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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 an alternative 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-ferromagnetic Dy-Co/Ni-Fe bilayer system. The chiral interfacial domain
wall forms due to the exchange coupling of Ni-Fe and Dy-Co at the interface and the presence of
Dzyaloshinskii-Moriya interaction in the Dy-Co 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 Dy-Co magnetization. The chirality-created tunable exchange bias in Dy-Co/Ni-Fe
is very robust against high in-plane magnetic ﬁelds (μ0 H ≤ 6 T) and does not show any aging eﬀects.
Therefore, it overcomes the limitations of conventional exchange-bias systems.
DOI: 10.1103/PhysRevApplied.12.024047

I. INTRODUCTION
Since the discovery of the exchange-bias (EB) eﬀect
in the 1950s by Meiklejohn and Bean when they were
studying Co particles embedded in their native antiferromagnetic oxide [1], it has been intensively investigated
due to its importance in magnetic spin valves and their
applications in data-storage technology [2,3]. Despite its
wide application, the EB eﬀect is still not completely
understood due to the technological limitations involved
in directly observing and manipulating spin structures at
an atomically thin magnetic interface [4,5]. It is generally
considered to form from an uncompensated spin conﬁguration at the ferromagnetic-antiferromagnetic interface with
both frozen and rotatable spins [6–10]. Besides the classic system, EB-related eﬀects have also been observed in
ferrimagnetic-based materials with compensated interfaces
[11–17]. Moreover, an atomic EB has been reported in a
single ferrimagnetic DyCo4 thin ﬁlm where the magnetic
surface region pins the magnetization of the bulk [18].
*
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Recently, chiral ferrimagnetism was observed in
amorphous Gd-Co ﬁlms [19] due to the interfacial
Dzyaloshinskii-Moriya-interaction (DMI) [20,21]. A new
class of EB eﬀects based on orthogonally-exchangecoupled systems has been proposed and observed [22–
26]. There, the DMI is suggested as a mechanism to
drive the EB in G-type antiferromagnetic perovskite interfaces [22] as well as in an antiferromagnetic-ferromagnetic
IrMn3 /Co(111) bilayer [23] or is considered to be responsible for forming a tunable EB eﬀect in dilute magnetic
alloys [24]. A new form of magnetic anisotropy, originating from the tilted magnetization at the edges of magnetic structures due to the DMI, has been investigated
in MgO/(Co,Fe)B/Pt [25] and Pt/Co/Ir [26]. In the latter
case, an out-of-plane EB-like eﬀect was found when an
additional in-plane magnetic ﬁeld was used. In a similar
way, a chirality-induced asymmetric domain nucleation in
Pt/Co/AlOx with perpendicular magnetic anisotropy was
observed when in-plane magnetic ﬁelds were used [27].
The latter studies demonstrate eﬀective paths for using
DMI and DMI-like eﬀects for creating and manipulating EB eﬀects with high potential for future applications.
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Moreover, the presence of DMI in magnetic thin ﬁlm
systems can lead to the creation of chiral domain walls
(DWs), which 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 an approach to create a robust and
tunable EB eﬀect at room temperature that is based
on a chiral interfacial domain wall (approximately 90◦ )
present at the interface of orthogonally coupled layers
of ferrimagnetic Dy-Co and ferromagnetic Ni-Fe.
Superconducting-quantum-interference-device (SQUID),
magneto-optical-Kerr-eﬀect (MOKE), and polarizedneutron-reﬂectivity (PNR) measurements conﬁrm the presence of an interfacial domain wall with a preferred chirality
whose origin can be explained by the presence of the DMI
eﬀect in the Dy-Co layer.

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, for example, in orthogonally-exchange-coupled
[Co/Pd]/Ni-Fe and Co-Pt/Ni-Fe exchange spring systems
[38,39], or were obtained by resputtering processes [40] or
by using curved surfaces as substrates [41,42]. The coupling between both layers will lead to four energetically
equivalent interfacial spin textures, marked as 1, 2, 3, and
4, with their spins from top to bottom aligned as up right,
down left, down right, and up left. In the case of a pinning of the magnetization component Mtop,z of the top layer
along one of the out-of-plane directions, a two-step hysteresis loop will be observed when a magnetic ﬁeld is
applied along the x axis [Fig. 1(d)]. Such a two-step hysteresis loop as well as a training eﬀect of the exchange
bias has been observed in coupled ferromagnetic bilayer
structures of Co-Cr/Ru/Co-Pt-Cr-B. [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 wall. The chirality
refers here to the clockwise or counterclockwise spin rotation from the top layer to the bottom layer [clockwise for
states 1 and 2, Fig. 1(b); counterclockwise for states 3 and
4, Fig. 1(c)]. Such chiral domain walls can originate from

II. CONCEPT OF CHIRALITY-CREATED
EXCHANGE BIAS
The magnetization proﬁle in a bilayer system strongly
depends on the magnetic anisotropies present in the layers and the nature of the magnetic interactions occurring
at the interface. In Fig. 1(a), a bilayer system consisting
of two planar ﬁlms with uniaxial magnetic anisotropies is
considered whose easy axes (as marked by Kux and Kuz )
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FIG. 1. Exchange-bias eﬀect created from a chiral interfacial domain wall. The ﬁgure illustrates the magnetization proﬁle in
remanence and magnetization reversal along the x axis for an exchange coupled bilayer system whose magnetic anisotropies are
perpendicular to each other:(a) The uniaxial magnetic anisotropies (represented by the anisotropy constants Kux and Kuz ) and ferromagnetic exchange coupling at the interface result in a two step hysteresis 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) counterclockwise (CCW) spin rotation from the top layer to the bottom layer exists (represented
by a positve or negative angle θ). (e) As shown for the CW scenario, the DMI eﬀect induces a dual EB eﬀect for the switching of
the top layer and the bottom layer, marked as HEB,top and HEB,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 Hz that
changes the orientation of Mz of the top layer. In the case of a favorable CW spin rotation, a negative (red) or positive (blue) shift of
the Mx (Hx ) hysteresis exists for a downward or upward magnetization Mz of the top layer, while no shift (brown) is expected for the
My (Hy ) hysteresis.
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the bulklike DMI [20,21] or the DMI due to the breaking
of the inversion symmetry at the interface. The DMI favors
spins on neighboring sites to be aligned orthogonally, and
thus the interplay between DMI and exchange coupling
between both layers at the interface will lead to noncollinear spin textures with a preferred chirality. Depending on the orientation of the perpendicular component of
magnetization in the top layer, Mtop,z , a unidirectional shift
of the hysteresis loop occurs [Fig. 1(e)]. Hence, the direction of the EB shift can be controlled by setting Mtop,z with
a suﬃciently strong out-of-plane magnetic ﬁeld.
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To realize a chiral interfacial domain wall in an orthogonally coupled system and to create a tunable EB as
shown in Fig. 1(e), a bilayer consisting of a ferromagnetic
Ni80 Fe20 (approximately 140 nm thick) layer and a ferrimagnetic Dy20 Co80 (approximately 70 nm thick) layer,
denoted as Dy-Co/Ni-Fe, is prepared on a Si wafer
[Fig. 2(a)]. In this system Dy-Co possesses a large perpendicular magnetic anisotropy, while the soft magnetic Ni-Fe
layer shows an easy in-plane behavior. During the deposition of the individual layers, a small in-plane magnetic
ﬁeld of μ0 H = 5 mT is applied to establish a uniaxial magnetic anisotropy for the Ni-Fe layer in the ﬁlm plane. The
easy axis of Ni-Fe is denoted in the following as the x axis.
At room temperature the ferrimagnetic Dy-Co layer is in
the Co-dominant phase (MS Co > MS Dy ) and the magnetic
moments of Co and Ni-Fe are ferromagnetically coupled
at the interface.
The magnetization behavior of the Dy-Co/Ni-Fe bilayer
is investigated at room temperature using the MOKE with
the magnetic ﬁeld applied perpendicular (PMOKE; H parallel to the z axis) and parallel (LMOKE; H parallel
to the x and y axes) to the sample plane. Figure 2(d)
shows the out-of-plane behavior with a coercive ﬁeld of
μ0 Hz ≈ ±120 mT, revealing the switching of the magnetization of the Dy-Co layer. After the sample is magnetized
along the surface normal with μ0 Hz = −1 T, the bilayer is
studied by LMOKE. When the external magnetic ﬁeld is
applied along the x axis, a positive shift of the hysteresis loop by μ0 HEB = 39 mT is observed, conﬁrming the
occurrence of an in-plane EB eﬀect in the bilayer (blue
curve). If the in-plane magnetic ﬁeld is applied, however,
perpendicular to the x axis, no exchange-bias eﬀect is
found, and the hysteresis loop exhibits a magnetic-hardaxis behavior (black curve). When the sample is magnetized with an opposite out-of-plane ﬁeld (μ0 Hz = 1 T), the
Mx (Hx ) hysteresis is shifted to negative ﬁeld values (red
curve), while the absolute value of the exchange-bias ﬁeld
HEB 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 Dy-Co.

-

MDy-Co,z < 0

FIG. 2. Chirality-created tunable EB eﬀect in Dy-Co/Ni-Fe. (a)
Sample preparation: the Ni-Fe layer is deposited on a heated Si
substrate (T = 475 K) at a magnetic in-plane ﬁeld of 5 mT (I),
followed by the deposition of Dy-Co at T = 325 K (II), and the
magnetic characterization is performed at room temperature (III).
(b),(c) The direction of the in-plane EB in Dy-Co/Ni-Fe depends
on the perpendicular component of magnetization of Dy-Co [(b)
MDy-Co,z > 0, HEB < 0; (c) MDy-Co,z < 0, HEB > 0]. (d) Out-ofplane magnetic hysteresis loop (H parallel to the z axis) and (e)
in-plane hysteresis loops for H perpendicular to the x axis (black)
and parallel to the x axis (red MDy-Co,z > 0 and blue MDy-Co,z < 0).
The unidirectional shifts in the switching ﬁeld for Ni-Fe and
Dy-Co are marked as A and B, or A and B . (f) Azimuthalangle dependence of the EB ﬁeld after premagnetization with
μ0 Hz = −1 T (blue curve) and μ0 Hz = 1 T (red curve), respectively. The solid lines are ± cos φ curves ﬁtted to the data.

For switching of the EB direction, a magnetic ﬁeld has
to be applied along the out-of-plane direction that is suﬃcient to completely reverse Mz of the Dy-Co layer; that is,
the ﬁeld has to be slightly larger than the coercive ﬁeld
of |μ0 Hz | = 120 mT. Once established, the EB persists
unaltered even after application of magnetic ﬁelds of more
than μ0 H = ±6 T in the ﬁlm plane. Figure 2(f) shows the
azimuthal-angle dependence of the EB ﬁeld taken after the
sample was magnetized with μ0 Hz = ±1 T. Within the
error bar, the azimuthal behavior of the EB can be well
ﬁtted with a cos φ function, with φ denoting the angle
between the external ﬁeld and the x axis of the sample,
and thus following the behavior of classic EB systems.
Besides the prominent magnetization reversal at
μ0 HEB = ±39 mT, marked as B and B in Fig. 2(e) for
both premagnetized states, additional kinks are observed at
low magnetic ﬁelds (approximately ±3 mT), marked as A
and A . The kinks correspond to the switching of the Ni-Fe
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layer, and hence a dual exchange-bias eﬀect exists for the
switching of the bilayer. The signs of the magneto-optical
constants of Ni-Fe and Dy-Co are opposite each other, so
it wrongly appears that the Ni-Fe layer switches antiparallel to the ﬁeld. This misleading feature does not occur for
the SQUID technique. SQUID measurements are applied
to gain complementary information on the magnetization
behavior of the bilayer system, since the MOKE is limited
in penetration depth and is therefore mainly sensitive to the
Dy-Co layer.
Figure 3(a) shows the in-plane SQUID hysteresis curve
for premagnetization of μ0 Hz = −1 T with its main signal
slightly shifted with respect to zero magnetic ﬁeld, in absolute accordance with the position of the small kink at A
present in the LMOKE measurement. The SQUID signal is
dominated by the magnetization of the Ni-Fe layer, which
is much larger than the magnetization of the ferrimagnetic Dy-Co layer, conﬁrming that the kinks at A originate
from the magnetic switching of the Ni-Fe layer. However, a tiny kink reﬂecting the switching of the Dy-Co at
μ0 Hx = 39 mT is also observed in the SQUID measurements, conﬁrming the presence of the dual EB eﬀect. From
the results for the dual EB (Figs. 2 and 3(a)) and the comparison with Fig. 1, we can ﬁnally conclude that for DyCo/Ni-Fe a clockwise chirality is favored for the interfacial
domain wall.
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To understand the underlying spin structure providing
the EB eﬀect in more detail, we use PNR measurements,
which enable us to probe the nuclear and magnetization
depth proﬁles for the diﬀerent magnetic states [44–46].
According to the results of the LMOKE and SQUID measurements, the Dy-Co layer has a slightly tilted magnetic
conﬁguration in the x-z plane, while the magnetic moments
of the Ni-Fe layer are aligned along the x axis. Considering the diﬀerent in-plane switching ﬁelds for Dy-Co and
Ni-Fe, there are three principal ﬁeld-dependent magnetic
states in the bilayer, marked as I, II, and III in Fig. 3(a).
For these states, the details of the nuclear proﬁle and
the magnetization-vector conﬁguration were revealed from
the analysis of the non-spin-ﬂip reﬂectivites R++ (spin-up
neutrons) and R−− (spin-down neutrons) and the corresponding spin-asymmetry ratios (R++ − R−− )/(R++ +
R−− ) shown in Figs. 3(b) and 3(c), respectively. The corresponding proﬁles of the scattering-length density (both
nuclear and magnetic) are shown in Fig. 3(d). The nonsharp transitions of the nuclear scattering-length density at
the surface, Dy-Co/Ni-Fe interface, and Ni-Fe/Si interface
are due to the roughnesses, which are determined to be 2.0,
2.2, and 1.6 nm, respectively, from the ﬁttings.
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FIG. 3. Chiral interfacial domain wall. (a) Three diﬀerent magnetic states marked as I, II, and III are obtained from the MOKE and
SQUID hysteresis loops. (b) PNR data (expt.), and the results of the simulation (ﬁts) taken at in-plane ﬁelds of μ0 Hx = 0.7, 10, and 150
mT for spin-up neutrons (red) and spin-down neutrons (blue), representing the three states given in (a) obtained after the sample was
premagnetized at a ﬁeld of μ0 Hz = −1 T. (c) Spin-asymmetry ratio (R++ − R−− )/(R++ + R−− ) for the three spin states. (d) Nuclear
and magnetic scattering-length density proﬁles of Dy-Co/Ni-Fe layers obtained from the simulation. Magnetic states I, II, and III are
clearly observed, and are well separated by the two reversible kinks, at μ0 HEB = 3 and 39 mT. For state II, the transition regime in
the magnetic-scattering-length density data (green area) indicates an exchange springlike spin texture (only the in-plane component)
at the interface as depicted in (e) for 3 < μ0 Hx < 39 mT.
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First, a small in-plane magnetic ﬁeld of +0.7 mT is
applied along the x axis after the initial out-of-plane magnetic ﬁeld of −1 T was switched oﬀ (state I). A simultaneous ﬁt to the experimental reﬂectivity with opposite
polarization states (R++ and R−− ) shows that the in-plane
component of magnetization of the Dy-Co layer and that
of the Ni-Fe layer are magnetized along the same inplane direction, antiparallel to the direction of the external
ﬁeld, in agreement with SQUID and MOKE measurements [Fig. 3(a)]. The assumption of a constant, uniform
in-plane magnetization inside both layers leads to a very
good agreement between the experimental and theoretical
curves. The result at quasizero magnetic ﬁeld demonstrates
that the system has a preference for a certain in-plane orientation of magnetization after it has been premagnetized
along one of the out-of-plane directions.
At μ0 Hx = 10 mT (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 Ni-Fe has switched along the direction
of the ﬁeld, while the in-plane component of Dy-Co
magnetization remains orientated in the previous, opposite direction. For this oppositely aligned magnetic layer
conﬁguration, PNR measurements reveal the existence
of an approximately-20-nm-thick interfacial region (much
larger than the interface roughness of 2.2 nm) where the
in-plane magnetization gradually changes from opposite
to ﬁeld-magnetized Dy-Co to ﬁeld-aligned magnetization
of Ni-Fe. This indicates the formation of an interfacial
layer where the magnetic moments are perpendicularly
oriented to the applied magnetic ﬁeld as is the case for
noncollinear spin structures such as exchange spring structures [Fig. 3(e)], similarly to what was observed in a
Co-Pt/permalloy/Ta/permalloy heterostructure [46]. After
increase of the external magnetic ﬁeld above HEB of the
Dy-Co layer (μ0 Hx = 150 mT, state III), 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 again follows the
chemical proﬁle.
From the complementary results from the MOKE,
SQUID, and PNR techniques, the scenario for the presence of a chiral interfacial domain wall with clockwise
chirality as depicted in Fig. 1(c) is conﬁrmed. During the
initial application of an external magnetic ﬁeld along the
out-of-plane direction (|μ0 Hz | > 120 mT), the magnetization of the Dy-Co and Ni-Fe layers follows the applied
ﬁeld and the z component of Dy-Co switches along the
ﬁeld direction. After the magnetic ﬁeld is switched oﬀ,
the Ni-Fe moments follow their in-plane uniaxial magnetic
anisotropy, turning their moments along the negative or
positive x axis depending on the orientation of MDy-Co,z .
The PNR data, with the absence of the oﬀ-specular scattering, clearly demonstrate that such a single-domain state
is created. The resulting Dy-Co moments, which are
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exchange coupled at the interface to the Ni-Fe layer, partly
follow the Ni-Fe moments into the in-plane direction, leading to a tilted conﬁguration. By application of an in-plane
magnetic ﬁeld along the opposite direction of the orientation of the Ni-Fe and Dy-Co moments, ﬁrst the Ni-Fe
moments start to reverse, slightly exchange biased, until
the in-plane orientations of Ni-Fe and Dy-Co are antiparallel aligned [state I to state II in Fig. 3(a)]. 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 39 mT, the in-plane magnetization of the Dy-Co
layer ﬁnally also reverses and aligns along the ﬁeld direction as depicted in state III in Fig. 3(a), resolving the spring
structure at the interface.
V. ORIGIN OF THE CHIRAL DOMAIN WALL
During the growth of the Dy-Co 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 μ0 Hx = 5 mT. Because of the ferromagetic coupling between Co and Ni-Fe moments, the Co moments
are 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 panel
in Fig. 4). Since the presence of the EB eﬀect revealed
that a clockwise chirality of the interfacial domain wall
is favored, the Co moments tilt upward. Because of the
cone spin structure of Dy [47] and its weak coupling to
the Ni-Fe layer, the averaged in-plane magnetic component of Dy is relatively small and, for clarity, is ignored
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 mi = a1 x + c1 z
and mj = c2 z , respectively, with a1 , c1 , and c2 representing
the Co and Dy magnetic components along the +x and +z
axes.
To understand the origin of the EB eﬀect, a possible
DMI eﬀect between Co and Dy moments is considered,
whose contribution to the free energy is generally written
as EDM ∝ Dij · (Si × Sj ) where Dij is the DM vector and Si
and Sj are the respective spins [20,21]. In consideration of
a homogeneous, nonzero DM vector component along the
+y axis (Dij,y > 0) or the −y axis (Dij,y < 0) axis, the contribution of the DMI eﬀect to the free energy is a1 c2 Dij,y ,
lifting the degeneracy between state A and state B shown
in Fig. 4. Therefore, a preferred tilting of the magnetization
with an angle of θ or −θ with respect to the ﬁlm normal
exists, and the sign of the angle depends on whether Dij,y
points along the −y axis or the +y axis. All other projections of the DM vector cannot give any contribution to the
preferred chirality.
Because of the ferromagnetic exchange coupling
between the Co and Ni-Fe moments, the chiral eﬀect in
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FIG. 4. Microscopic origin of the chirality-created tunable EB
eﬀect. During the growth process, the application of an inplane ﬁeld μ0 Hx = 5 mT provides a uniaxial anisotropy and a
ﬁeld-aligned single-domain state in Ni-Fe (top panel). With the
ferromagnetic coupling between the Co and the Ni-Fe atoms
at the interface, two possible magnetization conﬁgurations may
form when the Dy-Co layer is deposited on Ni-Fe; these are
energetically degenerated in the case of vanishing DMI. The
state depicted in (a) [or (b)] is favored in the case of a negative
[positive] DMI constant Dij ,y in Dy-Co along the y direction (i is
Co, j is Dy), correponding to a clockwise (CW) [counterclockwise (CCW)] chirality of the interfacial domain wall between Co
and Ni-Fe. The sign of the perpendicular component of magnetization of the Dy-Co layer MDy-Co,z (Co moments mi ) dictates the
sign of the ﬁeld HEB (bottom panel). For Dij ,y < 0 (Dij ,y > 0)
with CW (CCW) chirality of interfacial DW, MDy-Co,z and HEB
have opposite (same) signs.

Dy-Co is transferred to the moments (mNi-Fe and mCo ) at the
interface and therefore a preferred chirality for the interfacial domain wall exists as depicted in the lower panel in
Fig. 4. Without the presence of a macroscopic DMI during
the growth proceess, the energies of clockwise and counterclockwise chiral spin structures at the interface are equal
and no EB eﬀect would be observed. For a clockwise chirality as favored for Dy-Co/Ni-Fe the DM vector points
along −y direction.
To estimate the strength of the DMI, we take into
account that a reverse ﬁeld of μ0 Hx = 39 mT is required
to generate the DMI-unfavored orientation between 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 Dy-Co layer:
Dy-Co
E = μ0 Hx MS
. According to the SQUID data shown
in Fig. 3(a) the in-plane component in Dy-Co changes by
Dy-Co
≈ 65 kA m−1 . Consequently, E ≈ 2.5 kJ m−3
MS
results for the bulk DMI energy density between Dy and
Co moments. The remaining question is whether the DMI
is inherently present in the whole Dy-Co layer [48] or

exists only in the Dy-Co atomic layers next to the interface
[19] triggered by the adjacent Ni-Fe layer. Very recently, a
bulk DMI in (Gd,Fe),Co amorphous ferrimagnets has been
reported, and was attributed to an asymmetric distribution
of the elemental content [48]. Even though no evidence
can be provided here for such an asymmetric distribution
of Dy and Co, the ﬁnding of an asymmetric magnetization from the surface to the bulk in a thin ﬁlm of DyCo4
[18] suggests the existence of a bulklike DMI in the DyCo system. The eﬀective DMI constant can be estimated
to be Deﬀ = Et = 0.18 mJ m−2 , with t the thickness of
the Dy-Co layer of 70 nm. The value of 0.18 mJ m−2 follows the value for (Gd,Fe),Co when extrapolated to 70 nm
[48]. This value is one order of magnitude smaller than
for the prototypical Pt/Co interface (on the order of millijoules per square meter) [49], in which Néel domain walls
or skyrmions are stabilized [50,51]. Even though Deﬀ is
much smaller here, the value is signiﬁcant since the whole
interfacial area contributes to the DMI energy and thus
to the observed chirality eﬀect. To distinguish between
bulk and interface DMI eﬀects, one has to determine the
DMI strength as a function of Dy-Co thickness in future
studies.
The DMI-induced chiral interfacial domain wall is not
the only mandatory requirement for generating the EB
eﬀect in Dy-Co/Ni-Fe. As illustrated in Fig. 5, the stability
of the out-of-plane magnetic component is also required;
in particular, it may not reverse under the application of
an in-plane magnetic ﬁeld. As shown in Fig. 5(a), a dual
in-plane exchange-bias eﬀect exists when a single-domain
state is formed in the Dy-Co layer. In contrast, in the case
of a multidomain state with up and down domains in the
Dy-Co layer, which, for example, can be generated by the
application of a reversed out-of-plane magnetic ﬁeld equal
to the coercive ﬁeld, a double shifted in-plane hysteresis
loop with two steps is observed [Fig. 5(b)]. The relative 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 ferrimagnetic layer, the chirality-created EB eﬀect described
cannot be established on a laterally macroscopic scale.
Such a case without domain stability is shown in Fig. 5(c),
which depicts the in-plane hysteresis of a Dy26 Co74 /Ni-Fe
bilayer system. Here the out-of-plane magnetization of the
Dy26 Co74 layer, with compensation temperature and magnetic anisotropy diﬀerent from those of Dy20 Co80 [18,47,
52–54], 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
Dy-Co/Ni-Fe interface (i.e., the occurrence of two steps in
the hysteresis) still persists even for this alloy composition.
The reason for the domain instability is the higher Dy concentration in the Dy-Co layer, which leads to a reduced
perpendicular magnetic anisotropy at room temperature
[52], so the Dy-Co magnetization is susceptible and can be
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FIG. 5. Connection between the EB eﬀect and domain stability.
Three scenarios are depicted with the experimentally measured
hysteresis loops (left) and the corresponding domain-state conﬁgurations (right). (a),(b) The results for the Dy20 Co80 /Ni-Fe
bilayer, (a) for the single-domain state with Mz,Dy-Co < 0 (red)
and Mz,Dy-Co > 0 (blue), respectively, and (b) for the multidomain state where up and down domains exist simultaneously.
(c) The scenario for a switching of MDy-Co,z during the Hx -ﬁeld
application measured for a Dy26 Co74 /Ni-Fe bilayer.

switched by the application of even low in-plane magnetic
ﬁelds.
VI. CONCLUSION
In conclusion, we report a tunable dual in-plane EB
eﬀect we observe at room temperature in the Dy-Co/NiFe bilayer system that is stable on a macroscopic scale up
to high in-plane magnetic ﬁelds (μ0 H ≤ 6 T). The direction of the EB eﬀects can be switched and controlled by
the direction of a moderate magnetic ﬁeld applied along
the out-of-plane direction beforehand. The results from
complementary MOKE, SQUID, and PNR measurements
lead 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 consequence of the interplay between DMI in Dy-Co and
ferromagnetic exchange coupling between the Ni-Fe and
Dy-Co layers, whose uniaxial anisotropies are oriented
orthogonally to each other. Realizations of isothermal EB
switching were reported earlier by means of local electric ﬁelds [55–62] and magnetic ﬁelds [63,64]. Here the
chirality-created tunable dual EB eﬀect may provide an
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 domain
wall for the establishment of a sizable exchange-bias eﬀect
makes this ﬁlm system very attractive for application in
future spintronic devices. Particularly, the ﬂexibility in
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controlling exchange bias at room temperature could be
exploited in future spintronic devices and new concepts
where, for example, the storage density can be increased,
allowing more than the standard dual logical states, with
thermomagnetic data erasing and writing [65,66]. Besides,
the extreme stability of the exchange-bias eﬀect even at
very high magnetic ﬁelds without any observable training eﬀect is a very important feature for the fabrication of
long-lived spintronic devices. Finally, the creation of chiral interfacial domain walls in thin-ﬁlm systems provides
a possible way to control the out-of-plane magnetization
by the application of an in-plane magnetic ﬁeld. However,
compared with the frequently discussed chiral spin textures of skyrmions, further investigations on the dynamics
and transport properties of such chiral interfacial domain
walls are required to determine their full potential for
technological applications.
APPENDIX: SAMPLE PREPARATION AND
CHARACTERIZATION
The Dy20 Co80 /Ni80 Fe20 ﬁlm is fabricated by thermal
evaporation in a vacuum of 3 × 10−10 Torr by successive
sputtering of the Ni-Fe and Dy-Co layers from independent evaporators (Ni-Fe, Dy, Co) with a ring cathode
onto Si(110) substrates. Ni-Fe is deposited on Si(110) at
T = 475 K at μ0 H = 5 mT applied along the x axis, DyCo is co-deposited at T = 325 K, and the Dy-Co/Ni-Fe
bilayer is ﬁnally cooled to room temperature. The deposition rates are identical at 0.5 nm s−1 . In good agreement
with the PNR ﬁttings, the thicknesses of the Ni-Fe and
Dy-Co determined by x-ray-reﬂectivity measurements are
139 ± 5 nm and 70 ± 2 nm, respectively. Since for DyCo the room-temperature-compensation composition is
between Dy21 Co79 and Dy24 Co76 [18,47,53,54], the net
magnetization in the ferrimagnetic Dy20 Co80 is M Co −
M Dy . The in-plane magnetic ﬁeld applied during the sample preparation that imprints the uniaxial anisotropy is
required for the EB eﬀect. In similar samples prepared
without a 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.
PNR measurements were applied to investigate the magnetic depth proﬁle of the sample and, in particular, to
obtain depth-dependent information about the changes in
the magnetic structure for the diﬀerent magnetic states. The
PNR measurements are performed at the Super-ADAM
reﬂectometer at the Institut Laue-Langevin in collaboration with the University of Uppsala and on the Magnetism
Reﬂectometer (beamline BL-4A) [67] at the Spallation
Neutron Source of Oak Ridge National Laboratory. The
PNR spectra are 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 moments along
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the applied magnetic guide ﬁeld; that is, R++ and R−−
for the magnetic moments aligned parallel and antiparallel to the applied in-plane ﬁeld, respectively. PNR is
sensitive only to magnetic moments perpendicular to the
momentum transfer vector Q of the measurement (i.e.,
only the in-plane magnetization is detected). The measured reﬂectivity curves are analyzed using the method
of Parratt [68]. Before the PNR measurements, the sample is premagnetized in a magnetic ﬁeld of μ0 H = −1 T
in the out-of-plane direction to establish the EB eﬀect as
observed in the MOKE measurements.
The nuclear scattering-length densities are 3.95 ×
10−4 nm−2 for the Dy-Co layer and 8.6 × 10−4 nm−2 for
the Ni-Fe layer. The magnetic moments can be calculated
from the magnetic scattering-length densities of the ﬁts.
A magnetic scattering-length density of (2.05 ± 0.05) ×
10−4 nm−2 for the Ni-Fe layer corresponds to a magnetic moment of 0.96μB per Ni-Fe formula unit, while
Dy-Co, due to its ferrimagnetic coupling between both
sites, shows with a magnetic scattering-length density of
(0.45 ± 0.05) × 10−4 nm−2 a much lower magnetization
of 0.2μB per Dy-Co formula unit.
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