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Abstract. We have investigated the evolution in the magnetization reversal mechanism of lithographically
defined NigoFego nanowire arrays with varied film thicknesses. The nanowire array of width 185 nm and
spacing 35 nm were fabricated using deep ultraviolet lithography at 248 nm exposing wavelength. We
observed a cross-over from coherent rotation to curling reversal mode when the thickness to width ratio >
0.5. We have aided our understanding of the reversal process with theoretical modeling. A marked increase
in the coercive field characterized the intermediate region between coherent rotation and magnetization

curling.

PACS. 75.30.Gw Magnetic anisotropy — 75.60.Jk Magnetization reversal mechanisms — 75.75.4+a Magnetic

properties of nanostructures

1 Introduction

Recently, there has been considerable interest in the fab-
rication and study of magnetic nanostructures due to
their unique properties as compared to bulk materials.
One class of nanomagnets that has been gaining a lot
of attention is nanowires. There is growing interest in
magnetic nanowire both from a fundamental viewpoint
and because of their potential applications in magneto-
electronic devices.

There are various techniques for fabricating mag-
netic nanowires. These include electron-beam lithogra-
phy and lift-off technique [1,2], epitaxial growth on single
crystal [4] and electrodeposition on nanoporous tem-
plate [4-13]. The main problem with electron-beam lithog-
raphy is that it is very difficult to fabricate closely packed
high aspect ratio nanowire arrays due to proximity effects.
Moreover, the writing process in electron beam lithogra-
phy is serial and very slow, thus making large area fabri-
cation very difficult. Electrodeposition offers a cheap and
simple way to fabricate arrays of cylindrical nanowires.
The main limitation of electrodeposition technique is the
distribution of pore size and orientation of the nanoporous
membranes [9]. This makes the orientation and spacing of
the nanowires difficult to control. Thus, quantitative infor-
mation about the magnetic properties and the exact mag-
netization reversal process can not be readily obtained.
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In this paper, we present the magnetic properties of
closely packed nanowire arrays fabricated using deep ultra
violet (DUV) lithography and lift-off process. The advan-
tage of this fabrication technique is that it is a parallel
process and highly ordered nanowire arrays can be fabri-
cated over a very large area as compared to currently avail-
able techniques. This makes characterization of magnetic
properties using various magnetometry techniques possi-
ble. We have used this technique to fabricate 10-180 nm
thick NiggFegp nanowire arrays of width w = 185 nm and
inter-wire spacing s = 35 nm over an area of 4 x 4 mm?2.
Scanning Electron Microscope (SEM) was used to verify
the lateral dimensions of the wires. The magnetic proper-
ties of the nanowire arrays were measured using Vibrating
Sample Magnetometer (VSM). We have investigated the
thickness dependence of the magnetization reversal pro-
cess by keeping the wire dimensions fixed and varying the
thickness of NiggFeoq films deposited. We observed that
the demagnetizing field due to shape anisotropy dominates
the magnetization reversal process in NiggFeyy nanowire
arrays. Based on the field orientation dependence of the
coercivity, a cross over from coherent rotation mode dom-
inated reversal to curling mode of magnetization reversal
was observed when thickness to width, ¢/w, ratio > 0.5.

2 Experimental method

In our experiments, the NiggFesy nanowires were fabri-
cated on commercially available Si substrate. To create
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Fig. 1. SEM Micrograph showing the lateral dimensions of the
nanowire arrays.

patterns in resist, the substrate was coated with 60 nm
thick anti-reflective layer followed by a 480 nm posi-
tive DUV photoresist. Nikon lithographic scanner with
KrF excimer laser radiation was used for exposing the
resist. The wire pitch on the mask was kept at 220 nm. A
high-purity alloy source of the nominal NiggFeqy compo-
sition was used to grow permalloy film on the patterned
sample by electron beam deposition method. The film was
deposited at a rate of 0.4 A/s and the pressure during
growth was maintained at 2 x 1078 torr. Lift-off of the
deposited film was carried out in OK73 solution placed
in an ultrasonic bath. Completion of the lift-off process
was determined by the color contrast of the patterned
NiggFesg area and confirmed by inspection under SEM.
Details of the fabrication process are described in refer-
ence [14].

Figure 1 shows the SEM image of the magnetic nanos-
tructure. The wires are of width 185 nm with inter-wire
spacing of 35 nm. The nanowire arrays have uniform width
and inter-wire spacing as can be clearly observed from
the SEM micrograph. The magnetic characterization us-
ing VSM was carried out at room temperature with a
maximum applied field of +5 kOe. Angular dependent
measurements were also performed by varying the orien-
tation of the applied field relative to the nanowire easy
axis from 0° to 360° in steps of 15°.

3 Results and discussions
3.1 Shape anisotropy

In order to investigate the effect of shape anisotropy, mag-
netization loops of the nanowire arrays with magnetic field
applied parallel and perpendicular to the wire axis were
measured. Figure 2a shows the normalized M-H loops for
100 nm thick NiggFesy nanowire arrays for field orienta-
tion at # = 0° and € = 90°. The corresponding M-H loops
of a reference unpatterned sample that was deposited un-
der the same conditions as the nanowire arrays are shown
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Fig. 2. M-H loops with field applied along § = 0° and 6 = 90°
for 100 nm thick NigoFezo film (a) as nanowire array and (b)
as reference sample.

in Figure 2b. We observed that the M-H loops of the
reference film are almost the same for both field orien-
tations and displays negligible coercive field as expected.
This implies that the reference sample has negligible in-
trinsic anisotropy as compared with the shape anisotropy
of the nanowire.

When the applied field is along the wire axis (8 = 0°),
the nanowire array exhibits a rectangular hysteresis loop
with a high squareness ratio of 0.97 and an enhanced co-
ercive field of 520 Oe which is much larger than for bulk
material. For field applied perpendicular to the wire axis
(6 = 90°), a sheared M-H loop with a very small coer-
cive field, 55 Oe and squareness ratio, 0.04 is obtained. A
marked increase in the saturation field of the M-H loop is
obtained in comparison with the loops obtained for field
applied along the wire axis and the reference film. This is
attributed to the shape anisotropy being the dominant
anisotropy for the nanowire arrays, with the easy axis
along the wire axis.
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Fig. 3. Representative M-H loops of nanowire arrays of different thickness as a function of the orientation of applied field.

3.2 Thickness-dependent magnetization reversal

We investigated the effect of nanowire film thickness on
the magnetization reversal, by varying the thickness of
the film while keeping the wire width and inter-wire spac-
ing fixed. We carried out systematic angular measurement
of the magnetic properties of the nanowires for thickness
ranging from 10 nm to 180 nm. Shown in Figure 3 are
the representative hysteresis loops of nanowire as a func-
tion of film thickness (¢) and also the field orientation (6).
When the field is applied along the nanowire easy axis,
0 = 0°, we observed that the coercivity is strongly de-
pendent on the thickness of the film. In the film thick-
ness range 10 nm < ¢t < 80 nm, there is an increase in
the coercivity as the thickness is increased. However, for
t > 80 nm, the coercivity begins to decrease as thickness
is increased.

In order to further understand the trend in the coer-
civity as a function of thickness, we have extracted the
coercivity from the M-H loops for § = 0° as a function
of thickness. Shown in Figure 4, is the plot of coercivity
as a function of thickness to width (¢/w) ratio for = 0°.
The coercive field increases with ¢/w ratio first but de-

creases after reaching a peak. The peak coercivity and
corresponding ¢/w ratio are respectively 520 Oe and 0.54.
This non-monotonic thickness to width ratio, ¢/w, depen-
dence suggests that there may be a cross-over in mag-
netization switching mode as the thickness of the film is
increased.

For field applied along the hard axis 6 = 90°, we ob-
served an evolution in the hysteresis loops as the film
thickness is increased. The shape of the M-H loop changes
from sharp switching for ¢ = 10 nm to a highly sheared
loop as the film thickness is increased to t > 40 nm. The
hysteresis loop becomes more S shaped, leading to an in-
crease in saturation field for £ > 80 nm. This can be ex-
plained by the strong influence of the demagnetizing field
across the wire width. The hard axis saturation field, H
is given by [15]:

3
Hssz+§Hd (1)

where Hj, is the magnetic anisotropy constant, which is
negligible in our structures and H,y represents the average
demagnetizing field. For wire arrays, the demagnetizing
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Fig. 4. Coercivity of the nanowire as a function of thick-
ness/width ratio.

field is given by [16]:
4
Hy = 4nMs—a(r) (2)
w

where «(r)is a function of the ratio of inter-wire spac-
ing to the wire width (s/w). In the limit of (s/w) — 0,
the factor a(r) — 0; in the opposite limit of (s/w) — oo,
a(r) — 1. The first limit corresponds to a continuous film,
where the wires are in physical contact and the second
limit corresponds to isolated wires. For our wire arrays,
s = 35 nm and w = 185 nm; «(r) ~ 0.34, a constant
value. Thus, the demagnetizing field varies as t/w. As
the thickness of the nanowire increases, the demagnetizing
field across the wire increases leading to an increase in the
saturation field, consistent with our experimental results
in Figure 3.

The calculated saturation field, Hy, from equation (1),
is slightly larger than the measured field. We attribute this
difference to the dipolar interaction among the wires. For
moments aligned perpendicular to the wire axis, the total
field acting on one wire is the sum of the dipole field and
the demagnetizing field of the wire [17]:

po MsV
Hgy=Hd—-2.1— 3
9 47 $3 ®)

where V is the volume of the wire. The dipolar interaction
causes a smaller effective field along the hard-axis, which
may explain the difference in the measured and computed
values for saturation field.

3.3 Magnetization reversal modes in nanowire

The angular dependence of coercivity provides informa-
tion on the magnetization reversal mode. To better under-
stand the evolution of the magnetization reversal modes,
we extracted the values of coercive field from the hystere-
sis loops as a function of the orientation of the applied
field for different thicknesses. Shown in Figure 5 is the
variation of the coercivity (H.) with the applied field ori-
entation (6) for various film thicknesses. Generally, for all
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Fig. 5. Coercivity as a function of the field orientation with
respect to the wire axis, for thickness ranging from 10 nm
to 150 nm.
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the thickness range investigated we observed that the co-
ercivity is markedly sensitive to the orientation of the field
applied and is symmetrical about field orientation of 180°.
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Several mechanisms may be responsible for magne-
tization reversal: coherent rotation, magnetization curl-
ing, magnetization buckling or domain wall motion. For
nanowires, two modes are considered as being important;
coherent rotation [18] and curling magnetization [19-21].
It is well known that NiggFegg is a soft magnetic material
with low intrinsic magnetic anisotropy. Since all the wire
dimensions are larger than the exchange length [22], we
can expect deviations from uniform magnetization and as
a result the occurrence of domain wall nucleation at lower
fields than the curling field or anisotropy field for field
applied along the hard-axis.

For ¢ = 10 nm, maximum coercivity occurs for field
applied along the nanowire axis (6 = 0°) as shown in Fig-
ure 5a. As the field orientation (6) increases the coercivity
decreases, reaching a minimum for field applied along the
hard-axis (@ = 90°). This angular variation of coerciv-
ity is consistent with the coherent rotation reversal mode
based on the Stoner-Wolhfarth model [18]. A bell-shape
angular variation is observed as field orientation is var-
ied from € = 90° to # = 270°. As the film thickness is
increased to 40 nm, a slight departure from coherent ro-
tation is observed for field orientation of 60° and 120° as
shown in Figure 5b. We attribute this departure from co-
herent rotation as being due to the onset of curling mode
of reversal.

Shown in Figure 5c is the H. vs. 8 curve for nanowire
array with ¢ = 80 nm. A completely different field ori-
entation of the H, is observed when compared with the
coherent mode for ¢ = 10 nm. As the field orientation
increases from 0 = 0° to # = 30°, a slight decrease
in coercivity is first observed. With further increase in
field orientation, an increase in coercivity with a peak at
0 = 75° is observed. For 6 > 75° the coercivity decreases
to reach a minimum along the hard-axis (6 = 90°). This
field orientation dependence of the coercivity may be ex-
plained by a combination of coherent rotation and curl-
ing mode of magnetization reversal process. The region
where there is increase in coercivity with field orientation
(i.e 30° < @ < 75°) may be attributed to curling mode
reversal [19-21]. The coherent rotation is present for field
applied close to the easy and hard axis.

For t > 120 nm, the coercivity increases as the field ori-
entation increases with respect to the wire axis, reaching a
peak for field orientation, 8 = 75° as shown in Figures 5d
and e. Beyond this field orientation (i.e. > 75°), the co-
ercivity decreases with increasing field orientation, reach-
ing a minimum at # = 90°. The angular dependence of
coercivity could be attributed to curling mode of magne-
tization reversal process. This is in agreement with result
obtained by Han et al. [4].

To aid our understanding of the reversal process of
nanowire array with, ¢ > 120 nm, we modeled our ex-
perimental result with the theoretical model proposed in
reference [18]. For an infinite cylinder with curling mode
of reversal, the coercive field is given as [19]

M, a+a
2 /a2 + (1 +2a)cos2 0

(4)

c =
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Fig. 6. Angular variation of coercivity together with theoreti-
cal prediction, based on curling magnetization, for (a) 120 nm
and (b) 150 nm.

where a = —1.08(dp/d)?. The exchange length dy =
2v/A/Mj. A is the exchange constant. This model is valid
for cylindrical wires; however, our structures have rect-
angular geometry, which is not analytically solvable. We
fitted our experimental results with this theoretical model.
Shown in Figure 6 is a plot of the experimental data and
the theoretical prediction; the dotted line is the predicted
coercivity curve for curling mode of magnetization reversal
and the dots are the experimental points. There is a very
good agreement between the measured coercivity and the
theoretical prediction except for field orientation 8 = 90°
and 6 = 270°. For field applied along the hard axis, a
minimum is obtained as opposed to the theoretical pre-
diction of maximum coercive field. This is consistent with
the results reported by Han et al. [4], where curling mag-
netization is present for small 6§ angles and the coherent
rotation occurs at larger 6 values. Thus, for thick films,
t > 120 nm, the magnetization reversal is dominated by
the curling mode except at large 6, where coherent rota-
tion is responsible for reversal.

In general, we observed that the thickness of the
nanowire strongly influences the magnetization reversal
mode. As the thickness is increased from 10 nm to 150 nm,
there is a gradual change in the magnetization rever-
sal mode from coherent rotation mode at small film
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thicknesses to curling mode of magnetization reversal for
thicker film. A cross-over from coherent rotation to curling
dominated reversal is observed for ¢/w > 0.5.

4 Conclusions

We have investigated the reversal processes in ferromag-
netic nanowires. Our systematic studies of the effect of
the nanowire thickness show that the magnetization re-
versal mechanism is strongly influenced by thickness of
the nanowires. We observed a cross-over from coherent
dominated reversal mode to curling magnetization when
the thickness to width ratio exceeds 0.5. Moreover, our
experimental result agrees well with theoretical modeling
of magnetization reversal.
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