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Recent reports on spin structures produced in nanomaterials due to confinement of spins imposed
by geometrical restrictions are at the center of rising scientific interest. Topological curling magnetic
structures (vortices) exhibit unique properties, regarding the energy profile, good colloidal stability in
suspensions, manipulation under a low-frequency magnetic field, and torque exertion. The last prop-
erty provides the potential to mechanically eradicate cancer cells via magnetomechanical actuation using
remote ac magnetic fields. Here, we study, theoretically and by micromagnetic simulations, the mag-
netic energy evolutions for vortex nanosystems, i.e., Fe304 nanodisks (NDs) and nanorings (NRs). The
obtained results for magnetic energy, magnetic susceptibility, and magnetization reversal confirm that the
vortex-domain structure in NRs exhibits better stability and avoids agglomeration in solution, owing to
the presence of a central hole, whereas the presence of a vortex core in NDs induces magnetic remanence.
Although NDs are found to exert slightly higher torques than NRs, this weakness can be compensated
for by a small increase (i.e., approximately equals 20%) in the amplitude of the applied field. Our results
provide evidence of the magnetic stability of the curling ground states in NRs and open the possibility of
applying these systems to magnetomechanical actuation on single cells for therapeutics in biomedicine,

such as cancer-cell destruction by low-frequency torque transduction.

DOI: 10.1103/PhysRevApplied.16.024002

I. INTRODUCTION

The capability of a magnetic field to safely permeate
human organs and interact with magnetic nanoparticles
provides promising routes for therapies and diagnostics
in biomedicine [1-6]. Among these routes, the transduc-
tion of the magnetic interaction of an external ac field and
magnetic nanosystems into magnetomechanical actuation
makes it possible to mechanically destroy previously tar-
geted cells, bacteria, or other unicellular organisms. The
physical mechanisms involved are based on the torque
induced by nanoparticles under the rotation effect of a
low-frequency (i.e., few-Hz frequency) ac magnetic field,
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which mechanically actuates cells [7-9]. This torque can
be exploited in several ways to trigger receptors connected
with cell death, open ion channels, or transfer direct phys-
ical spoilage to cells and has been shown to result in
cell death both in vitro and in vivo. For instance, it has
been reported that the oscillation of magnetic nanoparticles
can induce calcium influx from membrane ionic chan-
nels or calcium casting from internal cell origins, which
results in perturbation of cellular calcium homeostasis and
stimulates the apoptosis process [10—12].

Magnetic nanoparticles with vortex structures provide a
stable configuration that can rotate with the application of
an external field. The magnetic field suffices for a magne-
tization process that generates a large magnetic moment
in these systems due to the high intrinsic magnetization,
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allowing their manipulation even by a weak external mag-
netic field. One advantage of the vortex configuration
over the simple single-domain magnetic structure is that it
can show negligible dipole-dipole interactions, and thus,
negligible magnetic remanence, allowing the magnetic
nanosystems to remain well dispersed in colloidal for-
mulations in the absence of an exterior magnetic field.
Recently, the possible use of magnetic vortex microdisks
(MDs) and nanodisks (NDs) for in vitro experiments with
glioma cancer cells and mechanosensory cells has been
studied under weak and slow magnetic fields, suggest-
ing that vortex disks are excellent mechanotransducers
compared with superparamagnetic nanoparticles for erad-
icating cancer cells [11,12]. An important result relates to
the significant remanent magnetization (My) in these sys-
tems, due to the presence of a central vortex core that gives
out-of-plane magnetization in NDs; such My significantly
contributes to agglomeration of NDs in suspensions [13].
The My distribution is a complex phenomenon that relies
on the size and shape of the particle, as well as on the
balance of different energy contributions to the magnetic
energy. The zero-field vortex configuration is specified by
the balance between the exchange and magnetostatic ener-
gies, which can be controlled by the defined geometry, i.e.,
the thickness and diameter of the vortex nanosystem; in
the vortex state, the total energy is almost dominated by
the exchange energy because of the formation of a cen-
tral vortex in NDs [14]. Upon decreasing the disk diameter
at a constant thickness, the comparative contribution of
the exchange energy of the central vortex surges and ren-
ders the vortex state less stable and lower than the critical
diameter. It is worth noting that the My of NDs is higher
near the critical size (closer to the single-domain region).
Such My can be reduced to zero by increasing the diam-
eter of NDs to within 0.5—1 um, but this size limits the
use of NDs in biomedicine [15,16]. On the other hand, the
absence of a central vortex core substantially reduces the
exchange energy in NRs, making their vortex state ener-
getically favorable, i.e., the lowest-energy state (ground
state), without out-of-plane magnetization (Mg = 0), which
avoids possible agglomeration in suspensions [14,17]. In
addition, vortex NRs have lower energy than NDs and do
not produce surface magnetostatic charges, thus becoming
more stable. It is clear that an understanding of the energy
evolution in defined magnetic vortex nanosystems and its
stabilization is a crucial factor to examine the possibility
of using such systems in biomedicine. One great advan-
tage of NRs over NDs is that the vortex state is always
an energetically lower state in NRs, whereas it is an ener-
getically lower state only above a critical size in NDs [14].
Thus, in this scenario, a strategy can be envisaged in which
vortex NRs are used as magnetomechanical transducers for
cancer-cell destruction.

Here, we report a numerical study on the vortex states in
nanorings (NRs) and nanodisks (NDs) using a theoretical

model and micromagnetic simulations of the exchange and
magnetostatic energies and their contribution to the total
magnetic energy of the system. We also analyze how such
magnetic energy evolves from the ND topology to the NR
topology. From our results on the energy and magnetic
susceptibility of these configurations, the dispersion and
agglomeration effects in the colloidal state are discussed.
Finally, the magnetomechanical properties of NRs and
NDs under a very low field (<250 Oe) are compared. Our
results show that the vortex NR magnetic configuration
might potentially be used to perform mechanical actuation
at the nanoscale, particularly as a nanotransducer, to pro-
duce mechanical damage on targeted cells in biomedical
therapeutics.

II. MICROMAGNETIC MODELING

A. Micromagnetic simulation

The micromagnetic simulation is performed by the
Mumax 3.9 package. Within this package, the time evolu-
tion of the magnetization allocation is obtained by solving
the Landau-Lifshitz-Gilbert-Langevin equation:

IM(r,H) -y - N
= M(r,t) x H
yo - -
Y oM x Hegl, (1
TETBITR (r,O[M(r, ) x Hgl, (1)
where

0E

H o= - 2)

M’

Here, M (r, ?) is the magnetization distribution, Hg is the
effective field, My is the saturation magnetization, and y
is the gyromagnetic percentage (=1.78 x 10!! s~ T~1),
The full energy (Eit) is the addition of five energy
terms, the exchange, self-magnetostatic, magnetocrys-
talline anisotropy, surface anisotropy, and Zeeman, where
the exchange and magnetostatic energies are crucial in
vortex systems.

The magnetic parameters of Fe;O4 used in the
micromagnetic simulation are the maximum satura-
tion magnetization, Mg =480 kA/m; the exchange stiff-
ness constant, 4=12x10"'"" J/m; and the magne-
tocrystalline anisotropy constants, K; =—1.35 x 10* J/m?
and K,=-0.44 x 10* J/m3. The lateral cell size is
5 x5 x5 nm?; this lateral size (5 nm) is less than the
exchange length, L., (*10.7 nm), as expressed by Lex =
(24/1oM?2)°3, to ensure the high accuracy of the simula-
tion, and the Gilbert damping coefficient is set to o« =0.5
[18,19].

B. Construction of the phase diagram

We investigate the low-energy configurations as a func-
tion of thickness, ¢, and diameter, d, of NDs and as a
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function of thickness, ¢, and internal diameter, d;,, at con-
stant external diameter, dyy, of NRs. The system is relaxed
to a local energy minimum, and the final spin arrangement
and the lower-energy states in both types of system, i.e.,
NDs and NRs, are studied. Thereafter, we compare the
relative energy of each final configuration and select as a
ground state the state with a low energy value. This pro-
cess is repeated for many diameters and thicknesses, and
the phase diagram is structured as a function of the dimen-
sion. In the case of NDs, three idealized main characteristic
configurations are found: (i) in-plane single domain (pla-
nar); (ii) out-of-plane single domain (perpendicular); and
(iii) vortex state, in that most of the magnetic moments are
parallel to the plane of NDs. In contrast, in NRs, four ide-
alized characteristic configurations are found: (i) in-plane
single domain, (ii) in-plane flower state, (iii) vortex state,
and (iv) helix state.

III. THEORETICAL MODEL
A. Construction of the phase diagram for NDs

We use two different expressions proposed by Altbir
Drullinsky et al. [20] to construct the complete phase
diagram separating the in-plane single domain (SD), out-
of-plane SD, and vortex as the ground state in NDs: (i) the
transition between in-plane and vortex phases is obtained
by applying the expression R = 9.82(L2, /1) + 2.37Ley, and
(i1) the transition between out-of-plane and vortex phases
is obtained by the expression R = Lex(#/0.082L¢yx)"3,
where R, Le, and ¢ are the radius, exchange length, and
thickness, respectively.

We theoretically describe the ground states in magnetic
nanodots, providing explicit expressions to calculate the
transition lines among vortex and SD states.

B. Construction of the phase diagram for NRs

Furthermore, we use the expression R = 9.82[L2 1/
a(B)]%33, as collectively proposed by Landeros et al. [21]
and Escrig et al. [22], to construct a phase diagram for
NRs, where Le and ¢ are the exchange length and thick-
ness, respectively, and «(f8) is a transition function that
separates the uniform state and vortex state.

C. Exchange energy

The magnetic vortex state can be energetically prefer-
able only when the particle size is greater than the
exchange length, L. In the case of the vortex state, the
magnetostatic energy is zero, and the only energy value is
the exchange energy; this structure has cylindrical symme-
try. The exchange energy, E., in the vortex state is given
by [19,23]

vo_ proMF2L% In Riy
= 2(Rgut - R12n) Rout

for NRs, 3)

v moMG2LE, In Rout
2RI —RY) Rin+0.5Ly

out

for NDs, (4)

where Ry, and Rj, are the outer and inner radii, respec-
tively.

Since the extra exchange energy, E. , term appears
because of the edge roughness, which is proportional to

the ratio between the perimeter and the volume of the ring,

+ 27 (Rout + Rin)to _ 20

(R, — R W

which can be further written as

r MOMSZ‘C%Routt 20 5
Y W’ ©)
exX
where C3 =9.2 x 107° is a characteristic energy for
such nanostructures, w = R,,;— Rj, is the width, and o is
the roughness amplitude. For a disk, w = Royi— Rin= Rout>
since Rj,=0. Therefore, the total exchange energies of
ring and disk elements with the edge-roughness-energy
contribution become

/’LOM_SZ‘ 2Lgx In Rout
2(R%ut - Rizn) Rin
poMECH Rout 20

Ey = Eg +E, =

for NRs, 6
22 y  for NRs (6)
EtOt :EV +Er — M0M52‘2Lgx ln Rout
ex x T 2(R2.—R%2) Ry, +05L
( out in) 1n+ -JLex
M2CS Ryt 2
HoWMsTo ol 20 o NDs. 7
212 w

D. Magnetostatic energy

The magnetostatic energy of the system is considered to
be an effect of the roughness of the surface and induced
only from the outer part (face and side surface). In this
case, the energy expression of the roughness contribution
term to the magnetostatic energy of the vortex state [19] is
given by

EMSgr 2
Byus = 2050 2% o NRs. (8)
t+0 w

In the case of NDs, the extra magnetostatic energy due to
the out-of-plane magnetization at the vortex core, referred
to as the vortex-core magnetostatic energy, EX,[(S:, is quan-

titatively calculated by EVjs = (Lex/Rou)?. Thus, the total
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magnetostatic energy of NDs, E}j, is

Eg/lsét 20
t+o0 w

for NDs,
)

where Eg/[s = 0.36 £ 0.01, £ =20/, X is a roughness cor-
relation length in the order of V2¢, ¢ =5nmis the cell size,
and o = +/2¢/4 is the roughness amplitude. This empir-
ical equation should describe the edge-roughness effect
of magnetic states where the magnetostatic energy term
dominates.

Lo\2
EMS:EIY/IS“‘EMS:(Rex) +
out

IV. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show a schematic illustration of
NRs and NDs, indicating the surface and side charge
regions, which are essential for analyzing the energy terms
in the magnetic vortex system. The circular region indi-
cated by the black arrows in NDs, Fig. 1(b), is the vortex
core, and arrows perpendicular to the plane are respon-
sible for out-of-plane magnetization. Figure 1(c) shows

Face surface charge
region (vortex core)
Side charge region

(d) 200 ;
Uniform Vortex
150 F 8
E
» 100} J
g |
S 50 dyyt =170 nm
= Uniform - U:/;: igl
/ ‘,'v’c,:e a(p) = 0.5 {
0 = ‘ :
0 40 80 120 160

Internal diameter d (nm)

FIG. 1.

the phase diagram, where the dependence of the mag-
netic behavior on the geometry (thickness, #, and diameter,
d) of the NDs, i.e., the transition from a SD state to a
vortex configuration separated by their boundary line, is
analyzed through the theoretical model and micromagnetic
simulation. In NDs, three possible ground states of mag-
netization are found at remanence: in-plane SD, vortex,
and out-of-plane SD; the point at which the three ground
states have the same energy (thickness # ~ 80 nm and diam-
eter d~ 66 nm) is called the “triple point”. If the NDs
are very thin, then all magnetic moments are arranged in
plane; if the diameter is small and the thickness is large,
then magnetization is perpendicular to the plane of the
NDs (out of plane); and another ground state is a vor-
tex state observed above a certain thickness and diameter,
which is referred to as the critical size. The phase diagram
constructed through the theoretical model is in very good
agreement with the micromagnetic simulation result. How-
ever, the small discrepancy at the boundary line is probably
due to the effect of cubic cell discretization in the micro-
magnetic simulation, which contributes to the additional
roughness energy, and hence, the total ground-state energy
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Schematic pictures of (a) NRs and (b) NDs; (c) phase diagram of NDs obtained from the theoretical model (solid line)

and micromagnetic simulation (solid line with circles); and (d),(e) phase diagrams of NRs obtained from the theoretical model and

micromagnetic simulation, respectively.
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of the system. Such effects are not observed when con-
structing a phase diagram from the theoretical model. The
nature of the phase diagram constructed for NDs, which
provides explicit transition lines among vortex and in-
and out-of-plane SDs, agrees well with the theoretical and
simulated results found elsewhere [24-27].

Figures 1(d) and 1(e) show the theoretical and simu-
lated phase diagrams of NRs as a function of thickness,
t, and internal diameter, dj,, at a constant outer diame-
ter, doy. The presence of the hole in the ring considerably
modifies the vortex state, avoiding the possible out-of-
plane SD state. Theoretically, we find only two possible
ground states, i.e., the uniform state (SD state) and vor-
tex state. Here, we analyze the minimum-to-maximum
region, below [<a(B8)=0.1] and above [>«a(B)=0.3],
where the possibility of the ground-state vortex configu-
ration is disregarded. In addition, it is worth mentioning
that an intermediate mixed-vortex phase could be possi-
ble for 0.1 <w(B) < 0.3 [21]; this phase depends on the
inner radius of the NRs and occurs if the inner radius is
sufficiently small compared with the outer diameter. Fur-
thermore, within the reported range of 7, di,, and d, here,
four ground states, namely, in-plane SD, in-plane flower
(also called onion), vortex, and helix states, are observed
through the micromagnetic simulation and agree well with
the literature [28—30], and most of the region is found to
correspond to the vortex state at intermediate values of
thickness, ¢, and internal diameter, d;,, at fixed d,,. We
find that the triple point, i.e., the boundary point of in-
plane SD, in-plane flower, and vortex in NRs, is close to
thickness ¢ ~ 30 nm and internal diameter d;, ~ 37 nm.

Furthermore, when thickness ¢ approaches a larger
value, the demagnetization energy increases proportionally
[19], and, when ¢ > dj,, the strong out-of-plane demagne-
tizing field compels the top and bottom in-plane spins to
point out and ultimately form a helix state. The helix state
is a combination of the vortex and out-of-plane configura-
tions, in which the spins in the top and bottom planes of
the NRs exhibit a counterclockwise vortex configuration
to reduce the fringe field, while, in the middle planes, the
spin is indicated to be out of plane along the z axis [31].
These in-plane flower and helix states are considered to be
metastable states that exhibit a nonzero net magnetization,
although they have NR structures, leading to considerable
magnetostatic interactions in suspensions and aggregation
[14,32,33]; therefore, these dimensional NRs are usually
not recommended for biomedical applications.

A. Exchange energy

Figure 2(a) shows the exchange energy, Ec, of NDs
as a function of diameter, in which E. is decreas-
ing with increasing diameter (from diameter d =200 to
1000 nm), where the solid line and circles indicate the

energy obtained from the theoretical model and micromag-
netic simulation, respectively. Quantitatively, when the
diameter is increased by about 5 times, E. is decreased by
about 16 times; NDs become a more energetically favor-
able state (lower-energy state) when going far from the
critical diameter (approximately 92 nm for Fe;04, not
shown here), as observed in Fig. 2(a). Furthermore, from
Fig. 2(b), it is observed that E. in the vortex region is
independent of the thickness of the NDs. It is reported
that the total energy is almost completely dominated by
the exchange energy because of the formation of a cen-
tral vortex within the vortex state of NDs, whereas the
single-domain state is dominated mainly by the demagne-
tization energy generated by charges on top of the lateral
surfaces [34,35]. For large structures, the vortex state low-
ers the system’s energy by decreasing stray fields, and thus,
reducing the magnetostatic energy. The central vortex of
NDs has a vortex core of a certain radius, the so-called
vortex-core radius, ryc, which is much smaller than the
radius of the NDs, R (ryc < R), and the magnetization in
the region is out of plane, m, # 0, but much smaller than
in-plane magnetization, whereas, in the outer regions of
the vortex, magnetization lies completely in plane. In prin-
ciple, the vortex core is a stable formation, which is greatly
coupled with exchange forces, and it can be assumed that
dynamic magnetization has significant values just outside
of the vortex core, i.e., in-plane magnetization [36].

The value of the vortex-core radius (ryc) can be
obtained by minimizing the total magnetic energy (details
are given in Refs. [37,38]); ryc proportionally depends on
the radius of the NDs (at constant thickness), which favors
a large reduction in exchange energy for a larger structure
of the disk center at the expense of a low dipolar-energy
increase. For biomedical applications, a large vortex core
in NDs is essential, which forces the magnetic remanence
to be negligible, thereby enhancing the stability of NDs in
suspensions. With decreasing disk diameter at a constant
thickness, as shown in Fig. 2(a), the relative contribution
of the exchange energy for the central vortex increases,
which thus increases the overall energy and renders the
vortex state as a single-domain state under a critical diam-
eter, d. (sizes towards 92 nm are not shown here); the
largest exchange energy is observed for 200 nm NDs,
since this is close to the single-domain region (single-
domain < d,. < vortex). The larger the diameter of NDs
is, the longer the displacement of the vortex core, which
lowers the exchange energy and renders better stabil-
ity of the vortex state, reducing remanent magnetization.
Additionally, it is worth mentioning that, by applying a
field (H), the exchange energy decreases with increas-
ing displacement of the vortex(es) [39]. On the other
hand, the micromagnetic simulations precisely identify the
equilibrium configuration, which is not, essentially, the
perfect vortex state. Nevertheless, the discreteness of the
method and the utilization of a cubic mesh are sources of
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FIG. 2. (a) Exchange energy, E.x, evolution of NDs as a function of diameter, d; (b) comparison of E loss with increasing diameter

of NDs; and (c),(d) exchange energy, E.x, evolution and roughness contribution to E¢, in NRs as a function of internal diameter, dj,,

respectively.

systematic errors of nonrectangular systems, thus rais-
ing the imprecision of micromagnetic simulations because
of discretization [35]. This is more applicable to NDs
and NRs, since the circular boundary is estimated by
a staircase of straight-line segments. Such edge rough-
ness causes surface charges that raise the demagnetization
energy. To investigate such roughness energies analyti-
cally, a simple analytical method is derived by taking into
account the ratio of the perimeter to the volume of the
nanoparticles [Eq. (3)]; the roughness-energy contribution
is generated from the edge of dimension-based nanoparti-
cles. An increase in thickness contributes to the additional
energy, the so-called “exchange-roughness energy”, from
the edge surface of each disk, which acts to make the edge
spins point in directions far from the azimuthal direction.
Figure S1 within the Supplemental Material [40] shows
the linear dependency of the exchange-roughness energy
(EL,) with thickness, ¢. Although it is negligible compared
with E., its effect is accountable within the intermedi-
ate region (200500 nm) due to some significant energy

discrepancies between the theoretical model and micro-
magnetic simulations. We note that E7, is significant
close to the single domain, but it dominates when NDs
are far from the SD region, even though the small
exchange-roughness energy of the particles examined
could contribute significantly to the magnetic behavior
of a disk-shaped particle in the prevortex stadium [15].
With the edge roughness being taken into account analyt-
ically, the total exchange energy leads to good agreement
between the theoretical model and simulations, as shown
in Fig. 2(a).

We note that the geometry of a ring is a disk when
considering the internal diameter to be dj,= 0, and it has
already been mentioned that, in such cases, m, #0. The
maximum vortex-core magnetization amplitude is one (for
a disk) and the minimum is zero (for a narrow ring,
din/douwt > 0.9). This means that the amplitude of the vor-
tex core, m;, varies from one to zero in rings, depending
on the width, w (w = do— din, Where do is the external
diameter); a wider ring has greater m,. Figure 2(c) shows
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E. in NRs as a function of internal diameter, dj,, at a
constant thickness, ¢, and reveals a similar energy trend
to that exhibited by NDs. E decreases with increasing
din, where the solid line and circles indicate the energy
obtained by the theoretical model and micromagnetic sim-
ulation, respectively, which are consistent with each other.
The formation of the vortex core at a wider ring (closer
to a disk) is expected; however, m, is <1 and is respon-
sible for the generation of the exchange energy. When the
width of the ring decreases, the formation of the core has
a lower probability and cannot be expected for narrow
rings (din/doy > 0.9), and the contribution to the exchange
energy decreases with increasing internal diameter, djy,.
Likewise, for NDs, Fig. 2(d) shows the additional rough-
ness energy, E. , contribution to Ec as a function of
din. The increase in £, with increasing dj, is due to the
increased perimeter of the inner side of the ring, which
contributes to making the inner edge spins point in direc-
tions away from the azimuthal direction. Furthermore, £7,
is linearly dependent on the thickness of the NRs, as shown
in Fig. S2 within the Supplemental Material [40]. The E7,
contribution to E¢, in NRs as a function of thickness is 1
order of magnitude greater than that in NDs within approx-
imately similar dimensions (NDs, d =200 nm, ¢ =40 nm;
NRs, doyt= 170 nm, dj,= 140 nm, and =40 nm). This
larger contribution arises from the inner edge of the NRs.

B. Magnetostatic energy

The magnetostatic energy of the system is considered to
be an effect of the roughness of the surface. This rough-
ness is the source of the distributed magnetostatic charges
on top of the interfaces. In practice, edge roughness arises
due to different steps involved during the synthesis process,
for instance, nanoparticles fabricated by different depo-
sition techniques and thermal treatments [41] and with
different substrates [42], growth conditions [43], growth
rates [44], and nanoparticle thicknesses [45,46]. This edge
roughness makes a significant contribution to the nucle-
ation field for magnetization reversal [47—49] and, more
importantly, to the stabilization of metastable equilibrium
states [50]. Unlike the small roughness-energy contribu-
tion to the exchange energy, as discussed above, the edge
roughness causes and increased magnetostatic energy con-
tribution, depending on the geometry of the nanoparticles.
The magnetostatic energy consists of significant surface
(on the faces and sides) and negligible volume (for small
thickness) contributions [34]. In the case of disk-shaped
particles, two active inhomogeneous terms appear: (a) a
face-surface charge term (easy-plane anisotropy of thin
disks and easy-axis anisotropy of thick disks), which can
change sign near the edge; and (b) an edge-side charge
term, which causes the tangential magnetization distri-
bution, producing clockwise or counterclockwise vortex
chirality [51,52]. The vortex core generates nonvanishing

surface magnetostatic charges with different signs on top
of the different face surfaces. Their minimization causes
complicated vortex results both in the plane and in the
axial direction [53]. An inhomogeneous magnetization
arrangement in magnetically soft nanoparticles is due to
the stray field produced by surface magnetostatic charges.
The core magnetostatic energy is only produced by the sur-
face magnetic charges along the perimeter of the particle,
since volume charges are absent (div m =0) and thick-
ness ¢ remains unchanged with the vortex displacement.
The vortex-core magnetostatic energy in disks arises from
the out-of-plane magnetization (m, £ 0); surface magnetic
charges on top of the faces of the disk localize near the
vortex center, which is a topological singularity. On the top
and bottom surfaces, the surface charges are proportional
to m,, and the net side-surface charge is zero on the circum-
ference of the disk [54]. Thus, EyS = (Lex/Rout)?, Where a
vortex-core radius approximately equal to Ly is used, in
agreement with micromagnetic simulations [19,55].
Figures 3(a) and 3(b) show the vortex core and rough-
ness magnetostatic energy profiles as a function of diam-
eter d in disks; the El\\//l(S: contribution to the total magne-
tostatic energy is almost zero (approximately 10° times
lower); thus, the total magnetostatic energy is dominated
by E},s. Mathematically, it seems that the magnetostatic
energy is inversely proportional to the square of the disk
diameter, d, and directly proportional to the thickness,
t (see Fig. S3 within the Supplemental Material [40]);
however, the physics of the magnetic vortex system and
the interpretation are quite different. At remanence (zero
applied field, H = 0), the centers of the vortices are at the
centers of the NDs. In this state, the magnetic charges
are practically absent, and the magnetostatic interaction
between the individual NDs is small. Once an external
magnetic field is generated and applied to the system,
the centers of the vortices are shifted, and few magnetic
charges arise at the boundaries of the NDs, which leads to
an increase in the self-magnetostatic energy of the poles
distributed on both faces of the disks with surface den-
sity a(p) [37]. The total displacement of the vortex core
from the center to the edge boundary is an important deter-
mining factor in reducing the core magnetostatic energy,
depending on the diameter of the NDs. When the vortex
core increases the circumference of NDs, the elliptically
distorted vortex shape effectively reduces the core magne-
tostatic energy because of the reduction in surface charge.
The influence of vortex distortion is then crucially impor-
tant for NDs with a smaller diameter (near the critical
diameter discussed above), since the vortex core occupies
approximately all the disk volume. When the applied field
is sufficient to annihilate the vortex state, the minimum
total energy reaches a maximum, making the vortex state
unstable; as the vortex core is close to the edge, the sur-
face charge density induced by the magnetic charges on
the top and bottom faces increases on the circumference.
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(a) Vortex-core magnetostatic energy density, ER//[(s:’ evolution of NDs as a function of diameter, d; (b) magnetostatic energy,

E}s, evolution as a function of diameter, d, in NDs; and (c),(d) magnetostatic energy, £7,q, evolution as a function of internal diameter,

din, and thickness, ¢, in NRs, respectively.

Accordingly, the systems proceed towards the next energy
minimum, which can be found for the state with a homo-
geneous magnetization distribution. On the other hand,
the vortex state can be stabilized by the dominant energy
engendered by magnetic charges on the side (thickness)
of the NDs, i.e., the roughness magnetostatic energy. The
rate of the decrease in this energy decreases with increased
diameter, d, at a fixed thickness, ¢. This decreased rate is
related to the decrease in the possible amount of side mag-
netic charges forming at # < d with increasing d at fixed
t[34].

Similarly, Figs. 3(c) and 3(d) show the magnetostatic
energy profile of NRs as a function of thickness, ¢, and
internal diameter, dj,, at constant external diameter, dy.
An increase in the internal diameter increases the perime-
ter of the inner side of NRs, and thus, more side charge
can contribute to the magnetostatic energy, Eyq. Like-
wise, side charges are increased with an increase in thick-
ness, contributing more to £};. The absence of the core
region is a great advantage of nanorings over disks that

avoids possible remanent magnetization, i.e., no out-of-
plane magnetization (m,=0), and hence, enhances the
stability of NRs. Therefore, the total roughness magneto-
static energy induced by side charges is considered to be
the total magnetostatic energy in NRs.

In the above section, we comprehensively study the
roles of the shape, size, vortex core, magnetic surface,
side charges, holes, and cell discretization or additional
roughness contributions in the evolution of the exchange
and magnetostatic energies of NDs and NRs through a the-
oretical model and micromagnetic simulations. Taking all
these physical factors together, we have an idea of how
they affect the stabilization and agglomeration of vortex
NDs and NRs and the advantage of NRs over NDs. Con-
sidering the potential to be used in cancer-cell destruction,
we further take NDs and NRs with different d;, at fixed
t=>50 nm and d,,:= 170 nm (diameter, d, considering doy
for NDs to obtain a common diameter with NRs). The
reasons for using this size range for further study are as
follows: (a) this size range can be synthesized and (b) it
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state (H = 0); and (c),(d) total exchange energy, EX', and total magnetostatic energy, E\3, evolution from NDs to NRs as a function of
di, at fixed =50 nm and dy,= 170 nm. We assume dj,= 0 nm for NDs.

is within that for biological consideration for injection into
living cells [12,13,17].

Figures 4(a) and 4(b) show schematics and vortex-state
spin configurations of NDs and NRs with increasing dj,.
The exchange and magnetostatic energies of the respective
geometries (NDs and NRs) are shown in Figs. 4(c) and
4(d). We discuss above how the energy evolves on NDs
and NRs separately. The energy evolution from the starting
NDs into NRs shown in Figs. 4(c) and 4(d) demonstrates
that the total exchange energy, EX, is reduced by more
than half along the corresponding steps (i)<iv) [Fig. 4(b)].
This loss of energy is due to loss of the vortex core, since
the vortex core is responsible for the overall exchange
energy in the vortex state of NDs, as discussed above. This
means that the vortex state in NRs definitely exists in a
much lower energetically favorable state than that in NDs,
and hence, becomes more stable. Similarly, the increase in
total magnetostatic energy, Ey)s, with increasing di, is due

to the inner-edge-perimeter (depending on hole formation)
contribution in the single-domain state. Here, % and E\jq
represent the total exchange energy (exchange energy, E.x,
plus additional roughness energy, £.,) and total magneto-
static energy (vortex-core magnetostatic energy, El\\/’lg, plus
roughness energy, E},q).

C. Dispersion and agglomeration capability

For most biomedical uses of magnetic nanoparticles,
the samples are in colloidal form, and thus, obtain-
ing stable particle dispersions and avoiding subsequent
agglomeration is a primary concern. The magnetic vor-
tex configurations for NDs and NRs discussed above show
negligible remanence values in the absence of an applied
field, favoring stable dispersions without agglomeration
in a liquid medium, if their reversible magnetic behav-
ior at low fields is preserved, as demonstrated in previous
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experimental work reported elsewhere [11—13,17,30]. The
physical parameters that determine reversible magnetic
behavior can be optimized through the numerical anal-
ysis presented here by reducing the susceptibility of the
nanosystems. In recent work, Leulmi et al. [56] proposed
two kinds of theoretical concepts for magnetic suscepti-
bilities, the actual susceptibility of particles, x (0), and the
critical susceptibility () critical), @lso called the threshold
susceptibility, below which self-polarization of particles
can be avoided. Such magnetic susceptibilities are given as

Vi g

wlm()-2]
oM 16K

Xcritical =

oo a0 p

The sum, in which N refers to the number of particles, con-
verges quickly to 1.202, so a larger value of N has minimal
importance. The numerical constant K, in the order of one
to four, refers to the stray field generated on a particle.
In the present case, we assume 8 = t/(Rou — Rin) as the
aspect ratio.
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Figure 5(a) shows the actual susceptibility, x(0), and
critical susceptibility, X critical, Of NDs and NRs as a func-
tion of internal diameter. Here, dj,=0 refers to NDs.
The magnetic susceptibility decreases with increasing di,
(hole) from NDs to NRs at constant dy, =170 nm and
t=>50 nm. The value of x(0) is lower than the critical
self-polarization value (X critical), €ven at K = 1, which indi-
cates that the sizes of NDs and NRs we take here are
free from the generation of a stray field. In addition, the
obtained result of x(0) < X itical provides strong evidence
for vortex nanoparticles avoiding agglomeration or at least
reduced agglomeration [56]. Compared with NDs, NRs
have a lower x(0), which suggests better dispersion and
stabilization in a suspension. The lower value of x(0) in
NRs is due to the absence of a vortex core, which has
significant out-of-plane magnetization and contributes to
the exchange energy in the case of NDs; details of the
vortex-core and hole contributions to the energy evolution
in NDs and NRs have already been discussed above. Fur-
thermore, our concern is how the vortex core and hole can
affect the remanent magnetization of these systems. Figure
5(b) shows the micromagnetic simulated hysteresis loop
for NRs and NDs at a specific size. It is observed that about
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(a) Actual susceptibility, x(0), and critical susceptibility, X critical, from NDs to NRs as a function of internal diameter di,;

(b) micromagnetic simulation of NDs and NRs at a defined size; and (c),(d) illustration of extracellular and intracellular magne-
tomechanical actuation of vortex NRs on cancer cells, respectively; these schematics are made by ourselves, but are inspired by

Ref. [11].
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75% of the saturation magnetization remains as remanence
in NDs, although a flux-closure vortex configuration is
observed, whereas zero remanence is observed in NRs.
The simulation results agree well with the reported exper-
imental values for similar NDs [12,13] and NRs [17,57].
Thus, Figs. 5(a) and 5(b) collectively confirm the roles of
the vortex core and hole in the magnetic susceptibility and
remanence properties in a vortex nanosystem. The hollow
nature of the NRs changes the topological properties of
the vortex solution, making it unnecessary for the vortex
amplitude to attain a value of unity at the center of the
ring. The NR does not exhibit an out-of-plane magnetiza-
tion component at all if the inner hole is large enough; the
amplitude of the vortex decays faster when the inner hole
becomes larger, rendering better stabilization or disper-
sion in suspensions. Figure 5(c) illustrates the extracellular
actuation of NRs on cancer cells in which the oscillation
of NRs, attached by antibody-receptor bonding, influences
the membrane integrity during exposure to ac magnetic
field, triggering apoptosis within the cancer cell. Similarly,
Fig. 5(d) shows the intracellular actuation of NRs endocy-
tosed within the cancer cell and accumulated in lysosomes,
which are permeabilized due to oscillation of the NRs
under the influence of ac magnetic field, generating cell
self-destruction by apoptosis.

D. Magnetomechanical properties

The biomedical application aimed at targeted cancer-
cell destruction and the magnetomechanical vibration effi-
ciency of these NDs and NRs, activated by an alternating
field, are thoroughly studied. For the potential case of trig-
gering cancer-cell apoptosis [11], generally, a larger torque
applied on the cell membrane is a more efficient treatment.
The magnetic torque (t) acting on a magnetic nanopar-
ticle can be approximated by 7 =|u||B]|, where w is the
magnetic moment and B = pupH represents the magnetic
field. Detailed calculations are given in the Supplemen-
tal Material [40]. In principle, the initial torque of the
nanosystem will be similar, regardless of if the applied
magnetic field is rotational. However, a further increase
of the field alters the response of the system. In the vor-
tex nanosystem, once the in-plane magnetization of the
particles aligns with the plane of the rotating field, mag-
netization shall rotate, regardless of exerting further torque
on the particles [9]. When the applied field (H) is suf-
ficient to saturate nanoparticles, magnetization will align
with the field direction; however, as the field approaches
zero, nanoparticles will demagnetize and relax in the fluid,
returning back to an arbitrary orientation. Similarly, when
the magnetic field approaches a maximum, net magnetiza-
tion is induced in nanoparticles, which tend to align along
the field direction. The repetition of this process would
cause a continuous oscillation of the nanoparticles.

Figure 6(a) shows the torque exerted for the investi-
gated vortex NDs and NRs. The torque exerted by NDs
is higher than that exerted by NRs, as expected, because it
depends on the volume; the presence of a hole in the NRs
obviously lowers the net volume. An increase in the inter-
nal diameter decreases the volume, and thus, decreases
the torque. Figure 6(b) shows the upper limit of the force
applied to a cell at the edges of NDs and NRs, which
can be achieved in the quasistatic regime using material
and field parameters during an experiment. The increase
in the upper force with increasing internal diameter is
due to the additional increase in the inner-edge perime-
ter along with the external edge. Here, we find that the
magnetic-vortex-induced forces are in the range of >100 s
of pN. While physically rupturing a cell within a mem-
brane usually requires a minimum of hundreds of pN, it has
been demonstrated that even 0.5 pN activates ion channels
that could accelerate cell apoptosis [S8—60]. Therefore, the
investigated NDs and NRs could potentially be used for
magnetomechanical cell destruction. The resulting force to
oppose the magnetic torque (7) is almost 3 orders of mag-
nitude greater than the force required to activate an ion
channel in the cell membrane. Although NDs can exert
a torque (t) of up to an order of magnitude greater than
that of the studied NRs, the NDs have great susceptibil-
ity and remanence, as shown in Figs. 6 (a) and (b), which
might induce potential agglomeration in suspensions. On
the other hand, vortex NRs have lower susceptibility and
negligible remanence compared with NDs, which suggests
that NRs could be better candidates from a biological
perspective. Recently, the effectiveness of cell death or
damage in different systems, (a) the perpendicular syn-
thetic antiferromagnetic state (PSAF system) and (b) the
vortex state, has been studied to account for the importance
of the symmetry of magnetic anisotropy in the PSAF sys-
tem [9]. This is not the case, nonetheless, in our system,
since we are presenting Fe;O4 in two different geome-
tries (NRs and NDs) under the same vortex system. Thus,
the effectiveness of mechanical cell death depends upon
the magnitude of torque and its translation into a force
rather than symmetric anisotropy. The torque (7) of NRs
can be enhanced by increasing the thickness, diameter, and
applied field (H), since torque does not rely on the mate-
rial’s magnetic properties, such as exchange-stiffness con-
stant. Figure 6(c) clearly shows the linear field-dependent
torque exerted by NRs. The idea is to compare the applied
field, H, required for NRs to exert a torque (7) equivalent
to that exerted by NDs. Figure 6(d) shows a compara-
tive study of the torque (t) and required force (F) at the
edges of NDs and NRs. In the present case, it is clear that
the same torque (t) as NDs is exerted by NRs with an
increase in the applied field of 20%. Similar to Fig. 6(b),
the inset of Fig. 6(d) shows the comparative force to be
applied to rupture a cell membrane at the edge of NDs and
NRs.
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Experimentally, a state-of-the-art concept of magnetic-
vortex-driven triggering of cancer-cell apoptosis and
further death via a magnetomechanical approach was
proposed by Kim et al. [11] for gold-coated permalloy
(NiyoFegp) microdisks with a diameter of 1 um and a thick-
ness of 60 nm. Later, a few studies expanded on this
concept using a magnetic vortex disk as a magnetome-
chanical transducer to eradicate cancer cells [9,26,56,61];
however, no further theoretical study has been performed
by taking vortex rings as a transducer. Recently, Gre-
gurec et al. [12] studied Fe;O4 vortex NDs (diameter
range, 98-226 nm; thickness range, 24—37 nm) as mag-
netomechanical transducers of signals to remotely control
mechanosensory cells under low and slow magnetic fields
(H=0.026 T, f =5 Hz). The torque (7) generated by
226-nm NDs is approximately 1.6 x 1077 Nm (slightly
larger than that of our NDs), and the force to be applied
to rupture a cell membrane is approximately 140 pN
(larger than that of our NDs but smaller than that of our
NRs). Furthermore, they observed that dorsal root ganglia

explants contain sensory neurons with an extensive range
of mechanoreceptors, and cultures adorned with 226-nm
magnetic nanodisks (MNDs) under 0.026 T, 5 Hz, mag-
netic fields (MFs) did not cause significant and measur-
able variations in cell viability, indicating that the modest
reactions to MFs of hippocampal neurons adorned with
226-nm MNDs were likely to be dominated by the influ-
ence of the torque anion-channel gating being greater than
that of membrane permeability. Although excellent bio-
logical results were obtained by their study with 226-nm
NDs, we propose better results for NRs, taking advan-
tage of their negligible remanence and better stability in
suspensions. It is necessary to functionalize the nanopar-
ticles with biocompatible materials, so it is suggested
to biofunctionalize these vortex NRs before starting to
work on cells and inserting them into targeted tumors
[2—4,32,42]. Thus, based on the theoretical overview of
the energy profile, dispersion or agglomeration capability,
torque (7) exerted, and force applied to oppose the exerted
magnetic torque (7) of vortex NDs and NRs with tuning
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of the shape, size, and applied field reported here, we
encourage researchers to carry out in vitro and in vivo
experiments using NRs as a cancer-cell transducer to make
progress in this emerging research field.

V. CONCLUSIONS

We study the energy evolution, magnetic susceptibil-
ity, and magnetomechanical properties of Fe;O4 NRs and
NDs through theoretical and micromagnetic simulations.
The presence of holes in NRs in comparison to NDs sig-
nificantly reduces the exchange energy and magnetic sus-
ceptibility, and hence, minimizes possible agglomeration
effects in colloidal dispersions. Our numerical results show
that, for constant values of outer diameter, thickness, and
applied-field amplitude, the vortex magnetic configuration
within ND topologies should be more efficient than the cor-
responding NR topology in transducing magnetic coupling
into mechanical actuation (i.e., physical oscillation of the
NDs affecting the membrane integrity). Although vortex
NDs could generate larger torque (7) than vortex NRs, it
is important to note that the remanence resulting from the
out-of-plane magnetization in the ND vortex core would
promote some degree of agglomeration, limiting the use of
NDs in actual biological treatments. Possible alternatives
to improve the torque of NRs, and therefore, their mechani-
cal effects on biological systems could be to increase either
the NR radius (since the magnetic torque depends on the
volume) or to work under larger magnetic field amplitudes.
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