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We report the development of the [Pty 75Tig25/Co—Ni multilayer/Ta], superlattice with strong spin—orbit torque,
large perpendicular magnetic anisotropy, and remarkably low switching current density. We demonstrate that the effi-
ciency of the spin—orbit torque increases nearly linearly with the repetition number n, which is in excellent agreement
with the spin Hall effect of the Pty 75Tig 25 being essentially the only source of the observed spin—orbit torque. The per-
pendicular magnetic anisotropy field is also substantially enhanced by more than a factor of 2 as n increases from 1 to
6. The [Pty75Tip25/Co-Ni multilayers/Ta],, superlattice additionally exhibits deterministic, low-current-density magne-
tization switching despite the very large total layer thicknesses. The unique combination of strong spin—orbit torque,
robust perpendicular magnetic anisotropy, low-current-density switching, and excellent high thermal stability makes the
[Pty 75Tig.25/Co—Ni multilayer/Ta],, superlattice a highly compelling material candidate for ultrafast, energy-efficient, and

long-data-retention spintronic technologies.

Keywords: spin—orbit torque, perpendicular magnetic anisotropy, spin Hall effect, magnetization switching
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It has been a central topic to develop magnetic het-
erostructures that simultaneously exhibit strong perpendicular
magnetic anisotropy, spin—orbit torques (SOTs), and efficient
current-induced switching for spin-based memory, computing,
and sensor technologies.!'~'% The efficiencies of the SOTs are
directly related to the switching current and thus the overall en-
ergy efficiency of the devices in practical applications.!!-! 1121
Meanwhile, the perpendicular magnetic anisotropy (PMA)
critically determines the thermal stability and data retention of
the nanodevices fabricated from these magnetic heterostruc-
tures. Reducing the device dimensions for high-density in-
tegration typically brings a beneficial reduction of the SOT
switching current, but also a detrimental loss of thermal sta-
bility and data retention simultaneously.!?) Thus, the devel-
opment of strategies that can simultaneously enhance both the
PMA and the SOT is of great importance. Previous efforts over
the past decade have established that SOT's can be significantly
increased by moderately increasing the resistivity of a spin
Hall metal via alloying!'*~"1 or atomic insertions,?>!1 or
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#Corresponding author. E-mail: cmxiong@bnu.edu.cn
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CSTR: 32038.14.CPB.aelc26
by stacking symmetry-broken spin—orbit superlattices.?>%3]
However, there has been no previous report on spin—orbit su-
perlattices that combine a strong spin Hall alloy with strong
PMA.

In this work, we, for the first time, report the development
of [Pty 75Tig.25/Co—Ni multilayers/Ta],, superlattices with en-
hanced SOTs, robust PMA, and low-current-density switch-
ing by combining the strong spin Hall alloy of Pty 75Tig 25>*!
and the PMA Co-Ni multilayer.

selected as the ferromagnetic layer since it has been sug-
25-29]

The Co-Ni multilayer is

gested by previous experiments to have tunable PMA,!
low magnetization, small magnetic damping, 3%/ ultrafast do-

=35

main wall motion and switching dynamics,3'~3 and large

tunnel magnetoresistance.>®/

As shown in Fig. 1(a), we sputter-deposited five spin—
orbit superlattices of [Pty 75Tip.25 (2 nm)/Co—Ni multilayer/Ta
(1.5 nm)],, with different repeat numbers n of 1, 3, 4, 5, and
6 on oxidized Si substrates at room temperature. For each

repeat of the superlattice, the Co—Ni multilayer consists of

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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[Co(0.29 nm)/Ni(0.36 nm)]3 and functions as the spin current
detector, whereas Pty 75Tig 5 serves as the spin current gen-
erator, while the 1.5 nm disordered Ta grown at a low rate of
0.0092 nm/s is selected following previous in-plane magne-

51231 to break the symmetry by block-

tized superlattice studie
ing the spin current from the neighboring Pt 75Tig 5 layers
from flowing into the Co-Ni multilayer underneath the Ta
(Fig. 1(a)) but generates negligible spin current (Fig. 1(b))
likely due to its small thickness, very high resistivity,[!3-23]
and disordered structure caused by the low growth rate.37]
Note that, without the Ta symmetry-breaking layer, no SOTs
would be expected in the Co—Ni multilayers because the spin
currents from the two Pty 75Tig 25 layers below and above the
Co-Ni multilayers would fully cancel out (Fig. 1(b)). The sub-
scripts of Pty 75Tig o5 denote the volume percentages calibrated
from the deposition rates of Pt and Ti. Each superlattice is
seeded with 1 nm Ta for improved adhesion and is protected
from oxidation by a top MgO (1.6 nm)/Ta (1.5 nm) bilayer,

(b)

forming a total stack of Si/SiO,/Ta (1 nm)/superlattice/MgO
(1.6 nm)/Ta (1.5 nm). As shown in Fig. 1(c), the spin—orbit
superlattices were patterned into 5 x 60 um? Hall bars by pho-
tolithography and argon ion etching, followed by the depo-
sition of Ti (5 nm)/Pt (150 nm). All Hall bar devices were
annealed at 250 °C for 1.5 hours under zero magnetic field in
a vacuum of 1 x 10~ Torr to enhance PMA. Annealing ex-
periments reveal that the superlattice exhibits robust PMA and
square hysteresis up to 400 °C, suggesting the high thermal
stability of the [Pty 75Tig25/Co-Ni multilayer/Ta], superlat-
tice. As a representative example, Fig. 1(d) shows the first har-
monic Hall voltage hysteresis loops of [Pty 75Tig 25 (2 nm)/Co—
Ni multilayer/Ta (1.5 nm)]¢ annealed at different temperatures
for 1.5 hours. A control Co-Ni multilayer/Ta (1.5 nm) device
confirms that current flowing through the 1.5 nm Ta cannot

switch the adjacent Co—Ni multilayer due to negligible SOT
(Fig. 1(e)).
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Fig. 1. Sample characteristics. (a) Schematic illustration of the [Pty 75Tip.25/Co—Ni multilayer/Ta], superlattice. (b) Spin current configurations
in disordered Ta/Co-Ni multilayer/Ptg 75 Tig 25, Pto.75Tig.25/Co~Ni multilayer/Pty 75 Tig 25, and 3-Ta/Co-Ni multilayer/Ptg 75 Tig25. Spin currents
from the under- and over-layers of the Co—Ni multilayer cancel out in Pt( 75Tip 25/Co—Ni multilayer/Ptg 75Tig 25, whereas they add constructively
in B-Ta/Co—Ni multilayer/Ptg 75 Tig »5. In disordered Ta/Co—Ni multilayer/Ptg 75 Tig 25, the disordered Ta generates negligible spin current, leaving
the top surface of Pty 75Tig 25 as the primary source of spin current injected into the Co—Ni multilayer. (c) Optical microscope image of the Hall
bar device and the measurement configuration. (d) First harmonic Hall voltage versus perpendicular magnetic field for the [Pty 75Tig 25/Co-Ni
multilayer/Ta]g in the as-grown state and after annealing for 1.5 hours at 250 °C, 300 °C, 350 °C, 400 °C, and 500 °C, respectively. (e) Hall
resistance of the Co—Ni/Ta (1.5 nm) control device as a function of the average current density. (f) Average electrical resistivity of the Pty 75Tig 25
layers and (g) saturation magnetization (M) of the [Pty 75Tig 25/Co—Ni multilayer/Ta], superlattices with different repeat numbers n.
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As plotted in Fig. 1(f), the average resistivity of the
Pty.75Tigos layers within the [Pty7s5Tipps (2 nm)/Co—Ni
multilayer/Ta (1.5 nm)], superlattices is 91 £5 uQ-cm,
as estimated from the conductance enhancement of
the Ta (1 nm)/[Pty75Tipos (2 nm)/Co-Ni multilayer/Ta
(1.5 nm)],,/MgO (2 nm)/Ta (1.5 nm) stack relative to n times
the conductance of a control stack without a Pty 75Tig 25 layer,
i.e., Ta (1 nm)/Co—Ni multilayer/Ta (1.5 nm)/MgO (2 nm)/Ta
(1.5 nm). The saturation magnetization (M) of each Co—Ni
multilayer is 526 + 20 emu/cm® as measured by a supercon-
ducting quantum interference device (Fig. 1(g) and the sup-
plementary materials). These results suggest that the electrical
and magnetic properties of each repeat of the [Pty75Tig .25
(2 nm)/Co-Ni multilayer/Ta (1.5 nm)], superlattices with
n < 6 are essentially uniform and highly reproducible. Note
that achieving such high-quality superlattices with n much
greater than 6 remains challenging due to the gradual degra-
dation of the structural identicalness of the repeated units.

The SOTs and PMA were characterized from the har-
monic Hall voltages[14’38] under a sinusoidal electric field (E)
of 33.3 kV/m applied along the x direction (Fig. 1(c)) in
the low-field macrospin regime, explicitly taking into account
thermoelectric effects.[*) To ensure reliable macrospin be-
havior and avoid potential multidomain artifacts, the samples
were first saturated to the +M, (—M,) state by applying a suf-
ficiently large positive (negative) out-of-plane magnetic field
(H;). The in-phase first harmonic Hall voltage (Vi) and the
out-of-phase second harmonic Hall voltage (V) were sub-
sequently collected using a low-noise lock-in amplifier while
sweeping the magnetic field along different directions in the
low-field range. As representatively shown in Fig. 2(a), the su-
perlattice samples exhibit well-defined and fairly square first
harmonic Hall voltage hysteresis loops as a function of H,,
revealing the robust PMA of the superlattices. As shown in
Fig. 2(b), V1 exhibits a parabolic dependence on the in-plane
magnetic field, while V5, scales linearly with the in-plane
magnetic field.

The square V;,—H; loops, the parabolic in-plane field de-
pendence of Vi, and the linear in-plane field dependence
of V4, consistently indicate that the superlattices obey the
macrospin model in the low-field regime,!! which allows ac-
curate and reliable estimation of the SOTs from the harmonic
Hall voltage measurements. The dampinglike and fieldlike
SOT effective fields, Hpr, and Hpr, can be calculated as%1

Hpp = —2—— —2H\V, V 1

DL I, / 70, «VanEz/Vane, (1)
8VZ(;o azvlw

Hp = -2—— — H, 2

FL oH, / o2, Hoe 2

where Vayg is the anomalous Hall voltage extracted from the
Vie—H; loops, Hy is the PMA effective field estimated from
the parabolic in-plane dependence of Vi, following Viq ~

Vauge(1 —H?/ ZH%). Hoe is the transverse Oersted field 30-31]
generated in the Co—Ni multilayers by the in-plane charge cur-
rents in adjacent layers, and is calculated using the method de-
scribed in Ref. [23]. The anomalous Nernst voltage, VANE
caused by an out-of-plane thermal gradient, can be measured
directly from V,4, when the magnetization is aligned along
the x axis by applying a sufficiently large longitudinal field
(Fig. 2(c)).

As summarized in Fig. 2(d), Vang. is negative and
its magnitude increases systematically with the superlat-
tice repetition number, consistent with prior reports on
[Pt/Co/MgO],,??) [PtCu/Co/Ta],,** and [Pt/Co/W],* su-
perlattices. Microscopically, VANE ; in a magnetic layer is de-
termined by the product of the device width (fixed at 5 pm
in this work) and the average electric field generated by the
anomalous Nernst effect, EANg = SxyVTEm X M /| M|, where
Sy, VIEm, and M represent the anomalous Nernst coeffi-
cient, the out-of-plane thermal gradient, and the magnetiza-
tion vector, respectively. As illustrated schematically in the in-
set of Fig. 2(d), the out-of-plane thermal gradient arises natu-
rally due to the different thermal dissipation at the top and bot-
tom surfaces in contact with air and the substrate, respectively.
Finite-element analysis!>*! suggests that the observed increase
of Vang,; with n is primarily caused by a larger thermal gra-
dient VI}y at increased total thickness, whereas Sy, remains
essentially unchanged. Although S,, has been reported to in-
crease with interface density in some [Pt/Fe], and [Pt/Ni],
multilayers,*1#?] the [Ptg75Tig25/Co—Ni multilayer/Ta], su-
perlattices maintain identical interface density in each repeat,
and thus Sy, is expected to remain effectively constant.

The significant anomalous Nernst voltage emphasizes the
critical need to account for Vang. in harmonic Hall volt-
age analyses of SOTs in superlattices and multilayers, es-
pecially when VANEg . is comparable to or even larger than
the harmonic Hall voltage contributions of the SOTs. As
demonstrated previously,?? neglecting the strong anomalous
Nernst effect, the dominant source of the second harmonic
Hall voltage, can result in erroneously large estimates of
the dampinglike SOT efficiency in multilayers such as ef-
fectively symmetry-preserved [Pt/Co],, with negligible actual
SOTs. Experimentally, Hy is observed to increase substan-
tially with the repetition number n from 1 to 6 (Fig. 2(e)),
similar to [Pt/Co/MgO]n,m] likely due to enhanced interfacial
spin—orbit coupling that is sensitive to atomic-scale interface
details. This enhancement of Hy is highly beneficial for the
development of nanoscale memory, computing, and sensor de-
vices with improved thermal stability and long data retention
times.

The efficiencies of the dampinglike SOT (ééL) and field-
like SOT (&2 ) are estimated as'*’!

i 2e
gléL(FL) = (ﬁ) .UOMSIFMHDL(FL)pxx/E; 3)

018502-3


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1c26
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1c26

Chin. Phys. B 35, 018502 (2026)

where e is the elementary charge, £ is the reduced Planck con-
stant, o is the vacuum permeability, fpy is the total mag-
netic layer thickness (fpv = 1.957 nm), and py, is the resis-
tivity of the spin-current generator Pty 75Tig2s5 (i.e., ppiri in
Fig. 1(f)). As shown in Fig. 2(f), both ééL and éléL increase
linearly with the repetition number n, i.e., %L ~ 0.12n and
<§1{L ~2 0.0025n. This demonstrates that each repetition of the
superlattice contributes nearly identical amounts to the damp-
inglike (0.12) and fieldlike (0.0025) SOTs. Since SOT ef-
ficiencies are defined per unit current density, the linear-in-
n increase primarily arises from the increased total magnetic

thickness, with only minor variations in Hpy,, Hgr, or the spin
Hall ratios of Pty75Tig2s5 during stacking. The smaller and
opposite-sign fieldlike SOT and the linear-in-n trend confirm
that the spin Hall effect is the dominant origin of SOTs in these
symmetry-broken spin—orbit superlattices, with negligible col-
lective stacking-induced contributions. These observations
are consistent with previous results in in-plane anisotropy
[Pty.75Cug.»5/Co/Tal, and PMA [Pt/Co/W], superlattices 224!
and with the absence of SOTs in symmetry-preserved [Pt/Co],

superlattices. [??!

(a) 1 (@ Or i
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Fig. 2. Harmonic Hall voltage characterization of the [Pty 75Tig25/Co—Ni multilayer/Ta], superlattices. (a) First harmonic Hall voltage (Vi)
as a function of the perpendicular magnetic field for the superlattices with n = 1, 3, and 6, demonstrating the evolution of the hysteresis with
repetition number. (b) First (V}4) and second (V24,) harmonic Hall voltages plotted as a function of the in-plane field Hy for the superlattice with
n = 6, highlighting the distinct parabolic and linear dependencies, respectively. (c) Va4, versus Hy in the extended large field range, used for the
precise determination of the anomalous Nernst voltage (VANE ;) for the superlattice with n = 6. Variation with n of (d) anomalous Nernst voltage
(VANE ), (e) perpendicular magnetic anisotropy field (Hy), and (f) dampinglike (ééL) and fieldlike (ééL) SOT efficiencies. The inset in panel (d)
schematically illustrates the formation of the out-of-plane thermal gradient due to the distinct thermal dissipation rates at the top and bottom
interfaces in contact with air and the substrate, respectively. The solid lines in panel (f) represent linear fits to the experimental data, emphasizing

the systematic linear-in-n increase of the SOT efficiencies.

The spin Hall spin current responsible for the linear-
in-n SOTs in [Pty 75Tig.25/Co—Ni multilayer/Ta], superlattice
should be primarily attributed to the SHE of the Pty 75Tig 25,
since experiments conducted by our group and other research
groups!!'3-231 have consistently indicated negligible SOTs in
Ta (1.5 nm)/FM bilayers. This negligible SOT is likely as-
sociated with the highly disordered structure of Ta result-
ing from the low sputter-deposition rate.*’! Notably, even -
phased Ta with a substantial thickness of 5 nm has been re-
ported to generate a very small SOT efficiency of —0.01 in

(44,45

some Ta/NigiFej9 heterostructures, I et alone the highly

disordered Ta with much smaller thickness and significantly

weaker spin Hall effect. We also note that any nonzero spin
current generated from the 1.5-nm Ta would contribute addi-
tively rather than subtractively to the spin current generated
from the bottom Pt 75Tig 5 within the same superlattice re-
peat (Fig. 1(b)), because of the opposite signs of the spin Hall
conductivities for Tal?! and Pty 75Tig »s5,!>*! ultimately leading
to further enhancement of the SOTs. We do not expect any ad-
ditional torque contribution from the orbital Hall effect of Ta,
as recent experiments have verified the absence of non-local
orbital current torque in magnetic heterostructures containing
both heavy metals*~8] and light metals.[*’->!] The linear-in-

n scaling of ééL also suggests that each 1.5 nm Ta symmetry-
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breaking layer plays an ideal role in decoupling the spin cur-
rents of different superlattice repeats by effectively blocking
the detrimental flow of spin current from the Pt 75Ti 25 over-
layer within the neighboring repeat towards the Co-Ni multi-
layer within the same repeat of the Ta.

The ééL /n value of 0.12 for the [Pty75Tip25/Co—
Ni multilayer/Ta],, superlattice is smaller than that of the
Pty.75Tig.25 (5.6 nm)/Fe (6 nm) bilayer reported in our pre-
vious work, which can be attributed to the relatively small
thickness of the Pty 75Tig 25 layer in the superlattice and to the
enhanced spin memory loss occurring at the Pty 75Tig 25/Co—
Ni and Co/Ni interfaces. As discussed previously,>! post-
annealing can enhance the interfacial PMA as well as spin-
memory loss via increased interfacial spin—orbit scattering
of spins into the atomic lattice. However, we do not at-
tribute the relatively low SOTs to any low-temperature thermal
annealing-induced atomic intermixing, because atomic inter-
mixing at the interfaces has been shown to reduce interfacial
spin—orbit coupling and thus potentially enhance the SOTs by
increasing the spin transparency of the HM/FM interfaces.>?!

The enhancement rate of the dampinglike SOT for
the [Pty 75Tig 25/Co—Ni multilayer/Ta],, superlattice (%L /n=
0.12) is comparable to that of the in-plane anisotropy
[Pt.75Cug.»5/Co/Tal, superlattices (0.13),1?*! but smaller than
that of the PMA [Pt/Co/W], superlattices (0.173).140] This
difference can be attributed to the variations in spin Hall ra-
tios, the thicknesses of the spin-current generators, and the in-
terfacial spin memory loss.>!l The enhancement rate of the
fieldlike torque (égL/n) is —0.025 for the [Pty75Tig.25/Co—
Ni multilayer/Ta],, which is distinct from those of the
[Ptg75Cug25/Co/Tal, superlattices (—0.0177)!23] and the
[Pt/Co/W], superlattices (—0.027).140! Different superlattice
designs also exhibit different upper limits for the repeat num-
ber n (> 16 for [Pty 75Cug5/Co/Ta],, 12 for [Pt/Co/W],, 6
for the [Ptg 75Tig.»5/Co—-Ni/Ta],) due to variations in strain re-
laxation and accumulation across different material combina-
tions. Considering the differences in ééL /n, éF’L /n, and n,
the highest achieved SOT efficiencies of the [Pty 75Tig 25/Co—
Ni/Ta],, superlattice (ééL =0.72, <§I£L = —0.15) are smaller
than those of the [Pty 75Cug25/Co/Tal, (JjéL = 2.1, élﬁL =
—0.27) and [PYCO/W1, (&) = 2.2, &l = —0.32). Neverthe-
less, the linear-in-n enhancement of the SOT efficiencies is
expected to persist for the [Pty 75Tig.25/Co—Ni multilayer/Ta],
superlattice with n > 6, provided that the degradation of PMA
and repeat uniformity can be mitigated through further opti-
mization of the growth protocols.

Finally, we demonstrate that the [Pty 75Tig5/Co—Ni
multilayer/Ta], superlattices, despite their large magnetic
layer thickness of up to 11.7 nm, can be efficiently switched
by current-induced SOTSs under an in-plane assisting magnetic
field (H,). As schematically illustrated in Fig. 3(a), during the
current switching measurement, short square current pulses of

67 us duration (jpuse1) Were applied to the superlattice Hall-
bar devices as the write current using a Keithley 6221 source.
To read the Hall resistance of the device after each write pulse,
a long, low-magnitude read current pulse (juise2) of 1 s dura-
tion and 0.1 mA amplitude was applied to the Hall-bar de-
vice with a 3-second delay relative to the write pulse, using
another Keithley 6221 as the read excitation. The separation
of write and read currents minimizes the influence of Joule
heating on the measured Hall voltage and resistance. The cur-
rent switching hysteresis loops of the superlattices with dif-
ferent n (H, = 100 Oe) are shown in Fig. 3(b). As summa-
rized in Fig. 3(c), the switching current averaged from the
upward and downward transitions (jc + — jc,|)/2 remains ap-
proximately constant for the superlattices with different re-
peat numbers n, reflecting the high uniformity of the super-
lattice repeats despite the increase in magnetic layer thick-
ness. The switching current density of the [Pty 75Tig25/Co—Ni
multilayer/Ta],, superlattices exhibits no simple scaling with
Hy (Fig. 2(e)), consistent with the well-established observa-
tion that the switching of PMA devices is predominantly gov-
erned by anti-domain nucleation rather than macrospin coher-
ent rotation.5*34! As reported recently in Refs. [53,54], the
current density required for anti-domain nucleation is collec-
tively influenced by a variety of factors, including the SOT ef-
ficiencies, the Dzyaloshinskii—-Moriya interaction (DMI), the
in-plane magnetic field, the magnetic anisotropy, the pinning
field, and others. The switching current is positively corre-
lated with Hy but negatively with the DMI. Since the increase
of Hy likely indicates an enhancement of interfacial SOC and

55.56] the overall effects of enhanced

consequently the DMI,!
PMA and DMI may effectively cancel each other in terms of
their influence on the current density. As shown in Fig. 3(d),
the critical current densities for the upward (jc +) and down-
ward (jc ) switching exhibit only a weak dependence on the
in-plane magnetic field, in agreement with previous reports on
Co-based PMA systems (see Fig. S1 in Ref. [12] for Pt-X/Co
bilayer data and Ref. [40] for [Pt/Co/W], superlattices).
While the switching current density of 1.5 x 107 A/m?
falls within the range typically observed for switching only
1 nm thick three dimensional (3D) ferromagnetic layers in

conventional heavy metal/ferromagnet bilayers, 14191

we em-
phasize that current-driven switching of such thick mag-
netic layers is highly unexpected in the conventional bilayer
scheme. In these systems, a 3D magnetic layer of several
nanometers, or even as thick as 11.7 nm, is generally unlikely
to be switchable by interfacial SOT before device failure oc-
curs. The demonstrated ability of the superlattice to effectively
switch a large-volume magnetic layer is particularly promising
for spintronic applications in which the magnetic layer must be
sufficiently thick to maintain robust PMA and/or thermal sta-
bility when the lateral dimensions are scaled down to tens of

nanometers.
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Fig. 3. Current switching of the [Pt 75Tig25 (2 nm)/Co—Ni multilayer/Ta (1.5 nm)],, superlattices. (a) Schematic of the measurement configura-
tion for current switching (see the main text for detailed discussion). (b) Hall resistance vs the average current density (jpulse) for the superlattice
devices with different n under a longitudinal magnetic field of H, = 100 Oe, with the black and red arrows indicating the upward and downward
switching. (c) Dependence on n of the average switching current density, (jc1 — jc,;)/2, for the superlattice devices under in-plane magnetic
field of H, = 4100 Oe and H, = +500 Oe. (d) Dependence on H, of the upward and downward switching current densities (j.+ and j. ) for

the superlattice device with n = 6.

Since the power consumption scales with (1/&7 )2, such
superlattices should exhibit approximately n> times lower
power consumption to generate a given spin torque compared
to a conventional magnetic bilayer of equivalent total magnetic
thickness. These superlattices can therefore be employed to
develop self-torqued magnetic tunnel junctions and superlat-
tice racetracks for memory, computing, and microwave emit-
ter applications that require low power, long operational en-
durance, low impedance, and large magnetic volume for en-
hanced thermal stability or improved signal output. It is note-
worthy that the switching current density is not symmetric
for upward and downward switching in the n = 1 sample
(Fig. 3(d)), which, as discussed in detail in Refs. [56,57], can
likely be attributed to antisymmetric anti-domain nucleation
or a chiral perpendicular magnetic field arising from the DMI
and magnetic non-uniformity.

We also note that the current switching results in Fig. 3(b)
indicate Hall resistance variations corresponding to 100%,
78%, 18%, 74%, and 50% of the H,-driven switching for
the superlattices with n = 1,3,4,5, and 6, respectively. The
reduced switching ratio in the thick, large-n superlattice de-
vices is likely due to partial switching. Similar partial current-
induced switching under in-plane magnetic fields has been
widely observed in various ferromagnetic and ferrimagnetic
PMA systems.8-6*1 While the exact mechanism of partial
switching remains not fully understood, we anticipate that the
switching will become increasingly complete as the device di-

mensions are reduced toward the practical scale of a few tens
of nanometers, resulting in more uniform devices. We also
emphasize that the switching current density associated with
partial switching in the [Pt 75 Tig 25/Co—Ni multilayer/Ta],, su-
perlattices remains an important parameter for potential ap-
plications, as such switching is highly repeatable and de-
terministic. Partial switching can thus also be technologi-
cally useful. Notably, even the switching of small skyrmions
within an unswitched magnetic host has been shown to be
electrically detectable via magnetic tunnel junction resistance
measurements. [0

In summary, we have developed the [Pty 75Tig.5/Co—
Ni multilayer/Ta], superlattice with strong spin—orbit torque,
robust perpendicular magnetic anisotropy, efficient current-
induced switching, and high thermal stability. We demonstrate
that the efficiency of the spin—orbit torque increases linearly
with the repetition number n, which is in excellent agreement
with the spin Hall effect being the dominant source of the
torque. Meanwhile, the perpendicular magnetic anisotropy
field is also enhanced by more than a factor of 2 as n in-
creases from 1 to 6. The large-thickness [Pty 75Tig25/Co—Ni
multilayer/Ta], superlattice can also be patterned into very
thin nanopillars following the method of Watanabe et al., 0]
achieving strong perpendicular shape magnetic anisotropy
and thereby considerably enhanced thermal stability and data
retention. Furthermore, the superlattice exhibits determin-

istic magnetization switching despite the very large layer
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thicknesses at relatively low current densities.

The com-

bination of strong spin—orbit torque, robust perpendicular
magnetic anisotropy, low impedance, low-current switching,
and high thermal stability renders the [Ptg75Tip25/Co—Ni
multilayer/Ta], superlattice a highly promising candidate for
ultrafast, energy-efficient, and long-data-retention spintronic

memory and logic technologies.
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