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Asymmetrically sandwiched thin magnetic layers with perpendicular anisotropy and Dzyaloshinskii-
Moriya interaction (DMI) is the prospective material science platform for spin-orbitronic technologies
that rely on the motion of chiral magnetic textures, like skyrmions or chiral domain walls (DWs). The
dynamic performance of a DW-based racetrack is defined by the strength of the DMI and the DW damping.
The determination of the latter parameter is typically done based on technically challenging DW motion
experiments. Here, we propose a method to access both the DMI constant and DW damping from static
experiments by monitoring the tilt of magnetic DWs in nanostripes. We experimentally demonstrate that in
perpendicularly magnetized //CrO,/Co/Pt stacks, DWs can be trapped on edge roughness in a metastable
tilted state as a result of the DW dynamics driven by an external magnetic field. The measured tilt can
be correlated to the DMI strength and DW damping in a self-consistent way in the frame of a theoretical
formalism based on the collective coordinate approach.
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I. INTRODUCTION

Structural inversion symmetry breaking in low-
dimensional ultrathin magnetic multilayers determines
electronic and magnetic properties at interfaces [1-5].
If ultrathin ferromagnetic layers are brought in contact
with a nonmagnetic heavy metal with a strong spin-
orbit coupling, Dzyaloshinskii-Moriya interaction (DMI)
will appear [1-3,6,7] in addition to a perpendicular mag-
netic anisotropy. This leads to the stabilization of chiral
noncollinear magnetic textures, e.g., skyrmions [4,8—11],
skyrmion bubbles [12], and chiral domain walls (DWs)
[13,14]. Beside emerging fundamental effects, such as the
occurrence of skyrmion [5,9,15—17] and topological [9,18]
Hall effects, the fast motion of chiral DWs [14,19] and
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skyrmions [10,11,16] is the key enabler of prospective
memory and logic devices operating based on spin-orbit
torques [5,16,19-22].

The performance of spin-orbitronic devices is deter-
mined by the static and dynamic micromagnetic param-
eters [19,23]. In particular, the speed of a DW-based
racetrack is defined by the strength of the field or spin-
polarized current driving the DW, as well as the DMI
constant, D, and the DW damping parameter, o [19,24].
The necessity of having a strong DMI requires ultra-
thin magnetic layers with thicknesses in the range of 1
nm. Those thin films are usually polycrystalline, which
often reduces the structural quality of the layer stack.
Structural imperfections, in addition to the spin pumping
mechanism [25-27] that arises due to the proximity of
a ferromagnet with a heavy metal, lead to an enhanced
DW damping. For Co-based sandwiches, « = 0.1 = 0.4
[28,29], which is at least one order of magnitude larger

© 2021 American Physical Society


https://orcid.org/0000-0001-7246-4099
https://orcid.org/0000-0002-4999-0311
https://orcid.org/0000-0002-7277-7287
https://orcid.org/0000-0003-2693-1180
https://orcid.org/0000-0002-5831-7284
https://orcid.org/0000-0002-5947-9760
https://orcid.org/0000-0002-6470-2920
https://orcid.org/0000-0001-7311-0639
https://orcid.org/0000-0002-4885-799X
https://orcid.org/0000-0002-7177-4308
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.15.034038&domain=pdf&date_stamp=2021-03-12
http://dx.doi.org/10.1103/PhysRevApplied.15.034038

OLEKSII M. VOLKOV et al.

PHYS. REV. APPLIED 15, 034038 (2021)

than for bulk Co (e = 0.005 = 0.01) [30,31]. Accessing
o typically requires dynamic experiments on the motion
of DWs in confined geometries [32]. The interpretation of
these results can be cumbersome, especially if experiments
are done in the creep regime of the DW motion [33-35],
which is usual for ultrathin stripes with pronounced pin-
ning. Strong damping accompanied by week signals from
ultrathin films might account for difficulties in determining
the DMI constant by spectroscopy-based approaches (e.g.,
Brillouin light scattering) [36,37].

Here, we present an experimental method for the quan-
tification of the DW damping parameter and the DMI
constant from the static investigations of magnetic field
manipulated changes in the DWs morphology. Namely,
we observe a persistent tilt of the DW plane in equilib-
rium due to a pronounced pinning of DWs on structural
inhomogeneities [Fig. 1(a)]. By analyzing the DW tilts
induced by different magnetic fields, it is possible to deter-
mine self-consistently the range of DW damping param-
eters and DMI constants for the particular layer stack.
We validate this method on the perpendicularly magne-
tized //CrO,/Co/Pt nanostripes with the surface-induced
DMI. The DW tilt is a dynamic effect that arises as a
result of the interplay between the external field driv-
ing and the surface-induced DMI [24]. In polycrystalline
samples that possess spatial variation of magnetic param-
eters (e.g., uniaxial anisotropy, Kj), a moving DW can
be trapped in a tilted state after the external driving field
is switched off. The statistical analysis of the DW tilt
angles combined with the theoretical model in the frame
of the collective coordinate approach [24,38,39] allows
one to self-consistently determine the DMI strength and

DW damping. In our work, using two reference fields,
which provide two characteristic tilt angles, allow us to
retrieve the range of DMI strengths D > 0.8 mJ/m? and
DW damping parameters o > 0.1. The upper limit for the
DMI constant agrees with an independent transport-based
measurement giving Dy = 0.90 & 0.13 mJ/m?. Using this
refined DMI value, we provide a better estimate for the
damping parameter ¢ = 0.13 & 0.02. This value lies in a
typical DW damping range for the Co-based asymmet-
rical layer stacks that are obtained from dynamic exper-
iments [28,29]. In this respect, the combination of the
proposed method with standard metrological techniques
opens up opportunities for the quantification of both static
and dynamic micromagnetic parameters based on static
magnetization measurements of the DWs morphology.

II. RESULTS

We prepare asymmetric //CrO,(5 nm)/Co(1.0 nm)/
Pt(2 nm) layer stacks [Fig. 1(a)] on naturally oxidized
Si substrates by means of magnetron sputtering at room
temperature (base pressure 108 mbar; Ar is used as a
sputter gas with a pressure of 10~* mbar). To determine
the micromagnetic parameters of the layer stack (Table
I), we conduct an integral superconducting quantum inter-
ference device vibrating-sample magnetometry (SQUID
VSM) and zero-offset anomalous Hall transport measure-
ments [40]; see Fig. 1(b). The resulting out-of-plane (OOP)
and in-plane (IP) hysteresis loops reveal the presence of a
strong perpendicular magnetic anisotropy. Following the
approach of Ref. [41], we estimate the exchange constant
A based on the temperature dependence of the saturation
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FIG. 1. Magnetic and structural investigations of nanostripes. (a) Schematic illustrations of a //CrO,/Co/Pt asymmetric multilayer
nanostripe after fabrication and the corresponding magnetic contrast with two tilted DWs. The angle between the DW plane and the
¥ axis is the DW mechanical tilt angle x, while the magnetization inside the DW is canted by the angle v with respect to the y axis.
(b) The in-plane (blue) and out-of-plane (red) hysteresis loops of the magnetization normalized to the saturation magnetization M;.
(c) The temperature dependence of M; obtained by means of SQUID VSM (blue). Red dashed line corresponds to the power law fitting:
My(T) = My (1 — T/T¢)P. (d) Scanning electron microscopy image of the patterned stripe with the width of 240 nm. (e) Atomic force
microscopy image of the //CrO,(5 nm)/Co(1.0 nm)/Pt(2 nm) stack. (f)~(h) Magnetic states imaged by XMCD PEEM for stripes of
different widths /. Blue, white, and red contrasts correspond to magnetization vectors aligned along, perpendicular, and antiparallel
to the x-ray beam, respectively.
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TABLE 1. Experimentally determined and estimated micro-
magnetic parameters of the sample.

Value

By =254+2mT
Bx =450 £25mT
M, = 1.00 £ 0.06 MA/m
Ko = 0.85 £ 0.10 MJ/m?3
Te =443 K
A=56=%0.6pl/m
Dy = 0.90 & 0.13 mJ/m?

o> 0.1
D > 0.80 mJ/m?

Quantity

Coercive field

Anisotropy field

Saturation magnetization
Uniaxial OOP anisotropy
Curie temperature (estimated)
Exchange constant

DMI constant (transport)

DW damping (extracted)
DMI constant (extracted)

magnetization M [Fig. 1(c)] in the frame of Bloch’s 73/
law. The DMI constant Dy is quantified from the spin-orbit
torques obtained by means of harmonic analysis of the
Hall signals at different fields [42,43]; see Appendix A for
details.

Electron-beam lithography and ion-beam etching are
used to fabricate narrow stripes with length L = 100 um
and various widths W from 0.2 to 2.1 um; see Fig. 1(d).
The resulting sample reveals the presence of a 3 nm line-
edge roughness for narrow stripes. The morphological
analysis is done by means of atomic force microscopy
(AFM) and exhibited the island growing mechanism for
the Co layer on the surface of CrO,; see Fig. 1(e) and
Appendix B for details. These islands have a lateral size of
about 45 nm and introduce to the system a surface rough-
ness of about 3 nm (root-mean-square deviation). These
two sources of roughness result in a complex pinning
landscape for DWs [41,44].

The static magnetization states are visualized by means
of x-ray magnetic circular dichroism photoelectron emis-
sion microscopy (XMCD PEEM); see Figs. 1(f)—1(h) and
Appendix C for details. The magnetic pattern depends
on the stripe width: (i) in narrow stripes with widths up
to 300 nm we observe straight DWs [see Fig. 1(f)]; (ii)
stripes with widths of 300 nm reveal the presence of bent
DWs [see Fig. 1(g)]; (iii) in the case of wide stripes,
W > 1 um, complex bubblelike domains are obtained [see
Fig. 1(h)]. The presence of straight tilted DWs in equi-
librium [24,39] and bubblelike domains [12] additionally
confirms the presence of a pronounced surface-induced
DMI in the /CrO,/Co/Pt layer stack.

We perform a detailed analysis of the DW morpholo-
gies by repeatedly imaging magnetic states in 200 nm
wide nanostripes after an ac demagnetization procedure;
see Appendix C (Fig. 9). The maximum field is By = +25
mT with a subsequent change to B, = —21.5 mT and a
further sign-changing amplitude decrease of 14% at each
step. The resulting DW count statistics as a function of
DW tilt angles is summarized in Fig. 2 as a diagram of DW
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FIG. 2. Statistics of the experimentally obtained DW tilt

angles. (a) Phase diagram of equilibrium DW morphologies for
a ferromagnetic stripe with W =200 nm extracted from the
XMCD PEEM images after the ac demagnetization. Gray rectan-
gles represent positions and corresponding tilts of DWs. (b) The
corresponding distribution of DW counts versus the tilt angle x.

positions with respect to the tilt angle x . The vast majority
of DW angles lie in the range [—60°; +45°]. In addition
to the expected straight perpendicular to the x-axis DW
(x = 0), we observe two pronounced peaks at y; = —34°
(Ax1 =10°) and x, = +22° (Ax, = 10°). We anticipate
that the presence of these two characteristic tilt angles ()
and x;) of opposite signs correlate with the two fields (B,
and B;) applied during the ac demagnetization procedure.
This hints at the dynamic nature of the DW tilts upon their
motion when exposed to the external magnetic field.

I11. DISCUSSION

The appearance of tilted DWs in equilibrium could
indicate the presence of a strong biaxial anisotropy in per-
pendicularly magnetized nanostripes [39]. In this case, the
tilt of a DW plane appears due to the interplay between
an additional in-plane easy-axis anisotropy and a surface-
induced DMI. Using the formalism of Ref. [39], it can
be shown that, for the material parameters summarized
in Table I, the experimentally measured tilt angles can-
not be obtained for any in-plane anisotropy satisfying the
requirement that the sample has perpendicular magnetic
anisotropy.
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To understand the experimentally observed DW tilt
in equilibrium, finite element micromagnetic simulations
are performed for OOP magnetized stripes with a DMI
of surface-induced type; see Appendix D for details. In
numerical calculations, we examine not only homogeneous
stripes with constant micromagnetic parameters (4, M;,
Ko, D, @), but also consider granular media. In the latter
case, we assume that each grain has a different magnetic
anisotropy that varies in the range Ky £ AK, while the
intergrain space has a constant value of anisotropy Kp.
In the case of the homogeneous distribution of magnetic
parameters in the medium or weak pinning (AK /K, <
10%), being exposed to an external OOP magnetic field,
the DW starts moving and its plane acquires a tilt; see
Fig. 3(a). The physical reason for this tilt is the interplay
between the surface-induced DMI, which favors the Néel
DW configuration, and the external magnetic field, which
tends to rotate the magnetization away from the Néel con-
figuration [24]. The subsequent relaxation of the tilted DW
leads to the complete recovery of the equilibrium state with
the DW plane being perpendicular to the ¥ axis. For a mod-
erately strong pinning (10% < AK /Ky < 20%), a moving
DW remains straight and can be trapped in a tilted state
after the external driving field B is switched off. This is due
to pinning sites introduced by structural inhomogeneities,
which create a complex energetic landscape for a DW.
However, the discrete distribution of pinning sites leads to
a distribution of the equilibrium tilting angles with a mean
value given by the dynamic tilt. In the case of a strong pin-
ning (AK/Ky > 20%), the DW upon its motion acquires
pronounced deformations in both dynamic and relaxed
states. Direct comparison of the dynamics and statics of
DWs for the two latter cases of pinning hints at the differ-
ent physical natures of the pinning mechanism. The case
of a moderately strong pinning (10% < AK /Ky < 20%)
could be assigned to the line-edge roughness, as the DW
plane remains straight without strong deformations, while
the case in which AK /Ky > 20% corresponds to the strong
influence of intergrain boundaries on the DW movement
and relaxation.

A qualitative comparison of the experimentally obtained
results with the micromagnetic simulations suggests that
moderately strong pinning (AK /Ky ~ 15%) is present in
our samples as the DW plane remains straight. Quantitative
statistical assessment of DW tilts from micromagnetic sim-
ulations is hardly possible as reasonable statistical analysis
of a granular media requires a dramatic amount of time.
Therefore, we base our further analysis on the collective
coordinate approach [24,38], which describes the tilt of the
DW upon its motion. By applying this model, which does
not explicitly account for pinning of DWs, we rely on the
fact that simulations reveal that the DW tilt angle upon its
motion in the steady regime is similar to that in the relaxed
state; see Fig. 3(a). The model is based on the assumptions
that (i) pinning centers do not affect the DW dynamics; (ii)

the DW plane remains rigid upon rotation [24,39], i.e.,

cosh — _ptanh[(x—q)cosx +ysmx}’

(A
¢ = —90°, (D

where the polar 6 and azimuthal ¢ angles are com-
ponents of a spherical coordinate system introduced
for the normalized magnetization vector m = M/M, =
{sin @ cos ¢, sin 6 sin ¢, cos 6}, £ = /A/K;5 is the magnetic
length, p = %1 is the DW polarity, x is the tilt angle of
the DW plane [see Fig. 1(a)], ¥ is the DW magnetization
angle in the DW with respect to the y axis, and A and g are
the DW width and its center coordinate, respectively.

The total micromagnetic energy density & = &g +
Ean + Epmi + Ereem includes the following four terms.
(1) The exchange E = A(Vm;)(Vm;) with i =x,y,z.
(ii) Anisotropy Eu = —Kijm? + K3(1 —m?) with K| =
2nM?Ny and K3 = Ky — 2w M?(1 — 2Ny) being constants
of the biaxial anisotropy that arise from the interplay
between the uniaxial OOP anisotropy Ky and shape-
induced easy-axis anisotropy, which aligned along the X
axis. The latter is defined by the demagnetization fac-
tor Ny = H/(xW)In W/H + 3H /(2zx W) for an infinitely
long stripe with thickness H and width W [45,46]. (iii) The
intrinsic DMI Epyvy = D[m,(V - m) — (m - Vm,)]. (iv) The
Zeeman interaction Eem = —MBm, with B being
the intensity of the magnetic field.

In the case of the DW motion below the Walker limit,
the set of equations for the collective coordinate model
(1) could be derived from the Euler-Lagrange-Rayleigh
equations (see Appendix E for details) and reads

d
sin y = st, )
2y/1 — ky sin®
1
A= —F—, 3)
V1= kysin®
2woplb @)

q= ,
av/4(1 — ky sin® ) — d? cos? Y

where k; = K1 /K3 is the normalized in-plane anisotropy
constant, d = 2pD/D. is the dimensionless parameter
characterizing the DMI strength with D. = 4/AK;5 /7
being the value of the critical DMI [47], b = BM,/K;
is the normalized external magnetic field, and w) =
2K3y/M; is the characteristic frequency of the system
with y being the gyromagnetic ratio. The DW magneti-
zation angle Y can be determined by solving the algebraic
equation

dcos(x — V)1 — ky sin®  + ky sinQy) + b/a = 0,

©)
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homogeneous and granular media nanostripes being exposed to B = 25 mT. The upper row shows the dynamic state corresponding to
the steady DW motion. The bottom row depicts the corresponding relaxed state. Stripe length L = 200 nm, width W = 100 nm, and
thickness H = 1 nm. The DW tilt angle is defined from the linear interpolation of the isoline m. = 0. (b) The parametric diagram of
the DW tilts x; and y in the space {d,«} for external fields B; and B;. (c) The dependence of the DW tilt angle x on the driving
parameter b/« (bottom axis boundaries) and external magnetic field B for « = 0.13 (top axis boundaries). Red and blue boxes represent
the measured DW tilts x; = Ax; and x, &+ Ay, for external fields B, and B;, respectively. (d) The tilt angle x as a function of the

damping parameter « at B = 25 mT.

which defines the crucial link between the DMI contribu-
tion and the driving parameter b/«. By solving Eq. (5) for
the case of the experimentally applied magnetic fields b; =
B\M;/K3 and b, = B,M,/K3, one could retrieve regions
in the parameter space {d, «} that provide DW tilt angles
from Eq. (2) in the experimentally determined range
[x12] £ |Ax12l; see Fig. 3(b). The overlapped region sets
a boundary on the experimental parameters d and DW
damping « that fulfil the DW tilts with the defined tilt
angles for magnetic fields B; and B;. The estimated DW
damping parameter should be moderate, « > 0.1, which is
typical for asymmetric Co/Pt ultrathin sandwiches, where
damping is dominated by the spin pumping mechanism
[28,29]. Moreover, the estimated DMI constant should
be rather strong, d > 1.03 (D > 0.80 mJ/m2, being about
half of the critical DMI value), to support the experimen-
tally observed DW tilts. This estimation is in line with
the DMI constant determined from the transport measure-
ments (see Appendix A): dy = 1.16 £0.18 (Dy = 0.90 +
0.13 mJ/m?). Using this DMI constant, it is also possible to
refine the value for the DW damping from the experimen-
tally determined parameter space: « = 0.13 & 0.02.

In the spirit of Ref. [24], it is insightful to analyze
the impact of the driving parameter b/« on the DW tilt
for different strengths of the DMI; see Fig. 3(c). In line
with previous investigations [24], higher critical velocities

0.2 T T T T T
s Parameters range
)
g
£
S0 X4+ AX4, By
5 / X4 X4, Da
)]
X2 £ AX2, B2 X3 £ AXs, Bs
1 1 1 i 1 1
0.4 0.6 0.8 1.0 1.2 14

DMI strength d

FIG. 4. Approach for the quantification of the DMI constant
and the DW damping parameter. The range of the best fitting
parameters « and d, which is defined as the overlapped region
of determined ranges |¥;| £ |A%;| for the subsequent magnetic
fields B; with i = 1,4.
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and larger DW tilt angles could be obtained for stronger
DMIs. In the case when the external field is fixed and the
damping parameter is known, these diagrams allow one to
estimate the DMI constant, as was proposed in Ref. [24].
For instance, if we take DW damping o = 0.13, the
experimentally determined range of tilt angles give an esti-
mate for d ~ 1.1 that corresponds to D = 0.81 mJ/m?. In
contrast, if d is known and the magnetic field is fixed, one
could estimate the DW damping « based on the experi-
mental measurements of the DW tilt angle; see Fig. 3(d).

It should be mentioned that the ranges of the DMI
constant and DW damping parameter could be further
restricted by additional sequences of measurement data:
additional experimentally determined ranges of DW tilts
|Xi| & |AX;| with i = 1,4 for magnetic fields B; lead to a
significant shrinking of the overlapped region; see Fig. 4.
This allows one to estimate experimentally undetermined
parameters of the DMI strength d and DW damping o with
higher accuracy.

IV. CONCLUSIONS

We present the experimental investigation of mag-
netic states in perpendicularly magnetized asymmetric
//CrO,/Co/Pt layer stacks with DMI. We show that the
external magnetic field leads to the appearance of persis-
tent tilted DWs that remain stable even when the field is
switched off. We attribute the persistent tilt of the DWs
to the pronounced pinning of DWs on structural inho-
mogeneities introduced by granular sample morphology.
These defects are randomly distributed along the stripe
and prevent the DW relaxation to the equilibrium state
with the DW plane being perpendicular to the main stripe
axis. Assuming magnetic anisotropy distribution between
grains, we show that the line-edge roughness is the dom-
inating source of pinning in the //CrO,/Co/Pt system. The
statistical analysis of the DW tilt angles after the specific
field treatment can be self-consistently recalculated into
the DW damping and DMI value by means of a theoreti-
cal formalism based on the collective coordinate approach.
In our work, the utilization of two different magnetic
fields allows us to determine the upper boundaries of DMI
strengths D > 0.80 mJ/m?> and DW damping parameters
a > 0.1. The combination of the proposed method with
the standard magnetic metrological techniques allows us to
refine the DMI constant D = 0.93 £ 0.03 mJ/m* and the
corresponding DW damping parameter o = 0.13 &+ 0.02
for our system, which is in line with previous inves-
tigations of similar layer stacks [28,29]. The proposed
approach could also be of advantage in studying asymmet-
ric layer stacks without strong pinning. In this case, it will
be necessary to perform dynamic microscopic investiga-
tions of the DW tilt at different fields or current densities.

Our work provides a simple yet robust approach for
determining the DW damping and DMI constant, which

are crucial not only for the application-oriented commu-
nity, but also for the community working on the theory
and micromagnetism. Namely, both these quantities enter
as key parameters in all micromagnetic properties, includ-
ing DW velocity and period of the Dzyaloshinskii spiral.
Therefore, the possibility to assess these parameters simul-
taneously relying on conventional static experiments is
invaluable for the community working on the theory and
micromagnetism of chiral magnetic textures in ultrathin
asymmetrically sandwiched ferromagnetic films.
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APPENDIX A: DMI CONSTANT
QUANTIFICATION FROM TRANSPORT
MEASUREMENTS

Spin-orbit torques (SOTs) can be used to control magne-
tization in asymmetric stacks of /CrO,/Co/Pt [36,48-52].
The strength of the SOT can be assessed by measuring
the effective magnetic field Bsor, which introduces addi-
tional harmonic components to the measured Hall voltages
[43]; see Figs. 5(a) and 5(b). To determine Bsor, we pre-
pare a lithographically patterned sample of an asymmetric
//CrO,(5 nm)/Co(1.0 nm)/Pt(2 nm) layer stack on a Si sub-
strate with 300 nm oxide; see Fig. 5(a). The patterned Hall
crosses of the sample have a width of 300 nm. The sample
is driven at current densities up to j = 2.3 x 10'" A/m>.
To measure the effective field Bsor of the antidamping
SOT, the external magnetic field is applied in-plane (Bp)
perpendicular to the current flow direction. The measured
Hall voltages and corresponding Hall resistances reveal
the presence of the second harmonic signal; see Figs. 5(b)
and 5(c). By sweeping the magnetic field, we retrieve
the dependencies of the first and second harmonic sig-
nals of the Hall resistance, which allow us to quantitatively
determine the strength of Bsor from the relation [43]

dR**/dByp

el Wl Al
92R% /3B, (AD

Bsor = —
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FIG. 5. Spin-orbit torque measurements. (a) Scanning electron

microscopy image of the patterned Hall crosses. (b) The first and
(c) second harmonic signals of the Hall resistance for the in-plane
external magnetic field.

where RY and R?¢ are first and second harmonics of the
Hall resistance. The resulting value of Bsor = 1.67 mT
is used to estimate the DMI constant accordingly to the
equation [42]

24
Dy = “Vp SOT>

N

(A2)

where v, = Pjgug/(2eM) is the spin velocity, with P
being the spin polarization of the current, g being the
Landé g factor, up being the Bohr magneton, and e the
electron charge.

The considered //CrO,/Co/Pt system is complex due to
its morphological structure and islands-growing mecha-
nism of Co on the surface of CrO,. This introduces an
uncertainty about the degree of spin polarization in an
electrical current, which is flowing along the Co/Pt inter-
face. For instance, the spin polarization degree of Co is
Pc, = 0.4 [53], while the polarization of Pt in a Co/Pt sys-
tem is Ppyco = 0.2, which is measured by means of spin
polarized scanning tunneling microscopy [54]. The range
of DMI constants, Dy, that corresponds to these spin polar-
izations is shown in Fig. 6. The actual value of the spin
polarization has a quantitative impact on the DMI con-
stant determined from the transport measurements, D(P =
0.2) = 1.36 mJ/m? and D(P = 0.4) = 0.7 mJ/m?, due to
the inverse dependence of the DMI constant Dy on the
spin polarization P. As the actual spin polarization in the
//CrO,/Co/Pt stack is loosely known, for our estimates,

4 T T T T _3 NE
=

S 3l g
< 1o
go o
= ol Critical DMI S
L +
= g
-z 41 B
s ; a
A g 5 S 8
0 . & = = =
0.0 0.1 0.2 0.3 0.4 0.5 %

Spin polarization degree P

FIG. 6. Dependence of the DMI constant on the spin polar-
ization degree. Blue line corresponds to Eq. (A2), which inter-
connects the DMI constant and spin polarization degree of the
electrical current. Red region corresponds to the area above the
critical DMI constant D, where periodic spatially modulated
magnetic states appear.

we assume that the electrical current acquires the effective
spin polarization degree P.g = 0.3, which corresponds to
the DMI constant DT = 0.9 £ 0.13 mJ/m* (5T = 1.16 &
0.18). To generalize the consideration, we present here the-
oretical parametric diagrams of the DW tilts x; and yx; in
the space {d,«} and different ranges of dy quantified for
Ppyco = 0.2 and Pc, = 0.4; see Fig. 7.

(a) Spin polarization degree Ppy/co = 0.2
0.5 / //
S 04f i
: Pt/C
Ei b / Adp
g 03f . i
< 2
el
g 0.2 i
@) >
0.1F i
1 1 1 1 Na_
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
DMI strength d
(b) Spin polarization degree Pc, = 0.4
0.5 : :
S L
o0 04 d§° + Adg
2
% 03F  Parameters range
o
B 0.2
A
0.1F
1 1 1
0.6 0.8 1.0 1.2
DMI strength d
FIG. 7. (a),(b) Parametric diagrams in the space {d, o} for spin

polarization degrees Ppyc, = 0.2 and P¢, = 0.4, respectively.
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It should be noted that, for P > 0.3, we even have
quantitative correspondence between the range of DMI
constants quantified from our approach. For smaller values
of the spin polarization, e.g., P = 0.2, the correspondence
becomes only qualitative primarily due to the relatively
large error bars on the determination of the DMI constant
from transport measurements. Furthermore, we note that
such small values of the spin polarization, e.g., P < 0.2,
already bring the system to the critical DMI value (D, =
4/A K3/ = 1.55 mJ/m?). For instance, the spin polariza-
tion degree Ppyco, = 0.1 provides the strength of the DMI
Dy = 2.7 mJ/m?, which is 74% higher than the critical
DMI value. Such a strong DMI constant should cause the
appearance of spatially periodic magnetic textures at rema-
nence, which are not observed in our experiments. Thus, it
provides us a hint that the spin polarization degree of the
current in our system is at least not smaller than P ~ 0.2. In
the case of Dy = 0.8 mJ/m? and Pp; = 0.1, Eq. (A2) pro-
vides the value of the exchange constant 4 = 1.64 pJ/m,
which is much smaller than that which we derive from the
temperature dependence of the saturation magnetization
[4 = 5.6 £0.6 pJ/m; see Fig. 1(c) and Table I].

APPENDIX B: MORPHOLOGICAL ANALYSIS OF
THE CrO,/Co/Pt FILM GROWTH

The magnetic properties of CrO,/Co/Pt films are
strongly dependent on the quality and thickness change
of the Co layer. We therefore characterize the morphol-
ogy of the films by means of AFM, which is carried
out using a Bruker MultiMode8 instrument in tapping
mode; see Fig. 8. To define the growth mechanism of
Co on the surface of amorphous CrO,, we addition-
ally fabricate reference samples with //CrO,(5 nm) and
//CrO,(5nm)/Co(1.0 nm) layer stacks; see Fig. 8(a). The
AFM image of the CrO, layer grown at room tempera-
ture on naturally oxidized Si substrate reveals a flat surface
with negligible topographical changes (AA™® = 0.37 nm),
which is important for the further growth of Co as the sur-
face of CrO, does not introduce any additional roughness
to the stack. The AFM investigation of the Co layer on
the surface of CrO, detects the appearance of an island-
like growing mode; see Fig. 8(b). The statistic distribution
of grain counts versus their size reveals the presence of
small (7.0 nm) and large (44.9 nm) grains with a maximum
height of 4 nm; see Fig. 8(c).

APPENDIX C: XMCD PEEM MEASUREMENTS

The XMCD PEEM experiments are performed at the
UE49PGMa beamline at the BESSY 1II synchrotron facility
in Helmholtz-Zentrum Berlin [55] at the Co L3 (777.2 eV)
x-ray absorption edge, with the x-ray beam being incident
at a grazing angle of 16°. The magnetic contrast is calcu-
lated through the intensities of photoemission electrons, /,
that are emitted from the sample surface for left (/~) and

Ah (nm)

Ah (nm)

. 4
2
e
3 60 e
)
2w .
3
—
Ot |
0 - ]
0 20 40 60 80 100 120 140 160
Grain size (nm)
FIG. 8. AFM images and surface characterization. (a),(b)

AFM micrographs of the reference samples //CrO,(5 nm) and
/ICrO,(5 nm)/Co(1.0 nm). (c) Co grain size distribution for the
//CrO,(5 nm)/Co(1.0 nm) multilayer system. The red and blue
peaks correspond to the appearance of small and large grains with
average dimensions 7.0 and 44.9 nm, respectively.

right (/) circular polarized x-rays:

It—1

- C1
I+ €D

NXMCD =

The direction of the magnetic moment in the sample is
depicted by blue, red, and white contrasts, which corre-
spond to antiparallel, parallel, and perpendicular align-
ments of magnetic moments with respect to the incident
x-ray beam.

The magnetic state of the sample structures is con-
trolled through the out-of-plane magnetic field in the range
[—25; 425] mT, which is generated by means of a solenoid
electromagnet integrated in the sample holder. To investi-
gate the magnetization change in nanostripes, an external
magnetic field with a specific demagnetization sequence
is applied to the sample: the temporal field profile has a

034038-8



DOMAIN-WALL DAMPING IN NANOSTRIPES...

PHYS. REV. APPLIED 15, 034038 (2021)

= »0FB, ' g ]
g
® 12.5 A A A 1
% 0.0 A A A AvAvAvAvAvAvA
e | VVVV
2 1250 C'R‘\,\H\'\b .
g
) | B ]
= 0 1 2 3 4 5
Time ¢t (min)
FIG. 9. Temporal profile of the external field. Dependence of

the magnetic field applied to the sample on time. At each step the
absolute field amplitude is reduced by 14%.

slowly alternating triangular waveform with a 14% reduc-
tion in the amplitude at each switching step; see Fig. 9.
Namely, the maximum field is +25 mT (B, field), which is
then followed by —21.5 mT (B, field), and so on. After
applying this sequence, the magnetic state is visualized
at remanence (static measurements) and compared with a
previously observed one to detect the presence and mor-
phology of tilted DWs in a stripe. The final distribution
of the measured DW tilt angles and corresponding posi-
tions of DWs along the 200 nm wide stripe is presented in
Fig. 2(a).

Since our experiments are performed in a static regime,
we cannot comment on the direct correlation of the
observed DW tilt angles with the applied external magnetic
field. Still, in the case of a system with moderately strong
pinning, only magnetic fields comparable with a coercive
field B can alter the magnetic state of the stripe. Therefore,
we believe that only B; and B, fields (strongest posi-
tive and strongest negative fields, respectively; see Fig. 9)
result in the DW motion in the stripe.

APPENDIX D: DW MOTION AND RELAXATION
IN GRANULAR MEDIA

The finite element micromagnetic simulations of the
homogeneous and granular media are performed for the
OOP magnetized nanostripes with 200 nm length, 100
nm width, and 1 nm thickness using the modified mag-
num.fe simulation package [56,57]. The granular media
is introduced via a Voronoi mesh construction, where the
averaged size of the grains is 20 nm with a 2 nm intercrys-
talline spacing. Simulations are performed for the material
parameters close to the experiment (compare with Table
I): exchange constant 4 = 5.6 pJ/m, saturation magneti-
zation M, = 1.0 MA/m, DMI constant D = 0.5 mJ/m?,
uniaxial OOP magnetic anisotropy Ky = 0.85 MJ/m?, and
damping o = 0.2. In the case of granular media, pinning
centers are introduced to the magnetic system through the
random variation of the magnetic anisotropy of the grains

(Ko = AK), while in the internal spacing between grains
the anisotropy is kept constant, K.

The micromagnetic simulations are done in the fol-
lowing way. (i) The initially relaxed DW starts moving
along the stripe driven by the magnetic field B, = 25 mT.
(i1) Each micromagnetic snapshot from this motion is used
as an initial state for the relaxation, thereby mimicking the
relaxation process when the magnetic field is switched off.
(ii1) All dynamic and relaxed states of the DW are analyzed
by means of linear interpolation of the m, = 0 isoline.
The resulting snapshots for the homogeneous and granular
media are presented in Fig. 10. In the case of the homo-
geneous medium (AK /Ky = 0%) and granular media with
weak pinning (AK /Ky = 0 = 10%), the DW tilts only dur-
ing its motion, while it relaxes to equilibrium with its plane
being perpendicular to the stripe axis [24]. In the case of
a moderately strong pinning (AK/Ky = 15 + 20%), the
DW could be stabilized in a tilted state with the plane of
the DW remaining straight. In the case of a strong pin-
ning (AK /Ky = 30%), the DW motion results in a strong
deformation of the DW plane.

APPENDIX E: THEORETICAL MODEL

The normalized total energy for model (1) reads

E 1 1
E=—= — + A[l — &y sin?
Ey cosy {A+ [ L W]

+ dsin(x — ) — bpqcosx} . (ED

The dynamics of the tilted DW follows the Euler-
Lagrange-Rayleigh equations

oL dIL _dF

———— = — (E2)
0 dt 9& &
with & = ¢, V¥, x, A and
M; . s
L=— H/de) sinff — E, (E3)
YEo
oM . .
= “_H | dS[67 + sin® 0y E4
2y woEy / (% +sin” 097, ED
where Eqgs. (E3) and (E4) define the normalized

Lagrangian and dissipative function of the system [58,59].
Here, @ denotes the Gilbert damping of the magnetic
system. The dot indicates the time derivative.
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FIG. 10. Micromagnetic simulations of the homogeneous and
granular media nanostripes. The upper row corresponds to the
dynamic snapshot of the DW motion in the field B = 25 mT,
while the bottom row depicts the corresponding relaxed state.
Stripe length L = 200 nm, width W = 100 nm, and thickness
H =1 nm. The DW tilt angle is defined from the linear inter-
polation of the isoline m, = 0.
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Substituting Eqgs. (E1), (E3), and (E4) into Eq. (E2)
allows us to obtain the full set of equations for the col-
lective variables:

—pgcos x + aAY =k Asin2y) 4+ dcos(¥ — x),
(ES)

. o .
Py + ~acosx = pb, (E6)
an? A+t - 2 X
12 | A AT 22 A 5in(2y)
d cosy 1
=—_— — — — (1 = ky sin® ¥), E7
Asng A2 (1 — ki sin® ) (E7)
(XT[2

A 1
EvE |:K +tanx)'(:| Az + (1 — ky sin® ). (E8)

Below the Walker limit, the equilibrium values of col-
lective coordinates provide solutions (2)—~(5) in the main
text.
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