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ABSTRACT

We investigate the effect of the Dzyaloshinskii-Moriya interaction (DMI) on domain wall (DW) configurations in W /(Co)FeB/MgO
structures with varying ferromagnet (FM) thicknesses. The DW chirality and effective DMI field are evaluated from field-induced
DW motion. The results indicate a reversal of DW chirality with the FM thickness irrespective of the FM material (CoFeB or FeB)
and the crystallographic phase of W (x or § phase). The observed change in the magnitude of the DMI field is supported by an
additional measurement of spin-orbit torque assisted magnetization switching under in-plane magnetic fields. The present find-
ings offer previously unknown insights into the origin of interfacial DMI and indicate the co-existence of multiple factors govern-

ing DW chirality in systems with broken inversion symmetry.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5084095

The manifestation of the spin-orbit interaction in systems
with broken inversion symmetry is prospective for future spin-
tronic devices.” In-plane current applied to heavy-metal
(HM)/ferromagnet (FM) heterostructures with spin-orbit cou-
pling generates spin-orbit torques (SOT) which allow efficient
magnetization switching.* © In addition, the spin-orbit interac-
tion at interfaces in broken inversion-symmetry systems gives
rise to another effect commonly referred to as the interfacial
Dzyaloshinskii-Moriya interaction (DMI).”* Interfacial DMI tends
to stabilize non-collinear spin configurations (for instance,
Néel-type domain walls (DWs)”'"’ and skyrmions' ") which can
be efficiently driven by the SOT.”'® Accordingly, the under-
standing and tailoring of interfacial DMI in HM/FM structures is
of considerable importance towards utilization of these physical
phenomena in such magnetic heterostructures. At present, a
variety of different models'’”** including the orbital hybridiza-
tion of electronic states between HM and FM' ™ and the
Rashba-Edelstein effect,”"*” have been proposed to describe
the microscopic origin of the interfacial DMI. However, lack of a

unified and clear understanding persists, requiring deeper
insights into the mechanism of DMI in HM /FM structures.
HM/FM heterostructures utilizing W (as the HM layer) are
a promising material system for spin-orbitronics owing to a sig-
nificantly large SOT*°** and an appreciable DMI strength™’
which varies with the composition of the ferromagnet.”
Meanwhile, CoFeB/MgO is beneficial for smooth motion of
DWs® and skyrmions™ and a high tunnel magnetoresistance
ratio.”” Despite these promising features, interfacial DMI in W/
CoFeB/MgO has posed a puzzling question concerning DW chi-
rality. Separate experimental results showed a formation of both
left-handed /counter-clockwise™ and  right-handed/clock-
wise”??"#* chiral DWs. The structural phase («/f phase) of W
was found to affect the magnitude of interfacial DMI and inter-
facial magnetic anisotropy, although the sign of DMI, or chirality
direction, is unchanged.™ Thus, the factors governing the mag-
nitude and the sign of DMI and DW chirality in W /CoFeB heter-
ostructures remain unclear. Here, we systematically investigate
the FM thickness dependence of DMI and DW chirality in
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W ,/CoFeB (or FeB) heterostructures by magnetic field-induced
DW motion™“® and SOT-assisted magnetization switching.”’
We show a cross-over from right-handed to left-handed DW
chirality with varying FM thicknesses. Possible mechanisms to
describe this behavior are discussed.

Figure 1(a) shows a three series of stack structures used in
this study, i.e., sub./a-W(4)/Cogi9Feos6Bo.25(t)/MgO(1.6) (series
A, hereafter), sub./-W(4)/Cogpi9Feo s6Bo.25(t) /MgO(1.6) (series B,
hereafter), and sub. /a-W(4)/Feo75Bo.2s(t)/MgO(1.6) /Ta(2) (series
C, hereafter), with various FM thicknesses t (numbers in paren-
theses denote the nominal thickness in nm). The stacks are
deposited by dc and rf magnetron sputtering on thermally oxi-
dized Si substrates. The crystallographic phase of W (x or f
phase) is controlled by the sputtering condition.”” Magnetization
measurements and thermally activated DW motion measure-
ments are carried out for blanket films, while SOT-assisted
magnetization switching is measured from 50-pm-long and
10-pm-wide Hall-bar devices fabricated by photolithography and
Ar-ion milling. Stacks are annealed at 300°C for 1h.
Magnetization measurements indicate the perpendicular easy
axis in all the structures. The spontaneous magnetization Mg is
determined to be 1.31T, 1.35T, and 1.75T for series A, B, and C,
respectively. A linear extrapolation of the relationship between
the areal magnetic moment and the FM thickness reveals an
existence of a magnetic dead layer with the thickness (tq) of
0.24-0.38nm, in consistent with a previous study.”® Figure 1(b)
shows the variation of areal effective anisotropy energy density
Keritesr as a function of the effective FM thickness tef (=t — tq).
The FeB system shows a larger Kegtes compared to the CoFeB
system, which is also consistent with a previous work.*’
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FIG. 1. (a) Schematic diagram of the stack structures and (b) effective areal mag-
netic anisotropy energy density Kegfe versus effective FM thickness t. for series
A, B, and C.

scitation.org/journal/apl

Next, we evaluate the effective DMI field Hpyy from DW
motion utilizing magneto-optical Kerr effect microscopy.
Starting from a nucleated bubble domain, we measure DW prop-
agation and consequently DW velocity (vpw) under an out-of-
plane pulsed magnetic field (H,). vpw is found to follow
sub-threshold behavior for applied yuoH, < 1.6 mT (o is the per-
meability in free space),”**"" while presumably moving into
depinning or flow regimes for uoH, > 1.6 mT (see supplementary
material for details). The DW chirality and Hpyy can be identified
from a measurement of DW motion under simultaneous appli-
cation of dc in-plane magnetic fields (H,) and H, pulses. The chi-
ral interactions act as an effective in-plane magnetic field and
may be quantified from a minimum in vpw vs Hy either in creep™
or flow regimes.””** Since several recent studies pointed out
that in some cases this approach does not allow an unambiguous
determination of Hpyy in the creep regime’” *° due to an anti-
symmetric contribution to vpw, which is negligible in depinning
and flow regimes,**** we apply a large enough H, to keep DW
propagation in depinning or flow regimes. Figures 2(a) and 2(b)
show the area traversed by the DW under H, and H, for samples
with ter = 0.86 and 0.56 nm in series C [W/FeB(0.86) and W/
FeB(0.56), hereafter], respectively. The application of H, results
in an asymmetric domain expansion due to the DMI as expected.
Figures 2(c) and 2(d) show vpw (1] and |1 DWs) vs H, at poH,
=11.8 mT for W /FeB(0.86) and at uoH, = 6.5mT for W /FeB(0.56),
respectively. Interestingly, the results indicate an opposite chi-
rality between them: a left-handed /counter-clockwise chirality
(1<) for W/FeB(0.86) [Fig. 2(c)] and right-handed /clockwise
chirality (1—|) for W /FeB(0.56) [Fig. 2(d)].

W/FeB(0.86), 1,H, = 11.8 mT
_#OHX + IuOHX
4L A

N L4

toH, =-21mT  yH, =21 mT

JZ}(ID--PX 20 pm
WI/FeB(0.56), u,H, = 6.5 mT
l_/UDHx +/‘0Hx\ .
z
(b) g

toH, = 48 mT  spH, = 48 mT

FIG. 2. (a) Magnetic bubble expansion by the applied poH, of 11.8mT for
=0.86 nm and (b) pioH, of 6.5mT for f+ = 0.56 nm in series C, where the arrow in
the image represents the applied direction of H, and © and ® denote the up and
down magnetic domains, respectively. (c) woHy, dependence of vpy for te
=0.86nm in series C under the oH, value of 11.8mT and (d) that for f
=0.56 nm in series C under 6.5mT.
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Figure 3 summarizes the t. dependence of Hpy.
Intriguingly, Hpy; continuously decreases with increasing tes
and changes the sign at tegr =~ 0.75-0.85 nm. The reversal of DW
chirality is insensitive to either the FM material (CoFeB or FeB)
or the crystallographic phase of W (« or § phase) and does not
correlate with Kegtesr. Thus, the results suggest a possibility of
unexplored mechanisms that are responsible for interfacial DMI
in HM/FM heterostructures.

To confirm the interfacial nature of Hpyp VS teg, We also
investigate Hpyy from the in-plane magnetic field dependence
of SOT-assisted magnetization switching.”’ An in-plane current
flowing in the HM/FM heterostructure with a perpendicular
easy axis generates an out-of-plane effective field H.s that acts
on the magnetization of DW and is given by

Heg = 70

1
7 =7 (cos 0 +cosby))/2, @

where J denotes the current density in the HM layer, y corre-
sponds to the efficiency of Slonczewski-like SOT, y' =(h/
2e)(£s1./Msterr), h is the Dirac constant, e is the electron charge,
£q1, represents the effective spin-Hall-induced torque efficiency,
and 0, and 0,; corresponds to the DW configuration for up to
down (1) and down to up (| 1) DWs, respectively. According to
Eq. (1), H?s is cancelled out between opposite DWs (1] and | 1) at
zero H,. An increase in H, gradually aligns magnetization in DW
collinear to H, with an increase in y and at Hy > Hpyy, DWs fully
align with H,, leading to maximum y. Thus, the measurement of
SOT-induced magnetization switching under H, allows us to
quantify Hppy. Note that this method is not capable of determin-
ing the sign of DMI. For these measurements, we use pm-sized
Hall bar devices as shown schematically in Fig. 4(a). Figure 4(b)
shows the results of SOT-assisted magnetization switching for
W /FeB(0.56) (series C) under poH, = 50mT and dc current I
=*+15mA. H? is determined as H,, causing 50% switching
(probed by the peak of the derivative of anomalous Hall resis-
tance Rapg). The current dependence of H is confirmed to
obey a linear relation, indicating that the observed effective
fields are induced by the current (see supplementary material).
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FIG. 3. Effective FM (CoFeB or FeB) thickness dependence of the effective DMI
field Hpy for all the series. Error bars of poHpy are obtained from three measure-
ments on the arbitrary selected different bubbles.
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FIG. 4. (a) Schematic diagram of the Hall-bar device. (b) Hall resistance (Raxg) Vs
out-of-plane magnetic field (Hz) under poHy = 50mT and dc | = = 15mA for W/
FeB(0.56) (series C). (c) Effective FM thickness (ts) dependence of normalized
SOT efficiency (y) for series C.

Similar experiments are carried out for all the studied struc-
tures. Figure 4(c) summarizes the H, dependence of normalized
7 [= % (Hx)/x (0) — 1]. It is found that the magnitude of Hpyy (cor-
responding to the saturation of H, indicated by arrows)
decreases with the increasing FM thickness. The observed
results agree with what we found in DW motion measurements
(Fig. 3). These results elucidate the existence of an unknown
mechanism for the manifestation of DMI in HM/FM structures
and call for further experimental and theoretical investigations.
We now discuss possible scenarios that describe the
observed reversal of DW chirality. Previous experimental results
supplemented by microscopic models for DMI in 3d-5d bilayer
heterostructures have suggested that DMI in HM /FM /oxide tri-
layer systems originates from the HM /FM interface and is virtu-
ally independent of the FM/oxide interface.” Experimental
results using Pt/FM bilayer structures follow this trend, where
an enhancement of the FM thickness merely decreases DMI.*’
Recently, several experimental studies have revealed an impor-
tant role of orbital asphericity, where the sign of DMI is deter-
mined by 5d band filling of the HM layer through the spin-flip
process.”'%*%%9 Accordingly, in the present case, since the band
filling of W is close to the half-filled state, DMI is expected to be
sensitive to additional factors such as Rashba interactions,”®
the impact of the usually neglected FM /oxide interface,”” and
atomic diffusion during annealing.” Based on these assumptions,
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we propose three possible scenarios that can account for the
observed results. One possible contribution arises from charge
transfer from O atoms to the thin FM layer, which is capable of
modification of 3d-5d hybridized bands at the HM/FM inter-
face.”” A variation of t.g, then, results in a modified impact of O,
which could modify DMI and DW chirality. A similar modification
of DMI is also expected from effects of strain in the multilayered
heterostructure; however, we may exclude this possibility owing
to the independence of our results on the phase of the underly-
ing W layer. The second contribution arises from the possible
effects of Rashba effect-induced DMI arising from the FM /oxide
interface.” First-principles calculations suggest the presence of
Rashba-induced DMI with left-handed/counter-clockwise chi-
rality at the Co/MgO interface.” This is consistent with the DW
chirality for thicker te in our stacks. On the other hand, the
3d-5d hybridization (orbital anisotropy) mechanism suggests
that right-handed/clockwise chirality is slightly preferable at
the W/FM interface.”® Thus, following the second scenario, our
experimental results indicate that for thicker samples (tes
= 0.8 nm), the contribution of Rashba-induced DMI at the FM/
oxide interface becomes dominant and overcomes the contribu-
tion from 3d-5d hybridization at the HM/FM interface, leading
to a reversal of left-handed/counter-clockwise DW chirality. It
is worth noting here that the sign reversal of DMI with varying
FM thicknesses was not observed in the W/CoFeB/SiO, sys-
tem.”” This implies that the MgO layer could play a key role in
the sign reversal of DW chirality in W /(Co)FeB heterostructures.
The third scenario is related to the diffusion of B into the W
and/or MgO layer via annealing. Previous studies report both
directions of chirality in similar systems: right-handed chirality
in Ta/CoFeB/MgO”’ or TaOx™ and left-handed chirality in Ta/
CoFe/MgO.” 1t has also been pointed out that interdiffusion of
B plays a key role in determining the sign of DMI in the Ta/
CoFeB/MgO structure.” In our case, since the total amount of B
accommodated in (Co)FeB depends on the FM thickness, the
interdiffusion of B could be a possible factor for the observed
sign change. Overall, our results suggest the competition of a
number of mechanisms, resulting in the sign reversal of DMI by
varying FM thicknesses.

In summary, we have investigated the t.s dependence of
the DW chirality and Hpyy in W/(Co)FeB/MgO systems by
both thermally activated DW motion and SOT-assisted mag-
netic field switching. The results indicate right-handed/
clockwise chiral DWs for the thinner FM layer which changes
to a left-handed/counter-clockwise configuration with an
increase in the FM thickness. The results suggest a competi-
tion of multiple factors such as the conventional 3d-5d band
hybridization at the W /(Co)FeB interface and Rashba-induced
DMI at the FM /MgO interface. The present findings shed light
on the underlying physics of the interfacial DMI and direct
the proper engineering of material systems for spin-
orbitronic applications.

See supplementary material for (S1) the out-of-plane mag-
netic field dependence of magnetic bubble expansion and (S2)
spin-orbit torque assisted magnetization switching by the mag-
netic field.
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