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Interlayer Dzyaloshinskii-Moriya
interaction in spintronics
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The indirect interlayer exchange coupling (IEC) between two magnetic layers holds significant
importance in development of spintronics. Recently, the interlayer Dzyaloshinskii-Moriya interaction
(DMI), antisymmetric counterpart of IEC, has been theoretically predicted and experimentally
observed in plenty of magnetic trilayer structures with a nonmagnetic spacing layer. The interlayer DMI
favors the orthogonal alignment of the spins or magnetizations throughout the entire multilayer mainly
due to the mediation of heavy-metal atoms with strong spin-orbit coupling. Beyond the conventional
two-dimensional spin texture driven by intralayer DMI, the existence of interlayer DMI enables the
formation of three-dimensional (3D) chiral spin textures. In this article, we aim to provide a
comprehensive review of theory model, fundamental properties, manipulation and potential
application of interlayer DMI in future spin-based memory and logic devices. Due to the inversion
symmetry breaking of the magnetic reversal process, an intriguing phenomenon called chiral
exchange bias has been demonstrated. The strength of interlayer DMI exhibits a strong dependence
onthe azimuthal angle, spacer thickness, spacer material and even magnetization configuration. More
importantly, it has been revealed that the interlayer DMI could break the in-plane symmetry and thus
facilitate field-free spin-orbit torque switching of perpendicular magnetization. Therefore, this novel
interaction provides a fundamental approach for designing and all-electrically manipulation of 3D
chiral spin structure. The conclusions and outlooks are also given to inspire more in-depth research

and advance the practical applications.

Interlayer exchange coupling (IEC) is an indirect exchange interaction effect
between two magnetic layers mediated by conducting electrons in a non-
magnetic (NM) spacer. Over the past four decades, most of the studies on
IEC have focused on its symmetric counterpart, i.e., the collinear alignment
of magnetization, typically known as Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, which has laid the foundation of the giant magne-
toresistance (GMR) effect and further leads to the emergence of
spintronics'~. Notably, the unique properties of RKKY interaction medi-
ated antiferromagnetism (AFM) have been utilized to design synthetic
antiferromagnets (SAFs) over the recent years, which open up an intriguing
field named SAF spintronics'*".

Recently, the antisymmetric counterpart of IEC, interlayer
Dzyaloshinskii-Moriya interaction (DMI), has been found to exist
throughout the entire magnetic multilayer stack mediated by the NM
spacer'™'. Generally, DMI is a kind of antisymmetric exchange coupling
that arises as a consequence of the spin-orbit coupling (SOC) in the

magnetic system lacking inversion symmetry'’"*. Different from the
conventional Heisenberg symmetric exchange interaction that stabilizes
the collinear spin or magnetization alignment”, the magnetic system
with DMI favors an orthogonal alignment of adjacent spins in materials.
The effective Hamiltonian of DMI can be expressed as -D- §;xS,, where
D is corresponding to DMI vector, S; and S, are two neighboring spins.
The DMI in conventional heavy-metal (HM)/ferromagnet (FM) bilay-
ers, namely intralayer DMI or interfacial DMI, is crucial for the for-
mation and stabilization of two-dimensional (2D) chiral spin textures
within a magnetic film, such as spin spirals*, Néel-type domain walls
(DWs)** and skyrmions™ .

In 2019, the existence of DMI type of IEC was theoretically predicted in
FM,/NM/FM, trilayers™. Soon after, two publications successfully reported
the experimental evidence of this long-range antisymmetric interlayer
exchange interaction in SAF multilayers''. Subsequently, the robust
existence of this interlayer antisymmetric effect has been verified in diverse
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material systems. Overall, interlayer DMI exhibits many unique char-
acteristics. One of the prominent features of interlayer DMI is that it enables
three-dimensional (3D) chiral spin structures perpendicular to the film
plane'>'**, in contrast to the antisymmetric component of the intralayer
exchange interactions that leads to 2D spin structures confined within
individual magnetic layers'”**. Consequently, it is anticipated that the fur-
ther studies on interlayer DMI will pave the way for the development of 3D
spintronic devices with more novel functionalities’”.

In this article, we have presented a broad overview of recent progress on
interlayer DMI in magnetic multilayers. To elucidate its physical origin, we
firstly focused on theoretical model of this long-range antisymmetric
interaction. Then, we also presented the basic properties of interlayer DMI,
including the chiral exchange bias, and related influence factors, such as
azimuthal angle, magnetic configuration, the type of spacer materials and its
thickness. In addition, the manipulation mechanisms of interlayer DMI
have been mentioned, including azimuthal symmetry engineering and the
application of electrical current. Moreover, the currently experimentally
verified and theoretically predicted applications of interlayer DMI, mainly
consisting of indirect manipulation of 2D spin structure, field-free spin-
orbit torque (SOT) switching and enhancing magnon-magnon coupling,
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Fig. 1 | The schematic illustration and theoretical model of interlayer DMI. a The
physical scenario of intralayer DMI due to HM atom-mediated exchange interac-
tions within a FM layer. b The interlayer DMI induced by the antisymmetric IEC
between two magnetic layers mediated by conducting electrons in thin NM spacer.
¢ The compensation of zero D;-ff in the case of that the magnetic (blue spheres) and
NM (gray spheres) atoms lie in the same plane. d The formation of non-zero Dzﬁ
when the NM atoms are shifted along the y axis in a hcp stacking. e The

have been covered. Finally, the conclusions and outlook towards the prac-
tical application of interlayer DMI in spin-based logic and memory devices
have been put forward.

Theoretical model of IDMI

For the widely studied intralayer DML, it describes the coupling of spins S;
and §; in a FM layer that mediated by a NM HM atom in a neighboring
layer'* (Fig. 1a). In 2019, Vedmedenko et al. firstly theoretically predicted
the universal existence of interlayer coupling of the Dzyaloshinskii-Moriya
type across a spacer based on the three-site Lévy-Fert model™. Similar to the
physical theory of intralayer DMI, the interlayer DMI in FM;/HM/FM,
trilayers originates from an antisymmetric counterpart of IEC owing to
spin-orbit scattering of conduction electrons in HM layer (Fig. 1b). Similar
to intralayer DMI, interlayer DMI can also be described by the three-site
Lévy-Fert model™”:
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magnetization configuration in a unit cell with dominating interlayer DMI. Figures
¢, d and e are reprinted from ref. 36 with permission. f Top (top panel) and side(-
bottom panel) views of the thin Co/Ru/Pt/Co film. The colored arrows indicate the
direction of the considered displacements of the top Co layer. g Schematic diagram
of the spin canting of initial collinear magnetization due to the interlayer DMI. h The
strength of Jier (dotted lines) and Djyye, (solid lines) as a function of the position of
the top Co layer. Figures f, g and h are reprinted from ref. 16 with permission.
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Where 72),1., 71),]. and 72),-]- are the distance vectors between corresponding
sites. The parameter V/ is corresponding to the material specific quantity
defining the DMI strength, kr and Eg are the Fermi wave vector and
energy, respectively, A4 is the SOC parameter, I' the interaction para-
meter between the localized spins and the spins of conduction electrons,
and Z4 the number of d electrons. According to the atomistic Monte
Carlo (MC) calculations, this three-site Lévy-Fert model can be extended
to FM,;/NM/EM, trilayers, where the DMI promotes the formation of
nontrivial 3D spin textures with both intralayer and interlayer
chiralities. The effective DM vectoer}-ff for a given ij atomic pair can
be described by a sum over all impurities:

ff 5 . B
Dj; :ZDZ‘Z(RZ;" Ry, Ry) )

In most of the one-dimensional cases, individual Dy is symmetric with
respect to any bond and thus add up to zero (Fig. 1d). However, if the non-
magnetic atoms are displaced from their equilibrium positions (Fig. 1e), the
Dy vectors are not compensated anymore. In this case, D?jr becomes
nonzero. The total DM energy for an FM,;/NM/EM, trilayer can be
expressed as:

Epwr = ZDZ-H (§:%8y) 3)
ij

When FM, and FM, are in a perfect FM state but allowed to have any
orientation with respect to one another, all ijﬁ for a site i in a hexagon
cancel out although individual ijﬁ is nonzero. However, if magnetization
configurations deviate from the perfect collinear alignment, spin and dis-
tance variables become mixed and the total Epyy; turns to be nonzero. When
interlayer DMI Dfﬁ is much stronger than intralayer Heisenberg exchange
coupling J¥"%, an AFM row-wise ordering will be formed in both layers (Fig.
1f), according to the MC simulations. In this case, the spin in one layer is
perpendicular to the film plane, while the other is parallel to the plane. In
practical systems, ijff is actually much weaker than J Z.‘”“ and then the AFM
stripes broaden and the non-collinear alignment of magnetization occurs.
The further MC calculations indicate the strength of the interlayer DM
energy is calculated to be around 107 J;; per atom.

Despite the weakness of interlayer DMI per atomic bond, it cannot
compete with strong Heisenberg exchange at the atomic scale but can
induce chiral coupling between FM layers. Then, the total interlayer DMI
energy will create a sizable energy barrier between macroscopic config-
urations with different chirality, thus leading to a novel phenomenon, i.e.,
chiral exchange bias. In addition, this long-range antisymmetric interaction
is not trivial and seeks to create a 3D spin structure across the magnetic
multilayers in all spatial directions, which is significantly different from the
intralayer DMI that enables 2D spin structures. Moreover, the basic prop-
erties of this interaction rely heavily on the lattice geometry of FM;/NM/
FM, stacks, the strength of the SOC parameter V7, and the lateral structure
of the multilayer. There is no doubt that this theoretical work opens up an
intriguing research topic in the field of spintronics.

Soon later, the theoretical ab initio calculation of interlayer DMI was
performed in Co/Ru/Pt/Co system with a collinear magnetization within
each magnetic layer'. This is achieved by displacing the top Co layer from its
high-symmetry position (a and b), resulting in a C;, symmetry structure
(Fig. 1f). The antisymmetric DMI arises from a relativistic contribution to
the total energy, resulting in a canting angle « between the magnetic
moments S; and S, of the two Co layers (Fig. 1g). The calculations suggested
that the presence of an inversion symmetry breaking (ISB), such as a
thickness gradient or lattice mismatch, can lead to the interlayer DMI in
magnetic heterostructures. In experiment, they have verified that the
interlayer DMI can be obtained in samples fabricated by oblique sputtering
technique, which generates tilted columnar microstructures with broken
inversion symmetry. Figure 1h further presents the calculated strength of
both symmetric IEC (Jiye,) and antisymmetric IEC (D) as a function of

the position of the top magnet for an originally FM or AFM interaction
between the FM layers. The calculated magnitude of the antisymmetric DMI
is smaller than the symmetric interlayer exchange interaction by one to two
orders of magnitude. However, the antisymmetric DMI is more sensitive to
changes in the symmetry of the crystal lattice, which promotes a chiral
magnetization arrangement between the separated magnetic layers. Very
recently, Vedmedenko et al. have further conducted the comparison of the
theoretical results of interlayer DMI between two magnetic cobalt layers
based on ab initio calculations and Lévy-Fert model”. A reasonable agree-
ment was observed between these two methods concerning the dependence
of the interactions on the position of the spacer layer and the enhancement
of the interlayer DMI for higher atomic SOC strength and for the number of
valence electrons.

Chiral exchange bias

As predicted by theoretical work™, the presence of interlayer DMI could
contribute to the emergence of chiral exchange bias phenomenon. Notably,
the ISB in practical materials could be caused by the thickness gradient,
intermixing at the interfaces, lattice defects and even disorder. The experi-
mental observation of interlayer DMI and chiral exchange bias were firstly
obtained in Pt/Co/Pt/Ru/Pt/Co/Pt multilayers', in which the top and
bottom Co layers are indirectly coupled through a Pt/Ru/Pt spacer. By
controlling the thickness of Ru interlayer (0.4 or 2.7 nm), the RKKY type
IEC can be set as FM or AFM, leading to parallel or antiparallel magneti-
zation alignments, respectively.

Generally, the magnetization switching process of FM films is typically
invariant on the inversion of magnetic field direction*"*. However, this
field-reversal invariance does not hold if the inversion symmetry is broken.
For FM/HM bilayers with intralayer DMI, the dynamics of DW expansion
turns to be asymmetric under an in-plane field” ™. Similarly, the anti-
symmetric IEC (interlayer DMI) can also break the field-driven magneti-
zation reversal symmetry. In the absence of the interlayer DMI, the
application of an in-plane bias field Hy merely facilitates a reduction in the
energy barrier for magnetization reversal, irrespective of the switching
polarity (see left panels of Fig. 2a, b). As a comparison, the presence of the
antisymmetric IEC will introduce a different response of the chiral mag-
netization configurations to Hyy, which can either assist or hinder the
magnetization switching depending on the sign of Hyy and the specific
magnetization configurations. In this case, the energy barriers for magne-
tization switching from parallel to antiparallel and from antiparallel to
parallel alignments, as well as for the switching between down-to-up (D-U)
and up-to-down (U-D) processes, turn to be different (see right panels of
Fig. 1a,b). As a result, the switching barrier of the magnetization, denoted as
the coercive field (H.), becomes unequal and thus ultimately gives rise to
asymmetric magnetic hysteresis loops, leading to the emergence of chiral
exchange bias. As shown in Fig. 2¢, d, the out-of-plane hysteresis loops
become asymmetric in the SAFs both in the parallel and antiparallel mag-
netization alignments upon the application of Hyy of +100 (red) and —100
(black) mT. In the parallel coupling case (top), the difference of switching
fields (ApoHsw) between U-D and D-U is found to be approximately 0.7
mT. In the antiparallel coupling case (bottom), the hysteresis loop is biased
to the left (right) at +100 mT (—100 mT) with AyoHsw = 1.1 and 1.4 mT,
respectively. This phenomenon reveals the unidirectional and chiral nature
of the interlayer DMI, completely different from that of conventional
magnetization reversal with symmetric magnetic hysteresis loops*"*.
Almost simultaneously, experimental evidence of interlayer DMI in a tilted
SAF of Co/Pt/CoFeB trilayers was reported'”. By varying the thickness of top
CoFeB layer, the magnetization configuration of the system can be turned
from antiparallel, canted, and perpendicular states. Figure 2e, f show both
M, (polar magneto-optic Kerr effect (MOKE)) and M (longitudinal
MOKE) components of the magnetization as a function of in-plane field.
The magnetic trilayer was initially saturated by unipolar (either positive or
negative, ~0.4 T) field. It can be seen that the hysteresis loops of the canted
CoFeB layer are shifted by nearly +1.1 mT for the two opposite Co
orientations.
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Fig. 2 | The interlayer DMI induced chiral exchange bias. a, b Schematics of
symmetric and asymmetric switching of perpendicularly magnetized of Pt/Co/Pt/
Ru/Pt/Co/Pt with parallel and antiparallel alignments, respectively. ¢, d, Magnetic
hysteresis loops for the SAFs with parallel and antiparallel coupling, respectively.
The black and red curves indicate the hysteresis loops under the negative and
positive in-plane bias field Hyy of 100 mT, respectively. Figure a-d are reprinted

from ref. 16 with permission. e, f The M, (polar MOKE) and M (longitudinal
MOKE) as a function of in-plane field under negative and positive initial satur-
ating field, respectively. Figures e and fare reprinted from ref. 15 with permission.
g The asymmetric SOT switching curves under the application of a negative (top
panel) and positive (bottom panel) in-plane field. Reprinted from ref. 51 with
permission.

Given the symmetry breaking of magnetic reversal induced by inter-
layer DML, it is expected that the SOT switching loops may also become
asymmetric with respect to switching current density. In 2021, Xiao et al.
demonstrated the current-driven asymmetric magnetic switching of SAF
CoFeB(1.1 nm)/Ta(1.6 nm)/CoFeB(0.9 nm) structure with interlayer
DMTI’. As shown in Fig. 2g, the deterministic SOT switching of the top
CoFeB layer has been achieved under in-plane assisting field Hyp of +130 Oe.
Clearly, this current-driven switching is asymmetric with a negative current
bias. The asymmetric current-driven SOT switching can be utilized to
design SOT devices with selective switching capability that can be turned by
Hip. These pioneering experimental efforts have quickly attracts intense
interest in the field of spintronics and inspired researchers to conduct more
in-depth investigations of interlayer DML

In addition to loop shift measurement, other experimental methods
have been explored to reveal the chiral magnetic states induced by
interlayer DMI, such as neutron scattering techniques and X-ray mag-
netic circular dichroism photoemission electron microscopy (XMCD-
PEEM). In 2022, Wang et al. have systematically characterized the
noncollinear magnetic states in perpendicular magnetized SAFs with a
structure of Pt/[Co/Pt],/Co/Pt/NiO/Co/Pt/[Co/Pt], by using polarized
neutron reflectometry™. This research revealed that the maximum angle
of the canted magnetic moments for FM coupling can reach as high as
11.5°, which is stronger than that with AFM coupling. In 2023,
Fernandez-Pacheco et al. have further observed 360° DW rings with a
diameter of 0.5-3.0 um in Pt/Co/Pt/Ru/Pt/CoFeB/Pt-based multilayer
by utilizing the XMCD-PEEM magnetic vector reconstruction®. These
spin textures are only observed when the interlayer DMI-induced
exchange bias field is not perfectly compensated by the magnetic field
offset. This work suggested that the interlayer DMI could give rise to
complex metastable spin states during magnetic switching.

The azimuthal angle dependence of interlayer DMI

In addition to the observation of chiral exchange bias effect, the azimuthal
angle dependence of interlayer DMI has also been investigated system-
atically in various material systems. In 2019, Kldui et al. presented the
azimuthal angle dependence of Hgyy in Pt/Co/Pt/Ru/Pt/Co/Pt multilayers to
reveal the origin of the asymmetric switching behavior'®. As shown in Fig.
3a, the magnitude of the in-plane field was kept at |4oHy | = 100 mT as the
azimuthal angle rotates from 0 to 360°. For the Pt/Co/Pt/Ru reference
sample with only one FM layer (top panel), the value of Hgyy is isotropic.
However, the magnetic switching exhibits a unidirectional anisotropy for
the SAFs with parallel (antiparallel) alignment with symmetric and asym-
metric axes aligned along the direction of Hyy//75° (150°) and Hiyn//165°
(240°), respectively. This phenomenon suggests the unidirectional nature of
the observed interlayer interaction. Notably, the top and bottom magnetic
layers own different unidirectional behavior in the case of antiparallel
coupling (Fig. 3b). Specifically, the value of |gHsw| for the U-D (D-U) is
biased to 60° (240°) for the top Co layer, whereas it turns to be biased along
the opposite direction for the bottom Co layer. This opposite unidirectional
behavior between two magnetic layers directly reveals the chiral nature of
the observed unidirectional interlayer DMI effect.

For conventional intralayer DMI, both unidirectional and anisotropic
characteristics have been demonstrated™*”’. Generally, the unidirectional
interlayer DMI is most common in plenty-of material systems'***”". In 2023,
Song et al. have firstly observed the existence of anisotropic interlayer DMI
with two asymmetric axes in perpendicularly magnetized synthetic FM [Co/
Pd]y multilayers based on both experimental results and theoretical
calculations™. Figure 3c illustrates the magnetic switching diagram with
unidirectional D (left panel) and anisotropic one (right panel) under in-
plane magnetic field Hiy. Basically, in the case of unidirectional D, in-plane
field Hpy will assist or hinder the magnetization switching of a
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which chiral exchange bias disappears. The DMI vector (D) thus is perpendicular the
asymmetric axis AS. Figures a and b are reprinted from ref. 16 with permission.

¢ Schematics diagram of magnetic reversal of synthetic FMs with unidirectional (left
panel) and anisotropic (right panel) interlayer DMI vector D. d Azimuthal angular
dependence of the switching field of [Co/Pd], multilayers obtained by MOKE
method. Figures ¢ and d are reprinted from ref. 58 with permission.

perpendicularly magnetized SAFs in one direction, depending on the sign of
Hiy and the magnetization configurations. While in the case of anisotropic
D, the spins of the top and the bottom FMs exhibit multiple directions of
non-collinear alignments due to the anisotropic nature of D and thus there
are multiple directions to assist or hinder the magnetization switching. As
shown in Fig. 3d, it can be seen that there are two directions of relative shift
with respect to the U-D and D-U switching, and the angle between these two
asymmetric axes labeled by the dot lines is around 60°. Based on the first-
principle calculations, the anisotropic D that leads to asymmetric switching
behaviors in [Co/Pd], with two orientations is attributed to the two highly
symmetric directions of Co layer.

Interlayer DMI with orthogonal magnetic configuration
Most of investigation of interlayer DMI has been conducted in SF or SAF
with parallel or antiparallel alignment of perpendicular magnetization. It
has been experimentally revealed that the magnitude of interlayer DMI is

strongly dependent on the specific magnetization configuration'. In 2021,
Gambardella et al. focused on the critical role of orthogonal magnetization
configuration in maximizing the interlayer DMI strength between Co and
TbFe layers with a Pt spacer” (Fig. 4a). According to the anomalous Hall
curves (Fig. 4b), there is a natural orthogonal magnetization configuration
between out-of-plane (OOP) magnetized TbFe and in-plane (IP) magne-
tized Co. The measurement configuration is presented in Fig. 4c, in which
the external magnetic field was swept along in-plane azimuthal angle ¢g
with an oblique angle 8. The maximum difference of coercive force (AB,)
was observed with the field tilted toward ¢p =135° and 315°, the corre-
sponding Hall resistance curves is given in Fig. 4d. According to the ¢g
dependence of B. (Fig. 4e), the magnitude of AB, varies as a sine function of
¢g, which implies a unidirectional behavior. To investigate the influence of
interlayer DMI on the IP Co layer, the longitudinal resistance R curve was
measured with the in-plane field applied at ¢p = 0°. The shift AB; between
the two curves corresponds to a net bias field acts on M., and the value of
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Fig. 4 | The interlayer DMI with orthogonal magnetization. a Illustration of the
TbFe/Pt/Co based magnetic multilayer with orthogonal magnetic easy-axis. b The
out-of-plane Hall resistance loops of TbFe/Pt (1.2 nm)/Co sample. ¢ Schematics of
the field sweep measurements with tilt angle favoring and opposing the interlayer
DMI (top left and right, respectively). The bottom diagram shows the geometry
employed for the magnetoresistance measurements. d The Hall resistance curves of

TbFe/Pt(1.5 nm)/Co measured during a field sweep at p = 15° tilted along Dxz (red
line, initial g = 315°) and along -Dxz (black line, initial g5 = 135°). e The coercivity
difference AB. as a function of ¢p. f Magnetoresistance curves as a function of the in-
plane field for two different orientations of Mrpre. Figures a-f are reprinted from
ref. 59 with permission.

Fig. 5 | The oscillation decay trend of interlayer
DMI strength. a The sample stacking structures of
Pt(3)/Co(0.5)/Pt(0.5)/Ru(tr,)/Pt(0.5)/Co(2)/Pt(3)
(thickness in nm) with T-type magnetic configura-
tion. b The strength of Hipy and Hexky as func-
tions of the thickness of Ru spacer (t,). Figures
aand b are reprinted from ref. 62 with permission.
¢ The strength of Hp as a function of the thickness
of Ir spacer (t;,) in Pt/Co/Pt/Ir/Pt/Co/Pt multilayer.
Reprinted from ref. 56 with permission. d Ag
thickness dependence of the interlayer DMI in Co/
Ag/Co trilayer. Reprinted from ref. 65 with
permission.
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Bpwir acting on the Co layer can be estimated by using the formula
Bpmr = ABy/2. The obtained maximum value of interlayer DMI field By
reaches up to 13 mT, corresponding to Epyy=44 pJ/m’, which is sig-
nificantly larger than those found in previous work'>'****” and reveals the
potential of utilizing orthogonal magnetic configurations to enhance the

interlayer DMI in spintronic devices. The enhanced interlayer DMI strength
has also been observed in D0,,-Mn3;Ga/Pt/Co trilayers with orthogonal
magnetization®.

According to theoretical work based on Lévy-Fert model or ab-initio
calculations'***, the corresponding strength of interlayer DMI D per
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atomic bond is on the order of meV (~1.602 x 107*]). In experimental
measurements’’, the magnitude of D can be regarded as the interlayer DMI
energy per unit area of the film and thus possesses the unit of J/m* or erg/
cm?. In principle, in addition to the film thickness, the conversion between
the strength of microscopically calculated D and macroscopically measured
one requires the consideration of many microscopic factors, such as the
bond density, compensation state and disorders.

Oscillatory behavior of interlayer DMI

In principle, the symmetric RKKY interaction exhibits an oscillatory nature
that favors either parallel or antiparallel alignment of the magnetization of
the FMs, depending on the critical thickness of NM spacer'™. As both the
antisymmetric interlayer DMI and symmetric RKKY can be regarded as a
sub-item of the total IEC, their oscillatory behavior may share a similar
physical origin. According to the theoretical calculation, the interlayer DMI
coupling between two magnetic atoms shows an oscillating decay trend with
the distance between them'***". The scattering effect of impurities dom-
inates both RKKY and DMI couplings. Consequently, it is expected that the
oscillatory behavior of interlayer DMI shares the same period as RKKY. In
early studies, the strength interlayer DMI typically exhibits a monotonous
decrease trend with spacer thickess™*". Similar to the conventional RKKY
interaction, these experimental results indicate that crystalline defects and
roughness may potentially exert adverse effects on the observation of
oscillatory behavior.

In 2023, Han et al. first presented a comprehensive investigation of the
oscillatory behavior of interlayer DMI and its inside correlation with RKKY
interaction in magnetic multilayers of Pt/Co/Pt/Ru/Pt/Co/Pt structures”, as
illustrated in Fig. 5a. Both the spacer thickness dependence of interlayer
DMI in a T-type structure and RKKY interaction in collinear-type struc-
tures are systematically characterized. The magnetization configuration of
the bottom and top FM layers is controlled by varying the Co sublayer
thickness in top Pt/Co/Pt. The top Pt (0.5)/Co (0.5)/Pt (3 nm) shows good
perpendicular magnetic anisotropy (PMA), while it turns into in-plane
magnetic anisotropy (IMA) when the thickness of Co is 2 nm. Based on the
loop-shift measurement mentioned above, the interlayer DMI strength
(Hipa) can be obtained. Meanwhile, the shift field of the minor loop marks
the RKKY interaction induced effective field (Hryxky). Figure 5b clearly
shows the deduced value of Hipyy and Hrgiy as the function of spacer

thickness f,,. Obviously, oscillation decay tendency has been obtained with
the average period of around 0.5 nm. Moreover, it can be seen that the
oscillatory behavior of interlayer DMI and RKKY interaction is roughly
synchronous. That is, both interlayer DMI and RKKY interaction exhibit an
oscillation-damping behavior with the increase of spacer thickness, indi-
cating a gradual weakening of the IEC strength between magnetic layers.
Therefore, the experimental results are well consistent with the theoretical
expectation. Soon later, other groups have also reported the observation of
oscillation decay characteristics of interlayer DMI in other sample stacking
structures** . As plotted in Fig. 5c, d, the oscillation decay behavior of
interlayer DMI strength was also observed in Pt/Co/Pt/Ir/Pt/Co/Pt and Co/
Ag/Co multilayers’*”. Worth mentioning, similar to conventional RKKY
interaction, both the sign and amplitude of interlayer DMI exhibit periodic
oscillatory behavior in Co/Ag/Co multilayers. All of these results have
suggested a strong physical relation between interlayer DMI and RKKY
interaction®.

The spacer materials dependence on interlayer DMI

It is well-established that the intensity of RKKY interaction relies on the type
of spacer material in FM;/NM/EM, trilayers, in which the NM layer is
usually Cu, Cr, or Ru'”. Among these spacer materials, Ru is the most widely
adopted to introduce a strong RKKY interaction. Hence, it is significant to
explore the spacer material dependence of interlayer DMI. In 2021, Gam-
bardella et al. have shown the experimental comparison results of interlayer
DMI strength in TbFe/NM/Co trilayers with varied spacer of HM (Pt, Ta),
light-metal Ti, and Ru”. Figure 6a-d show the corresponding chiral
exchange bias field AB. measured by performing field sweeps at different
angles gg. Based on the sinusoidal fitting, the maximum interlayer DMI field
Bpw reaches to around 13 mT for the sample with Pt spacer, corresponding
to Epmr = 44 J/m’. However, the magnetite of Bpyy is only 0.5 mT for Ti,
2.6 mT for Ru, and 2.9 mT for Ta. Obviously, these values are far smaller
than that of Pt. The relatively small interlayer DMI observed in Ti and Ru
could be attributed to their weak SOC. Despite the large atomic SOC of T4, it
generates much smaller interfacial DMI compared with Pt*’. The weaker
SOC and interfacial DMI of these alternative materials result in a significant
reduction of interlayer DMI intensity. Therefore, this work has highlighted
the crucial role of the bulk SOC of the spacer in the formation of inter-
layer DML
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Fig. 7 | Manipulation of Bloch chirality of DWs by
utilizing interlayer DMI. a Schematic illustration of
a typical multilayer with interlayer DMI.

b Schematic diagram of a preferential Bloch chirality
due to the influence of an assumed negative inter-
layer DMI and dipole-dipole interactions (DDI).
Here, the colored arrows indicate the spin orienta-
tion in the DW structure, and ®(®) presents the
average DW magnetization lying along the -y (4-y)
direction. c-e The domain contrast for the
[Co;Pds];5, [Co,Pds] 30 and [CogPd,o]30 samples
obtained by LTEM. Figures a-e are reprinted from
ref. 67 with permission.

Apart from the well-accepted contribution of atomic SOC in HMs
mentioned above, Vedmedenko et al. firstly revealed that the strong inter-
facial Rashba-type SOC will also contribute to a considerable interlayer DMI
in 2023%". A scissor-like in-plane state between the magnetization vectors of
the two Co layers that follows a predefined chirality was obtained in Co/Ag/
Co trilayers. Meanwhile, the estimated interlayer DMI strength with in-
plane chirality is on the order of ~0.1 mJ/m’, comparable to the best results
with HM Pt spacer. The observed strong interaction was attributed to a
combination effect of inversion symmetry breaking and strong Rashba SOC
at Co/Ag interfaces or from the Lévy-Fert three-site coupling via Co
impurities. The in-plane chirality and strong interlayer DMI strength
exhibit potential applications in field-free SOT switching, chiral giant
magnetoresistance effect, and other novel spintronic devices. Moreover, this
study expands the class of materials exhibiting interlayer DMI to light NM
metals with weak atomic SOC, paving the way for further exploration and
optimization of interlayer DMI in various spacer material systems. In 2024,
they have also investigated the interlayer DMI in Co/NM/Co with four
different spacer materials (Cu, Ag, Pt, and Au) based on both Lévy-Fert
model and ab initio calculations®. An increased DMI strength can be
obtained for heavier elements with a stronger atomic SOC, and the highest
value can be obtained for an Au spacer. It has also revealed that the con-
tribution of the magnetic Co atoms to the interlayer DMI partially com-
pensates that of the NM spacer.

Application of interlayer DMI in spintronics

Despite the interlayer DMI being a relatively new effect in the field of
spintronics, it has been demonstrated to possess intriguing applications
beyond the construction of 3D topological spin structures and chiral
exchange bias in magnetic multilayers'>'**. Additional applications contain
the indirect manipulation of intralayer spin structures, facilitating field-free
SOT switching, and introducing strong magnon-magnon coupling” .
Therefore, it is reasonably expected that the interlayer DMI could play
multiple roles in the design and manipulation of cutting-edge spintronic
devices.

Indirect manipulation of intralayer spin structure
In 2021, Yang et al. reported that interlayer DMI could break the degeneracy
between the two Bloch chiralities of DWs in relatively thick multilayers”. A

simple model considered in this work was based on the magnetic trilayer
structure in which two EM layers are separated by a NM spacer (Fig. 7a). As
presented in Fig. 7b, a preferential rotation of the magnetization through the
multilayer thickness and a certain type of Bloch chirality will be formed due
to the combined influence of interlayer DMI and dipole-dipole interactions
(DDI). The DDI preferentially favors a flux closure state, selecting the initial
magnetization orientation at both surfaces, whereas interlayer DMI pre-
ferentially favors one direction of rotation between the surfaces. The sym-
metry analysis of the interlayer DMI indicates that the normal component
(D,) is crucial for breaking the degeneracy between Bloch chiralities.

The experimental evidence supporting the theoretical predictions was
obtained through Lorentz transmission electron microscopy (LTEM)
measurements of Co/Pd multilayers. Figure 7c-e show the typical magne-
tization states after saturation and relaxation to the indicated field values for
the [Co,Pds];5, [CosPds)s0, and [CogPd;g]s9 samples, respectively. For
[Co;Pds];5 with a total magnetic thickness of 18.7 nm, no obvious asym-
metry from bright and dark domains is present. However, a clear population
asymmetry can be observed in [Co;Pds]3, with a thickness of 36.7 nm. The
probability of clockwise (CW) domains, P(CW) was measured as
0.79 £ 0.10. For [CogPd; ]3¢, only CW domains were observed. As a result, a
clear population asymmetry of Bloch DWs was achieved with a preference
of CW rotations, which becomes more pronounced in thicker films and
multilayers with higher magnetic volume, consistent with the theoretical
model’s dependence on demagnetization energy. In principle, the observed
preferred Bloch chirality in Co/Pd multilayers is a result of the interplay
between interlayer DMI and demagnetization fields. By tuning the strength
of interlayer and intralayer DML, it is possible to design magnetic systems
with desired Bloch chirality, potentially mitigating undesired effects like the
skyrmion Hall effect. This work has confirmed the feasibility of indirectly
controlling 2D spin structure in magnetic multilayers by utilizing inter-
layer DML

Interlayer DMI-assisted field-free SOT switching

The next significant step towards the utilization of interlayer DMI in
spintronic devices is the realization of field-free SOT switching®"****"%"".
Generally, the SOT effect has been proven to be a valid way to electrically
manipulate the local magnetization”, which has been regarded as an

alternative writing mechanism in magnetic random access memory
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Fig. 8 | Interlayer DMI induced field-free SOT switching. a The measurement
configuration of SOT switching in Pt/Co/Pt/Co/Pt and Pt/Co/Pt/Ir/Pt/Co/Pt based
Hall devices. b Field-free SOT switching loops at different ¢; for the FM coupled Pt/
Co/Pt/Co/Pt sample. The switching loops disappeared at ¢; = 90° and 270°.

¢ Resistance change (AR) and critical current (J.) of the switching as functions of ¢;.
d Switching dynamics driven by a pulse current parallel to D. Figures a-d are rep-
rinted from ref. 68 with permission. e MOKE image of the Hall device after the
application of a current pulse. Reprinted from ref. 71 with permission.

(MRAM)”*®, In principle, the spins with in-plane polarization cannot break
the in-plane inversion symmetry for a perpendicular magnetization and an
external in-plane magnetic field is typically required to assist the determi-
nistic switching”"*’. However, the introduction of an in-plane assisting field
not only complicates the device structure but also increases the write power
consumption. So far, several approaches have been proposed to address this
issue, including lateral asymmetry™**'~**, local effective in-plane field*™™,
out-of-plane spin polarization”, and gradient effect” . At present, there are
still some specific technical drawbacks that hinder their broad application in
wafer-scale manufacture.

In 2022, Han etal. first found that interlayer DMI effect could break the
in-plane symmetry and facilitate deterministic SOT switching of a per-
pendicular magnetization®. Based on the symmetry analysis, it was found
that the existence of interlayer DMI introduces an antisymmetric coupling
between adjacent magnetic layers, thus breaking the mirror symmetry of the
system. When a current is applied parallel to the D, the system symmetry is
reduced, allowing the deterministic SOT switching of the perpendicular
magnetization. By varying the angle between the current direction and the
D, the magnitude and direction of the SOT switching can be controlled.
When the current is applied perpendicular to the D, the symmetry-breaking
effect of the interlayer DMI is neutralized. In this case, the deterministic SOT
switching disappears. The field-free SOT switching was successfully realized
in both FM coupled Pt/Co/Pt/Co/Pt and AFM coupled Pt/Co/Pt/Ir/Pt/Co/
Pt structures with the existence of interlayer DMI. Specifically, a symmetry-
breaking law of j//D, where j represents the applied current density and D
represents the vector of the interlayer DMI, was theoretically elaborated
upon and then experimentally verified. The experimental setup of SOT
switching is presented in Fig. 8a, in which I, and I, were applied simulta-
neously to adjust the direction (¢;) of the current density in the cross region
relative to the D vector. According to the SOT switching loops for various ¢;
values (Fig. 8b), field-free SOT switching has been achieved when ¢; # 90 or
270°. The degree of switching (AR at I = 0 mA) and the critical current (J..)
as functions of ¢; is shown in Fig. 8c. Obviously, ARy, (J) is maximized
(minimized) at j//D and turns to be zero (divergent) at jLD. In brief, this
phenomenon can be interpreted that the interlayer DMI energy can be

reduced in the case of j//D by choosing the preferred magnetization align-
ment and then deterministic SOT switching occurs.

Figure 8d further presents the critical SOT switching dynamics
obtained by micromagnetic simulation performed by MuMax3. The
simulation has demonstrated that the presence of interlayer DMI leads to
deterministic switching of the perpendicular magnetization in both FM and
AFM coupled samples with the absence of an external field, in agreement
with the experimental results. In comparison to previous field-free switching
methods that require additional functional layers or asymmetric designs, the
interlayer DMI effect enabled field-free switching is an intrinsic property of
Pt/Co systems. In 2023, Zhao et al. also demonstrated the field-free SOT
switching in Pt/CoB/Pt/Ru/Pt/CoB/Pt SAF based on the measurement
setup that interlayer DMI D is parallel to the electrical current’’. The cor-
responding domain structure after pulse application observed by MOKE
microscopy is shown in Fig. 8e. It can be seen that the top CoB layer is
switched from the down to the up state in nearly 80% of the Hall bar area
under zero external field. All of these results reveal that the interlayer DMI
could serve as an effective symmetry-breaking mechanism that facilitates
the implement of all-electrically SOT switching.

Interlayer DMI induced ultrastrong magnon-magnon
coupling

Magnon-magnon coupling has drawn much interest in the field of spin-
tronics due to its potential for quantum engineering”™'*. How to realize
strong magnon-magnon coupling is a crucial issue for enhancing the effi-
ciency of quantum information processing. In addition to the aforemen-
tioned applications, in 2024, Yu et al. have theoretically predicted that
interlayer DMI can also break the rotational symmetry of SAF systems and
lead to the emergence of ultrastrong magnon-magnon coupling in SAFs”.
Based on the micromagnetic simulations, it was found that the coupling
strength can be effectively tuned by manipulating the orientation of the
interlayer DMI vector D, as well as the material parameters of the SAF,
including the magnetic anisotropy field, effective interlayer DMI field, and
effective RKKY interaction field. Notably, a significant enhancement in
coupling strength occurs when the total magnetic anisotropy field
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sample by using OAD technique and the corresponding loop-shift measurement
setup. b The Ry-H, loops of the counter-wedge sample measured at ¢y = 0° and
@n = 180°. ¢ The offset field H, e as a function of ¢y for different wedge growth
conditions. Figures a-c are reprinted from ref. 108 with permission. d The mea-
surement setup for characterizing the current dependence of interlayer DMI.
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approaches zero. In this case, even a relatively small interlayer DMI can
induce an ultrastrong magnon-magnon coupling. The maximum normal-
ized coupling strength g/w, reaches up to 0.5. Very recently, other groups
have also theoretically studied the influence of interlayer DMI on the
dynamics of spin waves in magnetic multilayers. It is theoretically predicted
that interlayer DMI could change the frequencies of the fundamental fer-
romagnetic resonance spectra (FMR) modes, which is different from con-
ventional intralayer DMI'*. Additionally, interlayer DMI could also lead to
asymmetric spin-wave propagation behavior between the two FM atomic
layers'””. These findings indicate the significant role of interlayer DMI in the
advancement of magnon or spin wave-based quantum engineering
techniques.

The manipulation of interlayer DMI

The ability to control and tune interlayer DMI strength is significant for
harnessing its huge potential in spintronic devices. In 2024, Pai et al.
demonstrated an efficient manipulation of interlayer DMI in magnetic
multilayers by employing oblique angle deposition (OAD) technique to
create wedge-shaped layers with opposing symmetry-breaking polarities'*.
Figure 9a provides a graphical representation of the counter-wedged
structure. The corresponding Ry;-H, loop of the counter-wedged sample
exhibits a clear hysteresis loop shift (Fig. 9b), which is dependent on the in-
plane field’s azimuthal direction ¢y. The magnitude of H,e as a function

of gy is summarized in Fig. 9c. Here, the angular dependence of Hoc can
be described by the formula Hgee = Hpp sin(¢u-¢p) (¢p represents the
azimuthal angle of the interlayer DMI vector D). It can be seen the counter-
wedge sample shows a maximum strength of Hpp of 113.8 Oe. Therefore,
the interlayer DMI strength can be optimized by engineering the multilayer
structure.

In principle, both intralayer and interlayer DMI strengths are fixed
after sample growth. However, from an application point of view, the post-
growth manipulation of interlayer DMI is much more desirable to dyna-
mically control the local 3D chiral spin-structure in spintronic devices. In
2023, Kldui et al. presented an intriguing interplay between electrical current
and interlayer DMI in Ta(4)/Pt(4)/Co(0.6)/Pt(0.7)/Ru(0.8)/Pt(0.5)/Co(1)/
Pt(4) (thicknesses in nanometers) SAF with PMA'”. The optical image and
measurement setup of Hall devices are given in Fig. 9d. Clearly, the chiral
exchange biased hysteresis loops have been observed under positive and
negative in-plane field of 100 mT (Fig. 9¢). The angle dependence of
switching field (Hy,,) for FM, and FM, is also given in Fig. 91, g, respectively.
The unidirectional feature of interlayer DMI was observed. By analyzing the
current dependence of the interlayer DMI effective field (Hy pp) for FM;
and FM, (Fig. 9g), both the strength of interlayer DMI changes and the
phase of the sine function fit is shifted under higher current density. In
addition to the growth-induced intrinsic interlayer DMI term, it was found
that the current-induced effect leads to a second term with a cosine function.

npj Spintronics | (2025)3:25

10


www.nature.com/npjspintronics

https://doi.org/10.1038/s44306-025-00091-2

Review

a.';g,
- Yy,
Paapuy

Fig. 10 | The basic characteristics and potential applications of interlayer DMI.
Schematic illustration of the intriguing characteristics of interlayer DMI is listed,
including oscillating behavior, chiral exchange bias and strong dependence on the
spacer material and magnetic configuration. The broad applications in the spin-
based logic and memory devices with novel functionality are also highlighted.

The detailed current density dependence measurements have revealed the
fact that the current-induced contribution scales linearly with its current
density and exhibits symmetry with current direction. Moreover, the
magnitude of the current-induced contribution is comparable to the
intrinsic term at experimentally manageable DC current densities, sug-
gesting that an electrical current could directly manipulate the 3D chiral spin
structure without the need of an external magnetic field.

Summary and outlook

Up until recently neglected in the framework of spintronics, both the the-
oretical and experimental works have revealed that DMI not only exists at
magnetic interfaces but also across NM layers, owing to the spin-orbit
scattering of conduction electrons in the HM layer or Rashba-type SOC.
Figure 10 summarizes the intriguing progress in basic characteristics (inner
circle), along with their application in spintronic devices (outer circle). The
asymmetry of the hysteresis loops, ie., chiral exchange bias, has been
observed due to the inversion symmetry of magnetic reversal, which could
be regarded characteristic effect of interlayer DMI. Meanwhile, the ampli-
tude of interlayer DMI exhibits a strong dependence on the azimuthal angle,
magnetization configuration, spacer layer, and even externally applied
current. Both the unidirectional and biaxial anisotropies have been
observed, depending on the specific material systems. The oscillation decay
trend of the interlayer DMI strength as a function of spacer thickness has
been confirmed, which has been proven to share the same oscillating period
with RKKY. The strength of interlayer DMI tends to show the maximum
magnitude in the case of canted or orthogonal alignment of magnetization.
Although the obtained strength of interlayer DMI so far is still insufficient to
significantly change the intralayer magnetic ordering due to competition
with a strong direct exchange coupling and intralayer DM], it is evidently
effective in competition with RKKY coupling, thus co-defining the inter-
layer ordering.

From the point of view of application, the emergence of the antisym-
metric counterpart of IEC, interlayer DMI, greatly expands the scope of
DMI research. In contrast to the intralayer DMI that leads to chiral 2D spin
structures confined within individual magnetic layers, the long-range

interlayer DMI through the mediation of the NM spacer contributes to the
emergence of 3D spin textures across the entire magnetic multilayer. The
realization of systems integrating interlayer DMI also offers a pathway for
the indirect control of asymmetric effects via the magnetic state of a
neighboring layer, such as the motion of DWs and spin waves. Additionally,
the antisymmetric interlayer DMI in the FM;/NM/FM, trilayer structure
introduces an additional symmetry breaking, which enables field-free
deterministic SOT switching by following the symmetry law of
j//D, providing a versatile platform for exploring all-electrically driven
spintronic devices. Meanwhile, it has been predicted that interlayer DMI can
break the rotational symmetry of SAF systems and enable to the emergence
of ultrastrong magnon-magnon coupling. Moreover, the post-growth
manipulation of the strength of interlayer DMI has been implemented by
tuning the applied current density. Therefore, the exploitation of interlayer
DMI paves the way for novel spin-based memory or logic devices with novel
functionalities.

From a prospective view, some crucial issues still need to be addressed
for advancing the practical application of interlayer DML. Firstly, there is a
natural competition between antisymmetric interlayer DMI and symmetric
RKKY interaction. The strength of interlayer DMI obtained so far is still
smaller than the RKKY interaction. Further exploration and optimization of
interlayer DMI in various material systems are crucial to further strengthen
the 3D spin structure. Additionally, a quantitative theoretical description of
the current manipulation of the interlayer DMI effect remains elusive.
Finally, further experimental efforts on the interlayer DMI facilitated
ultrastrong magnon-magnon coupling are required to validate the theore-
tical predictions.

Data availability
Data sets generated during the current study are available from the corre-
sponding author on reasonable request.
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