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Chiral morphology in ferrimagnetic Pt/Co/Tb bubble domains
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The Dzyaloshinskii-Moriya interaction (DMI) is a key factor in chiral spin textures and has great potential
in spintronics-based applications. The asymmetric bubble domain expansion under an in-plane magnetic field is
a common method for DMI evaluation. However, abnormal bubble expansions occur occasionally in the creep
regime, which may lead to deviations in the DMI evaluation, implying various physical phenomena in domain
wall (DW) kinetics. In this study, DMI evaluation of ferrimagnetic Pt/Co/Tb trilayers was conducted via DW
motion in the creep and flow regimes, where the in-plane fields of minimum DW velocities are significantly
different for 1.5 nm Co. The accuracy of the extracted DMI effective field in the flow regime was confirmed
by Brillouin light scattering measurements, where the DMI coefficient was approximately 1 mJ/m?2. In the
creep regime, a typical flattened bubble shape was observed; accordingly, the dominant direction of the DW
motion velocity changes with increasing the in-plane magnetic fields. Based on the bubble morphology and DW
anisotropy energy analyses, we attributed the bubble expansion phenomena in the creep regime to the vertical
Bloch lines. Our study provides alternatives for a better understanding of DW kinetics in DMI evaluations, which

is essential for spin-texture applications.

DOLI: 10.1103/PhysRevB.106.184407

I. INTRODUCTION

Recently, remarkable progress has been made regarding
chiral spintronics, where ideal device performance and new
functionalities can be achieved [1]. Chiral spin textures, such
as chiral domain walls (DWs) and skyrmions that are typically
generated from the Dzyaloshinskii-Moriya interaction (DMI)
induced by spin-orbit coupling, can improve their spin torque
driven motion efficiency [2—4]. Because of their kinetic char-
acteristics, these spin textures are ideal candidates for future
information carriers in spintronic applications [5-8]. Accu-
rately determining the DMI is crucial for designing magnetic
layers. In addition to methods based on spin waves [9—-11] and
spin-orbit torques [12,13], asymmetric DW motion is a com-
mon method utilized for DMI evaluation [14-16].The DMI
effective fields can be extracted from the curves of the DW ve-
locity versus the in-plane magnetic field (v-Hj, curves) based
on the asymmetric expansion of bubble domains. However,
some abnormal phenomena have been reported for DW mo-
tion in the creep regime, which implies that complex physics
is involved. For instance, high in-plane magnetic fields ob-
struct rather than assist DW motion in Pt/Co/GdO, [6], and
a change of dominant direction of DW velocity is observed
in v-Hj, curves with an increase of the in-plane magnetic
field [17]. Thus, chiral damping has been proposed to explain
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these abnormal behaviors [6,18,19]. However, because the
kinematic properties of DWs are often extracted from the
expansions of bubble domains, these bubbles may also be
related to the abnormal behaviors.

For example, the bubble domain morphologies can provide
insight into the underlying physics. Regarding Co/Ni multi-
layer films, Lau et al. reported the chiral shapes of bubble
domains in the creep regime [20,21]. The chiral bubbles in-
clude two typical shapes; one is a teardrop and the other has
a flattened boundary like the letter D. The Wulff construction
model can explain the teardrop shape appropriately, whereas
an extremely large DW anisotropy is required to fit the D
shape [20]. The evolution of DW morphologies was high-
lighted in a subsequent study [22]. Possible vertical Bloch
lines (VBLs) have been referred to theoretically [23]; never-
theless, experimental investigations remain lacking. Aiming
to provide alternatives to the chiral bubbles, experiments of
multilayers with the D-shaped bubble domains are performed
in this study.

Here, the DMI evaluation of Pt/Co/Tb was analyzed based
on DW motion in the creep and flow regimes, and the
extracted nominal DMI effective fields exhibited large de-
viations. The Brillouin light scattering results confirm DMI
extraction in the flow regime. Additionally, we found that
the deviation in DMI evaluations comes from the D-shaped
bubble morphologies in the creep regime, for which the VBLs
are presumably the physical origin. Thus far, experimental
studies are needed to understand the VBLs in chiral bub-
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FIG. 1. Magnetic properties and evaluation of DMI based on DW motion in the creep regime of ferrimagnetic Pt/Co/Tb multilayer.
(a) Schematic of the Pt/Co/Tb sample structures and their out of plane magnetic hysteresis loops measured by MOKE. (b) DW velocities
with various perpendicular magnetic fields H, for the samples with Co layer thickness 7c, = 1.5 nm (green squares) and 7c, = 2 nm (pink
dots), respectively. The in-plane magnetic field is zero in this experiment, and the crosses indicate the H, used in (c),(d). (c),(d) DW velocities
vary with in-plane magnetic fields H, under a fixed H.. The red dots (black squares) correspond to left (right) DW velocities (+H, is pointing
right). The insets denote the domain images under small and large +H,, respectively.

ble domains and how they affect DMI evaluations based on
asymmetric bubble expansion. This study provides the DMI
coefficient of the Pt/Co/Tb trilayer, which is beneficial for
ferrimagnetic spin-texture optimization [24-27]. The results
of this study may provide a reference for studying chirality
in chiral spin textures, which is crucial for the development
of chiral spintronics. This study may also offer further insight
into chiral DW kinetics and underlying physical phenomena.

II. RESULTS AND DISCUSSION

A. Sample preparation and DMI evaluation through
creeping DWs

The samples are prepared by magnetron sputtering with
a base pressure lower than 10~7 Torr, where the structure is
Si substrate/Ta(3)/Pt(5)/Co(1.5 and 2)/Tb(1)/Pt(3); all thick-
nesses are reported in nm. Figure 1(a) depicts the hysteresis
loops of the samples measured using the magneto-optical
Kerr effect (MOKE) in a polar configuration. The satura-
tion magnetization and effective magnetic anisotropy of the
sample with Co 1.5 nm are presented in Fig. S1 in the
Supplemental Material [28]. The saturation magnetization is
1.1 x 10% A/m, which is slightly smaller than that of pure
Co because of the antiferromagnetic coupling between Co
and Tb layers. Moreover, the magnetic anisotropy energy is

approximately 0.15 MJ/m?, which is reasonable compared to
that of other Pt/Co-based multilayers [29].

To evaluate the DMI effective field in the Pt/Co/Tb trilayer,
asymmetric DW motion under in-plane magnetic fields was
investigated in the creep regime [15]. Figure 1(b) demon-
strates the relationship between the logarithm-scale DW
velocity and M()H;l/ 4. Note that only a perpendicular mag-
netic field H, is applied in the case represented in Fig. 1(b).
Observe that in the measurement range of uoH, (14.66 —
16.22 mT for tc, = 1.5 nm and 13.57 — 23.71 mT for #c,
2 nm), a decent linear relation can be obtained. According to
the creep law [15,30],

v(H,) = vy exp [—KH;IM] , (1)
where vy is a velocity prefactor and « is a function of H,. DW
motion in the creep regime follows the linear relation between
Inv and H'/* [15,30]. The perpendicular magnetic fields are
kept constant at 15.76 and 16.38 mT for tc, = 1.5 and 2 nm,
respectively, indicated by the crosses marked in Fig. 1(b).
By varying the in-plane magnetic fields, DW velocities of
left/right DWs are extracted, which show parabolic behavior
with a tilted axis of symmetry depicted in Figs. 1(c) and 1(d).
Moreover, with increasing amplitude of the in-plane magnetic
fields, the dominant direction of the DW motion velocity
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FIG. 2. Determination of DMI effective field in the Pt/Co(1.5)/Tb multilayers through DW motion in the flow regime. (a) Determination
of creep and flow regimes of DW motion with perpendicular magnetic fields. The red line denotes a linear fit of velocities in the flow regime.
(b) DW motion velocities with continuous in-plane magnetic fields (H,) and perpendicular pulse magnetic fields (H,) applied simultaneously.
Perpendicular magnetic fields are indicated in the legends and square (circle) points indicate the +H, (—H, ) directions of DW motion.

changes at a certain in-plane magnetic field. The changed
fields are approximately 100 and 70 mT for #c, = 1.5 and 2
nm, respectively. A similar DW velocity-changing behavior
has been reported and explained through chiral damping [17],
while the analysis of the corresponding chiral morphologies
and DMI evaluation is missed. Furthermore, although the ex-
act value of the in-plane magnetic field showing the minimum
velocity is difficult to determine, the data point shows the
minimum velocity around poH, = 10 mT. Considering the
symmetry in the DW velocity versus in-plane magnetic field
behavior, and in-plane magnetic field step length in measure-
ment, observe that both the 7, = 1.5 and 2 nm samples show
velocity minima of |oH,| between 0 and 25.67 mT. Take this
range as |oHpwmi| into Eq. (2) [15],

where M; is the saturation magnetization and A is the DW
width, A =

anisotropy constant. Here we use My = 1.1 x 10° A/m, K =
0.15MJ/m?, and A = 1.3 x 10~"" J/m [31]; the calculated
DMI coefficient is in the range of 0 — 0.26 mJ/m?. These
values are much smaller than those of other Pt/Co-based mul-
tilayers, such as Pt/Co/Ta and Pt/Co/MgO [32,33]. Therefore,
the extracted |uoH,| might deviate from the DMI effective
field, and further experiments are needed to determine the
DMI effective field in Pt/Co/Tb trilayers.

Hpwmr

%, A is the exchange constant, and K is the

B. Determination of DMI effective field

Considering the low in-plane magnetic fields of minimum
DW velocities and the change of dominant DW velocity di-
rection without changing H, direction in the creep regime,
we further evaluate the DMI of the Pt/Co(1.5)/Tb trilayer in
the flow regime. The details of the device fabrication and
experimental measurements are provided in Fig. S2 in the
Supplemental Material [28]. The kinetics of the DW mo-
tion under perpendicular magnetic fields was studied. The
creep, depinning, and flow regimes are marked by different
colored regions in Fig. 2(a). The critical fields of ~25.8
and ~34.7 mT for creep and flow regimes are determined
by linear fitting between DW velocity and applied fields

(logarithmic scale in the creep regime as shown in Fig. S3
in the Supplemental Material [28]). The asymmetric DW
motion velocity in the flow regime induced by in-plane mag-
netic fields was studied under constant perpendicular field
pulses (uoH, = 37 and 45 mT), and the results are shown in
Fig. 2(b). The asymmetric DW motion velocity curves follow
a typical parabolic shape [18]; the velocity minima occur at
noH, around 90 mT, which is significantly larger than that in
the creep regime. Furthermore, no changes in the dominant
DW velocity direction with increasing the in-plane magnetic
fields can be observed, showing great deviation compared to
the DW motion in the creep regime [Fig. 1(c)]. Considering
the asymmetry of the curves and the step length of the in-
plane magnetic field, the DMI effective field is determined as
88 & 8 mT. Therefore, the DMI constant is evaluated to be
|D| = 0.90 & 0.08 mJ/m? through Eq. (1), which is consis-
tent with the reported value of Pt/Co-based multilayers [34].
As there is a disagreement between the DMI constant mea-
sured in the creep and flow regimes of DW motion, Brillouin
light scattering (BLS), based on spin wave dispersion [35],
has been used to validate the DMI constant evaluation. This
interfacial asymmetry leads to Stokes and anti-Stokes shifts
in the frequency spectra. Figure 3(a) shows a representa-
tive BLS spectrum of a Pt/Co(1.5)/Tb multilayer under an
in-plane magnetic field of 700 mT, where the incident light
corresponds to k = 15.18 um~'. Solid lines are fittings of
the Stokes and anti-Stokes components of the spectrum, and
dashed lines are their inversions. The nonreciprocal behavior
of the spin wave can be observed, and the frequency shifts
with the wave vectors by varying the scattering angles are
extracted, as shown in Fig. 3(b). Error bars regresent the
fitting errors of the peaks. According to Af = y Dk [36],
Where = 30.35 GHz/T in Pt/Co multilayers [37] the DMI
constant is evaluated to be D = —1.07 & 0.05 mJ /m? through
linear fitting where its sign is also determined in the mea-
surement. Compared with the DW motion measurements, the
DMI evaluation in the flow regime is consistent with the BLS
measurements, indicating that the DW asymmetric motion in
the flow regime is more reliable than in the creep regime [34].
By comparison with the BLS results, we confirm that the
DMI effective field in the flow regime is reasonable. Studies
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FIG. 3. BLS measurements for the Pt/Co(1.5)/Tb multilayers. (a) BLS spectrum with scattering angle at 40° and wave vector k =
15.18 um~". Yellow (green) dots are Stokes (anti-Stokes) components and blue (red) solid lines are the Lorentz peak fit of them. The dashed
lines are fitted lines with an inverted k to clearly show the frequency shifts. (b) Frequency shifts (A f) against wave vectors. The red line is a

linear fit of the results.

have also conducted DMI measurements in the flow regime
of DWs [6,18]. Typically, DW velocities decrease when H,
approaches the Hpyy in the DMI measurement because DWs
tend to transform from Néel to Bloch configurations. How-
ever, the DW velocities reach a minimum far before the Hpyp
and show a swapping asymmetry around the Hpyy in the
creep regime. Therefore, we investigated the morphologies
of the bubble domains to analyze the possible mechanisms
for the blocking/accelerating DW motions in the Pt/Co/Tb
multilayers.

C. Morphologies of chiral bubble domains in DMI evaluation

The evolution of the domain expansion is shown in
Fig. 4(a), where the domains of the Co 1.5/2 nm samples are
shown in the upper and lower panels, respectively. The inner
light gray areas are the domains initially nucleated by a pulsed

(a) t..=1.5nm

perpendicular magnetic field and the dark areas show domain
expansion driven by both perpendicular and in-plane magnetic
fields. To precisely measure the DW velocities, the total pulse
duration (¢) was controlled to maintain the bubble domains
in proper sizes with different in-plane magnetic fields. The
positive in-plane magnetic field points to the right, as shown in
Fig. 4(b). Both samples showed similar DW motions and do-
main bubble morphologies. When the in-plane magnetic fields
are small, the right DW moves faster than the left DW, and
the domains have a bubble shape. With increasing in-plane
magnetic fields, the left DW moves significantly faster, and the
edges of the domains tend to be flattened with a noncircular
shape, as shown in the second column of Fig. 4(a). Note that
the bubbles with flattened edges are still shown as an in-plane
magnetic field near the crossing point in Figs. 1(c) and 1(d),
where the DW velocities in both directions are equal. Then,
the left DW moves faster than the right one, while the domains

FIG. 4. Domains in the asymmetric DW motion measurement shown in Figs. 1(c) and 1(d). (a) Domain images observed through Kerr
microscope; light areas inside bubble domains are nucleation created by perpendicular pulse field. Then both in-plane and perpendicular
magnetic fields are applied to enlarge the bubble domains (dark areas). In-plane magnetic fields (H,) are continuous as marked in the pictures.
Perpendicular pulse fields (uoH;) to drive the DWs are 15.76 mT (upper row, Co 1.5 nm sample) and 16.38 mT (lower row, Co 2 nm sample);
total pulse durations (¢) are indicated in the pictures. (b) Schematic picture of the magnetic fields and DMI-induced DW chirality (white arrows)

of the bubble domains.
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TABLE I. Magnetic properties (total magnetic layer thickness #,,, €xchange constant A, anisotropy constant K, saturation magnetization
M;, and DW anisotropy Kp) of some reported sample structures with chiral morphologies of bubble domains.

Sample structure (thickness in nm)

Si/TaN(3)/Pt(2.5)/[Co(0.2)/Ni(0.6)],/Co(0.2)/Ta(0.5)/TaN(3)
Si/TaN(3)/Pt(3.5)/Pt,Ir_,(1.2)/[C0(0.2) /Ni(0.6)],/Co(0.2)/Ta(0.8)/TaN(6)
Sub/MgO(2)/Pt(4)/Co(0.32)/[Pd(0.34)/C0(0.32)]3/MgO(2)/SiO(3)
Pt/CoggFejo /Pt (simulation)

Si/Ta(3)/Pt(5)/Co(1.5)/Tb(1)/Pt(3)

tmag A K Mx KD

(mm)  (x107""J/m) (x10° J/m?®) (kA/m) (x10* J/m?) Reference
1.8 1.0 3.0 600 3.0 [20]
1.8 1.0 42 645 2.1 [21]
1.28 1.0 2.4 880 2.1 [39]
0.6 1.3 15 1353 5.2 [23]
1.5 1.3 1.5 1100 2.7 This work

tend to be round again with a large in-plane bias magnetic
field. Figure 4(b) shows the chirality of the DW inferred from
the sign of the DMI, where the white arrows indicate the
in-plane magnetization component in the DW. From the BLS
measurement, we can conclude that the DMI coefficient is
negative in the Pt/Co/Tb trilayer, which is mainly from the
Pt/Co interface owing to the strong spin-orbit coupling.

In Co/Ni multilayers, a phenomenon similar to that of
noncircular domains has been reported [20]. The Wulff con-
struction model was proposed to explain the evolution of
domain expansion by varying the DW anisotropy energy. DW
anisotropy is the energy density difference between the Bloch
wall and Néel wall, where the Néel wall forms as a result of
DMI [18,20]. To realize noncircular domains with flattened
edges in that model, a very large DW anisotropy energy
(~10° J/m?) must be considered. Here, we calculate the DW
anisotropy constant Kp in our Pt/Co(1.5 nm)/Tb multilayer
based on the DW anisotropy equation [13,38],

Kp = NepoM? /2, 3)

Ny = tmae In (2)/ (T 1), “)

where t,,,; denotes the thickness of the magnetic layer [13,38].
The calculated Kp for Pt/Co/Tb is 2.7 x 10%) /m3, which is
one order lower than that used in the energetic chiral bubble
model [20]. Furthermore, we calculated and summarized the
DW anisotropy energies for the material systems reported
with the chiral morphologies of the bubble domains in Ta-
ble 1. Note that A is chosen as 1.0 x 107! J/m if it is not
introduced in the references in Table I, and the magnetic
properties are from different structures (skyrmion and DMI
samples) in [39]. Clearly, the DW anisotropies are of the same
order of ~10* J/m?, which is far below the value required to
form a chiral-morphology bubble with a flattened edge. Thus,
microscopic explanations of noncircular bubble domains are
still required.

The flattened edge domains have been reported theoret-
ically by considering the VBLs to block the DW motion
with experimentally comparable Kp [23], where typical rip-
ple DWs are shown. These results are highly consistent with
the chiral morphologies in the Pt/Co/Tb bubble domains we
observed, which can be clearly seen in Fig. 4 for both 1.5
and 2 nm Co. Therefore, we can analyze the VBLs from their
kinetic behaviors, although highly technical conditions are
required to directly observe VBLs in spin textures. In addition,
VBLs must be considered in defect-dominated disordered

films [40,41]. Moreover, the DW velocity reaches a minimum
far before the value of Hpymp, as shown in Fig. 1, which
indicates the blocking of VBLs plays a more important role
than the addition of the simple one-dimensional (1D) model to
extract Hpyy in the creep regime. In the presence of DMI, the
pairs of VBLs move at different velocities and collide owing
to energy splitting [42]. In this process, D-shaped bubble
domains are gradually formed, where VBLs block DW motion
in the flattened edges. VBLs are a viewpoint from magnetic
microstructures in the DWs for the underlying physics in ad-
dition to modeling and calculations. Even though the change
of dominant direction of DW velocities with increasing the
in-plane magnetic fields is not well understood from the view-
point of VBLs, the kinetics of DWs is complicated but worth
studying because of the underlying rich physics, especially in
the creep regime. In addition, the DMI is a fundamental basis
for chiral spin textures, and an explicit evaluation of the DMI
in materials with noncircular bubble domains is essential for
chiral spintronics. In multilayers with DMI, VBLs should be
emphasized, especially in the chiral morphologies in bubble
domain expansion.

III. CONCLUSION

DMI is fundamentally important in magnetic chiral tex-
tures, and it is crucial to properly evaluate the DMI
experimentally. The puzzling behavior of DW motion in the
creep regime raises doubts regarding the DMI measurement
method based on bubble expansion. In this study, we focus
on the DMI evaluation of ferrimagnetic Pt/Co/Tb multilayer
films. The DW motions in the creep and flow regimes are
analyzed, and the bubble morphologies in the creep regime
are investigated. The experimental results and comparison of
magnetic properties provide evidence to support the theory
that VBLs in DWs are the physical origin of chiral bub-
ble morphologies. BLS is applied to clarify the exact DMI
in samples with complicated DW motions. In addition, this
study establishes a link between bubble domain morphologies
and their effects on DMI effective field extractions. The ob-
tained results have a certain reference value for modifying and
explaining DMI measurement methods in chiral multilayer
materials, where DMI is an important part of spintronics.
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