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Research of thermoelectric effect in carbon chain

and design of molecular rotors

Student : Wei-Lin Liu Professor : Yu-Chang Chen

Department of Electrophysics
National Chiao Tung University

Abstract

we_investigate the electron transport properties and quantum effects
of nano-junction. By way of first-principles approaches, we have
simulated two different systems. The first system is Carbon-atoms chains
connecting bimetal junction, and the other one is benzene molecules
which directly connect between two Pt electrodes.

In carbon-atoms chains system, we observe odd-even effects in the
Seebeck coefficient of carbon-atom chains as the number of carbon atoms
increases. The reason for the odd-even effects is that the tangent of
transmission functions near the chemical potential change signs as the
number of carbon atoms in the junction increases.

In the metal-benzene-metal junction, using current to drive
asymmetric benzene system with bonding characteristics make this
system to produce rotation. When the current through the tilted benzene,
torque on the benzene ring is induced by current .And combined with the
non-directional bonding Characteristics of platinum metal and the
non-zero curl of current density, we can confirm that benzene with
platinum electrode system is easy to rotate and produced a molecular
rotor.
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Figure 1 Photochemical and thermal isomerization processes of (F.FP)-frans-1. UV
irradiation with high pressure Hg-lamp. Pyrex filter, A = 280 nm or Xe-lamp. Toshiba
L-3g glass filter, A = 380 nm. First order kinetics were observed for the thermal
processes and temperature dependent 'H NMR and CD studies in the range 50.0—
81.1 °C gave Ea = 26.4 kcalmol ~ ! for the (M . M)-trans-1 to (P, P)-trans-1 intercon-
version. It should be noted that no racemization takes place during any of the
photochemical or thermal steps as was proven by chiral HPLC analysis of the isomers
obtained after the individual steps.

B). 7 Feringa 2 Harada #2& = e | % ¥ ¢F ko cnv g F g d ~ 2

IR IR E AR o [11]



d A PEFZRFN - o FFEI Tdnd R T e S
g ELA 4 EdE o 7R &4 (Current induced force)#_d  Direct force §2
Wind force #t% = &7 Direct force #.d R BA A 4TS > @
Wind force B 8_d T 747+ chT 3+ b B &A A2 > Wind force 4%

WA g ERY B BHnM g o i § 4ok i § 7 Wind force B ¥

PR S S g4 A5 E ph AV PR R 5y BT ) 0

B.8N.D.Lang & & T & &5 i + RS F RO HET LW - [20]
10



ov 2.8V

2.4V 4.4V

BlL.OND. Lang & & T4t 423 B+ ¥4+ TR S - [20]

# ¥ & 2008 # 5pF % o van Ruitenbeek[21]59 % = # ma 1% ¥ %
iz gEE 24 (PR & T &7 17 P g 0 conductance » &
Al mre& 4% a0 2 17 3] gh conductance # X 0 BB A K TR B D
PR FARLNRE - B FPERI R RBRTME TRIERT D
conductance > % TIRIEH P E P o FHE L - € A - BAER > A T
conductance ¢ T " > F] 5 -7 {REEHLE L g BURM o 2 Bt
%A@ 8o 1% FIRIFA A HALEH > Ragik i d R
RAPELFCEREERFREEATITAZIEST 7 - 235

iF oo

-~

11



1. (b)
1 3.0 )
g
?3- 1.5
,‘% 10

>

0.00 005 010 015 020 025 030
Bias Current (pA)

IIgllll L

:—uuuluunlnu“lu.uea.lnn||u| _:
3 35 4 45 5 55 6 65 7
Distance (A)

(&3
n

Vibration Energy (meV) Conductance (Go)
s

vibration

12



¥-F 2

-gg

Apanty 40 B R LHEAEE ND.Lang 0 % [22-23] %

St
®
)

g
4
S

Il S Ber Ton o 2 (e A r CREFIEE o A 2.1 &

g B BREILIILE > 2.2 fr 2.3 &R 4o 53]k Sk Sk

C

AR Bts b 240 2B B AT E BT BehE 3otk BT

>z Ji = Current-induced force -

2.1 B RZE332# (Density Functional Theory)

BRI -ZATFAEOIEK PH A PGS E > & 1964 &
Hohenberg = Kohn & 7 - B 5§ F s 4i? AT 3 RRA N E R

#cfe ¢k 4e % (external potential) 3 B# [24] - X @ Hohenberg f= Kohn

13



IR A T A ¥ H P 2#5 dU 0 FE e 50 o ] 1965 & Kohn f- Sham B
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# 7 Kohn-Sham equation» p* 2> 3% #-i2 a0 & = w 38 4 8] 5 18 5 (Kinetic

energy)-~ ¢+ 4c i it (external potential energy)~ & 4 it £ (Coulomb energy)

‘J‘f;r

5w feR 3 B e 3 4p 7 sc(exchange correlation energy) > # Fd

RS

KR S e B AR R S K 5 L

/

i BLenfE R o
2. 1.1 Hohenberg-Kohn 3235

% 1964 # Hohenberg = Kohn #% 4! : & — B 5 & & k4@ » JLf poen
T T ER WE T T Bl ok 4o i F (external potential) & ~ ¥ - R
o U T EFEP HLEDTF BAET AT ra— vk e (g A LR
AR AR AS R oV, 3 A F AT B EN(T) o 2

V, #V, +constant > 2K {8 W, B A dr g Sfes WY, o BRies B R

g EIApF T T Z A Wn@r) o 24P ¥ & Schrodinger = #25¢ % 7t

HY, =EY,
H,Y,=EY, (2.1)

E, ~ E, & H qrH, g4 it £ (eigen-energy) o F] 5 ¢k 4c %1 72 4p

X > A % Hamiltonian % 7 &
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H,=H,+V,-V, 2.2)
g3t B E =(P H|P) » AT @ TR N
SALAEARIC ALAL Y (2.3)
#-38(2.2)F » 54(2.3) -

El < <T2 | H2 |\P2> + <\P2 |V1 _Vz |\P2> = Ez +Id3r(v1 _Vz)n(r)

(2.4)
e 32w {7
E, < (¥, [ H P )+ (., -V, |¥,) = E,+ [ d°r(V, ~Vn(r) (2.5)
Wi N(2:4) 17 2 N (2.5)F B IR
E,—E, < [d°r(v,—V,)n(r) < E, - E, (2.6)

v
\m

A9 50 A - BBk A o TS B3 AR ke ek A i

3 EHEIF- BART IR A FRrG = H 7D T3 %A

Egs [N(N)] — Egs[Nes ()] (2.7)

78 m Hohenberg {r Kohn @ #% ¥ A& P Fgeho 38 A EP
Eo [N(N]es v #rraavipry v g BT B [n(N]ehigin » £ %7 A %
Boay B imae 3 BI0A 0 4o

Eg s [n(N]=Tg s [n(r)]+Ug s [n(r)] (2.8)

t¢ Kohn 2 Sham B € 417 — B vt &P gg 0 Eg o [n(n)] 0zt =+ o
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2.1.2 Kohn-Sham = fz 3%

#€_Hohenberg-Kohn 2% ¢ &> 53 ssienfAfidn 2 AT
BRAULE > T F A A H a2 i A 5 > 2 {8 Kohn-Sham & @ =
PRI AR TR mERE- B IR F AR RN LS T —ﬁ
o T2 LS T
E; [n(N]=T,[n(N]+ E.[n(r)]+ E. [N(N)] (2.9)
e T O] 2 i~ B R 5 #HTF 3 FF 50 48 a 5 08
AR S 0 DA Egn(O] B R0 A e 4 2 AV R SRR A G

TEFELZR E ARG "‘J‘ On)d’r o B PV () PR A e iRt 1o

% 1965 & Kohn e Sham &4 "] & El(N]ie vim e 5 o o
PP AN T RGBT RN LS bR R i
TIOT, 1 2 2w s g g o BulDOLS £ 5L THIN(0] 4 Een()]
ﬂfmﬁ»,m@ﬁ@—tf%aﬁWJﬁﬁﬂmh
LR F(2.9)F B heT N
E; [n(N]=Ts[n(r]1+ E,, [n(r)]+ Ege [N(r)]+ E, [n(r)] (2.10)
FHELTFRAN)E NP DA AT

E [n(N]=TIn(N]+ [V (Nn(r)d°r += jjm rd*r +E, [n(r)]
-] (2.11)
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+V, )+j‘r£:‘d r+V, (r) = u

(2.12)

e VXC(F):%;[M 2 Vi, _I‘ﬂd r > w:Largrange parameter
r—r‘

do % 24 -8 (212) 4R 5 A IO el i A e L 1 g 7 3
Kohn-Sham = ## ;%4

{—;—ZVZ Vo (1) +V (N 4V, (F)}‘Pi () =&¥,(r)

(2.13)

% #3 Kohn-Sham = f25% & » 2 Tf’“jf‘u'v" I gt g 5N Jl;%%’d Bt

FE 2 RNE TSR S pEER ;‘éﬁf‘u—«‘i— B4Rl - B &

By F@ARNLT - d a2 KENEE A BF G g

V. (r) > % » Kohn-Sham = 4% ;% % /¢ Sode > £ 1% & Sofc > G3E T

7

n(F) =N ¥ (F)Y; (F)
i » N @ Total charge (2.14)

B ANATOT 3 H R 0, (1) > £ 1, (1) frng, (D % o 4ok dp L 2t

JRIAR G C TRt 0 B A TR #en (N Fon, () Rt Bl R & > B E

AT - ReEARE Tl fTat e
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Self-consistent scheme:

n, (r)me V() = () = n,(r)
A

A (F) = —a)n. (F) +a o, (F)

B.11 p 6385 i 42 ) o
2.1.3 k%@ & i7i (Local Density Approximation)

< ¥ 4p-F it (exchange correlation energy) € 7 & % B g2 5 > 2 §_
Aot P oA PXEZ L RS BRAENS N § A 1965 & Kohn
fe Sham 1 #3523 & 5 F $E [n(N)] faig 0 4ck T+ %R 1 F 12l
o ¥ g & 0 3 — 3 en exchange-correlation it & A &.[n(r)] o A
LA F AT OH S
EN(F)] = [ & [n(r)In(0)3d°r (2.15)
FRNQRIDDH T F R W LT E D AP F st (exchange

correlation potential)4e ™

on gy _ B [N()] . .
VEOAF) == = g ()] + 2, [n(7)]
on(r) (2.16)

He g n(r)]+® » 5338 > % - 38 d & |3 4p 7 k22 (Pauli exclusion
principle)»x & * s exchange energy ¢[n(r)] » % = BRI 3T FF 3
i®* th§ 3 >R correlation energy &.[n(r)] -
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iy I IER s 3 5 5 T 1% Hartree-Fock 17 ii2 2 Schrodinger

> AR [26]F 3]

—0.458
e (2.17)

gX (r) =

r, = Wigner-Seitzradius » * % &% - B¢ 3 »rJ 23X T, o

1

n(r) = (%ﬂ ) =r = (%7[ n(F)) 3 218
#-74(2.18)F »~ 34 (2.17) » &

£,(F) = —0.458(%;; n(1))? (2.19)

gn(r)I ) E_ 1% 4 Ceperley = Alder #77¢ % 3 Quantum Monte Carlo
PR RITW o @RI Gt

() - ~0.1423/ (1+1.0529,r, +0.3334r,) forr, > 1
—0.0480+0.0311Inr, -0.0116 r, +0.0020 r Inr, ~ forr, <1 (2.20)

At ? gEE -5 Hartree» m a2\ Pa g iy € 0 H = §
Rydberg » # i+ 3% 8 B % 5 1Hartree= 2 Rydberg ° % #-37¢ (2.18) i » ;¢
(2.20) > 7 r1 @ 51 &) » oA V) FF AR

PR RITNFE T A PFELE R AFEANT AT FRAEAST A A

g NN ART N E R RITERF TR DT FBAETT

i
w

-5 al, LDA[n(r)] il e TRF R hT %}in(r)":’l‘vﬁ B >



2.2 Metal-Vacuum-Metal

Ak A G

A BIA - Bk

7 FRR iR Bk 3 oo
YRT Rty ¢ B EE g ok

Schrodinger equation % 3+

-\1\«
(g

F1* Poisson equation {=

4
-rx\¢
i
By
=3
[
£
3

A Sl $F R
A AR & — B RTET 2y (scattering potential)v - V =V +V,, +V,,

V,, 5 & = 4(pseudopotential) > V,, = [d°r Kl

o
‘r—r

< # 4p =+ i & (exchange correlation potential) ¢ £ 41 * Green’s function

LEIELEE LV

f% Lippman-Schwinger equation & 3| & i

fum/ﬁﬁrﬁi 3 P < ,ﬁ;ﬁ-ﬁaﬁ:
fg » 3 II”TM MNP EErE R i@ F o
Ho
Vg Vg
B. 12 s%um %a BEIAs > 2B % (bare electrodes) » ¥ & 5 &
ZRE LB ET AT T RS IFIRE - BAHEE
potential) -

+ 7t (scattering

71

% & (bare electrodes) =R i» 4

b
p Y

741 * p & (self-consistent):
F Iz R iRDR



Fl 5 A PE-T ARt e {1 * Jellium model ki7 i e & T H&en

TR AT EIEF e A 3w ud & ahr (Wigner-Seitz radius)

2. 4 — 2\ = 2) -2 2 > Y s> 2 Z2m
- ixﬁ’n+=(§ﬂrj)l’l’s REiEFE - B Iirt s B2 EE

ETIRS

AT

TR FTUPFCAPIRE o d M Xfry F e TR £ B S 0 R

Sfics Taod o FY Az R RAFANPE T LR 2 e i) e
BAEFP - BLFRANED REATE A B AR Kz

7w ek Suo & B E Poisson equation(zt 2.21) 2 % Schrodinger

equation(z* 2.22) -

N, (2) =4aln' (2)-n(2)] (2.21)
[—%V2 +V (z;n(z)) -Eluc(2) =0

(2.22)

A AR enE & B &R N (2) 3 ~ Poisson equation f# 1 & T iV,
(electrostatic potential) » %(2.21)¢ n* &z & ek T j7 0 Vo 0% 5 —
L A5 N e

V,_(2)=4r j:|z —Z[n*(z) ~n(z)]dz’

BEHV o b LDAT e d4pF V@ 0 sy,

Veff (Z) :Ves (Z) +ch (Z) (224)

2R ts 3V (2) F ~ Schrodinger equation f# 1 & S ficu, () 0 & S Bod JR

s EERER D u(2)= (2.25)

= e " 4 Re™? 7 > o0
Te ™,z > —o

1
3 kR
(27)
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i ] /ﬂ; :),,jg(f; ¥ 1l ’f'J # ;7\: (226) /ff" J%ﬁ' B }i nout(x)
D)= [ (6 -k ()F ok
T

4389 k. & Fermi wave number o 7 #EieATeRR F R AR GV A A s &

2= 2 Nl p
AT RV

s
N
Iy
=
féﬂ
2
=
<
¢
A
Fi
(‘v’l
\'g‘
-
=
T
_\'
N
o
x
)
\=5
pa
S
-
o

APl TRFAIT SRR TIOEASRT BT E ¥ S
§ET iR Rt FASEAE R FERT I RRS LT
(5% 2.27)
[” In"@=n(2)ldz (2.27)
RS R (S AN g A vtk () fen, (2) sh ) o E A TE ] A
AP Rehie > #-HAR ST e A A dcar PIEATHT F B A N, (X)
- B haiflen® 5 % & n,(2) R o o & w Poisson equation € 4f -
Pz > B Il des b o A Rt T S BRI DA IRR §

déjidé'l ° w—ﬁﬁiiﬁ‘ﬁ E] /r" 2 ‘/n ﬁi?}%ﬂ"ﬁ:] 13 -
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Self-consistent procedure

I

[ Poisson eq. ]

Al _
==

Normalize density
pd

BlL.I3 7 T iep it E L TAEMH -
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2.3 Metal-Molecule-Metal

ORI S > AP RS Y REER L RS
3R A AR 5 4T & - 5c (scattering potential) » 1 *  Lippmann-Schwinger
equation %2+ ¥ H ;& I #co Lippmann-Schwinger equation 4= Schrodinger
equation & % e — G 3 A SBTT I E ) f s R E .
Lippmann-Schwinger equation 4= :

YM(r) =" (r) +J‘d3r’d3r”GM (r,r)SV(r', r" )P (r") (2.28)
FRAER k agh S die 2 Y™ 7 R imengd BBk s P

M (r)=e""u.(2) (2.29)

2R 15 GM(r'r") 4 Green’s function » # d 2 7 & et S0 88 3 o

GY (rr)_—_[dK gike®R) o U (Z)Ue (2.)
We (2.30)

B V() S R Aoz DR £ Told B (2304 7

o n(r”)

OV (r,r) =V (r,r) +| V,o (0"(r)) =V, (n* (r))+I0|3 r’ 6(r—r)

(2.31)

VeV (rr) AR + g 4 (pseudopotential) > iz A A i ) H

Hamann[27]#7% & & k o =4V, (n(r) €% #4p -+ =5 -1 * LDA
i on(r)=n"(r)-n"(r) > "N E 2 FEHTFBAE > () 2B

B4 SN 3 BA o ST N (2.28)F 12 E R R Bk Sl Sl o
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2.4 7 X &% Tin

BEFAPEY ASBAI T ARARZOKTHT IR TGRS

jAr) =2 j dE[d2K, Im{[¥e _(N]*V¥¥ (N} (2.32)

Er

PV (r) AT N T 3 0 Eq <E<En > Eq £ 2T HROT K

EK -

5 > B =Eq 48V 5w RARP NG Vs Lot Sechin B K hiff

R4 K < J2[E -V ()]

RGEZT RO R E A R E AP BENINH T TR
| =[d*Rz[ j" - j"] (2.33)

4% SRR S ik T A WM s B OK B2 KRG R
Err d
I =-2 [ dE[d’K [d°R Im{[‘I’g”K”_(r)]*Eé‘PEKr(r)
(2.34)
. d " d
+6\PEK—(r)_é\PgK () + 0¥ _(r)—0¥g (N}
l dz Il 1l dZ I
AZEOKE S BF K m AR RT T IET B

| =%jdEJdedK”(fER|§§KI —feliy) (2.35)
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#(235) ¢ 0 1k =[pi(n KD VLK) -V[pi(nK) | wi(nK) o

i, j=LR > yiP(rK) 2723 F Fi & E NE T ENTHRE G chi

EKEZETR(FER ) HNET I A SIB0dR AT IR TR

APBER A BT RIS DT IR HS 0 e T BT R
3 - g 5. 4 # (Fermi-Dirac distribution) ¥ T % € FIH 45 «hix £ &2

TARIVE i 2 Fend At BB 4 A oo

r 1
fl )(,UL(R) Tir) = (Bt
(2.36)

H40 o L(R) L x(F)ET RO E RO AR Ks FW): TR S e
(Boltzmann constant)e & 4« 2 i € X T F % Fae £ E &k P K = (+)

i ﬁ%] 15 BE = 42 3¢ (transmission function)

z_L(R)(E) J.dedK” EL:;(;R)(" K1|) (2-37)

FR3NY v et H R E=TEFT R o

(time-reversal symmetry) » ]t 3% (2.35)F 14 4 5+ = Landauer —Buttiker

(2.38)

SRR A N ORI AT R A TR T
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2.5 # % % Seebeck coefficient
FA SR R BT SR E R Y PR R A KRR L
mAARE AP RE A AT AR RLLAT o 2R R

REELBM AL BRLAV P HRLEER L BN PR

Seebeck % #k o

g_AV
AT (2.39)
AV
bt
e o+
2
AT
AT R )
TL 2 Vy=(ug—u)le
|
|

Bl.14 *tAcipBREE R £ % Ko kLB o

AL B - BE A ER hsdeBL4 B L, feT 272+ 7
- Bt BN R 2 AP AR VERL(AT) 2
ohde h R A (AV)PE 5 o Landauer —Buttiker § ;= 2 ;4 (X 2.38)7 4yt pF
£ 3 Tn(Al)4e(sb 2.40)4 2

Al (:uL’TL;IuR’TR): (Al + (Al 1
AT AT eAV eAV
={| (M,TL _T;IUR’TR +7j+ | (M _T’TL;IUR +T’TRJ:|
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F£240° - A ETHRANA L FR L FEEAPLA hrh i
BATAE AT IT R ER LA L T HER A RPT R L

(Al) & 5 B pFo 2w ] ?ﬁ* s Hc(Taylor series) &k & B ;% (2.40) »

(2.41)

Ke® =—[dE (E- )nafEL(R)T(E)
R 2 L (%)) o

£ f1* _Sommerfeld expansion & B ;% (2.41) 3 % - Fy > R GE pFe 1y
=3
or(E) or(E)

Pa S | —
3e o(u) +7(ug) (242)

E=ug

S(ILILJ;LlRaTLaTR) =

FE 2L TRERAR(T, =T, =T)2 A B BB LS AT (y ~ s ~E,)
» B 7% (2.41)Seebeck A #c¥ AL B X T g a5

1 [(E-E )—r(E)dE

S =
eT ofg.
j & T(E)E 0.3
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M i R ] B o * Sommerfeld expansion B B s #7050
(2.43)% riAk g i A

7°k2T Oln T(E)|

S=—
e OB | (2.44)
d (2447 A f T gt A2 b - TR B

shgl & B2 5% Seebeck Mi#icenit f Lo § Z £ T AR F i fHiTNT

% AR el Fep e L f @ pF > Seebeck TREiR] E X E o

2.6 Current-Induced Force

1939 # Feynman #& 11[28] : & B 7 &8 k5T > d H @ F 3 &R
F A k- Rt o PR A - gE A o TR e

Current-Induced Force o 2% if# 2L j& — B 3paciE > #2558 B 45 ¢
HY =EY (2.45)

Flad s B HEE e E s o AT T @3

e I R

o ! (¥¥) (2.46)

He > 14pd B8 8 o

¥
(¥ |ax| %‘Pyﬁaé Hellmann—Feynman force >

qu4_#aw>+<3yr+_aqu )
on o RI#- 5 Pulay force -

(wlw)
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;%g d 743 (2.46) 5 4% 2N ié R S Bk & Hurley’s condition o g i
e dak RN frﬂﬁfc?’ 2 ¢ Pulay force 5 F > Flp ¥ {7 3]
Hellmann—Feynman theorem :

oH
VY|—Y¥Y
e (1)

() (2.47)
® §_ Hellmann-Feynman 2 ¥ & 2@ % AR T He 3-8 %
Lo #7110 2000 # Di Ventraﬁ*ﬁ | # Hellmann—Feynman 32 24 4& 3 ) 4¢

P TR R [20] o = BAR A ) B+ LB EP L - BEHC D

S f- BAERRT R 4 B R

HO = iQCI)
ot (2.48)
(D(t) = e_iEt‘P (249)

He Fh=l, O ngpeT o adkc VL7 g s ook -

d N QAH e Befes o T FRERS LT el G

8
O|—|D
F:4Ef 62| __UE
dt (@|®)" da (2.50)

7R {6 41 * Ehrenfest theorem(z¢ 2.51) % » (5% 2.50)> & ¥ g ik S #c& =
EFe g3 Moo Ft4aE D Hellmann—Feynman-like 2234 (5% 2.52) »
. d 0
o[ 2o)= (@)D )
t (2.51)
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d od

80120} =02 o)+ (2] - Zja) ol - 2|2 >
"t o (2.52)
Fh-BALRTAA RS APREF R

Hellmann—-Feynman 38 » 7 i %] 5 A P en k SLE 3 g 7o o 9T & R

F pF 4 & Hellmann—Feynman & ¥2 Pulay force » o *%i% B 32 3% 8 P

B kP o TS Fast - BRI R AR T 0 ¢ 17 Pulay

(2.53)
EERAR EUET SRUNS S ET X

d N(253)F A e + £ BT AR G o d N RBRATERE T Ik
B ATE L ARG RS TR U S i S ek W
3] -
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=% BEoisn

AEAEAEA BMA 0 B A SHIRAETIES BET FE
PR S S EE S TV R U R L
PIEFH b da Tt 42 Sa-F -4 84 > * UHIF - Vs

F BiE o
3.1 Bied i b

SRS R kRS 4 B TR R
J siin Seebeck il BUAART B p-p 4R T A f- e 4k o

R B R A R e IR

ETINS
[
REt

AP RE 0 T U FIR B e ok TR e @ S0
B AR e R AR B T anAl B0 88K Seebeck i ficen
B oo Fpt A gt H Seebeck i H A FE 4 g3 b T RE DR o

e ko gk 1] Jellium model R 3T 0748 T 4R 0 B4R T R

[

1N
d_u\
et

THRGRDLERTL 20 I 2364 3-8 hr Ak
VASP (Vienna Ab-initio Simulation Package) % # i i & # i + iz &
4eBlIS HeP @RI M E T FERF FOI0L > APERA* Hamann

gk g k4 w4 % DFT 22 LDAT I k3 5 5B 4 Seng 5 %A -
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A T3 BAI Y LD EFBT e Seebeck e -

Bl. 16 midd k 2@ & 8 s B IR BRSO JR ] -
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Bl.17 ~ 18 PIE_E B 7 I sl ficemt 4l i 3L 3 i & (0.01V) B ek

it % & (Density of state ; DOS)¥+ic & /£ B 5 % > 423 (Transmission

funtion)¥tic £ eniT@lo A M-8 1 C (& ¢ Bl h3 8P 5= B)IC,
R ERREE TR TN G A PT U R ERTREET
RO AN AR BN RN R g R AR DA o NPT ud B
F e F 2R SF BEERTI VR ERT e FlR B e

T RB GG o

VAR E X A FArAS A e P B o s i 40 R e (valence
m state)si [+ F¥ed & B { & f5(degenercy) : & B¢ plbad i i Z
T AIXBY 2 eapk g ApR e - B Y > T OUGF P
e b (Spin up)¥ p e T (Spin down) @ FET 0 - Bt s T
REFEFRF e BRS o Flt pasa i NP > a2 - BRRT R B2
Bpd a3+ HA S BEREH P EB A Gocorestate ¥ ¢h A B
PIE T 7 % 9 ez dt b oo Tt pdad i fis e T BREE L
B & 40 IR 4- B .15 C,=[C,ur (2 : C,=[C,ur(4)

C,=[C,Ir (427 (2) « « - £% o
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4y
G
>
Q
it
o

B T PR T E R - BRAT O §
CRA TP AR AR B R E R R DL
dedm T AT R
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|
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It 21 3 411*.
C8=[C 1% (4)271: (4)37: 4 |
E /\—k/\/-\_l
= In . : :
=_ C_=[C ]1n @)2n 437 (2) o |
|
-E /\/\A_/\/‘I
E . * + In o 37t*|
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E I
5 . . In o |
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-12 -9 -6 -3 0
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|

i ' ‘k' *l '* I?’: : :
Cgm[Cz]ln (427 (4)3n (W
e Ly~ dn
C,=[C,]1m (421 (437 (4)
|

C = ]ln (4)27: (4)3n ()
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O
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P
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EI
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Fos
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C.=[C.]17 @27 2)

|
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Energy (eV)

Bl.18 4 sund s 2 X Hhi R I -

B.19 E A marfickzt 8 e E22 ND. Lang & Pt 5 d) kenk

Bt o d T R AL BISPEIE § R 0 P R

B

ARSI T S ER RN e 0 § BT R RLIR PR AU UL 2
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AL DM TH G BEPFF B EE Y LML R 7 iE

B AR E < AP ch o
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2.04 [ ]
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oAl S 14}
g 8
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Number of Carbon Atoms
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Bl. 19 phdd % sof HAFABTE o A 52 A Perzts gk B L

\

N.D. Lang :* & 487 teid Epiddaenz Ko & seanls % [18] »

T2k OK FFenT B¢ 0% kR B ek i A hE B 1 47 M

-

AELENT S A2V A S 4 R ket B R T en4l & 82 &8 3 Seebeck %

BernD OB TR AR At OK P enT W ¢ SE B AR EcT 4o A

3
~=b
<)

MAs R e Lo F 2 4 TRt & 5 TR B A2 50 chal 5

w
~me
=

¥ > Seebeck 4 #ch) & & o £ B.20 ¥ 11 FoiE p4d % sieh Seebeck
B MM fBLE T FRAEY R T il @ oG T ARR IR
o R ELDPHEPFOPEL L CBEPFLDT o A B F R AT
ko P lapidh e XA R AT > € ek ki Seebeck 1 #ic
gA- MRS FEE AT FIREE PR T A -
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0 . 5 s s W
Temperature (K)
Bl. 20 m4& 4 sie Seebeck f#ic o
& F o Seebeck Trlic PR R ROR B R f a £ P gl ook 0k
BH AR R B A g e AR TS A sz L
W E R s o Bl H i e g 2 ) T Seebeck Tl f
Bloom ks R BBR BB ok o FIR SRR P A . o A
$ % ¥ue Seebeck Bz I f B o
- B H.H P Al BE R T oh Seebeck ¥k i - B EE 0 £ F Ap
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3.2 Current-Induced Force
BP0 et B A ) EaE * 2008 # van Ruitenbeek 0 B % A i
FEFIRA T EREEATIRTRBEO AN TAe Ut B2 L R

g o 4r@).21 A - R A3 B4 B2 Y e a8 VASP (Vienna

Ab-initio Simulation Package) & F g o g
Jellium model 7 i .

D SYE : ~ 2 L g P R = eynman

d force) >

BlL.2L ot 3 0k A + E R AT 1RDZ K G LR
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ERETH 5008 Rt iR o EE bR

41



BP B NEFHRMFRERS o0 SRR BRI Y
Hv oA o POUEIRE TR AL REFRE B ARG

< e A (D)(C)F A AR B N A R R RT > F R S
B Ee BT E RanZ2 A v NS B8 4 e BT 260 e D

A TER p AT g R RFID)AR TR A e 6

&
).
=
~—~
)
$";
s
oy
N
P
4
-@3 R
‘{.X;
P
i
@k
\

AV 5 IS 2 dhi At n b
PR R Aol o 4o

Torque versus Bias Voltage

(a) i: Vg=1.0 V (b) /°

0.6
V. (V)

Surface normal
Vp=0.4 V

Vg=0.1V T (nN-A) 00 02 04 06 08 1.0

Bl. 24 @FFA T80 L05d TR B4 B (b) 2 F T

R R

-\\

EBRI g4 E C) A RTRT E

42



T R PIIEAH Yz ngh{ F TR 0 R B eh R FIE T S
LN NPT RIS kg 0 FFRMNEAT 0 b
kR s 0 B F R E R4 (PYE F IR G (C) ik i 4t
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(PY) ¥ & Bét 2 (Metallic bo AERRIDAPT LATE g e
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