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Abstract—The response of the magnetic moment of a magnetically uniaxial nanoparticle and a planar array
of such nanoparticles to a short Gaussian magnetic field pulse is studied in the presence and absence of its
modulation. The periodic dependence of the response duration and the final orientation of magnetic
moments on the pulse duration and its peak value are revealed and analyzed. The effect of the weak bias mag-
netic field and the pulse field deviation from the transverse orientation on remagnetization processes is stud-
ied. It was shown that the effect of the dipole–dipole interaction leads to modulation of the response to the
pulse exposure.
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1. INTRODUCTION
In the last few decades, significant progress is being

made in understanding properties and dynamic pro-
cesses in magnetic nanoparticle systems [1–7]. Due to
small sizes, magnetic nanoparticles are as a rule sin-
gle-domain, which makes it possible to simplify the
description of structures on their basis. The main con-
tribution to the interaction of nanoparticles is made by
the dipole–dipole interaction controlled not only by
their intrinsic magnetic moment, but also local order-
ing of particles, as well as magnetic anisotropy [8–11].
The nanoparticle array structure discreteness leads to
significant differences of equilibrium states and
dynamic remagnetization from similar properties of
macroscopic single-domain objects [12–14]. Among
such differences can be, e.g., bistable array states
caused by the existence of various equilibrium orienta-
tion configurations.

The possibility of data recording on magnetic
dipole arrays is based on changing the equilibrium
configuration of magnetic moments due to the effect
of magnetic field pulses [15, 16]. Therefore, a signifi-
cant number of both theoretical and experimental
studies are devoted to pulsed remagnetization of mag-
netic micro- and nanosystems [17–26]. For example,
the periodicity of the implementation of remagnetiza-
tion of a planar layered microstructure with varying
the pulse duration and amplitude was experimentally
detected in [17], which was explained by the dominant
role of phase coherence between the magnetization
and field pulse during switching. In [18], the preces-
sion response of the microscopic memory cell magne-

tization to the pulse exposure is experimentally stud-
ied; therewith, cells with short switching times were
detected, where long-wavelength magnetic excitations
are suppressed after field pulse damping. In [19–22],
the dynamics of antiferromagnetic system magnetiza-
tion under exposure to ultrafast magnetic field pulses
was studied. In particular, in [19], the possibility of
system remagnetization with long relaxation process
was shown; in [22], the possibility of remagnetization
without long relaxation process using a special field
signal shape was shown. Based on the Landau–Lif-
shitz equation, single-domain nanoparticle magneti-
zation switching was considered in [23] and a scheme
for setting the system to a given state using ultrashort
magnetic pulses was proposed. In [24–26], pulsed
remagnetization of films with various magnetic
anisotropy types was studied, and dynamic hysteresis
loops and relaxation effects during pulsed remagneti-
zation of nanoparticles were considered.

In this study, based on the numerical solution of
dynamic equations, the response to the Gaussian
pulse of the magnetic field of the magnetic moment of
an isolated nanoparticle with uniaxial anisotropy and
a planar array of similar nanoparticles is studied. The
conditions of pulsed remagnetization of dipoles and
the effect of the response dynamics of the dipole–
dipole interaction between array elements are deter-
mined. The consideration of a wide range of the pulse
duration and peak value and the construction of cor-
responding diagrams allowed the detection of periodic
dependences of both the magnetic moment precession
response duration and the implementation of
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nanoparticle remagnetization on pulse parameters.
The effect of a weak static field, a pulse field deviation
from the transverse orientation, and working pulse
modulation on pulsed remagnetization of nanoparti-
cles is studied.

2. BASIC EQUATIONS
Let us consider a planar array of 6 × 6 identical

close-to-spherical nanoparticles with magnetic
moment |mi| = m. Suppose that nanoparticles are
arranged at sites of a square array with parameter r0.
Each nanoparticle features uniaxial magnetic anisot-
ropy and has a size at which it is in the single-domain
state. Let us write the i-th nanoparticle energy as the
sum of the Zeeman energy in the external magnetic
field H, the dipole–dipole interaction energy, and the
anisotropy energy

(1)
Here the external magnetic field is the sum of static
and high-frequency fields. The dipole–dipole interac-
tion energy is given by

(2)

where rin and rin are the radius vector and the distance
between ith and nth dipoles. The uniaxial anisotropy
energy is given by

(3)

where Ku and n are the uniaxial anisotropy constant
and the unit vector of the easy magnetization axis
(EMA), V0 is the nanoparticle volume.

The dynamics of each dipole array moment is
described by the Landau–Lifshitz equation with the
relaxation term in the Hilbert form [27],

(4)

where γ is the gyromagnetic ratio and α is the dissipa-
tion parameter. The effective magnetic field induced
in the i-th dipole position by other dipoles and exter-
nal field H, taking into account Eq. (1), is written as

(5)

Then we pass to the dimensionless parameters µi =

mi/m, ein = rin/rin, τ = γJt,  = /V0, where J = m/V0
is the nanoparticle magnetization.

The dimensionless array parameter, i.e., the dis-
tance between centers of the nearest nanoparticles,
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ρ = . In dimensionless parameters, Eqs. (4) take
the form

(6)

where

In this case, the undimensioned external field and
uniaxial anisotropy constant take the form h = H/J,
ku = Ku/J2.

Let us write the transition from dimensionless to
dimensional quantities for the dipole nanoparticle
array consisting of N iron atoms: the nanoparticle
magnetic moment m ≈ 2.2μB, where μB is the Bohr
magneton. For example, for a stable spherical config-
uration, N = 561 and the nanoparticle radius is R =
1.364 × 10–7 cm, m ≈ 1.145 × 10–17 erg/Oe, and J ≈
1.08 kG. Taking into account γ = 1.76 × 107 (Oe s)–1,
we find the following numerical evaluations for the
time t = τ/(γJ) ≈ 0.53τ ps, magnetic field H = Jh ≈
1.08h kOe, and anisotropy constant Ku = J2ku ≈ 1.2 ×
106ku erg/cm3.

In the subsequent analysis, vector equation (6) is
represented by three scalar equations. For example, for
x-components of , we obtain

(7)

Equations for other components similar forms and can
be obtained by cyclic permutation of components.

Below let us consider both an isolated nanoparticle
and a 6 × 6 array of identical nanoparticles. The coor-
dinate system was selected so that the X axis is perpen-
dicular to the array planes, and two other axes are par-
allel to array sides. The EMA direction coincides with
the Y axis, the anisotropy constant is taken as ku = 1.
The dissipation parameter is set to α = –0.01.

Equilibrium orientations and precession dynamic
modes of the total magnetic moment of the array are
determined based on a numerical analysis performed
using the Runge–Kutta method.

3. MAGNETIC MOMENT RESPONSE 
TO THE MAGNETIC FIELD PULSE

Let us consider the response of an isolated
nanoparticle to the Gaussian magnetic field pulse

(8)

where h0, τi, and τ0 are the peak field, temporal shift of
the pulse maximum and the pulse duration; in what
follows, we set τi = 200. In the case without bias mag-
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Fig. 1. Diagrams of the dependence of the nanoparticle
remagnetization implementation on the pulse amplitude
and duration at bias magnetic fields hy = 0.1, 0, –0.1 (a–c)
and the anisotropy constant ku = 1; dark areas correspond
to nanoparticle remagnetization.
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netic field or under a relatively weak field (hy  ku)
directed along the EMA, the conditions of the imple-
mentation of nanoparticle remagnetization are peri-
odically satisfied with varying the pulse duration (or
peak value).

For a bias magnetic field polarized along the Y axis,
Figs. 1a–1c (hy = 0.1, 0, –0.1) show the diagrams
reflecting the dependence of the remagnetization
implementation on the Gaussian pulse amplitude and
duration, in which dark areas correspond to remagne-
tization implementation at given pulse parameters,
bright areas correspond to the absence of remagnetiza-
tion. In the initial state, the nanoparticle magnetic
moment is oriented in the positive Y axis direction.
The diagrams show that the remagnetization imple-
mentation periodicity takes place with varying the
pulse duration and amplitude, and the period of cor-
responding intervals decreases with increasing param-
eters. In the case without bias magnetic field (b) at suf-
ficiently high pulse parameters, an approximate
equality between interval corresponding to remagneti-
zation and its absence takes place. In the case of a weak
bias magnetic field codirected to the magnetic
moment (a), the period of intervals under consider-
ation increases, the number of intervals corresponding
to remagnetization and the pulse duration range in
which nanoparticle remagnetization is possible
become limited. In the case of a weak bias magnetic
field opposite to the initial magnetic moment orienta-
tion (c), relative narrowing of intervals corresponding
to system nonremagnetization is observed, and the
pulse duration range in which remagnetization is
absent also becomes limited. Similar diagrams were
also presented in [17] for describing experimental data
on pulsed remagnetization of a magnetically isotropic
film microcell.

Additional studies showed that the alternation of
remagnetization/nonremagnetization intervals, aris-
ing under the condition h0 > ku (without bias magnetic
field), takes place is the case of a step field pulse as
well. To reveal the general feature, we consider more
complex pulse profiles, i.e., harmonically modulated
short Gaussian pulses,

(9)
where Ω is the dimensionless pulse modulation fre-
quency. Figure 2 shows the diagrams of the depen-
dence of the Y-component of the nanoparticle mag-
netic moment after relaxation on the pulse amplitude
at its duration τ0 = 10 and modulation frequencies Ω =
0, 0.05, 0.07, 0.09, 0.1, 0.11, 0.2, 0.3 (diagrams 1–8);
pulse shapes are shown to the left of diagrams. Since
the initial state of the magnetic moment is μy = 1, μx =
μz = 0, these diagrams reveal the pulse duration inter-
vals corresponding to the absence of remagnetization
(μy = 1) and the implementation of 180-degree remag-
netization of the magnetic moment (μy = –1). In the
case of very short “intervals” obtained by numerical

�

τ = Ωτ − τ − τ τ2 2
0 0( ) cos( )exp[ ( ) /2 ],ih h
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Fig. 2. Diagrams of the dependence of the nanoparticle remagnetization on the Gaussian pulse amplitude at its modulation fre-
quency Q = 0, 0.05, 0.07, 0.09, 0.1, 0.11, 0.2, 0.3 (1–8) and τ0 = 10; the pulse shapes are shown to the left of diagrams; intervals
with μy = 1 correspond to the absence of remagnetization, intervals with μy = –1 correspond to the magnetization implementa-
tion; the close positions of vertical limiting lines correspond to bistability.
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simulation, i.e., at close positions of vertical limiting
lines in diagrams, bistability takes place. This means
that the magnetic moment can either return to the ini-
tial position after the pulse action or reverse the direc-
tion (the implementation of this or that result depends
on fluctuations of system parameters). We can see in
diagrams that the response to an unmodulated pulse
(1) is characterized by the narrowest remagnetiza-
tion/nonremagnetization intervals and the complete
absence of bistability. In the case of a significant prev-
alence of one pulse modulation halfwave (2, 4, 6), the
close-to-periodic alternation of remagnetiza-
tion/nonremagnetization intervals is observed as well,
PHYSICS OF THE SOLID STATE  Vol. 61  No. 10  201
and bistability either is absent or takes place in rela-
tively narrow regions near interval boundaries.

In other cases of modulated pulses, bistability
intervals become dominant increasing with the pulse
amplitude (3, 5) and coalesce into broad bistability
bands with increasing modulation frequency.

Figure 3 shows the time dependence of the mag-
netic moment Y-component after exposure to a pulse
with the parameters: duration τ0 = 10, modulation fre-
quency Ω = 0.1, and amplitude h0 = 2 (curve 1),
(curves 2 and 3). The parameters chosen for the first
case correspond to the absence of bistability. In this
9
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Fig. 3. Time dependence of the magnetic moment Y-com-
ponent upon exposure to the pulse with τ0 = 10, h0 = 2 (1),
h0 = 2.2 (2 and 3) and the modulation frequency Q = 0.1;
curves 2 and 3 correspond to the bistability implemented
by a small shift of the pulse envelope maximum: τi = 200
(for curve 2) and τi = 201 (for curve 1); the dissipation
parameter is α = –0.01.
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Fig. 4. Diagrams of the dependence of the nanoparticle
remagnetization on the amplitude of the Gaussian pulse
with τ0 = 10 at the pulse field direction to the anisotropy
axis at angled ϕ = 89°, 88°, 92°, 100° (diagrams 1–4).
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case, fast nanoparticle remagnetization (for the time
Δτ < 60) is implemented. In the second and third
cases, bistability takes place, i.e., the nanoparticle can
remagnetize and retain its initial orientation. In this
case, the response is prolonged (Δτ ≥ 500). In the
numerical simulation, the bistability manifestation
was implemented by a small temporal shift (by unity)
of the pulse envelope maximum, which is equivalent to
fluctuations of initial conditions.

The remagnetization processes strongly depend on
the pulse field direction. Figure 4 shows the diagrams
of the dependence of the equilibrium value of the
nanoparticle magnetic moment Y-component on the
amplitude of the Gaussian unmodulated pulse with
τ0 = 10, when the pulse field direction is at a close-to-
normal angle to the EMA (Y axis): ϕ = 89°, 88°, 92°,
100° (diagrams 1–4, respectively). We can see that
even at a one-degree deviation from the normal to the
initial magnetic moment orientation, intervals corre-
sponding to nanoparticle remagnetization become
substantially narrower; at a two-degree deviation,
remagnetization occurs in four very narrow intervals of
the pulse amplitude. In the case of an opposite field
deviation, similar changes occur at slightly larger
angles: at a two-degree deviation, intervals corre-
sponding to nanoparticle nonremagnetization become
appreciably narrower; at a 10° deviation, magnetic
PHY
moment returns to the initial direction only in four
intervals (except for that adjacent to the zero value).

4. RESPONSE DURATION
The precession dynamics of the magnetic moment

after the field pulse also intricately depends on the
pulse parameters. Figure 5 shows the time dependence
of X-components of the nanoparticle magnetic
moment upon exposure to the Gaussian pulse with
τ0 = 1 and amplitude h0 = 0.9, 1.1, 1.5, 1.9, 2.1
(curves 1–5).
SICS OF THE SOLID STATE  Vol. 61  No. 10  2019
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Fig. 5. Time dependence of magnetic moment X-compo-
nents of the nanoparticle with ku = 1 upon exposure to the
pulse with τ0 = 1 and the values h0 = 0.9, 1.1, 1.5, 1.9, 2.1
(curves 1–5) corresponding to movement from one
remagnetization interval boundary to the other.
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The chosen pulse parameters correspond to the

movement from the left boundary of the interval h0
corresponding to nanoparticle remagnetization to its
right boundary (when passing from curve 1 to 5). We
can see in Fig. 5 that the precession response of the
magnetic moment to the pulsed action near the inter-
val boundaries (curves 1 and 5) has a larger amplitude
and is hundred times longer than the response at pulse
parameters corresponding to the central region of this
interval (curve 3). Similar dependences of the
response of the magnetic moment of an isolated
nanoparticle on the pulse duration were studied for
both anisotropic and isotropic cases in [28].

Figure 6 shows the diagrams defining the depen-
dence of the magnetic moment Y-component on the
pulse amplitude for the time τ = 250 at pulse duration
τ0 = 1, 2, 5 (diagrams 1–3). The diagrams revealing the
nanoparticle remagnetization/nonremagnetization
intervals are also shown (lower/upper horizontal seg-
ments). The diagrams show that the magnetic moment
rapidly comes to the final direction (Y or –Y, depend-
ing on the h0 interval) in central regions of pulse
parameter interval, corresponding to nanoparticle
remagnetization and nonremagnetization, since the Y-
component is approximately equal to ±1 even at the
chosen time (τ = 250). As a result, the magnetic
moment response to the pulsed action appears short.
However, near the boundaries of these at τ = 250,
|μy|  1, hence, the magnetic moment precession in
the XZ plane performed after the pulse has a higher
amplitude at a given time, and the response to the
pulse momentum is prolonged. We can also see that
the shape of the diagrams under study comes close to
stepwise with increasing pulse duration along with
shortening intervals controlling remagnetization. This
means that boundary regions corresponding to the
prolonged response of the magnetic moment relatively
decrease, and the response to the pulsed action
appears short in most intervals.

To explain the revealed effects, Fig. 7 shows projec-
tions of magnetic moment trajectories onto the YZ
plane upon exposure to a pulse of duration τ0 = 5 and
amplitude h0 = 2.74, 2.6, 2.85, and 3 (curves a–d).
The values h0 = 2.6 and 2.85 are in central regions of
intervals corresponding to nanoparticle remagnetiza-
tion and nonremagnetization, and the values h0 = 2.74
and 3 are near the interval boundary. If the pulse
action ceases when the magnetic moment Y-compo-
nent is small (a and d), the magnetic moment begins
to precess under the anisotropy field approaching the
Y axis. As a result, a prolonged magnetic moment
response is implemented. But if the pulse action ceases
when the Y-component is close to ±1 (b and c), pre-
cession motion under the anisotropy field almost do
not arise, and the response appears short. Denoting
the positive and negative directions of the Y axis by
“initial” and “opposite” “poles” of the configuration,
and denoting the XZ pole to be “equatorial,” we can

�
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Fig. 6. Diagrams of the dependence of the magnetic
moment Y-component on the amplitude of the pulse with
τi = 200 and h0 = 1, 2, 5 (diagrams 1–3) at the time point
τ = 250; lower/upper horizontal segments correspond to
nanoparticle remagnetization/nonremagnetization inter-
vals.
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Fig. 7. Projections of nanoparticle magnetic moment tra-
jectories onto the YZ plane upon exposure to the pulse with
τ0 = 5 and h0 = 2.74, 2.6, 2.85, 3 (curves a–d).
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say the following. A prolonged response without
remagnetization takes place when the magnetic
moment after ceasing the pulse action is oriented near
the equatorial plane on the initial pole side (a).

If the magnetic moment appears near the equato-
rial plane on the opposite pole side, a prolonged
response with remagnetization is implemented (d).
PHYSICS OF THE SOLID STATE  Vol. 61  No. 10  2019
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Fig. 8. Time dependence of the magnetic moment components of the 6 × 6 array with parameter p = 10 during remagnetization
by a pulse with τ0 = 1, τi = 200, h0 = 0.9 (a, c), and h0 = 1.1 (b, d); in the cases (a, b), the EMA coincides with the Y axis, the
pulse field is directed along the X axis; in the cases (c, d), the EMA coincides with the X axis, and the pulse field coincides with
the Y axis.
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But if the working pulse brings the magnetic moment
to the region near one of poles, the response is short.

5. MAGNETIC DIPOLE ARRAY RESPONSE
TO THE FIELD PULSE

All revealed features of pulsed remagnetization of
magnetically uniaxial nanoparticles are also valid for
the array at a sufficiently weak dipole–dipole interac-
tion (when the dimensionless array parameter ρ ≥ 5).
For the nanoparticle array 6 × 6 with parameter ρ =
10, Fig. 8 shows the time dependence of X, Y-compo-
PHYSICS OF THE SOLID STATE  Vol. 61  No. 10  201
nents of the total magnetic moment M = Σµi upon
exposure to the Gaussian pulse with τ0 = 1 and h0 = 0.9
(a, c), which corresponds to the boundary region of
the remagnetization interval, and h0 = 1.1 (b, d), which
corresponds to the region slightly closer to the interval
center. To compare various configurations in the cases
(a, b), the previous geometry was taken (the anisot-
ropy axis coincides with the Y axis and the pulse field
is directed along the X axis). But in the cases (c, d), it
is accepted that the uniaxial anisotropy direction coin-
cides with the X axis perpendicular to the array plane;
in the initial state, all array magnetic moments are
9
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Fig. 9. Diagrams of the dependence of the equilibrium
value of the magnetic moment Y-components of the array
6 × 6 with p = 10 on the pulse amplitude in the case of
nanoparticle spread over EMA angles 0 and ϕ of with root-
mean-square deviations of (a) 1° and (b) 2°.
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directed in the positive direction of the X axis, and the
pulse field is oriented along the Y axis. A comparison
of this figure with Fig. 5 for the isolated nanoparticle,
we can see that the weak dipole–dipole interaction
manifests itself by the appearance of precession
motion modulation. Therewith the influence of
neighboring dipoles is appreciable only near the
remagnetization interval boundary (a, c), and is stron-
ger in the case of perpendicular configuration (c). At
the pulse parameters corresponding to the central
region of remagnetization/nonremagnetization inter-
vals, hence, at a short response to the pulse, the
dipole–dipole interaction effect appears only at small
array parameters, when the homogeneous equilibrium
configuration loses stability.

In the case of the presence of EMA spread of a
nanoparticle entering the array, with respect to the
average direction controlled by external conditions,
system remagnetization diagrams vary depending the
angular dispersion. In this case, an analysis shows that
the spread over the azimuthal angle ϕ measured from
the Y axis in the YZ array plane (at the considered per-
PHY
pendicular orientation of the pulse field and weak
dipole–dipole interaction) almost has no effect on the
precession dynamics of the system response and
remagnetization. But the EMA spread over the polar
angle θ measured from the array plane significantly
affects the response and final orientation of individual
dipoles of the system, as follows from Fig. 4.

Figure 9 shows the diagrams of the dependence of
the equilibrium value of the Y-component of the total
magnetic moment of the nanoparticle array 6 × 6 with
parameter ρ = 10 on the amplitude of the working
pulse with τ0 = 10. The diagrams correspond to the
normal (Gaussian) distribution of anisotropy angles
over angles θ and ϕ with root-mean-square deviations
of 1° and 2° (a, b). We can see that regions of partial
array remagnetization appear between regions of com-
plete remagnetization/nonremagnetization in the case
(a); therewith, the width of the latter narrows with
increasing pulse amplitude, and complete remagneti-
zation (and nonremagnetization) will be absent at suf-
ficiently large h0. As the variance over anisotropy
angles increases (b), complete remagnetization and
nonremagnetization of the array is not implemented,
and close-to-periodic variations (with increasing one
of the pulse parameters) in the number of nanoparti-
cles remagnetized under the pulse action take place.

6. CONCLUSIONS

The study of the response of the magnetic moment
of the nanoparticle with uniaxial anisotropy to the
short Gaussian magnetic field pulse revealed the
strong dependence of remagnetization implementa-
tion and precession dynamics duration on the pulse
duration and peak value. As the pulse amplitude or
duration varies, the magnetic moment response dura-
tion periodically reaches its maximum and minimum
values. Under the conditions corresponding to the
minimum of the magnetic moment response to the
pulse action, after a short precession dynamics burst,
the phase trajectory rapidly approaches the equilib-
rium state. The response maxima divide the pulse
parameter domain into intervals corresponding to
nanoparticle remagnetization, which alternate with
intervals corresponding to the absence of remagneti-
zation. In this case, central regions of intervals are
characterized by short magnetic moment responses,
while edge regions exhibit prolonged responses. The
width of these parametric remagnetization/nonre-
magnetization intervals is reduced with increasing the
pulse duration or the pulse peak over the uniaxial
anisotropy constant.

The revealed features of the nanoparticle and array
response to the pulsed action are caused by the nature
of attractors of precession motion or the magnetic
moment of the nonlinear system under consideration.
The response duration and the remagnetization
implementation are controlled by the magnetic
SICS OF THE SOLID STATE  Vol. 61  No. 10  2019
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moment position with respect to the anisotropy axis
after the pulse end. In the case of a modulated pulse,
the alternation of parametric remagnetization/nonre-
magnetization intervals arises only in the case of a sig-
nificant prevalence of one modulation halfwave in the
pulse. In other cases, extensive bistability regions take
place, when the magnetic moment can either return to
the initial state and come to the opposite orientation
after the pulse due to various f luctuations.

The bias magnetic field directed along the
nanoparticle EMA has a strong effect on remagnetiza-
tion processes. Using a weak field, pulse parameter
domains corresponding to either remagnetization or
nonremagnetization of nanoparticles can be signifi-
cantly restricted. A similar effect is caused by a pulse
field deviation by several degrees from the normal to
the EMA; the strongest effect on remagnetization pro-
cesses has the deviation to the direction coinciding
with the initial orientation of magnetic moments.

In the case of nanoparticle arrays, the weak
dipole–dipole interaction leads to modulation of the
precession dynamics of the total magnetic moment.
This appears to a greater extent in the case of the per-
pendicular configuration where the easy axis coincides
with the normal to the array plane. However, the effect
of the dipole–dipole interaction on the precession
dynamics appears only near boundaries of the above
intervals of pulse parameters in both configurations.
In the case of the angular EMA spread of individual
array nanoparticles distributed by the Gaussian law
with the root-mean-square deviation Δθi ≥ 1°, only
partial array remagnetization is implemented. There-
with, with varying pulse parameters, a close to peri-
odic variation in the number of remagnetized
nanoparticles takes place.

The results obtained reveal the general nature of
pulsed remagnetization of dipole systems with uniaxial
anisotropy, which confirms previous experimental
studies of other magnetic structures.
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