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_How does charge flow through single molecules ?

- Introduction: our technique

- vibrational degrees of freedom

- magnetic degrees of freedom

- novel experimental tools
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Mechanically controlled break junction technique
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Experimental AL rrri

T

Mounted either in a 3He or “He cryostat,

in vacuum, at temperatures down to 300mK
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Conductance traces T -
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First experiments =R —

2 nNm

SCA with Marcel Mayor, Phys. Rev. Lett. 88, 176804 (2002)
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Room temperature vs. low temperature

diidV (1S}

S s, " ' Phys. Rev. Lett. 88, 176804 (2002)
Appl. Phys. Lett. 82, 4137 (2003)
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Room temperature vs. low temperature

diidV (1S}
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\ What determines the current level?

/ What |s the nature of the first peak’>
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__How does charge flow through single molecules ?
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- Introduction: our technique

- vibrational degrees of freedom

- magnetic degrees of freedom

- novel experimental tools
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Vibrations S e
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Electronic processes in molecules are related

to vibrations!
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Simplest model
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One electronic level € and one vibrational mode :
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Comparison with quantum dots Y meana

We have fixed gate potential,
proviqled by the local environment

/, 5612 mev : />—\—<:>—\

4 4712 mev g

: CioH1s
/4_35 2 meV g

5 meV
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25+2meV
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H. Van der Zant et al.
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Peaks appear too broad

di/dV [nS]

0-

SCA
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100 110 180 195 210
bias voltage [mV]

60 100 110
bias voltage [mV]

For nearly all molecules:
At low voltages vibrations may be resolved, at higher V

peaks appear smeared

- Seeking for a model system for vibrations
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Single-molecule string

FRIEDHICH ALEXANDER

CHs CHs

HsC CHs HsC @ CHs
T
P

HsC CHs HsC i CH,

CHy CH,

Oligoyne: ideal linear sp bond
- no aryl rings, no rotational degree of freedom
- heavy Pt ions provide fixed ends

ChemPhysChem 11, 2256 (2010)
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Density functional theary

* DFT (calculations using TM 5.7: BP86/SVP,TZVP, B3LYP/TZVP
 Electronic structure + vibrational frequencies (3N-6 normal modes)

DFT in collaboration with:
Wolfgang Hieringer, Andreas Gorling, Erlangen
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Vibrational features
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Sc A Vibrations are detected as sidepeaks, but the peaks are still too broad!
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Further oligoines
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Theory: vibrations and decoherence SRS A e

PRL 107, 046802 (2011) PHYSICAL REVIEW LETTERS N TR

Quantum Interference and Decoherence in Single-Molecule Junctions:
How Vibrations Induce Electrical Current

R. Hiirtle,' M. Butzin,' O. Rubio-Pons."? and M. Thoss'

'Institut fiir Theoretische Physik und Interdiszipliniires Zentrum fiir Molekulare Materialien, Friedrich-Alexander-Universitiit
Erlangen-Niirmberg, Staudtstr. 7/B2, D-91058 Erlangen, Germany
“Theoretische Chemie, Technische Universitit Miinchen, Lichtenbergstr. 4, D-85747 Garching, Germany
(Received 21 February 2011; revised manuscript received 16 June 2011; published 21 July 2011)

Quantum interference and decoherence in single-molecule junctions is analyzed employing a non-
equilibrium Green’s function approach. Electrons tunneling through quasidegenerate states of a molecular
junction exhibit interference effects. We show that electronic-vibrational coupling, inherent to any
molecular junction, strongly quenches such interference effects. This decoherence mechanism may cause
significantly larger electrical currents and 1s particularly pronounced if the junction is vibrationally highly
excited, e.g., due to inelastic processes in the resonant transport regime.

SCA In dithiols: nearly degenerate orbitals,
which differ in symmetry

Synthetic Carbon Allotropes SFB953

28



FRIEDRICH-ALEXANDER

Vibrations A

Theory:

destructive interference, suppression of conductance,
lifted by vibrations

——————
!
— electronic o /
]2_ electronic, only HOMO 1 ’f ff_
L | — — electronic, only HOMO-1 ly ;A
— Mg —= - = electronic, only HOMO—4 K4 /
left right g | | —— vibronic T=10K }'/, /,(.\ ]
lead lead — 8} | == vibronic T=300K 4 ;70 7]
- !
) (T §
T2 = T1 ( 2) = 4_
]
! ¢
- deCOherence T2 0IllllllllllllIlllll.lllllllllll
-g Only ........................... T 0 0‘5 1- 1-5 2. 2.5 3‘
E 1 bias voltage ®
5 | decoherence voltage @ [V]
O + thermal
broadening
I(T.)
»

Bias voltage V

SCA

Synthetic Carbon Allotropes SFB953

29



== FRIEDRICH-ALEXANDER

Experiment e VS Rog

Experiment: stability check
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Data extraction
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B ro k e n Sy m m et ry = galll_\:\m;snr_w.\;unnsens

Experiment
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Split conjugation Lh
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A counter example R i
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When even/odd state pairs are remote, no T dependence is observed.
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Vibrations and Interference

Intermediate conclusion:
Oligoines show vibrational substructure in the first peak

Destructive interference provided by degenerate levels suppresses
conductance

Vibrations contribute to enhance the current level

D. Secker, S. Wagner, S. Ballmann, R. Hartle, M. Thoss, H.B. Weber,
PRL 106, 136807 (2011)

S. Ballmann, R. Hartle, P.B. Coto, M. Elbing, M. Mayor, M.R. Bryce, M. Thoss, H.B. Weber,
PRL 109, 056801 (2012)
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~“How dogs charge flow through single molecules

- Introduction: our technique

- vibrational degrees of freedom

- magnetic degrees of freedom

- novel experimental tools

SCA

Synthetic Carbon Allotropes SFB953 36




FRIEDRICH-ALEXANDER
UNIVERSITAT _
ERLANGEN-NURNBERG

Molecular Spintronics

™

Even electron number:
Can we detect the spin state of a coupled spin pair ?

A spin pair occurs either as singlet or triplet

Co,
ﬂ J
by s T~ Here: pseudo singlet, pseudo triplet
S

Co-dimer

i complex 1
E[cm]
| pseudo
1208 triplet')
4T ] 2
10004 —=: :T
A g N - S
- pseudo )
A 500- singlet
0
SCA Mario Ruben, Frank Schramm (KIT)
LF  SOC pairing
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Co-dimer
| complex 1 — T T T T T T T T
Elcm]
15004 pseudo

triplet ')

LF  SOC pairing

Black: pseudo triplet
Red: pseudo singlet

SCA Karin Fink (KIT)
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Blind experiments

10
| (L Poed Il ST
5 .
ligand L
< O- =0T
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- —B=8T
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B=-8T
A0 B=-4T
=0T
-1.0 -0.5 0.0 0.5 1.0
V (V)

SCA

Synthetic Carbon Allatropes SFB9S3 39




FRIEDRICH-ALEXANDER

UNIVERSITAT

Kondo effect

Jun Kondo

SCA
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Kondo effect in quantum dots:

b
26%/h

~05K

conductance

temperature

Zero bias conductance enhancement due to a new correlated
ground state
in which an unpaired spin is screened by the surrounding electrons
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Kondo-like anomaly

300 .
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2 150-
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= i x i
T4 < T=50K o
E - « 1601
% 4 8 12 16 0 2 4 6 8 10 12
T (K) T (K)
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Magnetic degree of freedom

El T T T T

3004 - B= 0T

B=10T

. : _ B=20T

N il 1'B=2.5T

7)) . -7 B=2.0T | LWB=30T
.Wﬂ%@w B=3.0T | =4,

% e s JR A B=3 5T B=50Tl

= I R BT TR 40T B=6.0T

© e . 1 MB=7.0T
150 T='30T0 rr‘]K T L] T v T v T T ¥

-10 -5 0 5 10 15 6 8

o bar'abollic fit

| = peak maximum ey
24 ¢ parabolic fit ]
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14 i
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Switching the spin states

| identical pseudo |
3] IVs singl/et\/,j

pseudo identical -
triplet Vs

(T 1
1
Il |
l! ': Pit
A R
ol -'l I | i
Oy e
At

K == w'\w i

10 05 00 05 10 -030 -015 000 0415 02
V (V) V (V)
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Magnetic degrees of freedom

Intermediate conclusion:

The results suggests that one observes the spin state of a pair of
a coupled spin system by a Kondo-like anomaly

We observe a bias-driven transition from the pseudo-singlet to the
pseudo-triplet state

S. Wagner, F. Ki3linger, S. Ballmann, F. Schramm, R. Chandrasekar, T. Bodenstein,
O. Fuhr, D. Secker, K. Fink, M. Ruben, H. B. Weber:
Nature Nanotechnology (2013)

SCA .
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CHow does charge flow through single molecules ?

- Introduction: our technique

- vibrational degrees of freedom

- magnetic degrees of freedom

- novel experimental tools

SFB 953: Synthetic carbon allotropes

SCA
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Experimental improvements W) S

EHT =10.00 kV Signal A = InLens Date :26 Feb 2010 QL) : 'F,I g)
Mag= 957 KX WD= 9mm 0 o
_ CUO00000000TO

Nearly ideal device achieved

d L T T T X T e z T
Bl 00 Ad=9000 Motorschritte Ao/ W 5]

200 . -9 nm low-k dielectric (Ta,Os, & = 27)

i 14 - <10 pA leakage currents at 7V
= B - single-molecule contacts

0 27

=”-100 (Ui a1 40 -Gate action is still poor and

P Molekiil 7 inhomogeneous

T=100K

SCA

Synthetic Carbon Allotropes SFB953

New Journal of Physics 14, 123028 (2012)
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Epitaxial graphene

We produce epitaxial monolayer graphene on wafer scale on silicon carbide

K. Emtsev...H.B.Weber, T. Seyller: Nature materials 8, 203 (2009)

Height (nm)

Distance (um)

L
SCA&®
Synthetic Carbon Allqtmres SFBY53 49
Nature Materials 8, 203-207 (2009)
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Creation of graphene-electrodes with nanometer separation

SCA
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Q)

— Contacting single molecules

SCA
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Sample preparation:

a)

200 prm EHT = 10,00 KV Signal A = SE2 Date -25 Mev 2011
Mag= 235X Wh= 8mm File Name = Feld_1 tif

Sc A DSiZiumkarbic B Graphen B PMMA 950K e

Synthetic Carbon Allut.s BBV A 200K [-Geold =1 Mag= s23kx WD= 8mm File Name = vorher05 tf
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(unpublished data are removed in this public version)

SCA
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Molecular Nanojunctions become accessible with/to

SCA
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Why graphene junctions ?

electrostatic gates

STM, AFM,

light pulses

Raman spectroscopy
High-frequency exitations
chemistry
superconductivity

Depletion
layer

Conductive layer/
gate electrode

Semi-insulating SiC

D. Waldmann ...H.B.W.
Nature materials. 10, 357(2011)

~ 400um

THz antenna
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Conclusions

Charge transport in single molecules is affected by vibrations
- the first peak

- vibrations lift interferences

Magnetic moments are detectable as Kondo anomalies,

- the combined spin of two magnetic cores can be detected

New tools are available:
- gated break junctions

- graphene electrodes

SCA
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Chemistry:

In my group: Marcel Mayor, Basel
Daniel Secker John Gladysz, Texas A& M
Stefan Ballmann Mario Ruben, Karlsruhe
Stefan Wagner Nazario Martin, Madrid
Konrad Ullimann Martin Bryce, Durham
Ferdinand Kisslinger Rik Tykwinski, Erlangen
Theory:

Andreas Goarling, Erlangen
Felix von Oppen, Berlin
Michael Thoss, Erlangen
Karin Fink, Karlsruhe
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