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ABSTRACT: Artificial modulation of a neuronal subset through
ion channels activation can initiate firing patterns of an entire N
neural circuit in vivo. As nanovalves in the cell membrane, voltage-

gated ion channels can be artificially controlled by the electric field scion gy
gradient that is caused by externally applied time varying magnetic P°‘°ﬂ/\
fields. Herein, we theoretically investigate the feasibility of

modulating neural activities by using magnetic spintronic —— N . B —
nanostructures. An antiferromagnet/ferromagnet (AFM/FM) I . N

structure is explored as neuromodulator. For the FM layer with

perpendicular magnetization, stable bidirectional magnetization
switching can be achieved by applying in-plane currents through Et
the AFM layer to induce the spin-orbit torque (SOT) due to the
spin Hall effect (SHE). This spin-orbit torque neurostimulator
(SOTNS) utilizes in-plane charge current pulses to switch the magnetization in the FM layer. The time changing magnetic stray
field induces an electric field that modulates the surrounding neurons. The object oriented micromagnetic framework
(OOMMF) is used to calculate space- and time-dependent magnetic dynamics of the SOTNS structure. The current-driven
magnetization dynamics in the SOTNS has no mechanically moving parts. Furthermore, the size of the SOTNS can be down to
tens of nanometers. Thus, arrays of SOTNSs could be fabricated, integrated together, and patterned on a flexible substrate,
which gives us much more flexible control of the neuromodulation with cellular resolution.
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1. INTRODUCTION

Nowadays, technologies for controlled artificial modulation of
neuronal activities are recognized as important tools for neural
science and engineering. The past three decades have seen a
tremendous advance in neuromodulation technologies, includ-
ing noninvasive approaches such as transcranial magnetic
stimulation (TMS) and invasive strategies such as deep brain
stimulation (DBS). Each of these emerging approaches has its
unique strengths and applications, but also drawbacks and
limitations. DBS is an invasive technique in which electrodes
are implanted inside the brain permanently to activate deeply
located neurons."” However, glial cell scarring and migration

generates a spatially asymmetric electric field gradient that
stimulates the neurons in that vicinity. However, TMS cannot
stimulate neurons selectively because it is unable to generate a
focused magnetic field which is where DBS electrodes have an
advantage. In addition to being bulky in size, TMS cannot
activate deeply located neurons since the magnetic field decays
exponentially through the skull.

In the quest to exploit the efficiency of both focally
stimulating DBS electrodes and magnetic neurostimulators,
Bonmassar et al. pioneered neuron stimulations with
commercially available submillimeter coils."'~"* They simu-
lated as well as prototyped microcoils and performed

of neighboring astrocytes near the point of stimulating
electrodes often lead to increased impedance thereby affecting
the effectiveness of this technique.’> Furthermore, DBS
electrodes have been observed to be highly MRI incompatible
because radio frequencies lead to electrode tip heating causing
local apoptosis of neuronal cells; this condition has been
extensively reviewed in literature as the “antenna effect”.”” On
the other hand, TMS is a noninvasive technique in which the
brain’s electrical environment is modulated by passing strong
nonstatic magnetic fields (1.5-3 T) through scalp and skull.
These magnetic fields are generated by passing alternatin%
current (AC) through a coil with a ferromagnetic core.* ™!

Following the principles of Faraday’s Laws, this magnetic field
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experiments on several animal-models, validating microcoils
to be a promising alternative for the existing implantable
neurostimulators. However, these micromagnetic stimulating
(uMS) coils are capable of effectively stimulating neurons only
when the axis of the coils is in parallel to the axis of the axons.
This makes pMS coils quite inefficient in terms of
directionality as in reality neurons are randomly oriented.
Even more, these microcoils have been reported to operate at
high power'” and thereby pose yet another challenge of having
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Figure 1. (a and b) Schematics of the antiferromagnet/ferromagnet (AFM/FM) bilayer structure. ] is the in-plane charge current along the X-
direction. Exchange bias supplied by AFM allows field-free switching in laterally homogeneous structures. In-plane charge current running in the X-
direction yields a spin current in the Z-direction due to the spin Hall effect, this spin current exerts torques to switch the magnetization of the FM

layer. (c) Theoretical switching behavior of the SOTNS model.

detrimental thermal effects on the brain tissues.'* In this work,
we are exploring the feasibility of modulating neural activities
by using magnetic spintronic nanostructures. In 2016, Wang et
al. filed a patent on a current-driven domain-wall motion along
a magnetic nanowire as a possible spintronic neurostimula-
tor.'> Very recently Saha et al.'® reported the first proof-of-
concept for a magnetic skyrmion-based neurostimulator

(SkyNS) where the displacement of skyrmions on a
ferromagnet/heavy metal bilayer generates a time-varying
magnetic field thereby causing an electric field gradient large
enough to trigger neurostimulation. This spin-orbit torque
neurostimulator (SOTNS) utilizes in-plane charge current
pulses to flip back and forth the magnetization in a
ferromagnet nanopillar. As a result, the time varying magnetic
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Figure 2. (a) SOTNS arrays integrated on a flexible substrate give us much more flexible control of the neuromodulation. (b) Flipping the
magnetization of the FM layer induces an electric field that can modulate the neural activities of nearby neurons, initiating two action potentials on
the axon going to opposite ways: the orthodromic and antidromic. (c) Schematic view of voltage-gated sodium channel (VGSC) before a
stimulation. The Na* channels are in the deactivated state. (d) The VGSC opens upon the onset of an electric field E, allowing Na* ions to flow

into the neuron through the channel. An action potential is initiated.

stray field induces an electric field that modulates the
surrounding neurons. Although the magnetic field does not
specifically stimulate the neurons, it is highly permeable
through biological tissues.!” Therefore, the indirect electric
field generated from it will be free from encapsulation of
astrocytes or any other cells. SOTNS is a nanoscale device,
operating on a current of 0.367—2.581 mA and a power of
6.34—313.5 uW capable of stimulating neurons in any
orientations as opposed to #gMS coils. In addition, the current
driven magnetization dynamics in SOTNS has no mechanically
moving parts. Furthermore, the ability to fabricate magnetic

nanostructures allows neurostimulation at the level of single
cells and potentially at the synapse level.

2. THEORY

2.1. Physical Model of the SOTNS. Recent studies have
shown that by applying an in-plane charge current J. to a
heterostructure with large spin—orbit interaction and structural
inversion asymmetry results in a spin—orbit torque (SOT),
which in turn induces the magnetization switching in the
adjacent perpendicular ferromagnetic layer.'® A typical
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structure consists of a nonmagnet/ferromagnet (NM/FM)
bilayer, in which the NM layer is a spin Hall channel, and it
generates the transverse spin current J,. This spin current is
polarized along the in-plane direction and it accumulates at the
interface between NM and FM layers exerting a Slonczewski-
like torque (SLT) to switch the magnetization of the FM layer.
The ratio of spin current to the charge current is represented
by the spin Hall angle (SHA). Usually a small symmetry-
breaking bias field along the charge current direction is needed
for deterministic SOT switching.'” However, it is impractical
to apply an external magnetic field in the neuromodulation
applications. Recently, field-free SOT switching methods have
been regorted by introducing interlayer exchange cou-
pling,”°~** tilted magnetic anisotropy,” interplay of spin-
orbit and spin-transfer torques,”* etc.

Herein, we are exploring the antiferromagnet/ferromagnet
(AFM/FM) structure as neuromodulator (see Figure lab),
where the AFM layer supplies an in-plane exchange bias field
on the adjacent FM layer and meanwhile generates SOT that
enables the purely electrical deterministic switching of
perpendicular magnetization without any external bias field.
For a system with single-domain state and perpendicular
magnetic anisotropy (PMA) on top of an AFM layer with a
current-in-plane (CIP) geometry, the critical current density Jc
for a deterministic magnetization switching is written as”’

_ 2epy Mty HY  Hy
CT h et NG

et 2 J2

(1)

H{ = He — NM, @)

where 6% is the effective spin Hall angle, M, t Hy, and Hy
are the saturation magnetization, thickness, effective anisotropy
field, and perpendicular anisotropy field of the FM layer,
respectively, and Hy is the exchange bias field.

One advantage of this SOTNS is that there are no
mechanical moving parts in this system, the magnetization
(as well as the direction of magnetic field) of the FM layer can
flip back and forth by changing the charge current directions as
shown in Figure lab, where an in-plane charge current J,
passing through the AFM layer is converted into a
perpendicular spin current J; due to the spin Hall effect (SHE).

Another advantage of SOTNS is that since the magnetic
field is highly permeable through biological tissues due to their
similar permeability to that of the free space,”® it would spare
the device from being encapsulated by astrocytes or glial cells
as is often the case for electrical implants.”> On the basis of the
Maxwell-Faraday law, a rapidly fluxing magnetic field induces
an electromotive force (emf):

}{E-dl - —/ ?)—l:-ds 5

where B is the magnetic field, E is the electric field, 1 is the
contour, and S is the surface.

Figure 1lc describes the theoretical switching of the
magnetization M; (the Z-component of magnetization M)
from +Z to —Z directions and vice versa depending on the
charge current direction applied during the time window.
Upon the onsets of magnetization M, flipping from +Z to —Z
directions (or —Z to +Z directions, see the black arrows in
Figure 2b), the time-varying magnetic flux induces local
electric field E (see the red circles in Figure 2b).

The size of SOTNS can be down to tens of nanometers,
thus, arrays of SOTNSs could be fabricated and integrated
together as shown in Figure 2a. The SOTNSs patterned on a
flexible substrate will give us much more flexible control of the
neuromodulation. While this proof-of-concept device includes
a single chip, dozens of chips could be run by the same
electronics. These devices can then be assembled to make a full
3-D array. This is similar in concept to the work by Wise et
al,””*® but with spintronic nanodevices and nanofabrication
technology, the size of each neuromodulator could shrink from
micrometers to nanometers.

2.2. Biological Model. Neurons encode information with
electrical signals and transmit the information to other neurons
by synapses. When an external oscillating electric field is
applied,” the charged ions are triggered into a coherently
forced vibration of a specific amplitude which is in phase with
the applied electric field. The coherently forced vibration of
these ions generates an electrostatic interaction which causes
the voltage-gated ion channels to open and close thereby
allowing ions to move in and out of the ion channels. This
activity disrupts the electrochemical balance between the
intracellular and extracellular matrix of the neuron cells. This
phenomenon is better termed as action potential. Therefore,
the external electric field being the cause, action potential is the
effect. The action potential is a very important electrical signal
that occurs when the membrane potential of a specific axon
location rapidly rises and falls. Action potentials are generated
mainly by specific types of ion channels embedded in a cell’s
membrane. The principle ions involved in an action potential
are Na* and K" ions where Na* ions enter the cell and K" ions
move out of the cell.

These ion channels are pore-forming membrane proteins
that allow ions to pass through the channel pore. They underlie
the resting membrane potential, action potentials, and other
electrical signals by gating the flow of ions across the cell
membrane. There are three main groups of ion channels, they
can be classified by the nature of their gating: voltage-gated,
ligand-gated, and mechanically gated. To understand the
neural circuits and behaviors, many external means have been
used to activate ion channels, such as the ultrasonic control of
neural activities through the mechanically gated ion
channels,*?° the chemical neuromodulation exerting on the
ligand-gated ion channels that delivers drug invasively (e.g,
memantine and agomelatine) for brain disorder treat-
ments,”** and the TMS and DBS techniques which artificially
control the voltage-gated ion channels. As the ion channels
open by different means, specific types of ions pass through the
channels down their electrochemical gradient, initiating an
action potential. If the stimulation is exerting on the ion
channels at the axon hillock region, then one action potential
will be initiated and travel down the axon (orthodromic). If the
stimulation is exerted in the middle of an axon, two action
potentials will be initiated and propagate along opposite
directions (antidromic and orthodromic). Figure 2b shows the
latter case in which the electric field generated by the SOTNS
is exerting in the middle of an axon.

Take the voltage-gated sodium channel (VGSC) as an
example. As shown in Figure 2c, before a stimulation, the
axonal membrane is at its resting potential and the Na'
channels are in the deactivated state, blocking the Na* ions
in the extracellular side. During one cycle of neuromodulation
process, an electric field E is generated by SOTNS locally. In
response to the electric field, the VGSCs open (see Figure 2d),

DOI: 10.1021/acs.jpcc.9b07542
J. Phys. Chem. C 2019, 123, 24963—24972


http://dx.doi.org/10.1021/acs.jpcc.9b07542

The Journal of Physical Chemistry C

N
€

<

—°2.50x10"

>

‘B

5

o g 0.00

=

[

3-2.50%10™

) 2.0x10°

8

[&]

E . . :
< 1.20x10° f—k—
N H

= | ?

S C 0.0 : |
N H i

3 A |

§-1.20x1o6

= 2.0x10°®

100

4.0x10°

4.0x10°®

gk .-i .-E: et

Electric Field (mv/mm)
D
o

2.0x10°
Time (s)

4.0x10°

g H, (Aim)

1.5x10°
- t 1.0x10°
£
K% 5.0x10*
1.0x10°® 1.5x10° ‘? 00
>
-5.0x10°
-1.0x10°
1 8-6-4-202 46 8
| X-Axis (nm)
10°] o ' ' * AT
1.0x10° 15x10° ..l|| " B
§ 10°] © ea eBELH
=
T 10%4 E
o
Q@
i 10 1
>
E 3
& 10" = 1
\
<
- N,
1.0x10° 1.5x10° 10°+ — - ,
10 10 10 10

Distance from Nanopillar (nm)

PR arare

N
N
~
N
N
N
~
N

SAAAAL AL
R e e ey
SAAALAL A A A A A
LA AL
SAAALAL AL AL LA AL AL AL
A A A A
e e
S S SRR EEas
AL AL LA AL
e
AL AL
e

Figure 3. (a) Applied charge current pulses. [Jcl = 2.5 X 10" A/m?, + signs indicate ] flows along +X axis. (b) Charge current + J is on at 10 ns.
(c) Magnetization component IM,| ~ 1.2 X 10° A/m, + signs indicate M, points to +Z direction. (d) Flipping M, from +Z direction to —Z
direction by a charge current pulse + J. within 3 ns. (e) Calculated real-time electric field based on Maxwell—Faraday law. (f) Real-time electric
field within 3 ns of charge current pulse + J.. (g) Magnetic stray field component H, on the top surface of 14 nm FM nanopillar when the
magnetization is fully switched (M,/M; = 1). Points A and C are at the edge of nanopillar, and point B is in the center of nanopillar. (h) Magnetic
stray field component H, attenuates from top surface of nanopillar to a distance of 100 nm from surface along Z-axis. (i—p) simulated
magnetization evolution in a 14 nm diameter FM nanopillar at At = 0, 0.05 ns, 0.13 ns, 0.20 ns, 0.28 ns, 0.90 ns, 1.21 ns, and 2.06 ns after applying

the charge current pulse.

allowing Na® ions to flow into the neuron through the
channels, causing the voltage across the neuronal membrane to
increase. The increase in membrane potential constitutes the
rising phase of an action potential.

2.3. Micromagnetic Simulations on SOTNS. In this
work, the object oriented micromagnetic framework
(OOMMEF)™ is used to calculate space- and time-dependent
magnetic dynamics of the SOTNS structure. For the FM layer
with perpendicular magnetization, stable bidirectional magnet-

24967

ization switching can be achieved by applying in-plane currents
through the AFM layer to induce the SOT under an exchange
bias field. Many experimental works have revealed that the
SLT (zgr) is considered to be responsible for the SOT
switching.19‘34_37 The Landau—Lifshitz—Gilbert (LLG) equa-
tion including the SOT term is expressed as

om om
— = —fHm X H. + am X E + Tt

ot (4)
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Toir = Yo %ym X (m X o) (s)

M . . - . .
where m = o s the unit magnetization vector with M, being

the saturation magnetization, Hg is an effective magnetic field
including an effective perpendicular anisotropy field Hy . (=
Hy — NyM,) is an external exchange bias field Hy, and the
interfacial anisotropic exchange field due to the Dzyaloshin-
skii—Moriya interaction (DMI), , is the gyromagnetic ratio,
is the Gilbert damping parameter, 7 is the SLT term,
oSt
2 e pMy,

7= is the magnitude of SLT, and o is the direction of

spin polarization. The polarity of the SOT torque is
determined by the direction of the in-plane current J.

PtMn is chosen as the AFM layer due to its higher spin Hall
angle compared to other CuAu-I-type AFM**~*° such as IrMn,
PdMn, and FeMn. The spin Hall angle 6% of PtMn varies
from 0.06 up to 0.24 in different studies.””*”*' Herein, we
assume %5 = 0.12. The PMA is achieved only in a limited
range of CoFeB layer thickness; therefore, we fix the thickness
at 1 nm which is within the range. The structure of a Hall bar
stack is assumed, from the substrate side, Ta(5 nm)/PtMn(9
nm)/CoFeB(1 nm)/MgO(1.6 nm)/Ta(2 nm).”**”*"** The
saturation magnetization of the CoFeB layer is Mg = 1.2 X 10°
A/m.'® For this sufficiently thin CoFeB layer, the PtMn
(AFM)/CoFeB (FM)/MgO structure induces a stron
perpendicular easy axis with an effective anisotropg field HY'
between 120 mT and 500 mT along the Z-axis,”"****~* and
the anisotropy field Hy is between 1.5 and 2 T. The exchange
bias field Hy is assumed to be 15 mT along X-axis, which can
be achieved by annealing at 300 °C under an in-plane magnetic
field of 1.2 T along the Y-axis for 2 h** (Lau et al.” reached an
exchange bias up to SO mT by replacing MgO with Ru).
Besides, to ensure the biocompatibility of this SOTNS implant,
we plan on adapting the process as recently proposed by
Moretti et al,** where a physical vapor deposited a trilayer of
SiO,/SizN,/SiO, on a relatively biotoxic environment of
magnetic tunnel junction (MTJ) stack ensured complete
neurophysiological activity of cultured neuron cells for more
than 30 days without even altering the device performance.

3. RESULTS AND DISCUSSION

3.1. SOT Switching of 14 nm FM Nanopillar. Herein,
we conducted the OOMMEF simulations on the CIP geometry
AFM/FM nanostructure mentioned in the foregoing sections.
In-plane charge current pulses are applied through the AFM
layer. The spin Hall torque is directed along m X (m X 6). The
magnetization dynamics of the FM nanopillar with a diameter
of 14 nm and thickness £z = 1 nm (denoted as FM14-SOTNS
in this paper) is monitored. Figure 3(a—f) show the time-
dependent change of the charge current pulses, the Z-
component magnetization of the FM14-SOTNS structure,
and the calculated electric field on the surface of FM14-
SOTNS. Electric fields are generated during the magnetization
switching process. Significant precessional motions are
observed when the charge current switches direction or turns
on/off, which is because the magnetization direction deviates
from its equilibrium direction (i.e., the perpendicular easy
axis). The precessional motions induce high-frequency electric
field with magnitudes between 0 and 70 mV/mm as shown in
Figure 3e. Figure 3f is an enlarged view of one electric field
stimulus pulse with a pulse width of ~2 ns and an intensity of
5=70 mV/mm. The stimulus frequency of electric field pulses

can be controlled by setting the charge current switching
frequency between 60 and 200 Hz.

The magnitude distribution of the Z-component of a
magnetic stray field, H,, from the surface of FM14-SOTNS
is recorded in Figure 3g. Figure 3h shows that the magnetic
stray field decays with the distance from the nanopillar surface
to a distance of 100 nm along the Z direction. The trend line
shows that H, drops to 1 A/m at a distance of around 300 nm.
Figures 3i—p are the magnetization evolutions of FMI4-
SOTNS after applying the charge current pulse. Each arrow
represents an area of 1 nm X 1 nm. Magnetization in the
FM14-SOTNS flips from the +Z direction to the —Z direction
within 2 ns. Switching is completed by involving the SOT and
DMI driven domain wall motion. The parameters used in this
OOMME simulation are listed in Table 1.

Table 1. Simulation Parameters of SOT Switching of CoFeB
Nanopillar

parameter description values”
nanopillar diameter X thickness 112 nm X 1 nm
dimensions (14 nm X 1 nm)
cell size length X width X thickness 1nm X 1 nm X
1 nm
Yo gyromagnetic ratio 2211 x 10° m/A-s
a gilbert damping factor 0.02
A exchange constant 20 X 1072 J/m
Mg saturation magnetization 1.2 X 10° A/m
Jc charge current density applied in 2.2 X 10" A/m?
this simulation” (2.5 X 10> A/m?)
o spin hall angle 0.12
Hy perpendicular anisotropy field 15T
Hy exchange bias field 15 mT
DMI Dzyaloshinskii—Moriya interaction 0.5 mJ/m?

factor

“The parameters used in the simulation on SOT switching of the 14
nm nanopillar are listed in the parentheses. A smaller nanopillar
requires larger charge current density J to flip its magnetization, and
the switching process generates a smaller emf. YThe critical current
density with respect of demagnetization field can be found in the
Supporting Information.

3.2. SOT Switching of 112 nm FM Nanopillar. In the
foregoing section, we discussed the SOT-based magnetization
switching behavior in a FMI14-SOTNS structure with a
diameter of 14 nm, where it is in the single domain regime.
We observed that the switching behavior in the device can be
described by one macrospin. In this section, we increased the
diameter of FM nanopillar to 112 nm while keeping the
thickness 1 nm (denoted as FM112-SOTNS in this paper),
entering the nucleation dominated regime. The time
evolutions of charge current, Z-component magnetization in
the FM nanopillar, and calculated electric field are plotted in
Figure 4a—f. During one magnetization switch cycle (from +Z
to —Z direction or vice versa), the precessional motions of the
magnetization in the FM nanopillar induce a high frequency
electric field with magnitudes between 0 and 200 mV/mm as
shown in Figure 4e. Figure 4f is an enlarged view of one
electric field stimulus pulse with a pulse width of ~3 ns and an
intensity of 5—200 mV/mm.

The Z-component stray field pattern and the stray field
decay rate along the Z direction distances are plotted in Figure
4gh. The trend line shows that H, drops to 1 A/m at a
distance of around 6 ym. In addition, as the FM nanopillar
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Figure 4. (a) Applied charge current pulses. [Jc| = 2.2 X 10'* A/m? =+ signs indicate ] flows along +X axis. (b) Charge current + ] is on at 10 ns.
(c) Magnetization component IM,| ~ 1.2 X 10° A/m, =+ signs indicate M, points to +Z direction. (d) Flipping M, from the +Z direction to the —Z
direction by a charge current pulse + J; within 3 ns. (e) Calculated real-time electric field based on Maxwell—Faraday law. (f) Real-time electric
field within 3 ns of charge current pulse + J.. (g) Magnetic stray field component H, on the top surface of 112 nm FM nanopillar when the
magnetization is fully switched (M_/M, = 1). Points A and C are at the edge of the nanopillar, and point B is in the center of the nanopillar. (h)
Magnetic stray field component H, attenuates from the top surface of nanopillar to a distance of 100 nm from the surface along the Z-axis. The
trend line shows that H, drops to 1 A/m at a distance of around S ym. (i—r) simulated magnetization evolution in a 112 nm diameter FM
nanopillar at At = 0, 0.12 ns, 0.20 ns, 0.27 ns, 0.35 ns, 0.42 ns, 0.50 ns, 0.65 ns, 2.79 ns, and 2.94 ns after applying the charge current pulse.

diameter increases from 14 to 112 nm, the overall time for a magnetization of FM is pointing up represented by red pixels

complete magnetization flip (from + Z to — Z direction or vice
versa) increases from 2 to 3 ns. Figure 4 panels i—r show the
magnetization evolution of FM112-SOTNS structure vs time.
Each arrow represents an area of 7 nm X 7 nm. Magnetization
in 112 nm FM nanopillar flips from +Z direction to —Z
direction within 3 ns. Switching is completed by involving
SOT and DMI driven domain wall motion. Initially, the

24969

in Figure 4i. Upon the application of the charge current, a
reverse domain is first nucleated near the center of the pillar
(see Figure 4j) followed by the expansion of the domain as
shown in Figure 4k—m. The full switching of the magnet-
ization in the FM layer is via the joint action of SOT and DML
The switching mode of FM112-SOTNS is the nucleation type,
which is very different from the FM14-SOTNS from Figure
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3i—p where the magnetization switching mode is a single
domain type. The local magnetization at the edges tilts because
the interfacial DMI imposes boundary conditions at the edge
of the FM layer."”**

The parameters used in this simulation are listed in Table 1.

The induced electric field is biphasic in nature and persists
for several nanoseconds which is 2 ns for the 14 nm nanopillar
and 3 ns for the 112 nm nanopillar with a maximum intensity
of £70 V/m and +200 V/m, respectively. Previous reports
have suggested that the biphasic electric field is more efficient
in neurostimulation.”® Furthermore, the nanosecond pulsed
electric field (nsPEF) stimulation has been under the limelight
for the past two decades only. Although most applications have
been found to be extremely efficient for tumor ablation and
cancer therapies, there are several controversial views in terms
of neurostimulation. Some reports suggest that nsPEF inhibits
action potential in primary hippocampal neurons*’ while
several groups have recently reported the focal stimulation
efficiency of nsPEF on neurons.”’~>* Romanenko et al. have
reported the generation of action potentials from a single pulse
of 10 ns,”® Casciola et al. reported activation of a peripheral
nervous system by a 12 ns stimuli,>> and Pakhomov et al.
reported the threshold intensity for neuronal membrane
excitation by a 200 nsPEE.’" All these methods invove
extremely complex pulse generator hardware. Even though the
molecular mechanism associated with nsPEF neurostimulation
is still skeptical, promising reports from several groups validate
the potential of these SOTNS as a potential low-power
implantable nanosecond neurostimulator.

3.3. Power Consumption and Device Performance of
SOTNS. To validate the fact that SOTNS has better efliciency
in terms of device power consumption over its CMOS
analogues, the total power consumption and area overhead
have been calculated and listed in Table 2. The AFM/FM
layers of SOTNS have been considered to have resistances in
parallel. For calculation purposes, 1 ym length section out of

Table 2. Power of Device Operation and Area Overhead for
SOTNS

parameters description values

112 nm X1 nm
(14 nm X1 nm)
1 ym X 112 nm X

FM nanopillar diameter X thickness

dimension

AFM dimension length X width X

thickness 9 nm
(1 pm X 14 nm X
9 nm)
Jc charge current density 2.2 x 10" A/m?

(2.5 x 10" A/m?)

area of cross-section for ~circumference X thickness 351.68 nm?>

nanopillar (43.96 nm?)
area of cross-section width X thickness 126 nm*
AFM
Privn resistivity of AFM 6.9 X 107 ohm—m
Rpavin resistance of AFM 54.76 ohm
PCoFeB resistivity of FM 105 x 10™® ohm—m
Reoren resistance of FM 334.39 ohm
(334.39 ohm)
Ry equivalent resistance 47.054 ohm
I total current applied in 0.367 mA
this simulation (2.581 mA)
P power consumption 6.34 yW
(313.5 uW)

the total length of AFM has been considered (see Figure 2a).
The terms current density (J, Am™?) refers to current through
the AFM only. The total current (I, mA) refers to the current
through the entire device. The power efficiency for SOTNS
has been calculated by the product of the square of the total
current in SOTNS and the equivalent resistance of the AFM/
FM bilayer (resistivity values for AFM and FM in Table 2 have
been calculated from refs 53 and 54. Considering the average
time for switching in the FM14-SOTNS and FM112-SOTNS
nanodevices to be 2 and 3 ns, the power consumption of
SkyNS was calculated as 6.34 yW and 313.5 yW, which is
approximately 10'® times lower than commercialized TMS
coils and 10° times lower than DBS electrodes. Even though
magnetic microcoils for micromagnetic neurostimulation
(uMS) have shown significant improvement in terms of the
power of operation, they still consume 10 times more power in
comparison to SOTNS. The calculations presented in Table 2
significantly emphasize the importance of spintronic nano-
devices as the potential ultralow-power neurostimulators. Also
as reported by Curiale et al,,>” that for extremely short current
pulse duration, <100 ns, the temperature is expected to rise by
just 1 K only. Although, significant thermal effects occur when
duration for charge current is greater than 100 ns, it is highly
unlikely that SOTNS will be made to operate at durations so
high in this range. Thus, we predict that rise in local
temperature will have little to no effect on SOTNS device
performance as a neurostimulator.

4. CONCLUSIONS

To summarize, we have initially explored the feasibility of
applying magnetic spintronic nanodevices for neuromodula-
tion applications. An AFM/FM structure is employed for
which the AFM layer supplies an in-plane exchange bias field
on the adjacent FM layer and meanwhile generates SOT to
enable deterministic switching of perpendicular magnetization.
This current driven magnetization dynamics in SOTNS has no
mechanically moving parts. Furthermore, the size of the
SOTNS can be down to tens of nanometers. Thus, arrays of
SOTNSs could be fabricated, integrated together, and
patterned on a flexible substrate, which gives us much more
flexible control of the neuromodulation. The magnetization
dynamics of two AFM/FM structures were simulated using
OOMMF: FM14-SOTNS and FM112-SOTNS, which are 1
nm thick FM nanopillars with diameters of 14 and 112 nm,
respectively. The time evolutions of the charge current, Z-
component magnetization in FM nanopillars, and calculated
electric fields are plotted. During one magnetization switch
cycle (from +Z to —Z direction or vice versa), the precessional
motions of the magnetization in the FM nanopillar induce high
frequency electric fields. As the FM nanopillar diameter
increases from 14 to 112 nm, the magnitudes of the induced
electric fields increase from tens of mV/mm to hundreds of
mV/mm. In addition, the time duration of electric field in each
neuromodulation cycle increases from 2 to 3 ns. Furthermore,
SOTNS consumes a power within the range of 6.34—313.5 yW
only.

The fields of neuroscience and neural engineering have seen
rapid growth during the last few decades, especially in new
fabrication and materials technologies to produce high density,
miniaturized, and customized electrode arrays for sensing and
stimulating neurons.’* > Nanometer-scale devices exploiting
spintronics can be a key technology in this context. Spintronic
nanodevices offer a plethora of novel mechanisms which can

DOI: 10.1021/acs.jpcc.9b07542
J. Phys. Chem. C 2019, 123, 24963—24972


http://dx.doi.org/10.1021/acs.jpcc.9b07542

The Journal of Physical Chemistry C

be harnessed into new device paradigms with the potential to
drive progress in the sensing and modulation of neuron
activities. Other features of spintronic nanodevices for
neuromodulations include tunable magnetic dynamics, low-
power consumption, no wear out (no mechanical moving
parts) during function cycles, and their magnetic/electric
performances are not affected by the encapsulation of
astrocytes or any other cells. In addition, over the past decade,
there have been exciting developments in using polymer
coatings (e.g., PEDOT), hydrogels, and surface modifications
to improve the tissue and functional interaction of the
nanodevices with the surrounding neurons. It can be foreseen
that spintronic nanodevices along with neural engineering will
enable more precise diagnostics and low-power therapeutics
for brain disorders.
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