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FIE 4. In practice, we used the meah roviss s desss w thin
figure The meih i sken sppeosimaiely lgasitimic,

TABLE . Properties of the hydrogen molecule. The other
theory is from Rel. 20, in which LDA caleulstions are per-
formed with Gaussian orbitals. The experimental dats are from

Ref 21,
—_—TTDee——
Bond length (s.u) Vibrational frecuency (em™')

This work 1.46 4424
Other theory 1.45 4177
iment 1.40 00

TABLE Il. Properties of 5i in the dismond structure. The

E’mulduumfmm Refs. 31, 32, and 13 of Ref. 14,

Lattice Cohesive Bulk
constant ENETRY mosdnlus
la.u.) ¥ /atom) (Mbar)
This wark 10.43 4,76 .94
Other theory 10,45 4,70 0.97

Ex t 10.26 4.63 0.99

E.Tsuchidaand M.Tsukada
Phys.Rev.B52(1995)5573-5578
Phys.Rev.B54(1996)7602-7605
J.Phys.Soc.Jpn.67(1998)3844-3858
Chem.Phys.Lett.311(1999)236-240



N.Watanabe and M.Tsukada
PRE 62(2000)2914

Based on an I[terative method.

l(t + At)) = exp [ ’H] [ (t)

Based on a Real space method.
NI

Based on exponential product technique.

[(t + At)) = [Hexp[—im Hﬁ]‘ (1))

T

Based on the Cayley method.

1 —iAtH/2
1+ iAtH/2

[9(t + At)) = |1(t))

Now we show our method in detail.



Excitation of Hyvdrogen atom:

Strong electron field E, sin{wt) is applied

bt il e e
2T +

many optical processes cause non-linear scattering,

=il || Il|.'-—|| rl 11 CA1&RT] .|'|.| CIry s Ll:

Strong static electric held 1s applied

By taking account of the surface
charge, the solid plasma ocecurs
in the crystal.
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SPM) STM, AFM, SNOM etc

DFT



Si(111)V 3x v 3-Ag STM
Theory HCT model

W, [111]
Watanabe, Aono, Tsukada(1991) Phys.Rev.B44 (1991)8330

EJvan Loenen etal PRL 58(*87)373



Si(111)V 3XV 3-Ag  (HCT )

Wartanabe, Aono, Tsukada(1991) Phys.Rev.B44 (1991)8330
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Watanabe,Aono, Tsukada

J.VVac.Scoi. Technol.,
B12(8)(1994)2167
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How the force by theindividual atom can be observed
Theory of non contact Atomic Force Microscopy (nCAFM)

detacior D x(1)

phasa ﬂ
shiftar

A (N =Glr)xa(r)

G
ampdituda

. Canlllayer '

_ sample
plezo

regulator

FM

dulator

damo-

IAF

[. | separation regulator

¥ BCAN generalor

Feedback circuit

Fp(t)

v—_

~10nm I
i 0.2~0.3nm

sample

X(r)+ ;.f_t{r}+.:'uf{-r{f}—L}: Fp(t)+ F; (1)

F
| i

Friction const. Cantilever Driving force

resonantfred.  of cantilever P -T18CE

force



Control of individual atoms by the tip of Nc-AFM
S.Morita, Osaka Univ.

Any target atoms can be removed by the ncAFM tip

before
e




Theoretical Problems of ncCAFM

How the atomic scale force influences on the cantilever oscillation
and how isit measured by N\CAFM Images?
Frequency shift, Energy dissipation

How the ncAFM images can be simulated by the calculated tip-surface
force, deformation, or atomistic irreversible processes ?

Effect of tip atomic structure and atom kinds?
Effect of reversible/irreversible structure change?
How the dynamic surfaces are observed?



M acroscopic observable guantities and atomic scale interaction

Amplitude

A= | Resonant Curve

\
Frequerrr:yﬂt('fi —1+r)°+h?
0

Frequency shift
f 271 /

TSMAF = f = —
Af =rf, = 2KATT F(Acosf +L)cosbdé

Friction const.

Tip-surface interaction force

Peak width 1 2n
— h:ﬂ—jy(Acosm L)sin? &6

27T

| F(Acosf+L)sin&id
2KATT,

+

Hysteresis force



Simulation by the first-principles method

Macroscopic

Ical o pyramial NE

- ~ 1 i m _
¥ or ~40-50

{ s Chemical
L] ™ o
\ I nteracting Force

“MFirst-principles
calculation

—~ 10 A

- ——

Van der Waals Force
Calculation with a

continuum model

F.4
2 S — .
LDA Fitting H
Ag L ———
1 Ag Trimer cantar @ === []
- i 1al layer ke
z
——
N
=
ﬂur'_i

W
F

i

{z}_[n Nf!

| Covalent tip-surface interaction force F-OA

Fout |l|1'n|='| up 1o thie Tih orger-Founer coaflicents ware usad

, VW
Van der Waals interaction force F; |




|ET structure of Si(111)v' 3x v/ 3 -Ag surface

STM image of at 62K by Hasegawa

|ET structure and HCT structure

91'-6‘ Good parameter for describing structure
@~ : ® .

H.Aizawaet a, Surface Sci., 429(1999)509



NC-AFM Images at Room Temperature

1T=300 K
- -d =4.50 ;\
ATATATY
atatah,
W atate
Lagasals
a*s
S SSS
NS5
atatat,

B 40 A

Experiment Sugawaraetal.

Good Agreement with Surt. interiace Anal. 27, 45 (1999)

N.Sasaki, S.Watanabe and M. Tsukada



NC-AFM Image at Low Temperature

Theory(IET Image) Experiment (Morita,Sugawara Group)
;-":""_. - AT e, =62 K

IET structure appears in the low temperature NC-AFM
experiment by Osaka Univ. group.

Low tempeature experiment is reproduced !!




Atom bridges and Molecular bridges

Quantum transport
FET, Switches
Memories, Sensors
Molecular spintronics
Light emission

Novel quantum devices
Using coherent states

non-locality, Electron
multiplicity, Spin
quantum entanglement,
| nstantaneous
operation,

| nformation output

T ERMNE

| nformation input

" Magnetic field

Temperature
Photon



Methods of the calculation
for open non-equilibrium systems

First-Principles Recursion Transfer Matrix Method
FP RTM

Lippman-Schwinger, non-local pseudopotential

Density Functional Method/Tight-Binding Method

Non-equilibrium Green’s Function Method
DF-TB+NE-GF
parameters determined by DFT( TAPP, Gaussian €tc)



First-Principles

Recursion Transfer Matrix Method

(1) =explk, 1) T (G2 JexpGy,) Bar e mf” X
Matrix three terms difference equation
U(z,,)-K( () +U(z, )=0

(

1
+0
: 1+r‘l!('lf'“{zl}+u"£} Viz)
Transfer matrix

K(z,)=2| +G)
i 1+h(V,z k}+k‘—’ﬁ E) ..

. 0 V,(z)
HCh) - HC] 0 2,) g
U(ZkJ— y = = L \ / 14
2D Fourier transform of
“{G ’z"} (Gﬂ’Z*}J Recursive relation EEEpeta

R=U W@ )" -+ R=(K@)-R, )"

With an appropriate boundary condition, R and U are calculated
From theright and left electrode wave-functions DFT potential determined.

Thisisequivalent to Non-equlibrium Green’s function approach.



Barrler and Current Density

d=12au
Al tip

S surface

; g 0




op=p(+8v)—p(0v) op=p(—8v)—p(0v)

Al tip contours (left) 5x10-3 electrons/bohr3 (solid lines)
Si surface 1x10-3 electrons/bohr2 (broken lines)

: , contours (middle,right)
tip-surface distance 8 bohr 1x10-3 electrons/bohr3




Conductance of Jellium Cylinder
AL

o 7
e radius 5 bohrs
] ! \ length 10 bahrs
unit cell 3030 &
LDOS LDOS ERCD
(e
G
%
r";';—'::':I
@ @] e - o
L dlio] F@‘ = h;_;|;-
,.:’r_ﬁ“. ‘ o " —l:l_
BT, : o | l_l

Conductance (2e2/h)
=& M W B o 3

Eigen CﬁIanne{gl
(eigan value of T
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Conductance through Al atomic-wires
with various atoms mixed at contacts

K.Hirose,N.K obayashi, M.Tsukada, to be appeared/ nonlocal p.p.

1 2 3 4 5
Number of Valence Electron

~ 'y — vy

7

6




Where doesthe biasdrop inthewire ?

Bias=5V

L ocal
polarization
(s-orbital)

Spread-out
(p-orbital)

Potential difference

=5
Y
=
Z
g 7
= \
— 2 | m“ . . ]
= - without wire
X
= 1 T Ez |
e >
~20 0 10 20

Chargedifference (o(r,5v) — po(r,0V))

Distance [a.u.]

O Na
D@ ® 0

Si
—_——— e & =
MEE 0 @& @

Effective Potentlal [eV]

Effective Potentlal [¢V]

Pos
r N |
b A
A A :
-1 Vir AT *"ﬁiw I""’"'i
=d I
-y -5 ] L] 10
¥ tance [a.0.]
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g ._
2 L ]
o N
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=10 ] v] = 10
¥is tmnee [a.0.]

Bias drop is determined
by the local polarization.

One impurity gives a
significant influence!



Transmission Spectra of tape-porphyrin molecules
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Transmission spectrum of phenalenyl
molecule

Source Drain
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Transmissian Probabilities

Phenalenyl based molecules

metallic semiconductive
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|nduced large loop current
near degenerate levels

h t | hopping integral
d
top view i ng: 0 "
Source Drain
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Energy (unitin |t| )

Condition for the large loop current

Molecular levels
and their degeneracy

M=zM"

M"Y j_,r (x")x"xdl

ey C Integration over chemical bond:

M (arb. unit)
Source Drain

%)
8885603883
i
.

-1.0 -0.5
electrode-molecule coupling t'



Transmission of Fullerene C,,and loop current

just below LUMO
' E=0.134]t|
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