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NanoElectronics &
Quantum Transport

Nanoscale Electronics Devices
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Both an Experimental, a Technological
and a Theoretical Challenge!



Quantum Transport: The Workl ng Bench
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- M acroscopic Reservoirs
continuum of states,

thermodynamic equilibrium
Nanoscale Conductor: y eq

finite number of states,

out of equilibrium, V |

dissipative effects M esoscopic L eads: We need:
large but finite number of states, o aFirg Principle description of the
partia equilibrium, Electronic Structure
ballistic «  for Finite Voltage: Open System and

Out-of-Equilibrium description.



L andauer-BUttiker Theory

L andauer Formula
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| andauer Formulain Green's functions

leads
G G, G| [(e-H) —H 0o | » A
Gy G G| H, (e-H) —H,| | |
G G G 0 ~H =~ (e-H,) T
conductor

G,=(e-H —3-3)" conductor
Green's functions

> =H'gH,.

R lead self-energies
Zr:Hcrngzr
gy, =(e—H, )" |eads bulk Green's functions
r, =ilx -7, conductor-lead coupling

T=tr|[I,G. I .GZ] Fisher-Leerelation




L andauer on top of DFT

H H_, O

Wheat to take for the hamiltonian? H=|H! H,_ H_ HI

0 H_  H, conductor

DFT Kohn-Sham hamiltonian! But projected in Real Space!

Convenient basis: Maximally L ocalized Wannier functions(MLWF):

v ‘ —ik.r ;3
w,R(r) = 53 / T, ()e KTk
(27)° Jpz
PWSCF or ABINIT: DFT on PW basis set, projectionson MLWF
WanT

WanT. LB Conductance through Green's functions on MLWF

o EL
FROM MAXIMALLY-LOCALIZED WANNIER FUNCTIONS.



L andauer-Buttiker approach

Correctly describes.

« Contact Resistance

« Scattering on Defects, Impurities
« Non-commensurability patterns



DFT-Landauer drawbacks

The Kohn-Sham electronic structureisin principle
unphysical;

DFT, no Open Systems, no Out-of-Equilibrium
Theory -> only linear response, small bias,

Non interacting quasiparticles -> only coherent part
of transport.

L> Need to go Beyond!



Beyond LB-DFT:
2 Possibilities

o TDDFT for Quantum Transport
— promising possibility
— need a suitable approx for xc
o NEGF (NonEquilibrium Green's Function
theory)
— full accessto all observables
— It has maybe amore intuitive physica meaning



Non-Equilibrium Green's Function

Theory (NEGF)
(improperly called Keldysh)

Much more complete framework, allows to deal with:

M any-Body description of incoher ent transport
(electron-electron interaction, electronic correlations
and also electron-phonon);

Out-of-Equilibrium situation;
Access to Transient response (beyond Steady-State);
Reduces to Landauer-Buttiker for coherent transport.



Many-Body Finite-Temperature
formalism

ﬂ:T+Vm hamiltonian
many-body

=tr[ﬁ(I:I)f)] observable

p(A)=—" Statistical weight




NEGF formalism

H(t)—PI+fJ<t>—T+\7 hamiltonian
many-body + time-dependence

o(t)=tr[p(H)o6 (t)]  t>t,  observable

statistical weight referred to
p(H)=—" the unperturbed Hamiltonian and
the equilibrium situation before t,




Time Contour

6H<t)=§(t0,t)6(t)§(t,t0) Helsenberg representation

S(t,t,)=T [exp(_iﬁo dt'H(t ))} evolution operator

trick to put the equilibrium weight

§(t,—1B,t,)=e " | .
° 0 into the evolution

tr[§(t,—i8,t,)5(t,, t)o(t)8(t,t,)] .
- 0
t

O<t>_ tr(s(t,—iB8,t,)] 2
X — }
_ tr [T, [exp (-if, dt'H (t")0(t)]]
o(t)= —— Y
tr [T, lexp (-if.dt'H(t"))]]
Xtg-ip




Contour and Perturbation Theory

G*(x,,%,)=(—1)T. [y (x,)¢ (x,)] contour ordered Green's function

H H
e To recover perturbation theory o . E
(Wick's theorem, Feynman ® — 3 w
diagrams, etc.) you haveto I 1
declare the Green's function anc
al the quantities on the Closed s
Contour. N
G (%,,X,) t, t,eC,
G~ (x,,X%,) t,eC,,t,eC_
G*°(x,,X,)= .
G~ (x,X,) t,eC_,t,eC,

G*™(x,,X,) t, t,eC.



Keldysh Formulation

Schwinger-Keldysh

Cl
i
=

&

Gko_)G:(Gll G12)

21 G22

G'=(O Ga) K eldysh formulation

G" Gk

L arkin-Ovchinnikov

formulation

r k
|G G
0 G°

contour

G*=G~ +G ~

Keldysh Green'sfunction



Green's and Correlation Functions

Out of Equilibrium
we need to introduce
at least three unrelated
“Green's” functions.

Once we know the Green's
and the Corrdation functions,
0 T v < the problem is solved!
Gr=G+G They contain al the physicsl

A=i(G'-G")  Spectra Function

At Equilibrium the Correlation
functions are related to the Green's
iG~ (w)=[1-fup(w)]A(w) function through the Fermi-Dirac
distribution.



NEGF Fundamental Kinetic
Equations

G'=[w-H 3"
G- =G X" G°
G =G> G°

Caveat!: in case we want to consider also the transient,
then we should add another term to these equations:

G “=G"2 " G*+(1+G"2"G"" (1+2*G?) Keldysh equation



Self-Energy and Scattering
Functions

3" Sdf-Energy

< In-scattering function

2 . .
(represent the rate at which the electrons comein)

3~ Qut-scattering function

r=i(x"-x9 Decay Rate

At Equilibrium



Quantum Transport:
composition of the Self-energy

r< > _ r< > r< > el ectron-electron
ST =Y st st ctron-el
A A interaction

interaction  electron-phonon ->7?
with theleads interaction
-> SCBA (Frederiksen et al. PRL 2004)

Critical point :

« Choice of relevant approximations for
the Self-Energy and the in/out scattering
functions



e-e Interactions, our choice;
the GW Approximation

ow(Xy X,)=1G(x X,)W(x, X,) GW Self-Energy

Eﬁw(xl,iﬂg) — @
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Selfconsistent e 1 o ><
A
Hartree Fock ——=a—»

GOW® 5 =
W e mm mm mmmm = = ~ N - 7 -
/
/
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| Collisond Term:; [
I Band structure renormalization for Electronic Corrdations + |
: e-e Scattering -> I

|
{

Conductance Degrading M echanisms, Resistance, non-coherent transport )



{ Quantum Transport |
\ ]

NEGF Quantum Transport —

Calculate the Leads

I;"’- * with leads at

resolution scheme

|
Calculate the Total
Er<® uging a first
guess for the
Dissipative L7=~

SELF-ENERGY

Iterating the Kinetic Equations o
alculate the
(Gand = haveto berecdculated at each iteration): Green's Function

Gr

. . . GREEN'S
‘ Highly Time-consuming [

Calculate the

‘ So far applied to model Hamiltonians (Anderson, Kondo) et
But very few applicationsfor real systems Functions G<>

CORRELATION

Recalculate the
Dissipative Er<>

DISSTPATIVE

A e
4\!_. Conver nLV
. /

Calculate Terminal

Currents ig(e), I,

CURRENTS
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{ Quantum Transport |
: /

\__—Ii_,,

Calculate the Leads
E;ﬂ' * with leads at

equilibrinm

LEADS

o Approximations:.

Yre> using a first

O\ p 0 .
1) G W NOn Se”:-COnSI Stently SELF-ENERGY
2) Equilibrium (linear response, small bias)

3) Neglect Transent (Steady-State)

o Wetake into account:

1) Many-Body Correations (Renormalization
of the ectronic structure)

2) e-e Scattering (appearance of Resistance
and L oss-of-Coherence)

3) Finite Lifetime and Dynamical effects

Currents ip(e), I,

(bwond PI aSﬂ'lOn-P0| e GW) CURRENTS




Formulafor the Current:
From Landauer to Meir-Wingreen

G (W) = [w— Ho — X7 %(w) — ZE*(w)]

>

v/ a o S [ /a i r/a : & ria ¢, A—1
GC.'Q(WJ - [‘—‘-‘ - HC — EL u(b‘-’) — ER (w) — Eléf,(w)]

) dw : A _ - -
L= ;_? / — (fo(w) = fr(W)|Tr{Gic(@)'L(w)Goc(w)Tr(w)}|  Landauer

<

lw , , — — . . .
1= f Y (@) = Fr(@)T7 {GE@)TL (@) Ge(@)Ta(@)A) 1| Meir-Wingreen

(Landauer-like formula)

(w) = [P (w) + Tr(w)] " [PL(w) + Tr(w) + Toorr (w)]

Allowsto caculatethe
FL_;"R;::M'?'("’") = E[Zk 'R/ corr (wj ==

X7 1R/ corr(W)] current through an
interacting region
at equilibrium



Our Scheme

DFT-LDA L eads Conductor Correlated Conductor
(PWSCF) KS KS KS
Lead Cond C'ond
6 KS
Lead Cond 6C’ond

GW (Modified Abinit GW) nEW (, % N dw’pﬂ( o) WERPA ()
M LW (wan) b

W R (w,r ¥ (@)|w,R)

Trangport Calculation ' l

Meir-Wingreen 1 = X (F1@) = Frlw)) Tr (D1 (@) G5 (@) Tr(w)AW)CE ()}




Results on
Au Monoatomic Chain




GW on Au M onoatomic chain:
renormalization of the energies
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Monoatomic Gold chain:
GW vs DFT bandplot

PPM Plasmon-Pole Model
«AC Analytic Continuation
«CD Contour Deformation
(moreor lessthe same)

DFT :

Cut-off : 15 Ha,

Nk 5inIBZ,
Smearing 0.015 Ha
GW :

W : 150 bands, WF
1505 PW, Eps 49 PW
Sigma: 100 bands,
PW 2503, freq 16000

| | | |
r 0.1 0.2 0.3 0.4 A
ke [reduced coordinates]



Spectral Function [a.u]

Conductance [2e?/h]
OO = M W& th o

f—

GW vs DFT
L andauer Conductance

= [andauer renormalized
—— Landauer approach

i B

S o= b LI S Lh =) oo
[

| | | |
4 35 3 258 2 15 -1 05 a 95 1 15
o [eV]

25 3 35 4

« NoN-negligible
rearrangement of
the conductance
channels

o Still ballistic
conductor (flat
plateaus)



tched on

INg SWi
the Conductor

11

e-e scalter




Self-Energy and
Spectral Function

(c) « The Analytic Continuation

smooths the more accurate
Contour Deformation

k=0.375
6th band
PP
— CD
A(®) — AC
R P .
A BT o-¢ °
oA AA F - €
—Im-2(®) o'\ -0
Re 2(®)
N ;AA\.,
I




Conductance [2e?/h]

Spectral Function [a.u]

L T =

=

[E%]

e-e scattering only in the Conductor

— Meir Wingreen formula
= = Landauer renormalized

_| Loss of Conductance:
_| »Appearance of Resistance

e e e e —— — —]

T
1
1
L
1
1
1
!
I
A

1 Broadening of the peaks:
1 > QP lifetime

Tt pamm




Conductance [2e?/h]

Spectral Function [a.u]

e-e scattering everywhere
(in conductor and leads)

TGN
| |

&
|

I

a2

(8]

—— Correlation everywhere
= = Landauer renormalized

— *>No contact resistance (small
— increase in the central part)
- 2Appearance of Satellite

—{ Conductance Channels

s




C/V characteristics: GW vs EXP

" — DFT Landauer
e present NEGF GW bulk

— - Frederiksen 4 atoms damped
.-+ Frederiksen 4 atoms undamped
- — Agrait 7 atoms L1
Agrait 7 atoms L4 .
0,97 L~ Agrait 2 atoms M1 oo

-30 -20 -10 0 10 20 30
voltage [mV]




Conclusions & Perspectives

GW electron-electron correlations in Quantum transport on Au chain
Effects:
oStatic rea part of the Self-energy (DFT+GW-+LB) 0 Modification of the Conductance profile

-Non-hermitean part of the Self-energy (GW-NEGF) [ Loss-of-coherence, dissipative effects

oFull dynamical Self-energy (GW-NEGF) 0 Appearance of satellites
Au chain: Equilibrium G°W?in good agreement with the smooth drop
observed in the Experiment

Per spectives

=>Sdf-consistent caculationof G< G~

=>Qut of Equilibrium (Finite bias)



Next Attempts e S G

e =Tt
il i
Calenlate the Leads Ty =#X], - X7)
E7EF with leads at L5 (e) = Jule)Tule)
- B3 (e) =
aguilibrinmm. (1” [ (T
—FalE a
LEADS LEADS

e Wefirst solve the fundamental | |

Caleulate the Total
nr<> s A st M

NEGF equations, going out of e 20 OGS
eqUI | I brl um; SELF-EMERGY SELF-EMNERGY

Calenlate the

Green’s Function Gr=[—h.—E]?
« Then we calculate the GW
self-energy and scattering — N
f u nC'ti ons:; o Gt

CORRELATION

CORRELATION

« We solve then directly the
NEGF current equation (not a
modified Landauer-Buttiker S
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return
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Future Attempts

Full NEGF self-consistent
code, implementing GW or

even beyond.

Quantmin Transport

Calenlate the Leads

7= with leads at

-]

aguilibrinmm.

LEADS

Caleulate the Total
TP uming s fret
guess for the

nlak e S

SELF-FEMNERGY

Calenlate the
Green’s Function

i
T

GHREEMN'S

Calenlate the
Correlation

Functions 625>

CORRELATION

Kecaleulate the
Dissipative £7°7

DISSIPATIVE
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~
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Calenlate Tarminal
Currents i (), T,

CURRENTSE

return

Cuantum Transport

e

T =#E, —E7)

Eile) = Fale)Tole)

e =

(1 e -{Jlr\"))TJl':"]
LEADS

SELF-ENERGY

Gr=[e—h.—E]"?

G =gt

GREEN’S

CORRELATION

e = plar<s]

@

DISSIPATIVE

CURRENTS
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Future Projects and
Perspectives

NEGF seemsto usto be the only framework for QT.

Provided awell established localized basisis provided once
and for all, next NEGF steps should be not such time-
consuming and straightforward.

Non-Equilibrium asfirst iterations should be feasible
cheaply;

In going toward Self-Consstent NEGF, DFT can bereally
considered asfirst guess or to provide the atomic structure.

And we can even start from HO, neglecting exchange and
correlation at the beginning.

A fully NEGF sdf-consstent code, implementing the
provided flow diagram, would be avaluable tool for QT.



The Number of Modes M

cd i
s fz)
[
|

M(g) counts the number of Modes

W/ | available at a given energy.
L) A,

\ ! A {

|

[ fal
o

The conductance somehow depends
on M(g), and thisis demonstrated

by the famous devil-stair experiment
showing the quantization of C when
reducing the number of modes by a
gate voltage.




(€)= (€)-i (e) =22

Total Current

I fd(—:l

Frgt Teske
=
e =
=
A £ Te
.'ei'."rx . Ak o \
| _ ,uhul,_
] |
;' |
| I|.-II i '_In"' pol b |
L2 ;
(€=M ) L, L
- — ¥ T N 2
SEN iy (€)="17 M(e)f, (e)
— 2
it (6)=S7[1-T(e)liy (e)+ T(e)i; (e)

M(e)T(e)[f,(e)—F,(e)]

fdeM (e)T

Transmisﬁon Function
y
(e)[f,(e)—f,(e)] Landauer Formula



L andauer Formula in Linear Response

1) T and M are constant in the bias range
2) The Biasissmall

I= %MT[H1 u,| TheCurrentislinear inthe bias
Conductance

y 2e? -

Cle)= o T(e) Landauer Formula



| andauer Formulain Green's functions

g?onductance

' eZ_

C<€)ZZFT<E) | andauer Formula

T=tr|I,G_I' .G;| Transmittance

C r C

4

conductor-lead
(left and right) coupling



The three-partitioned model

o —

conductor

H, H,_ 0
H= _HIC Hc _Hcr
0 -H_ H.

Real Space Representation
or on localized basis

0 —t" w42t -t 0
0 0 -t w2t -t
0 0 0 —t




Electron-Phonon
Self-Consistent Born Approximation

Yo m(r,r'e) fde(r r',w)G - (r,r',e—w)

Yo m(r,r'e) fde(r r',w)G - (r,r',e+w)

(r,r',w) Z U g 1ar- 1")(‘5(w—wq)+(Nq+1)qu(r_r')é(aH—wq)]
A
potential felt by an number of
electron dueto a - phononsat g
single phonon at g (if at equilibrium,

then Bose-Einstein)



Current Flow

ip(e)zﬁtr[z; G~ -7 G~] currentflowing through lead p
rate at which electronsare  probability that
scattered fromlead pini  adtatel isempty

Thisreducesto the ordinary

L andauer-Buttiker formula when
there isno e-e or e-ph scattering,
that isthe flow is coherent.

i;"h(e)zﬁtr[['pGrFan—FpGrFan](fp—fq)



