Elongation of skyrmions by Dzyaloshinskii-Moriya interaction in helimagnetic films
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Abstract

Distortion of skyrmions arouses much attention recently due to the exotic topological and dynamic

properties. Investigating the formation mechanism and dynamical behavior of the deformed skyrmions

promotes practical spintronic applications. Elongation, as a typical form of deformation, has been

discovered both in experiments and in theories. However, its intrinsic mechanism is absent. Here we

observe the coexistence of zero-field circular and elongated skyrmions in helimagnetic films. The

elongated skyrmions, which are determined by the intrinsic Dzyaloshinskii-Moriya interaction (DMI),

carry the same topological charge as the circular ones and show the skyrmion Hall effect.

Current-driven dynamics reveals again the significant role of the intrinsic DMI playing in the skyrmion

elongation.
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Introduction

Magnetic skyrmions are particle-like topologically-protected solitons, which have potential

applications in future low-power magnetic storage and spintronics [1-4]. Skyrmions existing in chiral

magnets are stabilized by the spin-orbit-coupling-induced Dzyaloshinskii-Moriya interaction (DMI) in

non-centrosymmetric magnets [5, 6]. In these magnets with bulk DMI, skyrmions can form when an

appropriate external magnetic field is applied and temperature is near the critical temperature of a

magnetic transition [7, 8]. Most of the previous work were focused on the quasiparticle properties of

skyrmions due to the topological protection. However, skyrmions can undergo significant deformations

when driven by an external magnetic field, a current [9-12] or a magnetic-field-cooling process [13].

Recently, deformation of a single skyrmion and phase transition of a skyrmion lattice have been

received gradually increasing attentions because of the exotic dynamics of distorted skyrmions [13-17].

The elongated skyrmions can be formed either by decreasing an external magnetic field at a

non-equilibrium state [14], by a high current density which distorts circular skyrmions [11, 18], or by

merging two or more circular skyrmions [16]. Interestingly, a circular skyrmion can be divided into two

circular skyrmions by enlarging the skyrmion into an intermediate elongated skyrmion in a current with

high density or in a magnetic field pulse [19, 20]. Elongated skyrmions can affect skyrmion dynamics,

especially the drive-dependent skyrmion Hall angle [21, 22]. However, the elongation mechanism of

skyrmions remains elusive. It is attributed by some researchers to the field-like spin-orbit torque (SOT)

[22] or the damping-like SOT [21] which are aroused by current, while it can be considered also in



terms of coalescence of two or more circular skyrmions [16, 23]. But the mechanisms above are rather

extrinsic, some possible intrinsic factors have not been unveiled yet. Therefore, it is of great importance

to investigate the formation mechanism of the elongated skyrmions, to understand the elongation effect

on skyrmion dynamics and their potential applications in high-density storage and spintronics.

In this work, we demonstrate the formation of zero-field elongated skyrmions in helimagnets. We

find that the intrinsic antisymmetric exchange interaction DMI, other than current driving or skymions'

coalescence, results in formation of elongated skyrmions. With increasing the DMI constant, number of

skyrmions increases, while the average length of the elongated skyrmions decreases. The elongated

skyrmion carries the same skyrmion winding number as the circular one and also shows the skyrmion

Hall effect, which distinguishes the elongated skyrmion from stripe domains. Driven by a current,

skyrmions can be changed between the circular and elongated ones. The elongated skyrmions do not go

back to the circular ones when driving current is switched off, confirming the important role of the

intrinsic DMI in maintaining the elongated skyrmions.

Micromagnetic Methods

The three-dimensional object oriented micromagnetic framework (OOMMF) code [24] was used

to study the formation mechanism and dynamics of the elongated skyrmions in helimagnets. To

simulate the effect of the spin-transfer torque due to the in-plane current, the Landau-Lifshitz-Gilbert

(LLG) equation is modified as follows [25]:
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where m is the unit vector of the local magnetization, Herr the effective magnetic field, y the

gyromagnetic ratio, « the Gilbert damping parameter, e the electron charge, J the current density, pg



the Bohr magneton, P the spin current polarization of the ferromagnet and g the g-factor, f the

non-adiabaticity factor and M; the saturation magnetization.

According to Ref. [26], the physical parameters for FeGe were chosen, including the saturation

magnetization My = 1.5 x 105 A/m, the exchange stiffness Aex = 6.8 x 1013 J/m, and the bulk DMI

constant D = 1.2x 10 J/m?. The perpendicular anisotropy K was chosen from 4x10° to 1.4x10* J/m? in

order to investigate systematically the dependence on the anisotropy of the formation of skyrmions. D

was selected from 8.55x107 to 2.85x 10 J/m? to investigate the effect of the DMI constant. The film

size was 800 x 800 nm? with the thickness in the range of 2-10 nm, and the cell size was 5 x5 x2 nm?

which is smaller than the exchange length of 6.93 nm. The cellsize decreased to 2x2x1 nm? or 1x3x2

nm?®, in order to exclude the influence of the cellsize on the formation of elongated skyrmions.

Two-dimensional periodic boundary conditions (2D PBC) [27] were used to check the reliability of the

magnetic phase diagram. The out-of-plane magnetic field B was increased from zero to 300 mT to

show the magnetic transition from a helix to a ferromagnetic state. To display the deformation of

skyrmions, B was then decreased from 130 mT to -230 mT. The energy minimization method was used

to simulate the magnetic phase diagram. To simulate the current-driven dynamics of the elongated

skyrmions, the size of the sample was chosen to be 2000x 1000x4 nm?* with the 2D PBC for illustrating

the skyrmion Hall effect more clearly. The current density was in the range from 1x 10 to 1 x 10!2

A/m?, and the Gilbert damping factor a was set to be 0.02.

Results and discussion

The influence of the magnetic field on the elongated skyrmions is represented in Fig. 1. The

magnetic field is applied perpendicular to the film plane. Skyrmion winding number S, as defined by

the following equations [28], is used to discern different magnetic states.
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g, 1s the antisymmetric tensor, g is the topological density, and m is the unit vector of local

ny
magnetization. By micromagnetic simulations, we drew the magnetic phase diagram for elongated
skyrmions by tuning the magnetic anisotropy and the film thickness, as shown in Fig. 1. The magnetic
anisotropy affects the magnetic phase diagram significantly, as illustrated in Figs. 1(a) and 1(b). In Fig.
1(a), the magnetic phase diagram shows four regions: helix, mixed state (skyrmions + helix), skyrmion
lattice and ferromagnetic state, which is typical for a helimagnet [7, 29]. Without an external magnetic
field, the spin texture shows a helix, which is the ground state of a helimagnet. As the magnetic field
increases, the magnetic state transforms gradually from a helical state to a mixed state, then a skyrmion
state and finally to a ferromagnetic state. In the skyrmion region, the skyrmion density relies sensitively
on the magnetic anisotropy constant. To obtain skyrmions in the present system, we calculate the
required anisotropy constant as follows. According to Refs. [30] and [31], the critical DMI constant (D)
essential for the formation of skyrmions in a film can be evaluated by the following equations:

De=—/AeK )
From which, the calculated upper limit of K in this system is 1.35x10* J/m>.

The dependence of the skyrmion winding number on the anisotropy constant in an infinite film is
shown in Fig. 1(a). Our simulation finds no skyrmions existing in a film when K is below 4 x10° J/m?,
so K is taken in the range of 4 x 10°~ 1.4 x 10* J/m3 to meet the condition for skyrmions. As the
anisotropy constant K increases, the skyrmion winding number (S) first increases and reaches its

maximum value at K~ 8x103 J/m?, as shown in Fig. 1(b), and then goes down to the lowest value when

K is larger than 1.2x10* J/m3. The decreasing S indicates that the spin texture changes from a skyrmion



lattice to well-isolated skyrmions when K increases. The above results illustrate that an appropriate

magnetic anisotropy value is required for the existence of skyrmions in the thin films, which agrees

well with the previous results in Refs. [30] and [32].

As reported previously in the articles [14, 33, 34], sweeping an external magnetic field is an

effective method to enlarge the skyrmion area in the field-temperature (B-7) windows. This method

also works for increasing skyrmion area in the B-K and B-thickness windows, as illustrated in Figs. 1(c)

and 1(f). Figure 1(c) shows the transformation of the spin texture from the skyrmion lattice state to

other magnetic states as the magnetic field sweeps from 130 to -230 mT. The magnetic state changes

from the skyrmion with S < 0 to the skyrmion with S > 0, and finally reaches the field-polarized

ferromagnetic state. In the S < 0 skyrmion region, we discover the formation of elongated skyrmions

without topological phase transition. The pink dashed lines show the boundary between the circular and

elongated skyrmions. The previous reports revealed that sample size has significant influence on the

formation of skyrmions [7, 35]. Here, we report the effect of film thickness on the magnetic phase

diagrams, as shown in Figs. 1(d) and 1(f). Similar to Fig. 1(a), Fig. 1(d) also gives a typical phase

diagram of a helimagnet. Meanwhile, in the skyrmion region, the skyrmion density possesses a strong

thickness dependence, as can be seen from Fig. 1(e). The number of skyrmions first increases with

thickness and reaches the largest value (~34) at the thickness of 4 nm. Even though the skyrmion

density changes with film thickness, the skyrmions exist in a form of lattice instead of isolated in the

skyrmion region for all the thickness of interest here. Worth pointing out is that, elongated skyrmions

can be stable when the magnetic field is small (between -75 mT and 75 mT here) in both Fig. 1(c) and

Fig. 1(f).

Structural details of the skyrmion elongation are given in Fig. 2. From Fig. 2(a) to 2(c), along with



the sweeping field decreasing from 100 mT to zero, some circular skyrmions stretches gradually to

become elongated ones. The elongation length increases with the descending field, while the total

number of skyrmions remains unchanged, as shown in Fig. 2(f). It indicates that the elongation of

skyrmions is not from the merging of two or more skyrmions (different from Refs. [23] and [36]), but

from the directional stretching of individual skyrmions. In Fig. 2(f), though S changes a little with B,

the absolute value of S is almost the same as the total number of skyrmions at zero field, indicating that

the elongated skyrmions carry the same value of topological charge as the circular ones [37], and thus

are also protected by the topology. The topologically protected property distinguishes the elongated

skyrmions from stripe domains. Deviation of § from the total number of the skyrmions at a finite B

field is due to the influence of the magnetic field and the film boundary.

The elongated skyrmions can be stable at zero magnetic field and even when reversing the

magnetic field up to -50 mT. Further increasing the magnetic field enlarges the skyrmion size gradually

but squeezes the orange ferromagnetic area into a very narrow stripe until an appearance of the

skyrmions with S > 0, as illustrated in Figs. 2(d) and 2(e). In addition, the highest density for the S > 0

skyrmions is obtained when K is around 6x 103 J/m?, instead of 8x10° J/m? for the S < 0 skyrmions, as

shown in Fig. 1(c).

To unveil the physical mechanism behind the formation of the elongated skyrmion, we look into

the various energy terms in our simulations. The energy terms include the exchange interaction,

anisotropy, demagnetization, Zeeman and DMI energies, among which only the demagnetization and

DMI energies can lead to the distorted skyrmions in the xy plane [38]. Neglecting the demagnetization

energy in the simulation, we find that the elongated skyrmions are still formed, which excludes the

possible contribution of the demagnetization energy. Therefore, we consider the DMI as the only



critical factor to the formation of the elongated skyrmions.

According to Ref. [39], the energy density w for the bulk DMI is:
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For an ideal skyrmion with symmetry D,, net DMI field is usually zero within a single skyrmion.

However, spins resort to a new stable state when the external magnetic field decreases, which may

result in symmetry breaking of skyrmion to decrease the demagnetization energy. In this case, net DMI

field in the skyrmion becomes nonzero, which induces a stretching of circular skyrmion into an

elongated one.

The DMI effect on the elongation is further investigated in Fig. 3. Figures 3(a) and 3(b) illustrate

the spin textures before and after the elongation, respectively. To highlight the DMI contribution, Figs.

3(c) and 3(d) reveal the distribution of the DMI field at each grid point corresponding to that in Figs.

3(a) and 3(b). Clearly, the DMI-field distribution has similar features to the magnetization distribution.

The net in-plane DMI field in a single skyrmion is marked by a black arrow in Fig. 3(c), which shows

both direction and relative magnitude of the DMI field. We choose the skyrmions beyond the boundary

because the skyrmion elongation at the boundary is affected by the film boundary. The directions of the

black arrows in Fig. 3(c) agree well with the elongation directions of skyrmions in Fig. 3(b), indicating

that the elongation is guided by the DMI field. Likewise, the new DMI field in Fig. 3(d) will further

determine the new elongation direction of skyrmions when the magnetic field goes below 70 mT. The

results agree well with the observation of the coexistence of circular and elongated skyrmions in the

experiments [13, 40, 41].



DMI affects not only elongation direction of skyrmions, but also skyrmion density and the
elongation length. The critical magnetic fields for magnetic phase transitions change monotonously
with the DMI constant, as shown in Fig. 4(a). In the skyrmion region, the value of the skyrmion
winding number S increases sharply with increasing the DMI constant, so does the skyrmion density.
As aforementioned, sweeping the magnetic field increases the area of skyrmion in the phase diagram,
and this still stands for the B-D diagram, as illustrated in Fig. 4(b). When the sweeping field changes so
that the state transits from the S < 0 skyrmion state towards the ferromagnetic state, the elongated
skyrmions and the S > 0 skyrmion state appear. The critical field for the phase transitions, both from
the elongated skyrmion to the S > 0 skyrmion state and from the S > 0 skyrmion state to the
ferromagnetic state, decreases with increasing the DMI constant. In the skyrmion region for both S <0
and S > 0, the value of skyrmion density escalates with DMI constant, which agrees well with the
literature and demonstrates the strong relevance between skyrmion density and DMI constant [41].

To have a direct impression, Figures 4(d)-4(f) show the D-dependent magnetization M,
distribution at zero magnetic field. The number of skyrmions obviously goes larger with the ascending
DMI constant. At zero magnetic field, various shapes of elongated skyrmions coexist with the circular
ones. Besides the bar-like shape, there are some Z-like, L-like shapes. To quantify the deformation of
the elongated skyrmions, Fig. 4(c) gives the field dependence of the skyrmion core area or the
percentage of core area (%) in the total area. As the DMI (or D) increases, the slope of the curves (the
partial derivative of area A over B field, %) decreases, indicating that the bigger DMI (or D), the
slower elongation rate. However, Area (%) reaches the same value (about 50%) at zero magnetic field
for all Ds. Based on this result, we calculate the average elongation length at zero field for different Ds.

As shown in Fig. 4(g), the average length of the skyrmions decreases sharply with increasing D, further



substantiating the role of DMI played in the skyrmion elongation.

Now that elongated skyrmion carries the same skyrmion winding number S as circular skyrmion,

we wonder whether elongated skyrmions can also show the skyrmion Hall effect [42, 43].

Current-driven dynamics of elongated skyrmions is illustrated in Fig. 5. The current flows in the +x

direction, while circular skyrmions and elongated skyrmions roughly move in the -x direction, as

shown in Fig. 5(a). To determine whether the elongated skyrmions have the skyrmion Hall effect in the

elongated ones, one has to investigate whether the elongated skyrmions can move in the y direction

perpendicular to the driving current [43]. Figure 5(b) represents the time dependence of the average

current-driven displacement (AX, AY) of the three elongated skyrmions (square marked in Fig. 5(a)).

The elongated skyrmions move linearly in the -x direction with a velocity v» of -6.698 m/s, and almost

linearly in the +y direction with a velocity v, of 0.103 m/s, which indicates that the elongated

skyrmions do have the skyrmion Hall effect, just like the circular ones.

Previous experimental work reported current-induced skyrmion deformation and it would go back

to circular skyrmion when current is switched off [21]. To understand the role of current in this work,

we study the effect of current density on the elongation. As shown in Fig. 6, first of all, when a small

current density is applied, e.g., less than 1x10'® A/m?, circular and elongated skyrmions move without

obvious deformations, and the number of elongated skyrmions remains unchanged with time. This

rules out small current as a source of skyrmion elongation. Second, when the current density goes

higher than the critical value, for example in the range of 1 x 100 ~1 x 10!! A/m?, the number of

elongated skyrmions increases monotonically from 6 to 12, with some additional skyrmions elongated

and finally saturated, which indicates an irreversible current-driven elongation of circular skyrmions.

The deformation of circular skyrmions driven by current is caused by the difficulty to maintaining the
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spin texture of skyrmion with a large velocity [11, 18]. Finally, when the current density is larger than 1

x 10" A/m?, skyrmions can be transformed between the circular and elongated ones, therefore, the

number of elongated skyrmions fluctuates with time. The fluctuation suggests that skyrmion elongation

can be assisted by the field-like or damping-like torque given by the current besides the DMI [21, 22].

However, after switching off the current, the deformed skyrmions are frozen and do not shrink back to

the circular skyrmions (Fig. 6(b)), which is quite distinguished from the experimental results [21]. This

irreversible process indicates that the elongated skyrmions here are stabilized by the DMI, instead of by

the field-like or damping-like torque given by the current. Note that, the skyrmion winding number S

remains the same value when driven by the current, which rules out the possibility of new skyrmions or

melting two or more skyrmions into one elongated skyrmion.

An elongated skyrmion may easily split into two skyrmions in a smaller field or at a lower current

density compared to that used in the circular one, because circular skyrmion, if used for splitting, has to

go through elongation in the first place which costs much energy [11, 19, 20]. Such an advantage in the

already elongated skyrmion may be used to increase the skyrmion density for high-density storage

applications.

Since antiferromagnet can be tuned by strain [44-46], it would be curious and interesting for us to

wonder whether deformation of the antiferromagnetic (AFM) skyrmions can appear. As seen from Figs.

1 and 3, sensitivity to an external magnetic field and D, symmetry breaking of the DMI field are the

two key factors to obtain elongated skyrmions. Therefore, to obtain elongated AFM skyrmions means

to search for an antiferromagnet which can meet the two conditions. However, for a collinear

antiferromagnet, it holds robustness against magnetic fields making the field tuning implausible [46],

and DMI field at each point due to the two magnetic sublattices of the antiferromagnet may cancel out

11



resulting in zero net in-plane DMI field. Thus, it is difficult to obtain elongated AFM skyrmions

obtained in collinear antiferromagnet. However, it is still possible for one to have AFM skyrmions

elongated in a non-collinear antiferromagnet if the Dy or Civ Symmetry can be broken by deceasing the

external magnetic field. Besides, as indicated in Ref. [44-47], strain, which seems to a generic means to

tuning not only the anomalous Hall conductivity, but also the skyrmions deformation, can probably be

used for elongated AFM skyrmions.

Conclusions

We have systematically investigated the mechanism behind the skyrmion elongation in

helimagnets. We observe that the elongated skyrmions arise from the deformation of the circular ones

other than the merging of two or more skyrmions. The elongated skyrmions share some similar

properties with the circular ones, for example, the topological charge and the skyrmion Hall effect. We

find that DMI determines the elongation directions of skyrmions and stabilizes elongated skyrmions. In

addition, the driving current plays some roles in changing elongation number and the elongated

skyrmions do not shrink back to the circular ones when current is turned off, which rules out the effect

of the field-like or damping-like torque of driving current and further supports the significant role of

the intrinsic DMI in generating and stabilizing skyrmion elongation.
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Figure Captions:

Fig. 1 Magnetic phase diagram. (a, ¢) Skyrmion winding number S vs. magnetic field and
anisotropy constant and (d, f) S vs. magnetic field and film thickness. The sweeping magnetic field
B increases from 0 to 300 mT for (a) and (d), while B decreases from 130 mT (skyrmion lattice
region) via 0 mT to -230 mT for (c) and (f). Dotted Lines represent phase boundaries in (a, c, b, d),
and pink dashed lines show the boundaries between circular and elongated skyrmions. The
anisotropy-constant dependence and thickness dependence of the maximum number of skyrmions
in (b) and (e) are extracted from the skyrmion region of the magnetic phase diagrams (a) and (d),
respectively.

Fig. 2 Elongation of skyrmions. (a-e) Transformation of skyrmions from the circular (S < 0) to the
elongated and back to the circular ones (S > 0) when sweeping magnetic field from 100 mT via 0
to -100 mT. (f) Field dependence of the skyrmion winding number S and the total number of
skyrmions when sweeping magnetic field from 130 mT to zero.

Fig. 3 (a, b) The magnetization distribution of helimagnetic film in different magnetic fields. (c)
and (d) are the corresponding DMI-field distribution to (a) and (b), respectively. The color bar
shows the z component of magnetization and the DMI field. Black arrows in (c) show the in-plane
direction and the relative magnitude of the net DMI field in one skyrmion.

Fig. 4 Skyrmion elongation and DMI. (a,b) Magnetic phase diagram of magnetic field vs. DMI (or
D) constant. The magnetic field increases from 0 to 600 mT for (a), while decreases from 330 mT
to -570 mT for (b). Dotted lines represent the phase boundaries, and pink dashed lines show the
boundaries between circular and elongated skyrmions. (c) The external field dependence of the
percentage of the skyrmion core (Area%) for different Ds. (d-f) The magnetization distribution at
zero magnetic field for different Ds when decreasing field from S < 0 skyrmion state. The inset in
(f) shows the zoom-in image of the magnetization distribution at the right-upper corner of (f). (g)
The D dependence of the average length of skyrmions at zero field.

Fig. 5 Current-driven skyrmion dynamics in the perpendicular field of 78 mT. The current density
applied along the +x direction is 5x10'" A/m?. Two-dimensional periodic boundary conditions are
used here. (a) Magnetization distribution at different time. (b)Time dependence of the average
displacement (AX, AY) of the three elongated skyrmions marked in (a). Black (AX) and red dots
(AY) represent the averaged center positions. The linear fits of the data are labeled by the black

lines.

Fig. 6 (a) Time dependence of number of elongated skyrmions driven by in-plane current under
different current densities. The out-of-plane magnetic field is 78 mT. (b) The magnetization
distribution at the initial time (0 ns) when current is switched on, at 7500 ns, and at 100 ns after
current is switched off. The current density is 5x10'! A/m?.
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Fig. 4
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Fig. 6
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