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EXBEE

The influence of electron-phonon interaction on the

transport properties in the presence of SOI

Zhou Li(Theoretical Physics)
Directed by Professor Zhongshui Ma

The first chapter of this paper introduces the new experimental and theoretical re-
sults of the spin hall effect, which is now a hot topic in spintronics. Experimentally, in-
trinsic and extrinsic spin hall effect are both observed. Theoretically, there are disputes
around whether intrinsic spin hall effect exists. In the case that no impurity scattering
is taken into account, the intrinsic spin hall has the universal value e/87, when vertex
correction arising from impurity scattering is taken into account, the theoretical result
is that the vertex correction will cancel with the universal value e/87. In a recent paper,
it has been shown that the result is zero in the presence of impurity vertex correction is
because of the improper approximation of density of states. The density of states used
before is the one without spin-orbit interaction.

The second chapter of this paper presents Drude formula and Kubo formula. Then
make a deduction to show the links between current-current correlation and Feynman
diagrams and how to use the diagrams to calculate the Matsubara Green functions and
how to get the conductivity finally from analytical continuation. At the end of this
chapter, a deduction is made to show how to get the second quantization expression of
the interaction between two dimensional electrons and three dimensional LO phonons
from a rigorously three dimensional model.

The third chapter of this paper shows the second quantization expression of
electron-electron interaction and electron-phonon interaction in the presence of the
Rashba and Dresselhaus spin-orbit interaction. Then we discusses the polaron prob-
lem in the presence of Rashba spin-orbit interaction.

The fourth chapter of this paper discusses the single loop and multiple loop re-
sults of the conductivity and spin hall conductivity when both spin-orbit interaction and
electron-phonon interaction exist. For the conductivity, in the zero-temperature approx-
imation, the single loop results shows that the real part is only nonzero in some range
of the frequency and the imaginary part will have a log divergence when the frequency
reaches the Fermi surface. For the spin hall conductivity, in the zero-temperature ap-
proximation, the single loop results shows that the value is /87 when the frequency

-1-



HRXHBE

is zero; and for nonzero frequency, the real part will have a log divergence when the
frequency reaches the Fermi surface and the imaginary part is only nonzero in some
range of the frequency.

Key Words:  spintronics, electron-phonon interaction, spin-orbit coupling, spin Hall
effect, Kubo formula, Feynman diagram

J |V g



s

e
L1 HEREERBEB]. . oo e e e et e et e e 2
12 REERERBNERERIB]. . ... o 3
1.3 EARMEBEREREMELRERM ... ... oo 4
1.4 BREERBFNTAGERSED8] ........ ... ...... 7
31 WMCFERRBEK=OL . ... ... .. 29
32 BMUTHERREBEMRERE . ... ... . 30
33 LRashba®RACFHERABBE .. ... ... ... .. .. ... .. 31
34 TFRashba®BUFERREBIE . ...... .. ... .. ..... 32
3.5 EERMERESHBILTERRESE .. ... ... ... ... .. 33
41 EKBABETHOEHMESEE ... ... ... ... ... ... 36
42 HHGEEEEEL EHD ... .. ... 39
43 BSHEREEEL FEHD ... ... 40
44 BBHRETNL CPEED ... ... . 41
45 WOHBARNEREREENL (.. ... .. 42
46 BEAHEE . ... 43
47 ®BSHSETN CFRAFHEIMEMRN ... ... L. 46
48 HRE/RESFHMEAEL (KD . ...... . ... ........ 50
49 HEEBREFEEEEEL (FHE . ... ... .. .. .. .. .. 51
410 HIRE/RESEEETNL (PRED) .. ... .. L 52
411 HEE/RBESTHMARNEREREENL .. .. .. .. .. .. 53
4.12 HRERHSFETHEARMEREREEWL . ... .. . L. 54

~VII-



A 7= BR

B FRRE AR SRR AL AN A, REARITEE 1 T 0MH
B, NERABXESMA, TAGREES, PR, MESUEN T A fE
. EW, FREFEEFEFERZRE, o iRiERTRE.



b 5K 2 22 1 SCGLBN 7 B R P A S

R A

KALES: FRSWENBT, RANESMOEST, BT
S TEFTIURM R . Bt BB RN ASh, AIRSON SR AR T
NS B R R R T R SRR . M A DER M  EE TR DA
FfElk, HWEA R RIRH . SEERE RHA AR,

WXAEE S @1@} HEH:D”?E SRk

07 1 SCAE PR A W)

M TR R TR A7 EHPFRORITAE, B

1 B 2 TSR AR AT S 87 148 S VAR A R R ROOARS 5

S AR AR SR W S ENRA R L TR, FFHR A B A R 4 TR S IR 55«
2R AT LR AR . fRED . Brr el e HAHITF BRI

A CURAY B IOHRTIR T, S0 nl LLA AT IR SCHTRR 0 s A

(R (M0 SO AR I B ST )

BB ES- g;é %W%%:[%ﬁ7¢&t

Dﬂﬁ:’»oo,dﬁzfﬁ :»75



FE3E

T
ok
i

1.1 BIERFF

H E—t# i+ ERDattaMDasi il B i R E A HERF Bl
BHE-REBTEGLUR, BRBTFERETREMKE. EREERL. +
FE. LEREAEMERMFHEANRBENNE, ¥SUHRTARIEMTE
WS T I 2 M Emmt . sest, BFHENALT, FHIENETFHHE. &
HETLRME. AIMENFTFRESSETHNAH, ZEEXY B REXNTER
R R R AR E SN RN EERARTE L —.

FARBETFERBEERRENLTRAUBRTEMHEEFERTHRS
WAL, GUKEHHHERMETHERN, BESHY BRRICER THHREZ
A K AE 76 43 AR T A ) RUBE A S B8 7 BRI H IR IR A . BOE RIS fads, &
BiE& P F B R BRI SES, AR T BieRmLNEFE BRI E
BEEIER. 554, ATFAEEAN, RUANRAFCEHABBBRE, E585
MR ERFARMATIEMABA R AR, RETRRL, BT%, XF%¥
BN EHEEERBHRNE IR O ERFHOE, WEERSHNE (spin-
FET) , AR -HE (spin-LED) , HEREMFRMF (spin-RTD) , T
EERBBEMNERR, UREETHFERNEFHHEPBI ZNAMNET
7, 45i5%8, MG, AHIR. XERAFOMEN TEMBMERNRT, AU
BTRITS LR HEHEN, KERENERESEE TN ETATER
WENHENER, ERBETROCMEGSERMBREMELIERA T HLFE
R, MERMNEEFIESFEIE, X2hRRAEUREEEPHAE
EEEE, BABREFEHNRRRAKROTR. BEEAFENBkRE F¥
B R RRANPELIEERN.
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1.2. BHERHER

BB R, BT AN A KB 4 M 25 an a1 i B R A
W Aked, B AREE/RBN, MELIR. REZTEWHEATRS 7T X%
M (6], BEREAFALZRDWRME (7] (8] [9]. HE TR ITAEEPE/NLNH
H: (1) BEEFREIFH=ENS (101111 12], TEAEBREE, —REE
FEMLEI (101 (8], BRI i F BIEVERB S FIRMEEHER AN, —FRIERIEN
B[4, N TRERYERETS BRFEXOAINHFEEN: Q) HRRKAE
JA [13]1[14);  (3) RABZKA~ 4R B Ve R Bk oy fett [15] [16].

electric
current

B 11 BREEFRRMN (3]

REQEAASETRN, ARERYENBTRSERRBENDE %
BEMRZEGS FAEEZRY R, K, B0 EHERBRHE HRRRE—
WraEAMIE. Bk EEAARMERSKBRT, BEFAR—F
BE: MH, QFEFRERSHBEHHEERSHBRNERN: B, &
D% B R AR bt A LU T % R A & 3k 8 T8 18 R 9 B BEd .

20054E2H , JWunderlich®¥ A ) H o 7 R 4 & # K, @& it
7F(ALGa)As/GaAs R i 4 P HIE R X M BELED)M Fik, WMBTEESR
REREN. FXLK b, BRERBNEETREN, HAEEEENRS
FP ) ) B BE D H AN o ol e e (B R, BELLE T 7R R A e 0 B A A 92 e
ERTERE. BTRRREEE N, EEREH RE R R R IR N
TS5 E6RENERTHARKME. 3 REE] Wunderlich® A
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1.3 BHRBICHR

BREERMNEE IS FMAEE[10) (11K E 2 - MY HENE
B 6B RMNBN A ELEE. BATTLUXHEE LAEBRE/RNMN (ISHE) -
FHERE (WNL-VERFPESH) 3, EXSANESEHET, EERE TSN
Mg A, ERRNFRENTEHELT, s2hale-RERSBNSIER A E
W, BRREARMER BREE /RN, 8 BRI AR A REE /KRN [SHEX
AMRAFENSIRT ANMIRAIR, FAE%E B RE RN FERNEE
TR SR T A S [17] [18] [19] [201 [21] [22] [23] [24] [25] [26] [27]-
¥R, RS NRashba R T, WA ZE RGP REERBEAAR,
FHEERERBRAAYEEINNR— DMK LIEF He/8r, cRBFIBA,
RMETRANMNER, HBormIflT (ZEETH SHIEAE BIEE RAFH
ERRMAPASKRES) , FEREEHRFIIANGRATEELEHHEE
TISHER) & % He/8m. fEHABBEA S, 1 =4EDresselhausif £ B Luttinger it
WM, ISHERE R KB T EEN. A TFHW AL, RashbatiHE
ReFE 4 E R A PUER AN R E AL RS, AR T
S E IR Y LIS R T ROLASE LR ME A, BULISHEYERashbat® B S ¥ # 7H K =
AR BB ERB A MR HEETRE.

B REM— B CE [28)45 1 LAEIA %y — 4 ISHE7ERashbati B o (5 F TR A
16 IE T 7H e BB FEOUR FHES RAVTE TR ENRE S R A B A IR UER G B IEEM
LK IITE

eo(p) = P*/2m (L.1)

THAENERASH, BRARFTOTREX

J =0 enE; (1.2)

eaz’j%—:am}iﬁﬁg&g’ €xy: = €zzy = Cyzxr = —Crzy = “Cryx = “Cypz = 1,
HA A0, FAICLT K KA &Rk B 77 V5K I B R N B £k i B R L8 7
. XFHARRETEMFEENABET ERE.



1.3. BHEigiHtR

1.3.1 FELE [28]
% B TR EGR

H=p"/2m"+aZ- (0 xp) (1.3)

aftRashba B RPLERSRE, TR _GETFENEETH. EEEHFR

u(p) = % =pi/m” + ae.50; (1.4
B g 2
v(p) = %{vz-, ou} = (pi/m") o, + cey (1.5)

KA BET {0,,0,} = 2050 FELHMBBBMAEET AV /RESTUELHE
HFRMRBTR] = evAlj = Lve MK 4785,
% T A B AL R, BE B R R S A RE RS

TZZﬁ% W)W (P) + Vi (w, )G (p,w + Q)]  (1.6)

RLOFTE AN EIAPHEBEEE ) , iBhoiH, HUTHIES
&

i = 5T adled] (.7
Hep
Aleo] = % v % [CutGa — Gay Gu] (1.8)
P
X PARFEAE SIS R R

Cuap,w) = [iw — &ua(p)) ™ . (1.9)
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Hoe
§ua =¢colp) Fap—cr (1.10)

@ =w+ sgnw/2r (1.11)

R, BRITEETHRKERMN--LSH, HTHEGERFdw + Q. BHRER
BB /2r R BT A, L = 2mnimpu’ig, PV (p) = u = const RARRS HH
M, v = B R BRI R S E R EYE, npm B2 IR

TECERAIMAF T, RANPHHEMH ST HERE, EMDLAE
EL.DKERT, B3

€ AAT

70 T &r1+4A%7
HA2A = 20pp /2 B REPUIE & 75 9K S B LIS AT P 8 T 78 2 (A A BE BRY
K. GREXTREGORRT, r — o) LXAGHERXPHEEFLL. ¥
Blo) FHIMEERMMSREGIERMMNA, HEEMIHESH
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o= & aB[eg] — Clel
7L = QTZ Aleo ]27ru0‘r — Bled] (1.13)
Hp
Bleo) = 3 3 (Gus +Gas) (Gu+C) (114
| 4
Cleo] = % 3 % [GutGu — Gy G4l (1.15)
P

FHRTI A B & R A E AL i T A i85 RS k75 3

ofF 4ot = —TZA[ £o) a;z;f_ B[LO]} (1.16)
HHNECeo) = a2myr BT REHNABA R L. ERYLREQDHEET,
BRSERIZFEM . TECEMRL (—Fht RS K R 22 A B BB 7 £07E %% 2K T AL BR 18 13

O BT, ATLURR BREE RS RIEM

sH __
at] eﬂJ 87!'(

yr— P _ 1) (1.17)
MM AR IEN D) py —ps = dmave, BIRERBFHEANET., ST
i&eo(p) = vopr pu—pa = dmanp (v} —a?)/(v3 +0?), XN BREREFTHE.
LERE RN RS LRI A, HERY, BRE/RBIHTLE
TTHRTE Dot IELE T a1 FH .



FoEAtmpn—fER

BIE  HMmER—RER

RTHAE HRPERS REPRT-F FHEERANLSEE R M,
RIVEHALERN A — R, BETHRAZKEFHHE R Kubols R il
TR, RAE AR R R DLl vh AL R R T BRI < Bk o S P B AT
ERABH. RIOEHEMEFEFHEERN KRB TFALBSHERIRS.

2.1 DrudeA =,

ATHBESERTHEFHFBEEA, Paul Drude FINOFRHB THFFHE
iDrude 22 3. RUCH B B ABIHYIE B 7R CH B AE A M3 Anit i 74
B, B—PETFHENBZAREEFESES FRIEMMES, kB R kiR
B, BEIREE TSR

d 1
g1 (v = B~ () @
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(vz:) = %TE:: (22)
HAEESEEFNTXRR
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B UEIEHBEEE
ne’r
Op = _m— (24)
AR B FER
o= _‘fgw 2.5)

2.2 Kubo2={
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O (W) = / dte™ f {u (t — iu) 4, (0)) du (2.6)
° °

Hepo R AR, K EXESHRSHEE

o0

B
O (W) = / dte** f (G (t — tu) 5, (0)) du
0 . ] 5
=— d (e**) /]”t iu) 3, (0)) d
1} 0

A 8

__1 1 [ ey, [00(t —iu)j (0))

= _-E([ (—iu) 7, (0)) — o € dt! du
B8 B

J ot
1 17 e, (00, (=), (0))
=—— [ (u(—tu) 5. (0)) — — [ e“"dt du
wo w! b/ 3'u

= _'Li/ (_7'“’) Ju (0)) - _/ Mdt [(j“ t - 'lﬁ) .7u (U)) - (]u t) .7!/ (0))]

(Gt = 8) 3, (0)) = Tr [HEeraNe=) (¢ i), (0)]
=Tr _e"(‘”E enaNe=H) GHLBH § (1)) o=iHt—0H (0)]
= T [ TobateHMeiMj, (0) e e 0", (0)]
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He
¢ = [E, §] (2.8)
ENFHEFSHEGESFURBRETHATEETHSNELT, B

[N, H] =0 (2.9)

[, (0),N,] =0 (2.10)

o] LU — 2 (1R 1L

2
Tr [eﬁneﬁ ToneNe 5 T, uellNoHlj (1) e=BH j, (0)]
- 2
=Tr Le’me‘ﬁ‘q Gy (0) B TossNa gy TosalNo ] (t)]
r 2 2
= Tr | P28, ust—He—Ez— ¥ M[H.N.]e% ¥, ,u.[N,,H]jV (0) Ju (t)]

— Ty [ St el (0) 5, 1)]

=Tr (9252, “’N’_H)jv (0) jp (t)]

= (Ju (0) Ju (1))

G (¢ = 18) o (0)) = Tr [T kX, (¢ —ig)j, (0)]
= (0 (03, )
8

o) = = [ G (=) 3, (O) = . [t (G 0) 4 () = G (05 (O)
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el ERAA A,
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0
2.4 Kubo2XR#IitE
Kubo 23 [S]I15E — 885 AT LB K,
Tpo (@) =~% fo " (Ju(—iRm)5.(0)) dn . (2.13)
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24. KUBOARHHE

R AL S A B I A B AR AL

Jult) = eim/hju ()

(2.19)

(2.15)

(2.16)

2.17)

(2.18)

(2.19)

(2.20)

Hep,
K=> uN,—H
MNKEWMTFXFR, hdA
K, 4] = idt
X E TR EBE R XA 2 R,
(0) =Tr{p0}
p BHEEH M,
_ _exp(BK)
" Trexp(BK)
ey Ny R RSEB FRLERFN TR, s REEHEEH. RiIEeX—
EL,
Hr) = e e — 4
HEMTRR,
3‘;;5]7?) r,-K [K A]e K
BHit,
[4(0).p] =

_ j i 3¢(n)
= / dne”K [K, Ale™¥

= [ dnen Eﬂe —-nK
= p / dn—, (—ihn)
o i
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B_F gt —-RER

g i i
[ dnputitn) = 09(6) = 1100

e2 1?8
) = = [ Tro 3 ul=itn) 3150
= —%TT%[; 7iu(0), p] ; 74u(0)
= %Trp[; 7, (0}, ; 73 (0)]

# 1B B 5 Rashbatl H Dresseulhaus B LB & R AWM ERE,

2

a B
Hy= 2" + E (O'xpy - O'yp:c) - g (a'mpa: - o'ypy)
HEETE,
Foo= 6_H Pz _ & _ ga
T Op, mr RY R°
_O0H p,  « Jéi
T-y apy m* + ﬁaﬂ:+ hO'y
. ih
[ri,m le/] = E;éy'u&i'
BiEg,

1 ifin ie2n
0 _E : i _ § : hd
o) = — hw m* Oy = — mw Oy

2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

Hrbn, Bs2RRFHIHE . TRRASREH - MIEHET, KUTHE.
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IRk, \) BAEER
2
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_ o _ P e a B
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J, =ev, =elL 62141,.4-620 +ega (3.8)
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Vee = > V() gy g B3, Ak Ar Bk 0

qsk’k’ !A,’\”’\l yAl],
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Ve—e(Q) =
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Qe kAN

Hep
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B(b) RAFIFE GBR) B,

1
R 27?62ﬁwLo 1 1 2
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X Bey, Hlle, ¥ FEFHHMMEBENBEH.
BT AE MR BOE X
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(39

(3.10)
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MR BREETHER

hwio

Diem) = (ham)” — (Awgo)?

(3.17)

MRETFREE_SFE L BNFEZLS TS THRINER, EX
B TR TR,

2
Ve pulg) = 2R w0 (i - i) (3.18)

q €oo €5

Frkubo AP, HEEEHFTFHARAL TR THRZEEFNE (X#EH
B, FUENSA =0 WHAUTXETUBIBSHEMK _KETLE
itr

&l ol
1 ) 01 1
= - 7 o1
2(I Ne k)(l 0)(,\e—i¢k)
(N +A) (N =X
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1 . 0 —i 1
—_ = 1 i
) (1) (1)
' ' _
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2 2
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b A+N) . AN =) PV
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r L
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AN
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+ Z [ + ¢k + ’tg CO8 ¢k] G,L)‘,aka
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YUERSREEEMAR. X EHBFRRERET SN,
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Hbm R THAETHELEANHR TR RER. REXRLER,

212
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