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Current-driven spin torque induced by the Rashba
effect in a ferromagnetic metal layer

loan Mihai Miron'*, Gilles Gaudin?, Stéphane Auffret?, Bernard Rodmacqg?, Alain Schuhl?,
Stefania Pizzini®, Jan Vogel® and Pietro Gambardella™*

Methods to manipulate the magnetization of ferromagnets
by means of local electric fields' or current-induced spin
transfer torque*® allow the design of integrated spintronic
devices with reduced dimensions and energy consumption
compared with conventional magnetic field actuation’®. An
alternative way to induce a spin torque using an electric current
has been proposed based on intrinsic spin-orbit magnetic
fields®'™© and recently realized in a strained low-temperature
ferromagnetic semiconductor’. Here we demonstrate that
strong magnetic fields can be induced in ferromagnetic
metal films lacking structure inversion symmetry through the
Rashba effect. Owing to the combination of spin-orbit and
exchange interactions, we show that an electric current flowing
in the plane of a Co layer with asymmetric Pt and AIO,
interfaces produces an effective transverse magnetic field of
1T per 102 A cm~2. Besides its fundamental significance, the
high efficiency of this process makes it a realistic candidate for
room-temperature spintronic applications.

Controlling the magnetization of nanodevices using local electric
currents instead of externally applied magnetic fields opens a wide
spectrum of opportunities to integrate magnetic functionalities
into electronic circuits. In general, current-induced magnetization
reversal requires the generation of a conduction electron spin
density non-collinear with the local magnetic moments of a
ferromagnet. This is achieved in multilayer structures such as spin
valves and tunnel junctions by injecting spin-polarized electrons
from a pinned ferromagnet into a ‘free’ ferromagnetic layer
through a non-magnetic spacer, inducing the so-called spin-
transfer-torque (STT) effect®!>13,

An alternative way to produce non-equilibrium polarization
of the conduction electron spins is based on spin—orbit coupling
in structures lacking inversion symmetry. Electrons moving in an
asymmetric crystal-field potential experience a net electric field
(E), which, by transforming into a magnetic field in the electron’s
rest frame, effectively couples the spin to the electron’s orbital
motion'*!®. This effect is well known for semiconductors, where
the occurrence of net spin polarization has been predicted'®!”
and observed in electric currents flowing through non-magnetic
quantum wells'® as well as strained bulk compounds®®.

Recent theoretical work suggests that current-induced spin—
orbit effects detected in non-magnetic semiconductors® could be
used in combination with?' or be intrinsic to ferromagnets®'®?,
providing a radically new mechanism for the manipulation of the
magnetization in ferromagnetic systems. Of interest here is the
effective magnetic field produced by the spin—orbit interaction on
the conduction electrons of a two-dimensional system characterized

by structural inversion asymmetry (SIA). This field, named after
Rashba'®, is given by Hr = ag(Z x (k)), where Z is a unit vector
parallel to E, (k) is the average electron wavevector and oy is a
material parameter that depends on the strength of the spin—orbit
coupling. For zero current, Hy cancels out as k and —k states
are equally populated and (k) = 0. In the presence of a charge
current, however, the electron distribution in k-space becomes
asymmetric, producing a net effective field and inducing a non-
equilibrium spin density perpendicular to the current direction.
In a ferromagnet, the action of Hy combines with the s—d
exchange interaction that couples the conduction electron spin
to the local magnetization (M). As a result of this interaction a
current passing through a uniformly magnetized ferromagnet layer
has been predicted to exert an exchange-mediated effective field
Hy,; on M (Fig. la), thereby producing a torque and eventually
provoking the reversal of M (refs 9, 10). A similar mechanism,
albeit based on strain-induced Dresselhaus spin—orbit coupling!***
rather than the Rashba effect, has very recently been demonstrated
in a p-type ferromagnetic semiconductor, GaggsMngsAs, where
the injection of 10° Acm™? produced an effective field of about
0.5mT at T =40K (ref. 11). It should be noticed that a spin—orbit-
induced torque is fundamentally different from STT, although its
ultimate effects might be similar. Contrary to STT, there is no
transfer of spin angular momentum from one ferromagnetic layer
to another. Rather, orbital angular momentum is transferred to
the electron spins through the spin—orbit interaction intrinsic to
the band structure of the ferromagnet. Thus, the application of
a spin torque does not rely on two non-collinear, independently
controlled ferromagnet electrodes and can be realized in a single
uniformly magnetized ferromagnetic layer. Moreover, the direction
of the spin—orbit torque may be changed by reversing the current,
thereby enabling reversible control of the magnetization.

Although studies of the Rashba effect have traditionally focused
on semiconducting materials, several groups have now reported
evidence of Rashba-induced splitting of the surface states of
both non-magnetic***> and magnetic metals*® using angle-resolved
photoemission. All of the elements required by theory”'® have
therefore been separately observed, but spin-torque effects in
metallic ferromagnetic systems have not yet been realized. Here, we
report on the observation of a current-induced spin—orbit torque in
a uniformly magnetized ferromagnetic metal layer with enhanced
SIA. We demonstrate that this process arises from the Rashba
effect at the interface of the ferromagnetic layer and determine the
magnitude of the effective field H; as a function of current density.

Experiments were carried out on a 0.6-nm-thick Co layer
sandwiched between 3nm Pt and 1.6nm Al films deposited on
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Figure 1| Microscopic origin of the s-d-mediated Rashba field and experimental geometry. a, Conduction electrons moving perpendicular to E have their
spin (s) tilted by the Rashba magnetic field (Hg), exerting a torque on the localized moments (S) through the exchange coupling (Js¢) and s-d-mediated
Rashba field (Hsq). b, Similarly to an external magnetic field, this interaction reduces the energy barrier for magnetization reversal in the direction
perpendicular to the current flow. The three-dimensional energy landscape in the presence (absence) of current is shown in red (grey) in the inset. The plot
shows the magnetization energy as a function of polar angle 6 calculated for a magnetic layer with the uniaxial anisotropy easy axis parallel to Z and
current flow along X. Both the equilibrium magnetization direction and barrier height depend on the ratio between the effective anisotropy field (Hk) and
Hsg- €, Scanning electron micrograph detail of the patterned Pt/Co/AlO, wire array and schematic vertical cross-section of the layer. Arrows indicates the
direction of the current (1), interfacial electric field (E || 2) and Hg. The sign of E is determined from the measured orientation of | and Hsy assuming positive
polarization of the conduction electrons near the Fermi level. d, Perpendicular magnetization of Pt/Co/AlOy (red diamonds) and Pt/Co/Pt (black squares)

measured at room temperature.

a thermally oxidized Si wafer. The top Al layer was further
exposed to an oxygen radiofrequency plasma resulting in a fully
oxidized Co/AlO, interface, as described in ref. 27. SIA results
from the presence of AlO, and Pt on either side of the Co layer.
Photoemission and magnetic dichroism studies have shown that
spin—orbit effects at metal surfaces increase with the presence
of heavy atoms®®* and surface oxidation’*. Here, both were
used to create a strong out-of-plane electron potential gradient
in Pt/Co/AlO;, as also suggested by the enhanced non-adiabatic
spin-torque component found in domain wall constrictions®
The Co magnetization has a saturation value close to the bulk,
M=1,090kA m™', and is very stable after oxidation. Extraordinary
Hall effect measurements evidence strong perpendicular anisotropy
and show that Pt/Co/AlO, exhibits a uniform monodomain state
at remanence (Fig. 1d). The out-of-plane uniaxial anisotropy field
is woHg = 0.92'T, determined as described in the Supplementary
Information (Supplementary Fig. S1). All measurements were
carried out in ambient conditions. To observe the effects of
an electric current on M, the Pt/Co/AlO, film was patterned
into an array of 19 wires, each 0.5um wide and 5um long, and
contacted by two current pads (Fig. 1c). In this geometry, the
application of a current is expected to produce an in-plane field Hy,
perpendicular to the wires, analogous to an external field applied
along y. Depending on the H,;/Hx ratio, the energy barrier for
magnetization reversal will thus change from the initial symmetric
shape typical of uniaxial anisotropy to a strongly asymmetric
profile, lowering the barrier in one direction and raising it in the
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opposite one as the equilibrium magnetization direction gradually
shifts from perpendicular to in-plane (Fig. 1b).

The magnetization of the wires was monitored using wide-field
polar Kerr microscopy. Starting from a fully saturated out-of-plane
M, single current pulses of increasing amplitude and constant
100 ns duration were injected into the wires until the nucleation
of reversed domains was observed (Supplementary Fig. S2). This
occurred as the wires evolved from the metastable monodomain
state towards the macroscopically demagnetized ground state
constituted by an equal mixture of up and down domains. To
evidence the presence of Hy, we introduced an external in-plane
field Hey acting as a bias parallel or antiparallel to y. Figure 2
shows a series of differential Kerr images recorded after injecting
a positive current pulse of 7.8 x 10”7 Acm™ in a Pt/Co/AlO, wire
array initially saturated along —Z. At poHe = 0, local changes
of Kerr contrast indicate that reverse domain nucleation has
occurred in about half of the wires. Surprisingly, all wires have
nucleated domains for puoH.; = +47.5mT but no evidence of
magnetization reversal was observed when poH., = —47.5mT.
This asymmetry cannot be reconciled either with the action of the
Oersted field, which is parallel to —y and smaller than 1 mT, or
with simple thermal activation owing to Joule heating. To prove
whether the observed behaviour is associated with the direction
of electron motion, the same measurements were repeated for
negative currents. The comparison of Fig.2a and b shows that,
when (1oHe = 0, positive and negative current directions yield a
similar amount of nucleation events. However, for a fixed Hy, the
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Figure 2 | Differential Kerr microscopy images recorded after current pulse injection. a,b, Positive (a) and negative (b) current values with external field

oHext =0, £47.5mT applied parallel to y. The pulse amplitude is set to 7.8
varies depending on the drift between pre-pulse and post-pulse images.
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Figure 3 | Percentage of wires that present reversed magnetic domains after the injection of a current pulse as a function of current density and

external field. a,b, Pt/Co/AlO, wire array for Heyt || ¥ (@) and Heyt || —Y (b). €

Aje proportional to Heyt, as indicated by red and blue arrows, reflecting the di

+47.5mT (blue dots), 95 mT (red triangles).

effect of the current sign becomes obvious leading to either strong
amplification or suppression of domain nucleation depending
on the orientation of the current density vector j.. Experiments
repeated with M initially saturated along Z showed that this
behaviour is independent of M being up or down (Supplementary
Fig. §3). These measurements, carried out at constant current
density, exclude thermal effects as the origin of the observed
domain nucleation rate asymmetry. Furthermore, artefacts owing
to a small unintentional misalignment of H., outside the xy
plane may also be ruled out, as these would be independent of
the sign of j..

These results qualitatively prove the presence of a current-
induced torque acting on M with the symmetry properties
predicted by theory”!°. To quantitatively determine the dependence
of Hy; on j, we make systematic use of Hy as a known reference
field, plotting in Fig. 3 the percentage of wires for which at least one
nucleation event is observed for a given combination of (Hey,je)-
In agreement with the above behaviour, we find that the nucleation
rate obtained in the absence of external field is symmetric with
respect to j., whereas for Hy 7 0 curves corresponding to opposite
current polarity shift proportionally to Hy. The sign of the shift
depends on the orientation of H,,, as more or less current is required
to attain a given nucleation rate when H.,y, opposes or favours Hy.
Note that other criteria for quantifying the nucleation of reversed
domains have been tested, such as the total area of reversed Kerr
contrast, and yield equivalent results to Fig. 3.

Figure 4 shows that the magnitude of the current shift is a linear
function of Hey. As Hy acts analogously to an external field, the
inverse slope of the linear fit in Fig. 4 provides a direct estimate of
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, Pt/Co/Pt wire array, Hext || —Y. The nucleation rate curves shift by an amount
rection and magnitude of Hsy. Values of poHext are O mT (black squares),

the Hy/j. ratio, yielding (1.040.1) x 1078 T cm? A~'. This value
can be compared to the magnitude of the field predicted in ref. 9,

R
Hn Hs %7P(ix.e) (1)
o usM )

where pp is the Bohr magneton and P is a parameter that
depends on the s—d coupling strength, which can be approximated
by the degree of polarization of the conduction electrons. After
substituting P ~ 0.5 and M = 1.09 x 10°Am™" for the Co
layer in Pt/Co/AlO,, our data agree with equation (1) provided
that we assume ar = 1071°eV m, which is a realistic estimate
considering that a ranges from 4 x 107! to 3 x 107°eV m at
the interface of heavy-metal systems*>* and that oxidation further
enhances oy (ref. 26).

To further check whether the observed current—field relationship
is associated with the SIA of the layer structure, as expected for
the Rashba effect, we have carried out a control experiment on
a symmetric Pt/Co/Pt structure, replacing AlO, by a 3-nm-thick
Pt film. Similarly to Pt/Co/AlO,, Pt/Co/Pt presents strong out-
of-plane anisotropy and uniaxial anisotropy field uoHx = 0.57 T,
as reported in Fig. 1d and Supplementary Fig. S1. In Pt/Co/Pt,
however, we detected no significant shift of the nucleation rate
depending on the sign of j. (Fig. 3c) or initial saturation direction
(Fig. 4). We thus prove that SIA is required to produce an in-plane
effective field and confirm the Rashba field scenario.

The action of Hy; enters into the dynamic equation of motion
of the magnetization on equal footing with an external field and
is independent of the magnetic configuration of the layer. Thus,
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Figure 4 | Current density to magnetic field relationship. The red
diamonds correspond to Pt/Co/AlO, and the black squares to Pt/Co/Pt.
The filled and open symbols refer to samples initially magnetized up (||2)
and down (|| —2), respectively. The lines are linear fits to the data.

as discussed in the Supplementary Information, Hy; produces
a torque that is qualitatively different from other known types
of current-induced torque, including the enhanced form of the
non-adiabatic spin torque attributed to SIA in Pt/Co/AlO, domain
wall constrictions®, and provides new and flexible means to control
the magnetic behaviour of metal systems.

Although the origin of the spin—orbit-induced magnetic fields
is different, the comparison of Pt/Co/AlO, and GaggsMngosAs
reveals that spin manipulation through intrinsic relativistic effects
is possible in metals and semiconductors alike. Remarkably, for the
same current density, Hy is a factor of 20 larger in Pt/Co/AlO,
relative to GagoysMnggsAs, which we attribute to the disparity of
Rashba and linear Dresselhaus coefficients'"?, as well as differ-
ences in the charge carrier density, s—d exchange and saturation
magnetization of the two materials®'®. Moreover, the k depen-
dence of the Rashba and Dresselhaus terms is such that Hy is
always orthogonal to j. in our case, whereas both transverse and
longitudinal components are present in Gagg4Mng ¢sAs depending
on the angle of j, relative to the crystallographic axes''. It shall
be noticed that dilute magnetic semiconductors still face severe
limitations for practical uses owing to their low Curie temperature,
metastable crystal structure and high production costs. Ferromag-
netic metals, on the other hand, offer reliable room-temperature
operation, cheap fabrication and may be readily integrated in
existing technological platforms.

For current densities j, ~ 103 Acm™ comparable to those
required by STT device operation*®®, our results show that
extraordinarily high effective fields of the order of 1T can be
attained. If Hy; is set orthogonal to M by sending a current
perpendicular to the easy magnetization axis, as in our case, the
energy barrier separating the two stable states is reduced. On
the other hand, if Hx and H,, are engineered to be collinear, a
favourable situation for achieving deterministic switching may be
realized''. A major advantage of the Rashba torque mechanisms is
that the thermal stability of the magnetization, determined by Hg,
and spin-torque efficiency, determined by oy, scale together as both
depend on the strength of the spin—orbit interaction. Equation (1)
shows that, by fabricating alloys with increased ay (ref. 29) and
careful balancing of magnetocrystalline and shape anisotropy, the
critical current density required to induce magnetization reversal
may be decreased to well below 107 A cm™2.

We reported the experimental observation of spin—orbit torque
induced by an electric current flowing through a uniformly
magnetized ferromagnetic metal layer owing to the Rashba effect.
This process originates from SIA and is mediated by the spin—orbit
interaction in combination with s—d exchange, allowing for the
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transfer of orbital angular momentum from the crystal lattice to
the local spin magnetization. The measured value of the effective
Rashba field acting on M is very large, making for one of the
most efficient spin-torque effects evidenced so far. As this is a
current-driven mechanism and the layer structure is very similar
to the lower electrode of a magnetic tunnel junction, devices
combining Rashba and STT effects can also be designed. The
simple layer structure, robust ferromagnetic properties of metal
films and the possibility of modulating the Rashba field by an
external gate voltage® open a promising new avenue to manipulate
the magnetization of spintronic devices by means of electric signals.

Methods

Pt(3nm)/Co(0.6 nm)/Al(1.6 nm) and Pt(3 nm)/Co(0.6 nm)/Pt(3 nm) layers were
deposited on a thermally oxidized silicon wafer by conventional d.c. magnetron
sputtering with a base pressure of 10~® mbar. Subsequently the Pt/Co/Al samples
were oxidized for 35 s using an oxygen radiofrequency plasma with partial oxygen
pressure of 3 x 107> mbar and 10 W radiofrequency power. The relatively thick Al
layer ensures the chemical stability of the layers and preserves constant magnetic
properties over time, so that no further capping is required to protect the samples.
The films so obtained were patterned into an array of wires using electron-beam
lithography and Ar ion etching. The width of the wires was fixed at 500 nm to
allow them to be easily imaged using magneto-optical techniques. The length of
the wires was chosen to be 5 um so that the device resistance (~100 §2) facilitates
the injection of current pulses of sufficient intensity. For the same purpose,
low-resistance contact pads were fabricated in a second optical lithography step
followed by the deposition of a Au layer and lift-off. Magnetic images were obtained
using a wide-field magneto-optical Kerr microscope. The external magnetic field
was applied using an electromagnet included in the set-up with the field value
controlled by a bipolar power supply. The maximum applied field value was
+95 mT corresponding to the voltage range limit of the power supply. The current
pulses were generated by a 100 V/2 A pulse generator. The rise and fall times of
the pulses were approximately 6 ns as measured by an oscilloscope connected in
series with the sample. The length of the current pulses was chosen to be 100 ns,
almost ten times longer compared with the cumulated rise and fall times, but still
short enough to prevent sample damage by overheating or electro-migration. This
pulse length is much longer than the characteristic timescale for magnetization
dynamics and therefore its action is, from this point of view, similar to that of

a continuous current.
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SUPPLEMENTARY INFORMATION

Current-Driven Spin Torque Induced by the Rashba Effect
in a Ferromagnetic Metal Layer

Toan Mihai Miron', Gilles Gaudin®, Stéphane Auffret’, Bernard Rodmacq?,
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* Institucié Catalana de Recerca i Estudis Avancats (ICREA), E-08100 Barcelona, Spain.

Magnetization of Pt/Co/AlOy and Pt/Co/Pt

The absolute magnetization of Pt(3 nm)/Co(0.6 nm)/AlOx (1.6 nm), hereafter
indicated as Pt/Co/AlOy, and Pt(3 nm)/Co(0.6 nm)/Pt(3 nm), Pt/Co/Pt, was measured at room
temperature by vibrating sample magnetometry, yielding saturation values of M = 1090 and
1110 kA/m for Pt/Co/AlO4 and Pt/Co/Pt, respectively, close to bulk Co. M. hysteresis loops
were probed by the extraordinary Hall effect (EHE), as shown in Fig. 1d, applying an external
magnetic field perpendicular to the sample plane. The loops are squared, indicating 100 %
out-of-plane remanence. The anisotropy field poHg, defined as the field required to achieve

90% magnetic polarization along the hard axis, represents a direct measurement of the

Figure S1: a, EHE measurements of
M. as a function of in-plane external
field. The EHE values have been
normalized to 1 at remanence. b, In-

M; (arb. units)

plane | M, | component calculated

b
from a. The dashed lines indicate the
z anisotropy ~ field  values  for
8 Pt/Co/AlOx (red) and Pt/Co/Pt
s ! (black), as defined in the text.
02l PtCalPt | poHi
’ rffl’ﬂ 1 PUCOIAIO,
0 Y ;

0 02 04 06 08 1.0 1.2
B,H (T)
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perpendicular magnetic anisotropy in our system. Following Ref. 1, Hk is obtained by EHE,

measuring the decrease of M. due to an in-plane external field (Fig. Sl1a) and calculating the
in-plane magnetization as |Mx| =,/1-M? (Fig. S1b). We find that poHx = 0.92 T in

Pt/Co/AlOy and 0.57 T in Pt/Co/Pt, reflecting the strong magnetocrystalline anisotropy in both

layers as well as differences due to the dissimilar AlOy and Pt interfaces.

Kerr microscopy measurements

To evidence the effects of the Rashba effective field on the magnetic state of the wires
the following measurement scheme was devised. An out-of-plane magnetic field was applied
prior to each current pulse to saturate the magnetization either upwards or downwards. Due to
the high perpendicular anisotropy of both Pt/Co/AlO4 and Pt/Co/Pt, the wires magnetization
remains fully saturated after removal of the out-of-plane field. The pulse amplitude was first
gradually increased to find the domain nucleation threshold at zero field (Fig. S2) by
recording Kerr images before and after each pulse. Subsequently, a Kerr reference image was
taken and a constant in-plane magnetic field Hex applied for 10 seconds. A single 100 ns
current pulse was triggered 5 s after Hex was set. During this period, the magnetic state of the
wires was continuously monitored with the Kerr microscope. After removal of Hey a second
Kerr image was recorded and the differential image obtained as the difference between the
second and first image. Note that, because the application of external magnetic fields induces

drift of the sample holder and creates disturbing topological contrast in the differential image,

jo (Aom2)

734 %107

7.55 x 107

7.76 x 107
) 7.97x107

8.18 x 107

Figure S2: Differential Kerr microscopy images illustrating the gradual onset of domain
nucleation in Pt/Co/AlOx wires induced by current pulses of increasing amplitude at zero
field.
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only zero field images were recorded. To ensure that magnetization changes were produced
only due to current injection, Hex Was also applied without triggering the current pulse. The
fact that no changes appeared in the magnetization, evidences the essential role played by the
current. This is in very good agreement with the high efficiency of the measured Rashba-
induced field. For the range of applied currents and magnetic fields used in this experiment,
the effective field Hyq is up to 8 times larger than Hey. Therefore the energy barrier for domain
nucleation is much lower when Hyq is present rather than when only Hey is applied.

Measurements of the domain nucleation rate carried out on both Pt/Co/AlO and

Pt/Co/Pt showed reproducible results on different samples.
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Figure S3: Differential Kerr microscopy images recorded for a, positive and b, negative
current pulses in an external field poHex = 0, £ 47.5 mT applied parallel to y for
Pt/Co/AlOy initially magnetized along the positive z direction. The pulse amplitude
corresponds to 7.8 10’ A/cm? as in Fig. 1. ¢, d, Nucleation rate for Hex // y (¢) and Hexe // -
y (d).
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Spin-orbit and spin transfer torques

It is of interest to analyze the distinctive features of the Rashba torque and effective
field Hsq with respect to other known types of current-induced torques in magnetic materials.
The general form of the modified Landau-Lifshitz-Gilbert equation that takes into account

this interaction in a single magnetic layer with structure inversion asymmetry (SIA) reads

M _ y N VIVc\ 0 I S B mxl(u. ,
> =7, [(Hy +H,,) M]+MS(M azj (1+ﬂ2)MS( V)M+(1+ﬂ2)MSZM [(wv)m], (1)

where M is the local magnetization, y, the gyromagnetic ratio, Hes the magnetic field

including contributions from the external, anisotropic, and magnetostatic fields, « the Gilbert

damping paramater, and S =z, /7, the ratio of the nonadiabatic to adiabatic spin torque,

equal to the ratio of the exchange interaction and spin-flip relaxation times™. Using the same
parameter definitions as in the main text, one has

uzwje and Hvd=2aRm
2eM ' heM ¢

s

P(zxj,).

From Eq. (1) it follows that the action of Hyq is analogous to that of an externally applied
field, the sign of which depends on the current direction but is independent on the local
magnetization orientation.

As it is known from domain wall measurements®, the injection of a current into
a textured magnetic film produces two additional torque components, called the adiabatic and
nonadiabatic spin torques™, corresponding, respectively, to the third and fourth terms in Eq.
(1). Although these two torques exist independently of SIA, recent experiments revealed an
enhancement of the nonadiabatic spin torque component in Pt/Co/AlO, domain walls’, which
was attributed to the presence of SIA and related increase of the conduction electron spin-flip
rate.

There are important differences between the Rashba field Hyq and the nonadiabatic
spin torque enhancement due to SIA. In a single-electron picture, the effect of the Rashba
Hamiltonian is to induce the rotation of the spin around an axis perpendicular to the electric
field and the electron wavevector. In a many-electron picture, however, the rotation of the
spins will have a collective component, equivalent to the Rashba effective field, as well as a
dispersive component, owing to the distribution of electron wavevectors on the Fermi sphere.
This second component leads to spin decoherence, i.e., a decrease of the spin relaxation time

7y Equation (1) shows that the non-adiabatic spin-torque term may be enhanced by the latter
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Figure S4: Cross-sectional schematic representation of the different types of effective
magnetic fields generated by a, Rashba torque, b, adiabatic and nonadiabatic spin torque,
and ¢, spin transfer torque. The bottom panels show the field/torque directions (red) under
reversal of the magnetization (blue).

effect, conditional to the presence of a magnetization gradient. Thus, despite their common
origin, these two mechanisms are qualitatively and quantitatively different, producing distinct
effects on the local magnetization.

As shown in Fig. S4, Hyq is orthogonal to both current and interface normal, i.e., is a
hard axis field parallel toy. Hsq changes sign by reversing the current, is independent of the
local magnetization direction (blue arrows), and is homogeneously distributed inside a
magnetic film. The field-equivalent of the nonadiabatic spin torque (Hna), on the other hand,
acts as an easy axis field directed perpendicular to the layer. Unlike the Rashba field, Hna
changes sign when the magnetic configuration is reversed and exists only inside a domain
wall, vanishing in the case of uniform magnetization. It may be noted as well that the two
fields and corresponding torques have opposite time reversal symmetries, with Hgq (I'sa) being
odd (even) and Hna (I'na) being even (odd) under reversal of both current and magnetization.
The difference between these two types of torques reflects also on their magnitude and
therefore on their efficacy: for the same current, Hqq is more then ten times greater compared
to the field equivalent of the nonadiabatic spin torque component measured in Pt/Co/AlOy (1
Oe per 1.25 x 10° A/em?)*®.

Finally, we show in Fig. S4c the well-known form of Slonczewski and Berger® spin
transfer torque occurring when a spin-polarized current traverses two distinct magnetic layers
separated by a non-magnetic spacer. In this case, the spin-torque (I'st) does not have a static
field analogue, competing with the Gilbert damping in Eq. (1). Similar to the case of domain

walls, it only exists if the magnetization directions of the two layers are non-collinear.
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Comparing the different spin torque terms, it is evident that the presence of the Rashba
effective field Hgq offers entirely new possibilities to control the magnetic behavior of thin
films and patterned media using an electric current, which are fully complementary and may

be integrated with other forms of current-induced torques.
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