivity (PNR) was applied to
investigate the magnetic depth profile of the sample and,
in particular, to gain depth dependent information about
the changes in the magnetic structure for the differ-
ent magnetic states. The PNR measurements were per-
formed at the Super-ADAM reflectometer at the ILL in
collaboration with university of Uppsala and on the Mag-
netism Reflectometer (beamline BL-4A)[63] at the Spal-
lation Neutron Source of Oak Ridge National Labora-
tory. The PNR spectra were taken for several external
magnetic fields applied along the x-axis of the sample
using polarization analysis, in particular to extract non-
spin-flip intensities that are sensitive to the magnetic mo-
ments along the applied magnetic guide field, i.e. R*+
and R~ for the magnetic moments aligned parallel and
anti-parallel to the applied in-plane field, respectively.
It should be noted that PNR is only sensitive to mag-
netic moments perpendicular to the momentum transfer
vector Q of the measurement, i.e. only the in-plane mag-
netization is detected. The measured reflectivity curves
were analyzed using the method of Parratt[64]. Prior the
PNR measurements the sample was pre-magnetized in a
magnetic field of ugH = —1T in the out-of-plane direc-



tion to establish the EB effect as observed in the MOKE
measurements.

The thickness and nuclear scattering length densities
(NSLD) are 70 #+ 2(nm) and 3.95 x 10~4(nm~2) for the
layer of DyCo and 13945(nm) and 8.6 x 10~*(nm~2) for
the layer of NiFe, respectively. The magnetic moments
can be calculated from the magnetic scattering length
densities (MSLD) of the fits. A MSLD of 2.05 £+ 0.05 x
10=*(nm=2) for the NiFe layer corresponds to a magnetic
moment of 0.96 up per NiFe formula unit while DyCo due
to its ferrimagnetic coupling between both sites shows
with a MSLD of 0.45 £ 0.05 x 10~*(nm~2) only a much
lower magnetization of 0.2 up per DyCo formula unit.
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