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gDFTB family codes

IstGen.  Equilibrium: DFTB [ Green’s Func. + DFTB }
(2001-2003)

2nd Gen.  Non Equilibrium: | 9PFTB NEEFAICCRE
(2002-2004) . (SCC + Open BC) (non SCC)

(2003-2005)

(2005-2006)
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The DFT approach

Atomistic simulations with an approximate DFT method:

HIn(Mlv (F) = E (F)
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LCAO expansion

[Porezag et al., PRB 51, 12947 (1995)]

LCAO expansion Atomic
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Secular equation (Kohn-Sham)
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Second order correction
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Main approximations

« Use of a minimal (but optimized) basis set

 Neglect of three center integrals

* Neglect of crystal field
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|1 order terms

1 )
m(r) = 20 +1 4=,

G (1) z={if}

Mulliken type approximation

0,(N8.(N =38, (M0 (] p() =X gm0

Mulliken charge projection on each atomic shell:

q; = Z ZRG {p,uvs,uv} Aqﬁ o Qﬁ _672
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The gamma approx.

§VXC (r) 1 T
“l:V - | 5o(r) :|5n(r)5n(r )ardr' = Z%&A%A%

H,o

Hj‘fc . 2 .uv Z (7/,[10' 7/‘/0- ) Aq_

Interaction between two orbitals on atoms i and j including XC

YVaz = ”nﬂ(r)hr_lr,| %r@(r “Ydrar'

At large distances is ~1/R

At short distances (onsite) _=Uis
Depends on a Hubbard term ad o
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Interpolation method

1
s — Mataga-Nishimoto
TR+ (UF U ’

Uk

Elstner-Porezag approximation scheme
[Elstner et al., PRB 58, 7260 (1998)]

Impose a fixed functional form
1 1

=\ n(r n (rYdardr'=—-5(r,,7,,R;
v = | D) —=S(7 7 Ry)

j

With a radial atomic charge density like

__ 16 //H
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n (r) = % exp| -, |r - R,
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Analogy to y-functional

1
ou = [[ )= g Pure Hartree

"\

1 ov,.(r)
Hartree+local XC 7z = ” n,(r) +

r—r " op(r"

} n_(r')drar'

Computation of [v] is done exploiting the y result
But the on-site parameters should not contain XC, just the Hartree term

__ gy /€ee
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Element Parameter
H ¥ dro gen

Carbon
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Hubbard and e-e repulsion integrals for
H and C and different compression radii
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The XC of DFTB

v[n] = Z<Wk ‘VXC [no:”Wk> +

NN sn(r i‘j;‘xzr(f)) sn(rydrar ) I8
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Applications of DFTB

[ Paderborn, Heidelberg, Harward, Rome]
J. Phys.: Condens. Matter 14 (2002) 3015-3047
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Cgo Ultrafast-spectr.
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Transport extensions
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Green’s Function Approach

) TrRD

H /% Hp ¥\ Hg

|
|
: Molecular region
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Lead Lead

Retarded (r) and advanced (a) Green functions are defined as follow

(Exin)l-H|G™ =1

Let us write H and G in a block form

_HL 7p O G, Gp G
H=|7 Hp 7 G=|Gy. Gy G
| 0 7zp Hg ] | Gre Grp G
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Transmission coefficient

With these definitions and considering that [(E +1 77)' —-H L,R]g LR =1

defines the Green function g, ; of the semi-infinite lead
(which can be easily calculated)
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Transmission coefficient
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Simple approximation
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Lead Molecule Lead

(V) T CrsiEE
2e”
1(V.0K) = h dE T(E) The transmission coefficient does not depend on V
,Uz(V)

Many simple calculations can be done alredy in this way
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STM current in PPV

IV) = [dE T(E)[f(E - pagp)- F(E— )]
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Rinaldi et al. PRB 63 076311 (2001) Tip bias [V]
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Self-consistent potential
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Non equilibrium density

The electrostatic potential can be included back into H

In order to compute V(r) we need the local p(r)

In the absence of scattering
We can build the n.e. density matrix

G, = P I (E)+ py 1 (E)

Lo :L_ dt G:,(E) Density Matrix
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Non-Equilibrium GF

Central result is the Kinetik equation:

G*(E) = G' (E)="(E)G*(E)
G (E)=G  +G./YG’

Contact L 5 < 5 < Contact R
L R
> I eV
)
c
L
- . . >
Longitudinal axis of the device
O < G~ hole density f «— (° electron density
< . .
Z electron inscattering Z> hole inscattering
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Complex integration

Poles of G’
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Mulliken charges

Mulliken charge is a projection of the LCAO wavefunctions
on the atomic orbitals to get the total atomic charge

As In standard equilibrium DFTB we compute the Mulliken
charges in order to build the Il order functional

Now we use the non-equilibrium density matrix:

Ag, = —e(ZpﬂVSW —qf,j
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Poisson Equation

The Poisson’s equation is solved with a
3D Multi-grid algorithm.

SELF-CONS. DFTB : .
WITH POISSON Discretize in real space

3D MULTI-GRID This allows to solve complex
: boundary conditions (bias, gate)

VYV = -47z6n
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projection back in AO

Now we need to project the solution into the local basis set

This can be viewed as an approximation of the rigorous
matrix elements of V(r).

This Is consistent with standard DFTB
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And now ?

... Loop over and hope it converges ...
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Implementations of NEGF

J. Taylor, M. Brandbyge, K. Stokbro, PRL 89 138301 (2002)
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Implementation of NEGF on SIESTA

Xue and Ratner, PRB 115406 (2003)
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Implementation of NEGF on DFT+GAUSSIAN

Larade and Bratkowski, PRB 68, 235305 (2003)

=
(=8
[#]
=
(]
A
o
L
o
-

¥e Yo ¥e re
ST
e TU v L

Ab-initio DFT with LCAO
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Non-Equilibrium + scattering

Central result is the Kinetik equation:
G*(E)=G"(E)Z"(E)G"(E)
G'(E)=G, +G.¥' G’

Self-cons.
loop
S(E) =2, (E)+ 3, (E) + 25 (E)
ZZ,R (E) r— Z/fL,/? (E) |m{2£,ﬁ (E)}

Z;/—,0/7(5) 7 D ® G<



contact currents

Reservoir

Reservoir

Density of empty states  Density of occupied states

Rate of electrons in Rate of electrons out

Should be O for current conservation




Coherent and incoh. Currents

f.:;-_-:_-._-;t- = ;— T‘ / dE Tr [T G 1" 'I.'r ]_"'t_r___{_';l' E;L{":‘_l]‘
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coherent
A coherent
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Incoherent

Incoherent

AN > Virtual contact —~
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Self-cositent Born approx.

Two, three phonon
processes

Coherent decreases
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