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Nonuniform Rashba-Dresselhaus spin precession along arbitrary paths
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Electron spin precession in nonuniform Rashba-Dressglh&o-dimensional electron systems along arbi-
trary continuous paths is investigated. We derive an aicalyfiormula to describe the spin vectors (expectation
values of the injected spin) in such conditions using a aanitategral method. The obtained formalism is ca-
pable of dealing with the nonuniformity of the Rashba spibitcfield due to the inherent random distribution
of the ionized dopants, and can be applied to curved onerdilmeal quantum wires. Interesting examples are
given, and the modification to the spin precession pattetm Rashba-Dresselhaus channel when taking the
random Rashba field into account is shown.

PACS numbers: 72.25.Dc, 71.70.Ej, 85.75.Hh

I. INTRODUCTION In this paper we construct a contour-integral method to deal
with spin precession in nonuniform Rashba-Dresselhau3 (RD
Space-inversion-asymmetry-induced spin precession igPEGS along arbitrary paths. We derive an analytical foemul
two-dimensional electron gas (2DEG) channels opens the pol0 describe the spin vectors, i.e., the expectation valtgsio
sibility of spin-field-effect transistor (SFET) (Rél. 1)aisit- ~ OPerators done with respect to the injected electron spist
self an intriguing physical phenomenon in the emerging field"Side the 2DEG channel. The obtained formula is found to
of semiconductor spintroniés The heart of such spin preces- P& & direct generalization of the previous dhevhich is ap-
sion lies in the well-known Kramers theoréimhich predicts ~ Plicable to injected spins with straight space evolutionri-
an intrinsic zero-field spin-splitiing in inversion-asyramric ~ form RD 2DEGs. The constructed formalism can straight-
crystal structures in the absence of applied magnetic fielgdorwardly deal with the nonuniformity of the RSO coupling,
The corresponding spin-spliting can be described by an ef2SO coupling, and even the effective mass, and is appli-

fective magnetic field, forcing the transport spins to pssce C¢able to curved one-dimensional (1D) channels, e.g., quant
about such fields. ring structures. Throughout this paper, single-particlarg

Mechanisms of inversion asymmetry in 2DEG Systemstum mechanics is used and the effective mass approximation
Is adopted.

include structure inversion asymmetry, more commonly re-
ferred to as the Rashba spin-orbit (RSO) interactiof the
confining potential, and the bulk inversion asymmetry, re-
ferred to as the Dresselhaus spin-orbit (DSO) term for zinc-
blende semiconductofspf the underlying crystal structure. ) o _
Specifically, the Rashba term originates from the transgerm Ve begin by considering a [001]-grown zinc-blende-based
tion of the electric field felt by the electron to an effective 2PEG, where the Rashba and Dresselhaus Hamiltonians
momentum-dependent magnetic field. Hence factors influen@re described bz = a/h(p,0" —p,0”) and Hp =
ing the RSO strength involve local charge distribution teas /7 (Pz0™ — py0”), respectively. Whereas the RSO strength
charged impuritiesor ionized dopant ator€), and applied © Stems from the electric field generated by the ionized
external electric fields (usually the gate voltage). dopants in the vicinity of the 2DEG plane, is in principle
Perhaps the gate-voltage tunability of the RSO strengt}"roos't'On dependen'g and material spec_n‘lc. On the ther hand,
quite successfully demonstrated in InGaAs/InAIAs-baseofhe DSO strength, in bulk systems, arises from the inversion
(Ref. [10) and GaAs/AlAs-based (Ref5.| 11 andl 12) quan@Symmetry of the crystal structure and thus may not vary

tum wells (QWSs), determines the precession rate of the inith different positions if the sample is well grown. How-

jected electron spin, and is therefore the most importaynt ke€VEn when rest_rlcted to ZDEG.S’. the DSO paramgtete-

to the realization of the SFET. However, more than a decad ends on the width Of. t_he confining quantum well, and may
of struggle has still yielded disappointing results. Itiufe therefore also be position dependent._ When the underlying
may be ascribed to the so far less successful faét@jsef- crys'FaI structure of the_2DEG cklarlnel is not perfectly grown
ficient spin injection rate and (ii) uniformity of the RSO in- spatially varying effective mass* () may also occur.
teraction. Apart from the most challenging issue—the spin In th*e uniform case, where all of the three p?‘“”_‘meie@
injection problem, nonuniformity of the RSO coupling aris- andm” are constant in space, an.electron spin injecteq] at
ing from the inherent random distribution of ionized dogant €an Pe described by (see Appendix A)

in the vicinity of the 2DEG plane has recently attracted cer- — oiklTa—7i| Z o~ 10Dz, /2

tain attention to reexamine the Rashba 2DEG sysfetiTis =

implies that the RSO coupling strengthshould be treated ) ]
as position dependent, and the corresponding modificatjon t X Co [Vo; Gry—iy) (Vo bry—rilS)r (1)
e.g., spin precession rate, in the Rashba channel mustdre takwhen detected af; after a straight space evolutioh — 7.
into account. Here, |s) is a given spinor describing the spin injected at

Il. FORMULA




for each section. Again, we inject a spiniatand detect the
spin atr; through, however, the curved pathalong which
the parameters, 3, andm* may be functions of position. Af-
ter successive application of E@] (1), we obtain (see Apjxend
B)

DE. Xojexp (—%’A@) (Vo3 0l 8) 5, [0 da) s (5)

where the total phase difference is given by a contour imalegr

FIG. 1: (Color online) Schematic of a continuous curved b 9
tioned intoV pieces. AO = _2/ m*Cdr . (6)
h? Je

B Compared to the uniform case Edd. (1) ddd (3), the problem of
7, k is the average of the two projected spin-dependent waveonuniform systems is simply extended to integrate thd tota

vector given by Eq.[(A4), and phase difference encountered by the electron along the path
C.
) .1 jemie (@B br,—r) We remind here that the above formalism (and later the de-
|w0'7 ¢Fd7FI> - T = (2) . . . . .
V2 o rived spin vector formula) is applicable for nonuniform sys

. _ _ . _ tems but only with continuous spatial evolution. Propawati
is the RD eigenspinor withpr, _» being the argument along discontinuous paths must be handled by sectioning the

of the displacement vector; — 7; and ¢ (a,03,¢) =  path into pieces of continuous ones [since Kq.] (B6) does not
arg [(acos¢ + Bsin¢) 4 i (asing + Bcos¢)]. The phase hold on discontinuous points]. Another discontinuity thety
difference is defined by crash the above formalism is the reverse of the RD field di-
rection [at which Eq.[(B6) also fails]. In pure Rashba (such
Az = %m*é (o7) 7, (3) as Si-SiGe _, asymmetric QWs) cases, the change of sign

o — —a, due to either the random dopants or the reverse gat-

ing induces such discontinuity. In the composite case (both

« and 8 nonvanishing), the cancellation of the momentum
(%) = /a2 + B2 + 2aB3sin (2¢7) (4)  dependence of the RD effective magnetic field at the condi-

tion |a| ~ |G| provides possibility to run the SFET in the
is the composite spin-orbit coupling strength. Note thahis  nonballistic regim&® and also contains fundamental physical
paper the spatially evolved state ket without superscsig, ~phenomena?However, the corresponding field direction may
_ , means space evolution from positignto position ~ become unstable along[110] or £[110] directions, even

|S>'F — Ty
t

i through the straight path connecting the two points, whilethough the field magnitude is still continuous. When dealing

|S>§ _», means evolution through pah with such systlems., one must carefully ch.eck thelgontimﬁty o]
For the nonuniform case, we consider an arbitrary continuthe RD field direction and do the calculation partitively.

ous pathC' connecting the injection and detection points, and Now we apply Eq. [(5) to perform the spin expectation

section the path intdV pieces (see Figl11). In the limit of values(S) = #/2 (), whereé is the Pauli matrix vector

N — o0, each section approaches to a straight path with conto,, 0, 0,). After some mathematical manipulation, we ob-

stanta, 8, andm*, and Egs. [(1) and13) are then applicabletain

where

A A
— cos 05 cos g sin AO + sin 6 |:COS (pa — @i + ¢s) cos? 76 —cos (pa + i — ¢s) sin? T@}
() = — cos B, sin g sin AG + sin 6, {sin (0q — @i + ¢s) cos? A—2® —sin (pq + @i — ¢s) sin? ?} ’ (7)

cos O cos AO + sin b, cos (p; — ¢s) sin AO

with ©;qy = arg[(aia)cosdiqy + Bia)sindiy) + Clearly, Eq. [[7) recovers the previous spin vector forftula
i(vi(ay sin @iy + Bica) cos diay)], s and ¢, being the po-  whena, 3, m*, and¢ are constants, i.e., uniform spin preces-
lar and azimuthal angles of the injected spin, respectivelysion along straight paths.
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In this section we apply our generalized version of spin- 1
vector formula Eq.[{7) with the total phaged given by Eq.
(©) first to some interesting 1D geometries, including quan- =
tum rings and quantum wires, and then to a more realistic = o/
2DEG case, where position dependent RSO coupling, genel EN
ated by regular and random distributions of ionized dopants  -o0s
is present. In all cases, we assume constant DSO coupling ar
the electron effective mass.

0.5

o (eV nm)

A. 1D quantumring FIG. 3: (Color online) Two ideal 1D wires with position-deyent
RSO strength. The upper wire shows the effect of a limeand the

Beginning with an ideal Rashba half-ring with ring radius lower wire shows a sine-varying. In the main panek and(S.) as

0.1 um, we inject an electron at one end, and de(§¢tdown functions of the longitudinal position are plotted.
the way along the ring to the other end. The half-ring is as-

sumed to be ideally 1D and made of InGaAs-based materials.

We set the RSO parameter= 0.03 eV nm and the electron

- : . hereafter. This can also be viewed as a generalized verkion o
effective massn* = 0.03m..2® Two configurations of the g

o ) : ; . " our previous proposal of precessionless spin transpoetir
injected spin are considered. In ring (i) of Fig. 2(a), we in- In Rashba systems, one can precessionlessly transpost spin

JeﬁF trr]‘? splln V\t/;]th p.0|aI’IZ;’:1tLOH ??k:?”eRl tohttr)le r.adlal di]renA even through an arbitrary wire shape (but with continuous cu
which IS also the eigenstate of this Rashba ring case. As e>§/'ature), once the spin is injected with polarization pedien
pected, the spin vectors maintain in the radial directiocesi

ih N is iniected in its ei tat d will stay in thiget ular to the wire direction.
€ Spinis injected in its eigenstate and will stay in & Next we inject the spin parallel to the tangential direction

As shown in ring (ii) of Fig[2(a), the injected spin precesse
upright down the way to the end. This is equivalent to the

=" Datta-Das SFET with a curved 1D Rashba channel. Whereas
(@) Y LL\" \\\\\ 60;\ the RSO coupling induces an effective magnetic figlg,
\\\\\ ,,'/” E T which is always perpendicular to the electron transpﬁg&(ﬂ
= 7 Zm W the radial direction here), rings (i) and (ii) in FIg. 2(apdroth
=0 L 2// Ny 0 reasonable and expectable. However, when the DSO coupling
= ey, = ”, TR is involved, thez-rotational symmetry is broken, a_md the spin
. n \\\\\iii/ vy vectors cannot be expected intuitively, but can still bel del

scribed by our formula Eq[X7) [see rings (iii)) and (iv) in Fig
[2(a)]. To clarify the influence due to the DSO, we p{6t)
Injection end as a function of the ring argumen Fig. [2(b), where line
(i) and line (ii) exhibit precessionless and complete psece
ing behaviors, respectively, and change to line (iii) amea: li
(iv) after getting the DSO coupling involved.

‘y
e
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B. 1D quantumwire

5, 0(h/aT)

We now consider two straight quantum wires with position-
dependent RSO strength, one being a lineavire and the
other a sine-varyingr wire. These wires exhibit interesting
spin precession behaviors, as shown in Eig. 3, where the up-
per and lower wires, sketched from the side view, correspond
to the linear and sine-varying Rashba wires, respectividy.

FIG. 2: (Color online) (a) Spin vectors along four ideal 1Dfha ©Xpected, the injected spin rotates with a precession mate i

rings. Rings (i) and (i) contains only the RSO while in ringj) creasing with the position, in_the linear Raghba wire. _In the
and (iv) the DSO is involved. The spin, polarized parall¢hei to  Sine case, the alternate positive and negative RSO driees th

the radial or the tangential directions, is injected at tiveelr end of ~ spin to precess backward (when> 0) and forward (when
each ring. (b) Corresponding.) in units of /2 as a function of o < 0). These quantum wires may be fabricated by spe-
the ring argumend. cial gating designs, but applicability to the spintroniwvide

is not obvious. However, the physics indicated here is sim-




ple and clear. Whereas the magnitude of the RSO strength 0 100 200 300 0 100 200 300
determines the spin precession rate, the sigm odntrols the 100
precession direction. From the viewpoint of gating, a giron
enough backgate may reverse the electric field directioman t 0
2DEG, and hence the resulting Rashba field direction, fgrcin

the spin to precess in an opposite direction. From the view -100
point of the random Rashba field, such an alternagesimilar

to that in a symmetric quantum well, e.g., a Sj<Se, _, well, 0.005 0.01 0.015
and will induce a finite spin relaxation rate.

y (nm)

y (nm)

C. 2DEG channel with regular and random dopants: Random
Rashba effect

Finally, we arrive at the crucial but realistic problem: how
will the spin precession pattern be modified due to the randor -
Rashba field? A first guess on the basis of E§. (6) is that ho 3 '
wide the angle the spin precesses through lies in how muc & my ‘ /
spin-orbit interaction the electron encounters along e i i —Sy0 a 0.01
goes. A symmetric well, which has a vanishing spatially av- -1 —3 4 : . . :
eraged RSQa) = 0, does not have spin precession pattern X (nm) X (nm)
within a submicrometer scale, even though there are nonvan-
ishing fluctuating Rashba fields. This is similar to the sine-FIG. 4: (Color online) Position-dependent Rashba fieldith (a)
varying Rashba wire shown in Figl 3 but with a much rapiderregular and (b) random dopant distribution, resulting ie torre-
o oscillation period £ atomic sizes). We now consider an SPonding spin precession patterns in (c) and (d), respégtiwhere

asymmetric well, and adopt the same principle introduced b)point injection ofmjpolarized spilns atthe Ieft ends, are a}ssumed. The
Shermaret al .2 to generate the random Rashba field. color bars determine the magnitudecoln units ofeV nm in (2) and

o . (b), and thez compont of the spin vectdS. ) in units ofi/2 in (c)
Specifically, we consider 400 nm x 267 nm InAs-based and (d). (e) and (f) showS. ), (S,) , (S.) . anda as functions of

2DEG with only a single dopant layer, located at a spacinggngitydinal position: aty = 0 for the regular and the random cases,
zo = 20 nm from the conducting plane. Within the dopant respecitively.

layer, charged dopant atoms are randomly distributed, gen-
erating the Coulomb field withh component described by

— A I i

E-(p) = ezofe Zﬂ' (P=75) _—FZO] o .H(iree s the even if the dopant concentration is perfectly controlledr F
electron charges is the material permittivitys’ = (z,y)  example, the standard deviation calculation with the 2DEG
is the two-dimensional position vector, amg is the posi-  channel conditions considered here shows gt/ (1/2) ~
tion of the jth dopant. We take the dopant concentration) (10-1) for InAs-based and\ 5, / (4/2) ~ O (10-2) for
no= 25X 10+ Cme (same with Ref.L19), the permittiv- Gaas-based materials. (HeneS; means the standard devia-
ity ¢ = 15.1¢ (eo is the free space permittivity), and the tjon of the averaged component of the spin signal collected
lattice constant = 0.6058 nm2° Using the linear model 4t the drain end in the channel, among a number of different
a(p) = asoeE. (p) with aso = 110 A” for InAs 111 we samplings.)
obtain the Rashba field in the cases of regular and random Note that we have chosen [110] as the channel direction,
dopant distributions in Fig&] 4(a) ahd 4(b), respectively. where the Rashba and Dresselhaus fields are pa¥akeld

In the 2DEG channel, we also take into account the DSQhe random effect seems moderate. When analyzing other
coupling by assuming the well thicknegs= 50 A, leading  channel directions such asl[a], the obtained spin precession
to 3~ v <1€3> ~ 1.062 x 1073 eV nm. Herey = 26.9 eV Al pattern will be totally different from the regular case. t,afs
for INAs QWSs (Ref.[11) ana{kﬁ) ~ (F/w)z in the case of We 9o back to the 1D case and focus_on th_e center pat_h from
rigid walls. Assuming point injection af-polarized spins at the source end to the drain end, the dlstorthn of_ the spin pre
the left-center of the channel with transport direction@,1 €€SSion curves due to the random Rashba field is surprisingly
the spin vector formula EqLI(7) gives the spin precession patVeéak [see FigsL14(e) aiid 4(f)]. This again supports the sug-
terns, as shown in Fid 4(c) for the regular channel and Figg€Stion oleésmg 1D or quasi-1D channels for the Datta-Das
[(d) for the random channel. Clearly, the randomness of thiyansistor:
dopant distribution distorts the precession pattern, arté
is expected to lower the purity of the spin signal collected
at the drain end. This may bring another difficulty in real- IV. SUMMARY
izing the Datta-Das transistdiMoreover, such unpredictable
random distribution will eventually cause an uncertainty o In conclusion, we have derived an analytical formula to de-
the collected spin signal, for each individual 2DEG channelscribe the spin precession in nonuniform RD 2DEGs, using a




contour-integral method. The obtained results are apfpkca APPENDIX B: NONUNIFORM SPACE EVOLUTION
for 2DEG systems with position-dependents, andm*, and ALONG CURVED PATH
curved 1D wires. Numerical examples show interesting spin

precession behaviors, and also support the idea of theprece To derive Egs. [[5) and16), we refer to Figl 1 where we
sionless spin transport wiein the Rashba ring case. We denoter; 4y = 7 (wv+1) and successively apply Ed] (1) from

have also demonstrated how the spin precession pattern intge last to the first section. Taking tlith section for example,
RD 2DEG may be distorted when taking the random Rashbge have

field into account. In the viewpoint of carrying out the SFET, A ion8, /2
the random Rashba effect may distort the regular spin preds)s .z, = €*47 Y e 7% (Yo; ¢518)7, 1o 05)

cession pattern in the 2DEG channel, especially along weak o==£1
spin-orbit strength directions. Such undesired influeraze ¢ . . B (B1)
be suppressed quite well when narrowing down the channel With Ar = [ =7l ¢ = dry-r, A6 =

1D [compare FigsJ4(f) withl4(e)], supporting the pionegrin 2m3¢;Ar/h?, and¢; = \/04? + 6% + 20;3; sin (2¢;). Note
suggestions of using quasi-1D chanrief$. that the RSO strength, DSO strength, and effective mass are
ideally local: o; = a (75), B; = B(75), andm}; = m* (7).
Note also that the common phase factor outside the summa-
tion exp (ik;Ar) with k; = (k7 + k) /2 may depend not
] ] only on the positior; but also on the direction; due to the
One of the authors (M.H.L.) is grateful to Son-Hsien Chengpisotropic Fermi contour in the general RD case. However,
and Ivo Klik for valuable discussions and suggestions. Thisye will show that, as in the uniform straight case, this phase
work is_ supported by the Republic of China National Scienceyqas not contribute to the spin vect(cﬁ7>. In the following
Council Grant No. 94-2112-M-002-004. we will abbreviate the RD eigenspindp,; ¢;) to |1/%> for
simplicity.
For the full translation, we can start with the last section
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APPENDIX A: UNIFORM SPACE EVOLUTION ALONG

STRAIGHT PATH |S>§ o= 8) -
T,;ﬂ’r‘f TN—/TN+1
. . . iky Ar —ioAON /2 /) N N
To derive Eq. [(I), we use the translation ‘operator to bring =en Z € v/ <¢a |S>FN,1—>pN |7/)a > '
the ket|s). from 7 to 7y |s). . = ePTa=m)/hs) o=+1
Expandings) . interms of the RD eigenspinofg..; ¢r, ) (B2)
and denoting\r = [ — 75|, we have and successively substitute
|8) 7 i, = ePATIR (4 o b)) + e [ dri)) ) = ikno1Ar Z i AON_1/2
(A1) R !
wherecy = (¢1; ér, -7 |s) are the expansion coefficients N1 N1
(¢ is the argument angle of the vectfr Note that the elec- X <1/’a |5>fN,2_>FN,1 |7/’a > (B3a)
tron carrying momentuny is supposed to move in the di- Is) — pikn—2Ar Z o ioAIN_2/2
rection7,; — 7, so the producp - (7 — 7;) is simplified to FN—2—TN-1 ~
p |74 — 7| = pAr. Defining N o Voo
2m*( % <w” |S>'FN73_"FN—2 |1/)U > (B3b)
k. —ky =Ak= ol (A2)
where( is the composite spin-orbit strength given in Eg. (4), N —igA61/2 /1 1
we rewrite Eq.[(All) as |07, 7, = € ;1 € <w"|s>?1 [0
(905, Ly = €A ey [0g) + € BTe [yo) (B3c)
— oikAr Z e R20 by dr,_r) ,  (A3)  into the expression Ed.(B2). Then totally we have
| o=+ |S>7g;—>?f - e’iENATe’JCNflAT . eifclAr Z
with o (N) G(N=1) ..o/ ot
b= k4 ‘; k— (A4) w =0 AN /2, —ic N VAN 1 /2 | —io" AG2/2
—ia/A01/2
.7 . X — DR o o/
andAf = AkAr. Note that the common phas€®" will ¢ (oo Woornl- - ol Wirlsho
vanish when calculating expectation values. Whereag- X [thor) - [otv-2) [bgv—0)) [gm) (B4)

pends on the energy the electron spin carries while or the ) j
phase differencéd, depends only on the spin-orbit strength, Where  we  have  further abbrewated‘w-g(j)> to
the physics ofis). -, such as the spatial spin precession, |y, ). One must bear in mind that the short-

T —T

does not depend on the injection energy. hand |¢,)) actually means [¢,u); ¢;)- In Eq.



(B4), the spinor overlaps can be

(Vor]8)g (Yorr [thor) -+ (Yov—1) [P gy —2)) (Yo ) [Py —1))-

For thejth bracket, the overlap reads

<¢dnwdjmyzé(<wfwA>+amUU&0_ (B5)
In the limit of N — oo and the continuous condition,
this overlap becomeég(_j->7g(j,1) since¢; =~ ¢;_1, a; =
aj_1, and g; ~ [;_1 yield ¢; =~ ¢;_1, so that we have
<¢U(j71) |’l/]a.(j)> ~ (1 + 0'('j)0'(j_1)) /2 = 60.(;[),0.(]‘—1). There-
fore, the spinor overlaps are reduced to

(Wor|8)g (Yorr [Yor) -+ (Yov—1) [Ygv—2)) (Yo [Ygn—1))

= 0y () g(N-1)0g(N=1) (N=2) === Ogrr o1 (Por|8)( (B6)
leading to a greatly simplified expression
N
|s)gHFd = exp (z Z knAr>
" . N
«ew| -3 3803 | (s ikl Wi )
(B7)

rearranged asnto integration forms

k(¢)dr, (B8)

N
expi <Z knAr> — expi
n=1

N

> a0, -3-%

/

2
i CJ 3/m*Cdr = A0, (B9
72

c

we finally obtain

)7,

Py

ei fc k(¢)dr

xS exp (~ 26 (ai sl i)
’ (B10)

Since the prefactor does not survive when doing expectation
values (such a&')) with the above ket, it makes no difference
to expres$s)§ﬁFd as Eq.[(b).

Although we have shown that the common phases in Egs.
(A3) and [B10) arérrelevant when calculating, e.g., the spin-
vectors(S), we remind here that these phases will become
relevant once superposition of different states is involved. In
that case the prefactor induces oscillations due to irmenfe

where we have returned the notations for the RD eigenspinotsetween the superposed states, and is therefore not ixgligi

Yo i) =
spin|s); =

Vo) and|the; ¢a) =
|S>m-

|, ), and also the input

unless the inverse Fermi momentum is much larger than the

Rewriting the prefactor and the total phase system size, i.ekAr < 1.
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