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Abstract

Skyrmions in antiferromagnetic (AFM) materials with the Dzyaloshinskii-Moriya (DM)
interaction are expected to exist for essentially the same reasons as in DM ferromagnets
(FM). It is shown that skyrmions in antiferromagnets with the DM interaction can be
traveling as solitary waves with velocities up to a maximum value that depends on the
DM parameter. Their configuration is found numerically. The energy and the linear
momentum of an AFM skyrmion lead to a proper definition of its mass. We give the
details of the energy-momentum dispersion of traveling skyrmions and explore their
particle-like character based on exact relations. The skyrmion number, known to be
linked to the dynamics of topological solitons in FM, is, here, unrelated to the dynamical
behavior. As a result, the solitonic behavior of skyrmions in AFM is in stark contrast to
the dynamical behavior of their FM counterparts.
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1 Introduction

Topological magnetic solitons have been studied extensively for ferromagnets (FM) and weak
ferromagnets. In both cases a nonvanishing magnetization develops in the ground state, al-
beit by a different physical mechanism, which allows a detailed experimental investigation by
standard techniques [1,2]. In contrast, direct experimental evidence for pure antiferromag-
netic (AFM) solitons is rare and has only been reported in recent years [3-5]. Theoretical
arguments suggest that such solitons should exist for essentially the same reasons as in ordi-
nary FM. It is therefore expected that vortices and chiral skyrmions that have been observed
and studied in FM with the Dzyaloshinskii-Moriya (DM) interaction [6] have their counter-
parts in AFM [7], [8]. On the other hand, the dynamics of solitons in AFM is expected to be
substantially different [9].

The dynamics of the magnetic microstructure in AFM is governed by suitable extensions
of the relativistic nonlinear g-model [2, 10-12] instead of the Landau-Lifshitz equation in
FM. The relevance of the g-model for the description of antiferromagnets became apparent
through standard hydrodynamic approaches [13-15]. Detailed applications to AFM solitons
were carried out mostly in the Soviet literature reviewed in part in [2], and more recently
in [8,16,17]. The type of dynamics of magnetic solitons supported by the o-model allows for
traveling solitons and it is thus very different than the dynamics in ferromagnets. A topological
soliton in a FM, such as a chiral skyrmion, is characterized by a topological number, called the
skyrmion number in this context. A direct link between the skyrmion number and the dynamics
of topological solitons in FM [18] was already apparent in the, so-called, Thiele equation for
rigid vortex motion [19]. In contrast to FM, the skyrmion number is not linked to the dynamics
of AFM solitons; instead, a different topological number was shown to be linked to AFM soliton
dynamics only in the case that an external magnetic field is applied [11].

The above remarks paint an intriguing picture for the dynamics of topological solitons in
AFM. In this work, we will focus on AFM materials with the DM interaction, such as those
studied in Ref. [8], [20] and we will study the dynamics of chiral skyrmions. The existing
results leave open the possibility for driving skyrmions in AFM as ordinary Newtonian parti-
cles, without experiencing a skew deflection (or Magnus force dynamics) seen for topological
solitons in FM. In fact, traveling solitons can be readily found within the standard o-model by
means of a Lorentz transformation, but the issue remains to be studied within an extension of
the o-model for chiral magnets.

We show that topological solitons, such as skyrmions, present solitary wave behavior and
they can propagate with a velocity up to a maximum value that depends on the DM parameter.
We calculate the details of the traveling skyrmion configuration and we show that a mass can
be naturally associated to a skyrmion. The particle-like character of AFM skyrmions is shown
via their dispersion relation. Although our results are obtained within the conservative o-
model the details can help guide any subsequent efforts to exploit the dynamics of skyrmions
by applying external forces, such as spin-torques.

The outline of the paper is as follows. Sec. 2 introduces the discrete model for spin dy-
namics in AFM and a continuous theory derived from this, that is, a nonlinear o-model. Sec. 3
presents numerical solutions for traveling AFM skyrmions within the o-model and the discrete
model and examines their features. Sec. 4 studies the energy and momentum of traveling
skyrmions and examines their particle-like character. Sec. 5 contains our concluding remarks.
In Appendix A we give the details of the derivation of the o-model. In Appendix B we derive
virial relations for traveling skyrmions that are used extensively in the main text. Appendix C
gives some results for the Lorentz invariant model.
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2 The nonlinear sigma model

2.1 The discrete model

As a model for the magnet in two dimensions, we consider a square lattice of spins S; ; with a
fixed length Si ;= s2, where i, j are integer indices for the spin site. Magnetic materials with
crystal structure of low symmetry present exchange interactions with both a symmetric and
an antisymmetric part and the latter is usually called the Dzyaloshinskii-Moriya interaction
[21,22]. We write a discrete Hamiltonian on the square lattice and we include symmetric
exchange, a DM term, and an anisotropy term,

E=E+Ep+E,. (D
The symmetric part of the exchange energy is

Eex = JZSI,J . (Si+1,j + Si,j+1)? J > O, (2)
L,j
where antiferromagnetic coupling has been assumed. For the DM interaction we are motivated
by the material K,V;0g [23] and we will follow Refs. [8], [20]. We will use only a simplified
version of the DM energy, and we will omit the part responsible for weak ferromagnetism. We
set
Epm = DZ [é,- (Sij % Siy1,j)— €1 -(S;; % Si,j+1):|, (3)
L,j
where é;, i = 1,2,3 denote the unit vectors in spin space. We consider an anisotropy term of
the easy-axis type

g
E, = 5 izj:[(si,j)S]Zz @)

where (S; ;)5 denotes the third component of a spin vector.
The equation of motion for the spins is derived from the Hamiltonian and reads

831',]' . 351"]‘

ot =Si’iji’j—aSi’jX ot , (5)
_BE

fi="3s,,

i,j
where F is the effective field. The first term on the right side of the equation conserves the

energy and the second one is a damping term with & the dissipation constant. The explicit
form of the effective field is

F;j =—J(Siz1,j +Sij+1+Sim1j+Sij-1) (6)
+D[é; x (Sit1,j—Si—1,j) — &1 x (S j+1 _Si,j—l)]
+ g(S; j)38s.

2.2 The continuum approximation

Further analysis will be greatly facilitated if we pass to a continuum model for the antiferro-
magnet [2,10-12]. The derivation of this model is given in Appendix A and it is based on a
tetramerization of the original spin lattice. The order parameter is the continuous Néel vector
n =n(x,y, t) defined in Eq. (35), with components (n;, n,, n3), and it satisfies the constraint
n? = 1. The space variables x, y and time 7 are defined in Egs. (37) and (38) respectively. In
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the conservative case (& = 0), it satisfies Eq. (42), which, after suitable rescaling of the space
variables (setting x = 1), is written as

nx(ii—f)=0, (7)
f=An+2Ae,,8, x d,n+nsés,

where the dot denotes differentiation with respect to the scaled time variable 7, A denotes the
Laplacian in two dimensions, €, is the antisymmetric tensor with u, v = 1,2, and the sum-
mation convention for repeated indices is adopted. The notation ;, d, denotes differentiation
with respect to x, y respectively.

Model (7) is an extension of the nonlinear o-model. It is Hamiltonian with energy (see
also Refs. [7,24])

E=3n%+V, (8

. 1
V =3(8,n)(8,n)—Ae,,8, - (Bn xn) + 5(1 —n3),

and the effective field in Eq. (7) is derived from f = —6V /6n. The DM energy is written in
terms of the, so-called, Lifshitz invariants

L,,=¢&, (0,nxn) ()}

that will also appear in various formulae in the following. The ground state is the uniform
state for A < 2/m and the spiral state for A > 2/m [25]. We will study isolated skyrmions that
are excited localised states on a uniform background.

The magnetization m is defined in Eq. (35) as the mean value of the spin on the tetramers.
It is an auxiliary field in this theory, given in terms of n by Eq. (40) (repeated here for com-
pleteness),

=—_nxi 10
m= 5 ﬁn X1, (10)
where € is a small parameter introduced in the definition of the scaled space variable through
Eq. (37). It appears that the magnetization goes to zero in the limit of small € where Eq. (10)
is valid. But, one should recall that the definition of the scaled time in Eq. (38) contains € and,
therefore, in the physical units used for a specific material, the value of the magnetization
vector will be nonzero [10,12].

One should notice that the static sector of the o-model (7) for the Néel vector in an antifer-
romagnet is identical to the static sector of the Landau-Lifshitz equation for the magnetization
vector of a ferromagnet with corresponding interactions (exchange, DM, and anisotropy). We
therefore expect that the static solitons (skyrmions, vortices, etc) obtained in an AFM precisely
correspond to their counterparts in a FM. On the other hand, the dynamics of these solitons
is different in AFM compared to FM. This is due to the different dynamical sectors of the o-
model and the Landau-Lifshitz equation, a point elaborated upon in App. B in connection with
Egs. (48) and (49).

3 Traveling skyrmion profiles

If we include the standard Gilbert damping, as it appears in the discrete Eq. (5), the continuum
model (7) is extended as follows,

nx(fi—f+an)=0, (1D
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where the damping constant in the discrete and in the continuous models are related by
a = (e/2)a. We can derive a relaxation algorithm by assuming that the damping term dom-
inates, @ — 00. This is equivalent to neglecting the second time derivative in Eq. (11) and
setting a = 1 (or rescaling time) thus obtaining the relaxation algorithm

n=—-nx(nxf). (12)

For any initial configuration, the above algorithm will lead to a local minimum of the energy
in the limit t — 0o. Eq. (12) is identical to the relaxation algorithm used for magnetization
configurations satisfying the Landau-Lifshitz equation. We have applied (12) in order to find
static AFM skyrmion solutions. The result is, obviously, identical to the chiral skyrmion config-
urations or profiles found for FM [26,27], except that, here, the skyrmion configuration refers
to the field n, and, according to Eq. (10), m = 0.
We are interested in skyrmions traveling as solitary waves, that is, solutions of Eq. (7) of
the form
n=n(x—vrt,y), (13)

where v is the velocity of propagation and we have chosen x as the direction of propagation. It
is instructive to note that such solutions would be obtained in a straightforward way if the DM
interaction were not present in Eq. (7). In that case, the model would be Lorentz invariant,
i.e., for any static solution ny(x,y), a traveling solution would be obtained by applying the
Lorentz transformation
xX—vT

n(x,y,1;v)=no(&,y), & N 14
and the velocity of propagation can be chosen in the interval 0 < v < 1. Some basic results for
Lorentz invariant models are reviewed in Appendix C. When the DM interaction is present, one
cannot obtain traveling solutions by simply invoking the Lorentz transformation, nevertheless,
we will find numerically that traveling skyrmion solutions do exist for A # 0.

We insert the traveling wave form (13) in Eq. (7) and obtain

nx(f—v*32n)=0. (15)

Solutions of the latter equation can be found by using the relaxation algorithm (12) where
instead of f we have to use f — Uzalzn. We apply the algorithm using as an initial condition a
Belavin-Polyakov skyrmion. Dirichlet boundary conditions are applied with n = (0,0, 1) at the
lattice end points. We typically use a lattice spacing Ax = 0.1. The algorithm converges to a
skyrmion that is a solution of Eq. (15), for a range of velocities 0 < v < v,. For the parameter
value A = 0.45, we find a maximum velocity v. ~ 0.715.

Fig. 1 shows the configurations for the field n for a static skyrmion and for skyrmions
traveling with various velocities. As the velocity increases the skyrmion gets elongated along
the axis perpendicular to the direction of propagation. There also is a smaller elongation of
the configuration along the axis of propagation. This is very different than the configuration
of traveling solitons under the Lorentz transformation (14), where the soliton is actually just
contracted along the direction of propagation. When the velocity approaches the critical ve-
locity v, the skyrmion core expands in space, apparently to become infinitely elongated in the
limit v — v,. Refs. [28,29] report numerical observations for elliptical deformation of AFM
skyrmions when these are set in motion by spin-Hall torque.

The maximum velocity of propagation is v, < 1, that is, it is lower for the model with DM
interaction compared to the value v, = 1 attained in the Lorentz invariant model (for A = 0).
We expect that v, — 1 as A — 0. On the other hand, v, decreases as the DM parameter A is
approaching the value 2/7 (where the skyrmion radius becomes large).
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Figure 1: The field n for a static and for traveling skyrmions for the parameter value
A = 0.45. Entry (a) shows the static (axially symmetric) skyrmion and the remaining
entries show traveling skyrmions with velocities (b) v = 0.2, (¢) v = 0.4, and (d)
v = 0.6. Vectors show the projection of n on the plane and colors denote the nj
component (red means nz > 0, blue means n; < 0 and white is for n; ~ 0). The
skyrmions get elongated perpendicular to the direction of propagation (y direction)
as the velocity increases. Their size along the direction of propagation (x direction)
also increases with the velocity albeit at a much slower rate than in the y direction.

The key to understanding the behavior of the maximum velocity v, is the numerical finding
that the skyrmion expands in both the x and y directions as v approaches v.. In the limit
v — v, we could try to study the system separately in the two directions. For this purpose, it
is helpful to write Eq. (15) in the form

n x {[(1 —vz)ﬁlzn —Aé, x I n]+ [322n +Aé; x don]+ ngég} =0, (16)

grouping together the terms with partial derivatives in the same direction. In the limit v — v,
where the skyrmion is very elongated in the y direction, we could study the profile on the x
axis neglecting the y derivatives. The obtained one-dimensional (1D) equation has a stable
uniform state and a domain wall solution when the effective DM parameter is smaller than

2/m. For Eq. (16) this gives
2
1<\ 1—%/125% (17)

A
v(1—v2?)

4

2
<—=|
T
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Table 1: Values of v, obtained numerically for various values of the parameter A.
They are found to be in good agreement with Eq. (17).

A v,
0.35 0.85
0.40 0.79
0.45 0.715
0.50 0.63
0.55 0.51
0.60 0.35

The results of numerical simulations give, indeed, values for maximum skyrmion velocities to
within about 1% of those obtained from formula (17), as can be seen in Table 1. Numerical
simulations for skyrmion configurations at values of A close to zero or close to 2/ are more
complicated because of the multiscale character of the solutions at these values of A [26,27].
The exploration of the entire range of A values numerically would require the development of
special numerical methods.

In the above considerations, we viewed the skyrmion domain wall as a 1D domain wall in
the skyrmion elongation direction (perpendicular to the x axis). This lead to the successful
prediction of the maximum skyrmion velocity v. by Eq. (17), meaning that this velocity is
established by the same mechanism that is responsible for the distabilisation of the uniform to
the spiral state.
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Figure 2: The magnetization m/e for the traveling skyrmions shown in Fig. 1 for ve-
locities (a) v = 0.4 and (b) v = 0.6. There is a net magnetization in the é, direction
and this is increasing with the propagation velocity as indicated in Fig. 3. For the val-
ues of the components of m/e, we have (a) —0.113 < m,/e < 0.023, |m5|/e < 0.077
and (b) —0.168 < m,/e < 0.034, |m3|/e < 0.106. The representation of the vector
m follows the conventions explained in Fig. 1.

A significant feature of traveling AFM skyrmions is seen in their magnetization vector given
in Eq. (10). For traveling solutions of the form (13) we have

€V
m=——20on xn. (18)
22

Fig. 2 shows the vector m /e for traveling skyrmions for two values of the velocity. The magneti-
zation vector is divided by € for the reasons explained following Eq. (10). The third component
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of m has opposite values in the upper and the lower half of the skyrmion. More interesting is
the fact that the in-plane component of m points in the negative y axis.

M,

Figure 3: The total magnetization M, defined in Eq. (19) of a traveling skyrmion
as a function of the skyrmion velocity v. The parameter value is A = 0.45 and the
vertical dotted line marks the maximum value of the velocity v, ~ 0.715.

Let us define the total magnetization along y by

1 v
My,==| mydxdy=—— | é&,-(d;n xn)dxdy. (19
2 ef 2 Y 2\/§f2(1 ) Yy

The integrand is the Lifshitz invariant £,; defined in Eq. (9). The integral in Eq. (19) gives a
nonzero negative result for a skyrmion as it is proportional to a part of the DM energy. Similarly,
for a Néel domain wall perpendicular to the x axis, it gives the result —n. Consequently, as
the velocity increases, and the skyrmion gets elongated in the y direction, the integrated £,;
is expected to grow in absolute value proportionally to the skyrmion length along the y axis.
This is indeed confirmed by the numerical data to a good approximation for every velocity v.
Fig. 3 shows M, as a function of the velocity v. It is approximately linear for small velocities
due to the factor v in Eq. (19) and it diverges as v — v, where the skyrmion becomes infinitely
elongated.

Reversing vector m would lead to a skyrmion moving in the opposite direction. Otherwise,
skyrmions with negative and positive velocities, v, have the same configuration of n.

The traveling skyrmion configurations for n shown in Fig. 1 and the associated fields
m, k,l, obtained by Egs. (39) and (40), can be used to find the spins at each tetramer via
Eq. (43). As a check of consistency we have tested the dynamics of the spin configurations S; ;
obtained from the configuration n of traveling skyrmions such as those in Fig. 1. We propa-
gate in time under Eq. (5) a skyrmion configuration in the spin lattice and we verify that this
propagates rigidly with a velocity 2+/2asJv, where v is the skyrmion velocity in the o-model
and a the lattice spacing in the spin lattice. The factor 2+/2asJ is due to the definition of the
scaled time (38) in the o-model. This provides a verification of the consistency of the original
equations (5) for the spins with the continuum approximation (7).

The detailed description of the configuration for a traveling skyrmion can serve as a guide
for setting-up schemes to obtain these in experiments. Engineering the vector m in order to
obtain configurations such as those in Fig. 2 could lead to such methods.

8
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4 Particle-like character

One of the most interesting features of solitons is that they behave as particles. We will
study this making extensive use of the relations derived in App. B. In order to explore the
details of its particle-like character, we study the energy (8) of the skyrmion as a function
of velocity. For small velocities we may assume that the traveling skyrmion configuration is
n(x,y,T;v) ~ny(x —v7t,y). Then, the energy takes the form

1 2
E:thzdxdy+Eo=%J(31n0)2dXdY+Eo, (20)

where E is the energy of the static skyrmion. We set

Mo = J(alno)dedy (21)
and write the energy for small velocities as
E(v)= %MOUZ + Ey, v <L V. (22)
This has the form of the energy of a Newtonian particle with a rest mass M.

A measure of the size of the skyrmion is given by the total number of reversals for the third
component of the vector n, defined as

N = J(l —n3)dxdy. (23)

In the simple case of a circular region of radius R where ny = —1, we would have R = v/ N /(27).

40
301
20 1
M,

10 N

0 :

0.0 0.2 0.4 0.6

A

Figure 4: The rest mass M of a skyrmion defined in Eq. (21) and the Néel vector
reversals A/ defined in Eq. (23) as functions of the dimensionless DM parameter A.
In the limit A — 0, we have M, = 47 and N = 0. The dotted vertical line marks the
value A = 2/1 where the skyrmion radius diverges to infinity.

The mass of the skyrmion as well as A/ depend on the skyrmion profile. Changing the DM
parameter A changes the skyrmion profile. Fig. 4 shows the rest mass M and the Néel vector

9
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reversals )\ for a static skyrmion as functions of the DM parameter. For A — 0 the skyrmion
radius goes to zero and the skyrmion profile approaches that of the BP skyrmion [26]. Thus,
in this limit, M, — 41 and N' — 0. For A — 2/m, the skyrmion radius goes to infinity and
the skyrmion profile is described via a domain wall similar to the 1D domain wall [27,30]. In
this limit, M, is proportional to the skyrmion radius and N is proportional to the skyrmion
area (radius squared) while they both diverge to infinity.

The components of the linear momentum (P;, P,) in this system are given by [11,31]

Plz_Jnalndxdy’ pZ:—Jnazndxdy (24)

For a traveling wave as in Eq. (13) only the first component P = P; is nonzero and we have
P = Mo, (25)
where we have defined the mass

M= J(@ln)zdxdy (26)

that depends on the velocity, M = M(v), via the skyrmion configuration. For small velocities
the assumption n(x, y, 7;v) ~ nyg(x —v7,y) leads to

P=v J(Blno)zdxdy =M, v<u,. (27)

Figure 5: The mass M defined in Eq. (26), and the Néel vector reversals N in
Eq. (23) of a traveling skyrmion as functions of the skyrmion velocity v. The pa-
rameter value is A = 0.45. The vertical dotted line marks the maximum value of the
velocity v, ~ 0.715.

Fig. 5 shows the numerically obtained mass M and Néel vector reversals " as functions
of the skyrmion velocity. Both quantities increase as the velocity increases and they diverge to
infinity as v — v.. The key for the understanding of the behavior of M for velocities close to v,
is the numerical finding that the skyrmion gets elongated in the y direction. Since M depends

10
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Figure 6: The energy (8) and the linear momentum P given in Eq. (25) for a traveling
skyrmion as a function of its velocity v, for A = 0.45. The behavior at small velocities
is given by Egs. (22) and (27) for My = 14.29, E, = 9.73. The vertical dotted line
marks the maximum value for the velocity v, =~ 0.715, where both E and P diverge
to infinity.

on a derivative along x only, we are lead to the conclusion that it should be proportional to
the skyrmion length along the y axis in the case of large elongation. This is indeed verified by
the numerical data.

Fig. 6 shows the energy E and the linear momentum P of a traveling skyrmion as functions
of the velocity v. The numerical results shown in the figure verify the linear dependence of P
on the velocity for small v with a proportionality constant equal to M. The parabolic form
of the energy (22) with the same constant M, is also verified. For velocities close to v, the
energy and the linear momentum diverge to infinity thus showing relativistic behavior.

The group velocity relation
dE

~dp
is verified by our numerical results for the entire range of linear momenta. The energy-
momentum relation for small velocities is obtained from Egs. (22) and (27),

v (28)

2

ErEy+ —o,
" 2M,

v < v, (29)
and it is consistent with Eq. (28). For large momenta we can substitute v ~ v, in Eq. (28) and
obtain

E~v P+E, vV — Vg, (30)

where E. is a constant. Formula (30) fits very well the numerical data for E. = 4.5 for the
parameter value A = 0.45. Fig. 7 shows the dispersion relation (energy vs momentum) for the
numerically calculated traveling skyrmions. The combination of the two forms (29) and (30),
that are also plotted in the figure, give an excellent approximation for almost the entire range
of linear momenta.

11
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Figure 7: The energy-momentum dispersion for the traveling skyrmions, for
A = 0.45, is shown by a solid black line. For small momenta the relation is parabolic
as shown in Eq. (29) for My = 14.29, E, = 9.73, that it is plotted by a green dotted
line. The dispersion becomes linear for large momenta according to Eq. (30), for
E. = 4.5, that is plotted by a blue dotted line.

Virial relations for the traveling skyrmions are derived in Appendix B. Eq. (54) for the
energy can be written as

E=M+1Jé2-(81n xn)dxdy. (31)

The second term on the right hand side is the integrated Lifshitz invariant £,;. In the case of
a static skyrmion, it is proportional to the DM energy and it gives a negative contribution. We
thus conclude that the DM interaction modifies the relation between energy and mass com-
pared to standard Lorentz invariant models (see Appendix C). The integrated Lifshitz invariant
in Eq. (31) and the mass M are both proportional to the length of the traveling skyrmion in
the y direction as has been discussed in the paragraphs following Eq. (19) and Eq. (26) re-
spectively.
Eq. (31) takes an interesting form if we use Eq. (53). We obtain

E = Mv? +J Oon - dyndxdy —AJ é;-(6yn xn)dxdy. (32)

Since the skyrmion gets strongly elongated in the y direction for large velocities, the two last
terms on the right hand side, that contain only y derivatives, become negligible compared to
the first term in the limit v — v.. Therefore, Eq. (32) contains more concrete information
than its equivalent Eq. (31). Specifically, we find a very good approximation of the numerical
data for large velocities v ~ v, using the simplified version of Eq. (32)

Em~ Mv2+E, v, (33)

An alternative way to obtain Eq. (33) is to use Eq. (30) with P ~ Mw,, that is valid for v ~ v,.
In that case, Eq. (33) taken in combination with Eq. (32) prove that the energy shift is obtained

12


https://scipost.org
https://scipost.org/SciPostPhys.8.6.086

Scil SciPost Phys. 8, 086 (2020)

as

f &yn - d;ndxdy —AJ &, - (8yn x n)dxdy —5 E.. (34)

Eq. (33) can be compared with the standard relativistic relation in Eq. (56). The two
equations differ in that v, < 1 is smaller that the velocity of light in the Lorentz invariant
model and in that the chiral model introduces a constant shift E, in the energy in the relativistic
limit v — v..

5 Concluding remarks

We have given a detailed description of traveling skyrmions in antiferromagnets with the
Dzyaloshinskii-Moriya interaction. The study is based on a nonlinear o-model that is derived
as the continuum approximation of the original discrete model for a lattice of spins with anti-
ferromagnetic interactions. We first consider the fundamental argument that has been applied
within the Landau-Lifshitz equation for a ferromagnet to show that traveling solitary waves
are prohibited due to a link between the skyrmion number Q and the dynamics [18]. We then
apply, in Appendix B, the corresponding argument in the o-model studied here to show that
no such link between topology and dynamics exists and traveling solitary waves are allowed
within this theory. This result is the main motivation for the present work.

We find numerically the configurations of traveling skyrmion solutions for velocities |v| < v,
where the maximum velocity v, depends on the dimensionless DM parameter A. We observe
that traveling skyrmions are elongated perpendicular to the direction of propagation and they
apparently get infinitely elongated in the limit v — v,.. We find that a net magnetization is
developed with orientation perpendicular to the direction of propagation and we suggest that
this could offer a measurable quantity in order to observe propagating AFM skyrmions. We
obtain a formula for the maximum skyrmion velocity v, based on the argument that this is
established by the same mechanism that is responsible for the distabilisation of the uniform to
the spiral state. The velocity v, is smaller than unity;, i.e., than the maximum velocity within
the Lorentz invariant model obtained when the DM interaction is absent.

We define the mass and give the dispersion relation for traveling skyrmions. We derive
virial relations and obtain exact and approximate relations between the mass the energy and
the linear momentum of skyrmions. These clarify their particle-like features and substantiate
their Newtonian and relativistic character for low and for large momenta respectively.

We remind the reader that, in the case of an FM, the topological skyrmion with the stan-
dard skyrmion number Q = 1 shows Hall dynamics while a non-topological skyrmionium with
Q = 0 shows Newtonian dynamics [32]. It has thus been clear that the dynamics of solitons in
a FM depends crucially on their skyrmion number. In the presently studied AFM, we have seen
that the dynamics of a skyrmion (with Q = 1) is Newtonian for small velocities. It is thus dra-
matically different that the dynamics of a Q = 1 FM skyrmion. On the other hand, it appears,
counterintuitively, to be similar to the dynamics of a FM skyrmionium. The similarities can be
seen in the energy and momentum behavior shown in Fig. 6 as well as in the configuration of
the traveling AFM skyrmion shown in Fig. 1 when these are compared with the corresponding
figures for the FM skyrmionium [32].

The study of dynamics of solitons or other configurations in AFM within suitable o-models
can give rise to a wealth of dynamical phenomena [33-35] that have not been there in FM
studied within the Landau-Lifshitz equation. This opens wide perspectives for the study of
AFM dynamics, provided measurable quantities of AFM magnetic order be identified.
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Figure 8: A tetramerization of the square lattice. The tetramers are indexed by inte-
gers a, 3 and the spins at each tetramer are denoted by A, B, C, D.
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A Derivation of the continuum model

For the derivation of a continuum model we first need to define an appropriate order param-
eter with a continuum limit. In order to do this, we consider a tetramerization of the square
lattice as shown in Fig. 8 and each tetramer is labelled by two indices a and 8 numbered
consecutively in the horizontal and vertical directions respectively. In Ref. [11], it is shown
that the continuum model for the AFM takes a simpler form when it is derived on tetramers
instead of dimers. We repeat this derivation in a compact form including now the DM term.
Derivations and applications of DM terms in AFM are found in [2,8,17,36,37].

At each tetramer, we denote the spin values by A, 5,B, g,Cq p,Dsp- A convenient set of
fields is defined at each tetramer by the linear combinations

1
m=—(A+B+C+D)

4s

1
n=—(A—B+C—-—D)

N (35)
k=—(A+B—C—-D)

4s

1
l=-—(A—B—C+D).

4s

The vector m gives the normalised magnetization at each tetramer and n is called the Néel
vector. The equations for the four spins at each tetramer in Fig. 8 with indices a, 3 are derived
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from Eq. (5) and they read

Ay p
5 = Aap {~J(Byp+By1p+Dyp+Dyp_1)
+ D[éz X (Ba,ﬁ _Ba—l,ﬁ) _él x (Da,/j _Da,ﬁ—l)] + gAa,ﬁ ’ é3 }
OBy p
ot = Ba,[j x {_J(Aa,[j +Aa+1,/5 + Ca,ﬁ + Ca,ﬁ—l)
+ D[éz x (Aa+1,[5 _Aa,/j) _él x (Ca,ﬁ - Ca,ﬂ—l)] + gBa,[j ’ éB } (36)
9Cup
ot = Ca,ﬁ X {_J(Da,/j + Da+1,[3’ +Bot,[a’ +Ba,ﬁ+1)
+ D[éz x (Da+1,ﬁ _Da,[g’) _él 2 (Ba,ﬂ+1 _Ba,ﬂ)] + gCa,ﬁ : é3 }
0Dy p
ot = Da,ﬂ x {_J(Ca,ﬁ + Ca—l,ﬂ +Aa,[3’ +Aa,[3’+1)
+D[é; x (Cqp—Co1p)— &1 % (Agps1 —Agp)l+8Dgp €3}
We consider a small parameter € in terms of which the cartesian coordinates are
X = 2€(a - aO): Yy = 26(/3 - ﬁO)a (37)

where ay, B are constants defining the central point of the lattice of tetramers. As € — 0 the
coordinates in Eq. (37) become continuous variables. In the same limit, we assume that the
fields A, g, By g, Cq p> Do p and also those in Eq. (35) approach continuous limits and we use
the relations

Agirp =A+2e0,A+2e%37A,

Aype1 =A£2e0,A+2e°3]A,
and similar relations for the fields B, C and D. The notation J;, d, denotes differentiation with
respect to x, y respectively. Taking appropriate combinations of Egs. (36) we derive dynamical
equations for the fields (35). For the set of equations to be consistent in the various orders of

€, we assume that n ~ O(1) and m, k,l ~ O(e). From the definitions in Eq. (35) we find that
m-n=k-n=1-n=0in the limit e —» 0. We further rescale time according to

T =2v2esJ t. (38)
In the equations for k, I, the time derivative does not enter in the order O(e) and we obtain
k =—§aln, lz—gazn. (39)
The equation for n gives, to O(¢€),
en=2vV2mxn
and this is solved for m to give

mz%(nxh), (40)

where the dot denotes differentiation with respect to the rescaled time 7.

Finally, the dynamical equation for m gives, in the order O(e?),

2D
2v/2em = €’n x (812n + 82211) + GTGWn x (&, x dyn) + %n X N3és,
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where we have used Egs. (39). We introduce the rescaled parameters k, A defined from

g=€%Jk, D=¢eJA, (41)
and insert m from Eq. (40) to obtain the equation for the Néel vector,
n x (ﬁ —An —2A€,,€, x 9,n— Kn3é3) =0. (42)

The process of finding an actual AFM configuration proceeds as follows. One first solves
Eq. (42) and then the fields in Egs. (39), (40) are calculated. Finally, relations (35) are inverted
to give the spins at each tetramer

A=s(m+n+k+1), B=s(m—n+k-—1)

43
C=s(m+n—k—1), D=s(m—n—k+1). (43)
B Virial relations
Eq. (15) may be written as
nx f =v2%n x 312n, f= —5—V. (44)
on

Following a standard procedure [32] we take the cross product of the latter with d,n and then
the dot product with n to obtain

f-o,n= v? afn -o,n, vy=1,2. (45)

We write —f - 9,n = 9,0, [18], where the components of the tensor o are

1 1
o1 = —Ealn -on + 55‘2n - Gyn + g(l —n%)—kél -(0yn x n)

O12 =—aln-82n+lé1 '(aln Xn) (46)
091 = —3111 . azn —Aéz . (32n X n)
1 1
O99 = Ealn . 31". —_ Eazn . 32n + g(l _ng) + Aéz . (aln X n)
We further note that
1
31211 . 3111 = 31 (Ealn . 3111)
. “7)
31211 . azn = 31 (aln : azn) + 32 (—Ea]_n . a]_n)
and Eq. (45) gives the convenient forms
9 1
B;LO‘M =7 31 —Ealn . 31n
(48)

310'21 = U2 [31 (—3111 . azn) + 82 (%aln . 81".)] .

Solutions representing configurations that propagate with velocity v and satisfy Eq. (15)
or (44), also satisfy Eq. (48). As both sides in Egs. (48) are total derivatives, they both vanish if
one takes their integral over the entire plane and a trivial identity is obtained for any velocity
v. The significance of this result is revealed when it is compared with the corresponding
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calculation for the Landau-Lifshitz equation in a FM. In the latter case, one obtains the relation
(see Eq. (4.5) in Ref. [18])

vQ =0 [in FM], (49)

which contains the skyrmion number Q and it is satisfied only for v = 0 when Q # 0. As a
result, traveling solitary waves with Q # 0 do not exist in a FM. As the possibility of topological
solitons traveling with v # 0 is not excluded by the corresponding analysis for a AFM, this
constitutes the fundamental difference between the dynamics in a AFM compared to a FM.
Stated in a more general way, the skyrmion number Q is unrelated to the dynamics in AFMs,
in stark contrast to the link between topology and dynamics in FMs. The calculations presented
in this paper have been motivated by Egs. (48) and the consequences stated above.

We take moments of Egs. (48) with x, for v = 1,2, integrate both sides over the entire
plane and apply the divergence theorem [38] to obtain four independent virial relations that
must be satisfied by any traveling solution,

[ v2
] op1dxdy = —?f on-odndxdy
019 dxdy =0

(50)
09 dxdy = —v? f on-dndxdy

[ V2
09y dxdy = 5 on-odndxdy.
J

Combinations of the above give convenient virial relations. First, we take the special com-
bination

f(011+022)dxdy=O:EDM+2Ea=0. (51)

This is identical to the virial relation that can be obtained for static skyrmions through Derrick’s
scaling argument [39] (see also Refs. [32,40]). Thus, Eq. (51) is satisfied by all static as well
as traveling skyrmion solutions presented in this paper.

A second virial relation is obtained if we take the combination o, — 0, that gives

sz on-dndxdy = )Lf é,-(yn xn)dxdy. (52)

The term on the right hand side coincides with the formula for the bulk DM energy. We find

numerically that both sides in the above relation are zero for every velocity v. This is due to

the parity symmetries that are apparent in all entries of Fig. 1 for the skyrmion configurations.
A third virial relation is obtained by the combination o;; — 044, that gives

f [Oon - Gon—(1—v?)oin-dn]dxdy = AJ [é;-(n xn)+é,-(8;n xn)]dxdy. (53)

For the skyrmions in this paper (of Néel type) the first term on the right hand side is positive
and the second term is negative.

A useful relation for the energy is obtained if we subtract f 011dxdy from the energy and
use the first of Egs. (50),

E= J(@ln)zdxdy + QLJ é,-(0n xn)dxdy. (54)
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The first term on the right hand side gives the mass of the traveling skyrmion defined in
Eq. (26).

We have verified that all virial relations presented in this Appendix are satisfied by the
numerically calculated traveling skyrmion solutions.

C The Lorentz invariant model

We give some results for the Lorentz invariant model, e.g., the one obtained if we omit the DM
interaction in the model (7) (see also Ref. [31]). The following relations should be compared
with those obtained in Appendix B. Let ny(x, y) be a static solution of the Lorentz invariant
model (A = 0) and

n(x,y,t;v)=ne(&,y), &= j/cl__—v;

a soliton traveling with velocity v, where y = 1/v'1—v2. Eq. (26) for the soliton mass gives

=r(x—v1)

M= Yf(alno)dedy =y M, (55)

where M, is the rest mass. Eq. (54), for A =0, gives
E =M. (56)

Egs. (55), (56) together with Eq. (25) for the linear momentum give the well-known relativistic
expression for the energy
E*= M2+ P2 (57)
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