FATE  HNET AR R T AE RN S B R

i, (B2, RTXIFTHMHIRES R IR R =,

RIEMWTFRRY, Z AR RRERA LD TR Z MR s,
LU AT DA SR kR SR B RS A B B, AT I kB R RS B T — AN AR
WO, e R — AW FRAEL R 5%, 228 7T LS Rt A 3 B (O oMK A6 S %
XAFSER R PTIB R RIS R BIERE, I TR AEBR SRR BER
PhEhEREE), JHREE T @ BRI IZ e LI,

@r

(b)

FA-1 (o) GkHEGIE/ BT 6/ BT BRGSO, 2250 LB T 75
S FURALEE, 5k IR AR AN ()RR 8/ T 0/ BT B 5 7
%, SNHSAHENMER T 41 L 2R IR T ABCE 2 B, SORZER NI,
S TR 75 T 2 e S Y x B

(EATE T BT I R B T AU RIR R S0 (I 4-16) i
VeRIHOREE, SRR TR, RAONEEN T RIAUTFS K. 8
TAA, KEUBTRYRAN, IEORNARAET. YEENRETH
LI K T I T ORI RERT, R R A L P TSI T, T
PRITLLEL ) — A AR RR S, SR AR T A O H T R g e
BB RE AR, XA RO T T LB S 10 e B o, T e T —
A THTT LA /4. IS B 0D Tt — MR T B T A
B R T LU — T R BRI o R L T B B T A AR R I
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W4 E SRR BT SARRER RGN E RN S B AR

Fr % % (sequential tunneling), I LLF 377 R0y iRk 4S50, B A 3k
TR TR . AEPRERTAE—RE HHET AAREe
He R AR P RISMIEIA IR R . 2 AT ITAHE AR 0 T A RO T By e die
[ I 18 9 o i g 27128132340 s B S TP 9 B 38 ) 5 L B BB 2R 8 e g T T LA
WANIAES, RIS B, CARE RN AR, (AR
YE B R R K AR R BB R/, RO AT LB AN SRl R . udh, =
RIS KB, & B B BRI 7E RIS SR thak . 7E3C
BRTLS 1 R A2 P PR B BT YRR AT T ikl B Ak o R PP O BLBERE,
T PR SRR R BE T 1 W S R B AR AL 7 17 Je A 0 RO AR FErp
—BWIT T AR R G h B MO B T B R I B e, JERILT BE
KA A B R ARAAT o

4,2 BRERSHERE

4.2.1 REMEBEMEREAETE
RO B R H =Y H, +H,+Y H,, R&id, L a=LR.
Ha :Zgakcra;kdaako %ﬁ‘rgﬁ’a/l\%mﬁ%m’ a;rzkcr (aako‘> %%Q/I\ﬁﬁuﬁm*ﬁ%

ako

Wk BREN o R a Nl OHRREIR T & T KT K- 4E GEXO 5
R T BT AN O EAR RSN I R, BT A B RS A

H,= Zé‘dd;da +Unyn +ZB -wa.d;da. (4-1)
e, B BRI FHET SRS, URFECHIFEE, BRSNS, d (d) RET
SR AN o BT GER) B/, BT A55H0 o MRS HENE
H
H,, = Z {T<[cos(8, /2)al,, —osin(@, [ 2)al, 1, +he.} (4-9)

Te RETFHEEHONMERI, oMl HNo=+]1, §=-0, §,ZHHal
MEhESET AT ARE T (28 ZIRMFM. XBERE, =0, 6,=0,
Bl B e B T AL A PAT T 2530 T BOREAL 5 1R . IR EERES FR 10 1A AR (6,.4,) » H4
H,\TUEHEA
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845 PR R BRI R YT I R RO 5 ek

Hd Zzgad;dg +UnTn¢ +Zde;dE (4-3)

H're =¢,+0B,, B,=Bcos8,, Bl =B e =Bsinf,e™™ . B, ¥ B ZH%
HIh I R ) 0B . YN T3 B, ARRR T BBV BRI, MMy B, 512 A
el . EFARICRE RIS, WATLURRR S R E R RN

H, = > (T¥a,.d,. +hc) (4-4)

akoo’
XE
- (T)cos(d,/2) T sin(8,/2)
Tak = to . (4‘5)
-T,smn(@,/2) T, cos(8,/2)

BRI kT 1 /DT ABBEU FIBEZ IR Ae = |gT —g¢| (FERe R JF
BRI, JFHEF MmO IRETE /T £,T o XERUTRET X,
B HT DAVE 2 s UL 2 B BRE RN S50 . D T A9 BUNHE B AR REAL T R 3535
EFEIE, BEASIANOANREATHAKBRET SFRHETEM: 2%
e =0y, BEEfI=|o), LR LEEL =\N> » BT s T B K AT
WURRHAd, =e'f, +ofld. £d REMTHHREGEFNERENF, THR
G EMENE A

H =Y €ooalonoluo + 2 &, o [o+Qe,+U)d"d

ako

+ D B o+ D NTE ah, (€ f, + 0 frd) +hel

akoo!’

(4-6)

AT R TR, BATRBUXFEIHEE: 5 Rk &2 BEAE M TohEny
AEAL IR, ARG AR I ZERR S B 0L T R AR R TR B, &/l
SRR TR AR EE . XREEREETENET ATH 4 MRTEN
BIRTEXI: Py =|0){0] =€"e po =N o= 1110 BB py =| MY (N =d'd
p, (i=0,0,d) HAURET BT E NS B EWH o KAT 9. LUK
Wk MR, 3 VRS ANEFR foy + Py + By, + Du =1 BUITE TS BLIIE R
A 1o AEXTATC o, BELMXNMPHEN, vHRTEFATEENLSH
JEm T RS ART 2N, 2 H RN AN SRS T AR A han, 3E
tAITCRER RE. KHE3) 5187k LU 28 B A B o B i 1R] B 3 40
py =iLH,p;1, Hl:
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4 BRSBTSV R T RE NS B AR

pOO Z J._ TOU *G:tko' ec' (a)) Taol;a ec'\ako (a))]

akoo’

10 Z‘prov_lepao_’-z J“—_ TJJG:JakG (a))

ako'

(w)+0T5°G;

~FoGs SR () By SA AN ()]

ako'ec

po‘o‘ 1(8 —é&s )p0'0'+lBU(po-0 po‘o-)+ZJ. TJUG:a'akcr (Cl))

ako!'

- TJ - G;k (a)) + O-TO' O-G;a ako' (a)) + G'Taol-co' ako‘ d& (Cl))]

o'eo

ﬁdd J-_— [Taol—co— ec'\ako (a)) TO'O' *G;ko' ds’ (CO)]

(4-7)

330 LB 0 O RR A S 3 A T PR 4 S

Gy oo 1) =1(al (VT OL,0) o 61 =i{ [1 (et ) (1))

Gy (11) = i@l OV SIOAO) o Gty ) =i{d () (D (D) =
BT SEARRECE S G (.Y =(d, @) | dL.a) » y=r.a><, IFREOHTFH
BRERd, (d), BFAEKEETURE R G, =G, + G » Foth
G = (e D[, fEENN) + G =00 (£ OAD A @V, R
Langreth 5& #1001, 87 SH1 1160 i35 &A% BRI 40T LA

mMW)waM”hwmw;mﬁ%%mn

Gy i (@) = aEK%Amﬁr%%Am+dmmMﬁ”gwwn

Grprea (@) = ZgMWW”@@ww&mmmremwn

Grrao (@) = a}lgmxwﬂ”“G;Jam+g;4wﬁ306%awi
(4-8)

BAR (4-8) RARAR (4-7), FEFFHA LM TR LUK B SR MR HUH AR
EIET SRR BARE, BERITETFE I
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AT BREINET SRR R I AE RN S B AR I

P = Z (f;apca + f;gpaa _f;apoo)

~ —

& = U~ U+ | T 1 = + T
po‘cr :_2Im(Bip&a)+raap00 +I—‘f7'“{a"pdd _(rfy‘]ﬁ +raa)paa +§(FZE _raﬁ)(poﬁ +p5¢7)
A . T =+ 1 U+ -
Poz = z(ga —85),005 +ZBJ. (paa "paa)+raapoo +5(FZ5 _FGE)(IOO'G +p55)
U P VIR v

P = Z(fg;paa —fg;paﬁ ”fgc;pdd)

(4-9

X T =3Trfie,) » Ton=DT7f(,) » Tu=YTrfi(,+U)

[U2=STo e, +U) RE T AR &R S0 O M S %84 RE,

fL(@)=f (@), fi(@)=1-[ (o) [(@)=[1+e " T RifiOa MHKI
MG p, RO EITOKAER . BOFISORTE Y REEF ., HHR W RIE 2 S # b
INAESEAR R ], B g, =—p, =eV /2. T RETFSSMOMEMEMET, 5
Bet, HEBRTUMAR Y 2270 g5 (@), =il £, () FF3 5]
k
. FZT (1+P,cos8,) I“y.F; sing,
Fa = 1y . W (4"10)
', P, sing, ', (1-P,cosb,)

EETY = 2TS TS (0 6,,.) « EREMT, T GRETEKR, H AR
ko"

—HBREIT =T, BBFRHEEERTR. P, =(p,—p) /(o +p,) &% H a 1]
BIEWALEE, p, B BIEAXHAREE. XEEEBRER ERBE A 2B T.
MR O IREAL T 3Rk (D9 =0) HYlmiim B, =0 i, A= (4-9)
B3] T SCER[148]F I A3 (12).

4.2.2 HRINBNERE
FEIX—E R 1A H BRA BIEERNRIER . RAEHTFEHE, WL
BRI O o W E T AN B RS ERREIERN

56



543 BRRIR/R T AUBRG RS SR S B R

. e
1—

]a = h <[H’Na‘]> = _i%<[H’Zaszcaako-]>

€ dw 700" 1< Voo i< —
=7 Z J. [Tak C;ea',ozlm~ ((l)) +o Tak Gdc?',akg (w) (4 1 1 )
A 2

Fo0'* 1<
"Tak Gaka',eo’

'(a)) —-C ' :faio-'* G:tkcr,d&' (a))]

AT HMHEAREES, HRITTHE X FE, TUEX
S 2a(@ ) T (- ,)=T0 o BT 4T, =1, . SHFK 4-9) 107
k

R, BR (4-8) AR (4-11), T LIS B F %5 SRR TR s I LR
€ o'+ mFETU+  froo'- o'd' U+ mo'G'- o'o'U-~
[ao':}l-z[rac p00+(racr v —raa' )pa'a"—'(r‘aa v +Facf )po”E’_raa v pdd]

(4-12)

& Poos =107 f5(e,) - TPV =000 file,+U) . To77 =T f0()
frovs Z[07 £ (e + U)o FEIXAARTATESY p,, 4 HFH EHTHR, X5
Wi EUREAL 7 [ 2 BRI AR«

BT ORI IR LS B S AR I A R, 2 BT B A e U —
ARG, 4 TR R MBI, SRR RS M — .
UIAE (TS XA ARG A B NI BTSN B, B
HETNT AT . (SRR T SRR R, BRI, 4
WA BRSO 10 A T, BSR4 BRI TT IR M, < (M, x M) (M,
BT o KREENED, VS —x' Bl N 4-1b), BAF M 5 M, AT .
TAM S RV 1) M, < B, « AT TSN BN T A &, AR RATAE
WA, GO0 EREFAENS, =12l 0y, ", BT

koo’

FHEAR (1 P R SO R O PO RO REARARZS,  RIEHE x Bl ) B et 2
Tre = —%<[Hra SRx‘]> = "é<[HTa ;a};kaakw ]>

REG ec

1 da) F00 ' < 1 oG < 550" < ) 8O <
:_EZ J.E;[TRI( G ,(a))+g TRk GRkE,dE'(a))—TRk Gea,Rka(a))_U TRk Gd&',chr(a))]

koo

(4-13)

KEMEN AW x4, AR, BT HMALXAHAKXTTIE X
AZ” = 2m(T) ) Ty S(w—¢,,) HARFIEAN
ko
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FAE B/ ET RN RS T RE RN S B AR

- ZT sing, r Zf (cos@,+P,)
a= (4-14)

FI} (cos8,-P) I"jll sing,
A4 7 kA

1 oo+ GoU+ oo~ 1 ool + o6 — ool ~
TZEZ[AR P + (AR v - A% )pcro‘_E(AR v +AR WPos + Prs) — AR v Paal

(4-15)

R Azai = A;afki (&,) > A;an = A;UfRJ_r (ga +U) » A;Ei = AZEth (gd) ’
AT = AT fi(e,+U) o« RIBRATTAEM—FE, 290 =080 BI A A3 Bemgs 0 b T
WA TT ML A By, BEEM « AE, FEANIRE A, KIS TR p BIAES f ot
BIAE.

4.3 HEHESERSWE

TRAEN AKX (4-9) MAMANE, BIEERAR SN EEEMT,
NI (4-12) K (4-15) AT LAVHEAE ROIRERMRR T I i S B iesE, URE
FRABHETFEREY (n,=p, +p,0. BATER meV ENRERSBAL, FE
kyT =0.08 . HLFAE BEFEIN B LL el / R AT Sy Bf

431 FhéigRy

2 Fe A R 1 I REAG T R SRR BT, BEMVE IR, BTUAEERX B BRI
SV EI T, SRR AR RN o R A8 R R e R A AR Ak 1281481
BAMR &R B R YR 48, Bl SS%Em it 7 mdtek. B 422 B TR
RFRPATHAMEL (P, <Py REHMI -V dhsk, R S48 S n, 50, B E
MAALEE] 4-2b Hga . AMMEEY AT (B>0) BURTAT (B<0) Tk
HIBTT . 7R 4-2a FEUB, <1, BEAFWTUEBIEZ M 1-v t&mm1s, m
TN P, = 1B IS AERGE I R A, SRS I Se 2 ZARE SN (EEH M
JER IR FTE SR EHR LN B=0 W50, MWRETFAREREIE 4
WRKEAL T e, e, +U WA MESHARDNEW . HYHINERER, K
10 g, 8 &, o R ANE], n, WRAE BRI REZRLE PRX
M FHE RN/, FH BN NBRTFHPOREERTFSF. Fril, X425
—ANBFEEST IR, ) BEwESE TGN, 5208 e M) b B o i BH 2E,

58



4T PRRORET USRI R0 I BN S B N

e [ -V MR RE A &, BHE A AU 4. BIsk, 7EIXAPHZER I
T3 — MENE . BRI IER 6, + U B, BRER LT RS —NEE
FTH, smmsEssin, 1-v tgT Bl — NSRS, BN e AP HILT
— NI SR RN R R, 4 AR S R R R A
BOHIE, ARSI, RREEN P RUN, BEEN T BT AEPORA
ERT AR, BB RBRRE AR ) TR R,

PRk IS 2 E VER HE O R AR R 2 5 R AR BN B AR
NEH, XEUMMKMTR TEERAS XREH. H B>0 1,
& =6,+B>e =¢,~B, AN LRFRHEELL AR TR FRELR. M
EARERIEM, &, SEHNRIEE O, RN, MG G0 A REES &
B iE IR LR R ST I, R LI AN . BT RN BT
BB T FF ATy, TR 1, DL B e ) L IBE A SR AT IR, PR A
2 Th L IR B o TR EUR R X IR (e, 6,) A A B0 T AR R X
R 249 B 3N X 458 e 37 O B 7 A PR S e 2 SR R FEANAR - ) + U BEA R B 1
B, M AR TR EEERT AT, BB RMn, gt — 2. =5
HRHEBEITHG, RREREME—BAME. TSR B> 0/,
B RS T RIE RS (5,8, +U) BB E @ RENXE (6,8, +U) , (HZ
WS SRR S EE (7ERLSER I8 P i B AE AN B2 AN IR D« IX B
AULAAR (4-12) HHBE. He deV|/i2<e i, BTEFERUN
—l:f'poo + (fZT +1:1TeT),0M + f?pu =0, fﬂ{jpoo '“f‘fiipu =0, pp=pu=0, HH
MeV>0fa=L, @=R, MeV <O a=R, a=L. BHENHEEEMILHF
RANAR (4-12), FTLIEH]

e DRI e . (1-P)(1-P,
XHE+ () HRMTelV >0 (<0)o FMZFTREIE—FE, 7EXAM R P R
B AR IR R TR . ER @R e, eV |/2<e +U, BETEIRENA
~(F T2 +fZ—TP¢T +T ?Pu =0, T py-T Z—TIOTT =0, Tpy~T ?Pu =0,
[RIFE AT LA7S 3

(4-16)

o IFTyaTFTY  (TR)QEREER)
M T FTRL L EOER s TOTT | 3-2B,P -
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B4 E Y/ BT R/RRR RGP I S AE RN S B BRI

e Nl B e (1£P)(1- P>
e 2 1lz1z _e(xF)(1-F) (4-17)

1 o= =

RENEY L PPN L BT 3-2P B, - P2

[sRe}

osh2™

o
t

0.0

Current't” (efh)

0.30

E4-2 IR G B, BF A ESR. TMR. BRI » MW A8k, sk
LeXF N B = 0 (ol IRELRIR AL BN B >0 M B <0HIEM. 7EC)PELES
RIS BIRT | Bl = 0.04 #1|B| = 0.1, TI7E AR 348 T |B|=0.1571|B|=0.5.
MO PFEE S, Lk, FEEL, REELSHINNB=0, 0.5, f-0.5. 7(a)
HHERIPEL P, =1, ER@OFWP, =0, P, =0.6, TEEEMEAHR P, =03, P, =09,
g,=1, U=25. B=+0SHETFEPFSHERIMIEREERF, Hbel =¢, +U.
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4T PRRERRT SRR R I AR R S BB

REIR, ZEXMRIETGE N, BIEAGEEINGE EHS MR T R, JF
B P, =18, I fEEMERFAE, RN RRARME, Xt e
M. B, BAVEBBIEBEMAE =, -1)/U, +1)=P,, BFTUFESCRR[135]
RN AR RE AN A Y AR AR EEEN A S BE, 3
e +U<eV|/2<e+UMTH

e p(-P)(12+8F, —4F))

4-18
4h 4—(P, +P,) (4-18)

I=%

W P, =1, TEXAMREX RS UMER 5  RILRNIE— kA2 R:
M B>0N, RETFEMERI (6,6, +U) HA RE TG,

StF B < O BB HHR AL, BERT &, <ep, MBI, AiER LA
FHR BB G LI I, Yo, WHEAREE DI ZE AL, B Ea I
— AN, XN SR B N RIS B . SIS B B I e
e +USe +U KL, AR EETEH . B=+05MNME T rARRAELE4-2a
il (el =g, +U 3 HANIREAER 4-3b R 4-3¢ egih). SRk
i 7 -7 BZRAR L, TTLLE BB S RN EREX I e, <eV |/2< 6, +U
FVER, X REREAE AT 2| Bl RAEEATUAAR (4-12) REILX
MNER, HTEIBERNERER, RFEE B> HRREEXTN L, H
iawﬂﬁﬁanmoizﬁ%%ﬂgaa<wVw2<qﬁﬁ,1=¢%r9§f%%gfﬁ; &
2e 1-P;

e eV |/2<e+UN, I=+—T———%—0pH Mo +U<elV|/2<g +UR,
h 3-2PP,— P

1+ P)(12-8P, —4P}) . w
1=¢Z%r( i Z)(I(P f%)z R | wpEw, HEYe <leV|/2<e+UN, &
—\‘L R

G BB ARSI, FTLLTE B> 0 IS 0L T, AR TR E X I 5
HEMRER, T8 <0M TAERKRBEE N 2P =1 BLERAE A XA
i (L 4-2a P ETHEED .

76 4-2¢ FREAH T RS RHERL TMR [= (I, — 1)/ 1, 1" 258 i R FO ZE AL A o
2B =0 M, TMR 7ERH ZEX S O AH B4R A 1l 28), ihnIE M%), TMR {E
85— AT T2 AT LU R B — AN S8, B LTS R A R
AWE T BT IR TR, T E Ve 1A T T AL R P AT AT T R 2 o O LR
R T T B KB TR, #E e, +U AL TMR [ FIET, Bk BN
TR, RN SR E N LR TR TR TR GRRR A R B

61



04 R BN/ E T R/ R M AE RN S B e

WHTE T ILE 4-2d 5K 4-2¢). 2 B<0R, TMR BI4TANIEFA 2, FH0] LI AR
AR 7 A . BB 4-2f e T BRI LKA . 7 LURE R
T B e R B NAE NN n g E R, HESBRBR-WMEAR, BM
TAE A DX S A0 it 0 AE B B RS B Sk 4/ o R Ah, IR R I X ANE
JG, n ANEREEAE, FEMEREESTEEE. XMHEERE SRS
RN EHEALEAE, RIFRATFIR RG] LUEA Biesimas, 7EK 4-3d 4
AL EE A 2 — . RIS AT I8 R .

0.8

o
o
v

Current/t’ (efh)

0.3F

Bl4-3  (a)BRAENRFECHLAEMBRE U MRENL. B=-08, ¢ =12,
P, =03, P,=09. NEZLH, FREEINNU=0, 04, 0.8, HKELINU =16,
24, 3.2, 4. IEO)EDF LT BIESE B S RITRLE n £ AR R ES T KR
AL, P =0, P,=06, &,=1, U=25. %, HE%, REEHNTB=0,
B>0, B<0, figk, m¥k, S&LHNT|B=05, 1, 1.5, B=+0.5H+1.5K&
FHRAZRLENELOM(C) TS
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84T BREEM/E T SRR RE T I R RO S B R

BMESLMAET S B<0o i ¥ =& 0T EMEXS 4 DN
(¢,+|Bl,e,~| B|+U), FiLLARINI A B>U/28, REFREAHEHI
fe. SohR b, MU ERGE N AR, FhMe, >e +U K, Bl L
BT B A e 4. B 4-3a I T 72 SRS AR G AH E /R SR %
B LR B R B A . S T BRI B BRA T ARE R 1 -V i BmAERE R,
MU<Ae=2|B|I, & <e+U<e <& +U. BEEMERIM, BHER LHET
MR AR AR FRTFREN, REMEE: LB a0 BT AR T
HFIRE, BN EMHBIE: Se +U 4. R EIEZXMIELBAH -
MEUN . BU>Ae B, &< <g+U<e +U o BLTE ALY A (i Jk ¥ [
g, <leV|/2<e +U WHHE, RERFWENIH.

&l 4-3b, 4-3¢ M 43d HEHT L, 1, Mg ERE e RN RS
THRERR . XBERMTERERITH. UB=01, BR-REENE
W (e,,6,+U) ATAE, EHNKRMERS ) EMERETHRFELSL.
0<B<U/2W}, BHIERIBLE/INA (6,6, +U), XA DI A He 8 528 7] LA
TAE. IR, TEEBERMERXS (e, +U, 8 +U), nplEliERENBRTS, &
MNRGAEB =08 P, = P, N A KA. HIEREREILREX R (¢, ¢, +U) B,
EEIR R B T RIS AN RIEIT I, 513 ny B0 1 BENTT ny R0 180> (UL 4-20,
4-3b 1 4-3¢), Fbn NERSI Ml MR, A mEREL, ik
WALEES N . BTE B L F IR A B Aleln TR FRAMEE, LigX
T, . Bk, REMe +UBNRER DR L BEMET, BLIMRKTL,
] LAZEE 4-3b FIE 4-3¢ HE R FRBERMER 1,501 B 0E, his
Bl e +U eV |/2<e+U R, pfEMERENZES, XL
RARFR A EFER R X IR M B>U /20, ARTAREBNHR, 1 HERER
X3 KE (60,8, +U) o X B<0, SSHTRANMAR, X5 NI A e i 2 L X a2
g +U<eV|/2<e +U, H|B>U/ 2T KE (5,5, +U) . HE, 5B>0HH
WA, ZEXAM R 7E R R 3 N B R e BET AR S . g K
X, BRERWURRAL =1,-1, =In. Bt 2B>0, WRMEERE, [
n S, T ERAKIT RFEAL; %UB<0, MERKE, B
(7 M FIEE YA M. FTUERNRSER, WR NSNS IT 05 SRR
BEALTT T S AT RISEAT, SCRR[139]HR 4R I “397 A0 “5R” B0 B heii s siial ]
DLSZIL . AN SR B Bk ko /B T Ak B R R AU RT LU Dy FR VR B 1B BRI A

63



554 F BRELN/E T SRR R N T ARE RN 5 B R

B, ERLMER BRI .

Rl HERIN T MBS, BRI RM AT AN R R G T H A
We? AT HRBXNEHERERFENLR (4-12) BikFHHAK. HB>0,
FENR KX 38 (e, +U, &, +U) B p=(P +2P,+2P, P, -1)/(3— P} +2P,) « U1,
MB<0, EMELEH (e, +U,e,+U), n=~1+2P,-2PP, —P})/(3-2P,—P%).
HT0<P <1, ¥B<Ol, TRMERELRN, nBRAFFAEME. EXA
DX 355, 19 T vt 7 ) B A I S B T e 3, X R 59 B BRIV . AR, HB >0
W, AR — MR B MR E T 5 — MBI, 7 B R mT L
AT S, BV M7 e E R A, X R R E R, R,
52 AH B ARE R LR, BAOVRILT LIRS (1D AN
FEF e, BRI E BRI, EHTAEMEX SN (2) 78
R X CR T B i AR TAER D, BT ASHE “557 F1 “9R” B8
TR IRBNY o

432 FEIEigigEY

PR RBAVA R AL T P R B IEAE . i F R S FE L4
PR I 2 3, BRAT 3 B LR [ KRR R R AR X REAK T 1) 3
O K. B 4-4a Fl 4-4b BByl ga i T AR RRGE T (P, # P ) ¢ T FEO
B XEBRHFEEBHSIER .

PR PIHEARZE, REFAMHEER N SRSBOITEHG—F,
FLURLRE O N kb, T A BERE RISl sin 6 BITRAR, X —Re AR SR/
BT AR R CLEpiRd T, FRAETXH AL QEELET
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XA TAEL MR ST R Fano JLIR” 7P Hig, MM ASGERE
He,=¢,—t, FBETRE AT, = 2T KIBAER A AR REER. XMHRIRT
M, FTLAEEZ EHIER A BA 1SR 6e = 0 (R LHMBLER RSB LIS S

71



5 E CPATRERE T RAER A RO S

iz, A5 de =0 MIENAHEMASHBRIE).

BT RBATF AR S AFR & X s A ORI R . B DU Mz
X¥: g, <p <&, <y <e+U, g+U<y <e+U, u >e+U, EEA]
e i=1,2,3,4, WE 5-2c. fR¥Fe e, NIEE, Pl u, EIAHEBRELZT.

CurrentT {ef)

Current/T {e/h)

Voltage

Voltage

B5-2 L fiFIFanoX TR fm AR L. TE(@)MI(b)P ks, fHLk, milgk, HRZni)
SN T1E M)t =06 =0, (b)t=0. de=1, (c)t=03. de=1, (d)t=0.3. se=0,
MR B e, =1, g =2, KWFKMLESHXNP/T =0, 0.1, 0.3, 0.5. FHE
WH TR eV = 5.5 FanoR T8t/ 8¢ A4k, FIERFHEHEU=25.

BEE ¢/ 5e B, T,HmMmr, b, dFrERE 1R 3 o i 2 diid
HANBIZTTIER, FTUAEIX P D s i SR N . BT T LU BB A
MRBESNGREEB ), XPET X2 K8/ 13 B K. ZHie/de 2
R, E IR PR B8 ITSAE N, MREREA R 2 B A 4
i, FRFEAE T 5 — A BT HUE GRS S5 iR A (Rugas ) BLEEl 197,
RUMICE T, 0 T, M8 APUETTIFN, Br7ERES LRz KT

72



B5E CHTRANE T AR TR R BRI S

A ERIRE . R RS R, BT R AR B R R
B, B LB RS R SR, B R S RIS R T R
SHRIE, HEBu, = WIS RS, TERS 3 thRESH R SR,
S e A I R TSR, T DL B S R R R RN T . 5 R R,
Fano BT 2ER 18, 1 1 4 HHRH5 450 0.5, I 2E /K R 5 MO P 7
BRRANT AR BSA. EX5E 2, Fano FIFHE ¢/ Se BT, FFRERA
AN, XA IR A LS A S . L, WA R T AR AT
A EL S A A O 0E,  ZERRR I G5 R TT LA P AR M P o 7
B S o R YA P R TR B 7 S L S PR A 1, 7R BB T A
DB EHIFOEII, (AR, 75T LA S SRR I AR SR A
R, R R A R T DAY o A O H O S e o
PR, IR A ORI P . 21/ 52 BB, T, /T, 0N, B4
AFAHEN, LA Fano BRI TR, 7EDKIR 3 ORI 75 AR ARG, BRI
P O 5 R T A BELEE.

DLTERI RO B, 2P FR G . BSR40 5 1 5 R 5T B
B—IERE g =g, (O=0), FUMRETE =7, ARG,

FFEAT LA T RRR DY, TR2AT, :F(l—sin2ﬁcos§) , T, =F(l+sin2ﬂcos§) o

BT A SRR SRS A >, BT AT AT DURIT I 5 REE R S BURR IR AR
S FA BRI P 2 A B H . TR 5-3 A T ARIR] ¢ B FRIRUAT Fano [N Bifi
ERIAAY. A TEREER, £K- 5-3af1 530 FHEH T 0<g < HIFLL, A
B 5-3c f1 5-3d P m < g <27 T HpB/M, T@AT T, EEE 53
FSH, ¢=0sin2f~0.707, T,/T,~0.172), FTLAfEE] 5-3a il 5-3b
BB T u, =& KBS B PRI 2 7 BB . 2 ¢ M 0 BN E]
7, TJT,BnE 1, \THEtEmEERETIRT /T,, FTCBRT RS
iRz, B 5-3a il 5-3b FIEFIE 5 5-2¢ f 5-2d RAERL. Mr<g<2z W, TR
TTr,. BEM, K1 M3 RHER—HRD, ARSIy =8 B2
£, +U . XRBANERI 3 AT &, +U LKIFH S EESITT, BT EFHT
BWIERESTRMR. Bk, B RESHREESE—PHE, BRGEMHE.
T, FER I 3 AT Al 4 DU EAA ORI 75 o X T LIZE K 5-3d PR E,
Bl Fano B FHIAT A S HIE0< g < x MIRERAMHF . SEiEXEL 2 13 +,
Fano R 7B ¢ W NmIsE 0, 3+ BAEREL 3 AA AR 2 FEAMME. FHit,
FEBCIR 3 FP4s il Se LI BRI AA ORI A5, SR BA AT DU I Y R SR A e
FARCRIE 7 L ER R EVE B AR R 2 BIX I 3) . FIRERR Zg> 2 B, ik

73



5% HATHRENE T AR AR S

BEANRKIE 2 WA HBUAHD BT, T2 ¢ 308 27 BB BRI A 7E X, 2
AT DL B . IXANGE R TT DL . A RIRAAES) N 2 IE 2 O
ARG E AT RS EBBENA), e AlBnichigs. HE2
BT RESES ERE, HMRESEXE 2 RITITE, R IR iRk
m, BAAHRSHI. P RAMFER AR, RN PR AR 530
HHIEEEEBRRTAR S A B SBRRTST,

1.6 v
(a) (byq1-2
P
os} e 7
P WY P
e e A 10
8L oop / N
= I .
@
g cal <08
o
e il &
—— = de=xf2
o2p —eme 3/ dos
.en e :
4.0
1.0 X ¥ T
R N N . 16
Hh mgion2 (c) L4 regon3 Tt . (d1is
1.2} : ) ; . :
nelk™e i2 '
o i . 14
o8 08 PR S N
= o R - - J} 0.8 .;-,-:‘}70"“//': ./’ \‘:
T 08 [ - ] ey k 12
= [ { -
= 1 t
5 ; rore
2 pal - — k
= § / ]
&) H— N
=Sl A 0.8
o2k -3 3
——e Tnld ; i
e gdn 5
gy
8] & 8 10 a 2 4 < 8 0
Voltage Voltage

B5-3 iy SFanold BRI k. FE@)FI(b)HSELR, Mgk, MRlgk, SZ&aH
SMNTo=r/d, /2, 3n/4, 7, MECHFDFNNT ¢=57z/4, 32/2, Tnl4,
27 . FiERFHEKe, =1, g,=2, t=05, U=25. F(OWERFRAHTE
X2 F13H Fano B ¢ ARk, K&, 4k, R&pHIXNMT =02, 035, 0.5,

Fano P4 T HO4T 0 T LLBEBARIN T o X B0 2 R, T, > T, W AIEHET, <T,
I R AT L o BAAE L TR A S T K B R 1, B T i s
ST R, (R, N T RO, EPIRE IR 4 R
ML 5T R R RRT, e R LA ORI . TIE
R0 3 AR R, BERTE &, + U S BIMIEET I, B s e R

74



B E CPATREXUR T AUER T K AT ORI S

WP, R ARESKESHE (I, <[,), NEARFHHFMRE, HgS
BUHERN. Rz, MBRESESHER (I,>T,), ERES EHNETEIIE
WL RSB TR R, BOR S T UG SR B A rA BB R 7= o PITEA
MO<p< I, BIERERIES RIBAERSE 2 1, W27 <¢ <27 B AT LA
X% 2 f1 3 thiliBl. HB4h, B THRREBENFT I, BFAERE 3 T hEmR
SIS L TE X 2 PR, Uk, I R R ISR
WAER, 7E 7 < ¢ <27 I Fano AT HLAE X4k 2 WP K. X AT LA 5-3¢ F 5-3d HIF
BIrh s A M E 2, XPIEE A T AR 2 F1 3 R ¢/ 8¢ B Fano A1k
¢ (RSN, . FIFRATHUHER —#E, 2RI 2 H Fano T 5T ¢ =7 XIFK, AR
3 S URE ¢ BN SR . Mg > 2 B, X 3, Fano RS2 AKTHAE
DI 2 e . B4, B3 ¢/ oe WIW/D , BEGEXT Fano BRI-THYRHIHHEISS . =51/ e
T NGRS B8 T VA R I Steofr 5L e 75 9 5 BB Y PR IO 1R
o XREAIE sin2 8 1R/, BATAGER B —A LB RAXNTRETD ) /Ty »
PR e fF B0 s s IR L5 . L, ¢/ 0 IRFHER — N EENSH
PR RBA VR L X4, 2 F1 3 G T ¢/ S .

HT Y ¢>z i, Fano KTFZERXE 3 FHMELAERSEL 2 TR, FrLAKIER 3 +
t18e B FHME R Z LR N . I TS — &, RERBENXEHEANYHEE
kR ZRBIC =TR =T, M, +T, =20, AR M MU AREE T
B & A=0, L=-40 , U K A4,=-2r+@r’-,H" , H$ & X
y =TT, +T, T+ T, + T + 170 + 0 -1 T -0 o @id — 289k 5, T
BF R, BORIME AN Fano BTFRIMATRIZRX, WK 5-1. ATHE, EX
y=T/T,« WHRKEERFATLIE, WR y<1/2, AT BRISESLIAE
p, =g bk, TR y>2, AMSHSMBIE g, =6, +U KL, ZEWATUNE 5-3
hEF . A TIEXE 2 PR BBHRERRS, » (81/y) RIKRT
2+3~373, XN 1/6e~0354, TFEXK L 3 i FMEE x~3.06,
1186 ~0295. FTUAERIR 3 = A IAA ORI 75 B 06 35 (1 s R 5 8055
TIE L& FEE A S 2k, b, 7EIX 38 2 i A BRI 75 IELAE T, AN T, Y
HHE BT RFAL ., 24 x> 10, Fano TR y B, Xy >oB y—0
BRI 4y =10, FBRELR/IME 59, X 3 #, Fano FTH y Hinm
BN, Yy > ol ERL. My 0n, ERRIEME 12, By
BHEIEHEARAD, RERUTREATAHIIER RS

75



B5E CHATRERE T AR IR ORI A

F5-1 FEAFEMREXEER . BRI SR Fano KT RIA R

X5k 1 2 3 4
ey L L+, L, +ar, r+T,
2 3 4 2
S(ez/h) El 2(2Ff+3rfr‘2+3rlrj+2rj) F?+3I"12F2+7F1F§+4F; I +T,
2 27, &,(T, +T,) 2
1 2F13 +3F12F2 +3F1F§ + ZF; Ff +3F12F2 + 7FII_'§ +4F; 1
F - =
2 orr,(I,+I,) AL, (I, +,)([, +2I,) 2

bir

o/r

B5-4 {RELEXIR2FE, X T(a)t/de =0.5F(b)t/Se = 0.35 BiF 5 4L, FanoldT
YEH ¢ IS ()FI(d)4E H T t/ 8 = 0.5 F10.35H FanolX ¥ Fil ¢ F1 0 (1745 4k

76



B 55 CPATRRE R T AR AT ORI

ELL Bt ie, BUMEREIN T 4N, REDARREEAL XK. HZ, W
RSB RABAN (0£0), NI RFRAXTTLUEEME RGO AH
BRI BB TE 2 T8, XA 58 AR 0K R 4 Hh ORI 75 I R SEhE 52
EIRELT . BAEZEIX SR 1 F 4 T Fano B FARTARR N 1283, 8Tk, HA1X
VEAER SR 2 PEECRIE RS, T LB BN AT R 43 Ko R A RIORL R A A
AR R KR B 5-4a P44 1 T AR 0 B AE X 488 2 ) Fano B 7B ¢ 1)
A, Bt/ Se=0.5, XAMEHRE 2 PRKAMEKR. 240=08, WLUEDLET
BRI SR ST LAY RA 5 AR A ORI 75 2 T B e . 1E O BN G IR ATHAR I
ST, AHM 0~ BB, ORI P X L I S AR R AR BUR, I B R AR
(1, TN S5-dc. EEFAH T /5 =050, 7EXI 2 7 Fano [AFFl ¢ 1 0 FZE
¥ CTHEGMREETE ¢ MO B FREFAZ, FTLLXIEERT 0= ¢ XFO.
XAGRTUXFEEB. o=z A B, LEHHSEEN

rf=r§=r(1—sin2ﬂsin-gi), r§:r5=r(1+sin2ﬁsin§)o b, XFERS—
ANET S BIPT AR T 18] AT B R B RS LA AL, Braun & AWFFUIE X
Tt f o SRR S0, EXRP SRR, B e LR TFERE T s S A,
FAFEME S A WIA R . EREMRMARLT, RESSHERBEEN SRk
A (2 >TR), 5 Braun A TAEH I AREMR LASAELL. B, 20~7h],
ORI A R W IERA . S T 753 Fano BRI IMENTSE R, FIRMFEHAZ (5-8),
LML =2r-TF 518 =2 -7 F, WLI4RZ]

F={(T)" —4r @y +(@)’[Br? +8ITy —4(T'7)’]

—8TRBIE —D(E)? ]+ 40T (40 =T }(T])? +4T T — TR 4+ 21T 1

(5-9)

F =[4T% + 2TTE — (DL )[40 —6IT + 3(TF) /4T —2ITE + (TE' T (5-10)

AHEWNF MENT 1, UTF 50820 WH#ET 1. il 0=x 1, Al 56
TR FME, R GETEXRR R G 1 BRI AL ORI R

e 5-4a FHTLUERIN TEEMO, 240+¢~2x il Fano BFIkZIHE
K. BRAIOLmME LREN MBS NIE, f£g=27 (B g=0) K Fano AT
BRI, XTLAAE 6 = 0 I ks . EE S-dc R LIEERZMED], £H
4 0+¢=27ME, Fano FT RO =08 K, BTLLMBLED A —RABIIH,
WO FE T L B — D 18, HE HBRA VAR ¢/ oo HRIEEIE FE, 5T
T BN TR 150 40 A B REAE SR AT BB VA ORI A o D THESEIX — i, FAIHE

77



FS5E CPATRRENE T AR AR R A

Bl 5-4b 45 1 T Fano Bl FBE ¢ 224k, B TH2/8e =035 LIS, HASH5E
5-da FAHE . BT RS 2 He/ oe HIGSHE R 0354, T LAan S8 4 0 23S
B, BRI AWM. B2, WREESMAYS, H0+¢~27H
|p—O|> 7z B, FEVAFABORIIE B AEX AN DI S ER I, XNEF e ER] W
B e=0, Y4 ¢=0 (B ¢g=27 ) B Fano B T & B & K. M
IE=TF=T(1-sin2f)<Ts=TF =T +sin2f) , FoHEE IR B EIR T 30 ot s
SHRFHFMFHEREE. K020H0+¢=2z8, FI =T(+sin2pcosh),

=I'(1+sin2B), i =T(1-sin2Bcosh), s =T(1-sin2f). HTTEXI 2+
HsM AL RS ERBSEHRZN, XMRENMEEREBGHERE
fF T =C(1-sin2fcosf) [f=T(-sin2p) , Tj=T0+sin2Bcosh) ,
Y =T+sin2B) NRLGHF. 560=01FENME, TFRTIEEE. KoM 0
Wmslx, TFEINmC; s, b7 E e RES TSRS, Hik, 23—
AR TR RS NRR T A R AE. MOB/DE, Fano H-FHBEM, H
2 98K, Fano -7 I UAMRD, BRI TL &, EEEN R ESH ARt e
BUNNTE/NMEZ . FRlf, M0 =B, BORRRER AR, XAERETH D
T FTUXN TREEN /6, FEEI+$~2n FO%ET (0,7) [BL(x,27)]
X35k Py S AME I A BB K. X AT LA 5-4d hiE A, BB/ 6 =035,
HEZHEKE 5-4c TR BKEHITEO+¢= 22 | p-0|> 7 8. IBHAR
(5-8) T LA7E 2| Fano B TR RER. ¥AEGEBENREXRAXANLAR,
(SE

p+6 $-0
5]

F =[5+sin” 28 cos —— 5 $+0

(cos——+2cos

x[1+sin® 23 cos——

0+0 0s2t0 -0
( 5 —2cos 5 )]

o+0

$+0 -0
3 2 R
+[ sin® fcos—— 5 (cos—— 7

+2cos 5 )] (5-11)
W4 w] Lk Bt @i e/de, Hg+0=2r (B FH 0,=0,/2) H
;¢ 0 |=2cos™[(1-sin* 23 —8sin’ 248) /(10sin> 28 - 2sin* 2 B)| i}, F kB HE KA
F_ =(6-8cos’2f+cos*23)/(16cos’2f) , X 5 Z Wi M 43 #1 — B . Xt
1166=035, %4 ¢~1.6917 F1 6~=03097 (B ¢~03097 5 0~1.691z ) Kl
F_ ~1.032. LA HRE,, =1, ATLRRERKIERE/ 56 ~0.338 . LA

78



055 PATRENET SRR R

P FE VR BN 5 K AT 4 AT A VA ORI 75 ) A TE N 53« E IR 4803
Hh ORI PR B ARLAT 0, X EANE L

0 2 4 8 83.00 .05 010 0.15 0.20 3.25

Voltage Bz
B5-5 (a)XIg2f(b)X 3, EAFE K ¢/ 0 FFanolHFFRLEK AR, t/066=0.5,
OB MU < g —&, W FanoH FREMENEN. £,=1, g =2, 1=05, U=1.

TR T X SRR I L, K8k, Mgk, M RXINT ¢=0, 7, 27, (d) £
RXFRFRGE P Fano R 7B 1AL .

2R — e A S RO AT AT H B SR L ¢ AR 4 9 AR BR
HUI2I] RS R SR T AR TR, ¢ B 4n B, ARG IR BIH A
. XTE ¢ F OB BIRE RS, (B2, WRE/O=n+)/(n-1) (BH
/D, =n), FWEN2n+1D)x ">, Fano BFF 2 SR EAHZ X5
PER, FTUATRAIAIE Fano BRI F EH LIRS . B 5-5a 1 5-5b Horilae i
TAEXIR 2 F0 3 71 Fano I F (3RS - M 5-5a HATLLE R, 2¢/0 BURRRIE
I, 7R — A B P RO R 7 A 1 R SR Y KA R B IR BCR AN E Y o X LA

79



PS5 T TS WET RER TR ORI =

K 5-4c hEH . Ao, Fg/0=1, 05, 2, AYNZKN 27, 47, 8z, TEH
5-5a 1, FAENZE 27, 27, 4m . JRNTETIERXEL 2 P EOREE A AZRESS
REESHZHREM, F¢/0=0.5, Ho=2x0, TR F{ERIGFHEH#, Fri
Fano K FANEE . WIAEXHH 3 sHR&BEXMIFRME, FrUAZERE 5-5b F M % E] Fano
R PR EE A 2r, 4z, F8x.

EZ WP R RREU > 6 -5, FTUEMRMMIER WS35, XHK
IR BRI B U < g, — &, MG DL, HREEGE SRS EN. B 5-5¢ 4
TAFE ¢ it Fano KFAEAMERI RS, MHNAERMERERBERFSE . b
EI-VRF-V#&kFP R EEe, ¢, 6+ULE=ANEM. ME4EM, M
fn, FAEREE T, B, TR AN X EE D, X5 U > ¢ - &, FOHEEL
EEFRANTF e <y <&, RABBENBHEATIER, MAte, <y <6,+U, T,
BV 5 T ol R S ENE R PHZE . BRI AT A5 U > g — &, BIR A4
Fo WIKREHERE, WG o8 SR G R B R = A VR e RS, KAk
BT, >T,, EdRESHREEARY ESTIEFHEE. YREEn, T
I T, s>, mA5ERES RESKHREHHEE. FHih, Y¢%Er, £XBE
&, <, <& +U PRI BORNE S, WIE 5-5c. FTAATRMARILE, W
U<eg —¢&,, ENMAGTEY MRS SHERRMHEEIER, R0 LU™=4
FAMEFS

RATCLTFEY AT I T WA R RGP @S S AFE (USRS S5
BRFEFEERD PRI EORIEE S . B 5 AT B R SRS E A XK
REFKIER, EXRRETHIETFASHOAKHEGREAR. BRXET
Mo GWOBAER, BT, >T,. BN, MTLA%KRNT,/T,, £
X 2 Al 3 P ECRIE S T DAY G sR B EAA MR 75 . R E IR RIRAR G, BRI
LT R iZAE MG, B S REE M AET b RIBEFIT LU Saf, R
JEEEEE O, FTCARD T XS LS, X7 Dijuric S AP T/EF e,
LEABATTH TAE TR ) B ie Bl e iU 5 AT T B B S A /E AR, B2, 7
AT T AR B BB O SR U AR R N . ZRTU, M SRR S R K
B, ATAGE—SH TR, flugER o #RERENERL. a8
B BAIENHR ARG RSB REN R ESE e EAHBESR
ZRTSEHAT — 80T, AR L EA R G, RESHREBESIMERER

80



58 PTG NE T SUAR TR BORIG A

I, =T, cos’ f+T,sin’ B—T I, sin2p
I,=T,sin’ f+T,cos’ B+ I, sin2f
E X sing=4T, /I, +T, cosqux/ﬁ/,/r‘ﬁ—Fb EBRr/A<p<n/2 84T,

W bL#E R A T,=,+1,)sin’(p-p) » T,=(T,+[,)cos’(p-p) - M T
0<fB<nml4, T,/T,=tan’(p-pF)bE B INTHD, FrUATERIEL 3 4 Fano I
BRSNS, AR 2, BRENARE. K&/ 6 B, [/T,7E
o—f=rx/ARTEAR] 1. KERTULIKN, RAz/4<p<z/2, WHTLBEX
(i¢/8e, BATLMERE /4 . FEXATFEP Fano HT—HEWD. #H— 580N
t/6e, T,T,/IN, Fano BRI FTFUARES ¢/ e ¥M. FTLAZEX I 2 o Fano A7 3F
AR T ¢/ 5e AEE 5-5d TEAH T AR R AR AR RS Fano HFAEN B
B S FOTREAM —EE, 7EIXIH 3 1 Fano [K-7KE B 3N By, T7ED I
2 1 Fano (Rl 7-56Ht g s, 25 E8Em. T2 KK/ de , Fano FT
HEEMU L HBEREE R, Bl cos(p—n/4)/sin(p-n/4)>sing/cosgp o XTE
9<3r/8ET, /T, <5828 & kE. FIUAANKRARLG T, EAFHEZE RIS
[F1] Ry R HIORL R 75 AN TR R T

5.4 g5

BATHTFL T 2SS FRINE T 5 FR G A AR B R X FeL YRR RO 188 7 ) £
Fl. SABASHET BT AN OBERENER L, FbERsmmEEn
S AR BORIE S . TR AR SREE O, R RT LA SRS 1 A 4%
BRI 75 ) (2R TS0 I P ORI G 75 R R I R Y B A SRR A RN
(7, BORINE ST DU BRI R — 2D IR, A SRR EMA S . MR
Gich, ARG TT DA BR BT B ORI 7, 3K 15 {9 A SR,

81



6 Vi DR T AR T I B Btk e Ry

E6E  Mim AMWEF AR R YT B IER L E ISR

6.1 3|

B T2 10 ) L — R A 3R e N R RE  E 21 - B R TOUL 45 4 1) B
Bt AL R E AR, TSRS R 5 B2 AR S MR FURILE, BT
BB M AL FE R ER 2> 7R B R Tk 2 i ki P, R B B AR IR
(20179181 s H AT 1k, RBHERATAELS ERIScis ERRIR I T IR S 7k R 2R
TR B R N BRI 7 . Rashba $i5 H B I8 45 7T LIAR K HuUBE i B e A sz,
AW ABET 25— EB e TSRS, Jiang 25 A5 w8k —4
MgO B %7 25 B NBRREAR R SR Z 7], BEeE AR W] LI BRI AL, 57
— PP B 7 UL R N 635 518 B AR A B BR T AR SR EC B S BT & T B
7. N E YR, TTRMES B RGBT — R BN A S
R TT LUAR R B HeRASC PN B R YA o ik, I sk SEELE N E
TEE N B T EAT R D

FERERBCEFREY, BT BREAHET/ERNBFRREEIER TE
ERIMER, ATULHE REMREE T, #2558
HERECHFRAMT, Bkttt (BRI Schrieffer-Wolf Z8#), 7] IR 2
Heisenberg Z$BY 1) B e AL #eAH BLAEF JS,0S, « X THFENMMAERFWEHIE, X
Foft B R I B SR T AT LA AR A M B2 A 2R 45 11 B 5 LB e D S B9 1200 fgi
EE T ARG R ] LS 2% i Kondo [, 3+ H Kondo S<BEL J% - B FEl]
MR BA TR SR T ETRANZR. 5T Biemiimz, £—NE
T B AR R B TS BER, AT JE BRI E T AUE
(IAS B AR BAE L T AE 5 — N E TR ramiEt™, Bk, ATHUERS #A
HAERWEET LR E T AR IAE AR EAN.

FEARZE R IRAIFE S T —Phali ot i 4B B VB F B9 R AENL ISR B2 BE 0k B el
Ak, FLF AR B v R0 2 SR B AU RNE AR TV AL AT LAZE A
B A5 MR D AR RS PRI, HPEANET S5 SEm O
B EUREFEAMRPRBERNZRZNDNE T AT REFZ AR EEH.
PR ARG, —MEE R SM S O AT n AT, MR

82



86 DU OXUE T R R T R B AR B SRR

B AN IORALTT N S A =R BIFORI, e R Bs, BT
TR EAEFRIEWE, iR T A R B AR BN IE5R, IR
EAIL T AN RT ARG KR ZE . XA ISR IR B BER A
MN—Z BB T 57— FEIE.

F6-1 PANRT AR A IR G B RS, PSR A0 1L T A3
AR, = ANGRBEN L OREAC)S [ SPAT, T RGBT 1 5304 AN 1P T 2L
AT

6.2 IEipHEE
B 6-1 WEXANREHGEHRER. ZRZEEFANET SN Gmm C 24
B, HPBEFA Gi=1, 2) 58kME L MR MG . SRBm1L, 2L, M2RH
REAL T 1R ELABSPAT,  TRRBENS 1R WOREAL T 1M AT LA o4 3 AN K RIREAL 7 17 °F
ITERAT . XA RG] LU R i
H=H,,+H, +H, (6-1>

k. b H,,, RRHS DR EE, TUER

_ i
Hlead - Z giakaaiakaaiaka (6-—2)

iako

KB g Ca,,, ) RERNE BN o W FERD o PRE GERD JHHA,

icko iako

a=L, R. FSLAIRET SRR AT LLHI S

83



6 DU DR T AR I B e I SR

Hdot = Z grdtzdta + Z UiniTnii + JSI[SZ (6-3 )

Sk, d (d, ) ENER o MBTAERT A PP RO, n, =d\d,
BB, URRRET I PRECHRRE. AR (63) HBE IR
%TH%mMgiﬁﬁE%%,J%iﬁﬁﬁ@%%%,&%Eﬁﬁﬁ,ﬂuﬁ

LS, == Zd*o- o AT RIS, FATEIE T BT S0 B B E ULEA

ﬁ?i?"ﬂFFp PR8I, B i S O 1A YRR o i i

H Z (V;akaajaka io + HC) (6—4)

iako

TR TSR, BEIBARYY,,, SH R A TEX, 3 LRT R4 I
(ERBBEEE IR, BIU, , U, — oo, BT BMEA-ET S0R AU R 7 SR F (X
5o AERBEIBTIRT, BANTURT SRR 5 T AT LU 9 /MK s oK
ik 0)[0), |o),]0), [0)]o),, BLE|o) |0, H—AREFFHAET A
B R, WA FORETA LB B o (T I, T
BT SRS, $EARFET R 2 AN o MAT SRTETN |

TR, BIF— AR AN o (LT SIER T | TENEN o i T
W T 2 HURES, IR

% R T I LUR 0 8 MO B A = B P A R T 5
R, R TR R0 R A (0 ST X0

h =!T> IT> ’ |T¢ =|¢> |¢> LLK|T,) = (m |¢> +|¢> m A Y
Als)= <WHU~NH® TSI O A B 66T S5 AR T B4,

¢ _10>’|0>2 lfr_I >1|0>2 f20:|0>1]o_>2’ d;,,:|Ta>’ d%:lﬂ))’ u&d;:[S>o
P B LT LTS

dy =€ fio + fidy, +—= fldy, +(-1)5d,] (6-5)
[
LA
H, = ng*f +(&+8,+J/4) Y didy +(g+e,-3J/4)did; (6-6)
y=T,1,0

HETID =20, T(¥)=4(1)-

84



6% DU OET AR R T R B e B SRR

S T R T IS, T SIS A S B AR M ST BE I I (AL, SRATES)
R, sk
Py =2 Lo {1~ £ (1P = fu(€)P0 )

iao

Pro = 2 AT fu() Py =Tl = fu(E)+ 7, fr, (&5 + T 1 4)

a

+%F?a[]‘7a(57+J/4)+ﬁa(e,—.—3J/4)]}p,.o +T2 [I- fr (& +J /D,
1 1

+—2~I’,§a[l—f7a(57 +J /D)oy +EF,§a[l—f7a(£T—3J/4)]pS

G 1 1
) T2 fr (o + T 14) =2 S (6 =3 1 DN(ps, + )}

Py = 2. To{ fue, +J 18 pr, =11 fi (&, + T I Doy, |

i

A 1 o
P =5 L iale +0 1 9)pry == £ G+ Dlry

iao

# LD Ol £, 6+ T 14) = £ =3 1), + )

i1 o
ps =5 2 Tefule =37 19)pr; ~11= (5, =37 1 D]

ico

+%(~1)ia[l—%ﬁa(8i 1) =2 16 =3 9N P, + o)}

brs = SVl £+ 9]y +11- (6, =37 19

oo

_[.fia(gi +J/4)+fia (gi “3‘]/4)]/)75—}

+{i —%ZF;[I—%fm(q +J/4)—%fia(gi—3J/4)]}pTo’S
. (6-7)
KR A E R TTE Py = ele, P = f;;f;o‘ ’ ﬁTy = dzt,dTy » Pg= d;ds » K
K ps, = didy AN NRETHAETHAYNEEHMEE, RN o MHET
HIEEF AR, WABRTFERESESHASHTR, JFHBETEAERR
Lot D (Pro+ Poo+ P+ P+ 05 =10 pg BB EAE P FIAEX A EE

85



56T PU CORUR T SR T A e L B RO

REWETE, MESHOHR LA RIS AT U, BT LS R 25 |S) 15 = B[ ) 2
RIAR TR, B oy, IR, AT AR FRAREE T — OB, 8 B E 22
K (67) B HBFABLWRTENET. [, (@) =1+ | 2
Mia 30K AT R, T2, 3 o MR T AU Z RO 3R, U SN
07 =3 27V [ 60— €4,) « TERADRAR, TLUBEN (6-7) KB HHERE

Gt T HEA BB T LR
12 = ST 1= FuEpy + fule+ T 14001, +3 1S+ 14)
a6, =30 1)y~ £ e T 0, = l1= Fu(e+ T 4o,

—l[l—fm(g,. —3J /1 4)]p, +(-1)"5‘-[1—if,.a(g,.+J/4)
2 2" 2
1
”Efia (gi _3J/4)](ps,70 +pTO,S)}
(6-8)
R I 15 31 2% B4R M Tt vl DR B 1 R4 FHL I o

6.3 HETEEZERSIT®

FATER meV 1EHGERMBAL, FHE AT =0.002 . {REITHEBMm L H)HR
hEHIP=04, WABRTIHOIR, HAmOS5EF R ARG ERETUS
BT =(1+oP)l, MXTFmHIR, HEETARBEBENT, =(1£cP)T,
“+7 IR IR MR JT 5 AR 3 AN DSFATIMEL (PWED, 1T “-7 5
T TR WIREAL T I S5 HA 3 AN O RFATHIRE (AP A . T HJ 535
Bk 0.01 1 02094198190 iy B oL/ A—4k. IXHE J/T0 1, MNiHEET
FH ARG MR XSRS EH .

63.1 HBEFEMinO%EHE

R HBET HERZA, FLEEXNBE T ARG T et i —1
BRI, XEFATEENEFARETH@mEER. ZE—IETAEE
BIFA R O RS, HELTETERESLEE AR ERBRN

86



56 E  PUNEOXUE T AR TN L B et B AR

, e reriry
T T T 9
L R+ L R+ R™ R

LT R Oy
9IS

= (6-10)
ey +0rh +rtry,

nO'

+ J
H%,%ﬁaﬁmwﬁﬁnz%i%zazp,ﬁﬁ%%%%%ﬁ??ﬁﬁ&?
THETEE . T 34, 515 ARG, HTPATHE, n=n =1/3, T
ﬁ?&%ﬁ%ﬂ,m:%ig:mfliﬁzOEEH%E¥ﬁMﬁ,ﬁﬁ?E
W TR T, AR LR TFEASEARTA (O ST, AEGFEASH
FETFA (TL>TY), HAET AR iR LR T TR RS . i
TR, SEKEFRTFHEL, AW FETEAREART A
(I1 >, AEREIFET A (TL<TL), FrRlE T Ah B kT b
K F EEI T T SR

632 WETAMiHALEH

ST ARG T BB A TERMINRLE, RITEREEARER
SHFRMTIS ONE T AR, AEETHRAAEEAN, T P M,
n, =n, =1/3; WF APMAE, n.>n . n,=n, . BAEFZELET
SkIgaEIT R T A 2 KR ARERALE . BB EEARRER, WLIAE
AT AR HAE IR AN BT AP BB T SRS IRBR SR BT P
M Qe m L5 10 T RET SIRBURS, e AP MBI EEIRRER, I
PAFRATTUEAZE P A4 5 ch s e A0 HLAE BT PR i AR A FE RO SE AR /s, T 7E AP F B
thAZ bl B AR T A B MR S ia 5T B N RBA15 T8 P T
AP MIRITRRME L, PSSR T RA TSR . BATERE T4 1 Pm it —
SRR EMR S UMREE T A 1 RS g e ST IREE D .

(1) pHyg#y

B 6-2a T IZ Mn, BEIREKARN (ZJEMRARTH 17 RAER L ).

XE

87



5506 % P VSR T TR R O LA B RN S SRR

1 1, .
Mo = Pis T Pr, +5(pro +ps)—5(~1) o(prs+Pst) (6-11)

3 ELB g1y, =gy, =V /2 BRSO FR MM AL S 10 2L FI2R 2 0] FTLAE ST
F1TCHRBE R IR G KT B AR I, RUR-F R R LT =N EE, AR T
w, BH e, -3J/4, &, Uke+J/4. REANAEMHNARERTFELES, 68
Fe, UERZBSHFELTETS 2 WREIRE. AT HE, 85X
£,-3J/4<V/2<¢,, & <VI2<e,+J/4, LRV I2>¢g +J/4DHFRARIT,
I, UL 7EEMRERS I BERT I, TERRLFR, n,>n,, K58
BT ARNERAR. ERRTFAPHEEEn =n,, BARLEg=P=04. H
THEXBIH, n, >n,, FLEREFANBEHAL, WEdET 82 BRFK
RN, n, <0.4, FREEBEE n U3, A E TS SHEE DR L, 7, M7,
#E BT BT UG SR IOME 0.4, JTLALE P AL s AT AR B4R AN B BB 0
n, BAER o JESCrh e B B A P SR A

0.5
. ] 045k s e e e o
g R n;, { ;,. 3
£
04k 2 o """ M f ¢
& i “
Soaf iz 0.40 ~ 4 e
& H <
= i k=]
v 03F% 4.2 . J
[ o 07T 03 05 02 N
= & 035) TNy -
-3 K]
) =3 n
3 < o 2 L
£
D gaof
025
®) : .
. 0.2 0.4 0.6 0.8
Voltage Voltage

B6-2 T M2 (a) F1NESH B LA (b) FL T 13 ARtk 7E P T o B AR PR Fr 48
o (@GRS HETF AP ET HEHMRENZL. P=04.
(2) AP #HY
TEARZRE TR BATE ETRVE AP B, XM F, ERET A
AL, AR LB E Ry, . B 6-3a FIE 6-3b P4t T 17 7,
BEMRIE RS . ST, 5 P MBI AIRL, 1A T SRR E R KTk, H

38



6 DY OXUE T AR R T IR B AR sk

B, R T BN 8 T R, 1A 2 R — AR,
1645 17, FOELAE RS i F X ok, G 6-3b o AERXIR TIL,  mp, B33 0.7,
AME R T AR 0.4 EARE . RN, EMEMRKE T LA2IX I 1
FItfEd, o Bl —BEAERKG, FHRETHRIKT 0.1. Rk AP M,

i AN SR R A e B T L B R, RN MRS R
T A ERFARIL B R A B R B SRR R AR FRIRARAL I N RGN
—4IBE “HRT BT H—400E

r 07 v
JRS—
0.5k ¢ 1.0 T b
§o,s T osk i
; o
o5} Sos . ] :
g Y 05
fosp 5 °
0al 802t 7 B
4+ ’ N .
5 ST TT o TE o 10 & o4 \
E aa it 2 !
(& . e 03 §
s | a - )
§ 1
0.2 i @ 1
j —— o2b 1 —
§
R \
a / - e ~
| - o1 \
_______ r R el
a3 b
ool3) . . 0ol P, . .
025 M 1 o2l Prr | i
ans————— 4 - p
@ i Py \i TL
g 020k e p\’ 1 pT[}
£ T } ewsf |
2 P2y { Ps P—
5
x 015p L N S <
= !
g v ey a0}k i L
2 oo} ot 2 !
£ P !
k53 ' i
o : oosl i
085 § - § il o e e o
¥ i :
p !
(© 77T oy -
0.00 4 . , 0.00 P e .
02 0.4 0.6 0.8 02 0.4 0.6 0.8
VYoitage Voltage

Kl6-3 APHITLHIIEYE . (a) B e B BRI ENAZ . FESH T ARER
TE ARG EERE P AR . SEERRT N R LB, Lk, Mgk, SR pix
NRETER IR, 11, NS AL. (b)Y B ERAb R m AR () FI(d)XT ML)
5 85 6B 9% B s . TR0 AR A

T ERATT R A A A XA SN L. E= MR ER T, BREA
AR R IE

89



556 & Uk I WE T R AR R A B etk R SR

I° :'Z'F;R [:pZO' + Pr, +'§’pro +%ps +%Re(pTo,s):l (6-12)
G pp, s FI— T LU B, BRI — LG (6-12) ZH BT TIP3
B, (6-12) APHE—TRRT B FLHGES e, BFEITE T 2 LR, W
BFIEIINER R BEN o W TFEH = EFMARREHTE T 5 2 Kk,
KA FE = EAR|T,) FIERAS | S) o B hEm BRI a7 ERET A 2 MM
[, T UALE S8 =I5 38 DU LRI R — A 1/2 IR B 6-3b HITLAF 2, 78
X I, 77, b 0.4 FEROR—L£8, XA LUK . AR T, A HER
&, —-3J/4ENTIRIEE L, BT REEERES, B p @ KT HAERMEMET
(LK 6-3c 1 6-3d). fT LA LI 2 X — U5k . AR S B IR IS p,, F o, ]

88— I, ‘ﬁIW%?U[“:E‘%FgR(pﬁp%), Mifin, =P=04. ¥ FREEL
1% p,, W1 p, TR YR 7, BOISTE . ZERKLT,

Thepr, + Tl +p5) /2 I? p, /2

20 o & o o — g o o ( 6-13 )
I_‘1[, + FIL + FZL + 1_‘ZR I—‘lL + FlL + FZL + I"‘2R

HTHE, L(l+oP) =T, MAKRTI, =7, WHK=mAET, =", X
ﬁmuﬁﬂpﬂgﬁ%éﬁ>%wﬁfg%x,ﬁm%ﬁTpMWW%E,mm
AN BT 0.4, 3K — 55 St i LU — Ao 2 O 4 80 P ol A, 76D I 1 o,
py BRT A AN BRI, XRRARA M ITE, R TS ERT
LR, R ZRELTHE, WRERTA | AN G
PR RO IR b, MRS, JEERT N 2 PR T A BN o
0F . B p,, EEEEA AT, 1T AP MR T, > T, B
| AR R TR S EM O IR b, JERT A 2 PR F A E
ERIBT, dTR > o, o EBHTATLAE

o ——AWPe P
© T +I +T5, 2+T°/I°
B pr > pr o B (6-12) SURESEZIUARHR SR I 7, BRI o PrEAERCBRT,
1, AL P ER—E, FIIXAUSCRAERE P AP B, WTLAANIE, e P
WG HELT, ST, FTLER 6-2b tn, BHNHIZIE F B E T S E.
B BN ENER L T LUE, 7EEH e, MM EHEBFREITIFT . 5K
BRI RERA L, EXILL, RT p,, HREDEEERTEEM T . £E 6-3c

(6-14)

90



565 U OUET SRR T IR A BE B TR

T 630 HATUES, MREEAKRIE, p, (o) BEMKT o, (o)
BB, 5B, HE R, XTSRS AT T AR 7ERCHR I,

_ T30+ Ty, +T7; (pr, +ps)/ 2

_ (6-15)
P2 e +T7 +T9,

ML MBS, FERBR I, p, MIEER 4T _E TS, 0, —SUE R,
A B T OERTEAE, BRI R T AN S E, 2L iR T
Rt N RT N 2. BEEARER AL, TUEE WSk
Iﬂ:%ﬁm{3+§”m,muqﬂ@mwm%mmﬁ,mmmﬁgaﬁl
HRELE— 5 .

S RER AR LG, o, M p, #4000, 30 p, BMMEEEAT
HeBANEMETT. X 2R Es, +J/4 M= ESBRFEEITFT, MRE
1WA o BT, 30 2L B B o P T LA R A
BT 2 LB EAT, . T30 IR AL FREAL T R R AT, B b
1 100 FL - B AR T T B R T, A3 e e T A 1
MV T R BTDL, 280122 TP HE L T B A S AR T
DHIFERTA L FNBTERSEST,, 8o, 0 py o RBATLMAR

_ 2.0, t 10,
" TR+l |
FEH, o FRE -TERERWIHATEREE, ERX P o, XL
I HSRIESE I, AT LR 77, 7RI L 220100
BEH MRS MRERE , FEHFRER BOHRGEJ/TO THHER. &
Xk 1,

(6-16)

_ P(191-62P* +15P%)

= (6-17)
= T 65-34P" 1 13P°
X,
_ 2 4
%zmuo3?+?w (6.18)
84+5P>+7P
7EX I8 101 4,

91



o6& DU XU R AR R T R AL B I R A

_ P(51-26P* +12P* - P°)

= (6-19)
2 27 +6P* +2P* + P¢

KB 6-3 RATBUKSH P =04 RN EHI=ANREAF, WTRE =M KRSy,
BT 0454, 0.542, LUK 0.673, XEETHEFHOEGRTE. ZP > 1H,
EFEREXBHAE 7, >1, RERBFEWEFL. B LR PREIREAR
KA, XFPIELIT NRATRAL BB PO THIEDL .  BRE £ = i Fs XA
7, 5 MY T191P/165, 10P/7, FAL1TP/9 o Jit AR S (i a6 e £E X 48, 111
B, IRAR FARGCREAR AR, K AR nEsa — k. R 6-3a
R E A T AER TS OLT 7, B8 P ALK TS O, T LUMRVE R M B 2= P AR/D
N, ERTRHAEAER, g, HARCCHIRGR T .

6.4 NG

FT PURBRRG OXE F AR, AR T —F B3 a5 R B¢
DU A BRI ABE N R, KIE AT R, B
B S IR B R AL A BT R, FIRNEN 5 — N E T SR R B e
WAL BEA B P AR AN BN ) B P B T A ) A A AR A
BT N 50 BN e 4 B B SR B B ARG R 1 T — 2T g
& AR e,

92



BB B4

AR T JLM AR T R R P10 B A SRS PR R ORI e, R
DI T AN A A AR R4 FR (10 e AU ORI R 75 TR S . IR T R
AHRIHE X R BR T -

1. I FH 3148 5 A B0 MO VERTF A T o/ 7 /R i i 4 R R 1 R
FSCHIHORIE 75 o TFFUR I RGA T RFATIZR, Fano PRI-7ILEL THRALR
B PHITJT o B RIS DARRS WEAL 7 1 SR A I AN, Fano DRI 1T LAKE N EK
FHD, KB T ARALE P R RE R FRE o AU, XFF3 R IR G ok b
7 B e E NI A o

2. BT BT P A Rashba B HEUEHEG RN A0 B e RHHe R 5 i Rt 2R
/BT SRR AR RGN B ARG R Mt SO . JR A R E T AU
ML, R L ST DU AR AR AL — o QU B 2 (OB T B BB Fe
STHIPE ). Rashba B HEBLIEHE& 20N AT LAAR W T - AR PR 27 BRAZ AU AEAL, AT
WL RS, ERBERE T MARLY, BT FF7E Rashba AIERIFERIE, R4
IR G A AN TR BE R o LAY Rashba B BEHUIERS G Y T LA H 506
MmN, 3 LARLEENRE DT UEESBORBE T 5 RISIRRE S
IR

3. BT SN R T IR R G K AR NN B R
T, RIAETATHAL T A EL, WUR I PAT B PAT IR, B — AR
B T AR TR IR 380 0] LA RS B B/, BT FT AT S e om & i 70 o Y42 i —
B TR, MRS ESR, SRR 8 R R TR X,
R P4 UL E BRI AN o« FE SRR TR G0 Y BLAE X FR 2R 8t T 56 18 1)
1, BRESEBEAIRREAL 7T 10 Sk A A L AR A B O

4. DVEFERT 5 R A R A ORI 75 BRI Y AR S OQUE R 2 AR X R T
MRS, ACPRBT MRS ET SAESENTRRE T SRS
A R R VAR R R R T R BT R A SR T BT AR DS
SRR E AL, FARE R SREEE R, BT DU RAE RO A M R 47
LR 5 (1 (R 4 2R AR I P ORISR 75 H BRI R Y . R 3 AT A 5

93



BRI P ] LR MR B — D R, AR TE SER b AR A BRI R S AR 1R
&5 .

5. PN NER LG BB PR N B AR A BCRRA R L, BATRE T —
TR T OB DN BT AAERN AR, RS TR BRBREARERE L
BEWIER, PEAZN I SGRENLEE PN E T A A A BRI . BRI
S BRI T 1A R TATHIM A, BT A R B R E AT
DU B R, FRERE W S AN E T A R B R AL AN E . %07
AT T RS B B BRI B IEE AN R TR T — M BE R

/
%o

94



S35 30k

(1]

(2]

(5]

(6]

(9]

(10}

[11]

[14]

[15]

S 3k

Zutic 1, Fabian J, Sarma S D. Spintronics: Fundamentals and applications. Rev. Mod. Phys.,
2004, 76:323-410.

Wolf S A, Awschalom D D, Buhrman R A, Daughton J M, von Molnar S, Roukes M L,
Chtchelkanova A Y, Treger D M. Spintronics: A spin-based electronics vision for the future.
Science, 2001, 294:1488-1495.

Das Sarma S, Fabian J, Hu X D. Spin electronics and spin computation. Solid State
Commun., 2001, 119:207-215.

Tedrow P M, Meservey R. Spin polarization of electrons tunneling from films of Fe, Co, Ni,
and Gd. Phys. Rev. B, 1973, 7:318-326.

Baibich M N, Broto J M, Fert A, Nguyen Van Dau F, Petroff F, Eitenne P, Creuzet G,
Friederich A, Chazelas J. Giant magnetoresistance of (001)Fe/(001)Cr magnetic
superlattices. Phys. Rev. Lett., 1988, 61:2472-2475.

Binasch G, Grunberg P, Saurenbach F, Zinn W. Enhanced magnetoresistance in layered
magnetic structures with antiferromagnetic interlayer exchange. Phys. Rev. B, 1989, 39:
4828-4830.

Hartman U. Magnetic multilayers and giant magnetoresistance. Berlin: Springer, 2000.

Hirota E, Sakakima H, Inomata K. Giant magneto-resistance devices. Berlin: Springer,
2002.

Nakamura S, Senoh M, Nagahama S. InGaN-based multi-quantum-well-structure laser
diodes. Jpn. J. Appl. Phys., 1996, 35:L74-L76.

Parkin S S P, Bhadra R, Roche K P. Oscillatory magnetic exchange coupling
through thin copper layers. Phys. Rev. Lett., 1991, 66:2152-2155.

Miyazaki T, Tezuka N. Giant magnetic tunneling effect in Fe/Al,O; /Fe junction. J.
Magn. Magn. Mater., 1995, 139:1231-L234.

Datta S, Das B. Electronic analog of the electrooptic modulator. Appl. Phys. Lett.,
1990, 56:665-667.

Barnes C H W, Shilton J M, Robinson A M. Quantum computation using electrons trapped
by surface acoustic waves. Phys. Rev. B, 2000, 62:8410-8419.

Divincenzo D P. Quantum computation and spin physics. J. Appl. Phys., 1997,
81:4602-4607.

Awshalom D D, Kikkawa J M. Electron spin and optical coherence in
semiconductors. Physics Today, 1999, 52:33-38.

95



225 30

[16]

(17]

[18]

[19]

[20]

[21]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Das Sarma S, Fabian J, Hu X, Zutic I. Theoretical perspectives on spintronics and
spin-polarized transport. IEEE Trans. Magn., 2000, 36:2821-2826.

Cerletti V, Coish W A, Gywat O, Loss D. Recipes for spin-based quantum
computing. Nanotechnology, 2005, 16:R27-R49.

Dietl T, Ohno H, Matsukura F, Cibert J, Ferrand D. Zener model description of

ferromagnetism in Zinc-blende magnetic semiconductors. Science, 2000, 287:1019-1022.

Lee W Y, Gardelis S, Choi B C, Xu Y B, Smith C G, Barnes C H W, Ritchie D A,
Linfield E H, Bland J A C. Magnetization reversal and magnetoresistance in a
lateral spin-injection device. J. Appl. Phys., 1999, 85:6682-6685.

Hammar P R, Bennett B R, Yang M J, Johnson M. Observation of spin injection at a
ferromagnet semiconductor interface. Phys. Rev. Lett., 1999, 83:203-206.
Schmidt G, Ferrand D, Molenkamp L W, Filip A T, van Wees A T. Fundamental

obstacle for electrical spin injection from a ferromagnetic metal into a diffusive
semiconductor. Phys. Rev. B, 2000, 62:R4790-R4793.

Johnson M. Spin injection and detection in a ferromagnetic metal/2DEG structure. Physica
E: Low-dimensional Systems and Nanostructures, 2001, 10:472-477.

Alvarado S F, Renaud P. Observation of spin-polarized electron tunneling from a
ferromagnet into GaAs. Phys. Rev. Lett., 1992, 68:1387-1390.

Rashba E 1. Theory of electrical spin injection: tunnel contacts as a solution of the
conductivity mismatch problem. Phys. Rev. B, 2000, 62:R16267-R16270.

Upadhyay S K, Louie R N, Buhrman R A. Spin filtering by ultrathin ferromagnetic
films. Appl. Phys. Lett., 1999, 74:3881-3883.

Jansen R, van't Erve O M J, Kim S D, Vlutters R, Anil Kumar P S, Lodder J C. The
spin-valve transistor: Fabrication, characterization, and physics. J. Appl. Phys.,
2001, 89:7431-7436.

Héagele D, Oestreich M, Riihle W W. Spin transport in GaAs. Appl. Phys. Lett., 1998,
73:1580-1582.

Sogawa T, Ando H, Ando S. Spin-transport dynamics of optically spin-polarized electrons
in GaAs quantum wires. Phys. Rev. B, 2000, 61:5535-5539.

Meier F, Zakharchenya B P. Optical orientation. New York: North-Holland Press,
1984.

Hanson R, Kouwenhoven L P, Petta J R, Tarucha S, Vandersypen L M K. Spins in
few-electron quantum dots. Rev. Mod. Phys., 2007, 79:1217-1265.

Oestreich M, Brender M, Hubner J, Ruhle D H W W, Klar T H P J, Heimbrodt W,
Lampalzer M, Voltz K, Stolz W. Spin injection, spin transport and spin coherence.
Semicond. Sci. Technol., 2002, 17: 285-297.

96



S5 3k

[36]

[37]

[42]
[43]

[44]

[45]

Gupta J A, Awschalom D D, Peng X, Alivisatos A P. Spin coherence in
semiconductor quantum dots. Phys. Rev. B, 1999, 59:R10421-R10424.

Yang C L, He H T, Ding L, Cui L J, Zeng Y P, Wang J N, Ge W K. Spectral
dependence of spin photocurrent and current-induced spin polarization in an
InGaAs/InAlAs two-dimensional electron gas. Phys. Rev. Lett., 2006, 96:186605.
Ganichev S D, Belkov V V, Tarasenko S A, et al. Zero-bias spin separation. Nature
Physics, 2006, 2:609-613.

Young R J, Dewhurst S J, Stevenso;l R M, Atkinson P, Bennett A J, Ward M B,
Cooper K, Ritchie D A, Shields A J. Single electron-spin memory with a
semiconductor quantum dot. New J. Phys., 2007, 9: 365-371.

Fiederling R, Kleim M, Reuscher G, Ossau W, Schmidt G, Waag A, Molenkamp L Ww.
Injection and detection of a spin-polarized current in a light-emitting diode. Nature
(London), 1999, 402:787-790.

Ohno Y, Young D K, Beschoten B, Matsukura F, Ohno H, Awschalom D D. Electrical spin
injection in a ferromagnetic semiconductor heterostructure. Nature (London), 1999,
402:790-792.

M&, FEZEH. gekBmFE b BF LA R, 2004,

WEK. M dbat: Rl R, 2007

Borovitskaya E, Shur M S. Quantum dots. New Jersey:World Scientific, 2002.
Moison J M, Houzay F, Barthe F, Leprince L, Andre E, Vatel O. Self-organized
growth of regular nanometer-scale InAs dots on GaAs. Appl. Phys. Lett., 1994,
64:196-198.

BREE, RER, THE ES0EFARIENAHD. Y3, 2004, 33:18-25.

Li Y F, Wang J Z, Ye X L, Xu B, Liu F Q, Ding D, Zhang J F, Wang Z G. InAs
self-assembled quantum dots grown on an InP (311)B substrate by molecular beam epitaxy.
J. Appl. Phys., 2001, §9:4186-4188.

Konkar A, Madhukar A, Chen P. Stress-engineered spatially selective self-assembly of
strained InAs quantum dots on nonplanar patterned GaAs(001) substrates. Appl. Phys. Lett.,
1998, 72:220-222.

Jin G, Liu J L, Thomas S G, Luo Y H, Wang K L. Controlled arrangement of
self-organized Ge islands on patterned Si (001) substrates. Appl. Phys. Lett., 1999,
75:2752-2754.

Mei X, Kim D, Ruda H E. Molecular-beam epitaxial growth of GaAs and InGaAs/GaAs
nanodot arrays using anodic AI203 nanohole array template masks. Appl. Phys. Lett., 2002,
81:361-363.

97



S 30

[47]

[52]

[53]

[54]

[55]

[56]

[571

(58]

[59]

[60]

[61]

Liang J Y, Chik H, Yin A J, Xu J. Two-dimensional lateral superlattices of nanostructures:
Nonlithographic formation by anodic membrane template. J. Appl. Phys., 2002,
91:2544-2546.

Park J, McEuen P L. Formation of a p-type quantum dot at the end of an n-type carbon
nanotube. Appl. Phys. Lett., 2001, 79:1363-1365.

Chen W, Wang Z G, Lin Z J, Qian J J, Lin L Y. New observation on the formation of PbS
clusters in zeolite-Y. Appl. Phys. Lett., 1996, 68:1990-1992.

Tanaka S, Iwai S, Aoyagi Y. Self-assembling GaN quantum dots on Al,Ga; _4N surfaces

using a surfactant. Appl. Phys. Lett., 1996, 69:4096:4098.

Kouwenhoven L P, Austing D G, Tarucha S. Few-electron quantum dots. Rep. Prog.
Phys., 2001, 64:701-736.

Kastner M A. The single-electron transistor. Rev. Mod. Phys., 1992, 64:849-859.
Rashba E I. Properties of semiconductors with an extremum loop. 1. Cyclotron and

combinational resonance in a magnetic field perpendicular to the plane of the loop.
Sov. Phys. Solid State, 1960, 2:1224-1238.

Dresselhaus G. Spin-orbit coupling effects in zinc blende structures. Phys. Rev.,
1955, 100:580-586.

Awschalom D, Loss D, Samarth N. Semiconductor spintronics and quantum
computation. Berlin: Springer, 2002.

Kato Y, Myers R C, Gossard A C, Awschalom D D. Coherent spin manipulation
without magnetic fields in strained semiconductors. Nature (London), 2004,
427:50-53.

Kato Y, Myers R C, Driscoll D C, Gossard A C, Levy J, Awschalom D D. Gigahertz
electron spin manipulation using voltage-controlled g-tensor modulation. Science,
2003, 299:1201-1204.

Nowack K C, Koppens F H L, Nazarov Y V, Vandersypen L M K. Coherent control
of a single electron spin with electric fields. Science, 2007, 318:1430-1433.
=L AUPERRFERNERSNE T UMM, YE 2R, 1999,
19:386-408.

Nitta J, Akazaki T, Takayanagi H, Enoki T. Gate control of spin-orbit interaction in an
inverted Ing s3Gag 47A8/Ing 50Alg 4gAs heterostructure. Phys. Rev. Lett., 1997, 78:1335-1338.
Matsuyama T, Kiirsten R, MeiBner C, Merkt U. Rashba spin splitting in inversion layers on
p-type bulk InAs. Phys. Rev. B, 2000, 61:15588-15591.

Grundler D. Large Rashba splitting in InAs quantum wells due to electron wave function
penetration into the barrier layers. Phys. Rev. Lett., 2000, 84:6074-6077.

MiEE BT H%E N CGE=/M). b5 B RAL, 2000,

98



275 30k

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[72]

[73]

[75]

[76]

[77]

(78]

[79]

Sun Q F, Wang J, Guo H. Quantum transport theory for nanostructures with Rashba
spin-orbital interaction. Phys. Rev. B, 2005, 71:165310.

Sun Q F, Xie X C. Bias-controllable intrinsic spin polarization in a quantum dot:
Proposed scheme based on spin-orbit interaction. Phys. Rev. B, 2005, 73:235301.

Lopez R, Sanchez D, Serra L. From Coulomb blockade to the Kondo regime in a
Rashba dot. Phys. Rev. B, 2005, 76:035307.

Sun Q F, Xie X C, Wang J. Persistent spin current in nanodevices and definition of
the spin current. Phys. Rev. B, 2008, 77:035327.

Blanter Y M, Buttiker M. Shot noise in mesoscopic conductors. Phys. Rep., 2000, 336:
1-166.

Callen H B, Welton T W. Irreversibility and generalized noise. Phys. Rev., 1951, 83:34-40.

Hershfield S. Resonant tunneling through an Anderson impurity. II. Noise in the Hartree
approximation. Phys. Rev. B, 1992, 46:7061-7076.

Ding G H, Ng T K. Shot noise in out-of equilibrium resonant tunneling through an
Anderson impurity. Phys. Rev. B, 1997, 56:R15521-R15524.

Jehl X, Sanquer M, Calemczuk R, Mailly D. Detection of doubled shot noise in short

normal-metal/ superconductor junctions. Nature (London), 2000, 405:50-53.

Kozhevnikov A A, Schoelkopf R J, Prober D E. Observation of photon-assisted noise in a
diffusive normal metal-superconductor junction. Phys. Rev. Lett., 2000, 84:3398-3401.

Picciotto R D, Reznikov M, Heiblum M, Umansky V, Bunin G, Mahalu D. Direct
observation of a fractional charge. Nature (London), 1997, 389:162-164.

Saminadayar L, Glattli D C, Jin Y, Etienne B. Observation of the e/3 fractionally charged
Laughlin quasiparticle. Phys. Rev. Lett., 1997, 79:2526-2529.

Onac E, Balestro F, Beveren L H W V, Hartmann U, Nazarov Y V, Kouwenhoven L P.
Using a quantum dot as a high-frequency shot noise detector. Phys. Rev. Lett., 2006, 96:
176601.

Chen Y Z, Webb R A. Positive current correlations associated with super-poissonian shot
noise. Phys. Rev. Lett., 2006, 97:066604.

Onac E, Balestro F, Trauzettel B, Lodewijk C F J, Kouwenhoven L P. Shot-noise detection
in a carbon nanotube quantum dot. Phys. Rev. Lett., 2006, 96:026803.

Schottky W. Regarding spontaneous current fluctuation in different electricity conductors.
Ann. Phys. (Leipzig), 1918, 57:541-567.

Biittiker M. Scattering theory of thermal and excess noise in open conductors. Phys. Rev.
Lett., 1990, 65:2901-2904.

Korotkov A N. Intrinsic noise of the single-electron transistor. Phys. Rev. B, 1994, 49:

99



(82]

[83]

[85]
[86]

[87]

[88]

(89]

(90]

[91]

[94]

[95]

10381-10392.

Chen L Y, Ting C S. Theoretical investigation of noise characteristics of double-barrier
resonant-tunneling systems. Phys. Rev. B, 1991, 43:4534-4537.

Biittiker M. The quantum phase of flux correlations in waveguides. Physica B: Condensed
Matter, 1991, 175:199-212.

Beenakker C W J, Biittiker M. Suppression of shot noise in metallic diffusive conductors.
Phys. Rev. B, 1992, 46:1889-1892.

Nagaev K E. On the shot noise in dirty metal contacts. Phys. Lett. A, 1992, 169:103-107.

Lefloch F, Hoffmann C, Sanquer M, Quirion D. Doubled full shot noise in quantum
coherent superconductor-semiconductor junctions. Phys. Rev. Lett., 2003, 90:067002.

Cuevas J C, Belzig W. Full counting statistics of multiple Andreev reflections. Phys. Rev.
Lett., 2003, 91:187001.

Pilgram S, Samuelsson P. Noise and full counting statistics of incoherent multiple Andreev
reflection. Phys. Rev. Lett., 2005, 94:086806.

Sela E, Oreg Y, Oppen F V, Koch J. Fractional shot noise in the Kondo regime. Phys. Rev.
Lett., 2006, 97:086601.

Djuric I, Dong B, Cui H L. Super-Poissonian shot noise in the resonant tunneling due to
coupling with a localized level. Appl. Phys. Lett., 2005, 87:032105.

Hershfield S, Davies J H, Hyldgaard P, Stanton C J, Wilkins J] W. Zero-frequency current
noise for the double-tunnel-junction Coulomb blockade. Phys. Rev. B, 1993,
47:1967-1979.

Sauret O, Feinberg D. Spin-current shot noise as a probe of interactions in
mesoscopic systems. Phys. Rev. Lett., 2004, 92:106601.

Souza F M, Egues J C, Jauho A P. TMR effect in a FM-QD-FM system. Braz. J. Phys.,
2004, 34:565-567.

Lii R, Liu Z R. Time-dependent electron transport through molecular quantum dots in the
presence of external irradiation. J. Phys.: Condens. Matter, 2005, 17:5859-5867.

Zhu Z G, Su G, Zheng Q R, Jin B. Time-dependent spin-polarized transport through a
resonant tunneling structure with multiterminals. Phys. Rev. B, 2004, 70:174403.

Braun M, Konig J, Martinek J. Frequency-dependent current noise through quantum-dot
spin valves. Phys. Rev. B, 2006, 74:075328.

Nazarov Y V, Struben J J R. Universal excess noise in resonant tunneling via strongly
localized states. Phys. Rev. B, 1996, 53:15466-15468.

Wang B G, Wang J, Guo H. Shot noise of spin current. Phys. Rev. B, 2004, 69:153301.

Yu H, Liang J Q. Spin current and shot noise in single-molecule quantum dots with a

100



S 3

phonon mode. Phys. Rev. B, 2005, 72:075351.

[100] Haug H, Jauho A P. Quantum kinetics in transport and optics of semiconductors. Berlin:
Springer, 1996.

[101] Lépez R, Aguado R, Platero G. Shot noise in strongly correlated double quantum dots.
Phys. Rev. B, 2004, 69:235305.

[102] Thielmann A, Hettler M H, Kénig J, Schén G. Shot noise in tunneling transport through
molecules and quantum dots. Phys. Rev. B, 2003, 68:115105.

[103] Chen L Y, Ting C S. Noise characteristics of sequential tunneling through double-barrier
junctions. Phys. Rev. B, 1992, 46:4714-4717.

[104] Nauen A, Hohls F, Maire N, Pierz K, Haug R J. Shot noise in tunneling through a single
quantum dot. Phys. Rev. B, 2004, 70:033305.

[105] Altshuler B L, Lee P A, Webb R A. Mesoscopic phenomena in solids.
North-Holland: Elsevier, 1991.

[106] Aharonov Y, Bohm D. Significance of electromagnetic potentials in the quantum
theory. Phys. Rev., 1959, 115:485-491.

[107] Chambers R G. Shift of an electron interference pattern by enclosed magnetic flux.
Phys. Rev. Lett., 1960, 5:3-5.

[108] Yacoby A. Coherence and phase sensitive measurements in a quantum dot. Phys.
Rev. Lett., 1995, 74:4047-4050.

[109] Schuster R, Buks E, Heiblum M, Mahalu D, Umansky V, Shtrikman H. Phase

measurement in a quantum dot via a double slit interference experiment. Nature
(London), 1997, 385:417-420.

[110] Fano U. Effects of configuration interaction on intensities and phase shifts. Phys.
Rev., 1961, 124:1866-1878.

[111] Adair R, Bockelman C, Peterson R. Experimental corroboration of the theory of
neutron resonance scattering. Phys. Rev., 1949, 76:308-308.

[112] Fano U, Cooper J. Line profiles in the far-uv absorption spectra of the rare gases.
Phys. Rev., 1965, 137:A1364-A1379.

[113] Cerdeira F, Fjeldly T, Cardona M. Effect of free carriers on zone-Center vibrational
modes in heavily doped p-type Si. II. optical modes. Phys. Rev. B, 1973,
8:4734-4745.

[114] Faist J, Capasso F, Sirtori C, West K W, Pfeiffer L N. Controlling the sign of
quantum interference by tunnelling from quantum wells. Nature (London), 1997,
390:589-591.

101



S5 300

[115] Gores J, Goldhaber-Gordon D, Heemeyer S, Kastner M A, Shtrikman H, Mahalu D,
Meirav U. Fano resonances in electronic transport through a single-electron
transistor. Phys. Rev. B, 2000, 62:2188-2194.

[116] Kobayashi K, Aikawa H, Katsumoto S, Iye Y. Tuning of the Fano effect through a
quantum dot in an Aharonov-Bohm interferometer. Phys. Rev. Lett.,, 2002,
88:256806.

[117] Kobayashi K, Aikawa H, Katsumoto S, Iye Y. Mesoscopic Fano effect in a quantum
dot embedded in an Aharonov-Bohm ring. Phys. Rev. B, 2003, 68:235304.

[118] Zhu Z G, Su G, Zheng Q R, Jin B. Effect of spin-flip scattering on electrical transport in
magnetic tunnel junctions. Phys. Lett. A, 2002, 300:658-665.

[119] Shahbazyan T V, Raikh M E. Two-channel resonant tunneling. Phys. Rev. B, 1994,
49:17123-17129.

[120] Lu H Z, Lii R, Zhu B F. Tunable Fano effect in parallel-coupled double quantum dot
system. Phys. Rev. B, 2005, 71:235320.

[121] Kang K, Cho S Y. Tunable molecular resonances of a double quantum dot
Aharonov-Bohm interferometer. J. Phys.ﬁ Condens. Matter, 2003, 16:117-124.

[122] Bai Z M, Yang M F, Chen Y C. Effect of inhomogeneous magnetic flux on double-dot
Aharonov-Bohm interferometer. J. Phys.: Condens. Matter, 2004, 16:2053-2063.

[123] He Z B, Xiong Y J. Electron transport through an Aharonov-Bohm ring with a
side-coupled quantum dot. Phys. Lett. A, 2006, 349:276-230.

[124] Feng J F, Jiang X F, Zhong J L, Jiang S S. Anti-resonances in electronic transport through
a ferromagnetic lead with a side-coupled quantum dot. Physica B: Condensed Matter, 2005,
365:20-26.

[125] Tolea M, Butka B R. Tunnelling magnetoresistance of a T-shaped Fano dot. Phys. Stat. Sol.
B, 2006, 243:251-254.

[126] Julliere M. Tunneling between ferromagnetic films. Phys. Lett. A, 1975, 54:225-226;
Moodera J S, Kinder L R, Wong T M, Meservey R. Large magnetoresistance at room
temperature in ferromagnetic thin film tunnel junctions. Phys. Rev. Lett., 1995,
74:3273-3276.

[127] Butka B R. Current and power spectrum in a magnetic tunnel device with an atomic-size
spacer. Phys. Rev. B, 2000, 62:1186-1192.

[128] Rudzifiski W, Barna$ J. Tunnel magnetoresistance in ferromagnetic junctions: Tunneling
through a single discrete level. Phys. Rev. B, 2001, 64:085318.

[129] Hettler M H, Wenzel W, Wegewijs M R, Schoeller H. Current collapse in tunneling
transport through benzene. Phys. Rev. Lett., 2003, 90:076805.

[130] Weymann I, Kénig J, Martinek J, Barnas J, Schon G. Tunnel magnetoresistance of quantum

102



S5 30

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

dots coupled to ferromagnetic leads in the sequential and cotunneling regimes. Phys. Rev.
B, 2005, 72:115334.

Averin D V, Nazarov Y V. Virtual electron diffusion during quantum tunneling of the
electric charge. Phys. Rev. Lett., 1990, 65:2446-2449.

Wilczynski M, Swirkowicz R, Rudzinski W, Barna$ J, Dugaev V. Quantum dots attached to
ferromagnetic leads: possibility of new spintronic devices. J. Magn. Magn. Mater., 2005,
290:209-212.

Rudzifiski W, Barna$ J, Swirkowicz R, Wilczynski M. Spin effects in electron tunneling
through a quantum dot coupled to noncollinearly polarized ferromagnetic leads. Phys. Rev.
B, 2005, 71:205307.

Barna$ J, Dugaev V, Krompiewski S, Martinek J, Rudzifiski W, Swirkowicz R, Weymann 1,
Wilczynski M. Spin related effects in magnetic mesoscopic systems. Phys. Status Solidi B,

2003, 236:246-252.

Souza F M, Egues J C, Jauho A P. Quantum dot as a spin-current diode: A master-equation
approach. Phys. Rev. B, 2007, 75:165303.

Zhou C, Deshpande M R, Reed M A, Jones I L, Tour ] M. Nanoscale metal self-assembled
monolayer metal heterostructures. Appl. Phys. Lett., 1997, 71:611-613.

Kornilovitch P E, Bratkovsky A M, Williams R S. Current rectification by molecules with
asymmetric tunneling barriers. Phys. Rev. B, 2002, 66:165436.

Chang S C, Li Z Y, Lau C N, Larade B, Williams R S. Investigation of a model
molecular-electronic rectifier with an evaporated Ti-metal top contact. Appl. Phys. Lett.,
2003, 83:3198-3200.

Dalgleish H, Kirczenow G. Spin-current rectification in molecular wires. Phys. Rev. B,
2006, 73:235436.

Slonczewski J C. Current-driven excitation of magnetic multilayers. J. Magn. Magn. Mater.,
1996, 159:L1-L7.

Berger L. Emission of spin waves by a magnetic multilayer traversed by a current. Phys.
Rev. B, 1996, 54:9353-9358.

Sun J Z. Current-driven magnetic switching in manganite trilayer junctions. J. Magn. Magn.
Mater., 1999, 202:157-162.

Tsoi M, Jansen A G M, Bass J, Chisng W C, Seck M, Tsoi V, Wyder P. Excitation of a
magnetic multilayer by an electric current. Phys. Rev. Lett., 1998, 80:4281-4284.

Katine J A, Albert F J, Buhrman R A, Myers E B, Ralph D C. Current-driven magnetization
reversal and spin-wave excitations in Co/Cu/Co pillars. Phys. Rev. Lett., 2000,
84:3149-3152.

Heide C. Spin currents in magnetic films. Phys. Rev. Lett., 2001, 87:197201.

103




22 30K

[146] Zhang S, Levy P M, Fert A. Mechanisms of spin-polarized current-driven magnetization
switching. Phys. Rev. Lett., 2002, 88:236601.

[147] Li Z, Zhang S. Magnetization dynamics with a spin-transfer torque. Phys. Rev. B, 2003,
68:024404; Li Z, Zhang S. Domain-wall dynamics driven by adiabatic spin-transfer torques.
Phys. Rev. B, 2004, 70:024417.

[148] Dong B, Cui H L, Lei X L. Quantum rate equations for electron transport through an
interacting system in the sequential tunneling regime. Phys. Rev. B, 2004, 69:035324.

[149] Pedersen J N, Lassen B, Wacker A, Hettler M H. Coherent transport through an interacting
double quantum dot: Beyond sequential tunneling. Phys. Rev. B, 2007, 75:235314.

[150] Djuric I, Dong B, Cui H L. Theoretical investigations for shot noise in correlated resonant
tunneling through a quantum coupled system. J. Appl. Phys., 2006, 99:063710.

[151] Mu H F, Su G, Zheng Q R. Spin current and current-induced spin transfer torque in
ferromagnet—quantum dot—ferromagnet coupled systems. Phys. Rev. B, 2006, 73:054414.

[152] Pedersen J N, Thomassen J Q, Flensberg K. Noncollinear magnetoconductance of a
quantum dot. Phys: Rev. B, 2005, 72:045341.

[153] Jauho A P, Wingreen N S, Meir Y. Time-dependent transport in interacting and
noninteracting resonant-tunneling systems. Phys. Rev. B, 1994, 50:5528-5544.

[154] Barnas J, Fert A, Gmitra M, Weymann I, Dugaev V K. Macroscopic description of spin
transfer torque. Mater. Sci. Eng. B, 2006, 126:271-274.

[155] Gmitra M, Barna$ J. Current-driven destabilization of both collinear configurations in

asymmetric spin valves. Phys. Rev. Lett., 2006, 96:207205.
[156] Zhu Z G, Su G, Jin B, Zheng Q R. Spin-flip scattering effect on the current-induced spin

torque in ferromagnet-insulator-ferromagnet tunnel junctions. Phys. Lett. A, 2003,
306:249-254.

[157] Mu H F, Zheng Q R, Jin B, Su-G Current-induced spin transfer torque in
ferromagnet-marginal Fermi liquid double tunnel junctions. Phys. Lett. A, 2005, 336:66-70.

[158] Zhu Z G, Su G, Zheng Q R, Jin B. Time-dependent spintronic transport and current-induced
spin transfer torque in magnetic tunnel junctions. Phys. Rev. B, 2003, 68:224413.

[159] Waintal X, Myers E B, Brouwer P W, Ralph D C. Role of spin-dependent interface
scattering in generating current-induced torques in magnetic multilayers. Phys. Rev. B,
2000, 62:12317-12327.

[160] Manschot J, Brataas A, Bauer G E W. Nonmonotonic angular magnetoresistance in
asymmetric spin valves. Phys. Rev. B, 2004, 69:092407.

[161] Iannaccone G, Lombardi G, Macucci M, Pellegrini B. Enhanced shot noise in resonant
tunneling: theory and experiment. Phys. Rev. Lett., 1998, 80:1054-1057.

[162] Kuznetsov V V, Mendez E E, Bruno J D, Pham J T. Shot noise enhancement in

104



S5 3R

resonant-tunneling structures in a magnetic field. Phys. Rev. B, 1998, 58:R10159-R10162.

[163] Blanter Y M, Bittiker M. Transition from sub-Poissonian to super-Poissonian shot noise in
resonant quantum wells. Phys. Rev. B, 1999, 59:10217-10226.

[164] Song W, Mendez E E, Kuznetsov V, Nielsen B. Shot noise in
negative-differential-conductance devices. Appl. Phys. Lett., 2003, 82:1568-1570.

[165] KieBlich G, Wacker A, Scholl E. Shot noise of coupled semiconductor quantum dots. Phys.
Rev. B, 2003, 68:125320.

[166] Safonov S S, Savchenko A K, Bagrets D A, Jouravlev O N, Nazarov Y V, Linfield E H,
Ritchie D A. Enhanced shot noise in resonant tunneling via interacting localized states.
Phys. Rev. Lett., 2003, 91:136801.

[167] Thielmann A, Hettler M H, Konig J, Schon G. Super-Poissonian noise, negative differential

conductance, and relaxation effects in transport through molecules, quantum dots, and
nanotubes. Phys. Rev. B, 2005, 71:045341.

[168] Belzig W. Full counting statistics of super-Poissonian shot noise in multilevel quantum dots.

Phys. Rev. B, 2005, 71:161301.

[169] Sanchez R, Platero G, Brandes T. Resonance fluorescence in transport through quantum
dots: noise properties. Phys. Rev. Lett., 2007, 98:146805.
[170] Gattobigio M, Iannaccone G, Macucci M. Enhancement and suppression of shot noise in

capacitively coupled metallic double dots. Phys. Rev. B, 2002, 65:115337.

[171] Holleitner A W, Decker C R, Qin H, Eberl K, Blick R H. Coherent coupling of two
quantum dots embedded in an Aharonov-Bohm interferometer. Phys. Rev. Lett,, 2001,
87:256802.

[172] Holleitner A W, Blick R H, Hiittel A K, Eber] K, Kotthaus J P. Probing and controlling the
bonds of an artificial molecule. Science, 2002, 297:70-72.

[173] Liu Y S, Chen H, Yang X F. Transport properties of an Aharonov-Bohm ring with strong
interdot Coulomb interaction. J. Phys.: Condens. Matter, 2007, 19:246201.

[174] Guevara M L L D, Claro F, Orellana P A. Ghost Fano resonance in a double quantum dot
molecule attached to leads. Phys. Rev. B, 2003, 67:195335.

[175] Guevara M L L D, Orellana P A. Electronic transport through a parallel-coupled triple
quantum dot molecule: Fano resonances and bound states in the continuum. Phys. Rev. B,
2006, 73:205303.

[176] Barthold P, Hohls F, Maire N, Pierz K, Haug R J. Enhanced shot noise in tunneling through
a stack of coupled quantum dots. Phys. Rev. Lett., 2006, 96:246804.

[177] Sanchez R, Kohler S, Hinggi P, Platero G. Electron bunching in stacks of coupled quantum
dots. Phys. Rev. B, 2008, 77:035409.

[178] Jiang Z T, You J Q, Bian S B, Zheng H Z. Influence of transverse interdot coupling on

105

L%



S5 30

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

transport properties of an Aharonov-Bohm structure composed by two dots and two
reservoirs. Phys. Rev. B, 2002, 66:205306.

Monzon F G, Roukes M L. Spin injection and the local Hall effect in InAs quantum wells.
J. Magn. Magn. Mater., 1999, 199:632-635.

Filip A T, Hoving B H, Jedema F J, Wees B ] V, Dutta B, Borghs S. Experimental search
for the electrical spin injection in a semiconductor. Phys. Rev. B, 2000, 62:9996-9999.

Zhu H J, Ramsteiner M, Kostial H, Wassermeier M, Schonherr H P, Ploog K H.
Room-temperature spin injection from Fe into GaAs. Phys. Rev. Lett,, 2001, 87:016601.
Fert A, Jaffrés H. Conditions for efficient spin injection from a ferromagnetic metal into a
semiconductor. Phys. Rev. B, 2001, 64:184420.

Smith D L, Silver R N. Electrical spin injection into semiconductors. Phys. Rev. B, 2001,
64:045323.

Johnson M, Byers J. Charge and spin diffusion in mesoscopic metal wires and at
ferromagnet/nonmagnet interfaces. Phys. Rev. B, 2003, 67:125112.

Takahashi S, Maekawa S. Spin injection and detection in magnetic nanostructures. Phys.
Rev. B, 2003, 67:052409.

Jiang X, Wang R, Shelby R M, Macfarlane R M, Bank S R, Harris J S, Parkin S S P.

Highly spin-polarized room-temperature tunnel injector for semiconductor spintronics
using MgO(100). Phys. Rev. Lett., 2005, 94:056601.

Hanbicki A T, Jonker B T, Iiskos G, Kioseoglou G, Petrou A. Efficient electrical spin
injection from a magnetic metal/tunnel barrier contact into a semiconductor. Appl. Phys.
Lett., 2002, 80:1240-1242.

Ghali M, Kossut J, Janik E, Reginski K, Kiopotowski L. Optical injection of spin-polarized
carriers across a strongly mismatched heterostructure. Sol. Stat. Commun., 2001,
119:371-376.

Biisser C A, Anda E V, Lima A L, Davidovich M A, Chiappe G. Transport in coupled
quantum dots: Kondo effect versus antiferromagnetic correlation. Phys. Rev. B, 2000,

62:9907-9910.

Dong B, Lei X L. Nonequilibrium Kondo effect in a multilevel quantum dot near the
singlet-triplet transition. Phys. Rev. B, 2002, 66:113310.

Kaul R K, Zarand G, Chandrasekharan S, Ullmo D, Baranger H U. Spectroscopy of the
Kondo problem in a box. Phys. Rev. Lett., 2006, 96:176802.

Chung C H, Hofstetter W. Kondo effect in coupled quantum dots with RKKY interaction:
Effects of finite temperature and magnetic field. Phys. Rev. B, 2007, 76: 045329.

Chung C H, Zarand G, Wolfle P. Two-stage Kondo effect in side-coupled quantum dots:

Renormalized perturbative scaling theory and numerical renormalization group analysis.

106



S5 30k

Phys. Rev. B, 2008, 77:035120.

[194] Tolea M, Butka B R. Theoretical study of electronic transport through a small quantum dot
with a magnetic impurity. Phys. Rev. B, 2007, 75:125301.

[195] Koerting V, Wélfle P, Paaske J. Transconductance of a double quantum dot sysiem in the
Kondo regime. Phys. Rev. Lett., 2007, 99:036807.

[196] Fransson J. Detection of exchange interaction in STM measurements through Fano-like
interference effects. Phys. Rev. B, 2007, 76:045416.

[197] Lépez R, Aguado R, Platero G. Nonequilibrium transport through double quantum dots:
Kondo effect versus antiferromagnetic coupling. Phys. Rev. Lett., 2002, 89:136802.

[198] LuH Z, Shen S Q. Using spin bias to manipulate and measure spin in quantum dots. Phys.
Rev. B, 2008, 77:235309.

[199] Hatano T, Amaha S, Kubo T, Tokura Y, Nishi Y, Hirayama Y, Tarucha S. Manipulation of
exchange coupling energy in a few-electron double quantum dot. Phys. Rev. B, 2008,
77:241301(R).

[200] Qin L, Guo Y, Zhu J L. Spin-dependent shot noise in ferromagnet/quantum
dot/ferromagnet tunneling system. Phys. Lett. A, 2007, 366:124-129.

[201] Qin L, Guo Y. Spin-dependent conductance in FM/quantum-dot/FM tunneling
system. Eur. Phys. J. B, 2007, 58:395-403.

[202] Qin L, Guo Y. Current and spin torque in a ferromagnet-quantum dot-ferromagnet

tunneling system: quantum rate equations. Eur. Phys. J. B, 2008, 63:211-218.

[203] Qin L, Guo Y. Tunable shot noise in parallel-coupled double quantum dots’ system.
J. Phys.: Condens. Matter, 2008, 20:365206.

[204] Qin L, Lii HF, Guo Y. Enhanced spin ihjection efficiency in a double quantum dot system

with four ferromagnetic terminals. (Submitted).

107



S 575

B

OB I ER R BER A AN OFRF . FEIMR BB &g, -
MV EAE. HBRW AW EFRESGHEE. MWLM LRI LIES, AR
R4, AR RO J AR AR I, R A A2 28 .

R R B g, ZREE, W, BREL. R OGEE [F 23 33 B
A fitie.

R LB Z FRMN BB LFMRE, MATRISR, 2R ERAWS N
ERERIBN Dy . IR AT SR RS

AR E K BRB AR ), FReE0.

= M

RANFEFY: FEXWFEMRI EANERIMIES T, HMIL#ETHI
TAEFTBUR RIAR . RIFTED, BRI CRESI I A RSN, AR
IR BRAC G M NFERZER N R AR I KA TAEH
DUER I AN AFNERAR, B EAESCT RL# T A Ar .

&
&
ui|
&

108



A N8 7 5 7E 2 S 1) R 22 R 3

MANERSEZHELZRHFERIL

M AE R
19834 3 A 6 HlAET WU )1 HEZ T .
2001 4F 9 HEZE ) BEHRKEYH A E L, 2005 £ 7 AR B
HFHRGH LA
2005 4E 9 AAREATERRNEYHRBLEYHEE L EMES.

BEARHFARIEX
[1] Qin L, Guo Y, Zhu J L. Spin-dependent shot noise in ferromagnet/quantum

dot/ferromagnet tunneling system. Phys. Lett. A, 2007, 366:124-129. (SCI Wk,
%% :188EB, AT 1.711.)

[2] Qin L, Guo Y. Spin-dependent conductance in FM/quantum-dot/FM tunneling
system. Eur. Phys. ]. B, 2007, 58:395-403. (SCI #{3%, & 5:213HY, MK F
1.356.)

[3] Qin L, Guo Y. Current and spin torque in a ferromagnet-quantum dot-ferromagnet
tunneling system: quantum rate equations. Eur. Phys. J. B, 2008, 63:211-218. (SCI
W, KES:315XX, KT 1.356.)

[4] Qin L, Guo Y. Tunable shot noise in parallel-coupled double quantum dots’ system.
J. Phys.: Condens. Matter, 2008, 20:365206. (SCI {3, %% 5 :340AP, FImEAETF
1.886.)

109



