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Summary	

Motivation	

Pseudopotentials	and	Spin-Orbit	

What	does	the	Spin-Orbit	coupling	mean?	

SIESTA	and	Spin-Orbit	(scalar	vs.	fully	relativistic	approx.)	

Some	examples	



Energy	

barrier	

Major	obstacle:	

Superparamagnetic	limit	

Medical	applications	

Catalytic	reactions	

Magnetic	recording	

Nano-devices:	

Ligand	

Medicine	

Core	
Biological	sensors	

Optoelectronics,	etc	

High	density	magnetic	recording	

-	State-of-the-art		1-2	Tbit/in2	

-	Goal	10	Tbit/in2	

Multilayers,	thin	films	 Magnetic	nanoparticles	onto	

a	surface:	

    τN = τ0 exp(KV /kBT )
Anisotropy	

NP	volume	

    K :

V :
Neel	relaxation	law	
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Topological	Insulators	
Dirac	cone	

Au	fcc:	

Bi2	Se3	
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Nucleus	rest	

frame	
Electron	rest	

frame	

The	Spin-Orbit	coupling	is	a	relativistic	effect	

H
total

= H
NR
+ H

SR
+ H

SO

Schrödinger	
Relativistic	

corrections	

Dirac	

+

	L	

S	

	J=L+S	

z	

  HNR
+H

SR

l,σ → J,mJ =
C l lm,↑

C l lm,↓

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

espinors	

J± = l ±1/2

mJ = −J,...,+J

2J +1Degeneracy	

  Nbasis

  Nbasis

  0

  0

  HNR
+H

SR
+H

SO

    
Hµν

σσ ' = φµ,σ
ˆ H TOTAL φν ,σ'

    
Hµν

σσ = φµ,σ
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What	does	the	Spin-Orbit	physically	represent?		

CECAM	Flagship	School,	28th	June	-	2nd	July	2021:			Spin-Orbit	Coupling	in	SIESTA																																																															r.cuadrado@soton.ac.uk	



How	we	can	introduce	the	SO	contribution	within	the	total	Hamiltonian	in	SIESTA?	

ATOM	(PPs	generator	by	means	of	Dirac	eq.)	

Scalar	relativistic		 Fully	Relativistic:		

    Vl +1/2(r),Vl−1/2(r)

By	means	of	the	PPs	term	
    
ˆ T e +

ˆ V eI
ps + ˆ V H + ˆ V XC

σ[ ]ψi
KS ,σ = εi

KS ,σψi
KS ,σ

    Vl (r)

split	
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We	want	substitute	the	scalar	relativistic	operator	

Vps	by	its	fully	relativistic	version:	

#.psf	

What	does	ATOM	give	us	after	solve	the	Dirac	eq.?			

ATOM	PROGRAM:	https://departments.icmab.es/leem/siesta/Pseudopotentials/index.html	
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Fully	relativistic	operator	Vps	and	Spin-Orbit:	

#.psf	

Fully	non-local	Kleinman-

Bylander	(KB)	op.	
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Magnetic	Anisotropy	Energy	of	CoPt-L10	NP	

    θ = 90
!

    0
! ≤ ϕ ≤ 180

!

    0
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!

    ϕ = 0
!

    0
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!

Total	energy	vs.	magnetizations	angles	
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SIESTA	manual	and	Spin-Orbit:	

CECAM	Flagship	School,	28th	June	-	2nd	July	2021:			Spin-Orbit	Coupling	in	SIESTA																																																															r.cuadrado@soton.ac.uk	



SIESTA	and	Spin-Orbit:	

-	Total	Energy	calculations	including	ESO:	

-	SO	contribution	to	the	forces:	

	-	Mulliken	analysis	population:	Magnetic	moments.	

-	Projected	density	of	states.	

-	Bands	structure.	
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Thank	you	very	much	for	your	attention	


