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Abstract
In order to model the scattering of electrons in two-dimenal electron gases in the presence of Rashba
spin-orbit coupling, a general partial-wave expansioneigetbped for scattering from a cylindrically sym-
metric potential. The theory is applied to potential electflow imaging experiments using a moveable
scanning force microscope tip. In such experiments, it imatestrated theoretically that the Rashba spin-
orbit coupling can give rise to spin interference effect®refor unpolarized electrons at nonzero tempera-

ture and no magnetic field.
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. INTRODUCTION

There has been recent intefestin utilizing the spin degree of freedom in semiconductor
devices, where the charge carrier’s spin provides an additidegree of control and flexibility
towards developing devices that are faster and more effidences than conventional electronic
devices. One component of potential “spintronic” devidhls, spin transistor proposed by Datta
and Da$, modulates the current passing through a semiconductdiodhe presence of the spin-
orbit interaction, which couples the electron’s spin with kinematical motion. Interest in the
spin transistor has generated numerous theoretical arefimgntal investigations into the spin
dynamics under the spin-orbit interaction in two-dimensieelectron gases (2DEG).

In layered semiconductors devices, the two predominanteswf spin-orbit coupling arise
from either structure inversion asymmetry (SIA or Rashlaractio®) or bulk inversion asym-
metry (BIA or Dresselhaus interacti®)n The BIA spin-orbit interaction arises from the breaking
of inversion symmetry by the inherent asymmetry of the atoanfangement in the structure and
is not very amenable to external manipulation. The Rashimaspit coupling, on the other hand,
arises from band bending at the interfaces between semictordayers and/or any external elec-
tric fields applied to the the device. Unlike the Dresselhaugling, the strength of the Rashba
coupling can be partially controlled by application of amegral electric fieldand in principle can
be made the dominant form of spin-orbit interaction in theeZD Such tunability of the Rashba
interaction is ideally suited for applications in spinttokevices, and as such only the Rashba
spin-orbit coupling will be considered in this study.

Numerous studies have been conducted on the diffusivepainef spins in the presence
of spin-orbit coupling®1°in order to investigate a variety of phenomena, such as timeHll
effect:l? Most of the studies were conducted up to the first-Born appration for the scat-
tering from nonmagnetic impurities, and the results wessdier averaged. However, there are
many cases where such statistical theories are not wadrafi@ example, coherent scattering
from a fixed set of impurities, which give rise to quantum ifgeence effects induced by multiple-
scattering events from the localized impurities, can’t beadibed by such statistical theories. One
method of tackling such problems is multiple scatteringthiewhich has been routinely used in
optical and acoustic scattering and has been proposed athadrier understanding the fringing
patterns in recent imaging experiments on electron flow iE@E: In scattering theory, the ef-

fects of a scatterde can be localized to a point in space at the center of the segttg, such that



an operatorflcan be constructed which generates the scattered Wa¥&) from the incident

wave,®;,(R), evaluated at the site of the scatteRer= +:

Y(R) = @n(R) + ¥s(R) -
= n(R)+ TRiNOn(®) _ (1)

The subscripte = # means to operafB(R; £) upon®;,(+) and evaluate the result at= . In

the presence of N point scatterers, the total wave functidingn given by

L1
VR = ou®) | TelRiDvD . @

k=1
1] 1]
Thus the complete wave function can be foundF(R; ¥)¥ () is known at each scattér
=i

In the following article, a multiple-scattering theory imet presence of Rashba spin-orbit cou-
pling in a 2DEG is developed. The general formalism is presgralong with the explicit calcu-
lation of the scattering operatdks¥or a cylindrically symmetric well/barrier (which will besed
as a model for impurities in a 2DEG). As an application, thehradology is applied to potential
flux measurements for 2DEG with Rashba spin-orbit inteoactn the presence of a scanning
force microscope (SFM) tip in zero magnetic field. Additibiméerference effects arise in the flux

measurements due to spin interference effects caused Rastéa coupling.

[I. SCATTERING FROM A CYLINDRICALLY SYMMETRIC POTENTIAL: PARTIAL-WAVE
EXPANSION

The Hamiltonian for a 2DEG in the presence of the Rashbaaytiitinteraction and impurities
is given by

e B B o e+ vay)

= Hel-V(xy) (3)
where [_&re the Pauli spin matrices, ands the Rashba spin-orbit coupling constant. The eigen-

states and corresponding eigenvalues for the free-paHigimiltonian with Rashba spin-orbit cou-

pling, HoJare given by

jk( ) ()i = jky =kecos( );kx =ksin( )ij ()i (4)
R
E =5 & (5)



where
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andk = k% +Kk3.
The dispersion relation in Eq[](5) represents two parabbfiods centered upojkj =
m = h?. For states propagating with their momentum vectors maiingngle with respect to

the Y-dxis and for an energy 0, there exists a two-fold degeneracy with the degeneratessta

given by
111—11 ,
jke( )+ = jRe( )i 5 : (7
2D
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() Of = ROi > * (8)
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The stategk;( ); +( )i andjk,( ); ()i represent plane-wave states whose spin states are quan-
tized in the plane, perpendicular to the momentum direction
In polar coordinates, which are useful when consideringteicag from a localized, cylindri-

cally symmetric potentiatig£an be written as

—1 ——1
] ; Iral i 0
Tou I _é+l_@)+i@ +i %] o) G rrm
2m @f r@r rz2@? exp( i) 2 lr% 0

(10)

The eigenstates déig-Which represent states propagating outward from or towarparticular

origin, +;, can be written as

p__ . .
H, (kiiR
SRE) = el )ope T UAR A
2 2 iH, ((KjR #j)exp( i)
P H, iR )

L . k>
HRE) = el )P i iR s exn( i)

(11)



FIG. 1: Scattering of an incident plane wave, (R) [Eq. (I3)] from a potential located &k, Vi(R)
[Eq. (T2)]. The various angles and vectors used in [EG. (18)En [I6) are illustrated.

whereH, (z) are Hankel functions given b, (z) = Ji(z) iYi(z), andk; andk; are given
in Eq. (@). A similar solution to Eq[T10) for a cylindrical Wéias been given befotel® The
states . (#)(R; E) satisfy a flux orthogonality condition through a circularfage surrounding
the origin,+;, which is given by
o Rk
d ( [2ROLENIRCO) 1p(RONE) = = im ap (12)

0

where the current operatak—i given by

e e A e Wl 1
= %+ﬁmﬂ r;g' =Gl ¥ (13)

The states in EqL{11) are used to generate the scatterimgtop@JEq. )], for scattering
in the presence of Rashba spin-orbit coupling. The follgurneatment follows closely a previous
treatment for constructin@i+h the absence of spin-orbit couplifgWe will begin by solving the
Schrodinger equation for an eigenstatethflEq. {@)] incident upon a cylindrically symmetric
potential centered &, Vk(¥), as shown in Figure IV (¥) is given by

Vo jf ® a
Vi = (14)
0 jr ®wj>a



wherea is the radius of the scattering potential. Consider the ofaa incident wave propagating
with momentunR = k (cos( o)¥—+ sin( o)X3-where denotes a particular eigenstatettf

[(K+( 0); +( 0)i = jRi( 0);+( 0)i andjR (o); (0)i =jR2(0); (o)i givenin Egs. [I7)iB)].
The incident wave functior, (R), written in a coordinate system centered about the scatére
i IS given by
1 ] 51 1 1

?,,(R) = p=exp iK R :

1 , : 1
= p=exp(ik ) exp(ik rgzcos( o g) .

2 ’ exp( i o)
S 1]

1
= p— exp(ik . Ik repitexp il B 15
P p(ik ) exp( o) (K g )i exp g o (19)
whererg, = JR £ is the distance measured from the center of the scatterer%ﬁu;ithe

angle with respect to thé-dxis of the vector, i.e.,

C1 [ :
exp ig = R \ra:a:R f) A (16)

The wave function outside of the scattej&, +j > a, can therefore be written as

¥ (R) = 9,(R) + ¥s(R) (17)

where the scattered wave functidiy (R), can be written as

1
Y. (R) = f,t W(RE)+f, 2 URE) (18)

=1

The wave function inside the cylindrical potentidl, (R), can be similarly writtenfojR ) a

as
! E— - —
W, (R) = d, 15 SRE Vo) + L(RIE Vo)
|=11 . ]
+ 4% LRE Vo)t L(RE Vo) (19)

Note that Eq.[(119) contains both incoming and outgoing sthe given in Eq.L{11)] in order to
remove they; components of the, . ,,, which are singular & = .

From the continuity equations of the Schrodinger equatibhgR) and¥, (R) must satisfy
the following conditions for alR such thajR  +j = a:

W (R #wj=a)=¥,(R «=2a) (20)
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(21)
In the following discussion, ;; = , i.e., the spin-orbit coupling strength is the same insiu#® a

outside the well.
The solutions for the various coefficierds andf, are given in Appendix A for a cylindrical
well/barrier. In the following, we are interested in studlyithe wave function away from the

scatterer, so the relevant coefficientsfgré andf, 2, which can be written for convenience as

Y
f, = exp(iR #)exp( il o)p'?
1

. L 2
exp(iR  f)exp( il 0)1972 (22)

f, 2

The coefficientsf andf, depend upon the energy and the form of the potential, and the
do not depend upon the initial direction of the incident mataen vector, ( (different potentials
will generate a different dependence of the coefficientwupgpE, etc.). Thus the scattered wave

function,¥q (R) can be written as

r— 1] [ .
_ A T
Ws(R) = B iexp il £ o Teldin(R) e (23)
where
[ 1
Tl = f:. (R AGE)+( o) + i (R RGE)h (o)
+ AR A B (i +2 (R RGE)h (o))
—i —1
— 1 1 H|(klr|%)AiL exp(l 0)H|(klrﬂﬁ8|l 1
2 o ex( i BJiH 1(kargg)AT exp(i( o BYiH, 1(arggdBL
Ll Hi(Kar gg)AF exp(i o)H(Kar g3 )BY _
2 exp( i BJiHp a(kergg)A? exp(i( 0 BY)iH1 1(Ker g3)B?
(24)



where

yRE {4 £ 1
2
(1 ¢ 1]
Bi-= (25)

where the+ Hankel functionH,", is used in Eq.{24), where the sign is implicitly assumed.
The operators'l%'in Eq. (Z3) and Eq.[{24) appear to generate thehrtial wave from the
incident wave function®;,, evaluated at the site of the scatterer. The only problerh thits
interpretation are the various factors @fp(il o) occurring in Egs. [[2A3)E(24). Since different
incident waves will possess or be a superposition of diffeirecident momentum directions (i.e.,
o in Figurell), an additional operator needs to be construgtech generates the various factors
of exp(il o) from the incident wave with enerdy. The operatofd;can be constructed such that

for any given state of the forfi®;,i = ¢1jki( 0); +( o)i + &jka( 0); (oI,

B3 (R) = exp(il 0)®n(R) (26)
The operatofdvhich satisfies the above equation is given by
L1 L1
T e (L L 27)
Cng leb;l
where
1
.l—. @ [ @ " (28)
lha@gr o1 @r ¥

with Bo—£ 1. The construction and full expression ¢k given in the Appendix B.
The operator which generates the scattered wave from the imaident upon scatterér T
can finally be written as

: p— Y S R
.= iTexp il B (29)

=1

where

L1 LIT 1 L1
ga- Lo Mlare iexp(i FYH 1 1(kar ga) 0 —
1 Bt M) o

Ll Hitkergg) texp(i H1 1kl egd 57 O (30)
2 iexp( i Hpa(Ker gg) Hi(Kar g 3) 0



wherett, = Al + B e, t2) = Al 1 + BIdy, 12 = ARPay + BYcp, andt =
A%2h 1 BX2d,. From the values for the variofi§' * andf 2 calculated in Appendix A for

a cylindrically symmetric barrier/well, it can be shownthg, = ti* | andtZ} = tf? |. Note that

the form of T the same for all cylindrically symmetric scatterers; adues of the scattering

amplitudesf',jldepend upon the actual potential for the cylindrically syetme scatterer.

1. MULTIPLE SCATTERING THEORY

ForN isolated scatterers, the overall wave functioRatan be written as

Y(R) = ®in(R) + (iﬁ(R))ﬁQ@ (31)
k

=1

Equation [3L) indicates that if the value W{R) and its derivatives [due to tt&-dependence of
Tih Eq. (Z9)] at each scatterer is known, the entire wave fan&(R) is completely determined.
In principle, the values o#(R) and its derivatives at each scatterer can be found usind3ay. (
In practice, itis only practical to calculate the first fewistatives of ¥ (R) at each scatterer. When
the size of the scatterer (or in general, the scatteringhgrigmuch smaller than the wavelengths,
i.e.,kija landk;a 1, the only significant contribution td&omes from theé = 0 term in
Eqg. (29). This is analogous to the heavily studied “s”-wasattering models, and in the following

discussion, only the scattering into the: 0 term in Eq. [ZP) will be considered.

IV. LOW ENERGY SCATTERING LIMIT

In the limitk;a 1, Eq. (31) can be approximated as

1
W(R) = ®u(R)+  Gy(R)¥(r) (32)
k=1

whereGK can be written as
L1 L1
G'S(R) _ % — (Ho(%rﬂg:) i exp(i %Hl(klr@a Eﬂ
iexp( i BYH(ker Ho(kyr '
L1 o ﬂﬁ o ﬂ;) L1
Ll Holkergg) iexp(i RYH (Kl ) ) (33)
2 iexp( i BYHi(Ker ) Ho(Kar ) ’



Eq. (32) and EqL(33) are similar to the Lippmann-Schwinggragion for a potentialV (¥) com-
1
prised ofN delta-functionsV(¥) = |, Wk (¥ +). From the Lippmann-Schwinger equation,

the wave function is given by
]

WR) = ®n(R)+ GHAR; £ E)VEHY@®HEr

= o, (R) + vkaRR; i, E)W (1) (34)

k=1
whereGHR; #; E) is the Green’s function in the presence of Rashba spin-oobipling, which
is given by Eq.[[CI8) in Appendix C and is similar in form@§(R). Such potentials have been
used before in numerous studies of spin dynamics in the pres# spin-orbit couplingl®1® The
form of G§(R) would be identical tab-HR; 1) if

<0 = (35)

In general, Eq.{35) is not satisfied, althoughker 1 Eq. (35) is approximately correct. Note
also thatj. , andt? ; vanish as the delta-function limit 84(¥) in Eq. (I3) is taken.

Far away from the scatterefisif)r g3, 1), EQ. (33) can be written as
—1

LI 1 R s N i i o .
Glé(R) = exp i kng’aD Z+ K fk |tk@§’ :%] @kdrﬂk__ﬁ_ K. II%]
(36)
where
L=
E kl+k2 m +2iE
— = = ay
— ki ko _m
ke = ===
p . p__
To= it k%"'ll[%i Ky
) 22 Kk
— b kg K
k — P
2 1k2
. S
*el W =
0°Kk,0
- 50 A
exp(i «) =
0°Kk,0
(37)
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andWd ) is a rotation operator given by
C1 [ L1 L1

B ) = exp izlg exp (i GJexp i§|z| (38)

Eq. (33) contains a dynamical factor which depends upon istartte froms, multiplied by
a sum of two rotation operators. In the presence of spin-@duipling, the low energy limit
scattered wave functions possess an “s”-wave characteslaod “p’-wave character due to the
R dependence in EJ_{B3), which vanishes in the limit ds 0.
In the calculations to be performed =ty 0:05and | 1. Inthis case, Eq[{33) can be
approximately written as [fok;2)JR )  1]:

—— o o
exp i Krggot 2+ « U (39)

Gs(R) = t«

which now contains a dynamical, distance-dependent faict@s a single rotation operator with
a rotation axis which depends upon the direction of propagdtom the scatterer and a rotation
angle which is linear with the distance from the scattenmethls limit, the total wave function in

the presence dfl scatterers is given by

— g el (1]
W(R) = O(R) + ,— f] rF@Eﬂexp | Krggrt 7+ Bar g W) (40)

From Eq.[[(4D), the value of the wave function at each scatket8(+,), completely determines

the total wave functiod!(R). The various values dP(+x) can be found by settinB = # in
Eq. (32) for each scatterér. This provides a system &N linear equations to solve for the

variousW(tx). The resulting system of equations can be expressed inxiatm as
MpE [ (41)

wherel-dnd Late2N by 1 matrices wherd@k 1) = W' (), Bk) = W(x), [k 1) =
(8, k) = #(), andMiHisd2N by 2N matrix whereM-Gmdm) = 1form = 1tom = 2N,
and fork;j 2 [1;N]andk & |,

MK 120 1) = EG";,(m?l

MH2K12)) = %'%ek)?z

Mk 1;2)) = %'%w)?z

MHKI2) 1) = %'%m)?l
(42)
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FIG. 2: Electrons injected by the emitter QPC (represented k) are backscattered due to random im-
purities in the 2DEG along with a moveable “scatterer” gatest by an SFM above the 2DEG surface.
Measurements of the backscattered flux into the detector &P&Lfunction of the SFM tip positiofRy,

can be used to image the electron flow from the emitter.

whereGl () is given in Eq.[3B). Onch-isdpecified¥-¢an be found by invertinfi-astollows:

TR (43)

V. APPLICATIONS TO FLUX MEASUREMENTS IN TWO-DIMENSIONAL ELECTRON
GASESIN THE PRESENCE OF RASHBA SPIN-ORBIT COUPLING

Recent experiment$t® have imaged electron flow in a 2DEG by monitoring the changes i
conductance through a single quantum point contact (QP@)fasction of a SFM tip position.
As the SFM tip is scanned over the surface of the 2DEG, thedwattered current into the QPC is
monitored, which is proportional to the the electron flowhee probed region. The samples used
in these experimental studies, GaAs/AlGaAs heterostrasfinave very low spin-orbit couplify
( =3 10 BeVm), and the results from experiments could be accuratsgribed by scattering
theory in the absence of spin-orbit coupht4. However, other samples can possess considerably
larger spin-orbit coupling? such as InAs, which can have= 4 10 ! eVm. The question
therefore arises as to what effects or signatures of sgiit-ocoupling exist in potential electron

flow imaging experiments.

12



Figure[2 shows the setup under consideration. A point sasrased to inject electrons into
the 2DEG (analogous to a QPC). The injected electrons alksbattered by random impurities
present in the sample and by the potential generated by thktipFplaced above the surface of
the 2DEG. The backscattered current into the detection @R@&n measured as a function of the
SFM tip position,R;. In the setup shown in Figufé 2, the possibility that the dieda QPC can
be separate from the emitter QPC is allowed. Such experahgabmetries have been used in
magnetic focussing experiments in the gast

The injected electrons from the emitter are taken to be awlanped beam comprised of an

equal mixture of the cylindrical wave-like stat@s(R) and®,(R), which are given by

1 (R) = 0+(R) + o, (R)

P, (R) = 1+(R) + 1, (R) (44)

Nﬁ’- JFH
N-ﬂs ' N-CFH

Each state represents current being injected into theeamgitzen byhk=m , as shown in Figure

[2. Far away from the source, the states can be approximated as

1 [ |:|]:|
o, (R) = 4J—_1exp ikjRj URj; e) (45)
iR]
1 [ 11
— . 0
O,(R) = 4J—_1exp ikiRj UdLiRj; <) . (46)
jRj

where . is the given with respect to the emitter. Note that wheh 0, the statesb, and®,
correspond to a spin up and spin down electron being injdobed the point source.

The net current injected into the detector is given by thiefahg formula:

-
= d (IxE)sin( )+ Iy () cos( )) (47)
where
A ] ]
5= " y (e .
Ix() = —Im W(R)r XLP(R)EDT FPOLYO
h ]
WO = —Im PRI PR P OLYO (48)
and~ = (cos( )¥— sin( )X34 In the actual experiment/simulation, the current injddteto

the detector is measured as a function of tip position séweicons away from the detector.

As will be discussed later, any interference between thiglémt waves and the scattered waves

13



can be neglected in EJ_{47), so only the scattered waveiumdls, needs to be considered.
Additionally, since the width of the detector is taken to legligible, only the current operator of
Ws.at €valuated at the detector needs to taken into account irfd&y. The injected current into
the detector becomes

] ] L]
=2 —Im WI(Rr xWs(Rg) + ‘“ s(Ra) Ws(Rq) (49)

Using the form of the wave function in Eq._{40) evaluated atshe of the detector, the injected

current can then be written as a function of tip position amergy as

al —EJ sin( k)—w(fk)w(fk)
k

t I%In(Z dy -
+ Wy(fk)lm(arkdy dy k2 o cos?( 9 G Uaria; HW ()

Mjd

, 4Pk %n( ) +sin( f)
m . K ZP rk,drj,d

1 1= ]

W(n)Wkara; HUHRarja; HWE) expik(rie  rea)+ § ) +hic

(R;E) =

L4 Bk sincos( ) +sin( ) cos( )
h j<k v ljdlkd 2
5 ]
YR karka; @) GBMarj o IWE)exp(k(a M)+ K +hic
1 C 1
+ 4 il 1 sin( §)sin( §) +sin( ) sin( {)
h i<k P lj.alMk,d 2
S |!i§a: _ ]
V(R kara; ) BBRara HWE)exp(ik(tia ko) + j W) +he
(50)

where the energy dependence ¢R;; E) comes in through the energy dependenck ahdiy.
Since all experiments are done at temperatiire® 0, thermal averaging of EqL{b0) becomes
necessary. Assuming the injected current from the emgtaresult of a small potential dropy, ,
over the emitter and that the electrons on both sides candmibled as being a free 2DEG, the
energy weighting function is simply given §y(E) f(E V)]dE Vf (E)dE where
f (E) is the fermi distribution function. In order to simplify treveraging and to obtain simple

analytical expressions, a gaussian approximationftd E ) can be made as follow:

o S
f (E)dE zplT:exp (k  ke)A2 dk (51)
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wherekg is the magnitude of the wave vector evaluated at the fermiggries, andl; is the
kinematic thermal length given by

ke~
4dm ka

T = (52)

All quantities calculated will be thermally averaged uskg. (51). The thermally averaged

injected current is given by

| = _
(R) = p= (Rik)exp( (k  ke)?1%)dk (53)
0

A. TheSingle-scattering limit

Before considering the case of multiple-scattering (whiah only be analytically solved for
simple cases), it is useful to consider the single-scatjezase, averaged over the incident waves
®, and®, (which represents an unpolarized beam). In this case, tbhe v&the wave function at

scatterek is given by

C 11
1 L1 1
Wi(h) = PP lkre,k%@are,k; 5 0 (54)
€,
for incident waved, [Eq. (43)] and
C_ 11
1 L1 0
Wo(tx) = pr:keXp |kre,k%are,k; N 1 (55)
€,

for incident waved, [Eq. (48)].

First consider the case when the detector and the emitteoregeand the same. The spin
averaged (i.e., averaged over incident wabesand®,) and thermally averaged change in flux as
a function of tip positionA (Ry;E) = (R E) (Ry =1 ;E), isgiven by:

4 hkg psin( 9)

Zm ! (rd,tip)?

4_ﬁkF L sin(dd) +sin( 9).
2

I tip, drkd

%rtlpd rkd)

|2

@fz sin( {)
m ¢ (rtip,d)2

whereF (R¢) is some nonoscillatory function which depends on the palgrcconfiguration of

A (Ry)

-+

Ot coS(2Ke (Mipd Tka) + ¢ k)

1 ]
+ F(Ry) exp i2keripg + hic: (56)

2
-2

scatterers, along with a some angular dependence of theadi@axponential damping factor
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depending upon the tip position from the scatterers. Spiit-effects are not seen in E._{56) due
to the fact that for electrons moving along effective onmelsional trajectories, the amount of
spin rotation induced is simply proportional to the netalste the electrons have traversed. Since
an electron which is directly scattered back to the detdwsreffectively traveled no net distance,
the net spin rotation is zero. Another way to see this is u@t}rk,d; 'g)d@o,re,k; = fwhen
the emitter and detector are one and the same, since rx and ‘k’ = K+ . Asshown at the
end of Appendix C, the above conclusions also hold if the @gdpration tod@R) in Eq. (39) is
not made.

Consider the case explicitly illustrated in Figlile 2 whdre tletector and the emitter are two
distinct entities. In this case, an electron does not tem/éine same path back to the detector,

and the effects of spin-orbit coupling do not average awakpaéflux calculation. Performing the

thermal averaging and spin averaging [using EQS. (@5)L(46)(R:) can be written as:

2 hke » sin( 9)
A (Ry) = —sztfr — )

oot -
+ exp(ikers) %(Rt) exp(ikar's) + G2(Rt) exp( iKals)

+ exp(ikers) Gs(Ry)exp(ikarp) + Ga(Ry) exp( ikarp) + h:c: (57)

wherers = retip + g tip aNAdrp = rqgtip  letip, @aNd wherés; (Ry), G2(R¢), G3(Rt), andG4(Ry)
are nonoscillatory functions of tip position which depermbn the particular configuration of
scatterers. From Eq{b7), the expected elliptical fring@sced akers = 2n  with the detec-
tor and the emitter acting as the foci of the ellipse are priedeowever, the amplitude of these
oscillations are now modulated by the Rashba spin-orbipliog. Since the electron trajectories
from the emitter to the detector QPC are now two-dimensiadhal electron’s spin will undergo
a trajectory-dependent spin rotation for each pathway éetvthe emitter and the detector QPC.
The interference between different pathways will thus hevedditional, spin-dependent modu-
lation. Such an amplitude modulation is similar to the Et¥afet model of spin dephasing in the
presence of spin-orbit coupli®y The first two oscillatory terms in EQ_{b7B1(R:) andG,(Ry),
lead to elliptical amplitude modulations of the regulanéres spaced &t rs = 2n , while theG;
andG, terms in Eq.[(BI7) lead to a hyperbolic amplitude modulatioaced aky,rp = 2n , with
the foci of the hyperbola again being the detector and théteminterference between the terms
G; andG; and between the tern@, andG, lead to fringes akqretip = 2n  for rq+ip =constant.
Likewise, interference between the ter@g and G, and between the terns, and G; lead to

fringes atkqrgtp = 2N for retip =constant. The presence of all four types of fringe patterns
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leads to a checkered patterndn (Ry). This can be seen in the calculationdf (Ry) in Eq. (51)
which is shown in FigI3 (A). In this simulation, the emitteasvplaced at, = 1:5 mX-dnd the
detector was place8l m away atry = 1:5 mX-The following parameters were used (similar
to the parameters found for In®: m = 0:022m, (wheremy is the free electron mas$ =

16 meV,T = 3K, and =4 10 eVm which gives a spin rotation length (i.e., the length
required to rotate the spin B0 of I, = h*=(2m )) of 134 nm (For comparison, spin rotation
lengths ofl,  1:8 m were found for heterostructures of GaAs/AlGaAs in a pasygf). Two
thousand scatterers were randomly placed in the reipK] =(0 m, 6 m) ( 6 m,6 m),
giving a scatter density of about 28 scatterers paf. All scatterers were modeled as cylindrical
wells or barriers, with the well depths randomly chosen leetw :1 eV. The coupling constants,
tx, were evaluated at enerdt using Eq.[(3) and the results in Appendix A. The radius of the
barriers/wells were all taken to lee= 3 nm, which gavékra  :3 so that a model of “s”-wave
scatterers could be used. The tip was modeled as a hard disdr{finite barrier) with the ra-
dius of the tip chosen to b& = 3 nm. Although the width of the actual depletion area induced
by the tip in the 2DEG is probably on the order of 100 nm, thevab@adius was chosen to be
consistent with the “s”-wave model used in the calculatidhgrther studies incorporating higher
partial wave scattering in the presence of Rashba couptenguarently being carried out and will
be addressed at a later time. With these parameters, theahiength is given byy = 0:57 m,
which justifies neglecting the interference between thelem wave and the scattered wave in

the calculation ofA (Ry) for Ry I+. Figure[B(A) is a typical result from the calculations
performed on numerous scatterer configurations. Besiddslematical elliptical fringes spaced
atkers = 2n , the hyperbolic and elliptical modulations are clearlyganmt in Figur&€l3 (A), along

with the circular-like fringes about the emitter and theadédr, which leads to a checkered pattern.
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FIG. 3: Simulation ofm [Eq. (&2)] for an unpolarized beam of electrons injectedrfran emitter
located atre = 1:5 mX-dnd observed at a detector locatedat  1:5 mX—A) with and (B) without
Rashba spin-orbit coupling for a random configuration ottscars. A scatterer density of 28 scatterers
per m? was chosen; each scatterer was modeled as a cylindricaéiasil of radius 3 nm with the
height/depth of the potential randomly chosen betweéreV. The tip was modeled as a hard disc of radius
3 nm. In (A), the amplitude om is modulated due to the Rashba spin-orbit interaction, duad
fact that electrons traveling from the emitter to the deteanhdergo net spin rotations. In (B), the expected
elliptical fringes are observed. The same, arbitrary seae used in both (A) and (B). The following

parameters were used in the simulatiom: = 0:022mo, T =3 K,Ef =16 meV, =4 10 ! evm.
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For a comparison, simulations were also performed for theesscattering configurations and
coupling constants but with = 0 eVm. The fermi energy of these simulatioEs,E', was chosen
to be slightly higher in energy thabe in Figure[3(A) so that the magnitude of the fermi vectors
was the same for both simulations, |_leFEI = ke. As expected, only regular elliptical fringes about
the emitter and detector are shown in Figdre 3(B), with asuyltang modulation arising from the
particular scatterer configuration. Note also the intégsinf the fringes are larger when the tip is

near to the detector than the corresponding fringes in sgmce of Rashba coupling. Figlle 4(A)

and (B) demonstrates this more clearly by plotting a slic&o{R;) [shown in Figurd B(A)and
(B)] along the¥-dxis, passing through the detector. Near the detectomtgnitude ofA (Ry)

is greater in the absence of Rashba coupling. Note howeaefahaway from the detector, the

magnitudes oA (R;) are comparable. This is due to the fact that far away from #teator
and emitter, the scattered wave functions can no longetveetioe detector and the emitter, i.e.,
l@ark,d; 5)@are,k; 9 £vhich makem independent of . It must be stressed,
however, that although the form of the fringe pattern is stlio scatterer configurations, the
overall intensity does depend on the scattering configumafrigurd #(C) anfl4(D) give the same
slice through a system with a different set of scatterershlgh the amplitude of the fringes is
clearly modulated due to the Rashba spin-orbit couplinggafel4(C), the intensity of the fringes
in Figure[4(D) in the absence of spin-orbit coupling is conapée to the fringe intensity in the
presence of spin-orbit coupling [Filgl 4(C)].

B. Two Scatterer solution

As mentioned earlier, if there is only one QPC, the effectspih-orbit coupling are not ob-
served if the electron trajectories from and towards the QRCpurely one-dimensional. As
shown in Figuréls, two-dimensional multiple-scatterirajactories exist for electrons exiting and
arriving at the detector. Consider the case where you hawadentical scatterers: a moveable
scatterer aR; and a fixed scatterer af. Using Eq.[4B), the value of the wave function at each of

the two scatterers is given by

YRy = stP(Ry) stGo(R)P () (58)
W) =  5P(ts) s,tGB('Fs)(D(Rt) (59)
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FIG. 4: Slices of (R¢) through the detector. The plots shown in (A) and (B) come fiféigure[3.

Modulations are clearly evident in (Ry) for (A) due to the spin orbit interaction. Note also that the
intensity of the fringes is larger in the absence of Rashhlatg [(B) vs. (A)]. However, the fringe

intensities also depend upon the configuration of the ranidgoarities. (C) and (D) show the same slice of

(Ry) for a different configuration of scatterers. Note again thatlulations due to Rashba coupling is
presentin (C) and not in (D). However, in this case, the marmamplitudes of the fringes is the essentially

the same (C) with and (D) without Rashba spin-orbit coupling

where s = (1 DefG}(+s)]) 1. Thisincludes all orders of scattering between the twaeats
(any number of bounces between the two scatterers). Thedlimhs in current as a function of
Rt in the presence of the fixed scatterergand a random configuration of weak scatterers can be
found by inserting EqL(88) and E{._{59) into EQ.1(50) and gening the thermal average using
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AafAta

FIG. 5: Possible multiple scattering trajectories whickutein a net spin rotation applied to spins which

make round trips from the emitter back to the emitter. Sihegaath is two-dimensional, a net spin rotation

results, even when the detector and the emitter are the same.

Eq. (53). Sincd << 1 in the “s”-wave limit, it is useful to expand& (R;) in powers oft. The
single scattering contribution has already been discyss®tlis given in Eq[{36), which is order
t°. The next term of order’, which involves the interference between the trajectastesvn in
Fig.[d and the single scattering trajectories, can be writighe form of:
- 1 1
D (Ry) = exp(ikRs) KRy exp(ikaRts) + K 2(Ry) exp(ikaF)
+ exp(ikRs) KaRoexn( ikaPts) + K a(Re) exp( ikaﬁ%)
+ exp(ikRp) E(Rt) exp(ikoRs) + Lo(Ry) exp(iko o) —
+ exp(ikRp) L3(Ro) exp( ikaRs) + La(Re) exp( ikaRp) +hic
(60)

whereRs1= ry1ip + rssip andR51=rgp  rsrip- The functionsK ;(Ry); K 2(Ry); K 3(Ry); and
K4(R¢) (which mostly represent the interference between the itypsingle scattering events
and the trajectories shown in Figl 5) are nonoscillatoncfioms of R; which depend upon the
configuration of random scatterers, whereas the functiorf®;); L,(Rt); L3(R¢) and L4(R¢)
(which represent the interference between the singleestaittrajectories (for the tip and the

fixed impurity) and the multiple-scattering trajectorié®wn in Fig.[$) are nonoscillatory func-
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tions of Ry which only depend upon the position of the fixed scatteresx, atFigure[® shows a
simulation ofjAg) (Ry)j in Eq. (80) for a fixed, hard disc scatterer of radius 3 nm ledait
s = 1.7 mX¥— 2:4 m¥—The detector and emitter was placedXfY ) = (0 m; 0 m). Fig.
represents the evaluation of EQ.1(60) for the followingapaetersT = 3 K, m = 0:022m,,

=4 10 " eVm, andEr = 16 meV (the same parameters as those given in F[ure 3). The ran-
dom impurities were again modeled as cylindrical wellgfleas of radius3 nm with depth/height
randomly chosen between1 eV and with an impurity density ¢f8 scatterers perm?. Modu-

lations due to spin-orbit coupling are again present, adigted in Eq. [€D).

IO.6

4

| Agu®)|
0.3

25
Y

(m)

—4 0 4
X (um)

FIG. 6: Calculation of 5 (Ry)j in Eq. (D) for a fixed hard disc scatterer of radius 3 nm latate
ts = 1:7 m¥-42:4 m¥IThe modulations due to Rashba spin-orbit coupling are, semilar to those
shown in Figur&€l3. These result from interference betweentrgjectories shown in Figuié 5 and the single
scattering trajectories. The same scale as in Hig. 3 was UBeel parameters used in the calculation of

i @ (Ryp)jare the same as those given in Fiddre 3.

If the scattering amplitudes, become large, then higher-orders (i.e., multiple bouncesst
also be included. The interference between these diffdrajgctories can lead to resonances
induced by the scattering configuration. For the trajeetoshown in FigurEl 5, however, no reso-
nances due to spin rotation can be generated, since no nebsgiion is generated if the particle
bounces from scatteréy to scattereB and back to scatterék again, as shown in Figufé 7(A).

The lack of spin rotation for such trajectories can be seamgube exact form OE@R) given in

22



(A) (B) R

—» B
RB —
QYO Re
_’ />.-
R
R A @ A
GARGPRa) o] GARDGCER)GE®) 1

FIG. 7: Possible higher-order scattering processes. Fosbatterers shown in (A), if the electron bounces
between scatterer A and B, no net spin rotation results. lieetor more scatterers, however, net spin
rotation can occur. Such a possibility is shown in (B), whameelectron traveling from Ato Cto B to A

undergoes a spin rotation.
Eq. (33) as follows:
G5{Re)CTHRA) / (61)

However, for three or more scatterers(as shown in Figlirg)7(Bere exist trajectories which
will give a net spin rotation. Calculating possible inteefiece effects between multiple scattering
trajectories requires using higher partial waves [[EQ] ](29an the simple “s”-wave scattering

models studied mostly in this paper, and will be investidatethe future.

VI. CONCLUSIONS

A partial wave expansion for scattering from a cylindricatgntial in the presence of Rashba
spin-orbit coupling is developed and is used to constructmeTatorfvhich generates the scat-
tered wave from the incident wave at scattdeer his allows for the development of point scatter-
ing models beyond the “s”-wave limit. The often studied Vg8ve scattering from delta-function
potentials are shown to be different from the “s”-wave medidveloped in this work, although
both models give the same qualitative results for the flugudations presented in this work. Al-

though only “s”-waves are discussed herein, extensionsggioeh partial wave scattering can be
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readily performed using the formalism developed in thiskvakdditionally, the operatoft—and
the calculated Green’s functiof—,; +,; E), can be used to apply all the scattering theory ma-
chinery to study 2DEG confined in a variety of geometries.

The Rashba spin-orbit coupling was shown to generate additinterference fringes in poten-
tial electron imaging experiments which were producedgiaimoveable scatterer generated by a
scanning probe microscope tip. In the single-scatterimg,lispin-orbit coupling doesn’t produce
any modulation in the observed flux using a single quantumtpamintact. This is due to the fact
that no net spin rotation is generated from effective omaegisional trajectories which start and
end at the same location. If the injected current throughpars¢ée quantum point contact is mea-
sured, interference effects due to Rashba coupling arexaazs&om the various two-dimensional
trajectories from the emitter to the detector. This is dutheononcommutation of the resulting
spin rotations along the trajectory, which results in spibit-related interference effects. These
interference effects are similar to the Elliott-Yafet maoism of spin dephasing observed in elec-
tron systems. If multiple-scattering effects are alsoudeld, a single quantum point contact can
again be used to observe the spin interference caused bya#td& spin-orbit coupling.

In the future, calculations involving higher partial wavaasd stronger scattering will be per-
formed in order to look for possible spin resonances ragyftiom interference between the vari-
ous multiple scattering trajectories. In addition, mowdistic simulations of the scattering induced
by a scanning probe microscope tip, requiring other pastgades in addition to the “s”-waves, will
be performed. Finally, the multiple-scattering theorysamed in this work can also be used to
study scattering and polarization profiles generated imtum wires where phase coherence ef-

fects between the scattered waves can now be fully takeragaount.
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APPENDIX A: SOLUTION FOR SCATTERING FROM A BARRIER/WELL

For the problem of the square well/barrier centered alpgUuEq. [20) and Eq[{21) require the
variousf, andd, forj+ +j = ato satisfy the following equations:

1 L L1 ) P, p_ .,
|'~]I(k a)+ klf| Hl(kla)+ k2f| HI(kZa) = ld| 'JI( 1a)+ 2d| 'JI( Za)
1 L 1 X P_ . P,
Vi akk @+ kefy THy a(kia) Kof, “Hy 1(koa) = 14, “Jr 1( 13) 2d, “Ji 1( 2d)
k3 (k @) + kY%, TH (k@) + K%, PH (ka) = Y%d,19,( 1)+ Y%d,20,( 2a)
K3k @) + k% H (ke K PH (ko) = (%A N a0 3 d 2 ( 0a)

(A1)

where

1 = exp(iR - f)exp( il o) (A2)

Using Eq. [&1), the various values for the coefficierds!; d, ?;f, *, andf, ? can be found. In
order to simplify the presentation of the solution to Hg.JAthe following functions will be

introduced to simplify the solutions:

AN(P;g;9 = Ji(pa)d; 1(qd) + Ji(ga)d, 1(pa)
AN(p; ;9 = IPpa)dY 1(aa) +IXaa)Jd) 1 (pa)
®(P;q;9 = J 1(qa)H|(paE|( 1)°31(qadH; 1(pa)

Sipaina = PR 50 o toa v ( ! 68 i a)
| 1M by qAel(q,r'a) | 1 | | I:II 1 1y
Fik so;na) = | J) 1(ra)\]|(kl%)I ( 1P, 1(k a)di(ra) -
KA To o)k @) (1837, (k a)dira) (A3)

' 9AA(q;T; @)

25



The solution to the above equations can be written as

o F2(k 5 15 222Gk 20 ;@) Flk ; 2 13@)Gl(ke 15 2:d)

f,l= | p—
! ! kl(G|2(kl; 1) 2;a)G|2(k2; 2, 1,d) G|1(k1; 2 1ia)G|1(k2i 1, 2;a))
i
= p?l
¢ 2o o PR 1 218Gk 23 11@) FMK ;o0 1@)Giky 1 218)
' 'k (Glka; 1 2@GHKe 2 138 Giky 2 1@GHKy 1 2 a))
(2
= p?
2
4= i 1( 261)le(k a) Ji( 23 1(k a)
EEVAYGEHEPH:))
+ L R 1 aia)(gitke 238)GR(ke 25 1:8)  gT(kar 2)Gilk 2 1:))
A1 28 " TGk 13 28)GHKe 2 1;8) Glki 2 1@GHk 15 2 @)
L Rk 2 na) gk 2a)Gike 1 2;8)  gMke 2)Gi(kir 1 2;@))
A( 1 28 " TGk 13 228Gk 2 1;8) GlHki 2 1@GHk 15 2 @)
42 = | i 1( 1a)J|p(k a) Ji( 1@ 1(k a)
A 15 @)
+ L PRk 1 )Gtk 15@)Gi(ke; 23 1:8) (ke 1)Gik; 2 1:@))

A(1; 2,8) T 2(Gi(ky; 15 2,8)Gi(Ko; 25 1;8) GHKi, 25 1;8)Gl(Kz 1; 2:d))
I al(k ;2 1;a)(g|l(kl; 1;a)G|1(k2; 1, 2,8) 92(k2; 1)G|1(k1i 1, 2;8))
A(1; 28 " 2(Giky; 15 2,8)Gi(Ka; 2 1;8) GHKi, 25 1;8)GHKy 15 2:d))

(Ad)
It is useful to consider the limiting case of a hard disc, Mg.! 1 . In this case,
L1
m . 2m V)
S
s
m . 2m V)
2 = FI2 I ﬁJZ OJ (AS)
with jVoj ' 1 . In this limit, the coefficients are given by:
(1= gl Jitk @H; 1(k;a) Jy 1(k @)H(kza)
I "k Hi(ki)H; 1(koa) + Hi(kza)H, 1(ks1d)
¢ 2= g1 K AH (k@) Jiak Hi(kia) (A6)
! "k Hi(kia)H, 1(koa) + Hi(kea)H, 1(kia)
Note also that in the opposite limit of an infinitewal, ! 1, the expressions fdr, * andf, 2

are the same as those given in EQ.J(A6).
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APPENDIX B: CONSTRUCTION OF b

For an arbitrary plane wave state specifed by en&gnd with incident momentum vectors

making an angle of, with respect to th&—dxis,
ch,,] C1 1 1 1 1 111
(R) A . 1 B . 1
= b3 exp(iky R) + P exp(ik; R) (B1)

W,(R) exp( i o) exp( 1 o)
an operatoB)-¢an be constructed such that

@@(R):i exp(il )@(R) - (B2)

YH(R) PR iRy

First define the operatdh-By

Ll

P& Tﬁ ig (B3)
ik @R

with B 1. Exponential functions of the forexp(ik R), wherek = k(cos( o)¥— sin( o)X

are eigenfunctions d#vhere
Prekp(ik R) = kiVexp(il o) exp(iR R) (B4)

The operatoBb<¢an be decomposed in terms of the operaips follows:
1 L1

5= d(:!g hd% - (B5)

where the coefficientsy; b; ¢ andd, need to be determined. Operatifgdn W(R) in Eq. (B1):
L1 1

@@(R) Aexp(il o) exp(ik; R) L alkjllj +hkj1|+1j
W#(R) B ) I%[I)( i O)(gkjll 1j.+ qlkjlu)
+ B exp(ll Olexp(ikz R) alkalj h-k-12|+1] o
IT;IQ exp( i o)(d|k12'l C|k12| 11)
— - (R)
= PO ) (B6)

The various coefficients must therefore satisfy

akl! + gkl =1
ak) bk =1
ok T+ dil =1
dkll gkl Y =1 (B7)
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which gives

jl+1j jl+1j
ky ~ + kg

a = kj2|+1jkjllj +kjll+1jkj2Ij
h= K K
IR T
o= _ ko K
ky Uk kUK
IR
& = ST (B8)
ky "k +ki Tka
For an arbitrary eigenstate Bi;-{Eq. @)] with energyE,
1 1 |:| 1 CTT11
iR T ) Dot 1 Yo
Y#(R) Iiln exp( i o) exp( i o)
d o%( o) (B9)
0
Operatingdlipon¥(R) gives
IEI(R) L1 ),
@\P#(R) = . d oexp(il 0)¥( o) (B10)

APPENDIX C: THE GREEN’SFUNCTIONIN THE PRESENCE OF SPIN-ORBIT COUPLING

The Green’s function in the presence of Rashba spin-ortetaction has a simple form in

momentum space and can be written as

1
E) =

&H{E) ey 5
m 2m e jKihKj
0(2 h)? iki2  2mike  am'E

] JK] T T - -
. 2m JRihK| .
Hjﬁ(]) (2 h)? dkjka + ZmH'?@ 2mE H Oxkos( b+ Lubin( oy

h?

Eé

[ ]
T4 Cieos( o esin(

(C1)

where s the anglek makes with the respect to the-dxis. The form of the Green’s function
in Eq. (C1) has been used in numerous studies of spin dynamRBEGS. The position space
representation of the Green’s functicd—+; +; E) = hrjG—E )jfi, however, has not been

used to the best of the authors’ knowledge. In the preseresadttering potential/ (+), the total
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wave function with energ¥ is related tod—t+; +,; E) andV (¥) by the Lipmann-Schwinger

equation:
1
YR) = d(R)+ derGHR; £ E)V(HYH) (C2)

where®(R) would be the wave function in the absence of the scatteribgnpial V (+).
Before calculatings—+,; +,; E), it is worth noting that the Rashba Hamiltonib1Eq. @)],
is invariant to combined rotations in spin and space ab@ad Hkis:

Ho = 'M%“ élj 1 1 [ (C3)
MH= exp Iﬁll;l exp i§ z

= RCHZEH (C4)
Due to the above symmetry, the Green’s function is also ianér
¢HE) = MOELE)N) (C5)

From Eq. [Cb), it follows that

hejGHE)jti = hrj MEOINHOELE )M ki

= 2R njGLE)RA I 2 (C6)
&+ 1 E) can be written as
1 1 1 1 —
| B om exp K + 11 exp K £ 11 o
(Q'FLFZ E) - IDIjrr(]) ﬁz dR iRi2 2m CejK omig . + iRi2 2am K >mE .
7w e 0 e e L
o ke DEOSC Gbin( gy Gkos( g Gbin( g )
P iKki2 2meljkj 2mE : iRi2 2am GKj omE
K == = | Kfr—= = |

wherer =+, +,. In evaluating Eq[{Q7), it is advantageous to take be along say th¥-dxis.
If + = r[cos( )¥— sin( )XFthenRE)j+i = jr ¥4 Therefore, using EqLIT6), EG{C7) can be
written as:

1 L1
i 6:E) = lim 2m kL k exp(ikr cos( ))i:|+ k exp(ikr cos( )

Meme o @ o % & b NDkrk) T Krk)K kK 1)
 ZO(Gkos()  Gmin( )Z()  Z/()(Gekos( ) Gebin )Z()
k kok+k 1) kil DK k)

(c8)
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where

1
. m m 2m E
kl - FI2 + HZ + HZ
I -
m m 2m E
T ®T W Tw ()

The integrals in Eq{08) can be readily evaluated. The tert-i+,; +,; E) proportional to

the identity matrix is given by:

= - . 1
2m q I:E<exp(|kr cos( )) N k exp(ikr cos( )) =

1o (2 h)? % 0 |;@[ ki P)(k+k) (kK+k)k ky i )I:I
. 2m Jo(kr) K1 k k2 k2

= lim——; dk + — + + — 1
D]02ﬁ|:el k1+k2 k+k1 k k]_ Il:lk+k2 k k2 |

_ 2m i k]_ k2

- 2 2 Ky + k2H0 (klr) + ki + k2H0 (er) 1] (C].O)

which is just the weighted average of two free particle Geemction with different wave vec-
tors,k; andks.

Using the following two integrals:

i
d exp(ikr cos( ))sin( ) = 0
- 4,

d exp(ikr cos( ))kcos( ) = @@ d exp(ikr cos( ))
9,
@

0

J o(kr)
(C11)

The terms in Eq.{A8) proportional tgJdand [ Jare given by

| D zvO(Gmos( ) oasing )z()
MerE , @, ¥k kkTk 1)
kZY( )(Gekos( ) Gesin( )Z()

(k+ky i)k ) L
— lim ZmIZl_(‘)IzE{_—')@ koo(kr) 1 . 1 _ 1 1

102 R @r , ki +k, k+k; Kk ki i Kk+k» Kk k, i
M EOm el ]
= (k +k)ﬁ2 @rH o (kir)  Hg (kar)
rene 1 1

1 k2
m"'l (ker) m"'l (kar) (C12)

L1

= T (Gekos( ) GrBin( )
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The Green'’s functiond—t+,; +,; E), can finally be written as
L1 L1
Ho (Kqr iH; (kir)exp (i
G miE) = i ki g Hollul) (k) exp ()
hki+ka  jH, (ker)exp( i) Hy (Ker)
L1

m k: — Ho(kr) iH; (ker)exp (i ) —
hoki+ka  iH, (ker)exp( i) H, (Kar)
(C13)

As noted earlierE—+,; +,; E) is similar in form toC@R) operator [Eq.[(33)] found in the patrtial
wave scattering analysis given in the text. It is worth paigbut that, as was the case @R),
Gt 1, E)Er; +;E) I L-le., no net spin rotation is observed when the partichetses
no net distance along a one-dimensional path.

Consider the experiment shown in Figlie 2 for the case wheddkector and the emitter are
one and the same. With the approximation(ﬁR) made in Eq.[(39), it was concluded that
Rashba spin-orbit coupling does not give rise to modulatiorihe net current as a function Rf
[Eq. (B8)]. It is worth pointing out that the conclusion rbad by Eq.[(5B) is valid, even if the
approximation in Eq[{39) is not made. Treating the emitsea @oint source, the scattered wave

function at the detector/emitter is given by Hg.1(32):

W(tg) = %d)w(ﬂ)

k=1
= Tﬁa)@ﬁ: g, E) [ (C14)
k=1

ro« or , or

where Lrépresents the spin state of the injected electron (cankiea ta be either
some linear combination of the two). It is easy to show, harahatGée,) S ; +4; E) is not

proportional to the identity matrix. Fdr, g 1, G&@ry) Gt +4; E) can be written as

1 1
i2k exp(i K
Med beexp( i §) &
where
| c | I c 1
= _Zti,o + _|;1 tﬁ,o

k k

b = k_;ti,o k_itio

(C16)
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Eq. (CIbH) indicates that the incident spin stafgjls modified after following the effective 1D
trajectory (although Eq[{C15) doesn’t represent a spiatian since it is not unitary). However,
the only distance dependent factor in Hq._{IC15) containg and does not depend updg.

Calculations oA (R¢) therefore will not possess any modulations which depend tipwRashba

interaction kq, supporting the original conclusions made in Eql (56).
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