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Energy-efficient ultrafast
nucleation of single and multiple
antiferromagnetic skyrmions using
in-plane spin polarized current

Kacho Imtiyaz Ali Khan, Naveen Sisodia & P. K. Muduli**

We numerically investigate the ultrafast nucleation of antiferromagnetic (AFM) skyrmion using
in-plane spin-polarized current and present its key advantages over out-of-plane spin-polarized
current. We show that the threshold current density required for the creation of AFM skyrmion is
almost an order of magnitude lower for the in-plane spin-polarized current. The nucleation time for the
AFM skyrmion is found to be 12 — 7 ps for the corresponding current density of 1-3 x 10'3 A/m2. We
also demonstrate ultrafast nucleation of multiple AFM skyrmions that is possible only with in-plane
spin polarized current and discuss how the current pulse width can be used to control the number

of AFM skyrmions. The results show more than one order of magnitude improvement in energy
consumption for ultrafast nucleation of AFM skyrmions using in-plane spin-polarized current, which is
promising for applications such as logic gates, racetrack memory, and neuromorphic computing.

Skyrmions are structures having particle-like properties in topologically stable field configurations'. In ferro-
magnets, topologically protected magnetic skyrmions with a definite chirality can be stabilized in the presence
of Dzyaloshinskii-Moriya interaction (DMi) and are characterized by an integral topological charge or skyrmion
number?, Q = +1. DMi, an antisymmetric magnetic exchange interaction, can arise in non-centrosymmetric
cubic B20-type helimagnets due to the broken inversion symmetry*-®. Chiral skyrmions in such systems were
experimentally observed first in MnSi’® and later in FeGe'° near their respective magnetic ordering temperatures.
Near the ordering temperature of noncentrosymmetric ferromagnets, a precursor phenomena has been observed
due to the coupling of longitudinal and angular order parameter!!. Recently, the simultaneous existence of both
low and high-temperature skyrmions has also been reported in Cu;O0SeO3 due to the competition of anisotropic
exchange and cubic anisotropy'>-'%. Room temperature skyrmions have also been realized experimentally'>'®
in thin ferromagnetic films having interfaces of transition metal with heavy metals due to the broken inversion
symmetry at the interface, which provides an interfacial DMi'’~22, Skyrmions with unique physical properties
can also be stabilized even in the absence of DMi in frustrated magnets®.

The requirement for low threshold current density for the motion of magnetic skyrmions is a key advan-
tage for racetrack memories, skyrmion based microwave oscillators, and logic gate devices offering ultra-high
storage density (due to small size) and low power consumption®-%°. However, the major disadvantage of using
ferromagnetic (FM) skyrmions in racetracks is the presence of an additional transverse motion of the skyrmion
(along the nanotrack width due to the Magnus force) which eventually leads to the destruction of skyrmion at the
nanotrack edge. This phenomenon, called skyrmion Hall effect (SKHE), occurs due to the non-zero topological
charge (Q = =1) and has been observed in several experiments®*-2.

On the other hand, antiferromagnetic (AFM) skyrmions could be a better alternative to FM skyrmions for
racetrack memory devices due to their trivial topology (zero topological charge) which completely suppresses
the skyrmion Hall effect****. Fractional AFM skyrmion lattice has been recently observed experimentally in
spinel MnSc, S, consisting of three antiferromagnetically coupled sub-lattices®. The predicted velocity of AFM
skyrmions is much higher compared to that of the FM skyrmion®*-*° and also the oscillation frequency of
AFM skyrmion based spin torque nano oscillator (STNO) is much higher as compared to FM skyrmion based
STNO*!. A topological spin Hall effect is also predicted theoretically for the nontrivial magnetic texture of AFM
skyrmions*. The dynamics of the moments of antiferromagnet falls in the ultrafast (THz regime), which is an
additional advantage of these materials in spintronics applications**=**. Several methods have been proposed
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to nucleate AFM skyrmion such as by spin polarized current****4’, and by use of short laser pulse*®. So far the

studies on nucleation of AFM skyrmions using spin polarized current have focused on out-of-plane spin polar-
ized current, which needs an out-of-plane magnetized spin polarizing layer for operation.

In this report, we numerically study the ultrafast nucleation of AFM skyrmion by injecting a spin polarized
current density (J,,,,) in an AFM thin film. Here v represents its spin polarization direction and ;4 represents the
direction of spin current. The current is injected in CPP (current perpendicular to plane)* geometry (1 = 2)
and the polarization can be both in-plane (v = X) or out-of-plane (v = Zz) direction. Our findings show that the
threshold current density required for the nucleation of AFM skyrmion using in-plane polarized spin current
(Jx,z) is almost one order less compared to the commonly utilized out-of-plane polarized spin current (J,,). We
attribute this difference to the characteristic trajectories of the oscillation eigenmodes excited in the two cases
due to the phenomenon of spin transfer torque (STT). We discuss the local switching of magnetic moments
under STT for ], and J, ; which is required to induce the nucleation of AFM skyrmion. Then, we report on the
successive creation of multlple AFM skyrmions which is possible only using in-plane spin polarized current for
pulse width, T > 0, where 0 represents a threshold pulse width for nucleating a single AFM skyrmion. Finally,
we check the robustness of our method over a finite range of temperature and we observe that our nucleation
method shows a lower threshold pulse width at room temperature.

Results and discussion

Micromagnetic simulations. The dynamics of magnetic moments of each sublattice m; (where,i = A, B)
in AFM are governed by the coupled Landau Lifshitz Gilbert (LLG) equation, with an additional Slonczewski
spin torque term originating either from the adjacent heavy metal via spin Hall effect®®***! or due to the spin
transfer torque from a ferromagnetic spin polarizing layer;

dm,'
dt

= —y(m; x H{") +Ot(mi d;”) — By[m; x (m; x v) + &(m; X v)] )

where, y is gyromagnetic ratio of electron, o is the Gilbert’s damping constant and B represents the strength of
Jou P
2edM;

efficiency of spin polarization®*’. M, and d are the saturation magnetization and thickness of the AFM layer,
respectivel g vis the polarlzatlon direction of electrons and & is the ratio of field-like torque to the damping-like
torque. Hf M 6“’“"1 is the effective field, where Wiy, is the total magnetic energy which contains energy
den51ty contrlbutlons from exchange interaction (Wey), DMi (Wqp,i) and magnetic anisotropy (Wanis), as given
below™,

the torque due to spin-current (/3 >, where J,,, represents the amplitude of current density and P is the

Wiotal = / Wex + Wami + Wanis av

where,
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here, Ay, D and K represent the exchange constant, the DMi constant and the perpendicular uniaxial anisotropy
constant, respectively. It is important to note that even though the partial derivatives in Eq. (2) are not valid for
the discontinuous magnetization of an AFM, the numerical solution in Mumax> (Ref. %) is obtained on a finite
difference grid. Thus, each of the terms in Eq. (2) can be reduced to their corresponding atomistic expressions for
small cell sizes as shown in Ref. *%. The parameter values used for AFM are based on previous works by Menezes
et al.>* and Zhang et al.*® (see “Methods”). For the chosen parameters (D = 3.5 mJ/m? K = 0.8 x 10° J/m?),
the AFM skyrmion state is a meta-stable state. However, slightly reducing the anisotropy to K = 0.6 x 10° J/m?3
can lead to the elongation of skyrmion, giving a distorted AFM skyrmion, as shown in Ref. *. Increasing the
DMI to D = 3.75 mJ/m? (for K = 0.8 x 10° J/m?), gives a ground state AFM skyrmion with lower energy than
the checkerboard AFM ground state.

To understand the topology of an AFM skyrmion, we consider an AFM skyrmion to be composed of two
separate sub-lattices (sub-lattice A and B), with opposite core polarity (Qa = +1and Qg = —1) so that its net
topological charge is zero. We individually calculate the value of the topological charge Q, in each of the sub-
lattices using the lattice based approach®”:

S S S
m; -(mj X my)

Qs = o Z Qij»  Where gj = 2arctan
i,k

3)

S S N S N S
l—l—mi-mj—l—mi-mk—l—mj-mk

here, index s denotes the sub-lattice A or B. i, j and k are the indices of the unique triangles formed by three
nearest neighbour cells. We adopt this approach for computing Q since it is shown to be more accurate espe-
cially for the finite temperature as compared to the method that uses spatial derivatives of m calculated using
the nearest-neighbouring finite difference cells*.
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Figure 1. (a) Snapshots during nucleation of AFM skyrmion at different instants of time when a current pulse
with a width 7,, = 5.5 ps is applied. Here, (green/red) circle represent current pulses (ON/OFF). The current is
injected in a circular region with diameter, d,, = 70 nm. The final diameter of the AFM skyrmion is found to

be d; = 32 nm after 20 ps. (b) The evolution of topological charge Q4 for sublattice A (open symbols) and Qg of
sublattice B (closed symbols) during the nucleation of the AFM skyrmion.
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Figure 2. (a) Change in total energy density AW during the nucleation of AFM skyrmion for varying pulse
widths (7, = 4.5, 5.0, 5.5, and 6.0 ps). (b) The corresponding evolution of topological charge Q4 for sublattice
A (open symbols) and Qg of sublattice B (closed symbols).

Nucleation of single AFM skyrmion. In Fig. la, we nucleate an AFM skyrmion by locally injecting an
in-plane spin polarized current (Jx,;) in CPP configuration. We start with a Néel or checkerboard type AFM
configuration which is the ground state of our system with energy W) and inject (at t = 0 ps) an in-plane spin
polarized current (v = +x) with current density J,, = 1 x 10'> A/m? at the centre of the thin film within a
circular area of diameter 70 nm as shown in the panel corresponding to t = 2 ps in Fig. 1a. Due to the in-plane
spin polarization of injected spin current, the magnetic moments in the AFM experience a torque leading to a
precessional motion of spins. We switch-off the current after time 7,, = 5.5 ps which we define as the current
pulse width.

Once the current pulse is switched off (t > t,,), the system is allowed to gradually relax (energy minimization)
to a stable state, which in our case is an AFM skyrmion with 32 nm diameter as shown at¢ = 20 psin Fig. la. A
complete video of this nucleation process can be found in the Supplementary Movie 1. To further confirm the
formation of AFM skyrmion, we use Eq. (3) to examine the evolution of topological charge Q4 and Qp of indi-
vidual sublattice A and B, respectively (Fig. 1b). It can be clearly seen that both Q4 and Qg acquire the expected
integral value of =1after t & 11 ps. The opposite sign of topological charge for each sub-lattice also confirms the
anti-ferromagnetic nature of the skyrmion topology. We define the total time required for the topological charge
Qa and Qg to attain a value of 1 as the nucleation time (t, = 11 ps) for the AFM skyrmion.

In Fig. 2a, we show the evolution of the total energy density of the system with reference to the energy density
of the initial checkerboard AFM state (AW = W,y — W) for different values of pulse width, 7,,. For all cases,
it was observed that on the current injection, the total energy of the system first increases due to the additional
torque arising from the injected spins. Once the current is switched off (t > t,,), the energy starts to decrease
due to the damping part of LLGS equation and eventually saturates at a finite value. It was observed that for cases
with 7,, < 5.5 ps, the system relaxes back to the initial checkerboard AFM state with AW = 0 aJ as t— oo. For
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Figure 3. Dependence of inverse of threshold pulse width (black circles) and nucleation time (red squares)
on the current density for (a) in-plane, and (b) out-of-plane spin polarized cases. The trajectory of single AFM
moments at fixed current density (Jy, = J,, = 6.5 x 10'*> A/m?) for (c) in-plane and (d) out-of-plane cases.
The color in (c) and (d) represents time elapsed and t = 0 ps represents the time instant when the pulse is
injected.

Ty > 5.5 ps, the system relaxes to a finite AW value which represents AFM skyrmion state. We define this pulse
width as the threshold pulse width (z2) to nucleate an AFM skyrmion. Figure 2b shows the value of topological
charge for individual sub-lattices for 7,, < 5.5ps and 1, > 5.5 ps which confirms that for 7,, < 5.5 ps, no topo-
logical state is achieved in any of the sub-lattices (Qa = Qp = 0) compared to thet,, > ‘[3, = 5.5 ps case where,
in the final state both sub-lattices host a skyrmion with opposite core polarity (Qa = —1, Qg = +1) giving an
overall AFM skyrmion state. The obtained AFM skyrmion state is a meta-stable state of the system since the
total energy for this state is higher than the energy of checkerboard AFM state (AW > 0). We also note that for
7y > 10 = 5.5 ps, although the AFM skyrmion is always nucleated, the number of AFM skyrmions nucleated
may be more than one depending on the length of the pulse width. This will be discussed in detail later.
The threshold pulse width 70 = 5.5 ps calculated from Fig. 2 corresponds to a current density of
vz = 1 x 1013 A/m?. With a change in the injected current density, z{ also varies. This is shown in Fig. 3a,
where we plot the inverse of threshold pulse width (1/ 119,) as a function of injected current density (Jx,;). We
find that 1/70 increases linearly with increasing current density, i.e., for a higher injected current density, the
threshold pulse width is smaller. We also plot nucleation time (t,) as a function of the current density in Fig. 3a.
We find that the nucleation time is also lower for hi§her current density giving rise to ultrafast AFM skyrmion
creation in 7 — 12 ps time scale for ], = 1-3 x 10'* A/m?. Using a linear fit for the variation of 1/72 with cur-
rent density, we can extrapolate the value of the lowest current density above which the skyrmion can be nucle-
ated. At this value, the nucleation time for the AFM skyrmion will diverge to infinity. We term this minimum
value of current required to nucleate the skyrmion (irrespective of the length of current pulse) as threshold
current density represented by J_. From the linear fit in Fig. 3a, we obtain the threshold current density of
J2, = (0.68 +0.02) x 10'3 A/m? for the current spin-polarized in the in-plane direction.

In-plane versus out-of-plane spin polarization. We now compare the nucleation of AFM skyrmion
using in-plane spin polarized current (J.) discussed above with that of out-of-plane spin polarized current
(J2.2) as studied in previous works®***¢, We perform an independent set of simulation with out-of-plane polar-
ized current (v = +z) with the same parameters that we have used for in-plane polarized case. For comparison,
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we consider two key parameters: (1) energy consumption for the AFM skyrmion nucleation and (2) nucleation
time.

Figure 3b, shows the variation ofl/rg and 7, as a function of current density (J;,;) for the case of out-
of-plane spin polarized current. As noted earlier, the current is flowing through a contact at the center
of the film in CPP geometry. Similar to the case of Fig. 3a, both t0 and 7, decrease with increasing cur-
rent density. However, the threshold current density required for AFM skyrmion nucleation in out-of-
plane case is J?, = (5.65 & 0.14) x 10'> A/m?, which is almost eight times higher than the in-plane case
J2, = (0.68 £ 0.02) x 10" A/m? In addition, the threshold pulse width required for AFM skyrmion nucleation
at current (J, = 6.5 x 10> A/m?) just above threshold current density ]g,z is much higher (% 60 times) for the
out-of-plane case (z0 ~ 18.0 ps) than the in-plane case (z3 ~ 0.3 ps). As the energy consumption is proportional
to ]f’u x 70, it is clear that the nucleation using in-plane spin polarized current is significantly more efficient
than out-of-plane spin polarized current as both the current density J,, ,, as well as z{, are lower for in-plane case
(Fig. 3a). The quantity ]3,/4 x t0is12.7 x 101*A2%s/m* for in-plane case while it is as large as 760.5 x 10'* A%s/m*
for out-of-plane case with same current density of 6.5 x 10! A/m?. Thus, the energy consumption in the case
in-plane spin polarized current is more than one order of magnitude lower compared to the out-of-plane case.

The second key parameter to compare is the nucleation time. By our definition, this is the total time required
for the nucleation of AFM skyrmion (including the duration for which current pulse is on, i.e., 7,,). For the out-
of-plane case in Fig. 3b, the nucleation time is 7, ~ 210 ps for the current density of ], , = 6.5 x 10> A/m? This
decreases to a value of T, ~ 54 ps with a small increase in current density (J,, = 7 x 10'> A/m?). Increasing the
current density to J,, = 9 x 1013 A/m?, the nucleation time is reduced further 7, ~ 10 ps. This is comparable
to the nucleation time for in-plane case in Fig.3a at ], = 1.0 x 10'*> A/m?. Therefore, from the comparison of
Fig. 3a,b, it is clear that to achieve similar nucleation times, significantly less current is required in the in-plane
case compared to the out-of-plane case. Faster nucleation can only be achieved in the out-of-plane case at the
expense of using higher current density which would have a detrimental effect on the energy consumption of
the device. To understand the results of Fig. 3a,b, we examine the mechanism of nucleation of AFM skyrmion
in both cases.

From our micromagnetic simulations, we have found that in both cases (in-plane and out-of-plane), for the
nucleation of AFM skyrmion to be successful, the spins have to be rotated at least till an in-plane configuration is
achieved [See Supplementary Movies 2, 3]. If the current is switched off before this state, the magnetization will
again re-orient and form the checkerboard AFM state similar to the case of 7, < 5.5 ps in Fig. 2. This is also in
agreement with the observed threshold nature of the nucleation process in Fig. 3a,b. For a fixed 7, the current has
to be strong enough to rotate the magnetization just under the injection region to an in-plane state®. Similarly,
for a fixed current density J, ., the pulse width should be large enough for the magnetization to achieve the in-
plane state. However, as discussed earlier, there also exists a minimum threshold current density below which
the AFM skyrmion cannot be nucleated irrespective of the value of 7,,. For these values of current, the torque due
to STT is not sufficient for the magnetization to rotate significantly. To explain how the rotation of magnetiza-
tion occurs, we plot a representative trajectory of a single magnetic spin at the center of the injection region for
both J., and J,, in Fig. 3c,d, respectively. We use the same current density for both cases (6.5 x 1013 A/m?).
The initial state is shown by the solid blue arrow pointing up and is denoted by S; for both cases. The final states
are denoted by S ;, and Sy o, for in-plane and out-of-plane polarized currents, respectively. The line joining the
initial and final states represents the trajectory of the spin. The color of the trajectory at any point directly cor-
responds to the time elapsed (assuming current injection starts at t = 0 ps) which is shown by the color bar. Since
we are dealing with an AFM, we note that the magnetic spins adjacent to the shown spin will trace an opposite
trajectory as they are anti-ferromagnetically coupled. From Fig. 3¢c,d, we find that for the case of Jx, the plane
of rotation of magnetization is y-z while for the case of ], , the magnetization is precessing in x—y plane. The
frequency of precession for both cases is ~ 1 THz. For ], ;, the rotation along the y-z plane is advantageous as it
directly pushes the magnetization towards the in-plane direction. The time required for magnetization to reach
in-plane state will be roughly 1/4 of the total period of precession cycle. For the case of ] ;, the trajectory is very
different as the precession is along x—y plane. Due to this the magnetization gradually moves to in-plane state
over a period of several cycles. This can be clearly seen in Fig. 3d from the color of the trajectory which repre-
sents the elapsed time. For Jy ., the in-plane state is achieved in sub-picosecond range while for J, ; we require
~ 18 ps. This also explains why the nucleation time is higher for out-of-plane spin polarized current compared
to in-plane spin polarized current.

Nucleation of multiple AFM skyrmion. In-plane spin polarized current can also be used for successive
nucleation of multiple AFM skyrmions by continuous injection of current for a duration beyond the required
threshold pulse width (z). We show this property in Fig. 4, where AFM nucleation using in-plane spin polar-
ized current (Jy,;) is shown for three values of pulse widths (z,, = 0.7, 3.1, 12.8 ps). The current density is kept
constant at J,, = 3 x 10!* A/m?. Note that all three values of pulse widths used are above the threshold pulse
width for this current density (z3 = 0.7 ps).

It can be seen in Fig 4a—c, that the topological charge of each sub-lattice (Qa, Qp) reach an integral value of
+1, £2 and £3 for a threshold pulse width of 7,, =0.7 ps, 3.1 ps and 12.8 ps, respectively, which indicates the for-
mation of 1, 2 and 3 AFM skyrmions for the respective cases. To further confirm this, we also show the snapshots
of magnetization corresponding to each case in Fig. 4d-f. These snapshots are taken at t = 200 ps (measured
from the beginning of the current injection). The total nucleation time (z/°**) corresponding to each pulse width
(7y) is calculated from Fig. 4 and is listed in Table 1. For 7, = 0.7 ps, a single AFM skyrmion is nucleated in time
tiotal — 6.8 ps. For 7, = 3.1ps, we obtain two AFM skyrmions in a total time of 7/°/ = 8.4 ps. For 7, = 12.8 ps

n n
where three AFM skyrmions are nucleated, the total nucleation time is 7/ = 16.8 ps.
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Figure 4. Left figures (a—c) show the evolution of topological charge for the AFM skyrmion sub-lattices A
(open symbols) and sub-lattice B (closed symbols) for three different pulse widths (z,, = 0.7,3.1and 12.8 ps)
for a constant current density (J,, = 3 x 103 A/m?). Right figures (d-f) show the corresponding snapshots of
AFM skyrmions at 200 ps for each case.

Pulse Width, z,, (ps) Topological charge, Q4,g | AFM skyrmion count (n) | Total nucleation time, t,ﬁ"“” (ps)
0.7 +1 One 6.8
3.1 +2 Two 8.4
12.8 +3 Three 16.8

Table 1. Summary of Fig. 4: dependence of total nucleation time on current pulse width for multiple AFM
skyrmions.

The increase of total nucleation time 7/ for the case of two skyrmions is because of the following reasons.
Initially, when the first AFM skyrmion is created, it is situated at the center of the film right below the contact
region from which the current is being injected. The nucleation time for this skyrmion is dependent on the cur-
rent density as discussed in Fig. 3. Moreover, for a fixed current amplitude, the nucleation time decreases with an
increase in pulse width (for 7,, > t0). This is simply because the torque is applied for a longer duration allowing
the magnetization under the contact region to reverse faster. This can be easily seen in Fig. 4b, where the time
at which Qa p reaches 11is ~ 3 ps. This is the nucleation time for the first skyrmion which is nearly half of the
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Figure 5. (a) Time evolution of topological charge at (T =300 K) for sub-lattice A (open symbols) and B
(closed symbols) of the AFM skyrmion. (b) Variation of threshold pulse width on the temperature at fixed
current density (Jx, = 1 x 101> A/m?).

nucleation time of skyrmion in Fig. 4a. Once the first skyrmion is nucleated, for the creation of the second AFM
skyrmion, the first AFM skyrmion has to be pushed outside the current injection region. In case of in-plane spin
polarized current, this can happen without any external help if the current pulse is not switched off. This is due
to the fact that the net torque due to spin current J, , forces the nucleated AFM skyrmion to move towards —y
-direction, leaving the current injection region free for subsequent AFM skyrmion nucleation. It is important
to note that this is not possible when current is polarized out-of-plane (], ;) as there is no net torque on the
AFM skyrmion in the in-plane direction. Hence, the process of nucleation of multiple skyrmion is exclusive to
the application of in-plane polarized current (J ;). Due to this additional process of pushing of the first AFM
skyrmion out of the injection region, the nucleation of second skyrmion takes longer than the first skyrmion.
It may also be noted that during the time between Qs p = £1and Qap = %2, the second AFM skyrmion is
already partially created but has a trivial topology similar to droplets described in Ref. *°. For Fig. 4b, the second
skyrmion is nucleated att = 8.4 ps.

In Fig. 4c, we show the nucleation of three skyrmions for a pulse width of r,, = 12.8 ps. The nucleation of
first skyrmion in this case is similar to Fig. 4b and the first skyrmion is nucleated in 3 ps. During the nucleation
of second skyrmion, as the current is being continuously injected, we observe an additional behavior during the
nucleation process for which Q shows random switching between Q = +£1, and Q = %2 [Fig. 4c], which further
increases the t?°@!. As shown in the Supplementary Movie 4, this behavior corresponds to the merging of second
AFM skyrmion with the first AFM skyrmion. As the current is injected in CPP geometry, STT decays outside the
current injection region. As a result, even if the current pulse is not switched off, the first AFM skyrmion can only
move a limited distance out of the current injection region. When the second AFM skyrmion is nucleated and
pushed out of the current injection region, it merges with the slowly moving first skyrmion. However, when the
current is switched off at 12.8 ps, then the second AFM skyrmion slows down, and it stabilizes without merging
with the first AFM skyrmion while simultaneously allowing the formation of a third AFM skyrmion below the
current injection area. This process of AFM skyrmion destruction did not happen during the creation of second
skyrmion in Fig. 4b as the current pulse was already switched-off at 3.1 ps where Qa p just reaches £1. Similar to
Fig. 4b, during the stage between Qs p = £2and Qa p = %3, the third AFM skyrmion is already partially formed
but each sub-lattice of this AFM skyrmion has a trivial topology (Qa,g = 0). The above nucleation process is
also accompanied by a change in size and shape of the AFM skyrmions, which make the mechanism complex.

Finally, we note that despite the presence of complex features in the nucleation of multiple skyrmions lead-
ing to a non-monotonous variation in average nucleation time per skyrmion in each case, the phenomena itself
is deterministic in nature and we can control the number of the nucleated AFM skyrmion by varying the pulse
width of in-plane spin polarized current. Moreover, the direction of skyrmion propulsion is also dependent
on the direction of spin polarization. Simply reversing the polarity of current in our simulations would lead
to skyrmions being pushed towards +y-direction. In general, if the polarization direction of spin-current can
be freely varied (in the plane), skyrmions can be forced to move in any arbitrary direction. This feature would
be quite useful in logic-in-memory devices to create skyrmions on-demand and propel them towards different
logic gates. It should, however, be noted that the forces on the AFM skyrmion weaken as the distance between
AFM skyrmion and the current injection center increases. Therefore, to move skyrmions for longer distances,
additional forces (for e.g., spin-orbit torque) would still be required.

Temperature dependence. Finally, in order to check the robustness of our nucleation method using in-
plane spin polarized current, we introduce thermal noise in the system. This thermal noise is added as a fluctuat-
ing magnetic field in accordance to the formulations given by Brown®. Figure 5a shows the topological charge
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of sub-lattice A and B during the nucleation at T =300 K, which is obtained for pulse width z,, =5.5 ps and
current density J,, = 1.0 x 10'> A/m?. Despite the additional noise due to the finite temperature, the nuclea-
tion time can still be accurately extracted since the abrupt change in Qa g due to the nucleation of AFM skyr-
mion dominates over the noise in the data of Qa g due to the finite temperature. For the case shown in Fig. 5a,
the nucleation time is found to be ~ 8.5 ps which is a bit lower compared to the nucleation time at T =0 K in
Fig. 1b. However, for a fixed ,, = 5.5psand Jx, = 1.0 X 10'3 A/m?, the nucleation time t,, is found to be nearly
constant (variation < 2 ps) as a function of temperature. In order to determine nucleation time accurately, we
average simulations with ten different random seeds for each temperature. In Fig. 5b, we show the dependence of
threshold pulse width 2 on temperature at fixed J,; = 1.0 x 10'* A/m? for the nucleation of a single skyrmion.
3 is found to decrease by ~ 45% as temperature increases from 0 K to 300 K. The decrease in 7 is because of the
additional thermal noise which helps in destabilizing the initial checkerboard AFM configuration allowing for a
faster reversal when the current is applied. Physically, the inclusion of thermal noise can be seen as an additional
contribution to the initial energy of the system (checkerboard AFM state) making it easier for the system to cross
the energy barrier [in Fig. 2a] between the checkerboard AFM state and AFM skyrmion state leading to lower
energy expenditure (less current) for AFM skyrmion nucleation at higher temperatures. These results show that
our method of nucleation of AFM skyrmions is robust and finite temperature improves overall nucleation phe-
nomenon by reducing threshold pulse width.

Conclusion

We investigate the nucleation of AFM skyrmions by in-plane spin polarized current. We find that utilizing in-
plane polarization for skyrmion nucleation offers more than one order of magnitude lower energy consumption
compared to the traditionally used out-of-plane polarized current. Moreover, for same values of injected current,
the time required for nucleation of skyrmion is significantly lower for in-plane polarized current. From our simu-
lations, we find a nucleation time between 12-7 ps for injected current density in the range of 1 — 3 x 10'> A/m>.
Threshold current for nucleation in the in-plane case is nearly one order lower than the out-of-plane case, allow-
ing for the creation of skyrmion at much lower currents. We also show the possibility of nucleating multiple
skyrmions by injecting current pulses longer than the required threshold pulse width, a phenomenon which is
exclusive to the use of in-plane polarized current. Finally, we show that our nucleation method is robust against
temperature effects and the threshold pulse width decreases with the additional thermal noise in the system,
which is advantageous in terms of energy consumption.

Methods
We solve Eq. (1) using the micromagnetic simulation package Mumax? [Ref. **]. Material parameters are taken
for Refs.>**, we use the exchange stiffness A.x = —10 pJ/m, Gilbert damping coeflicient & = 0.3, the saturation

magnetization M; = 580 x 10° A/m , the DMI constant D = 3.5 x 107 I/mz, and the PMA constant

— 6 3 _ D _ _ 2Kefp _ 3
K = 0.8 x 10°J/m”. These parameters correspond to € = SUAR: = 0.7213and k = oME = 2.7849 which are

dimensionless DMI and anisotropy constant, respectively. Here, K¢ is the effective anistropy strength after
overcoming the magnetostatic interactions (Kef = K — poM2/2). The polarization efficiency of the spin-polar-
ized current is |[P| = 0.56. The field-like torque is assumed to be zero (§ = 0). Since we utilize CPP (current
perpendicular to plane) geometry the spin current is always flowing in the z-direction along the thickness of the
film (J = Joz). We assume that the magnetization does not change along the thickness of the film, for which the
non-adiabatic torque acting on the system vanishes and is not considered in our simulations. As Mumax? solves
Eq. (1) on finite difference grid, for small enough cell sizes, it is equivalent to an atomistic model and is sufficiently
valid for an AFM system****. In our simulations, we have considered an AFM square thin film of dimensions
512 nm X 512 nm x 2 nm which is discretized into cuboidal cells of size] nm x 1 nm x 2 nm. The dimensions
of each cell are kept much smaller than the exchange length [, = \/A/K = 3.53 nm. We employ periodic bound-
ary conditions along both x and y direction to avoid any interaction of the AFM skyrmion with the edges. For
\ ey A

finite temperature simulations, the additional random thermal field® is given by Beherm = 11/ 375 a5 Where,

n represents a random vector drawn from a normal distribution, AV is the micromagnetic cell volume, y is the
gyromagnetic ratio of the electron, At is the time-step for integrating Eq. (1) and T represents the
temperature.

Received: 30 January 2021; Accepted: 13 May 2021
Published online: 10 June 2021

References

1. Skyrme, T. H. R. A unified field theory of mesons and baryons. Nucl. Phys. 31, 556 (1962).

2. Heinze, S. et al. Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions. Nat. Phys. 7, 713 (2011).

3. Mulkers, J., Van Waeyenberge, B. & Milosevi¢, M. V. Effects of spatially-engineered Dzyaloshinskii-Moriya interaction in fer-
romagnetic films. Phys. Rev. B 95, 144401 (2017).

4. Bogdanov, A. N. & Hubert, A. Thermodynamically stable magnetic vortex states in magnetic crystals. J. Magn. Magn. Mater. 138,
255 (1994).

5. Bogdanov, A. N. & Hubert, A. The stability of vortex-like structures in uniaxial ferromagnets. J. Magn. Magn. Mater. 195, 182
(1999).

6. Woo, S. et al. Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic
ferromagnets. Nat. Mater. 15, 501 (2016).

7. Moreau-Luchaire, C. et al. Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at
room temperature. Nat. Nano. 11, 444 (2016).

Scientific Reports |

(2021) 11:12332 | https://doi.org/10.1038/s41598-021-91591-8 nature portfolio



www.nature.com/scientificreports/

8. Leonov, A. et al. The properties of isolated chiral skyrmions in thin magnetic films. New J. Phys. 18, 065003 (2016).
9. Miihlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science 323, 915 (2009).

10. Wilhelm, H. et al. Precursor phenomena at the magnetic ordering of the cubic helimagnet FeGe. Phys. Rev. Lett. 107, 127203
(2011).

11. Leonov, A. O. & Bogdanov, A. N. Crossover of skyrmion and helical modulations in noncentrosymmetric ferromagnets. New J.
Phys. 20, 043017 (2018).

12. Janson, O. et al. The quantum nature of skyrmions and half-skyrmions in Cu,0SeO;. Nat. Commun. 5, 5367 (2014).

13. Qian, F. et al. New magnetic phase of the chiral skyrmion material Cu,0SeOs. Sci. Adv. 4, eaat7323 (2018).

14. Bannenberg, L. J. et al. Multiple low-temperature skyrmionic states in a bulk chiral magnet. NPJ Quant. Mater. 4, 11 (2019).

15. Boulle, O. et al. Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures. Nat. Nano. 11, 449 (2016).

16. Husain, S. et al. Observation of skyrmions at room temperature in Co,FeAl heusler alloy ultrathin film heterostructures. Sci. Rep.
9, 1085 (2019).

17. Nembach, H. T., Shaw, J. M., Weiler, M., Jué, E. & Silva, T. J. Linear relation between Heisenberg exchange and interfacial Dzya-
loshinskii-Moriya interaction in metal films. Nat. Phys. 11, 825 (2015).

18. Chaurasiya, A. K. et al. Direct observation of unusual interfacial Dzyaloshinskii-Moriya interaction in graphene/NiFe/Ta hetero-
structures. Phys. Rev. B99, 035402 (2019).

19. Chaurasiya, A. K. et al. Direct observation of interfacial Dzyaloshinskii-Moriya interaction from asymmetric spin-wave propaga-
tion in W/CoFeB/SiO, heterostructures down to sub-nanometer CoFeB thickness. Sci. Rep. 6, 32592 (2016).

20. Torrejon, J. et al. Interface control of the magnetic chirality in CoFeB/MgO heterostructures with heavy-metal underlayers. Nat.
Commun. 5, 4655 (2014).

21. Samardak, A. et al. Enhancement of perpendicular magnetic anisotropy and Dzyaloshinskii-Moriya interaction in thin ferromag-
netic films by atomic-scale modulation of interfaces. NPG Asia Mater. 12, 51 (2020).

22. Xia, S. et al. Interfacial Dzyaloshinskii-Moriya interaction between ferromagnetic insulator and heavy metal. Appl. Phys. Lett. 116,
052404 (2020).

23. Leonov, A. & Mostovoy, M. Multiply periodic states and isolated skyrmions in an anisotropic frustrated magnet. Nat. Commun.
6, 8275 (2015).

24. Sisodia, N., Komineas, S. & Muduli, P. K. Chiral skyrmion auto-oscillations in a ferromagnet under spin-transfer torque. Phys.
Rev. B99, 184441 (2019).

25. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic skyrmions. Nat. Nano. 8, 899 (2013).

26. Sampaio, J., Cros, V., Rohart, S., Thiaville, A. & Fert, A. Nucleation, stability and current-induced motion of isolated magnetic
skyrmions in nanostructures. Nat. Nano. 8, 839 (2013).

27. Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nat. Nano. 8, 152 (2013).

28. Zhang, X. et al. Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory. Sci. Rep. 5, 7643 (2015).

29. Zhang, X., Ezawa, M. & Zhou, Y. Magnetic skyrmion logic gates: conversion, duplication and merging of skyrmions. Sci. Rep. 5,
9400 (2015).

30. Litzius, K. et al. Skyrmion Hall effect revealed by direct time-resolved X-ray microscopy. Nat. Phys. 13, 170 (2017).

31. Jiang, W. et al. Direct observation of the skyrmion Hall effect. Nat. Phys. 13, 162 (2017).

32. Chen, G. Spin-orbitronics: Skyrmion Hall effect. Nat. Phys. 13, 112 (2017).

33. Barker, J. & Tretiakov, O. A. Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current
and temperature. Phys. Rev Lett. 116, 147203 (2016).

34. Gobel, B., Mertig, I. & Tretiakov, O. A. Beyond skyrmions: Review and perspectives of alternative magnetic quasiparticles. Phys.
Rev. 895, 1 (2021).

35. Gao, S. et al. Fractional antiferromagnetic skyrmion lattice induced by anisotropic couplings. Nature 586, 37 (2020).

36. Jin, C., Song, C., Wang, J. & Liu, Q. Dynamics of antiferromagnetic skyrmion driven by the spin Hall effect. Appl. Phys. Lett. 109,
182404 (2016).

37. Bessarab, P. et al. Stability and lifetime of antiferromagnetic skyrmions. Phys. Rev. B 99, 140411 (2019).

38. Liang, X. et al. Antiferromagnetic Skyrmion-based logic gates controlled by electric currents and fields. arXiv preprint
arXiv:1909.10709 (2019).

39. Shen, L. et al. Current-induced dynamics of the antiferromagnetic skyrmion and skyrmionium. Phys. Rev. A 12, 064033 (2019).

40. Dohi, T, DuttaGupta, S., Fukami, S. & Ohno, H. Formation and current-induced motion of synthetic antiferromagnetic skyrmion
bubbles. Nat. Commun. 10, 5153 (2019).

41. Shen, L. et al. Spin torque nano-oscillators based on antiferromagnetic skyrmions. Appl. Phys. Lett. 114, 042402 (2019).

42. Akosa, C. A, Tretiakov, O., Tatara, G. & Manchon, A. Theory of the topological spin Hall effect in antiferromagnetic skyrmions:
Impact on current-induced motion. Phys. Rev. Lett. 121, 097204 (2018).

43. Holldack, K. et al. Ultrafast dynamics of antiferromagnetic order studied by femtosecond resonant soft X-ray diffraction. Appl.
Phys. Lett. 97, 062502 (2010).

44. Duong, N. P, Satoh, T. & Fiebig, M. Ultrafast manipulation of antiferromagnetism of NiO. Phys. Rev. Lett. 93, 117402 (2004).

45. Jungwirth, T., Marti, X., Wadley, P. & Wunderlich, J. Antiferromagnetic spintronics. Nat. Nano. 11, 231 (2016).

46. Zhao, X., Ren, R, Xie, G. & Liu, Y. Single antiferromagnetic skyrmion transistor based on strain manipulation. Appl. Phys. Lett.
112, 252402 (2018).

47. Xia, H. et al. Control and manipulation of antiferromagnetic skyrmions in racetrack. J. Phys. D 50, 505005 (2017).

48. Khoshlahni, R., Qaiumzadeh, A., Bergman, A. & Brataas, A. Ultrafast generation and dynamics of isolated skyrmions in antifer-
romagnetic insulators. Phys. Rev. B 99, 054423 (2019).

49. Zhang, X., Zhou, Y. & Ezawa, M. Magnetic Bilayer-Skyrmions without skyrmion hall effect. Nat. Commun. 7, 10293 (2016).

50. Salimath, A., Zhuo, E, Tomasello, R., Finocchio, G. & Manchon, A. Controlling the deformation of antiferromagnetic skyrmions
in the high-velocity regime. Phys. Rev. B 101, 024429 (2020).

51. Liu, L., Moriyama, T., Ralph, D. & Buhrman, R. Spin-torque ferromagnetic resonance induced by the spin Hall effect. Phys. Rev.
B 106, 036601 (2011).

52. Garello, K. et al. Symmetry and magnitude of spin-orbit torques in ferromagnetic heterostructures. Nat. Nano. 8, 587 (2013).

53. Lee, K.-S. et al. Angular dependence of spin-orbit spin-transfer torques. Phys. Rev. B 91, 144401 (2015).

54. Menezes, R. M., Mulkers, J., de Souza Silva, C. C. & Milosevi¢, M. V. Deflection of ferromagnetic and antiferromagnetic skyrmions
at heterochiral interfaces. Phys. Rev. B99, 104409 (2019).

55. Vansteenkiste, A. et al. The design and verification of Mumax®. AIP Adv. 4, 107133 (2014).

56. Zhang, X., Zhou, Y. & Ezawa, M. Antiferromagnetic skyrmion: Stability, creation and manipulation. Sci. Rep. 6, 24795 (2016).

57. Kim, V. J. & Mulkers, J. On quantifying the topological charge in micromagnetics using a lattice-based approach. IOP SciNotes 1,
025211 (2020).

58. Obadero, S., Yamane, Y., Akosa, C. & Tatara, G. Current-driven nucleation and propagation of antiferromagnetic skyrmionium.
Phys. Rev. B 102, 014458 (2020).

59. Sisodia, N., Muduli, P. K., Papanicolaou, N. & Komineas, S. Chiral droplets and current-driven motion in ferromagnets. Phys. Rev.
B 103, 024431 (2021).

60. Brown, W. E. Jr. Thermal fluctuations of a single-domain particle. Phys. Rev. 130, 1677 (1963).

Scientific Reports|  (2021) 11:12332 | https://doi.org/10.1038/s41598-021-91591-8 nature portfolio



www.nature.com/scientificreports/

Acknowledgements

The partial support from the Ministry of Human Resource Development under the IMPRINT program (Grant
nos. 7519 and 7058), the Department of Electronics and Information Technology (DeitY), and Department of
Science and Technology under the Nanomission program (Grant no. SR/NM/NT-1041/2016(G)) are gratefully
acknowledged. K.I.A gratefully acknowledges UGC-CSIR and Department of Science and Technology (DST),
Government of India for financial support. The authors thank II'T Delhi HPC facility for computational resources.

Author contributions

PK.M. conceived the simulation. K.I.A.K., and PK.M. conducted the simulation and analyzed the results. K.I.A.K.
wrote the micromagnetic simulation codes and analyzed the simulation data with help from N.S., and PK.M.
All authors co-wrote and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-91591-8.

Correspondence and requests for materials should be addressed to PK.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:12332 | https://doi.org/10.1038/s41598-021-91591-8 nature portfolio


https://doi.org/10.1038/s41598-021-91591-8
https://doi.org/10.1038/s41598-021-91591-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Energy-efficient ultrafast nucleation of single and multiple antiferromagnetic skyrmions using in-plane spin polarized current
	Results and discussion
	Micromagnetic simulations. 
	Nucleation of single AFM skyrmion. 
	In-plane versus out-of-plane spin polarization. 
	Nucleation of multiple AFM skyrmion. 
	Temperature dependence. 

	Conclusion
	Methods
	References
	Acknowledgements


