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We study current-induced deterministic magnetization switching and domain-wall motion via polar Kerr
microscopy in all-amorphous W¢sHf34/Co-Fe-B (CFB)/TaO, with perpendicular magnetic anisotropy
and a large spin Hall angle. Investigations of magnetization switching as a function of the in-plane assist
field and the current-pulse width yield switching-current densities as low as 3 x 10° A/m?. We accredit
this low switching-current density to a low depinning-current density, which is obtained from measure-
ments of domain-wall displacements upon current injection. This correlation is verified by investigations
of a Ta/CFB/MgO/Ta reference sample, which shows critical-current densities that are at least one order

of magnitude larger.
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I. INTRODUCTION

Switching of ferromagnetic thin films by means of
the spin Hall effect (SHE) in heavy metal/ferromagnetic
(HM/FM) bilayers with perpendicular magnetic anisotropy
(PMA) has been studied intensively over recent years
[1-15]. In these systems, the switching-current density jgy
is typically in the order of 10'° to 10'" A/m?. Recent work
suggests that the SHE switching is limited by the depin-
ning of domain walls [16]. Therefore, a decrease of the
depinning-current density j4e, should result in a reduced
Jsw- Micromagnetic simulations [17] show that the pinning
of domain walls depends on the ratio of the domain-
wall width 7w Apw to the average grain size (L), where
the maximum pinning strength is found for 7w Apw =
(L). For sufficiently small grains ({L) < w Apw), local
variations of the anisotropy, which give rise to pinning,
are averaged out over the domain-wall width, resulting
in weak pinning. Pinning is thus minimized in single-
crystal films with (L) > w Apw or in nanocrystalline or
amorphous films with (L) < 7w Apw. This hypothesis is
supported by a report on reduced pinning in nanocrys-
talline W/Co-Fe-B (CFB)/MgO thin films, prepared via
sputter deposition at high deposition rates [18], and a
similar observation of weak pinning of skyrmions [19].
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Based on this hypothesis, in the present work we inves-
tigate the switching current densities in an all-amorphous
system and study its relation to domain-wall pinning.
For this purpose, we continue our investigations of a
W, Hf,_; 8 nm / CFB 3 nm / TaO, 2 nm system [20],
which exhibits a phase transition from a segregated phase
mixture to an amorphous alloy for x < (0.7. Due to the
accompanying jump in resistivity, the spin Hall angle
(SHA) shows a pronounced maximum of fgy; = —0.2 at
the phase transition. For the amorphous compositions,
x-ray diffraction (XRD) patterns indicate at most some
local order with a coherent scattering length of D, ~
(0.9 £0.2) nm. In this system, PMA can be obtained
by decreasing the FM-layer thickness and postannealing
the sample. First observations of domain nucleation and
expansion upon out-of-plane field application show the
formation of large domains with only a few pinning sites.
We understand this as a hint for weak pinning in the amor-
phous W-Hf, making this system interesting for investi-
gation of a correlation between the lack of crystallinity
and weak pinning. Finally, the large SHA of the amor-
phous W-Hf should allow for efficient current-induced
magnetization switching.

Here, we report on current-induced magnetization
switching experiments (CIMS) and current-induced
domain-wall motion (CIDWM) experiments, performed
on all-amorphous WgeHf34/CFB/TaO, with perpen-
dicular magnetic anisotropy and a large SHA via
polar Kerr microscopy. For comparison, we additionally
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investigate a reference system consisting of Ta/CFB/
MgO/Ta, which is known to exhibit stronger domain-
wall pinning. After preparation via sputter deposition, both
systems are electrically and magnetically characterized to
ensure comparability and patterned for the observation of
domain-wall motion and magnetization switching. In case
of the W-Hf/CFB/TaO;, the maintenance of the amorphous
phase during the sample processing is verified by compar-
ing the sheet resistance before and after postannealing. In
order to study the correlation between the switching cur-
rent density and the depinning-current density, we conduct
the same CIMS and CIMDW experiments on both sys-
tems. We obtain critical current densities that are at least
one order of magnitude lower for the W-Hf system, respec-
tively. To support our conclusion that a reduced depinning-
current density will result in a reduced switching-current
density, we evaluate the influence of Joule heating and the
energy barriers for nucleation and depinning of domains in
both systems. Additionally, we perform measurements of
the spin Hall effective fields in various configurations via
harmonic response analysis to ensure that the difference in
the critical-current densities is not a result of significantly
different spin-orbit torque (SOT) efficiencies.

II. METHODS

A. Sample preparation

The thin films are grown in UHV magnetron
(co)sputtering systems at room temperature on thermally
oxidized Si wafers and postannealed in a vacuum furnace
with a pressure lower than 5 x 10~7 mbar. W-Hf thin films
are prepared via cosputtering. The thermal stability of the
amorphous phase is verified by comparing the sheet resis-
tance, measured via a four-probe technique, before and
after annealing. A nominal tungsten content of 66% is cho-
sen for further investigations. All layers in this sample are
deposited with an Ar working pressure of 2 x 10~ mbar.
Perpendicular magnetic anisotropy (PMA) is obtained with
a thin CFB layer and by postannealing the sample at 180
°C for 20 min. The full stack is Si(001)/SiO, 50 nm /
W66Hf34 8 nm / CO40F€40B20 0.85 nm / TaOX 2.55 nm /
SiN 1.5 nm. For comparison, a reference sample consist-
ing of Si(001)/SiO, 50 nm / Ta 8 nm / CoggFeq9Bag 1.1
nm/MgO 1.8 nm/ Ta 1.5 nm is prepared. The Ar working
pressure during the sputter deposition is 1.2 x 10~ and,
for the MgO layer, 2.2 x 1072 mbar. Here, MgO allows
for PMA with a thicker CFB layer. Longitudinal and
polar magneto-optical Kerr effect (MOKE) measurements
at room temperature are performed to characterize the
magnetization of the samples. In order to ensure compa-
rability of the two systems, the anisotropy that determines
the domain-wall width is set to a similar value. There-
fore, the reference sample is postannealed for 20 min at
280 °C to match the anisotropy of the W-Hf system. Main-
tenance of the amorphous CFB during the annealing is,

again, verified by measurements of the sheet resistance.
Additionally, the crystallinity of the samples is investi-
gated via XRD with Cu K, radiation in a diffractome-
ter with Bragg-Bretano geometry. The measurements are
performed with a sample offset to attenuate substrate
peaks and clearly assign any measured peaks to the thin
films. The saturation magnetization M, is determined via
vibrating-sample magnetometry (VSM).

The samples are patterned via electron-beam lithogra-
phy and ion-beam milling into line bars and Hall bars and
Ta/Au contact pads are subsequently deposited via sputter
deposition. The line bars, with geometries of 50 x 6 pum?
and 100 x 2 um?, are used for observation of the domain
dynamics and switching upon current injection. The Hall
bars, consisting of 40 x 3 um? and 30 x 3 um? bars with
contact lines, are used to determine the SOT efficiencies &.

B. Observation of domain-wall motion and
magnetization switching

CIMS is observed with a home-built Kerr microscope
utilizing the polar MOKE [21,22], using a commercial
Carl Zeiss metallurgical microscope. While simultane-
ously applying current pulses and static in-plane magnetic
fields (Bmax = 400 mT) parallel to the line bars, the bright-
ness of the Kerr image is measured as a function of the
applied current density. From the resulting hysteresis loops
[cf. Fig. 5(a)], jsw 1s obtained as a function of the pulse
width 7 and the longitudinal field B,. The final jg, is cal-
culated as a weighted mean from at least three individual
measurements. For more detailed information about the
error analysis and statistics, see to our previous work [20].

CIDWM is observed in differential Kerr images. The
differential images are stabilized in software via frame
cropping and FFT-based image registration [23]. Noise
reduction is achieved with a convolutional neural network
(FFDNet) [24,25] running in real time on a graphics pro-
cessing unit. The domain-wall velocity vpw is obtained
from the displacement of a domain wall divided by the
number of pulses N and t as a function of the applied
current density. In multipulse experiments (N > 1), the
pulse on:off ratio is chosen small enough to ensure full
cool-down of the line between pulses.

C. Harmonic response analysis

The motion and expansion of domain walls is caused by
dampinglike (DL) and fieldlike (FL) effective fields Bpy gL,
which originate from the SHE due to an in-plane current
injection. A measure to compare these fields is the SOT
efficiency

2e MtpmBpLFL
EpLFL = Esj—OCAR' (1
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The DL and FL effective fields are obtained from harmonic
Hall voltage measurements. All measurements are con-
ducted by injecting an in-plane ac current / (¢) = I, sin(wt)
into the Hall bars and simultaneously recording the in-
phase first-harmonic and out-of-phase second-harmonic
Hall voltages using a Zurich Instruments MFLI multide-
modulator lock-in amplifier. From the resulting effective
fields and the current density amplitude j,, the presented
SOT efficiencies &pp L are determined as a weighted
mean from multiple measurements, taking into account
the aspect ratio of the Hall bars with a correction factor
car[26]. Because of the similar resistivities of all conduct-
ing layers (about 180—200 w2 cm), no correction within
a parallel resistor model has to be applied. However, we
take into account the different orientations of the magnetic
moments in both the domains and the domain walls. In the
latter case, even though the sample has PMA, the moments
lie in the film plane and the resulting effective fields are
not necessarily the same as for the out-of-plane-oriented
magnetic moments. To separate and compare the effective
fields, we conduct the measurements in two geometries of
the external magnetic field, which is applied during the
measurements.

For the determination of the effective fields with out-of-
plane geometry, representing the magnetic moments in the
domains, a measurement scheme as described by Hayashi
et al. [27] is useful. Following this scheme, the SOT fields

(bajy £ 2xbyx)

1—4x2 @

Bypy = —

are determined. The sign £ denotes the orientation of M
along +z and x = Rp/R, is the ratio of the planar and
anomalous Hall resistances, which are obtained from in-
plane field rotation and out-of-plane field sweeps, respec-
tively. by, = [(0V20/dH) / (0*V,,/0H?)] are extracted
from in-plane field sweeps longitudinal (x) and transverse
(v) to the Hall bars, where the x direction corresponds to
the DL and the y direction to the FL effective field. The
field sweeps are performed in a vector magnet consisting
of two coil pairs oriented along the x and y directions and
a maximum in-plane field of 0.3 T.

An in-plane measurement scheme identical to that used
in our previous work [20] is applied to obtain the effective
fields that cause torques in the domain walls. Here, a dual-
Halbach-cylinder array with a rotating magnetic field up to
Bexy = 1.0 T (MultiMag, Magnetic Solutions Ltd.) is used
for in-plane field rotation. The scheme is facilitated by the
weak PMA in our samples. The current-induced effective
SOT-field amplitudes Bpy and Bgr, associated with the
DL and FL SOTs, are derived from the rms value of the

second-harmonic Hall voltage:

B 1B
Vow = <— FLRpcos2(p— _-bL

R "Iy ) Lms COS @.
B 2 By 4+ 0) rms @

3)

The DL effective fields and the anomalous-Nernst con-
tribution o'l are separated by their dependence on the
external field (for a detailed discussion of the method, see
Ref. [20]). Here, ¢ is the in-plane field angle with respect
to the current direction and Bey = —Ban; + Bext 1S the effec-
tive magnetic field. We use the convention B,y > 0 for
spontaneous PMA.

I11. RESULTS AND DISCUSSION

In our previous work [20], we have reported on a large
SHE in W-Hf/CFB/TaO,/SiN films, observed as a result
of the formation of an amorphous phase for a tungsten
content below 70%. Due to the accompanying jump in
resistivity, the SHA shows a pronounced maximum of
Osy = —0.2 at the phase transition. This stoichiometry,
however, shows a decrease in resistivity upon postanneal-
ing, indicating crystallization. In order to find a thermally
stable amorphous composition with a SHA that is as large
as possible, W-Hf thin films with a nominal tungsten con-
tent of 62%—68% are prepared. Thermal stability is verified
in all samples and the measured high resistivities confirm
equivalence to our previous work. To compensate for slight
process instabilities during the deposition, a tungsten con-
tent of 66% is chosen for further investigations. Due to the
usage of TaO, instead of MgO, which is known to crystal-
lize upon annealing, we assume that we can maintain the
all-amorphous character of our sample stack throughout
the sample processing. The final film stack has an effec-
tive resistivity of p,, = 185 u2cm and a magnetization
of M; = 684 kA/m. The low magnetization indicates the
presence of a magnetic dead layer in the CFB, probably
due to oxidation during the formation of the TaO, layer.
The XRD pattern of the annealed sample stack, shown
in Fig. 1, shows no evidence for a crystal structure or an
atomic local order, indicating an all-amorphous system.
From the MOKE measurements, presented in Figs. 2(a)
and 2(b), an anisotropy field of B,,; = 123 mT and a very
low coercive field of B, ~ 80 uT are determined. The
latter allows for nucleation and expansion of domains in
the W¢Hf34/CFB/Ta0, /SiN film with low out-of-plane
field pulses, as shown in Fig. 3 for field pulses with B, =
100 uT and T = 0.1 s. The resulting domain only contains
a few macroscopically visible pinning sites, highlighted as
exemplary cases, using red arrows, in image 8 of Fig. 3.
Here, the initial magnetic orientation is pinned and causes
the riverlike structures in the radially expanding opposing
white domain. From measurements of the growth of the
domain after each field pulse, we estimate a domain-wall
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FIG. 1. The XRD pattern of the annealed WgcHfs4/

CFB/TaO, and Ta/CFB/MgO/Ta sample stacks. The Si (004)
peak is attenuated by up to 400 times with respect to the specular
geometry. The (forbidden) Si (002) peak is suppressed below the
noise level of the measurement.

velocity of vpw & 0.23 mm/s, which corresponds to the
creep regime, as is discussed further below. An analysis
with the ImageJ software plugin Delaunay Voronoi yields
a pinning-site mean distance of d = (144.5 + 68.5) um.
The Ta/CFB/MgO/Ta reference sample is postannealed
to match the anisotropy of the W¢sHf34 sample, result-
ing in By, = 120 mT and B, = 3 mT, determined from
the MOKE measurements shown in Figs. 2(c) and 2(d).
The final sample stack has an effective resistivity of p,, ~
180 2 cm and a saturation magnetization of M, = 1088
kA/m. From the XRD pattern in Fig. 1, we infer the for-
mation of B-Ta in this sample, which is in good agreement
with its large resistivity [28]. The prominent peak at 26 =
33.35°, which corresponds to the §-Ta (002), allows for
determination of a minimum length of coherent scatter-
ing D, ~ 6 nm via Scherrer’s formula. The broad shoulder
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FIG. 2. The longitudinal and polar MOKE measurements
of the final (a),(b) WgeHf34/CFB/TaO,/SiN and (c),(d)
Ta/CFB/MgO/Ta sample stacks.

FIG. 3. Differential Kerr images of an opposing domain
nucleated and expanded by out-of-plane field pulses in a
WesHf34/CFB/TaO, /SiN film with vpw =~ 0.23 mm/s. Each
image is recorded after application of a single pulse with B, =
100 4T and T = 0.1 s. The red arrows in image 8 mark exem-
plary pinning sites.

next to this peak could be caused by various other scat-
tering planes of the §-Ta, some of which are marked in
Fig. 1. In comparison to the WgsHf34 sample, here the
application of out-of-plane field pulses results in the nucle-
ation of many opposing domains with much narrower and
denser riverlike structures, as shown in Fig. 4. In the
interest of comparability, the domain growth is observed
with the same magnification and domain-wall velocity of
vpw = 0.23 mm/s, which is achieved with single pulses

FIG. 4. Differential Kerr

images
nucleated and expanded by out-of-plane field pulses in a
Ta/CFB/MgO/Ta film with vpw & 0.23 mm/s, each recorded
after application of a single pulse with B, = 2.7 mT and 7 = 0.1
s. The red-framed inset shows a domain nucleated at the marked
area with the same field-pulse parameters, observed with higher
magnification.

of opposing domains
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of B, = 2.7 mT and 7 = 0.1 s. From the Delaunay trian-
gulation, we obtain a mean distance d=(9.6+5.0) um
between the pinning sites.

In Fig. 5(a), we show hysteresis loops obtained by
observing CIMS in the 50 x 6 um? line bars with varying
in-plane longitudinal fields in the all-amorphous WesHf34-
based sample. Each data point is recorded after N = 20
pulses with a pulse width T =1 x 1073 s. Analogously,
CIMS experiments are conducted with different pulse
widths and the resulting jg is displayed in Fig. 5(b) as
a function of 7 for varying in-plane fields. We observe
a decrease of js,, for an increasing pulse width and lon-
gitudinal field, with ultralow switching-current densities
in the range of 3 x 10° < jo < 2.8 x 10'© A/m?. These
are the lowest switching-current densities reported so far
in HM/FM bilayer systems and a similarly low switching-
current density has only been found in an epitaxial system

(a) W66Hf34/CFB/TaOX/SIN
R :T T T- T T T T -3 T:
&..@ [ et 'Wg&% ,{q 7=10 s 4 N = 20
O - S -
£al Hl, "‘l \11 ]
S8 L b ] <« 10mT
@l L "y "‘M; v 15mT
1 1 1 1 1 1 1 1 20 mT
R 25 mT
(b) J (10 A/m’) —o—30mT
b) 4.0 T
= o[ WegHfs4/CFB/TaO,/SIN |

7(s)

FIG. 5. (a) Hysteresis loops recorded via Kerr microscopy,
showing the Kerr-image brightness as a function of the applied
current density for different in-plane fields B,. Each data point
is recorded after pulsing N = 20 times with a pulse width of
7 =1 x 1073 5. The switching-current density in 50 x 6 um? (b)
WesHf34/CFB/TaO, /SiN and (c) Ta/CFB/MgO/Ta line bars as a
function of the pulse width for different in-plane fields obtained
from the hysteresis loops. Data for T = 107 s are missing for
Ta, because an amplifier with impedance mismatch is used that
distorts the short pulses. The solid lines show fits of Eq. (5) to
the experimental data.

[29]. The same experiment is performed using the Ta refer-
ence sample. The resulting jgy,, presented in Fig. 5(c), again
shows a decrease with an increasing field and pulse width
and matches the results from other reports [11,16], found
for similar layer stacks. However, with 1.2 x 10'! < j, <
3.0 x 10'" A/m?, the switching-current density of the Ta
reference is up to 40 times larger than in the amorphous
WesHf34 sample.

In order to rule out excessive Joule heating as a reason
for the ultralow switching-current densities in the WgsHf34
sample, we calculate the temperature rise A7 in the line
bars. We use a two-dimensional model as derived by You
et al. [30], to obtain the maximum temperature rise at the
end of a current pulse (¢ = 7):

) 2 —
AT =c wh [arcsinh ( Msf)

TKsO aw
—0 (t — t) arcsinh <M>] N )
aw

Here, «, and u, are the heat conductivity and the thermal
diffusivity of the Si substrate and ¢ is a temperature-
scaling factor to take into account the 50-nm SiO, layer
on top of the substrate. The latter is determined from
finite-element-method (FEM) simulations to be ¢ ~ 1.45.
o = 0.5 is chosen, as proposed by You et al. As both
samples are comparable in terms of film thickness and
resistivity, we estimate A7 using A =9 nm, p = 1/0 =
180 2 cm, and w = 6 um as a function of = and j, pre-
sented in Fig. 6 on a logarithmic scale. The inset shows
AT() forj = 10" A/m? and T = 5 x 107¢ s. The black
and green markers highlight the AT in the W¢sHf34 and Ta
line bars corresponding to the switching-current densities
found for B, = 10 mT and the investigated pulse widths 7,
respectively. The dashed line is the equitemperature line
with AT =1 K as a guide to the eye. We find a maxi-
mum temperature rise of AT, &~ 50 K in the Ta line bars,
while in the WggHf34 the temperature rise does not exceed
ATwayr ~ 0.6 K. Therefore, the Joule heating is low in the
WesHf34 and can be neglected. In the Ta line bars, on the
other hand, the Joule heating is more prominent and we
rather underestimate the switching-current densities here
due to the additional thermal activation provided by the
Joule heating. Next, we estimate the energy barrier Ep
for nucleation of an opposing domain. We start from the
Néel-Arrhenius equation 7 = 7 exp (Ep/kpT) and assume
a lowered energy barrier Eg = Ejp (1 —Je/ jc,O) due to the
effective fields that result from the current pulses. This
leads to the following fit equation for the switching-current

density [31]:
kgT
Je = Jeo [1 — I (1)} )
B0 To
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FIG. 6. The calculated temperature rise AT due to Joule heat-
ing as a function of the pulse width 7 and current density j
from a two-dimensional model [Eq. (4)] [30]. The markers high-
light the AT corresponding to the switching-current densities
obtained for the W¢sHf34 and Ta sample with B, = 10 mT and
the investigated pulse widths t, respectively. The dashed line
marks AT = 1 K. The inset shows the time dependence of AT
forj = 10" A/m? and T = 5 x 107° s (white cross).

For the attempt time 79, we assume 7y = 1 ns. We obtain
the fits that are presented as dashed lines in Figs. 5(b) and
5(c). For B, = 10 mT, we find a nucleation energy bar-
rier of Epgw.ur ~ 0.65 eV for the W¢sHf34 sample and
Epo1a =~ 0.78 eV for the Ta reference. The deviation for
short pulses from Eq. (5) can be explained by slow domain-
wall propagation: while the current density is large enough
to nucleate an opposing domain, it is not large enough to
drive the domain through the line bar, such that higher cur-
rent density is needed to achieve full switching in the time
given by the current pulses.

For a better understanding of the origin of the low
switching-current density, we measure the velocity of the
domain walls vpw as a function of the driving force, which
is the applied current density in our experiment. It can be
generally divided into two regimes, the creep and the flow
regime, separated by a region in which the depinning of the
domain walls takes place [32—34]. In the flow regime, the
velocity shows a linear dependence on the driving force,
while in the creep regime, the motion of the domain walls
is thermally activated and the velocity can be described by
the creep law

Ty .o\ —1/4
vazvdepexp{— = [Qj—) —1“. ©)
ep

Here, j4, denotes the depinning-current density and
Taep/T = Edep/kpT = Agep corresponds to the thermal-
stability factor of the system [35]. For the WgsHf34 sample,
the measurements are performed in the 50 x 6 um? line
bars by applying current pulses with 7 = 5 x 1077 sand a
varying number N. CIDWM is observed for a zero-assist

(@) WesHfs/CFB/TaO, /SN
6 ) T T

| — Creep law
-9 Up-down
44 Down-up

Vpw (M/s)
Depinning

i Creep
| regime

(b) Ta/CFB/MgOITa

30T ' =5x10 s
g 20r % - 30mT
5; = 25 mT
& 10r f 20 mT
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o 4 . -10mT

0 5 10 15 20 25 30 35 40 4

j (10" Am?)

FIG. 7. The domain-wall velocity as a function of the
current density in (a) WgeHf34/CFB/TaO,/SiN and (b)
Ta/CFB/MgO/Ta for different in-plane fields. The highlighted
area marks the region of depinning.

field, indicating that the domain walls are of a partial Néel-
type due to the presence of the Dzyaloshinskii-Moriya
interaction (DMI) [36]. Without an external magnetic field,
the up-down and down-up domain walls move in the same
direction, indicating that they have the same chirality.
The motion of the up-down and down-up domain walls
is analysed separately. The resulting domain-wall veloc-
ity for a zero-assist field, presented in Fig. 7(a), shows
the expected change in slope in the gray-shaded area and,
therefore, allows for a distinction between the creep and
flow regimes. By fitting the creep law [Eq. (6)] to the
data obtained for low current densities up to the gray-
shaded area, we find a low depinning-current density of
Jaep = (3.9 £ 0.3) x 10" A/m?, marked with the dashed
black line, and a thermal-stability factor of Age, = 27 £ 4.
We define the depinning-current density as the value j at
which the creep law deviates from the measured data by
at least one standard error. Interpolating the CIMS results
in Fig. 5(b) to T = 5 x 1077 s for B, = 10 mT, we obtain
the corresponding switching-current density jg, & 2.5 X
10'© A/m?, i.e., nearly identical to the depinning-current
density for the same pulse width. We note that B, = 10
mT is approximately the threshold value for observation
of CIMS, which indicates that only for larger B, is the
homochirality of the up-down and down-up domain walls
broken. This allows us to quantify the strength of the DMI
from an individual analysis of vpw for the up-down and
down-up domain walls as a function of B, [37,38]. A min-
imum of vpw is expected for a particular B,, where the
sign of this field is opposite for the up-down and down-up
domain walls (not shown). Here, the effective longitudinal
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DMI field is exactly compensated, resulting in Bloch-type
domain walls at one side of a domain and, therefore,
vanishing Bpp. From the threshold field B, = Bpwy, the
effective DMI constant,

D = BpmiMApw, (7

can be calculated [37,38]. Here, Apw = /A4/Kes is the
domain-wall width parameter, in which 4 ~ 20 pJ/m
denotes the exchange constant [39] and Ky = BaniM;/2
is the effective uniaxial anisotropy [38]. With a thresh-
old value B, ~ 10 mT = Bpwm and Apw ~ 22 nm, a DMI
constant of D &~ 0.15 mJ/m? is obtained.

For jigep = 3.9 x 10" A/m? and 1 =5 x 1077 s, we
find a depinning energy barrier of Eqe, ~ 0.69 eV, which
is comparable to the corresponding energy barrier Epo ~
0.65 eV for nucleation of an opposing domain. This result
suggests that as soon as an opposing domain is nucleated, it
can expand almost undisturbed in the line bar at the same
current density. Observation of the CIMS process in the
WesHf34 line bars in the differential Kerr image supports
this interpretation: as can be seen in Fig. 8, we find that the
magnetization reversal happens via nucleation of a single
domain, which then quickly expands upon the application

Differential

FIG. 8. Kerr images depicting CIMS in
WeeHf34/CFB/TaO, /SiN.  Single current pulses with
j=2x10" A/m?* and 7 =1x10"* s are applied with
an in-plane field of B, = 20 mT.

of current pulses. Thus, the switching is dominated by the
motion of the domain walls rather than by the nucleation
process [40] and, therefore, just the domain-wall velocity
is the limiting factor for CIMS.

In the Ta reference sample, CIDWM is only observed
under the application of longitudinal fields, indicating
Bloch-type domain walls [36], where the magnetic
moments in the domain walls are aligned parallel to the
spin direction o of the spin current. In order for a spin
current to cause a DL field Bpy = 0 x m, the magnetic
moments have to be tilted by an external field to have
a magnetization component perpendicular to ¢. For this
experiment, thinner and longer line bars have to be used to
prevent nucleation of domain walls at the line edges due
to the Oersted field and, on the other hand, to be able to
observe the faster domain-wall propagation. The resulting
domain-wall velocity, measured in line bars with a geom-
etry of 100 x 2 um? for different longitudinal fields and
with T =5 x 1077 s, is presented in Fig. 7(b). Again, we
observe a change in slope in the gray-shaded area.

Larger in-plane assist fields force the magnetization
within the domain walls to be parallel to the applied cur-
rent, resulting in a larger Bpp, and higher DW velocities.
The depinning-current density is obtained from fitting the
creep law to the 10-mT measurement, as this field equals
the DMI effective field of the W¢sHf34 sample. We find that
Jaep = 2.9£0.3) x 10" A/m?, with a thermal-stability
factor Agep = 105 £ 7. The switching-current density for
comparable pulse parameters is obtained by extrapola-
tion of the data in Fig. 5(c). For B, = 10 mT, we obtain
Jew 2.5 x 101 A/mz, which is almost the same value as
the depinning-current density. Using Eq. (4), we calculate
the corresponding temperature rise of AT & 29 K for the
100 x 2 pm? line bar and a resulting depinning energy bar-
rier of Eqep ~ 2.9 €V, which is considerably larger than the
according nucleation barrier Ego ~ 0.78 eV. This suggests
that, in contrast to the W¢sHfs4 sample, in the Ta refer-
ence sample, the switching is dominated by the nucleation
of various domains and the pinning of the domain walls
is the limiting factor for the switching. This conclusion
is supported by observations of the nucleation process of
opposing domains in both systems (Figs. 3 and 4).

A comparison of the results for both samples also
emphasizes a direct correlation between jgp and jgy, as
both current densities are of the same order of magni-
tude. Additionally to the lower depinning- and switching-
current densities in the W¢sHf34-based sample, we observe
a significantly lower thermal-stability factor Agep, which
is in good agreement with earlier investigations of the
correlation between the thermal stability and switching-
current density in CIMS and CIDWM experiments with
submicron stripes, where pinning results from edge
effects [41].

Measurements of the DL and FL effective fields are per-
formed in both samples to ensure that the significantly
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lower switching- and depinning-current densities in
WesHf34 are not the result of a much larger SOT effi-
ciency. For the Ta reference, we find identical SOT effi-
ciencies for both in-plane and out-of-plane measurement
schemes. Furthermore, the DL and FL values are very
similar, incidentally, where the weighted mean is &pp ~
&rL & —0.056 £ 0.004. In the W¢sHf34 sample, the out-of-
plane measurement scheme yields &pp ~ —0.138 4 0.063
and & &~ —0.017 = 0.063. From the in-plane configura-
tion, we obtain &pp, &~ —0.143 + 0.015 and &, ~ 0.092 £
0.034. Again, the DL torques are very similar in both
schemes, whereas the FL efficiencies are clearly different.
The efficiency of the DL torque, which gives rise to the
current-induced motion of the domain walls, is approx-
imately 2.5 times larger in the W¢sHf34-based sample.
However, this is not sufficient to explain the factor of up
to 40 between the switching- and depinning-current densi-
ties of the two sample types. The main difference between
the samples is thus clearly the pinning strength, which is
very weak in the W¢sHf34-based sample.

IV. CONCLUSION

In summary, we investigate the current-induced mag-
netization switching in an all-amorphous W¢sHf34/CFB/
TaO, sample stack, obtaining ultralow switching-current
densities as low as 3 x 10° A/m”. In order to under-
stand the origin of this ultralow switching-current density,
we evaluate various characteristics of the sample, some
of which are summarized in Table 1. Observation of the
domain-wall motion reveals a depinning-current density
of the same order of magnitude with a ratio of jgep/jsw ~
1.6. A comparison with a Ta/CFB/MgO/Ta reference sam-
ple yields jgep/jsw &~ 1.2, emphasizing that this ratio is
universally close to unity [41]. This result indicates a
correlation between the switching- and depinning-current
densities, where the switching is limited by the propa-
gation of domain walls, rather than by their nucleation.
We support this conclusion with an evaluation of the
energy barriers for the nucleation and depinning £z, and
Eg4p and observations of the nucleation and expansion

TABLE I. A comparison of the evaluated key points of both
investigated systems: the length of coherent scattering D., the
pinning-site mean distance d, the switching- and depinning-
current densities jsw and jgep, and the thermal-stability factor
Agep. For better conciseness, the values here are an estimation

of the order of magnitude or are rounded.

W66Hf34/CFB/Tan Ta/CFB/MgO/Ta
D, ... ~ 6 nm
d ~ 145 pm ~ 10 um
Jew ~ 10° — 10" A/m? ~ 10" A/m?
Jdep ~ 10" A/m? ~ 10" A/m?
Adep ~ 27 ~ 105

of opposing domains in both systems. The latter reveals
strongly differing domain structures with a mean distance
of pinning sites d that is at least one order of magni-
tude larger in the W¢sHf34-based sample. Based on the
XRD pattern, we ascribe this reduced pinning to the lack
of a crystal structure and, in particular, to the lack of
grain boundaries and associated inhomogeneities of the
magnetic parameters. The ultralow switching-current den-
sities that we obtain for WegHf34 therefore suggest that the
all-amorphous character of the sample results in reduced
pinning. This combination of a low pinning and the poten-
tially large SHA in all-amorphous heavy metals, given by
the intrinsic spin Hall effect due to the high resistivity,
could be interesting for further investigations in the context
of magnetization switching.
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