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The coupling between mechanical rotation and internal magnetic dynamics of each nanoparticle is an
important point of the microscopic description of a ferrofluid interacting with an external field. Here, based
on classical equations the deterministic case of the forced coupled precession is described numerically. Our
main aim is to study the stable prerecession regimes, which are generated by a rotating external field. In
addition to the well-known uniform precession motion, a few nonlinear regimes are observed and dis-
cussed. One of them is a nonuniform precession, which was described earlier for the case of an immobilized
nanoparticle, where the particle is supposed to be fixed in a solid matrix, and for the case of a rigid dipole,
where the nanoparticle magnetization is supposed to be locked in the crystal lattice due to the high anisot-
ropy. Then, the finite anisotropy gives an additional degree of freedom that leads to the generation of the
chaotic regime, and one more deterministic regime, which is characterized by oscillations performed syn-
chronously with the external field. A deep understanding of the motion character allows to take control
over the heating process in hyperthermia method for cancer treatment. In particular, now it is clear why
even a slight tuning of the field frequency can lead to nonlinear growth of the heating rate.
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1. INTRODUCTION

A stable interest to ferromagnetic single-domain na-
noparticles is arisen from their high potential of applica-
tions. The most promising in this regard are biomedical
applications such as magnetic particle imaging [1], drug
delivery [2], magnetic fluid hyperthermia [3] and cell
separation [4, 5]. In this situation, the two issues should
be underlined. The first is the development of methods
for producing ferromagnetic nanoparticles with specified
properties. Up to date, several techniques have already
been proposed (see, e.g., [6-8] and references therein).
The second is the development of theoretical models
aimed at a more complete description of the magnetic
properties of ferromagnetic particles in viscous liquids
under the action of an alternating magnetic field.

These systems are often studied in the framework
of the so-called rigid dipole model, when the particle
magnetization is assumed to be fixed along the particle
easy axis. This approximation is valid if the anisotropy
magnetic field is large enough and allows the use of
Newton’s second law for rotational motion. Within this
model the forced rotation and the influence on it of both
thermal fluctuations and dipolar interaction were in-
vestigated in [9-11].

However, if the anisotropy magnetic field does not
strongly exceed the external field, then the rigid dipole
model fails. In this case, we need to take into account the
magnetic dynamics inside the rotating framework of the
particle body. In the quasi-equilibrium case, when the
heat energy is larger than the magnetic one, the descrip-
tion is based on the concept of relaxation times (see, e.g.,
Ref. [12]). However, the other cases demand the dynam-
ical approach based on equations of motion for the parti-
cle and its magnetization that provides a much more
complete description of the system properties. Although
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these equations were firstly written long time ago, only
recently their physical background was stated clearly in
[13], and they were applied for studying the coupling
between the magnetic and rotational dynamics of a na-
noparticle [13-17].

In this paper, we develop the approach used in [17]
and pay attention to the features of precession regime of
motion induced by a rotating magnetic field. Because of
additional degrees of freedom, these regimes can be more
complicated in comparison with the cases of a fixed na-
noparticle, which are considered in [18]. Thus, in addition
to nonuniform and chaotic [19, 20] precession types, some
specific regimes are described in detail below.

2. MODEL AND METHODS

We consider a spherical ferromagnetic nanoparticle of
radius R, magnetization M and density p. The uniaxial
anisotropy is characterized by the anisotropy field H..
The particle is assumed to be single-domain and the
changes in magnetization occur without changing its
magnitude (| M| = M = const), since all the spin magnetic
moments always remain parallel due to the strong ex-
change interaction. Moreover, we suggest that the parti-
cle itself can rotate around its center of mass in a liquid
with viscosity 7.

The motion described above is obeyed the following
system of equations in [17]:

ﬁ:u)xn, (1)
Jo=yVM+VMxH-6nVo, (2)
M:—7/(M><Heff)+aM*1[Mx(M—me)J, 3)

where n is the unit vector which indicates the direction
of the anisotropy axis, @ is the angular velocity of the
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particle, J (= 87pR5/15) is the moment of inertia, yis the
gyromagnetic ratio, H is the external uniform field, Vis
the particle volume, « is the damping parameter, Hest is
the effective magnetic field which takes into account
the internal anisotropy field as

H,; =H+H,M" (Mn)n, (4)

and, finally, the dot above denotes the time derivative.
Further we assume that the particle is under the action
of the external circularly polarized homogeneous field

H=e HcosQt+e HosinQt, (5)

where e,, e, are the unit vectors of the Cartesian coor-
dinate system, H and Q are the field amplitude and
frequency, respectively, ¢ is the time, and o(=+1) is
the factor determining the field polarization direction.

In the case when the inertia term in (2) is negligi-
ble, this equation can be transformed into a more con-
venient form. Then, we transform the equation for the
internal magnetic dynamics (3) in order to separate the
terms containing the time derivatives. As a result, we
obtain

nQ! =mxnQ;!' +(mxh)xn, 6
(1+e2)Qm =—mxhl; —gmxmxhl;, (7
where p=aM/6yn, Qn=Q/(Q+p), oa=dl+p),

m = M/M, h = H({)/H, and

hl; = (exhcos Qt +e hosin Qt)(l +f)+(mn)n. (8)

To further numerical studies, one can transform the
equations of motion into the scalar form with respect to
the spherical coordinates of vectors m and n as follows
from

m = (sin Jcos @,sin 9sin g, cos 9),

n = (sin @ cos ¢,sin Osin ¢,cos ) .

After standard transformations and accounting (5),
we can write

(1+a12)Q;1119=fl+a1f2, 9)
(1+a2)dp=csc9(nf, 1), (10)
Q10 = pat [a)y cosgp—a, sin¢} , (11)

Qld = pat [a)z —cot H(a)y sin ¢+ w, cos ¢)J ,  (12)
fi =h(1+ p)sin(cQt —¢) - FsinOsin(p—¢), (13)
f= cos.9[h(1+ﬁ)cos(o§2t—¢)+
+F sin Hcos((p—¢)]—FsinL9cos6’ , (14)

F = cos@cos 3+cos(p—¢)sinfsin 9(=mn), (15)

o, =7 (gcosgcosgo—(psingsin(o)—
—(1+B)hsin 9sin ot , (16)
o, =0 (9c059singo+¢7sin9cosgo)+

+(1+ B)hcos Ycos ot 17
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o, =(1+B)hsin(cQt —p)sin $-Q}Ising.  (18)

The system of four equations (9)-(12) with designa-
tions (13)-(16) has been solved using the 4t order
Runge-Kutta method for the system parameters
a=0.1, M=228 G, n=0.006 and the following pa-
rameters of simulation: time step was chosen as 103
of the field period. The stable solutions were seeking
by the comparison of the trajectories on every 104 field
periods, while the stable solution was not found, or
the maximum simulation time of 107 field periods was
not reached. The precession criterion was chosen as 10-5.
The initial conditions were chosen as 9= 9, =0.005,
6= 6,=0.0051, p= ¢, =0.005, = ¢, =3.14.

Finally, in our calculation we used the reduced fre-
quency Q=0/Q_ to our convenience.

3. RESULTS AND DISCUSSION

The simplest case is the uniform precession regime.
For the case of coupled mechanical and magnetic rota-
tion it was described in [15, 16]. In a brief this regime
consists in precession of vectors m and n with external
field h in synchronous way. It is describing in full by
four angle constants as 3= 9, 6= &, = @, ¢= ¢. Here
the first pair determines the precession cones, while the
second one — the lags between vectors m and n and field
h. It is important that cone for n is always narrower
than cone for m.

Both the precession and the lag angles grow with
frequency and amplitude, and the uniform precession
can become unstable. The magnetic moment m tries to
catch vector h and in addition to the precession is being
involved in oscillations similar to the so-called nutation.
These oscillations have large enough amplitude and
their frequency is not a multiple of the field one. There-
fore, the oscillations occur asynchronously with the field.
For the case of a fixed nanoparticle, the same behavior
was observed in [18]. In the present case, the easy axis is
not fixed rigidly and it is involved in such oscillations
with a few peculiarities. First, for realistic system pa-
rameters, the oscillation amplitude of the easy axis and
its average value are much smaller than those for m.
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Fig. 1 — Time evolutions of angular coordinates of the nanopar-
ticle driven by the rotating field (5) of reduced amplitude
h=0.14 and reduced frequency Q = 0.6. The rotating frequen-
cies for magnetic moment and easy axis are different and not a

multiple of the field period
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Fig. 2 — Time evolutions of angular coordinates of the nanopar-
ticle driven by the rotating field (5) of reduced amplitude
h =0.14 and reduced frequency Q =0.64. This regime is pure
chaotic because of slow chaotic drift of the averaged position of
the magnetic moment and easy axis and irregular oscillations

around them

Second, as it can be seen from scales of axes in Fig. 1,
the rotating frequency of n is smaller than for m. The
different rotating frequencies in nonuniform regime are
an interesting result, since for uniform precession this is
not observed.

With further increasing frequency, the average posi-
tion of the vector n demonstrates a drift, which can be
performed in different ways. Naturally that due to the
anisotropy, vector m is also involved in the drift. The
first drift scenario is pure chaotic, when both the aver-
age position and oscillations around it are irregular. At
that, the drift is much slower than the oscillations. This
regime is depicted in Fig. 2. Here the violation of the
deterministic character of the plot is especially pro-
nounced for time evolution of the magnetic moment
azimuthal angle. Such chaotic picture was reported in
[19, 20] for the case of the magnetic dynamics of a fixed
nanoparticle driven by a linearly polarized field.

For larger frequencies, the transformation of the mo-
tion type occurs. Here, the trends of vectors m and n
remain chaotic, but the oscillations become regular and
their frequencies coincide with the field one, see Fig. 3.
Scale of plots does not let to see that the drift of the
average position of vectors m and n is performed in a
wide range of coordinates, but one can calculate that
these average positions are very close to each other.

The next regime is regular, although keeps some
properties of the previous two modes. Here, a slow drift
takes palace only by the azimuthal angles of vectors m
and n, while the polar angles demonstrate the oscilla-
tions only. The drift of the vector n is clearly seen in
Fig. 4, while the drift of m is not in the plot scale. Never-
theless, it exists because of anisotropy coupling. This
regime is typical around the resonance frequency. In the
case of the parameters chosen, for the field amplitude of
0.14 it is realized in the reduced frequency range 0.77-
0.96. The dependencies of angular trajectories on the
initial conditions and the time step value were not ob-
served. It allows us to state that this regime is regular.

The character of the last regimes is connected to the
reorientations of the vectors m and n under the action of
the rotating field. Despite the initial conditions for polar
angles are chosen close to zero, the stable regimes are
realized only in a vicinity of 7. Naturally that the uniform
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Fig. 3 — Time evolutions of angular coordinates of the nanopar-
ticle driven by the rotating field (5) of reduced amplitude
h =0.14 and reduced frequency Q =0.67. This regime is chaot-
ic because of slow chaotic drift of the averaged position of the
magnetic moment and easy axis
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Fig. 4 — Time evolutions of angular coordinates of the nanopar-
ticle driven by the rotating field (5) of reduced amplitude
h =0.14 and reduced frequency Q =0.76. This regime is regu-
lar. The slow drift of the averaged position of the magnetic
moment and easy axis occurs through the changes of azimuthal

angles only
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Fig. 5 — Time evolutions of angular coordinates of the nanopar-
ticle driven by the rotating field (5) of reduced amplitude
h=0.14 and reduced frequency Q = 1.15. The magnetic mo-
ment performs the uniform precession, while the easy axis

sticks in oscillations. It can be a prolonged transition process

precession here is the stable solution. However, due to the
narrow precession cones, the easy axis can avoid the rota-
tion and performs the only oscillations instead, see Fig. 5.
It seems that this regime is a very long transition process,
but even in this case from practical point of view it is
reasonable to treat such situation as a separate regime.
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Fig. 6 — Time evolutions of angular coordinates of the nanopar-
ticle driven by the rotating field (5) of reduced amplitude
h =0.14 and reduced frequency Q = 1.45. The uniform preces-
sion in the “down” state is generated

Finally, the pure uniform mode can be achieved faster
for a larger frequency (Fig. 6). We note that in compar-
ison with the previous case, here the residual oscilla-
tions are one order smaller. It confirms the validity of
the assumption about existing additional nonlinear
regime before the linear one.

Finally, the last observed example of the nonlinear
behavior is the so-called intermediate or secondary
uniform regime (Fig. 7). It is generated because of the
stability reconstruction. Strictly speaking, all the non-
linear types of motion occur when the uniform preces-
sion does not satisfy the stability criteria in some rang-
es of the field frequency and amplitude. And ranges
where the uniform precession is stable can alternate
with the nonstable ranges. This effect is well known,
and it was described in [18] for the fixed particle case.
The transition to the secondary uniform precession
mode occurs abruptly with the smallest change of the
field parameters near the transition point. In our case,
for the parameters chosen, the transition point is near
the values A =0.14 and Q = 0.63, but here the second-
ary uniform precession borders with the nonuniform
and chaotic regimes. However, one can assume that the
transition to the secondary uniform mode from the
common one is possible. In this case, the transition will
be accompanied by the jumps of precession angles.

4. CONCLUSIONS

The numerical analysis of the coupled magnetic dy-
namics and mechanical rotation of the uniaxial nano-
particle in a viscous liquid under the action of the ro-
tating magnetic field was performed. Within this, we
based on the classical deterministic equations [13] that
account correctly the peculiarities of the motion. The
data obtained for the realistic system parameters was
analyzed. It allows us to conclude the following.

The existence of the uniform rotation regime pre-
dicted analytically was confirmed by simulations. The
main feature of this motion is the small precession cone
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Fig. 7 — Time evolutions of angular coordinates of the nanopar-
ticle driven by the rotating field (5) of reduced amplitude
h =0.14 and reduced frequency Q =0.63. The intermediate or
secondary uniform precession is generated. The precession cone

of easy axis is much narrower

angle for easy axis that assumes a weak mechanical
rotation of the nanoparticle body. Also, the so-called up
and down types of the uniform precession caused by the
uniaxial anisotropy were observed. It is important for
understanding the hysteresis properties of ferrofluids.

Then, we report the existence of the nonuniform
precession regime when both the magnetic moment of
the nanoparticle and its easy axis (represented by vec-
tors m and n, respectively) perform regular oscillations
of a period, which is not a multiple of the field one. This
regime is observed in the case of a rigidly fixed nano-
particle and a rigid dipole cases. However, the oscilla-
tion patterns of m and n here are different.

Finally, we have observed at least two new regimes,
which do not exist for a rigidly fixed nanoparticle and a
rigid dipole cases under the action of the circularly polar-
ized field. The first new mode is the chaotic precession
which is realized in two different ways: pure chaotic
(Fig. 2) and slow chaotic drift of n with “regular” oscilla-
tions of m around n (Fig. 3). The second new mode is
regular where a slow drift is realized by the azimuthal
angles of the vectors m and n, while the polar angles of
these vectors oscillate around constant means.

The relevance of these studies is closely connected to
the control of the power losses and heating processes
during the magnetic hyperthermia therapy. In particu-
lar, the different precession regimes lead to different
power losses, and switching between them causes the
abrupt changes of the heating intensity. The latter can
be used or must be prevented, but in any cases, it
should be well studied.
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Bumyiiena npenecia ¢pepomaraiTHOl HAHOYACTUHKHY 31 CKIHYE€HHOIO aHi3oTpoIiero,
3BasKeHOI B piguHi: HeriHiNHI acnexkTHn

T.B. JIroruii, B.B. Pesa, H.C. Ilerperaxo, M.O. IlaBaox

Cymcvrull deporcasruti yrnigepcumem, 8ys. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina

3B'SI30K MIK MeXaHIYHUM 00EPTAHHAM TA BHYTPIIIHBOI MATHITHOK JAMHAMIKOK HAHOYACTHHKU € BAXK-
JIUBUM AaCIIEKTOM MIKPOCKOIIIYHOIO OIIMCY IIOBEJIHKH (DepOpiTHUHME, II0 B3aEMOJie 13 30BHIIIHIM mosieM. B
Hamrii poOOTI Ha OCHOBI KJIACMYHHX DPIBHSHB YMCEJIBHO ONUCAHHUI JAeTepMIHOBAHUN BUIIAOK BHUMYIIEHOI
cymicHoi mperiecii. OCHOBHOIO MeTOI0 POOOTH € BUYEPIIHHWI OMNMC YCTAJIEHUX PEKHUMIB Ipellecii, ki reHepy-
I0ThCS 00ePTOBUM 30BHIIIHIM 1mosieM. KpiM Bimomol omHOpigHOI mperiecii, 0yJI10 BUSBJIECHO TA OMKMCAHO KLIbKA
HemHIMHNX peskuMiB. OIUH 3 HUX — IIe HEOMHOPIgHA IIperiecis, Axka Oyja ommcaHa paHille IS BUIAIKY
3HEPYXOMJIEHOI HAHOYACTUHKY, KOJIM YACTUHKA PO3IJIAIAJIACH SIK 3aKPIIJIeHa Y TBep/id MATPHIIL, 1 J1JIs1 BU-
HaJKy $KOPCTKOTO JIVMIIOJS, KOJIM HAMATHIUYEHICTh HAHOUYACTUHKY PO3IJIAIaJIach K 3adiKcoBaHA B KPUCTAIII-
YHIM PEINTIl 3aBAAKU BeJUKiN aHizorpomii. CKiHUeHHA aHI30TPOIis Jae AOJATKOBY CTYIIIHB CBOOOMH, IO
HPU3BOJUTH JI0 BUHUKHEHHS XA0THUYHOIO PEsKUMY Ta IIe OJHOrO JeTePMIHOBAHOIO PEKUMY, IJIs SIKOTO Xa-
pPaKTepHI KOJIMBAHHS, 10 BUKOHYIOTHCSI CHHXPOHHO 13 30BHIMIHIM mosieM. [J1mboKe pO3yMIHHSA XapakTepy
PYXy 03BOJIsSIE KOHTPOJIIOBATH IIPOIlEC HATPIBY IIIJT Jac rimeprepMii — MeTof Teparil pakoBUX IIyXJIWH. 30K-
peMa, Terep 3pO3yMiJI0 YOMY HABITH He3HAYHA MIJICTPOMKA YACTOTH TIOJIS MOKE IIPU3BECTH JI0 HEJNHIMHOT0
3pOCTAaHHS IIBUIAKOCTI HATPIBY.

Kmiouori cioa: ®epopinuna, Oepomaruitaa HanoyactrHka, CKIHYeHHA aHI30TPOIis, 3B’SI3aHUN pYX,
Opmuopigua mperiecist, Heomropinaa mperiecis, XaoTuaHa IUHAMIKA.
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