Wiederholung

Diffusionsexperimente und Wachstumseigenschaften

STM: ‘Mikroskopie und Experimente’
Experimente mit Kraeften, Atomen und Molekuelen

AFM: Kraefte abbilden, damit experimentieren und (auch)
elektronische Eigenschaften vermessen.

Reibung, KelvinProbe, Bruch, SCFM, SSRM,
contact / non-contact, ....

poN
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Reversible 2D Phase Transition controlled by the STM tip

sublimation
(negative sample
bias U=-1.2V)

nucleation
4.

90x90nm, 1=10pA, U=1.2V \ . "‘ -~ T / 1=10pA, U=1.2V

N Controlled phase transition 2D fluid <=> 2D solid

SWIsS © Prof. Dr. S. Schintke, HEIG-VD & Prof. Dr. T.A. Jung, PSI, 27/04/2010 W
erENCE Nanolab, Uni Basel




Quantum Corral
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STS (scanning tunneling spectroscopy)

Density of States (DOS)

1 atom 2 atoms 10 atoms N atoms

&

E
a* }
> MN(E)
S

Density of States (DOS), N(E) is the number of energy levels bewteen E and E+dE
(states per eV)

|
LIl

States can have s,p.d.f or mixed (hybrid) character
Bands may be separated by band-gaps E,
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Voltage dependence of
tunneling current

By changing the voltage, the density of states
can be recorded as function of the voltage
(e.g., band structure of semiconductors)

eV
I o< J'N,(E)NE(E—eV)T(E.V)dE
0

where Ny N, are the densities of states
at the Fermi niveau and T(E,V)
the transmission probability.

( V2
T(E\V) :exp{— 2.{9&— E+#} }

The contribution of the states to the tunneling
process decays exponentially with their energetic
distance to the Fermi niveau. Core levels do not
NL(E) contribute at all.
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‘Physical’ Self Assembly of e.g. Nanowires
jumping from 3D to 2D

Basic Growth Modes of Epitaxial Thin Films rowth [] Nenequilibrium Growth
a) layer-by-layer growth b) island growth
TR TREK eo o0

c) layer plus island growth d) step flow growth (ly<< 1p)
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oAy, Th. Jung et al.
— 1= - e n 24, 20--24 (1999).
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Chemical Sensitivity in STM:
surface states vs image states

Sample Bias (V)
~J
I
o

5 o Ni(100). Binnig et al.
* Cu/Ma(110), this work

4 I ! | L ] I
0 1 2 3 4 5 6

State Mumber n

Periodic Contrast Change in Ug,,: Image Resonant
Enhancement !

T. Jung et al. Phys. Rev. Lett. 74, 1641 (1995)




Chemical Sensitivity in STM:

T T T
Me(110) + Cu Monclayer
E = 147 oV

.
P

Inverse Photoemission Inten:

Energy relative to Ep (eV)

Image State Contrast >>> Surface State Contrast

T. Jung et al. Phys. Rev. Lett. 74, 1641 (1995)

Bildladungspotential ueber leitender Oberflaeche

Ni (100} . TUNNEL
Y = BARRER  TIP
. > = .} : = vac
s . (a) (b) .
AL &) |
S EII I 5 E
=
-
/
79eV E n=c 10 -
{ —wvac =
3lev n=2
4 - n=1
gy (fn=
P B
104 ‘

a) idealer Leiter
b) hohe Stufendichte
c) Potentialverschiebung im STM




Molecular Motion Constrained to Two Dimensions

co-evaporation of Cu-tetraphenyl porphyrin (pins, X) and
Cu-tetra-di-t-butyl-phenyl porphyrin (balls, B)

Molecular structure influences: STM - Contrast
DE Adsorption
Mobility

T.A. Jung, R.R. Schlittler and J.K. Gimzewski

Research Laboratory, 8803 Raschlikon, Switzerland

Chemical Information from SPM / Spectroscopy

Spectroscopic Changes at the Edge
of Fe Islands on W(110)

() Frem Bode et al., Phys. Rev, B 54, A 8385 (1996):
(b} From Wiesendanger e al. J. Vac, Sci. Technod, A 14, 1161 {1996},




Invarse Photosmnission  Intensity

Stufenzustaende und Oberflaechenzustaende

auf W(331)

L A L B L LN ML LI o
W(331) + Cu Tmrgine Slute W(110) + Cu
Diffarance Spectra flifferance Spectra

Er=14.70Y

Edge Stote *

TY T T YT T T T

L 1 f 1
-1.0 0.0 1.0
Energy relotive to E- {av)

Cu
Layers;
1
1/6
i 1 L | J
2.0 -t.0 0.0 1.0 2.0

Energy relative to Er (eV)

Scientific Background: Chemical Imaging

Vac Tip
Vac
Si CaF: S  CaFy
— Erem Erem
Topoaraph d Im

{difdv) / (i)

diidV {nANV]

CaF, / CaF,

CaF, on Si(111)

Topograph

Chemical Image

Chemical imaging of insulators by STM
J. Viernow et al., Phys Rev. B 59 (1999) 10356




Spektroskopie

Spektroskopie

Lokale Messung der I/U-Charakteristik bei
@3, 2 = const (R.J. Hamers, R.M. Tromp and J.E,
Demuth, Phys. Rev. Lett. 56, 1972 (1986))

Information fiiber lokale elektronische Zustands-
dichten N(E) enthalten in

B ; o
F > s
5///7/7. el dIjdU
- EF ﬂ i " _::iln I
TT ™Rt

Probe :
CCT’s mit +Uf und -U/

Stabilisierungsspannung Uy und U sind Parameter

Spitze

Zustandsdichte der Wolframdichte im Bereich der Fermienergie andert
Sich wenig, d.h. es wird primar die Zustandsdichte der Probe
beobachtet (+; unbeseizie Zustande, -, besetzte Zustande)
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Tunnelspektroskopie von S|(1 11 )7x7

Iy E
g
£
UPS/IPS  § |
R. Hamers, FIG. | Simullaneously scquired lopograph and curren
Phys. Rev. Lett. 56, 1972 (1986) b T ol e 42 ¥ v m e

applied 10 the sample
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FIG. 1. Raw data from an a-type GaAs(110) surface, show-
ing the (a) measured tunnel current and (b) measured condue-
tance, as a function of sample voltage. The applied variation in

Tunnelspektroskopie von GaAs(110)

02 Il (a) n-Gaas(110)
=
:_E ﬂﬂ‘ -

Hl_ ————

E nh}'m /\

DH!-- + /
= ”?-\
L
= -~ /
2 " \/

ql

1 0 1
SAMPLE VOLTAGE (V)

tip-sample separation is shown in (c).

1
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n-GaAs(110)

(dl/aV)s (nA/V)

—_—r—

(d1/av) / (1)

= ]
SAMPLE VOLTAGE (V) =

1 2
E-Ep (eV)

FIG. 3. Analyzed spectral data for a-type GaAs(110), show-
ing {a} the differential conductance at constant tip-sample sepa-

ration, and (b the ratio of differential 1o 1o

tal conductance. The

dashed line in (a) shows the total conductance, broadened over a
voltage width of 1.5 V. The components of the spectrum are in-
dicated in the inset: € —conduction band, ¥ —valence band,
and D —dopant induced. Valence- and conduction-band edges

are indicated by dotted lines, labeled E, and E., respectively.
R. Feenstra et al., Phys. Rev. B 50, 4561 (94) The thin vertical line at 0.45 ¥ marks o surface-state feature.
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NNNO

d1/4V (Mhos)

Tunnelspektroskopie auf
Supraleitern

2x%10°0

1x10"8

age V for NbSes at
magnetic field usec
mine the gap at

fit. From [35].

H.Hess et al., Phys.Rev. Lett. 62(2), 214(1989)

1
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Fig. 2.7. dI/dV vs. bias volt-

0T applied
1 to deter-
1.45K. In-

set: The gap vs. temperature
5 and the corresponding BCS-

NNNO




Inelastic Tunneling Spectroscopy TR
UNi
BASEL
1 i |
=9 = 2
< -
B ""‘:-::-'-*Mr"wf\a'm’ 1-2
" ’II:J .' 1' Mt?' 'xl:lt?
< 6} 1
b 2
3 | : |
s | 1-2
00 200 300 400 S
wfCy ‘ l
T ot - Sedcnastl A
N | P |
s |
_g ‘ - 1-2
| L 3 |
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Voltage (mV)

X ule
spectrum (1-2) shows & peak at 358mV. (3) b a:

B.Stipe,M.Rezaei,W.Ho:Science 280, 1732 (1998)
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Constant current mode

In(/y=konst. = /¢ s=konst.
If barrier height constant —=> s=constant

If barrier height varies — alx.y), s(x,y) affect topography z(x.y)

Contour z(x,y)
at constant current
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Chemical contrast in an alloy

Fig. 2.14. STM image
of the (111) surface of
a PtosNirs single crys-
tal. A voltage of 5mV
and current of 16nA were
applied. A rather strong
"chemical” contrast is ob-
served, where the dark
species is attributed to
Pt und the bright fea-
tures to Ni. The contrast
is related to the interac-
tion between tip adsor-
bates and the surface, Im-
age size is 125Ax 100A.
From [30].
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Modification of the Cu(110) Surface State b
Adsorption of 0.8 ML of Pentacene

: 0.8 ML Pentacene

£ Ep=(481 = 11) meV
my / mg=0.37 =
£ 0.01

— 0.3 ML Pertacene | |-
=== clean |

< oo <0
=0 00

W ,
— 0.6 ML Pentacene
- clean

08 ML Pentacene
- == clean

05 08 30 12 10 08 0B 04 02 00
Ky LA Binding Energy / eV

53.5eV

Paul Scherrer Institut + 5232 Villigen PSI

A. Scheybal et al. Physical Review B 79, 115406 (2009)
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Modification of the Cu(110) Surface State by
Adsorption of 0.8 ML of Pentacene

: 0.8 ML Pentacene

L E, = (481 = 11) meV
— 08 ML F‘en{acene_ L My / me = 037
| == - clean B 001

— 0.8 ML Pentacenes
- == clean

: 05 08 30 12 10 08 D6 04 02 00
53.5 eV by £ A Binding Energy / eV

Paul Scherrer Institut + 5232 Villigen PSI

A. Scheybal et al. Physical Review B 79, 115406 (2009)

(=)™ PauL SCHERRER INSTITUT G

Modification of the Cu(110) Surface State b
Adsorption of 1 ML of Pentacene

[001] @ 0o
=02 F
170 T gy : 1 ML Pentacene
(15}
206 F Ey=(515 = 7) meV
E 087 —qmL Pem;ceﬁe mx / me =0.42 =
m -+ clean
10 - - 0.02

06 03 1.0 12
o A my/m,=0.22 =
W
N NA
— 1 ML Pentacene ~==4
034 ... clean
02
- o1
~. 0o
Sy
-0z L
— 1 ML Pentacens |
03 A - clean i

Sl E—
0 P A 10 0.3 05 0.4 02 00
63.0 eV kaA'1 Binding Energy f eV

Paul Scherrer Institut + 5232 Villigen PSI

A. Scheybal et al. Physical Review B 79, 115406 (2009)
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Pillow Effect vs. Bond Formation

Zurek Research Group

€€

A I O RSN L X e s

Animation of the formation of the pillow effect of surface
charges as a benzene approaches a Cu(111) surface.
Calculations: E. Zurek and S. Simpson, SUNY Buffalo.

Paul Scherrer Institut + 5232 Villigen PSI

Surface Supported Supra Molecular Assemblies
Functionality by Host-Guest Assembly

. Molecular self-assembly
Known from biochemical processes / supra-molecular chemistry
+ Coded building blocks (molecules)
» Spontaneous structure formation (,bottom-up*)
» Advantages
+ Parallel processing (fast)
+ Systems tunable by coding of units

+ Sub-nanometer precision, high reproducibility

Coded units/molecules Dimer unit

Extended functional nanostructure

L dll Challenge: Solvent free, modified by surface potential

NANO




Surface state scattering

,@SN
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M.F. Crommie, C.P.
Lutz and D.M. Eigler,
Nature 363 (1993)
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M.F. Crommie, C.P.
Lutz and D.M. Eigler,
Nature 363 (1993)
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Oberflachenzustande auf Cu(111)
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Cu(111) ——— data (step edge)

R=108Q ceees theory
+0.3V.

N A 202V
i1 \/\/\/\/\/ -0.2v
4 e 0.3V

L £ = f 0.4V

-0.5V
5\/\/;?,—_—*)—_
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Fig. 2.16. Spatial dependence of dI/dV across a step edge on Cu(111) at 4K. For
details see text. From [80].

PN

,Confined electrons”

IR [ Fig. 2.18. The experimen-
AR tal (solid line) and theoretical
(dashed line) voltage depen-
dence of dI /dV, with the top
of a STM located at the cen-
ter of a 88.7A diameter, 60-
atom circle of Fe atoms on a
Cu(111) surface. From [84].

Ty

E ' Bias potential (V)

h®
L" -

= ——n
> dm L=
0 L  {

E.Heller,M.Crommie,C.Lutz,D.Eigler:Nature 369, 464 (1994)
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2D bandstructure

Detection of confined states in a porous supramolecular network

STS is a powerful tool to probe the local electronic density of states (LDOS) of a
quantum entity.

STS performed inside the hexagonal DPDI pores shows, in the corresponding
dl/dV curve, a confined electronic state at -0.22V (black curve).

No peak is seen on the metal surface for the same voltage (red curve).

difdV (arb. units) >

-06 -03 00 03 06
Sample bias (V)

J.Lobo-Checa et al, Science, 325,300 (2009).

pEN
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2D bandstructure (STS+ARPES)

ARPES is a surface analytical technique that helps us to identify the binding energy of
the confined electrons with respect to their momentum.

The red dotted line in fig ¢ shows the E(k) relation of the free surface electrons and the
black line (first sub-band) corresponds to the first confined state.

The energy gap between the sub-bands is ~90 eV.

With increasing molecular coverage, the number of the confined states increases and
the surface state forms a continuous band in 2D supramolecular structure.
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PAEL SOHERREE IRTITHD

Supramolecular Assemblies: CN-di-phenyl-porphyrin Macrocycles

A g
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CN-phenyl - only tetramers
Yokoyama et al. Nature 2001

L.-A. Fendt et al., Chem. Eur. J. 15, (2009) 1139

e CoONtrolling the Dimensionality and Structure of Supramolecular
Acetylene-appended Porphyrin Assemblies

T SR ! b 3

Staged Self Assembly
-> Cristian, Saranyan

60nm
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Engineering of Donor / Acceptor Layers and
Chromophores for light harvesting

* Donor (Octa-ethylporphyrin) and Akzeptor (C60) complexes

» self-assembly and STM positioning

Transforming surface coordination polymers into
covalent surface polymers:

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print I\MO
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Transforming surface coordination polymers into
covalent surface polymers:

+43,5 keal/mol -62,6 kcal/mol

ﬂ—"wl <;NHN4>

+50,3 kecal/mol -88,7 kcal/mol

= £ NH —
- N NH VAR

42 3 keal/mol -72.6 kcal/mol

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print I\N\()

=
&
=

=z
=z

Transforming surface coordination polymers into
covalent surface polymers:

gg(; 94:889_'-<§>>:<<\;NH

+53,1 keal/mol + 53,4 kealimol

2x | -106.4 keal/mol

sgeguiasate

1,3,8,10-tetraazaperopyrene (TAPP)

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print I\N\()
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Transforming surface coordination polymers into
covalent surface polymers:

» TAPP: Coordination polymer formation @ 150 C
* |attice registry and metal coordination

» Transformation @ 250 C

» Curvature suggest lifting of lattice registry

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print I\N\O

Transforming surface coordination polymers into
covalent surface polymers:

» Temperature (250 C) induced
» Tautomerisation in surface potential

* Delocalised electron system across
polymer

* electronically and optically novel
system can be positioned

(1.23 £ 0.12) nm 1.27 nm

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print I\N\O
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Transforming surface coordination polymers into
covalent surface polymers:

» STM positioning: Flexible molecular chains can be
flexed

* irrespective of lattice registry
* no rupture of covalent chains

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print N)

Transforming surface coordination polymers into
covalent surface polymers:

» STM positioning: Flexible molecular chains can be
flexed

* irrespective of lattice registry
* no rupture of covalent chains

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print N)
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Transforming surface coordination polymers into
covalent Surface polymers:

» planar polymer, covalent interlinking of chains
* metal conjugation between chains

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print WO

Transforming surface coordination polymers into
covalent Surface polymers:

-3 » planar pollyme.r, .
U";: covalent interlinking of
-~y < chains
-

‘g,. » sub-molecular contrast

‘s .

»w2,%,> ¢ Homo-calculation for
j:::::j trimer — good
SR agreement

8,0

P> * Lumo: see Suppl. Inf.

- 2%
a°D
B8
e

°.9

M. Matena et al. Angew. Chem. Int. Ed. 2008, 47, in print WO
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Self — Assembly / Self — Organisation

Tuning forces between atoms and molecules.

» Covalent backbone (Protein, DNA, etc ...)

» Steric interactions within molecular chains (e.g. o-helix former /
blocker)

» ‘Sticky functional groups’
a) covalent: (R - SH) ‘disulfide bridges’
b) non-covalent: Hydrogen — and other — polar bridges

» 2D/3D Complexation (Heme-porphyrin, etc. )
» Conformational Flexibility / Conformational Dynamics
» Selective use of Chirality / Enantioselective Interactions

» Molecular Solvent interaction: Formation of Hydrophilic /
Hydrophobic pockets and anchoring in lipids etc.

Solvent Free Supra-Molecular Chemistry at Surfaces

« Surface interaction = often unprecedented behaviour
* No TD equilibrium for desorption / re-adsorption

* Molecular orientation dynamics retarded by surface molecular
interaction

* Molecular conformation dynamics retarded by confinement,
surface molecular interaction

* No collisions with ‘small and fast’ solvent molecules,
- modified behaviour in response to entropy / enthalpy balance

» Synthon / Tecton concept transferrable --- not always

- Phase space for molecular libration and motion strongly modified

- Chemical reaction channels modified, mechanistic differences,
steric accessibility modified

- Polar / apolar pockets, nanophases, domains rather than
hydrophilic / hyrdophobic interaction

- modifed chemical, physico-chemical behaviour which is in progress

to be understood

23



Supra — molecular assembly of donor-acceptor

M. Stoehr et al. small 2007, 3, No. 8, 1336 — 1340

Molecular Rotors
............................................................................. r N _\r% i

1!
Temperature dependence ’ - i W ‘ﬁ'| i i!l‘hl'm
» Trapped porphyrins inside pores
« Stable up to ~110 K
» Thermally activated rotary motion above -

150K

NNNO
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Supra — molecular assembly of donor-acceptor

M. Stoehr et al. small 2007, 3, No. 8, 1336 — 1340

PAUL SCHERRER INSTITUT

Paul Scherrer Institut

Surface Science in Increasingly Complex
Systems

N. Ballav, Th. Jung et al.

*EPFL 13/05/2013
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Molecular Nanoscience

Laboratory for Micro and Nanotechnology = Nanolab @ UniBasel
Paul Scherrer Institute

Dorota Siewert,* Jan Girovsky

Tatjana Haehlen,* Jan Nowakowski

Harald Rossmann* Rolf Schelldorfer

Christian Waeckerlin Thomas Jung Sylwia Nowakowska,

Milosz Baljozovic* Susanne Martens,

Nirmalya Ballav# Aneliia Schyrba

Toni Ivas UHV-STM
Marco Martina (4K -RT)

and many research partners

Surface Science --- Atomic Concepts

terrace

defect

kink atom From Henzler/Gopel,
“Oberflachenphysik des Festkorpers”

Steps, defects => modification of the surface potential

WY

step X,y

E pot

defects
=> steps, defects may act as pinnig centers for adsorbates

26



Physisorption a Q @ Physisorption ) ,r"o
H H Physisorption ) v
vs. Chemisorption Ll
b
E
Distance from surface
Forces of attraction are van der Waals' Forces of attraction are chemical bond
forces forces
Low enthalpy of adsorption (20 - 40 High enthapy of adsorption (200 - 400
k.J/mole) k.J/mole)
This process is observed under conditions  This process takes place at high
of low temperature temperatures
It is not specific It is highly specific
Multi-molecular layers may be formed Generally, monomolecular layer is formed
This process is reversible This process is irreversible W

wi:iSm ARPES: Molecule Derived Bands

Molecule Derived Bands

T
0.7ML =

05+

@0.96 eV & 1.67 eV

(E-Es) (V)

- hybridized states
HOMO, HOMO-1

100 10 120 130 140 150

<EPFL, +13/05/2013

Azimuthal angle (degrees)
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=(-1 jm Pentacene as a Model for a ‘simple’ large molecule

Considerable modifications:
(1) reduced structural & electronic integrity, substantial bending of molecule,
(2) buckling of the substrate top layers

Molecular bending: -> reduced number of C-Cu bonds @ interface
- Nonequivalent bonding of adsorbate atoms
- “energy per atom” not equal to bond strength
Note: for non-covalent bonding

Electronics @ Interface:

(1) Hybridization at the vicinity of the Fermi level

(2) Charge redistribution between substrate and molecule,

-> Structural distortion

- unambiguous evidence for stronger adsorption than typical for vdW/ physisorption

- chemisorption-like interaction: large organic molecules @ metal
also in absence of covalent bond

Important for: charge injection in organic electronic devices,
-> more detailed insight needed.

<EPFL, +13/05/2013

Electronic Structure of an Organic/Metal Interface:
Pentacene/Cu(110)

PARL SOHERRER IN1ITHT

— [110]

K. Mueller et al. J. Phys. Chem. C 2012, 116, 23465-23471

<EPFL, +13/05/2013

28



PARL SORERRER IRNITHT

Motivation — formation 2D structures on surface

+SPSIOGA?, +13.05.2013

PARL SORERRER IRNITHT

TCNQ - a strong electron acceptor

7,7,8,8-Tetracyano-p-quinodimethane (TCNQ)

TCNQ: L.R.Melby, et al, J. Am. Chem. Soc. 84, 3374-3387 (1962)

+SPSIOGA?, +13.05.2013
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qg—“. TCNQ + Metal - 1/2
TCNQ/Cu(001) | TCNQ TCNQ/Cu(001) |M#TCNQ
e — +Mn
T'II NEXAFS

Moemalized absorpton (3.u.)

© Photon energy (eV)

->CT from substrate to molecule
—->TCNQ leads to a rearrangement

of Cu atoms

Moy spin Mgty spin

TCNQ/Cu(001) + Mn©
->CT from Mn to TCNQ

—ionic network

T.-C. Tseng et al. Nat. Chem. 2 (2010); X.Q. Shi et al. J. Phys. Chem. C 114 (2010)

+SPSIOGA?, +13.05.2013

w1 Jm TCNQ + Metal - 2/2

TCNQ/Ag(001)

- Substrate to

TCNQ

TCNQ/Ag(001)

molecule CT?

TCNQ/Ag(001)

+Ni?

M= TCNQ

TCNQ/Ag(001) + Ni°
->CT from Ni to TCNQ
—>ionic network

-C. Tseng etal K. J. Phys. Chem. C (2011)

*SPSIOGA?, +13.05.2013
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wisim  TCNQ + TTF (a molecular electron donor)

TCNQ/Au(111) TCNQ

TCNQ/Au(111)
—->No CT with Au(111)
->TCNQ neutral

(concluded from STM, STS)

TCNQ/Au(111) |Mol#TCNQ

+TTF
[ =]

TCNQ+TTF/Au(111)
->CT from TTF into TCNQ

I. Torrente, Int. J. Mass. Spectrom. 277 (2008); J. Phys. Rev. Lett. 101 (2008)

+SPSIOGA?, +13.05.2013

i TCNQ + alkali-halides - a novel approach

[112)
-3

+NaCl

TCNQ/Au(111)
-neutral TCNQ

—ionic network

TCNQ/AU(11)

C. Wackerlin et al, manuscript under review

+SPSIOGA?, +13.05.2013
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a7 Na’andNa‘Cl

Sodium metal
« Nao: [Ne]3s?

* highly reactive
» workfunction: 2.4 eV

->Na® (alkali-metals and most metals
in general) should easily undergo CT
with a strong electron acceptor like
TCNQ

Sodium chloride

* Na*: [Ne]
*Cl: [Ar]
*inert

->Na* and CI- are both in the noble
gas electronic configuration and
thus halides in general are quite
inert

“>Na*TCNQ- “Who gives the electron to TCNQ?”
A: the substrate
B: Na* > Na?* + e : I ~47 eV
Photos: http://en.wikipedia.org/wiki/File:Nametal JPG.jpg; http://upload.wikimedia.org/wikipedi /Halit-Kristalle.jpg *SPSIOGA?, +13.05.2013

a(-I-jm XPSonTCNQ and M*TCNQin bulk

Nis
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j‘fﬂlll.lw
M_,-«” H; I'II\:;.-TCNG

N B
/ "lll

i
#/'J 1 \nitTena), 31,0
D] e,
1
_‘“,,/‘“"{ | LiTeng
Jli \MM..\‘ N

INTENSITY

i
-z Sn’||-1 L

L
405 400 39%
BINDING ENERGY (eV)

TCNQ

-\A/’ Ill Tena TCNQO

Cis
REGION /,r\
{ I1|
I ':ALH‘.Iii
n
tleutTenal,
f"\‘ :I\_m
Z [
= f CuTCNG
: W
z ~_// |[ { \
= / |i Ni{TCNGI; - 3H,
| {

290 285
BINDING ENERGY (eV)

J. M. Lindquist et al, Chem. Matr. 1, 72-78 (1989).

*SPSIOGA?, +13.05.2013
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X-ray photoelectron spectroscopy

C1s
Tcng?

N1s multilayer TCNQ
on Au(111)

on Au(111):
->TCNQ°

+NaCl:
>TCNQ-

on Ag(111)
(no NaCl)
2>TCNQ-

404 402 400 398 396 290 283 286 284 282 280
binding energy (eV)

+SPSIOGA?, +13.05.2013

PAEL SOHERREE IRTITHD

UV photoelectron spectroscopy = work function

(a) VL(s}

VLo )

(b) iii

j _TcNa TCNQ
H ) ]

- increased WF -> slightly decreased WF

review paper on UPS/WF: H. Ishii, H., Adv. Mater. 11, 605-625 (1999). “SPSIOGA? +1305.2013
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UV photoelectron spectroscopy = work function

on Au(111
on Ag(111) (111)
=-Au(111) ®=545eV
— = =+TCNQ ®=515eV
= e b St s

TCNQ
e

Ag(111)

TCNQ
e
Au(111)
e A 17 163 2 1 0
17 163 2 1 0 -
“Who gives the electron to TCNQ?”
TCNQ/Ag(111) A: the substrate
TCNQ
TCNQ/Au(111)
TCNQ/Ag(111) > WEF slightly decreased
- WF increased

- Substrate not involved in CT before

- Substrate-to-molecule CT and after addition of NaCl

+SPSIOGA?, +13.05.2013

PAEL SOHERREE IRTITHD

UV photoelectron spectroscopy > valence

—=Au(111) ®=545eV —Ag(111) ®=462ev  |(b) TCNQ®

b =+TCNQ @ =5.15eV —t+ TCNQ @ =524 0V
=+ NaCl @ =508eV ‘

TCNQ
e

Ag(111)

$=50eV

TCNQ
Xe

I
Au(111)

[ S W [ R MON A
-2 -0 -8 -6 -4 -2 O=Ep

i
T A A R RS e ey B

i ~
17 16 3 2 1 0 17 16 3 2 1 0 |
binding energy (eV) |

—>valence electronic structure gives further iz o 8 6
evidence towards the presence of TCNQ-
in TCNQ+NaCl/Au(111) and TCNQ/Ag(111)

UPS in bulk: W.D. Grobman, Phys. Rev. Lett. 32, 534 (1974)

*SPSIOGA?, +13.05.2013
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Who donates the electron? — oxidation of CI-

Nats amim s 5 cgp | “WhO gives the electron to TCNQ?”
VAT A: the substrate

149064
eV keps
-

.ty

NaCl + TCNQ

10.0£0.28 on Au(111) 0.59:£0.08
eV keps eV keps £
B - - TR K

ERdr—to

1077 1074 1071 106.8 . 204 202 2ro 198 196 194 TCNQ + Na*Cl- > Na*TCNQ- + % C|2
binding energy (eV)

Cl, CI2p32

reduction: TCNQ + e > TCNQ-

oxidation: Cl-> %2 Cl, + e

addition of TCNQ onto NaCl/Au(111): simple experiment:

->Na/Cl ratio is increased by a factor of ->TCNQ in ethanol/water

1.67 = 0.11 after addition of TCNQ - + NaCl

->Cl, is not observed in XPS -observation of bubbles (Cl, gas)
~loss of Cl, gas ->color change indicates formation

of TCNQ-Metal complex
(c.f. references)

L.R.Melby, et al, J. Am. Chem. Soc. 84, (1962); J.G Vegter et al, Phys. Rev. B 7, (1973);

X.-L. Mo et al Thin Solid Films 436, (2003) +SPSIOGA?, +13.05.2013
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Summary and outlook

e X Outlook / Application

i% i o - Sublimation of metal halides is very simple

%% =)'y 3 e, - Excess alkali-metals can strongly affect the

&. A 2 oul, substrate (via CT), excess NaCl interacts only

A R weakly

 a novel method to create 2D metal-organic layers
— usage of metal-halides instead of metals

.

Usage of other metal halides or salts, i.e.
- MgCl,, MnCl,, CoCl,
— Other halides: Br-, I

.

Other strongly electron accepting molecules as

linker
- A well decoupled layer on Au(111) (herringbone TCNQ+LICH
persists, UPS) Au(111)
“works”
a)— b)
=2 min

wacant in akb

wacant in a

vacant in b

* TCNQ/Ag(111) undergoes CT
— interesting dynamic vacancies observed

*SPSIOGA?, +13.05.2013
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materials at surfaces:

TA. Jung

Spectro-microscopy correlation experiments

Electron and spin states in metal-organic supramolecular

Coll.: N. Ballav, F. Diederich, L. Gade, C. lacovita, T. Ivas, S. Martens, J. Lobo Checa, S.
Nowakowska, M. Stohr, M. Persson, P. Oppeneer, A. Schyrba, D. Siewert, C. Thilgen, C. Waeckerlin
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Molecular Nanoscience

Laboratory for Micro and Nanotechnology
Paul Scherrer Institute

Dorota Siewert,* Jan Girovsky
Tatjana Haehlen,* Jan Nowakowski
Harald Rossmann* Rolf Schelldorfer
Christian Waeckerlin Thomas Jung

Milosz Baljozovic*
Nirmalya Ballav#
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Sylwia Nowakowska,
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Aneliia Schyrba

Toni lvas UHV-STM
Marco Martina -
and many research partners Thomes Nis (4K -RT)
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Engineering with Molecules @ Surfaces
—> playing with electrons and spin

» Supramolecular architecturing @ surfaces (cf J. Barth)
» Interaction with contact / environment
¢ Mechanic, electronic and spintronic Interaction

Engineering with molecules; inspired by nature, but distinctively different

- adressable molecular architectures,
assembly and function
device like behaviour, logic?

Uoodoon
® [ ]

0001000 ==\\_A 5

How do we handle Electrons and Spins?

* in the bulk (organic: crystal or polymer)
» orin the single molecule

» contact / environment / architectonics extremely
important

37



a7 Surface States Scattered from Atoms and Molecules

M.F. Crommie, C.P.
Lutz and D.M. Eigler,
Nature 363 {1993)

Spectro-Microscopy Correlation

GIBBLEGUTS.COM Cartoons By Dan Gibson
T I

RUMP ROAST|

©Dan Gibson
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Controlling molecular spins - demonstrated by nature

O,-transport in blood

heme b
Fe-Por + O, .— Fe-Por-0O,
S=2 S=0

histidine
J. M. Friedman, J.M et al. J. Biol. Chem. 258,
10564 (1983)

J. lgarashi et al. J. Biol. Inorg. Chem. 16, (2011).

On ferromagnetic surface:

Induced spin in a organo-
metallic complex

o
>
-
/
%
=
Iunula"n »
- =
o

015 T 054

- ® 007
p m———
10 .—V -30

630 640 650 660 670
Pholon Energy [eV]

770 780 790 800 810
Photon Energy [eV]

CHEMICAL
PHYSICS
LETTERS

AshviER

¢ monolayer

F. Nohing *. TA. Jung

A. Scheybal et al, Chem. Phys. Lett. 411, 214 (2005)

PARL SOHERRER IN1ITHT COTPP/Nl _ STM

-no self-assembly
first question:
“is it still magnetic once adsorbed on the surface?”
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X-ray magnetic circular dichroism (XMCD)

¢ & X-ray absorption spectroscopy (XAS)
% 1) LA L L R B
24 I i
kS| < ¢
H _
£ || ]
Left-handed (circ-) | | Right-handed (circ+) £ &
circularly polarized circularly polarized 21 : =1
X-rays X-rays i _'—"IJ |“ | : 3]
pud 700 750 800 850 900 950
E Photon energy (eV)
3)3/ 2—0—0— X-ray absorption spectroscopy (XAS) X-ray magnetic circular dichroism
1/2
(with circular polarized light) (XMCD)
W77 777 2 WSO (T D e N e
+ high sensitivity B ol i = 1F A ]
« element specific £ 0 L ——
= 6 = 4F ]
+ fast = = 1
— <1hof beamtime for one dataset (molecule & E 4t ; 2F b
substrate with two directions of magnetization) at B 5 .l ]
the SIM beamline g 2r 2 4f CD 1
« usually measuring the sample current (TEY) < 9 Lo g b gy S D TR
690 700 710 720 730 740 750 760 690 700 710 720 730 740 750 760

Photon energy (eV)

Photon energy (¢V)

Reiko Nakajima, Doctoral Dissertation (1998)

PARL SORERRER IRNITHT

Previous results - element-specific hysteresis curves

Co Mn

Coercivity Field: =7mT =7mT
Saturation Field: =10mT =10mT

= — i i 5

3 [ Co 2| Mn

c c

8 i

™ ©

N N

I ©

= =

(=] o

1} (]

= = )

-100 -50 0 50 100  -100 -50 0 50 100

Magnetic Field / mT Magnetic Field / mT

A. Scheybal, et al.

, Chem. Phys. Lett. (2005)




dJT'E[b Mn(IIlTPPCI and Mn(Il)TPP - oxidation states

Mn2+ Mn3+
T T el T T —wndonmfl ' XAS
Mn,O, on In foil
MnTPPCI on In foil
5 Co/Cu(001) | xas
S (a minor fraction of MNTPPCl is still present)
.5
?
2 - 0/Col/Cu(001)
‘Mn=* = Mn(lll)]PPCI cD

—
645 650
photon energy / eV

D. Chylarecka et al. J. Phys. Chem. Lett. 1 (2010)

moenmns— FEFrOMagnetic and Antiferromagnetic Exchange Coupling
o= Spectro-Microscopy Correlation: XAS, XMCD & STM

Molecule-Substrate Interface

+ FM coupling: molecule substrate

+ AFM coupling: molecule—O-substrate
+ Random assembly on metal

+ Self-assembly on c(2x2)O-metal

* Possible application:

-> Co(001) => -> Co(001) = . . .
Cu(001) Cu(001) -> Spintronic model interfaces
STM/LEED ‘ XASIXMCD‘

I@ MnTPPCICo{001) @ MATPPCICo{001)
G—
Co Mn
i G
H p
F 55 E[@ MnTPPCLO/Co(001) E‘ MnTPPCLO/Co{001)
C—
. o M\
50nm m

D. Chylarecka et al., J. Phys. Chem. Lett. 1, 1408 (2010)
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Substrates - ‘native’ and ‘oxygen-reconstructed’

!

—

=

Ni, O,, A, Ni

2.4nm
[

Co, 0,, A, Co

>

o 0;. c(2x2)-0
T -
Cu(001)

2.1nm
LT
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Switching the magnetic anisotropy by O,

ame
materials

Supramolecular control of the magnetic anisotropy
in two-dimensional high-spin Fe arrays at a
metal interface

', lan Haralia®,

Frank W F de Groat". Magal Lispesfelde " Subbea Sen Guota’, 0. D Sarma’, Peter Bencod®.

Stutan Stamencu”, Sybvain Claic’, Saéphars Par’, hian Lis®, Ari P, Seitacnert’, Harald Brune’,
Bobaraes V. Barth and Klaes Kesn'™*

%4
o

80 /oy

2
528
e

g

Yole

(g
(¢

*,
5
25
Ny g
A 0."0

e

HMCD farb units)

Fe-TPA,

Oz'Fe'TPA4

p—_ b =
|n-arg,,5" o8F
/ é 113
L o - /
) - g i
' T 5 osp / -
- I;'f/ ',.J’ Dutrsivplane ; o B
5 / e ingiare
_iE"" oz -‘"‘ao
o 1 z E] 0 5 % ] T z ] ) Y 5
3] BT
d
o Bylda. b

—in plane

—>out of plane

P. Gambardella et al. Nat Mater 8, 189-193 (2009)
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Controlling molecular spins

@

PR ®

CoTPP

@ CoTPP

— Ni

AL

COMMLBBCATIONS

Controlling spins in adsorbed malecules
by a chemical switch

3

Absorption (a.u

L Co € f
y b , "
r.\T A (molecule) \ initial +NO
J '.\ r.‘T | |.1T
o . t'\"’ 1] N ]
W - ' on " oft ' on

770 T8O 790 800 810

770 T80 T90 800 B10

L
"I F (substrate)

Initial

Dichroism (B.u)

M

;LJ\,\_E = |

B840 850 880 870 B&0
Phaton anangy (aV)

=
—
“spin ON”

C. Wackerlin et al, Nat. Commun. 1, 61 (2010)
cf.: J. Miguel et al, J. Phys. Chem. Lett. 2, 1455 (2011)
C. Isvoranu et al, J. Phys.: Cond. Mat. 22, 472002 (2010)

B40 8BS0 BGO BTO BBO

B840 B850 BGO A70 BAO
Pholon enargy (eV)

B840 850 860 870 Ba0

.
e, s
L |

“spin OFF”

PARL SORERRER IRNITHT

XAS and XMCD of Co, Fe, Mn-TPP
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NZ220 7 []
o 44
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Cof et w2
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Change in the distance between
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J. Huheey, Inorganic chemistry: principles of structure and reactivity (1993)
F.R. Hartley, Chem. Soc. Rev. 2, 163 (1973)
Lukasczyk et al. JPC C, 111, 3090 (2007)

Flechtner et al. JACS 129, 12110 (2007)
W. Hieringer, JACS 133, 6206 (2011)

[

ST/ T

%

g

the central metal and the substrate

(DFT+U)

+0.06 A +0.58 A

+0

30A

C. Wéckerlin et al, Chemical Science 3, 3154 (2012)
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Chemical control over the strength of the exchange coupling

MnPc/C

635 640

645

o
Y

L3

native
with NH,

——— native
—— with NH,

635 640 645

—_ 801 native
X Egx 2 103 £ 19 meV
g 60 L »:L I
Hn:%ﬁ =
24
3] ith NH
(E) 201 wI 3
b4 Egx =31£5meV
™
Fo : : : :
0 100 200 300 400
Temperature (K)
* *
. .
- P . -
»
— —
strong weak

“the trans-effect affects the magnetic coupling”

C. Wéckerlin et al, Chemical Science 3, 3154 (2012)
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“The On-Switch”

C. Wéckerlin et al, Angewandte Chemie 2013
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“The On-Switch”

circ+

— CiIC-
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C. Wackerlin et al, Angewandte Chemie 2013

PAEL SOHERREE IRTITHD

“The On-Switch”
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C. Wackerlin et al, Angewandte Chemie 2013
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On-surface magnetochemistry

Coll P. Oppeneer Uni Uppsala, A. Kleibert & F. Notling SLS-SIM

on-switch
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controlling the exchange
coupling
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C. Wéckerlin et al. Chem. Sci. 3, 3154 (2012)

C. Wackerlin et al., Angewandte Chemie 2013
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Design of the self-assembled molecular “spin-array”

f-asse :mo

rdmahdn

Iecu obility required

ng*

";"

mlstry’

.. :

cted Co(* and Ni(001)
strate (at RT)
emperature

onds
02), 2126

C. Waéckerlin et al, Advanced Materials 2013
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« - Realization of the self-assembled molecular “spin-array”

C. Waéckerlin et al, Advanced Materials, 2013

PAEL SOHERREE IRTITHD

Large scale STM data

Two mirror domains:

C. Wackerlin et al, Advanced Materials, 2013




-E-H]- XAS/XMCD reveal electronic/magnetic properties

Mn La&Lz‘lU-U XMCD
- Both Fe and Mn
molecules order AFM

5 with respect to the O/Co

e FeLi&Ll  spin “ON/ON”
— gire+

= ¥3
v % s

20 60 80  SFein FeF16Pcis in 2+
oxidation state
20 >Mn in MnPcis in 3+

15 I'] 2 = oxidation state

ey

10
sJ&__f% Mn(lll)Pc Fe(ll)F,sPc

uc°L3&Lz circ-

5 ——XMCD
o l A NH
780 790 800 dz2 + dz2 + t 3

All at 70 K Sl %%-1-

C. Wackerlin et al, Advanced Materials 2013; FePc, c.f. C. Isvoranu et al, J. Phys.: Cond. Mat. (2010), 472002
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«-{m NH;: Reversible and selective chemical control
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C. Waéckerlin et al, Advanced Materials 2013
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STM reveals the NH, ligands

native at 130 K

0.4V bias

1.9 V bias

->NH; visible at +0.4 V
at130 K ->NH,; only on MnPc
at 78 K

+ NH, at 130 K

'

->NH; on MnPc and FeF,zPc

+ NH, at 78 K

0.3 nm

0.0 nm

C. Waéckerlin et al, Advanced Materials 2013
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Summary

—FM and AFM coupling on Co and O/Co

1

u
36 660 810 7706 766 760 B

— control the strength of the exchange coupling

— control the sign of the exchange coupling

- NO
" n

.T. | initial 4 '1 “no
. . | e ] ) S
— “switching off” 3= o il 5
E 7¥0 780 760 o 7ia 7o B0 BID 770 760 760 600 A0

L3 XMCD / XAS (%)
o 8 5 3 8

15 e

— XD

— “switching on”

—the trans-effect on surface affects the spin

— self-assembled spin-arrays and
selective control of spin states

A. Scheybal et al, Chem. Phys. Lett. 411, 214 (2005)

M. Bernien et al, Phys. Rev. Lett. 102, 47202, (2009)

D. Chylarecka et al, J. Phys. Chem. Lett. 1, 1408 (2010)
C. Wackerlin et al, Nat. Commun. 1, 61 (2010)

C. Wackerlin et al, Chemical Science 3, 3154 (2012)
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100
Temperature (K)

435 “-0.49" g :

spin “OFF/ON”

Mn XMCD
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(- What can we do with it?

+ Think more deeply about Electronic and Spin states at Surfaces
- Quantum Computing ???
+ Combine Chemical and Physical concepts to control electrons and spins
- Organic Electronics and Spintronics,
Single Molecular Electronics and Spintronics
+ Think fundamentally about the limits of a spintronic device and its
architecture
while adressability is maintained

Wishful thinking: on-Surface Spin Architecture

+ Design systems with architectured intermolecular coupling while still
controlling interaction with ligands / substrate

- )= Spin-switching is reaching to the people ...
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