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Scalability and wide temperature range operation of spin-orbit torque
switching devices using Co/Pt multilayer nanowires
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Spin-orbit torque (SOT) switching and retention properties in Co/Pt multilayer nanowire structures
with various widths w down to 20 nm and the temperature dependences of the performance in the
nanowire device with w=20nm are studied. Switching current I, scales down as w is reduced.
The nanowire devices show high thermal stability factor 4 > 100 for all the widths at room
temperature. In the 20-nm-wide device, while a magnetization can be switched by current from —50
to 125 °C with a marginal increase in /I, as the temperature decreases, 4 of more than 100 is kept
up to 125 °C. These results indicate that SOT-switching devices using Co/Pt multilayers are scal-
able in nanoscale dimensions and can operate over a wide range of temperatures, offering high
potential for a wide variety of applications including automobile and aerospace. Published by AIP

Publishing. https://doi.org/10.1063/1.5045814

Nonvolatile spintronics memory devices, where a direc-
tion of a magnetization is switched by spin-transfer torques
(STTs)" or spin-orbit torques (SOTs),”” have been appeal-
ing as they are capable of realizing ultralow-power and high-
performance integrated circuits. Being implemented in
leading-edge integrated circuits, spintronics memory devices
are required to be scalable in nanoscale dimensions, to oper-
ate with a small writing current, and to possess non-volatility
for a long period of time or high thermal stability. Moreover,
to use spintronics memory devices for a wide variety of
applications, in particular, applications used in harsh condi-
tions such as automobile and aerospace, they need to ensure
operation over a wide range of temperatures, e.g., from —40
to 125°C, which corresponds to the grade-1 level of the
AEC-Q100,® the automobile standard for qualification of
integrated circuits. While the devices need to be able to
switch at low temperature, they are required to have a high
enough thermal stability factor at high temperature. The ther-
mal stability factor 4 (= E/kgT, where E is an energy barrier
between two states, kg is the Boltzmann constant, and T is
the absolute temperature) needs to be more than 82 at 125°C
to achieve 20-year retention time in 1-Gbit memory with an
error rate of 10~°, corresponding to 4 > 110 at 25°C in case
that E is independent of 7. To meet these requirements in
small dimensions, material systems such as Co/(Pt or Pd)
multilayers are expected to be promising because of their
high magnetic anisotropy.”'” Such material systems, in gen-
eral, have high damping constant o,'"'? which is detrimental
for STT switching because high o causes high switching cur-
rent density. On the other hand, a theoretical study pointed
out that o has a little impact on threshold current density for
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SOT switching,'® giving an opportunity to use Co/(Pt or Pd)
multilayers. Moreover, Co/(Pt or Pd) multilayers exhibit a
high SOT-switching efficiency.'*'® We previously studied
SOT switching in pm-scale Hall-bar devices using Co/Pt
multilayers at room temperature and found that the SOT effi-
ciency, given by effective areal anisotropy energy density
divided by switching current density, increases with the
increasing number of Co/Pt stacks.'® In order for Co/Pt mul-
tilayers to be used in spintronics memory devices using SOT
switching, it is of great interest to study the device scalability
in nanoscale dimensions and the feasibility of wide tempera-
ture range operation in nanoscale devices. Here, we investi-
gate SOT switching and the thermal stability factor of Co/Pt
multilayer nanowire devices with nanoscale dimensions
down to 20 nm from —50 to 125 °C.

Stacks of Ta(3)/Pt(3)/[Co(0.4)/Pt(0.4)]4/Co(0.4)/Ta(0.2)/
(CozsFers)0.75B0.25(1)/MgO(1.2)/(CoysFes5)0.75Bo.25(0.5)/Ta(1)
are deposited on a highly resistive Si substrate by dc/rf mag-
netron sputtering [Fig. 1(a)]. The numbers in parentheses are
nominal thicknesses in nm. To aim for three-terminal mag-
netic tunnel junctions, Ta/CoFeB/MgO/CoFeB layers are
deposited on the top of Co/Pt multilayers as the CoFeB/MgO
structure can show a high tunnel magnetoresistance ratio of
more than about 100%.!""' We confirm that the CoFeB/
MgO layers do not yield a major impact on the results; the
top CoFeB(0.5) is magnetically dead, and the insertion of the
bottom CoFeB(1) gives 5% smaller switching current (see
supplementary material). The stacks are confirmed to have a
perpendicular easy axis from a vibrating sample magnetome-
ter (VSM). The stacks are patterned into nanowire devices
with a Ta/Pt channel and a pair of Hall probes using elec-
tron-beam/photo-lithography, reactive ion etching, and Ar
ion milling. Cr(5)/Au(100) electrodes are formed at the ends
of the channels and the probes. The magnetic nanowire part

Published by AIP Publishing.
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FIG. 1. (a) Film stack used in this study. (b) Schematic of a nanowire device
and its measurement setup. (c) The top-down SEM image of the nanowire
device with a 300-nm length and a 20-nm width (nominal). The numbers in
the images are measured values.
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Probe

is isolated from the electrodes to avoid any effects on a mag-
netization reversal originating from the contact between the
magnetic layers and the electrodes. The nominal length of the
magnetic nanowire structures is fixed at 300 nm, and the nom-
inal width w is varied from 400 to 20nm to examine the
device scalability. Figures 1(b) and 1(c) show the schematic
of the nanowire device along with the measurement setup and
the top-down scanning electron microscopy (SEM) image of
the device with w =20 nm, respectively. The measured width
is about 25nm for w=20nm, as shown in Fig. 1(c). It is
known that fabrication processes cause an electrically and/or
magnetically dead region in magnetic materials.>*' Such a
dead region has an impact on device performance in nanoscale
dimensions.** Based on the w dependence of a Hall resistance
difference between two states, the dead region width is deter-
mined to be about Snm in our devices (see supplementary
material). After the processes, the devices are annealed at
300 °C for an hour in vacuum.

We first show representative results of SOT-switching
and the thermal stability measurement at room temperature.
To measure SOT switching, a current pulse / with a duration
of 100-ms is applied through the channels under an external
in-plane field Hey i, collinear with the current, and then, a
Hall resistance Ry, is measured from the Hall voltage
between the probes with a dc current of 100 pA. Figure 2(a)
shows the Ry, -/ loops for the device with w =20 nm under
UoH exein = +200 and —200mT (p: the permeability in vac-
uum). The Ry, loops show clear hysteresis, and the
switching direction depends on the polarity of Hexin, indi-
cating that the magnetization switching is induced by SOT.
Similar results are obtained for all the other devices. We
determine thermal stability factor 4 and effective magnetic
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FIG. 2. (a) Ryan-/ loop under poHexin = +200 and 200 mT for the device
with w=20nm. (b) Py, as a function of H, for the device with w=20nm.
The solid line is the fitting based on the Stoner-Wohlfarth model.

anisotropy field Hx°™ based on the Stoner-Wohlfarth model*?
by measuring switching probability Pgw under a magnetic
field H, along the +z direction with various magnitudes. H,
is applied to the devices with initial magnetization pointing
to the —z direction, and the magnitude of H, is swept with a
1-s holding time, followed by the Ry, measurement to
examine whether the magnetization direction is switched.
The measurement is repeated 150 times for each H, to obtain
Pw. With the assumption that the dominant energy barrier
governing the retention property is determined by a reversal
of nuclei that follows a single-domain model, A and Hg™"
are obtained by fitting the experimental plots of Pg,-H,
curves with the attempt time of 1 ns.>* Note that this assump-
tion gives the lower bound of 4.**%* Figure 2(b) shows the
P..-H, curve for the device with w=20nm, where 4 and
Hi"™ are adopted as fitting parameters. Fitting yields A of
249 with poHx"™ of 622 mT.

We now investigate the device scalability in the Co/Pt
multilayer nanowire devices by evaluating a number of
devices with various widths at room temperature. fio|Hexqin]
= 200mT is applied during the switching measurement.
Switching currents /g, for the width w from 400 to 20 nm are
summarized in Fig. 3(a). I, scales along with w; [, reduces
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FIG. 3. (a) Iy and (b) Jy, under pio|Hexein| = 200 mT as a function of a width
w. (¢) 4 and (d) HKcrr obtained from the P,, measurement with various nano-
wire widths. Multiple devices with each width. Widths are all nominal.
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from 8.7mA for w=400nm to 1.1mA for w=20nm.
Figure 3(b) shows switching current density J,, as a function
of w, where J,, denotes the average current density flowing
in the layers from Ta(3) to CoFeB(1). While Jg,, is almost
constant for w from 400 to 100nm, J, monotonically
increases in the devices as w is reduced below 100 nm; Jg,, is
2.0 x 10"> A/m* for w=400nm and 5.0 x 10'> A/m* for
w=20nm. This result is in qualitative agreement with our
previous works on other material systems?®*’ and can be
explained by a scenario that less nucleation takes place for
smaller w, leading to higher sz-27 It is noted that I, (Jgy) 1S
expected to increase with shorter current pulse due to less
Joule heating, and there is still a need to reduce I, (J5w) by
material engineering for practical use. Next, we show the
width dependences of A4 and Hchf in Figs. 3(c) and 3(d),
respectively. All the devices with w from 400 nm down to
20nm achieve A of higher than 100. H¢" is also kept high
values (uoH, Keff = 400 mT) for all w down to 20 nm. The var-
iations of 4 and H*™ may be caused by the difference in
magnetization reversal modes among the devices. Overall,
the results shown in Fig. 3 indicate that the nanowire devices
using Co/Pt multilayers can exhibit the high enough reten-
tion property and yet can be switched by current even for the
device with w =20 nm.

Next, we focus on the device with w =20 nm, the small-
est device size in this study, and examine the temperature
dependences of switching properties together with 4. The
temperature is varied from —50 to 125°C during the mea-
surement; a wafer stage is heated up for the high temperature
measurement, and a holder mounting the device is cooled
down by a cryostat for the low temperature measurement.
Rya—! loops are measured under pigHex i, = +200 and
—200mT. I, (Jsw) at various temperatures is summarized in
Fig. 4. I, (J4w) shows a marginal increase at low tempera-
ture, indicating that the device can operate at low tempera-
ture. The temperature dependence of 4 is shown in Fig. 5(a).
Note that the device and equipment for the low temperature
measurement are not the same to the ones for the high tem-
perature measurement. The obtained A decreases gradually
with increasing temperature. Although the reason for a slight
increase in 4 from 100 to 125 °C is not clear, the values of 4
are beyond 100 over all the range of temperatures. This
result means that the device can secure long enough data
retention time up to 125°C.

We finally discuss the behavior of A. E (= A4kgT) is
given by E = MH¢"V/2 for a nucleation-mediated reversal,

2.0— —

/‘0|Hext,in| =200 mT 18 &
15} £
E P
E 10| S0000 Omevepses i |, o
E 04 <

0.5’ _2 %
3
0.0 0

5025 0 25 50 75 100125
Temperature (°C)

FIG. 4. I, as a function of temperature under po|Hexin| = 200mT for the
device with w=20nm. Error bar is given by obtaining /s, from multiple
devices. Solid and open symbols indicate the data points obtained with high
and low temperature measurement setups, respectively.
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FIG. 5. (a) 4, (b) E, and (c) H¢*™ as a function of temperature for the device
with w =20nm. Multiple devices are measured at each temperature. Solid
and open symbols indicate the data points obtained with high and low tem-
perature measurement setups, respectively. (d) M, as a function of tempera-
ture measured by the VSM using a blanket film.

where M; is the spontaneous magnetization and V is the acti-
vation volume of the ferromagnet. Thus, we here have a look
at the temperature dependence of E, H Keff, and M, separately,
where M, is measured with the VSM at various temperatures
using the blanket film of the same stack in Fig. 1(a). E, plot-
ted in Fig. 5(b), is found to become almost half by increasing
the temperature. On the other hand, H, Keff and M, plotted in
Figs. 5(c) and 5(d), respectively, are not sensitive to the tem-
perature in the studied range and cannot explain the behavior
of A or E. This implies that the activation volume in the
nanowire structure varies with temperature. Another possi-
bility is that the analysis based on the Stoner-Wohlfarth
model does not yield true values of 4 (and Hg"™). This is
possible if the single-domain picture is not applicable to the
process that poses the highest energy barrier during the mag-
netization reversal in the used nanowire devices. In this
regard, it may be needed to employ a direct way such as
retention time measurement at elevated temperature for
more reliable evaluation of 4.2 Nevertheless, because the
derived 4, which might be underestimated in the procedure
employed here, is high enough, the SOT-switching device
with the Co/Pt multilayer has the scalability at least down to
20nm in width and has the capability for wide temperature
range applications.

In conclusion, we study the scalability of the Co/Pt mul-
tilayer nanowire devices operated by SOT and the feasibility
of their wide temperature range operation. From the mea-
surement at room temperature, we find that, while /,, scales
down as w of the device is reduced, 4 of more than 100 is
obtained for all the devices with w down to 20 nm. The 20-
nm-wide device exhibits 4 of more than 100 with a marginal
change in [, over a wide range of temperatures from —50 to
125°C. Even though there is still a necessity to reduce I
(Jsw) in the Co/Pt multilayer nanowire devices by further
material engineering, these results indicate that the SOT-
switching device using Co/Pt multilayers is an attractive can-
didate for use in a wide variety of applications, in particular,
applications used in harsh conditions such as automobile and
aerospace.
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See supplementary material for the comparison of mag-
netic and switching properties of the stacks between with
and without the insertion of the bottom Ta(0.2)/CoFeB(1)
and details on the determination of a width of a dead region
in nanowire devices.
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