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Emerging field of Nanotechnology

Nanotechnology: Feynman, 1959. in An Invitation to
Enter a New Field of Physics':
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Emerging field of Nanotechnology

Nanotechnology: Feynman, 1959. in An Invitation to
Enter a New Field of Physics':

Early predictions of molecular conductance:

o McConnell, J.Chem.Phys. 1961.:

Intramolecular charge transfer in aromatic free rad-
icals

o Aviram, Ratner, Chem.Phys.Lett 1974
Molecular Rectifiers (one way current flow)
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Nanoelectronics to Moltronics

Consider semi-conductors based Field Effect Transistors:

Metal electrodes across a Nano Ga
spanning as small as 45nm
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Metal electrodes across a Nano Ga
spanning as small as 45nm
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Nanoelectronics to Moltronics

Consider semi-conductors based Field Effect Transistors:

: A Gating field is introduced
- “ : in a perpendicular geometry
P to affect conductance
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Nanoelectronics to Moltronics

Consider semi-conductors based Field Effect Transistors:

A molecular conductor can be used to
bridge gaps
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Nanoelectronics to Moltronics

Consider semi-conductors based Field Effect Transistors:

A molecular conductor can be used to
bridge gaps: Order of 2-10 nm length

=9 moltronic introduction 5




Modeling Molecular Conductance..

Most Fundamental Modeling challenges:
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Modeling Molecular Conductance..

Most Fundamental Modeling challenges:

1. Electron Flow (open system).

2. Electronic Coupling to bulk. conduction
Band

Valence
Band

Au Molecule Au

scattering based GF description and the improved NEGF

y:1 Modeling Fundamentals 6



Simulating Molecular Resistance

Source/drain bulks connected by molecular channel.
Third terminal may shift the channel energy levels.

Source
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Simulating Molecular Resistance

Source/drain bulks connected by molecular channel.
Third terminal may shift the channel energy levels.

Source/Drain equilibrated/coupled with the channel
— in/out electron flow.

Molecular levels broadened -interaction with metal bulk

Source
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Simulating Molecular Resistance

Source/drain bulks connected by molecular channel.
Third terminal may shift the channel energy levels.

Source/Drain equilibrated/coupled with the channel
— in/out electron flow.

Molecular levels broadened -interaction with metal bulk

The Fermi energy-distibution. # electrons / level:

shifted by the chemical potential u:
f(E—p)=1/(1+ exp(E —eun)/ksT)),

(f =1 for E << u and
f=0 for E >> pu).

Current may flow only for
charge carrier with energy e:

f1(e) # fa(e)
(due to the bias)
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Landauer formula—Basic Scheme

Source/Drain potential connected via molecular channel.
..limit of non interacting electrons (elastic transport):
I(V)=eh [T(E)[fi(E, ) — [(E, u)]dE

Conductance- integrated QM electronic transmittance
around Fermi level: fi(E)
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Landauer formula—Basic Scheme

Source/Drain potential connected via molecular channel.
..limit of non interacting electrons (elastic transport):
I(V)=eh [T(E)[fi(E, ) — [(E, u)]dE

Conductance- integrated QM electronic transmittance
around Fermi level: fi(E)

o filB,pu) = 1/(1 + exp[(E —eu)/ksT])
Shifted Fermi distributions (applied voltage).

¢ .. to define Integration weights
(at zero temp: integration exactly at difference of
chemical potentials)

o T(E,V) QM transmittance (related to system’s GF):
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Landauer formula—Basic Scheme

Source/Drain potential connected via molecular channel.
..limit of non interacting electrons (elastic transport):
Conductance- integrated QM electronic transmittance

around Fermi level: fi(E)
o filB,u) = 1/(14exp|[(E—ewn)/kpT]) integration weigh

o T(E,V) QM transmittance (system’s GF):

T he scattering region Green function:

Lead’'s SE (coupling to scattering region):
and M = i[>~ — XT]
(Datta, Ratner, Stockbro, Seminario..).

¢ Electronic structure by at
o NEGF- self consistent relaxation of the density.

=] Modeling Fundamentals 2




Outline

*x Introduction

*x Calculating transient conductance

* Modeling Conductance switching of molecular systems
(steady state)

1.
2.

o O H

Co-terpyridine complex based molecular device.

Metal ion recognition by peptide binding (model ex-
periment).

. Gating field and orientation effects.

Other systems in our electronics lab include:

. Molecular switches or spintronics (ligated porphyrin)
. Chemical sensors/ tunnel junctions.
. Angle study - SAM orientation.

outline.. 0



Modeling Molecular Conductance..

Major challenges:
1. Electron Flow (open system).

Conduction
Band
2. Electronic Coupling to bulk.
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Modeling Molecular Conductance..

Major challenges:
1. Electron Flow (open system).

Conduction
Band

2. Electronic Coupling to bulk.

&= <= <= (standard)
Steady State NEGF.

Valence
Band

Au Molecule Au

Additional challenges:

3. Coupling to other degrees (vibrations)
4. Complex dynamics: transient conductance, TD per-

turbations (AC, laser fields)

Transient Conductance.. 10




Time Dependent conductance

o Device switching rate: efficiency and functionality.

o Device switching functionality: AC voltage bias in-
duced switching.

o Time resolved conductance and observed noise
& Current under AC or laser fields:

o Photo/AC driven: Coloumb blockade, Kondo ef-
fects and negative conductance

o It is a fun challenge.

Transient Conductance.. 11



Modeling Beyond Steady State
* Implement e.o.m. within NEGF approach.

* T ime-correlation propagators defined by the Kadanoff-
Baym e.o.ms (alternative formulation of freg-domain TDDFT

* Special Propagation scheme involving semi-transformed
2-time variable functions.

Transient Conductance.. 12



Modeling Beyond Steady State

* Implement e.o.m. within NEGF approach.
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2-time variable functions.

* Mixed time-frequency representation:
1. Efficient representation of bulk SEs (freq. domain).

2. Transient effects of device density response-TD DC.
Or: Electronic excited states coupling (freq. domain)-
2D spec.
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Modeling Beyond Steady State
* Implement e.o.m. within NEGF approach.

* T ime-correlation propagators defined by the Kadanoff-
Baym e.o.ms (alternative formulation of freg-domain TDDFT

* Special Propagation scheme involving semi-transformed
2-time variable functions.

* Mixed time-frequency representation:
1. Efficient representation of bulk SEs (freq. domain).

2. Transient effects of device density response-TD DC.
Or: Electronic excited states coupling (freq. domain)-
2D spec.

3. Complex perturbations: Beyond steady state potential
bias step (AC, laser fields).

4. Expandable to higher orders (many body formulation).
* (with a new set of tools):

Transient Conductance.. 12



Coupling to Baths

* quantum statistical mechanics:

—>

Coupling to baths/continuum
po = exp[—B(H — pN)]
Memory |oss

Source

Transient Conductance..

13



Coupling to Baths

* quantum statistical mechanics:

—>

Coupling to baths/contin
Memory |oss
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Coupling to Baths

* quantum statistical mechanics:

—>

Coupling to baths/contin
Memory |oss

\
> >
/ /7

Source Level Broadening
Finite life time

* Solve for the GF: HG = 0, where:
_... _—1

Hrr Hyr

Hrr Hir Her

G = Hic Hcce Hre

Hcr Hrr Hir
Hrr HRgrg

Transient Conductance.. 13



—> Potential bias
* Bulk-Quantum statistical mechanics:

* Add a potential bias effect

Fermi leve Scattering states w.
finite life time

AN

> >
/ /7

Source Drain Quantum dephaSIng

x Solve for the GF: H( )G =4, where:

Hir1
Hypp Hcr
G = Hic Hcec Hre
Hcr
Hprr

Transient Conductance..
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— Potential bias

* Bulk-Quantum statistical mechanics:
* Add a potential bias effect

Fermi leve Scattering states w.
finite life time
- >
Source Drain Quantum dephasing

x Solve for the GF: H( )G =4, where:

Hir1
Hypp Hcr
= Hic Hce Hgce

Hrr

Transient Conductance..

Hrp
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Intro: Keldysh Contour

o The Grand Canonical ensemble: Hg «— H — uN.
o Thermal equilibrium: p, = exp[-B(H—uN)], — Tr{p.O}.
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Intro: Keldysh Contour

o The Grand Canonical ensemble: Hg «— H — uN.
o Thermal equilibrium: p, = exp[-B(H—uN)], — Tr{p.O}.

o Time evolvement of operator’'s expectation value
(Heisenberg representation):

O(t) = (Og(t)) = Tr{p.U(t.,t)OU (t,1t.)},
o Time evolution operator: |W(t)) = U(t,t)|W())
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Intro: Keldysh Contour

o The Grand Canonical ensemble: Hg «— H — uN.
o Thermal equilibrium: p, = exp[-B(H—uN)], — Tr{p.O}.

¢ Time evolvement of operator's expectation value
(Heisenberg representation):
O(t) = (On(t)) = Tr{pU(to, t)OU(t,10)},

o Time evolution operator: |W(t)) = U(t,t)|W())

¢ The Keldysh time Contour:

_ Tr{exp[BuN]U(—iB,0)U(0,t)0U(t,0)}
FOGI= Tr{exp[8uN]U(~iB,0)}

e m— (') = —iT7[p:Tc [V () Wy ()]

GFs defined on the contour
0 e 6 types - depending on the ¢, t




Time Dependent Formalism

. Kadanoff-Baym electronic equations of motion

Defined by two time-variables Keldysh contour time ordered
Green’s functions (correlation functions).
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Time Dependent Formalism

. Kadanoff-Baym electronic equations of motion

Defined by two time-variables Keldysh contour time ordered
Green’s functions (correlation functions).

Consider e.o.m (number density G<) under h(t) = hg + v(¢):




Time Dependent Formalism

. Kadanoff-Baym electronic equations of motion

Defined by two time-variables Keldysh contour time ordered
Green’s functions (correlation functions).
Consider e.o.m under h(t) = hg + v(t):

_ _ _ At VAN # _
%th, At) =i |GXEADRE - ) — h(T+ )G E AD)|

where ¢ = @ and At =tq — to.

Initial condition (must): correctly equilibrated GF),; with g3
1/KgT and chemical potential u.
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Time Dependent Formalism

. Kadanoff-Baym electronic equations of motion

Defined by two time-variables Keldysh contour time ordered
Green’s functions (correlation functions).
Consider e.o.m under h(t) = hg + v(t):

_ _ _ At VAN # _
%th, At) =i |GXEADRE - ) — h(T+ )G E AD)|

where ¢ = @ and At =tq — to.

Initial condition (must): correctly equilibrated GF,; with g =
1/KgT and chemical potential u.

Alternative: use of frequency-domain SE expressions.

Transient Conductance.. 16




A Pause for reflection/ regrouping

How to model bulk effects? In-
cluding T D aspects!

Dissipation effects in open systems (G-C ensemble):
1.

2. Damping through e-e induced thermal effects
3. Interactions with phonons and photons
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A Pause for reflection/ regrouping

How to model bulk effects? In-
cluding T D aspects!

Dissipation effects in open systems (G-C ensemble):
1.

2. Damping through e-e induced thermal effects
3. Interactions with phonons and photons

Consider the two-time correlation propagator..

Transient Conductance.. 17



Propagating with electrodes-SEs

Transform At to frequency domain using generalized FT:

Firanl = [

— 00

T (A [(@HmAe (AL + d@EMAe(—AY)] f(AL)

= f1(@) + f2(@) = f(@).

Transient Conductance..
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Propagating with electrodes-SEs

Transform At to frequency domain using generalized FT:
Flf(at)] = / T (A [(@HmAe (AL + d@EMAe(—AY)] f(AL)
= f1(@) + fo(w) = f(@).

—— extended electronic eigenstates, describe electrodes
and complex TD perturbations.

t =
G(EL@) = y / 47 =D / st

to

G5+ w (@, w) — v, )G(F, & — )] HED),
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Propagating with electrodes-SEs

Transform At to frequency domain using generalized FT:
FIf(AL)] = / 0N HCTiAig(AL) 4 @A G (— AL f(AL)
= f1(@) + fo(w) = f(@).

—— extended electronic eigenstates, describe electrodes
and complex TD perturbations.

t =
G(L3) = Ty / 47 A (T =1) / d’

to

G5+ w (@, w) — v, )G(F, & — )] HED),

where, H = Hgy + Z*'QZJF e z%

and I - finite lifetime due to bulk coupling.

— G = exp(—I|t1 —tp])

Transient Conductance.. 18



Mixed Time-Freq domain

Several implementation notes
* Linear response expression at the mixed representation:
_ 7 S
G<(.&) = G<(to, ) + i /t df etho@=D / du’
0]
G<(to, o + w)v(F,w) — v(F,w)G(to, @ — )] el
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Mixed Time-Freq domain

Several implementation notes

* Linear response expression at the mixed representation:
_ 7 S
G=(,®) = G=(to,®) +i | dFe" "D [duf
0]
(G=(to,® + w)v(F,w) — v(T,w)G(to,® — w')] "o,

x Higher orders for high bias and/or 2 photon excitation
processes

* Pure-Frequency space expression: easier numerical grid-
ing and higher computational efficiency by analytical com-
plex plane algebra analysis.
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Mixed Time-Freq domain

Several implementation notes

* Linear response expression at the mixed representation:
_ 7 S
G=(,®) = G=(to,®) +i | dFe" "D [duf
0]
(G=(to,® + w)v(F,w) — v(T,w)G(to,® — w')] "o,

x Higher orders for high bias and/or 2 photon excitation
processes

* Pure-Frequency space expression: easier numerical grid-

ing and higher computational efficiency by analytical com-
plex plane algebra analysis.

* We note next on bulk modeling aspects.

Transient Conductance.. 19



Additional bulk modeling comments

* Proper thermal equilibration must be used for i.g:
GM — Gy

needed to obtain DC response (Fermi matrix).
x At s.s: Gy (to, @) = —GR(tg,0)f(ho — ).

*

GR(t07 ("_)) — hCL
0

gR(®)™! hic 0

hce  her

hrce gg(@)™t

* Several schemes to calculate the SEs: cluster-embedding

and explicit SE terms.

* [ he bulk subspace allow to represent T D voltage biasing

aspects.

Transient Conductance..
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Example of Transient Effect Study

transinet and s.s conductance of different SAMS.

Photoconductivity of functionalized PbSe nanocrystal arrays:
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o

10 20 30
Delay Time

(Murphy et al, jpcb, 2006, 110, 25455)

Higher short time-term peaks — Lower s.s conductance.

Isolate the coupling responsible for these trends:
coupling of hopping sites vs device-bulk.




Modeling Transient Conductance

Model channel - Perfect and doped wire model

Model Hamiltonian involving energy-aligned hopping sites

Electrode Surfaceé Device Electrode Surface

Model Hamiltonian of
an infinite wire

Transient Conductance.. 22



Modeling Transient Conductance

Model channel - Perfect and doped wire model
Model Hamiltonian involving energy-aligned hopping sites

Simulate transient effects of simple conducting wires under TD
voltage bias.

Access to model effects of varying the energy and overlap cou-
pling terms.

)
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S~~—"

N
o=
e
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o

Electrode Surfaceé Device Electrode Surface

Model Hamiltonian of
an infinite wire




Transient Conductance
Voltage Pulse Shape Effect

1. A quick turn ( ) vs. adiabatic switching
2. Pulse length ( and /black)
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Transient Conductance
Voltage Pulse Shape Effect

1. A quick turn ( ) vs. adiabatic switching
2. Pulse length ( and /black)

Consider pulse duration (Note the Wigner form of the current den-
sity):

b
e'
\m\ “p || |
' ”-,{1 3 F"'l{‘l’ifi
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g
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-
=
L
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-50 0 50 100 150 200 250 -50 0 50 100 150 200 250 -50 0 50 100 150 200 250

Wigner current distribution
= Tr |limg_;. |52 /2%, dBOG<(f,®)|]
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Transient Conductance
Voltage Pulse Shape Effect

1. A quick turn ( ) vs. adiabatic switching
2. Pulse length ( and /black)

Consider pulse duration (Note the Wigner form of the current den-
sity):

-50 0 50 100 150 200 250 -50 0 50 100 150 200 250 -50 0 50 100 150 200 250

time (fs)

Wigner current distribution
(0(t1)) = Tr limg_; |52 1%, dBOG<(L,®)||

DC response «— well initiated and equilibrated GF (Matsubara)
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