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Magnetization switching through spin-Hall-effect-induced chiral domain wall propagation
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The influence of spin-Hall-effect spin torque (SHE-ST) induced by in-plane charge current was studied in
microscale Ta/Co,oFegB,o/TaO, films with perpendicular magnetization. Simultaneous electrical transport and
polar magneto-optical Kerr effect (MOKE) imaging experiments were used to investigate the switching dynamics.
A rich set of switching behaviors was observed, which can be well understood by analyzing a switching-phase
diagram and polar MOKE images, considering the competition between SHE-ST and the externally applied
magnetic field. Furthermore, we found that domain walls with a particular chirality were dominant in our
devices, which suggests the presence of the Dzyaloshinskii-Moriya interaction in the present material system.
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Electrical manipulation of magnetization using an in-plane
charge current [1-6] has received growing attention in the
spintronics community due to its potential applications in low-
power nonvolatile memory and logic devices [7]. Spin-orbit
torques such as those induced by the Rashba effect [8] and
the spin-Hall effect (SHE) [9—14] have recently been utilized
as the dominant mechanisms responsible for current-induced
magnetization dynamics in such devices. In particular, it has
been shown that the SHE generated by a heavy metal layer
adjacent to a ferromagnetic thin film enables current-induced
magnetization reversal at low switching current densities
[1,2,4]. It can also be used to control domain wall (DW) motion
in ferromagnetic nanowires with perpendicular magnetization
[15,16], as well as to generate magnetization oscillations
[3]. For the case of magnetization switching, three-terminal
devices have been implemented, which use in-plane currents
to write information into magnetic tunnel junctions, with
tunnel magnetoresistance used for read-out [1,17]. This design
separates the low-impedance writing process and the high-
impedance sensing process [1], hence potentially offering a
better energy-performance tradeoff compared to two-terminal
magnetic tunnel junctions-based spintronic devices. For the
case of DW devices, the SHE offers a new degree of
freedom for controlling the DW motion by in-plane currents
[15], enabling simpler and more flexible device designs for
DW-based storage devices. In related experiments, it has also
been reported recently that chiral DWs can be stabilized
[16,18-20] as a result of the Dzyaloshinskii-Moriya inter-
action (DMI) [21,22] in (nonmagnetic metal)/(ferromagnetic
metal)/(oxide) stack structures, where the inversion symmetry
is absent along the growth direction. The combination of
the SHE and DMI in such systems could have significant
practical value for realizing fast DW motion in memory and
logic devices [19]. Systematic study and understanding of the
influence of the SHE on magnetization switching and chiral
DW motion in perpendicularly magnetized systems is thus
important to facilitate the potential applications of SHE-based
devices.
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In this report, SHE-induced magnetization switching dy-
namics are investigated in Ta/Co,gFegyBo(CoFeB)/TaO, tri-
layers with a perpendicular magnetic anisotropy. A rich set of
switching behaviors was observed, which can be understood
by constructing and analyzing a switching-phase diagram
and polar magneto-optical Kerr effect (MOKE) images of
the switching process. These complex switching phenomena
are explained in terms of the competition between SHE spin
torque (SHE-ST) and the externally applied magnetic field.
Furthermore, our results indicate that DWs of a particular
chirality (i.e., chiral DWs) can be stabilized in our structures,
which suggests the presence of DMI in the present system.

Material stacks consisting of Ta(5)/CosoFegoB2g (1)/TaO,
layers (thickness in nanometers) were sputter-deposited at
room temperature on a thermally oxidized Si/SiO, substrate.
The TaO, layer was formed by oxidizing a 1.5-nm Ta layer
under an O,/Ar plasma. The films were annealed at 200 °C
for 30 min to improve crystallinity and to enhance the
perpendicular magnetic anisotropy; they were subsequently
patterned into 20 um x 130 um Hall bar devices by
standard photolithography and dry-etching techniques. The
device structure and measurement configuration are shown in
Fig. 1(a), in which a dc current is applied along the x axis,
and the voltage induced by the anomalous Hall effect (AHE)
is measured along the y axis.

Figure 1(c) shows the anomalous Hall resistance (Rapg)
as a function of perpendicular magnetic field (H,), which is
measured at / = 41 mA. The square-shaped Rayg— H; loop
confirms the presence of perpendicular magnetic anisotropy.
The anomalous Hall resistance is a proxy of magnetization
in magnetic materials, which can thus be used to identify the
direction of magnetization. For example, M, > 0 (M, < 0)
results in Ragg < O (Rape > 0), respectively, in our
experiment. SHE-ST-induced magnetization switching is
also shown in Figs. 1(d) and 1(e), in which both an electric
current and an in-plane magnetic field are applied along the
x axis. In the first case, H, > 0, a positive current results
in M, > 0, while a negative current gives M, < 0. In the
second case, H, < 0, the sign of the favored magnetization is
reversed correspondingly. This behavior can be qualitatively
explained by the symmetry breaking due to the application of
an in-plane magnetic field [2,23]. With H, = 4372 Oe, the
critical switching current is Iy, = 3 mA, which is equivalent
to a current density of 2.5 x 10® A/cm?.
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FIG. 1. (Color online) (a) Top view of the device consisting of a
Ta/CoFeB/TaO, stack structure (10 um scale bar). (b) The effective
field (Hspg) acting on the magnetic moment, which is tilted away from
the z axis in the xz plane by an external magnetic field. The field is in
the xz plane, and the x and z components are also shown. Schematic
of the spin texture inside a NW is shown as well. Red, blue and
white arrows present the magnetization pointing up, pointing down,
and in the DW, respectively. Green and red arrows on the side wall
show the directions of the spin polarized electrons. (c) Dependence
of anomalous Hall resistance on the perpendicular magnetic field H,
measured at a positive current of +1 mA. (d), (e) Current-induced
switching at room temperature in the presence of a constant in-plane
magnetic field H,, with (d) H, = 372 Oe and (e) H, = —361 Oe.

The influence of SHE-ST on the magnetization is first
studied by sweeping the external magnetic field in the presence
of various constant in-plane currents. An applied magnetic
field is applied in the xz plane (I-7 = H,X + H.Z) with a very
small tilting angle away from the x axis. The polar angle 6 is
~88°, as shown in Fig. 1(b). The in-plane component of the
magnetic field (H,) tilts the magnetization slightly away from
its easy axis. The nonzero H, is applied simultaneously to
ensure the perpendicular magnetization switching. It is noted
that only H, is measured, and the H, is estimated as H,cot(6).
Figures 2(a)-2(h) show the Rapg as a function of the tilted
magnetic field for various positive and negative currents.

When I = £1 mA, switching fields are at H, ~ £1.1 kOe,
as shown in Figs. 2(a) and 2(e). When H, is positive,
M, > 0, as suggested by the negative Rapg values (the
direction of M, is determined by the sign of H,). It is noted
that no clear difference between the two Rayg-H, loops for
I =41 mAisobserved. When I > +15mA and I < —15 mA,
however, the switching fields are reduced significantly [see
Figs. 2(d) and 2(h)]. For I > 415 mA, the positive H, (i.e.,
also positive H; for 6 ~ 88°) favors M, > 0, and the negative
H, (i.e., also negative H;) yields M, < 0. By contrast, for I <
—15 mA, positive H, gives M, < 0, and the negative H, favors
M, > 0, as shown in Fig. 2(h). These results indicate that the
SHE-ST dominates the favored magnetization direction when
the applied current is large. It is interesting to note that multiple
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FIG. 2. (Color online) AnomalousHall resistance as a function
of x-component field H, at [, = 1 mA, £6 mA, %8, and +15
mA. The external magnetic is H= H.% + H,Z, at the polar angle of
6 ~ 88°. The left (right) figures show the change of hysteresis
loops when increasing current of positive (negative) values. The red
(black) curve corresponds to the magnetic field sweeping forward
(backward). A-G in (g) labels the magnetic field values, where polar
MOKE images are taken for illustrating the multiple switching due
to the competition between H, and SHE (in the z-axis direction), as
shown in Fig. 4. The red (black) labels correspond to the magnetic
field sweeping forward (backward). The competition is schematically
shown by blue (H,) and green (SHE) arrows, where the length of the
arrows represents the strength of field.

switching events occur for the intermediate currents (—8 mA <
I < —6 mA), as shown in Figs. 2(f) and 2(g). To the best of
our knowledge, this behavior has not yet been reported for
SHE-ST-induced switching. Moreover, the presence of such
multiple switching depends on the direction of the applied
current, as evident from a comparison to Figs. 2(b) and 2(c).
To understand the reason for this behavior, we construct
a switching-phase diagram in a similar fashion (described in
Ref. [2]), which is depicted in Fig. 3. This diagram contains
five different regions and was constructed based on a series
of current-induced switching experiments for magnetic fields
applied to the device at different angles 6 (88° to 91°).
The switching-phase diagram is approximately symmetric for
6 ~ 90°, a behavior that has been previously explained using
a zero-temperature macrospin model [2]. In regions I and IV,
M, < 0 is favored, while in regions II and III, M, > O is
preferred. Region V is a bistable region where both M, < 0 and
M, > 0 are allowed, depending on the history of applied fields
and currents. The phase boundaries shift to the left for 6 ~ 88°
and 6 ~ 89° and to the right for & ~ 91°. This effect is more
pronounced for higher magnetic fields and higher a value of 6.
This experimental switching-phase diagram can be used to
explain the multiple switching events observed in Fig. 2. For
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FIG. 3. (Color online) Experimentally determined switching-
phase diagram with the externally applied field H at angles of
6 ~91°,6 ~ 90° 6 ~ 89°, and 6 ~ 88°. For each value of applied
field, corresponding switching currents (/) are obtained by sweeping
current. For each value of 6, the area is divided into five regions,
represented by I-V. The magnetizations in these five regions are M,
<0, M, >0, M, >0, M, <0, and bistable (M, > 0 or M, < 0),
respectively.

example, when 6 ~ 88° and I > 0, the magnetic field sweep in
the switching-phase diagram remains in regions I, IV, and V of
the phase diagram; hence, only one switching event is observed
as the field is swept in a particular direction. When 6 ~ 88° and
I < 0, on the other hand, when the current density reaches a
threshold value (which depends on the applied filed angle), the
magnetic field sweep passes through all the regions IV, III, V, I,
and II. As a result, multiple switching events occur as the field
is swept in a particular direction, corresponding to the favored
magnetization orientations in different regions. Similarly, at
6 > 90°, the multiple switching events are observed for positive
currents only (see Supplemental Material in Ref. [24]).

The angle dependence of the switching-phase diagram
strongly suggests the important contribution from H,, which
can be analyzed by considering the effective field induced by
the SHE-ST, which acts on the magnetization vector [25] and
is given by

Hsug = —1t5EGh x (2 x ))). (0
Here, m, Z, and f are the unit vectors along the direction of
magnetization [see Fig. 1(b)], the z axis, and the current flow,

respectively. The magnitude of SHE-ST rSHE can be written

as TSHE = M0l “\here M, is the saturation magnetization
1 2le|Mtr

(which is measured to be ~700 emu/cc), fF is the thickness
of the ferromagnetic layer, e is the electron charge, & is the
reduced Planck constant, fsyg is the spin-Hall angle, and
J is the electrical current density. It is noted that Osyg has
previously been reported to be between —0.12 and —0.15
under this convention [1,16,26]. The spin-Hall angle was also
measured to be Osgg = —0.05 in our samples using a vector
measurement method [26,27].
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For the geometry of our experiments, j is aligned with
%, and 7 is tilted away from the z axis by H., as shown
in Fig. 1(b). Based on equation (1) the direction of Hsyg
in the z axis can be expressed as 7 Hie = 1 : A ‘z, which is
related to both the directions of H, and_J,. When 6 ~ 88° and
J.>0,n Hi follows the direction of Hz, which is one of the
reasons for the reduction of coercivity [see Figs. 2(a)-2(d)]
when the bias current is increased. However, when J, < O,
n 3, 1S opposite to Hz. Specifically, at large negative magnetic
fields [point A in Fig. 2(g)], P}Z determines the direction of
the magnetization, and the magnetization configuration lies
in area IV of the phase diagram in Fig. 3 (M, < 0). The
favored direction of magnetization and strength of ﬁZ(Blue
wide arrows) and SHE-ST (green wide arrows) are also
schematlcally shown in the Figs. 2(a)-2(h). As |HZ| decreases
and |HSHE| > |HZ|7L H,, the magnetization is reversed by the
current-induced HSHE, and the system thus enters into region
III from region IV (point B). Here, FISZHE represents the effective
field due to SHE-ST along the z axis, and H, is the effective
coercive field. By reducing the external field to zero and
subsequently changing its direction, the direction of Hgyy, is
reversed due to the different direction of 71. The reversed I:ISZHE
results in magnetization switching while entering region I
[point C in Fig. 2(g). When the positive magnetic field is larger
than |ﬁ§HE| + H,, another switching event occurs, and the
switching-phase diagram eventually enters region II [point D in
Fig. 2(g)], which is where the positive applied field dominates
the switching behavior. Thus, the multiple switching events
can be well explained as a result of the competition between
SHE-ST and the external magnetic field, H.

To further understand the switching mechanism and the
observed multiple switching events, we performed polar
MOKE imaging on the Hall bar by using a space-resolved
(360-nm resolution) and time-resolved (20-ms resolution)
polar MOKE microscope [28,29]. Figure 4 shows the mag-
netization configurations at different external magnetic fields
that correspond to points A—G, as labeled in Fig. 2(g). Here,
the red (blue) color represents M, > 0 (M, < 0), respectively.
The polar MOKE images shown in Fig. 4 clearly suggest
that the switching takes place through DW propagation. For
example, between points A and B, the switching is realized
by nucleating a DW of the left side of the Hall bar, which
subsequently moves from left to right. At point B, the
magnetization in the Hall bar channel is fully reserved. It is
noted that the magnetizations in the four electrodes are not yet
reversed, which can be attributed to a lower current density
(and hence a smaller amplitude of SHE-ST) compared to that
in the Hall bar channel. The switching events from B to C, D
to E, and E to F are all similar, and the SHE-ST dominates
the switching in these cases (given that |HSZHE| > |Hz|+ H,).
However, the other switching events (from point C to D and
F to G) can be attributed to field-driven switching since |Hz|
> |Héypl+ He. It is noted that the DW motion starts from the
Hall bar electrode area, in this case due to the presence of
the DW there, as shown in Fig. 4, which is different from the
current-induced switching. _

In the current-induced switching (|ﬁ§HE| > |Hz|+ H.),
the observed DW motion could have two contributions: (i)
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FIG. 4. (Color online) MOKE images at different H, points
(A—D—G), shown in Fig. 2(g) with I, = —8 mA. The red (blue)
color shows the up (down) magnetization, which is also labeled by
white marks (see Fig. 1). The white arrows in the figures indicate
the magnetization direction in the DW, which is considered to
approximately follow the direction of H,. The white ©® and ® present
the magnetization direction in the magnetic domains.

a conventional spin transfer torque (STT) due to angular
momentum transfer via current flowing through the CoFeB
layer, in which the direction of DW motion is opposite to
the current flow direction [30], and (ii) SHE-ST-induced DW
motion that is caused by currents flowing in the heavy metal
underlayer [15,16]. In our case, the observed direction of DW
motion is in the same direction as the current flow, which thus
allows us to exclude the contribution from conventional STT
in CoFeB layer, indicating a predominantly SHE-ST-induced
motion.

As the effective field on the magnetization in the Néel walls
(NWs) is out-of-plane, we can compare | HSyy| and |ﬁz| + H.
values in our devices. Here we consider the magnetization in
the NW to be approximately along the x axis, while noting that,
in principle, nonzero Rashba-like fields and the wall demag-
netization energy would tend to orient the magnetization away
from the x axis. Hence, while a quantitative analysis requires
knowledge of the detailed magnetization angle across the DW,
an approximate comparison of these fields can nonetheless be
performed. The value of | Hy; | can be calculated to be 16.7 Oe
at the current value of —8 mA, based on equation (1). As shown
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FIG. 5. (Color online) Schematic representation of the domain
wall (DW) motion induced by SHE-ST for both right- and left-handed
chiral DWs. The formula represents the effective field (Hsyg) induced
by SHE. The black arrows indicate the magnetizations in chiral DW.
The direction of magnetization in the center of DW is consistent
with the external field (H, ). The directions of Hsyg corresponding to
different DW structure and J, directions are shown by the green and
red marks. The left (right) side magnetic configuration corresponds
to right- (left-)handed chirality, where the DW moves along (against)
the current direction.

in Fig. 2(g), in the case of —8 mA current, the competition
occurs in the broad range of 84 to 1182 Oe for positive
applied magnetic fields. As the tilt angle is ~2°, |ﬁz| can
be calculated to be in the range of 2.9 to 41.5 Oe. The coercive
field H, can be approximately ignored due to thermal effects,
since there is nearly no hysteresis in the competition region.
In this case, |ﬁ§HE| and |FIZ| are thus generally comparable,
which qualitatively confirms the understanding based on the
competition of these fields, as presented above.

In addition, an important consequence of SHE-ST-induced
DW motion is that the direction of DW motion is determined
solely by the chirality of the DW [16] for a material with a
given sign of spin-Hall angle, as illustrated in Fig. 5. In the
current system, the direction of DW motion is always along
the current flow when the switching is current-induced, which
indicates that DWs of right-handed chirality are favored. In
the following, we focus on the discussion of chirality for the
cases of current-induced switching (A to B, BtoC,D to E, and
E to F). The magnetizations in the DW can be approximately
considered to follow the direction of H,, as indicated by white
arrows in Fig. 4. This is due to the fact that NWs can be
stabilized by applying a magnetic field along the wire [15],
with center magnetization vectors in the NWs pointing along
the field direction. Thus, by analyzing polar MOKE images of
the switching events, the chirality of the DWs can be inferred.

For magnetization switching from A to B in Fig. 4,
a DW is first nucleated at the left side of the Hall bar,
which subsequently moves to the right side. During the
DW motion, the magnetization in the Hall bar (from left
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to right) is thus pointing up, pointing right, and pointing
down (up-right-down), respectively. The chirality of the DW
can thus be identified [18] to be right-handed, as shown in
Fig. 5. For the switching from point B to C, a DW is also
first nucleated at the left side of the device. During the DW
motion, the magnetization in the Hall bar is pointing down,
pointing left, and pointing up (down-left-up), which also
follows a right-handed chirality, as shown in Fig. 5. The cases
of D to E and E to F switching follow similarly. Here the
magnetization directions are down-left-up and up-right-down,
respectively, again following a right-handed chirality. Hence,
only right-handed chirality was observed in our experiments
for |I:I§HE| > |ﬁzl + H.. Similar results were observed in three
other Hall bar devices in the same batch of samples measured
for verification of the results.

The observation of only one chirality in our experiments is
significant because in general, both chiralities of the NWs,
i.e., right-handed (up-right-down) and left-handed (down-
right-up), should exist and could result in the switching
between points A and B, where H, > 0. In this case,
switching via the right-handed DW configuration occurs by
the DW nucleation at the left side of the Hall bar, while
switching via the left-handed configuration could, in principle,
occur by the DW nucleation on the right side of the Hall
bar. As shown in Fig. 5, for right-handed chiral DWs, the
motion is along the current flow, while it is opposite to
the current flow for left-handed chiral DWs. Thus, both
chiral DWs would, in principle, result in the switching of
the magnetization from M, < 0 to M, > 0. However, we
only observed the right-handed chiral nucleation from MOKE
experiments.

To exclude the possible contribution from structural asym-
metry (i.e., giving rise to asymmetry of nucleation energies be-
tween the left and right sides of the sample), we also imaged the
multiple switching events for the case of +8 mA current with
6 > 90° (see Supplemental Material in Ref. [24]). In the cases
of |Hye| > |Hz|+ H., the DWs are always first nucleated at
the right side of the Hall bar and thus only the right-handed
chiral nucleation was observed, which consequently excludes
the contribution from structural asymmetries. This behavior
suggests the presence of the DMI in our system, affecting the
chirality of the DWs, as discussed below.

The DMI is believed to play a crucial role in determining
the chirality of DWs in systems that lack inversion symmetry
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[18,31-34]. The energy of DMI can be expressed as Epy =
D;; - (S; x §;), where D;; is the DMI vector [18], and S; and
S j are spin vectors located on neighboring atomic sites i and
J. The D;; vector lies in the film plane and is perpendicular
to the spin-spiral direction, i.e., perpendicular to the position
vector connecting the neighboring spins [22,31]. In a NW,
S; x 8 is nonzero, and its direction is parallel to the direction
of D;j. Thus the sign of Epy in the NW is determined
by the direction of D;; and the chirality of the NW. The
energy is lower for one chirality, while the energy is increased
by 2EpMm for the opposite chirality, resulting in one type
of chirality being energetically preferred. This is the origin
of the preferred right-handed chirality of the NWs in our
samples. It has been previously reported that NWs with
a left-handed chirality are preferred in both Pt/CoFe/MgO
and Ta/CoFe/MgO structures by S. Emori et al. [16]. How-
ever, our results show an opposite chirality in the present
Ta/CoFeB/TaO, system, which clearly requires further studies.

In summary, we have studied the SHE-induced switching of
magnetization via DW motion in Ta/CoFeB/TaO, structures
through simultaneous electrical transport and polar MOKE
imaging measurements. The presence of multiple switching
events was observed and explained as a result of the com-
petition between SHE-ST and the externally applied magnetic
field (H,). In addition, only right-handed chiral DW nucleation
is observed in the process of current-induced switching. Our
results strongly indicate the presence of a DMI effect in
our samples, which leads to a lower nucleation energy for
right-handed chiral DWs in the device.
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