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Power Loss of the Nanoparticle Magnetic Moment in Alternating Fields
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Using the Landau-Lifshitz equation, the dependencies of the power loss of the nanoparticle magnetic
moment on the amplitude and frequency of alternating magnetic fields are calculated numerically. A spe-
cial attention is paid to the different precessional modes of the magnetic moment and their influence on
power loss value. The results for the circularly and linearly polarized fields are compared in order to choose

the optimal one with respect to the power loss.

Keywords: Magnetic moment, Power loss, Landau-Lifshitz equation, Circularly polarized field, Linearly

polarized field.

1. INTRODUCTION

Energy transformation during an interaction of fer-
romagnetic fine particles with external magnetic fields
is an important problem. It is related, for example, to
microwave absorbers [1], that is interesting with re-
spect to security and military application, or micro-
wave-assisted magnetic switching [2], that is very
promising magnetic recording technique. But one of the
most famous and attractive applications based on the
absorption of an alternating field energy by the fine
particle magnetic moment is the magnetic fluid hyper-
thermia (MFH) [3].

According to Rosensweig [4], three mechanisms of
energy absorption are possible. The first mechanism is
the eddy current generation. It is applicable to conduc-
tive nanoparticles only and is negligible if they are small
enough. The second one, the so-called Brownian relaxa-
tion mechanism, is related to the mechanical rotation of
a particle in a liquid media. Within this mechanism the
energy dissipation occurs via viscous friction. Finally,
nanoparticle can absorb the energy of an alternating
magnetic field due to the damping of the magnetic mo-
ment. Usually, this mechanism is associated with the
Néel relaxation at low frequencies. At the same time, the
resonant behavior of the magnetic energy loss, which
takes place for the high frequencies, has not been con-
sidered in [4].

Despite the mechanical rotation is considered as the
main source of heating during the MFH, recently, spe-
cial attention was also paid to the energy absorption that
occurs via rotation of the magnetic moment in a fixed
nanoparticle [5, 6]. Moreover, the MFH techniques were
proposed [7], where the high frequencies can be used.
Therefore, the investigation of the energy loss processes
in magnetic nanoparticles driven by high-frequency
magnetic fields is demanded.

A simple analysis of the power loss caused by the
damping of the nanoparticle magnetic moment was per-
formed for both isotropic [8] and anisotropic [9] nanopar-
ticles. However, because these studies were restricted by
low frequencies, the role of different precessional states
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of the magnetic moment, which are generated by alter-
nating magnetic fields, has not been clarified. In particu-
lar, in contrast to the low-frequency case, at high fre-
quencies there exist quasiperiodic (in the circularly po-
larized field) and chaotic (in the linearly polarized field)
precessional modes of the magnetic moment. In this pa-
per we study in detail the power loss of the magnetic
moment driven by either circularly or linearly polarized
magnetic field. Particular attention is paid to the effects
caused by each precessional mode and transitions be-
tween them.

2. MODEL AND MAIN EQUATIONS

We consider the single-domain nanosized particle
with uniaxial anisotropy that is characterized by the
anisotropy field Hs and the magnetic moment m = m(¢)
of a constant magnitude |m| =m. The z axis of the
Cartesian coordinate system xyz is chosen to be di-
rected along the particle easy axis. It is also assumed
that the nanoparticle is under the action of the alter-
nating magnetic field

ht =e,hcos ot + e,phsin ot , (1)

where e, , are the unit vectors along the corresponding
coordinate axes, h(>0) and @(>0) are the field ampli-
tude and frequency, respectively, p=+ 1 for the circu-
larly polarized field, and p= 0 for the linearly polarized
one. The magnetic energy of such a particle is given by

W) =—2“mZ—m-ht @)

and the dynamics of the magnetic moment m is de-
scribed by the Landau-Lifshitz equation

Z—T:—ymxHeff—;—ymx m X Heg . 3)

Here, y(>0) is the gyromagnetic ratio, A(>0) is the
damping parameter, H,s = —0W 0m is the effective
magnetic field acting on m, and the dot and cross de-
note the scalar and vector product, respectively. Finally,
in accordance with Ref. [10], the reduced power loss of
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the magnetic moment can be defined as
. T d
E= hmﬁwlr o dtHep- =2, (4)
where Her = Hee Hy,u=m/m, t = o, t, ©, = yH,.
3. RESULTS AND DISCUSSION

As follows from the definition of E, the power loss
strongly depends on the dynamics of m. The features of
the steady-state modes of the magnetic moment driven
by the circularly polarized magnetic field whose plane of
polarization is perpendicular to the easy axis were dis-
cussed in detail in [11,12]. It has been shown (see also
Ref. [13]) that in this case two precessional modes, peri-
odic and quasiperiodic, can exist. The first one is char-
acterized by a constant precession angle €, which can be
determined analytically [13,14]. If the magnetic field
rotates in the direction opposite to the direction of natu-
ral precession of the magnetic moment, then the corre-
sponding periodic mode is stable for all 2 and ®. In con-
trast, if these directions are the same, then the periodic
mode is stable only in some region of these variables. At
the boundary of this region the periodic mode becomes
unstable and, depending on the concrete values of A and
o, the magnetic moment switches to a new periodic
mode or to quasiperiodic mode. The latter is character-
ized by the time-dependent precession angle whose pe-
riod differs from the period of the circularly polarized
magnet field. This mode can also be unstable that re-
sults in switching of the magnetic moment to the state
with a stable periodic mode.

In Fig. 1, we show the power loss as a function of the
reduced amplitude h = h/H, for different values of the
reduced frequency o = w/w, of circularly polarized
magnetic field. The character of the function E(h) is
changed in the vicinity of the points where the periodic
and quasiperiodic modes become unstable. At small
frequencies (see the representative curve with o = 0.4)
the power loss monotonically grows with h up to a criti-
cal value h =~ 0.31, where the transition from one period-
ic mode (in the up state of the magnetic moment when
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Fig. 1 —The reduced power loss as a function of h in the case
of circularly polarized magnetic field with p =1 and 1 = 0.1
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mz>0) to the other (in the down state of the magnetic
moment when m:<0) occurs. At larger frequencies
(w = 0.6; 0.7) the character of E(h) is changed twice.
The reason is that in this case the increase of h leads to
two transitions, namely, from periodic (in the up state)
to quasiperiodic mode and then from quasiperiodic to
periodic (in the down state) mode. The curve with
o = 0.8 represents the situation [11,12] in which two
periodic modes with different precession angles exist in
the up state. Finally, in the case of large frequencies (see
the curve with @ = 0.9) the situation with two transi-
tions is again realized.

When the nanoparticle is under the action of linearly
polarized magnetic field (o= 0), the dynamics of m be-
comes quite different from that described above. In par-
ticular, the magnetic moment can exhibit chaotic motion
for some field amplitudes and frequencies [15]. This fact
makes it difficult to numerically estimate the power
loss in these regions. Therefore, here we restrict our-
selves to the case of deterministic behavior of m.

The results of numerical determination of E(h) in
the case of linearly polarized field are presented in
Fig. 2. All curves are obtained for the deterministic
motion of m whose period is equal to the half of the
external field period. The breaks of the curves at
w=0.6 and ®= 0.7 designate the appearance of the
chaotic mode. The jump of E(h) for @ = 0.8, which oc-
curs at h = 0.13, indicates that, like in the previous
case, the magnetic moment has performed the mode
transition.

It should be noted that at small frequencies the
power loss in the case of linearly polarized magnetic
field is less (at the same other conditions) than in the
case of circularly polarized one [8]. Therefore, the au-
thors of this paper made the conclusion that the mag-
netic fields with circular polarization are more prefera-
ble. However, as Fig. (3) shows, this conclusion is not
general. Instead, even in the regions where the chaotic
mode does not appear, the opposite dependence of the
power loss on the field polarization can exist.
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Fig. 2 — The reduced power loss as a function of h in the case
of linearly polarized magnetic field (A = 0.1)
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Fig. 3 — Plots of E h for circularly and linearly polarized magnetic fields at a) ® = 0.4 and b) @ = 0.8

4. CONCLUSIONS

The power loss of the nanoparticle magnetic moment
in the circularly and linearly polarized magnetic fields
has been studied. Based on the numerical solution of
the deterministic Landau-Lifshitz equation, we have
investigated in detail the main features of the power
loss for different processional modes of the magnetic
moment. It is shown that the power loss changes ab-
ruptly when the transitions between these modes occur.
The comparison analysis of the power loss for circularly
and linearly polarized magnetic fields has been con-
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