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ABSTRACT

We have measured the field-driven velocity of chiral Néel domain walls (DWs) stabilized by the Dzyaloshinskii-Moriya interaction (DMI) in
a Pt/Co/Ta/Pt film with perpendicular magnetic anisotropy. A simple model based on the universal creep theory allows us to describe the
anisotropic propagation of a DW along the contour of a bubble domain, driven by an out-of-plane field in the presence of a static in-plane
field. This model is used to obtain the DMI constant from the measurement of the DW propagation with only one value of the in-plane field,
simplifying the existing method relying on several measurements. The DMI constant extracted from the model is in good agreement with

independent measurements.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191540

The manipulation of spin textures, such as domain walls (DWs),
does not only rely on the application of a magnetic field. Spin polarized
electric currents' or more recently pure spin currents’ ' have been
shown to efficiently drive DWs. At the same time, beyond the well-
known interface magnetic anisotropy generated in ultra-thin films, an
interface-induced non collinear exchange, the Dzyaloshinskii-Moriya
interaction (DMI) that stabilizes homochiral domain walls, can some-
times be evidenced when the magnetic system lacks inversion symme-
try.” Brillouin light Scattering is one of the few direct methods to
obtain the DMI amplitude D;.”* More often the DMI is estimated
from evaluating the effective DMI field it generates, through the mea-
surement of the anisotropic propagation of DWs.”

In this work, we provide a description of the DW velocity of a cir-
cular magnetic domain driven by an out-of-plane magnetic field H, in
the presence of an in-plane magnetic field H,. The determination of D;
is based on the classical model proposed by Je et al.,” who showed that
the presence of H, modifies the DW energy and therefore the DW
velocity in the creep regime. An H, field with a component parallel/
antiparallel to the DW magnetization direction will decrease/increase
the DW energy and increase/decrease the DW velocity. In the presence
of Néel walls stabilized by DMI, an anisotropic DW propagation is,
therefore, expected. The DW velocity is shown to reach a minimum
when H, = —Hpyy, where wyHpy = M%"A is the effective field that

stabilizes Néel walls. A is the domain wall parameter and M; the spon-
taneous magnetization. Experimentally, this method involves measur-
ing DW velocities along the H, direction for a range of H, field values,
up to fields evidencing a velocity minimum. More recently, Hartmann
et al."’ developed a more complex model for measuring Hpy,;. This
requires a detailed domain wall energy calculation and does not predict
the minimum velocity for H = —Hpyy.

We propose a simple analytic model that describes the velocity
profiles of the DWs as a function of their polar orientation 6 in the
plane. We then use this model to extract the DMI amplitude from the
domain expansion with a single value of the applied field H,.

Domain wall dynamics is well described using the Landau-
Lifschitz-Gilbert (LLG) equation. This equation is implemented in
micromagnetic models using a finite element description of the
domains and domain walls. A more compact and analytical model is
the g — ¢ model, which describes the domain wall as a rigid spin tex-
ture, where only the position g and the magnetization orientation ¢ in
the DW center are time-dependent parameters. This model has been
applied to describe the thermally activated creep regime as well as the
flow and precessional regimes at larger fields."' The q¢ — ¢ model can
be extended to include the DMI contribution.

In the presence of defects, in the creep regime and in 2D geome-
try (thin films), the domain wall velocity follows a universal law, with
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an exponential field dependence characterized by a critical exponent §
[Eq. (1)]."*"'* At constant temperature, the equation can be written in
a more compact form introducing o and v,

T A

U(HZ) = l)deik_;((ﬂ_d) 71), (1)
v(H;) = —oH, !
z) = Uo€ )

where T, and Hy are the characteristic depinning temperature and
field, respectively, and v, is the DW velocity at the depinning field.

The presence of an in-plane field H, can be included in Eq. (1),
considering that the coefficient « depends on the H, field only via the
domain wall energy o(H,),”

allix 4 —1/4
U(Hx,HZ) = er—tz( '%U)) H, / . (2)

For a circular domain, we define the angles 0 and ¢ with respect
to the in-plane field H,: 0 represents the domain wall propagation
direction and ¢ the magnetization direction inside the DW (Fig. 1).
Q = 0 — ¢ will give the Néel/Bloch character for the wall (Néel DW
for Q = 0, w and Bloch DW for Q = *7/2).

The domain wall energy o(Hy, 0) can be obtained by minimizing
the different terms that contribute to it: the Bloch term, the DMI term,
and the Zeeman term associated with the H, field and the demagnetiz-
ing term associated with the volume charges due to its Néel character,

0(Hy, 0, ) = 4\/AK5 — n|Dj| cos(Q) — nAM; iy H, cos(¢)
+ 1n2) tuoM? cos*(Q), 3)
n

where A is the exchange constant, K,is the effective anisotropy, D; is
the DMI constant, A = /A/ Ko is the domain wall parameter, ¢ is
the thickness of the magnetic layer, and M is its spontaneous magneti-
zation."” "’

FIG. 1. Schematic representation of the expanding circular magnetic domain driven
by an out-plane field (H,) pulse in the presence of an in-plane field (H,) and DMI. In
light gray, the first circular domain nucleated with H, (with H,=0) and in the dark
gray the domain after propagation. The propagation direction of the DW is defined
by 0, the angle between the DW normal of the first domain and the in-plane field
direction. Magnetic moments m within the DW are represented as orange arrows.
m is characterized by the angle ¢ with respect to the direction of H,.
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TABLE I. Sample quasi-static parameters. Ms is the spontaneous magnetization, K
the effective magnetic anisotropy constant, A is the DW parameter, and D; the DMI
strength.

Mg (MA/m) A (pJ/m) A(nm)  D; (m]/m?)

1.2 16 339 4.4

K (kJ/m’)

—0.43+0.05

For each 0 and a given value of D;, the minimization of o(H,, 0)
gives the equilibrium value of ¢. The DW velocity v(H,, H,, 0)) can
then be obtained using Eq. (2).

In the rest of our work, we will compare this model [Eq. (2)] with
the experimental velocities and its correctness at determining the DMI
amplitude. First, we will describe the experimental protocol used to
generate the v(H,, 0) data. Second, we will analyze the experimental
velocities with the theoretical model.

The sample Pt(4nm)/Co(0.8 nm)/Ta(0.32nm)/Pt(2nm) is
deposited by DC magnetron sputtering on a Si/SiO, substrate with
3nm of Ta buffer layer. The magnetic characterization is performed
using polar Magneto-optical Kerr Effect Microscopy (PMOKE) and
Superconducting Quantum Interference Device—Vibrating Sample
Magnetometer (SQUID-VSM). The quasi-static parameters are col-
lected in Table I. K. was obtained using A =16 pJ/m, value used in
the literature for Co layers with similar thicknesses.'® The DW propa-
gation regime is verified by measuring DW velocities v as a function of
out-of-plane magnetic field (H,). Figure 2 shows the velocity plot as a
function of H,. On the figure are plotted simultaneously v vs H, and In
(v) vs H, /4 The linear dependence of In(v) with H, /4 proves that
DWs in this range of applied field propagate in the creep regime. The
creep parameters v, and o are extracted from the fit to Eq. (1) and are
v = (1%0.3)10" m/sand « = (12 = 1)T"/%. The maximum ampli-
tude of pyH, used for the measurement is 16.5 mT. This value leaves
the DW propagation in the creep regime.

Domain imaging is performed using PMOKE microscopy.
The protocol starts with the saturation of the magnetization in the
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FIG. 2. Plot of the experimental domain wall velocity in the creep regime: v vs poH;
(black squares) and In(v) vs (,uon)’” * (black circles) together with the linear fit
(black line) to Eq. (1).
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FIG. 3. Differential MOKE image representing the propagation of a DW driven by
an out-of-plane magnetic field pulse uyH, =16.5mT with H,=0 (a) and in the
presence of an in-plane field pyH, =43 mT (b). In light gray is the first nucleated
domain and in the dark gray the propagated domain.

out-of-plane direction by applying a H, pulse larger than the saturation
field. An opposite H, field pulse is then applied to nucleate a circular
magnetic domain. The corresponding image is recorded as image 1.
The last step of the recording measurement consists in propagating the
previously nucleated domain with a pulse of H, in the presence or not
of a constant and uniform in-plane field H,. The image corresponding
to this step is recorded as image 2. The images are then processed
using the OpenCv(Cv2) Python library.'” Image 2 is subtracted from
image 1. Figure 3 shows the differential MOKE images measured with-
out in-plane field (a) and with yyH, =43 mT (b). Next, the contours
(representative of the DW positions) of the two domains are extracted
using contour detection modules. The displacement of the DW's from
the contour of the initial domain to the contour of the propagated
domain is then used to determine the displacement d(0). It should be
noted that the first domain being circular, the normal to its surface is
characterized by the angle 0. The DW velocity v(Hy,0) is then
extracted from the displacement d(6) during the duration dt of the
field pulse H,, from the relation d(0) = v(0)d:.

When H, =0, the displacement should be isotropic. To confirm
this, we measured the velocity along the entire contour of the magnetic
domain. We have defined 0 with respect to the positive x-direction
passing through the center of the nucleated domain. On Fig. 4,
v(H, = 0, 0) evidences this isotropic velocity. The isotropic propaga-
tion also confirms that H, is well aligned and has negligible IP compo-
nent. This is useful in the analysis of DWs expansion in the presence
of the IP field.

Applying an in-plane field leads to an anisotropic propagation of
the DWs, highlighting the presence of DMI. The velocity in this case
depends on the strength of H, and the propagation angle, v(H,, 0).
Figure 4 represents the velocity profiles for different H, values from 0
to 66 mT. For this study, we limited the maximum H, value to 66 mT,
for two reasons: first, for a higher field, the density of nucleated
domains increases and an overlap between domains can appear; sec-
ond, this prevents temperature rise due to electromagnets heating. In
this limit, the precision of all the used H, fields is estimated to be 3 mT.

Let us now check the agreement between the theoretical model
and the experimental data. The theoretical model describes
0(Hy, oH, = 16.5mT, 0). Using a guess value of D; (in our case the
one obtained in Ref. 18 for a sample with similar composition), the
DW energy ¢ is minimized, numerically, resulting in an equilibrium
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FIG. 4. Anisotropic DW velocity profiles measured for poH, = 16.5mT with a range
of in-plane field H, (0, 22, 43, and 66 mT) and best fits obtained using the model
v(0,Hy, uoH, =16.5mT).

value for ¢ for each angle 0. The resulting ¢ is then injected into Eq.
(2) to obtain de DW velocity profile vs 6. v, and o are those deduced
from the fit of the experimental velocities to the creep law [Eq. (1)].
Each v(6, Hy) profile corresponding to a given H, is then fitted by
leaving both ¢ and D; as free parameters. As can be seen in Fig. 4, the
fits are all in good agreement with the data. The model describes cor-
rectly not only the minimum and maximum speeds but also the shape
of the velocity curve as a function of the polar angle 0.

Fitting the full v(0) curve reduces the fitting error compared to
fitting only velocities in the 0 =0 and 7 directions (along H,). The
value of the DMI amplitude obtained from the fits of the experimental
velocity curves depends very slightly on the H, strength. The average
value of D; is —0.43 * 0.05 mJ/m> giving an average Hpy field of
83 £3mT [Fig. 5(a)]. This DMI value is very close to that found in
Ref. 18 for a very similar sample composition. On the other hand, since
in our sample Ta is only a very thin dusting layer, D; is smaller than
the values found in the literature for Pt/Co/Ta trilayers with thicker Ta
layers.”’

The Hpyyr value can be compared with that obtained with the
classical method proposed by Je et al.” The DWs velocity at 0 = 0 mea-
sured as a function of the strength of H, is shown in Fig. 5(b). From
the fit of the curve using Eq. (3), the DMI field, corresponding to
the H, with the minimum speed, is determined to be uyHpyr
=84 £ 5mT. This is in excellent agreement with the value obtained
from the v(0) fit.

In conclusion, we have proposed a method to extract the DMI
value from the analysis of the anisotropic propagation of Néel domain
walls as a function of their polar orientation. A simple analytic model
based on the universal creep model allows describing the measured
velocity profiles. The DMI amplitudes do not depend on the applied
in-plane field and agree with the value extracted from the classical
minimum velocity model. The advantage of this protocol is that it
allows determining the DMI constant from the velocity measurement
with a single H, field. This method can be helpful in the case of large
Hpy fields difficult to reach experimentally, or in samples with small
anisotropy where large in-plane fields give rise to a large density of
nucleated domains.
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FIG. 5. (a) DMI constant D; found from the fit of the experimental curves using Eq.
(2), for different values of H, (22, 32, 43, 56, and 66 mT). The red dash-line
presents the average of D; and (b) DW velocity measured as a function of H, for
0 =0 with iyH, = 16.5mT.
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