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Abstract
Magnetic skyrmion-based spin transfer nano-oscillators (STNOs) have been proposed asmicrowave
signal generators and attracted enormous interest recently. However, the oscillation frequency of
skyrmion-based STNOs is about 2 GHz, which is not so high for practical applications. In this paper,
we create an annular groove in the surface of the free layer and put skyrmions in the annular groove.
Due to the potential of the groove, skyrmions are confined tomoving in the groovewhen driven by the
spin-polarized currents. Throughmicromagnetic simulations, it is found that the frequency tunability
of the STNOwith the presence of the annular groove reaches to 15.63 GHz, which ismore than 6 times
higher than the casewithout the presence of the annular groove because of three reasons: the
oscillation radius of skyrmions can be adjusted by the groove, the potential of the groove is larger than
that of the edge and the groove can limit the diameter of skyrmions so that a larger number of
skyrmions can be placed in the groove.Our results present the understanding of dynamic of
skyrmions in an annular groove, which provides alternative possibilities for the design of skyrmion-
based STNOs.

1. Introduction

Spin transfer nano-oscillators [1] (STNOs) are used to producemicrowave signals, which have attracted large
interest in recent years due to their outstanding advantages, such as the broad range of frequency, the lower
working voltage, the small sizes and thewider working temperature. A simple structure of a STNOusually
consists of twomagnetic layers (a relatively thickfixed layer and a relatively thin free layer) that separated by a
spacer layer. ADC current is polarized byflowing through thefixed layer which drives a steady precession of
magnetization in the free layer. This precession can be detected as amicrowave signal by either the giant
magnetoresistance or the tunnelingmagnetoresistance effects. To date, STNOs are divided into various types
according to the different configurations of freemagnetic layers, such as a single domain [2, 3], magnetic vortices
[4–6], magnetic droplets [7, 8] andmagnetic skyrmions [9–14]. Different from these three-layered STNOs, there
is an alternative single-layeredmagnetic oscillator thatworks based on the periodicalmotion (rotation [15–17]
or translation [18]) ofmagnetic domainwall driven by spin currents ormagnetic fields.

Magnetic skyrmions [19] are topologically protected chiral spin configurations. So far, different types of
skyrmions including Bloch skyrmions, Néel skyrmions andAntiskyrmions have been observed in bulk lattices
withB20 structure [20–22], heterostructures lacking interfacial inversion symmetry [23–25] andHeusler
compounds [26] due to the presence of bulkDzyaloshinskii–Moriya interaction [27] (DMI), interfacial DMI
[28, 29] and anisotropic DMI [30], respectively.Moreover, because of the translational symmetry breaking on
the surface of bulk chiralmaterial, Twisted skyrmions are observed inCu2OSeO3 below a critical thickness [31].
Recently, it is demonstrated thatmagnetic skyrmions can be excited into oscillation in a nanodisk by the
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spin-polarized currents, which provides a possibility of skyrmion-based STNOs [9–11]. However, except that
the oscillation frequency of antiferromagnetic skyrmion-based STNOs [12] can reach ten ofGHz, ferromagnetic
skyrmion-based STNOs only produce about 2GHz, which need a further improvement for applications. In this
paper, we propose adding an annular groove to the free layer of ferromagnetic skyrmion-based STNOs. Thenwe
investigate performance and oscillation frequency of the STNOs by usingmicromagnetic simulations. At last, we
discuss the reasons for the increase in frequency of this type of STNOs by analyzing the Thiele’s equation.

2.Model and simulation details

The skyrmion-based STNO is a sandwich structure, i.e, consisting afixed layer, a spacer and a free layer, as
shown infigure 1. The diameter of the nanodisk is 100 nm, and the thickness of the free layer is 1 nmwith the
mesh size of 1×1×0.5 nm3.Wefirst create an annular groovewith a depth of 0.5 nm in the free layer, and
then set a single ormultipleNéel skyrmions in the annular groove region.However, In addition to [32], which
reported current-induced skyrmionmotion guided by a groove. It is a challenge to create a groove
experimentally. Here, we provide an idea for possible implementation of the groove: Néel skyrmions can be
replaced by Bloch skyrmions, and therefore the thickness of the free layer, i.e. the cubicB20 chiralmagnets can
be slightly increased, which reduces the difficulty of digging the groove and possibly carried out by electron-
beam lithography [33]. The creation of skyrmions can be achieved by a local perpendicular current injection, as
shown infigure 2. A perpendicular spin-polarized current is injected into the annular groove at 0 ns. Under a
continuous injection of current, skyrmion-liked structures are appeared as shown in the snapshots at 0.06 and
0.09 ns. The current is turned off at 0.1 ns and after a 4.9 ns long relaxation, a stable skyrmion is nucleated in the
annular groove. The threshold current can be further reducedwith the presence of a perpendicularmagnetic
field [34]. Therefore, a local perpendicular current injection combinedwith an externalmagnetic fieldmay be
easier to create the skyrmions in the annular groove experimentally. The skyrmions are confined in the annular
groove due to the potential of the groove.With a continuous current vertically injecting into the sandwich

Figure 1. Schematic diagramof the STNOwith an annular groove in the free layer. The color code indicates the out-of-plane
component of the cones in the free layer: fromblue, over green, to red represent wheremz is−1, 0 and 1, respectively. Thewhite
represents the spacer, and the purple indicates that the polarization vector of thefixed layer is along the-z direction.

Figure 2.Creation of a skyrmion in the annular groove by injection of a 0.1 ns spin-polarized pulse. The injection region ismarked by
a red circle with the diameter of 10 nm, the current density is- ´ -100 10 A m11 2 with the polarization vector of thefixed layer along
the-z direction.
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structure by a point contact electrode, the skyrmions begin tomove around in the annular groove, and then a
stable oscillation voltage signal can be detectedwhen the skyrmions pass the region of detecting contact.

Themicromagnetic simulation results are performed by using theObjectOrientedMicroMagnetic
Framework (OOMMF) public code [35]with the additionalmodule forDMI. The Landau–Lifshitz–Gilbert
(LLG) equation extendedwith the Slonczewski torque [36] is numerically solved for the dynamics of time-
dependentmagnetization, as follow:
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where γ is the gyromagnetic ratio,m is the unit vector of the localmagnetization, theGilbert dampingα is set to
0.5 and 0.02 for solving the ground state and the dynamic response procedure, respectively. tF is the thickness of
the freemagnetic layer,mp is the polarization direction of the fixed layer along the-z direction. u represents the
spin-polarized electrons velocity with the form = g

m
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, where J is the current density, e is the electron

charge, P is the spin polarization, ÿ is the reduced Planck constant,μ0 is the permeability of free space, andMs is
the saturationmagnetization.Heff is the effective field including the exchange field, perpendicular anisotropy
field, demagnetization field and interfacial DMI effective field. TheOerstedfield induced by the current is
neglected because of its little influence on the STNO [11]. The free layer is considered as aComagnetic film on a
heavy-metal substrate inducing the interfacial DMI. Thematerial parameters of the free layer are from
[11, 34, 37]: saturationmagnetization = ´ -M 580 10 A ms

3 1, exchange constant = ´ - -A 1.5 10 J m11 1,
perpendicularmagnetic anisotropy constant = ´ -K 8 10 J mu

5 3, DMI strength = ´ - -D 3.5 10 J m3 2.
These parameters guarantee the existence ofNéel skyrmions in the nanodisk.

3. Results and discussion

3.1. A single skyrmion-based STNO
First we investigate the dynamics of a single skyrmion in the annular groove, as shown infigure 3. Figure 3(a)
shows that the initial position of a skyrmion is located in the annular groove, where thewidth and inner radius of
the annular groove are defined as d and rwith the value of 10 and 25 nm, respectively. The radius of the point
contact electrode is set to be equal to r, when the nanodisk is continuously injected current with the density of

´ -10 10 A m11 2, the skyrmion begin tomove counterclockwise in the annular groove as shown infigure 3(b),
which displays the guiding center (Rx,Ry) of the skyrmion in theCartesian coordinate system. The formof the
guiding center is given by [38]:
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where q is the topological density. One can see that the initial oscillation radius of the skyrmion is 30 nm, i.e. the
initial position of the skyrmion is in the center of the groove. After applying a spin current, the oscillation radius

Figure 3. (a)Ground state of a single skyrmion-based STNO. d and r are fixed at 10 and 25 nm, respectively. The red circle region
represents the detection area, whose diameter is 6 nmand coordinate of the center is (31.5, 0 nm). (b)The trajectory of the skyrmion
in the nanodiskwith the current density of ´ -10 10 A m11 2. (c) and (d) show themz in the detected region andRx as a function of
time, respectively. It should be noted that the total calculation time is 100 nswith the step of 0.01 ns, here only shows thefirst 10 ns.
(e) FFTpower spectrumof the STNO.
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of the skyrmion increases to 31.5 nm, thismeans that there is a force from the outer kerb of the groove pushing
the skyrmion back to the center of the groove. Figures 3(c) and (d) show the oscillations of themz in the detected
region (the red circle regionmarked infigure 3(a)) andRx, respectively. It can be seen thatmz=0.83 indicates
the skyrmionmoving pass the detection area, and the time dependence ofmz is similar to that ofRx. The
corresponding power spectrum shows that the frequency of a single skyrmion-based STNO is 1.75 GHz, which
is obtained by taking fast Fourier transformof the oscillation ofRx, as shown infigure 3(e).

The different width and inner radius of the annular groove have an influence on the kerb force acting on the
skyrmion and the oscillation radius of the skyrmion. Therefore, we then investigate the influence of d and r on
the oscillation frequency of the STNO, as shown infigure 4. Figure 4(a) shows the oscillation frequency
dependence of current density for different dwith rfixed at 20 nm. For the case without the annular groove, the
STNO starts to oscillate with the frequency of 440MHzwhen current is appliedwith the density of

´ -0.2 10 A m11 2, with the current density further increases to ´ -20 10 A m11 2, the frequency of the STNO
gradually increases to 590MHz and then remains unchanged. For the casewith the annular groove, the
oscillation frequency ismuch larger than the case without the annular groove and decreases with the increase in
d from15 to 25 nmunder the same current density. To be noted, for d=10 nm, the frequency of the STNO
drops from2.68 to 1.1 GHzwhen the current density increases from ´ -22 10 A m11 2 to ´ -23 10 A m11 2, this
is because the gyrotropic force of the skyrmion exceeds the critical kerb force of the annular groove so that the
skyrmionmoves out of the annular groove. Figure 4(b) shows the frequency of the STNOversus the current
density for different rwith d fixed at 10 nm. It is found that the frequency of the STNOdecreases with the
increase in r from25 to 35 nmunder the same current density. The snapshot of the initial states of the STNO
under different d and r are shown in the right side offigure 4. The presence of the annular groove not only
increases the frequency of the STNOs but also limits the size of the skyrmion. Therefore, in the following
simulations, in order to placemore skyrmions in the annular groove and ensure that skyrmions do notmove out
of the annular groove, d and r are fixed at 10 and 25 nm, respectively.

3.2.Multiple skyrmions-based STNO
For the situationwithout the presence of the annular groove, there are atmost 6 skyrmionswith a
centrosymmetric distribution that can stably exist in a single nanodisk, as reported in our previous work [9].

Figure 4. (a)Oscillation frequency as a function of current density for d=10, 15, 20 and 25 nmwith rfixed at 20 nm. (b)Oscillation
frequency as a function of current density for r=20, 25, 30 and 35 nmwith dfixed at 10 nm. Snapshots in the right side show the
ground state of a single skyrmion located in an annular groovewith different d and r.
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When the number of skyrmions (N) is larger than 6, the skyrmions are pushed to themiddle of the nanodisk or
even annihilation due to the large repulsive force between the skyrmions. For the situationwith the presence of
the annular groove, because the size of the skyrmions are limited by the potential of the groove, themaximum
number of skyrmionswith a centrosymmetric distribution increases to 12, as shown infigure 5. The excitation
ofmultiple skyrmions in the annular groove can be achieved by repeating the process of the excitation of a single
skyrmion, as shown infigure 2.When the nanodisk is continuously applied a point contact spin current, all the
skyrmions in the groovemovewith the counterclockwisemode.

The dynamic of one ofmultiple skyrmions in the annular groove as shown infigure 6 can be described by the
Thiele’s equation as follow [9, 39]:

Figure 5. Snapshots of the ground states of STNOwith 1–12 numbers of skyrmions in an annular groove.

Figure 6. Schematic of the different forces affecting on one skyrmion in the annular groove.White arrow represents themove
direction of skyrmions driven by a spin current.
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is the gyrovector, S is the skyrmionnumber. ForNéel skyrmions andBloch skyrmions,

S=1.While forAntiskyrmios, the skyrmionnumber S=−1,which leads the gyrovectorGof theAntiskyrmions
different from that ofNéel skyrmions andBloch skyrmions. Therefore, the rotationdirectionof theAntiskyrmions
is changed to clockwise. v is the velocity of the skyrmion that can bedecomposed into the tangential ( qe ) and radial
( re )directions inpolar coordinateswith the form = +q rv vv e et r .FST is the spin transfer forcewith the form

= +q rF FF e eST t r , the componentFi (i=tor r)of theFST is given by ò= ´ ¶F x ym m m d di
PJ

e i2 p · ( ) , whose

value is proportional to the current density J. =aF D vˆ · is the damping force,where D̂ is the damping tensorwith
the value ofDα.U is thepotential for the skyrmiondue to the repulsive force (Fss) from the nearest neighbor
skyrmions and the kerb force of the annular groove (FKerb), i.e. = - å rU F F eKerb ss▿ ( ) , whereFss is inversely
proportional to the distance between two skyrmions [40]. It shouldbenoted that thepotentialU is also affected by
the size of the nanodisk,wehave demonstrated that the frequency of the STNOis inversely proportional to the
radius of thenanodisk in our previouswork [9].When skyrmionsmoves steadily in the annular groove,which
means vr=0. Therefore, equation (3) canbewritten as:
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The oscillation frequency of themultiple skyrmions-based STNOs can be expressed as:
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where rs is the oscillation radius of skyrmions.

Figure 7. (a) Frequency of the STNO as a function of current density for differentN. (b)MaximumFrequency as a function ofN for
the casewith andwithout the presence of the annular groove.
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Following, we investigate the frequency dependence of current density for differentN, as shown in
figure 7(a). It is found that the frequency of the 12 types of STNOs shown infigure 5 all increase first and then
keep unchangedwith the increase in current density. Equations (4a) and (5) also indicate that vt is greatly
affected by FST, that is, f increases with the increase in the current density before it reaches saturation. Figure 7(b)
compares themaximum frequency dependency ofNwith andwithout the annular groove. In the presence of the
annular groove, withN increases from1 to 12, themaximum frequency of the STNO first increases from2.43 to
15.63 GHz (N=8), and then decreases to 10.93 GHz.Moreover, withα further decreases to 0.01, the skyrmions
are annihilated due to the strong spinwave induced by the spin current. From equations (4a) and (5), it can be
known that: whenN< 6, the value of Fss is almost 0 due to the long distance between two skyrmions and
therefore f increases linearly with the increase inN; whenN>6, Fss increases sharply with the decrease in the
distance between two skyrmions, which leads to the decrease of vt. That is the reasonwhy, although the number
of skyrmions has increased, the frequency of the STNOno longer increases linearly with the increase inN or
even begins to decrease. In the absence of the annular groove, themaximum frequency of the STNOalsofirst
increases and then decreases withN increases from1 to 6, and the extreme value of themaximum frequency is
2.47 GHzwhenN=5. It can be seen that the frequency tunability of STNOswith the annular groove is
improved by 6.3 times than that of without the annular groove, and there are three reasons by analyzing
equations (4a) and (5). First, the kerb force from the annular groove is far larger than the boundary-induced
force; second,more number of skyrmions can stably locate in the annular groove because their size are restricted
by the groove; third, the oscillation radius of those skyrmions arefixed in the annular groove and does not
increase significantly with the increase in current density.

4. Conclusions

In summary, we proposed a skyrmion-based STNOwith the presence of an annular groove. Bymicromagnetic
simulations, wefirst set one skyrmion in the annular groove and demonstrate that the skyrmion canmove
around in the annular groove driven by a spin current. Following, we investigate the influence of the annular
groove parameters including d and r on the frequency of the STNO, the results show that the oscillation
frequency is inversely proportional to both d and rwithin a certain range under the same current density.
Interestingly, the oscillation frequencywith an annular is far larger than that of without an annular groove, the
Thiele’s equation indicates that this is because the potential of the kerb is larger than that of the boundary and the
oscillation radius of the skyrmion can be controlled by the groove.Moreover, because the size of the skyrmion is
restricted by the annular groove, up to 12 skyrmions can stably locate in the annular groove, which ismuchmore
than the case without the annular groove. On that basis, the frequency tunability of the STNO reaches to
15.63 GHz, which is about 6.3 times of the STNOswithout the groove. Our resultsmay provide a possibility for
the design of high-frequency skyrmion-based STNOs.
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