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The domain wall dynamics driven by an out of plane magnetic field was measured for a series
of magnetic trilayers with different strengths of the interfacial Dzyaloshinskii-Moriya interaction
(DMI). The features of the field-driven domain wall velocity curves strongly depend on the ratio of
the field Hp stabilizing chiral Néel walls to the demagnetizing field within the domain wall Hpw .
The measured Walker velocity, which in systems with large DMI is maintained after the Walker field,
giving rise to a velocity plateau up to the Slonczewski field Hg, can be related to the DMI strength.
Yet, when Hp and Hpw have comparable values, a careful analysis needs to be done in order to
evaluate the impact of the DMI on the domain wall velocity. By means of a one-dimensional model
and 2D simulations, we extend this method and we clarify the interpretation of the experimental
curves measured for samples where Hp and Hpw are comparable.

Magnetic thin films deposited on a heavy metal with
large spin-orbit coupling have been much studied since
the discovery that the interfacial Dzyaloshinskii-Moriya
interaction (DMI) [1, 2] can favour the stabilisation of
chiral textures such as chiral Néel domain walls (DWs)][3]
and magnetic skyrmions [4]. The dynamics of Néel do-
main walls in the presence of DMI is strongly modified
with respect to that of a Bloch wall, as first shown by
Thiaville et al. in 2012 [3] within a 1D model formal-
ism. Omne of the most appealing consequences is that
the Walker field poHw - above which the magnetization
within the DW starts precessing leading to a decrease
of its speed - is proportional to the DMI strength. The
field-driven DW velocity at the Walker field scales with
the ratio D/My, where D is the DMI strength and M; the
spontaneous magnetization of the thin film. Therefore,
very large DW speeds have been measured in ferromag-
netic samples for large DMI or in ferrimagnetic films close
to the compensation temperature [5-7]. Furthermore, in
the presence of a large D/Mj ratio, the field-driven DW
velocity was not observed to drop for fields larger than
the Walker field, the DWs continuing to move with the
Walker velocity for fields well above it, giving rise to a
velocity plateau [5, 8, 9]. In a recent paper we showed, ex-
perimentally and theoretically, that the extension of the
velocity plateau, starting at the Walker field and ending
at the so-called Slonczewski field [9], is also proportional
to D/Mj, so that the DW velocity can keep high values
up to large magnetic fields for systems with large DMI
and/or small M; [9]. This effect is observed in wide strips
or in continuous films, where above the Walker field the
DWs cannot be considered as 1D objects since vertical
Bloch lines develop within them due to the precession of
their magnetization.

Measuring the plateau DW velocity after the Walker
field can thus provide a valuable method to obtain the
strength of the DMI, as this depends only on the knowl-

edge of the spontaneous magnetization M. In this work,
we study the application of this method to a series of sam-
ples having different strengths of the DMI and different
depinning fields. We show that, in samples with weak
DMI and large depinning fields, care should be taken to
associate the apparent saturation of the DW velocity at
high fields to the presence of 2D effects related to the
presence of DMI.

For this purpose, we will discuss the results of field-
driven domain wall speed measurements obtained for
Pt/Co/M (M=Pt, Ta, Au) trilayer samples with perpen-
dicular magnetic anisotropy (PMA) and different values
of the effective DMI strength, related to the different na-
ture of the Co/M interface. These results are compared
with those obtained for a Pt/Gd77Cos3/Ta stack stud-
ied in Ref. [9]. The Pt/Co interface is the prototypical
interface hosting a large DMI. Theoretical [10-12] and
experimental studies [6, 13-15] carried out on polycrys-
talline samples agree on the fact that such an interface
is the source of strong DMI with anticlockwise rotation
of the magnetic moments (left-handed chirality). For a
fixed Co thickness, the effective DMI can be strengthened
if the Co layer is capped with an oxide, as proposed the-
oretically [11, 16, 17] and demonstrated experimentally
for Pt/Co/AlOx and Pt/Co/GdOx [7] or for Pt/Co/MgO
[16]. For most of the Pt/Co/M trilayers (M=Ta, Ir, Ta,
Ru, Cu...) reported in the literature, the effective inter-
facial DMI (Ds=Dtc,, in pJ/m) appears to be weaker
than that obtained for Pt/Co/oxide trilayers [18—22]; this
indicates that the studied Co/M interfaces contribute
with a DMI opposite to that of the Pt/Co interface.
It is then possible to tune the DMI strength and the
DW velocity by engineering the proper Pt/Co/M trilayer.
For this work, we have chosen Pt/Co/Pt, Pt/Co/Ta/Pt,
Pt/Co/Au and Pt/Gd77Cos3/Ta, as model systems with
different effective DMI strengths. We show that the field-
driven velocity curves for DWs within the cobalt layer



present very different features, and we compare the re-
sults with the predictions of 1D model and 2D micromag-
netic simulations. As an extension of our previous work,
we derive the exact expression of the Slonczewski field in
the case where the DMI field and the DW demagnetizing
field are similar and where the approximation previously
used is shown to be not accurate.

SAMPLE GROWTH AND CHARACTERISATION

Pt(4)/Co(0.5)/Pt(2), Pt(4)/Co(0.8)/Ta(t)/Pt(2)
(t=0.16 nm and 0.32 nm for the Ta dusting layer),
Pt(4)/Co(0.8)/Au(4) and Pt(4)/Gd77Coqa3(4)/Ta(2)
(thicknesses in nm) were prepared by magnetron sput-
tering on Si/SiOy substrates covered with a Ta(3)
buffer layer. The Gd7;Coqz layer was prepared by
co-sputtering of Gd and Co targets [9]. All the samples
exhibit out-of-plane magnetization giving rise to square
hysteresis loops. Due to the anti-parallel alignment of
the Co and Gd magnetic moments and the vicinity of
the compensation temperature, the magnetization of the
Ta(3)/Pt(4)/Gd77Coq3(4)/Ta(2) is much lower than that
of the other samples. More details on sample preparation
and characterization are given in the Supplementary
Information file [23]. The spontaneous magnetization
and the effective magnetic anisotropy were measured by
VSM-SQUID. The magnetic parameters are reported in
Table L.

Domain wall velocity measurements were carried out
using polar magneto-optical Kerr microscopy. The do-
main wall speeds were measured as a function of the
out-of-plane magnetic field intensity, up to B,=300 mT,
using microcoils associated to a pulse current generator
providing down to 30 ns long magnetic pulses with a
rise/fall time of ~ 5 ns (see Supplementary Information
for details [23]). The film magnetization was first satu-
rated in the out-of-plane direction. An opposite magnetic
field pulse B, was then applied to nucleate one or several
reverse domains. The DW velocity was deduced from the
expansion of the initial bubble domain, after the appli-
cation of further magnetic field pulses.

DETERMINATION OF THE INTERFACIAL DMI
STRENGTH FROM Hp,; FIELD

The sign and the strength of the DMI can be ob-
tained by measuring the expansion of bubble domains
driven by an out-of-plane magnetic field pulse, in the
presence of a constant in-plane magnetic field B, par-
allel to the DW normal [5, 18, 24, 25]. In systems
with DMI and chiral Néel walls, the DW propagation is
asymmetric in the direction of B, and the DW speed
is larger/smaller for DWs with magnetization paral-
lel/antiparallel to the in-plane field. Differential Kerr

images illustrating the asymmetric expansion of the mag-
netic domains are shown in Fig. 1. These allow us to es-
tablish without ambiguity the left handed chirality of the
Néel domain walls in all the samples (see the sketch of the
magnetic moment direction within the DWs in Figure 1.)

In the presence of DMI, the DW speed reaches a min-
imum when the applied in-plane field B, compensates
the poHppsr field that stabilizes the Néel walls. In the
thermally activated regime this condition corresponds to
the field where the domain wall energy is maximum [24].
Here however, we chose to work with large magnetic fields
above the Walker field, where the DWs move in the pre-
cessional regime (see values in the caption of Fig. 1).
According to our previous work this gives rise to a more
reliable measurement of the DMI field [5, 25]. In Ap-
pendix B we demonstrate that in this regime the DW
velocity minimum is indeed obtained when the in-plane
field compensates the DMI-induced effective field at the
domain wall. Physically, this corresponds to the condi-
tion where the DW magnetization is allowed to precess
as much as possible. In the Supplementary Information
file [23], this is also confirmed by 2D micromagnetic sim-
ulations.

From the in-plane field for which the DW velocity is
minimum we can then deduce the effective DMI energy
constant D (in mJ/m?) or the interfacial DMI constant
D, (in pJ/m) since:
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where A = \/A/K.s5, A is the exchange stiffness (in
pJ/m), K.y is the effective anisotropy energy (in kJ/m?)
and t is the magnetic layer thickness. The measured DMI
strengths correspond to their effective value i.e. to the
sum of the values at the two interfaces of the cobalt layer,
Deff — Dtop + Dbottom.

The main drawback of this method, no matter the
strength of the B, field, is that it requires the knowledge
of the value of the exchange stiffness A, whose measure-
ment is not trivial for ultrathin films. In one of our previ-
ous works on Pt/Co/oxide samples grown under the same
conditions [7], the best agreement between the DMI value
obtained from the pgHppss field and Brillouin light scat-
tering measurements was obtained using A=16 pJ/m.
On the other hand, for the Pt/Gd77Coq3/Ta stack, the
best agreement between the DMI value obtained from
the uoHpasr field and from the Walker velocity, was ob-
tained using A=7 pJ/m [26]. These are the values used
in this work. The DW speed versus B, field curves are
shown in Fig. 1 for the Pt/Co/M and Pt/Gd77Coss/Ta
samples. The pugHppsr fields and the interfacial DMI
constants Dy obtained using Eq.1 are reported in Table
L.

The DMI is extremely small in Pt/Co/Pt, but nev-
ertheless sufficient to favour a Néel component of the
DW magnetization, giving rise to a small shift of the




TABLE I. Unit surface magnetization M, in-plane anisotropy field poH gk, experimental DMI field poHparr, domain wall width
parameter A, effective DMI strength extracted from the DMI field (D¢/H), ratio D/M, (experimental values are indicated
with a *). The Pt/Gd77Co23/Ta sample has been described and studied in Krizakova et al. [9].

Sample M.t woHyx  poHpyr A DeffHH |D /M|
[mA] [T] [mT] [nm] [pJ/m] [nJ/(A m)]
Pt/Co(0.5)/Pt 0.65 1.09 16 4.75 -0.05 0.08
Pt/Co(0.8)/Ta(0.16)/Pt  1.04 1.03 39 4.89 -0.20+£0.03  0.20
Pt/Co(0.8)/Ta(0.32)/Pt  0.98 137 7 4.37 -0.33+0.05  0.34
Pt/Co(0.8)/Au 1.1 1.04 198 4.73 -1.03+ 0.1 0.94
Pt/Gd77Cos3(4)/Ta 0.92 0.69 90 9.4 -0.78£ 0.1  0.85
Pt/Co/Pt Pt/Co/Ta(0.16)/Pt Pt/Co/Ta(0.32)/Pt Pt/Co/Au Pt/GdCo/Ta
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FIG. 1. Domain wall speed versus B, field: (Top): Differential Kerr images representing the expansion of a bubble
magnetic domain driven by an out-of-plane magnetic field pulse in the presence of a continuous in-plane magnetic field (white
arrows); (Bottom): up/down (empty symbols) and down/up (black symbols) domain wall velocity versus in-plane magnetic field
B, driven by an out-of-plane magnetic field B.; (a) Pt/Co/Pt: images taken with B, = +25 mT and curves with B,=250 mT;
(b) Pt/Co/Ta(0.16)/Pt: images taken with B, = +125 mT and curves with B,=240 mT; (c) Pt/Co/Ta(0.32)/Pt: images
taken with By = + 190 mT and curves with B,=340 mT; (d) Pt/Co/Au: images taken with B, = £190 mT and curves with
B.=155 mT; (e) Pt/Gd77Co23/Ta: images taken with By = £100 mT and curves with B,=125 mT.

velocity curves for up/down and down/up domain walls
(roHpprr=16 mT). The presence of uncompensated DMI
at the Pt/Co and Co/Pt interfaces (where we may expect
same DMI strengths with opposite sign) points to the
slight difference of the two interface structures, a feature
often observed, sec e.g. Ref. [24].

The shift of the velocity curves for up/down and
down/up domain walls is larger when a dusting layer of
Ta is inserted between Co and the top Pt layer, indicat-
ing the increase of the DMI strength. The interfacial
DMI constants extracted from the pgHppsr fields are
D, ~-0.2 pJ/m for t7,=0.16 nm and D, ~-0.33 pJ/m
for t7,=0.32 nm. Referring for simplicity to the Fert
and Levy 3-site indirect exchange mechanism [27], the
increase of the DMI strength in the presence of the Ta
dusting layer suggests that the DMI at the top Co in-
terface decreases when a Co-Pt-Co triangle of atoms is
substituted by a Co-Ta-Co triangle at the interface. This
can then explain the increase of the effective DMI and
its variation with the Ta layer thickness. If we assume
that the interfacial DMI at the bottom Pt/Co interface is

around Dy ~-1.3 pJ/m, as we found for our previous sam-
ples grown in the same conditions [7], the contribution of
the top Co interface in Pt/Co/Ta(0.32)/Pt is expected to
be Ds ~+1 pJ/m, to be compared with Dg ~+1.2 pJ/m
for the top interface in Pt/Co/Pt. Although we are un-
able to quantify the ratio of Pt-Co and Ta-Co bonds at
the top Co interface, this result infers a strong decrease
of the DMI of the Co/Ta interface, with respect to the
Co/Pt. This is in agreement with the results recently
reported by Park et al. [28] for Pt/Co/Ta trilayers.

In Pt/Co/Au, the poHpasr field is much larger than
in the previous samples (=200 mT) and corresponds to
a DMI constant of D; = -1.03 pJ/m, somehow larger
than those quoted in Refs. [28, 29], in which the layers
exhibited a better crystallinity than our textured poly-
crystalline samples. With the arguments developed be-
fore, we expect that Dy ~40.3 pJ/m at the Co/Au in-
terface. The lower values of D, with respect to previous
works points out that the DMI strength is intimately re-
lated the morphology of the interfaces.

For comparison, the relatively small poHppsr field



(90 mT) obtained for Pt/Gd77Cog3/Ta, corresponds to
D, ~-0.8 pJ/m, which is much larger than that ob-
tained for Pt/Co/Ta(0.32)/Pt (Ds ~-0.33 pJ/m) for a
similar pgHpprr. This is mainly due to the dependence
of uoHpr field on the DW parameter A (Eq.1) that
is much larger in Gd77Cos3 due to the smaller effective
anisotropy (Table I).

DOMAIN WALL DYNAMICS UNDER
OUT-OF-PLANE MAGNETIC FIELD: 1D MODEL
AND 2D MICROMAGNETIC SIMULATIONS

In our previous work [5, 9] we showed that for suffi-
ciently large DMI strength, the DW speed versus B, does
not decrease after the Walker field poHyy, but a plateau
with constant velocity vy is observed, the length of the
plateau being proportional to D/M,. Since the Walker
velocity vy can be expressed analytically as a function
of D, its measurement allows the DMI strength to be ob-
tained (Eq. 6). We have also shown that the end of the
velocity plateau is expected to occur at the Slonczewski
field ugHg i.e. at the field for which, in the negative
mobility region after the Walker field, a one-dimensional
(ID) DW reaches the minimum velocity [9]. In Kriza-
kova et al. [9] we have calculated both poHy and poHg

in the case where the field ygHp = ZMOHDMI is much

larger than the DW demagnetizing field Hpy . Since this
is not the case for Pt/Co/Pt and the Pt/Co/Ta/Pt sam-
ples studied here (see Table II), we extend our treatment
to the general case, that includes small DMI values. By
comparing the experimental curves with the results of
1D model and micromagnetic simulations, we show that
care should be taken to extract the DMI strength from
the experimentally observed plateau velocity in the case
where the DMI field is expected to be comparable to the
DW demagnetizing field.

Determination of Hy and Hs: g — ¢ collective model

Within a one-dimensional formalism, a domain wall
can be described with two collective coordinates: the DW
position, ¢, and the internal angle of the magnetization
within the DW, ¢. By expressing the magnetization in
spherical coordinates, and considering a Bloch-like profile
as ansatz, the Euler-Lagrange equations are given by [3]:

q' .

—_— = HZ 2
ax +d=v (2)

q : . .
A —a¢="(Hp -sing — Hpwsindcosp)  (3)

2K M?2

where poHpw = —2% | with Kpw = N, “02 5 the
° tin2

domain wall magnetic shape anisotropy and N, =~ ——

TA

the demagnetizing factor of a Néel DW.
The DW moves steadily, ¢=0, until the applied field
reaches the Walker field given by [3]:

Hyw = asinw (Hp — Hpw cos ¢w) (4)
0—+0%2+8 H
where cos gy = 74—, with § = D The
4 Hpw

domain wall velocity at the Walker field (i.e. the Walker
velocity), is given by:

sin 2¢w )
_— 5
% ()
with v9 = poy where 7 is the gyromagnetic ratio. Note

that, as previously reported [5, 9], when Hp > Hpw,
Hyw ~ aHp and Equation 5 reduces to:

A
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This is the approximated expression that we used in Refs.
[5] and [7] to extract the DMI strength from the experi-
mentally observed plateau velocity after the Walker field
for various Pt/Co/MOx trilayers.

Above the Walker field, ¢ can no longer keep a con-
stant value and the DW magnetic moment starts pre-
cessing. In the first stage of the precessional regime, the
differential mobility is negative so that a straight domain
wall is unstable [30]. The Slonczewski field pugHg, where
the negative mobility regime stops and the DW veloc-
ity reaches a minimum, can be obtained in the general
case, when both Hpw and Hp are finite, using a semi-
analytical method. The complete derivation is detailed
in Appendix A. However, when either Hpy < Hp, or
Hp < Hpw, Hg and vg (the velocity at Hg) are well
approximated by the following expressions:

1+a? ) )

s =it (L s
am)

14+ o2 8)

vs = Uvw (
with Hy and vy calculated from Eq. 4 and 5.

Beyond the Slonczewski field, the DW velocity reaches
again the 1D regime, with an asymptotic mobility m =
YA /(a+a~t). In Table IT we report, together with the
value of 6 = Hp/Hpw, the values of uoHw and poHg
calculated for the Pt/Co/Pt, Pt/Co/Ta/Pt, Pt/Co/Au
and Pt/Gd77Coq3/Pt samples, using the magnetic pa-
rameters reported in Table I and setting a=0.3. For
woHw we report both the approximated value (uoHw =
augHp) valid when § > 1 (a) and the exact value ob-
tained from Eq. 4 (b). For pugHgs we report the approx-
imated value obtained from Eq. 7 with approximated
toHw (a), the value obtained from Eq. 7 with the exact
woHw (b) and the exact value obtained from the semi-
analytical approach described in Appendix A (c).



TABLE II. Results of 1D model of domain wall dynamics for the multilayer samples: the ratio 6 = Hp/Hpw is computed from
Table I; /,L()H‘(/‘C/L) = auoHp is the approximated Walker field valid when 6 > 1; /LOH&;) is the exact Walker field from Eq. 4;
MoHéa) is the approximated Slonczewski field using Eq. 7 with ,u,OH‘(/‘VI); woH (sb) is obtained from Eq. 7 using p,OH‘(,f;) 5 woH g‘)
is the exact Slonczewski field using a semi-analytical approach (Appendix A); v is the velocity calculated at the exact poHw
field, using Eq. 5; vi,; is the experimental DW velocity at saturation (plateau velocity); D?*** is the interfacial DMI obtained
from wvsq+ using Eq. 6. The values in brackets are the ones extracted from the measured poHpasr field.

Sample 1) ,uoH‘(;) uoH‘(,‘l;) uoHéa) uoHéb) MoHéc) vw Vgat Dyt

[mT] [mT] [mT] [mT] [mT] [m/s] [m/s]  [pJ/m]
Pt/Co(0.5)/Pt 0.66 7.5 11.5 18.9 29 25
Pt/Co(0.8)/Ta(0.16)/Pt 1.04  15.3 19.7 45.3 58.15 521 67.7
Pt/Co0(0.8)/Ta(0.32) /Pt 1.94 30.2 334 89.5 99 93.74 102.9
Pt/Co(0.8)/Au 4.82 93.3 95.2 234.5 239.3 237.2 259 250 -1.00 [-1.03]
Pt/Gd77Co23(4)/Ta 5.21 42.4 43.2 106.6 108.5 107.3 252 275 -0.8 [-0.78]

The difference between approximated and exact val-
ues of pogHw and pogHg decreases as § increases. For
Pt/Co/Pt and Pt/Co/Ta/Pt, where 6 ~ 1, the differ-
ence between the two values can be as large as 35% and
the approximation is not justified. On the other hand
for Pt/Co/Au and Pt/Gd77Cogs/Ta, where § > 1, the
difference between the two values is of the order of 2%
and poHw and poHg can be easily obtained using the
approximate expressions relying on the measured Hppsr
field.

The domain wall speeds obtained solving Eqgs. 2 and
3 for several magnetic field values before and after the
Walker field are shown in Fig. 2, where they are com-
pared with the measured velocities and with the 2D mi-
cromagnetic simulations described below.

Micromagnetic simulations

In order to include the 2D effects expected for do-
main walls in continuous thin films in the presence
of DMI, micromagnetic simulations were carried out
for the Pt/Co/Ta(0.16 and 0.32)/Pt, Pt/Co/Au and
Pt/Gd77Cos3/Ta samples. All the dynamic micromag-
netic simulations are realized using Mumax3 software
[31] which solves the Landau-Lifshitz-Gilbert equation
using a finite-differences discretization. The material
parameters reported in Table I, and the exchange stiff-
ness values reported above, were used for the simula-
tions. The Gilbert damping parameter was initially cho-
sen to be a = 0.3 for all the samples, and then slightly
tuned to better fit the experimental data. The value
70 = 2.21 x 10° m/(A.s) was used throughout. For each
simulation, a Néel domain wall set into 1um wide strips
(allowing 2D effects to occur) is displaced by the action
of a magnetic field normal to the plane and is computed
in a (1 x 1) ygm? moving-frame window so as to keep the
domain wall in its center. A 8 ns long field pulse is ap-
plied instantaneously at time t=0. The cell size is chosen
to be (2 x 2) nm? as it is sufficiently accurate with re-

spect to the exchange length of around 10 nm in the cases
examined here. The simulations are performed at 0 K in
a defect-free sample. The DW velocities are calculated
from the DW displacements driven by the applied field
pulse, after inertia effects have disappeared. These are
shown in Fig. 2 where they are compared to those ob-
tained with the ¢ — ¢ model. More details are given in
the Supplementary Information file [23].

For all the samples, a good agreement between the re-
sults of 1D model and 2D simulation is found for the
steady flow regime up to the Walker field. For the
Pt/Co/Ta(0.16 and 0.32)/Pt stacks, the speed curves
obtained with the two approaches are practically indis-
tinguishable, as expected for weak DMI values [9]. A
slight difference between the Slonczewski fields found
with the 1D model and the 2D micromagnetic simulations
is seen for Pt/Co/Ta(3.2)/Pt, where the DMI strength
is slightly larger. On the other hand, for Pt/Co/Au
and Pt/Gd77Coq3/Pt stacks, where the interfacial DMI
is much stronger, the 2D simulations predict a plateau of
velocity after the Walker field and, as suggested in our
previous work [9] but not calculated before, the field for
which the DW velocity starts dropping to join the pre-
cessional flow regime is in reasonable agreement with the
Slonczewski field ugHg obtained with the 1D model.

DOMAIN WALL DYNAMICS UNDER
OUT-OF-PLANE MAGNETIC FIELD:
EXPERIMENTS AND DISCUSSION

Let us now compare the measured DW velocities versus
out-of-plane field with the predictions of the 1D model
and the 2D micromagnetic simulations.

The domain wall velocities versus out-of-plane field
B, for the Pt/Co/Ta(0.16 and 0.32)/Pt, Pt/Co/Au and
Pt/Gd77Coq3/Ta are reported in Fig. 2. The Pt/Co/Pt
velocity curve (not shown here, and similar to that re-
ported in [5]) has the features expected for a domain wall
in the presence of large disorder; only the creep regime
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Domain wall speed versus B, field: Domain wall velocity versus out-of-plane magnetic field B.: (a)
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is visible. The depinning field is much larger than the
Walker and the Slonczewski fields, so that the steady flow
regime is hidden by the creep regime and the precessional
flow is not reached for the largest fields. The small DMI
has no visible effect on the DW dynamics driven by a B,
field.

The DW velocities for the two Pt/Co/Ta/Pt samples
have similar variations with B,: a large depinning field
of ~100 mT and a slow increase of the DW speed, av-
eraging at around 40-50 m/s, for larger magnetic fields.
Without the results of the 1D model and the 2D simu-
lations, we might be tempted to associate this trend to
the saturation of the DW velocity after the Walker field,
due to 2D effects induced by the presence of DMI. How-
ever, the 1D calculation using the DMI value obtained
from the experimental pgHpysr field predicts a drop of
the DW velocity immediately after the Walker field. The

Walker field could not be observed, because it occurs for
magnetic field values (resp. =~ 20 mT and =~ 40 mT) well
below the measured depinning field. As a consequence,
for these two samples, where the DMI field is compara-
ble to the DW demagnetizing field (§ ~1 in Table II),
Eq. 6 should not be used to extract the DMI value from
the apparent saturation DW velocity, since this does not
correspond with the Walker velocity. Instead, the calcu-
lations, carried out using a damping constant a=0.25 for
the two samples, show that the slow increase of the DW
velocity observed for large fields is most probably associ-
ated to the constant mobility expected in the precessional
regime.

The situation is different for the Pt/Co/Au and
Pt/Gd77Coq3/Ta samples, where the velocity versus in-

plane field measurements indicate the presence of a large
interfacial DMI (6 >1). For Pt/Co/Au, the calculated



Walker field (around 90 mT) is much larger than that of
the previous samples, but it is situated within the ther-
mally activated regime, so that the steady flow regime
is not observable. However, the measured plateau ve-
locity fits remarkably well with the calculated Walker
velocity obtained using Eq. 5 and the DMI value ex-
tracted from the measured poHppr field (Table IT) and
with the results 2D simulations. This result validates
the method consisting in measuring the Walker velocity
(or the plateau DW velocity) to extract the DMI value,
and also confirms the validity of the exchange stiffness
A=16 pJ/m used to extract the DMI from the DMI field.
Note however that, in contrast with the 2D simulations,
the experimental DW velocity conserves the Walker ve-
locity beyond the calculated Slonczewski field and up to
the highest measured fields. We suggest that this might
be related to a dissipation mechanism associated to dis-
order [32], in particular to the likely inhomogeneity of
the PMA at the scale of the grain size, which may mod-
ify the DW dynamics in a way that cannot be taken into
account easily by theoretical models. This has been con-
firmed qualitatively by our preliminary micromagnetic
simulations including disorder.

For Pt/Gd77Coq3(4)/Ta the velocity curve is different
from those observed for the Pt/Co/M stacks. The much
weaker value of the depinning field, smaller than any of
the depinning fields observed in our samples so far, is
most probably due to the large DW width associated to
the low effective anisotropy and low exchange stiffness.
This allows us to observe the end of the steady flow
regime and the Walker field, whose value corresponds
well with that predicted by the 1D model. The slope of
the steady state regime also has a good correspondence
with the theory, which validates the value used for the
Gilbert damping parameter. The velocity stays almost
constant for fields above Hyy, before decreasing rapidly
above 100 mT. The change of slope of the velocity curve
occurs for a field close to the predicted Slonczewski field,
and the precessional flow regime is reached around 200
mT. After the Walker field, the measured DW velocity
decreases less rapidly than expected from the 2D sim-
ulations. This might be associated to the presence of
disorder, as in the case of Pt/Co/Au.

To summarize, for Pt/Co/Au and Pt/Gd77Coq3/Ta,
for which Hp > Hpw, the observed plateau velocity
corresponds with the Walker velocity vy,. For these two
samples, the measurement of the plateau DW velocity
provides a robust means to obtain the strength of the
interfacial DMI since, from Eq. 6:

Dy~ 2 Mt ow )

™y
The DMI values obtained using this expression are re-
ported in Table II, where they are compared with the
values obtained from the measured pgHpysr field. This
method is particularly appealing since it only relies on

easily measurable parameters and does not require the
knowledge of the exchange stiffness, whose exact value
is rarely measured for ultrathin films. The adjustment
of the DMI value obtained using the poHpasr field to
that obtained from the plateau velocity provides a way
to measure the exchange stiffness of these thin films. In
the case of Pt/Co/Au, A=16 pJ/m obtained from previ-
ous studies for stacks fabricated with the same method
provides a good agreement between the two DMI values.
A smaller value of the exchange stiffness is obtained for
Pt/Gd77Coq3/Ta, in agreement with data reported in the
literature for ferrimagnetic alloys [33].

This method is not applicable to the two Pt/Co/Ta/Pt
stacks, where § = Hp/Hpw ~ 1 and the observed DW
velocity behaviour for large field cannot be associated to
the velocity plateau produced by the 2D effects induced
by the DMI.

We may now wonder how, without an alternative mea-
surement of the DMI strength (as it was done here by
measuring the DW velocity versus B, under a static By ),
we may analyze a general DW velocity curve showing a
large depinning field and velocities apparently saturat-
ing at large fields, in order to acquire information on
the strength of §, and therefore on the applicability of
our method. We assume that the sample has been char-
acterized magnetically, so that My, A, Hpw and « are
known. A systematic approach would be to numerically
solve the 1D model (Eq. 2 and 3) for increasing values of
Hp to see which v(H.,) curve fits bets the data, but this
may be too cumbersome. In order to get more directly
some estimates, one may first assume that the observed
plateau velocity (v*) corresponds to the Walker veloc-
ity. One can then extract D* using Eq. 6, and compute
the DMI field from Eq. 1, leading to the evaluation of
0 = (w/2)Hpwmi/Hpw. If § > 1 the assumption was cor-
rect. An additional check is to compare the minimum
value of the field for which the experimental DW veloc-
ity saturates (H*) with the derived Hg, field above which
the predictions of the 1D model become valid again. If
H* is smaller than Hg, then the plateau velocity cor-
responds with the Walker velocity and the D* value is
correct. If H* is larger than Hg, the plateau velocity
does not correspond with the Walker velocity, but it is
likely to be close to the Slonczewski velocity, especially
when the damping is small. One may therefore tune D
in order to fit v* with the Slonczweski velocity predicted
by the 1D model (Eq. 8).

CONCLUSION

In conclusion, the domain wall dynamics driven by an
out-of-plane magnetic field well beyond the Walker field
was measured for several magnetic trilayers with different
strengths of the interfacial Dzyaloshinskii-Moriya inter-
action. Using the method consisting in measuring the



asymmetric expansion of a magnetic domain in the pres-
ence of an in-plane field, we have obtained the values
of the poHpysr fields from which we have evaluated the
DMI constant, using exchange parameters A derived in
previous works. The DW velocity curves versus B, field
were then examined in the light of a 1D analytical model,
by extending the one presented in our previous works
to the case of samples where the DMI field is compara-
ble with the DW demagnetizing field. The exact semi-
analytical solution for the Slonczewski field was obtained.
Experimentally, the Walker velocity, which can be main-
tained after the Walker field in systems with large DMI,
can be related to the strength of the DMI, and its mea-
surement provides a robust approach to obtain the DMI
constant and the exchange stiffness. By comparing the
measured DW speed curves with the expectations of the
1D model and of the 2D simulations, we show that care
should be taken when using this approach with samples
with a weak DMI field.
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APPENDIX A: CALCULATION OF THE
SLONCZEWSKI FIELD

Combining the two equations (2) and (3) of the 1D
model, including the presence of an external in-plane
magnetic field poH,, the autonomous evolution of the
angle ¢ with time is obtained, from which the precession
period T is found

po 1t o? /2” de
Y Jo H,—asing (HD T gHw — Hpw cos¢)
1+ a?
= I, [hs, ha 10
e fheh) (10)
where

27 d(b
Il [hzyhx] :/ COS¢
0 hz—sinqﬁ(l—khI—T)

H, H,

- and h, = ot
with § a parameter. Note that Eq. 10 was already con-
sidered in Ref. [34] when studying the domain wall pre-
cessional motion under DMI and in-plane field. From
Eq. (2), by taking the average over one precession pe-
riod, the average DW velocity reads

. VoA A2

@) =120, - 22 (11)

From the expression of Ij[h..h,], it becomes clear that

(when poH, = 0, i.e. hy = 0) the curve (¢)(H,) has

the same shape when Hp > Hpw, compared to the

standard case Hp < Hpy . This is the reason behind

the relations (7) of Hs to Hy, and (8) of vg to vyy. But
in the general case, the shape of the curve is different.

In order to obtain the exact Slonczewski field, the min-
imum of () versus H, has to be found. From Eq. (11),
it is given by the solution of

2
1+ao*  I[h.,h,] (12)

2r I [hs, hy)’

is a function of the variables h, =

where a similar integral I appears, again as a function
of h, with ¢ as parameter
Cos ¢ )} 2"

2
Llhe, by = / T :

The integrals I; and I are easily evaluated by numer-
ical integration, for all values of their argument h, (with
H, > Hy) and parameter 6. Here we consider the case
woH,; =0, i.e. hy = 0. In Appendix B, we will consider
a more complex situation where h, and h, are non-zero.

Taking into account the value of «, the value of
Hg/(aHp) is found by numerically solving Eq. (12), and
the Slonczewski velocity vg follows by inserting H, = Hg
into Eq. (11). In order to get an idea of the correction in-
volved in solving exactly the ¢ — ¢ model in the presence
of both DMI and domain wall magnetic shape anisotropy,
a plot of Hg normalized to the limiting analytical value
(Eq. (7)) versus 0 and for different values of «, is pro-
vided in Fig. 3(a). One sees that Hg is mostly smaller
than the analytic limiting value, the maximum difference
strongly depending on the value of . For large damp-
ing (« > 1), the exact solution can be slightly larger
than the limiting analytical expression. A similar plot is
shown in Fig. 3(b), for the Slonczewski velocity, this time
compared to the limiting expression Eq. (8). The curves
have the same overall shape, but different numerical val-
ues. One notices that the exact solution gives velocities
always smaller than the analytical limit.

The above plots contain also the solution of the prob-
lem in the limit o« < 1, which is analytic for every value
of §. This last calculation leads to

1+ (2Hp/H 2
HS:HDW\/ ( 2/ ow)

do
14 hy —

(13)
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FIG. 3. Semi-analytical Slonczewski field Hs (a) and
velocity vs (b) compared to the limiting analytical
expressions Eq. (7) resp. (8). The ratio of the two ex-
pressions is plotted versus § = Hp/Hpw for different values
of the damping parameter a. The curves for o = 0 are ana-
lytic (see text).

and

1+ (2HD/HDW)2
) .

vg = a’yOAHDW\/ (14)
These relations are plotted in Fig. 3(a), resp. Fig. 3(b),
where they are normalized to Eq. 7, resp. Eq. 8.

APPENDIX B: IN-PLANE FIELD GIVING A
MINIMUM VELOCITY IN THE PRECESSIONAL
REGIME

In the precessional regime, the average DW velocity
over one period is given by Eq. 11. From this equation,
the minimum average velocity for a fixed H,, occurs when
the right term is maximum (it is positive as H, > Hy)
i.e., when the period T is minimum. The minimisation
of I; with respect h, leads to

o6 sin? ¢do

Ohyg
h, +

= 2(1+h,) /Ow
(

sin$cos ¢ ¢> i — (14 hy)?sin® ¢

5
(15)
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FIG. 4. Numerical calculation of Ii[h,,hy] versus hy
for different values of § =1.0,2.5,5.0, with h, = 5.0

which it is equal to zero when h, = —1. Therefore, the
average velocity, Eq. 11 will be minimum when H, =
—Hpng. The result is rigorous if, for all values of H,
considered, one has H, > Hg[H,|: no 2D instability
occurs and the 1D precessional regime is observed.

Note that Hg [H,] is obtained by solving Eq.12, with
a non-zero hy.

Figure 4 shows the numerical integration I [h,, hs] vs
hy for h, = 5.0 (above the Slonczewski field), for differ-
ent values of §. A parabolic curve centered in h, = —1,
with a curvature depending on the values of h, and ¢ is
observed. As expected from the above calculation, re-
gardless of the value of h, and d, the minimum occurs
when h, = —1, or equivalently when H, = —Hpyg. This
conclusion was already reached in Ref. [34].
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