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Abstract 

In the era of social media, storage of information plays an important role. Magnetic domain wall memory 

devices are promising alternatives to hard disk drives for high-capacity storage. One of the challenges in making 

these devices practice application is a precise control of domain wall displacement in nanowires. Researchers have 

extensively studied domain wall pinning based on topographical notches fabricated by lithography. However, 

scaling the domain wall memory to nanoscale requires better domain wall pinning strategies. We demonstrate that 

the localized modification of magnetic properties in Co/Pd multilayers-based nanowires by ion implantation is an 

effective non-topographical approach to pin domain walls. First, we show by micromagnetic simulations that the 

areas, where the composition is modified to tune the anisotropy and magnetization, act as domain wall pinning 

centers. Experimentally, we show from magnetization measurements and X-Ray diffraction measurements at the 

thin film level that the ion-implantation is effective in changing magnetic anisotropy. We also fabricated devices and 

show using Kerr images at different applied fields that the domain walls are pinned at the B
+
 ion implanted regions. 

These results demonstrate that localized compositional modification using ion-implantation can pin domain walls 

precisely. The achieved results are useful towards realizing high-capacity information storage.  
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1. Introduction 

Domain wall (DW) based devices such as racetrack memory have been proposed as promising 

candidates for high capacity, non-volatile information storage to replace hard disk drives.
[1,2]

 In DW 

memory (DWM) with a perpendicular magnetic anisotropy (PMA), the domains with magnetization 

pointing up represent “1” and the regions with magnetization pointing down represent “0”.
[2,3] 

In order to 

read and write information, the DWs are moved by an electrical current which causes motion by the spin 

transfer torque (STT) mechanism.
[4-7] 

Spin Hall effect in heavy metal/ferromagnetic/insulator structures is 

another mechanism in which a torque is exerted by pure spin current.
[8,9] 

In comparison to STT driving 

DW motion, pure spin polarized current gives a high speed performance of DW devices.
[10,11]

 The speed 

of DW motion in certain designs could reach km/s.
[11] 

In order to increase the capacity of DWM, 

researchers proposed fabricating U-shape vertical nanowire to store data, like the trees planted in the 

forest. However, fabrication of such devices is challenging particularly for commercial purposes. The 

other structure is horizontal stripe shape, which suffers from the data storing overflowing issues because 

the two ends of nanowire cannot be connected. Zhang et al. proposed a ring structure with DW ratchets, 

which could be utilized for addressing the data overflow issue without any additional overhead.
[12]

 

For DW based devices, the propagation of DWs show a stochastic behavior. This stochastic 

manner also remains as a significant challenge for magnetic recording community to achieve the high 

density storage.
[13,14]

 For this reason, the hard disk media industry moved from the use of continuous 

magnetic thin films to exchange-decoupled granular thin films, whereby the magnetization reversal by 

DW zig zag motion was completely avoided.
[15-17]

 Therefore, for reliable operation of ultra-high density 

DW devices, precise control of DW motion is important.
[18-20]

  

In the studies carried out so far, the pinning sites for DW devices were fabricated by traditional 

lithography process by modifying the geometry, e.g., creation of notches or staggered patterns in the 

ferromagnetic nanowire.
[21-23] 

Exchange bias field to pin DWs has also been proposed in the past.
[24] 

The 

pinning fields were introduced at the cross points by ferromagnetic wires and antiferromagnetic wires via 



exchange coupling between the two wires. Recently, we have proposed compositional modification using 

annealing induced diffusion as a possible step to pin DWs.
[25] 

There are also some reported studies about 

pinning DW by tuning anisotropy using focused ion beam irradiation.
[26-32]

 In this letter, we propose an 

alternative approach, which is based on ion-implantation induced local modification of magnetic 

properties for controlling DW displacement in Co/Pd multilayers-based DW devices. In comparison to 

focused ion beam technique, ion-implantation offers a variety of elements for selection and implantation 

through mask is easy to be adapted for mass manufacturing. At first, we carried out micromagnetic 

simulations to investigate if DWs could be pinned by local compositional variation. Secondly, we carried 

out experimental investigations to understand the effects of ion-implantation on the magnetic and 

structural properties of Co/Pd multilayers. As a next step, we demonstrated DW pinning in the fabricated 

devices using the proposed method. Finally, we show STT driven domain wall motion and effective 

pinning by simulation results. The results highlighted in this report are useful in the development of DW 

memory devices.  

 

2. Simulation 

We first studied the DW position as a function of time using Mumax3. The time-dependent 

magnetization dynamics under applying current is expressed by using the extended Landau-Lifshitz-

Gilbert (LLG) equation, which has been taken into account both the adiabatic and non-adiabatic terms of 

STT:
[33,34]
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Here, γ0 is the Gilbert gyromagnetic ratio, α is the Gilbert damping coefficient and M is the magnetization. 

The Heff in Eq. (1) is the effective field acting on the local magnetization M which includes perpendicular 

anisotropy and magnetostatic interaction. The spin transfer torque ΓSTT generated by current can be 

expressed by the following relation:  

( / ) ( ) ( )J s Ja M b     STTΓ M M P M P            (2) 



Where P is the spin polarization vector, aJ is the strength of anti-damping torque effect and bJ is the 

strength of field-like torque effect. 

Two types of nanowire devices of Co/Pd multilayer structure (Type A: with length of 128 nm, 

width of 16 nm and the thickness of 2 nm and Type B: length of 5120 nm, width of 1280 nm and 

thickness of 10 nm), were used in the simulation. Fig. 1 shows the simulation results of type A structures. 

We chose the material properties of Co/Pd multilayers at the unimplanted areas, viz., Ms = 400 emu/cc 

and magnetic anisotropy energy Ku = 5×10
6
 erg/cc and defined the areas where compositional 

modification were carried out to have a lower saturation magnetization Ms (200 emu/cc) and lower 

magnetic anisotropy energy Ku = 1×10
6
 erg/cc. All through simulation, a discretization of 2 nm × 2 nm × 

2 nm is used which is sufficiently smaller than the exchange length.
[35] 

 

Fig 1(a1-a3) shows DW propagation in nanowires without domain wall pinning sites. In these 

wires, Ms and Ku are uniform throughout the length, representing a wire with no implantation induced 

local modification. When a current was sent with a density of 5×10
10

 A/m
2
, the domain walls propagated 

to the end of nanowire without stopping. The domain wall velocity was found to be 8 m/s.
[36]

 Fig. 1(b1-b3) 

illustrates the scenario for the nanowires with modified regions. It can be noticed that the DW stopped at 

the region and became widen. When the spin-polarized current was increased to 2×10
11

 A/m
2
, DW was 

depinned and moved to the end of nanowire. Therefore, the simulation results indicate that the proposed 

scheme has the potential to pin DWs in a controllable manner. Detailed description of further simulation 

studies are presented at the end of this letter.  



 

Figure 1 Micromagnetic simulation studies of DW propagation in two magnetic nanowires (a) without pinning 

sites and (b) with periodic pinning sites which have different magnetic properties from other regions. (a1-a3) depicts 

the domain wall position at different times in nanowires without pinning sites. (b1-b3) depicts the domain wall 

position at different times in nanowires where local modification of magnetic properties were carried out to create 

pinning sites. A spin current with a current density of 5×10
10

 A/m
2 

was used to move DWs. The dashed boxes show 

the modified area.
[35] 

 

3. Results and Discussion 

In order to demonstrate the pinning of DWs by the compositionally modified areas 

experimentally, we used a Co/Pd multilayer films with a perpendicular magnetic anisotropy. N 

multilayers films with different thickness were deposited using DC magnetron sputtering system. As 

shown in Fig. 2 (a), the films consists of Si (SiO2)/ Ta (5 nm)/Cu (5 nm) /Pd (3 nm)/[Co (0.3 nm)/Pd (0.8 

nm)]N/Ta (5 nm), where N (=5, 10 and 15) indicates the repeating cycles in each film. The magnetic 

properties of each film were characterized by Alternating Gradient Force Magnetometer (AGFM) along 

the out of plane (OOP) and in-plane (IP) directions. The characterized magnetic hysteresis loops (M-H) 

are shown in Fig. 2 (b). The rectangular loops for [Co/Pd]5,10,15 bilayers indicate the presence of a strong 



PMA in each film, as seen from the OOP measurement. The inset in Fig. 2 (b) shows the strong 

perpendicular magnetic anisotropy according to the difference behavior of out-of-plane and in-plane 

hysteresis loops of Co/Pd multilayers sample with N=15. The wafer with deposited film were then diced 

divided into two different groups to compare the magnetic properties with and without ion-implantation. 

A 10 keV B
+
 implantation was carried out at a fluence of 5×10

15
 ions/cm

2
 to achieve the compositional 

modification on one group of the films.  

 

Figure 2 (a) Schematic illustration of a sample stack structure used in this study and (b) Out-of-plane (OOP) 

hysteresis loops of Co/Pd multilayers with different values of N. The insert figure shows the In-plane (IP) and Out-

of-plane (OOP) hysteresis loops of [Co/Pd]15. 

 

The magnetic properties of the B
+
 ion implanted samples were characterized by AGFM along the 

OOP direction and polar Kerr imaging microscopy after ac demagnetization in a OOP field. The 

hysteresis loops are shown in Fig. 3, where the OOP hysteresis loops characterized from the unimplanted 

samples are included for comparison. Changes of the OOP hysteresis loops were observed from the two 

group samples, as shown in Fig. 3 (a, d and g). The hysteresis loops of implantation [Co/Pd]5,10 samples, 

which vary from that of the non-implantation samples, indicate that the implanted [Co/Pd]5,10 samples 

have no PMA and the magnetizations lie in-plane. The same results can be confirmed from the domain 

images. All the unimplanted samples show micro-size stripe domains with a strong contrast, which are 

typical of films with a PMA, as shown in Fig. 3 (b, e), but after B
+
 implantation, the stripe domains 



disappear, as shown in Fig. 3 (c, f). The PMA of the implantation sample with N=15 decreases, compared 

to the unimplanted ones, as shown in Fig. 3 (g). The stripe domains in N=15 sample becomes weaker 

after implantation, as compared in Fig. 3 (h) and (i). In general, the anisotropy decreases for the B
+
 

implantation samples. We propose that the decline is attributed to the change of Co/Pd interfaces caused 

by the implantation, as the PMA arises from Co and Pd interface.
[37-41]  

 

Figure 3 (a, d and g) Hysteresis loops of [Co/Pd]N multilayers with different values of N, with and without 

implantation. Domain images of [Co/Pd]N multilayers with different values of N, (b, e and h) before implantation 

and (c, f and i) after implantation. The black and grey regions represent magnetization in two different orientations 

(into the paper and out-of-paper, for example). 

 



X-Ray Diffraction (XRD) measurements were carried out on unimplanted and implanted samples 

to validate our hypothesis. The measurement results are shown in Fig. 4. For the unimplanted case, the 

samples show a peak at 40.8, 41 and 41.1 degrees for N=5, 10 and 15 respectively. The peaks follow the 

widely reported behavior that the peak position depends on the relative thickness of Co and Pd layers in 

Co/Pd multilayer systems.
[18,19] 

Since pure Pd (111) exhibits a peak at around 40.8 degrees and pure Co 

(111) exhibits a peak at around 44.4 degrees, the Co/Pd multilayers exhibits a peak in between these two 

angles, depending on the relative thickness of Co and Pd. The peak position also varies with the number 

of bilayers. In the case of N=15, there are more Co layers in comparison to the sample with N=5 and 

hence the peak shifts towards the higher angles (closer toward the Co (001) peak). For the B
+
 

implantation group, the peak shifts towards lower 2 values, compared to the unimplanted group. This 

implies that the the Co and Pt interfaces of B
+
 implanted samples vary from those of unimplanted samples. 

The shift magnitude is 0.59, 0.45 and 0.32 degrees for N=5, 10 and 15, which indicates that it has an 

inverse dependence on the value of N. The shift is partially attributed to the intermixing of Co and Pd 

caused by the implantation as verified later by Transport of Ions in Matter (TRIM) simulation. Due to the 

intermixing, for small values of N, layers that had predominantly Co become mixed with Pd atoms due to 

ion-implantation. As a result, the peak shifts towards lower values of 2. The B
+
 occupation in the 

interstitial positions, which can result in further shift towards lower 2 values, also contributes to the shift. 

However, the shift due to B
+
 occupation is not significant for samples with N=15, because the penetration 

of B
+
 is not deep.

[37] 



 

Figure 4 XRD peaks of samples with different values of N, with and without B
+
 implantation. 

 

In order to understand the intermixing of Co and Pd, we carried out TRIM simulation of the 

distribution of Co and Pd atoms displaced from their initial positions.
[37,42] 

The diffusion between Co and 

Pd atoms is clear for N=5 and 10 as shown in in Fig. 5. For N=15, the diffusion between Co and Pd is not 

significant. This inter-diffusion corroborates with the reduction in the magnetic anisotropy and the XRD 

results.  



 

Figure 5 The distribution of displaced atoms (obtained from TRIM simulation) of Co and Pd after B+ implantation 

(a) For N=5, (b) for N=10 and (c) for N=15 bilayers. The dashed lines indicate the middle portion of the Co and Pd 

layers before ion implantation. The Co and Pd layers were assumed to be sharp before implantation, as shown in 

illustration (d). After implantation, the atoms are diffused as illustrated in (e). 

 

The investigations so far indicate that the B
+
 implantation causes the changes in the magnetic and 

structural properties of Co/Pd multilayers. In order to demonstrate that such modified areas act as pinning 

centers in experiments, a [Co/Pd]10 nanowire device with localized B
+
 implantation was fabricated by E-

beam lithography. The fabrication process can be seen in sample preparation section. Kerr imaging 

system was used to observe the DW nucleation and motion. Initially, the nanowire device was magnetized 

to saturation to eliminate DWs. Kerr image shows gray regions, (Fig. 6 (a)), which indicates that there are 

no DW in the device after saturation. Later, a 10 mA pulse current with 1ms width was sent through the 



injection line to give rise to Oersted field to nucleate DWs in the wire devices.
[43,44] 

 As shown by Kerr 

image in Fig. 6 (b), two magnetic domains which are in black were generated beside the cross-bar. (The 

reason for the small domain at the right side is not clear). The reversal magnetic field was increased 

gradually. At an external magnetic field of 900 Oe, the DW moved to the pinning centre, as evidenced by 

the expansion of the black region to the position where the B
+
 implantation is located. The black region 

does not expand further when the applied field was increased to 910 Oe, which indicates that the DW is 

pinned at this position. This fact implies that the pinning center formed by B
+ 

implantation in this region 

is effective. When the external magnetic field was increased to 920 Oe, the black region moved across the 

implantation position and spread to the end of the device. Hence, it can be concluded that the implantation 

region acts as a pinning center to stabilize the DWs, and the pinning and depinning field are close to 900 

and 920 Oe respectively. It may be argued that the geometrical modification around the small cross-bar 

due to ion-implantation is a possible cause of pinning. However, we believe that this effect is negligible, 

as the depinning field is much larger (920 Oe) than observed in the case of geometrical modification, such 

as notches (100 Oe).
[45-47]  

 

Figure 6 (a) Kerr images which show the nanowire device with the saturation state. (b) DW nucleation at the cross-

bar and (c and d) the DW propagation by applying different magnetic fields along perpendicular direction. 



 

In order to understand how effective would be the pinning in the case of STT-induced DW 

motion, we carried out further micromagnetic simulations. For this study, we used type B structures, 

which resemble our experimental devices closely. Figure 7 shows the values of anisotropy constant (Ku) 

and the saturation magnetization (Ms) of the implanted regions. When a current was sent through the 

device, the domain walls moved and got pinned in the regions with a lower Ku or Ms. When the current 

density was increased further, the domain walls got depinned and moved further. The current density 

associated with depinning Jdep is shown in the table and in the graph. It can be noticed from the table that 

the depinning current density increases when both Ku and Ms decreases (diagonal direction of the table). 

In the case of ion-implantation, both Ku and Ms are expected to decrease. So, this trend is a clear 

indication that the ion-implantation induced local modification is a good technique to pin the domain 

walls. The graph shows the trend of Jdep as a function of Mod (Hkw-Hkp) where Hkw is the anisotropy field 

of the wire and Hkp is the anisotropy field of the pinning region, obtained from the relation Hk = 2Ku/Ms. In 

general, an increase in the value of Jdep associated with an increase in the difference between Hkw and Hkp 

is noticed. These results further confirm that the ion-implantation induced changes in local magnetic 

properties can help in forming pinning centres.   

 

Figure 7 (a) Tabulation of depinning current density Jdep for pinning regions with various values of Ku and Ms. (b) 

Plot of depinning current density Jdep for pinning regions with various values of Ku and Ms. 



 

4. Conclusions 

 In conclusion, the DW pinning method using compositional modifications by ion implantation 

has been investigated. This method has been validated by simulations and experiments. We have observed 

that B
+
 implantation can reduce the anisotropy of the Co/Pd multilayers and change the magnetization 

from perpendicular to in-plane direction. In [Co/Pd]10 nanowire study, the pinning field can be as high as 

920 Oe.  
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Experimental Section:  

Sample Preparation 

 Thin film stack of Ta (5 nm)/Cu (5 nm) /Pd (3 nm)/[Co (0.3 nm)/Pd (0.8 nm)]N/Ta (5 nm), where N=5, 10 

and 15, were deposited on thermally oxidized silicon substrates via DC magnetron sputtering at room temperature.  

The bilayers Co and Pd were growth at the DC power of 40 W and the deposition rate of Co and Pd is 0.4 nm/s and 

0.357 nm/s, respectively.  

The Co/Pd multilayers-based microwires fabrication was carried out by E-beam lithography (EBL). The 

Co/Pd multiplayers thin film was patterned to 1µm wires under 20keV voltage and 7 µm aperture. After E-beam 

exposure, Ar ion-milling was done to eliminate the unwanted film. The resist PMMA with the thickness of 200 nm 

over Co/Pd multilayers-based microwires were exposed under 10keV voltage and 30 µm aperture. After developing, 

B
+
 ions were implanted in the holes of the resist. The B

+
 ions were with the energy of 10 keV which were at a 

fluence of 5×10
15

 ions/cm
2
. After this, the DW injection line and electrode pads were exposed under 20keV and 120 

µm aperture and after developing, Ti (10 nm)/Au (80 nm)/ Ti (10 nm) were deposited in order to inject DW and 

cause DW motion by applying pulse current.   

Sample Characterization  

Normalized magnetic hysteresis loops (M-H) of Co/Pd multilayers thin film along in plane (IP) and out of 

plane (OOP) directions were carried out at room temperature by using Alternating Gradient Force Magnetometer 

(AGFM) with the magnetic sweeping from -20kOe to 20kOe. X-ray diffraction (XRD) with Cu−Kα source was used 

for the structural analysis of the samples. Transport of ions in matter (TRIM) program was used to simulate the 

distribution of host atoms after B
+
 implantation. Domain images were carried out by using Polar Kerr imaging 

technique after ac demagnetization along OOP direction. In the demagnetization process, the magnetic field was 

cycled to zero with the step of 25 Oe decreasing from 4500 Oe, producing a demagnetized state. Direct observation 

of the DW pinning process was carried out using Polar Kerr imaging technique. 

 


