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A B S T R A C T

Domain wall injection by electric means is an energy exhausting process. This process is conventionally carried out by sending a current pulse through a stripline
which generates an Oersted ﬁeld to locally switch the magnetization in a magnetic wire. In this work, the magnetic properties of the device were modulated by
electric control to lower the required current density for DW injection. The proposed DW injection device employs a Hall cross structure which simpliﬁes the device
fabrication process and allows a larger Oersted ﬁeld to be generated at the domain wall injection region. Electrical pulses of 50 ns were sent through the Hall bar to
inject domain walls. The formation of the resulting domain walls was detected electrically using the Hall resistance and optically by Kerr microscopy. The results
show that the required current density for injection of domain walls is reduced by ∼20% with an applied electric ﬁeld of +250 MV/m on the Hall cross structure.

Domain wall (DW) based memory device has garnered research
interest for many years due to its potential as a universal memory device [1–4]. Unlike a hard disk drive, these non-volatile memory devices
operate without the use of any mechanical part. In conjunction with
thermally robust magnetic materials, this ensures the reliability of the
device for many decades. In any DW based memory device, write operation of the device involves the propagation of the domain wall and
the injection of domain walls. The domain wall injection process consumes the largest amount of energy due to the need for magnetization
switching. The amount of energy required to inject DWs in a magnetic
wire with perpendicular magnetic anisotropy (PMA) can be estimated
with K anis ·V , where K anis refers to the magnetic anisotropy energy and V
represents the magnetic volume [5]. Therefore, a magnetic thin ﬁlm
with low K anis is desired for energy eﬃcient domain wall injection.
However, the material requires a high K anis for thermal stability [6–8].
The thermal stability can be represented with K anis V / kB T , where kB and
T represents the Boltzmann constant and temperature respectively.
Therefore, a high K anis is desirable for magnetic memory devices for
thermal robustness, but a low K anis can lower the energy requirement of
DW injection. This dilemma can be resolved if electric ﬁeld control is
used to lower the K anis of the device only when DW injection is required. Conventionally, the DW injection is achieved by applying an
electrical current into a conductive stripline fabricated orthogonally to
the magnetic wire. The applied current generates an Oersted ﬁeld
which switches the local magnetization of the magnetic wire around the
region under the stripline [9–12]. This DW injection technique has
enabled a multitude of studies on DW based devices including logic
operations [13] and the study of DW propagation [14–16] and DW
pinning [10,17].

⁎

Despite DW injection being the most energy exhaustive process in
any DW based memory device, the energy eﬃciency of DW injection
using Oersted ﬁeld has been relatively unexplored. In this work, DW
injection is achieved by applying an electrical current pulse through a
Hall cross structure. The K anis of the device is modulated by electric
ﬁeld control, which allows DWs to be injected with a lower current
density. The experimental results obtained from a custom-built Kerr
microscopy setup [18,19] were substantiated by Hall resistance measurement to show that the electric ﬁeld modulation is able to reduce the
required current density for injection of DWs.
Electric ﬁeld control requires an insulating interface on the magnetic wire, which is usually achieved by oxide deposition on top of the
magnetic wire [20–27]. However, the conductive stripline which generates the Oersted ﬁeld is also conventionally deposited on top of the
magnetic wire [9–12]. The simple solution would be to shift either the
stripline or the insulating layer below the magnetic nanowire. However,
this would involve complicated fabrication processes to ensure ﬂatness
before the deposition of the magnetic ﬁlm. An uneven surface can give
rise to pinning or nucleation sites around the domain injection region
which might lead to false positive readings. Therefore, a Hall cross
structure was employed as a DW injection device, where the Hall bar
serves as the conductive stripline for Oersted ﬁeld generation. The
fabrication processes for the Hall cross device is simpler, and also allows the magnetic thin ﬁlm to be deposited onto a ﬂat, homogenous
surface.
A combination of electron beam lithography, ion milling and lift-oﬀ
techniques were used to fabricate the Hall cross device. To apply an
electric ﬁeld onto the Hall cross device, HfOx was chosen to be the
insulator as it has a high-κ value, and ITO was employed to be the gate
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Fig. 1. (a) Schematic diagram illustrating the DW injection observed using Kerr imaging and electric measurement. (b) Microscope image of Hall cross device. The
white regions are caused by the thin-ﬁlm interference of the HfOx.

an equal amount of current across the Hall bar, the proposed structure
generates a H0 which is larger than the conventional Hall cross structures with a width of 3 μm and 1.5 μm by 65% and 10% respectively.
The larger H0 enables DWs to be injected with a lower applied current
density ( Jinput ).
Apart from DW injection, the Hall cross structure is also used for
Hall resistance (RH ) measurements to demonstrate the electric ﬁeld
modulation on the eﬀective anisotropy energy (K eff ) of the material.
Fig. 3(a) shows the normalizedRH dependence on the out-of-plane
magnetic ﬁeld (Hz ) with an applied electric ﬁeld of ± 250 MV/m. The
result demonstrates that the coercivity (Hc ) of the material can be
modulated with electric ﬁeld control. The reduction of Hc with an applied electric ﬁeld of +250 MV/m implies that a smaller Oersted ﬁeld is
required to switch the magnetization. The K eff of the material can be
extracted from the normalized RH measurement with an in-plane
magnetic ﬁeld. The normalized RH measurement is shown in Fig. 3(b),
where the longitudinal magnetic ﬁeld (Hx ), is smaller than the Hk of the
device. The inset in the ﬁgure shows the vibrating sample magnetometry measurements of the thin ﬁlm as deposited to obtain the magnetic saturation (Ms ) of the material.
The normalized RH measurement can be modelled to be written as
follows, [28,29]

electrode due to it being transparent and electrically conductive.
Fig. 1(a) shows a schematic diagram of the fabricated Hall cross
structure under Kerr imaging and electric measurement. Fig. 1(b) shows
the microscope image of the Hall cross structure designed for DW injection. In order for suﬃcient current to pass through the Hall bar to
generate signiﬁcant Oersted ﬁeld, a [Cu/ Ta]4 stack was deposited
below the magnetic Co layer to increase conductivity. The resulting
stack used to fabricate the Hall cross device is Ta(3)/[Cu (25)/Ta (1)]4/
Pt (3)/Co (1)/Pt (0.4), where the numbers in parentheses represents the
thickness in nanometres. Vibrating sample magnetometry of various
deposited thin ﬁlms with and without the conductive Cu layers is shown
in Fig. S1 from the supplementary material. The conductive Cu layer
under the magnetic layer does not aﬀect the magnetic properties of the
thin ﬁlm. The materials in this work were deposited by magnetron
sputtering with a base pressure of 5 × 10−8 Torr or lower.
The Hall cross device proposed in this work for use as a DW injection device has a geometrical constriction as shown in Fig. 1(b). This
was designed to increase the current density and Oersted ﬁeld at the
injection region. Simulations performed with COMSOL Multiphysics show that the current density is larger at the corners of all the
Hall cross structures, thereby giving rise to a larger Oersted ﬁeld at the
corners (H0 ). A comparison of the proposed structure with two conventional Hall cross structures of diﬀerent widths is shown in Fig. 2.
The left and centre of Fig. 2 show a conventional Hall cross device with
a width of 3 μm and 1.5 μm respectively. The proposed structure has a
width of 3 μm but constricts to 1.5 μm at the cross section. By applying

RHn =

1 n
ΔRH cos(θ)
2
RHn

(1)
andΔRHn

where
is the normalized Hall resistance
is the maximum
resistance change between the up magnetization and down
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Fig. 2. Current density and Oersted ﬁeld mapped on to the various Hall cross structure. The Jinput in the middle Hall crosses of 1.5 μm is twice of the Jinput from the
other Hall crosses to ensure that the total current (A) in the Hall cross structure is kept constant.

Fig. 3. Normalized RH measurement of the Hall cross device with (a) out-of-plane magnetic ﬁeld and (b) in-plane magnetic ﬁeld. The lines show the ﬁtting using Eq.
(3). The inset shows the results of the thin ﬁlm measurement using vibrating sample magnetometry to obtain the magnetic saturation of the material. (c) Ki
dependence on applied electric ﬁeld. The line shows the linear ﬁt, where the obtained gradient of 59 ± 4 fJ/Vm is the VCMA coeﬃcient.
176
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magnetization state of the RHn , hence the value of ΔRHn = 2 .
By utilising the Maclaurin expansion and excluding high order
terms, Eq. (1) can be rewritten to be,

RHn = 1 −

H2
1 2
θ = 1 − x2
2
2Hk

(2)

The value of Hk can be obtained from a parabolic ﬁtting given by,

RHn

= aHx2 ± 1

(3)

where ± refers to the up and down magnetization state. Therefore, the
Hk of the material can be found with the following equation,

Hk = ±

1
2a

(4)

where a is the parameter from the parabolic ﬁtting.
The eﬀective anisotropy of the material can be obtained with the
1
equation, K eff = 2 Ms Hk , where K eff refers to the eﬀective anisotropy
energy and Ms refers to the magnetic saturation of the material.
Assuming the change in interfacial anisotropy (Ki ) to be the dominant cause of the anisotropy modulation. The K eff of the device can be
modelled to be as follows,

K eff = K anis −

μ0 2
μ
K
Ms = i − 0 Ms2
t
2
2

(5)

where Ki refers to the interfacial anisotropy, t is the thickness of the
magnetic material, and μ0 refers to the permeability of free space.
Therefore, theKi dependence on electric ﬁeld can be obtained from the
gradient of the linear ﬁtting in Fig. 3(c), giving the voltage controlled
magnetic anisotropy coeﬃcient, ζ to be 59 ± 4 fJ/Vm.
Electrical current pulse of 50 ns is applied through the Hall cross to
inject the DWs and the presence of the DWs can be detected from both
electrical measurement and Kerr microscopy results. Fig. 4 shows the
RHn results after a current pulse of various current density is applied
across the Hall cross. A saturation magnetic ﬁeld was used to remove
any DWs before the current pulse was applied. Partial Hz ﬁeld sweeps
were carried out to detect the switching ﬁeld of the device. The RHn
results show two distinct switching ﬁelds at ∼300 Oe and ∼1500 Oe.
The lower switching ﬁeld indicates that a domain is formed in the Hall
cross, whereby the existing domain expands at ∼300 Oe, leading to the
complete magnetization reversal of the Hall cross.
Although the applied current pulses with current density of
4.2 × 1011 A/m2 and 4.7 × 1011 A/m2 in Fig. 4 both indicate the presences of reversed domains, further characterization using the

Fig. 5. Kerr images obtained after a current pulse is applied across the Hall
cross device (right to left) illustrating (a) a partially formed domain with a Jinput
of 4.2 × 1011 A/m and (b) a fully formed domain with a larger Jinput of
4.7 × 1011 A/m.

MagVision Kerr microscopy system reveals that the DW injection process can be incomplete. The partially injected DWs do not go across the
width of the magnetic wire as shown in the Kerr image found in
Fig. 5(a). These partially formed DWs can propagate with a magnetic
ﬁeld lower than the Hc of the Hall cross device just like fully formed
DWs that stretch across the width of the wire. Hence, the electrical
measurements shown in Fig. 4 was only used as a reference to substantiate the DWs injected observed using Kerr microscopy. In this
study, DWs are only considered to be successfully injected when visual
inspection of the Kerr images shows that the DWs are stretched across
the entire width of the wire as shown in Fig. 5(b).
Electric ﬁeld was applied onto the Hall cross during the injection
current pulse. When a positive electric ﬁeld is applied, the anisotropy of
the device decreases, enabling DWs to be injected with a lower Jinput .
The opposite is also true when a negative electric ﬁeld is applied, requiring a higher Jinput to inject DWs. The relationship between the required Jinput to inject DWs and the applied electric ﬁeld is shown in
Fig. 6(a). The application of a +250 MV/m electric ﬁeld results in a
∼20% decrease in the required Jinput for injection of DWs injection. The
change in the required Jinput demonstrates that electric ﬁeld control has
lowered the energy requirement for DW injection.
In Fig. 6(b), the Hc modulation of the material by the electric ﬁeld is
compared with the simulated Oersted ﬁeld generated at the corners of
the Hall cross structure, H0 . The diﬀerence in the H0 and the Hc of the
material suggests that there are other eﬀects contributing to the injection of DWs. One such eﬀect could be Joule heating, where the heat

Fig. 4. Electric measurement for domain detection on the Hall cross device. The
results have a y oﬀset for visual clarity. The electric measurement displays similar results for full and partial DW injection at current density of
4.7 × 1011 A/m2 and 4.2 × 1011 A/m2 respectively.
177
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electric ﬁeld control would enable a more energy eﬃcient DW injection
method for device applications.
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