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Spin accumulation in quantum wires with strong Rashba spin-orbit coupling
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We present analytical and numerical results for the effect of Rashba spin-orbit coupling on band structure,
transport, and interaction effects in quantum wires when the spin precession length is comparable to the wire
width. The situation with only the lowest spin-split subbands occupied is particularly interesting because
electrons close to Fermi points of the same chirality can have approximately parallel spins. We discuss
consequences for spin-dependent transport and effective Tomonaga-Luttinger descriptions of interactions in the
guantum wire.
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Spin-dependent transport phenomena are currently attraataend, hybridization of 1D subbands for opposite spins be-
ing a lot of interest because of their potential for future elec<comes important, resulting in the deformation of electronic
tronic device applicationsBasic design proposals for spin- dispersion relation§' The effect of this deformation on
controlled field-effect switchéS use the fact that electron transport properties has been the subject of recent
waves with opposite spin aquire different phase factors durinvestigationt® e.g., with respect to implications for the
ing their propagation in the presence of Rashba spin-orbitnodulation of spin-polarized conductances as a function of
couplind (RSOQ. The latter arises due to structural inver- RSOC strengttf which is the principle of operation for spin-
sion asymmetry in quantum heterostructdfeshere two-  controlled field-effect devices®
dimensional(2D) electron systems are realized. The single- Here we present results for the detailed spin structure of
electron Hamiltonian is then of the fofnH,p=Hy,+H,, electron states in a quantum wire, defined by the parabolic
where confining potentiaV(x) given in Eq.(2), with strong RSOC

H :i( 21 n2) (13 present. Contrary to previotisassumptions that were un-
" 2m Px* By), critically adopted in the recent literatutéwe find that elec-
trons with large wave vectors in the lowest spin-split sub-
fikso bands have essentially parallel spin. The spin state that right-
Hsozﬁ(ax Py~ 0y Py, (1D moving electrons converge toward is opposite to that for left
movers. This counterintuitive result will be explained quali-
with m denoting the effective electron maSsThe possibility  tatively in the following paragraph, before presenting ana-
to tune the strength of the RSOC, measured here in terms ¢ftical and numerical results for electronic dispersion curves
the characteristic wave vectkt,, by external gate voltages and spin structure of eigenstates. A texturelike variation of
has been demonstrated experimentily.As a manifesta-  spin densityacrossthe wire is identified. We then apply the
tion of broken spin-rotational invariance, eigenstate$igf ~ Landauer-Bttiker formalisnt®!® to discuss spin-dependent
which are labeled by a 2D wave vectkrhave their spin  transport in hybrid systems of a wire with RSOC attached to
pointing in the direction perpendicular ko Hence, no com-  1€ads wherekg=0. Current turns out to be spin polarized in
mon spin quantization axis can be defined for eigenstate§€ Wire but unpolarized in the leads. We elucidate the pecu-
when spin-orbit coupling is present. Confining the 2D elec-l'a_r current conversion at ere-lea(_j mt_erfaces fchat s_ustalns
trons further to form a quantum wire, one might naively thiS novel type of spin accumulation in the wire. Finally,
expect to again be able to define a global spin quantizatiofonsequences for the low-energy description of interacting
axis, as the propagation direction of electrons in a 1D syster}ires in terms of Tomonaga-Luttinger-type models are dis-

is fixed. However, this turns out to be correct only for a truly CUSS€d- o _ .
1D electron system with vanishing width. In real quantum We start by considering basic features for eigenstates of

wires, such a situation is approximately realized when thdh® Hamiltonian Hip=H;p+V(x) which are 1D plane
spin-precession lengthm/ke, is much larger than the wire Waves in they coordinate with wave numbég, but bound in
width. Another way to formulate this condition is to say that the X direction. At finiteks,, spin degeneracy is preserved
the characteristic energy scale, =ﬁ2k20/2m for RSOC is  only for eigenstates witk, = O; their energies are the shifted

R cing harmonic-oscillator level&(")= (7 w/2) (2n+1)— Ag,. This
small compared to the energy spacing of 1D subbands. For n so-

quantum wire defined by a parabolic confining potential,re§U|t is exact. To characterize states with firkije we re-
eqg., write Hyp=Hp,+ Hpy,ix where

2 2y,2 21,2 2
bZ&ijw X +ﬁ ky+h ksokya
Po2m 2 2m m

V(X)= ng X2, 2) H X 3

the latter would beiw. When spin-orbit coupling is not and Hg,=—%ksoyp,/m. Straightforward calculation
small (i.e., whenAg,~%w for the case of parabolic confine- yields eigenstates dfl,, which are also eigenstates of;
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— ExactE_ wherel ,=V#i/mo is the oscillator length of the parabolic
p == ExadtE,, confinement andy=*+ a subband index that do@st have
Y —— Two-band approx. En_7_,"l . . . .
\ ———- Two-band approx. E, | /I the meaning of a spin-quantization number. We show(&q.

\ ,;' 1 and the corresponding result for the first-excited subband as
ap\ \ //// thin lines in Fig. 1. It is seen that the two-band model is quite
S |\ U adequate for the lowest subbands, even for rather strong

5 I \ spin-orbit coupling.
iyl \\ S, 4 Results shown in Fig. 2 confirm conclusions reached in
N : ’ | our previous discussion of the spin structure of electron
A e eigenstates with RSOC present. Paf@Ishows the expec-
or SN , . tation value of spin component in thedirection for eigen-
3002 -1 k01 1 2 3 states ofH;p in the lowest and first excited spin-split sub-

Yy ® bands for the same value kf, used in Fig. 1. Data in Figs.
. ) . ) 1 and 2 for the same subband are indicated by the same line
FIG. 1. Lowest and first-excited spin-split subbands of a quany e For the lowest subbands, we also give, as thin lines,
tum wire, defined by a parabolic confining potential with oscillator results obtained analytically within the two-band model. It is
lengthl, in a 2D electron system, with strong Rashba spin-orbit . . . ’
clearly seen that spins of eigenstates with large absolute

coupling such thak,l ,=0.9. Thick curves are results of the exact | f b - | ized inxth
numerical calculation, while thin curves are obtained using the apya ue of wave number are approximately quantized inxhe

proximate two-band model which includes only spin-orbit-induceddirection, with the spin direction of left movers being oppo-
mixing of the lowest two parabolic subbands. Evidently, this ap-Site to that of right mover$. This fact is underscored by the
proximation gives reasonable results for the lowest spin-split subproperties of the energy spectrum in a finite magnetic fld
band, even in the present case of a rather large spin-orbit couplingn the x direction which is shown in pangb). Clearly, the
strength. Zeeman shift of states at large positive wave number is op-
posite to that for states with large negative wave number.
Shown as thin lines in the main figure of pag&l are curves
obtained analytically within the two-band model which

= (hol2)(2n+1)+ (A%2m)(K,+ oksd?—Ago. The term ° ) :
H nix induces mixing between the shifted parabolic subband lelds again rgllable results for the .IOWeSt subl:_)ands. We
therefore use it to calculate the variation of spin density

E{PP)(k,). To lowest order in perturbation theory, it results in - I _ ,
a uniform shift of eigenenergies by A, and a small devia- S(X)=®'(X)o®(x) acrossthe wire.[The spinor®(x) de-
tion of spin quantization inx direction’” Hence, forA,, nOtes the transverse part of an eigenfunctioreh which,
<hw, eigenstates o, have energieEg‘f)(ky) — A and in the presence of spin-orbit coupling, depends on wave vec-

are, to a good approximation, eigenstatesrof WhenAg, tor.] Illt furnshout Fhat the_ ﬂens_léyy(x) ?If 55’_"” compo?er;:s
becomes comparable to the subband splitting, anticrossin raliel to the wire vanishes identically. Hence, only tne

occur between neighboring subbands vatpositespin in- ~ 2nd Z components of the spin density are shown in Fig. 3,

dexo. As a result, no common spin-quantization axis can pdlisplaying an interesting texturelike_\{ariation with coordi-
defined anymore,for eigenstates within any subband. F atex whose structure reflects the mixing between subbands

enough from anticrossings, eigenstatesHyf, will essen- due toH iy Note that theexpgctatlon valudor the z com-
tially be eigenstates dfi ,,. In particular, their spins will be ponent of spin vanyshes for eigenstates-gp. . .
approximately aligned in th& direction. In the lowest two From the above_ it has become _clear that, in general,_spm
subbands, right movers with wave vectors larger than that ofuantum numbe_r Imot an appropriate way to characterize
the anticrossing point can then have approximately paralle‘f"IeCtron states in a quantum wire with strong RSOC. Only

spin. The same is true for left movers whose asymptotic spiﬁta?tes W.'th wave nymbd{y far enpugh from apUcrqssmg
direction is opposite to that of right-movers. points will asymptotically have their spin quantized in the

In Fig. 1, we show as thick lines numerically calculated d_|r(|act_|ton.t_Fr0m 0085|der|_ng Flgg,. 1h’c.mr?ﬁ’ the Ir?llowmg tSpe'
spectra ofH, for a large value of spin-orbit coupling. De- f'i. situation can be erxslmne W ICh lastra ?jr co.l:n ennf-]
viation from parabolicity is clearly visible. Interestingly, it is uitive consequences. ow enough €lectron density suc

possible to obtain a good quantitative description of the Iow-that only states in the 'OW?St spm-spllt subbands are occu-
est spin-split subband by diagonalizithyp in a truncated pied, states near the Fermi energywill be !ogahzed near
Hilbert space which is spanned by the lowest and first-fou.r Fefm' points. than the electrqn de.nsny.ls not too low,
excited spin-degenerate parabolic subbands of the HamiF—hef'r Spins are approx!mately quantized in Mrecpon. AS.
tonianH,+V(x). We call this thetwo-bandmodel and find pointed out above, spins of states near Fermi points for right

an approximate expression for the dispersion of the lowe _ovetrs ar? la?tproxw_natelgl tspm down,Aoppos_lte F?tth‘; spin
spin-split subband, irection of left-moving states neasfz. Assuming it to be

possible to selectively raisgower) the electrochemical po-
tential of right movergleft movers, a spin-polarized current

with eigenvalue o==1 and have energiesE(’’(k,)

23D . :
v _ 2 — 72 2 could be generated. Usually, creating a population of left
hw 2+ (kL) a Y2Ksdkyl,)"F 2(Ksd )%, movers and right movers with different electrochemical po-

(4)  tentials is achieved by coupling the quantum wire adiabati-
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FIG. 2. Spin structure of electron states in a quantum wire with strong spin-orbit couf@irigxpectation value of spin projection onto
the x direction for electron states obtained in Fig. 1. Results of exact numerical calculation for the lowest spin-split s¢bbantigure
and first-excited spin-split subban@ese) are given by thick curves. The effective two-band model reasonably approximates the behavior
of the lowest subbanghin lines in the main figune Right-moving electrons with large wave vectors asymptotically have parallel spin which
is opposite to that of left movers. The same can be observég imhere the spectrum in a finite magnetic fi@gointing inx direction is
compared with that in zero field. Here dispersion curves are calculated within the two-band model for Zeemag egRrg9.25: » (thin
lines) and in zero magnetic fiel@hick lines.

cally to ideal contact$>*® However, the underlying assump- and the leads. The usual condition for ensuring current con-
tion that excess electrons injected from the rigleft) servation has to be modified because the group velocity for
reservoir will only be spin ugspin down is not realistic  electrons in the quantum wire with RSOC re¥ds

because, typically, RSOC will be absent in the contacts. The
different nature of electron states in the wire and the leads
will result in strong scattering at wire-lead interfaces. Similar
to the approach taken in Ref. 12, we model this situation by ] ] o
attaching semi-infinite leads witky,=0 to the wire where ~Despite the unusual spin structure at the four Fermi points
kes#0. The transmission problem can be solved exactly by'hich is asymmetric with respect to right movers and left

matching appropriaténsazefor wave functions in the wire MOVers, no spin-polarized current is generatethe leads
However, as is shown in Fig. 4, a process of current conver-

sion occurs close to the interfaces in the wire that results in a
finite spin polarization of current in the wir&Ve have there-
fore found a unique type of spin accumulation that is not, as
in the usual cas® induced by ferromagnetic contacts. Our
analysis shows that current conversion is enabled by scatter-
ing into evanescent modes of the wire because of the peculiar
form of the velocity operato(5). A four-terminal measure-
ment with ferromagnetic contacts as weakly coupled voltage
probes should enable experimental verification of spin accu-
mulation in the wire.

Finally, we briefly remark on the effective low-energy de-
scription of an interacting quantum wire with strong RSOC.
In the spirit of Tomonaga-Luttinger modél$? for interact-
ing 1D systems, we linearize the single-electron energy spec-
trum close to the four Fermi points. We explicitly avoid at-
taching any spin labels. Rather, we define typétfpe-B)

d) right movers and left movers havirthe samevelocity v a

) ,m., (vg). Typical electron-electron interactions give rise to a
==z term Hin=31 %, 0 () U (=X y =y ) u(x"y") in
the electron Hamiltonian. In the low-energy, long-wave

FIG. 3. Texturelike structure of spin density across the quantumength [imit, we can writey(x,y) =S a=ABy (Y)Dy_ (X)
! ! Fap

wire, calculated within the two-band model for states indicated by, ' uri o oS thg:s%:tlle of the Wit width
black dots in Fig. 1, which have energy 0/#7&. (a) Spatial varia- 9 9

put short range on the scale of the wire length. It is important
wave vector(b) Same for the other statéc) Visualization of spin to note that the present Cal_se dlf‘f_ers from the usual one in that
texture for the same state . Arrow length is proportional to  (N€ transverse wave-function spindrg_ (x) arenearly or-

spin density.(d) Spin texture visualized for the same state as con-thogonal As a result, backscattering processes are strongly
sidered in(b). suppressed. Apart from this fact and the peculiar spin struc-

vy=1i (Ky+ Keory)/ M, (5)
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FIG. 4. Transport in hybrid systems of a wire with strong Rashba spin-orbit coupling and ideal leads, calculated exactly using the
Landauer—Bttiker formalism within the two—band modéhclusion of higher subbands leads only to small quantitative chanBesel &
shows the spatial variation of current polarization in a semi-infinite wyte ) attached to an ideal leag€0). Conversion of incident
spin-up current is illustrated in the inset. Hegg denotes the spinscurrent in the wire when spiri—current is injected from the lead. A
finite spin polarization exists also in a finite wire with to semi-infinite leads attafpadel )]. Here quantum interference gives rise to
additional oscillatory structure. Parameters used in the calculatioB@&d # w andke,=0.91,".

ture of states near the four Fermi points, the present systemike phase field), that is related, within the usfalphase-
identical, on a formal level, to a two-compon&htor field formalism, to the total electron densityp,,

Zeeman-splf* Tomonaga-Luttinger model. The response tozza:é,fpaﬁ via ‘/Z/Wﬁye(y):ptot(y)_ Approximate or-

an external magnetic f_|eld will however, b_e special in the hog&nality of transverse parts of electron wave functions
present case. Postponing a detailed analysis to a later pub

; ion h v & few basic f h hables spin-flip processes, in the long-wave-length limit,
cation, we mention here only a few basic facts. When I:ermbnly between left-moving and right-moving branches of the

points are far enough away from anticrossings, a magnetigamet Aor B). In general. anv spin-flio brocess incurs a
field B applied inx direction will shift right movers(left large rri/grientum).tran%fer. » any spin-iip p

movers to higher(lower) energies[See Fig. b).] The Zee-
man term in bosonized form reads therH; This work was supported by the DFG Center for Func-
=(—Az/V2m)[,I1,, wherell , is canonically conjugate to tional Nanostructures at the University of Karlsruhe.
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