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Nanoscale magnetic junctions provide a useful approach to act as building blocks for
magnetoresistive random access memories (MRAM), where one of the key issues is to control the
magnetic domain configuration. Here, we study the domain structure and the magnetic switching in
the Permalloy (Fe,(Nigy) nanoscale magnetic junctions with different thicknesses by using
micromagnetic simulations. It is found that both the 90-° and 45-° domain walls can be formed
between the junctions and the wire arms depending on the thickness of the device. The magnetic
switching fields show distinct thickness dependencies with a broad peak varying from 7nm to
22 nm depending on the junction sizes, and the large magnetic switching fields favor the stability of
the MRAM operation. © 2017 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/

licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4985662]

The magnetoresistive random access memory (MRAM)'-®
based on the tunneling magnetic resistance (TMR) effect
has the potential to replace all existing memory devices in a
computer or other hard disk drives as it could provide a
high read/write operation speed and is also nonvolatile.”””
On the other hand, the magnetic domain wall gives a flexi-
ble approach in the data storage and the logic circuit.'™"?
Compared with the TMR-based MRAM devices, a domain
wall motion-based magnetic junction could have a single
layer structure, which might have great advantages in terms
of fabrication and application.m‘15 The magnetic junction
shows several types of the magnetoresistance effect by
applying the magnetic field.'®'’

The magnetic switching in the junction structure can be
controlled by either the external magnetic field or the
applied electrical current.'®!'? Recently, it has been reported
that the magnetic switching induced by the spin-transfer tor-
que (STT) can enable the junction to work as a STT-MRAM
device.”**! There are also reports about the spin-polarized
current that can induce the junction to generate spin
waves.”>?* It is found that the Permalloy junction has sev-
eral metastable magnetization states, which can be used to
store the information.'® Thus, the reliable control of the
magnetic domain configuration in the magnetic junction is
an important task. In this letter, we present a micromagnetic
study of the domain structures and the magnetic switching
in the nanoscale Permalloy junctions within magnetic cross
structures with different thicknesses. The numerical simulations
are carried out by using the Object Oriented MicroMagnetic
Framework (OOMMF) software.?’ It is found that the junc-
tion thickness has distinct effects on the domain wall config-
uration, the initial magnetic switching, and the coercivity. In
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the initial states, both 45° and 90° domain walls are found to
be formed in the studied model. Both the initial magnetic
switching and the coercivity show the nonlinear dependences
on the thickness, indicating the importance of controlling the
thickness for the writing process when the nanoscale
Permalloy junction works as a building block for information
storage devices.

The micromagnetic simulations are performed using the
standard micromagnetic simulator OOMMEF software,* which

stands on the Landau-Lifshitz-Gilbert equation®®?’
M M x Hey + deM) 1)
ar Y eff Ms ar )

where M is the magnetization of the magnetic layer, My is
the saturation magnetization, y is the Gilbert gyromagnetic
ratio, and o is the damping constant. H.g is the effective
field, which is derived from the magnetic energy density

Her = —pty! ;—;17 2
where ¢ contains the Heisenberg exchange, anisotropy, applied
magnetic field, and demagnetization energy terms.

The magnetic material used for the micromagnetic simu-
lation is Permalloys, i.e., Fe,gNigg alloy, which has a low coer-
civity and a high permeability. The size of the cross structure
of the nanoscale junction is defined as 10nm x 10nm with a
varying thickness from 2.5 nm to 25 nm, and the length of all
the wire arms is fixed at 200 nm. The saturation magnetiza-
tion is equal to 8.6 x 10° A/m. The exchange stiffness and the
crystalline anisotropy constant are set at 13 x 107'?J/m and
0J/m’, respectively. The simulation cell size is set as 2.5nm
x 2.5nm x 2.5nm, which is compared with the exchange

length (5.3 nm) of Permalloy.
© Author(s) 2017.
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The initially relaxed magnetization distributions around
the junctions of the cross structures with different thick-
nesses are shown in Fig. 1(a), which are obtained by relaxing
the cross structures with random magnetization distributions.
The spins in the wire arms are all aligned in parallel along
the wire directions due to the strong shape anisotropy. There
are three types of domain configurations around the junc-
tions. For the junctions with the thicknesses of 2.5nm,
7.5nm, and 12.5 nm, the spins in the junction are aligned in
parallel with the spins in one of the wires, and the 90°
domain walls form between another wires. For the cases
with the thicknesses of 5nm and 15 nm, the spins in the junc-
tions are aligned largely in parallel, which can be described
as a single magnetic domain or a coherent spin block (CSB),
and the spin direction of these CSBs is in 45° with those in
both wires. For the cases with thickness of 10 nm, the spins
in the junction are form a 90° domain wall within the junc-
tion. Indeed, the initial magnetization distribution in the
cross structure can also be controlled by the applying an
external magnetic field. As shown in Fig. 1(b), the initial
magnetization distribution in the cross structure can be modi-
fied to be 45° domain by applying a magnetic field pointing
at an angle of 45° to the 4 x-direction. The required ampli-
tude of the magnetic field corresponding to different thick-
ness is given in Fig. 1(c). The applied magnetic field changes
the domain structure to the coherence switching mode from
the initially relaxed states, where the required magnetic field
is different for samples with different initially relaxed mag-
netization distribution and thickness. Note that the magneti-
zation distribution configuration in the thickness direction is
uniform (see supplementary material, Fig. S1).

Appl. Phys. Lett. 111, 072401 (2017)

In the following, we study the magnetization switching
process driven by an external magnetic field for the junctions
with different thicknesses. The simulated hysteresis loops are
the same in different layers of the device. Figure 2 shows the
result for the 2.5-nm-thick junction. The magnetic field is first
applied along the + x-direction, of which the amplitude first
increases from 0 Oe to 2000 Oe and reduces to 0 Oe. Then,
the magnetic field changes in the same manner but along the
—x-direction. The simulated hysteresis loop is given in Fig. 2,
and the magnetization configurations illustrated in Fig. 3 are
corresponding to the marked states in the hysteresis loop
given in Fig. 2, which represent the magnetic switching pro-
cess in the nanoscale junction. The initial magnetization con-
figuration in the nanoscale junction is given in Fig. 3. The
magnetic field of the first magnetic switching from the ini-
tially relaxed state to the state with a 45° domain wall is
defined as the initial magnetization switching field (H,),
which is indicated in Fig. 2(a). As the applied magnetic field
increases from 0 Oe to 2000 Oe, the direction of the magneti-
zation in the junction is switched where the amplitude of the
critical switching field, i.e., the coercivity (H.) of the junction
as indicated in Fig. 2(b), is equal to 1050 Oe.

The snapshots of the switching process given in Fig. 3
further show that the switching of the magnetization in the
junction is coherent. The angle between the x-axis and the
spins at the junction is defined as 6. Before applying the
magnetic field, the spins in the junction are in parallel with
the y-axis, and the 0 is equal to —90°. By increasing the
applied magnetic field above 2000 Oe, 0 increases and then
reaches 0°. When the applied magnetic field is reduced
to 0Oe, 0 decreases to —45°. That means in the remanence

(a) Before applying a magnetic field (b) After applying a magnetic field
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FIG. 2. The hysteresis loop for the
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state, the spins in the junction are aligned 45° away from
the wire direction, and 45° domain walls are formed
between the junction and the wires. When the applied mag-
netic field decreases from 0 Oe to —2000 Oe in the x-direc-
tion, the spins change to be paralleled with the x-direction,
and the 0 increases from —45° to 0°. It is found that the
whole magnetization switching process in the junction is
coherent and reversible.

The typical spin configurations during the magnetic
switching process of the junctions with different thicknesses
are shown in Fig. 4. From Fig. 4(a), we found that the junc-
tion with a different thickness usually has a different relaxed
state. Before using the magnetic field to achieve reversible
magnetic switching in the cross structure, the spins in the
cross structure have to be tuned to the coherent switching
mode. The coherent switching mode is defined as the states
in Fig. 3(b) which shows 45° domain walls. The processes to
enable the coherence switching modes are shown in Fig. 4.
Unlike the magnetic switching processes shown in Fig. 3, the
relaxed magnetization configuration at 0 Oe is different from
the junctions with the thicknesses of Snm, 7.5nm, 10nm,
12.5nm, and 15 nm. The spin configurations of the junctions
with the thicknesses of 5nm and 15nm are similar to the
spin configurations in Fig. 3(d) which are in the coherent
switching mode. The junction with a thickness of 7.5 nm has
the parallel spins in the cross structure with a 0 as —90°
between the x-direction. As the magnetic field increases
to 30000e, 0 decreases to 0° in the junction. When the
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FIG. 3. The magnetic domain configurations of the 2.5-nm-thick junction at
different applied magnetic fields. The magnetic field is applied along the
x-direction. The labels correspond to the states indicated in Fig. 2, i.e., (a)
H=00e, (b) H=600 Oe (before switching), (c) H=2000Oe (after switch-
ing), (d) H=00e, (e) H=- 1025 Oe (before switching), (f) H=- 1050 Oe
(after switching), and (g) H=— 2000 Oe.
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magnetic field reduces back to 0 Oe, 0 increases to 45°, and
the CSB is formed. From the junction with a thickness of
10 nm, the initial 90° DW within the junction can be elimi-
nated, and the CSB can be formed by controlling the magne-
tization process. When the thickness of the junction is
12.5 nm, the spins in the cross structure requires a large mag-
netic field up to 3825 Oe to reverse the magnetization direc-
tion. For the whole cross structures with the thicknesses of
S5nm, 7.5nm, and 10nm, the spin configurations in the
y-arms have not been changed, and the spin configuration in
the x-arms can be switched. However, for the cross structures
with thicknesses of 12.5nm and 15nm, the spin directions
rotate along the y-axis as well.

The magnetic switching field of the junction can be
affected by the thickness of the junction. Figure 5 shows H,
as a function of the thickness for the junctions with different

V¥ v VIR
. A EE—
r:.x/ PAEEEN
o WDy | )
¥ ¥ ] N\
o VA 1 b
006 1650 08 ——= 172508 3000 Os 008

i vy
El_ vy VA
mLﬁ ¥ | \l.¢ VAN
AR IR
vy A\
R v\
00e — 11250e — 1200 Oe 3000 Oe 0 Oe
i - v ¢ g
£ ; : \ ¥ ¥
N ¥
2y .;K
o vy
L v
00e ——— 3000 0e —— -4125Oe -4150 Oe 0 Oe
vy i ‘1
£ 7
0
al
XA i h
LY 4 4 4 4
00e ———= 3750 0e — 3825 Oe 6000 Oe 0 Oe
R A A x ted
€ 2 44 ¥ ¥
£ I;fff ¥
© IRy ‘¥
11 A4 Y
4 4 A A X X v
0 Oe -2600 Oe ——-2700 Oe -8000 Oe 0 Oe

FIG. 4. The magnetic domain configurations of the junctions at different
applied magnetic fields for different thicknesses. The magnetic field is applied
along the x-direction.
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FIG. 5. The coercivity H, i.e., the switching field, as a function of the thick-
ness for the junctions with different cross section sizes.

lateral sizes. The size of the device is varying from 100 nm
x 100nm to 400 nm x 400 nm, i.e., the length of the cross
structure is varying from 5nm to 20nm. H, increases first
with increasing thickness and then decreases, showing a
broad peak from 7nm to 22nm depending on the junction
sizes. The reason is that for the junction with a certain cross
section size, the magnetization switching is coherent. Thus,
H. is proportional to the total magnetization, which also
means H, increases with the thickness as the total magnetiza-
tion is proportional to the thickness. However, when the
thickness is larger than a certain critical value, multiple
domains can be formed during the magnetization switching,
leading to incoherent magnetization switching. In such a
case, H. decreases with the thickness, as thicker junction is
more likely to form multiple domains, due to the demagneti-
zation effect. Besides, the critical value of the thickness
increases with increasing lateral dimensions of the junction.
The reason is that the amplitude of the demagnetization
effect resulting in the incoherent switching is proportional to
thickness and is inversely proportional to the lateral dimen-
sions of the junction (see supplementary material, Figs.
S2-S4). We note that there are large magnetic switching
fields of around 2500 Oe, which favor the stability of the
MRAM operation. The large magnetic switching fields, how-
ever, may lead to large current needed for the switching of
the junction. One may need to explore the spin torque trans-
fer or thermal assistant switching for future applications.

In conclusion, we have carried out a full micromagnetic
study on the magnetization configuration and the magnetic
switching process in a nanoscale Permalloy junction. The
relationship between the magnetic switching fields and the
thickness of the nanoscale junction has been investigated.
While different types of domain walls can be formed in the
initially relaxed states depending on the specific thicknesses,
the junction acts as a single CSB where the spins are aligned
in parallel during the magnetization process. The magnetiza-
tion direction can be controlled and switched coherently
by applying an external magnetic field. Both the initial mag-
netization field and the coercivity are found to depend on
the thickness, and the large coercivity could enhance the

Appl. Phys. Lett. 111, 072401 (2017)

stability of the device operation. Our work shows that the
nanoscale magnetic junction has the potential to be used as a
building block for future spin-based data storage or logic
computing technologies.

See supplementary material for magnetization distribu-
tion in device at different layers and side views of the mag-
netization distribution in device.
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