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A B S T R A C T

Magnetic domain wall memory technology, wherein the information is stored in magnetic domains of multiple magnetic nanowires, is a potential concept proposed
to store the large amount of digital data in the near future, which is generated due to the widespread use of social media and computing devices. However, one of the
technological challenges which remains to be solved in domain wall memory is the controllable pinning of the domain walls at the nanometer scale. Here, we
demonstrate the possibility to stabilize domain walls with nanoscale modiﬁcation of magnetic properties by using thermal diﬀusion of elements from crossbar
conﬁguration. We have inspected and evaluated the magnetic properties of the nanowires using Kerr microscopy. The pinning ﬁeld induced by Cr diﬀusion of our
Ni80Fe20 nanowire was estimated to be about 8 kA/m as determined from minor loop (magnetoresistance vs. magnetic ﬁeld) measurements. The proposed concept
can potentially be used in future domain wall memory applications.

Spintronic-based devices have gained much attention within the
past few years [1–3]. Devices such as magnetic random access memory
(MRAM) show promise in embedded memory applications, for temporary storage of a few gigabytes [2]. On the other hand, domain wall
(DW) based devices, which hold multiple bits, are promising candidates
for high-density, non-volatile information storage [4,5]. Information in
these devices are stored in the states of domain magnetization similar to
a hard disk drive, while for “reading” the stored information in the
domain wall memory devices is always extracted by moving domains
along the wire instead of operation with an actuator and motor. DW
devices enable high capacity, when DW nanowires are stacked in three
dimensions. All this, together with high DW velocity of 750 m/s reported in Ref. [6], DW memory shows excellent potential for information storage. However, one of the challenges associated with a domain
wall memory is to write and move domains precisely. It is well known
that the magnetic ﬁeld used to generate domains could cause a stochastic spread over a large distance of several micrometers. The stochastic behavior limits the density of information storage [7–12].
Therefore, it is essential to control the domain wall motion by pining
domain walls precisely in order to make the operation of domain wall
devices reliable and to achieve higher capacity [4,5,13].
As domain walls are stabilized by pinning sites (energy barriers or
potential wells), an artiﬁcial method of forming pinning sites is a useful
⁎

way to control DW propagation [7,9,14]. Until now, the pinning sites
for domain wall devices are fabricated by complicated lithography
processes, such as the creation of notches in the ferromagnetic nanowire as shown in Fig. 1(a) [15–19]. With this technique, however, the
pinning eﬀect could be non-uniform due to shape and size variations,
indicating that better solutions are desired. Another problem of notches
in the nanowire is the fact that they cause a reduction of the wire lateral
dimensions, leading to an increased local heating at the notch position.
In addition, if the notches are made using the lowest limits of the lithography technique (the notch with a depth of F), the width of domain
wall nanowires tend to be bigger (2F–3F) and hence there is a compromise in the areal density of nanowires. Therefore, better techniques
to pin the domain walls are desired [20].
In this paper, we propose an alternative eﬃcient method to precisely pin domain wall positions by a local modiﬁcation of the magnetic
properties of the nanowire (Fig. 1(b)). The local modiﬁcation is
achieved by heat-induced diﬀusion of a suitable element from a crossbar conﬁguration into the magnetic nanowire. Firstly, we carried out
simulations to investigate if the domain walls could be stabilized by
local compositional variation. Then, we carried out magnetic property
measurements at the thin ﬁlm level to verify the eﬀectiveness of tuning
the properties of Permalloy (Ni80Fe20) by using metal diﬀusion. Ultimately, Ni80Fe20 (NiFe) nanowires were fabricated as domain wall
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Fig. 1. Conventional pinning method, which utilize physical notches to pin domain walls (a). Proposed non-topographical method of using nanoscale modiﬁcation of
magnetic properties to pin domain walls (b). A NiFe nanowire with metal wires crossbars to modify the magnetic properties by metal diﬀusion (c).

transverse domain wall was introduced and was relaxed as shown in
Fig. 2(a). Fig. 2(b)–(e) show the snapshot images of the propagating
wall in the nanowire without pinning site by sending current at a
density J = 1.9 × 1012 A/m2, which is driven by spin transfer torque.
After 3 ns, the domain wall has moved to the right and then disappeared
at the right side of nanowire. When the NiFe nanowire has a modiﬁed
region with a length of 100 nm, as shown in Fig. 2(f), the domain wall
gets pinned at the modiﬁed region, as shown in Fig. 2(g)–(j). In less
than 3 ns, the domain wall has moved to the modiﬁed region, driven by
a current with a density of J = 1.9 × 1012 A/m2. Even after 10 ns, the
wall still remains pinned at the modiﬁed region. These simulation results show that the domain walls can be eﬀectively pinned at compositionally modiﬁed regions, acting as pinning centres, which indicates
that the proposed scheme has the potential to pin domain walls in a
controllable manner.
In order to verify the pinning eﬀect experimentally, we deposited

devices, which were partially covered with a metallic capping layer to
form a crossbar structure as shown in Fig. 1(c). The pinning process was
observed by Wide-ﬁeld Kerr microscopy [21,22], which was performed
on nanowires without or with metallic capping layer. Magnetoresistance (MR) measurements were carried as a function of applied ﬁeld
(H), including the recording of minor MR-H loops, to monitor the
pinning strength.
For the micro-magnetic simulation studies, the material parameters
were chosen based on the literature data of NiFe nanowires (saturation
magnetization Ms of 880 kA/m, exchange stiﬀness A of 13 × 10−12 J/
m, Gilbert damping constant α of 0.008, and a zero anisotropy energy)
[23]. For the magnetically modiﬁed region, representing the pinning
site, the following parameters were used: saturation magnetization Ms
of 430 kA/m, exchange stiﬀness A of 6.5 × 10−12 J/m and a larger
damping constant of 0.024. The simulated nanowire has a length of
512 nm, a width of 128 nm, and a thickness of 10 nm. Firstly, one

Fig. 2. Simulated domain wall propagation along the homogenious (a–e) and locally modiﬁed (f–j) nano-wire with length of 512 nm under the charge current applied
with initial wall position (a). The NiFe nanowire has the modiﬁed region with length of 100 nm.
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Fig. 3. Eﬀective saturation magnetization 4πMs as a function of annealing temperature (a). Damping constant α as a function of annealing temperature for diﬀerent
metallic capping layer (b).

10 nm thick NiFe thin ﬁlms with diﬀerent metallic capping layers.
Fig. 3(a) and (b) show the static and dynamic magnetic properties of the
Ni80Fe20 (10 nm)/X (5 nm) samples, such as eﬀective saturation magnetization 4πMs and damping constant α at diﬀerent annealing temperature (Tan). Here, X refers to the metallic capping layers including
Ta, Cr, Cu and Ru [24,25]. For as-deposited Ni80Fe20, the saturation
magnetization 4πMs is about 0.886 T at room temperature [26,27]. The
eﬀective saturation magnetization 4πMs decreases with increasing Tan
from 100 to 400 °C for all metallic capping layers. The decrease is most
signiﬁcant in the case of Cr, where 4πMs drops to 0.427 ± 0.009 T at
Tan = 400 °C. For copper capping layer, 4πMs decreases from
0.878 ± 0.003 T to 0.768 ± 0.006 T after 400 °C annealing. For Ta
and Ru, the magnetization decreases at a much slower rate. Ni80Fe20
has a small Gilbert damping constant α of 0.008 in the as-deposited
state [26]. The damping constant shows an increase after annealing for
all capping materials. For a Cu capping layer, the damping constant α of
the annealed ﬁlms increases to 0.012, and for a Ru capping layer, it
increases to 0.011at Tan = 400 °C. The inﬂuence of a Ta capping layer is
negligible. For Cr, an increase of the damping constant α to 0.024 is
observed, which corresponds to an increase of almost 250% at
Tan = 400 °C. The investigations discussed so far have demonstrated
that Cr has the strongest eﬀect in changing both the static (4πMs) and
dynamic (α) properties of our Ni80Fe20 ﬁlm and can be chosen for
further experiments.
In order to study the pinning eﬀect introduced by Cr-modiﬁed
crossbars, we carried out Kerr imaging on the nanowires at diﬀerent
applied magnetic ﬁelds. Fig. 4(a) shows images which were taken at
diﬀerent ﬁelds for wires with a width of 4 μm. It can be noticed that the
domain wall propagation is stochastic. The domain wall shows rapid
propagation between 1.03 kA/m and 1.27 kA/m. Fig. 4(b) shows the
domain patterns in 1 μm wires without crossbars and Fig. 4(c) shows
the images for wires with crossbars. It can be noticed from Fig. 4(b) that
the domain wall propagation is random in the case of wires without Cr
crossbars. For samples with Cr crossbars, the domains appear to nucleate at the pinning sites and then propagate. This is a typical problem
associated with ﬁeld-dependent domain wall motion investigations
where the whole wire is subject to a ﬁeld. Nevertheless, hysteresis loops
of the two wires were measured by extracting the intensity of the wire
region and they are shown in Fig. 4(d) and (e). In all the measurements
of Fig. 4, the ﬁeld was applied along the length of the wire. An obvious
increase in the coercivity is observed in samples with Cr crossbars, indicating an additional energy barrier for domain wall propagation.
However, no direct evidence was found in the images 4(b) and (c) to
verify a clear sign for domain wall pinning due to the Cr crossbar.
In order to have a better understanding on the domain wall motion,
we carried out magnetoresistance measurements of the devices. NiFe

nanowires, as shown in Fig. 5(a) and (b), were fabricated for this purpose. A DC current (I) of 30 μA was applied through the nanowires. At
the same time, a nanovoltmeter was used to pick up the voltage.
Fig. 5(c) shows the resistance (R) versus applied magnetic ﬁeld (H)
curve for the pure NiFe sample. When the magnetic ﬁeld H is parallel to
the direction of I, we can observe that the magnetoresistance is high.
The change in R-H is negligible in the case of the nanowire without
artiﬁcial pinning sites. For magnetic ﬁeld H direction perpendicular to
the current I (H⊥I), a change in resistance of about 1.5% was observed.
These results are typical properties of Ni80Fe20 and these results validate the fabrication process of the nanowires [27].
Fig. 5(d) shows the R-H curve for NiFe wires with Cr crossbars. The
behavior of the curve for H⊥I is similar to that of Ni80Fe20 without Cr
crossbars. The magnitude of change in R-H is about 0.8%, which is
lower thus indicating the eﬀect of Cr diﬀusion. However, we can notice
a striking diﬀerence in the R-H for the case H||I, where a dip at ﬁelds of
about 8 kA/m is seen. This is not a common feature of NiFe and hence
we can safely say that this eﬀect is brought out by the Cr crossbars. It is
expected that the pinning centres lead to the presence of an energy
barrier at every pinning site. If there is an energy barrier associated
with the pinning sites (Cr-diﬀused regions), then the R-H curves should
exhibit an irreversible behavior. To categorically observe such an irreversible behavior, minor R-H curves were measured. The magnetic
ﬁeld was swept starting from a saturated state (48 kA/m) to reversal
ﬁelds (HRe), such as −4 kA/m, −5.57 kA/m, −7.16 kA/m and
−8.75 kA/m, and then returned back to the saturated state at 48 kA/m.
Fig. 6(a–d) show the reversal curves for diﬀerent HRe. A kind of hysteresis in the R-H curves is observed and the area occupied by the
curves (Fig. 6(e)) increased. A R-H curve, similar to Fig. 5(d) has been
reported in the study of Mohanan et al. [18], where the resistance of
Ni80Fe20 nanowire drops due to domain wall injected by a junction pad
and pinned by notches. The depinning ﬁeld was about 6.4 kA/m in their
study [18]. However, they did not report a minor R-H loop as carried
out in our study. Similar to the area in a B-H loop, the areas of these
curves indicate the energy required to overcome the pinning strength of
the domain walls [28,29]. The points marked in the ﬁgures correspond
to diﬀerent domain conﬁgurations, as shown the inset. These results
indicate that the Cr diﬀused regions indeed act as pinning centers.
To summarize, a new domain wall pinning method using local
compositional modiﬁcations is proposed and examined theoretically
and experimentally. Micromagnetic simulation predicts the ability of
local modiﬁcation to increase pinning on desired positions. Diﬀusion of
Cr among other metals proved to be more eﬀective in changing the
magnetic static and dynamic properties. R-H curves show that the Cr
crossbars help to pin the domain walls. Although the annealing eﬀect
on the magnetic properties of NiFe and NiFe coated with Cr is
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Fig. 4. High-resolution Kerr images of domain evaluation in an external magnetic ﬁeld on NiFe wire (4 μm width) (a), 1 μm width without metal wire (b) and with Cr
wire (c), imaged with a 100× oil immersion lens. In-plane magneto optical loops measured on NiFe wires without capping metal crossbar (d) and with Cr crossbar
(e).

Fig. 5. Optical image with schematics of NiFe wires and the electrodes without (a) and with Cr crossbars (b). Change of resistance in NiFe wires without (c) and with
(d) Cr crossbars as a function of magnetic ﬁeld.

The base pressure of the sputtering chamber was lower than
1.1 × 10−7 Torr. The argon pressure during the deposition of Ni80Fe20
layer was ﬁxed at 2 mTorr and the sputter power was 40 W. Ni80Fe20
ﬁlms with capping layers were annealed for 1 h at diﬀerent Tan from
100 °C to 400 °C in vacuum condition with base pressure below
5 × 10−7 Torr. Alternating Gradient Force Magnetometry (AGFM) and
broad band Ferromagnetic resonance (FMR) spectroscopy was used to
obtain the measurements to obtain the magnetic properties.
The NiFe and Cr nanowires were fabricated by E-beam lithography

investigated experimentally in this study, compositional modiﬁcation
can also be carried out using techniques such as ion-implantation
[30,31]. For much higher density operation, materials with a perpendicular magnetic anisotropy may be used.
1. Methods
All the Ni80Fe20 ﬁlm without capping layer and with capping layers
were deposited by using dc magnetron sputtering at room temperature.
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layer of resist over NiFe wires was exposed under 10 kV voltage and
30 µm aperture. After developing to remove the resist which has been
exposed by E-beam, Cr was deposited in the holes of the second layer of
resist. The NiFe sample with Cr crossbars was annealed at 400 °C for
one hour in a vacuum chamber to make Cr diﬀusion into the NiFe
nanowire at the cross section to form pinning sites.
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