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Utkan Giingordii,"" Rabindra Nepal,' Oleg A. Tretiakov,>? Kirill Belashchenko,' and Alexey A. Kovalev!

! Department of Physics and Astronomy and Nebraska Center for Materials and Nanoscience,
University of Nebraska, Lincoln, Nebraska 68588, USA
2 Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
3School of Natural Sciences, Far Eastern Federal University, Vladivostok 690950, Russia
(Received 19 October 2015; revised manuscript received 22 December 2015; published 24 February 2016)

Recently there has been substantial interest in realizations of skyrmions, in particular in quasi-two-dimensional
(2D) systems due to increased stability resulting from reduced dimensionality. A stable skyrmion, representing
the smallest realizable magnetic texture, could be an ideal element for ultradense magnetic memories. Here we
use the most general form of the quasi-2D free energy with Dzyaloshinskii-Moriya interactions constructed from
general symmetry considerations reflecting the underlying system. We predict that the skyrmion phase is robust
and it is present even when the system lacks the in-plane rotational symmetry. In fact, the lowered symmetry
leads to increased stability of vortex-antivortex lattices with fourfold symmetry and in-plane spirals, in some
instances even in the absence of an external magnetic field. Our results relate different hexagonal and square
cell phases to the symmetries of materials used for realizations of skyrmions. This will give clear directions for
experimental realizations of hexagonal and square cell phases, and will allow engineering of skyrmions with
unusual properties. We also predict striking differences in gyrodynamics induced by spin currents for isolated
skyrmions and for crystals where spin currents can be induced by charge carriers or by thermal magnons. We
find that under certain conditions, isolated skyrmions can move along the current without a side motion which

can have implications for realizations of magnetic memories.

DOI: 10.1103/PhysRevB.93.064428

I. INTRODUCTION

Skyrmions are topological structures corresponding to
highly stable particlelike excitations. Although skyrmions
were first invented as a model for baryons [1], it has been found
that their analogs can be realized in condensed-matter systems
such as chiral magnets. Existence of magnetic skyrmion
lattices has been predicted theoretically [2] and confirmed
experimentally [3]. Magnetic skyrmions in chiral magnets,
which are the main subject of interest in this paper, have
received a lot of interest recently [3-29].

One of the most attractive features of skyrmions is their dy-
namics [27]. For domain walls in ferromagnets, the threshold
current density for current-driven motion is ~10°-10'2 A m~2,
whereas for skyrmions this threshold is ~10° — 10° A m~2 in
the slow-speed regime [30], which may lead to development
of low-power and ultradense magnetic memories [31,32].
Another attractive feature of skyrmions is the robustness of
their motion: a shape deformation and a Magnus-like force in
their dynamics allow skyrmions to avoid impurities and lead to
a very robust current-velocity relation [25]. On the other hand,
in magnetic insulators skyrmions can be driven by magnon
currents induced by temperature gradients [15,16,23,33,34].
The interlocking of the local magnetization direction and the
spin of the conduction electrons in chiral magnets can lead
to various transport phenomena such as the topological Hall
effect [35-37] and non-Fermi liquid behavior [38—40].

In chiral magnets such as MnSi, FeGe, and Cu,0SeOj3 the
microscopic spin-orbit coupling (SOC) breaks the inversion
symmetry. This chiral interaction prefers twisted magnetic
structures rather than uniform magnetization, and eventually
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can lead to creation of spirals and skyrmions. The SOC man-
ifests itself as the Dzyaloshinskii-Moriya (DM) interaction
in the free energy [27,41-43]. Symmetries of these magnets
determine the nature of the DM interaction and magnetic
textures that form within the magnet. For example, broken bulk
inversion in noncentrosymmetric materials results in a highly
symmetric DM interaction and vortexlike skyrmions. The
stability of such skyrmions increases for thin film structures
[44,45], hinting that studies of two-dimensional (2D) systems
should be of particular importance. In addition, inversion is
naturally broken in 2D systems interfacing between different
materials. Recent examples of such systems include magnetic
monolayers [46,47] as well as magnetic thin films [48,49]
deposited on nonmagnetic metals with strong SOC. Magnetic
systems at oxide interfaces [50,51] also reveal large SOC
and DM interactions—ingredients that result in formation of
skyrmions [52]. A magnetically doped thin layer on a surface
of a topological insulator could be yet another promising
system for realizations of magnetic systems with strong DM
interactions [53,54].

In this paper we study the effect of the structural and bulk
asymmetries on the skyrmion (SkX) and square cell (SC)
(vortex-antivortex) crystals. Taking the most general form of
the free energy with DM interactions, we classify 2D chiral
magnets. We discuss possible realizations via appropriate
structural asymmetry where microscopically this leads to the
appearance of SOC, e.g., of Rashba and/or Dresselhaus type.
We calculate the phase diagram for different configurations
of DM interactions and find that SkX and SC phases are
robust and are present even when the system is lacking the
in-plane rotational symmetry—the case not considered in
previous studies [18,19]. Magnetization dynamics simulations
reveal that skyrmions and vortices flexibly deform and adapt to
lowered symmetries, resulting in configurations with unusual
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shapes. However, we also find that the SkX region of the
phase diagram gradually shrinks as the asymmetries become
stronger. On the other hand, the lowered symmetry leads to
increased stability of the vortex-antivortex SC lattice with
fourfold symmetry and the in-plane spiral, in some instances
even in the absence of an external magnetic field. In chiral
magnets with only reflection symmetry, we find an extremely
stable in-plane spiral phase.

We also address the spin-current-induced dynamics of
isolated skyrmions and skyrmion crystals which is of interest
due to potential applications of skyrmions in magnetic memory
devices [31,32]. Using Thiele’s approach, we obtain a general
velocity-current relation for skyrmions. Our results show
that dissipative corrections can influence the direction of the
transverse motion of isolated skyrmions, leading to strikingly
different results for isolated skyrmions and skyrmion lattices.
Our results apply to spin currents induced by charge carriers
as well as to spin currents induced by magnon flows. The latter
case is addressed in more detail in Appendix D where we derive
the Landau-Lifshitz-Gilbert (LLG) equation with magnonic
torques starting from the stochastic LLG equation. Finally, in
Appendix B we also show how DM interactions can arise from
spin-orbit interactions in microscopic models corresponding
to magnets with both localized (relevant to oxide interfaces
[50,51]) and itinerant (relevant to thin magnetic films [48,49])
spins.

II. MODEL

Our system of interest is a 2D chiral magnet with crystalline
anisotropies and in the presence of an external magnetic
field. The continuum free energy of such system contains the
chiral term known as Dzyaloshinskii-Moriya (DM) interaction
[41-43] which is responsible for broken inversion symmetry.
Its origins can be traced back to relativistic spin-orbit coupling
(SOC) [30,55,56] which provides a link between structural and
magnetic chiralities in the system (see Appendix A for further
discussion). We phenomenologically introduce the continuum
free energy density of the 2D chiral magnet as

J A
Fo= Y. 5 @)’ + (Dey) - (n x dm), (1)

Hn=x,y

where n is a unit vector along local spin density, e, is a
unit vector along the p axis in the positive direction, J > 0
is the exchange interaction constant, and D is a rank-2
tensor describing the DM interaction whose form depends
on the structural and bulk symmetries of the system. Note
that asymmetric spin-orbit interactions can be introduced in a
similar way for semiconductor quantum wells [57].

For convenience, we work with dimensionless free energy
density obtained by the transformation x — x/(J/D), y —
y/(J/D), where D = ||D|| > 0 is the overall strength of the
DM interaction and J/ D is the typical length scale of magnetic
structures such as skyrmions and spirals [58]. Expressed using
the new units of length, the free energy density becomes

1 R
Fo= Y 3@ +Dey/D)-(nx dum) ()
pu=x.y

in units of J. The following discussions in this paper are based
on this free energy density with additional Zeeman energy
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H - n due to the external magnetic field and uniaxial anisotropy
energy Asn? Expressed in the new units, the total free energy
density is given by

HJ A
F=Fo+ pzn+ o7 n, 3)

where Fy is given by Eq. (2), H = gugH,, H, is the strength
of the applied external magnetic field along the z axis, g > 0
is the g factor, g is the Bohr magneton, and Aj is the strength
of the anisotropy. Adding moderate strength anisotropy that
is not of easy-plane/easy-axis type in Eq. (3) does not change
our results qualitatively.

We now investigate the effects of broken symmetries in a
chiral magnet due to structural asymmetries, which manifest
themselves in the form of D tensor. To this end, let us discuss
the correspondence between the structural asymmetries in a
system and the form of the free energy density given by Eq. (3).
We first note that in the case of a 2D magnet given that 9, = 0
[cf. Eq. (2)] the rightmost column of D is unimportant in
the sense that it does not contribute to the free energy. The
symmetries of the DM magnet can be classified based on the
DM tensor D, which can be written as a sum of a symmetric
and an antisymmetric tensor as D = D¥™ 4 D*Y™x_ The
off-diagonal tensor components [ﬁ]m and [lA)]Zy can come
from both symmetric and antisymmetric parts of D, however
we can assume that they are due to the antisymmetric part
without losing any generality in our classification. Thus
assuming [DY™],, = [ﬁsym]z), = 0, the 2 x 2 upper-left block
of D™ can be diagonalized and expressed as Dyl + Dshs
[here A3 = diag(1, — 1,0)and 1 = diag(1,1,0)] by an in-plane
O(2) operation (rotation and/or reflection) around the z axis.
Since [ D], does not enter into the free energy, this means D¥™
can be specified using two independent parameters (Dgy, D3).
The antisymmetric part, however, requires the full set of three
parameters D*™ = (D,,D,,D,).

Based on this decomposition, symmetries of a 2D DM
magnet can be classified into six symmetry classes [59]:

(1) Rashba SOC: D = —Dzx = —DJ, with in-plane
O(2) symmetry [throughout this paper, JAu denote the gen-
erators of SO(3), explicitly given in Eq. (A3)].

(2) Dresselhaus SOC: D = —DA, [A is given in Eq. (4)
with Dy; symmetry] [60].

(3) In-plane SO(2) symmetry: D= —Dy1 resulting in
the DM interaction term —Dn - (V x n) which could be of
relevance, e.g., for MnSi [5,43]. This case could also include a
Rashba contribution D = —Dy1 — D J. without affecting the
symmetry class.

(4) Combination of Rashba and Dresselhaus SOC, found
in noncentrosymmetric systems: D= —Dpg fz — Dph; such
that D =
symmetry (C,, symmetry is described in Fig. 1).

(5) C, symmetry: D = —Dyl — DA, — D_J..

(6) Reflection symmetry: D= —Dnprx, where nr is a
tilted unit vector making a nonzero angle with the z axis. For
such a system, the plane of reflection is along the in-plane
component of ny. This case could also include a contribution
from the Dresselhaus term when the tilting is along one of the
mirror planes of Cy, symmetry.

N D%e + D2, corresponding to an interface with C5,

064428-2
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FIG. 1. Nontrivial symmetry operations of the point group Cy,.
o(yz) [o(xz)] is a reflection through the yz (xz) plane and C, is a 7w
rotation around the z axis.

Let us turn to the properties of the free energy under
global transformations of magnetization. The free energy
density of the DM magnet given by Eq. (3) does not change
under the global transformation n — Iézn, D — IQZ[), where
R. € O(2) is a global rotation around/reflection through the z
axis (note that this is not a similarity transformation). It follows
that the cases D = —Dzx and D = —D1 (or their linear
combinations) can be mapped onto each other and lead to the
same phase diagram [61] where the corresponding mapping
is given in Figs. 2(a) and 2(d). These two cases have been
studiedin [18] and [5,19], respectively. A global magnetization
rotation changes the helicity of the skyrmions by the angle
of rotation, whereas a reflection changes the sign of their
topological charge (for examples of the equivalent skyrmion
configurations and the corresponding DM interactions see
Fig. 2). Clearly the overall sign of the DM term is unimportant
in the sense that it does not affect the phase diagram. Another
example is given by the equivalence between the DM tensors
D= —Dsz — Dph; and D = —Dgl — Dpis, which are
related by a global —m/2 rotation of magnetization around
the z axis. We can also relate the free energies of systems
with Dresselhaus SOC and the Rashba SOC [corresponding
skyrmions are shown in Figs. 2(e) and 2(a), respectively] using
areflection along the line x = y:

0 1 0
Js=R,J, with R_y=3=[1 0 0]. &
0 0 0

Here we dropped the [ﬁx:y]u component of the reflection
matrix since it does not play any role in this context. Owing
to the transformation rules of the free energy density given
by Eq. (3), phase diagrams corresponding to pure Rashba
and Dresselhaus SOC are identical. Note that Rashba and
Dresselhaus skyrmions will have opposite topological charge.

We finally note that since the rightmost column of the DM
tensor D does not affect the free energy, whether [D]., and
[E]Zy belong to the antisymmetric part of the tensor or not
does not affect the phase diagram either.

Thus there are only three distinct symmetry classes we
need to consider: the Rashba case, the Rashba combined with
Dresselhaus case, and the Rashba with tilting case, i.e., D=
—Dnyx. We remark that the equivalence relations we just
described are global transformations relating the free energies
of two distinct systems with different DM tensors, whereas

PHYSICAL REVIEW B 93, 064428 (2016)
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FIG. 2. Spin density configuration of skyrmions corresponding
to different SOC. The length and direction of the arrows represent the
in-plane component of n, and the color indicates n.. At the skyrmion
center, n, is aligned with the external magnetic field H = He_,
whereas in the outer region of skyrmion n, is antialigned with
H. The spin configuration n; shown in (a) represents a skyrmion
with topological charge Q0 = 1 and helicity y = 0, which occurs for
Rashba SOC given by D = —D J.. Other skyrmions (antiskyrmions)
with topological charge Q =1 (Q = —1) and an arbitrary helicity
y can be obtained via the global transformation R,(y)n j.5 they
occur naturally in a system with DM tensor D=—-DR.()J.
[D = DR.(y)AsJ.], where R.(y) = exp(yJ.) is a rotation around
the z axis by an angle y and A3 = diag(1, —1,0) is an inversion
matrix.

the symmetry classes we enumerated above correspond to
the real-space symmetries of the free energy of the system
corresponding to the specified DM tensor.

III. PHASE DIAGRAMS

In this section we present our results for the high-
and low-symmetry cases of the spin-orbit interaction. We
used Monte Carlo (MC) simulated annealing with jackknife
resampling to obtain the equilibrium states. To construct
the phase diagrams (A,,H), one can compare the energy
of the states obtained from low-temperature (kg7 = 0.01J)
annealing against the zero temperature ground-state energy of
the uniform ferromagnetic state [19]. However, all the phase
transitions we study are of the first order (except for the one
between the collinear aligned and tilted FM phases, which is
a second order transition). As the first order phase transitions
exhibit hysteresis, the annealing does not give clear results near
the phase boundaries. Instead, the configuration gets stuck in
metastable states, limiting the accuracy in finding the critical
values of A; and H, and allowing only a semiquantitative
analysis of the phase diagram [19]. On the other hand, the
advantage of annealing over the variational approach [18] is
that ansatz-based minimization may miss certain phases such

064428-3
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as the square-lattice phase reported in [19]. Our approach
here is twofold. We first used MC to determine the phases
and spin density configurations, and to obtain a sketch of the
phase diagram. Using this information as the starting point, we
solved the LLG equation numerically to determine the phase
boundaries accurately at zero temperature.

The spin density configuration n(r;) obtained from MC
simulations has been analyzed by inspecting the Bragg peaks
in the momentum space

ar i,
n(k) = / T “n(r), (5)

as well as the topological charge density, which is given by

1
x(r) = —[0:n(r) x dyn(r)] - n(r), (6)
"

where r and k are (in-plane for d = 2) position and momentum
vectors and d = 2 for a 2D system.

Annealing results reveal the presence of four different
phases: ferromagnetic (FM, aligned with n, = —1 and tilted
with n, > —1), triangular skyrmion lattice (or skyrmion crys-
tal, SkX), square cell (SC) lattice of vortices-antivortices (with
the topological charge that is not an integer or a half-integer),
and spiral (SP, denoting both coplanar and in-plane spirals)
phases.

Additional phases such as the cone phase may occur in a 3D
chiral ferromagnet with the width ~J/D or thicker [24,62].
The presence of quartic term in the free energy near the Curie
temperature T, is also known to influence the phase diagram
[14].

In order to determine the phase boundaries in a more precise
manner, we numerically solved the overdamped LLG equation

s(l +anx)n =n x Hy, @)

in order to relax the system towards the local minimum. Here
« is the Gilbert damping parameter, s is the local spin density,
n is a unit vector along the spin density, and H¢ = —6, F
is the effective magnetic field and F is the free energy. We
used the LLG equation to relax the system into a stable state,
starting from SC, SkX, and SP configurations that are based
on the results from MC:

nsix = Clng(Qo) +ny(Q2x3) + 1y(0Q 2731,
nsc = Clng(Qo) +ny(Qx )], (®)
nsp = %[Bu cos(q - r) + e, sin(q - r)],
where

L. D
n,(q) = cos(q - r)e; + 3 sin(q - r)e, x (5‘1)’
Q4 = (cos ¢, sing,0)",
r= (x,y,O)T,

eu'eUZOs

©))

and C is a (position-dependent) normalization factor ensuring
that |n| = 1. Initial values for the unit vectors e, and e, were
determined by minimization, and the cell size was treated and
optimized as a dynamical variable (see Appendix E for details).

PHYSICAL REVIEW B 93, 064428 (2016)

We determined the phase at each (A, H) point by comparing
the average energy densities for SkX, SC, and SP states, and
the analytical energy density for the FM phase.

A. Rashba SOC

Here we study the case of the DM tensor given by
D =—DJ.. The cases D = —DJ. and D = —D1 (which
are equivalent to each other up to a global transformation,
as discussed in the previous section) have been studied in
Refs. [18,19]. Our zero-temperature phase diagram shown
in Fig. 3 mostly agrees with [18], except for the addi-
tional SC region which was missing in their analysis. SkX
phase shows hedgehoglike skyrmions with well-localized
topological charge Q = 1 (Fig. 4). The same phase diagram
also applies to the pure Dresselhaus case, D = —DA,, but
skyrmions have Q = —1 due to the reflection involved in the
equivalence transformation, as can be seen from Eq. (4). As
the easy-plane anisotropy is increased the topological charge
of skyrmions gradually splits, forming the precursor to the
vortex-antivortex pair lattice shown in Fig. 5, while the total
charge within a single unit cell remains Q = 1. As pointed out
in [19] the core radius of skyrmions in SkX phase becomes
larger and skyrmions start to overlap causing the formation
of vortices/antivortices during this process. When the relative
size of antivortices (with respect to vortices) reaches a critical
value, the square lattice becomes the energetically more
favorable packing for the vortex-antivortex lattice and a first
order phase transition occurs from SkX phase to SC phase.

Easy-axis Easy-plane
2.0
1.5
H.J/D? FM
1.0
0.5
SP
0.0
-1.5 —-1.0 -05 0.0 0.5 1.0 1.5

A,J/D?

FIG. 3. Zero temperature phase diagram for the pure Rashba or
pure Dresselhaus type symmetry is obtained by numerically solving
the LLG equation. The same phase diagram also applies to the case
of SO(2) symmetric DM tensor D = —D1. The gray line separates
the aligned and the tilted regions of the FM phase. This phase is taken
over by SkX, SP, and SC phases in the regions defined by the bold
lines.
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FIG. 4. Normalized spin density n and topological charge density
x in SkX phase for the Rashba SOC. The size and direction of
the arrows represent the in-plane component of n and the color
represents n.. A,J/D?* = 0and HJ/D? = 0.7 (top), A, J /D> = 0.8
and HJ/D?=0.7 (bottom). As the strength of the easy-plane
anisotropy is increased, localized skyrmions undergo a continuous
charge splitting. When the relative size of the antivortices reach a
critical value, square packing becomes energetically favorable and a
first order phase transition occurs into SC phase.

B. Rashba + Dresselhaus SOC

The mixture of Rashba and Dresselhaus SOC [57,64,65]
with C,, symmetry has been studied in [65] in the absence of
anisotropies, with the conclusion that SkX phase cannot exist
when both SOC terms are present. Our analysis here shows
that SkX phase can be stabilized by the uniaxial anisotropy.
Figure 6 shows the phase diagram for D = —DgJ, — Dph,
with Dg/Dp =5 (Dg,Dp > 0). The DM tensor of mostly
of Rashba type with an additional small symmetry-breaking
Dresselhaus type term results in skyrmions with the topolog-
ical charge Q = 1. In the opposite situation of Dp/Dg =5,
skyrmions converge to topologically different Dresselhaus
type skyrmions with Q = —1 charge. We observe that SkX
region shrinks while SP and SC regions expand. The C,
symmetry allows deformations along the axes of reflection
(x and y axes in this case), but unlike the SP and SC

15 . - L 7 \}
10 SR e 100 - X
o e 0 s
e ® (e
-5 \} ________ : 0 -5 N “/* \ N
f N -0.5 W \_J -
pREi e U PN
_15: - D -] —1.0 Y (@ (@
-15-10-5 0 5 10 15 -10-5 0 5 10

FIG. 5. Normalized spin density and topological charge density
at A, J/D* = 1.5 and HJ/D? = 1.4 (SC phase) for Rashba SOC.
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4.0

Easy-axis Easy-plane

3.0
2.5

HJ/D?

2.0 FM

1.5

1.0

SP

0.0

15 -10 -05 00 05 10 L 20 2.

A,J/D?

ot
)

FIG. 6. Zero temperature phase diagram for the Rashba +
Dresselhaus SOC with C, symmetry (15 = —DRJAZ — DDXI with
Dgr/Dp =5). SkX phase is only present in the easy-plane region
(A,J/D? > 0) of the phase diagram. The gray line separates the
aligned and the tilted regions of the FM phase [63], whereas SkX and
SP phases are not affected by this line.

configurations, the sixfold symmetry of SkX is not compatible
with such deformations. Elongation of skyrmions along the
axes of symmetry is evident in Figs. 7 and 8.

C. Rashba SOC with tilting

Finally, we discuss the case in which the DM tensor is anti-
symmetric and corresponds to a vector that is making a small
tilting angle with the z axis: D= —D(0, sin O, cos 67)T x and
the tilting angle is chosen to be 87 = tan~!(0.1) ~ 0.1 or 5.7°.
Such a system has reflection symmetry along a single mirror
plane (which is the yz plane for this choice of parameters). We
find that the SP region expands greatly while the SkX region
slightly shrinks and the SC region is completely replaced by

S 0w > @

1: i o SE o e [@ _:
% o IS'S o () ® :25
_;z o _SD oNe E 06

RN S -

10 /\
-5

| ~

0

FIG. 7. Normalized spin density and topological charge density
at A,J/D?> =0.4,HJ/D?> =12 (SkX phase) for the Rashba -+
Dresselhaus SOC with C,, symmetry. This plot shows the initial
stage of charge splitting of skyrmions elongated along the mirror
planes (xz and yz planes).
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FIG. 8. Normalized spin density and topological charge density
at A,J/D?>=0.6,HJ/D? =1.3 (SC phase) for the Rashba +
Dresselhaus SOC with C,, symmetry. The vortices and antivortices
are noticeably elongated.

SP, as can seen in Fig. 9. It turns out that the SP phase also
takes over the tilted FM region (in which the spin density
is n; = —H/2Ay) due to the fact that such form of DM
interaction favors in-plane spirals (Fig. 10) and this allows
exchange and DM interactions to lower the average energy
density from Fpv/A = A;n? + Hn, (note that the in-plane
component of the spin density does not contribute at all) where
Fry is the free energy and A is the area of the system. The
core of resulting skyrmions is shifted along the y axis as can
be seen in Fig. 11. There is also a slight elongation along the
y axis (around 2% for the parameters used in the figures).

IV. DYNAMICS OF SKYRMIONS INDUCED
BY SPIN CURRENTS

Here we study the dynamics of skyrmions in response to
spin currents. Spin currents naturally arise in a conducting
ferromagnet in the presence of charge currents. Spin currents

4.0

Easy-axis

Easy-plane

3.0
25

HJ/D?
2.0

FM

1.0

0.5

0.0

-15 -10 -05 00 05 10 15 20 25
A,J/D?

FIG. 9. Zero temperature phase diagram for the SOC with
reflection symmetry [ﬁ = —D(0, sinfr, cos67)" x with 6y =
tan~'(0.1) A~ 5.7°] which shows a SP phase with enhanced stability.
The gray line separates the aligned and the tilted regions of the FM
phase.
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FIG. 10. Normalized spin density at A;J/D* = 1.5,HJ/D* = 1
(SP phase) for reflection symmetry, showing a mostly in plane spiral
configuration. When the easy-plane anisotropy A,J/D? is increased,
spirals become almost completely in-plane.

can also arise in a ferromagnetic insulator in a form of magnon
current as a response to a temperature gradient as we show in
Appendix D by deriving the LLG equation from the stochastic
LLG equation. In both cases, we can apply the following LLG
equation:

S(l +ansx)’is =ng X Heff - (1 +ﬂnsx)(js : D)nm
(10)

where s is the local spin density, § is the dissipative correction
to the magnonic torque, j° is the effective spin current
induced either by charge carriers or by magnon currents, D =
(Dy, Dy, D) is the chiral derivative [55,56], and n, represents
the spin density whose dynamics is determined by the external
magnetic field, magnetic anisotropies, and spin currents. The
form of the chiral derivative is determined by symmetries of
the system. In the most simple case it can be determined by
DM interactions, i.e., D, = 9, + (De“/J) x (see Appendix D
for a detailed discussion for the case of magnon currents
and [66] for charge currents). However, in the most general
settings the tensor involved in the chiral derivative can be
renormalized, e.g., due to various scattering processes.

For describing the motion of skyrmions, we use Thiele’s
approach [25,29-31,67—69] in which the motion of magnetic
textures is constrained to a subspace described by the general-
ized (collective) coordinates g; in the form ny, = ng [r — q(1)].

100117, memarsnssss 0 10 ~ W

| | n,

s o PEONONY | -
0. = |O'5 o O () o4

- ‘ 0 =-0.8
—5 i _ -1.2
—10 i -0 10 N @& M

-10 -5 0 5 10 -5 0 5

FIG. 11. Normalized spin density and topological charge density
at A,J/D? = 1.3,HJ/D? = 1.5 (SkX phase) for reflection symme-
try. The core of skyrmions is shifted (from the unit cell center which
is at the origin) along the axis of reflection.

064428-6



STABILITY OF SKYRMION LATTICES AND SYMMETRIES ...

Under this assumption, the magnetic structure drifts as a
whole while maintaining its internal structure: i, becomes
— Zu 4..94,ns and the equations of motion for g, can be

found by applying the operator fc Il dzr(aqﬂnx) -ng X to the

LLG equation (10). We obtain the following equation for the
generalized coordinate:

s(G +afv — (G, + A’ =0, (11)

where v = ¢ denotes the speed of the skyrmion and

1
[G]/w :E/dzr(auns X OyRg) - Ry = /der(r)euvm

. 1
[Gl]uv ZE / dzr(ap_ns x Dyny) - ng,
(12)

[ﬁ]/},v d r(a ng - 81)"5):

4
1] = /cﬂ (@, - Dony)
Niluv =ir rio,ng vls),

with p,v € {x,y} and the integrations are over a single unit
cell. The antisymmetric gyrotensor G can be written as — Qz X,
and we have G = G. The damping dyadic tensors # and #;
account for the effects of dissipation.

For the rotationally symmetric case a skyrmion of radius R
will result in /j = 1 and 7j; = n1, with

R -2
sin“ ng
=7 dr

R
m=n+ JT/ dr(sinng cosng + ro,ng),
0

+ r(arn0)2> )
(13)

where ny and ng are the spherical coordinates of n, leading to
the equation of motion

(nasv —mBj*) — Oz x (sv — j*) = 0. (14)

For the motion of skyrmions in response to a time-independent
spin current along x direction (j* = j®e,), this equation yields

s Q@ Fapm e, Pm—an
TS ey VT Es0r v ety
that is, skyrmions will move along the spin current with an
additional side motion, resulting in a Hall-like motion with
Hall angle 6 = tan~'(v, /v,) (see Fig. 12).

In cases lacking the rotational symmetry, the dissipation
tensor can be diagonalized as #' = Iézﬁﬁz = diag(n;x,n’y},)

s)

y =

by a proper rotation R. around the z axis that aligns the
basis vectors with the preferred directions due to the broken
symmetry. R. also diagonalizes 1- Such a transformation does
not affect G since [Iéz, fz] = 0, thus the equation of motion in
the new coordinate system becomes

Aasv' — 1Bj° — Qz x (v — j*) =0, (16)

or ) 0
.5 r} XX /
0z x (sv' — j¥) — ( )asv
Vo,
771;“» 0 Y
+ ST = 0, 17
where j*' = R, j* and v/ = R,v.
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FIG. 12. Motion of Q = 1 skyrmions due to spin current along
the x axis, simulated by the LLG equation with the torque term,
Eq. (10). Skyrmions move along the spin current (e.g., toward
the hotter region for the case of magnon-mediated torques) (4x
direction) with an additional side motion (—y direction). Skyrmions
get deformed along the direction of motion.

In SkX phase, interskyrmion interactions force the inter-
skyrmion distance to a particular value. In the case when
chiral derivative is given by D,, = d,, 4 [De,,/J]x this leads
to i} = 0 and 6y = — Qan (see Appendix E). However, this
exact cancellation does not happen for isolated skyrmions
in general and when the chiral derivative entering the LLG
equation (10) is renormalized. Nevertheless, we observe that
the renormalization of the dissipative tensor in Eq. (12) has to
be taken into account, especially for skyrmion lattices. Such
renormalization was not considered in the previous studies
[19,23,25,27].

Isolated skyrmions in a chiral magnet can be realized
by increasing the magnetic field in the SkX phase or by
injection of spin currents. Such isolated skyrmions will exist as
topologically protected defects [21,45,70], whose Hall motion
is affected by the B-term as well [see, e.g., Eq. (14)]. On the
other hand, for isolated skyrmions the interskyrmion distances
become much larger compared to the skyrmion core size, for
which we estimate #; & 7. In the particular case of @ = 8
(this case is realized for magnon-mediated torques for d = 2,
see Appendix D), isolated skyrmions will move along the
spin current without a side motion [see Eq. (15)], similar to
antiferromagnetic skyrmions [26]. This can have implications
for realizations of magnetic memories relying on skyrmions
for information encoding.

While the form of the SOC completely determines the
helicity y and topological charge Q of the skyrmions in SkX
phase, in principle it is possible to create metastable skyrmions
with different helicity ¥’ and charge Q’. The dynamics of
such skyrmions will be different in general: n in Eq. (12) will
be replaced by R'n, where R’ = R () =)= A3)1—20)/2
which in turn means G — det(R)G, G, — det(R’ )Gl,
n— n,and n — RT(n —n) +1n.

Note that we consistently keep only the first order terms in
SOC strength and assume a smooth magnetic texture. In sharp
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textures, there could be additional damping terms of the order
of (D/J)? whose overall effect is to renormalize the elements
of 7 [37,71]. Similar corrections can occur when the magnon
wavelength is comparable to the texture size [72].

V. CONCLUSIONS

In this work we have studied SkX and SC crystals at
temperatures that are much lower than the Curie temperature.
Similar studies of magnetic skyrmions so far have been
limited to systems with high symmetry. A previous study
concluded that SkX phase does not exist in a system with both
Rashba and Dresselhaus SOC, but uniaxial anisotropy was not
present in their model [65]. As we have shown, SkX phase is
present even in systems with reduced symmetries; however, the
skyrmions become asymmetric. In fact, we have established
a clear connection between the symmetries of skyrmions
and the corresponding DM interactions (see, e.g., Fig. 2).
In addition, we have found that reduced symmetries result
in enhanced stability of vortex-antivortex lattices and spirals,
even in the absence of an external magnetic field. This behavior
has also been reported in [17] for MnSi (D=1). In our
Monte Carlo simulations, we have observed anisotropy-driven,
first order phase transitions between FM, SkX, SC, and SP
phases.

We have also studied the dynamics of skyrmions and
SkX (SC) lattices induced by spin currents where the spin
current is induced by charge carriers or by magnons. We
have found striking differences between the motion of lattices
and isolated skyrmions. This difference arises due to a
renormalization of the dissipative dynamics of SkX and SC
lattices and can be expressed via the chiral derivative. On the
other hand, this renormalization is not important for isolated
skyrmions. As a consequence, our theory indicates that under
certain conditions, isolated skyrmions can move along the
current without a side motion, similar to antiferromagnetic
skyrmions. This can have implications for realizations of
magnetic memories relying on skyrmions for information
encoding.

Our results apply to monolayers as well as quasi-2D layers
thinner than the pitch of out-of-plane spirals with the length
scale J/D [6,13,24,52,62].

To conclude, our results relate different SkX and SC
phases to the symmetries of materials used for realizations
of skyrmions. This will give clear directions for experimental
realizations of SkX and SC phases, and will allow engineering
of skyrmions with unusual properties.
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APPENDIX A: DZYALOSHINSKII-MORIYA
INTERACTION IN ITINERANT FERROMAGNETS

The discussion in this Appendix is relevant to itinerant
ferromagnets with DM interactions, e.g., thin magnetic films
realized experimentally in Refs. [48,49]. The effective free
energy of a quasi-two-dimensional (2D) chiral magnet can
be obtained starting from the 2D Rashba Hamiltonian with a
general spin-orbit interaction term

A p2
H=_—4(p)- o. (A1)
2m
Here the tensor & describes SOC, p is the in-plane 2D
electron momentum, o = (0y,0y,0;). Note that SOC can
be related to DM interactions by relation & = h/(2mJ yD.
The Coulomb interactions resulting in the magnetic state
are spin independent. Thus, we can eliminate the spin-orbit
interaction using a local SU(2) gauge transformation [55]
U= exp(—igu - ¢ /2) to obtain
2
0TA0 = P 1 o(p?),
2m
where u = Dr /| Dr/| is a unit vector along the axis of rotation,
r is the in-plane position vector, and the angle ¢ = h|Dr|/J
is proportional to the strength of the spin-orbit interaction. In
the remainder of this Appendix, we will neglect higher order
terms in ¢ given that SOC is a relativistic effect.

The free energy density corresponding to the system in
the rotated frame is given by Fop = > pexy J (E),jl)2 /2, where
J is the strength of the exchange interaction of the magnetic
state with the order parameter 7 originating from the Coulomb
interactions. The original and rotated frames are related to
each other by an SO(3) rotation: n = Rii, where R = exp(ou -
J) = exp(pux), J = (J.,J,,J,) and

(A2)

0 0 0 0 0 1

=10 0 -1, =] 0 0 0],
01 0 -1 0 0
0 -1 0

=11 0 o0 (A3)
0 0 0

are the generators of the fundamental representation of SO(3).
(U and R represent the same rotation in spin and real space,
respectively.) Since the gauge transformation is not a global
one, we obtain a nontrivial covariant (often called chiral in this
context) derivative D,,,

D, =0,+ Ro,R" =0, +(De,/J)x, (A4

which replaces the spatial derivative 0,, and captures the linear
effects of SOC. The continuous free energy density in the
original frame is then found to be

J J .
Fo= 3 SDumy~ 37 S@un) +(Dey) - (n x oym).

u=x,y n=x,y

(AS5)
APPENDIX B: TIGHT-BINDING MICROSCOPIC MODEL

In this Appendix we derive the free energy based on a
tight-binding microscopic model. Such microscopic model
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can be relevant to realizations of magnetic systems at oxide
interfaces [50,51]. We describe our system by the tight-binding
Anderson-Hasegawa Hamiltonian H = Ht + Hso + Hy ona
square lattice [52]:

H = —t Z cjacja +H.c.,
(i j)e

I:Iso = —iAso Z C}LaCjﬂQ,‘j “04p + H.c., (B1)
(i,j).opB

Hu=JY Si-S;—2Ju) si-Si,
ij i

where H, is the nearest-neighbor hopping term, Hyo is the
spin-orbit coupling, Hj, is the interaction Hamﬂtoman J is
superexchange energy, Jy is Hund’s coupling energy, cia (i)
creates (annihilates) an itinerant fermion with spin « at lattice
sitei, D;; = ﬁe,j/D o = (0,,0,,0;), e;; is aunit vector from
site i to j, Z denotes summation over nearest neighbors,
= Zaﬁ jaaalgc,lg /2, and S; denotes lattice-localized spins.
The SOC coupling can be gauged away by a rotation in the
spin space, which rotates the first site by an angle ¢;; defined
through tan ¢;; = (|De; il/D)(Aso/t) and the second site by
—¢;; around the axis u;; = ﬁe[j/|ﬁeij|:
Uij = ¢ Pitiio/2,

Cia = [ l]] Igctaa Ejﬁ = [0ij]0fﬁcjﬁ’

(B2)
In terms of the rotated operators, H becomes
H=-i) é,cut Z JS;-8; —2Jy5; - 8,8
(i)« (i,j
= —1 Z cmcm+z (RUS)
— 2JH(R£S,~) (Ri; S$))8i), (B3)

where 7 = /12 + A}, and R;; € SO(3) represents the same

rotation as U;; in the three-dimensional Euclidean space: a
rotation by —¢;; around the u;; axis, which can be written as

Ié,‘j = COS ¢ij]1 + (1 — COS ¢,<j)u,-juiTj — sin ¢,-juij X. (B4)

In the limit of large Jy and classical spins S;, Hamiltonian
(B3) corresponds to effective exchange interaction between
localized spins given by [73]

—Jp Y \J1+8;-5;/252, (B5)
(i,J)

where S is the magnitude of the local spins, Jr = Kf, and
K is a constant related to the density of itinerant electrons.
Expanding the square root and using (RTS ) - (R, i8S =
(R2 S ;) along with Eq. (B4) and considering nearest- nelghbor
1nteract10ns we obtain the Hamiltonian

A

A= )" —J"S;-Sipu— D uy-(Si x Sivy)

i,A=xX,y

- Af(ll;t : Si)(uu . Si+lt)7 (B6)
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with J# = —J cos2¢,, ALY = J,(1 —cos2¢,), and D* =
J sin2¢,. Since ¢, ~ Aso/t < 1, we obtain the relation
A.J/D* =~ 1/2, where A, ~ A”(D/|Deﬂ|)2

The continuous free energy density corresponding to this
lattice tight-binding model is

J R
F= 3 5@m) +De,)-(nxdm

H=Xx,y
1 1
- Ac[(’i)ﬂ -n)’ — 5(9# - 9,n)* — 5(|z)u|aw)2].
(B7)

Using J/D as the new unit of length, the free energy density
can be rewritten in the dimensionless form

| A
.7:() = Z 5(8/4")2 + 91/. : (n X al/«n) - F(D” ’ n)2
n=x,y

AJ 1
D2 2

D
< )[(@ 3un)* + (1D,19,m)*1  (BY)

in units of J. After adding the uniaxial anisotropy and Zeeman
energies as well as dropping the term (D /J)? ~ (Aso/t)> < 1,
this free energy density shares the symmetries of the one
given by Eq. (3). They become equivalent for D = —J, or
D = —1 leading to a uniaxial anisotropy with a renormal-
ized strength A; — A; + A.. In the case of C,, symmetry
discussed in Sec. III, there is an additional anisotropy term
A 2DRDD(D2 + D? ) (n ni) which is compatible with
C», symmetry. For the case with only reflection symmetry, the
leading anisotropy term is A 20rn.(n, cos ¢r + ny sindr),
where 67 and ¢7 are spherical angles describing the tilting
vector ny; as one would expect, the additional term respects
the reflection symmetry. We numerically found that for small
Dp /Dy or 07 there is no significant difference in the phase
diagrams due to additional anisotropy terms.

APPENDIX C: VARIATIONAL ESTIMATE

In order to obtain an initial rough estimate for the phase
diagram, we minimize the average free energy density

E_ L[ e Fmery )
A_A\/I; r n(r

by comparing the energies corresponding to ferromagnetic,
SkX, SC, and SP ansatzs. For each ansatz we optimize the
parameters that yield the minimal energy.

Skyrmion lattice. We assume a simple form of azimuthally
symmetric skyrmion and linearly interpolate the ny component
of the spin density:

nskx = (sinng cosng, sinng sinng, cos I’lg)T, (C2)

with ng = —mr/R and ngy = Q¢ + y. The optimal values of
R (skyrmion size), Q € {—1,1} (topological charge) and y
(helicity) are found by minimization. In the reduced symmetry
cases, the accuracy of this azimuthally symmetric ansatz
becomes less accurate as the asymmetry is increased. In
principle, this can be remedied by adding a constant component
to nskx along a preferred direction.
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Spiral. MC simulations show that depending on D, spirals
can be coplanar or in-plane. To capture both kinds of spirals,
we assume the ansatz

nsp = e, cos(q -r)+e,sin(q - r) (C3)

for the spiral phase with e, - e, = 0. Minimization is done
with respect to e,,, e,, and q.

Ferromagnetic. There are two types of uniform ferromag-
netic phase that appear as the solution of equation:

Agn? — Hn, =0. (C4)

The first case is the aligned ferromagnetic phase with n, =
—1 with energy A; 4+ H. In the tilted ferromagnetic phase,
we have n, = —H/2A; > —1 and the energy is —H?/4A;.
The resulting phase diagrams coarsely agree with the results
obtained from using LLG equation and MC.

APPENDIX D: LLG EQUATION WITH MAGNONIC
TORQUES

In this Appendix we give a derivation of the LLG equation
(10) when the spin current and torque originate from magnon
currents. The presentation here follows closely [15,16,74] and
extends the result in [75] to systems with DM interaction.

We assume that the time scale of the magnetization dynam-
ics determined by external magnetic fields, anisotropies, and
currents is slow compared to the time scale of thermal magnons
defined by the temperature. We also assume that the thermal
magnon wavelength is smaller than the typical size of the
magnetic texture, i.e., skyrmion. Magnetization dynamics of
a ferromagnet well below Curie temperature can be described
by the stochastic LLG equation

s(1 +anx)n =n x (Hs + h), (D1)

where s is the spin density, n = n(r,t) is a unit vector along
spin density, H.; = —3, F is the effective magnetic field, and
h is the random Langevin field at temperature 7 that satisfies
the fluctuation-dissipation theorem with the correlator

(hi(r,Oh;(r,0) = 2asT(r)8;;8(r — )8t — ). (D2)

Here « is the Gilbert damping coefficient and we assume a
uniform temperature gradient along the x axis, d, T = const.
We separate the spin density n into small and fast
oscillations n; with time scale 1/w; (wr is the magnon
frequency) on top of the slow spin density dynamics 7
whose time scale is defined by external magnetic fields,
anisotropies, and currents. These two orthogonal (that is,
ny-ng =0) components are related to spin density by
n = /1 —nin; +n; by definition, and |n,| = |n| = 1. We
now switch to a coordinate system where the z axis points
along n, through a local SO(3) gauge transformation R, =
exp(\llfz)exp((afy)exp(QJfZ), where W,®, and ¢ are Euler
angles. In what follows we set W = 0. In this coordinate
system, the spin density becomes n’ = Ryn and the covariant
derivative is 8, — A, with A, = (avzés)é{ =A,xand A, =
(—sin ®9,9,0,0, cos ®d, D), and v = ¢,x,y,z denotes time
and space coordinates. By treating A, as a (fictitious) vector
potential, we fix the gauge. In the new frame n; lies in the
x’-y’ plane which can be represented by a complex number as
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ny =ny +iny. The LLG equation in this frame for the fast
dynamics is given by

is[(1 —ia)d, — i Ay =J (8, + A, — d5)’ny + Hny,
(D3)

where d,, = Deu /J and we assumed exchange interactions
are dominant over various anisotropy terms and the coupling
between the circular components n s and n’ can be ignored
[15,76]. The right-hand side of this equation can be read
as follows: the gauge fields —A,, and ﬁeﬂ /J, respectively,
account for aligning s/, with the 7" axis and introducing the
DM interaction; the gauge potentials can be merged into an
overall covariant derivative D], ~ 3, + (—A, + De,/J)x,
where we kept only the first order terms in D/J, 9,0, and
9, ®. Equation (D3) describes thermal magnons with spectrum
wr = [H + J(k — ko)*> — Jk%]/s and magnon current j, =
J Im(n’;0,ny). Here ko is the momentum shift induced by
the DM interaction and magnetic texture. Formally, Eq. (D3)
describes the motion of charged particles due to fictitious
electric and magnetic fields £, = n), - (8;n), x 9,n,) and B; =
—(eijx/2)n), - (3;n), x n)).

We are now in a position to calculate the force exerted by
the fast oscillations on the slow spin density dynamics. For
simplicity, we assume that the slow magnetic texture is static
since the time dependence can be taken into account later on
by Onsager reciprocity principle. The relevant terms in the
total effective field

De,

H 5 = J(Bﬁn +2 x aﬂn> — (H 4+ 2Asn.)e. (D4)

are exchange and DM terms because other terms average out
due to rapid oscillations (summation over u = x,y is implied),
thus we obtain the expression for the torque

T =(nx Her) — (n)ng x Hyy = Jng x S
~ Jng x ing)+2J(n X (9,15)0,(n - n))

+2J(ny x (d, x d.ny)), (D5)

where we formally introduced & = —n; x 7/J as the

nonequilibrium transverse accumulation of magnon spins,

(---) denotes averaging over the fast oscillations induced

by random fields, and HJ; = —§, F({n)n,,(n)o,n;). By

dropping oscillatory terms that average out, we obtain

S =2ns(0yng - 0uny)) —2(ng(0uny - dyny))
+2{(ng x ny)d, - d.ny)).

The fact that vectors S,ns,0,n,,0,n, and ny X 1y are in
the x’-y’ plane allows us to rewrite Eq. (D6) using complex
numbers, leading to

S =—id,(nyd,n_) — (dns)(n_o,ny).

(D6)

D7)

S = 8, +i§, describes the components of spin accumulation
leading to dissipative and nondissipative torques and —id,
represents d,, x n; (which also is a vector in the x’-y’ plane)
as a complex number. For the steady state solution, we obtain
d kdw (ne(k,w,x)d,ne(k' o' x))
Qm)  Qr)stk —kNs(w — o)’
(D8)

(nydyny) ==+ /
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where d = 2,3 is the dimensionality of the magnet and

ddfl d .
ni(k,w.x) = / £ PO Fiw—n, (pr) (DY)

2m)d
is the Fourier transform with respect to time and transverse
coordinates. The § functions in the denominator are canceled
by the stochastic field
(h*(k,0,x)h(k',0',x))
4Q2n )l asky
Since we are interested in the linear response to the random
Langevin field h(k,w,x), we set A = 0 in Eq. (D3) and the
stochastic LLG equation (D1) becomes the inhomogeneous
Helmbholtz equation

J(92 + 1 P)n_(k,w,x) = hik,w,x),

=Tx)8(x — xNo(w — ).

(D10)

(D11)

where «? = [(1 4+ ia)sw — H]/J — k* — k}. This equation
corresponds to Eq. (D3) with an added stochastic term, and can
be solved easily by employing Green’s function G(x — x¢) =
iel¥=%l /2, By substituting the solution into Eq. (D8) and
employing the quantum dissipation theorem, we find

T = —(Duny) jx(1 +ip),

where D, n, represents D, n, as a complex number and
. 0T dk

ET ] @ay
with t(€) = Qaw)™", e(k) = (Jk* + H)/s, vy = dwy/0k,,
and fy = 1/[exp(e/kpT) — 1] is the Bose-Einstein equilib-
rium distribution. The 8 term in Eq. (D12) corresponds to the
dissipative correction with S/a = (d/2)F(x)/Fy(x) ~ d/2
with Fo(x) = [;° dee??lee™ /(e“™ — 1)? and Fy(x) =
f0°° dee?? (e 4+ x)e T /(e°T* — 1)? evaluated at the magnon
gap x = wy/kgT (for d > 2 and for small gaps, F(x) =
Fo(x) = ¢(d/2)/ T'(1 4+ d/2), where ¢ (x) is the Riemann zeta
function, and I'(x) is the Euler gamma function [77]). The
magnon current density is given by

Ju = —kp(®,T)Fo/(67> Lhar) (D14)

for d =3, where A = /hJ/skgT is the thermal magnon
wavelength, and

(D12)

T(€)evi(de fo),

(D13)

Ju = —kp(3,T)Fo/ (4 har) (D15)

for d = 2. Using the spin-torque term given by Eq. (D12), we
obtain the LLG equation with thermomagnonic torque

s(1+a’nyx)is =n; x Hiy — (14 Brgx)(j* - D)ny,
(D16)
where s = (n)s is the renormalized spin density, H}; =
—8n, F({n)ng,(n)d, ny) is the effective field, o’ = (n)a is the

renormalized Gilbert damping, and j* = —hj is the spin
current with polarization along n; carried by magnons.

APPENDIX E: SCALING OF THE LATTICE VECTORS

In order to determine the ground state of the system at
a given point (A, H) in the phase diagram, we compare the
energies of relaxed SP, SC, SkX, and FM configurations. We
use the LLG equation to simulate the spin dynamics and to

PHYSICAL REVIEW B 93, 064428 (2016)

relax the system starting from ansatz states [SP, SC, and SkX
as given by Eq. (8), which are obtained by inspecting the results
from MC]. We then compare the resulting average free energy
densities and determine the actual phase.

In each case we relax a single primitive cell with rectangular
periodic boundary conditions. This, however, requires us to
specify the cell size, which we do not know beforehand.
To overcome this problem, we dynamically scale the spatial
coordinates as x’ = a,x and y’ = a,y such that the lattice
vectors are scaled to their optimal values as we describe below.

The dimensions of the primitive cell (L,,L,) in the (x’,y")
coordinate system are chosen such that the ansatz (SkX, SC,
SP) is compatible with periodic boundaries (that is, L, = 7,
Ly, =m/v/3forSkX,L, = L, = w/2forSCand L, = L, =
7 for SP). The average free energy density is given by f =
F/A, where

Ly Ly
F = J/ / dx'dy'|T|F,
L, J-L,

Ly pLy
/ / dx'dy'|J|,
-1, J-L,
1

F=3Y E(a,ia,ﬂn)2 + (De,/D) - (n x a,d,n)

A

u=x.y
HJ AgJ
+ Fnz + F”lzs
Tl =" (ED)
xy

Here | 7] is the Jacobian of the transformation. The optimal
value of a, is given by 9,, f = 0 or

1 f_Liv f_LZX dx'dy'|\J|(De, /D) - (n x 8,/n)
2 s avdy\Tk@en?

a, = —

(E2)

Starting from an ansatz configuration n” given by Eq. (8),
one can determine the optimal value of af?) using Eq. (E2) and
relax the system using the overdamped LLG equation (7) for
a period of time Tg. This process yields the configuration n"
which is closer to the local minimum, and we can calculate af})
using V). Bventually, | f[n/*,a/'] — f[n®,a] ]| vanishes
as we approach the minimum.

A corollary of Eq. (E2) is that at the equilibrium point,

P 5 S5, dx'dy|TI(De,/D) - (n x audm)
2F) 25 [ dxdy'| T (a,m)?

-1,
(E3)

and since [A],, = 2F) and [A1],, = 2F} + F},, we reach the
conclusion that [7;],, = 0.

We emphasize that this result is derived under the as-
sumption of a periodic lattice and does not hold for isolated
skyrmions in general.
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