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transport mechanisms: Ohms law  j_— ;g

electrons are viewed as particles in a pinball machine, bouncing around
resistance results from (back) scattering and can be characterized by the mobility (a
material dependent property).

How fast does an electron move in an
electric field?
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ballistic transport: 1D channel or a single atom

electrons are viewed as waves that are transmitted in channels:; the transmission
determines the conductance which is quantized with a value independent on the material
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Which physical quantity determines the number of channels? How fast do the electrons go?



tunneling In one dimension: single-barrier case

gold junction: direct, through space tunneling
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voltage dependence: Simmons’ formula for

tunneling d = barrier width
®; = barrier height
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expanding the square root (dg >> eV):
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linear response (zero-bias conductance)
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an example: breaking of a gold contact

displacement of
the piezo

Why is the second step not exactly on 2G,?

PhD. Thesis Roman Huber

(1,2,3): quantized
conductance (G,) in metallic
regime

Landauer formalism:
G=G,2T;
G,=2e?/h (12.9 KQ or 77mS)

(4): relaxation of the contact

(5): tunneling



What is the resistance of a single-molecule?
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transmolecular transport: double-barrier problem

The reservoirs (source and drain) are bulk-like regions where the electrons are in equilibrium.
These regions are kept at some temperature, and the number of electrons is variable as they are
connected to the voltage source. The electrons in these reservoirs are distributed according to
Fermi functions.

The molecular island is the part of the system, which is small in all directions— hence, this is the
part where the Coulomb interaction (E.) plays an important role. It is useful to take as a reference
the isolated island. In that case we have a set of quantum states with discrete energies (levels,
energy A).

The molecule-lead coupling is characterized in terms of the rate, I', at which electrons cross the
tunnel barriers separating the island from the leads. The transport through the barriers is a
tunneling process. I" also sets the life-time of a charge on a molecular state and hence determines
the broadening of the level; at present the molecule-lead coupling can still not be controlled and
even predicted.

molecular island

—| source |' |drain |—

essential for understanding transport: e
* location of the levels with respect to | Iy
the Fermi energy of the electrodes I|V I"v,

» the molecule-lead coupling (I') L



resonant and off-resonant transport

Schematics of the electrochemical potentials of an island connected to two reservoirs, across which a small
(negative) bias voltage Vis applied. A gate voltage is used to shift the electrostatic potential of the energy level.

first order processes

Resonant transport (first-order transport): resonant
transport becomes possible when the gate voltage
pushes one of the levels within the bias window
eV. The u(N) level is aligned with pg and the
number of electrons on the dot alternates between
N and N-1 (sequential tunneling).

Off-resonant transport: the levels are not aligned.
Coulomb blockade fixes the number of electrons
on the dot to N. Transport, however, is possible
through a virtual co-tunnel process in which a
unoccupied level is briefly occupied. A similar
process exists for the occupied level, u(N), which
can be briefly unoccupied. In contrast to resonant
transport the level is empty (full) most of the time.




off-resonant tunneling through molecular junctions

; ; Au-5-(CH,)¢-S-Au
same exponential distance decay as the
single-barrier case but I(VV\SI

* @z = Er - B ymo OF Er — Eyomo ) o
co-tunneling

‘m=m*

LUMO

* Bo= ap, (a takes into account non- @ I
rectangular barriers)

Bocharacterizes electron transfer molecules HOMO -

alkanes: B,~0.9 A™
polyenes: By~ 0.19 A
oligophenyls: B,~ 0.28 A™ a4
conjugated molecules: B~ 0.1-0.3 A™ G ZGO e Fo

the further the molecular level (either the HOMO or the LUMO) is away from Fermi energy of the
electrodes (AE), the larger the zero-bias resistance



Current (A)

off-resonant tunneling through dithiol-alkanes

exponential length dependence zero-bias resistance
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resonant transport: three-terminal devices

first order processes: sequential tunneling (incoherent)

island

| gate |

—| source |‘ |drain |—

three-terminal devices:

* levels can be brought in resonance
with the leads (if the gate coupling is
large enough)!

* molecule can be oxidized or reduced
(change its charge state) and the
properties of the charged molecules
can be studied in detail: this makes it
a completely different story !!
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chemical potential and addition energy

From non-equilibrium thermodynamics, we know
that a current is driven by a chemical potential
difference — hence we should compare the chemical RS: Cs RD' CD

potential on the device,
2

1(N) =U(N)=U (N =1) = (N —1/2)%—ev

with that of the source and drain in order to see C —_—
whether a current is flowing through the device. In G
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experiments, we ground the drain electrode(uy = 0). V
G

The distance between the two subsequent
chemical potential levels, the addition energy (=
the energy it costs to put an additional charge on
the island) is given by

2

€
#(N +1)— u(N) =E+ Ena—Ey

Note that the difference in energy levels occurring
in this expression (Ey,, — E,) is nothing but the
level splitting.



electronic level structure isolated Cg,

— e e | MO

optical

L Evunio—Enono = 1.65 eV
transitions LUMO —=HOMO

H-HH 4 owe
Ceo

Energy levels calculated by the density functional method by Green et al., J of Phys. Chem. 100,
(1996) 14892.



electronic energies and electrochemical
potentials

wy = U(N) — U(N-1) U = total energy

U, =U(C,)-U (Cg,) ~ —7.7 €V (ionization energy)
1, =U(Cy)-U(C,,)~-2.7 eV (electron affinity)

Illllllllllﬂl — 2. 7eV Ui — Mo = AE +EC
F

", - sy AE =1.65 eV
- Ec+AE E.: charging energy (e?/C)
v
Al e e L = -7.7eV estimate E,

metal sphere: C = 4ngyR
R=04nm=E,_=3.6eV




analytical solution IV characteristic single-level model

i Yo

T=0:f,-f,=1for 0< E <eV and zero otherwise

including spin and for symmetric barriers:
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current proportional to the broadening y

current shows steps as

resonance crosses bhias window
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Why does the step ]
occur at 2g?

-2

1 0 1 2
Voltage (V)

dl/dV shows Lorentzian shape

1.0t

0.5

0.0

1H1=r2
——T1=0.01
——T1=0.05
——TI=0.1

-1 0 1 2
Voltage (V)



complication: at low bias the model predicts the same
dependence as single-barrier tunneling
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This can therefore not be used as a proof for molecular transport:
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di/dV (107 Go)

10T

—10tF

an example: a spin-crossover molecule

-1

Vbias (V)

T=6K

mechanically controlled break junction technique

Why is the zero-bias conductance not zero?

Why do the steps not flatten out at high bias
voltages?



stability diagram: vary bias and gate voltages
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The current is suppressed when all chemical
potential levels lie outside of the bias window. As
we can tune the location of these levels using the
gate voltage. We can calculate the line in the plane
which separates a region of suppressed current
from a region with finite current. This line is
determined by the condition that the chemical
potential of the source (or drain) is aligned with
that of a level on the island.

For the chemical potential to be aligned to the
source (u(N) = pug = -eV) and with keeping the dot’s
charge constant):

Vv :,B(VG _CVC/CG)

If the chemical potential is aligned with the drain
(W(N) = pp= 0), we have the linear relation:

Vv :V(CVC/CG _VG)

See also: J.M. Thijssen and H.S.J. van der Zant, Phys. stat. sol. (b) 245 (2008) 1455-1470.



measured stability diagram carbon nanotubes
level splitting and charging energies can be determined

1: Ec =4 meV
o BN —u(NHDE,, 2: E. +A, =8 meV
e e 3: Ec =4 meV
4: Ec + A, =13 meV

Draw the corresponding chemical potential of the levels and of the energies of the orbitals ...



most experiments thus far: off-resonant transport
molecular wires behave as “semiconductors”

Only if clear steps in the current-voltage curves are observed, can we exclude
that direct tunneling determines transport.

What about molecular signatures? (addition energies will not work because

Where to look for molecular signatures:

- Choose for molecules whose (internal) orbital structure does not allow a
description in terms of a single tunnel barrier (e.g. quantum interference
molecules)

- Perform detailed spectroscopy on the molecules looking for molecule-
specific properties (vibrations, spin-related excitations, ...... )

Why do you want to perform the spectroscopy at low temperatures?



level spectroscopy: excited states (I'<<U)

incoherent, resonant transport: non-linear regime

R(N +1) I I
Ide‘“’ med oA
iAE -
’ ;]

* two ‘knobs’: VSD and Vgate

(O
HS

« state contributes to transport if
Hs> M(N) > pyq

o excited states result in extra lines in
stability diagram (red)

« excitations can probe electronic
spectrum, spin or vibrational states




excitation lines: electronic fingerprints of molecular
vibrations (I'<<U)

Eource !dr'ain

* symmetric with respect to the bias
voltage

dl/dV

* excitations the same for different
charge states

* more than 15 lines separated by a

few meV: unlikely electronic
excitations in such a small molecule

E.A. Osorio et al., Adv. Mat. 19 (2007) 281



molecular spin transistor: addressing magnetic
properties on a single molecule level using electrons

molecule with
desired

o ° oldrain magnetic
properties can
be designed by
chemists but

does it retain its
V properties when
b V contacted?

contacts are

metals (Au, Pt)
source ° o @

spacer plus anchoring:
tunnel coupling

O
s
“alligator clip” _
mechanical anchoring magnetic core of the molecule

spacer

N

Y

SY
O
“alligator clip”




the molecule: single-molecule magnet Fe,

H — DSZ2 ® Iron(III)

Oxygen

A

ﬁ Carbon

energy barfier
U=82D

ZFS = (2S-1)D

$=5

synthesis: Andrea Cornia

* high stability of Fe,; retains its magnetic properties when dispersed on a metallic
surface (Nat. Mat. 8 (2009) 194; Nature 468 (2010) 417)

easy axis
* bulk zero-field splitting: ZFS = (2S-1)D = 0.6 meV; energy barrier: U = 1.4 meV

* moderate quantum tunneling (H = DS,? +E(S.? + S ?)/2); bulk: E= 2 meV
hard axis

« How to observe anisotropy in an experiment (as I' in general larger than ZFS)? Q
What are the magnetic parameters for an individual molecule in a solid-state
device?



role of the molecule-lead coupling

spacer plus anchoring:
tunnel coupling

—

O

s

long spacer: weak coupling

Delta function DOS

current is blocked to first order
involves two (single-particle) charge states

I

I'r

eV

experimentally, the coupling (I') can be controlled
to some extent; full control requires fixing all atoms
positions in the junction

T

short spacer: intermediate to strong coupling
Lorentzian DOS

higher-order tunneling processes (coherent)
inelastic spin-flip, Kondo
involves only one charge state

I I'r

eV




higher-order processes in Coulomb blockade

inelastic tunneling spectroscopy (IETS) Kondo-effect (elastic): spin filling

H(N+1) (N +1)

(N +1) (N +1)




Kondo: signature of a large quantum spin

conductance vs Field [nS]

! inelastic co-tunneling

i Conductance

i / Kondo resonance at V=0

5 in two adjacent charge states

E Bias voltage V

unpaired high quantum spin

conductance vs Field [nS] at least one state has spin > 1/2!

T, ~ 10's of Kelvin

zero-field splitting
masked by _
strong Kondo weaker couplln>

A. Zyazin et al., Synth. Metals 161 (2011) 591 (F’ Tk > ZFS)



inelastic cotunneling: signatures of zero-field splitting

magnetic transitions (i.e.,
from S=5to S=4)

\ red: co-tunnel regime

ZFS

ZFS = (2S-1)D

expected value neutral molecule:
0.056 meV (bulk measurements)

observed in adjacent charge T=15K
states




magnetic field dependence: energy splitting increases
with B and is symmetric around B=0

N N+1

15 S=5
S D = -0.056 meV
2 1.2} { theta~ 0°g = 2.1
3 0.9
2 measurements indicate that the
consistent with o6} angle is between 0 and 30 degrees

1 || M M
expectations for ZFS !l -8 4 0 4 8 D-parameter in the reduced state

Magnetic field (T) larger than in the neutral state (50%)
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