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OUTLINE

INTRODUCTION TO QUANTUM TRANSPORT

THEORETICAL BACKGROUND
System setup and the model Hamiltonian
Green’s functions and the equations of motion
Solution to the equations of motion

GRAPHENE NANORIBBON SIMULATION RESULTS
How does the geometry affect the transients?
What do the spatial charge and current profiles look like?

FURTHER DEVELOPMENT: PHONON TRANSPORT

SUMMARY
Current transients in curved graphene ribbons
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INTRODUCTION TO QUANTUM TRANSPORT

>

Possibility to manufacture and control nanoscale junctions

v

Ultrafast transient responses experimentally reachable
Nanoscale development of electronic devices
» Transistor count, switching times, sensors, etc.

Need theory for describing the full time dependence

v

\4

» Transient spectroscopy: “seeing” how the systems operate

1. Ilani, et. al: Nature Physics 2, 687 (2006)

M. Ahlskog, et. al: Phys. Rev. B 79, 155408 (2009)
Sp. Talukdar, et. al: Phys. Rev. B 88, 125407 (2013)
4K Arutyunov, et. al: Phys. Rev. B 70, 064514 (2004)
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SYSTEM SETUP AND THE MODEL HAMILTONIAN

Tonk1 Tk

H = Z Tmnazq,cran,a + Z ekaa]ta,gaka,a

mn,o ke, o
A A
+ Z (kaucdm,adka,o + Tkzxmdka,g-dm,a)
mko, o

+ interactions

Partition-free approach: Initially coupled systems in
equilibrium (unique y and B)
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GREEN’S FUNCTIONS AND THE EQUATIONS OF
MOTION

» One-particle Green’s function (propagator): Ensemble

average of the contour-ordered product of particle creation

and annihilation operators (Heisenberg picture)
G (t,¢') = —1{Ty [dma () 1 (£)])

» Equations of motion for the Green’s function

[ii _ H] Gt ) = 8(t ) + L dES(t, DG )

» Embedding (retarded) self-energy: purely imaginary
constant ~ level-width matrix I' (in wide-band limit)

1 i
SR (w) = E I T o~ —-T
a,mn( ) - mka €ra fo 177 kan P ®,mn
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SOLUTION TO THE EQUATIONS OF MOTION

» Explicit expression for the time-dependent density matrix!

Steady-state value

—iG,ﬁn(t,t) = an(” = Zrzx,m
«

Molecule-lead transitions|

¥ Vel (1) + 15D
«

Y V2L O
4

Intramolecular transitions

+

+

» Densities and currents
» Diagonal elements ~ site-localized charge densities
» Off-diagonal elements ~ local bond currents
» Extensions to local perturbations (EM fields)?,
superconductivity (NSN junctions) and arbitrary
temperatures3

1 RT, R. van Leeuwen, E. Perfetto, and G. Stefanucci, J. Phys.: Conf. Ser. 427, 012014 (2013)
2RT, E. Perfetto, G. Stefanucci, and R. van Leeuwen, Phys. Rev. B 89, 085131 (2014)
3RT, R. van Leeuwen, E. Perfetto, and G. Stefanucci, J. Phys.: Conf. Ser. 696, 012016 (2016)
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TIME-DEPENDENT LANDAUER—BUTTIKER FORMULA

1
VLo(t) VRO(t)
A=0 (N) A0 (9) A=0 (N)
dw
L) = 232 fw-p) )ﬁ:n{
TGR(w + V) TG (w + Vp) — TGR(w + Va) TG (w + Vi)
+ Vg [raei(“’“/ﬁ*heff)’cR(w) (—i&aﬁcR(w +Vp) + Aglw + vﬁ)) + h.c.]
+ VALe e GR () Ag(w + V)GA (w)ear! |,
Ay(w) = GR(w)LG*(w)

» Time-dependent bias voltages and local perturbations?

» Temperature bias, heat currents and local temperatures®

1 RT, R. van Leeuwen, E. Perfetto, and G. Stefanucci, J. Phys.: Conf. Ser. 427, 012014 (2013)

2M. Ridley, A. MacKinnon, and L. Kantorovich, Phys. Rev. B 91, 125433 (2015)
3F. G. Eich, M. Di Ventra, and G. Vignale, Phys. Rev. B 93, 134309 (2016)
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GEOMETRY AFFECTS THE TRANSIENTS!
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» Edge-state transition only visible in zigzag ribbons

1

RT, E. Perfetto, G. Stefanucci, and R. van Leeuwen, Phys. Rev. B 89, 085131 (2014)
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CURVATURE TRIGGERS SPATIALLY AND TEMPORALLY
FOCUSED CURRENTS!

t=021s

0.002
{:L\ I
P
3 t=021s
Y
- 0001 *
A
v
0.001
0.000
-0.001
ooy -0.002 Polelet 0wz
K< ]> ] [= el +] (K[ Q) I> ] [=]lste] +]

1C. G. Rocha, RT, R. van Leeuwen, and P. Koskinen, Nanoscale 7, 8627 (2015)
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TIME-DEPENDENT LANDAUER-BUTTIKER FORMALISM

FOR PHONONS!
KrcO(t) Korf(t)

TL Teo TR
Az . n
» Harmonic lattice: H = Y, ”7] + Lk 3 0Kjede = 5 Y ¢y
n il Ky 0

» Spinor representation: ¢. = A]> ;0 Qg = ( J >

P P (P] <p] ] 0 5]](
» Commutation relations: [(i)j, ri)k} =Ope; o= (Bl (1)>
> Phonon Green’s function: Dji(z,2') = —i(T,[$;(z),(2')])

» Due to the spinor representation the equations of motion
will be 1st order in time! (Similar to the electronic case)

» Partitioned approach (subsystems initially uncoupled)
1

RT, N. Sikkinen, D. Karlsson, G. Stefanucci, and R. van Leeuwen, Phys. Rev. B 93, 214301 (2016)
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TIME-DEPENDENT LANDAUER-BUTTIKER FORMALISM
FOR PHONONS!

Explicit expression for the time-dependent density matrix

iD<(t1) = e i Qeitafe(Qn)el Pt
+ Z/u:d ;: ei(“"neff)t] B, (w) {1 _e—i(w—ﬂlff)t]
Qeip = o % 7 (Q+Ag)  (non-hermitian)
By(w) = 1 wlh 1

wle+ 3Ty —Q—Ay " w(e— i) —Q—Ag

RT, N. Sikkinen, D. Karlsson, G. Stefanucci, and R. van Leeuwen, Phys. Rev. B 93, 214301 (2016)
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TIME-DEPENDENT LANDAUER-BUTTIKER FORMALISM
FOR PHONONS!

INTRODUCTION

» 1D harmonic chains of atoms

kL krc
ke & ° » Time-dependent heat currents
Te Tr » Tc=(TL+Tr)/2

(b) T = 300 K

Thermalization time T

T [fs]

Q(+ — _1Q
_R=0-18 .
ISS

kea/ke

K

Further (future) applications could involve studying local heat currents and

temperatures in, e.g., graphene-based phononic junctions

1RT, N. Sikkinen, D. Karlsson, G. Stefanucci, and R. van Leeuwen, Phys. Rev. B 93, 214301 (2016)
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SUMMARY AND OUTLOOK

Time-dependent quantum transport in nanosystems

Nonmteractmg particles within WBA = Analytlc solut1on

Explicit for the equal-time lesser Green's
function ~ time-dependent density matrix

w0

Steady-state value

Densities and currents

> Diagonal elements pum ~
» Off-diagonal elements ~ local bond Currents.

How to deal with interactions (e-e, e- ph)
» Generalized Kadanoff-Baym Ansatz: GS(t,t') = GR(t,t')oS (') — pS()GA(t, V')
» Diagonal propagation vs. (¢,t')-plane = computable to more realistic systems?
More on quantum transport and the nonequilibrium Green’s functions:
‘ R. Tuovinen (PhD thesis)

Time-dependent quantum transport in nanosystems: A nonequilibrium Green’s function
approach, University of Jyvaskyld, 2016

\ G. Stefanucci and R. van Leeuwen
Nonequilibrium Many-Body Theory of Quantum systems: A Modern Introduction,
Cambridge University Press, 2013



	anm0: 
	0.EndLeft: 
	0.StepLeft: 
	0.PauseLeft: 
	0.PlayLeft: 
	0.PlayPauseLeft: 
	0.PauseRight: 
	0.PlayRight: 
	0.PlayPauseRight: 
	0.StepRight: 
	0.EndRight: 
	0.Minus: 
	0.Reset: 
	0.Plus: 
	anm1: 
	1.EndLeft: 
	1.StepLeft: 
	1.PauseLeft: 
	1.PlayLeft: 
	1.PlayPauseLeft: 
	1.PauseRight: 
	1.PlayRight: 
	1.PlayPauseRight: 
	1.StepRight: 
	1.EndRight: 
	1.Minus: 
	1.Reset: 
	1.Plus: 


