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Summary

- Clarity	of	simplest	models	versus	ab	initio	calculations,	the	
case	of	Ni/Co	and	Au	on	graphene:	Band	folding/Matrix	
perturbation	theory	
- Ferro	and	AntiFerro	on	graphene	without	degrading	its	
properties	

- Strong	spin-orbit	coupling	induced	by	Au	
- Spin	activity	in	the	absence	of	exchange	interactions	and	
magnetic	centers.	The	case	of	CISS	
- Chiral	molecules	as	a	spin	polarizers	
- Hydrogen	bonding	generate	Rashba	interactions	
- Stretching	molecules	and	Molecular	spectroscopy/SO	
enhancement



Van	der	Waals	Materials/Proximity	coupling

Liu, Huang, Duan, Nature  volume, 
567, 323–333 (2019)



Twistronics/Majorana

Magic	angles	at	which	the	fermi	velocity	—>	0	
then	magnetism	and	superconductivity	arise

Rashba	(SO	coupling)	nanowire	on		
superconductor	



Proximity	regimes:	Substrate	
effects	

Khomyakov et al (2009) 

Work 
function Work 

function 

Electron transfer 
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Changes	in	chemical	potential	
Δ work  
function 

 Wave-f 
overlap 

DOS 

 Wave-function 
overlap 



Why	proximity	effects?	

•  Defects	and	impurities	reduce	desirable	
mobility	properties	

•  Can	dope	n	or	p	with	metals	gauging	the	
distance	without	gating	(graphene	has	no	
carriers	without	doping)		

•  Can	induce	spin-orbit	interaction	without	
substitutional	heavy	atoms	

•  Induce	A-B	asymmetries	for	semiconducting	
properties		



Proximity	effects:	Co	over	
graphene	

Graphene	

RKKY interaction 

The sign of the interaction can 
be manipulated by a gate voltage 

BUT! Coupling produces AF interactions! 

Ernesto Medina
McDonald et al PRB 2013

Ernesto Medina
ATOP



Co-Graphene	bands	
3z2-r2 

3z2-r2 Majority spin 

Minority 
spin 

Fermi 

Mixed with A π orbital/ 

unfilled 

filled 
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ATOP configuration 



Proximity	effects:	Co	over	
graphene	

 H = µ + !vFk ⋅σ − h0zσ z − hz0sz − hzzszσ z

Asymmetric 
Lattice/ 
pseudo 
spin 

Asymmetric 
spin 

Graphene 

Empirical model   McDonald et al 2012 

Asymmetric 
Spin/pseudospin 

Electron 
transfer 

We can derive it from tight binding and 
determine the coefficients 
Design appropriately each term  



Lattice	registries	

A 

A 

A 

A 
B 

B 

Most stable according 
 to Ab initio 

ATOP 

HCP 



Atop	configuration	

A 

B 

Vppπ 

A 

Hopping to Co/Ni 
Process on graphene 

Only graphene 
site energies corrected 

Also magnetization 
Dependent correction 



Co	over	graphene	couplings	

A,Pz	 B,Pz	 dz2	 dxz	 dyz	

A,Pz	 0	 0	

B,Pz	 0	

dz2	 0	 0	 0	

dxz	 0	 0	 0	

dyz	 0	 0	 0	

Want an effective H	2x2		

Can also apply real space Feynman method  H χ

H γ T
Vppπ

Vppπ

ε p

ε p

εdz2 +δ1sz
εdxz +δ2sz

εdyz +δ2sz

Vpdz2

 n̂x
!Vpdπ  n̂y !Vpdπ

 −n̂x
!Vpdπ

 −n̂y !Vpdπ

−Vpdz2



Matrix	perturbation	theory	
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Instead of Feynman paths we use Foldy-Wouthuysen 
band folding approach



Matrix	perturbation	theory	
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Matrix	perturbation	theory	

  
Φ†Φ = γ †S1/2S1/2γ = γ † 1+ T Hχ( )−2

T †( )γ ≈ γ †γ + χ †χ
Norm	must	be	
Consistent	in	
perturbation	

  
S−1/2 Hγ − T

1
Hχ

T †
⎛

⎝⎜
⎞

⎠⎟
S−1/2Φ = EΦ

Heff	 With	dimension	of	Hγ

As	γ	is	the	subspace	of	pz	these	orbitals	are	dressed	by	the		
couplings.	



ATOP	configuration	

 

HATOP = − γ 0ai†bj −
ε p − εd( ) +δ1sz
ε p − εd( )2 −δ1

2
Vpdz2

2

ij
∑ ai†ai

i
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− 3
ε p − εd( ) +δ2sz
ε p − εd( )2 −δ2

2
!Vpdπ
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Magnetic order in Co 

coordination 
of first neighbours 

Perturbed 
Site 
energies 

Full Brillouin zone 



ATOP	in	vicinity	of	K	points	

The McDonald Hamiltonian 

HATOP (k = 0)= µ ⇑σ ⇑s −h0zσ z ⇑s −
hz0
2 ⇑σ sz −

hzz
2 σ zsz



ATOP	in	vicinity	of	K	points	

A sublattice AF wrt Co 
B sublattice F wrt Co 

Result: AF with a slightly higher 
Spin component opposite to Co 

Depending on overlaps and coordination 

Ernesto Medina
M. Peralta et al PRB (2019)



HCP	real	space	Hamiltonian	

A,Pz	 B,Pz	 dz2	 dxz	 dyz	

A,Pz	
0	

B,Pz	 0	

dz2	 0	 0	 0	 0	

dxz	 0	 0	

dyz	 0	 0	

Want an effective H	2x2		 H χ

H γ T
Vppπ

Vppπ

ε p

ε p

εdz2 +δ1sz
εdxz +δ2sz

εdyz +δ2sz

 n̂x
!Vpdπ  n̂y !Vpdπ

 −n̂x
!Vpdπ

 −n̂y !Vpdπ

 n̂x
!Vpdπ  n̂y !Vpdπ

 −n̂x
!Vpdπ

 −n̂y !Vpdπ



HCP	bands	

dXZ,dYZ 



HCP	Bands	

 

HATOP (k = 0)= −µ '⇑σ ⇑s −
v!
γ 0

k h'0x+ γ 0( ) "σ z ⇑s −h'z0 ⇑σ sz

− v!
γ 0

k h'zx "σ zsz

Magnetization of states 
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Enhancing	SO	on		
graphene	

Marchenko et al 2012 
Exp+DFT 

Spin resolved ARPES 

Heavy atom proximity effect 

Ernesto Medina
Nature Comm.

Ernesto Medina
spin-resolved photoemission

Ernesto Medina
A. Lopez et al PRB (2019)



Experiments:	Polarizing	photoelectrons

Bare surface

Thiols used to  
make DNA stick

UV light
Photon 
energies  
5.84 eV

Electron  
energies 
0.5-1.2 eV



Electron polarization with organic 
molecules

Chirality	à electron	polarization Devices

Naaman	Nanolett.	2011	 Nature 2013



Tunneling	electron	polarization

Xie et al Nanoletters 2011.

DOWN spin Ni
UP spin Ni

Barrier for transmission 
asymmetry 
between one spin 
orientation and the 
other

Single	ds	molecules

DNA	separators

+

-



Photosystem	1

Naaman	et	al	Angewandte	Chemie	
2014

Polarized	
Electrons

Photosystem	1 -Spin	aligned	paralell	to	momentum!	
-Spin	effect	optimal	at	room	temp,	
degrades	when	you	lower	temp.	

Voltage	between	Ag	and	Ni	tells	spin	accumulation	orientation

Ni	orientation	used	to	probe



Chiral reactions
X-Ray

Spin polarized 
secondary electrons

PERMALLOY 

MAGNETIC

C
O

-P
ea

k 
de

ca
y

Spin polarized 
secondary electrons

Circular  
polarization



Experiments: Chiral reactions spin 
sensitive

Secondary pol. electron energies

Bond 
cleavage

Down spin
up spin

Ease of cleavage 
depends on  
electron spin

Spin torques involved?  
à SO interaction (No theory here)

Adsorbed 
Butanol on 
Permalloy



Conductance	Histograms
Aragones	et	al	Small	2016

Break	junction	device	built	at	Yachay	Tech	
first	device	of	the	Quantum	Conductance	Lab.	
Werner	Bramer	CEPRA	Project	2018

2019



Experiments	stretching	oligopeptides

Spin polarization
Is controlled by 
strain

Po
la
tiz
at
io
n

Kiran	JCP	2017

monolayers	well	oriented	



Summary	of	experiments

• No	magnetic	fields	present	
• No	magnetic	centers	(relatively	light	atoms	C,	N,	O)	
• No	sources	of	exchange	interactions	

• Polarizations	measured	larger	than	those	induced	by	
a	ferromagnet!	

• Chirality	a	critical	ingredient	(popular	in	biol.	systems)	
• Surfaces	appear	not	to	play	a	role

Usual	suspects

Spin	polarization	intensities



Where	does	spin	activity	come	from?

• On	the	theoretical	side	we	surmised	that	the	
spin-orbit	interaction	was	to	blame

Change	frames	
you	get	a	magnetic	
field	and	spin	is	
oriented

BUT	WHAT	ELECTRIC	
FIELD????

Electric	field
Magnetic	field

Ernesto Medina



Spin-orbit	everywhere	
in	recent	CMP



The	spin-orbit	interaction	in	the	vacuum

• The	Spin-orbit	interaction	in	the	vacuum	(free	
fields/charges)	comes	from	the	Pauli	Eq.

ℋ = p2

2mo
+ V + V0 + eℏ

2m0
σ ⋅ B − eℏσ ⋅ p × ℰ

4m2oc2 − eℏ2

8m2
0c2 ∇ ⋅ ℰ

− p4

8m3
0c2 − eℏp2

4m3
0c2 σ ⋅ B − (eℏB)2

8m3
0c2

Bare	SO	interaction

− eℏσ ⋅ p × ℰ
4m2oc2 =

ℰ = 106 V/m
v = 106 m/s

ℰ = 109 V/m

2 × 10−9 eV 2 × 10−6 eV
very	small		bare	interaction	because	
of	denominator	effects



Summary	of	external	sources

• Reasonable	external	sources	of	electric	field	
cannot	explain	the	experimental	results	(eV	
range)		

• Electric	fields	from	electronegativity	
polarization	are	also	too	small	

• What	about	internal	fields?

106 − 109 V/m



Spin-orbit	interaction	from	atomic	source

From	the	strongest	electric	fields	present:	Close	
to	the	atomic	nucleus

    

pz HSO px ,y = pz

e!
4m0

2c2 s ⋅ p ×E( ) px ,y ≈ meV

=
me4Z 2 / 2!2n2( )2

3m0c
2

Evaluated at angular 
momentum of hydrogenic electron 
exposure to inner cores

2p orbital penetration

Carbon

Carbon

1012 V/mInvolved	fields	top



SO	from	atomic	source

• Source	of	SO	is	from	atomic	SO	coupling,	C,	N,	
O	involved	(Electric	field	of	atomic	cores)

J.	Chem.	Phys.	(2009)	
Europhys	Lett.	(2012)	
J.	Chem.	Phys	(2015)	
Phys.	Rev.	B	(2016)	



How	SO	is	enhanced	by	geometry
Example	Graphene

SO Coupling = 1μeV SO Coupling = 1meV

Flat Graphene Curved graphene

Second	order	in	interaction first	order	in	interaction

Nanotubes,  
hydrogenized sheets



Bencene,Napthalene…versus	helicene

Very	small	SO	
second	order	in	
atomic	SO	

Three	orders	of	magnitude	
larger	SO,	First	order	in	
atomic	SO

Evidence SO is coming  
from the atomic SO  
and the WF overlaps

Helicene



SO	from	the	atomic	cores	an	intuitive	
approach

SO	Intrinsic	

SO comes from 
Atomic coupling

    

pz HSO px ,y = pz

e!
4m0

2c2 s ⋅ p ×E( ) px ,y ≈ meV

=
me4Z 2 / 2!2n2( )2

3m0c
2 = ξp

Evaluated at angular 
momentum of hydrogenic electron 
exposure to inner cores

Carbon

1012 V/mInvolved	fields	top

With	geometry	of	DNA
Atomics	SO	to		

Transport	—>	Polarized	electrons



Orbital	hoppings

Kinetic	term Stark	First	order	coupling	

SO	Intrinsic	
Rashba	coupling	



Lowest	order	terms

pz pz

s,px,	py s,px,	py

Kinetic	term ξp eEzsp

SO	Intrinsic	NN

pz pz

ppσ

SO Stark

pz pz

First	
Order	
SO!!

pz pz

s s

pz pz

Rashba	coupling	

spσs p

p p

pz pz

s

Stark	First	order	coupling	

SO Stark

+	NNN	terms

Second	order	Stark	

SO	Intrinsic	



Electrons	bound	to	states	in	molecule

Π	structure	
+	
Σ	structure

Arrange of orbital results in 
first order SO coupling

AFM	setup	Xie	et	al	(2011)



Transport model DNA

Varela, Mujica, Medina 2016

SO 1st order Stark term 1st order



Transport model DNA

Varela, Mujica, Medina 2016

Rashba Term



Overlaps	with	DNA	twist

Stark

Intrinsic	SO



Tight	binding	Hamiltonian

very	small		
first	order	SO		
between	strands

Between	strands	(out)inside	strand	(in)

out in

pz pz

SO Intrinsic 
pitch

Bare	SO



Tight	binding	terms

Rashba	Interaction	(inside	strand)

pz pz

Rashba	coupling	

spσs p



Tight	binding	terms
Rashba	interaction	between	strands

Full	lowest	order	Hamiltonian



Analytical Tight-binding

Varela, Medina 2016

Effective SO coupling

Within each helix

Between helices

pitch
Bare SO



Results
• For	DNA	specifically	(two	independent	strands)

Kramers	doublets	time	reversal	
symmetry	preserved

As	in	edge	states	of	Topological	insulators

gap	10	meV	<	room	temp!	

Polarization	one	
order	lower	than	seen	in		
experiments



Summary	of	theory

• Internal	source	of	electric	fields		
• tight-binding	approach	gives	a	broad	scenario	
of	the	spin	effects	to	be	complemented	by	
more	detailed	calculations	

• All	qualitative	features	of	the	experiment	
reproduced….	except	
• MAGNITUDE	OF	THE	EFFECT



Dipoles	in	DNA	on	Hydrogen	bonds

Dipoles	almost	in	plane	and		
tend	to	cancel	out	to	lower	
energy	

Radial	Dipoles



Hydrogen	bonds	in	oligopeptides

Hidalgo,	Torres,	Varela	
Poster	session



Electric	fields	due	to	vicinity	of	hydrogen	
bonding

Electric	field	lines	and	Bader		
surfaces

Base	pairs

ThymineAdenine



Hydrogen	bond	mediated	Rashba



Stark	interaction	with	H-Bond	electric	field
So	SO	is	atomic	but	Stark	is	
due	to	the	Hydrogen	bond		
another	way	to	increase	the		
effect



Experimental	verification

• How	can	we	prove	the	previous	scenario?	
• Perhaps	with	a	new	spectroscopy	christened:	

• MECHANICAL	SPECTROSCOPY



Stretching	both	ends	fixed

Poisson	ratio	
Reported	by	
experiments

Fixed	ends

Hydrogen	bonds	depolarized

Break	junction	or	STM	setups



One	free	end	stretching
Free end

At constant radius a

Hydrogen	bonds	untouched



Conclusions
- Analytical	TB	approaches	coupled	to	Band	folding/
Matrix	perturbation/	Renormalization	tools	can	capture	
major	qualitative	features	of	new	physical	phenomena	
in	low	dimensional	systems	

- Proximity	effects	(non-bonded	interactions/Van	der	
Waals	materials)	are	a	novel	mechanism	to	inherit	and	
generate	new	behavior	in	low	dimensional	material.		

- TB	model	can	capture	interferences	between	interaction	
paths	that	render	couplings	weak	or	strong.	

- Effects	of	external	fields	via	the	Floquet	approach	and	
twisting/warping	material	next	in	the	pipeline!
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Chiral peptide

Chiral inside chiral

Made in Nature®

Hidalgo	and	Torres	current	patient


