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duced L10-ordering of twinned
single-crystals in CoPt ferromagnetic nanowires†

Ryo Toyama, a Shiro Kawachi, bcd Jun-ichi Yamaura, bc Takeshi Fujita, e

Youichi Murakami,c Hideo Hosonob and Yutaka Majima *ab

L10-ordered ferromagnetic nanowires with large coercivity are essential for realizing next-generation

spintronic devices. Ferromagnetic nanowires have been commonly fabricated by first L10-ordering of

initially disordered ferromagnetic films by annealing and then etching them into nanowire structures

using lithography. If the L10-ordered nanowires can be fabricated using only lithography and subsequent

annealing, the etching process can be omitted, which leads to an improvement in the fabrication

process for spintronic devices. However, when nanowires are subjected to annealing, they easily

transform into droplets, which is well-known as Plateau–Rayleigh instability. Here, we propose

a concept of “nanostructure-induced L10-ordering” of twinned single-crystals in CoPt ferromagnetic

nanowires with a 30 nm scale ultrafine linewidth on Si/SiO2 substrates. The driving forces for

nanostructure-induced L10-ordering during annealing are atomic surface diffusion and extremely large

internal stress at ultrasmall 10 nm scale curvature radii of the nanowires. (Co/Pt)6 multilayer nanowires

are fabricated by a lift-off process combining electron-beam lithography and electron-beam

evaporation, followed by annealing. Cross-sectional scanning transmission electron microscope images

and nano-beam electron diffraction patterns clearly indicate nanostructure-induced L10-ordering of

twinned single-crystals in the CoPt ferromagnetic nanowires, which exhibit a large coercivity of 10 kOe

for perpendicular, longitudinal, and transversal directions of the nanowires. Two-dimensional grazing

incidence X-ray diffraction shows superlattice peaks with Debye–Scherrer ring shapes, which also

supports the nanostructure-induced L10-ordering. The fabrication method for nanostructure-induced

L10-ordered CoPt ferromagnetic nanowires with twinned single-crystals on Si/SiO2 substrates would be

significant for future silicon-technology-compatible spintronic applications.
1. Introduction

Ferromagnetic nanowires have great potential for ultrahigh-
density data storage applications, such as magnetic domain-
wall racetrack memory and perpendicular magnetic
recording,1–9 as well as for spintronic sensors,10–17 spin torque
oscillators,18,19 excitation of spin waves,20,21 spinmotive force
devices,22,23 and biomedical applications.24,25 In magnetic
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30 and 60 min; 2D GI-XRD patters of
650 �C for 30 and 60 min. See

0–5280
domain-wall racetrack memory, magnetic domains in an array
of ferromagnetic nanowires store the data.1–6 Multilayered
nanowires with ferromagnetic and non-magnetic layers such as
Co/Cu can be used as spintronic sensors based on giant
magnetoresistance effect.10–16 Magnetostrictive sensors based
on Co nanowires on exible substrates have also been
demonstrated.17

In particular, ferromagnetic materials with strong perpen-
dicular magnetocrystalline anisotropy and large coercivity (Hc)
are necessary for the nanostructures to be immune to the
thermal uctuation of magnetization above room tempera-
ture.26,27 From this perspective, L10-ordered alloys such as CoPt
are considered to be promising candidates, where L10-ordering
of CoPt is obtained through the phase transformation from the
A1-disordered phase by thermal treatment.28–31

To fabricate L10-CoPt, epitaxial growth technique and
management of lattice-mismatch-induced strain on single-
crystal insulating substrates such as MgO(001) have been
widely utilized.32,33 Combining these with annealing allows for
a facile fabrication of perpendicularly-magnetized tetragonal
L10-CoPt lms possessing alternating monoatomic layers of Co
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and Pt towards the direction normal to the substrates.32,33

Moreover, the L10-ordering has reportedly been enhanced by
rapid thermal annealing (RTA), where the in-plane tensile stress
between ferromagnetic thin lm and substrate, which is
induced by the high heating rate of RTA, contributed to the high
degree of L10-ordering.34–42 Aer fabricating L10-CoPt thin lms
based on these growth techniques, nanowire structures have
been commonly prepared using lithography and nally etching
the ordered lms.43

Recently, we have developed a fabrication process for Pt-
based nanogap electrodes by a li-off process that combines
electron-beam lithography (EBL) and electron-beam (EB) evap-
oration.44–49 Pt-based nanogap electrodes with an ultrane
linewidth of 10 nm were successfully fabricated by optimizing
the fabrication conditions.44

We also reported the L10-ordering of Co/Pt multilayer thin
lms on thermally oxidized Si (Si/SiO2) substrates by EB evap-
oration and annealing processes, which was characterized by
scanning electron microscope (SEM), grazing incidence X-ray
diffraction (GI-XRD), and vibrating sample magnetometer
(VSM).50–52 In Pt (6.6 nm)/Co (4.8 nm) bilayer thin lms, graded
lms consisting of L12-ordered CoPt3, L10-CoPt, and L12-
ordered Co3Pt were formed during interdiffusion of the bilayer
annealed at 800 �C for 30 s by RTA in a vacuum.50 Because the
interdiffusion and L10-ordering of CoPt were in progress owing
to the short annealing time of 30 s RTA process and both L12-
CoPt3 and L12-Co3Pt do not usually show large Hc, an Hc in the
graded lms was as small as 2.1 kOe.50 In [Co (1.2 nm)/Pt (1.6
nm)]4 multilayer thin lms, isolated round grains of single-
phase L10-CoPt were formed aer annealing in a vacuum at
900 �C for approximately 60 min, which exhibited an improved
Hc of 2.7 kOe due to the sufficient interdiffusion bymultilayered
structure and extended annealing time.51 Moreover, we also
showed that hydrogen annealing contributed to the enhanced
Hc of L10-CoPt.52 Aer annealing of the (Co/Pt)4 multilayer thin
lms at 800 �C for 60 min, a maximum Hc of 13.3 kOe was
obtained in L10-CoPt, which exhibited angular-outline isolated
grain structures.52

If the nanowires can be directly fabricated Si/SiO2 substrates
by rst using lithography and then L10-ordering of initially
disordered ferromagnetic lms by annealing, the etching
process can be omitted, which leads direct fabrication process
of spintronic devices on Si/SiO2 substrates. Direct fabrication of
L10-CoPt nanowires on Si/SiO2 substrates using only lithog-
raphy and subsequent annealing can be benecial for the future
integration of non-volatile spintronics with silicon-technology-
based complementally metal-oxide semiconductor (CMOS)
integrated circuits.53,54 This integration will pave the way for the
realization of CMOS-compatible multifunctional nanodevices
utilizing both the charge and spin of an electron.55–59

To achieve the fabrication of L10-CoPt nanowires on Si/SiO2

substrates, two challenges remain: the establishment of
a fabrication process for CoPt ferromagnetic nanowires with
linewidths less than a few tens of nanometers and the L10-
ordering process of CoPt nanowires on Si/SiO2 substrates. For
integrated spintronic device applications, the linewidth of
ferromagnetic nanowires is preferably as narrow as possible.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Several fabrication processes for ferromagnetic nanowires have
been reported, such as etching, electrodeposition, focused-
electron-beam-induced deposition, and li-off processes.43,60–63

L10-FePt nanowires with linewidths ranging from 2 mm to 30 nm
have been fabricated by rst depositing 10 nm-thick L10-FePt
layer on single-crystal MgO(001) substrates and then etching by
means of EBL and ion milling techniques.63 Electrodeposition
on anodized aluminum oxide templates have yielded perpen-
dicularly aligned L10-CoPt nanowires with diameters of 20–
200 nm and some of these nanowires exhibited a large Hc over
10 kOe.64–73

However, in nanostructures below a few tens of nanometers,
there is an extremely large internal stress, which is inversely
proportional to the 10 nm-scale curvature radii and propor-
tional to the surface tension, according to Young–Laplace
equation given by:74–76

DP ¼ g

�
1

R1

þ 1

R2

�
(1)

Here, DP is the pressure difference across the surface, g is the
surface tension, and R1 and R2 are the principal radii of surface
curvature.74–76 When nanowires are subjected to annealing, they
can easily transform into droplet structures by atomic surface
diffusion so as to minimize the surface free energy,77–84 which is
well-known as Plateau–Rayleigh instability.85–90 The structural
deformation by Plateau–Rayleigh instability upon annealing
limits a reproducible fabrication of nanowire structures with
linewidths below a few tens of nanometers on solid-state
substrates. In addition, the L10-ordering process of CoPt
nanowires on Si/SiO2 substrates should also be established.
However, L10-ordering of CoPt on amorphous SiO2 substrate
surfaces has been challenging because the epitaxial growth
technique or lattice-mismatch-induced strain cannot be utilized
for the growth of L10-CoPt.34 Therefore, the direct fabrication
method of position-dened L10-CoPt nanowires with narrow
linewidths and a large Hc on Si/SiO2 substrates is yet to be
reported.

In this paper, we propose a concept of “nanostructure-
induced L10-ordering” of twinned single-crystals in CoPt ferro-
magnetic nanowires with a 30 nm scale ultrane linewidth on
Si/SiO2 substrates, where the atomic interdiffusion, surface
diffusion, and extremely large internal stress at ultrasmall
10 nm scale curvature radii of the nanowires during annealing
are the driving forces for nanostructure-induced L10-ordering.
The ordering mechanism in the nanowires in this study is
different from previous studies. Nanostructure-induced L10-
ordering of CoPt ferromagnetic nanowires would be realized by
fabricating CoPt nanowires with a 30 nm scale narrow linewidth
on Si/SiO2 substrates using only lithography and utilizing
annealing. We demonstrate the proof-of-concept of
nanostructure-induced L10-ordering method for fabricating
twinned single-crystals in CoPt ferromagnetic nanowires on Si/
SiO2 substrates by a li-off process combining EBL and EB
evaporation, followed by annealing. The surface morphologies,
crystal structures, magnetic properties, and cross-sectional
proles of the nanowires are analyzed by SEM, GI-XRD, VSM,
and transmission electron microscope (TEM), respectively.
Nanoscale Adv., 2022, 4, 5270–5280 | 5271
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Fig. 2 Two-dimensional (2D) grazing incidence X-ray diffraction (GI-
XRD) pattern of (Co/Pt)6 nanowires on Si/SiO2 substrates after
annealing at 650 �C for 90min. The diffraction peaks of L10-CoPt (001,
110, 111, 200, 201, 112, 220, and 311) are indicated by red arrows. The
2D GI-XRD patterns of the nanowires after annealing at 650 �C for 30
and 60 min are shown in Fig. S2.†
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2. Results and discussion

Fig. 1 shows typical top-view SEM images of the CoPt nanowires
before and aer annealing at 650 �C for 90 min. The annealed
nanowires showed linewidths of 20–30 nm without disconnec-
tion of the nanowire structures (Fig. 1b). Linewidth perturba-
tion was also observed for the annealed nanowires (Fig. 1b).
Moreover, Fig. S1† shows the SEM images of the CoPt nanowires
aer annealing for 30 and 60 min, which also exhibited nano-
wire structures without disconnection aer annealing.

The two-dimensional (2D) GI-XRD pattern of the CoPt
nanowires aer annealing at 650 �C for 90 min is shown in
Fig. 2. The pattern was obtained by subtracting the background
signal of Si/SiO2 substrates from the pattern of the nanowires
on the substrates. From the subtracted 2D GI-XRD pattern
(Fig. 2), superlattice peaks of L10-CoPt 001 and 110 were clearly
observed, indicating the L10-ordering of the CoPt nanowires
aer annealing. The peak shapes of L10-CoPt 001 and 110 were
Debye–Scherrer rings (Fig. 2), which indicates that the c-axis of
L10-CoPt tended to be oriented perpendicular to the curved
surface of the nanowires. Moreover, the other superlattice peaks
of L10-CoPt 201 and 112 and the fundamental peaks of 111, 220,
and 311 were also clearly observed (Fig. 2). The nanostructure
induced L10-ordering of the nanowires was also conrmed aer
annealing for 30 and 60 min, as evident in the superlattice
peaks of L10-CoPt 001 and 110 with Debye–Scherrer ring shapes
(Fig. S2†). The intensity of the L10-CoPt 001 peak of the nano-
wires became stronger for longer annealing times (Fig. S2†). On
the other hand, the full-width at half maximum of L10-CoPt 001
became smaller for longer annealing times (Fig. S2†).

The intensity–2q one-dimensional (1D) GI-XRD proles of
the CoPt nanowires aer annealing at 650 �C for 90 min are
shown in Fig. 3. The 2q values for L10-CoPt 001 and 110 were
16.450� and 22.722�, respectively. Therefore, the c and a values
for the L10-CoPt nanowires were determined to be c ¼ 3.6804�A
and a ¼ 3.7799 �A, respectively, which agrees with values in the
literature.32,50–52,68,70,91

Themagnetic hysteresis loops (M–H curves) of the nanowires
aer annealing at 650 �C for 90 min are shown in Fig. 4. The Hc

of the annealed nanowires in the transversal (Hc<), longitudinal
Fig. 1 Typical top-view scanning electron microscope (SEM) images of [
before and (b) after annealing at 650 �C for 90 min. The SEM images of Co
Fig. S1.†

5272 | Nanoscale Adv., 2022, 4, 5270–5280
(Hck), and perpendicular (Hct) directions were 10.6, 10.7, and
10.8 kOe, respectively, which indicates that the nanowires
showed an identical Hc value for the three measured directions
(Fig. 4).

Fig. 5 shows the cross-sectional bright eld (BF)-TEM
images, high-angle annular dark eld (HAADF)-scanning
transmission electron microscope (STEM) images, and nano-
beam electron diffraction (NED) pattern of the CoPt nano-
wires aer annealing at 650 �C for 90 min, which were observed
from the nanowire-axis direction along the [110] zone axis. The
nanowires exhibited elliptical cross-sectional shapes with
reduced heights compared to the initial total thickness of
50.4 nm (Fig. 5a, b and d). From the NBD pattern (Fig. 5c),
Co (3.6 nm)/Pt (4.8 nm)]6 multilayer nanowires on Si/SiO2 substrates (a)
Pt nanowires after annealing at 650 �C for 30 and 60min are shown in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Intensity–2q 1D GI-XRD profiles of (Co/Pt)6 nanowires on Si/SiO2 substrates after annealing 650 �C for 90 min. Each of the experimental
peaks (black curve) of (a) L10-CoPt 001 and (b) L10-CoPt 110was analyzed by a bell-shaped function after subtracting the remaining background
signal. These theoretical curves are plotted as red dotted curves.

Fig. 4 Magnetic hysteresis loops (M–H curves) of (Co/Pt)6 nanowires
on Si/SiO2 substrates after annealing at 650 �C for 90min.M–H curves
were measured in a vacuum at room temperature (27 �C) by applying
a magnetic field in the out-of-plane direction (perpendicular; black
curves and filled circles), in-plane direction parallel to the nanowire-
axis (longitudinal; red curves and filled circles), and in-plane direction
perpendicular to the nanowire-axis (transversal; blue curves and filled
circles). Hct, Hck, and Hc< represent Hc for perpendicular, longitu-
dinal, and transversal directions, respectively.
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superlattice diffraction spots of L10-CoPt 001 and 110 (indicated
by the red circles) were observed along with the fundamental
spots (indicated by the yellow circles), which indicates L10-
ordering of the CoPt nanowires aer annealing. From the
magnied HAADF-STEM images, alternating monoatomic
layers of Co (appeared as dark spots and indicated by the light
blue dots) and Pt (appeared as bright spots and indicated by the
orange dots) were clearly observed along the [110] zone axis at
the top-edge of the nanowires (Fig. 5e) and near the nanowire–
substrate interface (Fig. 5f). The twin boundary was clearly
observed (indicated by the red dashed line in Fig. 5f). The
directions of c-axes of L10-CoPt with twin planes at the top-edge
© 2022 The Author(s). Published by the Royal Society of Chemistry
and the nanowire–substrate interface are indicated as white and
green arrows in Fig. 5e and f.

The TEM images, HAADF-STEM images, and NED pattern,
which were observed from parallel to the nanowire-axis along
the [110] zone axis, are shown in Fig. 6. From the BF-TEM image
(Fig. 6a), even though the height of L10-CoPt nanowire varied in
the range of 25–40 nm, Plateau–Rayleigh instability was well
suppressed and the nanowire structure maintained aer
annealing. The annealed nanowires consisted of a chain of
multidomain grains (Fig. 6a). The NED pattern (Fig. 6c) at the
center of the grain showed superlattice diffraction spots of L10-
CoPt 001 and 110 (indicated by the red circles) along with the
fundamental spots (indicated by the yellow circles), which
indicates nanostructure-induced L10-ordering of the CoPt
nanowires aer annealing. Furthermore, the HAADF-STEM
image (Fig. 6d) showed alternating monoatomic layers of Co
(appeared as dark spots and indicated by the light blue dots)
and Pt (appeared as bright spots and indicated by the orange
dots), where the c-axis of L10-CoPt was tilted with respect to the
substrate normal. Twins with (110) twin planes were also clearly
observed; the twin boundary is indicated by the red dashed lines
in Fig. 6d.

The experimental results obtained from SEM, GI-XRD, VSM,
NED, and TEM show the nanostructure-induced L10-ordering of
twinned single-crystals in CoPt ferromagnetic nanowires, with
a linewidth of approximately 30 nm and a large Hc over 10 kOe
on Si/SiO2 substrates by a li-off process that combines of EBL
and EB evaporation, followed by annealing.

The BF-TEM images clearly showed that the CoPt nanowires
consisted of a chain of grains (Fig. 6a). From the cross-sectional
HAADF-STEM images, L10-CoPt with alternating monoatomic
layers of Co and Pt was observed at both the top-edge and near
the nanowire–substrate interface of the nanowires from the
nanowire-axis direction (Fig. 5e and f), respectively, and was
also observed from parallel to the nanowire-axis (Fig. 6d). The
twin planes were clearly observed in Fig. 5f and 6d. Because the
NED patterns were taken at the grain slightly near the
Nanoscale Adv., 2022, 4, 5270–5280 | 5273
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Fig. 5 Cross-sectional (a) bright field (BF)-TEM image, (b) magnified BF-TEM image, (c) nano-beam electron diffraction (NED) pattern, taken at
the red circle in part (b), (d) high-angle annular dark field (HAADF)-scanning transmission electron microscope (STEM) image, and (e and f)
magnified HAADF-STEM images of part (d) [(orange square for part (e) and red square for part (f))] of (Co/Pt)6 nanowires on Si/SiO2 substrates
after annealing at 650 �C for 90 min, which were observed from the nanowire-axis direction along the [110] zone axis. In part (c), the superlattice
diffraction spots of L10-CoPt are indicated by the red arrows, whereas the fundamental spots are indicated by the yellow arrows. In parts (e) and
(f), Co and Pt atoms are indicated by the light blue and orange dots, respectively, and the directions of c-axes of L10-CoPt are shown as white and
green arrows. The twin boundary is indicated by red dashed line in part (f).
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nanowire–substrate interface (Fig. 5c) and at the center of the
grain (Fig. 6c), and the CoPt nanowires with a linewidth of
approximately 30 nm possessed not an A1@L10 core–shell but
an entirely L10-ordered structure. As the directions of c-axes of
L10-CoPt at the top-edge (white and green arrows in Fig. 5e) were
the same as those at the nanowire–substrate interface (white
and green arrows in Fig. 5f), respectively, the grain should be
composed of single-crystals with twin boundaries. Conse-
quently, “nanostructure-induced L10-ordering” of twinned
single-crystals in CoPt ferromagnetic nanowires with a 30 nm
scale ultrane linewidth on Si/SiO2 substrates were fabricated
by EBL and annealing.

Here, we discuss the mechanism for nanostructure-induced
L10-ordering of twinned single-crystals in CoPt ferromagnetic
nanowires on Si/SiO2 substrates based on (i) the atomic surface
diffusion at the top-edge of the nanowires and (ii) the extremely
large internal stress near the nanowire–substrate interface,
originating from the 10 nm-curvature of the nanowires. When
the (Co/Pt)6 multilayer nanowires were subjected to annealing,
Co and Pt atoms diffused on the nanowire surface and inter-
diffused inside the nanowires, leading to form A1-disordered
CoPt alloy nanowires. Considering the initial total thickness
5274 | Nanoscale Adv., 2022, 4, 5270–5280
(50.4 nm) and the linewidth (30 nm) of the as-fabricated (Co/Pt)6
multilayer nanowires, the initial cross-sectional aspect ratio
(height-to-linewidth) of the nanowires was approximately 1.7,
which is larger than unity. Thus, Co and Pt atoms at the top-
edge of the nanowires diffused towards the sidewall of the
nanowire surface so as to minimize the surface free energy.
Owing to the extremely large internal stress at the 10 nm-
curvature of the nanowires, the surface-diffused Co and Pt
atoms began to form L10-CoPt nuclei possessing alternating
monoatomic layers of Co and Pt, where the c-axis of L10-CoPt
tended to be oriented normal direction to the curved nanowire
surface, which is supported by the HAADF-STEM images (Fig. 5e
and 6d). As the nanostructure-induced L10-ordering proceeded,
the L10-ordering initiated at the nanowire surface progressed
both laterally along the curved nanowire surface and towards
the core of the nanowires. On the other hand, near the nano-
wire–substrate interface, extremely large internal stress is also
generated perpendicular to the side of the nanowires (trans-
verse direction with respect to the substrate normal), which is
inversely proportional to the 10 nm-scale curvature radii and
proportional to the surface tension, according to the Young–
Laplace equation (eqn (1)). As a result, driving forces for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cross-sectional (a) BF-TEM image, (b) magnified BF-TEM image, (c) NED pattern, taken at the red circle in part (b), and (d) HAADF-STEM
image of (Co/Pt)6 nanowires on Si/SiO2 substrates after annealing at 650 �C for 90 min, which were observed from parallel to the nanowire-axis
along the [110] zone axis. In part (c), the superlattice diffraction spots of L10-CoPt are indicated by the red arrows, whereas the fundamental spots
are indicated by the yellow arrows. In part (d), Co and Pt atoms are indicated by the light blue and orange dots, respectively. The twin boundaries
are indicated by red dashed lines in part (d).
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nanostructure-induced L10-ordering should be the atomic
surface diffusion and extremely large internal stress, which lead
the elliptical cross-sectional shapes of the nanowires with
reduced heights in the BF-TEM images (Fig. 5a and b and 6a).
Owing to these driving forces of atomic surface diffusion and
extremely large internal stress, the L10-CoPt nuclei grow at the
surface and toward the core of the grains in nanowires. The
perturbation of the linewidth of the annealed CoPt nanowires
was observed from the SEM image (Fig. 1b), which also supports
the proposed driving forces for nanostructure-induced L10-
ordering of twinned single-crystals in CoPt ferromagnetic
nanowires.

Within the L10-CoPt grains, twin planes tended to be
observed in the HAADF-STEM images (Fig. 5f and 6d). As the
nanostructure-induced L10-ordering proceeded, L10-ordered
CoPt grains impinged on the neighboring ones, leading to
produce L10-ordered single-crystal grains with twin planes.
Finally, the CoPt grains were entirely L10-ordered and the
nanowires consisted of a chain of L10-ordered twinned single-
crystals.

As the c-axis orientation of L10-ordered CoPt single-crystal
grains differed between the grains, the superlattice peaks of
L10-CoPt 001 and 110 exhibited Debye–Scherrer ring shapes in
© 2022 The Author(s). Published by the Royal Society of Chemistry
the 2D GI-XRD pattern (Fig. 2), which indicates that the c-axis of
L10-CoPt was randomly tilted with respect to the substrate
normal.

Nanostructure-induced L10-ordered CoPt ferromagnetic
nanowires showed an identical Hc value of 10 kOe for the
perpendicular, longitudinal, and transversal directions in the
VSM results (Fig. 4). The direction of easy-axis of magnetization
of nanowire structures tends to align along the wire-axis due to
shape anisotropy.92 The identical Hc value for the three
measured directions of the CoPt nanowires in this study should
be attributed to the different directions of easy-axis of magne-
tization in L10-ordered CoPt ferromagnetic twinned single-
crystals.93,94

From the M–H curves in Fig. 4, a magnetic anisotropy eld
for the longitudinal direction (red curve) was larger than that for
transversal (blue curve) and perpendicular (black curve) direc-
tions. Because the nanowires consisted of a chain of L10-
ordered CoPt ferromagnetic twinned single-crystals, these
grains had different directions of easy-axis of magnetization. As
a result, the magnetic moment tended to be uctuated by the
neighboring grains, which leads to the larger anisotropy eld
for the longitudinal direction.
Nanoscale Adv., 2022, 4, 5270–5280 | 5275
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The nanostructure-induced L10-ordering of CoPt nanowires
was conrmed at an annealing temperature of 650 �C, where the
ordering temperature was lower than that for CoPt lms with
a large Hc over 10 kOe in our previous study (800 �C).52 The
decrease in the nanostructure-induced L10-ordering tempera-
ture was attributed to the melting point depression owing to the
nanoscale structures,95–106 which leads to nanostructure-
induced L10-ordering of CoPt nanowires at lower ordering
temperatures compared to that of the thin lm structures.

The annealing temperature of 650 �C should be slightly
higher than the process temperatures of Si technology.
However, if the nanostructure-induced L10-ordering process
will be introduced at rst and followed usual Si technology
processes, the nanostructure-induced L10-ordering process
could be used.

As mentioned in the Introduction part, L10-ordered ferro-
magnetic nanowires have been typically fabricated by means of
etching and electrodeposition.43,60–73 However, the fabrication
method of our nanostructure-induced L10-ordered ferromag-
netic nanowires is different from those of the nanowires in the
literature: compared to the nanowires fabricated by etching,63

our nanowires do not require any etching process, which makes
the fabrication process for spintronic devices less complicated.
In addition, nanostructure-induced L10-ordering method could
prepare L10-ordered ferromagnetic nanowires directly on Si/
SiO2 substrates without single-crystal substrates such as MgO.
The electrodeposited nanowires also require anodized
aluminum oxide templates, and tends to anneal higher
temperature of 700–800 �C to obtain L10-ordered phase with
high Hc.64–73 Consequently, the nanostructure-induced L10-
ordering method and the fabricated ferromagnetic nanowires
have many advantageous towards future spintronic device
application.

The ordering mechanism in nanostructured CoPt and FePt
has been studied theoretically and experimentally in terms of
free surface, surface segregation, surface diffusion, defect, size,
and shape.107–128 For example, L10-ordering has been found to
proceed more quickly at the free surfaces than at the core of the
nanostructures.120,124 Surface segregation of Pt has been found
to regulate the stoichiometry of the inner layers below the top
surface, leading to affect the atomic ordering of the core of the
nanostructures.112,121 However, most of these studies have
focused on the nanoparticles rather than nanowires on solid-
state substrates. Thus, our experimental demonstration and
proposed mechanism for nanostructure-induced L10-ordering
of CoPt ferromagnetic nanowires on Si/SiO2 substrates at the 10
nm-curvature of the nanowires would give an alternative insight
into the nanoscale ordering behaviors.

Consequently, we demonstrated the nanostructure-induced
L10-ordering method for fabricating twinned single-crystals in
CoPt ferromagnetic nanowires with a linewidth of approxi-
mately 30 nm on Si/SiO2 substrates by a li-off process
combining EBL and EB evaporation, followed by annealing,
which exhibited a large Hc over 10 kOe. The realization of the
CoPt ferromagnetic nanowires through nanostructure-induced
L10-ordering would provide an alternative method for
manufacturing nanoscale spintronic devices on Si/SiO2
5276 | Nanoscale Adv., 2022, 4, 5270–5280
substrates. The nanostructure-induced L10-ordering would also
offer another L10-ordering route of nanoscale ferromagnetic
alloys. The concept of nanostructure-induced L10-ordering
could also be applied to other L10-ordered ferromagnetic
materials, such as FePt,30,32 FePd,129 CoPd,130 and precious-
metal-free FeNi131 and FeCo.132–134 Furthermore, our approach
could be applied to other types of materials, leading to emer-
gence of material properties different form their bulk ones,
which is driven by the nanostructure itself. This will potentially
open up a research eld on “nanostructure-induced materials
science and engineering”.

3. Conclusions

We demonstrated nanostructure-induced L10-ordering method
for fabricating twinned single-crystals in CoPt ferromagnetic
nanowires with a 30 nm scale ultrane linewidth on Si/SiO2

substrates. The ultrasmall 10 nm scale curvature of the nano-
wires induced L10-ordering, wherein the driving forces were the
atomic interdiffusion, surface diffusion, and extremely large
internal stress during annealing. (Co/Pt)6 multilayer nanowires
were fabricated on Si/SiO2 substrates by a li-off process
combining EBL and EB evaporation, followed by annealing at
650 �C for 90 min under a hydrogen atmosphere. The
nanostructure-induced L10-ordering of CoPt ferromagnetic
nanowires was conrmed by the experimental results obtained
from SEM, GI-XRD, VSM, and TEM. The nanostructure-induced
L10-ordered CoPt ferromagnetic nanowires showed a linewidth
of approximately 30 nm, exhibiting an identical large Hc of 10
kOe for the perpendicular, longitudinal, and transversal direc-
tions. The identical Hc value for the three measured directions
of the CoPt nanowires corresponded to the different directions
of easy-axis of magnetization in L10-ordered CoPt ferromagnetic
twinned single-crystals, as evident in the superlattice peaks of
L10-CoPt 001 and 110 with Debye–Scherrer ring shapes. The
cross-sectional STEM images observed from the nanowire-axis
direction and parallel to the nanowire-axis and the NED
patterns revealed L10-ordered CoPt single-crystals with twin
planes. Furthermore, we discussed the mechanism for
nanostructure-induced L10-ordering of CoPt ferromagnetic
nanowires on Si/SiO2 substrates based on (i) the atomic surface
diffusion at the top-edge of the nanowires and (ii) the extremely
large internal stress near the nanowire–substrate interface,
originating from the 10 nm-curvature of the nanowires. Our
proof-of-concept demonstration of nanostructure-induced L10-
ordering of twinned single-crystals in CoPt ferromagnetic
nanowires on Si/SiO2 substrates would be signicant for real-
izing silicon-technology-based CMOS-compatible non-volatile
spintronic nanodevices in the future.

4. Experimental section
4.1. Fabrication

CoPt ferromagnetic nanowires were fabricated by a li-off
process combining EBL and EB evaporation. An EB resist
(ZEP520A, Zeon) diluted with anisole (ZEP-A, Zeon) was coated
on cleaned Si(100) (525 mm)/SiO2 (50 nm) substrates by a spin
© 2022 The Author(s). Published by the Royal Society of Chemistry
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coater, followed by pre-baking on a hot plate. The nanowire
structures with an interval of �100 nm were patterned on the
resist-coated substrates by an EBL apparatus (ELS-7500EX, Eli-
onix) with dimensions of approximately 5 mm � 3 mm. Then,
[Co (3.6 nm)/Pt (4.8 nm)]6 multilayer was deposited on the
developed samples by EB evaporation. The deposited samples
were then lied-off. The fabricated (Co/Pt)6 nanowires were
subsequently annealed at 650 �C for 30–90 min under a owing
Ar/H2 (3%) mixed gas atmosphere using an RTA apparatus
(MILA-5000UHV, Advance Riko).
4.2. Characterization

The surface morphologies of the nanowires were observed
using an SEM (SU8000 and Regulus8230, Hitachi High-Tech).
The crystal structures of the nanowires were characterized by
GI-XRD method using the synchrotron radiation at the BL-8B
line of the Photon Factory, High Energy Accelerator Research
Organization (KEK), Japan.50–52 The measurements were per-
formed using an X-ray diffractometer (R-Axis, Rigaku). A
monochromic synchrotron X-ray beam at a wavelength of
1.05303 Å was irradiated onto the sample with grazing inci-
dence angles. During the exposure, the sample was oscillated
with 1.2�–3.2� range. The 2D GI-XRD patterns were collected by
a curved imaging plate. To eliminate the background signal
from the substrates, 2D GI-XRD patterns for the substrates
were also measured with the same measurement geometry as
that for the nanowires. To quantitatively evaluate the diffrac-
tion peaks derived from L10-CoPt, the intensity–2q 1D GI-XRD
proles of the nanowires were obtained from the 2D GI-XRD
patterns using instrument soware (Display, Rigaku). Each
of the experimental superlattice peaks of L10-CoPt was
analyzed with a bell-shaped function aer subtracting the
remaining background signal.52 The lattice parameters (c and
a) for L10-CoPt were obtained from the superlattice peaks of
L10-CoPt 001 and 110, respectively. The diffraction peaks were
assigned using the powder diffraction le (PDF) card (CoPt: 03-
065-8969) and ref. 135. A superconducting quantum interfer-
ence device VSM (MPMS3, Quantum Design) was used to
measure M–H curves of the nanowires. Three M–H curves were
measured by applying a maximum external magnetic eld of
70 kOe in the following directions: out-of-plane direction
(perpendicular), in-plane direction parallel to the nanowire-
axis (longitudinal), and in-plane direction perpendicular to
the nanowire-axis (transversal). The M–H curves were
measured in a vacuum at room temperature (27 �C). Aer the
characterization by SEM, GI-XRD, and VSM, TEM samples
were prepared by a focused ion beam. Cross-sectional BF-TEM
images, HAADF-STEM images, and NED patterns of the
nanowires were observed and analyzed by a TEM (JEM-
ARM200F “NEOARM”, JEOL), which were taken from both
the nanowire-axis direction and parallel to the nanowire-axis
along the [110] zone axis.
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U. Gösele, Phys. Rev. Lett., 2002, 98, 027201.

21 C. Liu, J. Chen, T. Liu, F. Heimbach, H. Yu, Y. Xiao, J. Hu,
M. Liu, H. Chang, T. Stueckier, S. Tu, Y. Zhang, Y. Zhang,
P. Gao, Z. Liao, D. Yu, K. Xia, N. Lei, W. Zhao and M. Wu,
Nat. Commun., 2018, 9, 738.

22 Y. Yamane, J. Ieda and S. Maekawa, Appl. Phys. Lett., 2012,
100, 162401.

23 M. Hayashi, J. Ieda, Y. Yamane, J. Ohe, Y. K. Takahashi,
S. Mitani and S. Maekawa, Phys. Rev. Lett., 2012, 108,
147202.

24 A. Mukhtar, K. Wu, X. Cao and L. Gu, Nanotechnology, 2020,
31, 433001.

25 M. Tanase, E. J. Felton, D. S. Gray, A. Hultgren, C. S. Chen
and D. H. Reich, Lab Chip, 2005, 5, 598–605.

26 D. Weller and A. Moser, IEEE Trans. Magn., 1999, 35, 4423–
4439.

27 D. Weller, A. Moser, L. Folks, M. E. Best, W. Lee,
M. F. Toney, M. Schwickert, J.-U. Thiele and
M. F. Doerner, IEEE Trans. Magn., 2000, 36, 10–15.

28 S. H. Liou, Y. Liu, S. S. Malhotra, M. Yu and D. J. Sellmyer, J.
Appl. Phys., 1996, 79, 5060–5062.

29 S. H. Liou, S. Huang, E. Klimek, R. D. Kirby and Y. D. Yao, J.
Appl. Phys., 1999, 85, 4334–4336.

30 R. A. Ristau, K. Barmak, L. H. Lewis, K. R. Coffey and
J. K. Howard, J. Appl. Phys., 1999, 86, 4527–4533.

31 P. Andreazza, V. Pierron-Bohnes, F. Tournus, C. Andreazza-
Vignolle and V. Dupuis, Surf. Sci. Rep., 2015, 70, 188–258.

32 K. Barmak, J. Kim, L. H. Lewis, K. R. Coffey, M. F. Toney,
A. J. Kellock and J.-U. Thiele, J. Appl. Phys., 2005, 98, 033904.

33 R. K. Rakshit, S. K. Bose, R. Sharma, R. C. Budhani,
T. Vijaykumar, S. J. Neena and G. U. Kulkarni, J. Appl.
Phys., 2008, 103, 023915.

34 H. Zeng, M. L. Yan, N. Powers and D. J. Sellmyer, Appl. Phys.
Lett., 2002, 80, 2350–2352.

35 S. C. Chen, S. P. Chen and P. C. Kuo, Thin Solid Films, 2009,
517, 5176–5180.

36 T. Narisawa, T. Hasegawa, S. Ishio and H. Yamane, J. Appl.
Phys., 2011, 109, 033918.

37 S. N. Hsiao, S. H. Liu, S. K. Chen, T. S. Chin and H. Y. Lee,
Appl. Phys. Lett., 2012, 100, 261909.

38 L.-W. Wang, W.-C. Shih, Y.-C. Wu and C.-H. Lai, Appl. Phys.
Lett., 2012, 101, 252403.

39 M. Mizuguchi, T. Sakurada, T. Y. Tashiro, K. Sato,
T. J. Konno and K. Takanashi, APL Mater., 2013, 1, 032117.

40 T. Tashiro, M. Mizuguchi, T. Kojima, T. Koganezawa,
M. Kotsugi, T. Ohtsuki, K. Sato, T. Konno and
K. Takanashi, J. Alloys Compd., 2018, 750, 164–170.

41 M. L. Yan, N. Powers and D. J. Sellmyer, J. Appl. Phys., 2003,
93, 8292–8294.

42 J.-Y. Chiou, H. W. Chang, C.-C. Chi, C.-H. Hsiao and
C. Ouyang, ACS Appl. Nano Mater., 2019, 2, 5663–5673.

43 J. W. Lau and J. M. Shaw, J. Phys. D: Appl. Phys., 2011, 44,
303001.
5278 | Nanoscale Adv., 2022, 4, 5270–5280
44 Y. Y. Choi, T. Teranishi and Y. Majima, Appl. Phys. Express,
2019, 12, 025002.

45 Y. Y. Choi, A. Kwon and Y. Majima, Appl. Phys. Express,
2019, 12, 125003.

46 S. J. Lee, J. Kim, T. Tsuda, R. Takano, R. Shintani, K. Nozaki
and Y. Majima, Appl. Phys. Express, 2019, 12, 125007.

47 M. Yang, R. Toyama, P. T. Tue and Y. Majima, Appl. Phys.
Express, 2020, 13, 015006.

48 P. T. Tue, T. Tosa and Y. Majima, Sens. Actuators, B, 2021,
343, 130098.

49 P.-C. Yeh, G. Ohkatsu, R. Toyama, P. T. Tue, K. K. Ostrikov,
Y. Majima and W.-H. Chiang, Nanotechnology, 2021, 32,
50LT01.

50 R. Toyama, S. Kawachi, S. Iimura, J. Yamaura, Y. Murakami,
H. Hosono and Y. Majima, Mater. Res. Express, 2020, 7,
066101.

51 R. Toyama, S. Kawachi, J. Yamaura, Y. Murakami,
H. Hosono and Y. Majima, Jpn. J. Appl. Phys., 2020, 59,
075504.

52 R. Toyama, S. Kawachi, J. Yamaura, Y. Murakami,
H. Hosono and Y. Majima, Jpn. J. Appl. Phys., 2022, 61,
065002.

53 A. Makarov, T. Windbacher, V. Sverdlov and S. Selberherr,
Semicond. Sci. Technol., 2016, 31, 113006.

54 J. Ender, S. Fiorentini, R. L. D. Orio, W. Goes, V. Sverdlov
and S. Selberherr, IEEE J. Electron Devices Soc., 2021, 9,
456–463.

55 K. Yakushiji, S. Mitani, F. Ernult, K. Takanashi and
H. Fujimori, Phys. Rep., 2007, 451, 1–35.

56 P. Seneor, A. Bernand-Mantel and F. Petroff, J. Phys.:
Condens. Matter, 2007, 19, 165222.
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