Gfeheralfi’a-rfon o7 SCa'rferevrﬁ PlfoL]em in & Quas’ /D @

We (Con sidey a device Connected To +the Jef+

(Lead 1
and right leads as depicted below, ° /

(Lead 2)
’—___’——~ e ——
- -.. Leadl Device | Lead 2 - - -
- N ——

It is assumed thar electrons Llow Sreadriy From The

lef+ to Hglﬂ't'. Thcn, "fhe time - de pendent S},Ayad.wger

equation Can be Freduced To the —fo//owc,,,g Jorm

H, T o [ 1>
e T = E [ s ceo (1)
0 [ H [\h> )q’;)

H, Hy, Hz. T, T, are all matrrices.

/]1' the Legl‘nn:wg‘ we as$sSuwme “l‘l?a"(- the gc,l«r.b’cl.‘nfa-e,r eqg.

ot +he isolated [ead 1 s solved as
Hild, > = E 16,5 -l ()
Theh'

We considey Qb,n Gs intident wave To The device
e a:
e gion, In the STquy srate, y~ Can be exp»esseJ

by the sum of incident and reflected waves as

|l+/;> l¢1n>*l”(l>
S = Y = 18,5 + x> = | | e (3)
HE) J X2



















































































































































































































































































































































































































By ihSerTi“g Eq (3) invo Eq. (), we have @

E-HiI — T 0 '¢ln>‘t’ [ %) o
~Tt E-Hg -1 [ %4> = | o
- (4)
O —\C’z E"Hz ]y2> v
v
E-H —T o (%> —(E‘Hl)l¢m>
"’t\-f E~ H{ ‘—_L; '7‘J> = T,;t '¢m>
V) “TL E- '-lz l7<z> Q B (5)
From Eaq.(2), we see —(E-H)|B,> = — (E-E)[$,> = O,
go‘ we lom/e
[ %17 ©
'XJ) = C_[ TIT ’¢lh> oo [é)
| %23 0
E- H, =T, o - G, Gia Gy
CT = "T(T E- Hd '-C: — C‘ld[ C?J G4
O ~T, E-H. Gy Gy G --- (’7)

From the SeCond vow imn Eg. [6)/ We o0btain

[ %> = G T l(dn> = (Vyg> ---- (8)























































































































































































































































































































me vhe third yrow of Eq (4 we have @

9o = (- H,)"!
(E-He) | %> = T Iy Wg 9 ¥ &,
19(2> = (E‘Hl)_‘ T2 I%J> = 92 T, (’XJ> e (9)
Inserting Eq (8 int> Eq.[q)’ we obtaiw
%> = 5T, G0 16w > = (%> - - (/2
From the first row of Eq.(5) we have
(E~Hl>l«l> = T x> ylz(E_HZ)—I

%S = (E-H) T x> = S TIRIS (1))

T ; ;
InsSert n9 Eq, (%) in+o Eq (1) yields the *ﬁo[(ow.’h; re (a‘r[o n.

%> = 3. T GaT 19,y  ----- (/2)

From Egs. (8) (/o) and (lz),  we obtain

i

l\h> ( l_rglt]é[d_(:l*)[(t)ln>

IYe> = Gyt g, S - U3

H”z > = LT Tt e

We scee -('kar \//‘ can be expwe,ssecf. 67/ T‘l)e

incident wave qu

T4 +he SCaT‘reh;y\? process ©OCcurs mdependly, we <chould

Cons.‘dey- T{qe SCC«Tterme Pre Cess -Fyo.,,, the ,eaé 2 to lead I
equally .

r




























































































































































































































































































































































































C harge density in  the device @

Q)
FPam Eq.(13) we see that the wave function ‘lﬁ,,, (=‘{Q)

is contributed by the incident wave $, From the lead 1.

So, +he c{ensi-ty operaTor of the device region can be

de fined b~/
2 () vo _ (1 :
8" = [ Tde T flEw) Se-m) 140 5< 60|
Eq. (13
® _ L3 .
= [T ) TS (- E) T 195 < 6, T 6 a
2
= mO( — 1 -~ IR T
RABIEEDRTR A S(E-B) [ 65 hinl ] T, 6
- r’ dE F(Ea) 6o T 50 T 64 - ()
- ’
l_;' = T|T C(.l-C', -0 (/g)
| This 15 called Mon- Eeuilibrium
wWe rewrite Eq. (l14) as ) Green’s Function
~ o | 000( ,_,-/—:—":\ (/VEGF).
ORI L ORI T R

— ‘ N B
l)?e Matrw Blemenfg ot Pd() are eVa‘Ma‘l’eJ [,7 (,Z|Pd(l)lm>

wh
ere ’-ﬁ and U‘h) are baS:g *ﬁ,mCTior\g (v the dth’Ce re g:om

B7' COVIS(JQ}",‘)’)Q 01“ '/'L\e cContr: LMT\'O)’\S 7rr~o», all ’("ll@,

leads connected o the device. we obtain

Spin B b 0
dogereracy | = —= f_mo(E [Z(ﬁ’(“s'“‘) G4 T, &' ] e U07)














































































































































































































































































































































































































































































Current ‘I'lv\rauf))q the device @

-

In the non-equilibrivm steady state  the probability dernsity
od 'H)e de Vite re QFOV'! 1S Con Servec(. We evaluate ‘I‘Le 7[/u>(
0F the probability density wusing the +ime- de pendent

Schvd din ger e quation as

[¥ > Ho T, o (4>

., 3

Lt\;_: s | = Tt He T %3S -ee- (18)
ey 0 T. H, '

The +ime evolution o4 the integrated pro bability density

)S 9‘7\/61’\ b\/

(‘hl

o> <) 24

ot
<< From Eq. (1&)

(
?[“’”2 t CHIH + <hl Llil Vs>
L

-

AL

CRE[ T + RS+ 1y ]

—

s
% [ CCIRARPS - (BRIt In>) (Wunm»mn:mﬁ

‘ - (/19
Each term in Eq. (19) Can be regarded as (72
‘Hne Con tri bution —from each lea d g Chis is parely
The flow of = Ty ‘ (ma9inary .
Current 15 LR = 7 T (<‘*’alTa(% <\h(ref(h>) s (20
o\?PoSHe To
that o 4 Bewm&e of Conselrvation of pre bo.‘)u"i‘l’) dev\s('r7
ele ctran we  have ’%’ 4 = 0 - e 21)









































































































































































































































































































































































































FYOM 'l'l'la condi Tion o‘f Eq.(ll) For the Steady sTaTte. @

we Obtain

l2 = "Z\ - --- (22)

Se, the cutrent  Jrom the lead 1l ro the lead 2

Can be calculated Hvow (2. lead |

(e

(12 = L2 = 'Th‘/(%lle‘h>- <‘h{TzT"{”g>) ---- (23)

U5"‘”5 Eq.“}")’ one Can Calcwlate as

. e
L= = - — t % -
” B (<¢’hltl6d b 9; L= G L'f I(P'” > - <¢"‘ h:l él} T RT, G4 ) ¢lh >>

- _ & ot s
S h COnlTiqiTs (g7 - 9. )T, 6a T |,y - (2
B‘/ de-;f)’\\'h:) : )
F?- el S (92 -92) T, - --.. (2%)

E"l. (24) can be rewr tten as

[ e
L= = — —_ +
12 n (qblnl(,‘@[dngdri‘rlchh> ~ e (25}
4% Equivo\[encc of FEqs (15) and (25)
. l@e,)(d?% \ 27
Moting D (E) = rz"';-__g__”_ e (27)
D0 (E) = 9 (E) = T Idu><d | 1
R - %2> < Pan | - ~
Z | o> <4 2in \Mwe L ERTIT BB
= 2 <o, | < ) :o
So, one can CMMZTC o ( ez T T 1| (-2 S(E-p))
[z = -igi(y “%)Te= Tg (Z 22 §(E-B) !¢au><d>m)—cg

Thas we See the definion o3 Ea (255 is equivalent To Ea. CI5).








































































































































































































































































































































































































































































/Vc?m/ we COMS"a[er al\ —t-l';e Cowrr{bv‘"rIOns -fram *he @

ihcident wave CP,,, To ‘f%e CWUkren T, Eq. z6)
!
- e e — 1
T = 2 = (T dE §(Ew) FsE-E)<ba Tl Gatl |6
—° n
I Idendity opevator in the device region
ze &

Spin IM'M\‘\.'P[.'CL'T?/
o2

= j AE $(E ) 7 T S(E-E )< T I m><ml Gy R Gy T B>
w0 nom

-

va
= 2’;‘ g_w dE F(E,4) z <mlGq R cut,*(g’é(f—fn)l¢,n><¢’ml)fl'm>

o See Eq_ (14)
2e 000{ — t + %
= ’;‘ E )f(E’U)) 2 (”"]GYJ 8 G[J -C) t\ |m>
o m 2

Cq.(/S)
o ot
= = (Tde fa) (@ RGR) o (29
Th Jow

h
57/ Cavr S cleyw'ng ‘(‘lwe, ')Cal/aw.’mﬁ SiTuat,ohn °

Tra hSmission

T(E)= Tr (63 R G4 1)

T

P e (30)
Ay The expressions of Eqs (29)and (30
dre called Lagnda
Lead 1 cle,vioel Lead 2 ndeuer Formura

1105 Jound that TiL, is regarded  the cupren+ From

the lead I +o the lead 2z As well we need to take

a (count o679 the current From the Jead 2 +o Jead 1.

Since Wwe assume the Steady state of Bq. (22)

we have the ToTal Current os

——

I =57 de(ftem) - 4(6)) (43R GsR) = (29)




























































































































































































































































































































































































































































































































































Evaluation of Gd

The Green’s Function Gd of the device region is e valuared

b/ Eq.(). By definition we have

E"'Hl -T (@) G( C-“d GHZ l o ©
t —1
- T E'HJ - L2 ¢ - o l o
) Gy, G Q42 sy
© "t B~ G[zl GIzA G2 o o l
row | x Celumn 2
(E—FI‘)GIA __L.géld = 0O “"’(32)
vowd x column 2
~ - (33
—T Gua t (E-H)Gd — T Gey = )
Yow3 X (Column 2
- - (34
~T, 64+ (E-H:) Goy = © (34)
From (32)) we have
~‘ _
Gia = (E-H) Tihs = 9 T4 - G
From (34 we have
Goa = (E~H)'To 6y = 95 TGy _ . (34)

J.nse,r-r:hj Egs (35) and (3¢) Ivnvo Eq (33)‘ we o btain
—%t — -
~T, 9T 464 + (E-Ha)Gs - T LT, 64 =1

(E"HJ— Z‘ -L_’Z)G[d - I

Go= (E-tg—1 -7, .. (37)
queV*Q +

Iy = Ty 9T e (38)

Z, = Tt 9, T, - - (39)

Qand 9, are called Surdace Qreen’s function.



























































































































































































































































































































































































An example, > livear chain mode | @

—

LQ“I"S' consider a l[inear c[na:m o Jel as s*lwwn éelouﬁ

fa fo €o Co 7o €o € fo

»-o"'*;:obo bo }b },L ho bo bo ba

L.eﬂd, l LEad 2 NMote
d&\/l(vé. b: :Lo

To calc‘m(a"re, 'l'lqe Sm#-(aCe ('!!-een fu»c“r'fons of 'H’C /eac.lslanc’Z

we ewm }7107/ the recursion method discussed ;, kpet:qi-s‘fon_wef},pd‘/#/’

Fh?m the page |3 in the lecture hoTes we have
G(7) = G2) = ot dlzar-ai o (g
2)2

T“le Self-eme;f-g:‘es of Egs. (32) and (3{) are 9iven by

2
Til2) = L) = @) = 25 (7t~ Jeapa:) - )
T)m @”‘een ‘Fuhc-rfon of Eah(i'?) s ’;OL,mJ To Le

N -1
c I R A ——
1d (?) = [? E boz ( Z s — (z- 50)2‘46: )]

Also, B and 0 are - (52)

calcuylated as

. _ i ———
T=0 = tb(9-97)b = —‘—— ,?/ “A(z-efud - e 41?)

Tl’)u{’ TL@ Threan s mission ;s 9iven L7/ T (43)
TEE) = (@ Ragl) - (54)
L S

(¢2) (¢ (g2) (43









































































































































































































































































































































































































































































































































In case that $=¢, and h=ho, we have

l
Gu () = - (4>

J(?— £2)°— 412

This is Cquivalent 1, Eq.(22) in the page /6 ot lecture wnotes 2.

IakJng Z=E+in (?’)-—)o)/ Gd be comes

l

A (BB =0 v 2in(E-8,) 42

CTJ(E*;YI) =

Fov O.:-fo)l— 412 <0 —b go2lblc E < g0+ 20l
l

ImbGd = - ReGe = o - (46)
A 4bd- (B-E)"
For B go-zlbe) | g ra1pel < E
\
Tm Gd =0 Re Gd = - - (%47)

(E- Eo)* —4bs
/Vo-r\‘nﬁ .}‘O‘A n-—->o

F=n Jm €o=2lb 1 <CE < g t2 .|

=i (9,-91)=~2b1,9, =
o else

- (49)
From Eas. (46) - (42), we obtain the trans mission

TE) = T(ai R oalr)

| 2
S P T AP — 3?
(A/ﬂ%(au)‘) - (reer) =

for ¢o—2lho] <E ¢ So t2(hel

Other wise - . -- (44)
T(lE) =0



















































































































































































































































































































































































Concluc'rawce Quan Tum

Let us Stavt Eq.(239).

2]
+ ze
[ = T /dt‘ T(B)[v‘(f-ﬂ.)— J(E—Az)] co-- (29

O(AV‘ P'J“ Y\A{C Ioe‘hc is To ‘F(V‘b(! a e la‘t?dl/t

- o

4
I= — = vg e (50)
R

Where Vis  the Source -~ dyain  bias voltage , R registance

an d 6 = TZL (on e!uc tan Ce 7o Jeh‘ve

Ea (so) based on E4(z0)

we (onsider a case that 4, =M, ey = AteV wirh a Tiny V.

Tken Eq. (24) can bo approximatred by

T A~ e ’ E) -
-v B QV V=0

e | (™ DH(E-tutey)) o
— [S de T(m) ——= *folsﬂ(—b—) (ema) &7‘(5'&4*&/))/}

M

L Vv -
v /, OF >V
VYD
Wowioy  2f(E-tre)) 3 fE-pren) V7
Y = e S F e S (E-w)
Ea.(st) be come
2e° 0
L = o T(u) \/; Az § (k-m) = (T(u) 2e? <o (S2)
~v° }-,
ComPareJ to kg (59)  we obatin
Go is Culled G= T(«) Go - (58
2e? _
Go = h Co- el ($4-)

conductance Yuantum



















































































































































































































































































































































Conductance of series and paralle| circuits

(a) sevies Circuwit ([, device lead 2

— b b}

Za £a (fo 80

As well as the lecture notes 2 and /3. the surface

Green Junctions  are 9iven LY

ZF-dz2-44°
- e e (/)
2 b?

dhiz) = J:(z) =

The Self- energies can be calculated as

b b9,2)
o o)
I, () = (:)92{2)(0 b) = 0 o
2 S (3)
0 bgz(ej

TL’Q eren 'FMWCY:OV\ O+ *l'le deV;Ce rea.‘oh is 9(‘\/610 L>/

=
Gq(z) = (E’ - Hd - I (3) - Z,(z))
ol

1
Z-€- gl Jemgr) - b

= - /ﬂ B)-l_ | A -p
B A Ax-g: (-p A

( .
~b Z-¢- 5 (2-Jzma)

- | Yo < 2
C= [Z-i - (2422 ?b‘)]‘&
----- (%)

—
—

| 7-&-+(z-J7w) b
¢ b Z- ¢ -5 (7-Jaw)

= o é B e
(5 2) “























































































































































































































































































































































































































[ and [y can be caleculqred os @

| 8 pi
= I-Ct-"(gl‘?;t)-cl :"/o) 2il-9. (b o)

[ o

i )

~219’1,“9,( 0) = A4 -ET (0 0)
o4

I

o

Pz = iTz*(‘ﬂz-Qj)T,’( = ;(:)2‘1’"77,(0 L)

Y v © — [0 o
) Zbyhﬁz{o I) = Jebi-EC (o !)

for  —21b|<E ¢ 2 Ib) - (8)

Othevw:
u—w>e,‘ 'l“}wey are  Zero.

TLGV\/ Ohe can Calcvl\c{‘te, Tl\e transm: ss’on a s

TE) = Tlaihg.n)

= (4b-F°) Tv[( O;:j){z T)((:;) (; :ﬂ

= (4)'-E?) T»[ (" 8*)("‘ ")J = (4E") T (g*g 0)

a*B o

o ¥/l g o

i

(4b%- E*) g*p
’ e (7)

\

2 _ 2 2
(4b%-E%) x b Xc

o o
0

[\

] b
0 < 1(E) ¢ =


























































































































































































































































































































































































/{/01':‘“9 T‘\a‘t _I—(E) 1 E=0 (s Hu‘l Conév\c,-tan ce, @

cFe (e=) = [(—gvi)-b7 ] [e- i)™ ]
= 415 ¢t o

Tl')m}, we 0[)-(“‘\,-, -ﬁ.‘,m Eqe (7) and (8)

Gl = 4b° X b~ C¥c (E=o)
.o« Ce ()
ght+ g in Qe ‘

(b) Paralle] circurt

b b b b b} b . b
b b
Eo Eo Co ; o o &o

2

The sur face Green functions  are  given ‘/’>’ Egs. (1,

The Self-energies can be calculated as

e (i} e (b b)) = Fae (| ]) o)
2, (z) = [b = b o -
Drvisn < Fsn (1) -
The Green fynction of the device region s given by

Ge@= (F1-He - Z - 5)"

_ /7—- ¢ ~- ;?/'b\)z?-ﬂ* -7 f,/22-4b2 =

-1
_ (4 13): z /A - &
- - B Zpz(-
2t e f”i‘/’l;/;éﬂ} A A= (-8 4

- .- (/2)





























































































































































































































































































































































&Y Jarge Z - Jera

Gdl7) = CL e (3
R e
— 2 2
c= (-¢ t J?Z-+b‘) - / Z- |z ‘tb’) e (1%

[ and T2 car be caleuwlated as

P, = iT;*(ﬂr‘D?‘)D

- _ )
- l(i)Z{Imﬂ, (b b) :—ZLZJMQ.(, ,)

e (L) 9

2 _ (I
R L
A 442 B2 {(’ ]/) —- - (/6)

For  —2 i<k <z b

oﬂ\erwi;e’ ‘(‘Ley are Tero

90, 'H”’— Trans mission are 3.‘w@n 1>~/

TE)= T (6 R al)

| “Etper F-Jpiar) [
= __*__ (4.)92" Ez) T‘”
e 2 -7 -tz g ¢ |

X ‘2-"4[22_4)} z V/JZZ- 412 | |
[ |

Z -2 —ttdzi-er

















































































































































































































































































































































@

B —4EZ 4+ b
[(E) = i
(£+2-2 [7oap) (£ + 2"~ 227 07)
) (17
b=1 T UE) b=l e=1 , V(B ")
L
—2 2 E i 2 F
b=1
b=1.£22
4 T(E) e=3 v T(E)
\% N \ \
-2z z -z 2 g
Fropa Eq (/1) a+ E=0 we obtain +he Conductan <e
2
& = /66 L /6 b
= SN
(E-2xzbi) (£+2x2b1) €% + 45 ?
—_— ;y] @o
Con duc tunce 0¥ s
4b?
_ e (D
(~2+2b)

ComParinQ with Egs. (9) (18) ard (/1) we see that

/ kY
Ohm’ law ¢ nat val: d adhy more.
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