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A general form of the Hamiltonian for electrons confined touaved one-dimensional (1D) channel with
spin-orbit coupling (SOC) linear in momentum is re-deriaedl is applied to a U-shaped channel. Discretizing
the derived continuous 1D Hamiltonian to a tight-bindingsien, Landauer-Keldysh formalism (LKF) for
nonequilibrium transport can be applied. Spin transparugh the U-channel based on LKF is compared
with previous quantum mechanical approaches. The role iatwre-induced geometric potential which is
previously neglected in the literature of the ring issudss aevisited. Transport regimes between nonadiabatic,
corresponding to weak SOC or sharp turn, and adiabaticegponding to strong SOC or smooth turn, is
discussed. Based on the LKF, interesting charge and spispoat properties are further revealed. For the
charge transport, the interplay between the Rashba anihéa Dresselhaus (001) SOCs leads to an additional
modulation to the local charge density in the half-ring p&the U-channel, which is shown to originate from the
angle-dependent spin-orbit potential. For the spin trarispheoretically predicted eigenstates of the Rashba
rings, Dresselhaus rings, and the persistent spin helte,stéaie numerically tested by the present quantum
transport calculation.

PACS numbers: 72.25.—b,73.63.Nm,71.70.Ej

I. INTRODUCTION dent curvature. Quantum mechanical particle motion codfine
to a surface was first discussed by Jensen, Kdppad da
F_:osta?o regardless of spin, and was later generalized to in-
clude the SOC effec When further restricted to curved pla-
nar 1D wire, da Costa has proposed a linear potential term
fue to curvaturé? which was later termed ageometric po-

Recent progress in the experimental techniques fabrica
ing semiconductor nanostructutdsms made low-dimensional
electronic transport one of the enduring focuses in coretens
matter physics. For one-dimensional (1D) systems, quantu . . . .
wires (QWSs) can be realized by growing nanowires such agentlal an(_JI is recentzly claimed to be experimentally observed
semiconductor-based nanowhiskers or carbon nanotubes. ThPhotonic crystglé. o
layered semiconductors, formation of QWs by confining the Spin transport in curved 1D wire in the presence of SOC
electron gas to a quasi-1D region is also possible in various
ways, such as V-groove quantum wells, cleaved-edge over-
growth, or atomic force microscopy (AFM) lithographfhe @) Il - (b)
latter provides an even more flexible way of designing the 54 ..
shape of the confinement, and quantum ring (QR) is one o /
the important examples.

1D transport in QWs was previously focused on the
charge propertie$. Subsequent intensive investigation on
spin-dependent transport was triggered ever since th@pabp
of the Datta-Das transistéiwhose underlying mechanism is
based on the Rashba spin-orbit coupling (SOC) due to struc
tural inversion asymmetyOn the other hand, QRs provide a
natural platform to study Aharonov-Bohm effeéh solids.
The idea of “textured” magnetic field applied on the QR
opened the study of Berry phd&sa rings, in which the adia-
batic transport plays a key role. Berry phase acquired by th
electron spin in rings was later on discus8eahd investiga-
tion of the Rashba effect in QRs was subsequently initidted,
alth?ugh the err:ployed ,,H?‘m“toni"?‘“ at that time was “inc_or'FIG. 1. (a) Schematic sketch of the tight-binding model fog U-
recF - After the_ correct ring version of the Rashba Hamil- channel. Left and right arms are labeled as regions | andedpec-
tonian was derived by Meijeet al. almost a decade latét,  tyely, both with N,, sites. Region Il is the half-ring part with,
a series of theoretical discussion over the Rashba rin@ iSSLlsites_ (b) In quantum mechanical approaches, the elegvinmpsop-
continued until recently?8 agates through the U-channel via either translation opewtthe

So far we have been reviewing planar 1D systems wher&pin propagator, which is spiritually identical to draggithe spins
the curvature either vanishes (QWs) or globally exists (QRs Py hand along a U-shaped path in two-dimension. (c) Schemati
whereas a general 1D system may include position deperfketch of the U-channel realized by AFM lithography.
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was recently discusséd?® In Ref. 23, however, only the the Hamiltonians and briefly the formalisms to be used in the
Rashba SOC was considered; in R&, both Rashba SOC transport calculations, which are reported next in 8ecNu-
and the Dresselhaus (001) linear term (arising from the bulknerical results carrying out the above listed three goads ar
inversion asymmetry of the underlying crygflwere taken reported respectively in Sedsl A, llIB, andlllC. Experi-
into account, but both Ref23and24 did not consider the ge- mental aspects regarding the fabrication of the U-charmel i
ometric potential. In ReR5, the geometric potential was con- given in SeclV. We conclude in Sed/.
sidered but the SOC includes only the Rashba term. Hence a
more complete study of the spin transport in curved 1D wires,
taking into account both Rashba and Dresselhaus terms, as 1. THEORY
well as the curvature-induced geometric potential, isresse
Regardless of the geometric potential, spin precession due In this section we will introduce the Hamiltonians to be
to SOCs along arbitrary paths was previously studied quandsed in the LKF, and review the different theoretical ap-
tum mechanically, either through the conventional traitsta  proaches for the spin transport calculation.
operatof* or a spin propagator obtained by a properly defined
spin-orbit gaugé’ Despite the fact that the electron spin is in-
deed forced to evolve through a 1D path, these spin precessio A. Hamiltonians
studie$*?” are built on a two dimensional nature—there is no
confinement. Thus how well this simple quantum mechanical In the following we first review and re-derive the general
picture can survive when a more realistic situation is abnsi form of the Hamiltonian for a continuous curved 1D system,
ered, such as a lead-conductor system subject to elecisc bi and then apply it to the 1D ring case, which is the nontrivial
is for years a question we would like to answer. part of our U-channel. We then write down its corresponding
In this paper, spin precession patterns along a curvetight-binding version of the Hamiltonian, to be used in the
1D wire based on the previous formalisms, namely, quankKF calculation. Throughout we will not explicitly discuss
tum mechanical space translation [and its approximatinghe Hamiltonian for the straight parts of the U-channel sinc
result-spin vector formula (SVFf| and spin-orbit gauge they are relatively trivial and well known.
method’ will be qualitatively and quantitatively compared
with those obtained by the more sophisticated nonequilibri
Green’s function formalisi¥ [or in ballistic systems free of 1. Continuous curved 1D systems: General form
particle-particle interaction, the Landauer-Keldyshfiatism
(LKF)2930], Meanwhile, we will re-investigate the influence  Consider the motion of electrons confined in a 1D planar
of the geometric potential in curved 1D transport. These areurvilinear wire. Electrons originally in a two-dimensain
regarded as our first goal. Whereas the SOCs in general dptane are confined to a quasi-1D channel. We will derive
pend on the momentum, electron spin traversing a curved 1Ehe one-dimensional effective Hamiltonian in the presesfce
wire encounters a varying effective magnetic field. This re-spin-orbit couplings. Under the effective-mass approxioma
sembles the textured magnetic fielhd is therefore closely in solids, the Hamiltonian for an electron in our model is
related to the issue of adiabatic transport, which is ouoiséc

goal in the present work. H = »* + Z Z Sipio? +V(r), 1)
For these purposes we consider a U-shaped 1D channel, 2m i=w,y j=z,y,2

composed of two straight QWs and a half QR in between, _ )

and theoretically inject electron spin from the source emti a Wherep = (p”,p?) is the momentum operator in two-

analyze the spin orientation along the U-channel down to théimensionyn is the effective mass, and'’s with j = z,y, »
drain end. For computational concern, the U-channel is de@'® the Pauli matrices. The second term is the general form
scretized into a finite number of lattice grid points, assket ~ 0f SOC in the Cartesian coordinate, whefg is determined
in Fig. 1(a). We label the left and right QWs of the U-channel by SOCs linear in momentum such as Rashba_or Dres_se_zlhaus
as regions | and IlI, respectively, each containiNg sites, (001) terms. Herd/(r) represents the potential confining
and the half-ring as region I1, containirg. sites. In addition ~ €lectrons to the quasi-1D channel. o
to the listed two goals, further investigation of the chaagd In order to obtain the effective Hamiltonian, we take _the
spin transport properties based on LKF will be the last goalS2Me approach as Re2fand25. Leta(q") be the parametric
For the charge transport, the interplay between the Rashtgfluation of a planar curve whe is the arc length of the
and the linear Dresselhaus (001) SOCs leads to an addition@"ve- The position of an electron in the plane can be written
modulation to the local charge density in the half-ring pdrt aS
the U-channel, and will be shown to originate from the emer- 12y 1 200 1
gence of the angle-dependent spin-orbit potential. Fogpire rla, ) =alg) +anle),
transport, theoretically predicted eigenstates of thehBas wheren(q') is the unit normal vector of(¢'). V(r) is of the
rings}# 141617 Dresselhaus rings,and the persistent spin he- form:
lix state3¥33 are numerically tested by the present quantum
transport calculation. V(g?) = 0, ¢=0 '

This paper is organized as follows. In SHcwe introduce else
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We are going to obtain the effective 1D Hamiltonian only de-curvature ofa(

pending ong'. The steps are (i) to write the Hamiltonian in
the curvilinear coordinateg andgq?, (ii) adequate transform
of wave function and (iii) to take®> — 0. After these steps,
the Hamiltonian will be separated into two independentgpart

_\/_[

q'). After the transform, we obtain

2mf5q <\/— 115(?1 \Xf)]

regardingg® andq?, respectively. Letil be an infinitesimal
distance. We have

di* = gi;dq'dg’,

whereg;;, the metric tensor, is defined by the inner product,

(9r/dq") - (Or/dq?). We can use the coordinatgs and the
metric tensog™’ to express Laplacian:

1 0

Vi = — —
(& N

)

{\/ﬁg” %} ,

ol

whereg is the determinant of;;. Once we have;;p‘o’ in

the Cartesian coordinates, we can obtain the expressibein t

coordinateg’s via the transform’s laws of tensors:
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_mZSQJ ¢, 0)o <% - %) +V(®)x. (6)

Hx = —

Renaming;! ass and deleting the terms dependentgnin
Eq. (6), we obtain the 1D effective Hamiltonian

n? o2 h?K?
Hp =902 Sm
0 ihk .
—ZhSH( ) O'a — —2 SJ_(S) ag, (7)

wheres denotes the arc length of the wire, #igdandS, are

where the primed symbols denote those in the new coordidefined by

nates. Using Egs.2f and @), we can write the Hamilto-
nian (1) in the coordinateg’s:

H _ h’z 1 11
N 2m\/_(9q V99 5)q
—zhz Sljajg 8 T

_Fﬂ[az 0

R an\/‘>aq }

—zhz Saj0? g*? 8 = V(d%), (4)

where for brevity the sighis neglected. We have usg®f =
g% = 09; in EQ. @). The first two terms and latter two of
Eg. (@) are not independent singeis a function ofg' and
q*. Given an eigenfunctiod (¢!, ¢*) of H, we haveH V¥ =
EV. Following Ref.20, we make the transform(q', ¢?) =
120 (¢4, ¢?) with f = V3 = (1 — k¢?), wherex is the

3
Sj-a=> Si(q"0)0’, (8)

<.
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The second term in Eq7) is the curvature-induced geomet-
ric potential, which was first introduced by da CaStand
was previously neglected in the literature of mesoscopig ri
transport> 517 We will later come back to investigate the role
played by this geometric potential term.

2. 1D arc with SOC: Continuous form

Below we consider the Rashba SOC in an arc. In two-
dimensional electron gas (2DEG), the intensively disadisse
Rashba SO€reads

«
HP = 200" — o), (10)
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wherea is the Rashba coupling parameter. In this cése, 3. 1D arc with SOC: Tight-binding form
are

Previously Souma and Nikolic had derived the tight-

Szz =0, binding Hamiltonian for two-dimensional rings in the pres-
Spy = __0‘7 ence of Rashba SOE Following their construction, here we

h (11) take the 1D limit, add the previously absent geometric po-
Sys = i tential term [second term in Eqs7)(or (16)] and the linear

h Dresselhaus (001) term, to obtain
Syy =0

H=(U+2ty+U,) 0" Z chen
The parametric equation for an arc can be writtelRas rp, n
wherer is the radius of the ring. The position of an electron is T
written asR.. = (r—¢*)p. Here,q' isr¢. Using the transform + Z (bnentrchents +He), (17)
law of tensors, we obtaif;; in the ' coordinates from Eq. "

(11), and thus with the hopping matrix
Si1 =0, thentr = —toUO + i[COS ¢n,n+1 (tRUz + tDUy)
g —a +sin¢n7n+1 (tRUy +tDUI)]. (18)
12 — —& »
ah (12) Herety = h%*/2ma?, a the lattice grid spacing, is the ki-
So1 = 7 netic hopping parameter? is the 2 x 2 identity matrix,
g 0 tr = «/2a,tp = /2a are the Rashba and Dresselhaus hop-
22 — Y.

ping parameters, respectively, apd,, . ; = (¢, + ¢, 41) /2
is the average azimuthal angle between sitnd siten + 1
($n41 > ¢, see Reflh). In the on-site potential term in Eq.
(17), U + 2t, responsible for energy band offset corresponds
P 5l to the atomic orbital energy in the language of empiricdlittig
Hr = —ia (—02— + —> binding band calculation. In generélcan also take into ac-
ro¢ -~ 2r count other local potentials, but here for convenience we wi
putU to zero. The additional terri, is the geometric poten-
tial and can be re-expressed in termgpés,

Using Egs. 1), (8), (9) and (L2), we obtain the confined{
in the polar coordinates,

whereo! ando? are defined by Eq.3), or in the Cartesian
coordinates,

2,2 2
ia . 9  hErT m
Hp = - (cos po® + sin pa¥) 7 Ug =~ 8m. <2—Nr> to, (19)
—i—a (cos po¥ — sin po™) , (13)  where relations; = 1/r andN,a = 7r are used. Note that
2r the U, term will be later considered only in the LKF, but not

which is in agreement with the terms given by Meiigrml 1t Other quantum mechanical approaches.

The linear Dresselhaus (001) term, in 2DEG expressed

2634
B. Spintransport formalisms

2D __ g Y Y T T
o = h( ol =ptat), (14) Below we briefly review a set of different formalisms to
be used to study the charge and spin transport in the U-

can be derived similarly for the arc, but can be written downchannel, we will first introduce the tight-binding-basedf.K
even more conveniently by replacing frokz with o — (Sec.llB1), for which the U-channel is precisely described

B,0% = o¥,0% = o™ by Fig. 1(a). That is, a ferromagnetic lead is attached to the
i3 9 left end of the U-channel, while the right lead is made of nor-
Hp = —— (cos ¢pa¥ + sin po™) R mal metal; a bias potential difference is applied between th
r ¢ leads so that electrical spin injection from the left leaelthe-
i3 ) . : -
—L (cos po® — sin ¢a?) . (15) oretically simulated. Contrary to the sophisticated LK€ t
2r guantum-mechanics-based translation (8é22), as well as

Thus the 1D Hamiltonian in an arc in the presence of RashbiS aPProximating form-spin vector formula (S#a 3), and
and linear Dresselhaus (001) SOCs reads the spin-orbit gauge method (S8 4) are schematically de-
scribed by Figl(b). That is, we simply assume an ideal spin

B2 92 h2k2 injected at the left end of the channel, drag the spin through
= o B & + Hso, (16) a U-shaped path using either space translation operator or a
more elegant spin-orbit gauge operator, and then see how the
where?, is given in Egs. 13) and (L5). spin direction changes along the path.
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and[X;, r (E)] is the self-energy matrix of the left/right lead.
The lesser Green function matrix is then obtained via the ki-

The key role in the LKF is played by the lesser Green'snetic equation

function, which requires (i) tight-binding Hamiltoniand(ii)
lead self-energy. For (i), the Hamiltonian matrix for thdfha
ring part has been introduced in SHA 3. That for the arm
parts (regions | and Ill) can be straightforwardly constiedc
from the first-quantized Hamiltonians Eq40f and (L 4) and

will not be repeated here. The size of the full Hamiltonian

matrix [H] amounts toN x N, whereN = 2N,, + N, is
the total number of sites. Each matrix element i8 a 2
matrix because we are considering séirsystems. For (ii),

we consider semi-infinite discrete leads and summarize the

self-energy expression as follows.

Consider a ferromagnetic  semi-infinite
with uniform magnetization pointing alongeys
(sinfps cos ¢y, sin@py sin @y, cosOay). Extending the
nonmagnetic and continuous case from R&§.to a ferro-
magnetic and discrete one, we obtain

chain

Su (E) = t2gn; (B)
gf (B) =" g% (E — o) |osen)(osend, 20
o=+

(G=(B)] = [G*(B)] [2<(B)] [G*(B)].,  (21)
where [G* (E)] is the advanced Green function matrix ob-

tained by the hermitian conjugate p&” (E)| and the lesser
self-energy matrix is given by

Z<®)] == Y {2 (E-eV,)] -5, (B eV}
p=L,R

XfO (E —6‘/20),

where f is the Fermi functiongV,, is the electric potential
energy applied on leag. In our numerical computation we
will put eV, = +eVp/2 andeVy = —eV}/2 for a potential
energy difference af}), a bias parameter that is taken as pos-
itive (while the electron charge= — |¢| is negative), so that
the electrons are injected from the left lead. In additior, w
will consider zero temperature limit so that the Fermi fumct
becomes step-like and will strictly cut the energy inteigrat
range [see Eqs2@) and @3) below].

Desired physical quantities can then be extracted from
the lesser Green function EQR1) through properly defined

wheret. is the coupling strength between the lead and they,yressiond? In this paper our main interest lies on the local

central transport channel (and will be set equaly ¢,/ is
the Zeeman splitting energy, the eigenketsare

e "M cog —

lo =+;en) = 0y
sin —
2
, 0
6_1¢M Sln—M
|0':—;GM>: 9]% )
— COS T

and the retarded surface Green'’s function reads

Ripy - L [A-iVIZER Al <2
g T2y |A—sgn AVAT 4, |A|>2
A BV 42ty

3

tq

wheret, is the kinetic hopping parameter in the lead and

will be again set equal tg, in the later computation. The
self-energy function Eq.20) is the only nonvanishing ma-
trix element of the full self-energy matricefZ;, (E)|,, and
[(Xr(E)]yy- Forour U-channel here, we will consider for
the left leadty; = 0.1ty to inject spins while for the right lead
tar = 0 to let the spins outflow freely.

With both the tight-binding Hamiltonian and lead self-

energy matrix constructed, one can construct the spacé&

resolved retarded Green function matrix
[G*(B)] ={E[1] - [H] - [ZL (B)] - [Er (E)]} ",

where[I] is the2N x 2N identity matrix,[H] is the space-
resolved tight-binding Hamiltonian matrix for the U-chahn

charge density,

e EF+€V0/2
e(N,) = — / dETr, [GS(BE)] . (22)
27TZ EF7€V0/2 nn
and the local spin density,
) h/z Erp+eVy/2 )
(siy = M2 / dETr, {0 [G<(E)] }.(23)
27T7/ EF7€V0/2 nn
1 =2,Y, %

whereEr is the Fermi level that will be set t@2¢, above the
band bottom|[G< (E)],,,, is thenth diagonal matrix element
of the entire[G= (£)] matrix and is & x 2 matrix, andTr,

is the trace done with respect to spin. The subscriptin tte le
hand sides of both Eq22) and @3) stand for thenth site of
the U-channel.

2. Quantum mechanical translation method

In the following we briefly review an earlier work done by
some of ug? a theoretical method based on quantum mechan-
ics to analyze spin precession along an arbitrary path.

An electron spin injected at; is described by a state ket
|so; o), where s, labels the spin orientation, and is later
volved to another state keés;r) at positionr, through
the translation operatof (p) = exp[ip/h- (r — ro)], i.€.,
Is;r) = T (p)so;ro). In two-dimensional boundless sys-
tems with Rashba and linear Dresselhaus (001) SOCs [Eqgs.
(10) and (4)], the eigenstatels:; ¢,,) are well known (see, for
example, also ReR4) and can serve as a convenient basis to
expand the spin state ket;, is the propagation angle of wave
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vectorsk . Hence expandingg; ro) in terms of|+; ¢,.) we 3. Spin vector formula
can proceed by usin(p) [+; ¢;) = f (hk+) [£; ¢y):
Is;t) = T (p) |so; To) A further approximating step done in R&¥4 was to take

the continuous limit (see the Appendix therein), so thaheac
section approaches to infinitesimal. After successiveitein

_ _ imal translations from injection point, to a certain desired
= elhar Z 78250 0, ) (o: o lsoiTo), (24)  positionr, the spinor overlaps carried by the final state ket

= el (rmro) Z |o; $1.) (0 dr.[S05 T0)
o=%

o=+ was approximated as
W|th ]; = (k+ + k_)/2,A9 = AkAT = (k+ ik_)A’l",
and Ar = |r —rg|. The global phase involving will be (o1loo)(oalor) - (ojy1los) - (on|on-1)
; ; ; ; : (25)
canceled in calculating expectation value while the phése d ~ (01]00)00s01 ** Voy10, oo 1s

ference involvingAk = —2m(/h? with ¢ given later in
Eq. 29 plays a key role in spin precession. For successive
nearest neighbor hoppings in Fit{a), we simply apply Eq. Where|ao) = [so; o) is the input,|o;) is the shorthand for
(24) for every step and then calculate the expectation valué;; ¢7), ¢7. being the propagation angle of théh section,
for Pauli matrices to obtain the spin direction on each siteand N — oo is the number of infinitesimal straight transla-
(S) = (h/2)() = (h/2)(s;r|(0x, 04y, 04)|s; 1), Starting with  tions fromr, tor. A closed form of the state ket generalized
the assumed injected spin at the first site in contact with thérom Eq. @4) can thus be obtained. Using the generalized

left lead. state ket one obtains the spin vector formula,
AB ABO
— cos 0y cos @ sin AO + sin Oy | cos (@), — @) + ¢y cos? —5 —cos (o + 0 — dur) sin? —~
h
=_ ABO AO
(S) 2 | —cosOsing, sin A© + sinfy |sin (¢, — @ + Ppr) cos? - sin (¢, + ¢ — dar) sin? —~ .+ (26)

cos 0y cos AO + sin 0 cos (302 - qSM) sin A©

with (28 and Q9 A® = 2(tr/to)(s/a). Putting these together

o = argl(cccos dy — Bsindy) +i(arsindy — Beosdy). with (0ar, ps) = (7/2,0) into Eq. 26) we have

(27) B sin ¢,
2 <S>|R,s, m =5 | —cos op | - (31)
A6 = / Cds, 28) 0
- Je
and In the presence of only the linear Dresselhaus (001) SOC,
we havey) = —m ¢, = —¢,(s) — n/2, and A® =
¢ = \/a2 + 6% — 20Bsin 24, (s). (29)  2(tn/to)(s/a). Equation g6) then reduces to
: : AO sin ¢
The angley!, in Eq. (26) stands forp,, (¢}) with ¢}, the prop- B €98 k
agation direction of the inpuso; ro). (S)p,5einj = 5 | ©® AG X)(i)% (32)
For the present U-channel, the transport direction as a func e

tion of position coordinate can be written as Despite the elegant description of these spin vector formu-

/2 se0,L] las, a crucial approximation of the spinor overlaps that has
’ s— I ’ been made in Eq26) deserves a further discussion before we
Op(s) =% 7m/2—7 , s€[L,L+mnr] , (30)  move on. Take one pair of the overlap, say, betwgarand
—7/2, o s € [L+ 7, 2L + 7] (j + 1)th for example. Recall the eigenspinors in the presence

of both Rashba and linear Dresselhaus (001) S&Cs,
L being the length of each arm;runs from0 to 2L + «r.

In the following we give two concrete examples to show o)) = 1 (ie_wjk ) : (33)
the convenience of Eq26), one for pure Rashba case and ' V2 oy

the other for pure Dresselhaus, both wif spin injection: _ _

(Onr,dpy) = (/2,0). wherey] = ¢,.(¢7) is given in Eq. 7). When the two sec-

In the presence of only the Rashba SOC, we have from Edions point along the same direction, i.é{, = ¢§;“, the or-
(27 ¢) = ¢, (s=0) = 7/2, ¢, = ¢ (s), and from Egs. thogonality becomes exactrj+1]o;) = § regardless

Tj4+10;41
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of the type of the SOCs in the straight 1D structure. Oth-reduces td/S° (r) PUSC(r)’ = P—¢/cASC, rendering the
erwise, the orthogonal approximation always containsrerro following transformation,

For pure Rashba case, the overlap using B8) {p to first-
orderinAg, reads(o;1]0;) = (¢!#t ~9 +0,,10,)/2 =

L{SO (I‘) Hfreeuso (I‘)T — %RD, (39)

0o, 110; T 1A¢,/2+ -+, which indicates that the major er- patveen the two systen®,?P and#™e. Accordingly, when

ror term accumulating upon “turning” along the curved 1D

structure is proportional to the change of the anfyle, =

qsg;“ — ¢?§ and is therefore still moderate. In the presence o

only the linear Dresselhaus term, the situation is similar.

the presence of both SOC terms, however, the error accumy-

lated becomes drastic, which we will show numerically later

4. Spin-orbit gauge method

The spin propagator can be obtained with the help of spiny, 2/7D g b

orbit gaug€’ Noting that the highest order in momentum
P = poY in the Hamiltonian of a 2DEG with Rashba and
Dresselhaus SOCs (both linearghis quadratic one can de-
fine the spin-orbit gauge,

SO— :%
A0 = (4,,4,) =

to express the 2DEG Hamiltonian,

(aoy + Boy, —ao, — Boy), (34)

P2
HRD - % +’H%§D +H2DD
_ 1 € rs0)? 0
S
with the constant background potentialV, =

(m/h?) (a? + B%); recall thato® is the 2 x 2 identity
matrix. Consider now the transformation operator,

ie
he (ASO . r)} ’

US®(r) = exp [— (36)

with the unitary property/S° (r) 4S°(r)" = &9 ensured by
the hermitianASC = AS©T from the definition 84) andr be-

lr| ~ 0 ore(ch) ' ASO.r <« 1 is satisfied, the free elec-
tron gas#™¢, Eq. @7), and the SO-interacting electron gas

RO Eg. 35), share the same eigenenergiBg. Their

corresponding eigenfunctions, denoted by, (r)x™ee and
1, (r)xSO, respectively, differ from each other only by a
phase factor, the x 2 matrix/S° (r), namely,¥ g, (r)x°
Vg, (r)USO(r) X Here, is the spin part of the wave
function. Moreover, any wave function is constructed by a
superposition of the eigenfunctions, so for any given wave
function(r)x™e in e, the corresponding wave function
(1)U (r) xTee,

The correspondence, originated from the gauge transfor-
mation @9), between#{ ¢ and #%P systems, allows one
to construct the spin propagator f&*?; to elaborate this,
consider an injected electron in systeii®® described by
Vinj (T) Xinj = [Zk _C’kq/)Ek(r)]ij with the initial spin state
Xinj @nd the weighting factaf’x. Without any spin-dependent
mechanisms, this electron remains at spin stgjewhile im-

porting AS© turns on/5° (r) so that the electron wave func-
tion in the SO-interacting systef*” can be expressed by
the gauge transformation in the form,

u=° (r) 7/’inj (r) Xinj = Z Ckﬂ’Ek (r) Uus° (r) Xinj- (40)
k

As a result, the spin polarization of the electron in sys-
tem# P varies spatially according @°° (r) x;,;, and thus
USC (r) can be viewed as a spin propagator.

For general applications based on the gauge transformation
assume an electron moving along an arbitrarily curveddraje
tory denoted as path starting from one spatial point to the
other. Divide this path intdV pieces. Label the divided pieces
(paths) by path, path2, - - -, path N, sequentially (i.e., path

ing the position vector of the electron displacement. Sincd + 1 follows pathi) and letr; denote the position vector of

the spin-orbit-interacting Hamiltoniar8%) differs from the

Hamiltonian of the free electron gas (with a background po£NOUghi to havee (ch)

tentialV;,),

P2
Hfree - - _ %00, (37)

2m
only by the gauge terne/c)ASC in P, the following trans-
formation is therefore suggested,

US° (r) PUSO (1) = P+;—e [ASO. 1, P]
C

(

with [ASC . r, P] = ihASC. Due to the non-commutability
[A39, AS9] # 0, the terms containing higher orders|ef, in
general, do not vanish, while in the small displacementtlimi
Ir| ~ 0 in which one has: (ch) ' AS°.r < 1, Eq. 38)

Ll
2

ie

2
hc) [ASC. ¢, [ASC.r,P]] +---, (38)

the displacement for thi¢h path. One can always choose large
1 ASO. 1, <« 1 such that Eq.36)
can be approximately interpreted as a propagator for each
The spin propagator along an arbitrary pathen reads,

U (r) = USC () U (rn—1) -+ - USO (r2) USO (1),
(41)
which can be concisely written as,

/Aso-dr),

whereP is the path-ordering operator that orders the operator
USC (r;) with earlier passing path; to the right of the later
USO (r;41) such thaP exp|(ie/hc) fpathi+l<—pathi ASO.dr] =
USO (ri+1 ) USO (I‘l)

Obviously, if both theth and(i 4 1)th paths form a straight
line, then one has

Uuse (riy1+15) = us®

ie

he (42)

USC(r) = Pexp (

(rip1) U (x;) (43)
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simply because only one dimension (componeniA8f will These curves further fit with those by LKF all quite well, ex-
be used, and thus the commutators appeared in the higher aept the oscillating tails that appear in the LKF resultseSéh
der terms of Eqg.38) vanish. In other words, if the electron oscillations result from the nonequilibrium accumulatioin
moves along a straight line, i.e., patfs not curved, we have the electron number that cannot be taken into account in the
USO (r) = USO(r), namely, Eq.42) reduces to Eq.36). quantum mechanical approaches. With low bias the electrons
To study the spin evolution through the U-channel in thebehave like waves (as shown in the charge density curves in
continuougdimit, one can usé/S° (r) for parts | and Ill while  the bottom panels of Fig), which is the assumption in the
Eqg. @42) for part Il. In order to be consistent with thidis-  quantum mechanical approaches. The spin density curves by
cretetight-binding model shown in Fidl(a) adopted in LKF, translation/spin-orbit gauge method match to those by LKF
however, we will successively app¥®© (r) for each nearest with low bias perfectly (not shown).
neighbor hopping. For the curves from spin vector formulas, we use Bq) (
for the Rashba case of Fig(a), Eq. 82) for the Dresselhaus
case of Fig2(c), and Eq. 26) for the mixed case of Fi®(b).
I11. TRANSPORT ANALYSIS In region | of all the three cases, the SVF curves match with
the others all perfectly since in that region the orthogityal

Having reviewed the theoretical formalisms, we are nowapproximation Eq.Z9) is in fact exact. Once the electron
in a position to carry out our three goals of this work. In enters region Il, the error contained in EG5) for the SVF
Sec.lll A, we compare the spin precession patterns calculategurves starts to accumulate. The error is still moderatégys. F
by quantum mechanical approaches with those by Landaue#() and (c), but becomes drastic in the mixed case ofXip.
Keldysh formalism, or nowadays generally termed as quanas we have remarked previously in SB& 3.
tum transport. Meanwhile, we will examine the role played Comparing the low-bias charge densities in all the three
by the curvature-induced geometric potential based on LKFcases, one can see that an additional modulation appears
We proceed in Sedll B with a detailed discussion for adi- in region Il when both SOCs are present [bottom panel of
abatic and nonadiabatic transport regimes and connect th#b)]. This charge density modulation stems from the angle-
present work with previous ones. In SétC we discuss the dependent spin-orbit potential, and will be explained itade
anisotropic charge transport due to the interplay betwken t laterin Seclll C 1.

Rashba and Dresselhaus SOCs, and spin precession in speciaBefore leaving for the stronger geometric potential cage, w

cases, which is equivalent to numerically test the eigéasta give a further discussion over the Rashba channel: Ka).

of Rashba rings, Dresselhaus rings, and the persistenigpin SinceS” is one of the Rashba eigenstates in region I, the in-

lix state. jected spin perfectly remains its spin direction until tradfh
ring section is reached. Since then nonvanishtg compo-
nent is induced in the curves from LKF and translation/spin-

A. Quantum mechanical approachesvs. quantum transport orbit gauge method since the eigenstates of the Rashba ring
are no longer inplan&* The spin direction described by the
1. Weak geometric potential SVF, on the other hand, remains inplane and perpendicular to

the transport, since after the orthogonal approximatian [E
Recall the geometric potentiél, expressed in terms of (29)] the coplanar nprmal of a contlnuousulD channel is still
concluded as the eigenstate. Hence the “generalized preces

in Eg. 19). From the tight-binding Hamiltoniarl{), one can ) . . .
see that whethdV,, is sensible by the electrons depends on its.Slonless transportin the curved 1D Rashba channel prsdict

" o : - in Ref. 24 may not work well. TheS* spin entering the half-
Sv?trr?paeﬁ[?:ﬂamghelﬂﬁitmerg! %%n(:/ivg;gﬁg'g (TreNWQe 4t)7eg>:]<|n ring region, in fact, starts to precess about the tiltedrestge
r ) gl =~ .

_ o L : o fthe Rashba ring with spin precession length [given later
10~*to, which is hardly competitive witRt,, and N,, = 30. 0 . . ;

In Fig. 2 we report the local spin densities by LKF under in EQ. @5)], which _matches exactly th_e perlod _showr(ﬂi‘lz)
a high bias ofVj, — 0.4, spin components by spin vector of Fig. 2(a). We will come back to this tilted eigenstate later

formula, translation method, and spin-orbit gauge metfad, in SeclliC2.

pure Rashba case witlky = 0.1¢¢ in column (a), pure Dres-

selhaus case witt, = 0.1¢¢ in column (c), and a mixed case . _

with (tr,tp) = (0.1,0.03)t, in column (b). At the bottom of 2. Strong geometric potential

each column, the local charge density obtained by LKF with

both high bias 0éV; = 0.4¢, and low bias oV, = 103t is Next we consider a U-channel witki, = 10 and the same

also reported. At the top of each column, the spatially indage V,,. The geometric potential for suchg. is |U, | = 0.025¢,

spin vectors are from the LKF results. Note that the LKF-which is no longer negligible for the electrons. We keep the

based spin densiti€s’ ) given by Eq. 23) have been normal- same figure orientation as Fig. The only information added

ized by requirind(S,,—1)| = /2, while the spin components in Fig. 3 is the spin components computed by LKF with low

obtained by the quantum mechanical methods are inherentlyias.

of unit norm due to the normalized state kets. The spin curves by translation and spin-orbit gauge meth-
Clearly in Fig.2 all the spin curves obtained by translation ods are again identical to each other, and match well with the

and by spin-orbit gauge methods are identical to each otheLKF curves with high bias. SVF curves this time become



|

l—low eV |

Coordinate s Coordinate s Coordinate s

FIG. 2. (Online color) Spatially resolved spin componeimsufits of #/2) calculated by LKF, translation method (Tran), spin-odauge
(SOG) method, and spin vector formula (SVF) in a U-channéh\iN.,, N.) = (30, 50) under a strong bias ofl, = 0.4t and SOC
strengths of (ajtr, tp) = (0.1, 0)to, (b) (tr,tp) = (0.1,0.03)¢0, and (c)(tr, tp) = (0,0.1)to. The local charge density obtained by LKF
for high bias ofeVy = 0.4t and low bias okV, = 10~ are shown in the bottom panels. Spin vectors in the top stdbplte based on the
high bias LKF results.

rather poor after entering the half-ring region since tithee  bias regime, where a larger range of contributing states are
change in the directio¢, upon every hopping is no longer integrated, the reversal does not show.
small, and the spinor overlap approximati@b) hardly ap-

plies. The huge difference due to the stronggrshown in Fig.3

is hence only a special case: the reflection offihevell and

For the spin curves by LKF with low bias, the effect of the the length matching happen to make the opposite spin state
geometric potential/, can now be seen. The injected spin favored upon injection. Here we conclude that the role playe
previously parallel to the internal magnetic field direnté,, by the geometric potential is merely a rather weak potential
is here reversed due to the reflection off thepotential well  well that can be possibly sensed by the electrons when the
and a certain matching condition between the Fermi wavebending of the 1D structure is severe, and that evérifs
length and the arm length within region I. Either shifting sensed, it serves simply as a potential well, which becomes
the Fermi energyr, changing the lengtli, or putting dif-  crucial only in the linear transport regime with certaintjgar
ferent SOC energies [such as F3gb)] will make the reversal ular matching condition between the Fermi wavelength and
of the spin direction disappear. This is also why in the gjron the channel size.
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FIG. 3. (Color online) Similar with Fig2 but N, = 10. Spin densities by LKF are shown for both low and high biasthintop subplots,
black/red (gray) vectors correspond to high/low bias LKEglation.

Apart from the spin behavior, the potential well nature of eigenstate throughout the U-channel; see &g). Certainly
the U, can be clearly identified by comparing the low-bias the key lies on the half-ring part, where the larger the numbe
charge density curves shown in the bottom panels of Ags. N, is, the easier the spin can follow the eigenstate, but the
and 3. In the previous weak/, case, the electron density strength of the SOC is also an important fadfor.
distributes like a standing wave from the source to the drain To make quantitative investigation, we first define the fol-
ends, while in the present strobgy case the electron wave is lowing spin flip ratio,
disturbed by the central geometric potential well in the-hal

ring part. I ( St - Sr ) ISr|
= Zcos !t (2L 2R ) PRE 009, (44
=z Scl[8n] ) 8] <100 44

whereS; andSy are the average spin direction of the left and

right arm, respectively, computed by the LKF. In the case of

Rashba U-channel wit* injection, the spin is flipped from
Comparing further the previous two U-channels, one cant+S® to —S* when reaching the right arm, if the local eigen-

see from the Rashba cases that the spin initially injectedat state is strictly followed. Thus the definition of E¢4f help

of the Rashba wire eigenstates may or may not follow the localis quantify how well the local eigenstate is followed: wlesgth

B. Adiabatic and nonadiabatic transport regimes
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- ad FIG. 5. (Color online) Spin flip ratigf, defined in Eq. 44) as a
= 25 -05 function oftz and N, free oftp. The white dashed line given by
Qr = 1 divides the transport into nonadiabatic (left-bottom) and
oled — _ _ M _ L _ _ VANV ) adiabatic (right-top) regimes. Horizontal dashed lineegponds to
J.— LKF (iow eV) l[ﬂi'ﬂ:lﬂ gg:z;?;batic limit Fig. 4(b).
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make the plot forf,. as a function of . and N, in Fig. 5. The

f pattern is clearly divided into two regimes that can be per-
fectly described by th€) r = 1 curve, which was inspired
from Ref.13. The adiabatic condition was previously argued
as'1% Q > 1 whereQ = Qg + Qg includes the contribution
from external magnetic field and the Rashba field. In our anal-
ysis no external magnetic field is applied, and the adiabatic

a change in direction or a shrink in the magnitude reducegOndltlon reads)r >>.1' The def|n|t|o_n OfQR frpm Ref.13
the spin flip ratio. Note that Eq44) is also valid for pure Is here re-expressed in terms of our tight-binding pararaete
Dresselhaus U-channels, provided that the injected sgitcha
be oriented along-y, due to thel80° turn of the U-channel.
That is, as long as the spin transport is enough adiabaéc, th =~ = ] ) ]
injected spin is able to follow the local eigenstate so that t Which implies that the increase of eithaf. or ¢ brings the
spin is flipped after passing through the half-ring region. transport regime to adiabatic. _Therefo_re th_e criteriort tha
Let us first fix the Rashba SOC strengthtas = 0.1, Qr > 1preserves thetransportm the _adlabanc regime s well
but change the half-ring from small radius to larger ones, ag&gdréed. Furthermore, by comparing with E4p)(the meaning
shown in Fig.4(b), where a clear jump at abod, = 16is  Of @r given by Eq. 46) is transparentQr = N,/ (Lso/a),
observed. WithinV, < 16 the spin flip ratio is nearly zero, -6 the number of precession half-periods that the spn ca
showing that the spin can hardly follow the local spin eigen-cOMPplete within the half-ring. Hence the conditigh; = 1
state when entering the half-ring region. At right side af th from our notation corresponds_exactly to _the arc length ef th
jump, . increases to 100% and then exhibits a resonance-likB&l-ring that matches one spin precession lengfh The
oscillation below the maximum value, in close analogy withMathematical criterion for adiabatic transport, withinigth
Ref. 23 and similar to some of the results reported in R, the electron spins are able to follow the local field, meaas th
The oscillation period of abow2 corresponds to a distance the eléctron spins have to be able to complete at least aa ang|
for the spin to complete ar of precession angle under the Of 7 Of precession within the half-ring. One might attempt to
Rashba SOC, i.e., two times the spin precession le¥gth, extend this interpretation to an arbltrary_ expan_dlng amdle
an arc, such as the curvilinear QW considered in R&fbut
further examination is left here as a possible extendinckwor
Finally, we compare our result with Re23, which is
shortly reviewed in the following. Trushiat al. previously
Here we haveL,,/a = 107. This oscillation period can be considered also a U-shaped 1D channel with Rashba SOC
well described by Re23, which we will discuss later. and solved the transmission problem by matching the bound-
The jump of f,. and the wavelength of the resonance-likeary conditions® A spin polarization was defined a8 =
oscillation depends on the SOC strength. Hence we nextvaryj* — j7)/(jT + 77), where;* is the probability current
both Rashba strength and the site number of the half-rirdfy, anof the 4+ eigenspin components. Polarized wave occupying

FIG. 4. (Color online) (a) Top view of the spin density vestshown
in Figs.2(a) and3(a) with high bias. (b) Spin flip ratig.- as a func-
tion of N, with (¢tr,tp) = (0.1,0)to and the output spin polariza-
tion based on ReR3; the nonadiabatic curve is given by E¢7J.

_ 2tg
_7Tt0

QR Nra (46)

(45)
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the + Rashba eigenstate was assumed as the incoming ste
so thatP;, = 1 and the spin polarization for the outgoing

wave P,,; is the main quantity of interest. If the injected spin

remains at its local eigenstatg,,,, = 1 is expected, which

Il
_

|
U|®

tr _ 3
is the adiabatic limit. Oppositely, strongly nonadiabéititt ip — 5 ;
leads to a simplified expressith , =3 U channel
) z_g =0 ;VSD model
Pout = cos (WQR V1t QI_%Q) ; (47) Coordinate s Coordinate s
which has been translated to our tight-binding language. Af(b) k § ! § 1 LR
shown in Fig.4(b), the oscillation matches with our result; +eVo/2
the curve in the lowV,. region (2 g small) match particularly 0
well. For largerQr, Eq. @7) approaches toos(mQr) with 15 —eVp/2
the oscillation periodAQr = 2 = AN, /(L,/a), which +eVo/2
well describes the period AN, = 2L,,/a in Fig. 4(b),
in agreement with our previous discussion. For gen@ra/ —eVo/2
P, can be computed following their results and is plotted ~(%+ %) —(t3, +12) — U,
also in Fig.4(b) (withtr = 0.1ty and Er = 0.2t(). Overall, +eVo/2 '
the oscillation behavior in both the nonadiabatic and ganer
cases from ReR3 agrees with our result. PN —eVo/2
In the above discussion, we have injec&dspin, which is B —(th +1h) — U]
the eigenstate of the Rashba wire. The fact that the eigessta @~ [ —VU SN AT BT R

in the ring differ with those in the wire by a tilt angle is the
origin that a spin starting witls* in the U-channel can never
perfectly follow the local eigenstate in the half-ring pa £ g (a) Formation of the charge density modulation in a
principle, when the spin direction happens to match with the,, n,) = (50,100) U-channel witheVy = 10~ 3¢, tp fixed
ring eigenstate when the electron is just aboutto enteiige r - at0.02t,, andt varied from0 to ¢. (b) 1D Schrodinger problem
the local ring eigenstate can then be well followed. In thefor a 1D linear chain subject to the spin-orbit potential @lodrhe
following section, we will show that these special cases ddop, middle, and bottom panels account for the zero SOClesipge
exist, provided that the length and the orientation angle of of SOC, and mixed type of SOCs, respectively. Parametetshese
the injected spin are precisely designed. are identical to the U-channel shown in (a). In addition wioas I,
11, and Il that correspond to those in the U-channel, the(lef and
right (R) leads are also labeled. (c) Local charge dersity) for the
U-channel and the electron correlation functi6fi o |4 (s)|? for
the linear chain, both considering = tp = 0.02to. Calculations
here in (a)—(c) are all witl'r = 0.2t¢.

The last goal to be carried out here is to reveal some of
the interesting transport properties, regarding bothg#hand

Coordinate

C. Moreon chargeand spin transport

spin, based on quantum transport calculations. wave vector agr = (ky + k_) /2, we have
2
1. Charge density modulation: Emergence of spin-orbit piiaé kra = & + (ts_o) (48)
to to )’

As previously remarked in Setdl A1 [or specifically the
bottom panel of Fig2(b)], an additional modulation to the
low-bias charge density in the half-ring region appearsrwhe ¢ 2 2 B
both terms of SOCs are present. In Féga), we show the tso (01) = 5o = \/tR +th = 2gtpsin2gy.  (49)
formation of this charge density modulation i, N,) = . _

(50,100) U-channel by fixing p = 0.02t, and varying from  The fact that the Fermi wavelengty = 27 /kp is forced

th = 0totg = tp, with eVy = 1073t, and Er =  (Whentgtp # 0)to be modulated upon changing propagation
0.2t,. Clearly, the modulation appears only whest, # 0, — angleg,, can be mapped tolamear 1D chainwith position-
and reaches its maximum when both SOCs are of the sanfiependent local potential. Defining

strength. This modulation was similarly obtained in a récen

where

study of the anisotropic spin transport in mesoscopic ifigs Vso <ts_o>2 (50)
but the origin there was not clear. In the following we pro- to to )’

vide a simple quantum mechanical picture to account for this

modulation. Eq. @8) then readsra = /(Er — Vi) /to, as if the elec-

Recall the anisotropic spin splitting, EQ®9). By solving  tronis propagating in a 1D linear system subject to a paénti
for ky from Ep = h?k% /2m + (ks and defining the Fermi V., i.e., the electron is governed by? /2m + Vi) ¥ = E1p.



This interpretation is exact whé,, is a constant potential; (@) tr #0,tp =0 (b)tr=0,ip#0 (c)tr=1p
whenV, is position-dependent but weak compared-ip, = S = z —
the argument is still a good approximation. §u § - Z
E Z A 4
We therefore consider a 1D linear chain subject to, togethe = § 1 gf
with the geometric potential, the full local potential, =z, | N = ‘ =
|

Vio (+7/2), s€]0,L]
U(s) =13 Vso(¢,) + Uy, se€[L,L+7r , (51)
Veo (—=7/2), s € |[L+ar,2L + nr]

i=x

—izy

—i=z

Coordinate s Coordinate s Coordinate s

whereg,, as a function of is taken identical to Eq.30). The

1D Schrodinger problem subject to the potentidk) given ~ FIG. 7. (Color online) Spin precession in(&/,,, Ny) = (50,50)

oy =4 0. (120t 2m0rt+ U] (o) = Py canbe e wh @)~ (i e 0 te] 2

E‘E?g;ﬁ?)”ey e(::srﬂyl?irosli)/(ren debC:/uteh;Och:nltr:rer? l::ggssgglg?o(ﬁ)n’alis spin is oriented in (a) as the Rashba ring eigenstateﬂzw,.iﬁ (b) as

. . The Dresselhaus ring eigenstate Exf)( and in (c) as the persistent

introduced in Seq.l B1 atan even lower cost. The Iead. self- spin helix eigenstate Ec57). Note that in the imaging of the space-

energy Eq.20) with ¢y, = 0 is taken for both left and right  yesolved spin vectors, only half of the vectors are drawrriteofor

leads (with potentiak-eVy/2 and —eVy /2, respectively) to  clarity.

simulate the incoming and outgoing waves. The squared norm

of the wave function in such an equilibrium problem corre-

sponds to the electron correlation functioi (F) (equiv- 2. Spin precession in special cases

alent to —iG<) that can be obtained fronf, (E) A (E).%

The Fermi functior, will be taken as unity, concerning the In this subsection we discuss spin precessions in three spe-

presently assumed_ Zero temperatl]J%re, gnd the spgctral fun&hl cases. In the first two cases, only one type of SOC is

B oo A COTSSrd, an e e he spin rened 25 he heoret.
X . ) . SR cally predicted eigenstate for thiag (which is different from

ear chain, respectively; the broadening function is givgn b those for the wire), and adjust, or £, such that the length

I =¥ - ETL_)' Note that we have turned off the con- ; oqa1s exactly to two times the spin precession lerigth

tribution of the right lead to the broadening function to sup 1 injected spin arriving at the half ring returns exactly t

press the inflow of the particles from the right leads. This isy,q eigenspin direction, such that the previously deriitetit

equivalent to set the wave function in the outgoing region a%igenstate, e.g., the eigenspinor for clockwise-projiagat

) (5)|SZL+M o et which is a usual assumption taken in eigenspinor in Rashba ring from RaB,

most quantum physics textbooks.

The potential profild/ (s) together withG™ o< [¢) (s)” is Y, (¢) = < S (Vr/2) > - ( i(;os.[(ﬂ — )/ ) :
plotted in Fig.6(b) for the three situations: zero SOC, sin- €' cos (Yr/2) e sin[(m —vg)/2|

gle type of SOC, and mixed type of the two SOCs. The last . . ) 52
case clearly resembles the charge density modulation in thith the tilt angley, = tan™" Qr, can be numerically ex-

U-channel withtgtp # 0, and the present spin-orbit poten- amingd. Note that her@ is the azimuthal angle in the polar
tial model seems to work well. Thus the modulation of thecoordinate ¢ = 0 defined along+x axis), rather than the
electron density profile simply reflects the position-defeert ~ Propagation angle,..

spin-orbit potential Eq.50) that is usually small compared to 10 &ccount for the two extreme cases of pure Rashba and
Er. Indeed, in Figh(c) we further compare the local charge Pure Dresselhaus using one single formula, we write the
density (eN) in the U-channel with the electron correlation CloCkwise-propagating eigenspinor as

functionG™ in the linear chain. The difference between them

is only up to a tiny phase shift. Detailed parameters useel her Xi_ (¢) = ( iCOS.[(W -7)/2] > : (53)

in Fig. 6 are given in the caption thereof. e'? sin[(m —v)/2]

When |V,,| is close toEr, either by strengthening the wherey is given, similar to Eq.27), as
SOC parameters or lowering the Fermi energy, the phase shift
grows, but the7" calculated for the linear chain and theV) p=argtrcosg —tpsing +i(trsing —tpcos ).
calculated for the U-channel still resemble in their shgpes (54)
shown). The present model hence works equally well to exThe tilt angle in Eqg.%3) is given by
plain the charge density modulation, which we conclude to

originate from the emergence of the angle-dependent spin- L B 5
orbit potential whert ztp # 0. y=tan” {\/Q +C@p |, (55)
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where Qp is defined similar to EqQ.46) as Qp = We remind here that the eigenstate given by B8) (s in-
(2/m)(tp/to)N,. Equation 63) clearly recovers the Rashba tended only for the two extreme cases gfp) # 0,tpr) =
ring case of Eq.82) since ¢|, _, = ¢ from Eq. 64) and 0 discussed above, although a solution given in R&fsim-

Yp—0 = 7r from Eq. 5), can cover thér = 0 Dressel- ilar to our Eqg. 63) was claimed to be valid for rings in the
haus ring case, presence of both Rashba and Dresselhaus terms. The simple
reason why the form of Eq58) does not apply for general
T cos[(m —vp)/2] 56 cases of gt p # 0 is that the tilt angley [Eq. (565)] does not
XD— =\ e=ilm/2+9) sin[(r — vp)/2] ) (56) recoverr/2 when thet g = tp # 0 persistent spin helix state
is reached, which is true as we will next numerically show.
wherey, = tan~!(Qp, but does not apply for general c. Persistent spin helix eigenstat&\Ve proceed by con-
trtp # 0 cases. sideringtr = tp = (7/V2N,)to ~ 0.044t,, keeping the

The last case isg = tp, corresponding to the persistent size of the U-channel unchanged. The injected spin state is
spin helix in 2DEG3¥32 the main feature of which is the fixed oriented asxﬁ?;D given in Eq. 7). As expected, the in-
eigenspin directions. In the present case,Jte@enspinoris  jected spin stays at this eigenstate in region I, as shown in

_ Fig. 7(c). Somewhat surprisingly, however, the injected spin
o1 ( e~im/4 ) (57)  femains precessionless throughout the whole U-chanrei, ev
1 ’ in the half-ring region. Therefore, the persistent spinxhel
eigenstate, originally derived for 2DEG, is equally valid i
corresponding td&;, = h*k?/2m — (k. Whether this eigen- straight wires and curved rings. This is in sharp contrast to
state, valid for 2DEG, still works in the curved 1D system, iSthe pure Rashba and pure Dresselhaus cases, for which the
what we are about to answer. eigenstates in wires and in rings are different.

a. Rashba ring eigenstateWe begin withtp, = 0 and
injectxf%_ (¢ = ) as given by Eq.52) in a U-channel with
(Nw, N,) = (50,50). We tunetg/ty = /N, ~ 0.063 IV. EXPERIMENTAL ASPECTS
such thatV,, = nty/tr = 2Ls,/a [See Eq. 45)] ensures the
return of the injected spin to its initial spin direction, iwh
is the eigenstate of the ring at = =, after going through
region |. As shown in Fig7(a), the spin entering the half-
ring region remains perfectly in the eigenstate. (Note wt
have chosen another view angle to focus on the half-ring par

The U-shaped 1D channel theoretically discussed in the
present work can be experimentally prepared by using AFM
lithography! i.e., local oxidatioA written by AFM tip on the
sample. The oxide lines turn out to completely deplete the un
SoT - : : "Herneath 2DEG, and can hence confine the electron gas in the
injection conditions are remained the same as previous digjegired nanostructure. A schematic sketch of the U-channel
cussions.) The curves df*) within region Il can be well based on this technique is suggested in Eig). Accord-
described byx7,_ (¢) ] x5 (¢)) [given below in EQ.$8)]  ing to the present fabrication ability (see, for examplef. Re
with ¢ running fromm to 0. The validity of the previously = 37) however, the ring radius is of the order 1f0 nm, and
derived tilted eigenstate in Rashba rings is hence nunilgrica the induced geometric potential is rather wedki—2 meV
verified. _ _ . for GaAs-based quantum wells. To focus on the effect of the
~ Note the subtle difference between the special spin injecyeometric potential, a single turn as in our U-channel is not
tion here and Sedll B, where we injected an inplarf€”: an  enough; a series of geometric potential wells such as a sine-
eigenstate of the wire. The precise design of the lediglind  |ike wave guide similar to the design reported in a recent ex-
the orientation of the injected spin allows the spin to stel p - periment on photonic crysf8may give rise to a resonance
fectly in the tilted ring eigenstate. Thecomponent of spin  that could potentially be measured.
with such a precise design can always be flipped, but should The spin injection assumed here may be realized either
be regarded as a special situation. _ _ electrically or optically. The former requires ferromatjoe

b. Dresselhaus ring eigenstatd\Ve continue withtr = source contact and may further complicate the sample fabri-
0 and injecty},_ (¢ = ) given by Eq. 66). In this case we cation and even the transport properties. The latter, aiptic
similarly havetp /to = 7/N,,. Again the spin arriving at the  spin injection, has been mature in generating spin pachkats t
half-ring enters its eigenstate, and remains so until fepthe  can be electrically manipulatéf.Regarding the U-channel
ring, as shown in Fig7(b). The spin components”®) within  sketched in Figl(c), the adiabatic/nonadiabatic spin trans-
region Il can be well described b(de (0) |5|XE7 (¢)) and  port discussed here may be experimentally tested by olgtical
the validity of the Dresselhaus ring eigenstate is also mume pumping at the source a spin packet that can be electrically
ically verified. For both Figs7(a) and (b), spin components dragged to the drain end by applying a bias voltage between
from Eq. 63): the source and the drain contacts. Optical spin detection of

the spin packet at the drain end shows whether the spin is re-
sin (m — 7) cos p versed (adiabatic), decayed (spin-relaxed), or remaimea(-
X" (9) 13" (¢)) = [ sin(r —~)sing |, (58) diabatic), compared to the injected spin direction. Theras
cos (m — ) spot size for the optical spin injection/detection typligalf a
few hundreds of microns may impose a corresponding limit on
describes théS®) curves in region 1l well. the design but could be possibly overcome by hard masks. A
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top gate covering the U-channel may control the Rashba SOC The influence of the geometric potential taken into account
strengti®*! and switch the transport regimes between adiain the LKF calculation is shown to be sensible only when the
batic and nonadiabatic, provided that the effect of the 8#les  turn of the channel is sharp and the transport is under log bia
haus term is well treated. Overall the role played by the geometric potential is motdgra

Experimental proof of the interesting charge and spin transjust like a local potential well, and can be drastic [suchhas t
port properties discussed in Séli.C are also expected. In reversal of the injected spin state shown in FHn) or 3(c)]
particular, the charge density modulation in the preserice conly when certain resonance condition is reached.
both Rashba and linear Dresselhaus (001) SOCs discussed inwe have also discussed the spin transport in adiabatic and
SecllI C 1 requires measurementon the local charge densitiesonadiabatic regimes. In addition to the increase of the ge-
only and should be possible. The profile of the charge densitgmetric potential when making the turn sharper by reducing
modulation simply reflects the angle-dependent spin-pbit  the number of siteV,. in the turning part, the transport be-
tential and hence determines the type of the SOCs: flat fotomes nonadiabatic since the change of the local eigenstate
single type of SOC and sine-like for mixed type of SOC. Notebecomes rapid. The spin transport shows adiabatic behav-
that in our discussion of the U-channel, the naturgioR¢  ior when the turn is smooth and the spin-orbit coupling is
dependence of the spin-orbit potential provides the medulastrong enough, which agree with the previously stated adia-
tion in the half-ring with one period of the sine function. In patic condition®%3 We have also compared our results with
the case of a full ring, we expect two periods then. a recent similar work by Trushiet al2® and showed good

An alternative to prepare a 1D channelis the V-groove QWagreement.
based on electron beam lithograptiyt so far application of  The Jast part of the numerical results revealed interesting
this technique to curved 1D QWs is not seen. charge and spin transport properties. For charge transport
the interplay between the Rashba and linear Dresselhatis (00
SOCs leads to anisotropic spin splitting, and hence an angle
dependent Fermi wavelength. Charge transport in curved 1D
chain subject to a modulated Fermi wavelength is therefore

In conclusion, we have re-derived the Hamiltonian formapped to transportin a 1D linear chain subject to a position
curved 1D structure in the presence of SOC. Applied to the 1Riependent potential. We have shown that the charge density
ring, the Hamiltonian is not only consistent to the previgus modulation that appears only whegtp # 0 in the half-ring
proposed proper Hamiltonian for Rashba riddput also con-  part of the U-channel can be well explained by the spin-orbit
tains a curvature-induced geometric potential, which was fi potential model. For spin transport, we have shown spin pre-
derived in Ref20, but less discussed in the literature of ring cession patterns in three special cases, which are equiivale
issues. The U-shaped 1D channel is further taken to be a spaumerically test the validity of the previously predictétet
cific example to investigate the role of this geometric peten eigenstates of the Rashba rings and Dresselhaus rings|las we
tial, as well as to compare the spin densities by LKF with theas that of the persistent spin helix state.
previous quantum mechanical approaches. Both transtition
and spin-orbit gaugé methods mostly agree with the LKF
results, even though the underlying assumption is rather si
plified: an ideally injected spin at the initial position,cathe
technique is rather artificial: to drag the injected spin pgmo
ating quantum operators. Whether the spin vector forrffula, We appreciate the National Science Council of Taiwan,
a further approximating result from the translation method Grant No. NSC 98-2112-M-002-012-MY 3 for supporting the
may work well or not depends on whether the orthogonalityformer part of this work. M.H.L. acknowledges Alexander
approximation [Eq. Z5)] is enough valid: exact for straight von Humboldt Foundation for supporting the later part o thi
1D structure, of moderate error for ring with single type of work, and is grateful to C. H. Back for sharing his experimen-
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