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Q
uestions:

•
A

fter sw
itching-on, does one alw

ays reach a steady state?
•

Is the steady state unique?
•

H
ow

 to deal w
ith tim

e-dependent external fields?



E
lectronic transport w

ith T
D

D
FT

left lead L
central 

region C
right lead R

T
D

K
S equation

(E. R
unge, EK

U
G

, PR
L 52, 997 (1984))

(
)

[
] (

)
(
)

(
)+

-
r

+
=

r
ò

'r
r
t'
r

'r
d

rt
v

rt
't'

r
v

3
K
S

v
xc [r

(r’t’)](r t)

(
)

[] (
)

(
)rt

 
rt

v
m2

 
rt

t
i

j
K

S

2
2

j
j÷ø ö

çè æ
r

+
Ñ

-
=

j
¶ ¶

!
!



()()()

()
()

()
()

()
()

()
()

()

()()() ÷ ÷ ÷ø ö

ç ç çè æj j j

÷ ÷ ÷ø ö

ç ç çè æ
=÷ ÷ ÷ø ö

ç ç çè æj j j

¶ ¶

t t t

t
H

t
H

t
H

t
H

t
H

t
H

t
H

t
H

t
H

t t t

t
i

R C L

R
R

R
C

R
L

C
R

C
C

C
L

LR
LC

LL

R C L left lead L
central 

region C
right lead R

T
D

K
S equation

E
lectronic transport w

ith T
D

D
FT



Effective TD
K

S Equation for the central (m
olecular) region only
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source term
:   L →

 C
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 C

  charge injection

m
em

ory term
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N
ote: So far, no approxim

ation has been m
ade. 
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N
um

erical exam
ples for non-interacting electrons

R
ecovering the Landauer steady state

Tim
e evolution of current in response to bias sw

itched on at tim
e t = 0, 

Ferm
i energy  e

F = 0.3 a.u.
Steady state coincides w

ith Landauer form
ula 

and is reached after a few
 fem

toseconds

U



Can there be m
ore than one steady state? 
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ulti-stability in TD
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Is there alw
ays a steady state? 



N
o steady state in tw

o-site A
nderson m

odel
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 PU
M

P
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evice

w
hich

generates
a

net
current

betw
een

tw
o

electrodes
(w

ith
no

static
bias)

by
applying

a
tim

e-
dependentpotentialin

the
device

region

Experim
ental

realization
:

Pum
ping

through
carbon

nanotube
by

surface
acoustic

w
aves

on
piezoelectric

surface
(Leek

etal,PR
L

95,256802
(2005))



A
rchim

edes’ screw
:  patent 200 B

.C
.

Pum
ping through a square barrier (of height 0.5 a.u.) using a travelling w

ave in device region 
U

(x,t) = U
o sin(kx-ω

t) (k = 1.6 a.u., ω
= 0.2 a.u. Ferm

i energy = 0.3 a.u.) 



Experim
ental result:

C
urrent flow

s in direction opposite to sound w
ave 





C
urrent goes in direction opposite to the external field !!

G
. Stefanucci, S. K

urth, A
. R

ubio,  E.K
.U

. G
ross, Phys. R

ev. B 77, 075339 (2008)



G
. Stefanucci, S. K

urth, A
. R

ubio, E.K
.U

. G
ross, Phys. R

ev. B
 77, 075339 (2008)  


