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We investigate electronic transport through two types of conjugated molecules. Mechanically con-
trolled break junctions are used to couple thiol end groups of single molecules to two gold electrodes.
Current-voltage characteristics (IV s) of the metal-molecule-metal system are observed. These IV s repro-
duce the spatial symmetry of the molecules with respect to the direction of current flow. We hereby unam-
biguously detect an intrinsic property of the molecule and are able to distinguish the influence of both
the molecule and the contact to the metal electrodes on the transport properties of the compound system.
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Electronic transport through molecules was first de-
scribed theoretically in the 1970s [1,2]. Since then, numer-
ous experiments have been made where electrical current
was driven through single-layer molecular films between
two metallic electrodes [3–5]. Transport through single
or at most a few molecules on a gold surface has been ob-
served with scanning tunneling microscopes (STM), where
the tip serves as a counterelectrode [6,7]. In the STM
tunneling regime, the current-voltage characteristics (IV )
reflects the electronic density of states in the molecule and
the conductance depends very sensitively on the tip dis-
tance. Only a few experiments, however, have been real-
ized which target current through a single molecule while
the connection to both electrodes is symmetrically realized
by a well defined chemical bond, which allows mechani-
cal stability of the junction even at room temperature [8,9].
However, to identify the IV s observed in these experiments
as arising from a current through indeed a single sample
molecule, comparison with some theoretical assumptions
is required concerning the conductance amplitude, the
transport mechanisms, and the electrochemical potential of
the sample. The experiment described in this Letter dem-
onstrates clearly and without the necessity of any assump-
tions that we observe electronic transport through a single
molecule (or at most very few) and not a large ensemble
of molecules. This is achieved by comparing the IV s of
spatially symmetric and asymmetric but otherwise similar
molecules. Further, an analysis of the IV data gives
new qualitative insight concerning the crucial role of the
molecule-metal contact.

The two types of organic molecules were designed spe-
cifically for the present experiment (cf. Fig. 1). Both con-
sist of a rigid rodlike central section with additional thiol
functions on both ends to form stable covalent bonds to
gold electrodes. Details of the synthesis will be published
elsewhere. As the molecules are very similar, comparable
electronic properties are expected. However, their main
difference is their spatial symmetry. While the antracene
derivative (in the following referred to as “symmetric
molecule”) has a symmetry plane perpendicular to the

molecule’s sulfur-to-sulfur axis, in the nitro acetylamine
derivative (“asymmetric molecule”), the mirror symmetry
is absent. For the symmetric molecule the IV s may
be expected to be symmetric with respect to voltage
inversion; for the asymmetric molecule a current flowing
in the positive direction or in the negative direction will
not necessarily result in the same magnitude of the voltage
drop along the molecule.

The length of both molecules is �2 nm. To obtain a
contact to a single molecule from both electrodes, an elec-
trode pair with a distance matching exactly this length is
required. We have chosen a lithographically fabricated me-
chanically controlled break junction (MCB) to provide an
electrode pair with tunable distance. The same technique
was used in a previous experiment [9]. For more details
on this technique, see Ref. [10]. A scanning electron mi-
croscope picture of a freshly prepared junction consisting
essentially of a freestanding Au bridge is shown in Fig. 2.
This setup is mounted in a three-point bending mechanism
driven by a threaded rod. To prepare the experiment, we
bend the substrate in order to elongate the bridge and fi-
nally it breaks. Then the two open ends form an electrode
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FIG. 1. Scheme of the experimental setup: a spatially symmet-
ric [9,10-Bis���(20-para-mercaptophenyl)-ethinyl���-anthracene] and
an asymmetric molecule [1,4-Bis���(20-para-mercaptophenyl)-
ethinyl���-2-acetyl-amino-5-nitro-benzene] in between two 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. Scanning electron microscope picture of the litho-
graphically fabricated break junction. The setup consists of
a metallic plate, covered by an insulating layer of polyimide.
On top of this, a gold film with a small constriction (smallest
diameter 50 3 50 nm2) is deposited, laterally structured by
e-beam lithography. Two electrodes lead outside to connect the
bridge electrically. The polyimide is partially etched away so
that in the constriction region, the bridge is freely suspended
over the polyimide substrate.

gap which can be adjusted mechanically with subangstrom
precision.

The molecules with acetyl protection groups at the ends
are dissolved in tetrahydrofurane. A droplet of this solu-
tion is put on top of the opened MCB (electrode distance
10 nm). The total exposure time is 10–30 sec. When the
molecules approach the surface of any of the gold elec-
trodes, one of the acetyl protection groups splits off and
a stable chemical bond between the sulfur atom and the
gold surface is established [11]. The opposite side of the
molecule remains protected at this stage. The coverage of
the molecules on the gold surface is expected to be far be-
low a completed monolayer, which would be formed only
after hours. This is in contrast to previous experiments
[8,9]. Then the solvent is evaporated and the whole setup
is mounted in an electromagnetically shielded box, which
is pumped to a pressure of 1027 1026 mbar. When the
electrodes are approaching each other from large dis-
tances, the resistance decreases exponentially with dis-
tance, as expected for tunneling. In this configuration,
the conductance is highly unstable, in particular at higher
bias voltage (U . 0.2 V). At a certain distance, however,
the system suddenly locks into a stable behavior, which
allows one to record several IVs in the voltage range of
[21 V, 1 V]. This stable configuration is interpreted as
a metal-molecule-metal junction: when the first molecule
touches the opposite Au surface, the second acetyl end
group is removed and a stable chemical bond is established
from the single sample molecule to both electrodes.

Figure 3a shows nine IVs (dashed lines) obtained for a
stable configuration with the asymmetric molecule. They
are clearly nonlinear, displaying some rounded steplike
features which appear presumably when transport through
an additional molecular orbital is enabled by the bias volt-
age [12]. In addition, traces of Coulomb blockade should
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FIG. 3. Transport data of the asymmetric molecule.
(a) Current-voltage (IV ) raw data (dashed lines, nine subse-
quent voltage sweeps) on a stable junction and the numerically
differentiated data dI�dU (solid lines) from the above IV .
(b) Data from a subsequent junction.

be present in the system (its conductance is 2 orders of
magnitude smaller than e

2�h) [13]. Both effects were ex-
perimentally identified for example in tunneling through
single semiconductor clusters [14]. Our data are highly
reproducible as long as the junction remains stable. The
current amplitude is about 0.7 mA at 1 V. All observed
stable junctions show currents in the range of 0.2 1 mA
at 1 V. Beyond U � 1.2 V, the current rises strongly and
if higher voltages are applied, the junction becomes un-
stable. Figure 3a also displays the differential conductance
dI�dU (solid lines, numerical derivative). Here, the step-
like features in the IV appear as peaks. The data are clearly
asymmetric with respect to voltage inversion. Such IV s
are stable within a time interval ranging from 1 to 100 min.
Thereafter, the system enters suddenly into a state of either
considerably higher or lower conductance. Upon slight
change of the electrode gap, often another stable configu-
ration can be established. Figure 3b displays a data set
obtained with the same MCB (and obviously an identi-
cal molecule) after the junction in Fig. 3a had become un-
stable. Compared to Fig. 3a, it shows similarities, but also
differences. The first similarity is the amplitude of the
current. This current is barely sensitive to variations of the
electrode distance, which indicates that indeed the current
through a molecule is observed, with only a minor current
contribution, if any, from direct metal-to-metal tunneling.

176804-2 176804-2

[J. Reichert, et al., Phys. Rev. Lett. 88, 176804 (2002)]



coupled quantum dots in microwaves

[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

|2〉

µR

|N〉

acceptor

|N−1〉

donor

|1〉
µL

Γ

Γ

∆

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 µ

I effective coupling to metal contacts: Γ

I laser field: Hmol −→ Hmol(t), periodically time-dependent
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static case: scattering formula

I Landauer (1957): „conductance is transmission“

EF

EF − eV

I current I =
e

2π~

∫

dE T (E, V )
[
f(E + eV )− f(E)

]

I transmission of an electron with energy E

T (E, V ) = ΓLΓR

∣
∣〈1|G(E, V )|N〉

∣
∣
2

I Green function G(E, V ) =
∑

α

|φα〉〈φα|

E − Eα + i~γα



static case: current noise

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

S̄ = S(ω = 0) =

∫ +∞

−∞

dτ
〈
∆I(t) ∆I(t+ τ)

〉

S̄ =
e2

2π~

∫

dE T (E)
{[

1− T (E)
][
f(E + eV )− f(E)

]2

+ f(E + eV )[1− f(E + eV )] + f(E)[1− f(E)]
}

B shot noise (remains for kBT = 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 = S̄/eĪ

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, t′) =
←−
T exp

(

−
i

~

∫ t

t′
dt′′H(t′′)

)

←−
T : time-ordering operator

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



Floquet theory

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

|ψα(t)〉 = e−iεαt/~|φα(t)〉, where |φα(t)〉 = |φα(t+ T )〉

I quasienergies εα, Brillouin zones

Floquet states |φα(t)〉 =
∑

k e−ikΩt|φα,k〉

I Floquet-Schrödinger equation

(

H(t)− i~
d

dt

)

|φα(t)〉 = εα|φα(t)〉

Hilbert space extended by periodic time coordinate

non-linear response



Floquet transport theory

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

Heisenberg equations of motion for wire electrons

ċ1/N =−
i

~

∑

n′

H1/N,n′(t) cn′ −
ΓL/R

2~
c1/N + ξL/R(t),

ċn =−
i

~

∑

n′

Hnn′(t) cn′ n = 2, . . . , N − 1

with Gaussian noise operators defined by

〈ξ`(t)〉 = 0,

〈ξ†` (t) ξ`′(t
′)〉 =

δ``′

2π~2

∫

dεΓ`(ε) e
iε(t−t′)/~f`(ε)
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Floquet transport theory

I Floquet equation
with self-energy Σ = |1〉ΓL

2
〈1|+ |N〉ΓR

2
〈N |

(

H(t)−iΣ− i~
d

dt

)

|ϕα(t)〉 = (εα − i~γα)|ϕα(t)〉

I propagator in the presence of the contacts

G(t, t− τ) =
∞∑

k=−∞

eikΩt

∫

dε e−iετ
∑

α,k′

|ϕα,k+k′〉〈ϕα,k′|

ε− (εα + k′Ω− i~γα)
︸ ︷︷ ︸

G(k)(ε)

propagation under absorption/emission of |k| photons



Floquet transport theory: current

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

I(t) = e
d

dt
〈NL(t)〉

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



Floquet transport theory: current

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

Ī =
e

2π~

∞∑

k=−∞

∫

dε
{

T
(k)
LR(ε)fR(ε)− T

(k)
RL(ε)fL(ε)

}

I transmission under absorption of k photons

T
(k)
LR(ε) = ΓLΓR

∣
∣〈1|G(k)(ε)|N〉

∣
∣
2
6≡ T

(±k)
RL (ε± k~Ω)

ε

ε + h̄Ω

ε

ε − h̄Ω

RL

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



Floquet scattering theory — current noise

time-averaged zero-frequency noise

S̄ =
1

T

∫ T

0

dt

∫ +∞

−∞

dτ
〈
∆I(t) ∆I(t+ τ)

〉

=
e2

h

∑

k

∫

dε
{

ΓRΓR

∣
∣
∣

∑

k′

ΓL(εk′)G
(k′−k)
1N (εk)

[
G

(k′)
1N (ε)

]∗
∣
∣
∣

2

fR(ε)f̄R(εk)

+ ΓRΓL

∣
∣
∣

∑

k′

ΓLG
(k′−k)
1N (εk)

[
G

(k′)
11 (ε)

]∗
− iG

(−k)
1N (εk)

∣
∣
∣

2

fL(ε)f̄R(εk)

+ same terms with the replacement (L, 1)↔ (R,N)
}

where εk = ε+ k~Ω

depends on transmission amplitudes G(k)
1N



reminder: noise for static case

S̄ =
e2

2π~

∫

dE T (E)
{[

1− T (E)
][
fL(E)− fR(E)

]2

+ fL(E)[1− fL(E)] + fR(E)[1− fR(E)]
}

depends only on transmission probability T (E)
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resonant excitations

Hnn′(t) = −∆(δn,n′+1 + δn+1,n′) +
(
En + Axn cos(Ωt)

)
δnn′

Γ Γ

|N〉|1〉

|2〉 |N−1〉
∆

µL µR

undriven (A = 0), high barrier

I Ī ∝ exp(−κN) where κ = 2 ln(EB/∆)
(cf. reaction rate in super-exchage)

I Fano factor F ≈ 1



resonant excitations
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Ī
(N

−
1)

[1
0
−

3
eΓ

/h̄
]

Ī
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eΓ

/h̄
] N = 5N = 5

(a)(a)

~Ω = 10∆, V = 5∆, Γ = 0.1∆

dc current

I Ipeak ∝
A2

(N − 1)Γ

I drastic current enhance-
ment for long wires

Fano factor F = S̄/eĪ

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

Ω [∆/h̄]Ω [∆/h̄]

A = 0.1∆A = 0.1∆

A = 0.2∆A = 0.2∆

A = 0.5∆A = 0.5∆(b)(b)

00

55

1010

1515

Ī
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current and noise control

Γ Γ∆

|1〉 |2〉 |3〉

h̄Ω

µL

µR

eV

I current control by
driving field

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)]



motivation: coherent suppression of tunneling

∆

−0.5

−0.25

0

0.25

0.5

ε α
/∆

0 2 4 6 8 10

A/h̄Ω

I relevant time-scale for tunneling:
~

E1 − E0
=

~

∆

I driven tunneling: energies replaced by quasienergies

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

I high-frequency approximation: ∆ −→ ∆eff = J0(A/~Ω)∆

Does a related transport phenomenon exist?
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transport through three-level system
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F
=

S̄
/e
|Ī
|

(b)

Γ = 0.5 ∆

Γ = 0.5 ∆

Γ = 0.2 ∆

Ī
[e

Γ
/h̄

],
S̄

[e
2
Γ
/h̄

]

(a)

current Ī

noise S̄

N = 3, ~Ω = 5∆, V = 50∆,

ΓL = ΓR = 0.2∆

dc current, noise
I current and noise

suppressed if ∆eff = 0

Fano factor F = S̄/eĪ

I control of relative
noise strength

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



high-frequency approximation

expansion of transport equations in 1/Ω

I effective static problem with

B electron distribution feff(ε) =
∑

k

J2
k (A/2~Ω)f(ε+ k~Ω)

B tunnel matrix element ∆ −→ ∆eff = J0(A/~Ω)∆

I switching between weak and strong lead-wire coupling
∆eff � Γ ∆eff � Γ

“barriers” “barriers”

I both are double barrier situations (Fano factor ≈ 1/2)



optical current router

I three-terminal geometry with µE = −µC1
= −µC2

I linearly polarized laser field: polarization angle ϑ
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µC2
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∆
∆

∆
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Ī
/e

Γ
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ϑ

ĪC1
ĪC2



I experiments

I Floquet transport theory

I applications:
B resonant excitations
B current and noise control
B ratchets, pumps, rectification



coherent quantum ratchet: motivation

I Brownian motion in a periodic but asymmetric potential

thermal equilibrium

⇒ no directed transport from noise: Ī = 0

no perpetuum mobile of the second kind

I here: coherent quantum dynamics, non-adiabatic driving



coherent quantum ratchet

h̄Ω

Γ

|1〉µ
Γ

|N〉

|N−1〉

µ

∆

I no transport voltage

µL = µR

I finite periodic system
consisting of Ng asym-
metric groups

Hnn′(t) = −∆(δn,n′+1 + δn+1,n′) +
(

En + Axn cos(Ωt)
)

δnn′

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 ratchet: length dependence

dc current vs. driving amplitude

Ng = 3
Ng = 2
Ng = 1

A [∆]

Ī
[1

0−
3
e
Γ
]

20151050

2

1

0

-1

-2

-3

dc current vs. driving frequency

A = 2∆

Ω [∆/h̄]

Ī
[1

0−
3
eΓ

]

1412108642

2

1

0

-1

∆ = 1, µL = µR = 0, Γ = 0.1, kT = 0.25, ED = EA = 0, EB = 10, ES = 1

I ratchet current exhibits resonances −→ coherent transport

I e.g. molecule: A = eEdsite. dsite ≈ 1 nm, ∆ = 0.1eV
=⇒ electric field strength E = 106 V/cm



coherent quantum ratchet

dc current vs. length

Ng

Ī
L
[1

0
−

3
e
Γ
]

A = 3

A = 5

A = 7

∆ = 1, ~Ω = 3, Γ = 0.1,

kT = 0.25, µ = 0, EB = 10,

ES = 1

I current inversion as a function of Ng

I current converges to non-zero value



coherent quantum ratchet: 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(Ωt)]: three symmetries
B time reversal t→ T /2− t not relevant for Ī

B generalized parity (x, t)→ (−x, t+ T/2) =⇒ Ī = 0

B time-reversal parity (x, t)→ (−x,−t) =⇒ Ī = O(Γ2)



harmonic mixing

symmetry breaking due to driving

I mixing with higher harmonics

a(t) = A1 sin(Ωt) + A2 sin(2Ωt+ φ)

Γ Γ

|N〉|1〉

|2〉 |N−1〉
∆

h̄Ω

µL µR

I µL = µR

I time-reversal parity
for φ = 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

10−4
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Ī
/e

Γ

φ = π/2

φ = 0.1

φ = 0.01

φ = 0.001

φ = 0 ∝ Γ

I influence of the phase φ:

Ī ∝ Γ für φ = π/2

Ī ∝ Γ2 for φ = 0, e.g. for time-reversal parity



summary

I Floquet theory for driven conductors

I effects
B current and noise control
B ratchets, pumps, rectification
B current amplification 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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