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Abstarct—The response of uniform and binary plane lattices of magnetic nanoparticles with uniaxial anisot-
ropy to a short Gaussian pulse of magnetic field is studied in this work. It is shown that the dipole—dipole
interaction and the presence of two types of nanoparticles modulate and decrease the response amplitude.
The complicated periodic dependence of the amplitude and duration of the system response on the duration
and peak value of the applied pulse has been discovered. The possibility of controlling the magnetization
reversal of both the entire lattice and its parts by choosing the lattice composition and parameters of the bias

field and pulse is demonstrated.
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INTRODUCTION

Nanotechnological magnetic structures and arrays
of magnetic nanoparticles have been intensively stud-
ied [1—7] recently. Among these structures, two-
dimensional magnetically-ordered structures are con-
sidered to be the most interesting, e.g., they can be
composed of single-domain nanoparticles of ferro-
magnetic alloys [8]. The dipole—dipole interaction is
the main interaction of magnetic moments in these
lattices [8, 9]. In [10—13], equilibrium states and
dynamic modes of the magnetization reversal of linear
chains and square lattices of nanoparticles in external
magnetic field were considered. The magnetization
reversal of lattices of magnetic nanoparticles with a
cubic crystalline anisotropy, which are coupled by the
dipole—dipole interaction, was studied in [14]. It has
been shown that the discrete nature of these structures
causes substantial differences between the equilibrium
states and dynamic modes of the magnetization rever-
sal of such chains and lattices and the properties of
macroscopic single-domain objects. In particular,
these differences include bistable states which are
caused by the existence of several orientation configu-
rations differing in the total magnetic moment of the
system, as well as possible transitions between these
configurations and dynamic oscillation modes of the
magnetic moment of the system upon the magnetiza-
tion reversal.
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In addition, ordered arrays of magnetic nanoparti-
cles of various dimensions can be used as a medium for
ultra-dense recording and the storage of information.
The information recording onto the lattice of mag-
netic dipoles is based on the change in the equilibrium
configuration of magnetic moments by radio pulses of
magnetic field; the reading is done by excitation of the
arisen configuration by a low-power radio pulse with a
frequency corresponding to the ferromagnetic reso-
nance and by detection of the response of the dipole
system [15—17].

In this work, the response of the 6 X 6 plane lat-
tice of magnetic nanoparticles to a magnetic-field
pulse is studied by the numerical calculation of
dynamics equations. Since the uniaxial anisotropy
is the most observed and important for information
recording, contrary to [14], the uniaxial nanoparti-
cles are considered. Together with lattices consist-
ing of only one type of nanoparticles (uniform lat-
tices), lattices of two alternating types of nanoparti-
cles, which differ in value of magnetic moment,
(binary) are investigated. An effect of parameters of
the Gaussian pulse on the amplitude of oscillations
of magnetic moments and the duration of the
response, as well as the magnetization reversal of
the uniform and binary lattices under the action of
pulse magnetic field are studied.
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INITIAL EQUATIONS

Let us consider the two-dimensional 6 X 6 array of
nanoparticles with the magnetic moment |m,| = m; and
a shape close to spherical. We assume that each
nanoparticle has a uniaxial magnetic anisotropy and
size corresponding to the single-domain state. The
energy of nanoparticle i/ can be written as a sum of the
Zeeman energy in the applied magnetic field H,
the energy of the dipole—dipole interaction, the
anisotropy energy, and the stray-field energy, as follows:

W(ml) = —lIl,»H + ZWd (miamn)
" (D)
+ W, (m;) + W, (m,).

Here, the applied magnetic field is the total of static
field and high-frequency alternating field. The
energy of the dipole—dipole interaction is described
as follows:

n#i

where r,, and r,, are the radius-vector and the distance
between ith and nth dipoles, respectively. The energy
of the uniaxial anisotropy is described as follows:

2
VVa — _Ku (min) , (3)
2
where K, and n are the constant of the uniaxial anisot-
ropy and the unit vector along the easy axis of magne-
tization, respectively. The stray-field energy is deter-
mined as follows:

W, (m;) = 12V g C))

where N is the tensor of demagnetization coefficients;
for the case of a spherical particle, its components are

N, =N, = N_ = 4n/3; Visthe volume of the particle.

Dynamics of the moments of the dipole lattice is
described by the Landau—Lifshitz equation with a
relaxation term in the Gilbert form [18]:

om;
= ixH?ff_g m[_x_l’
ot m ot

where 7 is the gyromagnetic ratio and o is the dissipa-
tion parameter equal for all particles. The effective
magnetic field, which is induced at the position of the
ith dipole by other dipoles and taking the applied field
H into account (1), is described as follows:
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Let us introduce the following dimensionless

/1y T = (my/R) 1
where R is the nanoparticle radius; /, = r, / R. With
dimensionless parameters Eq. (5) becomes as follows:
a, _
ot

parameters: p, =m,/m. e;, =

utheff_O(’u[X%: (7)
ot

where

h =h+ k,n(u;n)

+Z{ we,e, —un}

n#i

In this case, the dimensionless apphed field and
uniaxial-anisotropy constant are determined by the
following formulas: h = H R’ /m, k, = K,R’.

Let us estimate dimensional quantities for the case
of the dipole lattice of nanoparticles which are com-
posed of Niron atoms. Thus, for one of the stable con-
figurations of spherical nanoparticles N = 561 [19],
the magnetic moment, m = 2.2 uz N, where Ly is the
Bohr magneton. In this case, the nanoparticle radius is

R=1.364x10" cm, m =1.145%x10" erg/G. Taking
into account y = 1.76 x 10" (Oe s)f1 , we obtain the fol-
lowing numerical estimates for time ¢ = (R3 / ym) T=
12 1 ps, magnetic field H = (m/R3) h=4.5hkOe, and
=(1/R) k= 4 x10"k, e

As a result of further analysis we can replace Eq. (7)
with three scalar equations. Thus, the x-component of

ou, /01 is described as follows:

anisotropy constant K,

0 e
(1+ az)% = (Wi, + iy ) Ay ®)

- (Miy - auizuix) hisz - (l(l - u12x) hifcff‘

Equations for the other components have the sim-
ilar form and can be obtained by their cyclic permu-
tation.

Next, we consider the 6 X 6 lattice of nanoparticles
which are either the same (uniform lattice) or com-
pose two sublattices with equal number of nanoparti-
cles but different magnetic moments (binary lattice).
In the latter case, the particles of two different types
are alternating. We chose the coordinate system so that
to ensure the X axis is perpendicular to the lattice plane
and two other axes are parallel to its sides. The easy
axis coincides with the X axis, the anisotropy constant

is required to be k, = 1. The dissipation parameter is
required to be a = 0.01. An equilibrium orientations
and dynamic modes of precession of the total mag-
netic moment of the entire lattice are determined by
the numerical analysis, which is carried out with the
Runge—Kutta method of the fourth order.
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Fig. 1. Time dependence of the y-component of the mag-
netic moment of the uniform lattice under the action of
pulse field with &y =5, t; = 200, Ty =1 polarized along
the Y axis (the pulse shape is shown in the inset); the bias

field A, = 0.1; the dissipation parameter, a = 0.01; the
spacing between centers of the nearest nanoparticles
Iy =10.7; (a) corresponds to thin and bold lines; /, = 5.2;

(b) thin and bold lines.

RESPONSE OF THE SYSTEM
TO MAGNETIC-FIELD PULSE

Let us consider the response of magnetic moments
of the lattice under consideration to a Gaussian pulse
of the applied magnetic field:

h(t) = hoexp[—(’r—’r,.)z/?r(z)], %)
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where #,, T;, and T, are the peak values of field, the
time shift of the pulse maximum, and the pulse dura-
tion. We require the pulse field to be linearly polarized
along the Yaxis. In the case of the uniform lattice, u,-|
is always equal to one. Figure 1 demonstrates the time
dependence of the y component of the total magnetic
moment M = Zp; of the uniform lattice under the
action of pulse field with the following parameters
hy =5 1,=200, and 1, =1 (the pulse shape is
demonstrated in the inset). The system is also placed
in the dc magnetic field aligned with the X axis
h, = 0.1. The spacing between the centers of the near-
est nanoparticles is required to be [, =r, / R=10.7
(shown in Fig. 1a by thin and bold lines, respectively),
Iy =5.2 (shown in Fig. 1b by thin and bold lines,
respectively). The dipole—dipole interaction increases
with decreasing distance between the nanoparticles
modulates and reduces the amplitude of the system
response. Further, we consider lattices with /, =10,
i.e., the low dipole—dipole interaction.

Figure 2 demonstrates the time dependence of the
response duration in the case of the binary lattice
under the magnetic pulse field which is polarized
along the Y axis and has the parameters listed above.
The magnetic moments of the lattice are placed in the

constant magnetic field 4, = 0.5 directed along the
X axis. Figure 2a corresponds to the uniform lattice
with |u,| = 1. In the case of the binary lattice, magnetic
moments of the nanoparticles of unlike sublattices are
different, i.e., |u|=ug, Mo In Fig. 2b, pe = 1.1,

Ug, = 0.9, in Fig. 2c, wuy, =1.2, ug, = 0.8. We can see
that the existence of two types of nanoparticles with
close but different magnetic moments results in the
occurrence of an additional modulating frequency, the
value of which grows with increasing difference
between the magnetic moments of the two dipole sub-
lattices. In this case, a decrease in the effective field
applied to the magnetic dipoles reduces the main
response frequency.

DEPENDENCE OF THE RESPONSE
ON PULSE DURATION

The form of trajectory and oscillation amplitude of
the total magnetic moment of the lattice after the pulse
application are dependent in a sophisticated way on
the parameters of the lattice and pulse; in particular,
the pulse duration and peak value. Figure 3 demon-
strates diagrams which determine the dependence of
the extremums of the y component of the precessing
magnetic moment of the system on the pulse duration

T, in the time range 250 < 1 < 280 after the applica-
tion of the pulse field with 4, = 3, 5, 10, 15 (a—d) and
1; = 200. The number of points corresponding to each
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1, value is approximately equal to the number of half-
periods of the damped oscillations of the magnetic
moment which cover the chosen time interval for a
certain t,. The system is uniform with |u,| = 1, and the

magnetic field 4, =1 is applied along the X axis. It can
be seen from the diagram that this dependence has a
complicated form, i.e., the alteration of oscillations
with maximal and minimal amplitudes is observed, in
addition, the number of extremums in the diagram
increases with the growing value of the peak pulse. So,
in the case of 4, < 3, there is only one broad maxi-

mum. In the case of 4, =5, there are two apparent
maximums; the first of them splits, forming a dip at
the center. The further increase of 4, enhances the
number of maximums with dips. In all the cases, if the
pulse duration T, < 0.6, the diagram maximums are
close to the limiting values D |ui , where D is the num-
ber of particles in the lattice. The further increase in
the pulse duration decreases maximum values in the
diagram.

Figure 4 demonstrates the time dependence of
M, (1) and the projection of the trajectory of the lat-
tice magnetic moment on the YZ-plane after the appli-
cation of the pulse with the following parameters
hy =10 1, =0.42, 0.52,0.65 (a—c). The indicated
values of 1, approximately correspond to two maxi-
mums and a minimum of the diagram in Fig. 4c. If the
pulse duration corresponds to maximums in the dia-
gram, the response of the magnetic moments has the
maximum amplitude and duration. Otherwise, if the
pulse duration corresponds to a minimum in the dia-
gram, the trajectory of the magnetic-moment oscilla-
tions rapidly approaches the equilibrium state, which
limits the amplitude and results in the relatively fast
damping of the oscillations. The application of the
pulse with a high peak value increases the duration of
the magnetic-moment precession around the polar-
ization axis of the pulse field.

MAGNETIZATION REVERSAL BY PULSE

The application of the magnetic-field pulse can
induce the partial or total magnetization reversal of
the dipole lattice. First, consider the uniform lattice
of nanoparticles with the magnetic moment || =1
which in the initial state is aligned with the positive
X axis. We assume that there is no bias field A, = 0.
For this case, Fig. 5 demonstrates the time depen-
dence of two components of the total magnetic
moment of the lattice for the magnetization reversal
by the pulse with the following parameters 4, = 6,
Ty =1 (curves /and 2) and 4, =7, T, = 0.5 (curve 3),
1; = 200. Curve 2 corresponds to the opposite mag-
netization reversal, which is characterized by the
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Fig. 2. Time dependence of the response of the lattice with
Iy =10 to the applied pulse with #y =5, 1; =200, 1y =1,
and the bias field A, = 0.5 the magnetic moments:
@ =1; ) || =uo1, Moz, Mor =11, o2 =0.9;
(©) no1 =1.2, g =0.8.

No.3 2019



242

SHUTYI, SEMENTSOV

(b)

30

N00044,,
/
lll:’

~...,'
\\\\\\\\\\\\m\\\w

oo

—30 % if =
Vv , ,
0 1 2
(d)
Ty
ot AR
H
0_ g x
—30—:ff i :
iRl i , ,
0 1 2
To

Fig. 3. Diagram of dependence of extremums of the y-component of the precessing magnetic moment of the system on the pulse

duration with t; = 200 and /4, = 3, 5, 10, 15 (a—d) (in the range 250 < 1 < 280);

initial alignment of the magnetic moments of
nanoparticles with the negative X axis. If the pulse
has the following parameters 4, =6 and T, = 0.5,
magnetization reversal is not completed, and the lat-
tice returns to the initial configuration. To decrease
the duration of magnetization-reversal pulse, the
peak value of the magnetic field must be enhanced
(curve 3). In this case, with increasing #,, the dura-
tion of the magnetization reversal decreases, and the
oscillations become harmonically damped.

Further, we consider the magnetization reversal of the
binary lattice which consists of alternating dipoles with
We; =1 and yy, = 2. There is no bias field. Figure 6
demonstrates the time dependence of the x-compo-
nent of the lattice magnetic moment under the action

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 120

;| = 1, the bias field 4, = 1.

of three different pulses of the magnetic field with the
following parameters #, =5, 1, =0.7 (curves I),
hy =5,1, =1 (curves 2),and 4, =7, T, =1 (curves 3),
T, = 200. The magnetization reversal proceeds via four
configurations (two demonstrated and those symmet-
rical to them with respect to the YZ plane) with corre-
sponding total magnetic moments shown in Fig. 6a.
Figures 6a and 6b correspond to configurations I and
I1, respectively. It can be seen from the figure that
depending on the parameters of the pulse both the
total magnetization reversal of the binary lattice and
the partial magnetization reversal of each of its sublat-
tices can occur. Magnetization reversal opposite to the
ones discussed can also occur.

No. 3 2019
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Fig. 4. Time dependence of the lattice response to the pulse with 4, =10 1y = 0.42, 0.52, 0.65 (a—c) and projections of trajec-

tories of the total magnetic moment; |w;| = 1, 4, =1.

CONCLUSIONS

The study of the dynamics of the response of mag-
netic nanoparticles lattices with uniaxial anisotropy to
a short Gaussian pulse has demonstrated that the

dipole—dipole interaction modulates the time depen-
dence of the lattice response and decreases its ampli-
tude. However, if the spacing between two nearest
dipoles » > 10R, where R is a nanoparticle radius, in
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Fig. 5. Time dependence of the components of magnetic moment of the uniform lattice for the pulse of magnetization reversal

withsy =6, Ty =1 (curves 7, 2) and ) =7, 1y = 0.5 (curves 3), 1; = 200; curves / and 3 correspond to the magnetization reversal
from positive X-axis direction to negative one, curve 2, the opposite process.

the majority of cases, the dipole—dipole interaction
can be neglected. The presence in the lattice of two
types of dipoles with close but different magnetic
moments causes the occurrence of two close frequen-
cies in the system response and the corresponding
modulation of dynamics of the total magnetic moment
of the lattice.

There is a strong dependence of the amplitude and
duration of the magnetic-moment response to the
peak value of the field and duration of its pulse. This
dependence has a nonmonotonic periodic character,
i.e., maximal and minimal amplitudes of the oscilla-
tions are alternating. The number of such periods
grows with increasing the peak value of field pulse. In
the case of pulses corresponding to the indicated min-
imums, the trajectory of the precessing magnetic
moment rapidly approaches the dipole-equilibrium

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 120

state; thus, the amplitude of the response is small. In
the case of relatively short pulses, there are the regions
of pulse duration which correspond to the extension of
the response (by several times) of the magnetic
moments.

Modes of the pulse-magnetization reversal of the
lattice of nanoparticles can be controlled by the
parameters of the magnetic pulse. In particular,
the direct and opposite magnetization reversal of
both uniform and binary lattices, as well as of each of
magnetic sublattices of the latter can occur. Intro-
duction of different types of nanoparticles into the
lattice fitting the parameters of the pulse and bias
field can help to achieve even more complicated
modes of magnetization reversal of the parts of the
system.
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Fig. 6. Time dependence of the x-component of the magnetic moment of the lattice with |u;| = ugy, Ko, Where po; = 1, poy =2,
under the action of pulse field with 4, = 5, 1y = 0.7 (curves 1), iy = 5, 1y =1 (curves 2) and i, =7, 19 =1 (curves 3), T; = 200;
there is no static field; (a) and (b) correspond to initial configurations I and II; (a) shows values of M, for two demonstrated con-
figurations and those symmetrical to them with respect to the YZ plane.
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