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ABSTRACT

One dimensional (1D) magnetic nanowires show unique magnetic behaviors, such as large coercivity and
high remanence, in comparison to the bulk and thin film materials. Here, planar arrays of Co nanowires,
nanorods and nanoparticles were fabricated from thin Co films by a nanosecond pulsed laser interference
irradiation technique. Magnetic force microscopy (MFM) and surface magneto-optic Kerr effect (SMOKE)
techniques were used to study the individual and average magnetic properties of the nanostructures.
Magnetic domain orientation was found to depend on the in-plane aspect ratio of the nanostructure. The
magnetic orientation was out-of-plane for in-plane aspect ratio ranging from 1 to 1.4 and transitioned to
an in-plane orientation for aspect ratios greater than 1.4 (such as in nanorods and nanowires). Our results
also showed that polycrystalline Co nanowires showed much higher coercivity and remanence as
compared to bulk and thin film materials, as well as shapes with smaller aspect ratio. This result was
attributed mainly to the shape anisotropy. This study demonstrated that nanosecond pulsed laser
synthesis is capable of fabricating various nanostructures in a simple, robust and rapid manner and

Pulsed laser synthesis

SMOKE is a reliable technique to rapidly characterize such magnetic nanostructures.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic properties show important changes from bulk beha-
vior when the sample dimension is reduced to length scales
comparable with the magnetic domain wall width or exchange
length. Most common examples are multiple- to single-domain
behavior and changes in switching modes with the external
magnetic field. In addition to the size, other factors, such as shape,
crystalline state (single vs. polycrystal), and strain, become in-
creasingly important for their magnetic properties. Both scientific
curiosity and potential applications continue to drive interest in
this field. The choice of materials in a variety of applications, such
as perpendicular or longitudinal high density magnetic storage [1],
non-volatile and high speed magnetic memories (MRAM) [2,3],
opto-electronics [4] and biological applications [5-8] require
magnetization to be in a preferred direction (in-plane or out-of-
plane). In contrast to bulk materials, where intrinsic properties
such as crystalline anisotropy controls the magnetization
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direction, extrinsic effects (shape anisotropy, strain) play much
more important roles in determining the magnetization direction
of nanomaterials. To exploit these extrinsic effects, a significant
amount of research has been devoted to magnetic nanowires and
magnetic nanoparticles [9,10]. For instance, a magnetic nanowire
with width comparable to the domain wall shows large coercivity,
large anisotropy and high remanence due to the shape and the
magnetocrystalline anisotropy [11].

Another approach towards controlling the magnetic behavior is
to utilize non-equilibrium processing techniques that can result in
quenching in crystal structures and/or novel shapes. One general
approach is to utilize pulsed energetic beams which can deliver
large amounts of energy in short durations, such as ion or pulsed
laser beams. As shown recently, nanosecond pulsed laser liquid
state processing [12,13] produces different magnetic behavior
within nanoparticles as compared to solid state thermal annealing
[14]. Specifically, synthesis of hemispherical ferromagnetic metal
nanoparticles by pulsed laser dewetting produces single domain
nanoparticles with preferred orientations due to a combination of
their granular nature and residual thermal strain from the fast
laser processing [12,13]. However, to the best of our knowledge,
study of the ensuing magnetic behavior in the same metal/alloy
system as the nanostructure evolves continuously from long
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Fig. 1. SEM images of Co arrays of (a) grooved wire, (b) single wire, (c) rods/particles and (d) nanoparticles, respectively. (Co metal and SiO, substrate regions correspond to
the bright and dark contrasts, respectively). The as-deposited film prior to laser irradiation showed a uniform and featureless morphology and is not shown here.

nanowires to isolated nanoparticles has not been reported. Such a
study would help to quantify the changing magnetic behavior with
shape, especially the in-plane aspect ratio AR, defined here as the
ratio of the length to width of the nanowires measured along the
substrate plane. We present here results from such an investiga-
tion on Co nanostructures using the surface magneto-optic Kerr
effect (SMOKE) [15] and magnetic force microscopy (MFM) tech-
niques. The former was used for average magnetic properties and
the latter for the individual nanostructures. Arrays of Co nanos-
tructures of various in-plane aspect ratios were prepared by ap-
plying repeated high-intensity pulsed nanosecond laser inter-
ference patterns on ultra-thin films. The molten films evolved
continuously into long nanowires (nanostructures with lengths
orders of magnitude larger than other dimensions), followed by
nanorods (lengths larger than the width), and finally into hemi-
spherical nanoparticles with increasing number of pulses [16].

The magnetic remanence, coercivity, and domain behavior
studied by SMOKE and MFM techniques of the various Co nanos-
tructures (nanowires, nanorods and nanoparticles) suggest that
the aspect ratio is the most important factor that controls their
magnetic properties.

2. Experimental details

2.1. Synthesis of 1-D nanowire arrays by two beam interference
irradiation

Co thin films of 6 nm thickness were deposited onto commer-
cially available and optically smooth 400 nm thermally grown
amorphous SiO, on Si(100) wafers by using the electron-beam
evaporation technique under ultra-high vacuum (base pressure of
1 x 10~ Torr) conditions. We have shown previously that such
substrates provide a good combination of the low surface energy
required for dewetting and transport of the metal film following
laser melting and do not show evidence for chemical reactions
with the metallic films [16,17]. The substrates were ultrasonically
cleaned with acetone and isopropanol before deposition. The film
was deposited through a periodic array of square nylon contact
masks with 280 um by 280 pm openings, spaced at a distance of
400 pm. This produced a patterned surface comprising a large
number of film islands that could be independently irradiated and
investigated, thereby increasing the efficiency of the experimental
investigations. The film thickness was calibrated by step-height
measurements with an atomic force microscope (AFM). Following
the deposition, two beam laser interference irradiation was per-
formed under ambient conditions using a 266 nm ultraviolet (UV)
laser with a 9 ns pulse duration of sufficient energy density to melt
the Co film. A 200 pm diameter laser beam with Gaussian spatial

profile and 100 mJ/cm? energy density was split into two equal
energy density beams using a 50-50 beam splitter. They were
incident perpendicular to the substrate plane at an inclusive angle
of 45.7° to produce an interference pattern with 343 nm spacing.
As shown in previous studies [16,18], the film starts rupturing with
spatially periodic structures at length scales comparable to the
interference spacing with increasing number of laser pulses, n. The
temperature transients from the ns laser pulse result in heating
and subsequent cooling rates that approach ~10'° K/s. The primary
mass transport occurs during the molten phase, which typically
lasts between 10 and 50 ns for each pulse. Therefore, the nanos-
tructure formation under laser interference can be summarized as
a result of mass transport via thermal gradient and hydrodynamic
forces and subsequent rapid quenching-in of the existing struc-
ture. In this framework, a smaller number of pulses lead to the
formation of nanowires since thermal gradient effects dominate
the early stages of mass transport, while a larger number of pulses
lead to the break-up of the nanowires via the Rayleigh instability,
yielding smaller sized features [16,17]. In the early stages of
transformation of the film, nanostructures consisting of two thin
parallel wires connected by a groove formed, which are referred to
here as “grooved wire” (GW) [Fig. 1(a)]; later, they transformed
into isolated “single-wires” [SW, see Fig. 1(b)], nanorods [Fig. 1(c)]
and finally, into nanoparticles [NP, Fig. 1(d)]. Each image corre-
sponded to a different Co film sample, but of identical thickness,
exposed to a different number of pulses. Typically, 10 pulses were
required for the formation of GW, 100 pulses for the nanowires,
500 pulses for the nanorods, and 1000 pulses for the nano-
particles. When irradiating the metal film with a two-beam in-
terference pattern, the resulting sinusoidally varying and periodic
laser intensity induces a transient and periodic thermal gradient
along the plane of the film which creates a surface tension gra-
dient. Consequently, thermocapillary (Marangoni) convection re-
sults in the formation of long, cylindrical-like, nanowires. Further
irradiation causes the Rayleigh instability of certain wavelengths,
and the nanowires break up into nanorods and nanoparticles [16].

The various nanostructure morphologies were characterized by
scanning electron microscopy (SEM, a Hitachi S4300N and a Zeiss
Merlin) and atomic force microscopy (AFM, Asylum MFP-3D). The
magnetic domain orientation of the nanostructures with respect to
the substrate was determined from the bright and dark contrast of
the magnetic force microscopy (MFM) images. The details of the
MFM measurement have been published elsewhere [13]. The
magnetic switching behavior of the nanostructure arrays were
characterized by surface magneto-optic Kerr effect (SMOKE)
technique [15] using a set-up detailed in Ref. [19]. In this system, a
monochromatic 635 nm diode laser beam (80 pm spot size) was
polarized by passing through a Glan-Thompson polarizer and then
focussed onto the sample. This laser spot size was well suited to
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probe regions containing the pulsed laser irradiated zones con-
taining the various nanostructures of interest, such as nanowires
or nanoparticles. SMOKE measurements were performed on the
samples in two different geometries, the polar geometry in which
the magnetic field was perpendicular to the substrate plane, and
longitudinal geometry in which the magnetic field was parallel to
the substrate plane. For the longitudinal geometry, the external
magnetic field was applied either parallel or perpendicular to the
wire direction in order to determine preferential magnetization
direction. The beam was incident normal to the substrate plane at
angles of 6;=72.4° for the polar and 0;=17.6° for the longitudinal
measurements.

3. Results
3.1. SEM, AFM and MFM

From the SEM images of the various structures, histograms of
the width and length were generated from three randomly se-
lected pattered areas of ~2 pmZ. In Fig. 2(a) and (b), the various
histograms represent the width and length distributions of single-
wires, nanorods and nanoparticles. From Fig. 2(a), the average
widths of the single-wires and nanorods were similar [within
11%], whereas the average width (=diameter) of nanoparticles
was ~29% larger than that of the nanowires and nanorods. From
Fig. 2(b), the average length of the single-wire was 4.5 and 22
times larger than the nanorod and nanoparticle, respectively. The
arrays of both nanowires had an average spacing of 377 + 27 nm.
The arrays of the single-wire and grooved-wire had 92 + 6 nm and
35+ 5nm (width of thin elongated part but not width of the
groove) average width, respectively. From Fig. 1(d), the average
spacing of ordered nanostructures perpendicular to the nanowire
direction was measured to be 369 + 23 nm. Also, the average
length and width of nanorods was estimated to be 357 nm and
82 4+ 8 nm [1(d)], while the average diameter of the particles was
estimated to be 132 + 24 nm [Fig. 1(e)].

The AFM height profile of Co nanostructures are shown in the
left side images of Fig. 3(a)-(d), with the corresponding MFM
images on the right side. The AFM and MFM images were obtained
simultaneously from the sample through topography and phase
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imaging. From the AFM image contrast in Fig. 3(a) from the
grooved wires, the groove-like morphology at the center of each
wire can be observed; however due to the comparable size of the
AFM tip (R=50nm) to the groove width (50 nm) and depth
(60 nm), the AFM image could not resolve the groove height
profile clearly. The MFM images showed multiple magnetic do-
mains in the single-wires, oriented parallel to the wire lengths
(alternative bright and dark regions along the wires). The single
nanowires are shown in Fig. 3(b), and the MFM contrast again
showed domains oriented parallel to the wire length. The nanor-
od/nanoparticle image in Fig. 3(c) showed some important chan-
ges as the elongated particles still showed a domain orientation
along the original nanowire length while the particles appeared to
have an out of plane orientation. This was clearly evident in the
nanoparticle sample, Fig. 3(d), which showed single domain be-
havior with the particles preferentially showing an out-of-plane
magnetic orientation that was independent of the spatially or-
dered direction.

3.2. Magnetization measurements by SMOKE

The primary goal of our SMOKE measurements was to confirm
the average magnetic properties of each of the three types of na-
nostructure arrays (nanowires, nanorods and nanoparticles). From
SMOKE, the Kerr signal vs. magnetic field H, hysteresis loop can be
generated, which in turn provides the average saturation field Hs
and coercivity Hc of the arrays over the region probed by the op-
tical beam. When this measurement is done in the polar and
longitudinal geometries, it is possible to differentiate between
ease of domain rotation along in-plane and out-of-plane orienta-
tions. For example, when the array has smaller magnetic satura-
tion field in polar geometry versus longitudinal, it would indicate
easier out-of-plane magnetization axis, such as observed by us
previously in hemispherically shaped nanoparticles prepared by
the laser melting and dewetting technique [12,13]. Similarly, a
smaller saturation field in the longitudinal geometry would in-
dicate preferred in-plane magnetization. In fact, when SMOKE
measurements are done as a function of angle, the exact orienta-
tion of the magnetic axis could, in principle, be determined.

Fig. 4(a) shows the Kerr signal generated hysteresis loops of Co
grooved wire [Fig. 1(a)] array for two different SMOKE geometries.
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Fig. 2. The nanostructure size distribution of (a) width (W) and (b) length (L) of Co single wire, nanorod and nanoparticle arrays. The average width and length of wires and
rods, and diameter of particles estimated from the histograms are W =92, L=1600 nm (single-wire), W=82 nm, L=357 nm (rods) and D=132 nm (particles), respectively.
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Fig. 3. AFM topography (left) and simultaneous MFM phase contrast (right) images from Co (a) grooved wire, (b) single wire, (c) rods/particles and (d) nanoparticles,

respectively.

The red lines represent data for the magnetic field applied in-
plane, parallel to the wire direction (longitudinal geometry, I') and
the blue lines for the perpendicular direction (longitudinal geo-
metry, L'). Coercivity values in the LI and L' geometries were
H!'=10000e and H}=4320e, and the saturation fields were
H! =21 and H} > 3 kOe, respectively. The larger coercivity and
smaller saturation fields for [! compared to [ indicated that the
magnetization of Co grooved wire arrays were preferentially or-
iented along the in-plane wire axis. This was consistent with the
MFM images of individual nanowires [Fig. 3(a)] and with previous
studies [20-22].

Fig. 4(b) shows hysteresis loops of ordered Co nanoparticle
arrays for the two longitudinal geometries, LI and L. The inset plot
compares the hysteresis loop for the polar geometry with the LI
and [! orientations. Coercivity values in the II and [* were neg-
ligible, and saturation fields were Hl = 4.2 kOe and H = 4.1 kOe,
respectively. Almost identical hysteresis loops in the LI and L*
geometries suggested that the nanoparticle array no longer has
the shape anisotropy along the sample plane due to the hemi-
spherical shapes. Moreover, much higher saturation fields than the
grooved wires in both in-plane fields indicated that the easy-axis
was not in the substrate plane. Although the hysteresis loop in the
polar geometry (inset) also looked similar (small coercivity), it was
different from the longitudinal geometry in one important aspect;
the Kerr signals were much stronger in the polar geometry com-
pared to the longitudinal ones. These results indicate that the
average magnetization direction of the nanoparticles are out-of-
plane, probably at some angle with the substrate plane, which is
consistent with the MFM results.

Fig. 5(a) shows hysteresis loops of each nanostructure array
including the grooved-wire, single-wire and rods/particles in the L!
geometry. The hysteresis loops indicated that the coercivity
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decreased when going from wires to rods, or as the aspect ratio
decreased. The grooved wire (H! = 1000 Oe), which has a different
shape and geometry compared to the single-wire, had higher
coercivity than the single-wire ( H! = 670 Oe). Also, the single-
wire, which has a larger aspect ratio than the rod, had higher
coercivity than the rod ( H!=3400e). Fig. 5(b) compares the
hysteresis loops of the grooved wire, rods/particles and nano-
particle arrays in the polar geometry. It indicated that for any
applied field, the Kerr signal from the particles was stronger than
the nanowires. However, for these polar measurements, magnetic
fields much stronger than 6 kOe (beyond that available to us
during these measurements) were required for saturation and
therefore, it was not possible to determine the saturation fields for
the three different nanostructures probed in Fig. 5(b).

4. Discussion

From the AFM and MFM images, the role of the AR of a na-
nostructure in relation to its corresponding magnetic domain type
and magnetization orientation could be compared. In Fig. 6, the
histogram represents the AR distribution of nanostructures with
its magnetic domain and magnetization orientation. First, the
histogram indicated that the single domain nanostructures exists
in the range of AR < 3 while multi-domain was found for AR > 3.
Second, the histogram showed the locations of out-of-plane and
in-plane magnetizations. Single domain and out-of-plane magne-
tization was observed for 1 < AR < 1.4, single domain with in-
plane magnetization was observed for 1.4 < AR < 3, while multi-
domain in-plane magnetization was found for AR > 3. Earlier
studies on Co nanoparticles prepared by similar laser melting and
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Fig. 4. Magnetic hysteresis behavior in the longitudinal geometry. (a) Comparison between the hysteresis loops for the nanowire arrays in the LI (outer curve) and L* (inner
curve) geometries. (b) Comparison between the hysteresis loops for the particle arrays in the LI (curve with lower maximum Kerr signal) and L* (curve with higher
maximum Kerr signal) geometries. The inset of (b) also includes data for the polar geometry (curve with the larger Kerr signal). (For interpretation of the references to color

in this figure, the reader is referred to the web version of this paper.)
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Fig. 5. Magnetic hysteresis comparison. (a) Hysteresis from grooved wire (red outer curve), single wire (green middle curve) and rods/particles (blue inner curve), compared
in the [l geometry. (b) Hysteresis from grooved wire (red curve with lowest Kerr signal), rods/particles (purple curve with medium Kerr signal) and nanoparticles (orange
curve with highest Kerr signal), compared in the polar geometry. (For interpretation of the references to color in this figure caption, the reader is referred to the web version

of this paper.)
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Fig. 6. Histogram of the aspect ratio (AR) distribution of nanostructures along with
the nature of magnetic domain (single- vs. multi-domain) and their magnetization
orientation. The histogram indicates that the single domain and multi-domain
nanostructure exists in the range of 1 <AR < 3 and AR > 3, respectively. The AR
values corresponding to out-of-plane and in-plane magnetization, as well as multi-
domain magnetization are also shown. The vertical dashed line at AR=14
corresponds to the transition from out-of-plane to in-plane (for AR > 14)
magnetization.

dewetting technique on similar substrates (SiO, on Si(100) wafers)
showed [12,13] that the residual tensile thermal-mismatch strain
from the substrate and the negative magnetostriction coefficient of
Co causes the magnetic moment to orient out-of-plane (at some
finite angle to the substrate). Since such strains are similar for all
Co-nanostructures studied here, the difference in magnetic or-
ientations of the nanostructures must then be a result of shape
anisotropy. For structures with large aspect ratio ( AR>1, i.e. na-
nowires, nanorods), the shape anisotropy wins over strain-in-
duced anisotropy (the magnetocrystalline anisotropy is averaged
out because of random orientation of crystal grains in these
polycrystals) and the magnetic moments align along the long-axis.
At smaller AR, strain-induced anisotropy wins and the magnetic
moments of the single particles align out-of-substrate-plane.
There is a transition region for AR ~ 1.4, as shown by the thin-
dotted vertical line in Fig. 6.

To understand the relation between observed coercivity values
and aspect ratio of the nanostructures, we employed the chain of
spheres model developed by Jacobs and Bean [23,24]. We assumed
here that each nanowire and rod is made from continuous single
domain spheres, the chain of spheres, where only a point contact
occurs between the spheres and hence, the exchange force could
be treated as being discontinuous at the boundary. Therefore,
magnetization reversal was assumed to occur independently for

each particle in the chain of spheres [21,23]. The coercivity can
then be obtained from the following expression [23]:

_(~ _
Hy= ( 03)(6Kn aL,) W

where y is the dipole moment of a sphere of diameter a, and n is
the number of spheres in the nanowire or rod. The dipole moment
was defined as:

4n (a)3
=M|ZZ|E
H s( 3) 2
where M is the saturation magnetization of Co. The remaining

quantities in Eq. (1) were given as:
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where i and j are integers ranging from 1 to n.

From the histograms in Fig. 2(a) and (b), the single-wire (top
panels), nanorod (middle panels), and nanoparticle (bottom pa-
nels) had average aspect ratio of ~17.4, 4.4 and 1.1, respectively,
with aspect ratio=length/width. For the above calculation, the
number of spheres, n, was taken as equivalent to the aspect ratio.
This was justified since both the nanowire and nanorods had
comparable width (~6% difference) and hence n ~ aspect ratio. In
Fig. 7, the experimentally measured coercivity values of nanos-
tructures with respect to the aspect ratio are plotted along with
the values calculated from the model. The solid line represents the
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Fig. 7. Measured values of the in-plane coercivity of Co nanowire, nanorod, and
nanoparticle arrays (open circles) compared to the theoretical trend in coercivity
obtained by the chain-of-spheres model [23].
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best fit line of the experimental data points with respect to the
aspect ratio based on the model. The trend of the experimental
data points and the model calculation were consistent with each
other, i.e. both showed an increasing coercivity with increasing
aspect ratio. In addition, the intrinsic coercivity value, Hg; (=u/a3),
could be calculated from the fitted data and yielding Hc s = 250
(Oe), which was three times smaller than the previously reported
value [23,25]. One explanation for this could be the difference in
width of our structures compared with the previous study. The
average width of our samples were approximately 85% smaller
than the width of nanowires of the previous study, and could be
the reason for this mismatch [21]. Alternately, it should be em-
phasized that magnetization reversal can also occur by a coherent
rotation [23], as compared to the incoherent case used here to
describe the macroscopic magnetization reversal. In the future, we
plan to extend this analysis to include the predictions from co-
herent rotation.

5. Conclusion

In conclusion, we successfully fabricated various nanos-
tructures of ferromagnetic Co in the form of nanowires, nanorods
and nanoparticles using the nanosecond pulsed laser synthesis
technique. The magnetic switching behavior and domain property
of the arrays were studied using SMOKE and MFM characterization
techniques. We found that magnetic domain properties depended
on the ratio of length to width, i.e. the aspect ratio. The magne-
tization direction was out-of-plane for nanostructures with aspect
ratio, 1 < AR < 1.4 and transitioned to an in-plane orientation for
aspect ratios greater than 1.4. From the hysteresis loop measure-
ments of Co nanostructure arrays using SMOKE, large in-plane
magnetic anisotropy was observed for Co nanowires along the
wire direction. On the other hand, no large in-plane magnetic
anisotropy was observed for Co nanoparticles. This result was
mainly attributed to the shape anisotropy. The relation between
the nanostructure coercivity and the aspect ratio was also evi-
denced by the chain of spheres model.
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