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ABSTRACT

We report the magnetoresistance study of an individual polycrystalline nickel nanowire at temperature T =10K. Transport
measurements have indicated a large coercive field of the nanowire, justified by the polycrystalline structure of the studied sample,
where both magnetocrystalline anisotropy of randomly oriented grains and effective uniaxial anisotropy at the grain boundaries
enhance the coercive field. Magnetization reversal studied with micromagnetic simulations occurs via the curling mode when vorti-
ces are nucleated and propagate along the nanowire, and propagation is inhibited at grain boundaries. The applicability of micro-
magnetic simulations is confirmed by a good agreement between experimental and simulated magnetoresistance curves.

Published under license by AIP Publishing. https: //doi.org/10.1063 /1.5064680

I. INTRODUCTION

Magnetic nanowires (NWs) are of great interest nowa-
days due to the progress in nanofabrication and a trend for
miniaturization of electronic components. Ferromagnetic NWs
exhibit unique magnetic properties that are very different from
those of bulk ferromagnetic materials, thin films, and spherical
particles. In addition, these properties can be tuned in wide
ranges adjusting fabrication parameters of NWs."” Their possi-
ble applications are magnetic memory,™* logic devices,” and
signal processing devices" to flexible electronics’ and acous-
tic sensors.” The application of the ferromagnetic nanowires
has been boosted recently for superconducting electronic
devices.”™" All these applications rely on the magnetic prop-
erties and the behavior of magnetization of nanowires.

Therefore, the characterization of properties of NWs, their
reproducibility, and theoretical representation are crucial.
Apart from practical applications, there is an interest in the
ferromagnetic nanowires for fundamental research. NWs are
regarded as a playground with magnetic topological defects,
e.g., skyrmions'” and Bloch points."”

Nickel nanowires are often of specific interest due to the
smallest susceptibility among elemental ferromagnetic
metals, and, correspondingly, lower magnetic fields required
for operation. Commonly, magnetic and transport properties
of nickel NWs have been studied on arrays of nanowires."™'°
The employment of an array simplifies measurement due to
easier sample handling and larger signals to acquire, yet
introduces the averaging of recorded responses and also
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unnecessary magnetostatic interaction between NWs.”
More accurate studies of individual NWs require more sophis-
ticated measurement techniques as SQUID' or MOKE."”
Magnetoresistance (MR) has also become a useful method to
study the magnetization reversal process in NWs due to its
sensitivity to small changes in magnetization."””" In particu-
lar, transport properties of a single-crystal nickel NW are
reported in Refs. 21 and 22.

Hysteresis behavior and MR of ferromagnetic NWs can be
considered analytically for the “ideally soft” NWs, where mag-
netic anisotropies are absent and material properties of NWs
are constant throughout a sample.”"** Indeed, the only three
competing fields for the “ideally soft” NW are the applied field,
the exchange field, and the demagnetizing magnetostatic
field, and the last field is determined by dimensions of a NW.
MR of a polycrystalline NW is more complex and requires the
consideration of a contribution of crystallographic misorienta-
tion of crystallites"*”***” and grain boundaries.”**

In this work, we focus on magnetoresistance of individual
polycrystalline nickel nanowire at a low temperature using
magnetoresistance measurements and micromagnetic simu-
lations. We show that behavior of MR is dominated by the
polycrystalline morphology of the nanowire, by magnetocrys-
talline anisotropy of individual grains, and also by magnetic
properties of grain boundaries. Micromagnetic representation
of these contributions allowed us to reproduce accurately the
experimental magnetoresistance curve.

Il. FABRICATION AND MEASUREMENT DETAILS

One of the most accessible synthesis methods for poly-
crystalline®””" and single-crystalline””' nickel nanowires is
electrodeposition inside the anodic aluminium oxide (AAO)
template. In this work, AAO templates with a pore diameter of
125 + 25nm were used. Nickel nanowires were grown by
the templated electrodeposition technique using electrolyte
containing 0.6M NiSO4, 0.IM NiCl, and 0.3M H3BO; at a
deposition potential of 0.9V versus Ag/AgCl. In order to
extract nickel nanowires, the oxide matrix was selectively
dissolved in oxidant-free alkaline solution (for more details,
please refer to the supplementary materials in Ref. 32).
Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) studies showed that Ni NWs are
polycrystalline with the grain size of the order of the nano-
wire diameter [see [igs. 1(a) and 1(b)]. The length of some
grains reaches 600-700 nm. Ni NWs are coated with native
nickel oxide with a thickness of approximately 2-4 nm, which
protect nanowires from further degradation.

The fabrication process’” was followed by bonding
individual NWs with niobium electrodes for transport mea-
surements. Nanowires were placed on the Si/SiO, substrate
and attached to niobium contacts by means of electron
beam (e-beam) lithography, argon etching, RF-magnetron
sputtering, and lift-off. A set of samples with similar geo-
metrical parameters and measured characteristics was fabri-
cated. In this work, we focus on the sample with the Ni
NW diameter of 137 + 5nm and the width between voltage
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FIG. 1. SAED pattern (a) and TEM image (b) of the nickel nanowire that high-
light its polycrystalline structure. (c) SEM image of the sample used for transport
measurements.

contacts 800 nm. The scanning electron microscopy (SEM)
image of the studied sample is shown in Fig. 1(c).

Transport properties of nickel nanowires were measured
by the four-probe method in a He-4 cryostat equipped with a
superconducting solenoid. The applied magnetic field was
directed along the axis of the nanowire. The same experimen-
tal setup was used as in Ref. 32. All measurement lines were
equipped with low temperature RC filters. Magnetoresistance
measurements were performed at 10K, i.e., above the super-
conducting critical temperature of niobium, in order to
exclude the influence of superconductivity of niobium con-
tacts. To achieve a constant temperature above liquid helium
temperature, the sample holder was equipped with a heater.

lll. SIMULATION DETAILS

Micromagnetic simulations are shown to be useful for
the simulation of magnetoresistance behavior of ferromag-
netic nanowires.” The micromagnetic approach is based on
solving the Landau-Lifshitz-Gilbert (LLG) equation which
describes dynamics of local magnetization vector M. In terms
of unit local magnetization vector m = M/M;, where M; is the
saturation magnetization, the dynamics is given by

dm__y
dt ~ 1+a2

where y is the gyromagnetic ratio, « is the dimensionless
Gilbert damping constant, and H is the effective field which
includes the demagnetization field H;, exchange field He,
magnetocrystalline anisotropy field Hy, and external magnetic

(m x Hef +om x m x Heg), 1)
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field H,
Hef=Hg+H. +H,+H. (2)

The numerical solution of the LLG equation was provided
by the finite difference method”* using MuMax3,” an open-
source GPU-accelerated micromagnetic simulation program.
The following parameters for micromagnetic simulations were
used, typical for Ni: exchange constant A =1.05 x 10" J/m and
tabulated saturation magnetization M =4.95 x 10°A/m (see
Ref. 27), providing exchange length [, = /2A/uyM? >~ 8.3 nm.

IV. RESULTS AND DISCUSSION

The MR curve R(H) indicates conventional longitudinal
magnetoresistance (LMR).>°™*® The resistivity of a ferromagnet
depends on the angle between applied current and local mag-
netization. For a mono-domain particle, resistivity is given by’

p(9) = po(1+ B cos® ¢), 3)

where p, is the resistivity of the demagnetized sample, ¢ is the
angle between the applied current and magnetization vector,
and g is the coefficient of anisotropic magnetoresistance. In
the geometry of the present experiment where the magnetic
field is aligned along the NW, the value cos ¢ denotes the com-
ponent of the unit magnetization vector on the axis of the NW
my, and Eq. (3) can be rewritten as

pms) = po(L+ fms). )

Therefore, the MR curve R(H) in Fig. 2 (dotted curve) follows
hysteresis dependence of magnetization of the Ni NW in the
aligned magnetic field: R(H) jumps up at the coercive field
H,= +76 mT and depends on the magnetic field marginally
at H> H.. The jump of R(H) at H; is about 0.02Q. The

®© experiment
— ”ideally soft” NW

4.305 By
4.300
4.295
4.290
4.285
4.280
4.275

Resistance, Ohm

-0.10 —0.05 0.00 0.05 0.10

External field, T’

FIG. 2. Longitudinal magnetoresistance curves R(H). Open circles correspond
to the experimental results. Theoretical fits obtained from the micromagnetic
simulation are given by solid lines. Blue line denotes the MR for the ‘ideally
soft” NW. Green line demonstrates the MR of polycrystalline NW with randomly
oriented grains. Red line denotes the MR of polycrystalline NW with randomly
oriented grains and effective uniaxial anisotropy at grain boundaries.
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sample is characterized by resistivity p =7.7uQ cm, which is
in the range of typical values achieved earlier for nickel
nanowires at helium temperature.”*"***° The morphology of
such a low dimensional object as a nanowire plays a crucial
role because resistivity is mostly defined by scattering at
nanowire’s surface and defects. For Ni NWs, resistivity typi-
cally varies from =~ 244Qcm”**" in single crystalline samples
to ~ 15uQ cm”*” in polycrystalline samples. Also, the switching
field of our sample H, =76 mT is of the same order of magni-
tude as the one obtained earlier in similar conditions."®

The high aspect ratio of NW (1:60) allows one to charac-
terize switching using analytical estimations for magnetiza-
tion reversal in an infinite cylinder. The magnetization of the
infinite cylinder of a diameter d above critical diameter
do = 5.2, ~ 42nm'*"* reverses via a curling mode at the coer-
cive field"®

H, = Ms a(a+1) 5)

2 \/a?+(+2a)cos?6’

where a =1.08(do/d)* and 6 is the angle between the nanowire
axis and the external magnetic field.”* In the present experi-
ment, 6=0 and a=0.1, implying H;=Ma/2 =~ 34mT. The
estimated coercive field is smaller by a factor of 2.3 than the
experimental one indicating a crucial role of polycrystalline
morphology on the magnetization reversal process.

MR behavior of ferromagnetic NWs can be studied
numerically with micromagnetic simulations, where Eq. (4) is
the basis for micromagnetic representation of MR as it was
proposed in Ref. 43. As a first step, we solve Eq. (1) to obtain a
macrospin function mi(x, y, z, H). Next, every simulation cell is
assumed as a mono-domain particle [Eq. (4)] and the total
resistance is computed averaging resistances in cross-
sections (y, z) for every x; and then summarizing them as
resistances in series. Commonly, parameters p, and g in
Eq. (4) are used as fitting parameters or are derived from the
experiment.

First, we simulate magnetization reversal and LMR
for the “ideally soft” Ni NW at the magnetic field aligned
with its axis. The NW is represented by a cuboid of size
4000 x 132 x 132nm? (see Fig. 3). Smaller cross-section is
used in order to exclude nonmagnetic 2-4 nm thick nickel oxide
coating. The cuboid NW is meshed with cells 2 x 6 x 6 nm?
below [.. Simulated hysteresis loop my(H) of the “ideally soft”
Ni NW is shown in Fig. 4 (blue curve). The coercive field of
the simulated “ideally soft” NW H, =31mT matches well the
estimated analytical value indicating the applicability of
micromagnetic simulations. The fit of the experimental LMR
curve employing the hysteresis loop and Eq. (4) yields
p(f;t =7.57uQcm, ft = 5% and is shown in Fig. 2 (blue curve).

We associate the discrepancy between simulated and
experimental LMR curves with a polycrystalline nature of the
synthesized NW [Fig. 1(b)], where every crystallite possesses
cubic magnetocrystalline anisotropy that contributed to Hey
with H, in Egs. (1) and (2). We account the polycrystalline
nature of the nanowire dividing the cuboid into grains using
voronoi tessellation (see Fig. 3), following Refs. 44 and 45.
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grains

boundaries

FIG. 3. Schematic illustration of the micromagnetic simulated NW. The NW is
represented by a cuboid. The polycrystalline structure of the NW is represented
by dividing the cuboid into grains using voronoi tessellation and by assigning
random crystallographic orientation of Ni cubic magnetocrystalline anisotropy to
each grain. The role of grain boundaries is represented by uniaxial anisotropy at
intergrain areas aligned normally to intergrain surfaces.

The average size of the cuboid cross-section is equal to the
diameter of the NW. Since diffraction analysis [Fig. 1(a)]
showed no preferred orientation of crystallites, we set the
orientation of the orthonormal basis of crystallographic axes
(w4, uz, u3) for each grain randomly. This approach is referred
to commonly as the random anisotropy model.”*’ The
following parameters of the cubic magnetocrystalline anisot-
ropy were used for simulations:*® K; =126.3 x 10°®J/m?® and
K, = 57.8 x 102 J/m3. The green curve in Fig. 4 shows the simu-
lated hysteresis loop my(H) of the grained Ni NW. The fit of
the experimental LMR curve using the hysteresis loop of the
grained NW vyields p0 '=773uQcm, pfit =3% (green curve in
Fig. 2). Coercive field H, = 50 mT is substantially larger than
the one obtained for the “ideally soft” NW confirming the
influence of polycrystalline morphology on the NW in magne-
tization reversal.

The simulated H. of grained NW still remains smaller
than the experimental value by a factor of 1.5. The remaining
discrepancy between the experimental and simulated LMR

=
[e=}
I

<
o
!
: l
-\

—— ideally soft” NW
E E : — K, =0
0D e ST J — K, =44|K|
. : - : : J
~1.0 — , == e P
—0.2 —0.1 0.0 0.1 0.2

Normalized magnetization m
(==}
(==
T

External field, T’

FIG. 4. Simulated hysteresis loops my(H) calculated for the “ideally soft” crystal
(blue curve), for polycrystalline NW with randomly oriented grains (green curve),
and for polycrystalline NW with randomly oriented grains and effective uniaxial
anisotropy at grain boundaries (red curve, Ky =~ 4.4|K|).
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curves is associated with the influence of intergrain surfaces,
i.e., grain boundaries, on the magnetization reversal process.
Indeed, the crystal structure at grain boundaries is broken
and magnetic properties of the boundaries should differ from
those of the crystal. With micromagnetic simulations, grain
boundaries can be considered as areas with effective grain
boundary anisotropy or effective intergrain exchange cou-
pling.”**’ Keeping the grained structure of the NW, we assign
uniaxial anisotropy to micromagnetic cells at grain boundar-
ies with the parameter of uniaxial anisotropy K4 and the axis
of uniaxial anisotropy aligned perpendicular to the intergrain
surface (Fig. 3).

The actual value of K, is unknown. In order to determine
Ky, we simulated a set of hysteresis loops at different K, and
derived the dependence of the coercive field on K, (see
Fig. 5). At Ky/|Ky| ~ 4.4, the simulated coercive field corre-
sponds exactly to the experimental H; = 76 mT.

We should note that in this work, we have measured a
set of samples that were made by the same technique in the
same geometry but with different diameters in a range from
100 to 150 nm. The estimated parameter K, for each sample
was in a narrow range 4-5 |Kj|. A slight variation of K, for dif-
ferent samples can be explained by a marginal variation of the
magnetic properties of grain boundaries for different NWs.

The hysteresis loop my(H) calculated with K, /|K;| ~ 4.4 is
shown in Fig. 4 with a red curve. The fit of experimental LMR
(red curve in Flg 2) shows a good match with experimental
data and yields p0 =7.69uQcm, g = 4%. Note that the resis-
tivity p, obtained from fitting the LMR corresponds to mea-
sured resistivity p = 7.7uQ cm at temperature T =10 K. Thus, we
confirm the crucial role of polycrystalline morphology of the
studied nanowire for LMR, where magnetocrystalline anisot-
ropy of randomly oriented grains and effective uniaxial anisot-
ropy at grain boundaries play an equally substantial role.

As the final comment, we discuss the influence of
effective uniaxial anisotropy at grain boundaries on the mag-
netization reversal process. The plot H¢(K,) in Fig. 5 can be
divided into three distinct ranges indicated with dashed lines.

0.16 : :

0.14 |-

0.12 |-

0.10 |-

0.08 |-

0.06 |-

@

0.04 [000. COCOd

0.02 L L 1
—20 —10 0 10 20

Anisotropy ratio K,/|K |

:
I.,q-
o |
|

Coercivity H., T

FIG. 5. Dependence of the coercive field of polycrystalline NW on the parame-
ter of uniaxial anisotropy at the grain boundary H;(K;). The experimental value
of coercive field H; = 76 mT corresponds to Ky /|Ky| =~ 4.4.
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At K; <0, magnetization reversal occurs via the curling
mode when upon demagnetization, vortices are formed at
the edges of the NW and propagate toward each other. In
this case, the actual properties of the edges do not affect
magnetostatics of vortex formation and propagation, coer-
cive field H. ~40mT depends on K, marginally. At large
values, Ky > 10|K;|, effective anisotropy of grain boundaries
dominates the magnetization reversal process and prevents
formation and propagation of the vortex. The origin of the
scatter at these values is due to the lack of averaging over
grains on the length of the nanowire. In our model, the grain
size is the diameter of the nanowire as it is in the experiment.
There are about 40 grains in the modeled wire. Thus, different
parts of grains play a different role in vortex pinning in magne-
tization reversal processes at different Kg values. If there were
smaller grains, then this pinning effect would be averaged over
the nanowire length and Fig. 5 would be smoother.

At the intermediate transition range 0 < K; < 10|K;|, the
coercive field shows a strong dependence on K. In this range,
the magnetization reversal occurs via the curling mode, as
at Ky <10[Ky|, yet the vortices experience pinning on grain
boundaries upon propagation. Thus, high H.; of the Ni NW in
this work is accounted for by curling-mode magnetization
reversal when the vortices are formed and propagate in a ran-
domly oriented grain structure of the NW and propagation is
inhibited at grain boundaries.

V. CONCLUSION

In conclusion, in this work, we studied the magnetoresis-
tance of an individual polycrystalline nickel nanowire at low
temperature. The longitudinal magnetoresistance measure-
ments have indicated a low resistivity and a large coercive
field of the Ni NW with a diameter of 137 nm. Micromagnetic
simulations have shown that large H, = 76 mT is accounted for
by the polycrystalline structure of the studied nanowire
where both magnetocrystalline anisotropy of randomly ori-
ented grains and effective uniaxial anisotropy at the grain
boundaries contribute to the enhanced H, as compared to
the ideal structure. Magnetization reversal occurs via the
curling mode when the vortices are formed and propagate in
the NW and propagation is inhibited at grain boundaries. The
applicability of micromagnetic simulations is confirmed by an
agreement between experiment and simulated MR curves.
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