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netic domain.

We investigated the ferromagnetic properties of Y3Fes01, (yttrium iron garnet; YIG) nanowires deposited
on a highly ordered pyrolytic graphite (HOPG) substrate. YIG nanowires with a diameter around 70 nm
were formed on the edges of terraces of the HOPG substrate using the step-edge decoration technique
and pulsed laser deposition of the YIG. The magnetic field of the YIG nanowires was investigated; a fer-
romagnetic hysteresis loop was observed in the direction parallel to the nanowires, whereas anti-
ferromagnetic hysteresis loops were observed perpendicular to the nanowire growth direction. Vertical
and lateral magnetic force microscopy images of the ferromagnetic YIG nanowires revealed that the mag-
netization directions of the nanowires were parallel to the nanowires, which showed a single ferromag-

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nanowires have been widely researched as one dimensional
(1D) materials as they have physical properties different from
those of three dimensional (3D) materials [1-5]. Various materials
can be formed as nanowires, including metals, semiconductors,
and magnetic materials, and they exhibit physical properties
unique to their 1D morphology [1-5]. Metal nanowires such as
copper nanowires with a diameter less than 40 nm showed electri-
cal conductivity values much lower than those of the bulk materi-
als because the mean free path of the metal nanowires is shorter
than that in the bulk material [6,7]. Semiconductor nanowires such
as Si and Ge nanowires exhibited quantized conductivities due to
their low electron density and low effective mass [8,9]. Magnetic
nanowires such as Fe nanowires showed the anisotropic magnetic
domain parallel to the nanowires [10,11]. Similarly, magnetic
nanorods showed the anisotropic magnetic domain parallel to
the nanorods [12,13]. In particular, ferromagnetic nanorods arrays
are currently used for the application of high density hard disk
media [14].

In general, self-assembly processes for the fabrication of nano-
wire or nanorod arrays have used a nanotemplate-based nanowire
fabrication process using anodic aluminum oxide templates and
step-edge decoration using single crystal substrates with a ter-
raced surface [15-18]. This nanotemplate-based nanowire fabrica-
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tion process produces vertical nanowire or nanorod array [15-18],
whereas step-edge decoration makes it possible to form horizontal
nanowires or nanorods with much higher aspect ratios than those
of the nanowires or nanorods fabricated using the nanotemplate-
based nanowire fabrication process [15-18].

In this study, we fabricated YsFesO;; (yttrium iron garnet; YIG)
nanowires on highly ordered pyrolytic graphite (HOPG) substrates
using step-edge decoration. We measured magnetic hysteresis
loops of the horizontal YIG nanowires for the magnetic fields par-
allel and perpendicular to the nanowires. We further observed lat-
eral magnetic force microscopy (LMFM) and vertical MFM (VMFM)
images of the YIG nanowires.

2. Experimental procedures

Ferromagnetic YIG nanowires were deposited on the terraced
surface of a HOPG using an eclipse PLD method incorporated with
a step-edge decoration technique. Here, a 1 in. YIG target was used
for laser ablation. A frequency-tripled Nd:YAG laser (355 nm) was
used for the deposition with a distance of 5 cm between the target
and substrate and a laser power of 2 JJcm?. When the base pressure
was below 5 x 1077 Torr, we started to deposit YIG nanowires at a
temperature of 850°C with an oxygen partial pressure of
100 mTorr. The repetition rate of the pulsed laser was 2 Hz and a
shadow mask technique was used to block the direct YIG plume.
Note that we could optimize the target-to-substrate distance and
the oxygen partial pressure by monitoring the shape and dimen-
sions of the YIG plume during the laser ablation process.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2017.08.020&domain=pdf
http://dx.doi.org/10.1016/j.jmmm.2017.08.020
mailto:seking2000@hanmail.net
mailto:jyson@khu.ac.kr
http://dx.doi.org/10.1016/j.jmmm.2017.08.020
http://www.sciencedirect.com/science/journal/03048853
http://www.elsevier.com/locate/jmmm

H. Wook Shin, J. Yeog Son/Journal of Magnetism and Magnetic Materials 444 (2017) 102-105 103

Vertical MFM Lateral MFM

MFM tip MFM tip

/W =

O -2

(@) [ 48, (b)
+H -

—

Y;Fe50,, nanowire

Fig. 1. Schematic of (a) vertical vibrating MFM and (b) lateral vibrating MFM used
here to characterize the magnetization directions of the YIG nanowires. The
magnetization direction of the MFM tip was controlled by an external magnetic
field of about 0.5 T. The short and long arrows indicate the magnetization and
oscillation directions of the MFM tips, respectively.
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Fig. 2. (a) AFM image of the surface of a HOPG substrate where three step-edges of
a terrace are clearly observed. (b) AFM image of three YIG nanowires on the three
step-edges of the terrace in (a).
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The interaction between the magnetization of the MFM tip for
the VMFM and LMFM analyses is shown schematically in Fig. 1.
When the magnetization of the MFM tip was parallel to the mag-
netic field of the YIG nanowires, the MFM tip experienced an
attractive force, while for anti-parallel magnetization of the YIG
nanowires, the MFM tip experienced a repulsive force. However,
there was no force applied to the MFM tip when the magnetization
of the tip was vertical to that of the YIG nanowires. Thus, the
VMEFM tip could not measure the magnetic force between the
VMFM tip and the YIG nanowires, while this was possible using
the LMFM tip. To observe the magnetic domain of the YIG nano-
wires, we measured the phase shift of the MFM tip obtained from
the vibration of the tip in the non-contact atomic force microscopy
(AFM) mode as the magnetic force measured by the MFM tip is
very small. The attractive and repulsive forces between the VMFM
tip and the YIG nanowires corresponded to the in-phase (bright)
and out-of-phase (dark) images of the MFM data, respectively.

3. Results and discussion

Fig. 2(a) shows an AFM image of the HOPG substrate before the
deposition of the YIG nanowires. All the step-edges of the terraces
on the HOPG substrate showed clear contrast differences. Exposing
the substrate to a pulsed laser 620 times resulted in the formation
of well-aligned conformal YIG nanowires with a diameter of
70 + 5.3 nm and thickness of 42 nm. Fig. 2(b) shows an AFM image
of lateral YIG nanowires grown on each edge of a terrace on the
HOPG substrate wherein the nanowires were several tens of pm
long with uniform diameters. It should be noted that only YIG
nanowires were formed during the fabrication processes, without
any appendices such as nanoparticles or nanodots.

To investigate the crystal structure, we obtained the X-ray
diffraction (XRD) pattern of the YIG nanowires on the HOPG sub-
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Fig. 3. (a) XRD pattern of the YIG nanowire on the HOPG substrate. (b) Hysteresis loop of the magnetization of the YIG nanowire sample perpendicular and parallel to an
external magnetic field H at T =300 K. (c¢) Magnetization of the YIG nanowire as a function of temperature at H = 500 eO.
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