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Spintronics

“Spintronics” is believed to soon become a mainstream alternative 
to conventional (charge-based) electronics 

Overarching aim is two fold:

(ii) to exploit the spin degree of freedom (DOF) of electrons for new computing paradigms 

(i) to understand spin-dependent phenomena in condensed matter

(a) real-space spin textures in magnetic systems

(b) creation of spin-polarised carriers in non-magnetic materials

(c) topologically-protected spin transport channels

(d) magnetisation dynamics

(f) spin/orbital Hall & related galvanic effects

(e) spin and orbital moment relaxation
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phase di⇤erence in the spin field e⇤ect transistor proposed by Datta and Das and causes

the necessary spin precession[33]. A larger momentum splitting will result in a faster

spin rotation and can thus make such a device smaller.
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Figure 2. Band structure of a nearly free two dimensional electron gas due to the
Rashba e⇥ect. The two parabolae are each shifted by k0 away from �̄ resulting in a
momentum dependent energy splitting.

As has been stated above, time reversal symmetry still holds for systems with a

Rashba-type spin splitting, which can be verified by the observation that the spin polar-

ization vector for k-vectors with di⇤erent sign is opposite. A further consequence is that

the bands have to cross at �̄ because this is a centre of inversion symmetry, which is

commonly referred to as a time reversal invariant momentum (TRIM). Based on similar

symmetry considerations it is possible to identify other points in the surface Brillouin

zone (SBZ) which are also protected by time-inversion symmetry. These are the points

which are located exactly between two �̄ points of adjacent SBZs. For a surface with a

hexagonal lattice structure this means that the M̄ point is a TRIM and the Rashba-split

bands should cross here, whereas the K̄ point is not protected by time reversal and more

complex band and spin structures can be expected. A nice example of this increasing

complexity for the spin structure, is the sudden out-of-plane rotation of the spin vector

at the K̄ point for Tl/Si(111)[34].

The Rashba theory has been developed for two-dimensional electron gases in

semiconductor heterostructures, this makes it remarkable that the first observation of a

band splitting that could unambiguously be attributed to a Rashba-type e⇤ect was on a
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Outline

Today’s focus:  Some fundamentals of spintronics and orbitronics

Next Week [Felix Casanova]:

➡ Discovery of spin Hall effect (SHE)

➡ Spin-momentum locking in topological insulators

2. Spin-orbit coupling in k-space & broken symmetries

1. Spin currents & orbital currents in solids

3. Spin relaxation & out-of-equilibrium (transport) processes

➡ Inverse spin galvanic effect

 and more!



Notation for this lecture

• bold symbols for vector/pseudo-vector quantities 

Spin operator definition: Expectation values:

• symmetries

vector of Pauli matrices

( )gs = 2 [mixed states]

Unitary symmetry example:  
Mirror reflection about the yz-plane

Wigner’s theorem:

 : unitary/anti-unitaryÛS

Anti-unitary symmetry example: 
Time reversal:

• acronyms: SO = spin-orbit; SOC = spin-orbit coupling; OAM = orbital angular momentum

• Natural units with :ℏ = 1



1. Spin and orbital currents

• Intuitive definition

charge current spin current

Pure charge current (Fully) spin-polarised current



Can we have  with  ?Is ≠ 0 Ic = 0

Pure spin currents:

Invariant under 𝒯

• May manifest in equilibrium (i.e. as ‘color’ diamagnetic currents induced by internal SO fields)

Rashba, PRB 68, 241315(R) (2003)
Tokatly, PRL 101, 106601(2008)• Detectable (transport) spin currents can be induced electrically (see later)

(non-dissipative)
Orbital Hall effect and orbital edge states caused by s electrons

Oliver Busch,1, ⇤ Ingrid Mertig,1 and Börge Göbel1, †

1
Institut für Physik, Martin-Luther-Universität Halle-Wittenberg, D-06099 Halle (Saale), Germany

(Dated: September 27, 2023)

An orbital current can be generated whenever an object has a translational and rotational degree of freedom.
In condensed matter physics, intra-atomic contributions to the transverse orbital transport, labeled orbital Hall
effect, rely on propagating wave packets that must consist of hybridized atomic orbitals. However, inter-atomic
contributions have to be considered as well because they give rise to a new mechanism for generating orbital
currents. As we show, even wave packets consisting purely of s electrons can transport orbital angular momen-
tum if they move on a cycloid trajectory. We introduce the kagome lattice with a single s orbital per atom as the
minimal model for the orbital Hall effect and observe the cycloid motion of the electrons in the surface states.

I. INTRODUCTION

The field of orbitronics is concerned with the orbital degree
of freedom of electrons instead of their spin and charge [1].
Despite the fact that orbital quenching [2] leads to a sup-
pressed orbital magnetization in most solids, orbital currents
often surpass spin currents in magnitude, as the latter require
considerable spin-orbit coupling to be generated. This makes
orbital currents highly attractive for dissipation-less orbitronic
applications [3].

Charge, spin and orbital currents can be generated by the
charge [4], spin [5–8] and orbital Hall effects [9–13]: The
application of an electric field leads to the generation of the
different types of currents as a transverse response. While the
conventional (charge) Hall effect requires a broken inversion
and time-reversal symmetry, the spin and orbital Hall effects
can exist even in non-magnetic and centrosymmetric solids.
The orbital Hall effect (OHE) has been predicted to exist even
in systems without spin-orbit coupling but a hybridization of
different atomic orbitals has been strictly required in the mod-
els up to now [14, 15].

The need for mixing of orbitals stems from the fact that
earlier studies on the OHE were based on the atomic cen-
ter approximation (ACA) for calculating the orbital angu-
lar momentum (OAM) [11–14]: An OAM, that is sup-
posed to be transported as an orbital current, can only be
generated at a particular lattice site. However, since the
building blocks of every solid are cubic harmonic orbitals
(s, px, py, pz, dxy, dyz, dzx, . . .), the OAM of a pure Bloch
state always vanishes. The cubic harmonic orbitals need to hy-
bridize (e. g. form the superpositions px±i py or dyz±i dxz) in
order to generate an OAM Lz = m~. However, the ACA ne-
glects inter-atomic contributions to the effect: A wave packet
propagating across several lattice sites can carry an OAM ir-
respective of its orbital composition [16].

In this paper, we take into account the inter-atomic contri-
butions to the OHE by using the modern formulation of or-
bital magnetization [17–23]. We show that the generation of
an OHE does not require a specific orbital hybridization but
can exist even for pure states. We propose a kagome lattice

⇤ Correspondence email address: oliver.busch@physik.uni-halle.de
† Correspondence email address: boerge.goebel@physik.uni-halle.de
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FIG. 1. Schematic representation of orbital currents. (a) Orbital cur-
rent arising from edge states in a kagome lattice. Left- (kk < 0) and
right-propagating states (kk > 0) carry an opposite orbital angular
momentum (L) causing identical orbital currents jLz and a compen-
sated charge current. (b) Orbital current of a tire rolling forward
(v > 0) and backward (v < 0). Both states carry an opposite orbital
angular momentum causing identical orbital currents.

with only s orbitals as the minimal model for the generation
of an orbital Hall effect. We demonstrate that the OHE arises
from a cycloid motion of a wave packet that is best observed in
‘geometrical’ [24] edge states in a finite slab geometry. These
states give rise to the same orbital current irrespective of their
propagation direction [red and blue in Fig. 1 (a)].

II. ORBITAL CURRENTS IN MACROSCOPIC SYSTEMS

The ACA requires an often complicated hybridization of
specific atomic orbitals for the generation of an OAM and an
orbital magnetization [11–14]. However, these quantities may
emerge irrespective of the orbital contribution if the modern
formulation of orbital magnetization is considered.

In the following, we want to point out that this is not sur-
prising. Orbital currents are not ‘exotic’ but appear whenever
objects ‘translate’ and ‘circulate’ simultaneously. Even for
macroscopic objects in classical mechanics, orbital currents
are ubiquitous, as long as there is a translational and a rota-
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Pure orbital currents:

• Exist irrespective of orbital composition
• Do not require SOC!

SOC entangles spin and orbital degrees of freedom [ ] and thus allows for interconversion between 
spin and orbital currents, which is key for spintronic devices.

Ĥso = βso L̂ ⋅ ̂s
Tanaka, PRB 77, 165117 (2008); Jo, PRB 98, 214405 (2018)

Bush, PRR 5, 043052 (2023)

• OAM version of a spin current

1. Spin and orbital currents



Spin current operator

Conventional form:

Note that in general . Solution: symmetrise  according to:v̂ ̂sa ≠ ̂sav̂ ̂ja
s

Further reading: Rashba, PRB 68, 241315(R) (2003) | Tokatly, PRL 101, 106601(2008) | Droghetti PRB 105, 024409 (2022)

Sanity check:

A conserving spin current can be defined, with some caveats [see Shi, PRL 96, 076604 (2006)]

anti-commutator

 does not obey a continuity equation (spin is generally not conserved):̂ja
s

spin sink/source term  
or ‘torque density’ usually due to SOC

Orbital current operator: can be defined in an analogous fashion with ̂sa → L̂a

1. Spin and orbital currents



Spin and orbital currents: role of symmetries

Spin Hall effect (SHE):

and

Consider a crystal structure with 3 perpendicular mirror planes

Under , we have   but  .  x → − x Ex → − Ex jz
s,x → + jz

s,x

 = same (opposite) parity   ±

jc = gs

Z
d3k

(2⇡)3
(�evk) �f(k) = �̂ ·E ,

�ij =
1

3
e %("F ) v

2
F ⌧F

⌧F ⌘ ⌧kF

Actual solution has the same form but ⌧F is replaced by the transport time:

1

⌧k(k)
= 2⇡ nimp

X

k0
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Continuity equation:
@n

@t
+r · jc = 0

Symmetry + Op.=) jxs,x jxs,y jxs,z jys,x jys,y jys,z jzs,x jzs,y jzs,z
x ! �x + � � � + + � + +
y ! �y � + � + � + � + �
z ! �z � � + � � + + + �

Allowed responses =)
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Which kinds of non-equilibrium effects can emerge in a given material?



Z2 Topological Insulator

X.-L. Qi & S.-C. Zhang, 
Phys. Today, 63, 33 (2010)

I
VH

Spin/Anomalous Hall effects 

J. Sinova et al.,
              Rev. Mod. Phys. 87, 1213 (2015)

2. Spin-orbit coupling & broken symmetries

Excitonic spin-valley coherence 

G. Wang et al.,  
Rev. Mod. Phys. 90, 021001 (2018)



Revisiting atomic physics

+

-

➡  Electron experiences a magnetic field in its rest frame

2. Spin-orbit coupling & broken symmetries



+

-

‣  SOC strength grows as  

‣  Even a H atom is affected by SOC (fine structure)

-

➡  Electron experiences a magnetic field in its rest frame

Revisiting atomic physics

2. Spin-orbit coupling & broken symmetries



SOC in a crystal lattice

➡  Symmetry-independent SOC

✴  Exists in every crystal structure
       
   (stems from atomic SOC) 

       
   

✴  Bloch's theorem       
   

plane wave Bloch spinor band index

2. Spin-orbit coupling & broken symmetries



✴ inversion symmetry

✴ time-reversal symmetry  Kramers degeneracy 

‣  SOC lifts band degeneracies (orbital splitting)

Pt 

2. Spin-orbit coupling & broken symmetries



SOC in a crystal lattice

✴  Dresselhaus interaction (bulk inversion asymmetry)        
    G. Dresselhaus. ‘55

✴  Bychkov-Rashba interaction (structural inversion asymmetry @ surface/interface)        
   

 Y. A. Bychkov, E. I. Rashba, ‘84

➡  Symmetry-dependent SOC

2. Spin-orbit coupling & broken symmetries



Symmetry breaking 

e

➡  The Rashba effect

Non-relativistic band dispersion of a 2D electron gas:

in-plane effective SO field

(lab frame) (electron’s frame)

Relativist frame change:

2. Spin-orbit coupling & broken symmetries



✴  BR spin-orbit field

9

phase di⇤erence in the spin field e⇤ect transistor proposed by Datta and Das and causes

the necessary spin precession[33]. A larger momentum splitting will result in a faster

spin rotation and can thus make such a device smaller.
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Figure 2. Band structure of a nearly free two dimensional electron gas due to the
Rashba e⇥ect. The two parabolae are each shifted by k0 away from �̄ resulting in a
momentum dependent energy splitting.

As has been stated above, time reversal symmetry still holds for systems with a

Rashba-type spin splitting, which can be verified by the observation that the spin polar-

ization vector for k-vectors with di⇤erent sign is opposite. A further consequence is that

the bands have to cross at �̄ because this is a centre of inversion symmetry, which is

commonly referred to as a time reversal invariant momentum (TRIM). Based on similar

symmetry considerations it is possible to identify other points in the surface Brillouin

zone (SBZ) which are also protected by time-inversion symmetry. These are the points

which are located exactly between two �̄ points of adjacent SBZs. For a surface with a

hexagonal lattice structure this means that the M̄ point is a TRIM and the Rashba-split

bands should cross here, whereas the K̄ point is not protected by time reversal and more

complex band and spin structures can be expected. A nice example of this increasing

complexity for the spin structure, is the sudden out-of-plane rotation of the spin vector

at the K̄ point for Tl/Si(111)[34].

The Rashba theory has been developed for two-dimensional electron gases in

semiconductor heterostructures, this makes it remarkable that the first observation of a

band splitting that could unambiguously be attributed to a Rashba-type e⇤ect was on a

➡  The Rashba effect

Symmetry breaking 

-k

+k

spin-orbit entangled Fermi surface

k-space spin texture

2. Spin-orbit coupling & broken symmetries



➡  Anti-unitary symmetries

Time reversal symmetry

-k

+k

k-space Rashba spin texture

single-electron picture

Fermi-Dirac distribution function

This holds in general for a TR-invariant system:

2. Spin-orbit coupling & broken symmetries



Out-of-equilibrium physics are different!

Under an applied current,  is effectively broken:𝒯

Inverse spin-galvanic (Edelstein) effect:
Broken   symmetryz → − z

:  x → − x {sy, Ex} → {−sy, − Ex}
:  y → − y {sy, Ex} → {sy, Ex}

2. Spin-orbit coupling & broken symmetries

Sanity check:

III

C M X

More about the ISGE next Week [Felix Casanova]



Due to SOC and other spin-dependent effects:

Example: Larmor precession

field-like torque

Spin non-conservation

Heisenberg picture:
…

3a. Spin-orbit relaxation



3a. Spin-orbit relaxation

Spin relaxation: irreversible process which erases the phase coherence among spins

It could arise due to stochastic changes in the Larmor precession axis i.e. a random B field (*)

t = 0 t = 2τct = τc

Δϕ = ωτc

 undergoes a random walkΔϕ

1/τs = ω2τc

Memory of initial state is lost at time after  steps,  
when the variance equals one, i.e. 

N
σ2 = NΔϕ2 = 1

(*) Fluctuating fields are ubiquitous in solid and can be produced via the randomisation of momentum-space spin-orbit 
fields upon multiple scattering events. Other examples include the Overhauser field produced by bath of nuclear spins on  
the electron spin, and fields generated by random magnetic impurities.

τc = correlation (scattering) time
sp

in

precession angle



0.50 1

0.5

t /τs

n ↑
/n

eq
(∞

)

3a. Spin-orbit relaxation

Spin relaxation: irreversible process which erases the phase coherence among spins

Prominent sources of spin relaxation include: 

NM

• Elastic scattering from non-magnetic impurities
• Inelastic scattering e.g., spin-lattice relaxation

Both mechanisms are assisted by SOC!

-
-

-
-
-

Excess spin-up density at t = 0



Spin-relaxation mechanisms from non-magnetic impurities:

Elliott-Yafet (centrosymmetric systems) Dyakonov-Perel (non-centrosymmetric systems)

Elliott, PR 96, 266 (1954) [Sec. VII] | Žutic, RMP 76, 323 (2004) | Sohn, PRL 132, 246301 (2024)  

SO interaction leads to (usually small) spin mixing in 

eigenstates leading to τs ≈ ( ΔE
λso )

2

τp

motional narrowingspin flips

Electron’s spin precesses in the k-dependent 

low-symmetry SO field τs ≈
1
τp

1
⟨ |Ωso(k) |⟩2

3a. Spin-orbit relaxation



Dyakonov-Perel-like relaxation in centrosymmetric systems

3a. Spin-orbit relaxation

Sohn, PRL 132, 246301 (2024)  

Luttinger p-orbital model

Orbital relaxation: τo ∝
1
τp

1
(c1k2

F)2

Spin relaxation: 

τs ∝
1
τp

1
λ2so

ψaðrÞ ¼
X

n

cn;a exp ðikn;a · rÞjχnkn;a
i: ð1Þ

The n dependence of kn;a in the exponential phase factor
arises since each band component has a different wave
vector for the given E. Then, the local OAM expectation
value for ψaðrÞ reduces to hLir ≡ ψ†

aðrÞLψaðrÞ at r, where
L is the OAM operator. Although the OAM expectation
value for each eigenstate eik·rjχnki vanishes for all r, we
emphasize that hLir is finite in general and varies as the
electron propagates from ra to raþ1. For simplicity, we take
m̂n¼1;kn¼1;a

¼ x̂, m̂n¼2;kn¼2;a
¼ ŷ, m̂n¼3;kn¼3;a

¼ ẑ. Then, the
three components hLxir, hLyir, and hLzir oscillate with
the wave vectors kn¼2;a − kn¼3;a, kn¼3;a − kn¼1;a, and
kn¼1;a − kn¼2;a, respectively. This illustrates that the
OAM can precess intrinsically due to the orbital texture,
which is allowed even in centrosymmetric systems [34].
To understand the scattering effect on the intrinsic OAM

dynamics, we note that the hLir evolution pattern depends
crucially on the eigenstate orbital characters, which vary
with the propagation direction due to the orbital texture.
This implies that hLir evolution pattern in a ballistic
segment between two consecutive scatterings at rj and
rjþ1 differs from the corresponding patterns in different
ballistic segments. Therefore, each scattering alters the
hLir evolution pattern [Fig. 1(a)], which resembles the hSir
evolution pattern change by scattering in noncentrosym-
metric systems. This implies that the DP-like OAM
relaxation may occur in centrosymmetric systems.
Next, we turn on the SOC. Then, the local spin expect-

ation value hSir should also evolve intrinsically since S is
coupled toL and hLir evolves intrinsically. Moreover, hSir

evolution pattern should change upon scattering [see the
evolution of the red arrows in Fig. 1(b)] just like hLir does.
This illustrates schematically that the DP-like spin relax-
ation may be possible in centrosymmetric systems when
the SOC exists.
Kinetic theory approach.—To gain a more rigorous

assessment of the orbital relaxation, we apply the semi-
classical kinetic theory to a centrosymmetric p-orbital
model system described by the Luttinger Hamiltonian
[35], which was used previously to demonstrate the
intrinsic orbital Hall effect in hole-doped silicon [2]. Its
Hamiltonian density is given by

Ho
k ¼ c0k2 þ c1

X

j

k2jL
2
j þ c2

X

i≠j
kikjfLi; Ljg; ð2Þ

where ki and Li denote components of k and L, respec-
tively, and i; j ¼ x, y, z. Note that there is no SOC in Ho

k.
In the first term, k does not couple to L, whereas in the
second and the third terms, k couples to L, generating the
k-dependent variation of the real orbital character jχnki
(orbital texture [4]). These forms of orbital-momentum
coupling do not break the inversion symmetry nor the time-
reversal symmetry [35,36].
Our semiclassical kinetic theory builds upon the original

work of Dyakonov and Perel [23–25], who solved the
quantum Boltzmann equation and demonstrated the DP
spin relaxation due to the spin texture in noncentrosym-
metric systems. To assess the effect of the orbital texture on
orbital relaxation in centrosymmetric systems, we treat the
orbital-momentum coupling terms in Ho

k as perturbations
and the first term in Ho

k as an unperturbed Hamiltonian. In
the interaction picture, the equation of motion for the
density matrix ρk then reads

∂ρk
∂t

¼ 1

iℏ
½Hom

k ; ρk& þ
!
∂ρk
∂t

"

coll
; ð3Þ

where Hom
k denotes the orbital-momentum coupling terms

in Eq. (2). The commutator on the right-hand side of Eq. (3)
induces the intrinsic time evolution of the orbital. The
collision integral by impurities [last term in Eq. (3)] is
assumed to be elastic and isotropic. Furthermore, we
assume scattering-induced orbital relaxation is weak, which
can be justified in the large τm regime, where the EY-like
orbital relaxation is negligible. We investigate the evolution
of the OAM, Tr½ρkL&, by solving the corresponding equa-
tion and taking its angular average over the direction k.
As a result, we find the orbital relaxation time τo
given by

1

τo
¼ foτm; ð4Þ

where fo ¼ ð2k4F=15ℏ2γoÞð2c21 þ 3c22Þ, kF is the momen-
tum at the Fermi surface, and γo is a dimensionless constant

SOCNo SOC(a) (b)

0
1 4

3 2

0
1 4

3 2

FIG. 1. Schematic illustration of the DP-like relaxation. An
electron is scattered at positions r1, r2, etc., and forms a zigzag
trajectory. (a) Along the trajectory, the electron’s orbital density
(green) and OAM (blue arrows) evolve, which results in the DP-
like orbital relaxation even in centrosymmetric systems. Without
the SOC, the orbital dynamics does not affect the spin dynamics.
(b) When the SOC exists the spin (red arrows) dynamics is
affected by the orbital dynamics. Thus the OAM in (a) can cause
the spin to precess, leading to the DP-like spin relaxation.

PHYSICAL REVIEW LETTERS 132, 246301 (2024)

246301-2

,



3b. Spin transport in metals

Semi-classical transport (Boltzmann’s theory): particle-wave duality revisited

Wavepackets (WPs) with well defined  (i.e., with an uncertainty much smaller than BZ size)k = kc

= mean free path

scattering event in a crystal

Solutions of  are Bloch electronic states (waves). However, in transport 
problems, it is more useful to think in terms of localised wavepackets (particles). 

Ĥk |ϕk⟩ = εk |ϕk⟩ Solid State Physics,  
Ashcroft and Mermin (1976)

semiclassical condition

• Coherent multi-impurity scattering events contribute weakly as WP only sees one impurity on average 

• 6-dimensional phase space  can be defined in the usual statistical sense {r, k}



3b. Spin transport in metals

Semi-classical transport (Boltzmann’s theory): particle-wave duality revisited

L. E. Boltzmann 
(1918-1994)

1. To each point  assign a distribution function:  {r, k} f(r, k, t)

2. Next, consider its total rate of change:

diffusion external forces

Steady state &  
homogenous system:Typical case: DC electric field F = − eE

Also, to linear order in  
the external field:

acceleration term  

Write:

scattering term  

(  is the equilibrium, Fermi-Dirac function)f0



3b. Spin transport in metals

transition rate

Show that and interpret this result.

  can be computed quantum mechanically, but a microscopic model is required.  
Consider a disorder landscape of random, short-ranged impurities:
Wk→k′ 

-function is justified due to screeningδ
set of impurity positions

scattering potential strength 

Semi-classical transport (Boltzmann’s theory): particle-wave duality revisited

L. E. Boltzmann 
(1918-1994)



3b. Spin transport in metals

Generalised Golden rule

= impurity concentration

T-matrix

=

+ + …

1st Born diagram

Total scattering rate is:

Derive the result above for the T-matrix of parabolic-band electrons. Do you expect any significant  
differences between the 2D and 3D cases? What about systems of massless fermions? 

= DoS at Fermi level

Total scattering rate is:

(weak scattering regime)

(strong scattering regime)

. For a parabolic band, one has:

Semi-classical transport (Boltzmann’s theory): particle-wave duality revisited



3b. Spin transport in metals

The transport equation can be solved exactly but an often employed approximation is

relaxation time  
approximation (RTA)

<latexit sha1_base64="ViXBnR85DCVRBzhT1s4dxcBc9lQ=">AAACFHicbVDLSgNBEJz1GeMr6tHLYBAEMeyKqMegF48RzAOyIfROZpMhsw9mesWw7Ed48Ve8eFDEqwdv/o2zSQ6aWNBQVHXT3eXFUmi07W9rYXFpeWW1sFZc39jc2i7t7DZ0lCjG6yySkWp5oLkUIa+jQMlbseIQeJI3veF17jfvudIiCu9wFPNOAP1Q+IIBGqlbOnYhjlX0cOL6Cljq9rhEoH6WughJN3UDwIHnp8Msy4rdUtmu2GPQeeJMSZlMUeuWvtxexJKAh8gkaN127Bg7KSgUTPKs6Caax8CG0OdtQ0MIuO6k46cyemiUHvUjZSpEOlZ/T6QQaD0KPNOZH6lnvVz8z2sn6F92UhHGCfKQTRb5iaQY0Twh2hOKM5QjQ4ApYW6lbAAmHTQ55iE4sy/Pk8ZpxTmvOLdn5erVNI4C2ScH5Ig45IJUyQ2pkTph5JE8k1fyZj1ZL9a79TFpXbCmM3vkD6zPHzaXn44=</latexit>

⇡ ��f

⌧k

T = 0

Non-equilibrium quantities can now be easily computed :

Charge carrier density:

•  is a spin degeneracy factor 
•  is the volume 
•  (rotational symmetry) 
•  = DoS with spin included

gs = 2
V
vk = vk ek
ϱ

where
(i, j = x, y, z)

electric conductivity tensor

Semi-classical transport (Boltzmann’s theory): particle-wave duality revisited



3b. Spin transport in metals

Continuity equation & constitutive relations

First, introduce charge density:

Next, integrate 2 sides of Boltzmann equation over momentum space:
Detailed balance condition:

Semi-classical transport (Boltzmann’s theory): particle-wave duality revisited

Making use of the Einstein relation , one may cast the constitutive equation as .σc = e2ϱD jc = σc (E +
1
e

∇μ) ≡ σc 𝓔

Number conservation of electrons
An important constitutive relation can also be derived:

Drift Diffusion



3b. Spin transport in metals

Two-channel Mott model (Valet and Fert, 1993)

spin-conserving + spin-flip processes

Spin-flip terms:

Total scattering rates:

“spin flip time”

T. Valet A. Fert



3b. Spin transport in metals

In normal metals, 
  leading to τsf ≫ τ↑↑ ls ≫ l

spin flip time

Steady-state continuity equations: 

Charge current

Spin current

T. Valet A. Fert

spin accumulation density

spin current density

Two-channel Mott model (Valet and Fert, 1993)

Moreover, in ferromagnetic metals 
the bands are exchange-split,  
and thus  
 

τ↑ ≠ τ↓



3b. Spin transport in metals

Spin interface resistance & the GMR effect

NMFM
<latexit sha1_base64="iqaBhezHZA+2vtZwzbeozcDnaHQ=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF49RXBNIljA7mU2GzMwu8xDCkm/w4kERr36QN//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w8edWoVoSFJearaMdaUM0lDwwyn7UxRLGJOW/HoZuq3nqjSLJUPZpzRSOCBZAkj2Dgp7Arbu+9Va37dnwEtk6AgNSjQ7FW/uv2UWEGlIRxr3Qn8zEQ5VoYRTieVrtU0w2SEB7TjqMSC6iifHTtBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69jTXIV5Uxm1lBJ5osSy5FJ0fRz1GeKEsPHjmCimLsVkSFWmBiXT8WFECy+vEwez+rBRT24O681ros4ynAEx3AKAVxCA26hCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8AuFaOoQ==</latexit>µR

electron flow

• Fully polarised spin current is inject at LHS

• Spin current is vanishing small at the other end, 
due to spin relaxation in the NM

Diffusive regime: lateral dimensions ≫ l, ls

<latexit sha1_base64="yLkTeLGCHieQVEwIAQOrtHq9DyA="></latexit>

r2(µ" � µ#) = �µ" � µ#
l2s

Constitutive relation + spin continuity equation:

Son, PRL 52, 2271 (1987) | Valet and Fert, PRB 48, 7102 (1993) | Yu and Flatte, PRB 66, 201202(R) (2002)  

(1)

(2)

spin diffusion equation

( NM, FM)m =



3b. Spin transport in metals

Spin interface resistance & the GMR effect

NMFM
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electron flow

Diffusive regime: lateral dimensions ≫ l, ls

Son, PRL 52, 2271 (1987) | Valet and Fert, PRB 48, 7102 (1993) | Yu and Flatte, PRB 66, 201202(R) (2002)  

μ̄ =
μ↑ + μ↓

2

spin accumulation

<latexit sha1_base64="yLkTeLGCHieQVEwIAQOrtHq9DyA="></latexit>

r2(µ" � µ#) = �µ" � µ#
l2s

spin diffusion equation

Physics Viewpoint: https://physics.aps.org/articles/v8/83 

• Majority spins ( ) are preferably transmitted↓

• Size of spin accumulation region is governed by  ,   ls,NM ls,FM

• The spin-average chemical potential is discontinuous at , 
thus creating a voltage difference

x = 0

“Spin-coupled interface resistance”  
is a key concept GMR physics!

https://physics.aps.org/articles/v8/83


3c. Spin transport in metals

Spin interface resistance & the GMR effect

Son, PRL 52, 2271 (1987) | Valet and Fert, PRB 48, 7102 (1993) | Yu and Flatte, PRB 66, 201202(R) (2002)  
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Conduction occurs in parallel, and thus:

➡  Interfacial spin accumulation picture 
offers a compelling explanation  

➡  Spin-dependent scattering within the 
FM layers is also important



3c. Coupled charge-spin transport effects enabled by SOC

In Secs. 3a-b, SOC was a source of spin and orbit relaxation, but 
how does it modify the electrodynamic responses of solids?

• SOC can endow energy bands with a Berry curvature [even in high-symmetry systems], 
which modifies the semiclassical equations of motion:

anomalous velocity 
(intrinsic SHE)

Xiao RMP 82, 1959 (2010)

• Through disorder, SOC gives rise to extrinsic electrodynamic responses 
(e.g. extrinsic SHE) even if intrinsic mechanisms are weak or absent

• Low-symmetry SOC allows for direct/inverse spin galvanic effects
[next week @ ESM]

[next week @ ESM]



3c. Coupled charge-spin transport effects enabled by SOC

Gradhand, PRL 104, 186403 (2010) | Fert & Levy, PRL 106, 157209 (2011) | Ferreira, PRL 112, 066601 (2014)

Example: Extrinsic Spin Hall effect

Intuition in 2D: Consider a WP experiencing SOC for a time δt

(recall that  is the generator of rotations in coordinate space)L̂z Time reversal symmetry
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Example: Extrinsic Spin Hall effect

3c. Coupled charge-spin transport effects enabled by SOC

Gradhand, PRL 104, 186403 (2010) | Fert & Levy, PRL 106, 157209 (2011) | Ferreira, PRL 112, 066601 (2014)

This mechanism is called skew scattering and 
dominates the SHE in samples with high electronic mobility

Solution of Boltzmann equation now has 
new relaxation times:  and  τ⊥

↑ τ⊥
↓



3d. Orbital Hall effect in low-SOC metals 

Orbital Hall effect

OAM can be generated locally provided orbitals hybridise
Hybridisation occurs due to interband transitions induced by E fields

Go, PRL 121, 086602 (2018)

Predicted in 2005, the OHE has been detected last year in 
a series of experiments with light metals:
Bernevig, PRL 95, 066601 (2005) | Choi, Nature 619, 52 (2023)  
| Lyalin, PRL 131, 156702 (2023) | Sala PRL 131, 156703 (2023)

The role of extrinsic contributions is now under scrutiny by the community 

Orbital skew scattering

Veneri, arXiv:2408.04492 (2024)

Modern theory of orbital magnetisation: Intra and inter-atomic OAM (*)

(*) Computed from

Definition is intuitive and physically sound, but  operator is not well defined for systems with periodic boundary conditions.̂r

Thonhauser PRL 95, 137205 (2005) | Bhowal, PRB 103, 195309 (2021) | Pezo PRB 106, 104414 (2022) | Bush, PRR 5, 043052 (2023)  

Correct evaluation of non-equilibrium orbital currents is currently subject of debate.



End

Thank you for your attention!

Contact: aires.ferreira at york.ac.uk
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