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Topological
Physics

Fundamental

Non-local transport 
measurements

QHE (resistance standard)
QSHE (Topological insulators)

QAHE (magnetism/SOC)
…

Generation of spin current and 
Manipulation of magnets

Spin-orbit torque 
(STT-MRAM and SOT-MRAM)

Topological Quantum Matter 
Forefront Research 

Spin 
Manipulation
Memory Techs

Entanglement
Quantum info 
manipulation 



SYNOPSIS

Multiple components 
Spin Hall Effect

(MoTe2 monolayer)
Giant SHE

Higher resilience to disorder scattering (long spin lifetimes)
& to Rashba SOC (inversion symmetry breaking)

Linear scaling quantum transport methods

“Quo Vadis 2D Spintronics?”

Low symmetry topological materials 
– persistent spin textures  (spin conservation axis)-

Canted Quantum Spin Hall Effect
(WTe2 monolayer)
Electrically tunable

spin polarized topological currents





Magnetic field sensors used to read data in hard disk drives,
microelectromechanical systems (MEMS), minimally invasive surgery
Automotive sensors for fuel handling system, Anti-skid system, speed control & navigation
Magnetoresistive random-access memory (MRAM)
Spin transfer Torque MRAM

Spintronics and its industrial/Societal impact
Albert Fert         Peter Grünberg 

2007 Physics Nobel Laureates



Spin-based information processing ?

Active devices based on Spin manipulation ?

Need for spin information transport on long distance (room T)
Spin injection and detection (ferromagnets/nonmagnetic materials)

Spin Hall Effect

Datta-Das spin 
transistor

Spin torques
(SOT-MRAM)

http://www.google.com.sg/url?sa=i&rct=j&q=Spin+Datta+Das+FET&source=images&cd=&cad=rja&docid=suwd08jibMgKFM&tbnid=t2NyhfM_TC579M:&ved=0CAUQjRw&url=http://www.ced.ufsc.br/men5185/trabalhos/23_semicondutores/spintronica.htm&ei=T_nKUaLCFJT54QSixYGACg&bvm=bv.48340889,d.bGE&psig=AFQjCNHJp5lXRyJy_XK79WFJFCSxjhwznw&ust=1372342935986970


Spin Hall effect
(strong spin-orbit coupling materials)

Spin Hall angle : 
measures how much spin current
is generated from a charge current

Spin-orbit coupling fields
(effective magnetic field)
Generates (bulk) 
transversal spin current
(spin polarization ortogonal
to both currents)

(Pure) spin current generation, 
manipulation & detection



Long sought-after spintronic materials

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

Problem !

Spin diffusion length : measures upper limit for spin transmission



Could graphene solve such conundrum?
• Ambipolar/tuneable

transport

• Large mobilities
(> 100k cm2/V.s at RT, 1M 
cm2/V.s at 4K)

• Low spin-orbit 
interaction

• Graphene properties can 
be tailored by 
proximity effects

magnetizing graphene, generating spin currents, 
and fabricating “active spin devices, etc…



Graphene/Magnetic insulators

Yang, Hallal, Waintal, Roche, M. Chshiev, PRL 110, 046603 (2013)
Hallal et al. M. Chshiev, 2D materials 4 , 025074 (2017)

Graphene/EuO and Graphene/Y3Fe5O

Spin filtering and exchange splitting Gaps

Exchange splitting 
(G/YIG) = 40 meV  



PGr ≈ 14%
Exchange splitting to be Δ  ≈ 20meV, which corresponds to Bexch ≈ 170 T
Generation of the spin currents by the magnetized graphene should persist up to 
the Néel temperature of CrSBr (TN ≈ 132 K)  interlayer antiferromagnet

chromium sulfide bromide 





Two-dimensional spin field-effect switch
W. Yan, O. Txoperena, R. Llopis, H. Dery,  Luis E. Hueso & Felix Casanova

Nature Comm. 7, 13372 (2016)



J.F. Sierra et al 
Nature Nanotech. 16, 856–868 (2021)



“Race” to understand & 
tailor proximity effects



Roadmap of 2D-based spintronics

Nature 606 (7915), 663-673 (2022)



Linear scaling quantum 
transport methods



Linear scaling quantum transport methods
(Kubo, (Spin)-Hall Kubo, Landauer-Büttiker, spin dynamics)

Disorder systems, Magnetic fields, 
Charge transport
Thermal transport (phonon dynamics-harmonic approx.)
Spin transport (SOC effects)
Electron-phonon coupling  (molecular dynamics, T-dependence)
Polaron transport 
Non equilibrium transport…

www.lsquant.org

Phys. Rep. 903, 1 (2021)

Billion atoms scale / disordered models



3 weeks versus 1 billion years….
“Advantage” of linear scaling quantum transport



Sheet resistance vs. grain size in chemically disordered CVD graphene

Significant increase in RS with GB adsorbates

Sheet resistance scaling law

A. Cummings et al, 
Advanced Materials 26, 5079–5094 (2014)



Kubo-Greenwood formula 
for quantum conductivity

R Kubo, Rep. Prog. Phys. 29 255-284 (1966)

Linear Response - Non-interacting electrons
Treat all multiple scattering phenomena 

Give access to  semiclassical transport
(Mean free path, charge mobility)
Non-perturbative regimes  (disorder + B,…)

Beyond usual treatment semi-classical Bloch-Boltzmann
Weak localization/strong localization

Generalization to Hall effects (topological physics)



S. Roche & D Mayou Phys. Rev. Lett.  (1997)
S. Roche Phys. Rev. B (1999)

Linear 
scaling
algorithm

No matrix inversion



Quantum dynamics & scaling analysis

C+ ions at 500 keV

F. Giannazzo et al,  
Nanoscale Res.Lett.6, 109 (2011)

http://www.nanoscalereslett.com/content/6/1/109/figure/F3?highres=y


From weak to strong (Anderson) localization
disordered graphene lattice (el-h puddles)disordered graphene lattice (lattice vacancies)



Hall Kubo-Streda formalism

Magnetic field modeled by Peierls’ phase:

Hall Kubo formula for real space implementation  
(106 atoms- disorder – B=1mT- 60T )

F. Ortmann & S. Roche  
Phys. Rev. Lett 110, 086602 (2013)
F. Ortmann, N. Leconte, S. Roche 
Phys. Rev. B 91, 165117 (2015)

L. Zhao et al. 
Science 333, 
999 (2011)



Spin dynamics of propagating wavepacket

(time-dependent) 
Local spin density in real space

Spin  precession time
Spin  relaxation time



Spin polarization vs mean square displacement

Universal spin diffusion length

No dependence on grain size (!!!)
10 nm or 100 microns

Rashba SOC = 5µeVRashba SOC = 25µeV

AW Cummings et al Nano lett. 19, 7418 (2019)



Giant Spin lifetimes Anisotropy
AW Cummings, JH Garcia, J Fabian, S Roche
Phys. Rev. Lett. 119 (20), 206601 (2017)

Strong valley mixingIntravalley scattering



Experimental confirmation

Room TemperatureRoom Temperature



charge current injected
from lead 2  to 1  while
a non-local voltage

the transmission matrix between transverse propagating
modes within semi-infinite leads p and q

Charge current

Spin current

Nonlocal spin transport
(multiterminal geometry)



Kubo formalism  
(dissipative & Hall conductivities) Multiterminal landauer-Büttiker formalism



Hanle spin precession simulations

Graphene with random magnetic impurities

M. Vila, J.H. Garcia, A.W. Cummings, S. Power, C. Groth, X. Waintal, S. Roche
Physical Review Letters 124 (19), 196602 (2020)

Consistent extrapolation 
of spin diffusion length



3D Fu-Kane-Mele Hamiltonian for topological insulators
With magnetic impurities (proximity effects)

Transport properties in 
High-dimensionality, disordered

topological materials

PM Perez-Piskunow & S Roche, Phys. Rev. Lett. 126, 167701 (2021)

Pablo Piskunow



Multiple components 
Spin Hall Effect

(MoTe2 monolayer)

Low symmetry topological
materials 

M. Vila et al. Physical Review Research 3 (4), 043230 (2021)



“Spin currents by proximity effect” 
Using strong SOC 
Spin Hall Effect

efficiency of converting 
charge current to spin current

Spin Hall angle

Can we use proximity effects to generate and 
control spin currents? 

(F. Casanova)



Emergent Hamiltonian in proximitized graphene

J.F. Sierra, J. Fabian, R Kawakami, S. 
Roche, SO Valenzuela
Nature Nanotech. 16 (8), 856-868 (2021)



is the spin current operator

dc-Kubo
conductivity

Spin Hall Kubo conductivity
(SHE in dissipative regime)

JH Garcia et al. Phys. Rev. Lett. 114, 6602 (2015)



Clean case :

WS2 leads to larger
Spin Hall 
conductivity
(larger SHA)

Spin Hall Kubo conductivity 
in clean graphene/TMDC interfaces

“intrinsic SHE”

Dissipative SHE

“extrinsic SHE”
To be continued !

JH Garcia et al. Nano Lett. 17, 5078-5083 (2017)



Upper limit Spin Hall Effect
in disordered graphene/TMDC interfaces

JH Garcia et al. Nano Letters 17 (8), 5078 (2017)

Intravalley
scattering

Intervalley
scattering



Nature Materials 19 (2), 170-175 (2020)



SHE  in Low-symmetry multilayers TMDs

P. Song et al. Nat. Mater. 19, 292–298 (2020)

Multidirectional  spin-to-charge conversion in multilayers MoTe2 (11 nm thick sample)

C. K. Safeer, et al. Nano Letters  19 (12), 8758-8766 (2019)



4-band symmetry-based model TMD-1Td 
Bulk crystal structure of 1Td-TMD 

(mirror symmetry in the yz plane (Mx) 
& a glide mirror symmetry (My) along 
the perpendicular z direction)

Monolayer 1Td-TMD:  Lowering symmetry
2D structure loses translational symmetry along the z direction

𝑠𝑠 𝐸𝐸𝐹𝐹
≈ 𝑆𝑆0 𝐸𝐸𝐹𝐹 �𝑢𝑢 𝜃𝜃

Persistent-canted 
spin texture (yz)
(k-independent)



4-band symmetry-based model TMD-1Td 
4-band real space tight binding model (interpolated in Wannier basis (Wanier90))

MoTe2

WTe2

Spin texture: 
Arrows: in-plane spin projection
Color: spin projection along z

generated by two orbitals (plus spin) / unit cell – py of the chalcogens and dyz of the metal ions

Spin-orbit coupling



Anisotropic spin dynamics in MoTe2

Study of the nonlocal resistance versus channel length to extract spin diffusion length

Spin  α-polarized current injected

+Anderson disorder
Diffusive regime (MFP<L)

Extract of λs by fitting to the solution
of a 1D spin diffusion equation

M. Vila et al. Phys. Rev. Res. 3, 043230 (2021)



Anisotropic spin dynamics in MoTe2
In 2D Rashba SOC materials
Spin-momentum locking 

scattering changes effective (in-plane)
magnetic field randomly

e
e

e

e

Effective magnetic field is fixed (pointing in the yz plane)
x-polarized spins precess much faster- shorter spin diffusion

z-polarized spins precess faster than y-polarized

In 2D Weyl semimetal TMD
Persistent (canted) spin texture



Spin accumulation & (Giant) Spin Hall angle
Extract the spin accumulation
across the channel

Fitting the results with solution of the 
Spin drift-diffusion equation

M. Vila et al. Phys. Rev. Res. 3, 043230 (2021)

Kubo-Bastin calculations



Experimental fingerprints (Hanle)
Simulated response of the inverse SHE (RISHE) 

to spin precession for two orientations of the TMD crystal (full absorption limit)

spin current polarization reaching the TMD Js
α controlled externally with a magnetic field orientation

Anisotropic spin diffusion  
- up to 3 orders of magnitude larger than other SHE materials (large SHA)

- symmetric or antisymmetric depending on crystal orientation 

M. Vila et al. Phys. Rev. Res. 3, 043230 (2021)



Canted 
Quantum Spin Hall Effect 

(WTe2 monolayer)

Low symmetry topological
materials 

J.H. Garcia et al. Phys. Rev. Lett. 125, 256603 (2020)
J.H. Garcia et al. Phys. Rev. B 106 (16), L161410 (2022)



Quantum Spin Hall Effect
C.L. Kane and E. J. Mele, 

Phys. Rev. Lett. 95, 26801 (2005)

Gapless helical edge states
States with opposite spins 

counterpropagate at the edges

“QHE” in absence of magnetic field
Towards dissipation current (TRS invariant)....

Zigzag graphene ribbon with intrinsic SOC



1T´-TMD monolayer as QSH insulators
X. Qian, J. Liu, L. Fu, J. Li, Science 346, 1344 (2014)
Structural distortion causes an intrinsic band inversion between 
chalcogenide-p and metal-d bands (gap in order of 0.1 eV)

Topological field effect transistor
(low-power quantum electronics)

1T´-MoS2
Prediction in 2014



1T-WTe2 as Quantum Spin Hall insulator

Wu et al. 
Science 359, 76-79 (2018)

Purely electrical 
measurements

Spin-momentum locking
(entanglement) has not yet 
been directly 
visualized/demonstrated



QSHE in WTe2



Spin Hall conductivity for WTe2

Spin Hall conductivity tensor 
(Kubo-Bastin formula)

Simulations on a 
system with

4 Millions atoms
(energy broadening = 

5meV)

measures of the spin 
projection onto α

“Strange” nonquantized 
values…??



Spin Hall conductivity for WTe2
Spin Hall conductivity tensor 

(Kubo-Bastin formula)

Two spin-canted
topological states

sustaining QSHE in WTe2

Spin quantization axis

measures of the spin 
projection onto α

(spin preserved along z´)

In the gap, a combination
of SHC in y and z directions



Nonlocal resistance calculations
Topologically

protected edge-states

J.H. Garcia et al. Phys. Rev. Lett. 125, 256603 (2020)

Quantized two-terminal resistance (2 channels)

Quantized nonlocal resistance 

Bond-projected spin currents
for spins polarized along the
(rotated) z‘ direction

Bond-projected spin currents
for spins polarized along the
(rotated)  y' direction

“vanishing contribution”

Robustness to disorder (Anderson model 1 eV)



Phys. Rev. X 11, 041034 (2021)



Physical Review B 106 (16), L161410 (2022)



Increasing the variety of spin-orbit torque components
By lowering the symmetry of the crystals

& heterostructures (twist degree of freedom..)
H. Kurebayashi, J. H. Garcia,  
S Khan, J. Sinova & S. Roche 

José Garcia

Joaquin medina



“Spukhafte
Fernwirkung!”



“Spukhafte Fernwirkung!”

“ I cannot seriously believe in “it” because the 
theory cannot be reconciled with the idea that
physics should represent a reality in space and 
time, free from spooky action at a distance…” 

(A. Einstein)

Letter to Max Born(1947), 
about the statistical approach to quantum mechanics



Einstein Podosly Rosen
« thought experiment»

Quantum Entanglement

http://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjj6I30iKTSAhXLOhQKHebfDmsQjRwIBw&url=http://www.biografiasyvidas.com/biografia/s/schrodinger.htm&psig=AFQjCNEXEa_sJn0Vguiw79SUWvnkAcpD6A&ust=1487865429543044


30 years after (1964)…., John Bell proved that 
no theory of nature that obeys locality and realism 
can reproduce all the predictions of quantum theory

15 years after

http://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjQy-inztbRAhWCPRQKHaYAB5oQjRwIBw&url=http://mappingignorance.org/2015/12/23/the-loophole-free-quantum-entanglement-experiment-1-bells-theorem/&psig=AFQjCNFvzaW2Cs1hwtQyGHEZ-AAb_MY6TA&ust=1485202856310297


(practical?) Quantum Computers

• IBM – 400 Qubits plus quantum processor (2022)
• D-Wave 5000 Qubits quantum annealer
• Microsoft –Quantum Lab-Delft…. “Chi l´ha visto?” 
• Google –Quantum Artificial Intelligence Lab
• Bristlecone: 72-qubit quantum chip..

aims to build quantum processors and 
develop novel quantum algorithms to 
dramatically accelerate computational 
tasks for machine learning



What available IBM quantum computer
can do today?

Useful Quantum algortihm (Shor´s algorithm) factorizing
very large number in prime numbers…(“quantum cryptography…”)
…

27-qubit quantum processor ibmq_toronto

exponentially faster than the 
most efficient known classical 
factoring algorithm….



"Observation of topological phenomena 
in a programmable lattice of 1,800 qubits

A.D. King et al Nature 560, 456 (2018)

Topological quantum transition (Kosterlitz-Thouless) 
Reproduced with Large scale simulation in a network of 1,800 in situ programmable 
superconducting niobium flux qubits

A. D King et al., Science 373, 576–580 (2021)



Entanglement in Quantum Matter
as a ressource for

Quantum information



Particles in Graphene

8-components wavefunction

No intervalley/spin mixing- Valleys degenerate…
No disorder, No spin-orbit interaction

Valley + Valley -

Three intraparticle (quantum) degrees
Spin  
Valley “isospín”
Sublattice “pseudospin”

DIRAC Fermions
GAPLESS Linear energy dispersion

and velocity 106m/s



ICN2 picture
A. Bachtold

“Unique properties of
Clean graphene”

• Ballistic conductivity
• Klein tunneling
• Diverging zero-energy Mean free path/mobility
• Weak antilocalization (quantum interferences)
• Anomalous vs conventional QHE
• Spin transport ?

Long range potential
Intravalley scattering

(short momentum transfer)

Anomalous quantum transport

pseudospin
A sublattice :

B sublattice :

And related Berry´s phase





Spin-Pseudospin entanglement

a change in sublattice (pseudospin) index entails a change in spin index 
Low energy spin and pseudospin are completely locked



Spin-Pseudospin dynamics

High energy dynamics
Low-energy dynamics

Stronger dephasing at Dirac point
Dephasing results combination of non-uniform
spin precession freq and broadening



Graphene on hBN
electron-hole puddles drive the relaxation

Dephasing driven by an
entangled dynamics between

spin and pseudospin

Graphene 
on SiO2

Graphene 
on hBN

D. Van Tuan et al, Nature Physics 10, 857 (2014)
,,                   Sci. Reports 6, 21046  (2016)

A.W. Cummings and SR, PRL 116, 086602 (2016)



Emerging entanglement properties
between intraparticle degrees of freedom
Robustness against decoherence
Possibility of nonlocal manipulation…



Concurrence
(entanglement degree)

diagonalising an operator R which  is built from the  general two-qubit density matrix 

Concurrence has a one-to-one correlation with the entanglement of formation, 
and ranges between 0 (separable state) and 1 (maximally entangled state)

Concurrence (spin-pseudospin) for electronic states
propagating in Graphene/substrate (SiO2 or hBN) 

Spin and pseudospin will precess around 
effective magnetic and pseudomagnetic
fields (oscillation freq.                        )



Hamiltonian (Rashba SOC) & Concurrence (spin-pseudospin)

In the eigenstates basis of H

Time-evolution of concurrence
for different initial states

pseudospin along x, spin along z

States initially unentangled acquired
Spin-pseudospin entanglement during propagation



Even arbitrarily initial state develops a final entanglement
(entanglement resilient to scattering)

is a separable state with  random spherical 
angles defining the orientations of the pseudospin
and spin on the Bloch sphere

Emergence, persistent & robust
spin-pseudospin entanglement

States that are equivalent to the action of a random
unitary matrix on some reference state, 
which are uniform over the four-dimensional Hilbert space



Time-dependent violation of the Bell inequality
(CHSH variant)

Unentangled states

Maximally entangled states

Whatever the initial state
There is always an emerging
intraparticle entangelement ressource
generated during the dynamics



Time-evolution of non-local 
correlations

Van der Waals heterostructures
Dirac-Topological Matter

opportunities to manipulate DoFs by external fields
(electromagnetic, deformation fields, proximity effects…)

Two (more)-particle entanglement
generation, manipulation & detection 
using intraparticle vs interparticle DoFs



Connect with me on !!

Thanks for attention !

Slides available upon request
Stephan.roche@icn2.cat



“…Semejante a un rebaño de nubes, arrastrando la cola inmensa
y turbia de lo desconocido
tu alma enorme rebasa  tus hechos y tus cantos,
y es lo mismo que un viento terrible y milenario encadenado 
a una matita de suspiros…”

Pablo de Rokha
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