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A theoretical approach is developed to study the electronic and transport properties of a two-dimensional
electron gag2DEGQ) in the presence of spin-orbit interactid®Ol) induced by the Rashba effect. The standard
random-phase approximation is employed to calculate the screening length caused by electron-electron inter-
action in a spin-split 2DEG. The quantum and transport mobilities in different spin branches are evaluated
using the momentum-balance equation derived from a Boltzmann equation. Here the electron interactions with
both the remote and background impurities are taken into account in an InAlAs/InGaAs heterojunction at low
temperatures. It is found that in the presence of SOI, the screening length and quantum and transport mobilities
differ in different spin branches. The interesting features of these important spintronic properties are presented
and analyzed. Moreover, the theoretical results are compared with those obtained experimentally.
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[. INTRODUCTION with the Rashba parameter, can be determined experimen-
tally. Moreover, using the amplitude of the SdH oscillations,
In recent years, there has been an intensive investigatiothe quantum mobilityor quantum lifetime for electrons in
into spin-polarized electronic systems. At present, one imdifferent spin branches can also be obtained via famous
portant aspect in the field of spin electronics spintronicy  Dingle plot}?>14 Thus, the spintronic properties in a spin-
is to study spin-orbit interactiofSOI) in narrow-gap semi- split 2DEG, such as the electron distribution and quantum
conductor nanostructures in the absence of an external magiobility in different spin orbits, are experimentally measur-
netic fieldB. The progress made in realizing spin-split elec-able. These experimental techniques are akin to those em-
tron gas systems @&=0, such as InAs-based and InGaAs- ployed in the investigation of spin-degenerate 2DEGs in the
based two-dimensional electron gag2DEGSY,! has led to  presence of more than one occupied electronic subbants.
recent proposals dealing with advanced electronic deviceBlore importantly, it has been observed experimentally that
such as spin transistofspin filters? spin waveguide$,etc.  in InAs-based and InGaAs-based spintronic systems, al-
Such devices have potential applications in future quantunthough the electron densities can differ significantly in dif-
computation. It is known that in narrow-gap semiconductorferent spin branchek!! the quantum mobilities in the=”
quantum wells, the spin splitting &=0 (or spontaneous spin orbits depend very weakly on the strength of 8Such
spin splitting for carriers can be achieved by the inversionresult is in sharp contrast to what has been seen in spin-
asymmetry of the microscopic confining potential due to thedegeneratde.g., GaAs-based2DEGs with more than one
presence of the heterojunctiéThis corresponds to an inho- occupied subbands, where both quantum and transport mo-
mogeneous surface electric field and, hence, is electricallpilities differ significantly in different electronic subbands. In
equivalent to the Rashba spin splitting or Rashba eff@tte  order to understand this important and interesting experimen-
published experimental resulfshave indicated that in InAs- tal finding and to achieve an in-depth understanding of how
based and InGaAs-based 2DEG systems, the spontaneoc8®! affects the electronic and transport properties of a
spin splitting is mainly induced by the Rashba effect which2DEG, in this paper | present a tractable theoretical approach
can be enhanced further with increasing the gate voltage ape examine quantum and transport mobilities pertinent to a
plied and/or changing the sample growth paramét@ther  spin-split 2DEG.
contributions such as the Dresselhaus term is relatively Very recently, the magnetotransport properties of a spin-
weak, because it comes mainly from the bulk-inversionsplit 2DEG has been studied theoretically by Vasilopoulos
asymmetry of the materiaf. and co-worket! In their work, the effect of the Landau
In order to apply the spintronic systems as electronic dequantization induced by the presence of high magnetic fields
vices such as spin-based transistors, it is fundamental tbhas been considered and the profile of the SdH oscillations
study the effect of SOI on electronic and transport propertiefias been obtained theoretically. In this paper, | limit myself
of these device systems. Currently, one of the most popularlto the case where the magnetic field is absent. It is well
used experimental techniques to identify the Rashba spiknown that although the quantum mobility is determined
splitting is magnetotransport measurements carried out dtom experimental data obtained 8t# 0, the theoretical
quantizing magnetic fields and low-temperatures at whictevaluation of this transport coefficient can be simply
the  Shubnikov-de Hass (SdH oscillations are achieved via investigating the small-angle scatteringBat
observable:®211 From the periodicity of the SdH oscilla- =0.21318For case of spin-degenerate 2DEGs, the theoretical
tions, the electron density in different spin branches, togetheresults obtained from this approach agree very well with
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those obtained experimentally. In this work, | generalize this Ne

approach to study both the quantum and transport mobilities n,= > Ui\*"zﬂne‘ ki- (4)
in a spin-split 2DEG. The paper is organized as follows. The
one-particle aspects and the features of electron-impuritjlere n.=n_+n, is the total electron density and,
scattering in a spin-split 2DEG are briefly examined in Sec=m’a/#42. In low energy regime where is most possibly oc-
II. In Sec. I, the effect of SOI on electron-electron interac- cupied by electrons, the DOS for the-* branch is always
tion is investigated using a standard random-phase approxiarger than that for the +” branch, and this is the main
mation. In Sec. IV, the quantum and transport mobilities inreason why electron density in spin-down channel is always
different spin branches are evaluated using a momentumarger than that in spin-up channel. The dependence of elec-
balance equation derived from a Boltzmann equation. Théron distribution in different spin branches enandn, has
analytical results for the matrix element of electron interac-been presented in Ref. 19. It should be noted that with in-
tion with remote and background impurities in an creasinga and/or decreasing,, Fermi energy decreasgsee
InGaAs/InAlAs heterojunction are presented in Sec. V. Nu-Eg. (3)] and, consequently, more and more electrons are in
merical results are given and discussed in Sec. VI and ththe spin-down orbit. Therefore, in a spin-split 2DEG spin
concluding remarks are summarized in Sec. VII. polarization increases with increasing Rashba parameter
and/or with decreasing total electron density, in line with
experimental finding&211

At low-temperatures, electron-impurig-i) scattering is

For a 2DEG formed in thay plane in an InGaAs/InAlAs the principal channel for the relaxation of electrons in
heterojunction(the growth direction is taken along tte  semiconductor-based 2DEG systems. The featureg-iof
axis), the effective effect of SOI can be obtained from, e.g., ascattering in a spin-split 2DEG have been examined recently
k -p band structure calculatior® Including the lowest order by Huanget al?° In this section, | present a simple way to
of the SOI induced by the Rashba effect, the single-electroobtain the matrix element fag-i interaction in conjunction
Hamiltonian in the absence of electronic scattering centerwith the further calculations of the transport coefficients for a
can be solved analyticalfyThe electron wave function and spin-split 2DEG. Applying the electron wavefunction given
corresponding energy spectrum are given, respectively, by by Eq.(1) to the standard approach documented in, e.g., Ref.

21, the matrix element foe-i interaction induced by the

_ 1 k. Coulomb potential is obtained, in the absence of electron-
YoknlR) =0 k,n) = G|:U'(ky_ ikx)/k}elkr‘/’“(z)’ @) electron(e-e) screening, as

Il. ONE-PARTICLE ASPECTS

2776

Kq

and Ug,a(q,Ra) = VN(Za)F (0, 2N, o (0) €79 28 oy

21,2
E,n(K) = E,(K) + &= z—k + oak + e, ?) (5)
m Here, the impurity is located &,=(r 5,2,) = (Xa,Ya,Za), Z IS

Here, k=(k,,k,) is the electron wave vector along the 2D its chgrge number;,<_ is the statip dielectric constant of the
plane,R=(r,z)=(x,y,2), m" is the electron effective mass, Material, q=(dy.q,) is the Fourier transform factor which
is the Rashba parameter which measures the strength of t§@rresponds to the change of electron wave vector during an
spin-orbit coupling, ando=+1 refers to different spin € Scaftering event, and;(z,) is the impurity distribution
branches. The wave functiomt,(z) and energye, for an ~ along the growth direction. FurthermoreF(q,z,)
electron in thenth electronic subband are determined by a=JdZyo(2)e™4%%l is the form factor fore-i scattering in a
spin-independent Schrédinger equation along thexis, 2D system andh,.,(6)=[1+0¢"o(cosé~-i sin6)]/2 is a spin-
because SOI does not affect the electron states along tifependent matrix element withbeing the angle betweékd
growth direction. andk. From Eq.(5), we see that similar to a spin-degenerate

Using Eq.(2), the Green’s function for a spin-split 2DEG 2DEG, the electron-impurity interaction matrix element di-
can be obtained and the density-of-sta@©9) for such an  verges in a spin-split 2DEG whem— 0. Hence, it is neces-
electronic system can be determined from the imaginary pagary to include the effect ok-e screening on electron-
of the Green’s function. In this paper, we consider a heteroimpurity  scattering when calculating the transport
junction in which only the lowest electronic subband is coefficients.
present(i.e., n"=n=0) and we measure the energy fram
=0. Af.ter using the.condition of total electron number CON- || DIELECTRIC EUNCTION AND SCREENING LENGTH
servation, the Fermi enerdse and electron density,, in the
o spin branch are obtained, respectively, for low tempera- We now study many-body effects of a 2DEG in the pres-
turesT—0, as ence of SOI. Although this topic was noticed by Chen
al.,?> most of the results presented in Ref. 22 were obtained
for smallq limit (i.e., g<<kg) and were for screened interac-
tion potential. In this section, we focus on screening length
induced bye-e interaction, which can be used for further
and calculations in the later part of the paper. Applying the elec-

h? 2
Er=— -k2), 3
F m (Wne a) ( )
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tron wave function given by EqJl) to the e-e interaction  3) here correspond to intra-S@ter-SO transition events.
Hamiltonian induced by the Coulomb potential, the space With the inverse dielectric function matrix, we can calcu-
Fourier transform of the matrix element for bare interac-  late the matrix element fog-i interaction in the presence of
tion can be determined. From the electron energy spectrume  screening, through the  definition U;(q,R,)
given by Eq.(2), one can derive the retarded and advancec3, Uo(q Ra)e'l(q) Heree;j(q) =¢€;(2—0,0) is the element
Green functions for electrons when the effect of SOI is takerpf statlc d|electr|c function matrix. Using E¢G), the square
into consideration. Applying these Green functions alongof the matrix element for electron-impurity interaction in the
with the baree-e interaction to the diagrammatic techniques presence oé-e screening becomes

to derive effectivee-e interaction under the random-phase

approximation(RPA), one can determine first the effective [U1(a, 0)* = [U4(, 0)]> = [U(q, 0)* S kg (8)
e-e interaction and then the dynamical dielectric function

. . for intra-SO scattering, and
matrix, which read¥ 9

|U2(a, )2 = |Us(a,0)|? = [U_(q, 0)[* S kaq 9

l+ay O 0 ay
0 1+a, a 0 for inter-SO scattering. Here,
WA 0 4 14a o | © 277&\2  hy(6)
2 3 ,_[2m N )
a, 0 0 1 +a, |U+( 6)| - ( ) [q + Ki(q)]z f dzani(za)Fo(Q:Za),
Here, the indexes 1&+), 2=(+-), 3=(-+), and 4<--) (10)

are defined regarding to different transition events from spi

branch o’ to spin brancha, a=a;(q)=-V,Ge(@IL,(2,0) rh(e):(licose)/z and the inverse screening length for

intra-SO [K,(q)] and inter-SO[K_(g)] transitions is ob-

with tained, atT— 0, as
Vg= 2me?l kq 682 \Emm,
and Ki(Q) = Go(Q)E f
Go(q)zf dzlf dz,|o(20) | 9ho(2o) [Pe 72, (2k+q+2k|£k)4(-kq3-q+ = q|)Hi(k,Q),
g
and (11
f[E, (k +q)] - f[E, (k)] where

1 '
I5(,0) = 5% oA 0 Bk r ) - E 0 +10

+1
K(A) +I1(AB,,A)

HE(k,q) = -

is the pair bubble or density-density correlation function in
the absence oé-e interaction??23 Furthermore f(x) is the q(q+ 20k,)
Fermi-Dirac function, an infinitesimal quantify> has been m[ﬂ(u‘lcw‘l) - 1I(AB.,A)],
introduced to make the integral converge when Fourier trans- “«
forming from time representation to spectrum-representation, (12
Aq=(k+qcosy)/|k+q|, andy is an angle betweek andq. K(x) is the complete elliptic integral of the first kind,
Thus, the inverse dielectric function matrix for a spin- splltH(n x)=I1(w/2,n,x) is the complete elliptic integral of the
2DEG s third  kind, A=(k+q-|k-q)/(k+q+k—-q)), B.=[(2k

1-a, O 0 -a, +0)/qJ*t, and C.=[(q-20k,)/(2k+q+20k,)]*. It implies

1-a « that in the presence of SOI, the intra-SO and inter-SO tran-

X0, = . o , (70 sitions have different screening lengths. The results shown
0 -ay l-a; O above are obtained without assumiqegkg, in contrast to
-a 0 0 1-a those obtained by Ref. 22.

with a;=a,/(1+a,+a,), a,=a,/(1+a,+as), az=as/(1+a,
+ag), anda,=a,/(1+a,+ay). It should be noted that in con-
trast to Eq.(15) in Ref. 22, here | use a matrix to present the
dielectric functione(€),q). For a spin-split 2DEG which is Although transport equations for spin-split 2DEGs have
also a two-level system when only the lowest subband ideen proposed very recentfythe actual calculations of the
included, there are four channels for electronic transitiongransport coefficients for these systems have not been well
(i.e.,j=1, 2, 3, and 4 defined herenduced bye-e interac- documented. In this section, | present a simple approach to
tion. From the fact that a transition evgrghould be affected examine quantum and transport mobilities of a 2DEG in the
by other transition events due e interaction, the dielec- presence of SOI. From the above presented results and using
tric function for a spin-split 2DEGi.e., for a two-level sys- the Fermi’s golden rule, the electronic transition rate induced
tem) is therefore a &« 4 matrix. Moreoverj=1 and 42 and by e-i scattering is obtained as

IV. SPIN-DEPENDENT QUANTUM AND TRANSPORT
MOBILITIES
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, 2 5 , Using Eg. (13 for e-i scattering, we obtain, at low-
W,/ 5(k =k):7|ua’a(q10)| S k+qOlEqr (K') = Ex(K)]. temperaturegi.e., T—0)

(13)

We now consider a weak dc electric fidig applied along
the 2D plane(taken along thex direction of a spin-split
2DEG. In the steady state the corresponding semiclassical

Boltzmann equation, for nondegenerate statistics, reads where A=(m*zlﬂﬁze)[477/(2wne—ki)]l/z and q=[4m(n,,

eF, of (k) _ , ) , +n,-2yn,.n, cosé) ]2 These results indicate that corre-
T ok, ,E,[f‘f’(k Wi (KK = fo(K)Woro(k",K)], sponding to different electronic transition channels due to
Ko e-i scattering, the change of the electron wave vector or mo-

(14 mentumq is different.(1) For intra-SO scattering within the

where f (k) is the momentum-distribution function for an + SPin branch, g=4\mn, sin(0/2):[0,4v’wTi (2) For
electron at a statéo,k). We assume thaf,(k)=f[E,(k intra-SO scattering within the- branch,q=47n_sin(4/2)
-m'v,/#)] can be described by the drifted energy distribu-=[0,4\7n_]. Hence, intra-SO transitions induced i
tion function. Herev,=v,(1,0,0 is the average drift veloc- scattering correspond to differeqfactors andy can be zero
ity of an electron in ther spin branch along the direction at 6=0. (3) Whereas for inter-SO scattering,
due to the presence ofF, For the first moment, the qzz\/wne—(wne— k?)cos#=[2k,,2\27n,—K3] is the same
momentum-balance equatfdrcan be derived by multiplying  for hoth a transition from the- spin branch to the- branch

ky to both sides of the Boltzmann equation and by summingynq a transition from the- branch to the+ branch. More-
overk. For a weak driving field=, so thatv,<7k/m and  oyer, for inter-SO scatteringg#0 which implies that
fo(k) = f[E,(K)] -7k, (1+0K,/K) T'(E)lg=g 4 With f'(E)  inter-SO transition can only be achieved via varying

ko

(By/:Coro) =A f dé(\n,s,\n, cosO)|U,,(q, )2,
0

(19

=0f(E)/JE, the momentum-balance equation gives the wave vectofor momentum of an electron, because the
1_2 B, —,7C 15 spin-splitting depends explicitly on electron wave vector.

= [1Boro = 1 Coor]. (15) Hence, in general the smajl+esults obtained by Ref. 22

7 may not be used for screenesi scattering induced by

Here uf=-v,/F, is thetransportmobility for an electron in  inter-SO transitions.
spin brancho and

52 k. K V. InGaAs/InAlIAs HETEROJUNCTION
(Ba.ro.,Co.ro.):__ (_X,_X)kx(l +O'ka/k)
€k \No N In an InGaAs/InAlAs heterojunction, the impurity scat-
, , tering comes mainly fromii) ionized remote impurities
KXW (KK (E)|E:E,,(k)- (16)  within a narrow space charge layer in the InAlAs region with

a concentratiorN, at a spacer distancefrom the interface,

because of modulation doping; afid) charged background

impurities with a depletion charge densNy,, and a deple-

tion lengthd in the InGaAs layer, due to the effect of deple-

tion. In general, these impurity distributions along the

1 -Sg (17) growth direction are not well known. In conjunction with a

Mg_ < Dol typical spintronic device realized from an InGaAs/InAlAs
7 heterojunctior!, in this paper | model the remote and back-

The transport mobilitywy, in different spin branches can be ground impurity distributions, respectively, as

determined by solving Eq(15) and the average transport

mobility is given as N (z) =N 8z, +9) and ny(z;) = (Ngep/d)O(2z,).

It can be seen that the terB)., is induced by small-angle
scattering betweerk’ and k. Hence, by definitio2:18.25
the quantummobility for electrons in spin branch, ug, is
given by

Mt
Ne These assumptions are mainly based on the fact that the
As has been pointed olt?° the basic differences between width of the charge layer for modulation doping is relatively
quantum and transport mobilities for an electronic system argarrow and the depletion length in the InGaAs layer is much
(i) experimentally, the quantum mobility is determined fromlonger than the effective thickness of the confining potential
the amplitudes of SdH oscillations via the Dingle pi6ti42>  for electrons.
whereas the transport mobility is measured in a conventional For a heterojunction, we can apply the usual triangular
experiment(i.e., by applying a current and measuring thewell approximation to model the confining potential normal
voltage directly and(ii) theoretically, the quantum mobility to the heterointerface and use the corresponding variational
is induced by small-angle scattering events whereas thwavefunction foryy(2).?! Thus, the square of thei interac-
transport mobility includes contributions from scatteringtion matrix element induced by scattering with remote and
with all angles. background impurities is given by
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i 2wZé\?  h(0 ot
o= e @ =210’ omi? 3
* 10 a=2x10""evm o
For remote impurity scattering=r), g,(q) =N,e"23/(x+1)8, 5 3
x=q/b, and b=[(487m €/ k#i?)(Ngepr+ 11ne/32)1*3. For ° ]
background impurity scattering=b), g,(q)=N,(3x>+18x* g 1 E
+433+48¢2+24x+2) /[ 4x(x+1)°] and Np=Ngep/ (db). We S P 3
see that similar to a spin-degenerate 2DEG, electrons in a o1l e TR
heterojunction interact more strongly with background impu- '
rities than with remote ones, especially whgn: 0. This is 0 30 60 90 120 150 180
mainly due to the fact that background impurities are located 6 (Degree)
in the layer where the majority of conducting electrons are. ) .
The form factor for e-e interaction is Go(q)=(3x2+9x _F_IG. 1. Invgrse screening Ieng_ms(q), s=+, for t_ransmon
+8)/[8(x+1)3]. within the = spin branch as a function of angteat a fixed total

It should be noted that in Ref. 17, tleel scattering was electron densityn, a.nd. a fixed Ra.Shba parameterHere, 6 is an
angle between the initial electronic wave vector momentum k

accounted only for background impurities and the influencearlol the final wave vectok’, q,=4yam, sin(¢/2) for transition
of the penetration of the wave function along the grovvthWithin the + branch.q.=4 f—;ls'n(Q/Z) +for transition within the
direction on the interaction matrix was neglected. Therefore, o Q4= > . . ton with
the present consideration of tee scattering in this paper is _ 2ranch.d-=2yme=(me-k,)coso for inter-SO transition, and

closer to the experimental situation of a working sample. 22;3\]/?3 electron density in the: spin branch. Note tha (q.) is

branch, the screening length is the same for inter-SO transi-
tion channels.

The results of this section pertain to InGaAs/InAlAs het- The influence of the strength of SOI and total electron
erojunctions at low-temperaturése., T—0). The material density on angular dependence of the inverse screening
parameters corresponding to InGaAs are taken as follGyvs: length is shown in Figs. 2 and 3, respectively, for transition
electron effective-massi =0.042n, with m, being the rest within the + and — spin channels. These results indicated
mass of an electron(i) static dielectric constank=12.9; that for intra-SO transitiond{,(q) increases with increasing
and (i) the typical depletion charge densitNg, @ or with decreasingi.. An important conclusion we can
=2X10'°cm™. In the calculations, we take the charge num-draw is that the inclusion of SOI can enhance the effect of
ber of an impurity to bez=1. e-e screening in a 2DEG for intra-SO transitions. We note
that K,(g,) (induced by transition within the- branch de-
pends more strongly oar andn, thanK,(q,) (by transition

VI. NUMERICAL RESULTS AND DISCUSSIONS

A. Screening length

From the results presented in Sec. IV, we know thagfor o ! T 3
scattering at low temperatures, the change of electron wave . g=4(mn,)"Zsin(6/2) 3
vector or momentung differs for different transition chan- = 10 LA ng=2x10""em? |
nels. Thus, in order to study the effect ®k interaction on o E N\~ E
transport coefficients, it is convenient to look into the angu- 2 F e 3
lar dependence of the screen length for different transition T i N~0=5x10 evim T
channels. In Fig. 1, the inverse screening lenkftiiq) is . E 210N T E
shown as a function of (an angle between the initial wave C 5x10712 T =
vector k and the final wave vectok’ during a scattering — { } e
even at a fixed total electron density, and a fixed Rashba aox10™ evm
parametera. From these results, we note théi) |K.(q)| —~ B N
decreases with increasirdy which implies that a strong ef- 'g 10 .5—\ =
fect of e-e screening can be achieved at small scattering S E N\ 3
angles;(ii) for intra-SO transition within thet or — spin O RN N 25x10'0 om2 ]
branch,K.(q) — +% when 6—0 (i.e., q—0); (i) K_(q) for 5:, TE 20100 B E
inter-SO transition is negative and finite whén[0,]; (iv) E Bx101 T S 3
at a fixed# angle,K,(q;) for transition within the+ branch - | | LT p— =

is always larger thaK,(q,) for transition with the— branch;
and(v) at a fixed#, the inverse screening lengths induced by
intra-SO transitionsK,(qg;) andK,(q,), are much larger than
IK-(q.)| induced by inter-SO transition. Moreover, it should |G, 2. Angular dependence of inverse screening lefgit)

be noted that at a fixed angle, because the transition from for transition within the+ spin branch. The results are shown at a

the — spin branch to ther spin branch corresponds to the fixed total electron density, for different Rashba parameters
sameq as for the transition from ther branch to the— (upper paneland at a fixedx for different n, (lower panel.

o
w
o
D
[&]
©
[=]

120 150 180
0 (Degree)
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l l l l l screening in the small angle regime and enhance the screen-
g=4(nn.)sin(6/2) ing effect at the large angles.
ne=2x10"" em® The results shown in Figs. 1-4 indicate that in the pres-
ence of SOI, the screening length of a 2DEG differs signifi-
cantly for different electronic transition channels. In particu-
lar, the e-e screening affects more strongly the intra-SO
} transitions. The main physical reason behind this important
=S . effect is that the inter-SO transition due éee interaction
“““““ requires the change of the electron wave vector or momen-
tum, because, again, the spin splitting depends explicitly on
the electron wave vector. Furthermore, over a wide regime of
6 orq, [K.(q)| ~10°P—1C cmL, similar to the inverse screen-
ing length for a spin-degenerate 2DEG.

It should be noted that in Ref. 17, the inverse screening
length was taken as an input parameter and as the same for
- all g's and all transition channels. In the present studyq)

) has been evaluated using a standard RPA approach. As can
been seen, the assumption of a constant screening wave vec-
tor for different transition channels may not be the case.

Lo

10

Lol

K,(q) (10%cm™)

0.1

10

K,(q) (10% em™)

0 30 60 90 120 150 180
0 (Degree)

FIG. 3. Inverse screening lengkh.(q) for transition within the B. Quantum and transport mobilities

— spin branch as a function of angte In upper(lower) panel, the . .
results are shown at a fixed total electron densityfor different _Here we study the quantum and transport mobilities in
Rashba parameters (at a fixeda for differentn,). different spin branches due to electron interactions with re-
mote and background impurities in an InGaAs/InAlAs het-
within the — branch does. The dependence of the inverseSrolunction. Although the concentration and N, for re-

: . : . " mote and background impurities are normally not known,
screening length induced by inter-SO transition on the ne may assume thai, ~n, and N, >Ny, The former as-

Rashba parameter and total electron density is shown in Fi ‘umption is based on the fact that the conducting electrons in
4. We see that in smafl angle regime K_(q) increases with P ; o 9 .
the InGaAs layer come mainly from ionized donors which

decregsmga or Increasingne, whereas at large) angles are modulation doped in the InAlAs layer. The later assump-
K_(qg) increases with increasing or decreasing,. Thus, for - . . . .

: o tion is made for the case of a high quality sample in which
inter-SO transitions, the SOI can reduce the effecea the background impurity concentration in the InGaAs layer
is low. From the results presented in Secs. IV and V, we
| know that the square of the matrix element for electron-
impurity scattering via inter-SO transition is not divergent
over all defined regime af or 6. Together with the fact that
the e-e screening affects relatively weakly the inter-SO tran-
sition (see Figs. 1-#4 in the present study we only include
the effect ofe-e screening for intra-SO transition induced by
e-i scattering.

The dependence of the quantum and transport mobilities
in different spin brancheg¢ andw/, on the Rashba param-
0=2x10"" evm eter o is presented in Fig. 5 for the fixenl, (total electron
density, N, and N, (remote and background impurity con-
centration, ands (spacer thicknegsWe see that over a wide
range ofa, the differences betwee;m; and u, and between
ui and u, are relatively small, in contrast to electron distri-
bution shown in Ref. 19. A pronounced difference between

N uq and u, and betweenu,” and i, can only be observed at
| | | e retiatively largea. It can be seen that the difference between
0 30 60 90 120 150 180 w; andu; depends more strongly anthan that betwee;af1
andu, does, especially at large valuesafAt a large value
of a, most of electrons are in the spin branch and, conse-

FIG. 4. Angular dependence of the inverse screening length fofluently, the average transport mobiljy— ;. It is interest-
inter-SO transition. Note that_(q) <0 andK_(q) is the same for ing to note that similar to a spin-degenerate 2DEGhe
both inter-SO transition channels. The upglewer) panel shows transport mobilityu, is much largerabout five timepthan
the results at a fixed total electron dendiBashba parametefor ~ the quantum mobility,ug in a spin-split 2DEG. Again, simi-
different Rashba parametetetal electron densitigs lar to a spin-degenerate 2DEG with more than one occupied

T T T
q=2[nn-(nn -k )coso]

—_
7
I,
/

ne=2x10"" cm?

0 (Degree)
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Rashba Parameter (eVm)

FIG. 5. Quantum and transport mobilitigs, andu, as a func-
tion of the Rashba parameter for the fixed total electron density
(ne), remote and background impurity concentratidf and Ny),
and spacer distanas). Here u, is the average transport mobility

1’ 0*cm?/Vs)
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© e - o R
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e 25 W — o~
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220~ N=1.8x10"" em? o 7] -
> 10 -2 q.- =
= Np=2x10"" cm NS
F 156 '® +
é $=20 nm Hq o

S =

Lo nl L
1012 101 1010

2 | —
[see Eq(18)]. 5x1019 .
electronic subbands, where larger transport mobilities have Ll m
been found in lower electronic subbarids, larger transport 1072 10 1070
mobility can be observed at a lower energy level, here-the o (eVm)

spin branch in a 2DEG with SOI.

The physical reason behind a rather small difference of FIG. 6. Quantum and transport mobilitiés; and x; in the
the quantum mobilities in different spin branches is the fol-upper and lower pangin different spin branches as a function of
lowing. In contrast to a spin-degenerate 2DEG with morethe Rashba parameterat a fixed remote impurity concentratidd
than one and fully quantized occupied subbands, the strengtfr different background impurity concentratioNs. Here,ne is the
of the SOI and the energy separation of théoranches in a total electron density anslis the spacer distance.
spin-split 2DEG depend heavily on the electron wave vector . _ . _
k. Because the quantum mobility measures the strength GNCe betweep, andug and between., andu, can be seen
small-angle scattering, elastic and small-angle scattering infit oW €lectron densities. The quantum and transport mobili-
plies a small momentum exchange between the two spiH?S, increase r_ap|dly with increasing tota_ll electron den_sﬂy,
branches during a scattering event. As a result, the differencdMilar to & spin-degenerate 2DEG. Again, these mobilities
in the quantum mobilities between the two spin branches i§€Pend strongly on the strength of the background impurity
relatively small in comparison to that in the transport mobili- SCattering although its concentration is relatively low. At
ties. Roughly the same quantum mobility in different spin
branches have been observed experimentally in InGaAs- 10
based 2DEG systenisThe results shown in Fig. 5 suggest
that a much largew is required in order to see a significant
difference betweem; and ug.

The dependence qfg and " on « is shown in Fig. 6 at
a fixed remote impurity concentratidy, for different back-
ground impurity concentrationy,. We see that althougN,
used here is much smaller th&f, N, affects strongly the
value of the quantum and transport mobilities. This feature is
in line with that observed in a spin-degenerate 2DEG. It can
be found from Fig. 6 that with increasing the strength of the
background impurity scatterin@.e., increasing\y), the dif-
ference betwee;a; andu, and even between,” andu; can
become smaller. This is mainly due to the fact that electrons
in a heterojunction interact more strongly with background
impurities, especially for small-angler smallq) scattering,
as has been shown in Sec. V. These results confirm further 102 T
that small-angle scattering in a spin split 2DEG can reduce 1010 1011 1012
the difference betweep, and . n. (cm?)

The dependence gf; and i on total electron density, °
is shown in Fig. 7 at a fixed remote impurity density for
different background impurity concentratiom,. At high  upper and lower pangln different spin branches as a function of
electron densities the difference betwgghand 1, and be-  total electron density, at a fixed remote impurity concentratidi
tweeny, andy, is suppressed because of a small differenceor different background impurity concentratioNs. Here, « is the
in the electron distributiofisee Ref. 18 A significant differ-  Rashba parameter asds the spacer distance.

a=2x10"" evm
N,=1.8x10"" cm™®

by (1 0* cm?/Vs)
prnd el 1y

1 (10* cm?/Vs)
3

ol ool vl 11

FIG. 7. Quantum and transport mobilitiég; and x; in the
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relatively largera and/or smallem,, the average transport A stronger effect of SOI ore-e screening and quantum
mobility is mainly determined by electronic transition occur- and transport mobilities in different spin branches can be
ring at the— spin branch because of the larger electron denachieved in a device system with larger Rashba parameter
sity there. Moreover, the numerical results presented herand/or lower total electron density. Over a wide range of the
indicate that whem,~ 10''1—10" cm2, the transport mobil- sample parameters suchmsand «, the quantum mobilities
ity u~10°~1C cn?/V's if N,~n, and N,<N, are taken for electrons in botht spin branches do not differ signifi-
into consideration. This is in line with experimental cantly, in line with experimental findings. This effect can be
findings® "8 observed for electron interactions with remote and back-
One important conclusion drawn from this study is that inground impurities in an InGaAs/InAlAs heterojunction. The
spintronic systems such as InGaAs/InAlAs heterojunctiongnain reason behind this interesting phenomenon is that for
in which the SOI is induced by the Rashba effect, small-elastice-i scattering, the quantum mobility is determined by
angle scattering induced kst interaction cannot alter sig- electronic transitions involving small-angle scattering or
nificantly the spin orientation of the electrons. To achieve asmall momentum exchange. Thus, small-angle scattering in-
large exchange of the spin orientation in different spinduced bye-i interaction does not change significantly the
branches through electronic scattering in these systems, iispin transition of electrons in different spin branches.
elastic and/or large-angle electronic transitions have to be Because transport mobility is determined by all possible
involved. This result is useful in designing spintronic de-electronic transition channels including large-angle scatter-
vices. At present, there are no simple experimental teching events, the contribution from the exchange of spin orien-
nigues to measure the transport mobility or lifetime in differ-tation in different spin branches can result in a rather signifi-
ent energy levels of an electronic system. However, recentlgant difference in the transport mobilities in different spin
developed ultrafast optoelectronic techniques, such as femtéranches. The theoretical results have shown that vijen
second pump-and-probe experiments, have been used to den, andN,> N, are taken into account, the obtained value
termine lifetimes of electrons in different subbands in quan-of the average transport mobility is in line with the experi-
tum well structureg® Although the lifetimes obtained from mental data and the quantum and transport mobilities depend
ultrafast pump-and-probe experiments are not exactly thetrongly on background impurity concentratidg,. It has
same as the transport lifetimésr mobilit) discussed in this found that the screening length and the quantum and trans-
paper, they are closely related and are of the same order pbrt mobilities in different spin branches differ significantly
magnitude. The results shown in this paper indicate that eledor strong values of a. Recent experimental results have
tronic transport lifetimes in different spin branches differ sig-shown that in InAs-based and InGaAs-based spintronic sys-
nificantly at large Rashba parameters or small electron dertems, the Rashba parameter can reach upate3-
sities; this implies that they may be measured by, e.g.4x10 eV ml’ The calculations in this paper have been
femtosecond pump-and-probe experiments. carried out using these typical sample parameters. | therefore
expect that the theoretical predictions in this paper will be

tested experimentally.
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