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“Seeing”

“Structuring”
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Electronics at the atomic scale
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Challenges:

1) Novel Nanostructures and nanomaterials; 2) Interface and
self-assembly; 3) Physical properties of the unit cells



Construction Nanostructures

# Very difficult to control the junctions
# Environmental impact on magnetic and electrical properties
# Very young but promising field



Scanning Tunneling Microscopy and Spectroscopy
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Growth System with In situ Analysis Techniques

» Carbon
Source

“> Ar+ lon gun

» Sample
Heater

» Evaporator

Ru, Pt, Ni, Cu, Ir metal crystals have been used
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> Adv. Mater. 1
> Nano Lett. 2 %
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> Scientific Reports 2 j=

Plenary/Invited Talk: 15)&%
> ZE[EMRS fAZFE %, Boston, Invited talk
> ZE[EAVS £ £, Baltimore, Invited talk
» The 2014 International Conference on Nanoscience +
Technology (ICN+T) , Colorado, USA, Invited talk
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G. Binnig et al. Phys. Rev. Lett. 50,120(1983)
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Seeing the Rest Atoms and _Adatoms Simultaneously
30 nm X 30 nm 8 nm X8 nm
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YL Wang, H.J. Gao et al., Phys. Rev. B, 70, 073312 (2004)



DHREAL BT R T 5 FRAR GBI (H S HL

Marmnal L Functionalized tip Marmnl fip Funciinnalized fip

Z.T. Deng/H.-). Gao et al., Phys. Rev. Lett. 96, 156102(2006)
Z.H. Cheng/H.-J. Gao et al, Nano Res. 4, 780(2011)
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Feature: Scanning

Feature: Scanning probe microscopy

physiasworid.sem

Resolution frontiers

How ag & o resalve Hetal 5 less than 100 picometres apart, scanning probe microscopes, which measure

how a sharp tip interacts with a surface, keep smashing the record for how small we can see. Philip Moriarty
explains how these instruments let us explore the nanoworld, and what it really means to “see” anyway

“Lknow what the atom looks like!” Ernest Rutherford's

excited announcement at a Sunday evening dinner
party almost a century ago stemmed from his remark-

able ability to distil the results of a series of painstaking

scattering experiments into an elegant and appeali
model of the atom. Despite the revolution in our un-
derstanding of the atom brought about by quantum
mechanies, Rutherford's iconic mn.,I;Ier-.p. 5. Itis the
Rutherford—Bohr picture of the atom that non-scien-
tists, and quite a few scientists too, tend to hold in their
ather than the probability density distributions
and other orbitals. In the minds of most, an
solar system writ small,

Torsee small things, we, of course, use a microscope
Indeed, the word microscope, which has Greek o

Phyabcs Warld

means “to see small”. But the traditional optical micro-
scapes many of us have used to bring small structures
int focus have a basic problem when it comes o resal-
vingsomething as small as an atom: the wi lengthofa
photon afvisible light is fesege om the atomic scale. Visible
light spans from about 400-750 nm and there is a fun-
damental limit - the diffraction limit — that dictates just
how small an object we can resolve using photons of
these wavelengths, It turns out that about the best we
can do with traditional optical microscopy is to resolve
objecis about 200 nm across - almost three orders of
magnitude larger than the diameter of an atom.
Inorder o get anywhere close to imaging on atomic
length scal lically different approach is required,
with the most logical step being to reduce the wave-

Philip Mori
is a prafessor

Nottingham,

LK,
phifip.moriarty@
notngham.ae.uk

]
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range themselves, to lower their ener|
tern made up of tessellating diamonds - the “unit cells”
of the surface reconstruction { figure 2b). The two vec-
tors that describe these unit cells are both seven times
larger than those that describe the spacing of atoms
on the uncut (111) plane — hence (7 7). Binnig and
Rohrer focused their efforis on imaging this particular
surface, which is the prototype surface for scanning-
probe studies under ultrs -vacuum conditions

Although FEM, FIM and STM all use a sharp tip
from which electrons are emitted via quantum-
| tunnelling, the STM differs substantially
from its field-emission predecessors in that electrons
tunnel not from the tip into the vacuum, but through a
tiny vacuum gap between the tip and a samg
electrons can either travel from the tip to the s
or, with a change in polarity of the voltage, from the
sample to the tip. The probability for electrons 1o tun-
nel increases exponcntially as the gap between the tip
and the sample decreases.

The SPM tip can be positioned with sub-angstrom
precision above the surface using piezoelectric actu
ators, These devices are based on piezoelectric crystals
that praduce a voltage whe |1 mechanically stressed
an effect many of us are familiar with as it is exploited
to generate the spark in cigarette and gas lighters.
Conversely, a piezoelectric crystal will deform when a
voltage is applied across it [t is this latter phenomenon
that is exploited in scanning probe microscopes. With
low-noise voltage sources and high-quality piezoelec-
tric actuators, control of the tp position down (o the
picometre level is possible.

in i pat-

Seeing atoms?
But what do the intensity maxima in an STM image
actually represent? Each peak originates from the tun-
nel current flowing between the tip and sample, the
magnitude of which is determined by the overlap of
the electronic wavefunctions of the tip and sample. An
STM image is, in essence, a map of the local density of
electron states within an energy window defined by the
as voltage applied to the tnp or sample. The nurl.m
tip and sample wavefunctions resulis in a convolu-
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2 Silicon(111)-(7 = 7) diamonds are a scanning tunnelling microscopist’s best friend

1) The: highesst resolution scanning waneling micrascope image af the silicon( 11147 = T) surface acquired to date. (b) Both the uppamuost atomic layer {represanted
by the yelloi cincles in the structural moded) and the undedying, S0-callied rest-atom Rer (Dlue cirdes) are cleary rsabad, (¢) Changing the biss voltage used 1o acouin
the image modifies the enargy ran ge of the tunnelling electrons, thus producing a distnct change n Image conrast,

tion of tip and surface structure and deconvolving ong
from the other is generally a far from trivial task.

For the silicon{111)-(7 x T) surface there is a fortu-
itous match between the positions of the sur
and the peaks in the STM image, largely bece
dangling-bond orbitals of the silicon atoms are orien-
ted so that they point direcily out of (i.e. normal to)
the surface, Nevertheless, a different voltage can pro-
duce a distinct change in the contrast of the image
(figure 2c) because the energy window available for
electron tunnelling is modified. With an 5TM we
therefore do not see atoms as such, i.e. we do not map
the nuclear positions, rather, we map oul the variation
in electron density.

Itis in the field of moleculur imaging where the most
ing high-resolution images of ¢lectron-

cnsity
variations are produced. Buckminsterfullerene, the
football-shaped Cy, molecule, has been particularly
intriguing in this context, with a varicty of fascinating
STM studies revealing its internal electronic siructure.
Intramolecular contrast in STM images anses from the
spatial distribution of the molecular orbital electron
density. {Uniquely, STM is capable of mapping. with
sub-nanometre resolution, both the orbitals occupied
with electrons and those without.) A particularly im-
pressive example of this is shown in figure 3, Taken
from the work of Guillaume Schull and Richard Berndt
at Christian Albrechts University in Kiel, Germany, the
data show how the intramolecular contrast observed in
the STM images varies with the orientation of the
molecule on the surface.

Feel the force
We arc not constrained to just using tunnel current to
probe the tip-sample interaction. Binnig and Rohrer,
inspired by a talk by John Pethica at the first interna-
tional workshop on scanning tunnelling microscopy in
1985, extended STM to the detection of atomic forces,
inventing the AFM in 1986. The most significant recent
advances in high-resolutionim s have come from a
particular breed of AFM that uses a mode known as
“non-contact” (figure 4).

Non-contact AFM (NC-AFM) is an excellent exam-

Physies Warld Ky
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Conductance Transition and Nanorecording

On NBMN-pDA thin film, dot size, ~1.3 nm;
Shortest distance, 1.5 nm; Data Density, 1013bits/cm?.,

H.-J. Gao et al., Phys. Rev. Lett. 84, 1840(2000)



Molecular Recording: Toward the Next Generation CD

‘Suncay, Fabruary 20, 2000 Toward the Next Goneraton €O Page: |
3 Reversible, Nanometer-Scale Conductance
Transitions in an ic Complex
. H. 1. Gao, K. Sohlberg, Z. Q. Xue, H. Y. Chen,

S. M. Hou, L. P. Ma, X. W. Fang, S. J. Pang,
. J. Penn

Bhes Rév Lo B 1780 (0 Febay 2000

Toward the Next Generation CD
16 February 2000

Andrew Gannon

From punch cards to floppy disks to CD-ROM's, data
storage devices continue to evolve. Researchers at the Oak
Ridge National Laboratory (ORNL) in Tennessee don't
know what the next device will look like, but they believe
they know what it will be made of: thin films of complex

the 21 Fe
Tkmmlm e bleau'g”

ahcuiulmmmmmolewle-mdmmofmﬁc
thin films. The results help pave the way for making
dnm-lilmmngedeviuu they mark the first time
has demonstrated reversibility--needed for
wdﬂng and then "erasing” data--at a molecular level.

wmmmmﬁ could induce chs

in conductance--the equivalen! of ﬁng -m

says Kar] Sohlberg, a.theoretician with

ﬂp. haven'l
able thout

to-"erase, " orreverse; the transition wi
entire regions of the film, as if shaking clear a
mwm

Sohlberg says organic
interest of data-storage

compounds have peaked the

makers because of their incredible
slorage capacity. AlypiulCD-ROMfotezunplc.hlu
storage densi nfguhmlﬂ‘ﬂu em?, The thin
ﬁlmmdhy({ln l‘el'irmllelgueu,llhc
Chlnuemdemynrs:lweuinaq;iumduw
University of can store 10" bits per cm?--a million-fold increase. Sohlberg says that organic-based data

&lm rfmwmmwmmmmmmmm

Mwnmomhmala.hn'wmwmﬁmrinahmﬂe.'

The team made films of a complex of two organic molecules on a graphite surface. By applying a range of voltages

hitp:/ocus.aps. orghiat?.himl

© 2000 Photodisc, Inc.

Today's technology, Like punch cards and floppy disks,
CD-ROM's may become obsolete if organic thin films live up
to their potential for storing a million times more data,

Manhandled molecules, midget memories

February 26, 2000
Vol. 157, No. 9
Pages 129-144.

with scientists at the QOak Ridge lab and
the University of Chicago. In a series of

Gangsters break somecne’s arm to de-
liver a message, leaving a powerful im-
pression that may never go away. Now, a
team of Chinese and U.S. scientists finds
that roughing up organic molecules also
can leave an enduring, though small,
memory. In this case, however, some re-
verse strong-arming can quickly wipe out
that memory.

Today’s CD-ROMs squeeze 100 million
bits into each square centimeter of
recording surface. In the Feb. 21 PHysICAL
Review LETTERS, Hongjun Gao of the Chi-
nese Academy of Sciences in Beijing and
his colleagues report writing and erasing
data in minute dots. These dots could po-
tentially be crammed together to encode
information a million times more densely
than CD-ROMs do and top even hard
disks by a factor of nearly 100,000. How-
ever, the lab accomplishment remains far
from commercial realization, the experi-
menters caution.

“This is very attractive work. It proba-
bly has applications as an organic [chem-
ical]-based memory,” comments James
M. Tour of Rice University in Houston,

Gao, currently a guest scientist at Oak
Ridge (Tenn.) National Laboratory, and
his coworkers in China have spent years
investigating substances that have poten-
tial for high-density data storage and mo-
lecular-scale electronics. In particular,

the researchers have considered a class

usual electronic properties.

For many of the compounds, the male-

cules have positively and negatively
charged ends. This polarization makes
them pushovers for electric fields, which
exert forces on the charged regions.
Testing two such compounds, 3-ni-
trabenzal malononitrile and 14-phenylene-
diamine, the researchers found that a
blend of the plasticky substances can
form a thin, electrically resistive coating
on graphite or glass plates. By applying
positive voltage pulses with the probe
of a scanning tunneling microscope,
the Chinese team created tiny spots in
the film with only a ten-thou- 8
sandth the electrical resistiv- §|
ity of the rest of the film. :75
Each spot was a nanometer 2
or less in diameter. g

The researchers found that 3
the spots hold their low resis- 2
tivity until subjected to neg- £ S
ative voltage pulses, which P
restore them to the high-re- &

of carbon-based materials, called conju-
gated organic compounds, that show un-

experi the collab discov-
ered that the applied positive voltage
transforms a patch of organic material in-
to a disorderly, or amorphous, arrange-
ment, which is much less resistive than
the ordered crystalline film.

The voltage pulse wrestles the polar-
ized molecules into their new configura-
tion. “They get torqued, twisted, and all
disoriented,” says Karl W. Sohlberg of
Qak Ridge. A pulse of opposite polarity
realigns the molecules with the lattice.

The number of molecules affected
must be very small, the researchers ar-
gue, since each spot roughly covers one
unit of the erystal structure. “If you're
talking about recrienting individual mole-
cules we are certainly very close to that

sistivity state.

Not knowing what charac-
teristic of the material allows
the resistivity to change, the
Chinese researchers teamed

Power plants: Algae churn out hydrogen

Could the green scum that grows on
the walls of a fish tank produce the fuel
of the future? Some scientists think so.
They've found a way to coax green algae
into producing significant amounts of
hydrogen gas. In these researchers’ view,
large pools of algae could generate
clean-burning hydrogen fuel for cars and
other applications.

As microscopic plants, algae use pho-
tosynthesis to create sugars from water,
carbon dioxide, and sunlight. Algae also
have the biochemical machinery to pro-
duce hydrogen, notes Tasios Melis of the
University of California, Berkeley, Under
some conditions—in the absence of oxy-
gen, for example—algae strip hydrogen
T R P, N S

sensitivity to oxygen to protect against
that danger, he says.

Melis and his coworkers discovered a
way around this dilemma. By depriving
the algae of sulfur, which the cells need
‘to make several important proteins, the
researchers can turn off normal photo-
synthesis. This shuts down the algae's
oxygen production and forces the cells
to make hydrogen instead. Melis pre-
sented his group’s findings this week in
Washington, D.C., at the annual meeting
of the American Association for the Ad-
vancement of Science.

To prevent the algae from dying dur-
ing the hydrogen production, the re-
searchers must permit them every few

bright spots, i

form an A shape (left) on a novel chemical :aaun.g
Afeer researchers zap the A's peak with a negative
wvoltage puise, the spat there vanishes (right),
indicating restored high resistivity.

Hydrogen bubbles rise to the suiface in
a flask containing green algae.

gineer at the National Renewable Energy
lapuratory in Golden, VColo.

On NBMN/pDA thin films, “A” pattern, voltage pulse: 3.5V, 12US.
Erasing voltage: —4.5V, 50 puS.




— Program Contact: Iran L. Thomas, SC-10(301) 903-3081 |

_&— E!‘ gg% ;Lfi %gnggagg on a Single D i§5: Disordering and re-ordering
tiny regions of a thin film shows promise for storing a million times more
information than with today’s cumputer disks and CD’s, and with no increase
in space. This is the conclusion from work performed in a collaboration
between H. J. Gao, K. Sohlberg, and S. J. Pennycook of Oak Ridge National
Laboratory and the Beijing Laboratory for Vacuum Physics [Phy_s.ERWEEﬁ;

Vol. 84, p 1780 iMii. Ihie film is made of organic material and supported

by graphite. It is so thin that 40,000 layers would be only as thick as a sheet
of paper. Exposing the film to voltage pulses with a scanning tunneling
microscope (STM), nano-meter sized regions were switched from crystalline
to disordered, changing their electrical conductivity by 10,000 times. Each

tiny spot is one bit of information, not much bigger than a single molecule of
the film.. This is the first demonstration ' ' itten and

erased in a film at or near the single molecule limit. Drs. Gao, Sohlberg, and
Pennycook are supported by the %ce of Basic Energy Sciences/Division of

Matenals Sciences and Engineering.

—Program Contact:  Iran L. ( 2 O O O) 3081




“O0” “1” Bistability of Rotaxane Molecule

TTF%CBPQT

DNP%CBPQT4*

when the TTF unit be oxidized or reduced, the
CBPQT#** ring will move along the axe and stay on
different position



H1, H2, and W2 Molcules

S(CH3)1,—O
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H3C
c O—(CHy3)15CH3
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Stable, Reproducible Conductance Transition and Ultrahigh
Density Data Storage
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Reproducible nano-recording on  Stable reproducible nano-
H1 thin films: writing one by one recording

M. Feng, H.-J. Gao et al., JACS 127, 15338 (2005)



Erasable, Re-writable, Re-erasable
Nanorecording

Reproducible and reverible eraing and Wriing of rrding
marks of about 3 nm in diameter on H2 thin films
M. Feng, H.-J. Gao et al., JACS 127, 15338 (2007)
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Press releases

Using a scanning tunnelling microscope, researchers can write, erase and
rewrite nanoscale information on an organic thin film
Bl Table of contents

= Previous article

Recording nanoscale information on organic thin filmms
may be a route to ultrahigh-density information storage.
Howewer, even the best writers could use an easy way to
correct their mistakes,

+/ Ment article

. 1 . Bl Send to afriend
Mow, Hongjun Gao and co-warkers= at the Chinese
Academy of Science in Beijing have synthesized a new
olecule (which they called 'HZ rotaxane') for malking
eraaable and rewritable organic thin films. By applving
positiveand then negative voltage pulses to the films
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conductivity of the below the t||:- can be changed = . .
from high (write) to low (erasel PP d Breler commarsiol FeprinEs
erasure of 'written' dots can be seen in atu:nrnlu: force : £ Save this link
microscope images, which are sensitive to the surface & 2007 ACS

conductivity., Howewver, topographic immages show that
there is no change in the height of the surface,

suggesting that the changes are purely electronic. v References

The rotaxane in this study has a dumbbell-shaped axle component encircled by an

electron-deficient ring-shaped molecule. The ring can move between two different Search Pubked for

electran-rich recognition sites, which correspond to distinct conductance states of the

molecule, It is suggested that, because of its structure, this molecule is able to move back * Samia Mantoura
to its ground state more readily than a similar commpound previously studied by Gao and > Sarmia Mantaura

co-warkers, which malkes it easier to 'erase’ old information and 'rewrite’ something new.

REFERENCES tap [+ » Senior Control Systems Engineer 77
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1. Feng, M. =t ' Reversible, erasable, and rewritable nanorecording on an Hz
rotaxane thin filrm, 7. A, Chern, doir 10.1021a067037p (2007]).
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(t-Bu),-ZnPc Molecule

Carbon
Nitrogen
Zinc
Hydrogen

c o o e©

* Full name: tetra-tert-butyl zinc phthalocyanine (C,gH,5NgZn)

 STM image of single stationary molecule: four bright lobes



Array of Single Molecular Rotors

(t-Bu),-ZnPc on Au(111), 78 K

-

L. Gao et al. Phys. Rev. Lett. 101, 197209 (2008).



Diffusion Induced STM Images
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X.D. Xiao (M%) et al, Phys. Rev. B



Tunneling Current Oscillation

Molecule
—— Substrate
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 Single Site I-t Measurement (-1.8 V)
o Current Oscillation 05 nA (f > 350 Hz)
e Molecular Motion



STM Imaging of Molecular Aggregates
at Surfaces

A, B, C, D: at 4.5K



Real Physical Process

Cluster #1 Cluster #1

P4
Cluster #2 Cluster #2 —

» Stationary single molecule attached to molecular clusters.
» Instable single molecule isolated from molecular clusters.
» Single molecule involved



Underlying Au Adatom

e Bright Spots Left After Removing Molecules
e Center Position of Molecular Rotor
» Gold Adatoms*



Molecular Configurations on
a Au Adatom of Au(111)




Lateral Translation Eneryy of the Molecule: Adsorption and
Rotation around Au Adatom
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Ab Initio Calculations of Meta-stable Configurations
and Comparison with Experimental Observations

Barrier ~20meV
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ns of Rotation around

10

s between Molecular Configurat
Au Adatom

rrier.

Energy Ba

18 meV

-22 meV

9 meV



Manipulating Single Molecular Rotors
using Different Locations

H.-J. Gao et a/.,, Phys. Rev. Lett. 101, 197206(2008)



Change Structure of Molecule




Ab Initio Calculations of Meta-stable Configurations
and Comparison with Experimental Observations

Barrier ~20meV
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Molecular machines: Rows of rotors
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The ability to move individual atoms with the tip
of a scanning tunneling microscope is a powerful
first step towards building complex molecular
machines at the atomic scale. But for practical
applications of such molecular machinery, it
must be possible to construct it easily and at
low cost, on a large-scale. The key satisfying
these requires is finding systems of molecules
that assemble themselves into the desired
shapes and functions on tailor-made surfaces.

To this end, Hong-Jun Gao and colleagues! from
the Institute of Physics of the Chinese Academy

of Sciences and Institute of Chemistry of the
Chinese Academy of Sciences in Beijing, in
collaboration with Werner Hofer of the
University of Liverpool, demonstrate the self-

Fig. 1: Simulated image of the authors rotor
attached to a gold surface. Red atom denote

an absorbed gold atom that spontaneously
hernmes attached to the rotor at one of its
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The ability to move individual atoms with the tip
of a scanning tunneling microscope is a powerful
first step towards building complex molecular
machines at the atomic scale. But for practical
applications of such molecular machinery, it
must be possible to construct it easily and at
low cost, on a large-scale. The key satisfying
these requires is finding systems of molecules
that assemble themselves into the desired
shapes and functions on tailor-made surfaces.

To this end, Hong-Jun Gao and colleagues?! from
the Institute of Physics of the Chinese Academy

of Sciences and Institute of Chemistry of the
Chinese Academy of Sciences in Beijing, in
collaboration with Wemer Hofer of the
University of Liverpool, demonstrate the self-
assembled construction of a well-ordered array
of single molecule rotors on a gold surface, each
of which is anchored to a fixed point on the
surface and free to rotate around a well-defined
axis on the molecule. These results represent a potential step forward in the large-scale
construction of arrays of molecular motors and larger molecular machines.
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Reversible Single Spin Control
of
Magnetic Molecule by H Atom Adsorption

L.W. Liu/H.J. Gao et al., Scientific Report 3, 1210(2013)
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Molecular structure of the magnetic impurities.
- cut off ligands from impurities.
- attach ligands to impurities.
Changing the substrate properties.
- different materials.

- film thickness, Pb/Si(111).

Nondestructive and Reversible Control



Kondo Effect

Discovered in 1930s.

Dilute Magnetic Alloy

Dilute magnetic alloys:
Metals: Au, Ag, Cu, Mg, Zn.
Magnetic Impurities: Cr, Mn,

Fe, Co, NI, V, TI.

Q
£
-
Q

_l._-l
g

No inter-impurity interaction

Electrical resistance minimum
Superconductor

at low temperatures for dilute
temperature

magnetic alloys.

L. Kouwenhoven, L. Glazman, Physics World, January 2001



Magnetism of Nanostructures

Nanostructures

,Single Spin Objects” 227 m

Atoms, Molecules

Fora Co?* magnetic moment ?
S=3/2 L=3 J=9/2

N\ .
= Fe3* anisotropy ?

" . ﬁ magnetic order ?

@H/KT
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Two Molecular Orientations

L. Gao et al. Phys. Rev. Lett. 99, 106402 (2007).



dI/dV Spectra at Molecular Center

3.0

N
o1

di/dV (a.u.)
N
o

02 00 02 02 00 02
Sample Bias (V) Sample Bias (V)



Fano Function Fit

dl (et+q)” KT =G
— (V)= Ax +B =
dv (V) = Ax 1+ et e
Kk sl =D -
et=(eV - €)/G = expé H
( ) 23[9, 5
Bridge Site Top Site
2.20 + 0.19 0.12 + 0.03

1.58 + 0.82 meV

-8.39 = 0.63 meV

| |

30.73 = 1.77 meV

51.52 + 1.60 meV

U. Fano, Phys. Rev.

124, 1866 (1961).




Spin Polarized PDOS of Fe(2+)

5__ —— Fe (Top Site)

; _ —— Fe (Bridge Sit
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# Spin-polarized electronic structures lead to a
local magnetic moment



PDOS of Neighboring Au Atoms
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Top Site: d-level Hybridization

PDOS (a.u.)

1.0
Top Site
0.5
Spin +
0.0
05 Spin -
——Fe m=0 U
—— Au m=0
210
3 -2 -1 0 1 2
E-E_(eV)

d,2 orbital contribution
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Line Shape of Kondo Resonance

e Bridge site: q =2.200.19 o
« Top site: q = 0.12+0.03 ’

1, i)
2™ Ty i)

STM Tip

.
o o
o °
o °
° .

i @

Au(111) U. Fano, Phys. Rev. 124, 1866 (1961).




Studied Systems: MnPc+Au(111)

MnPc: S=3/2 Au(111)

¢ H .I\/In
@C ON




$TM Image of the MnPc¢/Au(111)

“Protrusion ” at the Molecular

H induced at room
MnPc/Au(111) Temperature in the UHV

—_—



$TM Image of the MnPc/Au(111)
after H adsorption

“Depression” at the Molecular

H-MnPc/Au(111)



Reversible Peak Feature at the Fermi Level

difdV (a.u.)

R [PV
+ H2 ¢ °

|
|
|
|
v H-MnPe @
W

: Voltage
vpulse

BTSN, *
M

-40 -20 0 20 40
Sample Bias (mV)

» MnPc/Au(111): A pronounced
step shaped feature at zero
bias---- which can be attributed
to Kondo effect

» H-MnPc/Au(111): are featureless
In this energy range

» once the H-MnPc state was
switched back to the MnPc state,
its electronic structure including
the Kondo resonance can be fully
recovered in addition to the
recovery of the topographic
feature.



Kondo Effect ???
Magnetic Field and Temperature Dependence
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77K
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o
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These two hallmarks confirmed the Kondo effect



DFT Calculation: Larger $pacing with H

A MnPc/Au(lll) B MAPC

QOO ). Kondo OFF

P plane of the MnPc and the Au(111)

by STM simulations surface increases after the H
decoration



DFT Calculation: Reduction of Molecular $pin

A Mn of MnPc/Au(111) B Mn of H-MnPc/Au(111)
10

Gaining one single
hydrogen atom:

ol

» even though the
total number of
| electrons of the Mn
Spnuwp [ lon remains almost
| —_Spndomy | 1ol L _Semdowny the same in the

2 0 2 2 0 2 rocess
Energy (eV) D Energy (eV) P

o

PDOS (arb. units)

<

O
AN
Q

ol
ol

—1 »redistribution of
charges within 3d

S
| J& bM orbitals (mainly in
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o
|

PDOS (arb. units)

molecular spin state
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Quench of Kondo Effect---Switching
What Can be Done Using the Kondo Switching ?

1. Reduction of spin Tw ~ e~ Lipd

2. Larger distance between Mn
and Au where p and J are the density of
Both of the two factors lead to  states at the Fermi energy and the
a lower interaction J and a exchange coupling between the spin
lower Kondo temperature (Ty) of the adsorbed molecule and that of
below our measurement the host, respectively
temperature.

H adsorption

e s

MnPc/Au(111) \J H-MnPc/Au(111)

Kondo ON H desorption by Kondo OFF
e.g. pulse or heat

y




Implication: Quantum Recording and Processing?

Topography

dl/dV mapping

Data Density: 6Tb/inch? 20D 2

» Kondo On/OFF on this magnetic molecule: a single bit of information
recording and storage at the ultimate molecular limit!
» This process can be realized in an ordered molecular array, patterns



Reversible $pin OFF-ON Switching in 3 X8 Molecular
Arrays by Kondo Effect and Data Recording

Topography dl/dV mapping




In Closely-packed Molecular Arrays

Reversible Spin OFF-ON Switching by Kondo Effect
C

Topograph

dl/dV mappin

\Q
/
\

™ \
) (.

TSNS

~

\
(-
\

1 nm

Spacing: ~1.5 nm
Density: 280 Tb/inch?




Robustness of the Spin Switching Process

= 25 20

2 1.5 '_403

© M 1_0———e——-—Q----(}————Q————g——-@----o__:20
—lll() —éO (I) 2|() 4IO B

Sample Bias (mV) Spin Switching Cycles

Fano fitting: 7,.~61.9+2.7 K, g~—1.03+0.05

Such molecular spin switching can be consistently achieved

back-and-forth for many times with no observable change of
the Kondo features-



Reversible $pin Control of Individual Magnetic
Molecule by Hydrogen Atom Adsorption

ﬂ adsorptim

Kondo ONA S=3/2

d

MnPc/Au(111) H-MnPc/Au(111)

\-I desorption/

J




Reversible Spin Control of Individual Magnetic
Molecule by Hydrogen Atom Adsorption

ﬂ adsorptih

Kogdo ON

(=2 T
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Co Atoms at Different Sites of G/Ru: $STM & TS
Co atoms are deposited onto G/Ru(0001) at ~ 20 K.

— Co@Edge(atop-hcp
— Co@Edge(atop-fcc)
— Co@FCC
o — Fano fit
:E = Fano fit
£
=
=)
—~
ge
W . SR
-10 -5 0 5 10

Sample Bias (mV)

» Three Co adsorption regions: hcp, fcc, and edge of atop regions (>50%)

» Co@edge can be divided into two different kinds of species: facing to the
fcc side (Co@edge(atop-fce)) or to the hep side (Co@edge(atop-hep)).

» Only Co adatoms at edge sites show Kondo peaks around E;

» T, of Co@edge(atop-hcp) and Co@edge(atop-fcc) is 12.10 + 0.10 K
and 5.39 % 0.06 K by fitting the Fano formula, respectively.



Kondo Resonance at Different Magnetic Fields & T
Co@Edge(atop-hcp) Co@Edge(atop-fcc)

—B=00T
B=50T
— B=60T

di/dV (a.u.)
di/dv (a.u.)

-2 4 4 -2 0o 2 4
Sample Bias (mV) Sample Bias (mV)
' L1 A=gugs
A~ B
. % g =2.12+0.02
=] 0.9
o - N~ .
= - 8.00 K <97
N A= g8
| . | | | 0.5 g = 1.85+0.03
-12 -8 -4 0 _ 4 8 12 5 6 7 8 9
Sample Bias (mV) B (T)

» The peaks around Fermi level start to split under external magnetic

field, further confirm that the peaks are Kondo resonance.



Spatial Distribution of Kondo Resonance
Co@edge(atop-hcp)

9.6 A

| """ 88A
SX isA

di/dV (a.u.)

3.7A

0.0A |
30 -20 -10 0 10 20 30
Sample Bias (mV)

# The resonance peak disappears up to a distance of ~10 A

away from the center of Co atom.



dl/dV Spectra of Co Adatom on G/$i/Ru(0001)
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B ASEIEER A== ;
® BMREFCofIKondoXh,HL,

o Co/G/SI/RU{0001) » The intercalation of Si weakens the
% interaction between graphene and
~

L®,

G/Si/Ru(0001) substrate.

. . . » It makes the DOS at the E; vanish as
-30 -15 0 15 30

Sample Bias (mV)

In freestanding graphene, thus

guenching the Kondo effect.



Electronic Structures of Co Adatoms

Co Co Co
@Edge(atop-fcchEgge(atop-hcp) ~ @hcp
W dyz | _Q__A%‘W% v S dyz

dz2 "W'/ _ dz? _4(% _dz?
| dxy T o dxy‘ @%#; | dxy
Idxé_ 2 1 I Idxz_yz 1 I I I Idxlz_ 2

e Co@edge-atop/fcc 50— | +—— ——
-2 -1 0 1 -2 -1 0 1 -2 -1 0 1
Energy (eV) Energy (eV) Energy (eV

» Co@Edge(atop-fcc): 1.0 Hg; Co@Edge(atop-hcp): 1.0 Hg;

» Co@fcc: 0.6 Y. Co@hcp: 0.0 hg
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d/nm 0.51 0.46 0.47
E./eV 4.20 4.30 4.28
Wig 1.0 1.0 1.0
LDOS/a.u. 0.1 E 0.8 0.7 D>
Tc/K no 12.10 + 0.10 5.39 +
0.06

> 18BiT G/Ru(0001) fBHBYE moiré LSk ARIFEFSEE. B
A Co #MREFRIBNE. UAASHEFINRIEBE/ERREE, atopil
FALE LW Co i HAR KM AIE G AR, EKET
(4.2 K) WL 213 fig R

> XL AsiE EMERBEE R RSN AISE— N SER SR | FEd
X EiImEREESCI TR




Co
nclu
si
ons and
O
ok

o Qv
\ ’V..".'
_v. - 2
- '..'. '.
A !‘. ‘!’ '. i’.
_'. w Qv. " A
_. v.tr. (‘ ' O.'
" V.V.V N e V.!‘
_ '. 7.." *: .V aY
: Q' V.V. ,’ .VU'
_.v .v v‘ ﬁ‘i ﬁa Q:GQV .v.
V.QV.." 1‘. Y w, '“.' '.
¢ '. e '9*' w, hg w .’ s
__ Ov '. ' “v ;" .1 .1 .I’.
v.tv' e V. : 3 Ov‘ev..v .v
® v. " V.’ & w V ‘I'.." .
L4 V. '. v.ur v .'. - .V \
v..v v‘ v. vz vt_ét vz .v. v..v
v.ov. V. V. V‘ Y - w 't. 'v..-
- ,v: '. 1. V. N, y.ov. v W,
| Vz w l‘ '. !.. '. V..V.
' '.'..I’. V. I'. !‘. !‘. -
'v r.v w. v. -
..1. !’..'. '. '
- ; v. - v. r..
5 v v.ov. v‘ -
"! V. 1. 1.
s ik e e ey
“cent ;va va v,
» = !’Q v
ey .';0
‘ _- | -»




Conclusions and Outlook

® Manipulating Single Molecular Rotors using
Different Locations



Conclusion and Outlook

# Reversible single spin control has been demonstrated on
iIndividual molecules

H adsorption

K\ H
MnPc/Au(111) H-MnPc/Au(111)
Kondo \/ Kondo
ON H desorption by OFE
e.g. pulse or heat




Conclusion and Outlook

# Potential application in quantum data recording or processing.




Conclusions and Outlook

% We observed the site-specific Kondo effect of Co adatoms on a rippled
graphene at a Ru(0001) surface.

4 DFT calculations show that the delicate balance among the local spin,
the LDOS at the Fermi energy, and their coupling are crucial factors in
generating the Kondo effect for magnetic impurities on graphene.




Exploration of Novel 2D Atomic Crystals

# Graphene
# Silicene

# Hafnene

# ...22? and beyond



Starting with graphite

Split into increasingly
thinner “pancakes”

SEM: down to
~30-100 layers

one atomic plane deposited on Si wafer

Split off
a single layer
called GRAPHENE

Geim et al., Manchester, Science 2004



Fabrication Techniques: Peel Off
(Geim’s Group)

 »4 »d o
Crystal faces — #4-{ &

~ -{I
- : ‘::::u ““"u.___{__ k }-I ,‘p‘{j rp—f}{
: Py “,.‘_‘ )—(’h‘!{ }H\: ! Jp
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Scanning electron microscopy
of a relatively large graphene

ol
_..-‘
ATEM image of a Science 36, 666 (2004).
graphene sheet PNAS 102, 10451 (2005).
suspended on a Nature Materials, 6,183(2007)

micrometer-size metallic Nature, 446, 60(2007)
scaffold



Fabrication Technique: SiC

Georgia Institute of Technology, de Heer Group

J. Phys. Chem. B, 108,19912(2004); Science 312, 1191 (2006)
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Operation of Graphene Transistors at
Gigahertz Frequencies

(c)

(b)

Graphene
Gate
Drain
:'..‘I':: 300 nm SiO, 3:":
high resistivity Si
F.igure

1. {a) Optical image of the device layout with ground—
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ransistors from
Water-Scale Epitaxial Graphene

Y.-M. Lin,* C. Dimitrakopoules, K. A. Jenkins, D. B. Farmer, H.-¥. Chiu,
A. Grill, Ph. Avouris*®
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Fig. 1. (A) Image of devices fabricated on a 2-inch graphene wafer and schematic cross-sectional view
of a top-gated graphene FET. (B} The drain current, iy, of a graphene FET {gate length Lg = 240 nm) as
a function of gate voltage at drain bias of 1 V with the source electrode grounded. The device

transconductance, g, is shown on the right axis. (C) The drain current as a function of Y, of a graphene
FET {Lg = 240 nm) for various gate voltages. (D) Measured small-signal current gain |hzl as a function
of frequency f for a 240-nm-gate (<) and a 550-nm-gate (&) graphene FET at V, = 2.5 V. Cutoff
frequendies, fr, were 53 and 100 GHz for the 550-nm and 240-nm devices, respectively.
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Main Challenges about
Graphene Applications in Future Electronics

> Fabrication of large-scale, highly-ordered,
singe crystalline graphene layers of “High
Quality”.

> Compatible to $i Processing Technology.

> Without Transfer Technique.



Similar to the Single Crystal $i Based Science,
and Industrial Applications
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Highly Ordered, Millimeter-scale,
ingle Crystalline Graphene Monolayer Epitaxially Grow
on Ru (0001)

Y. Pan/H.J. Gao ef al.,, Adv. Mater. 21, 2777(2009)



Growth System with In situ Analysis Techniques

» Carbon
Source

“> Ar+ lon gun

» Sample
Heater

» Evaporator

Ru, Pt, Ni, Cu, Ir metal crystals have been used
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Formation of graphene on Ru(0001) surface’

Pan Yi(# %%), Shi Dong-Xia(if%#), and Gao Hong-Jun(Fig#))’

Nanoscale Physics and Devices Laboratory, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China

(Received 17 May 2007; revised manuscript received 1 July 2007)
We report on the formation of a grar ) :§
The samples are characterized by scanning - 4
images show that the Moiré pattern is caus
and has an N x N superlattice. It is furth
at high temperatures. Our results provide
Ru(0001) surface, which is used as a templ
and catalysis. e

RO RR0
Keywords: graphene, Ru (0001), M B
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LEED Patterns of the Graphene/Ru(0001)

A B C

Ru Crystal
0 0 0 i

Y. Pan/H.-J. Gao et al., Adv. Mater. 21, 2777(2009)




$TM Images of Graphene/Ru(0001) and
DFT Theoretical Calculations

06 03 0.0 03 06
Sample Bias (V)

W
W

Y. Pan/H.-J. Gao et al., Adv. Mater. 21, 2777(2009)



Challenges

Large-scale Single Crystalline Graphene Monolayer

= 5 0 1) On insulator or
ngh Q“alltv ) semiconductor

However, 2) Without

amn Transfer 2?2?







Procedure of Silicon-layer Intercalation Approach
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Procedure of Silicon-layer Intercalation Approach

Uniform

\ and flat /

)

Si clusters at RT
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Si
Deposition

Moire pattern of
Gr./Ru(0001)




Thick Silicon-layer Intercalation

0.33

Graphene
on Monolayer Si

» Graphene becomes
uniform and atomic

distance between

graphene and metal.
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Band Structure by ARPES

Y |
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-1.5

-15 -14 -1I3 -1.2
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€ The band is clear and sharp, like a free-standing graphene >
the intercalated

€ Silicon layer blocked the interactions from the Ru(0001)
substrate.

% S

In collaboration with Prof. Xingjiang ZHOU group, IOP,CAS

pro-_—



Raman data of G/Si/Ru
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After thick silicon-layer intercalation:

» G and 2D peaks are visible and sharp, no D peak.




Graphene on
silicon layers

Graphene Silicon layers

Intercalation

!‘ Metal \

Graphene’s high quality is preserved, decoupled from metals.
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Two-~-dimensional Materials Based on
d-block Elements
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#® The reported 2D honeycomb materials are made of
elements with p-orbital electronic structure

#® with d electrons have not been reported before




Silicene on Ir(111)

Depositing Si

L. Meng ef al., Nano Letters 13, 685 (2013).



LEED Patterns of $i Adlayer on Ir(111)
(a) (b)

N7xl7)
Ir superstructure
29 eV
:::: . '
Reciprocal Real space

space



$TM Characterization: Buckled $i Adlayer
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V7x a,, (0.271 nm)=0.717 = 0.72
Nnim

> V/7xV/7 superstructure accords with LEED observations.



Atomic Configuration of $i Adlayer on Ir(111)
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> V3xV/3 silicene / V7xV7 Ir(111)

» The simulated STM image is Iin
excellent agreement with the STM

observations.

Calculated by Prof. Shixuan Du



Evidence of Covalent Interaction between Silicon Atom Pairs

(a)Top view of overall ELF (electron
localization function) of 0.6, showing a
continuity of the Si layer.

(b-d) Cross section of ELFs along
each Si pair: covalent interaction
existing between Si-Si atoms.

Si-Ir

A 2D continuous silicon layer, silicene, was
successfully fabricated on Ir(111).
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Only two other materials have been found to support silicene up to now.|One, zirconium diboride,

has the advantage of naturally sucking silicene onto its surface from a block of silicon positioned

below?. [The other, crystalline iridium, was reported as a possibility only in January this year3.

12 March 2013 | Corrected: 14 March 2013

In 2011, physicist Guy Le Lay stood before a half-filled room on the
last day of the American Physical Society's March meeting in Dallas,



Hafnene on Ir(111)

Depositing Hf Ordered
—@RT - Structure
Formation

Annealed

S

L. F. Li et 4/, Nano Letters 13, 4671 (2013).



LEED and $TM Observations of Hf/Ir(111)

-

annealing

X2) superstructur
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annealing




$TM Images of Hf Layer on Ir(111)

5 (0)

# rf2 ST 3

| Ir[112] 13438 "

X (nm)
(2x2) superstructure

» Continuous 2D lattice of honeycomb structure.

> Periodicity of 5.40 A = 2x2.71 A [surface lattice constant of Ir(111)].

> Hf-Hf distance of 3.12 A =~ 3.19 A in the (0001) facet of bulk Hf.




Atomic Configuration of Hf Honeycomb Lattice on Ir(111)
In collaboration with Prof. S.B. Zhang
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Experimental DFT-simulated Relaxed structure

» The honeycomb is clearly seen.

» The simulated results are in remarkable agreement with exp. data.




Calculated 2D Charge Density in Hf Plane on
Ir(111)

Hafnene

» Directional bonding between adjacent Hf atoms.

» Hf-Hf bonds are responsible for the honeycomb structure.
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TWO-DIMENSIONAL MATERIALS

Hafnium honeycombs
Mano Lett. hittp,/doi.orgmvr (2012)

i

Graphene has a variety of intriguing
properties because of its honeycomb lattice.
Other materials with such two-dimensional
structures are known including hexagonal
boron nitride and silicene. However, these
materials, like graphene, are typically
made of p-block elements. Yeliang Wang,
Shengbai Zhang, Hong-Tun Gao and
colleagues have now shown that two-
dimensional honeycomb lattice structures can
also be created using transition metal atoms.
The researchers — who are based at Beijing
Mational Laboratory of Condensed Matter
Physics, Jilin University and Rensselaer
Polytechnic Institute — created a crystalline
layer of hafnium on an iridium(111) surface.

To prepare the layer, hafnium atoms were
deposited on the surface under ultrahigh-
vacuum conditions using an electron-beam
evaporator. The hafnium initially forms
nanoclusters on the surface, but after annealing
awell-ordered honeycomb structure was
observed using low-energy electron diffraction
and scanning tunnelling microscopy.

The experimental results, together with
charge-density calculations, suggest that the
hafnium forms its own honeyvcomb lattice with
direct hafnium-hafnium bonds. A second
hafnium layer can also be formed on top of
the first by increasing the hafnium coverage
on the surface. Furthermore, calculations
stiggest that freestanding layers of the
material would be ferromagnetic. ov
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#® 2D crystalline sheet materials by Si (Ge)?

® Honeycomb lattice like graphene?




Silicene & Germanene

(Theoretical > Experimental)



Germanene on Pi(111)

L.F. Li, Y.L. Wang/H.J.Gao et al., Adv. Mater. 26, 4820(2014)



Atomic configuration of germanene lattice
on Pt(111)

Relaxed structure DFT-simulated

> (3% 3) Germanene/(v/19X1/19) Pt(111) superstructure

» The simulated results are in remarkable agreement with exp.

data




Theoretical

PRL 102, 236804 (2009)

week ending

PHYSICAL REVIEW LETTERS 12 TUNE 2089

Energy (¢V/unit cell)

Wave number (cni')

Two- and One-Dimensional Honeycomb Structures of Silicon and Germanium

@i NN NN NN N . .y

—

S. Cn':lhf:lngir()\’,l M. T-::qmakal,1 E. Al'{tﬂrk,1 H. §ahin,1 and S. Ciraci"**
Nanotechnology, Bilkent University, Ankara 06800, Turkey
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» ab Initio studies revealed that
a buckled honeycomb



Theoretical

WECK CHUILE

PRL 107, 076802 (2011) PHYSICAL REVIEW LETTERS 12 AUGUST 2011

Quantum SEin Hall Effect in Silicene and Two-Dimensional Germanium
Cheng-Cheng Liu, Wanxiang Feng, and Yugui Yao™

Beijing National Laboratory for Condensed Matter Physics and Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China

VAN

(b)

€ QSHE can be observed in silicene and germanene.

@ Spin-orbit band gap (1.55 meV in silicene,23.9 meV in
germanene), much higher than that of graphene (ueV).




Experimental

Fabrication Methods:
Graphene vs Silicene & Germanene

Micromechanical cleavage of HOPG
Thermal decomposition of SIC

Chemical-based methods
(chem-cleave HOPG, ...)

Upzip carbon nanotubes

Epitaxial growth on solid surfaces




Sample Preparation and $TM Imaging

Depositing Ge @RT Ordered structures




LEED Patterns of Ge Adlayer on Pt(111)

44 eV

Reciprocal space Real space

> (V19xv19) superstructure with respect to the substrate
lattice



$TM: buckled Ge adlayer on Pt(111)

Distance (nm)

> V19x1/19 superstructure accords with LEED

observations



Evidence of covalent interaction between Ge atom pairs

(a) Top view of overall ELF (electron (b-f) Cross section of ELFs along
localization function) of 0.5, showing each Ge pair: covalent interaction
a continuity of the Ge layer. existing between Ge-Ge atoms.

A 2D continuous Ge layer, Germanene, was
successfully fabricated on Pt(111).
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GADGETSQ CARm@ Meet Germanene, Graphen: X T
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Meet Germanene, Graphene's
Newest 2-D Competitor

Its a single-atom-thick array of germanium atoms that could make fi
superfasttransistors.
By Francie Diep Posted 09.10.2014 at 10:00 am

ROOCEsS 19

Under the Microscope A scanning tunneling microscope image of
germanene M E. Davila et al, New Jourmal of Physics, 2014

Guy Le Lay says he's working his way down the periodictable. In 20
fie was= wic Senior scientist on a research team that was the firstto ¢
it had created silicene, a ane-atom-thick array of silicon atoms. Silic
is the silicon equivalent of graphene, which is a flat array of carbon

atoms with a number of potential applications in super fast computil
Silican also happens to be just below carbon on the periodic table. |

Le Lay and his colleagues are publishing evidence that theyve mad
germanene a material made nf a =innle laver nf atnme= nf nermaniu

th
T:enr:x Germanene on Au(111)
F

lagy atthe

The report from Le Lay, a professor emeritus of nanotechnology at the Aix-Marseilles
University in France, comes just a month after a Chinese team became the first to

create germanene. The coincidental publishing highlights the work scientists have put into
making two-dimensional materials.

......comes just a month after a Chinese team
became the first to create germanene.

YrdlTUoos Yrapimerie,

tsha  L.F.Li et al., Adv. Mater. 26, 4820

the computers of our future. Graphene?
Germanene? Tinene, a 2-D array of i 2314
which Le Lay wants to make next? (Yes, tin is
the next element underneath germanium.) Every
2-D material has its own strengths and
weaknesses. Germanene and silicene have
natural bandgaps, a quality necessary for
transistors, while graphene does not. Graphene
has been studied far longer, however, so Picture This This illustration shows the
engineers are better at manufacturing it. They've arrangement of germanium atoms (purple) in

. . . . ~Th Id f in th
already tried making transistors with graphene, germanene. Ihe golden atoms in , ©
background represent germanene's gold

using workarounds to deal with its lack of substrate. M. E. Dévila et al. New Journal of
bandgaps. Physics, 2014

Ajg-Marsaeillas Llniversitv in France comeas inst a2 month after 2 Chinese

http://www.popsci.com/article/technology/meet-germanene-graphenes-newest-2-d-competitor
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Formation of Large-scale Single Crystalline Graphene Monolayer
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Outloohs

Graphene Wafer and Graphene Complex Systems for the
Future Nano-Electronics or Mol-tronics
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Summary (i)
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Nano Lett. 13, 685 (2013)

2D Transition Metal Honeycomb Lattice: Hafnene on 1r(111)

Nano Lett. 13, 4671 (2013)






Summary (IV)

Germanene on Pt(111)

L.F. Li, Y.L. Wang/H.J.Gao et al., Adv. Mater. 26, 4820(2014)
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What Else for Graphene/Ru(0001) ?

» It canbe asa
Graphene-based Quantum Dots

> It can provide a way of
Direct Imaging of Intrinsic Molecular Orbitals

> It can provide a way of
Formation and Tunning of Kagome Lattices
of Magnetic Molecules

> It can provide a way of

Selective Adsorption of Monodispersive metal clusters
and Magnetic Molecules
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Selective Molecular Adsorption

at the Initial Stage
Graphene/Ru(0001) FePc FePc/Graphene/Ru(0001)

©OFe oN ©C oH 1}

(H.G. Zhang/H.J. Gao et al.,, PR B 84, 245436(2011)



Adsorption Sites and Orientations with Increasing
Coverage

©@Fe oN ©oC OH



Kagome Lattice: FePc/MG/Ru(0001)
(a)

eer -«
O=Z2S I

(a) Kagome lattice of FePc across steps of the Ru(0001) substrate.
(b) Details of the Kagome lattice of FePc.
(c) Structural model of the Kagome lattice: molecular orientation disorder.

(J.H. Mao/H.J. Gao et al., JACS, 131, 14136(2009)



Kagome Lattice:
H,Pc, NiPc, (t-Bu),-ZnPc/MG/Ru(0001)

(t-Bu),-ZnPc

(J.H. Mao/H.J. Gao et al., JACS, 131, 14136(2009)



Direct Imaging of Intrinsic Molecular Orbitals
Using Epitaxially-grown Graphene
For Study of Single Molecules




Intrinsic Molecular Orbitals Observed after Graphene/Ru serves
as a buffer-layer
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Intrinsic Molecular Orbitals Observed after Graphene/Ru serves
as a buffer-layer

Pentacene



Intrinsic Molecular Orbitals Observed after Graphene/Ru serves
as a buffer-layer
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Platinum nanoclusters: Made to order
Adarsh Sandhu

Growing mono-dispersed platinumm nanoclusters usinzs a graphene Moiré template.

Metallic nanoclusters dispersed across the surface of a support material are
used as catalysts in many important chemaical reactions. Howewver, controlling
the precise size and arrangement of metal nanoclusters is challenging, which
hinders the quantitative understanding of their properties. Hong-Jun Gao and
colleagues at the Institute of Physics of the Chinese Academy of Science in
Beijing and the University of Utah have now developed a method for

controlling the size of platinum nanoclusters by using the Moiré structure of

graphene on a rutheninm(ooo1) surface as a templatel.

The stable graphene Moiré pattern was formed by annealing the rutheniuns

single crystal to 1,000 K in a vacuum, which caused carbon impurity

© 2009 AIP

segregation from the bulk. Platinum was then despotised onto the temmplate by

thermal evaporation from a platinum rod placed inside the vacuumychamber.
Using a scanning tunnelling microscope, the researchers found that platinum nanoclusters with diameters of 2—3 nm
could self-assemble. forming well-defined arravs on the graphene Noiré unit cells. WNotably, the nanoclusters grew by a

self-limited, layer-by-layer mechanism, without coalescing.

Hong-Jun Gao and colleagues also suggest that the graphene siré-patterned

nanoclusters of numerous other metallic and non—m

e

Referen



Tunable Interfacial and Physical Properties of
Epitaxial Graphene on Metal Substrates

M. Gao/H.]. Gao et al., APL, 2010
M. Gao/H.J. Gao et al., APL, 2011



Idea and Calculation Results of Graphene Interfacial Structure on
Ni(111) Ru(0001) and Pr(111)

Side view
A, .,

S

e evs i
Top view Top view op e
d o :

» The atomic model of graphene on Ni(111), Ru(0001) and Pr(111).
> On Ni(111). The interfacial distance is 2.01 A.

> On Ru(0001). The distanceis 2.13 A4 and 3.79 A.

> On®t(111). The distanceis 3.31 A.



STM Image of Graphene on Ni(111)
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1nm
» Atomic resolution STM image of graphene on Ni(111) grown at 700°C.
» The inset is the LEED pattern of the sample. The beam energy is 60 eV.

» The image was taken with a sample bias voltage of Vs=-40 mV and

a tunneling current of 1=1.5 nA.



STM I'mage of Graphene on Ryu(0001)

2 nm

» Atomic resolution STM image of graphene on Ru(0001) grown at
800 C. The image was taken with a sample bias voltage of Vs=-300
mV and a tunneling current of 1=1.3 nA.

» The height profile is taken along the black line in the STM image,
showing the fluctuation of graphene on Ru(0001) is 0.17 nm.



LEED Pattern and STMN images of
Graphene on Pt(111)
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LEED pattern of graphene on Pt(111) grown at 600°C. The circular and the
elliptical lines indicate the Pt and graphene pattern, respectively.

Atomic resolution STM images show moiré patterns of two graphene domains of
different rotational angles with respect to Pt(111) surface.

All images were taken at Vs=-0.4 V, 1=0.2 nA.



The Schematic of Thermoelectric Voltage Measurement
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» Sketch of thermoelectric

measurement.

[-V spectrum

» The W tip Is coated with

Indium.

The substrate is heated

> The |-V curve shows

Vbias750
» Thermoelectric voltage:
V= Vbias




The Measurement of Thermoelectric Voltage
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» (b) The /-Vcurve of graphene on Pt(111) at 330 K, 360 K, 390 K and 420 K.
» (c) The /-Vcurve of graphene on Ru(0001) at 450 K: two typical
states: positive thermoelectric potential and negative thermoelectric
potential, showing the variation from positive state (line 1) to negative
state (line 2) when the tip approaches by a step.



Thermoelectric Properties of Graphene on Metals

3
4- 4 | |» Theoretical
) e
= Op—3%— — consideration was
;L_g_. —=— On G/Pt(111) ¢\¢ collaborated with
-81 —« On G/Ru(0001 - :
_12_ 4 On G/Ni(g_ll) ) (Qlan Niu, UT-Austin
qgl > OonPddlh) X.C. Xie, OSU/IOP)
300 330 360 390 420 450

T/K
» The voltage-temperature (V-T) relationship of graphenes on
different metal surfaces, in comparison with the V-T curve of
bare Pt(111) surface.
» Voltage polarity gets changed.
» High Seeback co-efficiency.



Summary (I)
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Ru Crystal
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Formation of Large-scale Single Crystalline Graphene Monolayer



Summary (II)
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Summary (Ill)

Molecules/g/Ru

Ordered Morie Pattern Used for Ordered Molecular/cluster Array
Formation and Tunablity




Outloohs

Graphene Wafer and Graphene Complex Systems for the
Future Nano-Electronics or Mol-tronics
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