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FIG. 1. Comparison of aperiodic magnetoconductance fluctuations in three different systems. (a) g(B) in 0.8-um-diam gold ring,
analysis of data from Refs. 3 and 4, reprinted with the permission of Webb et al. (the rapid Aharonov-Bohm oscillations have been
filtered out). (b) g (B) for a quasi-1D silicon MOSFET, data from Ref. 9, reprinted with the permission of Skocpol et al. le) Numeri-
cal calculation of g{B) for an Anderson model using the technique of Ref. 11. Conductance is measured in units of ¢*/h, magnetic
field in tesla. Note the 3 order-of-magnitude variation in the background conductance while the fluctuations remain order unity.
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FIG. 1(a) The rms deviation of the conductance (in units
of €}/h) of an L x L Anderson model ( W/ ¥V =4) upon in-
terchange of the local energy of two sites. The rms devia-
tion for a complete configuration change is 0.86 (Ref. 5).
(b) 8G, of an M x L Anderson model (M =25, W/V=1)
as the site energy of a single site is changed by W/2 plotted
vs the aspect ratio L/M. (c) G(B) for 40x40 Anderson
model vs B in units of #/e normal to the sample. Solid and
dashed curves correspond to impurity configurations which
differ only by the interchange of a pair of sites. (d) A typical
diagram that contributes to (8G,)2. Dashed lines denote
impurity averaging and the diamond denotes the vertex [Eq.

PRIMIQQOM%@ net(Z}] which represents the motion of a single impurity.
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2 SN V5 A

e Graphite
- Soft and black and the stable,common,form of carbon.

- Very light and resistant
- Atom is at the corners of fused hexagon in parallel layers.

e Diamond

- Hard and transparent and the unusual form of carbon.

- Strong thermal conductivity.
Atom is bound to four other carbon atoms in a regular

repetitive pattern.

C60
A third allotropic form of very stable spheres(1985)

Formed when graphite is evaporated in an inert atmosphere.

Assumed C60 consists of 12 pentagons and 20 hexagons with
carbon atoms at each corner, as a soccer ball.

- Names

www . kaoyancas . net




www . kaoyancas . net

An idea from outer space

* The serendipitous discovery

Prof. Kroto wanted

Prof. Curl Long-chained carbon
Prof.Smalley ’ which could form
had built an apparatus which red giant stars
could analyze,evaporate Contact

almost any material with a
laser beam

ol

Collaboration

www . kaoyancas . net
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Fullerene Science

e 1985: Cyy-discovered (Nature 318, 162)

* 1990: C¢,-macroscopic scale synthesis
(Nature 347, 354)

e 1991: Carbon nanotubes-discovered(Nature
354, 56)

* 1996: Noble prize for C,

www . kaoyancas . net
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The Nobel Prize in Chemistry 1996

"for their discovery of fullerenes™

Prof.Robert F. Curl,Jr Prof Sir Harold W. Kroto Prof.Richard E. Smalley
Rice University,Houston University of Sussex Rice University,Houston
TX, USA Brighton, England

Reference : http://www.nobel.se/chemistry/laureates/1996
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Ceo molecular orbitals
4 cEﬂ

= Delocalzed
——  atom localized

A

Density of states

i

1 Li@Cgy

B Delcalized

—  atom localized
o — Li atom localzed

tomo

Density of states

Enargy (&

Atomlike, Hollow-Core Bound Molecular Orbitals of
C 60

Min Feng, ef al.

Science 320, 359 (2008);

DOI: 10.1126/science.1155866

www . kaoyancas . net
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/a,\| New Fullerene Species, C3g, Discovered

B emiae Iy Lam]
Cag investigated theoretically Cag synthesized in bulk quantitites

(Cohen, Louie, C6té, Grossman, 1998) (Piskoti, Zettl—1998)

A highly strained sp?-bonded Cag
cage molecule (diameter ~5A) is
shown above a stylized hexagonal
graphite surface which represents
fhe lowest enargy form of carbon.

Cyg molecules (yellow) have higher cunvature fhan Cg,
{bive) resulfing in high reactivity and large electron-
phonon coupling.

C s synthesis and purification
shown in mass specirum of
crude (fop) and isolated material
{bottom).

Total Counts
(Arb. Linear Units)

Alex Zettl, Charles Piskoti
é&_&kﬁ_ e Materials Sciences Division
- Berkeley Lab

Mumber of Carbon Atoms G5B
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Usefulness of hollow sphere structure

((D)Filter
((2))Superconductivity
((3))Building material of objects

((4))Expansion to nanotube

www . kaoyancas . net
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Fullerene-based single
molecule devices

www . kaoyancas . net
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Switch

3.8 x

|
* Tunneling region to contact region 12

=lalallalal-Ralala) o

- Deformation of Cg, contributes the 10

increase of current 3
10

 Electrical resistance is 54.80 M Q 10° |

Ceo Cluster

\- 9 10 15
measurement position sl

Ceo/Au(110)-1x2
Current | as a function of tip displacement s at 300K

wiw.kaoyancas.netChristian Joachim et al., PRL 74, 2102 (1995)
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The conductance rapidly
increases to about0.25 10
conductance quanta in :
the transition region from
tunneling to contact.

:,zF (A)

Conductance vs tip displacement at 8K

Wi -kaoyancas . net J. Kroger et al., PRL 98, 065502 (2007)
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Surface

Single-molecule electromechanical amplifier

wn.kaoyancas.net  j K Gimzewski et al., CPL 365, 353 (1997)
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Transistor

Au-Cg-Au system

» Strongly suppressed
conductance near zero
bias voltage followed
by step-like current
jumps at higher voltages

* The current through the
transistor and the voltage
width of the zero
conductance region can
be changed by changing
Vg reversibly.

Current-Voltage ( I-V) curves obtained from a single-Cg, transistor at T=1.5 K

wii-kaoyancas.net  Haongkun Park et al., Nature 407, 57 (2000)
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: .. E Au

-"i":{:ﬂfs""ﬂ‘_l gate

AFM image of
continuous Au electrode

0 20
V (mV)

I-V curves from a C,,, single electron transistor for equally spaced Vg

Au-C,,,-Au system
wiwi-kaoyancas.net  p | McEuen et al., Nano Lett. 5, 203 (2005)
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electronics experiments that combines
_— — both the ability to adjust the spacing
%“csrgﬁg between the electrodes mechanically
—— ' and the ability to shift the energy levels
10 mm in the molecule using a gate electrode

= AN A devi metry for single-molecul
Contact I _ device geometry for single-molecule

32 nm-thick Au
I 500 nm
A ————

Source = m;: = Drain

Au-Cg-Au system

Design of the experimental apparatus and STM
image of a MCBJ sample with a silicon substrate
gate, before breaking the gold bridge

www . kaoyancas . net

D. C. Ralph et al., Nano Lett. 5, 305 (2005)
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Rectifier

C‘ﬁﬂ —n H.I'J I:‘:‘1-!"41!2] —n H.I'I
E, E, E, E,

1 1

—4.26 —5.37 —3.83 —4.72
—4.64 —5.25 —3.71 —4.64
—4.21 —5.49 372 —4.69
—4.43 —5.60 —3.91 —4.56
—4.59 —5.54 —3.74 —4.56
—4.55 —549 374 —4.61
—4.49 —5.54 —3.58 —4.59
—4.62 —5.34 360 —441
—4.65 —5.43 —349 —4.45
—4.57 —5.44  —3.31 —4.28
—4.45 —5.61 —336 —4.35
—4.24 —5.58 —2.61 —4.38

Double C60

=

Requirement: The LUMO of the
acceptor should lie at or above

the Fermi level of the electrode
and above the HOMO of the donor

Acceptor/donor pairs

Cs5B2/CssN,

i

]
2
3
4
3
6
.
il
U
0
|

i

C54BGIC54N6

I

._.
wt

C49B11IC51N9

The energy (eV) of LUMO (E/) and HOMO (Eh)

C45B12/CasN1 calculated for Cg,.,X,, (X=B;N) using B3LYP/6-31G(d)

wii.kaoyancas.net  Ryj.Hua Xie et al., PRL 90, 206602 (2003)
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A prototype for C,3X,,@(17,0) SWNT-based
(X=B;N) p-n junction

bl

Redifier Muolecale

2 - ih ih.1 (.2
C,sB4, structure optimized Applied Bias [V]
with B3LYP/6-31G(d)

Calculated current through a rectifier C,3B,,/C,sN4, pair

www . kaoyancas . net
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Single C59N Molecule as a Molecular Rectifier
J.Zhao et al., Phys.Rev.Lett.,95,045502(2005)

(a)

1.5
210
20.5 ]
- 2
Eias voltage(V

Tunneling Current (nA)

: E,
3 02 1 0 1 2 3

— 2.4V 0.04nA

[ —— 2.2V 0.06nA

-3 b —— 2.0V 0.06nA

——-2.5V 0.1nA

--2.5V 0.2nA

-6 | ——-2.5V 0.5nA

| =—-2.5V 1.0nA
1 1 1

5 5 4 3 2 4 0 1
Bias Voltage (V)

SET+C59N >Molecular rectifier
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di/dV (nS)

T
o
o

P
<
s
-
c
o
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O

¥ 4 A | AV ALY v v
N \_\' : AN ( AY :-’J 7 Y4

%0 4 ) 7 u,-a"." AN Va

LR\ LA . A7

. T T T T 7 1,
AU(1 11 ) Voltage (V)
Schematic drawing of the model of I-V curve and its numerical dl/dV

the C4,NPy on Au(111) surface spectrum for C4, NPy measured at
5 K taken at a gap voltage of 2.0 V
Rectifying effect based on the

donor-barrier-accep -()- _
architectuw'@Oﬁn&'nEt Bing Wang et al., JPCB 110, 24505 (2006)
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Gate-controlled rectifying behavior

* C;0@SWNT networks

V=30V I| . Gate-controlled rectification behavior
at room temperature in air

(4]
o

* The current rectification results from
highly asymmetric Schottky barriers
between semiconducting peapods
and the S/D electrodes

-
o

Electrode A

<
=
=
-
2 20
-
O
IE
(T
| -
o

-o'.s ' 0:0 ' 0:5
Drain Voltage(V)

4 apoar[y

Gate-controlled rectifying Ips-Vps characteristics L um
after electrical breakdown. Inset: almost linear
Irs-Vps curve for pristine device.

wiw . kaoyancas.. net Yunyi Fu et al., JPCB 110, 9923 (2006)




Magnetoresistance

Ni-Cgo-Ni system (experiment)

'.":ll'

- .
ﬁg{; X
\_/ v
1 T I
-10 0 10
Bias voltage (mV)

(Left) Artist's view of the Cg, quantum dot
between ferromagnetic nickel electrodes.
(Right) Differential conductance versus
bias voltage of the device for the parallel
(blue) and antiparaliel el state (re

www . kaoyancas . net

* For parallel alignment, the
Kondo resonance is split by
the exchange fields of the two
electrodes.

 For antiparallel alignment, the
exchange fields of the two
electrodes cancel each
other, and Kondo resonance
is restored at zero-bias voltage.

Conductance

« This leads to a large
magnetoresistance MR,
which exceeds the usual
tunneling magnetore3|stance

Al gate |
Ed:ll'm
= HAae o

d :
doyantas-net D. C. Ralph et al., Smence 306 86 (2004)



Transmission

www . kaoyancas . net

Left lead Scatlering region

distance between two leads doped by Fe atoms

Physical model of the magnetic CNT/C4,/CNT junction

J Majority (parallel)

Ef

Minority (parallel)y

Transmission coefficients
/ as functions of energy

/| DFT + nonequilibrium Greens function

Magnetoresistance about 11%

03 02 04 00 .
Enengy (kWpyancas.net Y4 .p Cheng et al., JCP 124, 201107 (2006)
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Oscillator

Common feature
Quantized excitation with
energy about SmeV

multiple excitation

Two-dimensional plots of dl/dV as a function of both V and Vg

wii-kaoyancas.net  Haongkun Park et al., Nature 407, 57 (2000)
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* The excitation is interpreted

Distance @s a centre-of-mass
oscillation of C4, within the
confinement potential that

binds it to the gold surface

 When an electron jumps on
to Cg, the attractive interaction

G between the additional electron
and its image charge on gold
pulls the Cg, ion closer to the
gold surface by the distance d.
This electrostatic interaction
results in the mechanical motion

of Cyg,.

Diagram of the centre-of-mass oscillation of Cg,

www . kaoyancas . net
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5 A

left lead scattering region right lead ' ) 0.1 0.2

E (eV)

Schematic illustration of the molecular junction Transmission spectra
Au-C60- Au system

* Resonance inelastic conduction in molecular-scale electronics can be used to
channel energy into a given mode of the molecular component to generate a
desired motion.

* Dependence of the conductance properties on the molecular configuration leads
to a time-modulated current whose temporal properties are subject to control.

Wi kaoyancas-neframar Seideman et al., PRL 94, 226801 (2005)



6-6 bond

T (E:V, =019)

Transmission spectra for different Cg4, location:

d=5.05 (solid), 5.13 (dashed) and 5.23 (dot-dash) a.u.
0.08

Location dependent " hexagon

0.04

= 0
0.8 0.12

D.E.Ei; w _— pentagon

] | |
& 1 3. 3 9 0 0.1
tips) E (V)

Spontaneously oscillating current vs time ..
P y 9 Transmission spectra for

A nanoscale generator of ac electromagnetic field  different C¢, orientation
(frequency 0.8 Mg eyfd@Tddio 0.26) Orientation dependent
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Vhias [mV] = +

elastic comporn

‘3030 s w0 1w “4total dI

'
o

Schematic diagram of Au- C,;- Au system

Scattering intensity due to molecular vibrations

 Large discontinuous steps appear in the di/d
curve when the applied bias voltage matches
particular vibrational energies.

52 [arb. unit ]

* The magnitude of the step varies with the
vibrational mode and to depend on the local

electronic states besides the strength of electron- :

vibration coupling.

20 40 Gk

Vhias [mV]

ent

1] | bk

1

'

1
1t ]

0 30 80
fits, [meV]

&0 100

i kaoyancasyagkahiro Yamamoto et al., PRL 95, 065501 (2005)
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The electron density of Au-C,,-Au
at (a) -1.5 eV and (b) 0 eV (the Fermi
level), and (c) the scattering intensity
for the shuttle motion of C,,. The
electron density is indicated by the
red shading on the atom spheres.

=
=
L
[
=]
=]
g
=
i
=
1=
=
m—
B
=
LA

, T .
—-1.0 L 1.0 2.0

Energy of incident electrons [eV ]

I
b
=

* The excitation rate is expected to increase significantly when the electronic state
localized at C atoms adjacent to Au electrodes lie close to the Fermi level.

* Such a localized state lies 1.5eV below the Fermi level (E = 0eV), and the
scattering intensity of the shuttle motion exhibits a maximum peak at -1.5eV.

» The excitation rate can be enhanced by tuning the gate voltage to shift the
localized state to the PEHYPI&REE. et
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Evolution of buckyball kinetic
energy between 120 and 170 ps
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Structure model of the novel
oscillator. One C60 molecule
is inside a (10, 10) SWNT of
length 50.05 Angstroms

f".'r='ll'|.-i Enezps —é_

Evolution of potential energy of
buckyball between 120 and 170 ps

wi-kaoyancapslghin Su et al., Nanotechnology 17, 5691 (2006)
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NDR

Negative differential-resistance device involving two C60 molecules
C.G.Zeng et al., Appl.Phys.Lett. 77,3595(2000)

' ) — -
1| % : ' b c'0 58 the e
'-b"-..:.l.].‘nlt\_,-‘\;‘.\ O2p I;'i..‘L‘.ﬁ‘:'"nﬁ‘n.n"'.

0.0p

-0.2p

=4
=
d
=
£
=
=]
=1
(=

=
=
=
=
=

=4

S -2901 23 32190123
sample bias (V)

Tunneling Current

a4 2 0 2 4
Sample Blas Voltage (V)

S
rat
o
h

tunneling current (nA)

4-3-2-101 2234

sampipfideaByancas . net




www . kaoyancas . net

NDR molecular device involving two C,, molecules
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Bias voltage sweep directon
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I-V curve at T=68 K
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Tb@Cg, system

—

* The I-V curve shows no negative differential
conductance (NDC) at T=65K

* NDC is observed in the |-V curve at T=13 K

Tunnelng Current [pA]

I-V curve at T=13 K

Wi kaoyancas- ey taka Majima et al., Nano Lett. 5, 1057 (2005)
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< NDC here is interpreted in terms of a
switching of the Th@Cjg, molecular
orientation caused by the interaction
between its electric dipole moment
and an external electric field.
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: ; « At higher temperature, the electric
stemial lechicield il ; dipole moment of the Th@Cj;, molecule

— . tend to be oriented at random by
Probe Bias Voltage [V] thermal energy, so no NDR appears.
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Candidate schematic image of single
molecular orientation switching of Tbh@Csj;,
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dl/dV curve

Ceo-filled DWNT

B 5420246 8

» peak-to-valley current ratio is about 1300

» Gate voltage dependence characteristics
of Ips-Vps curves indicates that a threshold
voltage V,, for the appearance of current

Ibs-Vps curve V==20 V at RT peak is greatly affected by gate voltage.

for empty DWNTs *NDR characteristic is symmetrical

Ips-Vps curves with Vé“?%nq(in\% from —30 to 30 V
Wi kaoyancas . net Y. F. Li et al., APL 90, 073106 (2007)
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Conduction

(Li@Ceo)2
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Tomoya Ono et al., PRL 98, 026804 (2007)
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nonmetallic metallic nonmetallic

Energy band structures of
chains with infinite length

X T X As electrons are inserted
: g . ‘% into the fullerenes from
Li@Cyg Li
inserting atoms, the
. unoccupied state around
Con Co | Mi@Ca): | 46 junction is filled and
tutx 0.110 0.001 0.007 the conductivity can be

tury 0.133 0.012 0.020 significantly improved.

tur 0.873 0.098 0.851

Channel tran<ili§6HE%i%he Fermi level
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|| A1(100)-Sc;N@C,,-Al(100)

device of two orientation

Al(100)-Cg,-Al(100) system

NEGF-DFT method

* The current through the Sc;N@Cg,
device is double that through a bare
Cg, device.

3
=
&
3
o

* The presence of the Sc;N metal
complex and its associated charge
transfer to the Cg, cage aligns the
level with the electrodes’ Fermi level.

03 0
¥, (eV)

The I-V curves
wi-kaoyancas-net  Brian Larade et al., PRB 64, 195402 (2001)
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* The magnitude of the quantum loop
current is much larger than that of the
source-drain current /gp.

* The direction of the magnetic moment
associated with this loop current is
reversed if the electron energy is swept
across the resonant levels.

* Under certain conditions, the induced
magnetic moment is restricted to a
single particular plane regardless of the
drain site for any fixed source position.

* These features could be applied, in
principle, to quantum mechanical
devices by using the quantum coupling
to magnetic atoms.

2.00

Internal current distribution of the molecular bridge for
the electron energy which is just below the LUMO of Cg,

wn- kaovancagiglusuke Nakanishi et al., PRL 87, 126801 (2001)
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Peapod structure

/-{‘_\.’ 3
. #F
&

HRTEM image of SWNT containing Cg,
D. E. Luzzi et al., Nature 396, 323 (1998)

0.5
Sample Bins (V)

040
a3 A
mommn {4 8 (peiled)

dlidy (n3)

| A Structure and STM imaging of a peapod.
M., P abate ot (b) +1.5V 700pA; (c) -1.5V 700pA

0.5 Q0 05 1.0 15

DOS are modified as C¢, molecules are

The dl/dV spectra (red and blue lines) Encapsulated in SWNT at bias > +1V.
at two locations. The dashed purple

line is for spectra of SWNTawithoutCq. A Yazdani et al., Science 295, 828 (2002)
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B e by ih
TR Uh

8¢ -- -;-}—t-;’ ﬁ-ﬁ ‘f-?f .
(Gd@C82)n@SWNT syst@!ﬂ

Position x {nn"T} “
N .
HRTEM images and schematic di/dVv (nA V) 0.6

representation of (Gd@Cs;,),@SWNTs The d//dV spectra taken along

he intermolecular distance between Gd@Cs,, the 10.2-nm-long GAMF-SWNT

is extremely regular, regarding the chains of Band gap of 0.5 eV is narrowed down
Gd@Cg, as novel one-dimensional crystals. to 0.1 eV at sites where endohedral
metallofullerenes are inserted

S. lijima et al., PRL"8553%384°2000) Young Kuk et al., Nature 415, 1005 (2002)
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Field-effect transistor

HRTEM image of an end cap part of an
individual Gd@Cg4, metallofullerene peapod

0.4

* Cso peapods exhibit unipolar p-type

- characteristics, whereas Gd@Cs, i

- peapods show ambipolar both p- and= |

2 L
n-type characteristics. ;h
- This difference in transport behavior 91|
- can be explained in terms of a band '
. 0 -
gap narrowing of the peapods. 20 -10 0
10 20 VGS/ Vv

I—Vss curves at different source- I—Vgs curves for Gd@C82
drain bias (Vpg) for Cg, peapod metallofullerene peapod

Wi -kaoyancas . net H. Shinohara et al., APL 81, 4067 (2002)
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Field-emission characteristics of NanoBuds

STM topographic image

& — SWNTs

#— NanoBuds (H,0: 65p.p.m.}
—&— ManoBuds (H,0: 100 p.pum.)

W NanoBuds (H,0: 150p.p.m.)
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Comparison of current density against electric

Bonding scenarios of ) :
fullerenes on SWNTs field strength of NanoBuds with SWNTs

K¢S AT et al., Nature Nanotechnology 2, 156 (2007)
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FIG. 1. Rhodium cluster magnetic moments per atom de-
crease with cluster size and are approximately zero, the bulk

value, for Mlégyancas.net
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FIG. 1. Binding energies of the [y (solid line), Oy |
(dot-dashed line), and Dsp (dashed line) Rhyy clusters va the FIG. 2. The cluster moment as a function of r for the [,

distance  between Lhe central and surface atoms. E‘Jﬁ;ﬁiﬂ ::::E “]d line), and for the O and Day Rhug clusters
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Fig. 2. Effects of particle size on the activity of titania-supported Au for the oxidation of CO (5).
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