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We explore robust magnetization-dynamic behaviors in soft magnetic nanoparticles in single-domain
states and find their related high-efficiency energy-dissipation mechanism using finite-element micro-
magnetic simulations. We also make analytical derivations that provide deeper physical insights into the
magnetization dynamics associated with Gilbert damping parameters under applications of time-varying
rotating magnetic fields of different strengths and frequencies and static magnetic fields. Furthermore, we
find that the mass-specific energy-dissipation rate at resonance in the steady-state regime changes
remarkably with the strength of rotating fields and static fields for given damping constants. The associated
magnetization dynamics are well interpreted with the help of the numerical calculation of analytically
derived explicit forms. The high-efficiency energy-loss power can be obtained using soft magnetic
nanoparticles in the single-domain state by tuning the frequency of rotating fields to the resonance
frequency; what is more, it is controllable via the rotating and static field strengths for a given intrinsic
damping constant. We provide a better and more efficient means of achieving specific loss power that can

be implemented in magnetic hyperthermia applications.
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I. INTRODUCTION

Magnetic nanoparticles are of increasing interest
due to their unique physical properties, such as super-
paramagnetism [1,2], macroscopic quantum tunneling of
magnetizations [3,4], the exchange-bias effect [5], and
particle-size-dependent static and dynamic properties.
These characteristics of magnetic nanoparticles make them
very attractive for a rich variety of applications, such as
high-density data storage [6,7], spintronic devices [8—10],
and bioapplications including magnetic hyperthermia and
magnetic-resonance-imaging contrast agents [11-14]. As
an example, the magnetization dynamics of nanoparticles
with vortex spin spirals exhibit unique dynamic modes
such as resonant vortex-core precession motion [15] and
reversals [16]. Also, soft magnetic nanoparticles in single-
domain states exhibit collective Larmor precession of
individual spins. In cases where the frequency of time-
varying magnetic fields equals the Larmor precession
frequency, individual magnetic moments efficiently absorb
energies that are transferred from externally applied ac
magnetic fields, after which those energies dissipate into
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other forms due to their intrinsic damping of given
materials. Such energy dissipations of magnetic nanopar-
ticles are of crucial importance in low-power-consumption
magnetization switching in magnetic memory devices, and
also in hyperthermia bioapplications for high specific loss
power (SLP) [11,12,17]. Externally applied magnetic fields
in the several-hundred-kilohertz range can be absorbed by
magnetic nanoparticles and then dissipated via Brownian
rotation of the nanoparticles and/or Néel relaxation [1] of
the magnetizations inside them [18,19]. It has been reported
that the SLP for the aforementioned mechanisms ranges
between 0.5 and 2 kW/g. Contrastingly, Larmor preces-
sion motions of individual spins in magnetic particles
excited by relatively high-frequency (several-hundred-
megahertz) ac magnetic fields can give rise to high-
efficiency energy dissipation into a different form of energy
(e.g., heat). Thus, their mechanism-related SLP would be
higher than those of other mechanisms.

In this work, we explore robust nonlinear magneti-
zation dynamics and the associated high-efficiency
energy-dissipation effect in soft magnetic nanospheres
in single-domain states, as excited by oscillating mag-
netic fields of different frequencies and amplitudes
under given static magnetic fields. We conduct micro-
magnetic simulations to explore the magnetization

© 2018 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.9.054037&domain=pdf&date_stamp=2018-05-25
https://doi.org/10.1103/PhysRevApplied.9.054037
https://doi.org/10.1103/PhysRevApplied.9.054037
https://doi.org/10.1103/PhysRevApplied.9.054037
https://doi.org/10.1103/PhysRevApplied.9.054037

KIM, SIM, LEE, KIM, and KIM

PHYS. REV. APPLIED 9, 054037 (2018)

dynamics of soft magnetic particles and additional
analytical derivations of the energy-dissipation rate for
the steady-state regime by varying the frequency and
strength of rotating magnetic fields for different Gilbert
damping constants and static magnetic field strengths.
All of the simulation results and analytical calculations
agree well quantitatively. The dynamic origin of such a
high-efficiency energy-dissipation mechanism is com-
pletely different from those of the typical ones used in
bioapplications. We expect that this efficient, very high
energy-dissipation rate will prove implementable in
magnetic hyperthermia applications.

The paper is organized as follows. In Sec. II, we describe
our modeling and relevant micromagnetic simulations. The
dynamic characteristic motions of magnetizations and
magnetic torque terms numerically calculated from the
micromagnetic simulation data for nonresonant and reso-
nant cases are described in Sec. 111, as are the corresponding
analytical calculations in Sec. IV. The energy-dissipation
rate of single-domain nanospheres obtained from the
micromagnetic simulations is given in Sec. V, and the
analytical derivations are provided in Sec. VI. The maxi-
mum value of the resonant energy-dissipation rate also is
calculated and compared to those obtained from other
models in terms of typical SLP in the field of magnetic
hyperthermia applications. We summarize our findings
in Sec. VIL

II. MICROMAGNETIC SIMULATIONS

In this paper, we conduct finite-element micromagnetic
simulations of soft magnetic permalloy (Py, NiggFe,)
nanospheres in single-domain states, the diameters of
which are set to 2R = 10, 20, and 30 nm. To numerically
solve dynamic motions of magnetizations (M, a vector
quantity), we use the FEMME code (version 5.0.9) [20] that
utilizes the Landau-Lifshitz-Gilbert (LLG) equation

dM a
i —7[M x Heg] +ﬁ [M X

dM] ()

dr |

where H.; is the effective field, M, is the saturation
magnetization value, « is the dimensionless Gilbert damp-
ing constant, and y is the gyromagnetic ratio. The effective
field consists of the exchange, the magnetostatic, the
magnetocrystaline anisotropy, and Zeeman fields. The
magnetic parameters corresponding to the Py material are
as follows: saturation magnetization M, = 860 emu/cm?,
exchange stiffness A = 1.3 x 107 erg/cm, gyromagnetic
ratio y = 2z x 2.8 rad MHz/Oe, and zero magnetocrystal-
line anisotropy. To avoid errors inherent to representation
of a spherical geometry with a set of polyhedron cells, we
discretize the surfaces of the nanospheres into triangles of
roughly equal area using hierachical triangular mesh [21],
and the inner volume into tetrahedron elements (mesh size
<3 nm) [see Fig. 1(a)].

2R (nm)

FIG. 1. (a) Finite-element sphere model of diameter
2R = 10-30 nm. (b) Single-domain sphere model of diameter
2R = 20 nm under a circular-rotating field and a static field.

Through relaxation from initially saturated magnetiza-
tions oriented in the +z direction for the Py nanospheres,
we obtain uniformly magnetized single-domain ground
states for each diameter: 2R =10, 20 [Fig. 1(b)], and 30 nm.
For the Py spheres, the single-domain states are maintained
up to 2R =35 nm as a result of competition between
strong exchange (short-range) and weak dipole-dipole
(long-range) interactions in such nanoscale geometrical
confinements. Because the spheres are magnetically iso-
tropic insofar as there are no other sources of anisotropy
[22], uniform magnetizations can reorient to the direction
of applied static magnetic fields. It is well known that such
single-domain magnetic particles exhibit collective Larmor
precession motions of individual spins around the axis of a
static magnetic field with characteristic frequency [15].
Ferromagnetic resonance [22,23] occurs in such a single-
domain magnetic particle as a collective precession motion
of individual spins around the static magnetic-field axis.
In a given isotropic system, the resonance frequency is
given as

fL = (y/Z”)Hdcv (2)

where H, is the static field strength [15,23]. Note that the
resonance frequency of the magnetic thin film changes with
the axis about which the magnetizations precess, but the
resonance frequency of sphere model f; = (y/27)Hg.
does not change with the magnetization orientation because
the demagnetization field in the sphere model is the same
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for all field directions and for the precession of the uniform
magnetizations [22].

III. CHARACTERISTIC DYNAMIC MOTIONS

To investigate the Py nanospheres’ characteristic modes
of coherent magnetization dynamics, we apply a static field
H,, = Hy.Z in the 4z direction, which allows for the
reorientation of the magnetizations in the +z direction.
Since the Larmor precession motion of magnetizations is
counterclockwise (CCW) in its rotation sense, we choose
the CCW basis of circular-rotating magnetic fields on the
x-y plane, as described by H,, = H,.cos(2zfccw?)X +
H,.sin(2zfccwt)y, with the field strength H . and the field
frequency fccw [see Fig. 1(b)]. For 2R = 20 nm under
H 4. = 100 Oe, Fig. 2 shows the characteristic precession
motions’ unit vector m=M/M, of the uniform magneti-
zations excited by three different frequencies, fccw =200,
280, and 360 MHz, where H,. = 4, 5, and 6 Oe, respec-
tively. Since the Larmor frequency for the Py sphere of
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FIG. 2. Temporal evolution of x, y, and z components of m
for different strengths of circular-rotating fields H,. =4, 5, and
6 Oe for (a) a nonresonant case (fccw = 200 MHz), (b) a
resonant case (fccw = 280 MHz), and (c) a nonresonant case
(fccw = 360 MHz). (d) f,., obtained by a FFT of the simulation
results of m, as a function of H,.. The symbols with the black
solid line denote the micromagnetic simulation results, while the
red solid lines correspond to fy., = (y/27)H,.. The static field
strength Hy. = 100 Oe and damping constant a = 0.05 are used
for all of the simulations shown in this figure.

2R =20nm under a given field strength of H 4, =-+1000e
is equal to f; = 280 MHz, in accordance with Eq. (2), the
application of fccw = 200 and 360 MHz would lead to
nonresonant excitations, whereas the application of
fcew = 280 MHz leads to resonant excitations. At non-
resonance excitations [see Figs. 2(a) and 2(c)], the in-plane
m, and m,, components are small, while m_ is almost close
to unity, indicating that the precession motions of the
magnetizations occur while keeping m in the +z direction.
On the other hand, at resonance excitations [see Fig. 2(b)],
the precession motions occur with relatively large in-plane
m components, even for the very small field strengths of
H,.=4,5, and 6 Oe. All of the dynamic motions for the
individual cases finally reach their corresponding steady
states with specific m, values according to the given H,
value. All of the m_ values in the steady states also decrease
with increasing H,. values until H,, = 5 Oe. Beyond the
field magnitude H,. =5 Oe, the m, value becomes zero,
indicating that all of the final steady states are in the
precession motion of m on the x-y plane, i.e., the equator of
the sphere. On the other hand, at H,, = 6 Oe, for example,
the m periodically oscillates (switches) between the +z and
—z directions before converging to the precession motion
exactly on the equator, i.e., keeping m, = 0. It is interesting
to further examine the frequency of the m switching with
varying H,. values, as shown in Fig. 2(d). As evident from
the simulation results (the symbols), the periodic switching
of m starts when H, reaches aH 4. for given values of Hy,
and a. The existence of a threshold field strength A =
aH,. is explained below according to the steady-state
torque balance. For the cases where H,. > aHy., the
dynamics are characterized by the fact that the reversal
frequency f., is proportional to H,., as expressed by
Sfrev = (y/27)H,. (indicated by the red solid line).

A. Torque balance interpretation

In order to understand the distinct dynamic motions
occurring for different H,. values, we take into account the
magnetic torque balance. As shown in Fig. 3(a), the static
field H, acting on m leads to the static field torque Ty,
that allows for the precession of magnetizations around the
static field. The rotating field H, results in the torque T,
that determines the direction of m with respect to the static
field direction in balance with the intrinsic damping torque
Tgamp [S€€ Fig. 3(a)]. The torque balance equation can be
derived from the LLG equation as

T = —M X Hgyg,
Tror = —IM X Hrotv
a dm
Tamp = — M X —— . 3
amp y dt ( )

Here, we consider only the external magnetic fields for
H. because, for a single-domain spherical nanoparticle,
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FIG. 3. (a) Schematic illustration of dy-
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neither the exchange field nor the demagnetization field
varies with the orientation of m. The torque term T, has
no effect in determining the z component torque balance
because it is always on the x-y plane; consequently, its z
component is absent. Therefore, the z-component torque
balance in the steady state always holds for the condition
Trot,z + Tdamp,. = 0. Hereafter, the bar over the symbols
indicates the value corresponding to the steady state of the
system. According to Eq. (3) and the temporal magneti-
zation variation obtained in the simulations, we calculate
[see Fig. 3(b)] the x, y, and z components of T, and T4ymp
as a function of time for different values of H,, = 4, 5, and
6 Oe for the given values of 2R = 20 nm, Hy. = 100 Oe,
and a = 0.05, and the resonance excitation fccw = f1 =
280 MHz, under the same conditions as are shown in
Fig. 2(b). Hereafter, we focus on only the z-component
torques because they determine the m, values in the steady
states during their precession motions. The |t .| value for
H,. =4 and 5 Oe continuously increases with time and
then reaches its steady-state value, |T,..|. However, as for
H,. =6, |T,.| gradually increases and reaches its maxi-
mum value, then starts to oscillate with its large amplitude.
This large oscillation of T, , finally converges to its steady-
state value, T,y ;. AlSO, Tgamp . shows similar behaviors as
Ty, does, but the signs are opposites. In the case of steady-
state magnetization dynamics, T,y , and —Tg,mp . balance
each other. Since [T, .| and [Tgump .| vary with H,, it is

. bars of the simulation values of the torques

10 and angles are plotted for possible £1%
errors that could occur in the micromagnetic
simulation.

worthwhile to plot their relation as in Fig. 3(d). |T.|
increases with H,. until H,. approaches the value of aH 4,
then reaches its saturation value even with a further increase
above the specific field strength H = aH,.. This thresh-
old field strength is already shown in the relation of f,
versus H,. [see Fig. 2(c)]. On the basis of the steady-state
torque balance, we obtain the angles @ and ¢ defined in
Fig. 3(e) as a function of H,. In the cases where
H, > aH,., 0 always is maintained at 90°, indicating
the processional motion of m on the x-y plane (the
equator). For H,. < aH 4., m and the rotating field vector
are not coplanar with respect to the plane of m and the static
field, as shown in Fig. 3(a). However, as H,. is much larger
than the threshold field strength H. = aH 4, m rotates
coherently with H,,, on the x-y plane.

IV. ANALYTICAL DERIVATION OF
MAGNETIZATION DYNAMICS

To understand the underlying physics of the magneti-
zation dynamics and associated torque behaviors obtained
from the micromagnetic simulations, we additionally
derive analytical forms from the LLG equation. By multi-
plying m on both sides of Eq. (1), we obtain

dm

E - _7/ [m X Hext] + yla[[m X HCXJ X m]’

(4)
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with ¥ =y/(1 + o), where H, is composed of the
rotating field on the x-y plane and the static field applied
in the +z direction. Since the m vector precesses about the
Z axis, it is convenient to transform the time-varying m
vector into its time-independent counterpart u vector on the
same rotating frame on the x-y plane, as u = Nm, with the
following transformation matrix [24-27]:

cos(wcewt)  sin(wcewt) 0
N= | —sin(occwt) cos(occwt) 0 |. (5)
0 0 1

By inserting the relation of u = Nm into Eq. (4), the x, y,
and z components of the u vector are solved as
|

1— uz2
Uy = vH i, (0)1_ - @ccw)v
awccw 2
= ——(1—u."), (6)
’ YH :

with Dccw — 27ZfCCW and wy = 27TfL = ]/Hdc.
With u,? + u,> + u,” = 1, we get the relation

(i, = L)

» (w0, = wcew)* + (awcewu:)?]. (7)

z
Z

Then, finally, it becomes

,  —[PPH,? — dPocew® + (0p — ocew)?] + V[P Ha? — Aocew® + (0 — wcew)?)? + Rawcew (@ — ocew)]
2 )

u g

Under the resonance condition of fcew = f1, the u,
simply is given as the two different ranges of H,:

2
u? =1-— Hae. , H, <aHyg, (9a)
: aHdC

u? =0, H, > aHg.. (9b)

z

Through the relation u = Nm, we obtain /n,, m,, and m,
again as

N
I

« = Uy, cos(@cewt) — iy sin(@cewt),
y = u, sin(wcewt) + u, cos(wcewt),

m

NI
Il

L= (10)

~n

Accordingly, the z components of the toque terms
in the steady state at resonance are represented by T, . =
—H,. sin(0) sin(¢p) and Tgymp. = aHysin?(0), with 6 =
arccos(u,) and ¢ = arccos|u,/ sin(0)]. The analytical cal-
culations of the torques are in excellent agreement with the
micromagnetic simulation results (the symbols), as shown
in Fig. 3(e). We also plot the steady-state angles
of 6 and ¢ as a function of H,., as shown in Fig. 3(e).
In the range of H,. < aH ., 6 increases with H . up to 90°.
We note that @ = 90° corresponds to the precession of
uniform magnetizations on the x-y plane (the equator) with
m, = 0. The above analytical forms (the solid lines) inform
us how the steady-state torques change with H,. and why
the torque has its maximum value of aHgy., which is
independent of H,. above the threshold field strength
H, = aH,. In the case where H,. < H® = aHy., ¢ is

2a2 Occw

2

(8)

[

almost 90°, and thus @ is given by 0 = arcsin(H,./aHy.),
as indicated by the black solid line in Fig. 3(e). For the
cases where H,. > aH., the torque balance leads to 6 =
90° and, consequently, to ¢ = arcsin(aHy./H,.). This
means that, for the cases where H,./HY > 1, m rotates
coherently with the rotating field on the x-y plane. The
torque balance equations well explain the steady-state
dynamics observed in this paper. In Fig. 3(e), the micro-
magnetic simulation results of ¢ and the corresponding
analytical calculation values show a large discrepancy
because ¢ is very sensitive to small errors in other
parameters obtained from the simulation. Here, we note
that the analytical calculation of ¢ coincides with the
corresponding simulation results within the error bars. The
error bars indicated in Fig. 3(e) are calculated assuming a
+1% error in the choice of resonant frequency fccw
because a +1% error of fccw can lead to a major error
in the numerical calculation of ¢.

V. ENERGY DISSIPATION

Above, we explore both the nonresonant and resonant
dynamic motions of the magnetizations of Py nanospheres
in single-domain states. The robust dynamics of soft
magnetic nanoparticles in nonlinear dynamic regimes
can be implemented in magnetic hyperthermia applications.
In the research field of magnetic hyperthermia, SLP in the
form of watts per gram (W/g) is widely used to represent
heat (or temperature increase) from magnetic particles. On
the basis of energy conservation and fundamental Maxwell
equations, the power loss can be represented by the
magnetic energy-dissipation rate, and it can be expressed
as [28]
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1
Q= _,)_V/V[dfc/df +M(1) - dHey (1)/di]dV, (1)

where ¢ is the Gibbs energy density with the volume of
nanosphere V and the density of permalloy p =8.72 g/cm?>.
The first and second terms on the right side are the time
derivative of magnetic energy and the dual power of
external force, respectively (for further details, see
Ref. [28]). In the current research on magnetic hyper-
thermia, oscillating magnetic fields of a few hundred
kilohertz are typically applied; therefore, the SLP, as a
measurable quantity, is redefined to Q averaged over a time
period T,

1

(Q) = VT,

/ " / deg/dt + M(1) - dH. (1)/df]dVdt
0 \%4
(12)

Accordingly, from our micromagnetic simulation data,
we can directly obtain the quantities of Q and (Q) versus a
given time for the nonlinear dynamic motions of a single-
domain nanosphere of 2R = 20 nm for the specific cases of
Hg. = 100 Oe and a = 0.05, as excited by three different
frequencies, fccw = 200 and 360 MHz (off resonance) and
280 MHz (resonance), for the values H,. = 4, 5, and 6 Oe,
respectively. Whether at resonance or off resonance, the
two different quantities of Q and (Q) display somewhat
distinct behaviors for most of the time, except for their
steady states, as shown in Fig. 4. For example, in the case of
off resonance, there are large differences between Q and
(Q), whereas those values became almost equal above
t =100 ns. In the case of resonance, the steady state
wherein both values become equal is achieved after a
rather long time, above 1500 ns. The reason for the equal
values of Q and (Q) in the steady states is the fact that the
Oei /0t term in both Q and (Q) becomes zero, so that Q
and (Q) are the same. Although the (Q) quantity typically
represents the measurable SLP, in this paper, we use the
quantity of Q because it can be calculated analytically for a
comparison with the corresponding simulation.

Related to the above issue regarding SLP, from now on,
we focus only on Q values that (1) can be numerically
calculated from the micromagnetic simulation data shown
in Fig. 4 using Eq. (11), and (2) can be analytically derived,
as we show later. Figure 5 compares the individual Q
values, as well as the negative derivative of energy density
—[1/(pV)] [y (deg/dt)dV and the negative dual power
density —[1/(pV)] [y (dHe/dt - M)dV calculated from
the simulation results for the nonresonant (fccw = 200
and 360 MHz) and resonant (fccw = f1 = 280 MHz)
conditions.

At nonresonance, those values largely fluctuate up to
10 ns, after which they reach their steady-state regime.
These large oscillations are associated with the initial large
perturbations of magnetizations, as shown in Figs. 2(a)

—Q --{(Q)
H,.(Oe)=4 5 6
5,
(a) 200 MHz
0 —1 :], ‘l "’ —1 -‘,0 JI ‘Z —1 ‘M/Q ‘l "’
100 100 100 10° 100 100 100 10" 107 10" 10 10"
® S S q’ : S——
B l’
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S !
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Time (ns)

FIG. 4. Temporal evolution of energy-dissipation rate, Q (the
solid line), and its time average (Q) (the dashed line) for
excitation of Py nanosphere of diameter 2R = 20 nm by
H, =4, 5, and 6 Oe, Hg. = 100 Oe, and a = 0.05, for (a) a
nonresonant case (fccw = 200 MHz), (b) a resonant case
(fccw = 280 MHz), and (c) a nonresonant case (fccow =
360 MHz). The intervals between 0.1 and 100 ns are distin-
guished by the gray shading.

and 2(c). On the contrary, at resonance, the values of Q and
—[1/(pV)] [y (dHy/dt - M)dV slowly increase and then
converge to certain corresponding values due to the fact
that their dynamic motions reach their corresponding
steady states. For all of the cases, the —[1/(pV)] x
Jy(deg/dt)dV (the black line) converges to zero in the
steady states, but —[1/(pV)] [, (dHey/dt - M)dV (in red)
becomes equal to Q; hereafter, the Q quantity in the steady
state is noted as Q. Therefore, Q is determined only by the
dual power density. O values for the nonresonant and
resonant cases contrast starkly. For the nonresonant con-
dition, those energy powers relatively quickly converge to
zero or low values after large initial fluctuations. As H,,
increases, the initial oscillations and steady-state values
increase. By contrast, at resonance, the initial oscillations
disappear, but the time derivatives of energy density and
dual power density converge to certain values after a longer
time (as late as 1000 ns). Also, using an H, value larger
than 5 Oe—for example, 6 Oe—those energy powers
oscillate with large fluctuations before reaching the steady
state, whose oscillations are related to magnetization
switching between the 4z and —z directions, as shown
in Fig. 2.

The quantities of Q at resonance are much higher
than those at nonresonance. In order to compare Q as a
function of fccw, we conduct micromagnetic simulations
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FIG. 5. Temporal evolution of the energy-
dissipation rate (the blue lines), the negative
dual power density (the red lines), and the
negative time derivative of total energy

15 density (the black lines) for excitation of a
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by varying fccw in the (20-540)-MHz range; then, from
the simulation results, we numerically calculate Q versus
fccw- As shown in Fig. 6, under the application of Hy, =
100 Oe and H,, = 5 Oe, we plot Q values versus fcw for

o o w

2R(m)=10 20 30
100

a =001 0.03

Q (kW/g)

280

0 280
Frequency (MHz)

FIG. 6. Energy-dissipation rate in the steady-state regime as a
function of frequency of circular-rotating fields for excitation of
Py nanospheres of diameter 2R = 10, 20, and 30 nm with
H,, =5 0e, Hy. =100 Oe, and a = 0.01, 0.03, 0.05, and,
0.07. The symbols and lines represent the micromagnetic
simulation and analytical calculation results, respectively.

107" 10° 10" 107

the values of @ = 0.01, 0.03, 0.05, and 0.07, and for Py
nanospheres of 2R = 10, 20, and 30 nm in single-domain
states. As is apparent, there are clear peaks when fccw
reaches f; (=280 MHz), independent of a. These results

(a) a=0.03 0.05 0.07
300 T T T T T T T T T
I~ Hdc (506)
= —— 50
Zz 20r_o 700 I 17 1
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$ 100 1t 1t 1
>
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(b) 300} g = 1
—— 0.03
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™ & 0.07
= 200 1
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= 150t 1
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'S 100+ 1
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Ot " . . J
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FIG. 7. (a) Steady-state energy-dissipation rate at correspond-

ing resonance frequencies as a function of H,, for 2R = 20 nm
with different static field strengths (Hy, = 50, 100, 150 Oe) for
given damping constants (¢ = 0.03, 0.05, and 0.07). (b) Maxi-
mum energy-dissipation rate versus Hgy. for given damping
constants. The symbols and lines indicate the micromagnetic
simulation and analytical calculation results, respectively.
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indicate that the energy forms of the applied magnetic fields
are transferred highly efficiently to nanoparticles and then
subsequently dissipate via nonlinear magnetization dynam-
ics due to intrinsic damping.

Such a high quantity of Q at resonance is important in
terms of the efficient energy transfer of external magnetic-
field energy to a magnetic sphere and the subsequent
release into other energy forms such as heat via dynamic
magnetization dissipation. Also, since magnetic particles
can be applicable to hyperthermia bioapplications, it is
worth examining, for resonance cases, Q versus H,. for
different H 4, fields and values of a. From further micro-
magnetic simulations, we obtain Q at resonance (hereafter
noted as Q,.,) versus H,. for the three virtual cases of
a = 0.03, 0.05, and 0.07, and for the values of Hy. = 50,

|

Ms Hac Dcew
P

Q = (_uy)

100, and 150 Oe. For the given values of a, Q,., increases
with H,. up to a certain value of H,. (noted as H),
thereafter becoming saturated even with a further increase
of H,. beyond H" [Fig. 7(a)]. Quite interestingly, H%
varies with Hy, and a. Also, the saturated quantity of O,
Omax increases with Hy, as well as a, as shown in Fig. 7(b).
The underlying physics of these micromagnetic simulation
results (the symbols) are now explained with the help of an
analytical derivation.

VI. ANALYTICAL DERIVATION OF Q

As shown by the simulation results (see Fig. 6), O can be
simply determined from the dual power in the steady state,
assuming deg/dt = 0:

M
N 2pya

A

From the analytical form of Q, it is clear that Q is a
function of wcew = 27 fcews Haer Hye, and a because of
w; = yHgy.. Thus, for a given material, the external field
parameters of Hy. and H,., as well as fccw, determine
the value of Q. Using Eq. (13), we numerically calculate the
Q versus fcew behaviors (the solid lines) for single-
domain-state Py nanospheres of 2R = 10, 20, and 30 nm
in the following cases: Hy. = 100 Oe, H,. =5 Oe, and
a =0.01, 0.03, 0.05, and 0.07. As shown in Fig. 6, the
analytical derivations are in excellent agreement with the
micromagnetic simulation results (the symbols). Moreover,
the maximum values of Q are found at fccw = 280 MHz,
which corresponds to the Py nanospheres’ Larmor fre-
quency expressed as f; = (y/2x)Hy.. The Larmor fre-
quency in the case of single-domain-state nanoparticles
does not change with 2R, as reported in Ref. [15]. Note that
the largest quantity of Q is obtained at resonance by tuning
feew to fr. _

To gain deeper physical insight into the relations of Q..
with H,., Hg4., and a, as observed from the micromagnetic
simulations shown in Fig. 7, we obtain the analytical forms

of Q. by inserting feew = f, into Eq. (13):

- 1

Qres = (},MA\*Hacz/p)v Hac < aHdcv (1421)
(04

Qres = a(}/Mstcz/p)7 H, 2 aHg. (14b)

The analytical calculations (the solid lines) of Eq. (14)
are in excellent agreement with the simulation results (the

|:(7Hac)2 + (awcew)? + (@1 — ocew)? — \/[(7Hac)2 — (awcew)? + (0, — wcew)** + Rawcew (o, — wccw)]z} .

(13)

|
symbols) shown in Fig. 7. As shown in Fig. 7(a), the
quantity of Q.. increases with H,. in the form of H,.> in
the range of H,. < aH,., but it becomes saturated to its
maximum value of QM = a(yM Hy.?/p) in the range
of H,. > aH,.. This saturated quantity is independent of
H,. but increases with Hy>, as shown in Fig. 7(b).
Interestingly, at a certain critical value of H,, = aH,
Eq. (14a) equals Eq. (14b). For H, < aHg, Oy is
inversely proportional to «, but for the case of
H,. > aHg., it proportionally increases with a and Hg.>,
as shown in Fig. 7. According to the given values of H,,
and Hg., O, can vary proportionally or inversely propor-
tionally with a. Therefore, the quantity of Q,. can be
readily manipulated by tuning H,, Hg., and a.
Equations (14a) and (14b)’s benefit is their informing us
why Q.. increases with a up to 0.05 and then decreases
with @ = 0.07, as shown in Fig. 6. For the given condition
imparted by H,. = 5 Oe and Hy, = 100 Oe, O, increases
with «a for the cases where a = 0.01, 0.03, and 0.05, but
decreases again when a = 0.07, as shown in Fig. 6.
Also, it is indicated that the maximum value of Q1 =
a(yM Hy?/p) under the H, > aHgy condition is the
highest energy-dissipation rate at resonance for a given
nanosphere in the single-domain state with intrinsic damp-
ing parameter a and static field strength H,.. This fact
informs us that Gilbert damping is not the only control
parameter, but rather that the H,./H,. ratio is another
important factor in obtaining the largest value of Q... The
quantity of Q™ for single-domain Py particles can reach
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TABLE I. Comparison of characteristics of three models.

Model LRT" SWM™ RSE*

Mechanism Thermal-fluctuation-dominated Magnetic anisotropy Resonant precession
relaxation energy barrier motion

Main factor TR Hy a, Hy,

Particle size, D D < superparamagnetic limit

Oscillating field 0.01-1
frequency (MHz)
Oscillating field 100-1000

amplitude (Oe)
SLP (egs.)

[(wlinearZTR)/(l + wlinearZTRz)] or

lim[(KeffV)/(kBT)]_’00<Q> = [(HzlinearMSz)/(ZkBTp)}

[(wlinea.rsz)/(l + wlinear2TR2)]

Order of SLP (W/g) Approximately 100

imyg_v)/,7))-0(Q) = [(H?tinearMs*) / 6k 5 Tp]

Superparamagnetic limit <
D < single-domain limit
0.01-1

D < single-domain limit
100-1000

100-1000 1-10

<Q> = 4flinearHKMS//) Qres = (l/a)(yMsHacz/p)
for H,. < aH,. or
Qres = a(YMstcz/ﬂ)
for H,. > aH,

About 1000 About 10 000-100 000

*Reference [29].
PReference [19].
“This work.

10*-10° W/g, which is 2 or 3 orders of magnitude larger
than the typical SLP values of 10°~10° W/g for magnetic
hyperthermia based on other mechanisms (Table I). One
such mechanism is linear response theory (LRT), which

describes the dynamic response of an assembly of magnetic
nanoparticles using the Néel-Brown relaxation model. The
assumption of this model is that magnetic systems respond
linearly with an externally applied magnetic field, as in
M = j7Hj;,car» Where 7 is the complex susceptibility given
by 7 =xo[l/(1 + i®ypeartr)], With yo being the static
susceptibility, @y, the angular frequency of linearly
oscillating magnetic field, and 7 the relaxation time to
attainment of the equilibrium state. For aligned magnetic
nanoparticles of the zero magnetic anisotropy constant
(Keff)’ the SLPis given as <Q> = [(HzlinearMSz)/(6kBTp)]X
[(@inear>Tr)/ (1 + Wjinear>75%)], and for aligned magnetic
nanoparticles with a strong anisotropy, the SLP is
given as <Q> = [(HzlinearMSz)/(szTp)][(wlinearZTR)/(l +
OlinearTr’)| for a given temperature 7' [29]. The LRT
model is valid for cases where magnetic nanoparticles
are under the superparamagnetic limit, assuming that
[(MSVHlinear)/(kBT)] <1 and [(Hlinear)/(HK)] <1, as
verified in a large number of experimental studies for
anisotropy field Hy [19,29-32]. However, for cases where
nanoparticles are close to or over the superparamagnetic
limit, the LRT model does not work anymore. In cases
where the magnetic anisotropy energy barrier of a given
material is greater than the thermal fluctuation, i.e.,
[(MgVHjpear)/(kgT)] > 1, the Stoner-Wohlfarth model
(SWM) [33] is more valid for a description of the
field-dependent magnetic hysteresis loops and the
related SLP. Therefore, SLP can be described as (Q) =
4 fiinearHxM s/ p. The typical values of SLP are within the
range of several hundreds of W/g for the LRT model and

several thousands of W/g for the SWM model [29], as
shown in Table I.

The advantage of the resonant spin excitation (RSE)
model proposed in this paper is its utilization of resonant
magnetization excitations by externally controllable mag-
netic fields; the other models, contrastingly, are associated
with the intrinsic characteristics of materials (e.g., the
relaxation time and the magnetic anisotropy field) as key
factors in energy dissipation. In our RSE model, the
maximum energy-dissipation rate can be achieved and
readily controlled using only H,. and H 4., whose strengths
are as small as 10~>—an order of magnitude smaller than
those of the other models—in order to obtain extremely
high values (up to 10*~10° W/g) at resonance when tuning
the oscillating field frequency to the Larmor precession
frequency. The high energy-dissipation rate obtained in this
work opens up a promising line of further research;
certainly, if such behavior is confirmed experimentally, it
will mean that the use of a small-amplitude ac magnetic
field permits considerable energy-dissipation-rate improve-
ment. Also, the suggested RSE model can be extended for a
description of energy dissipation in nanoparticles exhibit-
ing superparamagnetic resonance [34,35].

VII. SUMMARY

Using both micromagnetic simulations and analytical
derivations, we study in this paper the magnetization
dynamics and related energy-dissipation rate of soft mag-
netic nanospheres in the single-domain state, as excited by
rotating magnetic fields under given static magnetic fields.
The energy-dissipation rate is found to have its maximum
value at resonance in cases where the frequency of the
rotating magnetic fields is equal to that of the Larmor
precession of uniform magnetizations for a given Gilbert
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damping constant. The resonant energy-dissipation rate in
the steady state, Q,.,, is simply given in terms of H,. and
Hg. for a given damping constant. For the cases where
H,. > aHg, the quantity of Q. reaches its maximum
value of QU™ = a(yM Hy.>/p). This explicit form pro-
vides the highest SLP value, on the order of 10*~10° W/g,
and enables ready controllability by externally applied
magnetic fields using single-domain magnetic particles
in magnetic hyperthermia applications.

This work provides further insights into the fundamen-
tals of magnetization dynamics in magnetic particles and
the associated energy-dissipation effect, and it suggests
a highly efficient means of magnetic-hyperthermia-
applicable energy dissipation.
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