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Abstract 
This study explores the possibility of designing induced chirality at the interfaces in the synthetic antiferromagnetics 
(SAFs) throughout enhancing the heavy metal layer in the multilayer structures based on these materials for the 
applications of the next generation spintronics. This study considers the spin-orbit interaction (SOI) and 
Dzyaloshinskii-Moriya Interaction (DMI) to achieve control of spin current flow direction and spinal structures such 
as skyrmions. Results showed that platinum can produce higher DMI energy density of 1.3 mJ/m2 at layer thickness 
of 35 μm when compared to tantalum and tungsten. The optimized model of the multilayer structure showed 
velocities up to 103 m/s at low threshold current density of 1.2x1011 A/m2 with superiority over the standard model. 
These models allow the development of ultrafast and low-energy magnetic random-access memories (MRAM) for 
neural computers and new generations of effective spintronics. 
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1. Introduction 
Spintronics have witnessed radical transformations during the last few decades throughout 

exceeding the conventional dependence on electron charge to include the feature of spin momentum. 
The ability to control and process spin currents represent the cornerstone in modern spintronics such 
as magnetic random-access memories (MRAMs) and spin-torque oscillators [1-3]. However, there some 
major challenges against the progress in this discipline like the need for high-density currents to invert 
the magnetic polarity. This limits the energy efficiency and extension capability. Here, the concept of 
spin-orbit interaction (SOI) is seen as a promising solution as it allows the generation of pure and active 
spin currents via effects like spin Hall effect (SHE) and Edelstein-Rashba effect [4,5]. Inside the core of 
this revolution, magnetic chirality is defined as an engineering property determining the direction of spin-
orbit torque in spiral or vortices-like magnetic structures. The accurate control of chirality – especially at 
the interfaces of the materials – opens the door for a new generation of ultrafast energy-saving devices 
[6]. 

The SOI originates from the relative connection between spin torque of electron and its orbital 
momentum. In materials of high atomic number (heavy metals like platinum, tantalum, and tungsten), 
this interaction becomes very strong to induce two main phenomena [7]. As the first phenomenon, in 
presence of an electric current, the SOI leads to deflect electrons of reverse spin torques towards two 
opposite and perpendicular directions and this generates transverse spin current. This mechanism is 
effective in generating spin-orbit torque (SOT), which is able to invert the magnetic polarity in an adjacent 
layer [8]. The second phenomenon is the Dzyaloshinskii-Moriya Interaction (DMI), which is the key to 
understand the chirality. The DMI occurs at the interfaces between heavy metal layer and ferromagnetic 
layer due to strong SOI of the heavy metal [9]. Different from the conventional magnetic exchange 
(Heisenberg exchange) that prefers parallel of anti-parallel components of spin momenta, DMI prefers 
the normal or perpendicular components leading to form chiral spin textures, such as Néel field walls or 
spiral magnetic zone (skyrmions) [10]. The sign of DMI (positive or negative) determines the spiral 
direction (or chirality) of these structures, and hence, the control of DMI strength allows the design of 
chirality [11,12]. 
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Despite that the individual ferromagnetic layers are well studied, they suffer the problem of magnetic 
stray fields those limit the storage density and maintain the stability of chirality structures. Therefore, the 
synthetic antiferromagnets (SAFs) are employed [13-15]. The SAF is usually composed of two 
ferromagnetic layers or thin films separated by a thin layer of nonmagnetic metal (such as ruthenium or 
iridium) known as “spacer”. The antiferromagnetic exchange coupling through the spacer parallel to the 
spin momenta of both SAFs layers (i.e., opposite) [16]. The SAFs show crucial features such as stray-
field-free, high resonance frequencies, and enhanced thermal stability. Due to the opposite momenta, 
their stray fields totally cancel each other, which allow high concentration of magnets without 
interference [17]. The SAFs show ferromagnetic resonance (FMR) within the high frequency range (from 
GHz to THz) that make then ideal candidates for ultrafast applications. The layer thicknesses and 
antiparallel exchange can be adjusted to achieve high stability against thermal fluctuations [18]. 

The pivotal question to be answered in this work is how the SAFs advantages can be invested 
together with the interface-induced chirality? 

In a conventional SAF structure composed of lower layer of heavy metal (HM), first ferromagnet layer 
(FM1), nonmagnetic spacer, second ferromagnet layer (FM2), upper layer (cap) of heavy metal (HM), 
the heavy metal layers have crucial dual role. They generate spin currents via SHE as the electric current 
passing through the lower HM layer results in a spin current flowing to the FM1 layer due to SHE and 
imposing spin-orbit torque (SOT), which is the usual strategy to invert the magnetic polarity. They also 
form a DMI at the interface HM/FM, which is the most innovative aspect [19-21]. The strength and signal 
of DMI induced at the interface HM/FM1 differ from those induced at the interface HM/FM2. This is 
reasonably dependent on the type of the metal (Pt, Ta, W, Ir, Au, etc.) as well as its thickness, 
crystallinity and surface condition [22]. 

The ability to design chirality in the SAFs throughout modifying the heavy metal layer may present 
new practical solutions. The designed chirality can be to facilitate the skyrmions at ultrahigh velocities 
and very low currents in the super-efficient SOT-MRAMs. This allows data transfer at energies 
reasonably lower than the current technologies [23-25]. Different chirality structures can represent logic 
states (0 and 1) and electric current can “write” these states throughout the chirality core. This principle 
is the base of the reconfigurable spin logic [26]. The chirality affects the resonance frequency of the 
momentum structures in the SAFs that allows to fabricate spin-torque oscillators with adjustable 
frequency range considering the heavy metal design [27]. The spiral dynamics of skyrmions simulate 
the behavior of neural cells and the SAFs based on designed chirality can be used to construct spiral 
neural networks for unconventional neuromorphic computing [28,29]. 

In this study, the combination of the spin-orbit interaction (SOI), Dzyaloshinskii-Moriya Interaction 
(DMI) and synthetic antiferromagnets (SAFs) is studied to understand that it can provide a rich platform 
for modern physics and revolutionary applications. Such platform can be mainly controlled by the heavy 
metal layer acting as a source for the spin currents and an intermediate for the induced magnetic 
chirality. By modifying materials, thickness and morphology of these layers, the interface chirality can 
be accurately designed to overcome the restrictions of the conventional systems. The aim of this study 
is to present experimental results to confirm the feasibility of the proposed method as well as to 
determine the optimum pathways to achieve controlled chirality in the SAFs. This may pave the road to 
a new generation of high-efficient, fast and flexible spintronics. 

 
2. Experimental Part 
The magnetron sputtering system is provided with 6 cathode holders to allow the serial deposition of 

different layers under vacuum. The base pressure was 10-8 torr in order to minimize the contamination 
with residual gases, such as oxygen and water vapor, which negatively affect the interfaces. The 
reactive gas was highly-pure (99.99%) argon at pressure of 0.002 torr. More details on this system can 
be found elsewhere [30-33]. 

Silicon wafers of 300 μm thickness and (111) orientation were used as the substrates on which the 
multilayer structures were grown. The silicon wafer is coated with a thin SiO2 layer on its top surface to 
prevent leakage currents through the substrate during electrical measurements. The wafer was first 
cleaned with acetone and isopropanol in an ultrasonic bath for 5 minutes and then dried with nitrogen 
gas. In order to ensure the surface free of organic contaminants, oxygen plasma with low current (~5mA) 
was used to clean and etch the wafer surface before the deposition process. 

The ferromagnetic layer (F2) (CoFe) of 50 μm thickness was deposited to form the upper layer of the 
SAF structure. This layer deposited at a current of 40 mA for 3 hours. The spacer layer (Ru) responsible 
of the antiferromagnetic coupling was deposited over the F2 layer with a thickness of 10 μm at current 
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of 35 mA for 2 hours. Ruthenium is a classical material to prepare SAFs as the strength and exchange 
highly depend on the spacer layer thickness due to the quantum oscillation effect. The ferromagnetic 
layer (F1) (CoFe) was deposited to form the lower layer of the SAF structure. This layer are similar to 
F2 layer in thickness (50 μm) and deposition parameters (current of 40 mA and deposition time of 3 
hours). Both F1 and F2 layers should be identical by thickness and magnetic momentum in order to 
ideally satisfy the stray-field cancellation. CoFe alloy was selected due to its low damping factor and the 
possibility of vertical crystallization after thermal annealing, which facilitates the study of spin-orbit 
dynamics. A constant magnetic field of 500 Oe was applied along the substrate plane to determine the 
easy axis of the ferromagnetic layers. Platinum (Pt), tantalum (Ta), and tungsten (W) were selected as 
the heavy metal to deposit a layer with variable thickness (10-100 μm) on the F1 layer as the most 
important layer in this multilayer structure to induce the DMI as well as to generate the SOT. The layer 
thickness was controlled throughout varying deposition time considering a stable deposition rate of the 
magnetron sputtering system. Platinum shows relatively high deposition rate and can strongly and 
positively induce the DMI to generate specific chirality. A final thin layer of tantalum was deposited on 
the Pt layer to protect the magnetic layers from oxidation when exposed to the atmosphere. 

Thermal annealing is an important step in the fabrication process of the proposed multilayer 
structure. It was carried out under vacuum at 350°C for one hour in inert environment of argon. 
Consequently, the amorphous CoFe layers convert into crystalline, which supports the perpendicular 
magnetic momentum as well as the magnetic resistance ratio [34,35]. 

The proposed experimental protocol to fabricate the multilayer structure represents the fundamental 
to prepare high-quality samples as it allows easily and reliably changing materials, thickness, and 
morphology. 

 

 
 

Fig. (1) Optical microscope image of the multilayer structure prepared in this work with labels showing layers and 
active regions 

 
3. Results and Discussion 
Figure (2) shows the variation of DMI energy density with the thickness of the heavy metal layer for 

three heavy metals used in this work. Platinum (Pt) layer showed the highest value of DMI with apparent 
peak when compared to the two other metals (Ta and W), which confirms its feature as a reference 
material for strong induced DMI that does not follow a linear or monotonic relationship with thickness of 
the heavy metal layer. A peak value of DMI (1.3 mJ/m2) can be seen at 35 nm for Pt layer, 0.89 mJ/m2 
at 45 nm for Ta layer, and 0.7 mJ/m2 at 45 nm for W layer. The sharp increase in DMI from 10 nm 
thickness to the peak value indicates an enhancement in the interface quality with increasing heavy 
metal layer thickness as the higher thickness allows the formation of a homogeneous crystalline 
structure with minimum defects that enhances the SOI [36]. 

Beyond the peak value, the DMI value decreases continuously with increasing layer thickness up to 
75 μm as electrons lose their spin bonding before reaching the Pt/CoFe interface. As well, the crystal 
growth became less textured at larger thickness. As the layer thickness is further increased (80-100 
μm), the DMI reached minimum and steady values of 0.7-0.73 mJ/m2 for Pt, 0.48-0.58 mJ/m2 for Ta, 
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and 0.3-0.35 mJ/m2 for W. This result refers to the limited effect of the interface as the bulk contributions 
became dominant [37,38]. 

Tantalum shows the self-sharpening phenomenon as it can form an amorphous or nanocrystalline 
layer at very small thickness, which limits the DMI, whereas the decrease beyond the peak value may 
refer to higher electron dispersion in Ta layer than in Pt layer that may be attributed to its high electrical 
resistance. On the other hand, tungsten shows a reverse saturation behavior at larger thicknesses, 
which may explain that the W layer would suppress the DMI. This behavior may be attributed to different 
crystalline structures of tungsten phases (α-W and β-W) as the β-W shows higher stability at smaller 
layer thickness and hence enhances SOI much better than the α-W dominating at larger layer thickness 
[39-42]. Accordingly, the phase transformation from β-W to α-W with increasing layer thickness may 
explain the sharp decrease in DMI. 

 

 
Fig. (2) Interfacial Dzyaloshinskii-Moriya Interaction (DMI) versus heavy metal layer thickness for three different heavy 

materials 

 
Figure (5) shows the variation of the domain wall velocity with current density for the 

Pt/FM1/SPACER/FM2/Si structure as optimized model compared to standard model. It is clear that the 
optimized model is apparently superior as the domain wall began to move at very low current density 
threshold of 1.2x1011 A/m2 whereas the standard model required higher current density to start the 
movement. The optimized model achieved ultrafast velocities (~103 m/s) while the standard model 
showed steady (or saturated) velocity not exceeding 400 m/s. This indicates the efficient physical 
modifications in the optimized model that reduced the friction forces or internal obstacles and hence 
allowed faster and much more efficient dynamic responses. This is very crucial to develop the memories 
of the advanced computers and spintronics [43-45]. 

 
4. Conclusion 
In conclusions, platinum was found the optimum to achieve the highest DMI energy density of 1.3 

mJ/m2 at platinum layer thickness of 35 μm while the performance was decreased when tantalum or 
tungsten were used. Also, the domain wall velocity was semi-linearly increasing with current density to 
reach a saturation at 6x1011 A/m2 due to the Walker breakdown phenomenon. The most interesting 
result was observed by the optimized model of the multilayer structure proposed in this study that 
achieve ultrahigh velocity of 103 m/s at low threshold current density (1.2x1011 A/m2) with superiority 
over the standard model. These results reveal the possibility to accurately design the spin chirality 
throughout the enhancement of the heavy metal layer leading to drastic development in ultrafast and 
low-energy spintronics. 
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Fig. (5) Variation of the domain wall velocity with the current density for the Pt/FM1/SPACER/FM2/Si structure as 

optimized model compared to standard model 
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