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Current- and field-driven domain wall dynamics and chirality switching in a planar helimagnet
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We study the effect of electric current and magnetic field on the dynamics of chirality in a helimagnet
with a strong easy-plane anisotropy. Using a continuum theory derived for a quasi-one-dimensional frustrated
ferromagnet close to the Lifshitz point, we show that a domain wall connecting domains with opposite chiralities
can be driven by the current via the dissipative (nonadiabatic) component of the spin-transfer torque. Further, it is
demonstrated that the adiabatic part of the torque in the presence of a magnetic field breaks the symmetry of the
effective magnetic potential energy with respect to the chirality. We show that the leading symmetry-breaking
term arises in the third order in the magnetization gradient, and derive the conditions for chirality switching. Our
conclusions are supported by numerical spin-lattice simulations.
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I. INTRODUCTION

Frustrated magnetic systems have attracted an avid interest
of researchers for several decades [1]. Many frustrated mag-
nets belong to the class of so-called helimagnets, with the
magnetization (or the Néel vector) forming a helical periodic
structure in their ordered ground state. It has been demon-
strated [2,3] that the helimagnetic structure can be controlled
by applying a magnetic field and the corresponding change in
the magnetic state can be read by electric means.

Recent experiments show the possibility of chirality
switching in conducting helimagnets by crossing the phase
transition point with the application of electric current in the
field-decreasing process [4], as well as near the paramagnetic
state, assisted by temperature [5]. Micromagnetic simulations
[6] indicate that the controllability of the switching process
significantly depends on the value of magnetic anisotropy.

To our knowledge, however, the theory of chirality switch-
ing in helimagnets under the action of an electric current and
a magnetic field, in particular the dynamics of current-driven
chiral domain walls in these materials, remains largely unex-
plored. The main goal of this paper is to contribute to filling
this gap.

In this work, we theoretically investigate the motion of
chiral domain walls under the action of an electric current in
a quasi-one-dimensional centrosymmetric helimagnet, which
has a doubly degenerate ground state (right- or left-handed
helix), using a continuum description valid in the vicinity
of the Lifshitz point where the period of the helix is large
compared to the lattice constant, and assuming a strong easy-
plane anisotropy. We demonstrate the possibility of moving
the chiral domain wall by the polarized electric current via
the dissipative (nonadiabatic) component of the spin-transfer
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torque, while the adiabatic part of the spin-transfer torque
leads to the increase of the equilibrium pitch of the helix. Fur-
ther, we show that the simultaneous application of magnetic
field and polarized current gives rise to a term of the third
order in the magnetization gradient in the effective potential
energy, which breaks the symmetry with respect to the chiral-
ity and provides a mechanism for chirality switching. Those
analytical predictions are supported by numerical simulations.

It should be emphasized that although our study is mo-
tivated by the experiments [4,5], the theory presented in
this work is developed for the regime of strong easy-plane
anisotropy, in a simplified one-dimensional setting, and thus is
not suitable for a realistic description of those experimental re-
sults obtained on thin films of materials with weak anisotropy.
Our goal here is to capture the essential physics behind
the chirality switching, which is driven by chiral symmetry
breaking.

The structure of the paper is as follows: In Sec. II, we
introduce the model of a helimagnet, construct the continuum
description incorporating the applied current and field, and
discuss its range of applicability. In Sec. I11, the analysis of the
effects of electric current on a single-domain state is given. In
Sec. IV we propose the chirality switching mechanism based
on the chiral symmetry breaking caused by the simultaneous
application of field and current. Section V is dedicated to the
dynamics of chiral domain walls. In Sec. VI, we present the
results of spin-lattice simulations and discuss their correspon-
dence to the continuum model. Finally, Sec. VII contains a
brief summary.

II. CONTINUUM MODEL OF A PLANAR HELIMAGNET

Consider a quasi-one-dimensional (e.g., a nanowire) heli-
magnet oriented along the x axis, defined by the Hamiltonian

H = (IS - Srrat —J'Sr - Spiza + K(S, -2}, (1)

where S, = Sn, are classical length-S spin vectors at sites r of
the lattice, interacting via the ferromagnetic nearest-neighbor
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exchange J > 0 and antiferromagnetic next-nearest-neighbor
exchange J' < 0, the easy-plane anisotropy strength is de-
noted by K > 0, and a is the lattice constant along the x axis.
The hard anisotropy axis is assumed to be along the wire, so
that the helical rotation occurs in the (yz) easy plane.

For |J'| > J/4, the ground state is a simple helix, and it is
convenient to introduce the helical angle between neighboring
spins 6 = arccos(—J/4J"). We assume that the helimagnet is
close to the Lifshitz point J = 4|J’|, then # <« 1 and spin
vectors are slowly varying at the scale of the lattice constant,
so the continuum description can be used (in practice, the con-
tinuum approximation can be expected to deliver qualitatively
correct results for A up to about 0.5, i.e., for the helical angle
of roughly up to 30°). Performing the expansion up to the
fourth order in gradients, one obtains the following continuum
Hamiltonian [7-9] for the unit vector field n(x),

2 2 02
H=nN121 /dx{a—(ft?n)2 - %(axn)z - 2—Kn2}, @)

2 4 Jaz

Here, Ny, = S1a/V, is the number of the magnetic atoms
contained in the cross-section area S, of the wire, and ), is
the volume of magnetic unit cell. In what follows, we set N
to unity for the sake of simplicity, as it enters all expressions
as the overall factor and does not affect the classical dynamics
of the system.

Let us briefly discuss the ground state of the system. The
vector n can be parameterized by standard spherical angles,
n=sin¥cosg-é; +sindsing - & + cosv - &3, where we
choose 3 = x. In the ground state all spins are confined to the
easy plane, = /2, and the Hamiltonian takes the following
very simple form:

2a® [ dx(d® 62
H, = JST / 7{;[(@)4 +(02¢)°] - j(axgof}.
3)
Variation with respect to ¢ (x) results in the equation
26/a)’ 379 — 6(3:9)*8}¢ + dfp =0, )

which admits the solution ¢ = gx representing a uniform he-
lix with an arbitrary pitch g. Substituting this solution into the
Hamiltonian (3) and minimizing with respect to g yields two
degenerate ground states with ¢ = +6/a corresponding to
the right-handed (“+”) and left-handed (“—") helicoids. This
twofold degeneracy allows for the formation of domain walls
connecting the two ground states with opposite chiralities.

The structure of such a chiral domain wall (DW) depends
on the strength of the anisotropy. In the strong anisotropy limit
K > J, it is favorable for the spins to stay in the easy plane.
The corresponding DW shape, sketched in Fig. 1, is the exact
solution of Eq. (4) first obtained by Hubert [7],

@(x) = +Incosh(x/a). 3)

The energy of this “in-plane” chiral DW (per unit dimension-
less area N ) is easily obtained from Eq. (3) as

EDW =J529%/3 (6)

In the limit of the weak anisotropy K <« J, another type
of the DW solution can be obtained, with the magnetization
deviating from the easy plane. The pitch of the helix g is
determined solely by the exchange interaction, and for zero

FIG. 1. Schematic depiction of an in-plane chiral (Hubert-type)
domain wall connecting left-handed (on the left) and right-handed
(on the right) helical domains.

anisotropy the plane of rotation can be arbitrary. The low-
energy magnetization configurations can be written as n =
1/+/2(e, cos gx + e, sin gx), where e, ;(x) is a pair of mutu-
ally orthogonal smoothly varying unit vector fields. The DW
solution connecting two helicoids with opposite chiralities can
be constructed by changing the local plane of rotation of spins
in the helix, e.g., leaving e, = § constant and letting e, rotate
from Z to —Z in the (xz) plane. The energy of such an “out-of-
plane” DW can be obtained within the SO(3) continuum field
description (see, e.g., [10,11]) as

Egl‘;t/-of—plane — \/ZJ_KSZé (7)

Comparing (6) and (7) yields the condition for in-plane DWs
to be energetically favorable

6> <K/J. (®)

In what follows, we assume that this condition is met, and
leave the analysis of out-of-plane DWs for a separate study.

We are interested in the effects of the external magnetic
field H and the electric current density j. The dynamics of
the system can be described by the Lagrangian [12-16]

L= —hS/ d—x{A - (On + o) — %(H ~n)} —H. (9)
a

Here, A = (ng x n)/(1 + ny - n) is the vector potential of the
Dirac monopole (the unit vector ry defining the direction of
the quantization axis ny can be chosen arbitrarily), g is the
Landé factor and pp is the Bohr magneton. Further,

v = jOV/(hS) (10)

is the so-called “spin-transfer velocity” [14] where j© =
j“PR/(2e) is the spin current density, with P being the de-
gree of spin-polarization of the current. The term with the
spatial derivative in (9) accounts for the adiabatic part of
the spin-transfer torque, while the nonadiabatic part cannot
be incorporated into the Lagrangian description and will be
introduced later. We will assume that the applied current is
sufficiently weak compared to the largest scale of the problem
set by the anisotropy constant,

v < Ka/h. (11)

Passing to spherical angles, and assuming that the field is
applied along the hard axis x, and setting ny = £, one can
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rewrite the Lagrangian in the following form:
dx
L= 7{5[5(3& +v3,9) + hlcos ¥} —

JS?a* [ d
H=" [ Zin? ﬂ{ [0 + (22¢)"]

- —(axga)2 2K } (12)

where h = gupH. Here, a few remarks are in order. In Eq.
(12), we have dropped the full derivative terms contained in
expressions of the type A - 9,n = (1 — cos 1)d,¢ as they do
not contribute to the equations of motion. This is consistent
with the fact that the adiabatic part of the current-induced
spin-transfer torque, taken alone (without the field), does not
break the chiral symmetry. Further, in (12) we have omit-
ted terms proportional to (9,9)?, which is justified for weak
currents as will be shortly shown below in a self-consistent
manner.

Variation of the Lagrangian (12) over cos ¢ allows us to
obtain the angle of deviation from the easy plane as follows:

h+ h(d¢ + v3x<p){ Jo?

Y = 1—— 8.0) +
0s 2KS (adyp)” +

}. (13)

Here, we have made use of the relation K/J > 6* that holds
automatically as long as (8) is satisfied and 6 < 1, so the
terms in the curly braces are small corrections. Thus, in this
approximation ¥ is a “slave” field and the system behavior is
fully determined by the dynamics of ¢. Space and time gra-
dients of ¥ are proportional to second-order derivatives of ¢,
so the inclusion of (9,1%)? terms in the Lagrangian (12) would
lead to additional terms of the fourth order in gradients of ¢.
They are small compared to the fourth-order terms already
present in the Lagrangian if the condition (11) is satisfied,
which justifies the omission of (8,1%)? terms. We also neglect
renormalization of (3,¢)* terms coming from the magnetic
field, as it carries the extra factor J6*/K <« 1. Similarly, addi-
tional terms proportional to (d,9;¢)” can be safely neglected
when considering the low-frequency dynamics.

Substituting (13) into the Lagrangian (12), one obtains the
effective Lagrangian depending only on the “master” field ¢,

B f dx [ (8,9 + vd,0)?
- a 4K

L
~hvS -
+h%F[8x<p]} — (1= P)H,, (14)
where we have denoted

h=h/(2KS), (15)

and F[0y¢] is a functional that is odd under 9,¢ +— —d,¢ and
describes breaking of the chiral symmetry which occurs when
the external field and current are applied simultaneously,

F[d,¢] = adep + %(a@xq))S +... (16)

However, the first term in F should be ignored as it does
not affect the equation of motion, so the leading symmetry-
breaking term is actually cubic in 9,¢.

In (16), we have introduced the dimensionless phenomeno-
logical parameter ¢ that generally can depend on parameters
J/K, h, and 6. We will not attempt to write down an explicit
microscopic expression for ¢ at this stage, for the follow-
ing reason: While one obvious source for those higher-order
terms is the higher-order correction in (13), it is not the
only one. In particular, the current-related part in the contin-
uum Lagrangian (9), which is linear in d,n, represents only
the leading term in the gradient expansion. For the “true”
underlying lattice problem, there will be higher-order terms
representing lattice corrections. We will come back to this
problem later in Sec. VI when comparing our predictions
to the results of spin-lattice simulations. Those simulations
implement torques at the level of equations of motion via finite
differences on an effective lattice, and once the specific lattice
implementation is chosen, the corresponding contribution to
the Lagrangian can be determined, which will enable us to
extract the microscopic expression for ¢.

It is convenient to introduce the characteristic velocity ¢
and dimensionless spin-transfer velocity ¥,

c=+JKSa/h, ©=v/c, a7

and pass to dimensionless space £ = x/a and time t = ct/a.
In this notation, the Lagrangian (14) takes the form

£=7 ds{ (<p+u<p)2+hv§<p

~2
—<1—E2>[ (" +¢") — ¢ 2” (18)

where the dot and the prime denote 9, and 0, respectively,
and for the sake of convenience we have absorbed all the ex-
tra factors (except the overall A7) into the phenomenological
coefficient £ = 2¢(K/J)"/?. In dimensionless variables, the
condition (11) on the current takes the form o < (K/J)!/2.

To account for dissipative effects, we introduce the
Rayleigh dissipation function in a standard manner,

R=f‘i—x{h5"‘6(a, Y+ BiVa} @ an)} (19)

where o is the Gilbert damping constant, and  is the nonadi-
abatic spin-transfer torque parameter [14,15]. After reduction
to the ¢ field and passing to dimensionless variables, one can
recast this as

R=+JKS*(1 — ﬁz)/dé{%acsz + ﬁfx;’up’}, (20)

where the overall factor is adjusted so that the equation of
motion retains the standard form §L/§¢ = 6R/§¢.

III. EFFECTS OF THE CURRENT-INDUCED
SPIN-TRANSFER TORQUE ON A UNIFORM HELIX

We start with the analysis of the action of current on the
helimagnetic system in a single domain state with certain chi-
rality. As will be shown below, this action can be broken down
into three effects: homogeneous rotation of the helix, tilting of
the magnetization from the easy plane, and renormalization of
the helical pitch. Throughout this section, we set the magnetic
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field to zero and deal solely with the effect of spin-transfer
torques.

A. Dissipative torque: Homogeneous rotation

The equation of motion for ¢ admits a solution of the form
¢ =4 V), 2D

which corresponds to the translational shift of the helix along
the positive & direction with the constant velocity V and is
indistinguishable from a homogeneous rotation of the helix
with angular velocity w = —GV. It is easy to see that all
contributions from 8L /8¢ contain derivatives of ¢ of the sec-
ond and higher order and thus vanish for the ansatz (21), so
this solution is effectively governed by the dissipative terms
only. The part coming from the dissipation function reduces
to agp + B¢’ = 0, which yields the velocity

V = (B/ac)b. (22)

This so-called sliding motion has been recently demonstrated
in micromagnetic simulations [17] for a helicoid stabilized by
the Dzyaloshinskii—-Moriya interaction, and has been investi-
gated experimentally [18] in the helimagnetic MnAu,. It is a
general feature of the action of the nonadiabatic component
(B term) of the spin-transfer torque in such systems, present
because of the constant spatial gradient of magnetic moments.

B. Adiabatic torque: Out-of-plane tilt

Substituting the ansatz (21) for the rotating helix into
Eq. (13) and taking into account the result (22) for the ve-
locity, one can obtain the deviation of the spins from the easy
plane in the form

cosz&‘:@ i(1—£> (23)
2 K oG

Helices with opposite chiralities will have different signs of
the out-of-plane canting under the action of a current, which
in turn can be probed by the magnetic field perpendicular to
the easy plane. Thus, although the left and right helices are
initially degenerate energetically, this degeneracy is lifted if
one applies both current and magnetic field together.

As was pointed out in micromagnetic simulations of he-
limagnetic MnP in [6], the choice of chirality in the field
decreasing process is inverted when 8 > o, which is con-
sistent with (23).

C. Change of the helical pitch

The equation of motion is satisfied for any value of the
helical pitch § in the ansatz (21). The quasistationary state of
a helical configuration with constant ¢’ = § can be obtained
by minimizing the potential energy density of the Lagrangian
(18) with respect to g, which yields

G = £v02 + 2. 24)

Thus, the application of current favors the increase in the
helical pitch, making the spiral “tighter”. For weak currents,
the change of the pitch is quadratic in current. This renormal-
ization is the same for left and right helices, and is insensitive
to the direction of the current.

IV. CHIRALITY SWITCHING UNDER THE COMBINED
EFFECT OF MAGNETIC FIELD AND CURRENT

When the magnetic field and electric current are applied
simultaneously, the symmetry between the left and right chi-
rality is broken. This symmetry breaking, encoded in the
hvg" term of the Lagrangian (18), occurs because the electric
current tilts spins out of the easy plane (yz) into opposite
directions for helicoids with different chiralities, so that a
magnetic field applied along the hard axis x can distinguish
between the left and right chirality. This provides a mech-
anism for chirality switching via a combined application of
magnetic field and electric current, which has been demon-
strated in a number of recent experimental works [4—6,19-21].
In this section, we will be interested in conditions required for
such switching.

Similar to Sec. III C, we look at the potential energy density
corresponding to the Lagrangian (18), now including the field
terms. It is convenient to express it in units of /S?/2 and as a
function of the first derivative ¢ = ¢’,

- - [1 G2 .
U=A1- h%[zw“ +y7) - %W] — %hwi (25)
where we have introduced the notation
3 =0%+0* /(1 —h). (26)

The left and right potential wells are now asymmetric. For
definiteness, we assume vh > 0, so the well corresponding to
the “right” chirality (y > 0) is energetically preferable. The
positions of the right and left well minima v ; are given by

(L)L __ th
¢R,L—91<2:|: 1+4), f_cjl(l—fzz)' 27

If the system was initially in the left potential well (¢ < 0),
its state becomes metastable. One might expect that the left
well disappears completely for a sufficiently strong asym-
metry, pushing the system into the state with the opposite
chirality. However, it is quite straightforward to check that
this cannot happen for any values of the field and current (see
Appendix A), so such “brute-force” chirality switching is not
possible.

There is a different switching mechanism, namely via
nucleation of the stable phase against the “false vacuum”
background. Let us obtain a rough estimate of the switching
conditions for this mechanism. Assume that we have a domain
in energetically unfavorable (metastable) left-chiral state, and
we create a pair of chiral domain walls so that between them
there is a nucleus of the energetically preferable (stable) right-
chiral domain. Such a nucleation can occur thermally or, in a
system with disorder, be driven by the impurities. Each of the
DWs of the form (5) has the characteristic thickness £ ~ 1/6,
which will be renormalized to £ ~ 1/§, in the presence of the
field and current. Thus, for such a pair of kinks to form, they
have to be separated by the minimal initial distance of about
£. The energy cost of creating such a pair

Epair = 2Epw + AU /Gy (28)

can be estimated as the sum of the penalty for creating the
DWs and the gain from creating the nucleus of stable phase.
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Here AU is the energy difference between the left and right
wells,

. . . ) . f2 3/2
AU =UWr) —UGL) = =331 = hz)f(l +7) -

(29)
The DW energy Epy can be roughly estimated by varying the
potential I/ with the symmetry-breaking cubic term ignored
(the leading correction due to it is already accounted for in
the second term in (28)), essentially following the derivation
above that leads to (6); expressed in the same units of JS?/2
as U, this yields

Epw ~233(1 — h*)/3. (30)

As a rough order-of-magnitude estimate of the switching
threshold, one can look at the point where the total energy
cost Ep,ir changes sign to negative: this happens at f ~ 1.2.
For a finite system with open edges, one can consider a similar
nucleation mechanism that works by creating a single domain
wall at the edge and sweeping it through the system; the cor-
responding switching condition will have the form similar to
Epair < 0, but without the factor 2 in the first term of (28), and
will be realized for f 2 0.8. Our estimate for the switching
condition thus reads f > f., where f, is some number of the
order of unity. To translate this requirement into an explicit
domain in the current-field plane, one needs to know the
dependence of the phenomenological parameter ¢ on model
parameters. We will return to that later in Sec. VI.

It should be remarked that the above estimate provides
merely a rough idea of the parameter region where one may
expect the switching to be efficient. Since the unfavorable chi-
ral domain is always metastable (the corresponding potential
minimum never disappears), in a system without impurities
the nucleation of the stable domain is always thermally ac-
tivated. The switching rate is thus always nonzero and is
proportional to the Arrhenius factor exp(—JS?A/2T), where
the dimensionless activation energy A is determined by the
saddle-point solution [22,23] describing the minimal-energy
nucleus. Although the analytical solution for the saddle-point
configuration in our case is not available, the qualitative be-
havior of the activation energy can be inferred from its being
proportional to the barrier height, A « U©O) —U{)). In
the limit of the vanishing asymmetry f — O the activation
energy A should tend to 2Epy [23], while for large f it decays
as A o1/ f2. In a disordered system, however, nucleation is
more complicated as it can occur nonthermally at impurities:
For instance, if one assumes that the magnetization is pinned
at the impurity site, then the sliding motion driven by the dis-
sipative spin-transfer torque can naturally create a deviation
from the single helicoid that will resolve into a pair of domain
walls forming a stable domain nucleus.

V. CHIRAL DOMAIN WALL DYNAMICS

In this section we consider the motion of a single chiral
domain wall under the action of applied field and current. To
that end, we utilize the collective coordinates approach. We
introduce the simplest ansatz for the moving DW, based on

®,
¢(, 1) = xIncosh[§1(§ — Epw(T))], €19}

where we have adjusted the DW thickness accounting for the
renormalization caused by current and field, and we have a
single collective coordinate £py that describes the transla-
tional motion of a rigid-shape DW profile. Substituting the
above ansatz into the Lagrangian (18) and the Rayleigh func-
tion (20), one obtains

L~ Jszq%{%séw + 2 gy }

R~ VIKS*N.G*(1 — ﬁz){%‘;égw - ﬂf;éDw}, (32)

where N, > 1 is the dimensionless length of the wire in
units of a. Terms with even powers of ¢’ yield contributions
proportional to N, after performing the integration (we neglect
corrections of the order of unity). In contrast to that, integrat-
ing the term cubic in ¢’ yields a contribution proportional to
the DW coordinate &py and thus acts as an additional force
driving the domain wall.

The equation of motion has the solution &py = V1 corre-
sponding to a stationary movement with the constant velocity

B ShaU/K)?
aG  3agN.(1—h?)

The first term in (33) is the dissipative contribution to the
drift velocity found previously in Sec. III A for a single helix,
see (22). A rough numerical estimate shows that this velocity
is not very high: assuming fully polarized current P = 1,
S = 1, the lattice constant ¢ = 0.5 nm, and 8 = o, one gets
the relation Vyig, &~ 4.0 x 10719 where j(© is the density
of the electric current in A/m? and Vj; is in m/s. Therefore,
for currents up to ~10'2 A/m* the chiral DW can potentially
reach a velocity up to ~400 m/s.

The second term comes from the energy difference be-
tween two chiral domains, which creates the additional
driving force moving the domain wall to expand the favorable
domain. This effect, however, is strongly suppressed: from
(32) one can see that both the effective mass of the DW and
the damping are macroscopically large (they scale linearly
with the longitudinal system size L, = N,a), while the force
acting on the DW remains finite. The resulting contribution to
the stationary DW velocity [the second term in (33)] is thus
suppressed by the factor 1/N, and is relevant only for very
small systems with

V= (33)

hgy  TU/K)V?
Y Ba—-h) 3

This contribution can be derived in an alternative way by
considering the balance between the energy dissipation during
the domain wall motion and the corresponding energy gain
due to the energy difference of the chiral domains: equating
the energy gain rate JS?§; 2 htVpw /3 to the energy dissipation
rate 2R = \/J_KSszcﬁ(l — fzz)aGng, one obtains the same
expression for the DW velocity Vpy as given by the second
term in (33).

It is interesting to note that the domain wall velocity (33)
has the same magnitude for two opposite driving directions

(34)
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(i.e., the absolute value of the velocity stays the same if the
direction of the current ¥ is reversed, provided that the applied
magnetic field h is unchanged). However, the velocity differs
for two domain walls of opposite “charge” [the two opposite
signs in (31)].

VI. SPIN-LATTICE SIMULATIONS

To supplement our theoretical analysis, we perform spin-
lattice simulations of a helimagnet, including the effects of
both adiabatic and nonadiabatic spin-transfer torque and of
a magnetic field. We work with discretized Landau-Lifshitz
equations for unit spin vectors n; living on sites i of the one-
dimensional lattice,

dn,‘_l( Xhi) an,‘
dr s X Mett) T @G X
'(S)V
_! S (A B x M) ()

where the effective field bl = —3H4/n; defined via the 1D
lattice Hamiltonian

Hig = Z { —JS*(n; - migy) — IS - nis)

+KS2(nf)” — hSnj‘], (36)

and the effects of spin-transfer torque [the second line in (35)]
are implemented by discretizing the corresponding continuum
expressions via replacing the spatial derivative d,n at site i by
the symmetric finite difference

A = (i — ni—1)/(2a). 37

For most simulations, we use the following model pa-
rameters: K = 50 meV (typical for rare earth elements [24]),
J =10meV, J' ~ 2.50955 meV (chosen so that the angle be-
tween adjacent spins is f~5, 0rf~ 0.087), a = 0.5 nm,
ag = 0.05, and the system size is N, = 200 spins. For the sake
of simplicity, we set the volume of the unit cell Vy = a°, the
spin value S = 1, and assume that the current is fully polarized
j® = j©n/(2e), i.e., P = 1. Whenever different parameter
values are used for some reason (e.g., when we study the
dependence on N, or ), this is explicitly indicated in the text.
We solve (35) using a simple fourth-order Runge-Kutta inte-
gration scheme with a time step At = 1073 ps. Free boundary
conditions are used at the edges.

A. Lattice equations and parameters of the continuum model

Before we proceed to presenting the simulation results,
let us look in more detail at the correspondence between the
lattice equations (35) and the continuum field description used
in our theoretical analysis in previous sections. We have seen
that the chirality switching conditions, as well as the domain
wall dynamics, depend crucially on the term in the Lagrangian
that is cubic in d,p. To be able to compare the simulation
results with theory, we in particular need to know how the
phenomenological quantity ¢ (the overall factor in front of the
cubic term) depends on the model parameters.

In the continuum approach, we have treated the adia-
batic part of the spin-transfer torque within the Lagrangian

formalism. It was represented by the term
Lo = —jO8, / dxA - dn (38)

in (9) containing the Dirac monopole vector potential A (the
cross-section area S| here can be set to a2 for the 1D lattice).
As we will shortly see, the main contribution of the (9,¢)>
type originates from lattice corrections to the above term. We
therefore need to find out what contribution to the discrete
Lagrange function would correspond to the lattice implemen-
tation of the adiabatic spin-transfer torque term [the first term
in the second line of (35)]. The answer turns out to be fairly
simple: the continuum expression (38) must be replaced by
the lattice Berry phase

LY =—j9S F. F=) Q@o.n.nyg). (39

where Q(a, b, ¢) is the signed area of the spherical triangle
spanned over the vertices determined by unit vectors a, b, ¢
(the oriented solid angle),

¢ Q(a,b,c) (a,b,c) (40)
an = .
2 l+a-b+a-c+b-c
One can show that
n; x 0F/on; = (ni11 —ni_1)/2, 41

which yields precisely the form of the adiabatic spin-transfer
torque term used in (35). Note that the equations of motion
do not depend on the arbitrary quantization axis ng. It should
be remarked that this result relies crucially on the symmetric
implementation of the derivative (37). For nonsymmetric im-
plementations, e.g., the forward difference (n;; — n;)/a, it
is not possible to represent the adiabatic spin-transfer torque
term as a variation/gradient. One may argue, however, that
(39) is the proper expression that follows naturally if one
attempts to derive the Lagrangian description on a lattice, see
Appendix B; consequently, nonsymmetric discretizations of
the adiabatic spin-transfer torque term should be avoided in
spin-lattice simulations, as they would introduce unphysical
contributions.

Now we can establish the lattice corrections (higher-order
terms) to the continuum Lagrangian originating from (39).
We pass to continuum fields, n; — n(x), n;y; — n(x + a)
and expand the solid angle, keeping up to the third term in
gradients. It is convenient to fix the Dirac string along the hard
axis np = X, pass to spherical angles #, ¢ for n(x), and pass
to the dimensionless coordinate & = x/a. One obtains

Q@E, nE),nE + 1)) = (1 —cos )y
+ 2((1 = cos®)g'y
— - sin® ¢ cos ¥ (¢')?
1 . /.a’y\/
+ zsind(p'?)
+ 11 —cos®)g” +... (42)

The first term in the above expansion is precisely A - dgn. The
second-order term is the full derivative and thus should be
ignored. Since ¢ is a slave variable in our theory, see (13),
terms in the fourth line of (42) have effectively higher than
the third order in gradients of ¢ and can be omitted as well.
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The leading lattice correction thus comes from the
third line of (42). Including it into the continuum La-
grangian amounts to the replacement vd.¢ > vo,@ +
(va®/12)sin® ¥ (d,¢)? in (12). Since we only need terms of up
to the third order in gradients in cos 9, the factor sin® ¥ in the
above-mentioned correction can be replaced by the constant
1 — A2, which results in the following modification to (13):

e LINP v =R,
cosz‘}_h—i-z(K) |:g0+v(p+ D (p]

-
— h—0%"” + ..., 43
ket 43)
Substituting (43) back into the Lagrangian yields (18) with the
following parameter ¢ :

- 1K\, A
§=§(7> (1—h)—3(E) 6" +.... (44)

The second term in the above expression originates from
higher-order corrections to cos ¥ [cf. the second term in curly
brackets in (13)]. Under the adopted assumptions, it is much
smaller than the first term, unless /& gets very close to 1. The
main contribution to the (d,¢)> term that breaks the chiral
symmetry thus comes from lattice corrections to the Berry
phase.

With the knowledge of how ¢ depends on the model param-
eters, one can now translate the chirality switching condition
obtained in Sec. IV,

Tho > f.(1 —R)\O2 +82/(1 —h?), f.~1, (45)

into a specific restriction on the values of the current v and
field h. Retaining for simplicity just the leading (first) term in
(44), and substituting it into (45), one obtains

o 1 —h? J
v > k6 _— =, :2fc - (46)
R2(1 — h?) — k2 K

This condition determines the region of parameters in the
current-field plane where the chirality switching occurs, as
shown schematically in Fig. 2. The switching is possible
only for k < 1/2, i.e., it is realized only if the easy-plane
anisotropy is sufficiently high, K/J > (4f.)%. To switch chi-
rality, the magnetic field has to be inside the interval (R, B,
where ﬁ% , = (1 F+/1—4k?)/2. The minimum current nec-
essary for switching is achieved at the optimal value of the
field i, = /1 — « and is given by ¥, = k8 /+/1 — 2«. Thus,
switching via the nucleation of a lower-energy domain re-
quires strong magnetic fields, strong currents, and extremely
strong anisotropy.

B. Results of lattice simulations vs continuum theory predictions

We start with checking the continuum theory predictions
for the effect of a dissipative spin-transfer torque in the ab-
sence of the external field. We initialize the system in a
right-handed helicoidal state, apply the electric current, and
read out the out-of-plane magnetization n, (or cos ) and the
angular rotation frequency 0, ¢ at the center of the system. The
results, shown in Fig. 3, demonstrate good agreement with the
analytical formulas (23) and (21); in particular, one can see

chirality switching

i
S e e e e - ]
|

FIG. 2. Schematic view of the region of parameters in the
current-field plane where the chirality switching occurs via the do-
main nucleation mechanism, as given by the condition (46).

that the out-of-plane magnetization changes sign at 8 ~ o,
in accordance with (23).

There is a moderate quantitative discrepancy, which we
attribute to the fact that the system becomes slightly inho-
mogeneous under the action of a dissipative torque (e.g., the
helical pitch ¢’ varies along the chain). It is the sign of a
nucleation of a different dynamical mode, which appears for
larger currents, or, more generally, larger values of g torque:
instead of a (quasi)homogeneous rotation, the helix unwinds
into a periodic multidomain state from the boundary (if the
length of the sample is sufficient, N, > 1/ 6), and then the
whole magnetic profile moves across the system in the form
of a traveling wave with the velocity V (22). The form of the
solution is similar to that shown in Fig. 5 below, although in
this case it is not stationary and its origin is not the renor-
malization of the pitch, but the action of a strong dissipative
torque. Note that the initial chiral state is being rewritten in
such a process, and the average chirality now becomes zero
(if we do not consider the finiteness of the sample).

We further set B =0 and check the continuum theory
prediction for the effects of adiabatic spin-transfer torque.
Without magnetic field (7 = 0) the obtained helical pitch
increases quadratically with the applied current in a good
agreement with (24), as shown in Fig. 4(a). In the absence of
the field, the renormalization of the pitch does not depend on
the direction of the current, and is the same for right and left
helicoids. The dependence of the out-of-plane magnetization
on the applied current agrees very well with the prediction
(43) as demonstrated in Fig. 4(b).

It should be remarked that the adjustment of the ground
state to the renormalized pitch is not trivial, as the equation of
motion does not contain the “returning force”, which would
simply push the system toward the potential minimum, and the
overall dynamics of the magnetization is strongly restricted
because of the easy-plane confinement. In simulations, we
observe that the actual perturbation starts from the bound-
aries (which are naturally inhomogeneous due to the absence
of neighbors on one side) and then propagates along the
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FIG. 3. Results of spin-lattice simulations (circles) compared to analytical predictions from continuum theory (lines) for the effects of the
nonadiabatic spin-transfer torque. The current is set to j© = 10! A/m* (o ~ 2.3 x 10~?), the Gilbert damping is chosen as ag = 0.01, and
the field is 2 = 0. (a) Dependence of the out-of-plane magnetization component ,, taken at the center of the system, on the nonadiabatic
spin-transfer torque parameter §; the line corresponds to (23) with ¢ given by (24). (b) Dependence of the angular velocity of the central spin

on B, the line corresponds to w = —gV with V defined in (22).
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FIG. 4. Results of spin-lattice simulations (circles) compared to analytical predictions from continuum theory (lines) for the effects of
adiabatic spin-transfer torque. The nonadiabatic spin-transfer torque component is switched off, 8 = 0. (a) Dependence of the renormalized
helical pitch § on the applied current 9. In the absence of magnetic field 7 = 0, the renormalization is insensitive to the sign of the current.
The dashed line corresponds to (24). (b) Dependence of the out-of-plane magnetization cos ¢ on the applied current D, for the fixed value of
the magnetic field 2 = 0.5. The dashed line corresponds to (43) with the initial pitch ¢’ = 6, and the solid curve accounts for the renormalized
equilibrium value of the pitch ¢’ = G, according to (26).
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FIG. 5. Results of spin-lattice simulations of the system with N, = 1000 spins with zero magnetic field 7 = 0. A uniform right-handed
helix with @ = 0.01 has been chosen as the initial state, and the current j© = 3.7 x 10'> A/m* (corresponding to © & 0.085 in dimensionless
units) has been applied over the time interval Az = 100 ns. For the sake of clarity, the results are shown as continuous curves interpolating
between individual lattice sites (corresponding to integer values of the dimensionless coordinate & = x/a). (a) The resulting evolution of ¢(&).
The dashed line corresponds to the initial single-domain state, and the solid curve shows the final state consisting of a sequence of helical
domains with alternating chiralities and increased pitch. (b) The same evolution for the slope ¢'(§). The initial state corresponds to the dashed

line, the solid line shows the final state, and dash-dotted lines indicate the renormalized values of the pitch 3=/ 02 + 2.
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FIG. 6. The shift Ag of the equilibrium value of the pitch ¥
under the action of the electric current ¥, for several values of the
applied magnetic field /. Only the part of the shift that is odd in ¥ is
shown (the even component is subtracted).

system. For weak currents (¥ < 6), the propagating dis-
turbance smoothly changes the slope ¢’, thus leading to a
uniform renormalization of the pitch. However, for suffi-
ciently strong applied currents, when the renormalized § is
a few times larger than the initial value gy = 0, we observe
a different mechanism: the initially uniform (single-domain)
helical state evolves by breaking into multiple domains with
opposite chiralities, adjusted to the new pitch =4 and sepa-
rated by chiral domain walls, as shown in Fig. 5. The same
behavior can be reproduced by numerically solving the con-
tinuum equation of motion determined by the Lagrangian
(18).

In the next step, we test the continuum theory predictions
on chiral symmetry breaking when the magnetic field and
electric current are applied simultaneously. According to (27),
the renormalized helical pitch should get a contribution that is
odd both in current ¥ and field 4. To extract this odd contribu-
tion, we proceed as follows. In (27), we keep only the linear
term in f (which is justified for small ¥), and substitute the
microscopic expression for ¢ keeping only the leading (first)
term in (44). We thus obtain the following expression against
which we fit the numerically extracted equilibrium pitch for
the right-handed helix:

i 2 G [K-
B2+ Cr—s + f,/jhf), (47)

where we have introduced two fitting coefficients C; , to be
able to filter out the even part with better accuracy. The fit
across a wide range of applied fields (7 varying from 0.1 to
0.9) yields C; ~ 1.016(13) and C; ~ 1.0019(15) in very good
agreement with the theoretical prediction C; , = 1. Figure 6
shows the odd part of the dependence of the renormalized
pitch on the current, for different values of the field h, demon-
strating the predicted linearity in © and /.

Finally, we check the predictions of the continuum theory
on the contribution to the domain wall velocity from the term
that breaks the chiral symmetry. It is represented by the second
term in (33), which after substituting ¢ from (44) and G, from
(26), yields

Yr R

02 + - (48)

Vpw (107%)
2.0;

1.5F

1.0r

0.5+
AL
500 400 300 200

FIG. 7. Dependence of the domain wall velocity Vpy on the
longitudinal size of the system N,. The dashed line corresponds to
the formula (48); the solid line connecting the dots is a guide to the
eye.

In simulations, we initialize systems of various sizes from
N, =200 up to N, = 500 with a chiral domain wall (5) in
the center, let the configuration relax, then turn on the current
j©O =—10" A/m? (5 ~ 2.3 x 1073) and the field 7 = 0.5,
track the DW motion until the velocity reaches a stationary
regime, and then extract the velocity value over the interval
near the middle of the system (to avoid the effects of in-
teraction with the boundaries). Figure 7 shows the resulting
dependence of the stationary velocity on the system size,
which agrees with the theoretical prediction (48) in the limit
of large N,.

VII. SUMMARY

We have developed a theoretical description of a helimag-
net in the planar limit (strong easy-plane anisotropy) under
the action of electric current and external magnetic field. The
theory is based on the continuum description valid in the
vicinity of the Lifshitz point where the period of the magnetic
helix is large compared to the lattice constant. It is shown that
a chiral domain wall, connecting helical domains of opposite
chirality, can be moved by the current via the dissipative
(nonadiabatic) component of the spin-transfer torque, while
the adiabatic part of the torque renormalizes the equilibrium
pitch of the helix. It is demonstrated that the combined effect
of magnetic field and current breaks the symmetry between
the left-handed and right-handed helical states, providing a
mechanism for chirality switching; it is further shown that al-
though the current-induced out-of-plane spin canting is linear
in the helical wave number g (“pitch” of the spiral), the lead-
ing symmetry-breaking term in the effective potential energy
is cubic in g. We check those analytical predictions against
the results of spin-lattice simulations and find satisfactory
agreement.

It should be remarked that our theory is not directly ap-
plicable to the recent experiments [4-6,19-21] as they are
performed on materials with weak anisotropy. In the planar
regime considered in the present work, chirality switching
via nucleation of an energetically favorable domain is hard
to realize as it requires very strong easy-plane anisotropy as
well as prohibitively strong magnetic fields. Nevertheless, the
present work captures the essential physical principle behind
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the chirality switching, namely, chiral symmetry breaking by
a simultaneous application of current and field, and we believe
that the insight gained here will prove useful in the future
extension of the theory to the regime of weak anisotropy.
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APPENDIX A: IMPOSSIBILITY OF THE “BRUTE FORCE”
CHIRALITY SWITCHING

We would like to find out whether it is possible to make the
left well of the asymmetric two-well potential (25) disappear
completely by applying a sufficiently strong magnetic field
and electric current. The condition for this to happen can
be formulated as follows: find the extrema . of the first
derivative U’ = dU/dr (we ignore the term with "> and so
consider only homogeneous helical configurations).

The left extremum v_ is a maximum. As long as the
value of U’(y_) at this maximum is positive, the left well
exists [i.e., U'(¥) has a zero at some point ¥, < _]. Thus,
the left well disappears if U’(_) < 0. To check this, it is
convenient to reduce the number of free parameters in (25).
We divide the potential by G, (1 — A?), change the indepen-
dent variable to x = ¥ /g, and write the rescaled potential
as u(x) = yx* — $x* — 1 fx*, where gy and f are defined in
(26) and (27), respectively. The extrema of u/(x) are given by
x+ = (f £/ f*+3)/3, and the condition u'(x_) < 0 takes

the form
fWrP+3-f) =6

which cannot be satisfied for any value of f. Thus, within our
approach, although the combined application of the magnetic
field and electric current can make the “unfavorable” chiral
state metastable, it never becomes unstable, so the chirality
switching cannot occur this way.

(AT)

APPENDIX B: LATTICE LAGRANGIAN
FOR THE ADIABATIC SPIN-TRANSFER TORQUE

It is well known that electrons interacting with an inhomo-
geneous magnetization texture experience a fictitious “gauge
field” that couples to spin current [12—14]. This formalism is
usually used directly in the continuum theory framework, and
only the leading (linear) term in the texture gradients is kept in
the expression for the gauge field. The goal of this appendix is
to give a somewhat heuristic derivation of the corresponding

lattice expressions that would allow us to take into account
higher-order corrections.

As the starting point, consider a tight-binding 1D lattice
model for conduction electrons described by the Hamiltonian

H = Hypop + Hyg, Hpop = —t Z(I//ITWH_] +Hc)
]

Ho = —Ju Y ¥/ (c-S)¥,, (B1)
l

where [ numbers lattice sites, ¥; = (clT,cf)T is the two-
component spinor describing the conduction electrons (in
the frame with the quantization axis nyg), ¢ is the hopping
amplitude between nearest neighbor sites, and Jy; is the ex-
change coupling to localized spins S; = Sn;, where n; are
classical unit vectors. The Lagrangian corresponding to this
tight-binding model can be written as

L=i(h/2)) (o, — v v)—H.  (B2)
!

Performing a local unitary transformation ; = U(n)y;
with

no+n

U = . s = -,
) =0 €= L ng?

(B3)
which describes a 180° rotation about the direction e that
bisects the angle between n; and n(, we rotate the quantization
axis at each lattice site to m;, so that the interaction term
H,=S§ Zz X;(a - ng)yx; is diagonalized in this twisted frame.
This twist modifies hopping as follows:

Hyop = —t Z{X;[azﬂ +i(b; - 0)xi+1 + Hell,
]

ap = (e -e1), b= (e xep) (B4)

In the adiabatic picture, the spin of the electrons follows the
direction of localized spins, so in the rotated frame all electron
spins are polarized along the axis ny. Thus, assuming that the
average is eventually taken over the electron operators, one
can replace b; above by its projection onto this axis, ny(b; -
no). This allows one to recast Hyop as

Hhop = — Z’l{XzTei(a'nO)Q(no’m’"'“)/2X1+1 +H.c},
1
14+n -n 12
= r(—; ”‘) , (BS)

where 2 is the oriented solid angle defined in (40). Now, the
derivative of Hyop Over n; takes the form

OHnop _ (I - no) 0Q(ng, g, myy 1)
on; on;
s 0Q2(ng, ny_1, ny)
+ (7, o) ————",  (B6)
8n1
where
' it )
I;S) N 13[ {X[To,et(mno)ﬂ(no,n/,nlﬂ )/2Xl+] _ H.C.} (B7)
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is the spin current flowing from site / to site / 4+ 1, as one can
recognize from the time evolution of the spin density at site /,

8 T s s
o xlox) = (X oxi, Hhopl =11°, = 1. (BS)

Assuming that the average of the spin current is homogeneous,
(I'V) = Iy, one can see that (B6) effectively corresponds

to the following expression for Hy,p averaged over electrons:

(Hhop) =19~ Q(mo, my, my11), (B9)
!

which is equivalent to (39). It should be remarked that the sim-
ple form of the result (B9) is because of the fact that the initial
model (B1) includes only nearest-neighbor hopping, and the
result can be easily generalized to longer-range hopping.
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