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Phenomenology of chiral damping in noncentrosymmetric magnets

Collins Ashu Akosa,' Toan Mihai Miron,>3* Gilles Gaudin,>** and Aurélien Manchon'-"
'King Abdullah University of Science and Technology (KAUST),
Physical Science and Engineering Division (PSE), Thuwal 23955, Saudi Arabia
2Université Grenoble Alpes, INAC-SPINTEC, F-38000 Grenoble, France
3CNRS INAC-SPINTEC, F-38000 Grenoble, France
4CEA INAC-SPINTEC, F-38000 Grenoble, France
(Received 28 July 2015; published 21 June 2016)

A phenomenology of magnetic chiral damping is proposed in the context of magnetic materials lacking
inversion symmetry. We show that the magnetic damping tensor acquires a component linear in magnetization
gradient in the form of Lifshitz invariants. We propose different microscopic mechanisms that can produce such
a damping in ferromagnetic metals, among which local spin pumping in the presence of an anomalous Hall effect
and an effective “s-d”” Dzyaloshinskii-Moriya antisymmetric exchange. The implication of this chiral damping
in terms of domain-wall motion is investigated in the flow and creep regimes.
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I. INTRODUCTION

Understanding energy relaxation processes of fast dissipa-
tive systems at the nanoscale is of paramount importance for
the smart design and operation of ultrafast nanodevices. In
this respect, magnetic heterostructures have drawn increasing
enthusiasm in the past ten years with the subpicosecond optical
control of magnetic order [1,2] and the promises of ultrafast
domain-wall motion in asymmetric metallic multilayers [3].
In fact, the observation of ultrahigh current-driven velocity
in ultrathin multilayers has come as a surprise and triggered
intense investigations on the physics emerging from sym-
metry breaking in strong spin-orbit coupled magnets [4,5].
These studies have unravelled the essential role played by
Dzyaloshinskii-Moriya interaction [6,7] (DMI), an antisym-
metric exchange interaction that emerges in magnets lacking
spatial inversion symmetry. This interaction forces neighbor-
ing spin to align perpendicular to each other and competes
with the ferromagnetic exchange, resulting in distorted textures
such as spin spirals or Skyrmions, as observed in bulk inversion
asymmetric magnets [8] as well as at the interface of transition
metals [9,10]. In perpendicularly magnetized domain walls,
this interaction favors a Néel over Bloch configuration [11-13],
a key ingredient explaining most of the thought-provoking
observations reported to date [14]. The dynamics of spin
waves can also be modified by DMI, which distorts the energy
dispersion [15] and results in a relaxation that depends on the
propagation direction [16,17].

A crucial aspect of fast dynamical processes is the nature of
the energy relaxation. In the hydrodynamic limit of magnetic
systems, this dissipation is written in the form of a nonlocal
tensor [see Eq. (1)] whose complex physics is associated
with a wide variety of mechanisms such as many-magnon
scattering [ 18] and itinerant electron spin relaxation [19]. Since
the energy relaxation rate of spin waves depends on their
wave vector (the higher the spin wave energy, the stronger
its dissipation), the magnetic damping of smooth magnetic
textures (i.e., in the long wavelength limit g) depends on
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the inverse of the exchange length, g ~ 1/A4y. In inversion
symmetric systems, this results in a correction to the magnetic
damping of the order of 1/ )ng [20-22]. However, in magnetic
systems lacking inversion symmetry, such as the systems
in which DMI is observed, the energy dissipation becomes
chiral: a component linear in the magnetization gradient
emerges, thereby fulfilling Neumann’s principle stating that
“any physical properties of a system possess the symmetry of
that system.”

In the present work, we explore the nature of the mag-
netic damping in noncentrosymmetric magnets and propose
different physical mechanisms resulting in the emergence of
a chiral damping. This chiral damping significantly impacts
the motion of magnetic domain walls in both flow and creep
regimes, opening appealing avenues to solve recent puzzling
observations [23].

II. SYMMETRY CONSIDERATIONS

The equation of motion governing the dynamics of continu-
ous magnetic textures is given by the Landau-Lifshitz-Gilbert
(LLG) equation,

0m =—ym x Herr + m(r) x /dr’g(r,r’)a,m(r/), (D

where m(r,7) = M(r,t)/ M, is a unit vector in the direction
of the magnetization M(r,?), y is the gyromagnetic ratio,
Hg is the effective field incorporating the external applied,
anisotropy, exchange, DMI, and demagnetizing fields, and
o(r,r’) is the magnetic damping expressed as a nonlocal
second-rank tensor. In the limit of smooth textures, the
tensorial components of the damping is a function of the
magnetization direction and of its spatial gradients, o’/ =
a/(m,Vm). Performing an expansion up to the first order
in the magnetization gradient yields [24]

ij i ij ij
oV =y + E Kmmy, + E Ly, miOiny,. 2)
Im klm

The first term is the isotropic damping, the second term
amounts for the magnetocrystalline anisotropy, and the
third term is the chiral damping. Only terms bilinear in
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magnetization direction m;, i.e., even under time-reversal
symmetry, are retained in the expansion. Spatial inversion
symmetry breaking imposes the third term of Eq. (2) to reduce
to a sum of Lifshitz antlsymmetrlc invariants, ocmyoym,, —
my dymy (i.e., L,dm = —L). In the case of a cubic three-
dimensional system W1th bulk spatial inversion symmetry
breaking (e.g., B20 or ZnS crystals), all three crystallographic
directions (X, y, and z) are equivalent and the chiral damping
adopts the general form

ol = a +ot3d)»dwm (V xm), 3)

where A4y, defines the characteristic exchange length. In a two-
dimensional system with interfacial symmetry breaking along
z, i.e., invariant under C,, rotation symmetry, the damping
takes the form

o = o + o dgym - (V; x m), @)

where V, =z x V.

As dictated by Neumann’s principle, the chiral damping
possesses the same symmetry as DMI for these systems (e.g.,
see Refs. [8] and [14]). In addition, Onsager reciprocity
imposes «/ = a/!, and hence, one can construct a chiral
damping up to linear order in the magnetization gradient
based on symmetry arguments. These considerations suggest
that such a damping is present in noncentrosymmetric (ferro-,
ferri-, and antiferro-)magnets in general, not limited to metals.
However, this phenomenology does not provide information
regarding the strength of the chiral damping itself, the relative
values of the off-diagonal tensor elements (~a/7/) compared
to the diagonal ones (~a'"), nor does it indicate the underlying
physical mechanisms responsible for it. Let us now turn
our attention towards the microscopic origin of such chiral
damping.

III. MICROSCOPIC ORIGIN OF THE CHIRAL DAMPING

We focus our attention on magnetic metals where the damp-
ing is driven by the spin relaxation of itinerant electrons [19].
In ferromagnets with interfacial Rashba spin-orbit coupling,
it has been shown that the magnetic damping adopts the
form of a tensor, linear in both magnetization gradient and
Rashba strength [25-27]. Besides this effect, we here propose
two additional mechanisms that can contribute to the chiral
damping.

The first mechanism is illustrated in Fig. 1(a) and arises
from the interplay between spin motive force and anomalous
Hall effect. Indeed, it has been shown recently that time-
dependent spin textures generate a local spin current J; =

g"ff—;GO o;m x 9;m [28], where Gy is the electrical conductivity.
This spin current flows along e; direction and is spin polarized
along d;m x 9;m ox m. It induces magnetic dissipation at
the second order of the spatial gradient [20]. Now, when
anomalous Hall effect is present in the ferromagnet, a charge
current J, can be converted into a charge Hall current of the
form Jy = 6y Pm x J,, where 6y is the spin Hall angle and
P is the spin polarization in the ferromagnet. Following the
same mechanism, the primary spin current J; can be converted
into a secondary spin current with the same polarization ~m
but that flows along m x e; (=J! x e;). This secondary spin
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FIG. 1. Illustration of different microscopic mechanisms at the
origin of chiral damping. In (a), the spin current induced by
the moving magnetization is dissipated in the adjacent metal via
anomalous Hall effect. Panel (b) illustrates the chiral damping
process due to s-d DMI. The itinerant electron spins (black arrows)
feel three competing effective fields: the isotropic exchange field
B¢} ~ m in the direction of the local moments (red), the constant
Rashba field BR, ~ y (purple), and the spatially inhomogeneous DM
field BPM' ~ (z x V) x m (blue). This field, which varies in both
magnitude and direction, results in a damped precession that depends
on the chirality of the wall.

current reads Jj =60uP[J] - (¢; x e;)]e; x e;. The secondary
spin current, which flows along e; and is spin polarized along
e; x e;, can be injected into an adjacent spin sink with strong
spin relaxation, thereby inducing a dissipative torque on the
magnetization. The latter is very similar to the well-known
spin pumping mechanism [29]. Considering a one-dimensional
domain wall along x deposited on a heavy metal with an
interface normal to z, we obtain a damping torque of the
form [30]

OngmuphPGy
4e2M,d

A being a renormalization factor arising from the spin current
backflow (A — 1 for strong spin relaxation [29]), M, the
saturation magnetization, and d the thickness of the ferro-
magnet. Assuming Gy =2x10’ S m™', P = 0.7, 6y = 5%,
d =1 nm, and M; = 800 emu/cc, we find a chiral damping
of the order of 0.015 for a domain-wall thickness A4y, = 1 nm.
This damping torque is proportional to ~sin2¢, ¢ being the
azimuthal angle of the magnetization, and vanishes when
the wall is either in Bloch (¢ = 7 /2) or Néel configuration
(¢ =0).

The second mechanism is related to DMI. As demonstrated
in Ref. [31], in transition metal ferromagnets both localized
(pd hybridized) and delocalized electrons (spd hybridized)
contribute to DMI and therefore one can parse the total
spin moment S; into localized (d-dominated) and delocalized
(s-dominated) contributions S; = Sj’ + §!. The resulting DMI
between sites i and j can be phenomenologically rewritten
up to the linear order in §* as Dy; - §; x §; = DY - 8¢ x 8¢ +

D;¢ - S x 8 (neglecting a higher-order term ~8; x §°). The
ﬁrst term 1nvolves orbital overlap between locallzed states,
while the second term describes the chiral exchange between

=A [(m x dm) - ylm x (y x m), (5)
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the local and itinerant spins. In the continuous limit, the
Hamiltonian of the itinerant electrons can be written as
a2
ﬂsd: p_+Jexm'6+a_Rf)z‘6'+a_D(pz ><m)~6, (6)
2m h h
where p, = z x P, 6 is the vector of Pauli spin matrices, Jex,
aR, and ap = Dgya (a is the lattice parameter) are the strength
of the exchange, Rashba spin-orbit, and s-d DM interactions,
respectively. Equation (6) suggests that itinerant spins flowing
through the magnetic texture illustrated in Fig. 1(b) experience
three types of effective magnetic fields (see also Ref. [32]):
the inhomogeneous exchange field ~m, the constant Rashba
field ~y, and the inhomogeneous, texture-dependent s-d DM
field ~(z x V) x m. Due to the cooperation of the second and
third terms in Eq. (6), the Fermi surface becomes dependent
on the magnetization direction, a phenomenon known as
Fermi surface breathing [19] and responsible for conventional
(possibly anisotropic) magnetic damping. The last term, s-d
DML, introduces a breathing that depends on the magnetization
gradient and therefore promotes chiral damping.
To derive the equation of motion of the itinerant electron

spin density s = (6) from Eq. (6), we follow a standard
procedure [30] and obtain

1
s+V - -J+ t—sxm:Vz[bR—i—bem] XS —T, (7)

where 7.x = ii/2Jy is the spin precession time, bg = 2o/,
and bp = 2ap/h. J = —DV @ s is the spin current density
tensor, D being the diffusion constant. The solution of Eq. (7)
for the spin density and torque is nontrivial. Therefore,
we proceed with the gradient expansion method within the
relaxation time approximation (see Ref. [30] for details) to
obtain the torque 7 generated by a precessing magnetization
~d,m:

/iy = (1+&x — pmx)[—dm
+Ar[V, x (m x m + £§0,m)] ;.
+Ap[(Vz xm) x (m x dm+£9m)];].  (8)

In this expression, B = Tex/Tsts X = Tex/Tp, & = x + B, fiy =
ny/(1 4 £?), and the subscript L indicates that the torque is
defined perpendicular to the magnetization m. The first term
has been derived previously [33], the second term (AR = TexbR)
arises from Rashba spin-orbit coupling [25,26], and the third
term (Ap = Texbp) arises from the s-d DMI exchange. The
total torque T contributes both to the renormalization of the
gyromatic ratio (terms that preserve time-reversal symmetry)
and to dissipation (terms that break time-reversal symmetry).
This form is more general than Eq. (2). In fact, the expansion
given in Eq. (2) assumes a damping torque of the form 7 ~
m X ¢ - d;m, where « is a space-dependent tensor. In contrast,
Eq. (8) is the explicit form of the damping torque calculated
microscopically and involving terms, such as ~V d,m, that are
absent from Eq. (2).

Assuming ag ~ 107" eV m [3], ap~ Dyga=10""" eV m
[31], and Tox &~ 10~'* s, we obtain Ag = Ap = 0.3 nm. Consid-
ering that iy, = 0.1 and 7, ~ 7t ~ 1013 s, the chiral damping
is of the order of 7i;Ar/Adgw =~ 0.03 and 7i;EAp/Aqw & 0.003
for Agqw = 1 nm. Notice that the chiral damping arising from
s-d DMI (xDgq) does not necessarily scale with the DMI
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itself (oxDqq), as both effects, chiral damping and asymmetric
exchange, involve different electron orbitals.

IV. DOMAIN-WALL MOTION

To illustrate the effect of this chiral damping on the
dynamics of magnetic textures, we first derive the equa-
tion of motion of a one-dimensional perpendicular do-
main wall, commonly observed in heavy metal/ferromagnet
asymmetric multilayers [3-5]. The magnetization is defined
m = (cos ¢ sinf, sing siné, cos#), where ¢ = ¢(t) is the
azimuthal angle and 6(x) = 2tan™! (exp[s(x — X)/Aaw]), X
being the domain-wall center, and s = +1 defining the
domain-wall chirality (1 or | 1, respectively). The magnetic
domain wall is submitted to a magnetic anisotropy field
H; = H; sin6 sin ¢y which favors a Bloch configuration and
an applied magnetic field H = H,x which favors a Néel
configuration. The damping torque is given by Eq. (8), and
the rigid domain-wall dynamics is described by the coupled
equations

i . Hy .
31<p=HZ+sE(a—sucosgo) Hxsmgo—751n2<p ,

50: X
)"dw

b4 . H; .
=(oe—svcosg0)HZ—E Hxsmfp—Tst(p ,
)]

where we defined 7 = yt, u = (Ap — EAs) (7Tl /4Aaw), and
v = (BAp + As)(7iis /4Aaw) (,v, ;0 K 1). In Eq. (9), we ne-
glected renormalization of the gyromagnetic ratio and only
considered the dissipative components. The damping due
to s-d DMI and Rashba spin-orbit coupling both produce
a contribution s cos ¢ that depends on the domain-wall
chirality s and on the azimuthal angle ¢. Notice that the DM
field does not explicitly enter these equations since it can be
simply modeled by a chiral in-plane field ~s H, [14].

Let us now investigate the influence of this damping on
the field-driven motion of a domain wall submitted to both
perpendicular (H,) and in-plane (H,) magnetic fields. In this
example, we chose u = v = o for simplicity. Figure 2(a)
shows the steady-state velocity of the domain wall as a function
of H, for different chiral damping strengths and H, = 0.
These velocity curves display the usual Walker breakdown
around H; ~ 12-19 mT. Below Walker breakdown and in the
absence of in-plane field H,, the domain-wall azimuthal angle
@ obeys H, = s 7 Hi(a — sa. cos ¢) sin 2, which produces a
kink around H, =~ sa.Hwg /o where Hwg = am Hy /4, which
is associated with a jump in the effective damping, et = o —
o, cos ¢ [see Fig. 2(c)]. When the in-plane field H, is applied
and exceeds the anisotropy field H;, a Néel configuration is
stabilized (¢ ~ 0,7) and the damping becomes constant o =
o =+ «.. Hence, the kink disappears as shown in Fig. 2(b). The
dependence of the velocity as a function of H, at fixed H,
is even more revealing. By sweeping H,, the domain wall is
tuned from a Bloch to Néel configuration by the in-plane field
[see Figs. 2(d)-2(f)]. Hence, the effective damping is strongly
modified [Fig. 2(f)] and the domain-wall velocity becomes
asymmetric, as reported in Fig. 2(d). Notice that the kink is
still observable at a small negative in-plane field.
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FIG. 2. (a,b) Domain-wall velocity as a function of perpendicular
magnetic field for different chiral damping strengths at H, = 0 mT
and H, = 25 mT, respectively; (c) corresponding effective damping.
(d) Domain-wall velocity as a function of in-plane magnetic field
for different chiral damping strengths, and for H, =5 mT; (e.f)
corresponding azimuthal angle and effective damping, respectively.
The parameters are « = 0.5, Hyg = 12.5 mT. In all simulations, we
start with a Bloch configuration (¢ = 7/2) and allow the system to
relax to steady-state condition.

We now turn our attention towards the creep regime, which
is of most importance for field-driven domain-wall motion in
ultrathin disordered multilayers [23]. In this case, the creep
law predicts [34]

Vereep = Vo exp[—(T./ T)(H./H,)"*], (10)

where T, is the critical temperature (close to the depinning
temperature in fact), 7 is the sample temperature, H, is
the applied field, and H, is the critical field needed to
overcome the disorder pinning potential. This expression
assumes H, < H, and T, > T. The exponent gathers only
terms accounting for the disordered energy landscape of the
system and does not include any dissipative contributions in
principle. In contrast, the coefficient vy depends on both the
energy landscape as well as on the viscosity of the elastic
wall. In the limit of an overdamped membrane («d, m > 9,m),
vo X yAiawH. /o [34]. It is mostly probable that even for
strongly disordered ferromagnets, the creeping domain wall
is not in the overdamped regime, although very large damping
(up to @ =~ 0.5) has been reported in Pt/Co/AlOx and Pt/Co/Pt
systems [3]. However, since the theoretical description of the
creep motion of intermediate damped systems is not fully
understood, we propose to investigate the impact of chiral
damping in this limit.

To evaluate the impact of the chiral damping, we follow the
procedure proposed by Je et al. [35] and rewrite the creep law,

W Hx p 4 Hx -1
vcreep(H) — M exp <_X %W—()HZ 4. (11)

0
Qefr(Hy) adlv/v4

Here, oy is the (chiral) energy of the domain wall, 8 is a
coefficient that describes the scaling law between the critical
force H. and the domain-wall energy, and ny and x, are
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FIG. 3. Normalized domain-wall velocity as a function of in-
plane magnetic field H, in the presence of a driving field H, =
20 mT. The in-plane magnetic field pushes the domain from a Bloch
to a Néel configuration and hence increases the azimuthal angle ¢,
thereby modifying the damping of the wall. A kink in the velocity is
observed at H,=— H;, when the domain wall saturates in the Néel
configuration when the damping becomes independent of the in-plane
field H,.

normalization factors that can be chosen to fit experimental
data [23,35]. The domain-wall energy reads

I
Oaw = 00 + ThawtoMs[ 5 Hy cos ¢ — Hy|cosp,  (12)

where the first term op accounts for the ¢-independent
contribution to the magnetic energy, the second term is the
magnetic anisotropy field H; favoring Bloch configuration,
and the last term H, is the longitudinal field favoring Néel
configuration. The energy minimization 9,04y, = 0 gives [35]

Oaw _ |1~ (Ho)?/HowHy
00 1+ (Hx — 2|Hy|)/ Haw

where Hgy, = %kdwu()Mx /0op. The magnetic damping o is
written in the simplest form o = o + sa, cos ¢. To inves-
tigate the impact of chiral damping on the creep motion, we
chose Hyy = 1 T, and Hy, = 50 mT. The normalized velocity
v(H,)/v(0) of the domain wall as a function of the in-plane
field and for different strengths of chiral damping «, is repre-
sented in Fig. 3. For |H,| < H, the velocity varies smoothly
while the domain wall changes from one Néel chirality to
another. For |H,| > H,, the domain wall saturates in the Néel
configuration and the velocity follows the exponential law
given above. These results agree with Ref. [23]. Including
DMI in the calculation (i.e., H, — H, + s Hpyy) only results
in a horizontal shift of the velocity curve in Fig. 3.

|H,| < H
\Hy| > H, 1P

V. CONCLUSION

The symmetry principles discussed in this work are general
and ensure the existence of such a chiral damping in any
magnetic structure (ferromagnets, antiferromagnets, chiral
magnets, but also metals and insulators etc.) presenting spa-
tial inversion symmetry breaking. The physical mechanisms
responsible for this chiral damping can be spin-orbit coupling
but also dipolar coupling or magnetic frustrations, as in the
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case of DMI. However, because different orbital characters
are involved, chiral damping and DMI do not necessarily scale
with each other. The recent observation of a chiral signature in
the viscosity of creeping magnetic domain walls [23a] as well
as asymmetric damping of spin waves [16] are clear evidence
of such a chiral damping in noncentrosymmetric magnetic
systems. Finally, chiral damping is not limited to magnetic
systems and is expected to have significant impact on the
transport properties of systems whose dynamics is dominated

PHYSICAL REVIEW B 93, 214429 (2016)

by viscosity, such as vortex motion in type-II superconductors,
crystal growth, or percolation in porous media [36].
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