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Spin transport of electrons through quantum wires with a spatially modulated
Rashba spin-orbit interaction
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We study ballistic transport of spin-polarized electrons through quantum wires in which the Rashba spin-
orbit interaction(SOI) is spatially modulated. Subband mixing, due to SOI, between the two lowest subbands
is taken into account. Simplified approximate expressions for the transmission are obtained for electron ener-
gies close to the bottom of the first subband and near the value for which anticrossing of the two lowest
subbands occurs. In structures with periodically varied SOI strersgfiiare-wavemodulation on the spin
transmission is found when only one subband is occupied and its possible application to the spin transistor is
discussed. When two subbands are occupied the transmission is strongly affected by the existence of SOI
interfaces as well as by the subband mixing.
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[. INTRODUCTION been carried out to study ballistic transgbthrough a quan-
tum wire in which one SOI segment is adiabatically con-
With the development of nanotechnology, manipu|ationnected to two segments without SOI. The results illustrate
and measurement of spin-orbit interacti®0l) in semicon-  that a uniform spin precession along the wire should be ob-
ductor nanostructurés’ have been realized as well as injec- Served provided the Rashba SOI strength is weak and sub-

tion and detection of spin-polarized curréat! As a result, band mixing is negligible. For strong SOI, however, spin
modulation becomes energy dependent and can be strongly

in Fhe past years increasing qttention has peen drawn to tI%‘?Jppressed at finite temperatures. Lately, a square-wave
spin-related behavior of quasi-one-dimensiof@1D) elec-  qyation of spin polarization and a good spin transistor
tron systems in the presence of SOI, especially the Rashigshavior have been predicted in transport through periodi-
SOI term, of strengthe, which results from asymmetric cally stubbed waveguides for weak SOl and subband mixing
electric confinement in nanostructurésThis has been also due to it occurring only in the stuls& Although, in general,
greatly stimulated by the propo$alof establishing a spin subband mixing results in disagreeable effects on spin pre-
transistor, among other spintronic devices, and its potentiatession in quantum wires, it can offer further control of spin
application to the promising quantum computing. The SOlpolarization at low temperatures in some situatiohs®

theory developed earlier for bulk materifisand two- In this paper we study ballistic transport of Q1D spin-
dimensional electron systefdas been applied to the elec- polarized electron gases in the presence of a spatially modu-
tronic band structure and spectral properties of realistic quarlated Rashba SOI strengthand taken into account the sub-
tum wires?*?1-2 |ntriguing transport properties through band mixing between the first and second subbands. This
quantum wires have been predicted as a result of peculighodulation can be achieved experimentally by external
features in their band structures introduced by the SOI, sucBiates and may result in further modulation of spin currents,
as additional subband extrema and anticrossings. It has be@§ Pointed out in Refs. 27 and 23, and reported in Ref. 31
found that the spatial distribution of the spin orientation inWhen subband mixing is neglected. Different from the peri-
quantum wires can be greatly influenced by the subban@dically stubbed waveguides, with the same strengtév-
mixing and the existence of interfaces between different SOfYWhere, studied previoust}** here we consider
strength€® Furthermore, the Rashba SOI has interesting efvaveguides without stubs but with spatially modulated

fects on the shot noise for spin-polarized and entangled’hich, from an experimental point of view, are easier to
electron<® and on the spectral properties of interactingreal'ze and control. We assume that the electric confinement,

quantum wire€* The former may lead to another way of that gives rise to the SOI, is strong enough that excited states
measuring the SOI strength in quantum wires. due to this confinement, as observed in Ref. 7, are not occu-

To run a spin transistor based on the SOI in a Q1D syspied' . . . .
tem, a spin filter is required to provide the initial spin- 1 N€ Paperis organized in the following way. In Sec. Il we

polarized current. One of the realistic options is to inject aPfOPOSe & model Hamiltonian with the Rashba SOI term to
spin current from ferromagnetic semiconductors orobtain the band structure and wave function. In Sec. Ill we

metalst~17 The spin-polarization of the injected current is formulate the transfer-matrix description of the transmission

independent of the existence of the SOI in the Q1D sy&em process and in Sec. IV_we present. and discuss the results of
and this makes it possible to separate the study of the spiPin transport. Conclusions follow in Sec. V.

transistor from that of the spin filter. Recently, several efforts

have been made to describe in more detail the behavior of
spin polarized electrons in Q1D systems in the presence of We consider a Q1D electron system, an InGaAs/InAlAs
the Rashba SOI. A numerical tight-binding simulation hasquantum wire fabricated by confining a two-dimensional

1. MODEL
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et @ A=-AV2=ia(oXV),+V(x), (1)
l—} } o I8 where\ =#2/2m* . V= (d/9x,d/dy,0) is the Laplace opera-

% tor, « is the strength of the SOI, ant= (0,0 ,0,) denotes
comred— B the spin Pauli matrices. In the, representation and with the
use of the eigenfunction of the Q1D Hamiltonidux) =
—)\V)2(+V(x) without the Rashba term, the eigenfunction

15

is  ¢m(X)=2Msin(mmxiw) for O<x<w and m
=1,2,3... . Then the wave function of Eq.l) can be
I expressed asW¥(k,r)=eX3  on(X)Coo) with |o)
o =(1,0)T for spin up and (0,1) for spin down, with xX'"
£ denoting the transpose of the column matiix
m 5] For the sake of simplicity, while retaining the subband
mixing effects, we assume that only the lowest two subbands
(m=1 and 2 are involved in the transport. This can be con-
0 sidered as the actual case when the temperature and the elec-
2 08 N 2 tron density are not too high. Then the secular equation
k, (10" m") HW=EW takes the form
FIG. 1. (a) A quantum wire along thg direction composed of a E,—E ak 0 -0 CI
series of segments=1,2,3 ... of SOIstrengthe; and lengthl; . ok E._E S 0 c-
(b) Energy dispersion of the lowest two subbands in a InGaAs 1 1 =0, (2
quantum wire 600 A wide. The thickhin) solid, dashed, dotted, 0 o E,—E ak C; '
dash-dotted curves present branchggE7), e (EY), &5 (EZ), _5 0 ak E-E]\c;

ande; (Ej) respectively.

whereE,,=EJ+\k? andE?, is themth subband bottom in
(2D) electron system in the-y plane by an infinitely high, the absence of SOI§=afdx¢,(X)p1(X)=8al3w is the
square-well potentia¥ (x). The wire has widtlw along thex ~ mixing term due to SOI between the first and the second
direction, as shown in Fig. (4. In the presence of the subband. The resulting eigenvaluejk) and eigenvectors
Rashba SOI the Q1D one-electron Hamiltonian reads vI(k) are

e1(K)=(Ey+E,—AE:)2, Wi(k)= ! ( ¢1125¢2/B¢k)

Fik\ = d1+25¢,/By
b2 +25¢1 /B
+Ppo+28¢,/B=y)’

3

+ . 1
e, (k)=(E;+E>,+AE.)/2, \pz—(k):F_
Tk

Here AE.=[(AE;,*2ak)?+45%]Y2 AE;,=ES—EY  the energy spectrum define the wave vectors of the propagat-
B. =AE;,¥2ak+AE_, andF.,=[2+85%B2,]"2 Set- ing modes.E, is given by E=E; (k;)=E, (k) =5E;/2
ting 6=0 in Eq. (2) gives the eigenfunctions without sub- +97%1%E%/(8m* @?), where the branches without mixirgj
band mixing|n, + )= $,(1,+ 1)T/\/2 with corresponding en- andE; (E; andEj) anticross each other at the wave vec-
ergy E- =E,*ak. The resulting wave vector difference torske (—kg). Without mixing, the Fermi wave vector dif-
between the two spin branches of each subband for the sanfiénce between the two spin branches of each subband re-
energyE=E; (k")=E; (k~), which we denote as the intra- mains co_nstant.+W|th mixing, however, the difference
subband SOI splitting, is constant for any energy and has thgeWeene, ande, branches shows an energy dependence.
value Furthermore, in the branchds, electrons have the same
spin orientation, but in the brancheg , which are not pure
k,=k™—k™=2m* a/#?. (4) spin states, the average electronic spins rotate continuously
from their low-energy orientation to their opposite high-
In Fig. 1(b) we plot the energy spectrum of the lowest two €nergy orientation, as also discussed recently in Ref. 23. At
subbands withthick curves and without(thin curves the  the anticrossing energy, the maximum mixing effect happens
mixing term taken into account. This energy spectrum is esbetween forward propagating electrons in thg and ¢,
sentially the same as that shown in Fig. 2 of Refs. 29 and 3dranchegcorresponding t@,=24 in Eq. (3)] and between
The intersections of the Fermi energy, here taken equal to theackward ones in the; ande, branchesB_,=26). We
anticrossing energ§, as shown by the horizontal bar, with denote the wave-vector difference between #feand ¢,
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branches at this energy as the intersubband SOI splittag 2 ¢;(X,yii+1)=@i+1(X,Yii+1) and that of the flux

related tok,. For a<2#:%/m*w, we have oy @i (XY, 1, =0y 1Y)y, - Multiplying the two
s 8K equations by 5. " (K) a.ndlllf’z*ii(_k), respectively, then inte-
ks~ =W (5) grating overx we obtain eight linear equations for the eight
h%k, 9m? coefficients of the wave functions. Here we drop the sub-
script and superscript pertaining kkssince they are the same
. TRANSFER MATRIX as those for¥’ as shown in Eq(6). Because electrons in

branches ¥, and ¥, are decoupled from electrons
We consider a quantum wire with a variable strength ofi branches¥;; and ¥, , a result of the symmetric prop-
SOI. It may be composed of a series of SOl segments sep@ry of the wave function, these equations are grouped
rated by SOI interfaces. In each SOI segment, the SOyo two similar but independent equation groups with
strength is approximately uniform and the Hamiltonian de-ggch composed of four equations. The group correspond-

scribed in the preceding section applies. To describe the elegzﬁg to modes ¥+ and WI connects the column
tronic behavior propagating through the quantum wire, we L 2

Yy B + ~+ - = T
begin considering the transmission process of an electrofatrx Ri=(C1},C1i,Ci,Cz1)" and column matrixL;.
with energy E through one SOI interface. The electron is =(C1i+1:C1i+1:C2i+1,Coi+1)" and reads:
incident from the left to the interface joining two segments AaA A oA
(labeledi andi+1) with different SOI strengtla; and «; ¢ SRi=Qisilis1 ®
as shown in Fig. (). Taking into account only the lowest  pengting the scalar produét|¥ ') in all matrix prod-
two subbands, we write the wave function in segmient g by the integrall ¥* T(x,y)W’(x,y)dx and the direct

terms of of the eigenfunctioW ;; given by Eq.(3) as product of the column matrix¥’ with the row matrix )
L ~ by X®), the upper (X4) part of the 44 matrix

ei(xy)=> [ciWi(k)e i+ e wi(—ki)e ki S is given by A ®B; and the lower part byA;®C,

- while the upper (X4) part of the 44 matrix Q.
+C§\{,2¢i(k§i)eik;y+€;w§(_kzii)e—ik;y]_ is given by A®B,; and the lower part by

Ai®Cis 1. Here  A=[(V(K|(Vx(KI, B

© =W (k). Wi (= k). [¥5i(K) [ Wa(—k)]  and ¢

To obtain proceed we follow the approach of Ref. 26: we=[|&1;(K)),|&5(—K)),|&5(K)), [ €2(—K))] with |€)
match the'wave'function and its flux at thg interfaces pe—:{,y|qr>_

tween thei andi+1 segments. The velocity operator is  |f the SOI exists only in segmemt-1 (a;=0 anda; . ;

given by =a), we discard all the subscriptst 1 in the matricesS
hoa o and Qi+1 and explicitly express them as
o | Tty n 1 1 0 0
SN BN " T B
3 o ay ST kme kom0 0
0 1,0
The continuity of the wave function at the interfage 0 0 ka/m* ka/m*
=VYii+1, between thei and i+1 segments, gives and
|
i 1 1 26 26 1
l ®_1 ®2A2 G_)2X2
25 26 1 1
0,A 0.\, 0, 0,
Qi+1=12 : (10
Lle k) tle k) 20 (e k| 25 (a ki
O1\%2 m* 0,\h2 m* 0202\ %2 m*] O,A,\ A% m*
26 [a ki 25 | a . Ky 1[a ky 1 a Ky
L O1A 1\ 52 m*) @A\ A2 m* 02\ 42 m 0,\ %2 m*/] |
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Herek}=[2m* (E—ED)]"%4 (ky=[2m*(E—-EJ)]"¥#) is  obtained simply,M;; =5 Q... For a quantum wire
the wave vector of the electrons in the fitsecond subband  with n segments, the total transfer matrix then reads

in the segment without SOI anAilszI, A1=B,kl+, A,
inz_’ A2=Big, 01=Fig, 01=F ¢, 0,=F;, and '\7':'51.,1_[,1 Miii1Pii1, (13
2=F_k2— are defined in the segment with SOI of strength e

a where the transfer matrix for thigh segment of length is

The above complex matrix can be simplified approxi-expressed as
mately in the low-energy limitE=EY?) and the anticrossing

energy limit E~E,). If the electron density is sufficiently e kil 0 0 0
low that the Fermi energy is close to the bottom of the first o
subbancE? in segment, the correction to the wave function B 0 ekl 0 0 14
caused by subband mixing is negligible or we h&ye © b 0 0 gikal 0 ' (14
=42 and =0 in Egs.(9) and (10). We find all the spin -
modes in the quantum wire are decoupled from each other 0 0 0 ekl
and the transfer equations for all modes have similar forms.
The transfer equation for the mode; has the form A transfer matrix similar toVl given by Eq.(13) is ob-
. . tained for the modeal;; and ¥, by applying the same
1 1 |[¢Cy _ 1 1 Cti+1 11 process as above and will not be shown here. Finally a 8
K —kIlc) Ky —Kol\ch,,)’ (D %8 transfer matrixT is obtained connecting the wave-

_ . 0 . . function coefficients of the electron with enerBat the left
with +§2=(1/ﬁ)[2m (E-EiteotVo)+(m*alh) 1" and  jqie end 1= (c3 5 c5 ,c2), and at the right outlet end,
g9~ 6°/AE, the energy correction to the first subbandasa. , + — & — 7 . A an

result of the SOl subband mixingV, denotes the 0=(C10:€10:C20:C20) "+ in the form|=TO.
conduction-band offset in the segment1 reckoned from

the conduction-band bottom in segmentvhich may be in- IV. RESULTS AND DISCUSSION

troduced by material mismatch at the interface or by an ex- . -
In the following we present results for ballistic transport

ternal gate bias. I . X LT
9 of electrons, incident with spin ufalong thez direction),

When the SOI strength is in the range/m*w<a L : . :
<2/2/m*w, the anticrossing energy is higher then the Sec:_through a quantum wire in which segments with and without

ond subband bottom but lower than the third subband bottori?©! 2lternate periodically. If not OtheAr\lee spec&ed, zero

and the intersubband SOI splitting is much smaller than théemperatur_ell and parametem=600 ' |.= 2500 A, «

intrasubband SOI splitting, i.ek,<k,. Equation(9) and . >-42<10 "“eVm,m" =0.05, andV,=0 will be assumed.

oL o0 S . The strength of SOI can be adjusted experimentafland

(10) can be greatly simplified if the electron energy is near to 9 ) P a

e A5G enery, 4, 0 case, Wl ke th Toro Lo e same vluefe o et S for e
H H -/t + 7, . ’

a_pproxmoatlgn VO:O(; Ag~26vKy Iky, Ap~267k Tk, the Fermi energy contribute to the transport. In the inlet and

Ay~8aky, Ap~8aky, ©1~2\k;/ki, @2~2Vk;/kz, ©1  outlet segments of the quantum wire, we assume that there is

~0,~2, ki ~ketks, k,~ke—ks, ki~ketk,, ki no SOI and the group velocity of the electrons is propor-

~ke—Ky, K0~ke+k, /2, Kd~k,—k,/2, 5/A~0. Equation tional to the wave vector k§=[2m*(E—E})]"%#, n

(8) reduces to =1,2) and the density of states to its inverse. When using the
normalized coefficients for the input wave function(

cy; VG122 0 Jky 2k 07 [ Caist =1/\2K%,c5=1/12k3), we express the zero-temperature
o 0 1 0 ol | & spin-up (spin-down partial conductance& | (G,,) and the

1i li+1 . N .

| = > — - . partial transmissiorT,, (T,;) at the outlet end via the sub-
Cai —ki/2ky 0 kp/2ky O || Caiva bandn and the reflectioR; (R,) from the inlet end as
Cy 0 0 0 1\ ey

(12 . €

e’ k K, — —
G h Th= h En|c,foicgo|2, Ry = En|CrT|iCrT||2-

We see that, in the anticrossing energy limit, the mixing (15)
happens mainly between the two modes involved in the an-
ticrossing €; andc,) and the modes corresponding to the The finite-temperature conductan@s, (T) is obtained by
coefficientsc, andc, remain almost intact when transmit- integrating over energy the above zero-temperature conduc-
ting from segment to segment + 1 though there is a wave tance multiplied by the Fermi distribution functidp,
vector mismatch between the two segments.

Once the matriceS, * andQ; . ; in Eq. (8) are known, the
transfer matrix for the interface joining segmémindi + 1 is

n(E1T)

f
G;(T)z—deG,f(E,T:md iE (16)
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1.0 - 1.0 1 i
. (a) (b) /;ow’
0.5 ; 0.5 |l
7 g ’
008 0. 400 3 0.0 L ©)
1 (100A) E (meV) ]
1.0 1 1.0 ®) u
1 @ ol N=8 0 _ \~N=10
0.51 (Y r0.5 0 10 2020 2.5 3.0 3.5
i NS ALY :_ 12 (IOOA) E (meV)
0.0 L i ; i i . A R Y 0.0
4 2 00 2 4 FIG. 3. (a) Total conductance of a periodic structure of 8 iden-

3 -11
Vo (meV) o« (10" eVm) tical units as functions of the length of the SOI segment when

fixing the lengthl, of the segment without SOI dt=2375 A
(solid curve andl;=2000 A (dotted curvg (b) The same aga)
when the total length of each unit is fixed Itpt 1,=2100 A. The
dash-dotted curves ia) and (b) are results for one-unit casgs)

f Conductance in a periodic structureMidentical units as functions
of the electron energy whdn=1350 A and ,=1100 A. The num-
bers beside the curves lakiél

FIG. 2. Transmissio " (thick solid curvesand T~ (thin solid
curves, and reflectiorR™ (dotted curvesof a quantum wire with
one SOI segment as a function @ I, (b) E, (c) V, of the SOI
segment of lengthl=2800 A, and (d) « when E=g(0)
+0.1 meV. The result iia) and(c) corresponds to the electrons o
energyE=¢,(0)+0.2 meV withe;(0)=2.09 meV.

A. The low-energy limit
also been found in Ref. 27. In some cases, e.g., when an

If only the first subpand is occupied arit and E(Z) are — extra gate bias is applied, an offség exists between the
much above the Fermi energy, EQ1) can be used to esti- ¢,y ction bands of the material in the segment with SOI
mate t-he tr_ansmlssmn through the quantum wire. In a quansq the one without SOI and can be adjusted. This may
tum wire with only one SOI segment, of strength=a and  iyrquce further modulation to the spin transmission. Figure
lengthl;=1, sandwiched between two segments without SOb¢) jjjystrates the oscillatory dependence of the transmission
as the parA-B-C-D shown in Fig. 1), the total transmis- 414 the reflection on this offset. An increasing amplitude of
sion takes the form the oscillation is found for a lower conduction-band bottom

of the SOI segment. Here=2800 A is chosen so that no
T t spin-down transmission is observed. An oscillatory depen-
= . , a7 . T
t co2(K,l )+ sird(K,l) dence of the transmission and reflection is also found as a
function of the SOI strength as shown in FigdR For «
wheret=4(k9)2K2/[(k9)2+K2]2. This is a sinusoidal de- >1.5x10 ' eVm the reflection of low-energy electrons
pendence with a maximuri,,,,=1 for sinK,l)=0 and a may become significant.
minimum T,;,=t. For a quantum wire of fixed width, the Now we introduce a periodic structure consisting of iden-
stronger is the SOI strength and the less is the energy of théal units that are repeated along the wire. Each unit is com-
incident electrons, the more efficient is the modulation of theposed of one non-SOI segment of lendgthand one SOI
transmission. Another feature of this interface-induced transsegment of strengtlx and lengthl, as shown in Fig. ().
mission modulation is that it does not affect the spin polarElectrons are incident at the left end and exiting at the other;
ization. The output percentage of spin-up and spin-dowrboth ends are segments without SOI. Because the Fabry-
electrons remains the same as predicted neglecting the intePerot-like interference of electron waves happens between
face effect, T"=T co(#2) and T~ =Tsir?(6/2) with # interfaces connecting regions with different SOI strengths
=k,l. These features offer the possibility of independentand then different energy-momentum dispersion relations,
control of the total transmission and of the spin polarizationthe transmission minima of one SOI segment described by
and will be advantageous when designing a spin transistdeq. (17) deepen with the increase of the number of units and
employing this system. transform into transmission gaps when the number is big

In Fig. 2, we plotT™ (thick solid curvey T~ (thin solid), enough. This happens in a similar way as in the Krong-
andR™ (dotted as a function of the main parameters of the Penney model of solids. As shown in FigaB where each
guantum wire. Since only spin-up electrons are incident angurve corresponds to a fixdg, almost square wave curves
there is no spin-flip mechanism, spin-down reflection is noft(solid and dotted curvé¢sas functions ofl , are observed in
observed. The spin-up and spin-down electrons output flustructures of eight units, comparing with the sinusoidal total
show, in Fig. 2a), a modulated sinusoidal dependence on theéransmissionT (dash-dotted curvegor one unit. For struc-
lengthl of the SOl segment instead of the simple one as théures with more units, increased frequency and amplitude of
interface effect is neglectéd.For electrons near the bottom the oscillations between the gaps are observed. The position
of the first subband, a strongly energy-dependent reflectioand width of the conductance gaps shift when varyinglf
happens/Fig. 1(b)] due to the wave-vector mismatch be- we fix the total lengthl;+1, of each unit, similar square-
tween electrons in segments with and without SOI. A similarwave transmission is obtained as shown in Figp) But with
energy dependence of the conductaritansmission has  different gap width. The percentage of the spin-up and spin-
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@)

0.0

10 12 14
E (meV) 11

FIG. 4. Transmission vs electron energy when two subbands are 0 10 20 30 40

occupied in a quantum wire with one SOI segment of length 1. (100A)
=2000 A. The total transmissioh (dash-dotted curyeand partial 2
transmissions corresponding to different spin orientatibhgthick FIG. 5. The total(thick curve$ and the spin-ugthin curves

solid for + and thick dotted for-) and different subbandg, (thin  ¢onguctance are illustrated as functions of the SOI-segment’s length
solid and dotted fon=1 and 2, respectiveyare shown separately. |  for electrons incident with energg=9 meV. The solid curves in
The bottom of the second subband in the SOl segment is about 8( (b) , and(c) are the results for a structure of 1, 2, and 5 SOI
meV. segments, respectively, with=1250 A. The dotted curves ifb)

constitute the two-segment result with=1000 A. The dotted
down conductances here depends only on the total length @f,res in(a) is the double of the conductance obtained by assuming

the SOI segment ankl, and can be easily figured out in the glectrons are incident from only the first subband.
same way as that for one-unit quantum wires.

A similar square-wave conductance can also be found as a .
function of the electron energy. For a quantum wire withStrongly dependent on _the electron energy as also reported in
ARef. 27. In quantum wires with multiple SOI segments, the

only one SOI segment, the transmission increases monotoni o ;
cally as a function of the energy and approaches unity whejfansmission is further modulated for the same reason as dis-

the electron wave vector is much larger thapas shown by cussed in the one spbband case but the moduIation_is much
the thick curve in Fig. &). A simple oscillating conductance more cqmplex and wregu!ar as a result of the coupling be-
(the dotted curveappears in a qguantum wire with two SOI tween different modes at interfaces. .
segments; square conductance gap can be observed in a wjre!n @ Q1D electron system f_orr_ned from an ideal 2D sys-
with ten (thin solid curve or more units and miniband de- tem, _where the.SOI_ stre_ngth IS mdependgnt of th? electron
velops in a SOI superlattice as appears generally in periodigenslty as StUd'e.d n this paper, the carrier density eren—
structures. ence of the ballistic conductan¢gansmission can easily
be figured out from their energy dependence plotted in Fig.
4. However, in a realistic semiconductor systethe SOI
strength and the quantum wire width may vary as the carrier
Electrons can propagate via the second subband whetensity changes. The density dependence of the conductance
their energy is high enough. In the trivial case of weak SOlshould be estimated using a more realistic model taking these
strength that subband mixing is negligible, each mode propeeffects into account. Another point concerning realistic sys-
gates through the quantum wire almost independently, theems is the effect of excited states due to the confinement
spin transmission of electrons in the second subband can lzdong z direction, which introduces the SOI and forms a
estimated in a similar way as in the first subband by ##). ~ quasi-2D system rather than an ideal 2D system inxtlye
Results similar to those obtained in the low-energy limit ofplane. As observed in Ref. 7, the excited states of the
the first subband are also obtained for the second subbarnqliasi-2D system can be occupied when the carrier density is
and will not be shown here in detail. In the following we will high. In a simple approximation, this case can be treated as a
concentrate on the SOl-interface effect on the two-subbantivo-carrier system where the electrons in the ground state
transmission when the subband mixing is important. and the excited state transport independently if the confine-
In Fig. 4 we show the energy dependence of the totament alongx direction is symmetric. As a result, the conduc-
transmissionT (dash-dotted curye spin transmissionT = tance will be enhanced because more channels are opened to
(thick solid and dotted curvgsand transmission from the transport electrons.
first T,=T, +T, and the secondl,=T, +T, subband In Fig. 5 we calculate the total conductanGe (thick
(thin curves. The reflection becomes significant mainly for curves and the spin-up conductan€g™ (thin curve$ as
those electrons propagating via the second subband when thenctions of the SOIl-segment lengih through periodic
electron energy is close to the second subband bottonstructures consisting dfa) N=1, (b) N=2, and(c) N=5
£5(0), and is not astrong as observed for electrons of en- units for a Fermi energ=E=9 meV close to the bottom
ergy near the first-subband bottom. At higher values of enef the second subband, where strong mismatch of the wave
ergy, the reflection becomes negligible and more electronfunctions of the second subband is expected at the interfaces.
come out from the second subband. As a result of the subi~or N=1 the transmission shows a periodic pattern and the
band mixing and corresponding energy-band modificationreflection is limited. In contrast to the low-energy transmis-
the percentage of spin-up and spin-down electrons ision discussed in the preceding subsection, the spin-up con-

B. Two-subband transmission
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ductance here does not vanish, i.e., the spin cannot be in-
verted completely by the structure, because the spin of
electrons in the first-subband precesses with a frequency
twice that in the second subband at this energy. Even if we
assume that the electrons are incident only from the lowest
subband, i.e., by letting,; =0 when carrying out the calcu-
lation, a similar result is obtained as shown by the thick and
thin dotted curveqdoubled in Fig. 5a). It is worthy of

0.0

PHYSICAL REVIEW@D, 035302 (2004

N

10

20
1, (100A)

30

400

1 2'l 3
a (10"eVm)

]
!
i
7

noting that the transmission estimation by assuming one-

mode incidence as used in Ref. 30 is a good approximation FIG. 6. The conductance is plotted as a function of the length of
for one-SOI-segment systems though not for multiple-SOlthe SOI segmer(i) and of the SOI strength (b) when electrons of
segment ones. In the above structure if we put two identicathe anticrossing energy of the SOI segment are assumed incident
SOl segments and separate them by a segment without S@em only the first subband. The thick solid, thin solid, and dotted

of lengthl,, a similar pattern of the spin-up conductance ascurves present the spin-up, second-subband, and total conductances,
above appears but the oscillation frequency is almostespectively, obtained numgrically. As a comparisqn, the dash-
doubled as shown in Fig.(5), where the results correspond- dotted curves show the spin-up conductance obtained from Eq.
ing to 1,=1250 A (solid curve and |,=1000 A (dotted (19

curves are plotted. The segment without SOI can change the _ ] _ _

relative phase of electrons between interfaces and then tHnd side(rhs) of the above equation. The spin-igpin-
relative spin orientation between electrons in the first andlown transmission then reads

second subbands, therefore, the initial spin-up electrons can
be totally spin-flipped by the structure with=1250 A but

not by that withl;=1000 A as the thin curves indicate in .
Fig. 5(b). With increasing number of SOI segments or SOIWith T; =1/2+1/2 cosk,+k;)| the transmission out of the
interfaces, the modulation of the conductance becomes confi¥st subband and’; = 1/2+ 1/2 cosk,—ks)! out of the sec-
plex and develops into conductance fluctuation. As an exend subband. For a rational ratio ofk,/ks
ample, we plot the results for a five-SOl-segment structure in=972%2/(16m* aw) the transmission is approximately a
Fig. 5(c). The total conductance oscillates or fluctuates as geriodic function of the length of the SOI segment.

function of |, and the corresponding amplitude increases Assuming electrons are incident only from the first sub-
with increasing number of units. Strong reflection happensand €5, =0), we get the same approximate transmission as
when the number of the units is large enough and the multiEq. (19) but divided by two. This result is also the same as
SOl-segment structures can be used as electron filters eventifat found in Ref. 30 where the interface effect is neglected.
two modes exist. In Fig. 6(a) we show the conductance versluand in Fig.
6(b) versusa. The Fermi energy of the electron gas is equal
to the anticrossing energii.(«a) and the electrons are as-
sumed incident from only the first subband. The dash-dotted

the first and second subbands mix strongly with each othef’.l.nd the thick solid curves represent the spin-up conductance

Nevertheless, simple transmission patterns can be foufvi?é rﬁsﬁqeeﬁt-?;'ﬁokfyttgﬁ Z"]fné)l'gg)d (elx(g))re\/s\lsfllzrr]] ?r‘i) 22?_
even in structures with multiple SOl segments. In a quantu y umert ut qfo)—{14). :

wire with one-SOI segment of length=1 sandwiched be- crossing energy locates well between the minima of the sec-

. . ond and the third subbands, corresponding to<5<3.5
tween two segment&@endg without SOI, the coefficient of .t r
the output wave function in the anticrossing-energy limit is < 10" eVm here, the total transmission, shown by the dot-

- : : ted curves, is almost unity and E@.9) can be used to esti-
obtained approximately with the help of Ed42) and(13), mate the spin transmission through a quantum wire with a

SOI segment of length up to several thousands of angstroms.

T*=1+cogk,l)cogk,l) (19

C. The anticrossing-energy limit

+ + o= L0/ O0c;
0170 cllcos(k(;l)i ICZ'_ Keliqsintks)) Nevertheless, wheky;l ~n7/2 for odd numben almost half
10| _ Cpexplik,l) of the electrons transit from the first subband to the second
Clo chexp(—ikgl) subband(corresponding tc[32~0.59_2/h shown by the thin
B o T B sc_>I|d curves |n_F|g. Band Eq.(19) is in poorer agreement
C20 —icy Vka/kysin(ksl) + ¢y cogksl) with the numerical result. For a lower anticrossing energy or
& ki) KO a>4x10 " eVm the reflection due to SOI interface be-
1 comes important and E¢19) becomes less reliable. Far
eikd | efkal/ KO <2.5x10 * eVm, the corresponding anticrossing energy is
=—=\| w1 ro (18 higher than the third subband and the result given in Fig.
V2 | ek \/k_z 6(b) should be corrected by considering the effect of the third
efikﬁll\/k—g subband.
Actually, electrons should be incident simultaneously
Here the normalized coefficients cif=1/\2k,c;;  from both the first and the second subbands if the guantum

=1/\/2k2°) of the incident waves are used to get the right-wire is connected to a Fermi electron reservoir with Fermi
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the partial conductanc&; ~1+cos(1k,,) and G, ~1
+cos(&;l,). We note that the conductance pattern shows a
sensitive dependence on the length of segment without SOI.
If 1,=2000 A is chosen, for example, the numerical result
shows that botlG; andG, have a dependence close to 1

i +cos(&g,) and the conductance pattern becomes com-
0 20 40 60 80 100 pletely different. At finite temperature, as shown in the lower

1, (1004) panel whereT = 2K, the output polarization of the electron

FIG. 7. Conductance through a two-SOIl-segment quantum Wiré:urrent and the amplitude of the beating patter decrease

as a function of , at zero temperatur@ipper ploj and at tempera- \_1_V;;[h the _Iﬁ:n_gth of thle_ sguct;[ure as p(?:n;[fedforlit e}lsfq Iln Rff' 2r.
ture T=2 K (lower ploY. G (thick solid curveg G* (thin solid), e osclllation amplitude becomes half of the initial value at

and G~ (dotted are shown. The parameters are chosen such thdp=8000 A so we can estimate that the depolarization length
Kol o= 4Kl ,=4Kol ;=87 for 1,=5352 A. due to the subband mixing in this structure is of the order of
micrometer aff =2 K.

G (e'/h)

energy higher then the second-subbands bottom. At the anti-

crossing energy, the wave functions of the first and the sec- V. CONCLUSION

ond subband mix equally with each other and electrons

propagate almost equally through each subband. The spin-up We have studied the SOl-interface effect on the ballistic
and total conductances have quite similar dependendg on Spin transport through quantum wires composed of a series
and« as those plotted in Fig. 6 with doubled values. In fact,of segments with and without SOI. At low electron density,
even when the Fermi energy is far away from the anticrosswhen the Fermi energy of the electron gas is much lower
ing energy but in the second subband, the spin-up and spirthan the second subband, the total conductance is modulated
down conductanceS~ of a Fermi gas can be well estimated sinusoidally but the outgoing spin orientation remains the
by doubling the one obtained by assuming incidence fronsame as that without SOI interfaces. In periodic structures
one subband as illustrated in Figah where the Fermi en- the modulation of the total transmission develops into square
ergy is close ta:,(0). Comparing the conductance pattern in gaps when the length of the SOI segments or the electron
Fig. @ with that in Fig. Ga), we see mainly two different energy are varied. This feature is similar to that obtained
features. At first, the reflection of electrons Bt is much previously in stubbed waveguid&$® with constant strength

lower because the mismatch of wave function is less. Secs; everywhere and has potential applications in establishing a
ond, both the spin-up and the spin-down conductancés at gpin transistor.

can vanish but only the spin-down one vanishes at energy a; higher density.
neare,(0). This is a result of the fact that the ratio bet""eenoutgoing spin orientation is further modulated due to the

the precession frequencies of electrons in the first and th§0l-induced subband mixing. For electrons with energy

second subbands changes with the electron energy. The ra : : o . i
is 5/3 in Fig. &a) comparing to 2 in Fig. &). {fse to the anticrossing one the transmission pattern is ap

In quantum wires with two SOI seaments. the spin trans_proximately periodic as function of the length of the SOI
missign at zero temperature is a ro%(imatel, ex r?essed assegments if the intrasubband SO splittikg is a rational
P P y exp multiple of the intersubband onle;, though generally the

when two subbands are occupied, the

T*~ 1=+ coskyl ;€08 2K 5l 5) cog kol 1 + 2,1 ») two-subband transmission patterns are complex. The reflec-
tion resulting from the SOI interfaces can be very significant
+sinkgl 1Sin(kgl 1 +2k,l5). (200  when several SOI segments exist along the quantum wire

/L0 L0 0 0 separated by non-SOI segments. In this case the transmission
Hereko=(k;—kp)/2, with k; andk; the wave vectors of the and outgoing spin orientation can be sensitive to the length

first and second subbands in the segment without SOI. Thgf the non-SOI segments as well as to that of the SOI seg-
conductance as a function bf shows a periodic pattern if

the ratiok, /k is rational. In Fig. 7, we show the conduc-
tance as a function of the length of the SOI segmigrat
zero-temperaturéupper panegland at temperaturg =2 K

Finally, the theoretical treatment presented here can also
be used to study quantum spin transport in quantum wires in
: X which the SOI strength varies continuously. To do so one
(lower panel. We choose the wire width as=609 A so simply has to divide the wire into a series of segments, inside

that k,=2ko=4k;, the electron Fermi energ¥r=E.  \yhich the SOI strength can be treated approximately as con-
=11 meV, and the length of the segment without SOI betant, with a different value from segment to segment.
tween the two SOl segmenis=2676 A to satisfykgl,

=21. In the zero temperature panel, we see a periodic beat-
ing pattern similar to that of the one-segment wire plotted in
Fig. 6@a), but with a periodl;=2676 A half of the one-
segment one. The origin of the beating pattern is the differ- The author thanks Professor P. Vasilopoulos for stimulat-
ence of the spin-precession frequencies in different subing discussions and useful suggestions. This work was sup-
bands. Becauskyl ;=2, Eq. (20) reduces to Eq(19) and  ported by the Canadian NSERC Grant No. OGP0121756.
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