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1. Magnetic configuration of the Co dots

Representative magnetization curves of a 500 nm device are shown in Fig. S1. The
hysteresis curves show that the AlO,/Co/Pt samples present strong perpendicular
anisotropy, with out-of-plane easy axis (0 = 0°), as expected from previous work'™. Field-
driven magnetization reversal in dots as large as 200-500 nm likely occurs following
sudden domain nucleation and propagation, as shown by the abrupt change of sign of M. in
Fig. Sla and b. Minor loop measurements, reported in Fig. S2a for a different sample, show
that, in the absence of steps, the AHE signal is always reversible, with a remanent Ry,
equal to that measured for a uniform perpendicular monodomain state. This indicates that
applied fields having a nonzero vertical component (typically corresponding to 6 < 89° and
6 > 91° with + 1° accuracy) uniformly tilt the magnetization along the in-plane direction.
On the other hand, for very well-aligned in-plane fields (6 = 90°) we observe that the AHE
signal varies in steps, indicating that M. breaks into multiple domains. Minor field loops
beyond such steps show hysteretic behavior (Fig. S2b).

By measuring switching curves for different field angles 6 we can assess the
influence of magnetic domains on the current-induced reversal mechanism. The
measurements reported in Fig. 1 and 2 of the main text are performed for a uniformly tilted

magnetization state. The tilt angles can be estimated from the decrease of the AHE signal
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Figure S1. Hysteresis curves of a 500 nm Co dot. a, M. measured as a function of
magnetic field (B) applied perpendicular to the sample surface (6 = 0°. b,
Measurements taken close to the hard plane direction (0 = 91°) show the expected
increase in coercivity. ¢, When B is aligned to the hard plane (6 = 90°) M. breaks into
domains, as shown by the discrete jumps of the anomalous Hall resistance. All
measurements were performed at room temperature using a dc current of 110 pA.
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Figure S2. a, Hysteresis cycle with magnetic field aligned slightly off-plane (6 = 84°).
Minor field loops (blue symbols) show reversible magnetization behavior. b, Hysteresis
cycle with magnetic field aligned close to in-plane (0 = 89°) and hysteretic minor loop.

for increasing applied field (see, e.g., Fig. S2a), and are typically comprised between 3° and
15° for By ranging from 0.05 and 0.3 T. Figure S3 shows a switching curve obtained at 6 =
90° in the presence of magnetic domains. Switching occurs between the equilibrium multi-
domain states stabilized by the planar field (cfr. Fig. S1c and S3). However, the symmetry
and force of the switching effect remain unchanged, independently of the presence of
magnetic domains and domain walls. Further proof that this phenomenon is robust with
respect to changes of the magnetic configuration is its reproducibility from sample to
sample. Whereas we expect differences in the nucleation fields and propagation velocity of
domains, known to be dominated by material in-homogeneities or sample shape, we
measure reproducible switching from sample to sample and even in samples of different

size and shape. These observations reinforce the analogy between the effect that we report
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Figure S3. Current-induced switching with magnetic field aligned in-plane (6 = 90°, ¢ =
0°) of the sample measured in Fig. S1. M. is measured by AHE after injection of positive
(black squares) and negative (red circles) current pulses of amplitude 7, = 2.58 mA.
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here and an effective perpendicular magnetic field: similar to an external field, the
perpendicular component of the effective spin-orbit field is able to reverse the

magnetization independently from the magnetic configuration of the sample.

2. Switching dependence on the current pulse length

The relationship between switching current amplitude and pulse length ( z,) provides
clues about the role played by thermal fluctuations in the magnetization reversal process.
As seen in Fig. 2, the critical current for switching devices of 500 nm lateral size is around
1.9 mA for 15 ns long pulses. This value, assuming a 3.6 nm thick lateral interface (Pt+Co),
corresponds to a current density of about 10° A/cm?. In order to measure the dependence of
driving current on 7,, however, we define a higher current threshold (Z.), for which 100%
switching probability is obtained all the way up to B = B.. Figure S4a shows /. measured as
a function of 7, in the 10 to 100 ns range. The same data are plotted as a function of inverse
pulse length in Fig. S4b. We observe that /. decreases linearly with z;;l up to pulse lengths
of the order of 30 ns. For longer pulses, this linearity disappears and the decrease of /. with
z;{l becomes more significant. It is interesting to remark that a similar behavior was
observed in the context of spin transfer torque™®. In trilayer spin valve structures, the linear

dependence of current amplitude on switching speed is typical of a supercritical region
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Figure S4. Dependence of the critical switching current on a, current pulse length and
b, inverse pulse length. The red line is a linear fit to the data for 7,< 30 ns. /. is defined
as the current threshold for which complete switching is observed for one pulse within
the entire bistability range of the Co dot.
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where the temperature (including current-induced heat) induces random deviations of the
magnetization from its equilibrium direction, thus favoring the action of a spin torque. In
the subcritical region, a finite temperature directly favors the switching process as the
probability for thermally activated magnetization reversal increases. Since this behavior
follows from quite general assumptions based on the conservation of angular momentum
and the action of random thermal perturbations’, we believe that the data of Fig. S4 can be

explained using a similar model, even though the spin torque origin is different.

3. Switching dependence on the lateral size of the Co dot

In order to prove that the absolute critical current necessary to induce controlled
magnetization reversal scales with the lateral sample size, we have fabricated a 200 nm
square Co dot device and carried out switching measurements as a function of current. The
results, shown in Fig. S5, are similar to those reported for the larger devices, but the critical
current has now decreased by almost a factor 2, proportionally to the decrease of the lateral
dot surface at constant current density. We note that, due to the strong magnetic anisotropy
of Al/Co/Pt layers'™, further size reduction of the device is possible without compromising

the thermal stability of the magnetization at room temperature.

0.4+ NTW. 1 —o— 1
02} 2
g =
< 00F 1 e
< =
0.2t Wﬂ‘t s
0.4 11

-0.6 —0.4 —0.2 0.0 0.2 0.4 0.6
B (T)
Figure S5. Current-induced switching of a 200 nm Co dot. M, is measured by the

anomalous Hall resistance after injection of positive (black squares) and negative (red
circles) current pulses of amplitude /, = 1.38 mA. The data are reported as a function of

a nearly in-plane magnetic field B (0 = 92°) aligned to the current direction (¢ = 0°).
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4. Estimation of the effective switching field

To estimate the magnitude of the effective perpendicular switching field induced by
the current, we have measured the probability of switching as a function of current in the
presence of an applied field with constant in-plane component (B, = 100 mT) and variable
perpendicular component (B, = -7 - 7 mT). Depending on the current polarity, B. either
favours or opposes the reversal of M..To perform this measurement, we alternate current
pulses of opposite polarity: the amplitude of the first pulse is fixed at a value that ensures
successful switching while the second one is gradually increased. This sequence is repeated
twenty times for each value of the applied field and pulse amplitude. The average of M.
following the second pulse is plotted in Fig. S6 as a function of field and current. This
method reveals the gradual onset of switching as a function of current density for different
perpendicular magnetic fields. The red area designates successful switching, while blue
represents failed switching. Using such data one can estimate the approximate intensity of
the effective field from the slope of the critical current vs. B,. This estimate yields a value

of approximately 70-90 mT per 10* A/cm? of applied current.
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Figure S6. a, Average of M, for a 500 nm Co dot after the injection of twenty positive
current pulses as a function of pulse amplitude and perpendicular field component. b,
Same as a for negative current pulses. Red (blue) indicates that 100% (0%) of the
magnetization has switched.
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5. Effect of top layer oxidation: magnetic stability vs. switching current
The magnetocrystalline anisotropy of AlO,/Co/Pt systems is known to depend

critically on the degree of oxidation at the Co-Al interface'?, whereas the Rashba splitting
at the surface of ferromagnetic metals has been shown to vary strongly with oxidation’. The

correlation between magnetocrystalline anisotropy, oxidation, and Rashba interaction can

be used to shed light on the origin of the switching effect.
To this end, we have fabricated AlO,/Co/Pt dots with different degrees of Al

oxidation. In order to minimize differences due to the quality of the substrate, Pt layer, and
Co/Pt interface, we have grown a flat Co(0.6 nm)/Pt(3 nm) layer on a single wafer, covered
it with an Al wedge (1.6 — 2.1 nm), and oxidized it for 30s. Samples patterned on regions
with larger (smaller) Al thickness were thus less (more) oxidized. Representative
magnetization curves of this series of dots are reported in Fig. S7, where labels S1-7, S1-8,
S1-10 indicate samples with increasing oxidation of the top layer with nominal Al thickness
between 1.70 and 1.75 nm. As expected, the easy axis coercivity (Fig. S7a) and the in-plane
magnetic field required to tilt the magnetization away from the easy axis (Fig. S7b) are
larger in the more oxidized dots.
The switching curves for samples 1-10, 1-8, and 1-7 are reported in Fig. S8 for 6 =
90° and Fig. S9 for 6 = 88°. We observe that, even though the samples with a higher degree
of oxidation have a stronger anisotropy, their magnetization switches at lower current. For

example, full switching in the entire field range spanned by the coercivity of each dot is
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Figure S7. a, M, measured as a function of magnetic field applied parallel to the easy
axis (0 = 0°) and b, close to the hard plane direction (6 = 88°) for samples 1-7, 1-8, 1-10.
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Figure S8. a, Current-induced switching of samples 1-7, 1-8, 1-10 measured by the
anomalous Hall resistance after injection of positive (black squares) and negative (red
circles) current pulses of variable amplitude. The magnetic field is in-plane (6 = 90°, ¢ =

0°).
achieved at 2.5 mA in sample 1-10 and 3.2 mA in sample 1-7 when the field is perfectly
planar (Fig. S8, 6 = 90°). These values increase slightly when the field is tilted off-plane
(Fig. S9, 6 = 88°), as expected due to the presence of a finite B.. We note that the
differences of the threshold currents required for switching from one sample to another are
too large to be attributed to differences of the Al thickness. Therefore, we conclude that
oxidation of the top layer enhances the value of the effective switching field.

Besides its fundamental implications, this result has important consequences for
applications. One of the main problems to reduce the bit size of magnetic memories is
represented by the need to use high anisotropy materials to overcome the
superparamagnetic limit, which makes it increasingly hard to write such bits. Our data

show that the hardest magnetic dots, those with larger magnetic anisotropy, switch more
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Figure S9. a, Current-induced switching of samples 1-7, 1-8, 1-10 measured by the
anomalous Hall resistance after injection of positive (black squares) and negative (red
circles) current pulses of variable amplitude. The magnetic field is tilted 2° off-plane
(6=288°% ¢=0°).

easily than the soft ones, providing a solution to the long-standing antagonism between

magnetic stability and writability.

6. Discussion of spin-orbit torques

We provide here a comparative discussion of the possible contributions to the spin-
orbit torque that gives rise to the switching field described in the manuscript.
Experimentally, we measure an effect that has the symmetry of the cross product B, xB.
However, the external field in a ferromagnet has negligible influence on the spin
polarization of the conduction electrons compared to the internal exchange field due to the

local magnetization. Thus the intrinsic symmetry of the switching field must be B, xM,
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where the direction of M is determined by the external field B. Within this hypothesis, the
switching field is equivalent to a torque pointing along Bg. When the magnetization is at
remanence (pointing either up or down) the direction of the effective switching field is in-
plane, either parallel or antiparallel to the current. In the absence of an applied field, the
current will destabilize both the up and down directions of M. On the other hand, when a
field is applied parallel to the current, the effective switching field either adds or subtracts
to the external field, thereby destabilizing one direction and stabilizing the other. We
discuss below different spin-orbit torque terms that may induce an effective field having

this symmetry.

6.1 Spin Hall Effect

The spin Hall effect (SHE) induced by current injection in the thin Pt layer
underneath the Co dot generates a vertical spin current that can be absorbed by the Co
layer. The absorption of this spin current is equivalent to a change of angular momentum,
which creates a torque along the y direction that has the same symmetry as the effect
reported here.

The ratio between the vertical spin current and the horizontal charge current is given
by the value of the spin Hall angle asy. Besides this parameter, the amplitude of the vertical
spin current is also conditioned by the thickness of the nonmagnetic layer: in order to reach
maximum amplitude at the top and bottom interfaces, the thickness must be greater than the
spin diffusion length Asr. The SHE has been intensively investigated in Pt in recent years.
Values reported for the spin Hall angles in Pt range between agy = 0.004 and 0.076 (Refs.
8-11). Reports on the spin diffusion length yield Asr = 3 - 14 nm (Refs. 8-12).

Using these values we can estimate the maximum torque exerted on the Co
magnetization by the absorption of the spin current induced by the SHE in the Pt layer.
Supposing that all the spin current is injected and absorbed in the Co layer, the

corresponding change of magnetization is given by dﬂ:lam jﬁ, where ¢ is the
t e

t
thickness of the magnetic layer, pug= 9.27 x 10%* J/T, and e = 1.6 10"’ C. Using
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ddﬂz—yMBSH, where y = 1.76 10" s T, we estimate an equivalent magnetic field
t
= % Taking oy = 0.076, M = 8.7 10° A/m, and ¢ = 0.6 nm, we obtain B = 47
. ]/ . . e
mT for j = 10° A/em®. This value must be multiplied by a factor

Js(tp)/ jg(0) =1—sech(z,, / A,), which takes into account the fact that, owing to the finite

spin diffusion length of Pt, the spin current from the top Pt interface is partially
compensated by a spin current of opposite sign from the bottom interface''. The minimum

correction is obtained for Asg = 3 nm, which gives j (¢,,)/ j;(o0) =0.35. The maximum

contribution of the SHE, assuming 100% transparency of the Pt/Co interface, thus
corresponds to Bgy = 16 mT for j = 10® A/em?, which is approximately 5 times smaller
compared to the effective switching field estimated in Sect. 4.

The measurements reported in Sect. 5 for samples with different degrees of Al
oxidation further support the hypothesis that the mechanism responsible for switching is
different from the SHE described above. Samples 1-7 to 1-10 were grown on the same
wafer and have therefore identical Pt and Co thickness, structure, and Pt/Co interface
properties. Thus, the torque produced by the SHE is expected to be the same across this
series of samples. If the torque produced by the SHE would be the main cause of switching,
we would expect the softer samples to switch well before the harder ones, contrary to our
observations. We cannot exclude, however, that a more complex form of SHE than reported

thus far is at work in our case, possibly enhanced by the Rashba field at the Co interface.

6.2. Out-of-plane spin polarization: Analogy with spin accumulation observed in
nonmagnetic semiconductors

Besides the possibility of inducing a torque via the spin current originating from the
Pt underlayer discussed in the previous paragraph, theoretical models of the Rashba effect
in nonmagnetic semiconductors suggest an alternative explanation for the switching field.

We provide here a qualitative explanation of the origin of perpendicular spin
polarization arising from parallel in-plane current and magnetic field in a nonmagnetic two-

dimensional electron gas (2DEG), according to the work of Engel, Rashba, and Halperin'.

WWW.NATURE.COM/NATURE | 11
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Finally, we discuss the analogy with phenomena taking place in a ferromagnetic metal layer
and highlight the need of a quantitative dynamic theory to describe the switching of a
perpendicularly magnetized thin film by an in-plane current.

According to the Rashba model of a 2DEG with structure inversion asymmetry

along z'*, an electric current in the x direction induces homogenous spin polarization of the

charge carriers parallel to y, equivalently to an effective spin-orbit field B, = o, (zx j),

where og is the Rashba constant and j the current density vector. This is the origin of the
effective transverse magnetic field, parallel to y, predicted”’ and observed previously in
FM*'®. In addition to spin accumulation parallel to y, Faraday measurements of
nonmagnetic InGaAs heterostructures revealed that a magnetic field B applied in-plane
collinear to the current induces a perpendicular spin polarization component s, Engel,
Rashba, and Halperin provided a theoretical model for this effect in a 2DEG, showing that
s, arises from the combination of Br with anisotropic spin-dependent conductivity induced
by impurity scattering or/and nonparabolic electron band dispersionB. Schematically, this
effect may be understood as follows: if only the Rashba interaction is considered,
nonequilibrium spin accumulation s is created in the direction of Bg, transverse to the
current (Fig. S10a). A magnetic field B // j, also induces spin accumulation sg,
independently from Bgr and parallel to j (Fig. S10b). The spins oriented along Br now
precess around B and vice versa. If the external and Rashba fields can be treated on equal
footings, since s and sg are respectively proportional to B and Bg, the two precessional
torques By xs, and Bxs, are equal and opposite in sign, cancelling each other, as shown
by the green dashed arrows in Fig. S10b. In such a case the resultant spin accumulation can
only lie in-plane along the average field B+ B,. Yet this is a too simple picture, as By is
not a true magnetic field but rather an effective field proportional to the electron mobility.

Consider the nonzero spin polarization induced by B along x as being the sum of a

“majority” and “minority” component: S =S +8;. If s; and s, electrons scatter at
unequal rates, their mobility differs. The Rashba fields By, and By experienced by s; and

sz are not equal and the two spin populations rotate around y with different speed, no
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longer compensating the perpendicular torque arising from the Bxs, term (Fig. S10c).

Taking into account spin relaxation, it can be shown that this gives rise to a stationary

perpendicular spin accumulation component s, ~ B, x B (Ref. 13).
In a ferromagnet, the term B, xB 1is replaced by B, xM since the role of the

external field in inducing spin accumulation parallel to j is played by the Co magnetization
(M) through the s-d exchange interaction. This term has the symmetry required to model
the current-induced effective field responsible for the switching of AlO,/Co/Pt films.
Moreover, the switching efficiency increases with current amplitude and external field, in
agreement with the above model. The analogy between our observations and the theory of
Ref. 13 can be carried further by noting that strong Rashba fields can be induced in this

4,16
1"

materia and that the mobility of the conduction electrons in Co is strongly spin-

dependent'®. Because of the filled character of the majority band in Co, the mobility of s

spins is now much larger compared to s;. AsBy xs; > By xs;, the conduction electrons
accumulate a steady state spin polarization parallel to B, xM . An in-plane external field is

required to tilt the magnetization and produce a finite in-plane component My // B, j, which
results in out-of-plane spin accumulation finally exerting a downward or upward effective
field on M depending on the sign of current and applied field.

We remark that the dynamics of the switching process is not included in such a
schematic model, in particular effects due to the simultaneous presence of Rashba and

perpendicular effective field, Gilbert damping, as well as Joule heating by the current

Figure S10. a, Rashba effective magnetic field Br, and induced transverse spin
polarization sg. b, Spin polarization sg induced by a magnetic field collinear to the
current. Green dashed arrows indicate torques acting on sg and sg. ¢, Different torques
act on the majority (sg') and minority (sg’) components of sg, producing a net
uncompensated perpendicular torque.

WWW.NATURE.COM/NATURE | 13



AT\ E N SUPPLEMENTARY INFORMATION

pulses. Nonetheless, all the key aspects of our measurements are reproduced. A quantitative
theory of this effect in ferromagnetic metals must necessarily take into account the
enhanced Rashba interaction as well as the strong s-d exchange coupling compared to
Zeeman field splitting in semiconductors. These factors, together with significantly smaller
spin relaxation times, are expected to induce orders of magnitude larger spin accumulation
in ferromagnets.

Finally, the theory of Engel, Rashba and Halperin predicts that crossed B and Bgr
fields induce an oscillating perpendicular spin polarization component in addition to the
stationary one. Both static and dynamic components have been observed by Faraday
rotation measurements in InGaAs'’. The dynamic component has been shown to oscillate
with a period of a few ns, although its amplitude relative to the steady state spin
polarization has not been quantified. We note that, regardless on the relative intensity of
these two components, a dynamic component of the effective perpendicular field would not
be observed in our experiment due to the very different energy scales involved with respect
to semiconductors. While the Rashba interaction is about two orders of magnitude larger
than in semiconductors, the role of the external field is now played by the effective s-d
exchange field, also orders of magnitude larger compared to the applied field in the
semiconductor experiment. Since the timescale of any physical process is dictated by the
magnitude of the corresponding energy, the oscillations observed in semiconductors are
expected to be much faster in metals. In our samples these oscillations should occur with a
period of the order of 10 ps. Because the pulses that we use in our experiments are much
longer (15 ns) than the oscillation period, only the quasi-static component of the out-of-
plane effective field can have measurable effects.

To summarize, the symmetry of the switching effect reported here is in agreement
with spin-orbit torques created either by a vertical spin current or by the combination of
Rashba effect and spin dependent mobility. The fact that the SHE in the Pt underlayer is too
weak to account for the efficiency of the switching field and that magnetically harder
samples (with higher degree of top layer oxidation) switch at lower current compared to

softer ones, suggest that a complex mechanism is at work where the Rashba effect plays a
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role, either by significantly enhancing the SHE or by inducing steady-state perpendicular

spin accumulation in a system with strong spin-dependent conductivity.
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