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a) STM image of water monomers and tetramers adsorbed on the NaCl film.

http://flickrhivemind.net/User/Marco%20Braun/Interesting (b) (c) water monomer images.
https://www.pinterest.com/dobevaeva/atomic-structure-and-bonding, (d) (e) water tetramers with different H-bonding.

http://www.microscopy-analysis.com/editorials/editorial-listings/stm-c (f)-(i) orbital calculations.
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Scanning probe techniques for single molecular study
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. PRODUCT PORTRAIT
http://www.nanounity.com/atomic-jorce-microscopy.php AFM images show cyclization of an enediyne compound on a
Nature Nanotechnology 8, 46-51 (2013) g y y P

silver surface to form fused-ring polycyclic aromatic products.
Credit: Science

http.//cen.acs.org/articles/91/i51/Atomic-Force-Microscopy-Provides-
Astonishing.htm/
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Introduction to the experimental
setups

UHV Chamber: ~10mbr

Annealing

Atomic flat substrate l ————

Pumps:

Mechanical pump
Turbomolecular pump
Sputter ion pump
Ti-sublimation pump (TSP)

Phys. Rev. B. 88, 245430 (2013)

N\ \
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LT-STM/STS

77K @ LN,
4.8K @ LHe

~ Heating and evaporation
Single-atom/molecular beam

Metal source Molecule source OMBE



Introduction to porphyrin molecules

Among the systems of organic molecules, porphyrin molecules are one of
the most studied cases --- structures and properties.

* Chemical and biological processes, such as oxygen transport in heme,
electron transfer and oxidation reactions in photosynthetic chlorophyll.

Porphyrins can adapt different conformations
upon environmental conditions. The electronic

and magnetic properties are always related to
structural conformations.
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Porphyrin --- Properties and Conformations
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Br2-TPP on Au(111)

Dimer connected by covalent bond

Voltage pulse

Fe atom metalation
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The cause of the two types of molecules

Debromination

O
5

Adatoms

Adsorption sites



Two conformations ---

Different geometry structure

Inverted-dome
distortion

conformation planar pro sad
adsorption height (A) 3.95 3.80 3.75
adsorption energy (eV) 091 1.21 2.16
distortion energy (eV) 0.08 0.38 0.49

Edistortion thus quantifies the cost of distorting a

Eadsorption = EAu + Em — Etotal
planar molecule to a specific conformation in free

Edistortion = Em — Eplanar
space.



Two conformations ---
Different geometry structure

Inverted-dome
distortion
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The distribution of HOMOs and LUMOs of
two Conformations

STM

HOMO

LUMO

Simulated
STM

HOMO

LUMO

-0.8V

+1.6V

>

i
T

-0.23eV
.

®

, T1.33eV

' g

NP,

= 11
£
L
-1.3V E/. ||
>
=
¥ A ,f“
20 -1.0 00 1.0 20
"y — Bias Voltage (V)
= %
5 sad dom
-
=,
-
ﬂ-d b \'
VAN YT , ¥
-1.0 0.0 1.0 2.0

Energy (eV)



Two conformations ---
Different geometry structure

What is the mechanism of forming
these two different conformations?

The effects of substrates.



The gas phase of Br2-TPP

At temperature O K

|

The MD simulations revealed that the molecule
was transformed alternatively among planar, pro,
and dom (dom*) conformations at 550K.
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After adsorbed on Au(111) surface

At 250K

planar

dom?*




After adsorbed on Au(111) surface
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Dpp on Au(111)

Affect of Functional

group r\ Only one type

DPP

Ruffled distortion
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On-surface Conformation Adaptation
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~10 K

resistance

temperature

Physics World, Volume 14, Number 1

Kondo Effect

Low temperature behavior. (Below the Kondo
temperature)

The electrical resistance increases as the
temperature is lowered

Kondo Effect was first explained by Japanese
theorist Jun Kondo in 1964.

The Kondo effect: The exchange interaction
between the localized spins of magnetic
impurities and the conducting electrons in the
host metal.

For future applications such as in spintronics and
guantum information processing.

http://www.fmt.if.usp.br/~luisdias/KondoPage/kondo.ht

ml



Molecular Kondo system

didV (a.u.)

The Fano function: ;=

Phys. Rev. Lett. 97, 266603
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Qualitative Model (J and p) for molecular system

* Qualitative correlation kT, o e/
 The host density of states “p’’ and spin-electron

IIJII

coupling
 The magnetic moment of center spin also contributed
to the magnitude of p

Nanoscale Modeling Group, Chair Materials Science and
Nanotechnology, TU Dresden



Controls of molecular Kondo
Resonance

Changing conditions (molecular, environment)
Distinct properties (structural, magnetic)

Spin screen and exchange process

Controlling of Kondo effect

Metal-organic coordination poles can
be used to modify the environment of

magnetic impurities
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Experimental Results-Cu(111)
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Experimental Results

- dl/dV distribution at the Fermi level

Kondo
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Experimental explanation

Coordination Selection

A
[ G S——

Height ﬁ

Down --- Adsorbed saddle

Lift up --- Gas phase

Environment Experimental T, Height Related to
Substrate Conditions Range (K) substrate surface (A)
Cu(111) Single molecule 141.73~151.81 2.52/2.6(DFT)
Inside
coordination
Cu (111) hole 106.96~268.16 231
Above
coordination
Cu(111) hole No Kondo Resonance 3.46

Indications: For the gas-phase molecules, the
absence of substrate-molecule coupling leads
to NO KONDO RESONNANCE.




Experimental Results-Au(111)

Co-TPYP on Au (111) surface

Kondo Effect can only exist if there
is molecular array/coordination
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Experimental explanation

ALITTYI T T
*e .’ @ 1 Environment Experimental T, Height Related to
2 T *& ot T T Substrate  Conditions Range (K) substrate surface (A)

' 4
: ./ - -
o "’ g . Au (111) Single molecule No Kondo Resonance 1.96/2.3 (DFT)

Au(111) Close packing 100.01~118.21 2.62/2.8 (DFT)

PDOS {arb.unit)

Coordination Selection

Lift up -- weaken the
coupling strength and
reduce charges transferred

PDOS (arb.unit)
o o
e —— |
1 -
4

Energy (eV)

Indications: For the strongly adsorbed molecules, the
substrate-molecule charge-transfer process leads to NO
KONDO RESONNANCE.

0.9e (single adsorbed) 0.3e (close packing) from Au atom to Co atom




The Anderson model for molecular system

The energy level of spin-
contributing state, (Ez)

é'

Fermi Level 4

The width of the
impurity's energy
level, (I')

The Coulomb repulsion
energy, (U)

——

Kondo Resonance State

Energy

The Anderson model is:

Ty =% (FU)Y2exp[m E4(E4 + U)/TU]

U ---- the magnetic moment

[ ---- the strength of molecule-substrate
coupling

adsorbed saddle free planar

Strong Coupling

The amount of charges transferred between
substrate and molecules increasing; the
magnetic moment reducing

adsorbed saddle

s

(i) the Coulomb repulsion energy U decreasing

(ii) the Gaussian broadening I increasing

(iii) the energy level of spin-contributing state E
moving closer to the Fermi level

PHYSICAL REVIEW B 91, 045440 (2015)



Calculate the Kondo Temperature

PDOS (arb.unit)
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Graphene nano-flake:

1. Has a large number of configurational
degrees.

2. Graphene guantum dots hold the extremely
long spin relaxation and decoherence time. long
coherence times and fast operating times, Solid
—state spin qubits

http.//www.nanocarbon.cz/research.html
Nature Phys. 3, 192 (2007).

Nanoscale, 2011, 3, 86-95

Nanoscale, 2015, 7, 1864-1871

Two fundamental
types of edge

Nanoribbon with
ARMCHAIR edges

Nanoribbon with
ZIGZAG edges
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Artificial graphene

* Artificial graphene: A system shows similar
electronic structures as graphene

Making Massless Dirac Fermions from a
Patterned Two-Dimensional Electron Gas

| Carbon bond

E (meV)
|
(=)

Center vacancy

E (meV)
1
o

] Surface State electrons arbon site
r M K rr mK T
Wavevector Wavevector

C. Park and S. G. Louise, Nano Letter, 7, 1973 (2009)



Artificial graphene

* The lattice constant (hopping parameters) is tunable
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STM Manipulation

. Lateral manipulation

1.  Approach STM tip to the
molecule with ~ 2 A

a bias voltage of -2V
Laterally move the tip

BTN WY W W W W

Nature 344, 524-526 (1990)



STM Manipulation

. Lateral manipulation

1.  Approach STM tip to the
molecule with ~ 2 A

a bias voltage of -2V
Laterally move the tip

Nature 344, 524-526 (1990)



Shape of the nano-flake

Artificial graphene nano-flakes

Boundary conditions

>

Zigzag Triangle Armchair Triangle

Zigzag Hexagonal




Zigzag Triangle
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This zero-energy edge state is caused by the states
confined at the edges
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Line-averaged DOS
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Armchair Triangle

rd pd 24 3d bd bd L >

Two sublattices are equivalently distributed at each edge
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STM

Hexagonal nanoflakes
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Deformed graphene nano-flake

Deformation by LT-STM manipulation

Interestingly, this deformed artificial graphene system can behave like the
real graphene flakes under the elastic strain.

Graphene layer under large pseudo-magnetic field
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Nature Volume: 483, Pages:306—310



Deformed graphene nano-flake
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Sublattice B

In the radial representation, the following displacements:
u, = gr2sin(30); ug = qr? cos(30)
B, = (16m/3) q/d (given in the unit of Ai/e =1).

Thus, the induced pseudo-magnetic field of
our sample is about 45T.



Deformed graphene nano-flake

Energy: -0.36 eV (1)

u, = gr2sin(30); ug = qr? cos(30)

1. The distribution of pseudo Landau levels
(pLL) in real space.

2. The role of flake edges.

3. Sublattice-dependence of pLL.
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Outline

Introduction

-> Introduction to single molecular study
-> Introduction to the experimental setups
-> Introduction to porphyrin molecules

Single-molecule investigations of conformation
adaptation of porphyrins on surfaces

Switching molecular Kondo effect via supramolecular
Interaction

The electronic properties of artificial graphene
nanoflakes

Conclusion



Conclusion

e Different adsorption conformations of norphyrins

Saddle distortion Inverted-dome Ruffled distortion
distortion

e Switching molecular Kondo effect via supramolecular interaction

ACS Nano, 2015, 9 (12), pp 12521-12528 Au(111)
www.chemistry.usf.edu



Conclusion

* The electronic properties of triangle artificial graphene nanoflakes

Zero-energy edge state  Boundary conditions
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