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Single Molecular Rotor Array



纳米量子结构的构造与物性

高 鸿 钧

中国科学院物理研究所

“Seeing” “Controlling”“Understanding” “Functionalizing”“Structuring”
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Nature, 413, 619(2001)

纳米量子结构的构造及其特性



Challenges:
1) Novel Nanostructures and nanomaterials； 2) Interface and   

self-assembly； 3) Physical properties of the unit cells

纳米量子结构组装与物性



Construction Nanostructures

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

“artist’s rendition”



Scanning Tunneling Microscopy and Spectroscopy

Imaging

Spectroscopy Manipulation Modification



纳米量子结构的构造及其特性

1993, BLVP, CAS
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 Sample
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 Evaporator

Ru, Pt, Ni, Cu, Ir metal crystals have been used   

Growth System with In situ Analysis Techniques 

Analysis Cham
ber

Growth Chamber



Cleaving and 
Cooling Stage 3He Circulatory 

Refrigeration

RT-STM Head LT-STM Head

USM 1300S-3He 
STM System

400 mK-11T UHV-STM with MBE-LEED
研究中的主要相关设备
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纳米功能结构及其单元物理性质
从“观察” - “理解” - “调控” - 到 “功能化”
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高鸿钧研究组近年的主要研究成果与发表论文
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功能化针尖提高STM的分辨能力



G. Binnig et al. Phys. Rev. Lett. 50,120(1983)

第一个Si(111)-7×7 表面的STM图象

Rohrer    Binnig



通常的Si(111)-7×7表面STM图象

负偏压下的STM图像正偏压下的STM图像

16 nm × 16 nm
Ub = -1.0 VUb = 1.0 V

16 nm × 16 nm

能看到 Si(111)7×7 单胞中的 12 个增原子(adatom)



Seeing the Rest Atoms and Adatoms Simultaneously
30 nm×30 nm

Ub = - 1.5 V  
It    =0.4 nA

Adatom

Rest atom

YL Wang, H.J. Gao et al., Phys. Rev. B, 70, 073312 (2004)

8 nm×8 nm



功能化针尖对分子纳米结构的成像与机制

Z.H. Cheng/H.-J. Gao et al.,  Nano Res. 4, 780(2011) 

Z.T. Deng/H.-J. Gao et al.,  Phys. Rev. Lett. 96, 156102(2006) 







功能化STM针尖

提出了提高STM分辨能力的方法, 拓展了对

STM成像机制的认识

观察到过去不能观察到的原子分子的精细结构

和电子结构

基于对STM方法的深入认识与把握，

进而开展原子操纵和纳米量子结构的研究



纳米量子体系的构建及其

物性研究



Conductance Transition and Nanorecording

On NBMN-pDA thin film, dot size, ~1.3 nm；

Shortest distance, 1.5 nm; Data Density, 1013bits/cm2。

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



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

Molecular Recording: Toward the Next Generation CD



（2000）



when the TTF unit be oxidized or reduced, the
CBPQT4+ ring will move along the axe and stay on
different position

“0” “1” Bistability of Rotaxane Molecule
TTF%CBPQT4+

DNP%CBPQT4+
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Reproducible nano-recording on 
H1 thin films: writing  one by one

Stable reproducible nano-
recording

(a) (b)

(c) (d)
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Stable, Reproducible Conductance Transition and Ultrahigh 
Density Data Storage

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



Reproducible and reversible erasing and writing of recording 
marks of about 3 nm in diameter on H2 thin films

(1) (2) (3)

(4) (5) (6)

Erasable, Re-writable, Re-erasable 
Nanorecording

M. Feng, H.-J. Gao et al., JACS 127, 15338 (2007)







H.-J. Gao Group, IOP-CAS, China

An Anchored Single Molecular Rotor 
around a Au-N Bond

H.-J. Gao Group, IOP-CAS, China



(t-Bu)4-ZnPc Molecule

• Full name: tetra-tert-butyl zinc phthalocyanine (C48H48N8Zn)

• STM image of single stationary molecule: four bright lobes

Carbon
Nitrogen

Zinc
Hydrogen



Array of Single Molecular Rotors

20 nm 4 nm

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

(t-Bu)4-ZnPc on Au(111), 78 K



a

c

ba

2nm 2nm

2nm

- 2.0 V, 50 pA at RT

73K 4.5K

Diffusion Induced STM Images

Ag Au

Cu

X.D. Xiao (肖旭东）et al., Phys. Rev. B 



Tunneling Current Oscillation
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1 nm

• Single Site I-t Measurement (-1.8 V)
• Current Oscillation 0↔5 nA (f > 350 Hz)
• Molecular Motion



A B

C D
V

IV’
I

II

IV

III

IV

I

II

A, B, C, D: at 4.5K

STM Imaging of Molecular Aggregates
at Surfaces
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2 nm

Cluster #1

Cluster #2
2 nm

Cluster #1

Cluster #2

Real Physical Process

 Stationary single molecule attached to molecular clusters.
 Instable single molecule isolated from molecular clusters.
 Single molecule involved
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Underlying Au Adatom

1 nm 1 nm

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



Molecular Configurations on 
a Au Adatom of Au(111)



Lateral Translation Energy of the Molecule: Adsorption and 
Rotation around Au Adatom

Ead=804meV

Lateral
Translation

The diffusion barrier along different 
directions is still high (30°)

Energy (m
eV)

Distance (A)

L. Gao/ H.-J. Gao et al. Phys. Rev. Lett. 101, 197209(2008)



Ead = 804 meV Barrier ~20meV

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



Energy Barriers between Molecular Configurations of Rotation around 
Au Adatom

-16meV 9 meV -22 meV 18 meV
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1 nm

fcc hcp

elbow ridge

II

I

Manipulating Single Molecular Rotors 
using Different Locations

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



Change Structure of Molecule

1nm 1nm 1nm

(t-Bu)4-ZnPc ZnPc     
FePc



Ead = 804 meV Barrier ~20meV

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













热

光单
分
子
发
动
机

表面上的某些分子，可以在热，电或

者光的激发下在不同结构之间发生跳

跃，当分子持续受到激发，而发生持

续的跳跃时，就形成了持续的转动，

就可能向外输出功。在本工作中，

（t-Bu)4-ZnPc分子以金的顶原子和氮

原子成的键为轴，在热激发下（78K）

转动，是热动机。如果选用特定分子，

可能用光进行激发，且可能转动方向

保持不变，形成光动机。

单
分
子
发
电
机

热

光

磁
场

类比普通发电机，我们认为如果

在垂直表面方向加上磁场，同时

保持热激发或者光激发分子持续

转动，则由于分子中心和转轴分

离，使得分子切割磁力线，在分

子内部，会构建起电动势；采用

特殊的方法，可能将这个电动势

输出。



Reversible Single Spin Control 
of 

Magnetic Molecule by H Atom Adsorption

L.W. Liu/H.J. Gao et al., Scientific Report 3, 1210(2013) 



单个磁性分子的Kondo效应及其调控

A. Zhao et al., Science 309, 1542 (2005).
P. Wahl et al., Phys. Rev. Lett. 95, 166601 (2005).
V. Iancu et al., Nano Lett. 6, 820 (2006).
P. Wahl et al., Phys. Rev. Lett. 98, 056601 (2007).

 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 alloys:

Metals: Au, Ag, Cu, Mg, Zn.

Magnetic Impurities: Cr, Mn,

Fe, Co, Ni, V, Ti.

No inter-impurity interaction.

• Electrical resistance minimum

at low temperatures for dilute

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

Dilute Magnetic Alloy

Metal

Superconductor



Magnetism of Nanostructures

magnetic moment ? 

anisotropy ?

magnetic order ?B

Atoms, Molecules

S=3/2 L=3 J=9/2
4F9/2

H/kT

<µ
Z>

Co2+

Fe3+

Cr3+

Nanostructures
at surfaces !

„Single Spin Objects” ???



Two Molecular Orientations

II

I

I

I

I

II
III

1nm

[112]90°

I

[112]75°

II

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

5 K

单个磁性分子的Kondo效应及其调控



dI/dV Spectra at Molecular Center
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Fano Function Fit 
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U. Fano, Phys. Rev. 124, 1866 (1961).

Bridge Site Top Site
q 2.20 ± 0.19 0.12 ± 0.03 

1.58 ± 0.82 meV -8.39 ± 0.63 meV 
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Spin Polarized PDOS of Fe(2+)
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 Fe (Free Molecule)
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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

Au Fe
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Line Shape of Kondo Resonance
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Au(111)

STM Tip

• Bridge site: q = 2.20±0.19

• Top site: q = 0.12±0.03

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



Studied Systems: MnPc+Au(111)

MnPc： S=3/2 Au(111)

Mn



STM Image of the MnPc/Au(111)

MnPc/Au(111)

“Protrusion ”at the Molecular 
Center 

H induced at room 
Temperature in the UHV



H-MnPc/Au(111)

“Depression” at the Molecular 
Center

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



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

Reversible Peak Feature at the Fermi Level

 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.
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These two hallmarks confirmed the Kondo effect 
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Kondo Effect ???



A B

Kondo ON

MnPc

d=4.0 Å

Kondo OFF

H-MnPc

d=3.1 Å

MnPc/Au(111)

H-MnPc/Au(111)

+H -H +H -H

DFT Calculation: Larger Spacing with H

Topographic features of both the MnPc
and H-MnPc states can be well reproduced 
by STM simulations

The separation between the molecular 
plane of the MnPc and the Au(111) 
surface increases after the H 
decoration
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Gaining one single 
hydrogen atom:

 even though the 
total number of 
electrons of the Mn
ion remains almost 
the same in the 
process

redistribution of 
charges within 3d
orbitals (mainly in 
dz2) with a 
reduction of the 
molecular spin state 
from 
S = 3/2 to S = 1

DFT Calculation: Reduction of Molecular Spin

C D



Quench of Kondo Effect---Switching

What Can be Done Using the Kondo Switching ? 
1. Reduction of spin 
2. Larger distance between Mn

and Au
Both of the two factors lead to 
a lower interaction J and a 
lower Kondo temperature (TK) 
below our measurement 
temperature.

MnPc/Au(111)

H desorption by 
e.g. pulse or heat

H adsorption

H-MnPc/Au(111)

Kondo ON Kondo OFF 

H

where ρ and J are the density of 
states at the Fermi energy and the 
exchange coupling between the spin 
of the adsorbed molecule and that of 
the host, respectively



Data Density: 6Tb/inch2

dI/dV mapping +
H

Topography

5 nm

Implication: Quantum Recording  and Processing?

 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



Topography dI/dV mapping

0 0 0

0 0 1

0 1 0

1 0 0

0 1 1

1 0 1

1 1 0

1 1 1 5 nm 5 nm

Reversible Spin OFF-ON Switching in 3×8 Molecular 
Arrays by Kondo Effect and Data Recording



B

A C
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1 nm

1 nm

Spacing:  ～1.5 nm
Density:  280 Tb/inch2

Topography

dI/ dV mapping

1 nm

In Closely-packed Molecular Arrays

Reversible Spin OFF-ON Switching by Kondo Effect
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TK～61.9±2.7 K, q～－1.03±0.05Fano fitting：

Robustness of the Spin Switching Process

Such molecular spin switching can be consistently achieved 
back-and-forth for many times with no observable change of 
the Kondo features-



H desorption

MnPc/Au(111)

Kondo ON S=3/2

H-MnPc/Au(111)

Kondo OFF 
H S=1/2

H adsorption

Reversible Spin Control of Individual Magnetic 
Molecule by Hydrogen Atom Adsorption
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nm
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Kondo ON 
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Kondo 
OFF 

H adsorption

H desorption

Reversible Spin Control of Individual Magnetic 
Molecule by Hydrogen Atom Adsorption



Co 原子低温沉积

mK-矢量磁场 STM

G/Ru(0001)



Co Atoms at Different Sites of G/Ru: STM & STS

2 nmCo@FCC

fcc

hcp

Co@Edge(atop-fcc)

Co@Edge(atop-hcp)

atop

Co atoms are deposited onto G/Ru(0001) at ~ 20 K.

 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-fcc)) or to the hcp side (Co@edge(atop-hcp)). 
 Only Co adatoms at edge sites show Kondo peaks around EF;
 TK 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. 
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B = 0.0 T
B = 5.0 T
B = 6.0 T
B = 7.0 T
B = 8.6 T

Co@Edge(atop-hcp)  
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B = 0.0 T
B = 5.0 T
B = 6.0 T
B = 7.0 T
B = 8.6 T

Kondo Resonance at Different Magnetic Fields & T

 The peaks around Fermi level start to split under external magnetic 

field, further confirm that the peaks are Kondo resonance.

Co@Edge(atop-fcc)
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Spatial Distribution of Kondo Resonance

The resonance peak disappears up to a distance of ~10 Å 

away from the center of Co atom.

Co@edge(atop-hcp)



dI/dV Spectra of Co Adatom on G/Si/Ru(0001)

Si插层削弱了石墨烯与Ru的相互作用，单层Si插层

后的石墨烯接近于自由石墨烯；

磁性原子Co的Kondo效应消失。
 The intercalation of Si weakens the 

interaction between graphene and 

substrate.

 It makes the DOS at the EF vanish as 

in freestanding graphene, thus 

quenching the Kondo effect.
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 Co@Edge(atop-fcc):   1.0 μB;         Co@Edge(atop-hcp):  1.0 μB;

 Co@fcc:                      0.6 μB;             Co@hcp:                     0.0 μB.         

Co
@Edge(atop-fcc)

Co@edge-atop/hcp

hcp

atop

fcc

Co@edge-atop/fcc

Co
@Edge(atop-hcp)

Co
@hcp



atop edges-atop
/hcp /fcc

d/nm 0.51 0.46 0.47
Eb/eV 4.20 4.30 4.28
μ/μB 1.0 1.0 1.0
LDOS/a.u. 0.1 0.8 0.7

Tc/K no 12.10 ± 0.10 5.39 ±
0.06 

 通过 G/Ru(0001) 的周期性 moiré 结构来调制石墨烯电子态密度、单
个 Co 磁性原子的自旋、以及与钴原子的交换耦合作用能等。atop边
界位置上吸附的 Co 原子具有较大磁矩和适合的态密度，在低温下
（4.2 K）观测到近藤效应。

这是在石墨烯上观察到磁性原子近藤效应的第一个实验结果，并通过
基底对其近藤温度实现了调控。

单层石墨烯上钴磁性原子近藤效应的调制
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elbow ridge

II

I

Manipulating Single Molecular Rotors using  
Different Locations

Conclusions and Outlook



Conclusion and Outlook
Reversible single spin control has been demonstrated on 
individual molecules

MnPc/Au(111)

H desorption by 
e.g. pulse or heat

H adsorption

H-MnPc/Au(111)

Kondo 
ON 

Kondo 
OFF 

H



A B

+
H

3 nm

3 nm

3 nm

3 nm

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. 
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. 



Graphene

Silicene

Hafnene

…??? and beyond

Exploration of Novel 2D Atomic Crystals



Starting with graphite

Split into increasingly 
thinner “pancakes” 

SEM: down to 
~30-100 layers

1 mm

Split off
a single layer
called GRAPHENE

one atomic plane deposited on Si wafer

Geim et al., Manchester, Science 2004 



Fabrication Techniques: Peel Off
(Geim’s Group)

Scanning electron microscopy 
of a relatively large graphene

A TEM image of a 
graphene sheet 
suspended on a 
micrometer-size metallic 
scaffold 

Science 36, 666 (2004).
PNAS 102, 10451 (2005).
Nature Materials, 6,183(2007)
Nature, 446, 60(2007)



Fabrication Technique: SiC

J. Phys. Chem. B, 108,19912(2004); Science 312, 1191 (2006)

Georgia Institute of Technology, de Heer Group







Main Challenges about 

Graphene Applications in Future Electronics

 Fabrication of large-scale, highly-ordered, 

singe crystalline graphene layers of “High 

Quality”.   

 Compatible to Si Processing Technology.

 Without Transfer Technique.



Similar to the Single Crystal Si Based Science,
and Industrial Applications

Si 
Wafer



Highly Ordered, Millimeter-scale, 
Single Crystalline Graphene Monolayer Epitaxially Grown 

on Ru (0001)

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



 LEED

 AES

 STM

 Carbon 

Source 

 Ar+ Ion gun

 Sample

Heater

 Evaporator

Ru, Pt, Ni, Cu, Ir metal crystals have been used   

Growth System with In situ Analysis Techniques 

Analysis Cham
ber

Growth Chamber





BA

D E

C

1 mm

Ru Crystal

LEED Patterns of the Graphene/Ru(0001)

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

F



10 nm 1 nm40 nm

A B C

C
Ru

D E F

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

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



Large-scale Single Crystalline Graphene Monolayer

1 mm

Ru Crystal

High Quality !
However, 

…

1) On insulator or 
semiconductor

2) Without 
Transfer ???

&

Challenges



Y. Pan et al., Adv. Mater. 21, 2777(2009)

40 nm 1 nm

Ru(0001)

Graphene cross over the steps and extend continuously



a

Ru Crystal

Graphene

Si

Ru Crystal

b

Si  Deposition

Ru Crystal

Graphene

c

Annealing



d

Moiré pattern of 
Gr./Ru(0001)

Si  
Deposition

e

Si clusters at RT 

f

Annealing

Uniform 
and flat



Graphene
on Bilayer Si

Graphene 
on Monolayer Si

0 nm

0.33 

 

 

a

cb

 Graphene becomes  

uniform and atomic    

flat.

 Atomic control of the 

distance between  

graphene and metal.

 

 
0 nm

0.04



kװ (/a)
-1.5     -1.4      -1.3      -1.2

E-
E F

  (
eV

)

-1.5

-1.0

-0.5

0a

EF

b

ED

c

ED-0.34 eV

d

along the Г-K cut

 The band is clear and sharp, like a free-standing graphene 
the intercalated

 Silicon layer blocked the interactions from the Ru(0001) 
substrate. 
 Th  t  i  d d  Di  i t i  b t 0 26 V b l  E

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



Raman data of G/Si/Ru

After thick silicon-layer intercalation: 

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

Extremely 
low I(D)/I(G) 

Uniform G 
position

Locate among 1-
layer graphene 

region



Metal

Graphene

Metal

Silicon layers
intercalation

Graphene on
silicon layers

Graphene’s high quality is preserved, decoupled from metals.



Silicon-Layer Intercalation of Epitaxially-grown 
Graphene on Metal Crystals



Two-dimensional Materials Based on    
d-block Elements

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)

Ir(111)

Annealed

Depositing  Si
@RT

Ordered 
structures

Ir(111)

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



LEED Patterns of Si Adlayer on Ir(111)

Ir

Reciprocal 
space

Real space

a1

b1

b0

b2

a2

a0

(a) (b)

(c) (d)

29 eV47 eV

(√7x√7) 
superstructure 



1 nm

STM Characterization: Buckled Si Adlayer

H
ei

gh
t 
/ 

Å

Length / nm

(b)

(c)

0.72 nm

(a)

4 nm

 √7x√7 superstructure accords with LEED observations.

√7x aIr (0.271 nm)=0.717 ≈ 0.72 
nm

Ir[1-10]

19o

41o



(a)

(b)

(c)

 √3x√3 silicene / √7x√7 Ir(111)

 The simulated STM image is in 
excellent agreement with the STM 
observations.

Experiment

Simulation

Calculation

Calculated by Prof. Shixuan Du



b

d

c

(a)

(b) (d)(c) 0

1

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

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

Electron Localization Function (ELF) :
Red: electrons highly localized; 
Blue: almost no localization.

Si-Si Si-Ir

ELF: 0.38

A 2D continuous silicon layer, silicene, was 
successfully fabricated on Ir(111).

ELF: 0.82 0.82 0.66



Nature 495, 7440 (2013). 



Hafnene on Ir(111)

Ir(111)

Annealed

Depositing  Hf
@RT

Ordered 
Structure
Formation

Ir(111)

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



Ir HfIr

(2x2) superstructure  

annealing

5 nm

annealing

10 nm



4 nm

Ir[1-10]

(a)

(c)

0 1 3
X (nm)

Z 
(p

m
)

30

20

10

0
2

5.4 Å

1 nm

(b)

Ir[11-2]

 Continuous 2D lattice of honeycomb structure.

 Periodicity of 5.40 Å ≈ 2x2.71 Å [surface lattice constant of Ir(111)]. 

 Hf-Hf distance of 3.12 Å ≈ 3.19 Å in the (0001) facet of bulk Hf. 

(2x2) superstructure  



H
f

Ir

Experimental DFT-simulated Relaxed structure

(c)(b)(a) (d)

 The honeycomb is clearly seen. 

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

In collaboration with Prof. S.B. Zhang



Hf

Hf

Hf

Hf

Hf

Hf

Hf

Hf

0.03

0.015

0

e/a3

Directional bonding between adjacent Hf atoms.  

Hf-Hf bonds are responsible for the honeycomb structure.

Hafnene





Research 
Highlights



Neighbors of Carbon

2D crystalline sheet materials by Si (Ge)?

Honeycomb lattice like graphene?



Silicene  & Germanene

(Theoretical Experimental)



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



DFT-simulatedRelaxed structure

 (3×3) Germanene/(√19×√19) Pt(111) superstructure

 The simulated results are in remarkable agreement with exp. 

data 

(a)(a) (b)



 ab initio studies revealed that 
a buckled honeycomb 
structure of Si & Ge can exist.

Theoretical



QSHE can be observed in silicene and germanene.

Theoretical

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



 Micromechanical cleavage of HOPG

 Thermal decomposition of SiC

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

 Upzip carbon nanotubes

 Epitaxial growth on solid surfaces

Fabrication Methods: 
Graphene vs Silicene & Germanene

Experimental



2 nm

(b)

10 nm

(a)

Annealing

Depositing  Ge @RT Ordered structures



b0

a0
a1 b

1
a2

b2

(c)(b)(a)

44 eV

LEED Patterns of Ge Adlayer on Pt(111)

 (√19x√19) superstructure with respect to the substrate 
lattice

Reciprocal space Real space



(b)

6 nm

Pt[1-10]

1.2 nm 

23°

Z 
(p

m
)

Distance  (nm)
0 1 32

70

50

30
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(a)

0.5 nm

 √19x√19 superstructure accords with LEED 
observations



(a)

b
c

d e
f

0

1
Ge

Ge
Ge

Ge

Ge
Pt

Ge Ge

GeGe
GeGe

(c)(b) (d)

(e) (f) (g)

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

(a) Top view of overall ELF (electron 
localization function) of 0.5, showing 
a continuity of the Ge layer.

Electron Localization Function (ELF) 
Red: electrons highly localized; 
Blue: almost no localization.

Ge-Ge

A 2D continuous Ge layer, Germanene, was 
successfully fabricated on Pt(111).



http://www.popsci.com/article/technology/meet-germanene-graphenes-newest-2-d-competitor

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

L.F.Li et al., Adv. Mater. 26, 4820 
(2014) 
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Outlooks  
Graphene Wafer and Graphene Complex Systems for the 

Future Nano-Electronics or Mol-tronics

Graphene Wafer
On

Semiconductors 
or 

Insulators



Nano Lett. 13, 685 (2013)

Summary (III) 

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

Hf

Hf

Hf

Hf

Hf

Hf

Buckled Silicene Formation on Ir(111)

Nano Lett. 13, 4671 (2013)





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 can be as a 
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





Selective Molecular Adsorption 
at the Initial Stage 

 

(a)

1 nm

atop

fcc

hcp

 

(a)

1 nm

atop

fcc

hcp

(b)

2 nm 

(b)

2 nm 

Graphene/Ru(0001) FePc FePc/Graphene/Ru(0001)

C HFe N

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



“A” type at fcc

(d)

2 nm3 nm

(c)

“B” type at edge of atop

C HFe N

Adsorption Sites and Orientations with Increasing 
Coverage



(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.

Kagome Lattice: FePc/MG/Ru(0001) 

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



Kagome Lattice: 
H2Pc, NiPc, (t-Bu)4-ZnPc/MG/Ru(0001) 

H2Pc NiPc

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

(t-Bu)4-ZnPc

(c)



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

PTCDA

HOMO LUMO



H
C

1 nm 1 nm-2.0V +2.0V

Pentacene

HOMO LUMO

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



1 nm

+1.4 V
HOMO LUMO

C60

1 nm

-2.0 V1 nm

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







Tunable Interfacial and Physical Properties of 
Epitaxial Graphene on Metal Substrates 

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



 The atomic model of graphene on Ni(111), Ru(0001) and Pt(111).  

 On Ni(111). The interfacial distance is 2.01 Å.   

 On Ru(0001).  The distance is 2.13 Å and 3.79 Å.  

 On Pt(111).  The distance is 3.31 Å.

2.01Å

Ni

a cb

Side view

Top view

3.78Å

2.13Å

Ru
Side view

3.31Å

Pt

Side view

Top viewTop view

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



1 nm
 Atomic resolution STM image of graphene on Ni(111) grown at 700℃.  

 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 I=1.5 nA.  

STM Image of Graphene on Ni(111) 



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

STM Image of Graphene on Ru(0001)

2 nm
0.17 nm



 LEED pattern of graphene on Pt(111) grown at 600℃. 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, I=0.2 nA.

a
19°

Pt

graphene

2 nm

a b

2 nm

c
40 pm

LEED Pattern and STMN images of 
Graphene on Pt(111)



The Schematic of Thermoelectric Voltage Measurement

The substrate is heated 

 Sketch of thermoelectric 

measurement. 

 The W tip is coated with 

indium. 

 The I-V curve shows   

Vbias≠0

 Thermoelectric voltage: 

V= Vbias 



The Measurement of Thermoelectric Voltage

 (b) The I-V curve of graphene on Pt(111) at 330 K, 360 K, 390 K and 420 K.
 (c) The I-V curve 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.



 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.

300 330 360 390 420 450
-16
-12
-8
-4
0
4
8

 

 

Vp
/m

V

T/K

 On G/Pt(111)
 On G/Ru(0001)
 On G/Ni(111)
 On Pt(111)

Thermoelectric Properties of  Graphene on Metals
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1 nm

atop

fcc

hcp

2 nm

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

Summary (III)

Molecules/g/Ru

Pt clusters/g/Ru
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Graphene Wafer and Graphene Complex Systems for the 

Future Nano-Electronics or Mol-tronics

Graphene Wafer
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Insulators
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