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1 　Introduction

I n rece nt yea rs , t he i nvestigation of sp i n p o2
la rized elect ronic syste ms has become a f ast2grow2
i ng resea rc h f ield in conde nsed mat te r p hysics a nd

se miconduct or elect ronics , owi ng t o t he i nte rest2
i ng p hysics be hi nd t he m a nd t o i mp orta nt device

app lica tions . I t has bee n realized t ha t sp i n2elec2
t ronic ( or sp i nt ronic) syste ms a nd devices ca n be

realized on t he basis of diluted magnetic se micon2
duct ors a nd na r row2gap se miconduct or na nost ruc2
t ures . I n t he f or me r case , t he sp i n2orbit i nte raction
(SO I) is achieved i n t he p rese nce of a n exte r nal

magnetic f ield , a nd devices ca n be op era te d eve n

at room2te mp erat ure . I n t he lat te r case , t he SO I is

i nt roduce d due t o t he i nnate f ea t ures of t he mate2
rial syste ms , a nd a st rong sp i n p ola riza tion ca n

nor mally be ac hieved at rela tively low2te mp era2
t ures . At p rese nt , one i mp orta nt asp ect i n t he f ield

of sp int ronics is t he study of elect ronic syste ms

wit h a f i nite sp i n2sp lit ti ng realize d f rom na r row2
gap se miconduct or na nost ruct ures i n t he a bse nce

of a n exte r nal magnetic f ield . The p rogress ma de

i n realizi ng sp i n2sp lit elect ron gas syste ms at ze ro2

magnetic2f ield , such as I nAs2 a nd I n GaAs2based

two2di me nsional elect ron gases ( 2D EGs ) [ 1 ] , has

led t o rece nt p rop osals deali ng wit h a dva nced

elect ronic devices such as sp in2t ra nsist ors [ 2 ] , sp i n2
f ilte rs [ 3 ] , a nd sp in2waveguides [ 4 ] . I t is know n t hat

i n na r row2gap se miconduct or na nost ruct ures such

as qua ntum wells , t he ze ro2magnetic2f ield sp i n

sp lit ti ng ( or sp onta neous sp in sp lit ti ng ) of t he

ca r rie rs ca n be achieved by t he i nve rsion asym me2
t ry of t he mic roscop ic conf i ni ng p ote ntial due t o

t he p rese nce of t he hete rojunction [ 5 ] . This cor re2
sp onds t o a n i nhomoge neous surf ace elect ric f ield

a nd , he nce ,is elect rically equivale nt t o t he Ras hba

sp i n2sp lit ti ng or Rashba ef f ect [ 6 ] . The p ublished

exp eri me ntal results [ 7 ,8 ] have i ndica ted t ha t i n

I nAs2 a nd I n GaAs2based 2D EG syste ms , t he sp on2
t a neous sp i n sp lit ti ng is mai nly i nduce d by t he

Ras hba ef f ect ( wit h a n SU (2) sym met ry) w hich

ca n be e nha nced f urt he r wit h i ncreasi ng t he gate

voltage app lie d . Ot he r cont ributions suc h as t he

D ressel haus te rm ( wit h a n SU ( 1 , 1 ) sym met ry )

a re relatively wea k , because t hey come mai nly

f rom t he bul k2i nve rsion asym met ry of t he mate ri2
al [ 9 ] . More i mp orta ntly , t he st re ngt h of t he Rash2
ba sp i n2sp lit ti ng a nd t he cor resp ondi ng SO I i n
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t hese syste ms ca n be cont rolled a rtif icially by ap2
p lying a gate voltage [ 7 ,8 ] , c ha ngi ng t he sa mple

growt h p a ra mete rs [ 10 ] , etc .

I n orde r t o app ly sp i nt ronic syste ms as elec2
t ronic devices such as sp i n2t ra nsist ors , it is of f un2
da me ntal i mp orta nce t o st udy t he eff ect of SO I on

t he elect ronic a nd t ra nsp ort p rop e rties of t hese

novel syste ms . At p rese nt , one of t he most p owe r2
f ul a nd most p op ula rly use d exp eri me ntal tech2
niques t o ide ntif y t he Ras hba sp i n sp lit ti ng is

magnet o2t ra nsp ort measure me nt ca r ried out i n

qua ntized magnetic f ields a nd low2te mp e ra t ures a t

w hich t he Shubni kov2de Hass (Sd H ) oscilla tions

a re obse rva ble [ 1 ,8 ,10～12 ] . From t he p e riodicit y , a m2
p lit ude , a nd p rof ile of t he Sd H oscilla tions , t he

de nsit y a nd qua nt um mobilit y (or lif eti me) i n dif2
f e re nt sp i n bra nches , t oget he r wit h t he Rash ba

p a ra mete r , ca n be dete r mi ne d exp eri me ntally.

These tech niques a re a ki n t o t hose e mployed i n

t he i nvestigation of sp in2dege ne rate 2D EGs i n t he

p rese nce of more t ha n one occup ie d elect ronic

subba nd [ 13 ,14 ] . I t has bee n obse rve d exp e ri me ntally

t hat i n I nAs2 a nd In GaAs2base d sp int ronic sys2
te ms , alt hough t he elect ron de nsities ca n dif f e r

signif ica ntly i n dif f e re nt sp i n bra nches [ 10～12 ] , t he

qua nt um mobilities , dete rmi ned f rom t he a mp li2
t udes of t he Sd H oscilla tions at relatively low a nd

i nte r media te magnetic f ields , dep e nd very wea kly

on t he SO I st re ngt h [ 10 ] . This result is i n s ha rp con2
t rast t o w hat has bee n see n i n sp i n2dege ne rate
(e . g. , GaAs2based ) 2D EGs wit h more t ha n one

occup ied subba nd ,w here bot h qua nt um a nd t ra ns2
p ort mobilities dif f e r signif ica ntly i n dif f e re nt e2
lect ronic subba nds . In orde r t o unde rsta nd t his i m2
p orta nt a nd i nte resti ng exp e ri me ntal f i ndi ng a nd

t o ac hieve a n i n2dep t h understa nding of how SO I

af f ects t he elect ronic a nd t ra nsp ort p rop e rties of a

2D EG , we develop a t racta ble t heoretical ap2
p roach t o exa mi ne qua nt um a nd t ra nsp ort mobili2
t ies p e rti ne nt t o a sp i n2sp lit 2D EG i n t his p ap e r .

2 　One2particle aspects

For a t yp ical 2D EG f or me d in t he xy2p la ne

( ta ke n as t he 2D2p la ne ) i n na r row2gap se micon2
duct or na nost ruct ures , such as In GaAs/ I nAlAs

hete rojunctions i n w hich t he growt h2di rection is

ta ke n along t he z2axis , t he ef f ect of SO I ca n be

obtai ned f rom a k · p ba nd2st ruct ure calcula2

t ion [ 1 ,5 ] . I ncludi ng t he lowest orde r of t he SO I in2
duce d by t he Ras hba ef f ect , t he si ngle2elect ron

Ha milt onia n is give n , i n t he a bse nce of elect ronic

sca t te ri ng ce nte rs , by

H0 =
p2

2 m 3 +
α
Ü

(σ×p) z + U ( z) (1)

w here p = ( p x , p y ) is t he mome nt um op era t or i n

w hich p x = - iÜ9/ 9x , m 3 is t he elect ron ef f ective

mass , U ( z ) is t he conf ini ng p ote ntial e ne rgy

along t he growt h2di rection , a nd α is t he Ras hba

p a ra mete r w hich measures t he st re ngt h of t he

sp i n2orbit coup li ng. D ue t o t he Pauli sp i n mat rices
σ= (σx ,σy ,σz ) , t his Ha milt onia n is a 2 ×2 mat rix.

Furt he rmore , t his Ha milt onia n suggests t ha t t he

SO I i nduced by t he Rash ba ef f ect does not af f ect

t he elect ronic states along t he growt h di rection .

The solutions of t he cor resp onding SchrÊdi nge r

equation a re rea dily obtai ned [ 4 ] as

Ψσkn ( R) =| σ, k , n〉=
1

2

1

iσe i< e ik·rψn ( z) (2)

w here k = ( k x , k y ) is the elect ron wavevector along

the 2D plane , R = ( r , z) = ( x , y , z) , < is t he a ngle

betwee n k a nd t he x2axis , a nd σ= ±1 ref e rs t o

dif f e re nt sp i n bra nches i n k2sp ace . The cor re2
sp ondi ng e ne rgy sp ect rum is give n by

Eσn ( k) = Eσ( k) +εn =
Ü2 k2

2 m 3 +σαk +εn (3)

wit h k = ( k2
y + k2

x ) 1/ 2 . I n Eqs . ( 2 ) a nd ( 3 ) , t he

wavef unctionψn ( z) a nd e ne rgyεn f or a n elect ron

i n t he nt h elect ronic subba nd a re dete r mi ned by a

sp i n2i ndep e nde nt Sc hrÊdi nge r equation along t he

growt h2di rection , because SO I does not af f ect t he

elect ron sta tes along t he z2di rection .

From t he elect ron e ne rgy sp ect rum give n by

Eq. (3) , one ca n i m mediately see t hat i n t he p res2
e nce of t he Rash ba sp i n2sp lit ti ng : ( 1 ) t he elec2
t ronic sta tes a re sp lit int o two sp in bra nc hes i n k2
sp ace a nd elect rons a re orie nte d p e rp e ndicula r t o

t he elect ronic mome ntum i n t he 2D2p la ne ; (2) t he

e ne rgy disp e rsion of a 2D EG is not p a ra bolic due

t o t he i nclusion of t he SO I te r m ; a nd (3) t he e ne r2
gy levels f or t he ±sp i n bra nches dep e nd st rongly

on elect ron wavevect or ( or mome ntum ) , w here

t he e ne rgy sep a ration betwee n t he tw o sp i n bra n2
ches is a li nea r2i n2 k te rm . These f ea tures a re i n

s ha rp cont rast t o t hose f or a sp in2dege ne rate

2D EG. Usi ng Eq . (3) , t he Gree n’s f unction f or a

sp i n2sp lit 2D EG ca n be obtai ne d , in t he ( E , k) or
(sp ect rum , mome nt um) rep rese ntation , as
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Gσkn ( E) = [ E - Eσn ( k) + iδ] - 1 (4)

Thus , t he de nsity2of2sta tes ( D oS) f or a sp i n2sp lit

2D EG ca n be dete r mi ned f rom t he i magi na ry p a rt

of Gσkn ( E) . I n t his p ap e r ,we conside r a n In GaAs/

InAlAs hete rojunction in w hich only t he lowest e2
lect ronic subba nd is p rese nt ( i . e . , n′= n = 0 ) ,

a nd we measure t he e ne rgy f rom ε0 . I n such a

case , t he elect ron D oS i n dif f e re nt sp i n bra nc hes is

obtai ned as

Dσ( E) = ∑
k

δ[ E - Eσ( k) ] (5)

w here f or sp i n2up

D + ( E) =
D0

2
Θ( E) 1 -

Eα
E + Eα

(6)

f or sp in2dow n

D - ( E) =
D0

2
Θ( E) 1 +

Eα
E + Eα

+

2Θ( - E)Θ( E + Eα) Eα
E + Eα

(7)

a nd t he t otal D oS is

D ( E) = D + ( E) + D - ( E) =

D0 Θ( E) + Θ( - E)Θ( E + Eα) Eα
E + Eα

(8)

He re ,Θ( x) is t he unit2step f unction , E is t he elec2
t ron e ne rgy , D0 = m 3 /πÜ, a nd Eα = α2 m 3 / 2 Ü2 .

These t heoretical results i ndica te t hat i n cont rast

t o a sp i n2dege ne rate 2D EG w hose D oS is give n

si mply by D ( E) = D0Θ( E) , t he D oS f or a sp i n2
sp lit 2D EG dep e nds st rongly on SO I , w hic h re2
sults i n t he f ollowi ng : (1 ) sp i n2up a nd sp i n2dow n

elect rons have dif f e re nt D oS ; (2) t he D oS dep e nds

not only on t hose step2f unctions but also on Eα =
( E + Eα) , because of a nonp a ra bolic e ne rgy sp ec2
t rum give n by Eq. (3) ; a nd (3) f or t he sp i n2dow n

cha nnel t he D oS ca n exit eve n i n t he negative e n2
e rgy regi me , w he reas D + ( E) only exits w he n E

> 0 . Furt he r more , we note t ha t D - ( E) / D0 =
( ∞,0 . 5 ] w he n E = [ Eα , ∞) , w he reas D + ( E) / D0

= [ 0 ,0 . 5 ] w he n E = [ 0 , ∞) . This i mplies t ha t D -

( E) is always la rge r t ha n D + ( E) a nd a la rge r D +

( E) ca n be obse rved at a la rge r E. These i nte rest2
i ng f eat ures ca n be more clea rly see n f rom Fig. 1

w here t he D oS i n dif f e re nt sp i n2orbits is s how n as

a f unction of elect ron e ne rgy.

The t heoretical results obtai ned a nd s how n

a bove i ndica te t ha t i n t he low e ne rgy regi me ,

w hich is most p roba bly occup ied by elect rons , t he

D oS f or t he‘ - ’bra nch is always la rge r t ha n t ha t

f or t he‘ + ’bra nc h , a nd t his is t he main reason

Fig. 1 　Density2of2states in diff erent spin branches

( D ±( E) ) as a f unction of elect ron energy E

w hy elect ron de nsit y i n t he sp in2dow n cha nnel is

always la rge r t ha n t hat i n t he sp i n2up cha nnel . A

di rect a nd i mp orta nt app lica tion of t he D oS f or a

sp i n2sp lit 2D EG is t o dete r mine t he Fe rmi e ne rgy

of t he syste m a nd t he elect ron de nsit y i n dif f e re nt

sp i n bra nches . Applyi ng t he D oS f or a 2D EG wit h

SO I t o t he condition of t otal elect ron numbe r con2
se rva tion a nd t he def i nition nσ = ∑

k
f ( Eσ( k) ) wit h

f ( x) bei ng t he Fe rmi2Dirac f unction , t he Fer mi

e ne rgy EF a nd elect ron de nsity nσ in t he σ sp i n

bra nch a re obtai ned , resp ectively ,f or low te mp er2
at ures T →0 ,as

EF =
Ü2

m 3 (πne - k2
α) (9)

a nd

nσ =
ne

2
- σkα

2π
2πne - k2

α (10)

f or ne ≥k2
α/π( or α≤Ü2 πne / m 3 ) . He re , ne = n -

+ n + is t he t otal elect ron de nsit y a nd kα = m 3α/

Ü2 . For = n e ≤k2
α/π we have EF ≤0 , a nd only t he

lower2e ne rgy‘ - ’sp i n bra nch is occup ied by e2
lect rons (see Fig. 1 ) , wit h n + = 0 a nd n - = n e

p recisely at ne = k2
α/π; in t his case t he elect rons

a re e nti rely i n t he‘ - ’sp i n bra nc h . Howeve r , it

s hould be noted t ha t t he condition ne < k2
α/π ca n

only be satisf ied i n a syste m wit h ve ry low elec2
t ron de nsit y a nd ve ry la rge Rashba p a ra mete r ,

w hich has not yet bee n realized exp e ri me ntally.

The ref ore ,i n t his p ap e r ,we only conside r t he situ2
ation w here bot h ±sp in bra nc hes a re occup ie d by

elect rons , na mely t he sit uation w here ne > k2
α/π.

From Eq. (10) ,we obtai n t he relation

4πnσ +σkα = 2πne - k2
α (11)

w hich will be use d late r i n t he p ap e r .

A not he r si mple way t o unde rsta nd w hy t he

p rese nce of SO I ca n lea d t o dif f e re nt elect ron

de nsities i n dif f e re nt sp i n bra nches is t o look i nt o
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t he disp e rsion rela tion Eσ ( k) ve rsus k s how n i n

Fig. 2 . I n Fig. 2 , t he solid p a ra bolic curve cor re2
sp onds t o t he a bse nce of t he SO I (α= 0) , i . e . , t o

k -
F = k +

F = kF . The i nte rsections of t he curves f or
α≠0 ( E + ( k ) a nd E - ( k) ) wit h t he Fer mi level

EF ,p rojected ont o t he k2axis , give t he Fer mi wav2
evect ors k -

F a nd k +
F . The dif f e re nce k -

F - k +
F at α

≠0 lea ds t o a dif f e re nce i n k2sp ace a rea :π( k -
F ) 2

≠π( k +
F ) 2 . Accordi ngly , t he de nsities n - a nd n +

a re dif f e re nt w he n t he SO I is p rese nt . Because k -
F

is always la rge r t ha n k +
F , n - is always la rge r t ha n

n + .

Fig. 2 　Dispersion relation Eσ( k) versus k f or 2D EGs

The solid p arabolic curve , f or α= 0 , cor resp onds t o

t he absence of SOI w here k +
F = k -

F = k F . The inte r2
sections of t he dashed curves ( E±( k) ) f orα ≠0 wit h

t he Fermi level EF (dot ted line) ,p rojected ont o t he k2
axis ,give t he Fermi wavevect ors k -

F and k +
F f or dif2

f erent spin branches .

The dep e nde nce of elect ron dist ribution i n

dif f e re nt sp i n bra nches on t he Ras hba p a ra mete r
αa nd t otal elect ron de nsit y ne is show n resp ec2
t ively i n Figs . 3 a nd 4 . These results a re obtai ned

f or a n I n GaAs2based 2D EG st ruct ure . I t should be

note d t hat wit h increasi ng α i n Fig. 3 a nd/ or de2
creasi ng ne i n Fig. 4 , Fe r mi e ne rgy dec reases (see

Eq. (9) ) a nd ,conseque ntly , more elect rons a re i n

t he sp i n2dow n orbit because it has a lower e ne rgy

a nd highe r D oS . This is i n line wit h exp e ri me ntal

f indi ngs [ 8 ,10～12 ] . The results s how n i n Figs . 3 a nd

4 , t oget he r wit h t hose give n by Eqs . (6) a nd (7) ,

suggest t hat i n a 2D EG , sp i n p ola rization i ncrea2
ses wit h i ncreasi ng Rash ba p a ra mete r a nd/ or wit h

decreasi ng t otal elect ron de nsit y.

3 　Electron2impurity scattering

At low te mp era tures , elect ron2imp urit y sca t2
te ri ng is t he p ri ncip al c ha n nel f or t he relaxa tion

Fig. 3 　Elect ron density nσ i n diff erent spin chan2
nels as a f unction of t he Rashba p arameter α at a

f ixed t otal elect ron density n e = n + + n -

Fig. 4 　Dep endence of elect ron dist ribution in t he

±spin branches on t otal elect ron density at a f ixed

Rashba p arameter

of elect rons i n se miconduct or2based 2D EG sys2
te ms . For a modulation2dop ed I n GaAs/ InAlAs

hete rojunction , t he main sources of elect ron2i mp u2
rit y sca t te ring come f rom t he ionized re mote2i m2
p urities in t he I nAlAs laye r a nd f rom t he cha rged

background i mp urities i n t he I n GaAs laye r . The

Coulomb p ote ntial i nduced by elect ron i nte raction

wit h cha rged i mp urities ta kes t he f orm

V ( R - Ra ) =
Ze2

κ × 1
| R - Ra |

(12)

w here t he i mp urity is locate d a t Ra = ( r a , z a ) =
( x a , y a , z a ) , Z is its c ha rge num ber , a nd κis t he

static dielect ric consta nt of t he mate rial . I n t he

a bse nce of elect ron2elect ron ( e2e ) sc ree ni ng , t his

p ote ntial results in a n elect ron2i mp urit y inte rac2
t ion Ha milt onia n i n mome nt um rep rese ntation af2
te r t he Fourie r t ra nsf or mation

H e2i =
2πZe2

κq
e - q| z - z a | e iq·( r- r a ) (13)

w here q = ( q x , q y ) is t he f act or of t he Fourie r

t ra nsf or m , w hich cor resp onds t o t he c ha nge of

elect ron wavevect or ( or mome nt um ) duri ng a n
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elect ron2imp urit y scat te ri ng eve nt . For elect ron

i nte ractions wit h cha rge d i mp urities i n a n elec2
t ronic syste m ,we may assume t hat t he syste m un2
de r st udy ca n be sep a rated i nt o t he elect ron of i n2
te rest a nd t he i mp urities , i . e . , |σ, k , n ; c〉= |σ, k ,

n〉| c〉w he re | c〉rep rese nts t he state of t he i m2
p urit y syste m . Thus , t he mat rix ele me nt f or elec2
t ron2i mp urit y i nte raction is obtai ned as

U0
n′n ,σ′σ ( q , Ra ) =

2πZe2

κq
n i ( z a ) ×

F n′n ( q , z a ) hσ′σ (θ) e - iq·r aδk′, k+ q (14)

He re , n i ( z a ) = |〈c′| c〉| 2 is t he i mp urit y dist ribu2
t ion along t he growt h2di rection under t he assump2
t ion t ha t t he imp urities a re unif or mly dist ributed

along t he xy2p la ne , F n′n ( q , z a ) = ∫d zψ3
n′( z ) ×

ψn ( z) e - q| z - z a | is t he f orm f act or f or elect ron2i m2
p urit y scat te ri ng i n a 2D syste m ,a nd hσ′σ (θ) = [1 +
σ′σ×( cosθ- isi nθ) ]/ 2 is a sp i n2dep e nde nt mat rix

ele me nt wit hθbei ng t he a ngle betwee n k′a nd k.

For t he case w here only t he lowest elect ronic sub2
ba nd is p rese nt , we have

U0
σ′σ ( q , Ra ) =

2πZe2

κq
n i ( z a ) ×

F0 ( q , z a ) hσ′σ (θ) e - iq·r aδk′, k+ q (15)

wit h F0 ( q , z a ) = ∫d z | ψ0 ( z ) | 2 e - q| z - z a | . From

Eqs . (14) a nd (15) , we see t hat simila r t o a sp i n2
dege ne rate 2D EG , t he ele me nt of t he elect ron2i m2
p urit y i nte raction mat rix dive rges in a sp i n2sp lit

2D EG w he n q →0 . He nce , it is necessa ry t o i n2
clude t he ef f ect of e2e sc ree ni ng on elect ron2i mp u2
rit y sca t te ring.

4 　Dielectric f unction matrix and
screening length

　　We now study t he ma ny2body ef f ects of a

2D EG i n t he p rese nce of SO I . Applyi ng t he elec2
t ron wavef unction give n by Eq. (2) t o t he e2e i n2
te raction Ha milt onia n i nduced by t he Coulomb

p ote ntial , t he sp ace Fourie r t ra nsf orm of t he ma2
t rix ele me nt f or ba re e2e inte raction ca n be w rit2
te n as

Vσ1σ2σ3σ4 , n1 n2 n3 n4
( k , q) =

δk′+ k, k1′+ k1
V q∫d3 R1∫d3 R2Ψ3

σ
1 k′n1

( R1 )Ψ3
σ

2 kn2
( R1 ) ×

e iq ( r1 - r2 ) e - q| z1 - z2 | Ψσ
3 k1 n3

( R2 )Ψσ
4 k1 n4

( R2 ) (16)

w here V q = 2πe2 /κq. From now on , we conside r

a n I n GaAs/ InAlAs hete rojunction in w hic h only

t he lowest elect ronic subba nd is p rese nt . Af te r de2
f i ningβ= (σ′σ) f or elect ronic t ra nsition f rom t he

σ′bra nc h t o t heσbra nch , t he ba re e2e i nte raction

i n t he p rese nce of SO I becomes

Vβγ ( k , q) = V q G0 ( q) ×
1 +βA kq

2
δβγ +

iβB kq

2
(1 - δβγ) (17)

where G0 ( q) =∫d z1∫d z2 |ψ0 ( z1 ) | 2 |ψ0 ( z2 ) | 2 e - q| z1 - z2 |

wit hψ0 ( z) bei ng t he ground2state elect ron wave2
f unction along t he growt h2di rection , A kq = ( k +

qcosψ) / | k + q| , B kq = qsi nψ/ | k + q| , a nd ψ is t he

a ngle betwee n k a nd q. It should be noted t ha t i n

cont rast t o a sp i n2dege ne rate 2D EG f or w hic h t he

ba re e2e i nte raction does not dep e nd on k[ 15 ] ,

Vβγ ( k , q) f or a sp i n2sp lit 2D EG dep e nds not only

on q but also on k , because t he sp i n sp lit ti ng de2
p e nds exp licitly on k.

From t he elect ron e ne rgy sp ect rum give n by

Eq. (3) , we ca n de rive t he reta rde d a nd a dva nced

Gree n f unctions f or elect rons w he n t he eff ect of

SO I is ta ke n i nt o conside ration . Applyi ng t hese

Gree n f unctions along wit h t he ba re e2e inte rac2
t ion t o t he diagra m matic tech niques t o de rive ef2
f ective e2e i nte raction unde r t he ra ndom2p hase

app roxi mation ( R PA) , we obtai n t he ef f ective e2
e i nte raction as [ 16 ]

Veff
βγ (Ω; k , q) = ∈- 1

βγ (Ω; k , q) Vβγ ( k , q) (18)

He re ,

∈βγ (Ω; k , q) =δβγδ( k) - Vβγ ( k , q)Πγ(Ω; k , q)

(19)

is t he dyna mical dielect ric f unction mat rix ele2
me nt a nd

Πσ′σ(Ω; k , q) =
f [ Eσ( k + q) ] - f [ Eσ( k) ]
ÜΩEσ′( k + q) - Eσ( k) + iδ

is t he p ai r bubble or de nsit y2de nsit y cor relation

f unction i n t he a bse nce of e2e i nte raction , wit h

f ( x) bei ng t he Fer mi2Dirac f unction . For a sp i n2
sp lit 2D EG , t he ef f ective e2e i nte raction a nd t he

dielect ric f unction mat rix dep e nd not only on q

but also on k , i n cont rast t o a sp in2dege ne rate

2D EG. Af te r sum mi ng t he dielect ric f unction ma2
t rix ove r k a nd noti ng ∑

k
B kqΠσ′σ (Ω; k , q) = 0 , t he

dielect ric f unction mat rix f or a 2D EG wit h Rash2
ba sp i n sp lit ti ng is obtai ne d as

∈ (Ω, q) =

1 + a1 0 0 a4

0 1 + a2 a3 0

0 a2 1 + a3 0

a1 0 0 1 + a4

(20)

He re , t he i ndexes 1 = ( + + ) , 2 = ( + - ) , 3 =
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( - + ) a nd 4 = ( - - ) a re def ined i n rega rd t o

dif f e re nt t ra nsition cha nnels a nd a j = a j (Ω, q) =
- ( V q F0 ( q) / 2) ∑

k
(1 ±A kq )Πj (Ω; k , q) w he re t he

upp er (lowe r) case ref e rs t o j = 1 or 4 f or i nt ra2
SO t ra nsition ( j = 2 or 3 f or i nte r2SO t ra nsition) .

Moreove r , t he i nve rse dielect ric f unction mat rix

f or a sp i n2sp lit 2D EG is

∈- 1 (Ω, q) =

1 - a 3
1 0 0 - a 3

4

0 1 - a 3
2 - a 3

3 0

0 - a 3
2 1 - a 3

3 0

- a 3
1 0 0 1 - a 3

4

(21)

w here a 3
1 = a1 / ( 1 + a1 + a4 ) , a 3

2 = a2 / ( 1 + a2 +

a3 ) , a 3
3 = a3 / ( 1 + a2 + a3 ) , a nd a 3

4 = a4 / ( 1 + a1

+ a4 ) .

Wit h t he i nve rse dielect ric f unction mat rix ,

we ca n calculate t he mat rix ele me nt f or t he elec2
t ron2i mp urit y i nte raction i n t he p rese nce of e2e

scree ni ng , t h rough t he def i nition U i ( q , Ra ) =

∑
j

∈- 1
ij ( q) U0

j ( q , Ra ) . Here ∈ij ( q) = ∈ij (Ω→0 ,

q) is t he ele me nt of t he static dielect ric f unction

mat rix . Usi ng Eq . ( 15 ) , t he squa re of t he mat rix

ele me nt f or t he elect ron2i mp urity i nte raction i n

t he p rese nce of e2e scree ni ng becomes

| U1 ( q ,θ) | 2 = | U4 ( q ,θ) | 2 = | U+ ( q ,θ) | 2δk′, k+ q

(22)

f or int ra2SO scat te ri ng , a nd

| U2 ( q ,θ) | 2 = | U3 ( q ,θ) | 2 = | U - ( q ,θ) | 2δk′, k+ q

(23)

f or inte r2SO scat te ri ng. Here ,

| U± ( q ,θ) | 2 =
2πZe2

k

2 h± (θ)

[ q + K± ( q) ]2 ×

∫d z a n i ( z a ) F2
0 ( q , z a ) (24)

i n w hich t he cont ribution f rom t he i mp urity dis2
t ribution along t he growt h di rection has bee n

sum med ove r , h ± (θ) = (1 ±cosθ) / 2 , a nd t he i n2
ve rse scree ni ng le ngt hs f or i nt ra2 a nd i nte r2SO e2
lect ronic t ra nsitions a re , resp ectively ,

K+ ( q) = q[ a1 ( q) + a4 ( q) ] =

-
q
2

V q G0 ( q) ∑
σ, k

(1 + A kq ) ×

f [ Eσ( k + q) ] - f [ Eσ( k) ]
Eσ( k + q) - Eσ( k)

(25)

a nd

K- ( q) = q[ a2 ( q) + a3 ( q) ] =

-
q
2

V q G0 ( q) ∑
σ, k

(1 + A kq ) ×

f [ Eσ( k + q) ] - f [ E-σ( k) ]
Eσ( k + q) - E-σ( k)

(26)

Af te r ca r ryi ng out t he a ngle i ntegration ,we have

K± ( q) =
16 e2 m 3

πÜ2κq
G0 ( q) ∑

σ∫
∞

0
d k ×

f [ Eσ( k) ] k ( k + q)
(2 k + q + 2σkα) ( k + q + | k - q | )

H±
σ ( k , q)

(27)

w here

H±
σ ( k , q) =

- 1 ±1
2

K( A) +Π( AB± , A) +

q ( q + 2σkα)
4 k ( k +σkα)

[Π( AC± , A) - Π( AB± , A) ] (28)

K ( x) is a complete ellip tic i ntegral of t he f i rst

ki nd ,Π( n , x) =Π(π/ 2 , n , x) is a complete ellip tic

i ntegral of t he t hi rd ki nd , A = ( k + q - | k - q| ) /
( k + q + | k - q| ) , B ± = [ (2 k + q) / q ] ±1 , a nd C ±

= [ ( q - 2σkα) = (2 k + q + 2σkα) ] ±1 . For t he case

of a low2te mp e ra t ure li mit ( i . e . , T →0) , we ob2
t ai n

K± ( q) =
16 e2 m 3

πÜ2κq
G0 ( q) ∑

σ∫
4πnσ

0
d k ×

k ( k + q)
(2 k + q + 2σkα) ( k + q + | k - q | )

H±
σ ( k , q)

(29)

These results imply t ha t i n t he p rese nce of SO I ,

t he i nt ra2 a nd i nte r2SO t ra nsitions have dif f e re nt

scree ni ng le ngt hs under t he R PA app roac h . In

p a rticula r ,we note t hat i n a long wavele ngt h li mit
(i . e . , q →0 w hic h mea ns t hat t he e2e i nte raction

does not cha nge t he elect ron wavevect or or mo2
me nt um) , K + ( q) →∞w he reas K - ( q) →0 .

5 　Spin2dependent quantum and trans2
port mobil ities

　　From t he a bove p rese nted results , we obtai n

f or t he elect ronic t ra nsition rate give n by Fer mi’s

golde n rule

Wσ′σ ( k′, k) =

2π
Ü

| Uσ′σ ( q ,θ) | 2δk′, k+ qδ[ Eσ′( k′) - Eσ( k) ]

(30)

w hich is t he p roba bilit y f or a n elect ron t o be scat2
te re d f rom a state |σ, k > t o a sta te |σ′, k′> due

t o scree ned elect ron2i mp urit y sca t te ring. We now

conside r a wea k D C elect ric f ield F x app lie d along

t he 2D2p la ne ( ta ke n along t he x di rection) of a

2D EG. In t he stea dy sta te t he cor resp ondi ng se mi2
classical B oltz ma n n equation , f or nondege ne rate

statistics , rea ds
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-
eF x

Ü
×9fσ( k)

9k x
=

∑
k′,σ′

[ fσ′( k′) Wσ′σ ( k , k′) - fσ( k) Wσ′σ ( k′, k) ]

(31)

w here fσ ( k) is t he mome nt um2dist ribution f unc2
t ion f or a n elect ron at a state |σ, k > . We assume

t hat fσ( k) ca n be described by t he drif te d e ne rgy

dist ribution f unction fσ( k) = f ( Eσ( k x - m 3 vσ/ Ü,

k y ) ) ,w he re vσ is t he ave rage drif t2velocit y of a n

elect ron i n t heσsp i n bra nch along t he x di rection

due t o t he p rese nce of F x . The n t he mome nt um2
bala nce equation [ 17 ,18 ] ca n be de rive d by multip l2
yi ng k x wit h bot h sides of t he B oltzma nn equation

a nd by sum mi ng over k. I n doi ng so ,we have

eF x

Ü
nσ =

∑
σ′
∑
k′, k

[ k′xfσ′( k) Wσ′σ( k′, k) - k xfσ( k) Wσ′σ( k′, k) ]

(32)

For wea k drivi ng f ields F x we assume vσ ν Ük x /

m 3 a nd obtai n

fσ( k) ∆
f ( Eσ( k) ) - Ük x vσ(1 +σk a / k) f′( E) | E = Eσ( k)

(33)

w here f′( E) = 9f ( E) / 9E. Thus t he mome nt um2
bala nce equation gives

nσ = ∑
σ′

[μσ
tBσ′σ - μσ′

t Cσσ′] (34)

He re μσ
t = vσ/ F x is t he t ra nsp ort mobilit y f or a n e2

lect ron i n sp i n bra nc hσa nd

Bσ′σ

Cσ′σ
= -

Ü2

e ∑k′, k

k x

k′x
×

k x (1 +σkα/ k) Wσ′σ( k′, k) f′( E) | E = Eσ( k) (35)

It ca n be see n t hat t he te rm Bσ′σ is i nduced by

s mall2a ngle sca t te ri ng betwee n k′a nd k. He nce , by

def i nition , t he qua nt um mobilit y of elect rons i n

sp i n bra nchσ,μσ
q , is give n by

1
μσ

q
=

1
nσ ∑σ′ Bσ′σ (36)

The t ra nsp ort mobility ,μσ
t , i n dif f e re nt sp i n bra n2

ches ca n be dete r mi ne d by solving Eq. (34) ,w hich

rea ds

μ+
t =

( B4 - C4 + B2 ) n + + C2 n -

( B1 - C1 + B3 ) ( B4 - C4 + B2 ) - C2 C3

(37)

a nd

μ-
t =

C3 n + + ( B1 - C1 + B3 ) n -

( B1 - C1 + B3 ) ( B4 - C4 + B2 ) - C2 C3

(38)

He re , agai n ,1 = ( + + ) ,2 = ( + - ) ,3 = ( - + ) a nd

4 = ( - - ) cor resp ond t o dif f e re nt cha nnels f or e2
lect ronic t ra nsition . From t he qua ntum a nd t ra ns2
p ort mobilities , t he qua nt um a nd t ra nsp ort lif e2
t i mes f or a n elect ron in dif f e re nt sp i n bra nches

a re give n resp ectively by τσ
q = m 3 μσ

q / e a nd τσ
t =

m 3μσ
t / e . Furt he r more , t he ave rage t ra nsp ort mob2

ili t y , measured i n a conve ntional t ra nsp ort exp e ri2
me nt ,is give n as

μt =
n + μ+

t + n - μ-
t

ne
(39)

　　Usi ng Eq. (30) we obtai n , f or elect ron2i mp u2
rit y sca t te ri ng ,

Bσ′σ

Cσ′σ
=

- m 3

4π2 Üe∫
π

0
dθ∫

∞

0
d k kσ′σk

k
kσ′σcosθ

×

| Uσ′σ( q ,θ) | 2 f′( E) | E = Eσ( k) (40)

He re , q = k2
σ′σ + k2 - 2 kkσ′σcosθ a nd kσ′σ = k -

(σ′- σ) kα. For low te mp erat ures , i . e . , f or T →0 ,

we have f′( E) = 9f ( E) / 9E≈ - δ( EF - E) wit h EF

bei ng t he Fer mi e ne rgy. The n we obtai n

Bσ′σ

Cσ′σ
=

m 3 2

4π2 Ü3 e
× kk′σ′σ

k +σkα∫
π

0
dθ

k

kσ′σcosθ
×

| Uσ′σ ( q ,θ) | 2 | k = 4πnσ (41)

Af te r using Eq. ( 11 ) , f or dif f e re nt t ra nsition

cha nnels we have

B1

C1
= 2 c0 ( n + / n - ) 1/ 2 ( n + / n e ) ×

∫
π

0
dθ

1
cosθ

| U + ( q1 ,θ) | 2 (42)

wit h c0 = m 3 2 ne 4πn - / (2πÜ3 e 2πne - k2
α) a nd

q1 = 4 πn + si n (θ/ 2) ,

B2

C2
= c0∫

π

0
dθ

1

n+ / n- cosθ
| U - ( q - ,θ) | 2

(43)

wit h q - = 2 πne - (πne - k2
α) cosθ,

B3

C3
= c0∫

π

0
dθ n+ / n-

cosθ
| U - ( q - ,θ) | 2

(44)

a nd

B4

C4
= 2 c0 ( n - / ne )∫

π

0
dθ

1
cosθ

| U + ( q4 ,θ) | 2

(45)

wit h q4 = 4 πn - sin (θ/ 2 ) . These results i ndicate

t hat cor resp ondi ng t o dif f e re nt elect ronic t ra nsi2
t ion cha nnels due t o elect ron2i mp urit y sca t te ring ,

t he cha nge of t he elect ron wavevect or or mome n2
t um q is dif f e re nt . For int ra2SO scat te ri ng , k1 =

4πn + a nd q = q1 = [ 0 , 4 πn + ] f or a t ra nsition

wit hi n t he‘+ ’sp i n bra nc h , a nd k4 = 4πn - a nd
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q = q4 = [ 0 , 4 πn - ] f or a t ra nsition wit hi n t he

‘ - ’bra nch . W he reas f or i nte r2SO scat te ri ng , q =

q - = [ 2 kα , 2 2πne - k2
α ] is t he sa me f or bot h a

t ra nsition f rom t he‘ + ’sp i n bra nc h t o t he‘ - ’
bra nch a nd a t ra nsition f rom t he‘ - ’bra nch t o

t he‘+ ’bra nch . Furt he r more , q →0 ca n only be a

case f or i nt ra2SO scat te ri ng. For i nte r2SO scat te r2
i ng , q ≠0 , w hich i mplies t hat a n inte r2SO t ra nsi2
t ion ca n only be achieve d via va ryi ng t he

wavevect or ( or mome nt um ) of a n elect ron , be2
cause t he sp i n2sp lit ti ng dep e nds exp licitly on elec2
t ron wavevect or .

6 　In GaAs/ InAlAs heterojunction

　　I n a n I n GaAs/ InAlAs hete rojunction , t he i m2
p urit y scat te ri ng comes mai nly f rom : (1) ionized

re mote imp urities wit hi n a na r row sp ace cha rge

laye r i n t he I nAlAs region wit h a conce nt ra tion

N r a t a sp ace r dist a nce s f rom t he i nte rf ace , due

t o modula tion2dop i ng ; a nd ( 2 ) c ha rged back2
ground i mp urities wit h a dep letion cha rge de nsit y

N depl a nd a dep letion le ngt h d i n t he In GaAs lay2
e r , due t o t he ef f ect of dep letion . I n ge ne ral , t hese

i mp urity conce nt rations a nd t hei r dist ributions a2
long t he growt h2di rection a re not well know n , be2
cause t he ionization of modulation2dop e d i mp uri2
t ies ( includi ng deep2ce nte rs ) a nd t he dep letion

le ngt h a nd cha rge de nsit y of t he background i m2
p urities a re not easily dete rmi ned exp eri me ntally.

In conjunction wit h a typ ical sp i nt ronic device re2
alized f rom a n I n GaAs/ InAlAs hete rojunction [ 7 ] ,

i n t his p ap e r we model t he re mote a nd back2
ground i mp urit y dist ributions resp ectively as

n r ( z a ) = N rδ( z a + s) (46)

a nd

nb ( z a ) = ( N depl / d)Θ( z a ) (47)

These assump tions a re mai nly based on t he f act

t hat t he widt h of t he cha rge laye r f or modulation2
dop i ng is relatively na r row a nd t he dep letion

le ngt h i n t he I n GaAs laye r is much longe r t ha n

t he ef f ective t hickness of t he conf i ning p ote ntial

f or elect rons .

I n t he p rese nt work ,we app ly t he usual t ria n2
gula r well app roxi mation t o model t he conf ini ng

p ote ntial nor mal t o t he i nte rf ace of t he hete ro2
junction a nd use t he cor resp ondi ng va riational

wave f unction f or t he ground subba nd [ 15 ] . Thus ,

t he squa re of t he elect ron2i mp urit y i nte raction

mat rix ele me nt i nduce d by scat te ri ng wit h re mote

a nd background i mp urities is give n resp ectively by

| U r
± ( q ,θ) | 2 = N r

2πZe2

k

2

×

h± (θ)

[ q + K± ( q) ]2 × e - 2 qs

( x + 1) 6 (48)

a nd

| U b
± ( q ,θ) | 2 = N b

2πZe2

k

2 h± (θ)

[ q + K± ( q) ]2 ×

3 x5 + 18 x4 + 43 x3 + 48 x2 + 24 x + 2
4 x ( x + 1) 6 (49)

w here x = q = b , N b = N depl / db a nd b = [ (48πm 3

×e2 / kÜ2 ] ( N depl + 11 n e / 32) ]1/ 3 def i nes t he t hick2
ness ( ∆ 3/ b) of t he t ria ngula r well . These results

i ndica te t hat si mila r t o a sp i n2dege ne ra te 2D EG ,

elect rons in a hete rojunction i nte ract more st rong2
ly wit h background imp urities t ha n wit h re mote

i mp urities , esp ecially w he n q →0 . This is mai nly

due t o t he f act t ha t background i mp urities a re lo2
cated i n t he laye r w he re t he majorit y of conduc2
t i ng elect rons a re . The f or m f act or f or t he e2e in2
te raction is

G0 ( q) =
3 x2 + 9 x + 8

8 ( x + 1) 3 (50)

7 　Numerical results and discussion

　　The results of t his section p e rtai n t o In GaAs/

I nAlAs hete rojunctions a t low te mp era tures . The

mate rial p a ra mete rs cor resp ondi ng t o In GaAs a re

ta ke n as f ollows : (1) elect ron ef f ective mass m 3

= 0. 042 me wit h me bei ng t he rest2mass of a n e2
lect ron ; (2) static dielect ric consta nt k = 12 . 9 ; a nd
(3) t he t yp ical dep letion cha rge de nsit y Ndepl = 2

×1010 cm - 2 . Furt he r more , t he elect ron dist ribu2
t ion n ± i n dif f e re nt sp i n bra nc hes is dete r mined

usi ng Eq. (10) (also see Figs . 3 a nd 4) . I n t he cal2
culations , t he c ha rge numbe r of a n imp urit y is

t a ke n t o be Z = 1 .

7. 1 　Screening length

From t he results p rese nted i n Section 5 , we

know t hat f or elect ron2i mp urit y sca t te ri ng a t low2
te mp era tures , t he cha nge of elect ron wavevect or

or mome nt um (i . e . , q dep e nds on elect ron de nsi2
t y nσ a nd a ngle θ) dif f e rs f or dif f e re nt t ra nsition

cha nnels . Thus ,i n orde r t o st udy t he ef f ect of e2e

i nte raction on t ra nsp ort coef f icie nts induced by

elect ron2i mp urit y scat te ri ng , it is conve nie nt a nd

usef ul t o look int o t he a ngula r dep e nde nce of t he
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Fig. 5 　Inverse screening lengt h Ks ( q ) , s = ±, f or

t ransition wit hin t he‘±’spin branch as a f unction of

angleθat a f ixed t otal elect ron density ne and a f ixed

Rashba p arameterα　Here ,θis t he angle between t he

initial elect ronic wavevect or ( or momentum ) k and

t he f inal wavevect or k′, q1 = 4 πn + sin (θ/ 2 ) f or a

t ransition wit hin t he‘+ ’branch , q4 = 4 πn - sin (θ/

2 ) f or a t ransition wit hin t he‘ - ’branch , q - =

2 πne - (πne - k2
α) cosθ f or inte r2SO t ransition , and

n ± is t he elect ron density in t he‘±’spin branch .

N ote t hat K - ( q - ) is negative .

scree n le ngt h f or dif f e re nt t ra nsition c ha nnels . I n

Fig. 5 , t he i nve rse scree ning le ngt h K± ( q ) is

s how n as a f unction of θ ( t he a ngle betwee n t he

i nitial wavevect or k a nd t he f i nal wavevect or k′
duri ng a scat te ri ng eve nt) a t a f ixe d t otal elect ron

de nsit y ne a nd a f ixed Ras hba p a ra mete r α. From

t hese results , we note t hat : (1) | K± ( q) | decrea2
ses wit h i ncreasi ngθ, w hich i mplies t hat a st rong

ef f ect of e2e sc ree ni ng ca n be achieved at small

sca t te ring a ngles ; (2) f or i nt ra2SO t ra nsition wit h2
i n t he‘ + ’or‘ - ’sp i n bra nc h , K+ ( q) →+ ∞
w he nθ→0 (i . e . , q →0) ; (3) K - ( q) f or i nte r2SO

t ra nsition is negative a nd f i nite w he n θ= [ 0 ,π] ;
(4) at a f ixe d θ, K+ ( q1 ) f or a t ra nsition wit hi n

t he‘+ ’bra nch is always la rge r t ha n K+ ( q4 ) f or

a t ra nsition wit h i n t he‘ - ’bra nch ; a nd (5) at a

f ixedθ, t he i nve rse scree ni ng le ngt hs i nduce d by

i nt ra2SO t ra nsitions , K+ ( q1 ) a nd K+ ( q4 ) , a re

much la rge r t ha n | K - ( q - ) | induced by i nte r2SO

t ra nsition . Moreove r , it s hould be noted t hat at a

f ixedθ, because t he t ra nsition f rom t he‘ - ’sp i n

bra nch t o t he‘+ ’sp in bra nc h cor resp onds t o t he

sa me q as f or t he t ra nsition f rom t he‘+ ’bra nch

t o t he ‘ - ’bra nch , t he scree ni ng le ngt h is t he

sa me f or inte r2SO t ra nsition c ha nnels .

The i nf lue nce of t he st re ngt h of SO I a nd t o2
t al elect ron de nsity on a ngula r dep e nde nce of t he

i nve rse scree ni ng le ngt h is s how n i n Figs . 6 a nd 7 ,

resp ectively , f or t ra nsitions wit hi n t he‘ + ’a nd

‘ - ’sp i n cha nnels . These results i ndicate t hat f or

i nt ra2SO t ra nsitions , K+ ( q ) i nc reases wit h i n2
c reasi ng α or wit h decreasi ng ne . Toget he r wit h

t hose obtai ned f or elect ron dist ribution ( or sp i n

p ola riza tion) show n i n Figs . 3 a nd 4 , a n imp orta nt

conclusion we ca n draw is t hat t he inclusion of

Fig. 6 　A ngular dependence of inverse screening

lengt h K+ ( q ) f or t ransition wit hin t he ‘ + ’spin

branch 　The results a re show n at a f ixed t otal elec2
t ron density n e f or diff erent Rashba p arametersα(up2
p er p anel ) and at a f ixed α f or diff e rent n e ( lower

p anel) .

SO I ca n e nha nce t he eff ect of e2e scree ni ng i n a

2D EG f or i nt ra2SO t ra nsitions . From Figs . 6 a nd

7 ,we note t hat K+ ( q1 ) ( induced by a t ra nsition

wit hi n t he‘+ ’bra nch) dep e nds more st rongly on
αa nd ne t ha n K+ ( q4 ) (by a t ra nsition wit hi n t he

‘ - ’bra nc h) does . The dep e nde nce of t he i nve rse

scree ni ng le ngt h i nduced by a n i nte r2SO t ra nsition

on t he Ras hba p a ra mete r a nd t otal elect ron de nsi2
t y is s how n i n Fig. 8 . We see t hat i n t he s mallθre2
gime - K - ( q) i ncreases wit h decreasi ngαor in2
c reasi ng ne ,w he reas a t la rgeθ, - K - ( q) i ncrea2
ses wit h i ncreasing α or decreasi ng ne . Thus , f or

i nte r2SO t ra nsitions , t he SO I ca n reduce t he ef f ect

of e2e scree ni ng i n t he small a ngle regi me a nd e n2
ha nce t he sc ree ni ng ef f ect at la rgeθ.

The results s how n i n Figs . 5～8 indicate t ha t

i n t he p rese nce of SO I , t he scree ni ng le ngt h of a

2D EG dif f e rs signif ica ntly f or dif f e re nt elect ronic

t ra nsition c ha n nels . I n p a rticula r , t he e2e sc ree n2
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Fig. 7 　Inverse screening lengt h K+ ( q) f or a t ransi2
tion wit hin t he‘ - ’spin branch as a f unction ofθ　In

upp er ( lower) p anel , t he results a re show n at a f ixed

t otal elect ron density ne f or diff erent Rashba p arame2
te rsα (at a f ixedαf or diff e rent ne ) .

Fig. 8 　A ngular dependence of t he inverse screening

lengt h f or an inter2SO t ransition 　N ote t hat K - ( q) <

0 and K - ( q) is t he same f or t ransitions f rom t he‘ - ’
branch t o t he‘ + ’branch and f rom t he‘ + ’branch

t o t he‘ - ’branch. The upper ( lower ) p anel shows

t he results at a f ixed t otal elect ron density ( Rashba

p arameter) f or diff erent Rashba p arameters ( t otal e2
lect ron densities) .

i ng af f ects more st rongly t he int ra2SO t ra nsitions .

The mai n p hysical reason be hi nd t his imp orta nt

eff ect is t hat t he i nte r2SO t ra nsition due t o e2e in2
te raction requires t he c ha nge of elect ron wavevec2
t or or mome nt um , because , again , t he sp in2sp lit2
t i ng dep e nds exp licitly on elect ron wavevect or .

Furt he rmore , ove r a wide regime of θ or q ,

| K± ( q) | ≈105～106 cm - 1 , si mila r t o t he i nve rse

scree ni ng le ngt h f or a sp i n2dege ne ra te 2D EG.

7. 2 　Quantum and transport mobil ities

Here we st udy t he qua nt um a nd t ra nsp ort

mobilities i n dif f e re nt sp in bra nches due t o elec2
t ron i nte ractions wit h re mote a nd bac kground i m2
p urities in a n I n GaAs/ InAlAs hete rojunction . Al2
t hough t he conce nt ra tions N r a nd Nb f or re mote

a nd background i mp urities a re nor mally not

know n , one may assume t hat N r ∝ ne a nd N r µ
N b . The f or me r assump tion is based on t he f act

t hat t he conducti ng elect rons i n t he I n GaAs laye r

come mainly f rom ionize d donors modulation2
dop ed in t he I nAlAs laye r . The late r assump tion is

ma de f or t he case of a high qualit y sa mp le i n

w hich t he background imp urit y conce nt ration i n

t he I n GaAs laye r is low . As has bee n show n i n

Section 6 , elect rons i n a hete rojunction i nte ract

more st rongly wit h background i mp urities t ha n

wit h re mote imp urities . He nce , alt hough t he con2
ce nt ration N b is relatively low , background i mp u2
rities ca n signif ica ntly af f ect t he t ra nsp ort p rop e r2
t ies of a sa mp le .

From t he results p rese nted i n Sections 5 a nd

6 ,we know t hat t he squa re of t he mat rix ele me nt

f or elect ron2i mp urit y scat te ri ng via i nte r2SO t ra n2
sition is not dive rge nt ove r t he w hole def i ned re2
gime of q orθ. Toget he r wit h t he f act t hat t he e2e

scree ni ng relatively wea kly af f ects t he i nte r2SO

t ra nsition (see Figs . 5～8) ,i n t he p rese nt st udy we

only i nclude t he ef f ect of e2e scree ni ng f or a n in2
t ra2SO t ra nsition i nduce d by elect ron2imp urit y

sca t te ri ng. Substit uti ng nσ i n Eqs . (42) ～ (45) t he

f act ors Bσ′σ a nd Cσσ′i nduce d by scat te ri ng wit h re2
mote a nd bac kground i mp urities ca n be calcula t2
ed . The n t he qua nt um a nd t ra nsp ort mobilities i n

dif f e re nt sp i n bra nches ca n be obtai ned , resp ec2
t ively , by usi ng Eqs . ( 36 ) ～ ( 38 ) . Moreove r , t he

ave rage t ra nsp ort mobilit y is give n by Eq . (39) .

The dep e nde nce of t he qua nt um a nd t ra ns2
p ort mobilities i n dif f e re nt sp i n cha nnels ,μσ

q a nd

μσ
t , on t he Ras hba p a ra mete r α is p rese nte d i n
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Fig. 9 f or t he f ixe d ne ( t otal elect ron de nsit y) , N r

a nd N b ( re mote a nd background imp urit y conce n2
t ra tion) , a nd s (sp ace r t hickness) . We see t ha t o2
ve r a wide ra nge of α, t he dif f e re nces betwee n t he

qua nt um mobilities μ+
q a nd μ-

q a nd betwee n t he

t ra nsp ort mobilities μ+
t a nd μ-

t a re relatively

s mall , i n cont rast t o t he elect ron dist ribution

s how n i n Fig. 3 . A p ronounce d diff e re nce betwee n
μ+

q a ndμ-
q a nd betwee nμ+

t a ndμ-
t ca n only be ob2

se rve d at rela tively la rge values of α. I t ca n be

see n t hat t he dif f e re nce betwee n μ+
t a nd μ-

t de2
p e nds more st rongly on α t ha n t hat betwee n μ+

q

a ndμ-
q does , esp ecially at la rge values of α. At a

la rge value of α, most of elect rons a re i n t he‘ - ’
sp i n bra nch (see Fig. 3) a nd ,conseque ntly , t he av2
e rage t ra nsp ort mobilit y μt is dete r mi ned mai nly

by n - a ndμ-
t . It is i nte resti ng t o note t hat si mila r

t o a sp i n2dege ne rate 2D EG [ 19 ] , t he t ra nsp ort mob2
ili t y μt is muc h la rge r ( a bout 5 ti mes ) t ha n t he

qua nt um mobilit yμ±
t in a sp i n2sp lit 2D EG. A gai n ,

si mila r t o a sp i n2dege ne ra te 2D EG wit h more t ha n

one occup ied elect ronic subba nd , w he re la rge r

t ra nsp ort mobilities have bee n f ound in lowe r e2
lect ronic subba nds [ 20 ] , a la rge r t ra nsp ort mobilit y

ca n be obse rve d at a lower e ne rgy2level , he re t he

‘ - ’sp in bra nc h i n a 2D EG wit h SO I .

The p hysical reason be hind t he ra t he r small

dif f e re nce of t he elect ronic qua nt um mobilities i n

dif f e re nt sp i n bra nc hes is t hat , i n cont rast t o a

sp i n2dege ne ra te 2D EG wit h more t ha n one a nd

f ully qua ntize d occup ied subba nds , t he st re ngt h of

t he SO I a nd t he sep a ra tion of t he ±bra nches i n a

2D EG wit h SO I dep e nd heavily on t he elect ron

wavevect or k. Because t he qua nt um mobilit y

measures t he st re ngt h of s mall2a ngle scat te ri ng ,

assessed exp eri me ntally f rom t he Sd H oscilla tions

via t he Di ngle p lot [ 19 ] , elastic a nd s mall2a ngle

sca t te ring i mplies a s mall mome ntum exc ha nge

betwee n t he two sp i n bra nches duri ng a sca t te ri ng

eve nt . As a result , t he dif f e re nce in t he qua nt um

mobilities betwee n t he tw o sp i n bra nches is rela2
t ively s mall i n comp a rison t o t ha t in t he t ra nsp ort

mobilities . Roughly t he sa me qua nt um mobilit y i n

dif f e re nt sp in bra nc hes have bee n obse rved exp er2
i me ntally i n In GaAs2based 2D EG syste ms [ 10 ] . The

results s how n i n Fig. 9 suggest t ha t a muc h la rge rα
is require d i n orde r t o see a signif ica nt dif f e re nce

betwee n μ+
q a ndμ-

q .

The dep e nde nce of μσ
q a ndμσ

t onαis s how n i n

Fig. 9 　Quantum and t ransp ort mobilities in t he ±
spin branches ,μ±

q andμ±
t , as a f unction of t he Rashba

p arameter (α) f or t he f ixed t otal elect ron density
( n e ) , remote and background imp urity concent ration
( N r and Nb ) and sp acer distance ( s) 　Here μt is t he
average t ransp ort mobility (see Eq. (39) ) .

Fig. 10 at a f ixed re mote i mp urit y conce nt ration

N r f or dif f e re nt bac kground i mp urity conce nt ra2
t ions Nb . We see t ha t alt hough N b he re is much

s malle r t ha n N r , t he background i mp urit y de nsit y

st rongly aff ects t he value of t he qua nt um a nd

t ra nsp ort mobilities . This f eat ure is i n li ne wit h

t hat obse rved i n a sp i n2dege ne ra te 2D EG. It ca n

be f ound f rom Fig. 10 t ha t wit h i nc reasi ng t he

st re ngt h of t he background i mp urit y scat te ri ng (i .

e . ,i ncreasing Nb ) , t he dif f e re nce betwee n μ+
q a nd

μ-
q a nd eve n betwee nμ+

t a ndμ-
t ca n become s mal2

Fig. 10 　Quantum and t ransp ort mobilities (μ±
q andμ±

t

in t he upp er and lower p anel) in diff e rent spin bran2
ches as a f unction of t he Rashba p arameterαat a f ixed

remote imp urity concent ration N r f or diff e rent back2
ground imp urity concent rations Nb 　Here , ne is t he

t otal elect ron density and s is t he sp acer distance .
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le r . This is mai nly due t o t he f act t ha t elect rons i n

a hete rojunction i nte ract more st rongly wit h

background i mp urities , esp ecially f or s mall2a ngle
( or s mall q) sca t te ri ng , as has bee n s how n i n Sec2
t ion 6 . These results conf i r m f urt he r t hat small2
a ngle sca t te ri ng i n a sp i n sp lit 2D EG ca n re duce

t he dif f e re nce betwee n μ+
q a nd μ-

q .

The dep e nde nce of μ±
q a nd μ±

t on t otal elec2
t ron de nsit y ne is s how n i n Fig. 11 at a f ixed re2
mote i mp urit y de nsit y N r f or dif f e re nt back2
ground i mp urit y conce nt rations Nb . A t high elec2
t ron de nsities t he dif f e re nce betwee n μ+

q a nd μ-
q

a nd betwee n μ+
t a nd μ-

t is supp ressed because of a

s mall dif f e re nce i n t he elect ron dist ribution i n dif2
f e re nt sp i n bra nc hes ( see Fig. 4 ) . A signif ica nt

dif f e re nce betwee n μ+
q a nd μ-

q a nd betwee n μ+
t

a ndμ-
t ca n be see n at low elect ron de nsities . The

qua nt um a nd t ra nsp ort mobilities i ncrease rap idly

wit h increasi ng t otal elect ron de nsit y ,simila r t o a

sp i n2dege ne ra te 2D EG. Agai n , t hese mobilities de2
p e nd st rongly on t he st re ngt h of t he bac kground

i mp urity scat te ri ng alt hough its conce nt ra tion is

relatively low . It should be noted t ha t i n p ri nci2
p le , t he Ras hba p a ra mete r α should dep e nd on

sa mple p a ra mete rs such as t otal elect ron de nsit y.

Usually α i nc reases wit h ne because a la rge r ne

cor resp onds t o a st ronge r i nve rsion asym met ry of

t he conf i ning p ote ntial . A t relatively la rge rαa nd/

or smalle r ne , t he ave rage t ra nsp ort mobilit y is

mai nly dete r mined by elect ronic t ra nsitions occur2
ri ng a t t he‘ - ’sp in bra nc h because of t he la rge r

elect ron de nsit y t he re . Moreove r , t he nume rical

results p rese nted he re indicate t hat w he n ne≈1011

～1012 cm - 2 , t he t ra nsp ort mobilit y μt ≈104 ～105

cm2 / (V ·s) if N r∝ ne a nd N b ν N r a re ta ke n i nt o

conside ra tion . This is i n li ne wit h exp e ri me ntal

f indi ngs [ 1 ,7 ,8 ] .

I n t he p rese nce of a D C drivi ng f ield , t he e2
lect ronic t ra nsition caused by i mp urit y sca t te ri ng

i n a sp i n sp lit 2D EG has some unique f ea t ures .

W he n t he SO I is p rese nt , t he e ne rgy disp e rsion of

a 2D EG is no longe r p a ra bolic (see Eq. (3 ) a nd

Fig. 2 ) a nd t he e ne rgy levels of dif f e re nt sp i n

bra nches dep e nd st rongly on k ( wavevect or or

mome ntum of a n elect ron ) . I n suc h a case , t he

sp i n orie ntation ca n cha nge conti nuously wit h t he

mome ntum orie ntation w he n a n elect ron moves i n

k2sp ace . Thus , t he SO I ca n s hif t ±bra nc h of t he

sp ect rum conti nuously in k2sp ace i nstea d of a

Fig. 11 　Quantum and t ransp ort mobilities (μ±
q andμ±

t

in t he upp er and lower p anels) in diff erent spin bran2
ches as a f unction of t otal elect ron density ne at a

f ixed remote imp urity concent ration N r f or diff erent

background imp urity concent rations Nb 　Here ,α is

t he Rashba p arameter and s is t he sp acer distance .

qua ntized sp ect rum in e ne rgy sp ace f or t he usual

case . As a result , elect rons a re a ble t o c ha nge

t hei r sp i n orie ntation si mp ly t h rough mome nt um

excha nge w hich ca n be more easily achieve d t ha n

t hat t h rough e ne rgy exc ha nge f or t he usual case .

These f eat ures a re ve ry f avora ble f or sep a rati ng

t ra nsp ort mobilities μ+
t a nd μ-

t dete rmi ne d by i m2
p urit y scat te ri ng. However , a n elastic a nd s mall2
a ngle scat te ri ng i n a 2D EG ca nnot c ha nge signif i2
ca ntly t he sp i n orie ntation of t he conducting elec2
t rons , because it requi res only a small mome nt um

a nd e nergy exc ha nge duri ng a scat te ri ng eve nt . O n

t he basis t hat a qua ntum mobility measures t he

st re ngt h of t he small2a ngle sca t te ri ng , a small

dif f e re nce betwee n μ+
q a nd μ-

q ca n t he ref ore be

exp ected .

O ne i mp orta nt conclusion draw n f rom t his

t heoretical st udy is t ha t i n sp i nt ronic syste ms such

as In GaAs/ I nAlAs hete rojunctions in w hich t he

SO I is mai nly i nduced by t he Ras hba ef f ect ,s mall2
a ngle scat te ri ng i nduced by elect ron2i mp urit y in2
te raction ca n not alte r signif ica ntly t he sp i n orie n2
t a tion of t he elect rons . To achieve a la rge ex2
cha nge of t he sp i n orie nta tion i n dif f e re nt sp i n

bra nches t h rough elect ronic sca t te ri ng i n t hese
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syste ms , i nelastic a nd/ or la rge2a ngle elect ronic

t ra nsitions have t o be i nvolved. This result is use2
f ul in designi ng sp i nt ronic devices . I t s hould be

f urt he r noted t hat at p rese nt t he re is no si mple

exp e ri me ntal tech nique t o measure t he t ra nsp ort

mobilities i n dif f e re nt e ne rgy levels of elect ronic

syste ms . However , rece ntly develop ed ult raf ast

op t oelect ronic tec h niques , such as f e mt osecond

p ump2a nd2p robe exp eri me nts , have bee n use d t o

dete r mi ne lif eti mes (or mobilities) of elect rons i n

dif f e re nt subba nds in qua nt um2well st ruct ures [ 21 ] .

Alt hough t he lif etimes obtai ne d f rom ult raf ast

p ump2a nd2p robe exp eri me nts a re not exactly t he

sa me as t he t ra nsp ort lif eti mes ( mobilities ) dis2
cusse d i n t his p ap e r , t hey a re closely relate d a nd

a re of t he sa me orde r of magnit ude . O ur results

i ndicate t hat elect ronic t ra nsp ort lif eti mes in dif2
f e re nt sp i n bra nc hes dif f e r signif ica ntly at la rge

Ras hba p a ra mete rs or small elect ron de nsities ; t his

i mp lies t hat t hey may be measure d by f e mt osec2
ond p ump2a nd2p robe exp eri me nts . We hop e t his

will indeed be t he case .

8 　Concluding remarks

　　This st udy has develop ed a si mple a nd t racta2
ble t heoretical app roach i n deali ng wit h sp i nde2
p e nde nt elect ron dist ribution , elect ron2elect ron

i nte raction , a nd qua nt um a nd t ra nsp ort mobilities

i n 2D EG syste ms i n t he p rese nce of t he sp i n2orbit

i nte raction (SO I) i nduced by t he Rash ba eff ect .

The i mp orta nt t heoretical results obtai ne d f rom

t his study a re sum ma rized as f ollows .

I n t he p rese nce of SO I , t he e ne rgy sep a ra tion

of t he ±sp i n bra nches is dete rmi ne d by t he li ne2
a r2i n2 k te r m . As a result , a st ronge r ef f ect of t he

SO I on elect ron dist ribution , elect ron2elect ron

scree ni ng a nd qua nt um a nd t ra nsp ort mobilities i n

dif f e re nt sp i n bra nches ca n be achieve d i n a sys2
te m wit h a la rge r Rashba p a ra mete r a nd/ or lowe r

t otal elect ron de nsit y. The t heoretical results have

s how n t hat ove r a wide ra nge of sa mple p a ra me2
te rs such as t otal elect ron de nsity a nd Rashba p a2
ra mete r , t he qua nt um mobilities f or elect rons i n

bot h ±sp i n bra nches do not dif f e r signif ica ntly ,

i n li ne wit h exp e ri me ntal f i ndings . This ef f ect ca n

be obse rved f or elect ron i nte ractions wit h re mote

a nd bac kground i mp urities i n a n In GaAs/ I nAlAs

hete rojunction . The mai n reason be hi nd t his i nte r2

esti ng a nd i mp orta nt p he nome non is t ha t t he sp i n2
sp lit elect ronic sta tes a nd t he SO I due t o t he

Ras hba eff ect dep e nd st rongly on t he elect ron

wavevect or (or mome nt um) . For elastic elect ron2
i mp urit y sca t te ri ng , t he qua nt um mobilit y is dete r2
mined by a n elect ronic t ra nsitions i nvolvi ng s mall2
a ngle sca t te ri ng or small mome nt um excha nge .

Thus , s mall2a ngle sca t te ri ng i nduced by a n elec2
t ron2i mp urit y i nte raction does not signif ica ntly

cha nge t he sp i n t ra nsition of elect rons i n dif f e re nt

sp i n bra nc hes . Conseque ntly , t he resulting qua n2
t um mobilities i n dif f e re nt sp i n bra nches do not

dif f e r signif ica ntly .

Because t ra nsp ort mobilit y is dete r mi ned by

all p ossible elect ronic t ra nsition c ha n nels inclu2
di ng la rge2a ngle scat te ri ng eve nts , t he cont ribu2
t ion f rom t he excha nge of sp i n orie ntation in dif2
f e re nt sp i n bra nches , due t o e . g. , i mp urit y scat2
te ri ng ,ca n result in a rat he r signif ica nt dif f e re nce

i n t he t ra nsp ort mobilities i n dif f e re nt sp i n bra n2
ches . The t heoretical results have s how n t hat

w he n N r∝ ne a nd N r µ Nb is t a ke n i nt o account ,

t he obtained value of t he ave rage t ra nsp ort mobil2
i t y is i n li ne wit h t he exp e ri me ntal da ta a nd t he

qua nt um a nd t ra nsp ort mobilities dep e nd st rongly

on bac kground i mp urit y conce nt ra tion N b . We

have f ound t hat t he elect ron dist ribution , sc ree n2
i ng le ngt h a nd qua nt um a nd t ra nsp ort mobilities

i n dif f e re nt sp in bra nches dif f e r signif ica ntly f or

st rong values of α. Rece nt exp e ri me ntal results

have show n t hat i n I nAs2 a nd I n GaAs2based sp in2
t ronic syste ms , t he Rashba p a ra mete r ca n reach up

t oα≈ (3～4) ×1011 eV ·m [ 1 ,7 ] . Toget he r wit h t he

f act t hat t he st re ngt h of t he SO I ca n be cont rolled

by gates [ 8 ] , we exp ect t ha t t he t heoretical p re dic2
t ions i n t his p ap e r will be tested i n t he nea r f u2
t ure .
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