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1.1

Introduction

Magnetic systems lacking inversion symmetry display unique properties both in their
ground state and out-of-equilibrium. Bulk non-centrosymmetric ferro- or antiferromagnets (such as (Ga,Mn)As, MnSi etc.) as well as asymmetrically grown magnetic
multilayers all exhibit some level of chiral magnetic textures (either under the form of
skyrmion crystals, metastable isolated skyrmions, or homochiral Néel domain walls)
and some sort of current-driven spin-orbit torques (either through inverse spin galvanic
effect or spin Hall effect). Since the original prediction of current-induced spin torque
in a Rashba spin-orbit coupled interface [1], the research on the interplay between
various spin-orbit torques and chiral magnetic textures has resulted in outstanding
experimental observations [2,3,4,5,6,7] and is currently opening thrilling perspectives
for novel spin devices [8, 9].
In this chapter, we focus our attention on the theory of current-driven Rashba
torques in a number of magnetic systems. We first introduce the nature of spinorbit coupling in systems lacking inversion symmetry, then discuss the important
features of the Rashba torque in ferromagnetic two dimensional electron gases. In
the third section, we review recent theories of spin-orbit torques in other forms of noncentrosymmetric magnets (dilute magnetic semiconductors, antiferromagnets, topological insulators). We conclude this chapter by reviewing recent experimental results
that support the emergence of Rashba torques in magnets lacking inversion symmetry.

1.2

Spin-orbit coupling in systems lacking inversion symmetry

Spin-orbit coupling locks the linear momentum of a carrier p̂ with its spin angular
momentum σ̂, via the potential gradient of the environment (usually a crystal),
Ĥso = ξ σ̂ · (p̂ × ∇V ).

(1.1)

In other words, spin-orbit coupling acts like a momentum-dependent magnetic field
on the itinerant spin, such that Ĥso = −µB σ̂ · Bk . Since spin-orbit coupling preserves
time-reversal symmetry, in crystals lacking spatial inversion symmetry the spin-orbit
field Bk must be odd in momentum, i.e. B−k = −Bk .
The first example of such an odd-in-k spin-orbit coupling was proposed by Dresselhaus in ZnS crystal structure. In this crystal, the inversion symmetry is broken by the
presence of a two-atomic motif in the unit cell. By applying the k · p theory around
the Γ-point, the spin-orbit term becomes [10]
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ĤD3 = β3 ((kx2 − ky2 )kz Jˆz + (kz2 − kx2 )ky Jˆy + (ky2 − kz2 )kx Jˆx ).

(1.2)

This Hamiltonian is linear in angular momentum operator Ĵ and cubic in linear momentum k. If strain is applied along the (001) direction [11],
001
ĤD
≈ β1 (kx Jˆx − ky Jˆy ),
1

(1.3)

where β1 = β3 hkz2 i. These terms are now linear in momentum k, and enable several
fascinating effects such as (inverse) spin galvanic effect and spin helix phenomena
in semiconductors [12]. In the case of wurtzite crystal structures such as GaN, the
elongated hexagonal structure results in a bulk Rashba-like spin-orbit coupling [13].
In pioneering works addressing the transport properties of a low-doped two-dimensional
electron gas (2DEG), Vasko [14] and Bychkov and Rashba [15] proposed that the sharp
asymmetric potential drop at the interfaces of the 2DEG, ∇V ≈ ∂z V z, results in a
very simple form of spin-orbit coupling
ĤR =

αR
σ̂ · (p̂ × ẑ),
~

(1.4)

where αR ≈ ~2 ∂z V /4m2 c2 . In low-doped semiconductor quantum wells, where only a
few bands are present around the Γ-point, the Rashba parameter can be calculated
using the k · p theory (i.e. the envelope function approach [17]). In III-V semiconductors, it is related to the spin-orbit splitting ∆so of the valence p bands and the gap Eg
between the s conduction and p valence bands [16, 18],


1
1
αR = ch∂z U i
−
(1.5)
Eg2
(Eg + ∆so )2
where c is a numerical constant, and U is the total potential acting on the holes of the
valence band. Since U can be tuned by the gate voltage, the Rashba coupling can be
electrically controlled in experiments [19,20]. Rashba spin-orbit coupling has also been
recently confirmed at hetero-oxides interfaces such as LaAlO3 /SrTiO3 [21, 22, 23]. As
a reference, the Rashba parameter of InAlAs/InGaAs and LaAlO3 /SrTiO3 can be as
large as 0.01-0.07 eV·Å [24, 21].
Rashba spin-orbit coupling has also been reported at the surface and interfaces
of certain metals using Angle-Resolved PhotoEmission Spectroscopy (ARPES). These
measurements have confirmed the existence of spin-split surface states in Au [25, 26],
Ag [27], Bi compounds [28, 29, 30], Gd [31] or even metal-based quantum wells [32, 33,
34]. Rashba-type spin-orbit splitting up to 3 eV·Å has been observed in Bi/Ag surface
alloy [29]. The physics underlying the emergence of a Rashba-type spin splitting at
metallic surfaces and interfaces is still under intense investigation but recent progress
has shed some light on this problem. Several authors recently pointed out that the
phenomenological picture stating that Rashba parameter is controlled by interfacial
potential drop fails to quantitatively (even qualitatively) account for the experimental
observations. Indeed, the Rashba spin splitting induced by the interfacial drop [i.e. the
Rashba Hamiltonian given in Eq. (1.4)] is at least two orders of magnitude too small
compared to experimental observations. Actually, while the spin-orbit coupling itself
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remains mostly unperturbed by the interfacial symmetry breaking, the wavefunction
around the nucleus is strongly distorted [35, 36, 37]. In other words, the redistribution
of the charge density close to the nucleus determines the sign and strength of the
splitting [31, 38]. The orbital character (p orbitals in Bi compounds, d orbitals in
transition metals) is therefore crucial to determine the strength and sign of the Rashba
parameter at metallic surfaces and depends on the band index [39]. The existence of
Rashba-type spin-splitting at normal metal/ferromagnet interfaces has been recently
confirmed by ab initio calculations [39, 40, 41].
Another class of systems that presents a very strong spin-momentum locking is the
conductive surface of topological insulators [42, 43, 44, 45]. Such materials are insulating in their bulk and possess topologically protected conducting surfaces, where spin
angular momentum is locked to the linear momentum. In their simplest version, the
Hamiltonian of the surface reads
ĤD = v σ̂ · (p̂ × ẑ),

(1.6)

which strikingly resembles the Rashba Hamiltonian. The equivalent Rashba parameter
ranges from ∼2 eV.Å for Bi2 Te3 [46] to 4.1 eV.Å for Bi2 Se3 [47] and 5.7 eV.Å for
Kawazulite [i.e. Bi2(Te,Se)2(Se,S)] [48].

1.3
1.3.1

Rashba torques in magnetic two dimensional electron gas
Free electron model

A convenient model to investigate the current-driven spin-orbit torques in an inversion
symmetry broken ferromagnet is the magnetic 2DEG in the presence of Rashba spinorbit coupling. The model Hamiltonian reads
Ĥ =

αR
∆
p̂2
−
σ̂ · (z × p̂) + σ̂ · m
2m
~
2

(1.7)

where the first term is the kinetic energy, the second term is Rashba spin-orbit coupling
and the last term accounts for the coupling between itinerant electrons spin σ̂ (sp-like)
and the local magnetization m (from d-like electrons - here |m|=1). The eigenstates
of this Hamiltonian are
 iγ

 iγ

e k cos χ2k
−e k sin χ2k
|+i =
, |−i =
,
(1.8)
χk
χk
sin 2
cos 2
r
~2 k 2
∆2
s
2 k 2 + α k∆ sin(ϕ − ϕ) sin θ.
k =
+s
+ αR
(1.9)
R
k
2m
4
where
cos χk = p

∆ cos θ
∆2

2 k2
4αR

+
+ 4∆αR sin(ϕk − ϕ) sin θ
2αR k cos ϕk − ∆ sin ϕ sin θ
tan γk =
2αR k sin ϕk + ∆ cos ϕ sin θ

,

(1.10)
(1.11)

The eigenstates, Eq. (1.8), are helical in spin space and the interplay between Rashba
spin-orbit coupling and s-d exchange results in a distortion of the energy dispersion
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(and henceforth, of the Fermi surface) depending on the magnetization direction [see
Eq. (1.9)]. For instance, if one considers a perpendicularly magnetized ferromagnet
(θ = 0), the spin density of state s(=±) is
∆
2αR
z × k + sp
z.
ssk = −s p
2
2 k2
2
2
2
∆ + 4αR k
∆ + 4αR
1.3.2

(1.12)

Current-induced Rashba spin torques

The above simple solution of the momentum-dependent spin density, Eq. (1.12), does
not generate a net magnetic moment in equilibrium since the summation of all k is zero.
However, when a current is applied, a net magnetic moment appears. In a nutshell,
hki ∼ j, and from Eq. (1.12) the non-equilibrium spin accumulation reads S ∝ z×j, an
effect called inverse spin galvanic effect [49] or Rashba-Edelstein effect [50]. In 2008,
Manchon and Zhang proposed that such current-induced spin accumulation could yield
a novel spin torque on the contacting magnetic layers [1]: First, the spin accumulation
serves as an effective magnetic field through the direct exchange coupling with the
ferromagnetic magnetization m and thus
TFL = ∆m × S ∝ m × (z × j).

(1.13)

This term is known as the field-like SOT. Second, the interface spin accumulation can
diffuse into the ferromagnetic layer and subsequently being absorbed; this process is
known as the spin-transfer torque (or Slonczewski-spin torque, or damping-like torque)
which could be simply expressed by
TDL = G↑↓ m × (S × m) ∝ m × [(z × j) × m],

(1.14)

where G↑↓ is the spin conductivity of the interface (or mixing conductance), S is the
interfacial spin accumulation. We point out that the damping-like torque could also
come from another competing mechanism known as the spin Hall torque: a spin current
generated by the spin Hall effect [71] could produce the mathematically identical forms
of the SOT [40, 72]. Sometimes, the experimentally observed damping-like torque has
been attributed to the spin Hall effect; this is an erroneous assertion since the interface
Rashba effect alone could also generate the damping-like torque. To determine the
relative contributions from the bulk spin Hall and interface Rashba for the dampinglike torque, geometrical (e.g., thickness) and material dependence of the spin torque
should be analyzed in detail.
Since the intial prediction of the above Rashba torques and subsequently verified
experimentally [2, 51], much studies on the SOT have been carried out in the past
eight years in both homogeneous metallic ferromagnets [52, 53, 54, 55, 56, 57, 58, 59, 60]
and magnetic textures [61, 62, 63, 64, 65, 66, 67, 68, 69, 70]. In the following, we discuss
an improved calculation of the Rashba spin torques.
Boltzmann transport equation [1, 52, 53, 55, 59], or quantum kinetics [56, 57, 58, 60]
have been used to compute the non-equilibrium property. Although formally equivalent, these methods involve different levels of approximations (relaxation time approximation, first Born approximation, vertex corrections etc.) resulting in quantitative
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differences between the computed Rashba torques. For instance, using Kubo formalism one can compute the non-equilibrium spin density assuming spin-independent
scattering rate and in the limit of weak (αR kF  ∆) and strong ferromagnetism
(∆  αR kF ) [58]


∆Γ
αR nF ∆
m × (z × eE) + 2 2 mz m × (z × eE) ,
(1.15)
TαR kF ∆ ≈
4Γ F
αR kF


αR nF ∆
2Γ
T∆αR kF ≈
m × (z × eE) −
m × [(z × eE) × m] . (1.16)
2Γ F
∆
Here Γ is the (spin-independent) impurity broadening, nF is the total electron density
and F is Fermi energy. A similar form was derived by various authors using different approximations [55, 56, 57, 59, 60]. The fact that the torque is composed of two
components, one odd in magnetization ∝ m × (z × E) and one even in magnetization
∝ m × [(z × E) × m] is a general feature of SOTs, not limited to Rashba gases. The
field-like torque, ∝ m×(z×E), is simply the consequence of inverse spin galvanic effect
explained above (i.e. Rashba-Edelstein effect) [1, 50]. The origin of the damping-like
torque, ∝ m × [(z × E) × m], is more subtle. Two main origins have been identified.
First, as mentioned above, spin dephasing and relaxation distorts the spin dynamics
in the two dimensional gas, resulting in a correction to the inverse spin galvanic effect.
This general principle has been originally pointed out in the case of spin-valves [73]
and ferromagnetic domain walls [74], and applies consistently to systems with broken
inversion symmetry. The second origin of the damping-like torque is related to the
Berry curvature of the electronic band structure in the mixed spin-momentum phase
space [55,58,59,75,76]. This contribution does not vanish in the limit of weak disorder
and is quite sensitive to ”hot spots” in the band structure, i.e. points where neighboring
bands get very close to each other and where contributions of the form ∼ 1/(n − n0 )2
becomes very large [58]. We emphasize that the results discussed above in the context
of the Rashba model have been qualitatively confirmed by ab initio calculations on
realistic transition metal interfaces [40, 76, 77].
We conclude this section by mentioning the diffusive spin dynamics in a magnetic
Rashba gas. In the limit of strong disorder (F  Γ  ∆, αR kF ), the spin-charge
coupled drift-diffusion equations in the two dimensional magnetic Rashba gas read [56]
∂n
= D∇2 n + Ksc (z × ∇) · S + R∇z · m(S · m) + G(z × ∇) · mn,
∂t
∂S
S
Sz z
1
1
= D∇2 S −
−
−
S × m − m × (S × m)
∂t
τsf
τz
τ∆
τϕ
+Ksc (z × ∇)n + 2Kp ∇z × S

(1.17)
(1.18)

+G [m × ((z × ∇) × S) + (z × ∇) × (m × S)] + 2R[m · (z × ∇)]nm.
Let us comment these equations briefly. The first equation, Eq. (1.17), concerns the
diffusion of the charge density n, driven by the spin-charge coupling ∼ Ksc : a gradient
in spin density (z × ∇) · S produces a change in the charge density. Physically, this
equation states that a spatial gradient in spin density produces a charge current: this
is the spin-injection Hall effect [78]. The two additional terms, ∼ G and ∼ R, are
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higher order corrections that account for the precession of the non-equilibrium spin
density S around the local magnetization m. The second equation, Eq. (1.18), describes the spin dynamics induced by a charge gradient (i.e. an electric field). The spin
dynamics involves anisotropic spin relaxation, ∼ 1/τsf and ∼ 1/τz (i.e. the well-known
D’yakonov-Perel spin relaxation in Rashba gases [79]), the spin precession around the
magnetization ∼ 1/τ∆ and some spin dephasing ∼ 1/τϕ . In addition, spin-charge conversion processes take place, such as the spin Hall effect ∼ Ksc [71] and the inverse spin
galvanic effect ∼ Kp [49]. The other terms are higher order corrections. The competition between these different terms give rise to a fairly complex spin dynamics, and most
importantly to a torque that possesses both field-like and damping-like components,
as discussed above and consistently with Kubo formula derivations [56].
1.3.3

Rashba torque in magnetic textures

Besides the investigation of Rashba torque in homogeneous ferromagnets, the physics
of SOT-driven magnetic domain wall has also attracted substantial interest [5, 6]. The
impact of Rashba torque on the dynamics of domain walls has been initially studied
by Obata and Tatara [61]. The authors showed that the Rashba field promotes the
motion of in-plane Bloch walls whose hard axis is oriented along the current direction.
Such a prediction has been followed by several publications focusing on the dynamics
of domain walls under both field-like and damping-like SOTs [62, 63, 66, 67, 64, 65, 68,
69, 70].
For instance, it was shown that Rashba field-like torque can stabilize perpendicularly magnetized Bloch walls, thereby suppressing the Walker breakdown and resulting in gigantic domain wall velocities [5] (see also [63, 69]). Kim et al. [80, 81] also
showed that Rashba spin-orbit coupling enables charge pumping, enhances the magnetic damping and can mediate antisymmetric Dzyaloshinskii-Moriya interaction. The
latter interaction turns out to be a crucial ingredient of non-centrosymmetric magnets. One of the most important outcomes of these studies has been the prediction
that the combination between Dzyaloshinskii-Moriya interaction (that stabilizes homochiral Néel walls) and damping-like SOT (that drives the motion of such walls) leads
to extremely fast domain wall velocities [82], of highest importance for applications [6].

1.4
1.4.1

Beyond the magnetic two dimensional electron gas
Bulk dilute magnetic semiconductors

III-V dilute magnetic semiconductors such as (Ga,Mn)As present an interesting paradigm
for SOTs as they display large bulk spin-orbit coupling together with inversion asymmetry. As such, they constitute the first class of systems in which SOTs have been
observed [51, 83, 84]. The theory of current-driven torques in dilute magnetic semiconductors was first studied by Bernevig and Vafek [85]. The authors considered the
Kohn-Luttinger Hamiltonian in the spherical approximation with an exchange energy, augmented by a spin-orbit coupling term of the form λ(k) · Ĵ where λx (k) =
C4 (xy ky − xz kz ) and λy,z are obtained from cyclic permutation of indices. The
current-driven spin density reads

Beyond the magnetic two dimensional electron gas


S = hĴi = −

3n
π

1/3

τ 15 m
~3 2 γ1

1
(1 + 2sγ2 /γ1 )3/2
s=±1
X

7

!2/3
(eE · ∇k )λ, (1.19)

where γ1,2 are the Luttinger parameters defining the band structure, τ is the momentum relaxation time, n is the charge density and E is the applied electric field. The
torque induced by this inverse spin galvanic effect is therefore a field-like torque. A
similar torque has been numerically computed in [86,87]. A few years later, combining
both theory and experiments, Kurebayashi et al. [75] proposed that intrinsic contributions could result in damping-like torque. These contributions were not considered in
previous works [85,86,87] and have been discussed extensively recently [58]. It is quite
interesting to notice that the torques computed in dilute magnetic semiconductors
exhibit properties qualitatively similar to the ones featured by SOTs in the magnetic
Rashba gas.
1.4.2

Dirac Torques in topological insulators

Three dimensional topological insulators are a new class of materials that have an
insulating bulk and spin-momentum-locked metallic surface states [43, 108]. They exhibit strong spin-orbit coupling and are expected to show large charge-to-spin current
conversion efficiency, as reported by recent experiments [109, 110, 111, 112]. A wide
disparity exists between the various results and the physics behind spin-charge conversion at the surface of topological insulators is still a matter of debate: the nature of
interfacial states and the importance of spin Hall effect remain essentially unknown.
In its simplest version, the low-energy Hamiltonian of the surface of a topological
insulator reads
∆
(1.20)
Ĥ0 = v σ̂ · (p̂ × z) + σ̂ · m,
2
where v is the Fermi velocity, and ∆ is the exchange coupling between the spin and the
magnetization m. This Hamiltonian looks very similar to the Rashba Hamiltonian, Eq.
(1.7), in the absence of kinetic term. Two remarks are in order though. First, since the
kinetic term is solely given by the Dirac coupling, ∼ σ̂ · (p̂ × z), the spin density and
charge current density are directly proportional to each other, j ∼ z×S. In other words
and quite unsurprisingly, the Dirac term produces inverse spin galvanic effect, similar
to the case of Rashba. Second, and most importantly, the in-plane magnetization
mx , my can be removed from Eq. (1.20) by a simple gauge transformation. This means
that only the magnetization component normal to the surface, ∼ mz , impacts the
transport properties of the topological insulator.
As a matter of fact, a perpendicular magnetization opens a gap in the Dirac cone,
thereby driving a topological phase transition [113]. When the Fermi energy lies in
the gap and the system is in the insulating regime, a magnetic topological insulator
exhibits two effects that are the hallmark of three dimensional topological insulators:
quantum anomalous Hall effect [115], and quantum magnetoelectric effect [113, 114].
The former is the emergence of a quantized anomalous Hall conductance, σH = Ce2 /h
(C being the Chern number characterizing the topological insulator), while the latter
is the emergence of a quantized spin density aligned along the electric field direction,
S = −(σH /ev)E [114]. Because of the gap opening, magnetic domain walls or magnetic
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vortices are accompanied by electric charging, which has a direct impact on their
dynamics [116, 118, 117].
The nature of SOT in the metallic regime has been the object of numerous theoretical investigations [121, 122, 119, 120, 123, 124, 125, 126]. The electric field-induced
SOT reads [127]


4∆Γ 1 + β 2 m2z
1
~vnF ∆ 1 − β 2 m2z
m
×
(z
×
eE)
+
m
m
×
eE
.
T=−
z
4Γ F 1 + 3β 2 m2z
2F 1 − β 2 m2z 1 + 3β 2 m2z
(1.21)
Here β = ∆/2F is the polarization and the calculation assumes F > ∆/2. The first
term ∼ m × (z × eE) is simply the field-like torque due to inverse spin galvanic effect,
while the second term is the damping-like torque due to magnetoelectric effect. This
structure is actually very similar to the Rashba torque given in Eq. (1.15), i.e. in
the large Rashba limit, although of opposite sign [120]. Interestingly, the dampinglike torque vanishes when the magnetization lies in the surface plane. Furthermore, a
strong angular dependence is expected. We note that a strong, but opposite angular
dependence of the torque has been experimentally identified in magnetically-doped
topological insulators [110]: in this experiment the magnitude of the torque is larger
when the magnetization lies perpendicular to the plane of the surface. In other words,
the toy model presented above, Eq. (1.20), is insufficient to explain the experimental
data.
1.4.3

Antiferromagnetic two dimensional electron gas

Up till recently, antiferromagnets were mainly studied under two different perspectives,
one fairly applied, the exchange bias [88], and one quite fundamental, the nature of
certain exotic states [89]. In 2006, Nuñez et al. [90, 91] suggested that spin transfer
torque could be achieved in a spin-valve device composed of two antiferromagnetic
electrodes. In the course of the search for such spin transfer torques, it was realized that
in order to control the order parameter of a collinear bipartite antiferromagnet, one
needs a torque that is even in magnetization, in other words a damping-like torque [92].
Such a damping-like torque can be obtained by several ways, using a ferromagnetic
polarizer [93], spin Hall effect [94, 95] or SOTs [96, 97]. The recent demonstration of
current-driven SOT in CuMnAs [7] has opened thrilling avenues for the development
of this field [98, 99].
The SOT in antiferromagnet can be computed analytically in a toy model consisting of a two dimensional electron gas with both Rashba spin-orbit coupling and
antiferromagnetism. In the present case, we consider a G-type antiferromagnet with
nearest neighbor hopping only, i.e. each magnetic site A is surrounded by sites B
whose magnetic moment is aligned antiparallel. The low energy Hamiltonian of such
a system reads [96]
H̃ = γk τ̂x −

αR
∆
σ̂ · (z × p̂)τ̂x + n · σ̂τ̂z ,
~
2

(1.22)


where γk = (~2 /2m) k 2 − k02 . Here, σ̂ and τ̂ are Pauli spin operators describing the
real spin {| ↑i, | ↓i} and the sublattice {|Ai, |Bi} spaces, respectively, and n is the
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Néel order parameter. In the case where the magnetic order parameter n is normal to
the plane (n ≈ z), one can determine the Rashba torque on sublattice i analytically
(i = ±1 for A and B sublattices, respectively),
αR nF ∆
Ti =
4Γ F




∆Γ
(−1) n × (z × eE) + 2 n × [(z × eE) × n] .
F
i

(1.23)

This expression has been derived to the lowest order of αR (∆  αkF ), close to the
extremum of the band (top or bottom), and assuming a spin-independent impurity
broadening Γ.
One can compare these formulae with Eq. (1.16). The structure of the torque is
quite similar to the one obtained in the ferromagnetic Rashba gas. The first term,
∼ (−1)i n × (z × eE), is a torque that changes sign on opposite sublattices, i.e. it is
simply a field-like torque, as expected from inverse spin galvanic effect. In other words,
it cannot torque the antiferromagnetic order parameter. The second term has the same
sign on opposite sublattices and is therefore associated with a staggered field [96, 97].
This one can efficiently torque the antiferromagnetic order parameter.
1.4.4

Two dimensional hexagonal lattices

The theoretical investigation of inverse spin galvanic effect and SOTs has been recently extended towards two dimensional hexagonal lattices such as, but not limited to, graphene, silicene, germanene, stanene, transition metal dichalcogenides etc.
[100, 101, 102]. The parametric dependence of the torque in these materials does not
significantly differ from the toy model of the Rashba two dimensional electron gas or
from the richer three dimensional dilute magnetic semiconductors discussed above. A
few noticeable aspects are worth noticing though. First of all, the charge transport in
two dimensional hexagonal lattices is driven by two independent valleys. As long as intervalley scattering remains weak, one can generate two torques of different magnitudes
on each valley. Second, such two dimensional hexagonal lattices are handy platforms
to explore topological phase transition between normal metals to band insulators and
quantum (spin, valley, anomalous) Hall regimes.
1.4.5

Semi-magnetic tunnel junctions

Let us conclude this section by addressing a last interesting setup. Consider a magnetic tunnel junction composed of a ferromagnet and a normal metal separated by
a tunnel barrier. In this setup, the current is injected perpendicular to the plane of
the layer, i.e. through the tunnel barrier. If spin-orbit coupling is strong in the ferromagnet, such a system exhibits tunneling anisotropic magnetoresistance: although
only one ferromagnet is involved, the overall resistance of the device depends on the
orientation of the magnetization with respect to the crystallographic directions of the
system [103, 104, 105]. A minimal model to describe tunneling anisotropic magnetoresistance assumes some form of Rashba spin-orbit coupling at the interface between the
ferromagnet and the barrier. One can show easily that such a spin-orbit coupling also
enables SOT on the ferromagnet [106,107]. Following the symmetry of the system, the
torque is on the form T ∼ m × z + m × (z × m), where z is the normal to the interface.
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1.5
1.5.1

Experimental evidence of Rashba torques
Transition metal interfaces

SOTs have been massively studied in asymmetric transition metal multilayers [3, 4, 6]
(such as Pt/Co/AlOx, Ta/NiFe/MgO etc.) and we do not intend to review all these
important works here (see e.g. [128]). In general, the SOTs observed in these systems
adopt the form T ∼ m × (z × E) + m × [(z × E) × m], which is in principle consistent
with the Rashba torque described in the previous sections. Although it is clear that
very large Rashba spin-orbit coupling exists at heavy metal surfaces [41], it remains
very difficult to accurately determine the origin of the SOT as spin Hall effect is usually
present in these systems.
One way to obtain Rashba torques is to consider a system where spin Hall effect is
absent or vanishingly small. In our original theory [1], we suggested that Rashba torque
at the interface between Co and AlOx could be sizable. The physical picture behind
this idea was elaborated based on experiments on perpendicular magnetic anisotropy
at Co/AlOx interfaces [129, 130]. These experiments demonstrated that upon varying
the oxidation of the AlOx layer, one could significantly enhance the perpendicular
magnetic anisotropy, and as we though at that time, the Rashba spin-orbit coupling.
Although quite naive in regard to the recent developments of the field, this initial guess
has been confirmed by two experiments. Recently, Emori et al. [131] investigated the
nature of the SOT a thin NiFe film sandwiched between Ti and AlOx. Here, Ti has
a small spin-orbit coupling and spin Hall effect is expected to be vanishingly small.
The authors obtained a field-like torque significantly larger than the Oersted field that
they attributed to the Rashba effect at NiFe/AlOx interface. In another work, Qiu et
al. [132] reported that tuning the amount of oxygen at the CoFeB/MgO interface could
lead to a complete change of sign of SOT, thereby demonstrating that Rashba torque
as CoFeB/MgO interface can be quite significant.
1.5.2

Non-centrosymmetric magnets

Bulk non-centrosymmetric magnets constitute the first class of materials in which
SOT has been predicted [85, 86, 87] and observed [51, 83, 84]. They also present a
unique platform for the investigation of SOTs: since no spin Hall effect is present,
SOT entirely comes from the bulk of the materials, i.e. from inverse spin galvanic
effect. The exact form of the torque can be deduced from the crystal symmetries of
the magnet following Neumann’s principle [133, 97]. This has been recently extended
to NiMnSb [134] and CuMnAs [7], as discussed above.
1.5.3

Oxide heterostructures

Oxide heterostructures such as LaAlO3 /SrTiO3 has attracted a significant amount
of attention in the past ten years due to their ability to support high-mobility two
dimensional electron gases [135, 136, 137]. Most interestingly for spintronics applications, these structures exhibit both sizable magnetism [138, 139, 140], efficient spin
injection [141, 142], as well as large Rashba spin-orbit coupling [21, 22, 23]. Although,
to the best of our knowledge, no SOTs experiments have been performed to date, room
temperature measurement of the Rashba field has been recently reported. By probing

Conclusion

11

the anisotropic magnetoresistance of LaAlO3 /SrTiO3 superlattices, Narayanapillai et
al. [143] extracted a Rashba field as large as 2 Telsa.

1.6

Conclusion

The electrical control of small magnetic objects mediated by spin-orbit coupling has
driven a lot of excitation in the spintronics community. Among the most fascinating
directions pursued nowadays, antiferromagnets, topological materials and potentially
oxide interfaces seem to carry the most promising perspectives. The present chapter
focused on one aspect only, the current-driven Rashba torque, and disregarded the
spin Hall torque. As mentioned in this chapter, distinguishing between Rashba and
spin Hall torques remains a matter of debate and an extensive discussion is out of the
scope of the present review. The development of novel materials with strong spin-orbit
coupling as well as the realization of room temperature non-trivial magnetic topologies
(such as, but not limited to, magnetic skyrmions) will undoubtedly maintain a very
high level of interest in this extremely rich field.
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and M. Grioni, Phys. Rev. Lett. 98, 186807 (2007).
[30] L. Moreschini, A. Bendounan, H. Bentmann, M. Assig, K. Kern, F. Reinert, J.
Henk, C. Ast, and M. Grioni, Phys. Rev. B 80, 035438 (2009).
[31] O. Krupin, G. Bihlmayer, K. Starke, S. Gorovikov, J. Prieto, K. Döbrich, Stefan
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Surface Science 600, 3888 (2006).
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