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Most of the reported observations are about the dynamic properties of individual domain-walls in magnetic nanowires,
but the properties of multiple stripe-domains have rarely been investigated. Here, we demonstrate a simple but efficient
scenario for multiple domains injection in magnetic nanowires. The domain-chains (DCs), a cluster of multiple domains,
can be dynamically generated with tunable static properties. It is found that the number of domains in a single DC can
be dynamically adjusted by varying the frequency of microwave field (MF) and the period of spin-polarized current (SPC)
intensity. The static properties of the DCs, i.e., its length, spacing, and period between neighboring DCs, can be dynamically
controlled by regulating the frequency of MF and the intensity of SPC. We have also discussed the possibility of using
domain-chains as information carries, which provides a meaningful approach for flexible multi-bit information storage

applications.
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1. Introduction

With the development of nano-technology, high-density
storage becomes an inevitable trend. Compared to the tra-
ditional hard disk, the racetrack memory based on magnetic
domains (such as domain wall, skyrmion) can greatly im-
prove the storage density. The dynamical behavior of mag-

[1-3] has been extensively investigated. As

netic domain walls
previously reported, due to the coupling effect of the antifer-
romagnetic layer film on the ferromagnetic layer, the mag-
netic domain wall width and the domain wall moving speed
of the system change significantly.[*> In such domain wall-
based racetrack memories, extensive research has been con-
ducted on how to reduce the critical current density, reduce
the influence of the pinning layer, and maintain the high-
speed motion of the domain walls.['>% In particular, the
spin-transfer torque (STT) driven motion of magnetic domain-
walls and skyrmions has been demonstrated in magnetic
nanowires.’~1! The current-induced DW motion!1%!7-20 has
attracted much attention, since it provides an alternative candi-
date as information carries for the next-generation spintronic
devices.[10:16.18.21-25] However, most of the research contents
are about individual DW. From the application point of view,
the multiple domain-based devices have the advances of ma-
nipulating flexibility and tunability in magnetic nanostruc-
tures.

In this work, we numerically investigated the dynamic nu-
cleation of domain-chains (DCs) in magnetic nanowire using
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micromagnetic simulations. To distinguish them from isolate
domains, we defined domain-chains as clusters comprised of
multiple equally spaced domains, i.e., multiple domains form-
ing one chain. The schematic diagram of a domain-chain con-
taining two domains is shown in Fig. 1. Here, for the sake of
simplicity, the number of “blue” domains counts the number
of domains in each domain-chain. For instance, the dashed
box in Fig. 1 shows a domain-chain containing two “blue”
color domains with N = 2, which will be presented as 2-DC.
We numerically proved the continuous creation of DCs and
It is found that
the properties of DCs can be manipulated by controlling ei-

their STT-driven motion in the nanotrack.

ther the frequency of microwave field (MF) or the period of

spin-polarized current (SPC) intensity.

H,(t) = Hysin(27 ft)
N=2

S e
Ty h!!!__lll_lll=1
P

domain-chain

Fig. 1. (color online) Schematic diagram of investigated nanotrack for
the nucleation of magnetic domain-chains. An microwave field H,(t) was
locally generated on the left end of the nanotrack by an antenna. The spin-
polarized current was applied along the —x direction, and via spin-transfer
torque causes the domain-chains to move parallel to the x axis. The colors
encode the out-of-plane magnetization m,. Red (blue) region shows m; is
positive (negative), the white area indicates the in-plane magnetization.

2. Simulation Method

Micromagnetic simulations have been done by using the
public object-oriented micromagnetic framework (OOMMF)
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code at 0 K.[* The OOMMF code has been extended to
consider the Dzyaloshinskii—Moriya interaction (DMI)[?7-2°]
and the SPC-induced magnetization dynamics by extending
the Landau-Lifshitz—Gilbert (LLG) equation with additional

DMI27-291 and STT terms (739

dM
dr

o dM
= HeffX M+ﬁs |:M X dl‘:| —(UV)M

+EM o (w) M, 0

where the local magnetization is represented by M, the ef-
fective field Heg, the saturation magnetization Mg = | M|, the
gyromagnetic ratio 7, the Gilbert damping factor «, and the
nonadiabatic STT parameter 3.1 The effective field Hes
is the sum of the magnetostatic, exchange, anisotropy, and
Dzyaloshinskii—-Moriya fields. The interfacial DMI induced
Dzyaloshinskii—-Moriya field is represented in the continuous

form[27-28]

2D
HoMs

Hpm (V-m)Z—Vm], 2

where D represents the continuous effective constant of DMI
in the units of mJ/m?, and the magnetic permeability is repre-

sented by 19, u, the intensity of SPC, is defined as

_ 8uBP .

“= ZeMsJ7

3)

where g represents the Landé factor, the Bohr magnetron ug,
the polarization rate of the current P, the current density 7, the
charge of electron e charge. The electrons flow rightward in
the nanotrack as shown in Fig. 1, i.e., u > 0 means the current
flows leftward in the nanotrack. It should be noted that the nu-
cleated DCs would move along the same direction as that of
the electrons propagation.

The parameters used in the simulations are those of the
Co/Pt bilayer with the presence of interfacial DMIL.B! The
saturation magnetization M, exchange constant A, perpendic-
ular magnetic anisotropy K, and DMI constant D are 5.8 x
103 A/m, 1.5 x 1071 J/m, 0.7 MJ/m?, 3 mJ/m?, respectively.
With the application of interfacial type DMI, the domain-walls
appearing in the nanotrack will be the Néel type as confirmed
from the simulated magnetization. The damping constant o,
non-adiabatic STT parameter 3, gyromagnetic ratio 7y, and po-
larization rate of the SPC P are 0.3, 0.3, 2.211 x 10° m/As,
and 0.4, respectively. The relative value of o and S is still in
debate, and which will either boost or hinder the velocity of
domain-walls in nanowires.[2732-331 However, the nucleation
scenario of domain-chains as proposed in this work will be
hardly affected by this relative value. Without loss of general-
ity, we choose the value of & = 3 = 0.3 (as used in Ref. [31]).
The dimension of the nanotrack is 2400 nm x 60 nm X 1 nm

along the x, y, and z directions, respectively. The used cells
have a size of 2 nm X 2 nm X 1 nm, which is smaller than the
characteristic length of material domains. There is no external
magnetic fields were applied in all the simulations. For the pa-
rameters used in the simulation, u = j- P- (4 x 1071 m3/A-s),
g = 2. The intensity of SPC is j ~ 6.25 x 10'> A/m? for
u = 1000 m/s.

To create DCs successively, an external excitation mi-
crowave field was applied in the form of harmonic sinusoidal
function Hy(r) = Hosin(27 ft) with f represents the excitation
field. The microwave field with an amplitude of ugHy =5 T
is applied locally to a Ax x Ay x Az =10 nm x 60 nm X 1 nm
region near the left end of the nanotrack by injecting current
pulses. The magnetization in the microwave “excitation” re-
gion can be reversed locally with the formation of domains. 6!
The generated domains are driven by SPC to move rightward
in the nanotrack. The scenario of nucleation of N-DCs as pro-
posed in this work, are quite related to the frequency of the ex-
citation magnetic field f, the amplitude of the excitation mag-
netic field Hy, and the density of the driven spin-polarized cur-
rent u. Depending on the requirement, suitable values of the
three parameters can be chosen. Here, we use u = 1000 m/s
corresponding to j = 6.25 x 10'3 A/m?, however, the proposed
scenario can also be realized using much lower current density
with the loose of the DC velocity. As shown in Fig. 1, the SPC
is injected along the —x direction with the electrons e move
in the +x direction. The DCs can only be driven to move in
the nanotrack when the intensity of SPC j is larger than the
threshold value ~ 5.0 x 10'3 A/m?. In this work, SPC with a
fixed intensity, j = 6.25 x 10'3 A/m?, was injected. The equi-
librium magnetizations profile of generated domain-chains do
not relax to form equal-spaced structures when the current is
switched on and off. This is attributed to the distance be-
tween neighboring “blue” domains are larger enough. Hence,
the interaction between neighboring domains is weaken and
avoided, and the presence of DMI will stabilize the nucleated

domain-chains as well.

3. Results

Figure 1 shows the schematic diagram of the studied mag-
netic Co/Pt nanotrack. An antenna was applied locally on the
left end of the nanotrack for generating microwave magnetic
field Hy () = Hosin(2m f1), which will induce local magnetiza-
tion reversion along with the creation of domain-chains. The
nucleated domain-chains will be driven to move along the x
direction by SPC-induced STT mechanism. Here, we define a
single domain-chain as N-domain-chain (N-DC) if it contains
N domains. As shown in Fig. 1, the period of DCs and the in-
terval of adjacent DCs are indicated by P and S, respectively.
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Figure 2 shows the serial snapshots of the nucleation
process of the 2-domain-chain, which presents a sequential
A se-
ries of 2-DCs are nucleated by the locally applied excita-
tion field H, () = Hosin(27ft) at regular time interval, with
f =3.0 GHz. The created 2-DCs are then driven by SPC to
move rightward in the nanotrack.

variation of DCs’s out-of-plane magnetization m;.

t=0.02 ns
- t=0.23 ns
o t=10.29 ns
t=0.32 ns
t=0.35 ns
. t=0.55 ns
t =0.60 ns
“TTY=0.67 ns
t =0.96 ns
T Ti=129ms
N t=1.63 ns
t=1.97 ns

Fig. 2. (color online) Flash photographs of 2-domain-chain moving in
nanotrack at specific time with f = 3.0 GHz, and which describes a se-
quential temporal evolution of the out-of-plane magnetization m,. Red
(blue) region shows m_ is positive (negative), the white area indicates
the in-plane magnetization.

To understand how the frequency f of MF will affect the
static properties of the DCs, we studied the temporal magneti-
zation variation in the nanotrack with reducing f from 8§ GHz
to 0.5 GHz. As shown in Fig. 3, we found that the value of
f affect the length N of DCs, the spacing S of adjacent DCs,
and the period P of DCs. As the frequency decreases, all the
number N of domains in each DC, the DC’s period P and the
DC’s spacing S increase. For f = 8.0 GHz, each domain-chain

contains only one domain, with P = S.

f=8.0 GHz IfiS N=1

f=3.0 GHz P N=2
S

f=1.0 GHz N=3

f=0.8 GHz N=4

f=0.6 GHz N=5

f=0.5 GHz N=6

Fig. 3. (color online) Snapshot of the out-of-plane magnetization m, for
N-domain-chain under various microwave field frequency f, where N
is the number of individual domains in each domain-chain.

Figure 4 describes the static properties of DCs as a func-
tion of the frequency f of the excitation MF. It can be seen that
the number of domains N in each DC increases step-wisely
from 1 to 13 with changing f from 11.5 GHz to 0.2 GHz. In
the meantime, the DC’s P and S increase with reducing f. The
values of P and S are found to be inversely proportional to the
value of f. Namely, the DC’s characters, i.e., N, P, and S, are

highly dependent on the excitation MF frequency f. Hence,
the static properties of the created DCs can be manipulated by
controlling the excitation MF frequency f.
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Fig. 4. (color online) The effect of excitation field frequency f on the
number N of domains in each domain-chain, the special period P of
domain-chains, the distance S between adjacent domain-chains.

So far, we have demonstrated the possibility of con-
trolling DCs’ properties by varying the microwave field fre-
quency. However, the manipulation of DCs by controlling the
excitation MF frequencies is not efficient from the applica-
tion point of view with the requirement of excitation antenna
preparation. Alternatively, with a fixed excitation MF fre-
quency f, DCs of various properties can also be generated by
temporally changing the intensity u of SPC. Figure 5(a) shows
six kinds of SPC pulses, each has different temporal inten-
sity properties 1,(¢). For instance, Iy represents an SPC pulse
with constant intensity ¥ = 1000 m/s, while I, I, I3, 14, and
Is represent the SPC pulses with temporally varied intensity,
i.e., SPC was switched on/off temporally. For I; to 4, the cur-
rent density u is switched from 1000 m/s to 500 m/s with the
temporal period 77 to T4. Moreover, /5 represents a more com-
plicated case, where u varies between 1000 m/s and 500 m/s
with a period 75 (the sum of Ti, 75, T3, and Tj). As shown
in Fig. 5(b), with only one common microwave antenna of a
fixed frequency, DCs of various properties are created in the
six nanotracks depending on the temporal shape of SPC pulses
applied in each nanotrack. For current Iy with a constant inten-
sity u = 1000 m/s, a train of 1-DCs, are nucleated and all the
nucleated domains driven into motion. In addition, the spac-
ing S of 1-DCs can be controlled by changing the format of the
SPC pulse, i.e., the temporal intervals. For instance, with the
SPC pulse in the form of I, only the domains nucleated with
u = 1000 m/s can be driven to move along the track, while
the domains nucleated with u = 500 m/s cannot be driven to
move and annihilated at the left end of the track. Hence, as a
result of domain annihilation when u is switched to 500 m/s,
the created 1-DCs under /; has an enlarged spacing than that
under Iy. Therefore, by controlling the temporal intervals of
u = 500 m/s, the number of domains in a single chain can be
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easily manipulated. As shown in Fig. 5(b), the 2-DCs, 3-DCs,
and 4-DCs can be easily realized with the application of I, I,
and Iy pulses, respectively. Furthermore, a train of complex
DCs, comprised of random N-DCs, can be realized through
coding the temporal shape of the SPC density. For instance,
a multi-DCs-train comprised of various N-DCs (N = 1,2,3,4)
can be generated with a SPC pulse in the form of Is.

(a) 1000 :
500 fo .
1000
v L I
1000 ;
2 LU LT LU LT LI
g 1000 — :
S ool LT LT LT LML LTS
31000 = :
soot el LI LI LF LT LT L]
1000 ;
sooflel LI LI LML LT LILTT
0 0.4 0.8
Time/ns
(b) H,(t) = Hysin(27 ft)
Io(t) I
I(t) I
L(t) I
Iy(t) I
L(t) I
I(t) b

Fig. 5. (color online) Temporal modulated spin-polarized current inten-
sity induced variation of domain-chains. (a) Intensity of SPC temporally
switched on/off with u = 1000 m/s. (b) Flash photographs of domain-chains
magnetization m, under various SPC pulses at certain times as indicated by
vertical dashed lines in (a) with f = 8.0 GHz.

4. Conclusion

We have numerically studied the dynamical creation of
magnetic domain-chains, comprised of multi-single-domains,
in magnetic nanowires. It has been demonstrated that both the
frequency f of the excitation MFs and the temporal format of
the SPC intensity can obviously affect the typical characteris-
tics of generated domain-chains: the number N of individual
domains in each DC, the period of DCs, and the distance be-
tween adjacent DCs. Our demonstrated scheme of multiple
DCs nucleation could enrich the fields of using magnetic do-

mains for the design of racetrack memory and logic devices.
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