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Abstract: 

The ability to make devices that mimic the human brain has been a subject of great interest in 

scientific research in recent years. Current artificial intelligence algorithms are primarily 

executed on the von Neumann hardware. This causes a bottleneck in processing speeds and is 

not energy efficient. In this work, we have demonstrated a synaptic element based on a 

magnetic domain wall device. The domain wall motion was controlled with the use of synthetic 

pinning sites, which were introduced by Boron (B+) ion-implantation for local modification of 

the magnetic properties. The magnetization switching process of a Co/Pd multilayer structure 

with perpendicular magnetic anisotropy was observed by using MagVision Kerr microscopy 

system. The B+ implantation depth was controlled by varying the thickness of a Ta overcoat 

layer. The Kerr microscopy results correlate with the electrical measurements of the wire which 

show multiple resistive states. The control of the domain wall motion with the synthetic pinning 

sites is demonstrated to be a reliable technique for neuromorphic applications. 
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Introduction: 

Artificial intelligence (AI) is gaining significant attention in recent years [1-7]. Current 

consumer devices such as smartphones and televisions already make use of AI. In these 

devices, AI algorithms are performed on components which function on a von Neumann 

architecture, which consume a significant amount of power [8-10]. In contrast, brain-inspired 

neuromorphic computing (NC) hardware, which consists of a network of synthetic neurons 

interconnected through synaptic devices and mimics the functions of the brain, is expected to 

perform complex information processing at low power [11-15]. As a result, NC is gaining 

significant attention [2, 5, 16]. In an NC system, neurons act as processing elements by taking 

multiple inputs and generating an output in a programmed way. Synapses, in contrast, transmit 

signals modulated according to a weight to the neurons. This weight is physically stored in the 

synapse itself which means the synaptic element must be non-volatile in nature. Synapses can 

thus be considered as the memory element of a neuromorphic device. Weights can be changed 

externally by modifying specific properties of the synapses until the system performs in an 

expected way. This is the so-called learning process. The physical implementation of these 

concepts has been mostly done by using resistive random access memory (RRAM) [17], phase 

change RAM (PCRAM) [18-20], and ferroelectric RAM (FeRAM) [21, 22] devices. Recently, 

RRAM is gaining more attention, due to its smaller cell size and lower energy consumption. 

The multiple states are achieved by the excellent control the amount of oxygen vacancy 

generated in the conducting filament regions [23]. The device-to-device variability is one of 

the major bottlenecks of RRAM [24]. 

Recent discoveries in the field of spintronics have opened new possibilities for ultra-low 

power implementation of neuromorphic devices. In 2016, Abhronil et al. firstly proposed a 

spintronic-based device able to mimic the functionality of both neurons and synapses [25]. The 

device consists of a magnetic tunnel junction (MTJ) where the free layer (a ferromagnet whose 
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magnetization can be manipulated) is separated from the pinned layer (a ferromagnet whose 

magnetization is fixed) by a tunnelling oxide layer. The free layer consists of two oppositely 

polarized magnetic domains separated by a domain wall (DW). In the case of a synapse, the 

weight is stored by the mere position of the domain wall. The domain wall position can be 

modulated by spin-orbit torque (SOT) or spin-transfer torque (STT) mechanisms [26]. The 

magnitude of the read voltage is modulated by the device resistance which, in turn, depends on 

the domain wall position in the free layer of the MTJ.  The velocity of domain wall motion has 

been reported to be about several hundred meter per second to 1000 meter per second [27, 28]. 

Therefore, such devices can be operated in GHz mode with energy consumption below pJ [10, 

26].     

Co/Ni multilayers based MTJ devices, which perform as synaptic elements, have also 

been investigated for neuromorphic computing by Borders et al. [29]. However, it is unclear if 

the domain wall propagation in these devices is controllable. In this connection, we have 

investigated magnetic wires made of Co/Pd multilayers with synthetic pinning sites as a 

potential candidate for neuromorphic computing. Ion-implantation was employed to locally 

modify the magnetic properties in order to control domain wall pinning effectively. We have 

demonstrated multiple resistive states by performing magnetoresistance measurements.  

Experimental details: 

Co/Pd multilayers of the type shown in Fig. 1(a) were prepared by DC magnetron 

sputtering. All the samples have a Ta cap layer to prevent the samples from oxidation. Ion-

implantation was carried out using B+ ions with an energy of 10 keV and an ion dose of 5×1015 

ions/cm2. The implantation dose along the depth was controlled by varying the thickness of an 

additional Ta overcoat, ranging from 0 to 6 nm. The samples are named as deep-implantation 

(DI), medium-implantation (MI) and shallow-implantation (DI), corresponding the thickness 

of Ta overcoat layer, tTa = 0 nm, 3 nm and 6 nm. Magnetic properties of the films were 
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measured by vibrating sample magnetometer (VSM) along in-plane (IP) and out-of-plane 

(OOP) directions. At first, the Co/Pd wires were fabricated by E-beam lithography, followed 

by ion-milling. For the formation of pinning sites, an additional lithography step was carried 

out. Through the trenches of the resist, a Ta overcoat layer with the thickness of 6 nm, 3 nm 

and 0 nm, was deposited to control the depth of the B+ implanted into Co/Pd devices. Hysteresis 

measurement and domain imaging of the wires were carried out using Kerr microscope. 

Magnetoresistance was measured by passing a DC current while sweeping the magnetic field 

and imaging the domains simultaneously. 

 

Figure 1. (a) Schematic illustration of the sample structure. (b) The saturation magnetization Ms as a 

function of the Ta overcoat layer thickness tTa, such as 6 nm, 3 nm and 0 nm, which is defined as 

shallow-implantation (SI), medium-implantation (MI) and deep-implantation (DI) respectively based 

on the depth of B+ implantation. The arrow shows the B+ implantation depth. In-plane (IP) and out-of-

plane (OOP) hysteresis loops of (c) reference sample without B+ implantation (named as Ref) and (d) 

DI sample with deep-implantation. The insets show the magnetic domains of the samples at 

demagnetized state. 
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Results and discussion: 
 

At first, properties of the deposited film (before the lithography step) with different B+ 

implantation depth were characterized. Figure 1(b) shows the saturation magnetization Ms 

(measured at 12 kOe) of Co/Pd thin films as a function of tTa. The reference sample (Ref), 

without implantation, shows the highest Ms. As the tTa reduces, the depth of B+ implantation 

increases and the Ms reduces. The DI sample shows the lowest Ms. Hysteresis loops of the Ref 

and DI samples along IP and OOP directions are shown in Fig. 1(c) and (d). The Ref sample 

exhibits a clear perpendicular magnetic anisotropy (PMA), which is observed from the perfect 

square loops along OOP, while for the DI sample, IP direction shows the square loop, 

indicating a loss of PMA. The insets show the magnetic domain patterns of the corresponding 

samples. The Ref sample shows large domains, where the grey and black patterns indicate the 

up and down domains, respectively. This is an indication of PMA in this sample. For DI sample, 

the domains vanish, indicating a lack of PMA, which is associated with a decrease in anisotropy 

energy Ku with ion implantation [30-32]. These results indicate that the B+ implantation is able 

to modify the magnetic properties of Co/Pd multilayer and that the implantation depth can be 

controlled by changing the Ta overcoat thickness [33-36].  

After the lithography process, the wire properties were measured. Figure 2(a) shows a 

schematic of the domain wall microwire. The red and blue colors indicate up and down 

magnetized domains, respectively. The B+ implanted regions are shown in yellow, with widths 

of 400 nm, 600 nm, 800 nm and 1 µm from left to right. Figure 2(b) shows the hysteresis loops 

of the microwire device with 1µm width and 15 µm length, which was measured by using 

MagVision Kerr microscopy system. The Ref sample shows a steep hysteresis loop, indicating 

that the magnetization reverses by a swift motion of the domain wall in a narrow range of 

applied magnetic field. However, for samples implanted with B+, the magnetization shows 

multiple steps, indicating that the domain wall propagation is hindered by the pinning sites. For 
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these samples, the loops also become wider, indicating the presence of domain wall pinning at 

the implanted regions. This behaviour is also reflected in the switching field distribution (SFD) 

shown in Fig. 2(c), by calculating the ratio ∆H/Hc, where ∆H is the difference between the 

nucleation field and saturation field and Hc is the coercivity [37, 38]. 

 

Figure 2. (a) Schematic view of the domain wall microwire. The yellow regions are implantation area, 

which length is 400 nm, 600 nm, 800 nm and 1 µm from left to right. (b) Hysteresis loops of the 

microwire device with different depth of B+ implantation. (c) The switching field distribution (SFD) as 

a function of tTa for the microwire devices. 

 

Figure 3 shows the domain wall devices with 1 µm width and 15 µm length. The circular 

region with a diameter of 5 µm at the left side was introduced to nucleate domain wall. To 

visualize the domain wall propagation and to understand the pinning effect, we captured the 

images of the domain patterns at different values of the applied magnetic field. It can be noticed 

that the Ref sample shows a grey colored domain (representing positive magnetization) until a 

reversal field of about ‒1854 Oe was applied. When the magnitude of the reversal field was 

increased to ‒1858 Oe, the magnetization of the whole wire reversed. The presence of a single 

black colored domain, representing a negative magnetization, is an indication of a swift 
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magnetization reversal caused by domain wall propagation throughout the whole device 

without pinning. Such a magnetization reversal led to the observation of a sharp hysteresis loop 

in Fig. 2(b) and a low SFD in Fig. 2(c) for the Ref sample.  

For the SI sample, however, the magnetization reversal occurs in a narrow range of field 

around –1418 Oe. Since Co/Pd multilayers have an anisotropy field of over 10 kOe, this 

reversal at low fields is caused by nucleation of a small region where the reversal field is much 

lower than the anisotropy field. Such a reversal is reported to be caused by defects which arise 

due to many reasons, one of them being local non-uniformity in the layer thickness of Co and 

Pd [39]. However, it is interesting to note that this reversed domain did not propagate 

uncontrollably as in the reference sample but is stopped at the two edges where B+ implantation 

was carried out. This result indicates that the regions where B+ was implanted can act as pinning 

centres. When the reversal field was increased to –1750 Oe, the left region of the device 

reversed its magnetization. A sufficiently strong field of –1941 Oe was required to reverse the 

entire device. Such a magnetization reversal in steps resulted in the observation of a wider and 

stepped hysteresis loop and a larger SFD for this sample in Fig. 2(b) and (c), respectively.  

In Fig. 3(c), we show the magnetization reversal in the DI sample, which has the deepest 

implantation of B+. In this sample, each region separated by pinning sites reverses individually, 

indicating that the pinning strength is high in this sample. Every region, implanted with B+ 

ions, hinders the domain wall propagation and offers effective pinning. The above-described 

behaviour explains why the hysteresis loop in Fig. 2(b) exhibited many steps and a larger SFD, 

as observed in Fig. 2(c). These results indicate that B+ implantation through a resist mask is a 

useful technique to achieve effective DW pinning.  
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 Figure 3. Differential Kerr images at the different magnetic field for (a) reference sample (Ref) and 

(b) SI and (c) DI samples with Ta overcoat layer with the thickness of  tTa = 6 and tTa = 0 nm. The grey 

colour represents the domain with positive magnetization and the black colour the domain with negative 

magnetization. The devices with 1 µm width and 15 µm length. 

 

In order to measure the potential of such a device for neuromorphic computing 

applications, we measured the resistance of the device at several magnetic fields. For synaptic 

devices, multiple resistive states are required. Switching between these multiple resistive states 

is expected to be achieved by spin-torque currents. However, for this preliminary study, we 

measured the resistance of the devices as a function of the applied external magnetic field. 

Figure 4(a) shows the schematic of the experimental setup. A DC current of 700 µA was sent 

through the device and the magnetoresistance along the wire was measured while sweeping the 

external magnetic field.  
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Figure 4. (a) Schematic of the setup used for magnetoresistance measurement for devices with 1 µm 

width and 15 µm length. The resistance change with respect to the magnetic field, as well as the MOKE 

signal change for (b) reference (Ref) sample and (c) mediate-implantation (MI) sample. 

 

Figure 4(b) shows the variation of MOKE signal and resistance as a function of a 

magnetic field for the Ref sample. It can be noticed that the magnetization of the whole device 

reverses together and hence two resistive states are observed. However, the MI samples in Fig. 

4(c) shows multiple resistive states. The snapshots of the domain configuration at the 

corresponding magnetic field show clear switching of individual magnetic domains. A slight 

positive slope in the resistance as a function of time is an indication of Joule heating. It can be 

noticed that there is a distinct change in the resistance besides the positive slope, which 

confirms that the change in resistance is due to the different domain states and not due to Joule 

heating. For neuromorphic computing, the Co/Pd multilayer nanowires with pinning sites will 

be patterned into crossbar array structure. Switching of such a multilevel resistive state can be 

achieved by spin-torque current induced domain wall motion. In the future, more layers could 



 

 

10 

 

be added and a reading mechanism based on tunnel magnetoresistance (TMR) implemented to 

increase the voltage swing and the difference between voltage levels. These results indicate the 

promise of nanowires with synthetic pinning sites for synaptic device applications.  

 

Conclusions: 
 

We have demonstrated a synaptic element using a magnetic DW device with PMA. The 

DW propagation was controlled utilizing synthetic pinning sites that were introduced by B+ 

implantation. We carried out high-resolution Kerr microscopy measurement, along with 

resistance measurements, to understand the magnetization switching process and multilevel 

resistance resistive states. The results in this work show that the domain wall device can be 

reliably used as a neuromorphic synaptic element. 
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