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Current-driven dynamics of chiral ferromagnetic

domain walls

Satoru Emori', Uwe Bauer!, Sung-Min Ahn', Eduardo Martinez? and Geoffrey S. D. Beach'*

In most ferromagnets the magnetization rotates from one
domain to the next with no preferred handedness. However,
broken inversion symmetry can lift the chiral degeneracy,
leading to topologically rich spin textures such as spin
spirals? and skyrmions3-> through the Dzyaloshinskii-Moriya
interaction® (DMI). Here we show that in ultrathin metallic
ferromagnets sandwiched between a heavy metal and an
oxide, the DMI stabilizes chiral domain walls>’ (DWs)
whose spin texture enables extremely efficient current-
driven motion®". We show that spin torque from the
spin Hall effect'>” drives DWs in opposite directions in
Pt/CoFe/MgO and Ta/CoFe/MgO, which can be explained only
if the DWs assume a Néel configuration’"® with left-handed
chirality. We directly confirm the DW chirality and rigidity
by examining current-driven DW dynamics with magnetic
fields applied perpendicular and parallel to the spin spiral.
This work resolves the origin of controversial experimental
results'®”'® and highlights a new path towards interfacial
design of spintronic devices.

Current-controlled DW displacement underpins the operation
of an emerging class of spintronic memory" and logic?®*!
devices. In out-of-plane magnetized ferromagnets sandwiched
between an oxide and a heavy metal, current-induced DW motion
is anomalously efficient®!!. This observation has been widely
attributed to a Rashba effective field'*>? that stabilizes Bloch
DWs against deformation, permitting high-speed motion' through
conventional spin-transfer torque** (STT). However, current-
induced DW motion is absent in symmetric Pt/Co/Pt (refs 8,9,
11,25) stacks, and semiclassical transport calculations® suggest
that the spin-polarized current in the ultrathin (<1nm) Co is
vanishingly small. Moreover, DWs in Pt/Co/oxide move against
electron flow®!®!!, contrary to the action of STT (ref. 24). Together,
these results suggest that conventional STT contributes negligibly
to DW dynamics in these ultrathin structures and that interfacial
phenomena®®? are instead responsible.

The Rashba field lacks the correct symmetry to drive DWs
directly'®?*%, and the spin Hall effect (SHE) in the adjacent heavy
metal has emerged as a possible alternative mechanism!'*627,
SHE-driven spin accumulation at the heavy-metal/ferromagnet
interface generates a Slonczewski-like torque'®**?’ strong enough
to switch uniformly magnetized films'>">'®. However, the Bloch
DWs expected in typical nanowire geometries®'"*® have their
plane oriented perpendicular to the nanowire axis, in which
case the Slonczewski-like torque vanishes'®. This behaviour was
recently confirmed in asymmetric Pt/Co/Pt stacks in which
the SHE-induced torques from the Pt layers did not cancel
completely'®. In that case, current-assisted DW depinning was
observed when an applied field rotated the DW plane towards the

nanowire axis, but up—down and down—-up DWs were driven in
opposite directions and the current had no effect in the absence of
the bias field. The SHE alone is therefore incapable of uniformly
driving trains of DWs in devices, and is insufficient to explain
the high spin-torque efficiencies and DW velocities observed in
Pt/Co/oxide®!! without applied fields.

Here we characterize current-induced torques and DW dynam-
ics in out-of-plane magnetized Pt/CoFe/MgO and Ta/CoFe/MgO
stacks that are nominally identical except for the heavy-metal
underlayers, whose spin Hall angles are large and of opposite
sign'*!. By considering the symmetry of the measured current-
induced torque along with the DW dynamics driven by this
torque, we uniquely identify the DW configuration as Néel with
a fixed chirality. Magnetostatics alone makes this configuration
unstable and does not favour one chirality over the other, but
the DMI has been theoretically shown to promote chiral Néel
DWs (refs 2,7). By applying in-plane magnetic fields, we verify
that the DW magnetization aligns rigidly along the nanowire
axis, and that the DW spin spiral exhibits a global chirality
common to both Pt/CoFe/MgO and Ta/CoFe/MgO. Current-
driven DW motion in heavy-metal/ferromagnet/oxide structures
is naturally explained by the combination of the SHE, which
produces the sole current-induced torque, and the DMI, which
stabilizes chiral DWs whose symmetry permits uniform motion
with very high efficiency.

DW motion was characterized in 500-nm-wide, 40-um-long
nanowires overlaid with an orthogonal DW nucleation line and
lateral contacts for current injection (Fig. 1a). We first examine the
effect of current on the threshold field H,,, for DW propagation
through the defect landscape. Measurements were performed as in
ref. 11, by first nucleating a reversed domain with the Oersted field
from a current pulse through the nucleation line and then sweeping
an out-of-plane field H, to drive the DW along the nanowire.
DW motion was detected through the polar magneto-optical Kerr
effect, with a ~3 um laser spot positioned at the midpoint of the
nanowire. Comparing Fig. 1d,e, H,,, varies linearly with electron
current density j,, but DW propagation is hindered in the electron
flow direction in Pt/CoFe/MgO and assisted along electron flow
in Ta/CoFe/MgO. This remarkable difference, produced simply by
changing the non-magnetic metal in contact with the ferromagnet,
was independent of the sense of magnetization (up—down or down—
up) across the DW. The magnitude of the spin-torque efficiency,
taken as the slope of Hyy,p versus j., was 120 Oe per 10" Am™>
for Pt/CoFe/MgO and 170 Oe per 10" Am™ for Ta/CoFe/MgO.
These large efficiencies are comparable to those reported for
Pt/Co/AlOx (refs 9,10) and Pt/Co/GdOx (ref. 11), suggesting that
a universal mechanism governs current-driven DW motion in
heavy-metal/ferromagnet/oxide.
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Figure 1| Effect of current on DW motion. a, Scanning electron micrograph of the nanowire. The current pulse on the left nucleates a DW, which is then
propagated to the right by current or applied out-of-plane field. b,¢, lllustrations of the direction of current-driven DW motion in the Pt/CoFe/MgO (b) and
Ta/CoFe/MgO (c) nanowires. Electron current je is defined positive when conduction electrons flow away from the nucleation line, from left to right in the
micrograph (a). d,e, DW propagation field Hyrop as a function of driving electron current density je for Pt/CoFe/MgO (d) and Ta/CoFe/MgO (e). The slope
of the linear fit extracts the spin-torque efficiency for each structure. f,g, DW velocity as a function of jo and applied out-of-plane field H, for Pt/CoFe/MgO
() and Ta/CoFe/MgO (g). The field-driven data are scaled by a field-to-current ratio (see text) so that they are directly on top of the current-driven data.

In Fig. 1f,g, we directly compare field-driven and current-driven
DW velocities, measured using a time-of-flight technique'!. Again,
DWs moved against electron flow in Pt/CoFe/MgO (Fig. 1f) and
along electron flow in Ta/CoFe/MgO (Fig. 1g). The maximum field
was limited by random domain nucleation, and the exponential
dependence of velocity on H, and j, indicates thermally activated
motion'"?. The field-driven and current-driven velocities exhibit
the same dynamical scaling across three decades in velocity
when j, is scaled by a constant (1100e per 10" Am™2 for
Pt/CoFe/MgO and 160 Oe per 10" Am™ for Ta/CoFe/MgO).
These field-to-current ratios closely match those extracted from
Fig. 1d,e. We therefore conclude that the effect of current on
DW motion is phenomenologically equivalent to an out-of-
plane field”!"!, which reveals the symmetry of the current-induced
torque as discussed later.

In addition to robust DW motion, current enables switching
between uniformly magnetized up and down states with the
assistance of a constant in-plane magnetic field'>!>'8. This switching
phenomenon was demonstrated in 1,200-nm-wide Hall crosses
(Fig. 2a). A sequence of 250-ms-long current pulses with increasing
(or decreasing) amplitude was injected along the x axis, and in
between each pulse the out-of-plane magnetization component
M, was measured from the anomalous Hall voltage using a low-
amplitude (~10° Am™2) a.c. sense current and a lock-in amplifier.
Figure 2d,e plots M, versus j,, under a constant applied longitudinal
field H;. This field tilted the magnetization away from the z axis
by &5° in Pt/CoFe/MgO at 500 Oe and ~ 3° in Ta/CoFe/MgO at
100 Oe, but did not bias M, up or down, as evidenced by the nearly
symmetric switching profile (Fig. 2d,e). With sufficiently large H;,
and j, in the 4x direction, the up magnetized state was favoured
in Pt/CoFe/MgO (Fig. 2d, solid line), whereas the down state was
favoured in Ta/CoFe/MgO (Fig. 2e, solid line). When the direction

of Hy or j, was reversed, the preferred magnetization direction was
also reversed (Fig. 2d,e, dotted lines).

This switching behaviour implies that j, generates an effective
field Hg; associated with a Slonczewski-like torque!>!>1>18  given by
Hg = HS (i x (2 xfe)) (ref. 16). Here #1, Z and fe are unit vectors
along the magnetization, z axis and electron flow, respectively, and
HY parameterizes the torque. The SHE in the heavy metal directly
generates a Slonczewski-like torque, but the Rashba effect can also
yield a torque of this form due to spin relaxation'®**?”, Assuming
the SHE is the dominant source, justified experimentally below, HY
is related to the spin Hall angle 6sy in the heavy metal through
HY = hOsulj|l/(2le|Mstr) (ref. 16), with M being the saturation
magnetization and #; the ferromagnet thickness. From the sign of
HY extracted from current-induced switching (Fig. 2b,c), sy is
positive in Pt and negative in Ta, consistent with refs 12,13.

We quantified the Slonczewski-like torque by detecting magne-
tization tilting induced by a.c. current using the anomalous Hall
voltage as described in refs 22,30 (see Supplementary Information).
The scaling of Hs;, with current is shown in Fig. 3. When the magne-
tization was up and j, was in the +x direction, Hy; pointed along —x
in Pt/CoFe/MgO (Fig. 3a,e) and +x in Ta/CoFe/MgO (Fig. 3b,f), in
agreement with our analysis of magnetization switching (Fig. 2b,c).
The direction of Hg; reversed when the magnetization was oriented
down. The linear fit in Fig. 3a reveals alarge Hg in Pt/CoFe/MgO of
magnitude 50 Oe per 10'" A m~2, implying fsy; = +0.06 in Pt, which
agrees well with ref. 12. The magnitude of HY in Ta/CoFe/MgO is
~200 Oe per 10" A m~2, implying s = —0.25 in Ta, twice as large
asinref. 13 and closer to the value reported for W (ref. 14).

The current-induced effective transverse field Hy;, often associ-
ated with a field-like torque from the Rashba effect!®!72223:26:27 'yag
quantified similarly?>* (see Supplementary Information). Unlike
Hg;, the direction of Hy was independent of the magnetization
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Figure 2 | Current-induced switching under a constant in-plane longitudinal field. a, Scanning electron micrograph of a Hall cross. b,¢, Illustrations of
Pt/CoFe/MgO (b) and Ta/CoFe/MgO (c) in the up magnetization state with the injected electron current and applied longitudinal field H| in the +x
direction. Owing to the combination of the current-induced Slonczewski-like torque (producing an effective field Hs ) and the applied longitudinal field, up
magnetization is stable in Pt/CoFe/MgO whereas it is unstable in Ta/CoFe/MgO. d,e, Out-of-plane magnetization M, (normalized anomalous Hall signal)
as a function of electron current density j. under a constant H| in Pt/CoFe/MgO (d) and Ta/CoFe/MgO (e). The magnitude of H| is 500 Oe for
Pt/CoFe/MgO (d) and 100 Oe for Ta/CoFe/MgO (e). When H_ is reversed from +x (solid line) to —x (dotted line), the stable magnetization direction
under a given current polarity reverses.
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Figure 3 | Current-induced effective fields. a,b, Current-induced effective longitudinal field Hs|, arising directly from the Slonczewski-like torque, as a
function of electron current density je (from a.c. excitation current amplitude) in Pt/CoFe/MgO (a) and Ta/CoFe/MgO (b). ¢,d, Current-induced effective
transverse field Hr as a function of j, in Pt/CoFe/MgO (c) and Ta/CoFe/MgO (d). e f, lllustration of the directions of the current-induced effective fields
Hs, and Hg in Pt/CoFe/MgO (e) and Ta/CoFe/MgO (f), when the magnetization is up and the electron flow is in the +x direction.

orientation (Fig. 3c,d). The magnitude of Hy in Pt/CoFe/MgO as in Pt/Co/AlOx (refs 17,22). As current-induced DW motion
(Fig. 3¢) was ~20 Oe per 10" Am ™2, two orders of magnitude lower  had a very high efficiency and occurred against the electron flow
than reported in refs 17,22, although its directionality was the same  direction in Pt/CoFe/MgO, the fact that Hy; was negligible indicates
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Figure 4 | Current-driven dynamics of chiral Néel DWs. a, lllustration of left-handed chiral Néel DWs in Pt/CoFe/MgO. The effective field Hs, from the
Slonczewski-like torque moves adjacent up-down and down-up domains with velocity vpw in the same direction against electron flow je. b, DW velocity as
a function of electron current density je, calculated using the 1D model, with the SHE alone, the SHE and STT (SHE+STT), and the SHE and the DMI
(SHE+DMI). The parameters used in this calculation are in the Methods. ¢,d, Spin-torque efficiency for DW motion in Pt/CoFe/MgO under applied
longitudinal field H (c) and transverse field Ht (d). e,f, DW velocity at a constant current jo = —3.0 x 10" A m~2 as a function of H, (e) and Ht (f).

g h, Calculated DW velocity at jo = —3.0 x 10" Am~2 as a function of Hy (g) and Hr (h) using the 1D model.

that the Rashba effect cannot be the source of these features® 12627,

Furthermore, as any contribution to the Slonczewski-like torque
by the Rashba effect'® enters as a correction proportional to the
non-adiabicity parameter § < 1 (refs 26,27), the fact that Hy is
here much larger than Hg; implies that the Rashba effect contributes
negligibly to the Slonczewski-like torque.

In Ta/CoFe/MgO (Fig. 3d), Hp, was in contrast quite large,
~400 Oe per 10" Am~2, and its direction was the same as in
Ta/CoFeB/MgO (ref. 23) and opposite to Pt/CoFe/MgO and
Pt/Co/AlOx (refs 17,22). This result suggests that in addition
to the Slonczewski-like torque, a strong Rashba field'”*** may
exist in this sample. However, the origin of the measured Hpg,
is beyond the scope of the present discussion and will require
further investigation.

As summarized in Fig. 3e,f, the current-induced torques are
opposite in Pt/CoFe/MgO and Ta/CoFe/MgO, as are the direction
of current-driven DW motion and the sign of the spin Hall
angles in Pt and Ta. Here we consider in detail the case of
Pt/CoFe/MgO, in which the field-like torque is unambiguously
small. One-dimensional (1D) model calculations® in Fig. 4b (see
Methods and Supplementary Information) show that Bloch DWs
cannot be driven by the SHE alone, in agreement with previous
reports'®?” and with the symmetry of the Slonczewski-like torque.
In the 1D model with 6g; > 0 and with no transverse Rashba field,
the addition of conventional STT enables sustained DW motion,

but its direction is along electron flow (Fig. 4b). No combination
of the SHE and STT reproduces the experimentally observed DW
motion against electron flow (Supplementary Information), and
moreover conventional STT is probably absent as argued above.
Thus, an alternative mechanism is required whereby the SHE alone
can drive DW motion.

Néel DWs have an internal magnetization that would align with
the nanowire axis, such that the Slonczewski-like torque would
manifest as a z-axis field'® as experimentally observed (Fig. 1).
However, the direction of Hg depends of the sense of the DW
magnetization, and the direction of DW motion varies accordingly
(Supplementary Information). Figure 4a illustrates Néel DWs with
oppositely directed internal magnetization for up—down and down—
up transitions, exhibiting a left-handed chiral texture?. On the basis
of the sign of the measured Slonczewski-like torque (Figs 2 and
3), these chiral DWs move against electron flow in Pt/CoFe/MgO
and along electron flow in Ta/CoFe/MgO. Although Bloch DWs
are magnetostatically preferred®®, adding the DMI to the 1D model
stabilizes such chiral Néel DWs (ref. 7; Methods and Supplementary
Information), leading to qualitative behaviour in agreement with
experiment (Fig. 4b).

Finally, we assess the rigidity and chirality of the Néel DWs in
Pt/CoFe/MgO using applied in-plane fields. In Fig. 4c,d we show
that the spin-torque efficiency, extracted similarly to Fig. 1d, is
insensitive to Hy up to at least 600 Oe, but declines significantly
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with increasing |Hy|. This behaviour is opposite to that reported
for Bloch DWs in ref. 15, but is precisely what is expected for DMI-
stabilized Néel DWs: H is collinear with the DW magnetization
and exerts no torque, whereas Hr exerts a torque that cants the DW
magnetization away from the x axis and reduces the z-axis-oriented
Hg;. That the sense of internal DW magnetization could not be
reversed at the experimentally available maximum H; of 600 Oe
attests to the strength of the DMI in this system.

We also measured the effects of H; and Hy on the velocity
of fast current-driven DWs (Fig. 4e,f), which was reproduced
qualitatively by the 1D model with the SHE and DMI (Fig. 4g,h).
H; modified the velocities of up—down and down—up DWs with
opposite slopes (Fig. 4e,g), whereas Hr modified both velocities
identically (Fig. 4f,h). The 1D model predicts DW motion reversal
under very large H; coinciding with reversal of the DW sense,
and impeded motion for large Hr due to rotation towards a Bloch
configuration (see Supplementary Information). Interestingly, the
velocity increased with Hy in the direction of the previously
reported Rashba field in Pt/Co/AlOx (refs 10,17,22), although here
Hp in Pt/CoFe/MgO was vanishingly small. Our experimental
and computational results indicate that, even without the Rashba
effect, Hr can modify the dynamics of Néel DWs driven by
the SHE-induced Slonczewski-like torque. Although quantitative
discrepancies exist between the 1D model calculations and
the experimental results, the qualitative features based on the
symmetries of the current-induced torques and DMI agree well with
the experimental results.

We show that current alone drives DWs in Pt/CoFe/MgO and
Ta/CoFe/MgO with high efficiency but in opposite directions,
through the Slonczewski-like torque due to the SHE (refs 12—
15). However, the SHE-induced torque alone cannot directly
drive the magnetostatically preferred Bloch DWs (ref. 28) in
these materials. We show experimentally and computationally that
the DMI (refs 1-7) provides the missing ingredient to explain
current-induced DW motion in heavy-metal/ferromagnet/oxide
systems®!! by stabilizing Néel DWs with a built-in chirality,
such that the SHE alone drives them uniformly and with high
efficiency. Engineering both the DW spin structure and the current-
induced torque simply by selecting the materials adjacent to the
ferromagnet presents unprecedented opportunities for designing
current-controlled spintronic devices.

Methods
Sample fabrication. The stack structure of Pt/CoFe/MgO was
Ta(3 nm)/Pt(3 nm)/CogyFey (0.6 nm)/MgO(1.8 nm)/Ta(2 nm), and that of
Ta/CoFe/MgO was Ta(5 nm)/CogyFey (0.6 nm)/MgO(1.8 nm)/Ta(2 nm). Both
were deposited on Si/SiO,(50 nm) substrates. The metal layers were deposited
by d.c. magnetron sputtering at 2 mtorr Ar (for Pt, 3 mtorr Ar), and MgO was
radiofrequency sputtered at 3 mtorr Ar. The deposition rates were <0.1nms™,
calibrated with X-ray reflectivity. CogoFe, was chosen, instead of pure Co,
to attain sufficient perpendicular magnetic anisotropy on both Ta and Pt
underlayers. The bottom Ta(3 nm) layer in Pt/CoFe/MgO served as a seed layer
to enhance perpendicular magnetic anisotropy and adhesion between Pt and the
substrate. The Ta(2 nm) capping layer protected the MgO layer in each structure.
Vibrating sample magnetometry on continuous films revealed full out-of-plane
remanent magnetization and in-plane (hard axis) saturation fields of ~5 kOe for
Pt/CoFe/MgO and &3 kOe for Ta/CoFe/MgO. The saturation magnetization was
~700 e.m.u. cm >, approximately half of the bulk value, suggesting a magnetic
dead layer due to roughness or oxidation. Both films exhibited weak DW pinning,
with DW propagation at fields <20 Oe.

The nanowires and Hall crosses were fabricated using electron beam
lithography, magnetron sputtering and liftoff. Electrical contacts consisting
of Ta(2 nm)/Cu(100 nm) were placed with a second layer of electron beam
lithography. To estimate the current density through these devices, current was
assumed to flow only through the ultrathin CoFe layer and the adjacent heavy
metal layer, so that the effective conductive thickness was 3.6 nm for Pt/CoFe/MgO
and 5.6 nm for Ta/CoFe/MgO. We neglected current shunting in the bottom Ta
seed layer in the Pt/CoFe/MgO, as sputtered Ta (beta phase) typically has a much
higher resistivity than Pt. The resistance of the Ta/CoFe/MgO device was 3.5 times
greater than the Pt/CoFe/MgO device, and the Ta layer was estimated to be 5 times

more resistive than the Pt layer. Current shunting through the Ta capping layer,
assumed to be oxidized, was also neglected.

1D model. The DW velocity was calculated using the 1D model?’, which describes
the DW in terms of two collective coordinates: position X (¢) and angle &(t),
defined as the in-plane (x—y) angle with respect to the positive x axis. The current
ja =Ja% is injected along the x axis, and is positive along the positive x axis. (Note
that the electron flow j, in the text is in the opposite direction with respect to j,.)
The 1D model including adiabatic and non-adiabatic STT, Slonczewski-like torque
from the SHE, and the DMI (ref. 7) is given by

dx AH,
(1+(x2) @ =ayyAH, — Yo 2 K

sin(2P)+ (1+ap)b;
T T .
+‘XVOA5H5HECOS(¢)+VOAEHDMISIH(¢)
T T .
— yUAEHycos(¢)+y0A5Hxsm(<P)

and

voHk

dd
(1+0°) = =y H. +a

. by
e 51n(2@)+(ﬂ—a)Z

b e .
+V05HSH£COS(¢)—aVOEHDMISID(Q)

+otyg%Hycos(ep)—ayo%Hxsin(QS)

where A is the DW width, Hy is the shape anisotropy field, « is the Gilbert
damping, y, is the gyromagnetic ratio, and by is related to the adiabatic
STT, and is given by

_ P .

b a
7 eMXJ

and B is the non-adiabatic parameter. Here, P is the spin polarization of the
current, up =9.274 x 107 J T~ is the Bohr magneton, e = —1.6 x 107" C is the
electron charge and Mj is the saturation magnetization. The applied magnetic field
has components (H,, H,, H.). The Slonczewski-like torque from the SHE enters
the 1D model equations through the effective field parameter

hOsiija
Hopp = _Ysuja
2oeM;tp

where 6y is the spin Hall angle and tr is the thickness of the ferromagnetic layer.
The effective field describing the DMI is’

Hpyp = ———
DMI oM.A

where D is the DMI parameter. In the 1D model, the DMI enters as an effective
field directed along the x axis inside the DW (ref. 7), and promotes Néel DWs
with internal magnetization oriented in either direction along the x axis depending
on the sign of D. The same chirality is therefore introduced for up-down and
down—up DWs by using D with opposite signs.

To qualitatively understand the experimental observations, archetypal
parameters of a high perpendicular magnetic anisotropy sample, with its easy axis
along the z axis, were considered: saturation magnetization M, =3 x 10° Am™",
exchange constant A=10""! Jm™", uniaxial anisotropy constant K, =2 x 10° Jm >,
Gilbert damping o = 0.2, spin polarization P = 0.5, non-adiabatic parameter
B = 0.4, spin Hall angle 65 = 0.1, and Dzyaloshinskii—-Moriya constant
|D| =0.5mJm~2. The 1D model inputs were chosen to be A = 8.32nm and
Hy = 12,533 Am™", which correspond to a ferromagnetic strip of rectangular
cross-section L, x L, = 120 nm x 3 nm explored in detail in ref. 29. For these
parameters and dimensions the static DW configuration in the absence of DMI was
a Bloch DW magnetized along the y axis, which was the initial DW configuration.
Further details and model results are described in the Supplementary Information.
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