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Q1. WHAT IS TRANSIESTA?

Differences between
SIESTA and TranSIESTA

...as illustrated by Al



Q1. WHAT IS TRANSIESTA? — Al illustrations

Here are some SIESTA logos proposed by Al...

SIESTA

SIESTA

PHYSICS SIIMULATION CODE




Q1. WHAT IS TRANSIESTA? — Al illustrations

...and here is the same Al proposing TranSIESTA logos.

AL
SIETA

ELECT RODES APPLY VOLTAGE




Q1. WHAT IS TRANSIESTA? — The simple answer

"‘3“ f TranSIESTA is:
SIESTA

SIESTA
ELECTRODES APPLY VOLTAGE

ELECTRODES APPLY VOLTAGE
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Q2. WHY DO WE NEED TRANSIESTA? — The complexity of applying voltage

In the most common DFT simulations,
we fill states up until the Fermi Level.

Au
He-




Q2. WHY DO WE NEED TRANSIESTA? — The complexity of applying voltage

Energy

When you apply voltage, you create a difference in fermi levels.




Q2. WHY DO WE NEED TRANSIESTA? — The complexity of applying voltage

Energy

We have more than one Fermi level!!

How do we compute the
electronic density here??

When you apply voltage, you create a difference in fermi levels.




Q2. WHY DO WE NEED TRANSIESTA? — The complexity of applying voltage

Energy

Electronic state /~

This state is completely full.




Q2. WHY DO WE NEED TRANSIESTA? — The complexity of applying voltage

This state is completely empty.

Energy




Q2. WHY DO WE NEED TRANSIESTA? — The complexity of applying voltage

Energy

This state is partially filled.

The occupation depends on
how connected is the state to each electrode.




Q2. WHY DO WE NEED TRANSIESTA? — The complexity of applying voltage

Same energy, different occupation!

Energy

PSP P PP PO TP ,Ll,_u

Completely Completely
empty. full.

The occupation depends on
how connected is the state to each electrode.
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Q3. HOW DOES TRANSIESTA WORK? — Boundary conditions

Center (C)

Periodic boundary conditions have catastrophic consequences!



Q3. HOW DOES TRANSIESTA WORK? — Boundary conditions

Au

Left (L) Center (C) Right (R)

Periodic
boundary
conditions e e .
We must use semi-infinite electrodes.

Semi-infinite
electrodes
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Q3. HOW DOES TRANSIESTA WORK? — Boundary conditions

Center (C) Right (R)

0 0 0]
H, Vi 0 0

H=|0 V! He Vg 0

0 0 V, Hg
0 0 0

Infinite Hamiltonian
alert!




Q3. HOW DOES TRANSIESTA WORK? — Boundary conditions

Au

11

Hpg

He, + S a(e) .
|

Center (C) Right (R)

Hyp + EL(G) %5 0 ]
B i Self-energies account for the effect
H = Vp He VR of the rest of the electrode.
0 V5l Hg+ Sg(e)




Q3. HOW DOES TRANSIESTA WORK? — Boundary conditions

Hy,
+ Xz (e) Hc
//// s it fine to cut here?
‘ 177
Left (L) Center (C)
Hp +>(e) Vg 0 |
B i Self-energies account for the effect
= Vi He VR of the rest of the electrode.
0 Vi Hgp+ Zg(e)




Q3. HOW DOES TRANSIESTA WORK? — Self energy requirements

H,

I
‘ ‘ ‘ ‘ ‘ Center (C)

The system needs to be cut at a place where
the coupling (V) is still the bulk one.

Au

Right (R)
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Can | cut here?
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The system needs to be cut at a place where
the coupling (V) is still the bulk one.
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Q3. HOW DOES TRANSIESTA WORK? — Self energy requirements

H,

Vol Vol Vol

Center (C)

Can | cut here?

The system needs to be cut at a place where
the coupling (V) is still the bulk one.

Au

Right (R)




Q3. HOW DOES TRANSIESTA WORK? — Self energy requirements

H,

Vol Vol Vol T

Center (C)

No, because the coupling is
not the bulk coupling!!

The system needs to be cut at a place where
the coupling (V) is still the bulk one.

Au

Right (R)




Q3. HOW DOES TRANSIESTA WORK? — Self energy requirements

H,

Vol Vol Vo

Center (C)

| will choose to cut here, because it gives me the
smallest system that is correct.

The system needs to be cut at a place where
the coupling (V) is still the bulk one.

Au

Right (R)




Q3. HOW DOES TRANSIESTA WORK? — Non-Equilibrium Green’s Functions (NEGF)

NON-EQUILIBRIUM GREEN’S FUNCTIONS

The theory behind TranSIESTA.

NOTE: | will be intentionally sloppy in some equations to prioritize conceptual understanding.
For a fully formally correct derivation see:
Mads Brandbyge et al., Phys Rev B (March 2002)
Nick Papior et al. Computer Physics Communications 212 (2017)

37



Q3. HOW DOES TRANSIESTA WORK? — The scattering states approach

A
Mo
What is the
electron density (p) here?
Left (L) Center (C) Right (R)

The goal is to split the density of the central (C) region
into contributions from the left (L) and right (R).

pc = PL +




Q3. HOW DOES TRANSIESTA WORK? — The scattering states approach

A
Mo
What is the
electron density (p) here?
Left (L) Center (C) Right (R)

The goal is to split the density of the central (C) region
into contributions from the left (L) and right (R).

pc = /PL(E)nL(E)dE+




Q3. HOW DOES TRANSIESTA WORK? — The scattering states approach

Density of states coming from left side

PC =

Left (L)

A
Mo
What is the
electron density (p) here?
Center (C) Right (R)

It gets occupied with the
\ Fermi level of the left side.




Q3. HOW DOES TRANSIESTA WORK? — The scattering states approach

PC =

Left (L)

What is the
electron density (p) here?

Center (C)

We need to find these.

e ~

Au
He

Right (R)




Q3. HOW DOES TRANSIESTA WORK? — The scattering states approach

Hpg
HC + ER(G)
Vg
Center (C) Right (R)




Q3. HOW DOES TRANSIESTA WORK? — The scattering states approach

E Hp+3.(e) Vi 0
(B) v H 1%
L c R

H =

Left (L)

The Green’s Function:
G(E)=(E-H)™

gives us the response of the system
to an incoming wave.

0

V] Hgp+ Zg(e)

Center (C)

Wavefunction:

Density of states:

Right (R)

Vo) = G(E) Y1)




Q3. HOW DOES TRANSIESTA WORK? — NEGF electron density equation

Z

Response of the system

/\

()G () (€)de

DOS of the bulk electrode.

Electronic density of the system



Q3. HOW DOES TRANSIESTA WORK? — NEGF electron density equation

Response of the system

/\

Z ()G () (€)de

DOS of the bulk electrode.

Electronic density of the system

Performing this integral is not trivial




Q3. HOW DOES TRANSIESTA WORK? — NEGF electron density, a dificult integral

/ G(e)T ()G (e)ne(€)de

System’s eigenvalues

7 NN

0.8
0.6

0.4

Green's function, G(E)
Occupation, n(E)

0.2

-5 0 5 10 15 20 25 30 -10 =5 0 5 10 15 20 25 30
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No states with lower energy Occupation function becomes 0



Q3. HOW DOES TRANSIESTA WORK? — NEGF electron density, a dificult integral

/Ef+margin(T)
lowest eigenvalue

System’s eigenvalues

7 NN

Green's function, G(E)

RN

0.8

0.6

0.4

Occupation, n(E)

0.2

-5 0 5 10 15
f Energy [eV]

No states with lower energy

20

G(e)To(€)GT(€)ne(€)de

25 30 =10 -5 0

Not smooth!!!

5 10 15 20 25
ENergy [ev]

Occupation function becomes 0
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Q3. HOW DOES TRANSIESTA WORK? — NEGF electron density, a dificult integral

The Green’s function is much smoother on
the complex plane:

Complex energy [eV]

14 -

12-

10-

O - i 1 - 1 o I i
-4 -2 0 2 4

Energy [eV]

The integral is always done through some kind of
contour that goes through complex values of E.

Rt = [ G(2)
c+ Im
//\\ o
( .........
$ %i Rt
> 0) ......... N
o Er E

N. Papior et al., Computer Physics Communications, Vol. 212, March 2017
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Q4. HOW DOES TRANSIESTA INTEGRATE WITH SIESTA? — A solution method

> nr(By) i

) ) diagonalization
A single fermi level: N N p

\ Shared path.

Electrostatics, XC... \
Non-Equilibrium Green’s functions
i i levels: I i "
Multiple Fermi levels (NEGF) p

This is what we know as TranSIESTA




Q4. HOW DOES TRANSIESTA INTEGRATE WITH SIESTA? — Postprocessing

(Fat)bands Wavefunctions

) _ diagonalization i
A single fermi level: H . w . p

(P)DOS

Non-Equilibrium Green’s functions
Multiple Fermi levels: I i "
ultiple Fermi levels (NEGF) p

What do we do if we don’t have
eigenstates??




Q4. HOW DOES TRANSIESTA INTEGRATE WITH SIESTA? — Postprocessing

) ) diagonalization
A single fermi level: N

Multiple Fermi levels: I- i

Transmission

(P)DOS

(Fat)bands

S s

&

(P)DOS

Wavefunctions

P

Non-Equilibrium Green’s functions

%

(NEGF)

Current

This postprocessing is done with the
tbtrans util.




Q4. HOW DOES TRANSIESTA INTEGRATE WITH SIESTA? — The history.

A bit of history...



Q4. HOW DOES TRANSIESTA INTEGRATE WITH SIESTA? — The history.

Density-functional method for nonequilibrium
2002 electron transport

Mads Brandbyge'*, José-Luis Mozos?, Pablo Ordején?, Jeremy Taylor', and Kurt Stokbro®

2003 TranSIESTA: a spice for molecular electronics
Kurt Stokbro 1, Jeremy Taylor, Mads Brandbyge, Pablo Ordején

Improvements on non-equilibrium and transport
2016 Green function techniques: The next-generation
TRANSIESTA

Nick Papior * & &, Nicolas Lorente ® &, Thomas Frederiksen © ° &, Alberto Garcia &, Mads Brandbyge * &

Quantum Transport with Spin Orbit Coupling:
New Developments in TranSIESTA
Nils Wittemeier, Nick Papior, Mads Brandbyge, Zeila Zanolli, Pablo Ordejon



INTRODUCTION TO TRANSIESTA: One talk, four questions

QUESTION 1. What is TranSIESTA?

A method to do voltage calculations in SIESTA.

QUESTION 2. Why do we need TranSIESTA?

Because special methods are needed to occupy states with multiple Fermi levels.
QUESTION 3. How does TranSIESTA work?

It uses Non-Equilibrium Green’s functions to compute the electron density.
QUESTION 4. How does TranSIESTA integrate with SIESTA?

TranSIESTA is a solution method inside SIESTA. It has an associated util: TBtrans.



