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We consider helical rotation of skyrmions confined in the potentials formed by nanodisks. Based on
numerical and analytical calculations we propose the skyrmion echo phenomenon. The physical
mechanism of the skyrmion echo formation is also proposed. Because of the distortion of the lattice,
impurities, or pinning effect, confined skyrmions experience slightly different local fields, which leads to
dephasing of the initial signal. The interaction between skyrmions also can contribute to the dephasing
process. However, switching the magnetization direction in the nanodiscs (e.g., by spin transfer torque) also
switches the helical rotation of the skyrmions from clockwise to anticlockwise (or vice versa), and this
restores the initial signal (which is the essence of skyrmion echo).
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Introduction.—In 1950 Erwin Hahn discovered the effect
that is now known as the spin echo [1]. Because of the
inhomogeneity of alocal magnetic field in solids, nuclear (or
electron) spins precess with slightly different frequencies.
Therefore, an initially excited pulse decays after a specific
time. However, the application of a properly designed pulse
reverses the precession direction from clockwise to anti-
clockwise (or vice versa), and this restores the initial signal.
The dephasing or rephasing mechanism of precessing spins
was subsequently explained by Bloom [2]. In this Letter, we
show that the echo mechanism is applicable not only to
precessing spins but also to more complex objects, such as,
for instance, skyrmions. Skyrmions are topological solitons
discovered in non-Abelian gauge field theories [3-6], and
subsequently in condensed matter physics [7,8]. They have
localized robust shapes and additionally possess a topologi-
cal charge—the conserved quantity underlying their topo-
logical protection. Magnetic films without inversion
symmetry can host skyrmions and specific skyrmionic
magnetic textures described by the local magnetization
M(r) have been studied theoretically and then have been
discovered experimentally. Owing to their topological
properties and potential applications, skyrmions are cur-
rently of great interest, both theoretical and experimental.
Skyrmions can exists as independent objects, but can also
form regular skyrmion lattices (i.e., skyrmion crystals). For
fundamental aspects of skyrmions, we refer to classical
handbooks [9,10]. Concerning modern mathematical
aspects of skyrmions we refer to [11]. The key source of
the skyrmion formation and noncollinear magnetic textures
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is either the interfacial Dzyaloshinskii-Moriya interaction
(DMI) [12-20], competition between ferromagnetic and
antiferromagnetic exchange interactions [21], or bulk DMI
in case of antiferromagnetic skyrmions [22,23]. Individual
skyrmions can be pinned by specific confinement potentials,
e.g., those created by inhomogeneous magnetic or electric
field [24,25], defects [26], spin transfer torque [27], or
magnetic nanodisks [28,29]. Recent interest in skyrmionics
focuses especially on potential applications of skyrmions in
data storage and processing technologies [30-35]. In this
Letter, we explore the formation of the skyrmion echo in a
system of interacting skyrmions. In Fig. 1(a) we present the
model considered in this paper. The bottom magnetic thin
film hosts several skyrmions. On top of this film there are
magnetic nanodisks that confine skyrmions in the regions
below these nanodisks. Being confined, the skyrmions may
perform circular clockwise or anticlockwise motion in these
regions, and the winding direction depends on the confined
field from the nanodisks. By reversing this field one can
switch the direction of the skyrmion winding trajectories,
and this behavior can play a role similar to that of the second
(rephasing) pulse in the Hahn’s spin echo case. Thus, due to
dephasing induced by inhomogeneities in the confining
magnetic field, one may observe the skyrmion echo—a
phenomenon similar to the spin echo. The inhomogeneous
field experienced by skyrmions may be formed in various
ways, e.g., from lattice distortions or pinning sites.
Skyrmion-skyrmion interactions can also contribute to the
dephasing process. Material parameters influence the shape
and width of the resonance spectra. Consequently, from
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FIG. 1. (a) Schematic of a chain of pinned skyrmions. Sky-
rmions are created in a thin magnetic film, on top of which there
are magnetic nanodisks. The blue arrows show the direction of
the field exerted on the skyrmions by the nanodisks. The
skyrmions are confined in the regions below the nanodisks.
Initially a particular skyrmion is embedded in the vicinity of the
center of the corresponding nanodisk. (b) The skyrmion dyna-
mics is described in terms of the position of the skyrmion center
(¢ qy) with respect to the center of the corresponding nanodisk.
For a negative field H, = —15 mT, the skyrmion moves along
the helix trajectory towards the center of the nanodisk (0,0). Upon
the sudden quenching of the field H, from —15 to 15 mT, at
t = 150 ns, the skyrmion moves along the helix trajectory away
from the center of the nanodisk. (c) Frequencies of the clockwise
(f-, H, <0) and anticlockwise (f,,H, > 0) precessions as a
function of the amplitude of the field exerted on the skyrmion by
the nanodisk, |H,|. The anticlockwise precession frequency is
larger than that of the clockwise one.

the skyrmion echo one can extract information on the
host material and on the skyrmion-skyrmion interactions.
To describe the process, we exploit the Landau-Lifshitz-
Gilbert (LLG) equation:

oM a oM
W:_}/MXHeff—i_EMXE. (1)

Here, M = M ,m, with M, and m being the saturation
magnetization and unit vector along the magnetization M,
while « is the phenomenological Gilbert damping constant.
The total effective magnetic field, H.y, reads H.y =
(2Aex//"0Ms)v2m + sz + Hyz - (1/ﬂ0Ms)(5ED/5m)’
where the first term describes the internal exchange field
with the exchange stiffness A, the second term corresponds
to the external magnetic field H, (z is a unit vector along the
axis z normal to the film), the third term specifies coupling
between the thin film and nanodisks, while the last term
is the DM field, with the DM interaction energy density
Ep = D, {[m.(dmy/dx) = m(dm./dx) + [m.(dm, /dy)~
my(dm,/dy)]} and D,, being the strength of the DM
interaction. The field H, is due to all nanodisks and is
nonuniform as contributions from different nanodisks may
be different in magnitude. We assume that an individual (say
ith) nanodisk creates the confined field acting only on a

single skyrmion, H, = H}. The index i will be omitted in
general, and will be included only where necessary. In the
Supplemental Material [36] we show that the main con-
clusions concerning the skyrmion echo are still valid when
the anisotropy and demagnetization fields are included into
consideration. In numerical calculations we adopt typical
parameters that correspond to Co/heavy-metal multilayers:
Ay =10pJ/m, D,,=0.2mJ/m?, and M,=1.2x10°A/m.
The bias magnetic field H, = 100 mT is used for stabiliza-
tion of the skyrmion structure. The skyrmion width is 45 nm
(see Supplemental Material [36]). The size of the ferromag-
netic layer is 3000 x 240 x 3 nm?. The ferromagnetic layer
is discretized with the cells of size 3 x 3 x 3 nm?. The radius
of the upper nanodisks is 12 nm. These nanodisks exert a
coupling field H,z on the skyrmions in the bottom thin
ferromagnetic film. The distance between neighboring
nanodisks is 270 nm.

Results.—Let us consider now the dynamics of a
skyrmion located in the region below a specific nanodisk.
This dynamics is described by the position of the skyrmion
center (g,, g,) with respect to the center of the correspond-
ing nanodisk, at (0,0). Assume the skyrmion was initially
slightly displaced from the center of the nanodisk. When
the field exerted by the nanodisk on the skyrmion is
negative, H;, < 0, the skyrmion moves then along the
helix trajectory winding clockwise about the nano-
disk center, see Fig. 1(b). The corresponding precession
frequency is approximately equal to 0.068 GHz. Upon
reversing direction of the field H;, to H, > 0, the skyrmion
starts to move gradually away from the nanodisk center
with the anticlockwise precession. Interestingly, the fre-
quency of an anticlockwise precession (0.071 GHz) is
slightly larger than that of the clockwise one (0.068 GHz).
This asymmetry in precession under the opposite magnetic
fields H, and —H, is confirmed by detailed calculations for
different amplitudes of H,, see Fig. 1(c).

An interesting question is how fast the system responds
to the switching between clockwise and anticlockwise
regimes. To explore this problem, we quench the sign of
the exerted field H;, from —15 to 15 mT. Such a quench can
be achieved, for instance, by reversing the magnetization
orientation in the nanodisk, e.g., via a strong spin-transfer
torque. We find that the skyrmion reacts almost instanta-
neously as follows from Fig. 1(b).

We elaborate the experimentally feasible scheme for a
skyrmion echo. For the spin echo, the spins initially aligned
parallel to the z axis are rotated by a /2 pulse applied at
t = 0, and then they start to precess in the (xy) plane with
different Larmor frequencies. The mismatch between these
frequencies leads to a dephasing of the precessions of
different spins. The second z pulse applied at t = 7,
reverses the precession direction and rephases the signal.
In particular, the refocusing of the spin orientations occurs
at t = 27y. Inspired by the idea of the spin echo, we
generate a system of n = 10 separated skyrmions, that are

126101-2



PHYSICAL REVIEW LETTERS 129, 126101 (2022)

g (nm)

(®)

IS

1, (Jm? . (
=}
{gy,» (nm)
5 L

!
A

x1073
100 200 300 400 %100 200 300 400
1 (ns) t (ns)

FIG. 2. (a) Evolution of the precession phases ¢; =
arctan(q!/q.) for 10 skyrmions. After the time interval
150 ns, the direction of magnetic field H,, in all nanodisks is
reversed periodically. (b) The time dependence of the amplitude
of skyrmion echo, (q.,) = (1/n)[(321; 40)* + (1 43)°]"/?
(here the average is over all n = 10) skyrmions. Blue dashed lines
mark the position of the skyrmion echo. (c) The time dependence
of the x component of the spin-pumping current I3, into an
additional heavy metal layer adjacent to the magnetic layer.
(d)—(e) Skyrmion echo induced by a current pulse. Dynamics of
the upper nanodisks is included via the spin transfer torque due to
a current pulse in an additional magnetic layer adjacent on top
of the layer of nanodisks (saturation magnetization M; = 1.4x
10° A/m, exchange constant A, = 30 pJ/m, and uniaxial
anisotropy along z with constant K, = 1 x 10° J/m?). After a
time interval = 150 ns, we periodically reverse the magnetization
direction of the nanodisks via a strong spin transfer torque, and
plot (d) the evolution of x and y coordinates ¢, and g, of the
skyrmion position (single skyrmion is plotted while the induced
reversal in skyrmion precession applies to all 10 skyrmions), and
(e) the averaged amplitude (g,,) of all 10 skyrmions.

pinned under the ten nanodisks, see Fig. 1. The coupling
fields from these nanodisks are slightly different, inducing
different precession frequencies of the ten skyrmions. This
can be achieved by a slight variation of the spacer thickness
between the nanodisks and magnetic film, as the coupling
strength is a function of the spacer thickness [43]. In the
model above, the pinning field induced by nanodisks is
uniformly distributed and its amplitude varies from 10 to
20 mT. Variation of the spacer thickness in the range of
1 nm is sufficient to generate such a change in the pinning
field [43,44]. All skyrmions are initially steered away from
the centers of nanodisks in the —x direction. This can be
achieved by applying a spin-transfer torque or a nonuni-
form magnetic field (for details see the Supplemental
Material [36]). At the initial moment, r = 0, we simulta-
neously release all the skyrmions. Different coupling fields
lead to dephasing of the skyrmion oscillations, as

demonstrated in Fig. 2(a). At t =150 ns, we abruptly
reverse the magnetization orientation in all the nano-
disks. The skyrmion precessions are then simultaneously
reversed, and rephasing of the signal is achieved at ¢t =
270 ns (this is the skyrmion echo). The skyrmion echo
signal can be seen clearly in Fig. 2(b), where the ave-
rage position of the skyrmions along the x axis is shown.
It is evident that the skyrmion echo signal occurs before
279 =300 ns. The reason for this is the asymmetry
between the clockwise and anticlockwise precession
frequencies, see Fig. 1(c). After the decay of the skyrmion
echo signal, we reverse once again the field H, for all
the skyrmions at r =300 ns. The second signal of the
skyrmion echo now occurs after a shorter time, i.e., at
t = 340 ns, see Figs. 2(a) and 2(b). Apart from the clock-
wise—anticlockwise precession asymmetry, the trajectory of
the skyrmion is not circular but spiral. Since the initial
phases are set to zero and the initial positions of the
skyrmions are along the —x direction ({ =g}, 0), the first
echo corresponds to the precession phases about —z, and
all skyrmions situated along the +x direction ({gmax },0)-
In turn, the second echo is characterized by the pre-
cession phases of —1.9z, and all skyrmions set at
[{—Gmax } €08(0.17), {gmmax } sin(0.17)]. The asymmetry in
the dephasing and rephasing frequencies leads to a
deviation from a perfect echo, i.e., the phase differences
between 10 skyrmions are not precisely equal to zero. The
skyrmion echo signal occurs at the minimum phase
differences for the bias field H, = 180 mT (see the
Supplemental Material [36]).

The skyrmion echo can be detected experimentally by
attaching a heavy metal layer (for example, a thin Pt layer)
below the magnetic layer and exploiting the spin pumping
and inverse spin Hall effects. The coherent precession of
skyrmions pumps a spin current along the z axis towards
the attached metallic layer, Iy, = (fg,/4x)[m x (dm/dr)).
The relevant spin mixing conductance is assumed to be
g, =7 x 10" m™2. By means of the inverse spin Hall
effect, the spin pumping current is converted into an electric
current (voltage) Jsy = —Osy(e/h) (I, x z), where Oy is
the spin-Hall angle. The x component of I, (that generates
the y component of Jgp) in the bottom magnetic layer is
shown in Fig. 2(c), where one can clearly see the skyrmion
echo signal. To prove that the sign of the field H, exerted
on the skyrmions can be reversed in experiment, we
analyze the magnetic dynamics of nanodisks due to a
spin-transfer torque induced by a current pulse in an
additional layer above the nanodisks. This dynamics is
described by the LLG equation with the spin-transfer
torque term included. Coupling between the additional
layer and a particular nanodisk is introduced by the
interlayer coupling field H. = (J./ugMt)m, and a differ-
ent coupling strength J,. is assumed for each of the
nanodisks. Here 7 and m stand for the layer thick-
ness and unit vector along the nanodisk magnetization,
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respectively. The corresponding numerical results are
shown in Figs. 2(d)-2(e). The magnetization of the nano-
disks is reversed through the transfer torque applied to the
nanodisks from the adjacent layer, 7= O;m X p X m,
where p =2z is the spin polarization orientation of
the electrons. The spin transfer torque strength O; =
(yPhJ,/2upetM,) is determined by the electric current
J,, thickness r=2nm, and current polarization degree
P = 0.5. We applied an ultrashort pulse of amplitude J, =
1.7 x 107 A/cm? and duration of 2 ns. Numerical results
plotted in Figs. 2(d)-2(e) show the skyrmion echo signal,
and, thus, indirectly also confirm the switching of the
magnetization in the nanodisks.

The skyrmion echo can also be described by Thiele’s
equations [30,45-47]:

—C(Daqu - atqy = _ff _ffc’
atq,v - aDalqy = _ffvj _f; (2)

Here, D =~ 1 stands for the (x,x) and (y,y) components of
the dissipative force tensor D: D;; = D for (i, j) = (x, x)
and (i, j) = (y.y), while D;; = 0 otherwise [45]. In turn,
fEy is the force acting on a particular skyrmion due to the
corresponding confining potential V, f? = —=VV. fI and
V are determined from the free energy density F,, see the
Supplemental Material [36]. We calculated F,; numerically
and fitted it to the analytical result obtained for the
quadratic confinement function. The confining potential
describes the effect of coupling between the skyrmion and
the corresponding nanodisk, and generally may be different
for different skyrmions. In particular, we consider V = cr?,
where r* = g%+ ¢} and the pinning center is set as
(x,y) = (0,0). Additionally, the neighboring skyrmions
experience a repulsive interaction. As the skyrmions are
confined in the areas below the nanodisks, the distance
between them can vary only over a small range. Thus, one
may assume that the repulsive force in the confinement
region is constant. Accordingly, the energy corresponding
to the repulsion of two (ith and jth) neighboring skyrmions
can then be written as E. = —c,r,; (the detailed definition
of coupling constant ¢, > 0 and the distance between
skyrmions r; see in the Supplemental Material [36]).
The repulsion force acting on the ith skyrmion is deter-
mined as f;fy = —6Ec/aqfc’y (and similarly for the jth
skyrmion). Note, the absolute value of the force acting on
the skyrmions is equal to ¢, and is measured in the units of
m/s (because the force in Thiele’s equation is normalized
to M/y). In what follows the coefficients ¢ and ¢, are
phenomenological constants and are tuned to achieve good
agreement of the results based on Thiele’s equation
and on the micromagnetic simulations. To explore the
role of the skyrmion-skyrmion interaction we first describe
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FIG. 3. (a)Averaged (over skyrmion area) magnetic free energy

density F', of the skyrmion as a function of the skyrmion position
g, with respect to the corresponding nanodisk center, g, = 0. The
magnetic free energy is extracted from the simulation results, and
the data are fitted to the function Fy, = Ar?, where r* = g% + ¢3.
(b) and (c) Time evolution of the precession phases (b) and
amplitude  (q,,) = (1/m)[(321; ¢0)* + (211 43)*]"/? of 10
skyrmions (c), calculated from Thiele’s equation.

the skyrmion precession in the absence of interskyrmion
coupling, (¢, = 0), and adopt the ansatz g, = ¢,q exp(iwt)
and g, = g,oexp(iwt). From Thiele’s equation we de-
rive the equation for the column vector q = (g0, ¢y0)",
Hq = wq. The explicit form of the matrix A reads

1 (—Ziac 2ic > 3)

I:I = 5 . .
14+a —2ic  —2iac

The eigenfrequencies of the matrix H read o, =
+[2¢(1 £ia)/(1 + a?)]. The eigenvectors corresponding
to the eigenvalues @, and w_ have the forms (—i, 1) and
(i, 1), respectively. The real parts of the eigenfrequencies
correspond to the skyrmion precession frequencies, and the
imaginary parts describe the attenuation. As one can see in
Fig. 3(a), the coefficient of the confinement potential ¢ is
positive for a negative field H,. Therefore, the steady
clockwise precession is described by the frequency @, and
the corresponding vector (—i, 1). In turn, for positive field,
H, > 0, the parameter c is negative with a larger absolute
value. The corresponding frequency w_ has a larger real
part as well and the vector (i, 1) corresponds to counter-
clockwise precession. This has been also confirmed in
numerical simulations. To achieve a good agreement with
the results of micromagnetic simulations, we adjusted the
value of ¢ for different values of H,,, and calculated the time
dependence of the precession phase and total oscillations,
as plotted in Fig. 3. The analytical results are in good
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FIG. 4. (a) Dependence of the magnetic free energy density F

on the distance d; between neighboring skyrmions. The magnetic
free energy is extracted from the simulation results. The energy
F.(d,) fits to the exponential function F, = A exp(—d, /&) with
the decaying length £ = 6.4 nm. (b) The coupling strength ¢,
extracted from linear expansion of the energy profile in the vicinity
of the skyrmion center. (c) The amplitude (g,,) of the skyrmion
echo as a function of the distance d; between neighboring
skyrmions. Amplitudes are fitted to the exponential function
(qxy) = I = Igexp(—d,/&). The bias field is H, = 100 mT.

agreement with those obtained from micromagnetic sim-
ulations, see Fig. 2. To analyze the influence of coupling
between skyrmions, we explored the skyrmion echo as a
function of the distance d; between skyrmions (in the
experiment d, is equal to the distance between nanodisks).
The coupling strength between skyrmions increases with
decreasing d, [21]. As shown in Fig. 4, the coupling energy
and coupling strength exponentially decay for large d,,
while the echo signal increases and saturates. When
decreasing d,, the coupling strength increases and the echo
signal (g,,) becomes reduced. The observed effect has a
clear physical explanation: For the short d,, the observed
nonmonotonic behavior is related to collective oscillations
caused by the strong coupling between skyrmions. For
d, > 150 nm, the interaction between skyrmions is weak,
and the echo signal is insensitive to the distance between
skyrmions, see Fig. 4. One can extract information on the
skyrmion-skyrmion interaction strength by performing
echo experiments for d; < 150 nm.

Summary and conclusions.—The inhomogeneous field
leads to a dephasing of an initial signal. Switching the
magnetization of the nanodisks (e.g., due to the applica-
tion of a spin-polarized torque) turns the dephasing
process into a rephasing one, and after a certain time
the signal of the skyrmion echo is recovered. The
proposed skyrmion echo is experimentally feasible and
can be detected by exploiting the spin pumping and
inverse spin Hall effects. The skyrmion echo will also be
important for the coupled systems of skyrmions and

superconducting vortexes [48], i.e., for a hypothetical
superconducting vortex echo.
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