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The chirality of a magnetic domain wall was modified in ultrathin ferromagnetic Co/Pt multilayer films by
varying the repeat number »n. Direct observations of field-driven asymmetric wall motion revealed a change in
sign of the Dzyaloshinskii-Moriya interaction coefficient from positive (=1, 2, and 3) to negative (n=4),
implying the domain wall chirality changes from a left- to right-handed Néel wall. These findings provide a way
to control the domain wall chirality in multilayers simply by changing the repeat numbers.
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1. Introduction

The Dzyaloshinskii-Moriya interaction (DMI) has
attracted considerable attention owing to recent findings
regarding the magnetic domain wall (DW) dynamics by
controlling a DW [1, 2]. DMI emerges from interfacial
two neighboring spins, §1 and gz, with strong spin-orbit
coupling (SOC) with the Hamiltonian form, H,,,6 =
-D,,-(8,x8,) , where D,, is the DMI vector. The inter-
facial DMI induces a symmetry breaking by generating
an effective in-plane magnetic field from a strong SOC,
transforming the Bloch wall into the Néel wall structure,
possibly leading to faster DW motion [3, 4]. Néel-like
skyrmions are stabilized in thin films possessing an
interfacial DMI, where symmetry breaks at the interface
between a heavy metal (HM) and a ferromagnet (FM)
bilayer with strong SOC [5-7]. DMI has also been studied
extensively for HM;/FM/HM, trilayer systems with an
asymmetric thickness configuration between HM,; and
HM, [8-10]. In the case of a Pt/Co/AlOy trilayer [11-13],
the interfacial DMI effective field, uoHpyy, acts as an
effective in-plane field, breaking the rotational symmetry,
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hence stabilizing the Néel walls with fixed chirality,
which is one of the key aspects in achieving reliable
performance for novel spintronic devices [14-17] and
racetrack memory devices [18].

On the other hand, various multilayer films with HM/
FM interfaces have emerged as ideal candidates for
developing such devices owing to the DMI strength
tunability by varying the multilayer components and
relative layer thicknesses [14, 15, 19]. The aforementioned
efficient and faster DW motion boosted by interfacial
DMI has been demonstrated experimentally in a variety
of multilayer film systems. Moreover, the DMI coefficient
D value could reach up to 2 mJ/m? for Pt/Co/Ir multilayers
[20], in which asymmetric Pt and Ir layers result in an
enhanced poHp,y. Chirality-tunable left- and right-handed
Néel walls have been observed for Co/Ni multilayers [8,
19] and Pt/Co/Ir/Pt [9] with a variation of the components
and the relative ratio of the layer thickness.

In addition to the variation of multilayer components
and layer thickness, very little has been reported for the
interfacial DMI behavior with a variation of the multilayer
repeat numbers (n). Recently, there has been a report on
the sign reversal of D with a variation of n for Co/Pd
multilayer, sandwiched by Pt [21], was reported. The sign
reversal from negative (n = 2) to positive (n = 3, 4, and 5)
was attributed to the large positive contribution to D from
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the Co/Pd multilayer structure. Interestingly, our experi-
mental results reveal an opposite trend of positive D for
the repeat number » smaller than 4 but a negative D for n
= 4, clearly indicating showing that the interfacial DMI
sign can be reversed by changing 7. The Co/Pt multilayer
system was selected because the Co/Pt interface provides
a very high SOC among various FM/HM systems. D is
determined by an analysis of purely field-driven DW
motion to avoid complex interplays of spin-transfer torque
[4], Rashba effect [22-24], and spin Hall effect [25, 26],
allowing a straightforward interpretation. Sign reversal of
D from positive (n = 1, 2, and 3) to negative (n = 4) in
Co/Pt multilayers was observed, suggesting a change in
DW chirality.

2. Experimental

The ferromagnetic thin films of Ta (3.0 nm)/Pt (3.0
nm)/[Pt (0.7 nm)/Co (0.5 nm)],/Pt (3.7 nm) multilayers
(n=1, 2, 3, and 4) with perpendicular magnetic anisotropy,
as shown in Fig. 1(a), were fabricated on a glass substrate
by DC magnetron sputtering with the base pressure of 3 x
107 Torr and Ar ion pressure of 1 mTorr. The magnetic
hysteresis curve and saturation magnetization were mea-
sured using a vibrating sample magnetometer. The field-
induced magnetic DW motion was observed directly
using a magnet-optical Kerr effect (MOKE) microscope
[27, 28]. A slightly tilted external magnetic field with a
tilting angle of 2° from the sample plane was applied so
that a weak out-of-plane (OOP) (uoH,) and strong in-
plane (IP) field (uoH,) are applied to the samples, as
shown in Fig. 1(b). The domain patterns were recorded
using a CCD camera with 30 frames/sec, and consecutive
domain images were processed to analyze the DW dis-
placement.

3. Results and Discussion

For all the films, perpendicular magnetic anisotropy
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Fig. 2. (Color online) (a) OOP hysteresis loops measured by
the vibrating sample magnetometer for » = 1, 2, 3, and 4. (b)
Saturation magnetization M, with respect to 7. (c) Anisotropy
field uoHy and coercivity field uoH. with respect to .

(b)

Fig. 1. (Color online) (a) Schematic diagram of the Co/Pt multilayer films with the variation of », prepared on a glass substrate. A
3 nm Ta underlayer and 3.7 nm Pt capping layer were deposited. (b) Example of a DW image with the external field directions of

the OOP (uoH,) and IP (uoH,).
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Fig. 3. (Color online) Anisotropic DW expansion at uyH, under positive (upper row) and negative (lower row) direction. The exter-
nal field strength and direction are commented on in each picture. The red dotted circular pattern denotes an initially prepared DW
by OOP puoH,, which is expanded with the direction along the red arrows.

was confirmed from the hysteresis curve along the OOP
direction, as shown in Fig. 2(a), where all the films
exhibit perfect squareness. The saturation magnetization
(M) increases slightly with increasing 7, as shown in Fig.
2(b). The magnetic anisotropy field (uoHy) and coercivity
(uoH,) were determined from the hysteresis loop measure-
ments (Fig. 2(c)). The anisotropy increased almost pro-
portionally with n, whereas the uyH; value increased
slightly with », but was around 1 7. The increase in uoH,
with #» might have some association with the anisotropy
enhancement, as observed in the figure. Although A
increases with n, uoHy showed a rather insensitive vari-
ation with the change in ». Thus, with larger », magnetic
domains with a rather complex structure are expected. As
expected, the domain patterns for the sample with n = 1
were relatively smooth, but became substantially rugged
with n = 4 [29], as shown in Fig. 3. Quantitative analysis
of the domain structure complexity was performed based
on fractal analysis [30] or roughness analysis [31]. In the
present case, the roughness exponent increased with
increasing 7.

To investigate the DW propagation behavior, an OOP
field (uoH,) was applied to generate a circular domain.
The dotted red line represents the initial domain patterns
prepared by uH,, where the overall symmetric patterns
were sustained. The IP field (uoH,) was applied to drive
an asymmetric DW motion. As shown in the figure, the
breaking of rotational symmetry in the domain patterns
was observed. The DW moved either parallel (n = 1, 2,

and 3) or antiparallel (n = 4) to poH,. In the case of a
positive uyH, (upper row in the figure), the DW moved to
the right, parallel to the direction of H, forn=1, 2, and 3,
whereas DW moved to the left, antiparallel to the direc-
tion of H, for n = 4. A similar trend was observed in the
case of a negative yH, (bottom row in the figure). For n
= 4, the DW expansion behavior with uoH, showed the
pinning potential [32-34], local pinning of the crack front
during DW propagation, which is the roughness of the
fracture surfaces left by the crack, as shown in Fig. 3.
This implies the existential role of the pinning sites, and
the number of pinning sites might be proportional to the
repeat number n. However, even with the possible change
in pinning site numbers, domain wall creep behavior still
exhibits a strong universality.

The analysis was carried out to determine the DMI
coefficient D for these samples from the directly observed
domain patterns [9, 35]. The DW velocity, v, versus uoH,
with various » values was plotted on a log-normal scale
(Fig. 4(a)). v was measured by detecting the DW dis-
placement at the rightmost or leftmost of the circular
domain. v is described as [35]

V="V exp[_g(/uon)#l] (1),
where u is the creep scaling exponent, and v, is the
characteristic speed. { is the scaling coefficient expressed
as ¢=g¢,[o(H,)/0,]"*, where {;is the scaling fitting
parameter and o is the DW energy density as a function
of woH, [9, 35], as follows:
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Fig. 4. (Color online) (a) Log-normal of DW velocity as a function of yH, for n =1, 2, 3, and 4. (b) uoHpyyand D with respect to
n. Inset shows the DW width A with respect to 7. (c) In(v) vs. (uoH.) " for n = 1, 2, 3, and 4. The dashed lines are for guide.
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oy is the Bloch wall energy density, and Kp is the DW
anisotropy energy density. A is the DW width, where
A= ,/A/ K for the exchange stiffness constant, 4, and
the effective anisotropy constant, K.z If the combined
effective field of woH, and poHpyy is not strong enough to
fully transform the Bloch to Néel wall, as in the case of

4K
o H  + ptoH | < 7’3 the mixed Bloch and Néel DW
M

energy density can be described as the former one. If

4K
‘ MHoH + pu H DM,‘ >—2L 5 becomes a simple sum of the
M ¢

four contributions (Bloch wall energy density, DW aniso-

tropy energy density, Zeeman energy density, and DMI).

Figure 4(b) presents the determined DMI effective field
toHpyy values. The creeping behavior of DW was also
confirmed (Fig. 4(c)), where the dotted lines are used as a
guide for the creep scaling exponent u = 1/4.

From the relation, x4 H,,, =D/M A, poHpyr and D are
expected to have a similar trend, as shown in Fig. 4(b).
The inset figure shows that the DW width, A, decreases
monotonically with », which is consistent with the mono-
tonic increase in the anisotropy field (Fig. 2(c)). The D
value changed with #; it increased from 0.006 (n = 1) to
0.412 mJ/m? (n = 3), but decreased to - 0.279 mJ/m?* (n =
4) with a sign change, which again reflects the difference
in asymmetric DW motion observed in Fig. 3. The sign
change suggests the DW chirality modification from the
left- to right-hand Néel DW. For positive (negative) toHpyy
over the Bloch-Néel wall transition region limit, DMI
stabilizes the chirality with the left-hand (right-hand) Néel
wall as in the case of n =1, 2, and 3 (n = 4).

With increasing M, and thus, the dipolar interaction
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with respect to n (Fig. 2), the domain pattern can be more
striped-like than simple circular-like. On the other hand,
the wall energy might also increase because of the
increasing uoH, (Fig. 4(b)), costing more energy in the
generation of a complex pattern of a domain wall
configuration. This implies the existential role of pinning
sites, as the number of pinning sites might be proportional
to the repeat number #. On the other hand, even with the
change in pinning site numbers, the asymmetric shift of
the domain wall velocity in the domain wall creep region
(Fig. 4) is still valid because of the strong universality in
the creeping behavior. Therefore, the observed sign change
of the effective DMI might not be explained simply based
on any models assuming the pinning potential energy
landscape experienced by the domain wall with elastic
tension.

Considering that the chirality change is eventually
involved with the SOC at the interfaces of multilayers, it
might be affected by the effective Pt layer thickness of the
present samples. The bottom Pt layer thickness (#5,) was
fixed to 3.7 nm. On the other hand, the second Co layer
has the neighboring underlayer, #p,, of 0.7 nm in addition
to the bottom Pt. Thus, the effective underlayer, #p, might
be approximated to [3.7 + 0.7 (n — 1)]/n, effectively
modifying the interfacial SOC with n. For n =1, 2, 3, and
4, the effective #p, was 3.7, 2.2, 1.7, and 1.65, respectively.
Note that the number is similar for the cases of » =3 and
4. The change in sign is not simple to explain, consider-
ing that the anisotropy field and saturation magnetization,
as well as the DW width, change monotonically with
respect to n. One possibility is that the spin structure
becomes three-dimensional as # increases, as suggested
recently by theoretical calculations, where the three-
dimensional texture of the stacked spin spiral might exist
for a certain thickness range [36]. If the spin texture is
sustained as two-dimensional, another possible explanation
would be a chiral damping phenomenon, which could
also help determine the DMI [37-39]. Therefore, the
amplitude and sign of the D values determined by DMI-
based analysis might not be sufficient and exact if the
chiral damping effect or three-dimensional stacked spin
texture exists, which might be encountered in many cases
of multilayers. The development of a comprehensive
analysis model for asymmetric DW motion, considering
the possible mechanisms is needed.

4. Conclusions

The DW chirality can be modified by changing » while
fixing the other multilayer parameters in Co/Pt multi-
layers. It has been found that the sign of D has been

—_5_

changed as the multilayer repeat number increases from 1
to 4, which might allow a control of the DW chirality
with a DW inner structure transition between the left- and
right-handed Néel walls simply by changing ». This
provides a practical way to modify the DW chirality in
spintronic devices based on the number of ferromagnetic
multilayers.
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