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Thermoelectric effect in nanojunction

Student : Hsuan-Te Yao Professor : Yu-Chang Chen

Department of Electrophysics
National Chiao Tung University

Abstract

Using first-principles approaches, we have investigated the thermoelectric
properties of two different systems of nano-junction. The first system is Carbon-atoms
chains connecting bimetal junction, and the other one is.paired metal-Br-Al junction.
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
Seebeck coefficients show minus signs for the odd-numbered atomic chains and plus
signs for the even-numbered atomic chains in low temperatures regime. The reason
for the odd-even effects Is that the tangent of transmission functions near the
chemical potential (Fermi level) change signs as the number of carbon atoms in the
junction increases. In the paired metal-Br-Al junction, we have investigated the
thermoelectric properties and energy conversion efficiency. Owing to the narrow
states in the vicinity of the chemical potential, the nanojunction has large Seebeck
coefficients such that it can be considered an efficient thermoelectric power
generator.We also consider the nanojunction in a three-terminal geometry, where the
current, voltage, power, and efficiency can be efficiently modulated by the gate
voltages. Such current_voltage characteristics could be useful in the design of
nanoscale electronic devices such as a transistor or switch.
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electron tunneling spectroscopy; I[ETS)[6-15] - Shot
noise[16-19] > counting statistic[20] > Local heating[21-22] -
{r gate-controlled effect[23-27] - § &1 % Bim3rG £ ~ chit
[28-29] -

# 7% & (Thermoelectric effect) 5 U * i K% = T 5t 0

e 0 @ AR Ak &% B (Thermoelectric power generator) & i #*
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A Gold wire
______,-a-""j-_- _-__H-______—_'_'-—-—-
| Add THF and benzenea-1,4-dithiol

'

g gAY SAM

Gold wire
B

T AT M < SAM

Wire stretched until breakage,
resulting in tip formation
v

c Gold = Gold
electrode electrode

I T

brought together until the

Solvent evaporates, then tips
onset of conductance

Fig. 2. Schematic of the measurement process.
(A) The gold wire of the break junction before
breaking and tip formation. (B) After addition.of
benzene-1,4-dithiol, SAMs form on the gold wire
surfaces. (C) Mechanical breakage of the wirein
solution preduces two opposing.gold contacts
that are SAM-covered, (D) After the_solvent is
evaporated, the gold contacts are slowly moved
together untll the onset of conductance Is
achieved. Steps. (C) and (D) (without solution)
can be repeated numerous times to test for
reprodicibility.
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Fig. 4. (A) Typical /(V) characteristics, which il-
lustrate a gap of 0.7 Vi and thefirst derivative
G(V), which shows a steplike structure. (B) Three
independent G(V ) measurements, offset for clar-
ity lllustrating the reproducibility of the conduc-
tance values. The measurements were made
with the same MCB but for different retractions/
contacts and thus different contact configura-
tions. Offsets of 0.01 nS for the middle curve
and 0.02 u.S for the top curve areused for clarity.
The first step for these three measurements
gives values of 22.2, 22.2, and 22.7 megohm
(fop to bottom); the mext step gives values of
12.5,13:8, and 14.3 megohm. The middle curve
Is the same data asiIn (A). (€) An /(V) and G(V)
measurement llustrating ceonductance values
approximately twice the observed minimum
conductance  values, . Resistances of ~14
megohmfor thefirst step and 7.1 megohm (neg-
ative blas).and 5 megohm (positive bias) for the
second step were measured.
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FIG. 2. Top: Experimental /-V characteristic of a benzene-
1.4-dithiolate molecule measured by Reed er o/ [1]¢ Bortom:
Conductance ‘of the molecule of Fig. | as a function of the
external bias applied to the metallic conmers.
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Fig. 1. Experimental setup and measurements. (A)'Schematic description of the experimental set up
basedlon‘aniSTM break junction. Molecules:of.BDT, DBDT, or:TBDT-arejtrapped between the Au STM tip
kept at.ambient temperature and:al heated'Au substrate kept at temperature AT above;the ambient.
When the tip.approaches the'substrate, aivoltage bias is'applied and'the currentis'monitored to estimate
the conductance.,When the conductance reaches'a threshold ofi0.1Gy, the voltage bias-and the current
amplifier are/disconnected. A voltage amplifier is then used to measure! thelinduced thermoelectric
voltage, AV, and/the tip“is.gradually pulled away from the substrate..(B) A plot of the thermoelectric
voltage measured as a function;of the tip-sample distance when atemperature differential AT = 20 K is
applied (Au tip atambient and substrate at ambient + 20.K);The blue curve is obtained when a Au-BDT-Au
junction is broken. The red'curve shows.a control experiment performed on a clean gold substrate. (C)
Typical thermoelectric voltage traces for tip-substrate temperature/differentials of 0, 10, 20, and 30 K
for Au-BDT-Au junctions.
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= 100 -
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2 -200- a
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Length (A)
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Fig. 2. Histograms obtained| by analyzing  approximately. 1000 consecutive thermoelectric voltage
curves obtained in measurements of-Au-BDT-Au junctionsiwithti p-substrate temperature differential (A)
AT = 10K, (B) AT = 20 K, and (C)'AT = 30 K. a.u., arbitrary.units. (D) Plot of the peak values of the
thermoelectric voltage in' histograms as a function' of the_temperature differential. The error bars
represent FWHM of the corresponding histograms. Itacan-be seenithat the measured voltage varies
linearly withthe temperature differential, as expected-(E) Plot'ofimeasured junction Seebeck coefficient
as a functioni of molecular length for BDT, DBDT, and TBDT.
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FIG. 1. (A) Charge-density coutour. plot for the metal-Cg-
metal system.  Smallest gray dots (cireles for end atoms) show
atomic positions. (B) Conductance of the atomic wires in
units of the conductance quantum (2¢2/h) as a function of the
number of carbon atoms in the wire
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FIG. 4. Current-voltage curve for 4= 5.4 bolrs (corresponding
to contact between the two Al atoms).

FIG. 3. Current-voltage curve for d = 3.6 bolrs.
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12[38] -

0] 42+
L =Ly
-t =1 -+ =
FIR 0 2.28 54

% N.D. Lang ¢ BT B i@ 'H’-F‘ v Bois B
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% & L3323 (Density Functional Theory; DFT) fidp - @
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L (A3 s BoR) iz o4 fj&,{;;b “Th AL i I E S
T3 AL 1946 & Hohenberg 4w Kohn /P 1 - % £ 3 %
Bt o T FRARNE KLY o rdk 2 heeiit 3 M (external
potential ) [41] o 2 {5 Kohn fv Sham :&- # e % 7 F k svenfl g
A LS B k[39] T RH s SR L pd TF b TR
(kinetic energy )>»m + 82 % 3+ 2 ek 4 i¥ % 4 (coulomb energy )

TF BT F2LE R p+ i (exchange correlation energy) @ M

ek R e ik Su b iz e (external potential energy) e

2. 1.1 Hohenberg-Kohn 3%

T,

1946 # Hohenberg {- Kohn #& i & fe= i $ T + L3P o T F 47
B X P ey theial 2R S s A (R & L) FehR 4 3

Bt 5 — = b fhe T 5 IR Ol wE M

ETIRS

AP RERT A BA R SR VAoV, (Ve 2 B2 5 E4p 4 -
B ¥ #cm e o V=V, +Const )0 ¥ iEA B ivi g ERARRPALTF 2
R & 15 ngg () e

H, =H,+V, (2.1)
H, =H,+V, (2.9)

o H R pd T F AT H o H A RS i BV
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s Hamiltonian o f&H, ~ H,sE" #4258 > &2 W7 Il el fi 58
i Ege 113 A Sl o

HllPGS,l = EGS,llPGS,l ( 2.3 )
HzlPGs,z = EGS,2lPGS,2 ( 2. 4)

Flin AR LB i o AP ED

(Wesa|Hi|Wes,) <

<TGS,1| Tes . 6)

<lPGs, | T 7)

2. 8)

2\ e E o

Egss < Easp — [d°F (V, =V, ) (F) (2.11)
fe 12 18 e

Egs.» < Egsa+ [A°T (V, =V, )nes () (2.12)

d (2.11)~(2.12) #4v:

12



EGS,Z - EGS,l < Idgr(vz _Vl)nGS (F) < EGs,z - EGS,:I. ( 2 13 )

X3 (2.13) 3 F 0 BaRBRAD X2 o FiBar A ihrhde iz

2. 1. 2 Kohn-Sham = #&3%

#& Hohenberg-Kohn I & % ¥ 02 Fwg ¢ AL fe e f AL e & ¢ A4
AL PF e Jr A 11 2o 0 maddag i m e e = 38 0 A E T3 en
Boie T, [n(F)] ~ R Am L B eni®® G0 E, [n(F) ] & ¢ dechaiz L iF % 4k

Bt e sk, [n(r)]:

E.[n(r)]=T,[n(F)]+E.[n(F)]+E..[n(F)] (2.15)

P+ (2.15) ¢ T [n(F)]frE.[n(F)]i& ™ I8 3+ A dreid g

E.[n(F)] 5 © frenisd » B 2k 5

n]= [V, (F)n(r) (2.16)

ext

FF(216) P N, (1) e B R R &

MIE L L Ao
13



Kohn f= Sham #-$t T, [n(F) ] &2 T [n(F) |l 4 8 e Hirg § 2 50
VR e A > AR MAET T AT b p E B PR 0
T[n(T)] > M2 L #T A GG =i En(r)] 23T [n(r)]=
EL[N(F)]#]7 ch3na > Bl & & - AL 5 AP F i Ec[n(T)] - 5+
(2.15) mls =
Er [n(F)]=Ts [n(7) ] En [n(F) ]+ Eue[0(7) ]+ Exe [ (7) (2.17)
- j\xér‘ﬁ Ec[n(F)] > &3 SRS AN T L

Flt 5 R ARG T T RAN(D) B AP e

E, [n(F)]=Ts[n(F ]+ ” |A i drdr+J b (F)N(F)d®r +E, [ n(F)]

(2.18)

FORRRE DT S N=[n(r)dr 2 F5d %42 R R
(2.18) T+ A n(r) MRA (57 1 EF]

O ey, ) el .

1+ Lagrange parameter
FF (2,19 7RG ETF A BDE > 0 € 73] Kohn-Sham

3 2N 4o o

{_h_zvzw (F) VL, () Vi (7 )}Pi(F)zgi\Pi(F) (2.20)

2m

oE r
||' r'|d3r ) ch(f): = I:n_(r):l Pt S

23 (2.20) ¢ v, (r)=[20)

14



w4l psiE Y (Self-consistent )én ;84 RFH T 3 L S o
AR BRI FLFRAY R d L ERTFRARANPT
12 {8 1) H 4 & <0 Kohn-Sham * #2.5% > f<91 ¢ Kohn-Sham = #23% 1% >

FLED Sl B LS AP T LERATHI R R R T

By (§LATM x> % 5] 370 Kohn-Sham = A2 5% » % 11 &7
g dadlico - 2 € Rt 8 B 3 f2 Kohn-Sham = 2 @3 ng Fn B &

gagl CET R BPRAAS TR A PRET R R G L TRt o

Self-consistent scheme:
n,(r)mmy v ;) wp () == n,(r)

T_ ' =0-a)n, (F)+an,(F) 4|

®]. 8 E] /E\' m/n L A% [

2.1.3 B % ARiT (Local Density Approximation; LDA)

Kohn-Sham = #25% ¢ > 2 |7 E, [n(F)] &% & uidd > ¥ £ B A

15



FoeZ S o WL A Avip Pt LS e FO 0 BN iR AR O A R 0 A e

V,.[n(F)] (exchange-correlation energy per particle)’ 4T :

Eyc[n(7)]= Vi [n(F)]n(F) (2.22)
5 XC r -
w:\/xc [n(r):l (2.23)

Y AL Y SR S
VXC[n ] VLDA( ) (2. 24)
ﬁbj‘j‘fj‘l ﬁj’y‘ :E; F" - }%' j\ ‘erlg ﬁ/r'ﬁ n( )L:l' ﬁ,;:/ﬂ ll"’ ‘J Hb ITLE:‘-_

P BRI [n(7) ] e m TR FREE () BEEY R

BREFFR R 2R A A ROR IR AN T auEs TS
FHOR R B[] R Q)T e R RS B

T[]~ + & % g A ehE & a0 B, [n] 2 2 ¢4 B, [n] 0 #T 0
FAEc[n] o d Fiema w2 n ST By [n] L 7] o
LA L S - B 5 N () R 2 (2.23)7 @3]

VA (n(F))

2.2 A £ BT R

l}‘]q./ Irah"]‘)i m;"‘}_r{ ’E’J" DFT 7 '— y BFir 1) 2 I\ |F3mﬁ ‘fﬂ E 5 'F‘J-
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4 & 9 I I o< 4 4 o & @ 9
b A

H-H,+V V=V VeV

Apiry e Fed L Tanni&(E 7 & ;Bare electrodes)
g 3 A Sfic 2 BApd S e @ 28 de Bl ¢ s B R-T
¥ BFATHi e AR G Agst % (scattering potential ) > 1 # #

1k i (Green funetion) == ;% f% Lippmann-Schwinger equation ¥

AN

CHE 2 FEELEPEY SESIEE S ST SRR LT o
TR A AR BT TR AT E S 2 (2.2.1) 0 KR ek

ﬁll@:’p\‘l‘—?—r (2 2 2) °
2.2.1 Metal-Vacuum-Metal

ANPRTIRIIPERLZITEFE LG

™

BV g FE A

THY AR E R o fI* Jelliummodel #-3 &I aiTiu 323 &
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Pt Tam o BRFEBRAEY £ M g, (Wigner-Seitz radius) % it

R et F (2.25) 0 @ BN P A e o F G g K

IS

Fa RN PR Ao Rk E Ta s mZR IR R MO e

Y

g3t B oo A g s 5V @ % Poissonequation( Y+ 2. 26) v

Schradinger equation (3% &+ 2.27) » ¥ & B - 2 F R gt (583 2.28) %

v (2)= (%mjjl, in bimetal junction (2.95)
0 , valuum between bimetal junction

VA, (2)=4z[n’ (2)-n(z)] (2.26)

{—%Vz +Vq (z;n(Z))—E}uE(Z)=0 (2.27)

- |

JZrBOn(z)zzlirir!on+(z) (2.28)

limV,, (z)~—kZ& when we set limV,, (z)=-kZ

77— Z—>—©

v %

FFR2.2007 ()R RAFEAT o) FRF ATV, FFT
4 (electro-static potential )o 3%+ (2.27)" » & & m=1-n=1>
Ve » & 2zi=% (effective potential) o F]5 3imiE 45 & DFT 2. + »
# B A\ i 91 i3 e Schrodinger equation ¥ 7 0§ # (s AR EORI LA LRGN
BE A HART A Z AR L T L Eaced o X3 (2.28)

P L RTRETRE(ERAALTYR) 2L R REASNIT TR
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EETFRAAR(TRFRES R

o) o 3. %% Bl R e Fermi
Level 2.2 0 =d 2 T Erci=4 > )L pr 8 a4

MeBeiT k% (Erei g figit) o

A g N E AR - B AT F AR N~ I Poisson

equation (5% 2. 26)3- 8 M1 7 gV, o1 * LDAS-Z seizguy, F41(F

2.29)
Verr (2) = Vs (2)# Ve (2) Vo™ (2)

#-\V.. 7 » Schradinger equation (3% 2.27) ¥ &

St

¢ F A S Bos R iE (58 2.30) @

\M ik Z

—ikgz ikgz 0
U(ER)( ):(Zﬂ)yix{e +re™® ,z—>+ (2. 30>
te , Z—>-00

n(z):{[(kﬁ —k*)[uc (2)] dk

;4 2.31 ¢ k. & Fermi wave number ©

2.2.2 Metal-Molecular-Metal

2 2 44 .o 5% > 4 4z
ERLGE S L A

2 25
p]J N

G B Rz R RFOTF RA
E R N A T ORA PRI gD N R TR
Fend @R+ &85 fesf =g > fI % ik a a2z

Lippmann — Schwinger equation (2. 32) % 3+ &

"
PN

D= I N S GO TE
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FOORFASIEAPRT I KT IEE T P

o

|l

Y () =Y (F +Id3r'd3r”GM(r F)oVv (F,F" )™ (r") (2.32)
£02.32¢ ML EERE k(8 FERME TREGDRT AL T )

TFASE Y EIZTROT I AIE OV RF LT AT LD

Fest =4 (50 2.33) GY(F,r) 5 Green function> ¥ d z & &7 3

A3 B E B3 2. 34)

&V (F,1")=V,, (¥, r”)+[vxc(nMA(r'))—ch(“M (F))+[d’r ;?E? o(r=i")  (2.33)

GM (r,r):iIdKZe"{'(ﬁ—ﬁ')quK (z.)uz (2) (2.34)

F£.2.33° 2V EREBFERTY ORF IR RPN K DT AT
i = e =% (Pseudopotential ) » 2% i £ * Hamann #7% B d1k ehpg
A eV 5 2 AR E s i LDAE henA G KR A BEnT 3 B
BEon"E 2R EOT3FRBRE 6N nEMeZ o

EERUE IR SRR Z IS S - R N L o U R AU S

#cd 355 0K P s 2 A ™ (3 2. 35)

jMA(r)z—szdEjde“|m{[\11“;,’3 (r) v (r)} (2.35)

Er 2.2 T 4&ehp F it 1¥ (Fermi energy level) » Eg =Eg +eV,

IS

% J‘_:.‘ ":;: é_l{‘f"l%ﬂf 7}: BL; FEF ’ VB 7\‘?\\/’]‘ 4r E{"J%@ ’ KH ﬁj%]ﬁﬁljz}txaﬁ;ljé—

AR RSB E G 2R T

gh“i

2AE Vg (0)] > w6 £ 2 A _F]]
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B *Eehfi & (spin degeneracy)E &3k 2 R4 2R P T I B A
PV R A PG BENEH T TERTA S DT 4ot 2,36
|=jd2R£.[jMA_,-M] (2. 36)

I Rt e 0 AT ARNE R o V236 F T F A SdEkk

Feot 0 T2 L PN Loy, BIY 236 F 8 =

|:_szEJdZK“jdzR|m{[\P§K (r)]*%é‘PEK”(r)

o (2.37)
d

. g e

OV AT) § OPE (1) +OV () oV (F)]

R2.87 % 5 OKBEZ A 42wl it i - 200K 3 W 3ok i 1 3
ﬁlﬂ?’m'fg /E‘L‘ m“_‘/n 7 ‘?’d\: .

(10T T jdE[drjm<[ (M T)IE ()
(2.38)
— (T )'ELE,K"(r)]

#2384 O () =[O (N VR (1) -V [pf0 ()] Wi (r) -
pEd (N7 AF FFREENE T T3 T LG B K AL ET
Bz s E g3 Sk dp AN E R e B9 L 6
AR BN APERR A FRBUDZ DT IRy e DT
+ &Py ok - 45 &~ 8 (Fermi-Dirac distribution) € F1H £ g #f
F i £ 82 7 it £ 5 (chemical potential )2 FFenZ EZ e @

FEE AR L (IUR(L)’TR(L)):]/{exp[(E_luR(L))/kBTR(L):|+1} P H e Hr()

Py v ()T RO F AR R o Y 238 oo
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Landauer-Buttiker & it 2~ 5% (2. 39)

I(/uL’TUuR’ J.dET )[fE('uR’TR)_fE(’u'—’T'-)]

02,39 ¢ o(E)=c"

(2.39)

—~~

E)=7z"(E) = + P* [ ¥+ # (time-reversal

Symme‘try) E:j/j"\/*‘ i‘\: ﬁ%% s L e IR S S}

‘ A N i S A
L qJ/nLI,E'_*E“%/:\O?\'TF o » I =z ﬂ,*ﬁ

e RE A fOE)FTFAFEDRE B hnd T g s

(Transmission function) *

O (E jdrjd&ggﬁp (2.40)

2.3 MT I

WA Rk e RS ZET ER o W AR kY & FRGE

2. 3.1 Seebeck #%#

APLRE S PTELTF TR RELATEF R R ART B2

A2 BRBREIAV P RR LR R A vt BRI H L Seebeck Tk

AV

= (2.41)
i35 Seebeck G#o AT ALY B B3 KRG kA4 10(2 )

S =

By feT 27 2~ 4 R 48— Bdotnit £ pefoill B > o b R 5

Vo=0°c FAP AL T P ERLAT » 0 b 4e i BV, =AV FF > o
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Landauer-Buttiker . it 2> 3% (3% 2. 39) i 1 drig BV PF AL E 5T
TR AL 2,42 Pk T o

Al (,U,T;/J,T) = (AI )AV +(AI )AT

=1( T pu+AV,T)+ 1 (1, T; 1, T +AT) (2.42)
“ H Hi He
T T T, T,
| ||
| R
Ve =0 V, = AV

Fig. 1078 # 4 if Recinh 4 25 4 S50
F£02.42 ¢ 5 F L BT HRANE B P A o FEE AP LA it e i

}ﬁﬁhﬁ-}g‘;mﬁ,‘/n\:}—%ﬁﬂ/jﬁg_fiﬂ}_m‘ré_imq‘/n”g‘[, j wu]g’ﬁ;ﬁ'f’

Al G 0o A% 4% wdic(Taylor series) B B 3¢ 2,42 fs > Vi 7 3

SA-

Seebeck % #ic:

1 Ki(a.T)
S(u,T)= T Ky (T (2.43)
;92,437 >
K, (1T)=-[dE(E - ) () TeT) (2. 44)
oE
F1* Sommerfeld expansion B B3\ 2.43 2 % - FF > ¥ 0 F1)

KO(,u,T)zT(,u) > K ,uT [ﬁzkz ' )/3}T2 > Kz(,u,T)z[ﬂzkér(,u)/S]T2 o
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5% 2.43 iR B FET Loop =

21,2 !
Swﬁﬁ-ﬂidm

3 r(u) (2.45)
B 5% 2,40 A f Reh T O R b R AR B A T s
F B ¥ Seebeck il f 5L F =
F2 3% enE 5 en

=

T R AR F A Ty g
4 & 5 f mpF > Seebeck i i It
SR 1A R R

a”ﬁf]}'ﬁ
Seebeck #x

@ o
R B £ AT=T.-T >0 > d

t - 3 PR LAV
TR
AV (T T,

792.44 ¢ 0T ST, % 51

(2.46)

S(u TYF H 5 2.43 @t 5

i i
pg
FEeHASEY 200

VTG EAT S0P 2 500 @ gt v 3
AV (T, Tq) =

AT eAV (T-T,T+T)
[ s|u-
0

2

eAv(f—T;f+T)
TT,u+

;f+T]dT (2.47)
2

247 ¢ > T=(T +T;)/2 % @ RiReDTIDE
it B B

}i ﬂE—t/‘
‘fﬂbfﬁ:’ﬁ;gﬁ fi'\

LR

l"%sb rr 'ﬁ‘m% 7

H b
BA A R pFiE > ¢ RN 2,47 Ps/fg fbome 3V 2,46 03558 0 2_ {8 AV
SRR N 2,46 k3 E o T

F ¢ ﬁ’JAVéf’]“4tf,§b@§
BAMTAA DT NTAL »m e BR A

-

¢ ol

SLR) Y et o & i PE4
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dJ, =(ddy ), +(dJy) (2.48)
o¢ 2,48 ¢

(ddy), =34 (1T; 1, THAT) (2.49)

(ddy), =Jo (AT +6VV,T) (2.50)

;8 2.48 ¢ g R Z kR &_Seebeck ik #Er A A (5N 2.46) o @
RAEBE =) d B s AR g E R L A 4D
k=(dd,) [ d B R AL A A i =(dd,), /dT > 5 d Sommerfeld

expansion 2% i ¥ 12 {2 3] :

o (TS el T) (2.51)
K (,u,T)z%Kl(,u,T)S(,u,T) (2.52)

7 2.51 ~ 2,52 7 ek (T oK, (1, T)d 3 2,44 k3-8 - H ¥
BeK (wT) M2 S(uT)EBR I Teng MpF A v 05
a2 BT Ao = AT (2.53)
*2.53 ¢ o go=2x%Kir(w)/30 v B =22k [ (u)] [[oNe (k)] <
K,(uT)E B E% Sommerfeld expansion 2 & B I T ¢hd M FF > 4e
W DK (T) = [ 2K () /3]T% ~ Ky (. T) [ 2°kGr (1) /3]T7 -
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2. 3.2 Power generator

o
e
‘g [
ES
‘5,
|
=
bt
]
{
3

WELE g kAL TR E RS &

HBARFZ- B 2 ERB FEEVELp AR AR B2 LA

g -

"

d 2.3 1T R E A B2 KRG FE R G e R
Seebeck > ¥ fmd # 7t - BRZDER L APV TR ik
€ Fla Seebeck »xjfem A 4 3 % A (34 2.46 > 2.47) > 2 FF 2

’

—
G

Bo AT AT S - BT R Bt kS b ooh IR A o 7 B f
TEFRIRPAS o

ThermoelectricJunction.as.a.-Self-powered Device

External Load Resistor

Bl 112 4426 4 ded BT ORA2 TREGEER- BT RS
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BRRVE T A - BRBRemffo- BRI 4o 11
emf =AV (T, T,) > AV(T, Ty)d % 2.46~2. 473 5 S k> emf e97 » &

2 A ’ 2 Y , l v 0 - % . , N
KB EREA S B s rrs 0 GE M A RES AN TH

G
(Conductance) » iang\I/ V1T N 2,30 @av s YV A ST
7
G(T)= jdEf (T 21—t (1 T) ] (E) keT (2.54)

d Bl 7o RREE 4R 5 P ERTIER<r B R B Gy o
P EE R ok L =emf /(r+R)~emf /r ~emf -G (i p5E4- = m 2 1 ) F] ik SLE] ¢

i

Ty @ Femf >0 0 RNk 5

PFEFea RElI<0 7T M RIEARDT =L L E GNP

EENE S ) § Sk Ve i

AP ~G-(emf )/~ [."8dT [ "G-SdT (2.55)
74 2.55 4 ¥ & op A

AP =—AV (T, T)-1(T,,T,) >0 (2.56)
7256 ¢ PR INIEAL FRE A SDFEBIATE D !

(T, Tx) jdEf [f (yL—e(emf),TL)—fE(yL,TL)]

:_ﬂdET(E)[fE (44, €AV (T, T ), Ty )~ fe (4T, ]

(2.57)

\_L

CRUEE A O BIH S e A PERT U

il
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= Y A R RN 2.06 gk o R FA R EDOR N
%?(i)?*@_k’fﬂ'ﬁﬁ”"r% IRy E p-(E :UR()) ' m %L'%’,;E-E_Elf é_‘;w
RTRAORETHTFIEEFEFT A —D P a i f(uT) ¢ PR

N

RAMAZ BBEYGE ST IFFLEES I, im0 L0ir 2T

|k
I~

(35), -
_%jdE(E—yR(L))T(E)[fE(ﬂL—eAv(TL,TR),TL)—fE(yL,TL)] (2.58)
A FLR B A T N enE(d,), B ¢
(Ja), jdE (E— 2 )r(E) fe (T + AT)— fo (21, T,) ] (2.59)
TR PR Bt L B L gL AT E 4 e S
AP=(J§)AV —(J;)AV =—AV (T, T )1 (T, T, ) >0 (2.60)

PR AR (ARt AR R B R o Bl
T o AR B 5LERS <0 0 AP (E ] AV (T TR)<0 > 1 (T, T,) >0
m E‘? i ALeS >0 A E JAV(TL’TR)>O N '(TL1TR)<O s 5 ﬁ_ﬁ"i‘ﬁ ko

A4 EHFAPS0 o

PR AT A A B E AP R FEn A e d R ) (JR) (3

(AP L BT PR A R S Slg R o )

AP

T =R (2.61)
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2% BFEuwm

LEFAIBLLS BPIL o K- BINGAT
2 BT A R RS B g A3 E INE R BT ke
’Fﬁi@ﬂ SR it + BB 2 i efd %o % = %K'jv\b"-i—“:_,“'-_}i_:ﬁj ALAET IR

T -Br—Al—Al-Br— > 3+ 5} xS R BT IR -

3_1 ﬁiﬁ/& .3"‘!’-‘-»

gL A - R IEt B RS B AEBT R
Seebeck » ks o BB 2 B+ FaEAri ot dnsl s R S 48 LA S
FIP B e— M A o 2 eIl A2t B i R e A piidd ke i
oK 3o 2 B ER F A7 = cnE dad 3R )¢ o R ELENT I § EE
4oy BN Bl e F T RE o @ AP e - b g )bk Sen
Seebeck T#chE ¥ pida Y BB Sed § P AR o

PR AR TSN L R RBEK TR 1 Jellium model 2

T

(
\**\
AT

TRBRESLBETL 2 YR IR T ;i

TR

2.0a.u. > B4aY S e it ¥ T AT & Jellium surface T

1. da.u. oo 4o B 12957 > B¢ 5 R T Sp K T3 ok 3 et
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2% Hamann e =% k& 5% o % DFT 4 LDA 2 3+ 5 A i siep

FRILFEAG Zd LT A I hdmi ATz

Jellium surface

N

electrode electrode

. 12 Wk
w1314 % N I
B 13 T pldd A L B RPFcHT e gigav plenBHcenbd 4 0 @ B
14 8% B 7 o s Bocrwiidd % 50 i ik B P ek 5 % & (Density of
State; DOS)¥tic £ #7& cnWl (F % * o3 5 chif B 5 0.01V) o 5o

Fis > NP SR B e Lo
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o

20
1.8} A " n = 18¢ B ?
@ 16F \ ':3 161
& 14 @
= o
S 12} § 4
g - g
-g 1.0} b 1.2} \
08F <}
© ool 4 S 10}
' 8
The Number of the Carbon atoms in the wire (#) 08 é :; é é ‘:?

Number of Carbon Atoms

Bl. 138848 % ST MR B H TR A A Aty ke % o

€L, 17'@) 25°(4)
€=[C )17 22°2) e &

C=[C) 1z°(4)

CIC117Q2)

/\M o .2&' | 3“11' 4& i 5%
4 -1.2 -0.8 -0.4 0.0
}\/L/—\ Energy (Ry)

-12 -6 . 0
Energy(eV)

Density of States (arb. unit)
Density of States (arb. units)

Bl.la ki 2 R B ivH o 2B s AP s: Ap2ty i c (4
o AR GEAR) T Cp ik i R $ A OB o L RIE 2 [3T]

B & 5 C I C L B R R -
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Bl 13 cn % Bmaidd i Se Mp/RT N H 1 2 T Fpisar
SRR e S A AW A RIS S AR F R BT e d
P Ragne® o B HANG ~2G, 2 F o BHP G =2*h i EF R
% (Quantum of Conductance) > B4&" et fic i + #cpr T H € 0 B e
B oA PT R RF TR RS R ERS Ak BET Y
€ Flek e bem F P F R R L 0 B AL A AT i R Y
£ Bat? orak i (valence 7 state)#7 s Fg b ¥ = B i &
it (degenercy) (¥ el 3530 )I*n;é_ e L RFIARE LD s
Apidhah s X 2 e B Y 2w fApkare ) - Bk LT Y
3 p 2wt (spinup)i? p *& % T (spindown) = f& T F 3 Ao H1I -
B R et r BR e haldl kALY o E R BER G
HMATERE L BAD TS BY L RTIH I EB AT
Core state » ¥ R 2 BT FE I 7 BB & ? zidd b oo H W pda
P g R NBR g N 5 REPE > daapus ¥ B¢ 5 (N-1)/2
BriuBd A Emm > 5§ NZBEF €35 (N2)-1 B r s E B L E S
R FEIT - B g [ o AT 0 H B enC 4R r iU et
FEE F1r(4) » C, 5 12(4)27(2) » Cg & Lr(4)27(4) -+ & & o @ N P drif

PRI E AT A T a1 e Sk 1 LH S e
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§en% & i £ (Fermi energy) |2 % 3 i< i £ (Band buttom)z R

ﬂ‘%}&j §‘r‘r1§g * oo AT e Ry 3 = ﬁ‘{aﬁ‘-%(ﬁ”ﬂbf 7&% ,:‘i ,f‘fuf:l A

HEREPREFE  HRARLESHERELD NE O A%

b

(Fermi energy ¥ band buttom 2z B¥ )% i F M e fi A F 0 5%

r‘_‘\
s

IR R VAR B (RN R 1 B A e R A S
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A E D e FE) o Bl 14 5 AVt B ophdd k st B Rl ek B R R GO o

Bl 16 2C, g B RAEBEYE ETHE N 2 TE R+
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B]. 16 m4é k & Seebeck % #c
FE R 16 ¥ 2 aeiE plidd % Seo0 Seebeck ¥t M T HEM I BHE
§rEF ALY RS B g a L TAKRSRE R RS Pk
Prenig $HE B > BB Lo 2 1§ BLREF AR T 0B e A 2T
TR TR PP E L ch kLD e
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R AELE L B R AT KA

35



A
\1 %
=
R
W
“mi
N
g
| —
=F
W
‘3:
%”m
T\
_\_
\
ch
(w
]
My
&

P A R TN R E S - 0 H 2803 0 i 2 B eng
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e
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| =
P

T
\3\
s

"
AN
pas}

HO A F PR A T I H A ST i e

H| %7 Seebeck Tk #cehiE s o] £t f B o @ Seebeck ik #cehr fOHLE

BREZTREP R E PAFFH O FIIRETRET FRE L D
B A TE M AR F gL s & ee ¥ ot 5 f g0 #z Seebeck i #eendt

SN
=y
3l
) %
[
e
W
F_*
e
N
gl

Tl E g B oo
Seebeck Tt#ici - fafr Fendaid > padpfy > Hg o= AT

- ®iEoom pptgaaz o k3P s Seebeck % #cih

.§
‘_\_
.1“)“'(7

¥
pot

40 B+ B Aea P T { ER il H 1§ Bl 2

EE N RS R LR X
3-2 # T kAT

RS EREE A PEEY ¥ - BRI > Ak R
* 3 T & % (Field Effect Transistor; FET) » #-3% i & 5@ en
7 A (T FET ekhig(Source)frix & (Drain) » ¥ &7 #&° B K -
BHAREAE L PREERTERY Fircadh 3 &4 3 § EEY

CHPRET A LTEY FPRFRAI A §HRF AN T
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3R AR TRE G B iR(Gate) > #2408 T AR B 0T S 0]
eh 2 BET T s g RRLY -

AN, D, Lang 2 % a2 #i3t B enid & Far s AART R 7
SR+ 5 -Br-Al-AL-Br- o HORE %R A ¥ F R IT T B

g o d gt T vt b Sieh Seebeck EEGE € 1 o TSNP K

TP B aTRL Sli B R TS R4 B0 — B spacer”
L3370 48 > @i spacer 7t A5 - B AT R @ E i AL i
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