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Dzyaloshinskii-Moriya interaction (DMI) is a key driver of chiral magnetism and
has garnered significant interest in applied magnetism and spintronics.
Interface engineering has been demonstrated to effectively enhance the
DMI in many traditional heterostructures. The regulation of DMI is highly
dependent on interface properties, which vary significantly across different
material systems. Therefore, determining the optimal interface structure to
maximize the DMI value presents a complex challenge. In this work, Brillouin
light-scattering (BLS) spectroscopy quantitatively reveals a strong interfacial
DMI of 17 μJ/m2 in Py/Ti (tTi)/CoFeB/MgO heterostructures with robust
perpendicular magnetic anisotropy when the thickness of the Ti layer is
2 nm. Furthermore, we employed a field-modulated magneto-optical Kerr-
effect microscope (MOKE) to visualize the existence of stable labyrinth
domains in real space in the Py/Ti (2 nm)/CoFeB/MgO systems, which
might be able to induce further skyrmions. By optimizing the thickness of a
specific membrane configuration, this paper offers a critical materials
foundation for advancing spintronics applications.
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1 Introduction

In the past decades, the Dzyaloshinskii-Moriya Interaction (DMI) (Fert and Levy, 1980;
Crépieux and Lacroix, 1998) has garnered significant interest in applied magnetism and
spintronics, such as neuromorphic computing devices, logic devices, two-dimensional
materials and high-speed magnetic storage devices (Cao et al., 2018; Kuepferling et al.,
2023). The DMI is a kind of asymmetric exchange interaction arising from broken inversion
symmetry (Ryu et al., 2013; Emori et al., 2013). In common inversion symmetry breaking
systems, such as ferromagnetic and heavy metal (FM/HM) heterojunctions (Kim et al.,
2019; Belmeguenai et al., 2015; Yang et al., 2015), DMI can be generated through the strong
spin-orbit coupling (SOC) of heavy metals and interfacial symmetry breaking. Additionally,
DMI can also be induced in symmetric systems via post-annealing treatments (Ahmadi
et al., 2022). These findings have significantly advanced the practical application of DMI in
spintronics.
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Through strategic interface engineering, we have successfully
attained a significant DMI between ferromagnetic materials. This
achievement underscores the pivotal role of interface manipulation
(Niu et al., 2024) in tailoring magnetic interactions, particularly in
heterostructures where symmetry breaking and spin-orbit coupling
are meticulously controlled. By optimizing the interfacial properties,
the thickness of Ti, we have maximized the DMI magnitude. Here,
we propose a materials-optimized heterostructure, Py(6 nm)/Ti
(tTi)/CoFeB(1.2 nm)/MgO(2 nm) fabricated through magnetron
sputtering, designed to synergistically enhance DMI while
maintaining perpendicular magnetic anisotropy (PMA) and
interfacial coherence. We present a systematic investigation of
interfacial DMI in Py/Ti (tTi)/CoFeB/MgO heterostructures
through Brillouin light-scattering (BLS) spectroscopy (Chen et al.,
2021; Chen et al., 2024). Quantitative analysis reveals a significant
DMI strength of D = 17 μJ/m2 at optimal Ti spacer thickness (tTi =
2 nm). Subsequently, we fabricated a six-terminal Hall bar device
with a Ti layer thickness of 2 nm. We characterized its anomalous
Hall effect (AHE) and planar Hall effect (PHE) using an
electromagnetic transport system. Crucially, room-temperature
labyrinth domain observed by field-modulated magneto-optical
Kerr-effect (MOKE) microscopy (Pizzini et al., 2014; Cao et al.,
2018), which might be able to induce further skyrmions. These
findings position Py/Ti/CoFeB/MgO heterostructures as a versatile
materials foundation in the practical application of spintronics.

2 Materials and methods

To investigate the emergence and behavior of the DMI in the Py/
Ti/CoFeB/MgO heterojunction, we fabricated a series of membrane
structures to study how the DMI varies with the thickness of the Ti
layer. The thicknesses of the other layers were determined based on
prior experimental results. We have meticulously fabricated
Py(6 nm)/Ti (tTi)/CoFeB(1.2 nm)/MgO(2 nm)/Ta (2 nm)
multilayer heterostructures. The preparation process was carried
out with high-precision equipment under highly controlled

conditions. The fabrication involved room-temperature
magnetron sputtering under ultrahigh vacuum conditions, with a
base pressure maintained at 3 × 10−8 mbar (equivalent to
approximately 3 × 10−6 Pa). We grow the samples without an
external magnetic field to retain the Py/Ti/CoFeB/MgO
heterostructure’s native magnetic ordering, ensuring unperturbed
spin textures for subsequent analysis. The absence of an additional
magnetic field during deposition ensures that the heterojunction
retains its intrinsic properties. This fabrication setup is schematically
illustrated in Figure 1A.

The heterostructures were grown on thermally oxidized Si/SiO2

substrates via magnetron sputtering physical vapor deposition
method, which ensured a reliable foundation for the multilayer
structure, facilitating precise control over the growth and quality of
the deposited films. We first deposited a 6-nm-thick layer of Py as a
ferromagnetic layer. We then grow the Ti layer, ranging from 1.5 nm
to 4 nm in thickness, in increments of 0.5 nm, resulting in a total of
six samples. The Ti layer can form a good interface interaction with
CoFeB, which helps to improve the stability and magnetic properties
of the structure. Although the Ti layer itself is paramagnetic, it may
indirectly affect the DMI properties of the entire structure by
influencing the magnetic anisotropy and spin-orbit coupling of
the CoFeB layer. By optimizing the Ti thickness, we achieve a
peak DMI energy density. Next, a CoFeB magnetic layer
(1.2 nm) with perpendicular magnetic anisotropy was deposited.
CoFeB can induce vertical magnetic anisotropy, and the interface
with MgO can promote strong spin-orbit coupling and DMI, which
are crucial for various spintronic phenomena. These characteristics
make it a key material for optimizing device performance and
enabling practical applications in spintronics. After the CoFeB
ferromagnetic layer, an crystalline MgO tunnel barrier (1.2 nm)
was deposited via radio frequency (RF) magnetron sputtering, which
provides important support for high performance applications of
thin films by enhancing PMA, regulating magnetic coupling and
optimizing interface quality. The heterostructure was capped with a
2 nm Ta layer deposited by direct current (DC) sputtering, which
serves as the oxidation barrier.

FIGURE 1
(A) An illustration of Py/Ti/CoFeB/MgO system. (B) The hysteresis loops with perpendicular magnetic field for the multilayer stack with different
thicknesses of Ti.
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In order to improve the magnetic characteristics of the Py/Ti/
CoFeB/MgO heterostructures, we performed a post-deposition
annealing treatment. All samples with different thicknesses were
annealed at 300 °C in the presence of a perpendicular external
magnetic field of 1 T. The annealing process can enhance the
properties of the heterojunction, such as optimizing the PMA
and Ms. These improvements are attributed to reduced interfacial
interdiffusion and stress relaxation. Before proceeding with device
fabrication, the heterostructures underwent extensive magnetic
characterization. Wafer moke was employed to provide a
qualitative assessment of the magnetic properties. Additionally,
BLS spectroscopy was utilized for quantitative analysis of the
interfacial DMI. Through this series of experiments, we have a
certain understanding of the magnetic properties of the
heterojunctions.

Subsequently, the heterostructures were patterned into six-
terminal Hall bar devices using UV lithography and Ar+ ion
milling. The channel dimensions of these devices were precisely
defined as 50 μm in width and 500 μm in length. To establish reliable
electrical contacts, electron-beam deposition was employed to
fabricate Ti/Au (5/100 nm) contacts. Employing Au electrodes
can remarkably diminish the electrode resistance, thereby
mitigating the energy loss incurred during current transmission.
The device configuration enabled the measurement of anomalous
Hall effect and allowed for real-time observation of labyrinth
domain using polar MOKE microscopy under out-plane

magnetic fields (0–5 mT), which might be able to induce further
skyrmions, providing a comprehensive understanding of the
magnetic behavior under various field conditions.

3 Results and discussion

The normalized magnetic hysteresis loops of Py(6 nm)/Ti (tTi)/
CoFeB(1.2 nm)/MgO(2 nm)/Ta (2 nm) heterostructures were
systematically characterized via wafer moke under sweeping
perpendicular magnetic fields. As depicted in Figure 1B, when
the thickness of the Ti layer is 1.5 nm, the heterojunction
exhibits paramagnetic behavior. Moreover, all heterostructures
with Ti spacer thickness tTi ≥ 2 nm exhibit well-defined
rectangular loops, indicative of robust PMA with coercivity. As
shown in the image, the saturation magnetic field of all samples
remains consistent, while the coercive force Hc exhibits a growing
trend as the thickness of the Ti layer increases.

At a Ti interlayer thickness (tTi) of 2 nm, the magnetic hysteresis
loop of the heterojunction system manifests a distinct deviation
from the behavior observed in samples with other thickness
configurations. Such unique characteristics are hypothesized to
originate from the thickness-dependent interfacial DMI, which
reaches its maximum strength precisely at this critical thickness.
As the Ti layer thickens to tTi ≥ 2.5 nm, the DMI intensity decreases.
It is shown that the Ti layer thickness can be controlled to construct

FIGURE 2
A series of BLS spectra obtained by changing wave vectors. Where the blue dots represent the raw data, and the red curve corresponds to the
Lorentz fit of the peaks. (A) tTi = 1.5 nm. (B) tTi = 2 nm. (C) tTi = 2.5 nm. (D) Py/Ti/CoFeB/MgO style film DMI constant D changing with the thickness of Ti.
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the topological magnetic structure. The results reveal the key role of
interface engineering: optimizing Ti layer thickness (tTi ≈ 2 nm) can
synchronically enhance DMI and PMA, which is expected to
promote the integrated development in practical applications
(Zhang et al., 2024).

Recently, many papers (Udvardi and Szunyogh, 2009; Costa et al.,
2010; Cortés-ortuño and Landeros, 2013; Moon et al., 2013) have
reported that the non-reciprocal propagation of long-wavelength
thermal spin waves (i.e., spin waves traveling in opposite directions
have different frequencies) is a significant manifestation of DMI. This
non-reciprocity introduces distinct behaviors in spin wave propagation
when moving in opposite directions, leading to asymmetric
characteristics in the dispersion relationship. This asymmetry can

be detected by experimental techniques such as BLS and used to
quantify the intensity of DMI. These properties of long wavelength
thermal spin waves are important for understanding and designing
magnetic structures in spintronics devices. To estimate the interfacial
DMI value in Py/Ti (tTi)/CoFeB/MgO heterostructures, we employed
BLS spectroscopy with sub-GHz frequency resolution and nanometer-
scale surface sensitivity (Nembach et al., 2015) to investigate the
asymmetric spin-wave dispersion induced by DMI. A linearly
polarized laser beam with a wavelength of 532 nm (Belmeguenai
et al., 2015) is focused onto the sample surface. The spin wave
dispersion asymmetry, a hallmark of DMI, was systematically
mapped by varying the incident laser angle θ (10°–50° in 10°

increments) to access wavevectors spanning:

FIGURE 3
(A) Schematic illustration of the Hall bar device utilized for probing AHE. (B) The hall voltage varies with the vertical magnetic field. (C) Schematic
illustration of the Hall bar device utilized for probing PHE. (D) The magnetoresistance varies with the magnetic field.
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k � 4π sin θ( )
λ

as shown in Figures 2A–Cwhich is the normalized BLS spectrum for
as-deposited samples with tTi = 1.5–2.5 nm, from where the Stokes
and Anti-Stokes peaks can be determined by Lorenz function fitting.
Therefore, the frequency difference Δf � fs − fas due to the
presence of DMI could be deduced. Furthermore, the DMI
energy density D was extracted from the frequency shift Δf
between counter-propagating spin waves via:

Δf � 2γDk

πMs

where γ is the gyromagnetic ratio, k is the amplitude of wave vector,
and Ms is the saturated magnetization (Di et al., 2015; Ma et al.,
2018). By taking γ/2π = 31 GHz/T (Belmeguenai et al., 2015) andMs

measured by VSM into this equation, the DMI energy D can be
calculated.

As summarized in Figure 2D, it is clearly depicted the relation of
DMI value with Ti layer thickness. The DMI value, denoted as D,
shows a pronounced dependence on the thickness of the Ti layer.
Specifically, D reaches its maximum value, peaking at Dmax = 17 μJ/
m2 for tTi = 2 nm. This peak value indicates that the DMI interaction
is most effective at this particular thickness. This highlights the
importance of precise thickness control in achieving ideal conditions
for such applications.

Figure 3 provides a systematic analysis of the magneto-transport
properties of a six-terminal Hall bar device, which is fabricated from
the optimized Py(6 nm)/Ti (2 nm)/CoFeB(1.2 nm)/MgO(2 nm)
heterostructure. This specifically designed six-terminal Hall bar
device is highly suitable for testing the AHE and PHE, as its
geometry is precisely engineered to optimize measurements of
these phenomena under various magnetic field and charge
current conditions. Figure 3A depicts the setup for testing the
AHE. As shown, this six-terminal Hall bar device is designed to
measure the AHE under the combined influence of an external
magnetic field and an applied current. The external magnetic field is
oriented along the z-axis, while the current flows along the x-axis.
Figure 3B shows the Hall voltage of AHE measured in the presence
of an external magnetic field, ranging from −4 to 4 mT. The plot

reveals several important characteristics of the heterostructure. Near
zero field, the hysteresis loop deviates from the typical rectangular
shape, potentially attributed to a large DMI. In contrast, within the
saturation field range, the Hall voltage exhibits stability, indicating
that the heterojunction possesses significant PMA. This strong PMA
is crucial for maintaining the stability of the magnetic properties
under varying field conditions.

Figure 3C illustrates the six-terminal Hall bar device designed for
characterizing the PHE. The external magnetic field is oriented along
the y-axis, while the current flows remain along the x-axis. The PHE
represents a pivotal phenomenon withinmagnetic materials. Figure 3D
presents the response of the PHE during a magnetic field reversal. The
figure clearly exhibits a significant asymmetry in the magnetoresistance
during the experiment. This asymmetry is attributed to the interaction
between the Ti and CoFeB surfaces. In summary, the study of both the
AHE and the PHE reveals important characteristics of the material,
including strong perpendicular magnetic anisotropy, the possible
formation of skyrmions, and enhanced spin-orbit interactions.
These discoveries play a pivotal role in the progress of next-
generation spintronic devices. These devices promise to revolutionize
data storage and processing technologies.

Magnetic configuration evolution in Py(6 nm)/Ti (2 nm)/
CoFeB(1.2 nm)/MgO(2 nm) heterostructures under perpendicular
magnetic fields (Hz = 0–5 mT) was systematically mapped via polar
MOKE microscopy. This technique enables direct observation of
magnetic domain reconfiguration dynamics under varying out-of-
plane magnetic fields. As illustrated in Figure 4, the magnetic
domains exhibit distinct patterns and behaviors as the applied
field increases.

Under zero magnetic field, the initial magnetic configuration
reveals labyrinth domains, which might be able to induce further
skyrmions. This observation indicates that the magnetic structure in
this multilayer heterostructure is determined by the delicate
interplay between several key interactions: DMI, dipole-dipole
interaction, magnetic anisotropy, and exchange interaction (Li
et al., 2019). In these interactions, strong DMI is the basis for
further observation of skyrmions in Py/Ti/CoFeB/MgO devices at
room temperature. This represents a critical step toward energy-
efficient beyond-von Neumann computing architectures.

4 Conclusion

In summary, we have successfully fabricated a series of
Py(6 nm)/Ti (tTi)/CoFeB(1.2 nm)/MgO(2 nm) heterostructures
with varying Ti layer thicknesses (tTi) to systematically
investigate their magnetic properties. To comprehensively
characterize the PMA of these heterostructures, we employed the
wafer moke technique. Then, we demonstrated heterostructures
exhibit an energy density peaking at D = 17 μJ/m2 for tTi =
2 nm, as quantified via BLS spectroscopy with sub-GHz
resolution. Crucially, we employed MOKE to directly visualize
the labyrinth domain structure at room temperature (300 K)
under zero external field. These advancements could lead to
significant improvements in the speed, energy efficiency, and
scalability of spintronic devices, paving the way for innovative
applications in high-density magnetic memory, logic gates, and
artificial neuromorphic systems.

FIGURE 4
Room-temperature labyrinth domains observed by magneto-
optical Kerr-effect microscope, taken under different external
magnetic field, (A) forHZ = 0mT, (B) forHZ = 0.5mT, (C) forHZ = 1mT,
and (D) for HZ = 2 mT.
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