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We investigateelectronictransport through two typesof conjugatedmolecules. Mechanicallycon-
trolled breakjunctionsareusedto couplethiol endgroupsof singlemoleculesto two gold electrodes.
Current-voltagecharacteristics(�� s) of themetal-molecule-metalsystemareobserved. These�� s repro-
ducethespatialsymmetry of themoleculeswith respectto thedirectionof current� ow. Weherebyunam-
biguouslydetectan intrinsic property of the moleculeandareable to distinguishthe in� uenceof both
themoleculeandthecontactto themetalelectrodeson thetransport propertiesof thecompoundsystem.
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Electronic transport through moleculeswas �rst de-
scribedtheoreticallyin the1970s[1,2]. Sincethen,numer-
ousexperimentshave beenmadewhereelectricalcurrent
was driven throughsingle-layermolecular�lms between
two metallic electrodes[3–5]. Transport throughsingle
or at mosta few moleculeson a gold surfacehasbeenob-
servedwith scanningtunnelingmicroscopes(STM), where
the tip serves as a counterelectrode[6,7]. In the STM
tunnelingregime, the current-voltagecharacteristics(�� )
re� ectstheelectronicdensityof statesin themoleculeand
the conductancedependsvery sensitively on the tip dis-
tance. Only a few experiments,however, have beenreal-
ized which targetcurrentthrougha singlemoleculewhile
theconnectionto bothelectrodesis symmetricallyrealized
by a well de�ned chemicalbond,which allows mechani-
calstabilityof thejunctioneven at roomtemperature[8,9].
However, to identify the�� sobservedin theseexperiments
asarising from a currentthroughindeeda single sample
molecule,comparisonwith sometheoreticalassumptions
is required concerningthe conductanceamplitude, the
transport mechanisms,andtheelectrochemicalpotentialof
the sample.Theexperimentdescribedin this Letterdem-
onstratesclearlyandwithout thenecessityof any assump-
tions thatwe observe electronictransport througha single
molecule(or at mostvery few) andnot a large ensemble
of molecules.This is achieved by comparingthe �� s of
spatiallysymmetricandasymmetricbut otherwisesimilar
molecules. Further, an analysisof the �� data gives
new qualitative insight concerningthe crucial role of the
molecule-metalcontact.

Thetwo typesof organicmoleculesweredesignedspe-
ci�cally for thepresentexperiment(cf. Fig. 1). Both con-
sist of a rigid rodlike centralsectionwith additionalthiol
functionson both endsto form stablecovalent bondsto
gold electrodes.Detailsof thesynthesiswill bepublished
elsewhere.As themoleculesarevery similar, comparable
electronicproperties are expected. However, their main
differenceis their spatialsymmetry. While the antracene
derivative (in the following referred to as “symmetric
molecule”) has a symmetry plane perpendicularto the

molecule’ssulfur-to-sulfuraxis, in the nitro acetylamine
derivative (“asymmetricmolecule”),the mirror symmetry
is absent. For the symmetric molecule the �� s may
be expected to be symmetric with respect to voltage
inversion; for the asymmetricmoleculea current� owing
in the positive direction or in the negative direction will
not necessarilyresultin thesamemagnitudeof thevoltage
drop alongthe molecule.

The length of both moleculesis � � nm. To obtain a
contactto a singlemoleculefrom bothelectrodes,anelec-
trodepair with a distancematchingexactly this length is
required.Wehavechosenalithographicallyfabricatedme-
chanicallycontrolledbreakjunction (MCB) to provide an
electrodepair with tunabledistance.The sametechnique
wasusedin a previous experiment[9]. For more details
on this technique,seeRef. [10]. A scanningelectronmi-
croscopepictureof a freshly preparedjunction consisting
essentiallyof a freestandingAu bridgeis shown in Fig. 2.
This setupis mountedin a three-pointbendingmechanism
driven by a threadedrod. To preparethe experiment,we
bendthe substratein order to elongatethe bridgeand �-
nally it breaks.Thenthe two openendsform anelectrode
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FIG. 1. Schemeof theexperimentalsetup:aspatiallysymmet-
ric [9,10-Bis���(� �-para-mercaptophenyl)-ethinyl��� -anthracene]and
an asymmetric molecule [1,4-Bis���(� �-para-mercaptophenyl)-
ethinyl��� -2-acetyl-amino-5-nitro-benzene]in betweentwo gold
electrodes.
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molecular wires

I molecular electronics:
miniaturization, sensors, self-assembly, . . .

I effect of Coulomb interaction
I coherent current control by laser light



molecular wires

I reproducible measurement of the current-voltage
characteristics for single molecules

I asymmetry
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FIG. 2. Scanningelectron microscopepicture of the litho-
graphically fabricatedbreak junction. The setup consistsof
a metallic plate, covered by an insulating layer of polyimide.
On top of this, a gold � lm with a small constriction(smallest
diameter �� � �� nm� ) is deposited, laterally structuredby
� -beamlithography. Two electrodesleadoutsideto connectthe
bridge electrically. The polyimide is partially etchedaway so
that in the constrictionregion, the bridge is freely suspended
over the polyimide substrate.

gapwhichcanbeadjustedmechanicallywith subangstrom
precision.

Themoleculeswith acetylprotectiongroupsat theends
aredissolved in tetrahydrofurane.A dropletof this solu-
tion is put on top of the openedMCB (electrodedistance
10 nm). The total exposuretime is 10–30 sec.Whenthe
moleculesapproachthe surfaceof any of the gold elec-
trodes,one of the acetyl protectiongroupssplits off and
a stablechemicalbond betweenthe sulfur atom and the
gold surfaceis established[11]. The oppositesideof the
moleculeremainsprotectedat this stage.Thecoverageof
themoleculeson thegold surfaceis expectedto befar be-
low a completedmonolayer, which would be formedonly
after hours. This is in contrastto previous experiments
[8,9]. Thenthesolvent is evaporatedandthe whole setup
is mountedin anelectromagneticallyshieldedbox, which
is pumpedto a pressureof �� � � �� � � mbar. When the
electrodesare approachingeach other from large dis-
tances,the resistancedecreasesexponentially with dis-
tance,as expectedfor tunneling. In this con� guration,
the conductanceis highly unstable,in particular at higher
biasvoltage(� � �	� V). At a certain distance,however,
the systemsuddenlylocks into a stablebehavior, which
allows one to recordseveral �� s in the voltagerangeof
[� � V, 1 V]. This stablecon� gurationis interpretedas
a metal-molecule-metaljunction: whenthe � rst molecule
touchesthe oppositeAu surface,the secondacetyl end
groupis removed andastablechemicalbondis established
from the singlesamplemoleculeto both electrodes.

Figure3ashows nine �� s (dashedlines)obtainedfor a
stablecon� gurationwith the asymmetricmolecule.They
are clearly nonlinear, displaying some roundedsteplike
featureswhich appearpresumablywhentransport through
anadditionalmolecularorbital is enabledby thebiasvolt-
age[12]. In addition,tracesof Coulombblockadeshould
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FIG. 3. Transport data of the asymmetric molecule.
(a) Current-voltage (�� ) raw data (dashedlines, nine subse-
quentvoltagesweeps)on a stablejunction andthe numerically
differentiated data �� � �� (solid lines) from the above �� .
(b) Data from a subsequentjunction.

be presentin the system(its conductanceis 2 ordersof
magnitudesmallerthan� � � � ) [13]. Both effectswereex-
perimentallyidenti� ed for example in tunneling through
single semiconductorclusters[14]. Our dataare highly
reproducibleas long as the junction remainsstable. The
currentamplitudeis about�	� � A at 1 V. All observed
stablejunctionsshow currentsin the rangeof �	� � � A
at 1 V. Beyond� � �	� V, thecurrentrisesstronglyand
if higher voltagesare applied, the junction becomesun-
stable.Figure3aalsodisplaysthedifferentialconductance
�� � �� (solid lines,numericalderivative). Here,the step-
like featuresin the�� appearaspeaks.Thedataareclearly
asymmetricwith respectto voltageinversion. Such�� s
arestablewithin atimeinterval rangingfrom 1 to 100 min.
Thereafter, thesystementerssuddenlyinto astateof either
considerablyhigher or lower conductance.Upon slight
changeof the electrodegap,oftenanotherstablecon� gu-
ration can be established.Figure3b displaysa dataset
obtainedwith the sameMCB (and obviously an identi-
cal molecule)after thejunctionin Fig. 3ahadbecomeun-
stable.Comparedto Fig. 3a,it shows similarities,but also
differences. The � rst similarity is the amplitudeof the
current.Thiscurrentis barelysensitive to variationsof the
electrodedistance,which indicatesthat indeedthecurrent
througha moleculeis observed,with only a minor current
contribution, if any, from directmetal-to-metaltunneling.
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[J. Reichert, et al., Phys. Rev. Lett. 88, 176804 (2002)]



coupled quantum dots in micr owaves

[T. H. Oosterkamp, et al., Nature 395, 873 (1998)]



interesting questions

I conductance under laser excitation
I ratchet and pump effects

I current control
I noise properties
I . . .



model

j2i

� R
jN i

acceptor

jN � 1i

donor

j1i
� L

�

�

�

I molecule: Hückel model of a „molecular bridge“ (electron
transfer reaction), neglect Coublomb interaction,
hopping matrix elements � ,

I metalic contacts: ideal Fermi gases with chem. potential �

I effective coupling to metal contacts: �

I laser �eld: Hmol � ! Hmol (t), periodically time-dependent
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static case: scattering form ula

I Landauer (1957): „conductance is transmission“

EF

EF � eV

I current I =
e

2� ~

Z
dE T(E; V)

�
f (E + eV) � f (E)

�

I transmission of an electron with energy E

T(E; V) = � L � R

�
�h1jG(E; V)jN i

�
�2

I Green function G(E; V) =
X

�

j� � ih� � j
E � E� + i~
 �



static case: current noise

I zero-frequency noise:
static component of the current-current correlation function

�S = S(! = 0) =
Z + 1

�1
d�



� I (t) � I (t + � )

�

�S =
e2

2� ~

Z
dE T(E)

n�
1 � T(E)

� �
f (E + eV) � f (E)

� 2

+ f (E + eV)[1 � f (E + eV)] + f (E)[1 � f (E)]
o

B shot noise (remains for kB T = 0)
B equilibrium noise (remains for eV = 0)

depends only on transmission probability T(E)



current noise: Fano factor

I relative noise strength: Fano factor F = �S=e�I

I role of discreteness of charge carriers

I single transport channel

open channel F = 0
tunnel barrier F � 1 (Poisson process)
double barrier F � 1=2



driven systems

I problem: U(t; t0) =
 �
T exp

�
�

i
~

Z t

t0
dt00H (t00)

�

 �
T : time-ordering operator

I periodic time-dependence:
„Bloch theory in time“ (Floquet 1883)



Floquet theor y

I Floquet theorem:
time-periodic Schrödinger equation has
complete solution of the form

j � (t)i = e� i� � t=~j� � (t)i ; where j� � (t)i = j� � (t + T )i

I quasienergies � � , Brillouin zones

Floquet states j� � (t)i =
P

k e� ik
 t j� �;k i

I Floquet-Schrödinger equation

�
H (t) � i~

d
dt

�
j� � (t)i = � � j� � (t)i

Hilbert space extended by periodic time coordinate

non-linear response



Floquet transpor t theor y

transport and driving: computation of the Green function
and scattering formula for time-dependent situation

Heisenberg equations of motion for wire electrons

_c1=N = �
i
~

X

n0

H1=N ;n0(t) cn0 �
� L=R

2~
c1=N + � L=R (t);

_cn = �
i
~

X

n0

Hnn 0(t) cn0 n = 2; : : : ; N � 1

with Gaussian noise operators de�ned by

h� ` (t)i = 0;

h� y
` (t) � `0(t0)i =

� `` 0

2� ~2

Z
d� � ` (� ) ei� (t � t 0)=~f ` (� )
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Floquet transpor t theor y

I Floquet equation
with self-energy � = j1i � L

2 h1j + jN i � R
2 hN j

�
H (t)� i� � i~

d
dt

�
j' � (t)i = (� � � i~
 � )j' � (t)i

I propagator in the presence of the contacts

G(t; t � � ) =
1X

k= �1

eik
 t
Z

d� e� i��
X

�;k 0

j' �; k+ k0ih' �;k 0j
� � (� � + k0
 � i~
 � )

| {z }
G(k)(� )

propagation under absorption/emission of jkj photons



Floquet transpor t theor y: current

I time-dependent current: change of electron number in, e.g.,
left lead (� electron charge e)

I (t) = e
d
dt

hNL (t)i

I two periodically time-dependent contributions
B transport between contacts
B periodic charging/discharging of the conductor



Floquet transpor t theor y: current

I dc current [note: no blocking factors 1 � f ` ]

�I =
e

2� ~

1X

k= �1

Z
d�

n
T(k)

LR (� )f R(� ) � T (k)
RL (� )f L (� )

o

I transmission under absorption of k photons

T(k)
LR (� ) = � L � R

�
�h1jG(k) (� )jN i

�
�2

6� T(� k)
RL (� � k~
)

�

� + �h


�

� � �h


RL

[S. Camalet, J. Lehmann, S. Kohler, and P. Hänggi, Phys. Rev. Lett. 90, 210602 (2003)]



Floquet scattering theor y — current noise

time-averaged zero-frequency noise

�S =
1
T

Z T

0
dt

Z + 1

�1
d�



� I (t) � I (t + � )

�

=
e2

h

X

k

Z
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n
� R� R

�
�
�
X

k0

� L (� k0)G(k0� k)
1N (� k)

�
G(k0)

1N (� )
� �

�
�
�
2
f R(� ) �f R(� k)

+ � R� L

�
�
�
X

k0

� L G(k0� k)
1N (� k)

�
G(k0)

11 (� )
� �

� iG(� k)
1N (� k)

�
�
�
2
f L (� ) �f R(� k)

+ same terms with the replacement (L; 1) $ (R; N )
o

where � k = � + k~


depends on transmission amplitudes G(k)
1N



reminder: noise for static case

�S =
e2

2� ~

Z
dE T(E)

n�
1 � T(E)

� �
f L (E) � f R(E)

� 2

+ f L (E)[1 � f L (E)] + f R(E)[1 � f R(E)]
o

depends only on transmission probability T(E)



I experiments
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resonant excitations

Hnn 0(t) = � �( � n;n 0+1 + � n+1 ;n0) +
�
En + A xn cos(
 t)

�
� nn 0

� �
jN ij1i

j2i jN � 1i
�

� L � R

undriven (A = 0), high barrier

I �I / exp(� � N ) where � = 2ln(EB =�)
(cf. reaction rate in super-exchage)

I Fano factor F � 1



resonant excitations
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I drastic current enhance-
ment for long wires

Fano factor F = �S=e�I

I noise reduced,
channel “more open”

[S. Kohler, J. Lehmann, S. Camalet, and P. Hänggi, Israel J. Chem. 42, 135 (2003)]



resonant excitations

00

0:250:25

0:50:5

0:750:75

11

FF

77 88 99 1010 1111 1212 1313


 [� =�h]
 [� =�h]

A = 0:1�A = 0:1�
A = 0:2�A = 0:2�
A = 0:5�A = 0:5�(b)(b)

00

55

1010

1515

� I(
N

�
1)

[1
0�

3
e�

=�h
]

� I(
N

�
1)

[1
0�

3
e�

=�h
] N = 5N = 5

N = 10N = 10
N = 15N = 15

(a)(a)

~
 = 10� , V = 5� , � = 0:1�

dc current

I I peak /
A2

(N � 1)�

I drastic current enhance-
ment for long wires

Fano factor F = �S=e�I

I noise reduced,
channel “more open”

[S. Kohler, J. Lehmann, S. Camalet, and P. Hänggi, Israel J. Chem. 42, 135 (2003)]



I experiments

I Floquet transport theory

I applications:
B resonant excitations
B current and noise control
B ratchets, pumps, recti�cation



current and noise contr ol

� ��

j1i j2i j3i

�h


� L

� R
eV

I current control by
driving �eld

I current noise for
time-dependent
transport

[J. Lehmann, S. Camalet, S. Kohler, and P. Hänggi, Chem. Phys. Lett. 368, 282 (2003)]

[S. Camalet, J. Lehmann, S. Kohler, and P. Hänggi, Phys. Rev. Lett. 90, 210602 (2003)]

[S. Kohler, S. Camalet, M. Strass, J. Lehmann, G.-L. Ingold, and PH, Chem. Phys. 296, 243 (2004)]



motiv ation: coherent suppression of tunneling

�

� 0:5

� 0:25

0

0:25

0:5

� �
=�
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A=�h


I relevant time-scale for tunneling:
~

E1 � E0
=

~
�

I driven tunneling: energies replaced by quasienergies

I divergent time-scale at exact crossings (� � ~
 )
� ! coherent destruction of tunnelling (CDT)
[F. Grossmann, T. Dittrich, P. Jung, and P. Hänggi, Phys. Rev. Lett. 67, 516 (1991)]

I high-frequency approximation: � � ! � e� = J0(A=~
)�

Does a related transport phenomenon exist?
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Does a related transport phenomenon exist?



transpor t thr ough three-le vel system
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dc current, noise
I current and noise

suppressed if � e� = 0

Fano factor F = �S=e�I

I control of relative
noise strength

I current suppression
accompanied by maximum
and two minima of the Fano
factor



high-frequenc y appr oximation

expansion of transport equations in 1=


I effective static problem with

B electron distribution f e� (� ) =
X

k

J 2
k (A=2~
) f (� + k~
)

B tunnel matrix element � � ! � e� = J0(A=~
)�

I switching between weak and strong lead-wire coupling
� e� � � � e� � �

\ barriers" \ barriers"

I both are double barrier situations (Fano factor � 1=2)



optical current router

I three-terminal geometry with � E = � � C1 = � � C2

I linearly polarized laser �eld: polarization angle #
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I experiments

I Floquet transport theory

I applications:
B resonant excitations
B current and noise control
B ratchets, pumps, recti�cation



coherent quantum ratc het: motiv ation

I Brownian motion in a periodic but asymmetric potential

thermal equilibrium

) no directed transport from noise: �I = 0

no perpetuum mobile of the second kind

I here: coherent quantum dynamics, non-adiabatic driving



coherent quantum ratc het

�h


�
j1i�

�
jN i

jN � 1i

�

�

I no transport voltage

� L = � R

I �nite periodic system
consisting of Ng asym-
metric groups

Hnn 0(t) = � �( � n;n 0+1 + � n+1 ;n0) +
�

En + A xn cos(
 t)
�

� nn 0

I ratchet effect due to effective dissipation from leads?

I length dependence?

[J. Lehmann, S. Kohler, P. Hänggi, and A. Nitzan, Phys. Rev. Lett. 88, 228305 (2002)]



coherent quantum ratc het: length dependence

dc current vs. driving amplitude
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I ratchet current exhibits resonances � ! coherent transport

I e.g. molecule: A = eEdsite. dsite � 1nm, � = 0:1eV
=) electric �eld strength E = 106 V=cm



coherent quantum ratc het

dc current vs. length

Ng

� I L
[1

0�
3
e�

]

A = 3

A = 5

A = 7

� = 1, ~
 = 3, � = 0:1,

kT = 0:25, � = 0, EB = 10,

ES = 1

I current inversion as a function of Ng

I current converges to non-zero value



coherent quantum ratc het: symmetries

no ratchet current for parity x ! � x

I parity of a time-dependent Hamiltonian

H = H0(x)� xa(t)

[H0(x) = H0(� x) symmetric]

I symmetry of Hamiltonian
� ! two different scattering events have equal probability

I harmonic driving [a(t) = sin(
 t)]: three symmetries
B time reversal t ! T =2 � t not relevant for �I

B generalized parity (x; t) ! (� x; t + T=2) =) �I = 0

B time-reversal parity (x; t) ! (� x; � t) =) �I = O(� 2)



harmonic mixing

symmetry breaking due to driving

I mixing with higher harmonics

a(t) = A1 sin(
 t) + A2 sin(2
 t + � )

� �
jN ij1i

j2i jN � 1i
�

�h


� L � R

I � L = � R

I time-reversal parity
for � = 0

[J. Lehmann, S. Kohler, P. Hänggi, and A. Nitzan, J. Chem. Phys. 118, 3283 (2003)]



harmonic mixing: dc current

dc current vs. coupling strength
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summar y

I Floquet theory for driven conductors

I effects
B current and noise control
B ratchets, pumps, recti�cation
B current ampli�cation by resonant excitations

I actual projects
B decoherence effects
B coupling to molecule vibrations
B spectroscopy during transport
B noise in electron pumps
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