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ABSTRACT: Interconnected magnetic nanowire (NW) networks
offer a promising platform for three-dimensional (3D) information
storage and integrated neuromorphic computing. Here we report
discrete propagation of magnetic states in interconnected Co
nanowire networks driven by magnetic field and current,
manifested in distinct magnetoresistance (MR) features. In these
networks, when only a few interconnected NWs were measured,
multiple MR kinks and local minima were observed, including a
significant minimum at a positive field during the descending field /) ﬁ/

sweep. Micromagnetic simulations showed that this unusual -7 3 OF [ A
feature was due to domain wall (DW) pinning at the NW H (kOe)

intersections, which was confirmed by off-axis electron holography

imaging. In a complex network with many intersections, sequential switching of nanowire sections separated by interconnects was
observed, along with stochastic characteristics. The pinning/depinning of the DWs can be further controlled by the driving current
density. These results illustrate the promise of such interconnected networks as integrated multistate memristors.
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Finding a hardware platform compatible with artificial
intelligence and neuromorphic architectures is a key
challenge of future computing. Three-dimensional (3D)
systems are well suited to address this need, as harnessing
the complex nature and degrees of freedom associated with
their structure can provide enriched functionalities. 3D
nanomagnetic devices are particularly promising due to their
energy efficiency, nonvolatility, and scalability1_9 and can be
utilized to implement sophisticated racetrack magnetic
memory,'*""* logic,'”"* and neuromorphic computing.'*>'®
Recent advent of novel nanofabrication techniques'’ " has
led to rapid progress in complex 3D magnetic nanostructures
such as curved or flexible thin films,>* thickness-modulated
nanowires,”' magnetic nanospirals,22 or nanohelices,” etc.
Such assemblies exhibit unique topological features and can
accommodate exotic spin textures, with wide-ranging potential
applications in spintronics,'~>”**** magnonics,” and artificial
spin ice.

To be integrated into neuromorphic circuitry, it is crucial to
realize a 3D nanomagnetic system hosting many different
magnetic states that can be controlled by certain external
stimuli. In this regard, only a few experimental options have
been explored to date and mostly limited to 2D arrays,'®*° ™!
as it is highly challenging to achieve 3D systems with desired
characteristics. We previously identified interconnected mag-
netic nanowire networks as a promising platform for 3D
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information storage and neuromorphics,'” where unique
magnetization reversal mechanisms through intersection-
mediated domain wall pinning and propagation were observed.
These results suggest that it might be possible to encode digital
information into the magnetic state and propagate it through
the interconnected magnetic networks to implement integrated
and repeatable multistate memristors in neuromorphic
circuits."***

To demonstrate this feasibility, here we have employed
electrical transport studies together with magnetometry,
magnetic imaging, and micromagnetic simulations to probe
magnetic characteristics and switching pathways in the
complex nanowire networks. We report discrete propagation
of magnetic states in interconnected Co nanowire networks
through magnetoresistance (MR) measurements under differ-
ent applied field geometry, strength, and driving current
density. As a result, information encoded in the spin texture
can propagate in the networks from one section to another.
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Figure 1. Network geometry. (a) Schematic of the nanowire networks illustrating the geometry. The ion-tracking plane is shown by the blue box,
while the nanowires inside are shown by black lines. ¢ is the angle of the applied field relative to the ion-tracking plane normal. (b) Top view SEM
image of the network. The dashed red line shows the ion tracking plane. The inset shows FFT of the SEM image indicating the presence of NWs at
three different angles. (c) Zoomed-in view of the network. The yellow lines highlight nanowires at three different angles.
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Figure 2. Magnetometry and magnetoresistance measurements of the NW networks. (a) Magnetometry of the network with the field applied at an
angle ¢ relative to the ion-tracking plane normal. (b) MR of a collection of nanowires, R ~ 3 Q. (c) MR of a few intersecting nanowires, R ~ 200
Q. (d) Comparison of descending-field sweep of MR in (b) and (c) at ¢ = 90° with many wires (green) and few wires (blue), respectively, showing
several pinning and depinning events present in the latter (marked by arrows).

These findings demonstrate the potential for 3D information
storage and integrated multistate memristors.

The Co networks were synthesized by ion tracking of 6 ym
thick polycarbonate membranes at multiple azimuthal angles
with equal fluence, followed by electrodeposition of cobalt
nanowires, as described earlier.'” The ion tracking was
performed at three angles, normal to the membrane and at
45° colatitude angle, the latter with 0° and 180° azimuthal
orientations, respectively. These three tracking directions
defined an ion-tracking plane, as illustrated in Figure la. For
this study, networks of 75 nm diameter Co nanowires (NWs)
with 10” intersections/cm* were used.'” Scanning electron
microscopy (SEM) imaging revealed that the nanowire
networks were quasi-ordered with interconnects mostly lying
in the ion-tracking plane (Figure la,c), while some nanowires
remained isolated. Fast Fourier transform (FFT) of the image
indicated the presence of NWs at three different angles (Figure
la inset). The location of intersection could be anywhere along
the length of the wire, and the depth of intersection could vary
from just touching to completely going through each other.
The nature of intersection (i.e., depth and location) becomes
important to account for the MR characteristics discussed later.

Magnetic properties were measured by vibrating sample
magnetometry (VSM) at room temperature with external field
up to 1.2 T with NWs inside the membrane. The measure-
ments were performed with the field applied at an angle ¢

relative to the ion tracking plane normal (Figure 2a). An
almost square loop was found when the field was perpendicular
to the polycarbonate membrane (¢ = 90°, parallel to the ion-
tracking plane yz), indicating a magnetic easy axis. On the
other hand, more slanted loops with smaller remanence and
coercivity were observed when the field was perpendicular to
the ion-tracking plane (@ = 0°). The effect of individual
intersections is not prominent in these magnetometry
measurements.

Previously, MR in cylindrical nanowires has been extensively
investigated and ordinary, anisotropic, and giant magneto-
resistance have been identified in different material sys-
tems.” ™ MR studies in connected 2D nanowire networks
exhibited significant contributions from the vertices where the
NW segments meet.*>*” In complex 3D magnetic nanostruc-
tures, additional unusual angular dependence of MR may
emerge, as illustrated recently in nanobridges.®

In the present study, MR measurements were performed on
over 50 samples of interconnected nanowire networks inside
polycarbonate membranes. Details of the measurement
procedure are provided in the Supporting Information. The
MR behavior in the network originates from the anisotropic
magnetoresistance (AMR) of Co. Conventionally, AMR
depends on the relative alignment between the magnetization
and the current flow:
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Figure 3. MR behavior in a network with many nanowires and high density of interconnects. MR curves are shown for different applied magnetic
field angle ¢ relative to the ion-tracking plane normal, in red/gray for ascending/descending-field sweep, respectively. The hysteresis at ¢ = 25° is
shown by the ovals. The triangles mark the different MR jumps for ¢ = 38—45° along the ascending field sweep (red).

R=R;+ AR cos® a (1)

where a is the angle between the magnetization and the
current and Ry is the resistance when the magnetization and
the current are perpendicular to each other. As the current
flows along the long axis of the NW, magnetization parallel
(perpendicular) to the current would yield a high (low)
resistance.

First, a collection of nanowires was measured, with a
resistance of ~3 Q (Figure 2b). This is roughly equivalent to
10> pairs of intersecting NWs in parallel (Supporting
Information). The MR was defined as [R(H) — R_..]/R,..
(%), where R(H) and R,,,, represented the resistance in an
applied field H and the maximum resistance along a MR curve,
respectively. When the field was applied perpendicular to the
ion-tracking plane (@ = 0°), the magnetization gradually
rotated from a positively saturated state to an intermediate
state with magnetization aligned within the ion-tracking plane
and finally to the negative saturation direction during a
descending-field sweep. The process was mostly reversible in
an ascending-field sweep, leading to a bell-shaped MR curve
(Figure 2b, bottom panel). When the field was applied within
the ion-tracking plane (¢ = 90°), a sharp resistance minimum
was found near the negative coercive field during the
descending-field sweep, along with a symmetric minimum
near the positive coercive field during the ascending-field
sweep (Figure 2b, top panel). For the ¢ = 45° case, a
qualitatively similar AMR behavior was observed as that in ¢ =
90°. These are typical AMR characteristics, similar to those in
nonintersecting, parallel nanowire arrays.”® As a collection of
NWs was measured, characteristics of individual intercon-
nected nanowires, even if different, were likely averaged out.

Second, fewer nanowires were connected for MR measure-
ments by selecting regions with fewer overgrown NWs. One
such example is presented in Figure 2c. The resistance value of
200 € corresponded to roughly 70-fold fewer NWs compared
to the previous case. Indeed, the effect of intersection became
more evident here. In the ¢ = 0° case, a sharp discontinuous
MR jump was observed, corresponding to irreversible DW
switching/realignment. In the ¢ = 45° and 90° cases, multiple

MR kinks were observed, indicative of domain wall pinning
and depinning in the nanowires. This is more clearly illustrated
in Figure 2d for ¢ = 90° (blue curve), while the
aforementioned low resistance case exhibited one minimum
near the coercive field (green curve). Furthermore, for a
descending field sweep from positive saturation, a significant
MR minimum is found at a positive field, in contrast to the usual
case with a minimum in a negative field. This unusual
minimum can be attributed to the formation of DWs at the
intersection.”” The overall MR behavior can be ascribed to
DW formation and pinning at the intersection and subsequent
realignment of magnetization in a section of the NW networks
vih DW depinning. That is, the magnetization reversal
mechanism can be characterized as step-by-step switching of
separate sections of the NWs demarcated by the intersections.
We have also corroborated this by performing 3D micro-
magnetic simulations using MuMax3*’ (Supporting Informa-
tion). As mentioned earlier, the location of intersections along
the nanowire axis and depths of overlap vary in different parts
of the networks (Figure 1b,c). Consequently, DW nucleation
and depinning fields are also expected to vary among different
intersections. Few such cases are illustrated in Figure S3 of the
Supporting Information, highlighting the influence of inter-
connect geometry on magnetization reversal.

So far, MR measurements are presented for two different
cases: (i) many nanowires, which exhibit low resistance with
one minimum during each field sweep; (ii) few interconnected
NWs, which exhibit high resistance with multiple minima. In
this section, we present MR measurements for a third sample
region with low resistance (~4Q) and multiple discrete
switching steps, corresponding to many NWs with a high
density of interconnects. MR measurements performed at
different applied magnetic field angle ¢ are summarized in
Figure 3. For ¢ = 0°, a bell-shaped MR curve similar to that
shown in Figure 2b was found, corresponding to reversible
magnetization switching. When the magnetic field was slightly
tilted (¢ = 10°), while the primary MR feature still remained
mostly the same at high fields, small MR peaks appeared at low
fields, indicative of switching of different NW sections. At ¢ =
25° the ascending and descending MR branches began to

10012 https://doi.org/10.1021/acs.nanolett.2c03616

Nano Lett. 2022, 22, 10010-10017


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03616/suppl_file/nl2c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03616/suppl_file/nl2c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03616/suppl_file/nl2c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03616/suppl_file/nl2c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03616/suppl_file/nl2c03616_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03616/suppl_file/nl2c03616_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03616?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03616?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

A

Field (kOe)

Min EEEEENNT THNEEE Max

b) 3 AS5 &) ° of
) v -y
9 0 7! - ‘.‘__,":\ m
x-3f 3 =
T (;,:‘},_;
82783 e
-7 —— _025
-7 -3 0 3 7 2
d o e) 0
N
A N
Yd m A
E\G/ s \\ —5N M,
% 43/
-5.0 /\/f\ {\
0.25 '6-8/ S2.83 Ps}\ 0.4
-7 -3 0 3 7
Field (kOe)

Field (kOe)

Figure 4. Magnetoresistance FORC of the Co networks measured at ¢ = 35°. (a) Full-range MR curve (major loop). Arrows mark the sweep
direction, and triangles mark the MR jumps along the ascending-field sweep (red curve). Symmetric MR jumps along the descending-field sweep
are not marked (gray curve). (b) FORC distribution plotted in (H, Hy) coordinates. The red ovals highlight irreversible switching events. The inset
shows a zoom-in view around a FORC feature SS. Representative MR-FORCs around the switching event (c) at H= 0.37 kOe, the largest MR
minimum, and (d) around S2, S3, and SS. (e) Stochastic switching behavior at different reversal fields. The green and blue curves correspond to Hy
= —5.8 kOe and —6.3 kOe, respectively. The switching randomly took place at two different fields highlighted by the shaded area. For (c), (d), and

(e) the MR curve is shown on top as a reference.

diverge noticeably, forming discrete and hysteretic MR jumps
(highlighted by ovals). As ¢ was increased further, these jumps
became sharper (marked by triangles) and consequently the
hysteresis became more pronounced (¢ = 38—45°). Similar
sharp MR features were previously observed in 2D artificial
spin ice structures, particularly in connected planar nanowire
networks, due to collective switching of a group of nanowires
governed by the ice rule, i.e., the symmetry of the
system.””*"** In our system, the sharp MR jumps are
manifestations of the intersections and could be attributed to
switching of a subset of the densely connected network of
many nanowires. Different sections switched at different times
due to the variation of local energy landscape as the number of
intersections, the locations of intersections along the nanowire
axis, and the depths of overlap varied across the network. For
the same reason, the number of switching steps depended on
the relative angle between the NWs and the magnetic field. For
example, as many as five discrete jumps were observed for ¢ =
42°. The switching steps also evolved in a consistent manner
with the magnetic field angle as can be realized by tracking
different switching events S1—SS for ¢ = 38°—45° (Figure 3
middle column, marked by triangles). Here, with increasing ¢,
S3 moved progressively toward zero field, while S1, S2, and S§
moved toward larger reversal fields.

Finally, the possibility of controlling DW nucleation and
pinning/depinning at the intersection using current pulses was
explored in a network with low resistance (~3 Q) and few

10013

different switching steps. With pulses of appropriate
magnitude, the peak position (i.e, DW depinning field)
monotonically changed (Figure S4a, ¢ = 35°). A similar trend
was observed when the tilting angle was changed to ¢ = 90°
albeit with a different slope of DW depinning field vs applied
current (Figure S4b). Several phenomena such as current
induced spin torque, Oersted field, or Joule heating could
contribute to this behavior.**~*’ This controllable stabilization
and propagation of magnetic states enable one to selectively
address different subsections of the network by tuning the
strength and orientation of magnetic field as well as current
pulses.

The abundance of magnetic states that can be stabilized in
the network also leads to the possibility of addressing the
network by applying different field sequences. To closely
investigate the effect of history of prior magnetic state on the
reversal behavior, we employed the first-order reversal curve
(FORC) technique.** ™" Here, the sample location was the
same as mentioned in the previous section with a tilting angle
@ = 35°. The major loop is shown in Figure 4a. MR-FORCs
were measured by the following procedures.*®*> After positive
saturation the applied field was reduced to a given reversal field
Hy. From this reversal field (ie, a point on the descending
branch of the major loop), the resistance was then measured as
the applied field H was swept back toward positive saturation,
thereby tracing out a single MR-FORC. This process was
repeated for a series of decreasing reversal fields, creating a

https://doi.org/10.1021/acs.nanolett.2c03616
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Figure S. Off-axis electron holography imaging. (a) Amplitude and (b) magnetic contour of an isolated nanowire. (c) Amplitude and (d) magnetic
contour of two interconnected nanowires. The color wheel represents the in-plane direction of the magnetic induction. At remanence, a uniformly
magnetized state was observed in the isolated nanowire while a multidomain state with a domain wall at the intersection was stabilized in the
interconnected nanowires. The arrows point to the general direction of the magnetization in the nanowires.

family of FORCs. An animation of the full FORC family is
provided in the Supporting Information. The FORC
distribution was then defined as a mixed second-order
derivative of the measured MR:

1 0° MR(H, Hy)
OH 0Hy )

FORC distribution = —

Hence, only the irreversible switching events are mapped out
in the FORC distribution,**" as can be seen by the
highlighted FORC features in Figure 4b.

For the primary FORC feature centered at (H ~ 0.55 kOe,
Hy ~ —0.40 kOe), highlighted by the horizontal red oval in
Figure 4b, the corresponding individual FORCs are illustrated
in Figure 4c, with —1.2 kOe < Hy < 0, spanning over the
largest MR minimum of the major loop centered around H =
0.37 kOe. The MR-FORC slope decreases (increases) to the
left (right) of H = 0.37 kOe at successively more negative Hy
values, leading to a negative—positive pair of FORC
features.**”"!

Besides this primary minimum, four discrete MR jumps were
also present in the ¢ = 35° case, marked as S2—SS in Figure 4a
along the ascending-field sweep (red curve). These discrete
MR jumps can be further analyzed by correlating the FORC
features with individual FORCs. For example, as shown in
Figure 4d, switching events S2 and S3 only took place when
the reversal field Hy < —3.5 kOe, marked by the black line in
Figure 4d, which itself corresponds to a switching event S5
along the descending branch. That is, only when a portion of
the networks switched (corresponding to SS along the
descending-field branch, gray curve) would subsequent switch-
ing events occur (corresponding to S2 and S3 along the
ascending-field branch, red curve). This trend clearly illustrates
the hysteretic nature of the switching steps and their dependence on
the prior magnetic state. The corresponding negative and
positive FORC features are marked as S2 and S3 in Figure 4b.
Similarly, a number of other switching events, highlighted by
unlabeled, dashed rings in Figure 4b, can be correlated to the
magnetic state of the network initialized during the FORC
measurement procedure to a particular Hy starting from
saturation. Therefore, reversal of a part of the network allows
access to new magnetization reversal pathways and consequently
determines the final magnetic state at any given field. Thus, the
network can be conditioned to host different magnetic states
by varying the sequence of applied magnetic field. These MR-
FORC characteristics are reminiscent of the return point and
complementary point memory effects induced by disorders in
certain magnetic systems, where the microscopic magnetic
configurations are correlated with prior magnetic field history

»

or retaining certain microscopic “memory”.”>>* In the present
system, the network structure plays the same role as disorders
in anchoring the energy landscape during magnetization
reversal to guide the system to a particular magnetic state.

A particularly noteworthy negative FORC feature was found
in the vicinity of SS in the FORC distribution (Figure 4b
inset). The total FORC distribution was calculated by
averaging five individual FORCs measured at each reversal
field (Supporting Information). These individual FORCs were
examined to find the origin of this feature. We note that most
of the MR jumps were reproducible, as they occured in a
definitive fashion after a certain applied magnetic field
sequence. However, in the range —6.8 kOe < Hy < —=5.5
kOe, for the same reversal field Hg, irreversible switching steps
appeared at different applied fields H. Examples for two
different reversal fields are presented in Figure 4e. Here, the
green curves correspond to Hy = —5.8 kOe. Although the
reversal field is the same, one FORC contains a switching step
at H = 2.5 kOe while the other at H = 3.5 kOe. These regions
are respectively shaded by black and red boxes to highlight the
MR jumps. A similar scenario is shown for Hy = —6.3 kOe by
the blue curves. Therefore, even though the network was
initialized by a definitive magnetic field sequence to a specific
Hp, value, the actual magnetic state for 2.5 kOe < H < 3.5 kOe
was randomly determined. This could happen if there are
multiple switching pathways separated by an energy barrier
comparable to the thermal energy kT.

To visualize the magnetic configurations of the nanowires,
especially at the intersections, magnetic imaging was
performed using off-axis electron holography. This technique
directly measures the phase shift of the electron wave that
passes through the specimen. Then the quantitative
information about the electrostatic potential and the in-plane
component of magnetic induction within and surrounding the
specimen can be separated in the total phase shift by a flipping
method (Supporting Information). First, imaging of an isolated
wire at remanence was performed. The amplitude and the
magnetic contour are shown in Figure 5a and Figure Sb,
respectively. In this case, the induction field lines correspond-
ing to the magnetic isophase contours were found to be
parallel to the wire axis. This means a single domain state with
magnetization uniformly aligned along the NW long axis was
stabilized due to the shape anisotropy of the wire. On the other
hand, a multidomain state with a domain wall situated at the
intersection was observed at remanence in the interconnected
nanowires, pointing to a different direction than the moments
along the wires (Figure Sc,d). This shows the propensity of the
DWs to be pinned at the intersection, as shown in the
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simulated magnetic configuration where one of the wires
switched (Figure S2v). In other words, the intersections are the
energy minima for the DWs. It is conceivable that dislodging a
DW would require additional energy once it reaches this
minimum, which ultimately manifested as discrete jumps in the
MR measurements. Hence, the imaging provides further
support to our proposed reversal mechanism to explain the
MR behavior.

In summary, we report discrete propagation of magnetic
states due to DW pinning and depinning in interconnected Co
nanowire networks, manifested in distinct MR jumps. This
characteristic could be utilized to encode digital information
for 3D information storage and integrated neuromorphic
computing. Additionally, the pinning/depinning behavior was
found to be strongly dependent on the interconnect geometry.
These unique fingerprints may be used as challenge response
pair (i.e, digital keys) in physically unclonable functions
(PUFs), a hardware security primitive based on intrinsic
random properties embedded in the physical structure of a
device.>>® The MR-FORC measurements emphasized the
strong dependence of magnetization reversal on the initial
magnetic state or the history. This could be utilized to fashion
non-Boolean computing devices such as spintronic memristors
and synaptic devices where different resistance states or
synaptic weights can be programmed by controllably switching
a certain subsection of the networks.'®*” Another potential
application avenue is reservoir computing, which is a neural
network with fixed recurrent weights and thus incurs low
training cost.' The hysteretic behavior and numerous
achievable states could allow the interconnected networks to
afford large expressivity, a critical reservoir computing feature.
Furthermore, the networks exhibit stochastic behavior which is
amenable for performing probabilistic computation.'>*® We
finally showed that current pulses can be used as an additional
handle to control the magnetic states in the networks.

Thus, this study highlights the potential of interconnected
nanowire networks to be used as efficient memristors utilizing
their capability to stabilize different magnetic configurations,
along with controlled and discrete propagation through the
networks. Further investigation of this promising system could
ultimately lead to 3D magnetic nanostructure-based energy
efficient devices capable of realizing a multitude of
functionalities.
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