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Strength and length-scale of the interaction between domain walls
and pinning disorder in thin ferromagnetic films

P. Géhanne,! S. Rohart,! A. Thiaville,! and V. Jeudy" *

Y Université Paris-Saclay, CNRS, Laboratoire de Physique des Solides, 91405, Orsay, France.
(Dated: November 18, 2020)

We explore the magnetic-field-driven motion of domain walls with different chiralities in thin
ferromagnetic films made of Pt/Co/Pt, Au/Co/Pt, and Pt/Co/Au. From the analysis of domain
wall dynamics, we extract parameters characterizing the interaction between domain walls and weak
pinning disorder of the films. The variations of domain wall structure, controlled by an in-plane
field, are found to modify the characteristic length-scale of pinning in strong correlation with the
domain wall width, whatever its chirality and the interaction strength between domain walls and
pinning defects. These findings should be also relevant for a wide variety of elastic interfaces moving

in weak pinning disordered media.

PACS numbers: 75.78.Fg,64.60.Ht

I. INTRODUCTION

The controlled motion of magnetic textures such as
chiral domain walls (DWs) [1] or skyrmions resulting
from the Dzyaloshinskii-Moriya interaction (DMI) [2] are
at the basis of potential applications of spintronic de-
vices [3]. However, magnetic textures are very sensi-
tive to weak pinning due to ubiquitous inhomogeneities
of magnetic materials, which strongly reduces their ve-
locity and produces stochastic universal behaviors [4, 5].
Despite numerous recent studies [6-11] focusing on the
dynamics of pinned chiral magnetic textures, their in-
teraction with weak pinning disorder is far from being
understood.

DWs are well known to present universal behav-
iors [12-14] similar to those encountered by interfaces in
a wide variety of other physical systems. Those behav-
iors can be described by minimal statistical-physics mod-
els [15-17] as an interplay between interface elasticity,
weak pinning, thermal activation, and a driving force f.
The dynamical regimes of interfaces strongly depend on
the relative magnitude of the drive f compared to a de-
pinning threshold force f;. In the creep regime (f < fq),
the velocity follows an Arrhenius law v ~ e 2E/(ksT)
where the barrier height presents an asymptotic power
law behavior AE ~ f~# with the force f close to zero.
At and just above the depinning threshold, the veloc-
ity presents a power law variation with the temperature
v(f = fa) ~T% and drive v(f 2 fa) ~ (f — fa)?, respec-
tively. The critical exponents u, v, and § are universal
(i.e. material and temperature independent). Their val-
ues characterize the universality class of the motion and
reflects the dimension of the interface and embedding
medium, the range of elasticity and the interaction with
pinning defects. In ultrathin films with perpendicular
anisotropy, a perpendicular magnetic field H can serve
as an isotropic driving force (H o f). A large major-
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ity of experimental studies on DW dynamics reported in
the literature [18] is compatible with the theoretical pre-
dictions (u = 1/4, ¢ = 0.15, and 8 = 0.25) for short
range (random bond) interactions between pinning dis-
order and DWs. However, the minimal models ignore
the exact structure of interfaces and the characteristic
length-scale of pinning is a parameter chosen arbitrar-
ily [17, 19]. Since the seminal work of Lemerle et al. [12]
on the creep motion, basic issues such as the length-scale
and the strength of interaction between DW and defects
in magnetic materials remain open.

Recent experiments on the creep motion of chiral DWs
have evidenced the correlations between the DW mag-
netic texture and its dynamics. In thin films with per-
pendicular anisotropy, the DMI results in an in-plane
effective magnetic field Hpy pointing in the direction
perpendicular to the DW. The DMI field combined with
an in-plane field H, can be used to adjust the in-plane
component of magnetization direction in the DW and to
control the DW magnetic structure. The recent obser-
vation of asymmetric expansion of initially circular do-
mains [6] has lead to precise investigations of the varia-
tion of DW width, energy and stiffness [8-11] with the
direction and magnitude of the in-plane and DMI fields
and to re-examine more generally the creep motion of chi-
ral DWs [11]. Rather accurate descriptions of the shape
of the velocity curves versus in-plane field are now ob-
tained [10, 11]. The proposed models discuss the varia-
tions of creep barrier height AFE with the DW energy [6—
11]. Surprisingly, the interaction between the DW and
random pinning disorder is assumed to be independent
of DW’s magnetic structure.

Here, we evidence a strong correlation between the
variation of DW width controlled by an in-plane field
and the characteristic length of pinning, in films with
three different chiralities. Our argument is organized as
follows. We first extract the material and in-plane field
dependent pinning parameters controlling DW dynamics,
from the self-consistent analysis proposed in Ref. [13, 14].
We then numerically compute the variation with in-plane



and DMI fields of the DW energy and width. The lat-
ter are compared to the variation of pinning range and
strength deduced from the pinning parameters via scaling
relations [18].

II. EXPERIMENTAL TECHNIQUES

The samples are Pt/Co/Pt, Pt/Co/Au, and Au/Co/Pt
films (with thicknesses of 5 nm for Pt and Au
and 0.9 nm for Co, nominally) with perpendic-
ular magnetic anisotropy, which have been grown
by e-beam evaporation in wultra high vacuum on
Si(001)/Si02(100 nm)/Ta(5 nm) templates.  They
present (111) oriented crystallites with a typical grain
size of 15 nm [20]. The micromagnetic parameters char-
acterizing the films are detailed in Table I.  The DW
displacement was observed by polar Kerr microscopy.
The in-plane magnetic field H, controlling the magne-
tization direction in the DW was generated by two large
coils supplied with DC current. The out-of-plane field
H used to move DW was produced by a small coil (di-
ameter ~ 1 mm) placed in the close vicinity of the films
and supplied by pulses of duration At between 1 us and
10 ms. The explored range of pgH,(+187 mT) and
o H (0 — 120 mT) was limited by the nucleation of mul-
tiple domains, which impedes measurement of DW dis-
placement. The DW velocity v corresponds to the ratio
Ax/At, where Ax was exclusively measured in the direc-
tion of H, (see the inset of Fig. 1(c)).

III. UNIVERSAL DOMAIN WALL DYNAMICS

The velocity curves obtained for the three films and
different values of poH, are reported in Fig. 1. For their
analysis, we used the self-consistent description of the
creep and depinning regimes [13, 14, 18, 21, 22]:

o) = 4 VHD (- 0) creep : H < Hy
= v(Hd)(%)l/J(HI—{fd)ﬁ depinning : H 2, Hy,

(1)

where AE = kgTy((H/Hq) ™ — 1) is the energy barrier
of the creep regime and the depinning law is the asymp-
totic velocity behavior in the limit of negligible contribu-
tion of thermal fluctuations [14]. In Eq. 1, p = 1/4,
B = 0.25, and ¢ = 0.15 are universal critical expo-
nents and zgp = 0.65 a universal constant [14] char-
acterizing the quenched Edwards Wilkinson universal-
ity class [14, 15, 23] and are therefore fixed. The non-
universal parameters are the characteristic height of ef-
fective pinning barrier kT, and coordinates of the de-
pinning threshold (corresponding to AE — 0) Hy and
v(Hyg). Those three parameters depend on the film mag-
netic and pinning properties, and external parameters as
the in-plane field, and the temperature [18]. As it can be

observed in Fig. 1 a-c, all the fits of Egs. 1, obtained with
only three fitting parameters, present a good agreement
with the velocity curves (see Refs. [18] for details on the
fitting procedure). This finding is compatible with the
results reported for a large variety of other magnetic ma-
terials [13, 14, 18, 21, 22] and confirms that chiral and
non-chiral DWs follow very similar universal behaviors
as predicted in Ref. 11 for the creep regime.

IV. INTERACTION BETWEEN DOMAIN
WALL AND DEFECTS

Having discussed universal behaviors, we can now fo-
cus on the obtained non-universal parameters (see Fig. 1
d-e). (Here, we do not discuss the values of v(Hy) since it
is partly determined by the contribution of DW dynam-
ics in the flow regime at the threshold Hy [18].) Note
that the in-plane field H, tilts the magnetization in the
domains on both sides of the DW, which reduces the driv-
ing field to H' = 1— (H,/Hk,)?, where Hg, is the
anisotropy field [24]. To account for this effect [25], the
depinning field Hy; has to be rescaled to H; consequently.

Surprisingly, the values of H), and Ty vary with the in-
plane magnetic field H,. This strongly suggests that the
pinning properties of DWs depend on with their magnetic
texture, in contrast to the usual assumption found in the
literature [6, 8-11]. In order to understand the variations
of H); and T,, we shall discuss the DW pinning at the
microscopic scale and, more precisely, compare the effect
of the in-plane field on the DW energy and width and on
the strength and length-scale of pinning (see Fig. 2).

To predict accurately the variation of DW energy and
structure with in-plane and DMI fields, we have decided
not to use simplified descriptions of DWs [6, 8-11]. We
have calculated the magnetization profile M (z) of a DW
whose plane is L H =, from numerical micromagnetic cal-
culations (MuMax3 [26]), using the parameters reported
in Table I [27]. In addition, an analytical model leading
to very similar results has been developed [28]. For the
DW width, we use both the geometrical Hubert [29] Ay
and dynamic Thiele [30, 31] Ar definitions. Ap corre-
sponds to half of the distance separating the intersections
between the slope of M,(z) at the domain wall center
(x = 0) and its value in the domains M,(x — £o0).
Ar is defined as Ap = 2M82/f(dﬁ/da:)2dw [30, 31].
The predicted variations of Ay (H,), Ar(H,) and o(H,,)
are reported in Fig. 2 and follow the expected behav-
iors. As the DMI field is perpendicular to the DW
plane (i.e. Hpwmi || H,), its contribution is essentially
to shift the curves by —Hpymi. For H, varying from
— Hpwmi, the magnetization within the DW progressively
switches from Bloch (M L H,) to Néel configuration
(M || H,). As the DW width increases due to the Zee-
man contribution (o _MOM . (ﬁx + ﬁDMI)), the DW
energy decreases. Additionally, H, tends to tilt the
magnetization in the domains on both sides of the DW:



Material M, (MA/m) uoHg, (mT) uoHparr (mT) Ko (kJ/m®) Ao (nm) oo (mJ/m?) D (mJ/m?)
Pt/Co/Pt 1.62(0.04) 580(10) 0(10) 470(14) 5.8(0.1) 11.0(0.2) 0(0.10)
Pt/Co/Au  1.65(0.01) 770(30) -105(10) 635(25) 5.0(0.1) 12.7(0.3) -0.87(0.09)
Au/Co/Pt  1.61(0.02) 900(100) +78(10) 726(80) 4.7(0.3) 13.6(0.8) 0.59(0.08)

Table I. Micromagnetic parameters. For each material, the table indicates the magnetization saturation M, the anisotropy
field poHxk,, and the DMI field poHparr deduced from SQUID, Kerr anisometry, and velocity measurements, respectively. The
effective anisotropy constant Ky is calculated from Ko = poHg,Ms/2. The values of the DW width parameter (Ag = \/A/Ko)
and the DW Bloch energy (o9 = 44/Aq) are obtained assuming a stiffness constant A = 16 pJ/m. The interface DMI energy
D is calculated from D = puoHpamrMsAg. The numbers in parenthesis are the error bars.
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Figure 1. Domain wall dynamics. DW velocity versus out-of-plane magnetic field poH measured for the (a) Pt/Co/Au, (b)
Au/Co/Pt, and (c) Pt/Co/Pt films and for different values of the in-plane field poHz. The solid and dash lines are predictions for
the creep and depinning regimes (see Egs. 1). The stars correspond to the coordinates of the depinning thresholds (Hq,v(Hg)).
A good agreement with the data is obtained up to the cross-over between the depinning and flow regimes [14], which can be
observed at poH, = 0 mT for Pt/Co/Au (poH > 70 mT) and Pt/Co/Pt (uoH > 90 mT). The curves (d) and (e) correspond
to the variation with 10 H,, of the rescaled depinning field (H}, see the text) and temperature (7,;) deduced from the fit of Egs.
1. Insert of c: Displacement of DW in the Au/Co/Pt film produced by a magnetic field pulse (uoH = 3 mT, At = 1 us) for
poH; = 48 mT. The diameter of the darkest circle is 60 pum.
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Figure 2. Pinning of domain wall at microscopic scale. (a) Domain wall widths Ay (solid line) and Ar (dash line),
and rescaled correlation length of the pinning & versus in-plane magnetic field poH,, for the three films. For each film, the
values of & deduced from Eq. 2 were rescaled by constant (=~ min(¢)/min(Ar)) indicated in parenthesis to highlight the strong
correlation between the DW width and &(poH,). (b) Domain wall energy per unit length ot (left vertical scale, solid line) and
the rescaled pinning force fpin (right vertical scale) versus poH,. For each film, the values of fpin deduced from Eq. 3 were

rescaled in order to set max(fpin) = max(cot)/10.

M,(x — +00)/Ms; = H,/Hg,. This reduces the angu-
lar variation of the magnetization within the DW and
provokes a divergence of Ay (H,) and Ap(H,) and a
vanishing o(H,) for H, — +Hp,.

In order to discuss the DW pinning at the microscopic
scale with in-plane field H,, we use standard scaling ar-
guments [12, 19]. The free energy of a DW segment of
length L, deformed over a distance u [11, 12] can be writ-
ten as 0F(L,u) = 6F¢jqs(L,u) — 0Fpin (L, &) — 0F. (L, u),
where §F,;,s = otu? /L is the elastic energy produced
by the increase of DW length and, 6F, = 2uoMsHtLu
is the gain of Zeeman energy due to magnetization re-
versal. The DW stiffness o is, at this stage, assumed
to be given by the DW surfacic energy. For a weak
disorder producing fluctuations of DW energy, the pin-
ning term can be written dFp;, = fpinV/n&LE, where
fpin and & are the characteristic force and range of the
DW-defects interaction, respectively and, n is the den-
sity of pinning defects per unit surface area. Here we
go beyond the conventional relation £ o b (= 1//n)
used throughout in the literature [12]: we reintroduce a
clear distinction between the characteristic length-scale
of the pinning disorder b, which is fixed by the material
inhomogeneities, and the range £ of the DW-defects in-
teraction, which may vary with the DW structure [32]
as shown in the following discussion. For a short seg-

ment length (L < L.), the DW is too rigid to follow
the random pinning potential (0Feiqs(L,u) > 0Fpm).
The segment is collectively pinned by a set of pinning
defects. The characteristic collective pinning length-
scale can be deduced from 6Feqs(Le, &) ~ 6Fpin(Le, &),
which reads L. ~ (£/n)Y3(ot/ fpin)?/®. For L > L.,
the pinning energy is larger than the elastic energy: a
DW can be seen as a set of rigid segments of length
L., whose orientation follows the random pinning land-
scape. In order to depin a rigid segment, the magnetic
field H has to reach a threshold field H). The lat-
ter can be determined from 0F,;,(L.,&) ~ 0F,(L.,¢&),
which leads to H); ~ +/n&/Le¢fpin/(2poMst). Then, as-
suming [18] that the pinning barrier height is given by
kgTy ~ 0Fpin(Le,§), we obtain the scaling relations:

¢~ [(kpTu)?/ (2u0H)M,ot2)] ', (2)

1
fpin ~

Vg

which relate the characteristic range £ and force f;, of
the DW-defect interaction, to the measured depinning
field H)(pnoH,) and temperature Ty(puoH,) (see Fig. 1
d-e) and the predicted DW surface energy o(uoH,) (see
Fig. 2 b).

The variation with in-plane field of & and f;,,, deter-

2M0H&M5tk‘BTd, (3)



mined from the measurements of H), T; (see Fig. 1 d-e),
the predictions for o(ugH,) (see Fig. 2 b) and Eqs 2- 3,
are shown in Fig. 2. For a comparison with the predicted
variations of the DW width, the values of £ were rescaled
with a constant factor, which is the only free parameter.
As it can be observed in Fig. 2 a, the variations with in-
plane field of the pinning range £(uoH,) present strong
correlations with the predictions for both Ay and Ar:
the agreement is very good for the Pt/Co/Au except for
poH; > 100 mT and it is even better for the Pt/Co/Pt
and Au/Co/Pt films. The DMI field seems to essentially
modify the value of pugH, at which a minimum of DW
width (and pinning range) is observed and no chiral con-
tribution of pinning can be evidenced. Those observa-
tions suggest that the range of the DW-defect interaction
is close to the DW width. As a direct consequence, the
characteristic length-scale of pinning defects (b~ 1/+/n)
should be close to or smaller than the DW width [32],
which rules out the approximation considering DW as
one dimensional line [12, 33] interacting with remote
defects (Ag and A < b).

Let us now discuss the pinning force fy;,, whose vari-

ations with in-plane field is reported in Fig.2 b. Here
also, the only free parameter is the rescaling factor. As

it can be observed, the pinning force follows rather well
the variations of o(H,). This is expected since the weak
pinning of DWs results from fluctuations of DW energy,
whose amplitude should decrease as o decreases. An ad-
ditional contribution is the increase of DW width, which
(for b < A) is predicted to reduce the strength of pinning
interaction [34, 35].

V. CONCLUSION

In conclusion, variations of the range and the strength
of pinning following modifications of the wall static struc-
ture have been evidenced. This effect, observed on mag-
netic domain walls with chiral structure submitted to
large hard-axis magnetic fields, should be relevant for
elastic interfaces moving in weak pinning disordered me-
dia [16, 17] in a wide variety of others systems.
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