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Dephasing in Rashba spin precession along multichannel quantum wires and nanotubes
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Coherent Rashba spin precession along interacting multimode quantum channels is investigated, revisiting
the theory of coupled Tomonaga-Luttinger liquids. We identify susceptibilities as the key parameters to govern
exponents and Rashba precession lengths. In semiconducting quantum wires spins of different transport chan-
nels are found talephasen their respective precession angles with respect to one another, as a result of the
interaction. This could explain the experimental difficulty to realize the Datta Das transistor. In single walled
carbon nanotubes, on the other hand, interactions are predicted to suppress dephasing between the two flavor
modes at small doping.
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I. INTRODUCTION splitting by the Rashba energo that their probabilities to

Rashba precessibof spins and its manipulation has been enter the spin selective drain. contaqt all add up. We shall
studied intensiveR/in recent years, aiming to control the demonstrate that Coulomb interactions between charged
coherent propagation of electron spins. One goal is to realiz&lectrons affect their spin propagation properties and ulti-
a spin transisto?; another interesting option could be to mately destroy the phase relationship of Rashba precessing
switch between singlet and triplet entangled states for directspins between channels in quantum wit€W) fabricated
ing, for example, noise statisticer for quantum computing. on the basis of semiconducting material. This limits opera-
Despite major efforts, manipulation of coherent Rashba pretion of the Datta Das spin transistor. In metallic single walled
cession could not be demonstrated experimentally yet in theanotubes, on the other hand, with their linear kinetic energy
polarizer—analyzer type transport arrangement. Rashba spélispersion, spins dephase between modes already without ac-
splitting occurs near surfaces in the presence of internal ogounting for interactions; remarkably, in this case we find
externally applied symmetry breaking electric fields perpenthat the Coulomb interactiosuppresseshis single particle
dicular to the transport directionSpins precess when in- dephasing between the two flavor modes, particularly at
jected out of the spin-orbit eigendirections. Any dephasingsmall doping, thus facilitating coherent spin precession along
along the structure limits successful transistor operation. OnAT.
important dephasing mechanism in spin-orbit active struc-
tures of_ more than one dimensior! arises_ due to momentum |, |\ TERACTING MULTIMODE QUANTUM WIRES
randomizing scattering events by impuritigdastically, by
phonons(inelastically,® or by electron-electron scattering Before addressing the effect of spin-orbit coupling let us
events® One-dimensional structures confine the direction offirst discuss the(possibly screengdCoulomb interactions
propagation, thus reducing this source of dephasingvithin and between transport channels. One-dimensional
mechanisn. Already in their original proposalDatta and systems are particularly susceptible to electron—electron in-
Das therefore suggested to use clean one-dimensional strueractions, even when wedk.Neither in semiconducting
tures for the spin-orbit active medium. The current work fo-QW?2 nor in NT'314 interactions can be disregarded. Con-
cuses on quantum wires and assumes absence of momenttrary to higher dimensions they show up, for example, as
randomizing scattering events. No spataxing mechanisms  nonuniversal power laws at low energies. The most conve-
(in the sense that off-diagonal entries of the spin densitynient theoretical framework is the Bosonic Tomonaga—
matrix decay will be considered here. Luttinger liquid (TL)'® developed since the seminal work by

Most quantum wires of current experiments accommodatéfaldane® However,a priori, it is not clear in how far the
more than one transport channel at the Fermi energy. ThisL-model can be applied to multichannel situations. Strictly
holds true also for single walled carbon nanotulisd)  equivalent modes of equal particle densities and interaction
where at least two flavor channels cagspin) current. In NT ~ matrix elements, for example, tend to stabilize a gapped
spin transport has been established experimeftatig stud-  charge or spin density, non-TL low energy phidskie to the
ied theoretically. Other experimental multichannel systems appearance of relevafin the sense of a perturbative renor-
consist of arrays of quantum wires fabricated artificially in malization group treatmentmomentum conserving inter-
parallel at close proximit{® In any multichannel wire the mode backscattering processes. On the other hand, most real
interesting question arises whether Rashba-spin phases igystems lack such a strict equivalence of modes. In multi-
crease by equal amounts along different channels or not. Preéhannel quantum wires particle densities differ at given
vided the kinetic energy dispersion is strictly parabolic, de-Fermi energy, and even systems of Ref. 10 without fine tun-
scribed by a common effective carrier mass in each channéhg of densities, or the two flavor modes of NT at not exact
as in most semiconducting quantum wires, one would expectero doping cease to be strictly equivalent. Here, we there-
equal spin phases in all channels as a result of the linedore focus on the generic case of unequal modes which are
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expected to stay in the gap-less low energy TL phase. product form~ ¢, (x, )&%/ \L (for a discussion of this prod-
In this phase Matveev and Glazm@iG) have computed uct assumption cf. Ref. 22ve obtain
a power law for the density of states of spin-less electrons at

18 262 ’ * * ’
the end of thenth mode: Vn1n2n3n4(Q) = ? f dXL f dXL(Pnl(XL)@nZ(XL)
Vp(w) ~ P, (1)

X @ (X)), (X DKo(lallX, =x. ), (4)
generalizing the single channel cd$é%1°MG obtained the ML LRI

exponentss, within a pure plasmon model by modeling the from the 3D-Coulomb interaction between electrenis the
charge density fluctuations as coupled harmonic stringgdielectric constant of the material surrounding the wire. The
Plasmon velocities, and the normalized eigenmodeg, as Vi, Can be expressed analytically for many cross sec-

obtained from the dynamical matrix, determifie tions of physical relevanc®:>® Some of theVy, n,n.n, Vanish
MG 5 by symmetry: for example, angular momentum conservation
O == 1+ | ynel’selvn, (2)  on a cylinder surface of NT requireg +n,=ng+n,, or 3; n;
4

must be even in QW of mirror symmetric cross section.

v, is the Fermi velocity in theith channel. This approach “Direct’ terms may be approximated ad/Jv (Q)
merely accounts for long wave length charge properties ane- (€?/¢)eK (@) or an,n(q)z(2e2/s)lo(r|q|)Ko(r|q|) atq?

can shown to be equivalent to the random phase approximaarger than the diametglQW) d or the radiusr (NT). At

tion (RPA) to plasmon velociti€¥ generalized to coupled small g both reveal the same logarithmic increase which
modes™* It has been pointed otftthat the RPA result de- eventually will be screened by remote metallic gates. In the
serves improvement at small particle densities. Moreover, ifbove formulas!, and K, are Bessel functions and
disregards exchange processes and spin, and tacitly presunggsd2q?/8. “Exchange” terms between the lowest two
“super” Galilei invariance of every channel individually, as modes of parabolically confined QW are/2Y(q)
discussed below. Spin properties and exchange are known tqe?/¢)gei K, (G) —K(@)] (Ref. 28 while in NT the two

depend on short wavelength properties of the interacfion. |oyest degenerate flavor modes have angular momentum
For given microscopic interaction the parameters of the,q o and interac&VTlTll(q)

single channel TL model, and therewith sound velocities and  ha Boson model® describing gapless excitations of fer-

exponents, have been obtained from homogeneous and stafit ns in a 1D wire of lengtt_ (periodic boundary condi-

SUSC_eptIE)éhltéeziz, exploiting __exact thermodynamic tions) in the vicinity of the Fermi energy, takes the form
relations=>+>=*These susceptibilities, in turn, can be com-

puted to high accuracy by standard many-body techniques
from the underlying Fermion model, beyond the RPA or per-
turbative accuracies. This way the asymptotic behavior of
correlation functions has been determined in the 1D Hubbarwhen generalized t& modes. Bold letters indicate! X M
model from the Bethe Ansatz ground state endg¥* Inthe ~ matrices and the components of vectors refer to modes 1
Galilei invariant charge sector of QW only the compressibil-<n<M. In Eq. (5)

ity k=[L(6PEo/IN?)]™* is required(N is the particle number - V@

andL the system lengjhto fix the exponent parametéq, Hél) = EE ér(Q)(v + —)ér(— o))

=\mkve/2. In spin sector S(2) spin rotation invariance en- r=t &

forcesK,=1 (cf., e.g., Refs. 15 and 25As a further impor- @

tant property of one dimension charge and spin density wave H@ = 7_72 o (q)(V_>é (- q) (6)
excitations are expected to separate and move at different @ Lt ) ’

velocities!® Evidence for this has been found in recent _ o _ _ _
experiment? Spin velocities of QW have been deduced describe excitations of right/leftr=+/-) going Bosonic
from quantum Monte Carlo magnetic susceptibiliiésiere ~ density fluctuation®,,(q) at wave numberg# 0. Topologi-

we generalize thia priori exact thermodynamic approach to cal excitationglast term in Eq(5)] describe changes in the
coupled channels. Spins can be incorporated as sepmrateground state energy when particle§ or currentsJ, are

=+ modes which allows to account even for non¢gjin-  added to moden at g=0. This second part of Eq5) is
variant situations, as it arises for example in the presence dmportant in the present context and is governed by general-

H=X (HY +HY) + - (NoyN+ o)), (5)
q#0 4L

a Zeeman field’ ized homogeneous and static compressibilities @haide)
From the microscopic point of view we consider the 1D conductivities:
system o e o
(O = == and (vy)ny = &=_7=0 ,
1 T dNp d Ny (NN
H= 2 eKeh i Crkst o > Ch g Cr prvaer
nks KT oL oy o Ak ras "
XV nyngng (D Ci k' Cny ks (3)  respectively. They generalize corresponding TL parameters
1M2N3N 3,K',8" Ny kK,

for single channel$ (E, is the ground state energy of the
Fermi annihilation operators, s refer to wave vectok and interacting electron systemand govern the complete low
spin's of moden. Assuming electron wave functions of the energy physics. As in the single channel désg andv; are
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related to the interactions between density fluctuations in Eq. u=RcR and v=R s R, (10

(6), moving in the same . .
provided R is orthogonal, andc;.=4,, coshd;, and s,

=4, sinh9; are diagonal matrices, €I,I'<M. The
%M(M—l) real parameters oR and theM anglesd, are
found from the;M(M+1) equations

o ©9 VOIz  5+VY/7 (C) 0 (11)
— _ CS =VU.
V@7 = (v—v,)/2 (9) T+V e VO ) \s

VW= (v +vy)/2 -0, (8

or opposite

directions, assuming,(k) = ,(~k) and thus Fermi velocities Here, the tilde connotes rotated symmetric matricas,
(©)nw =vn6ny Of equal magnitudes at either Fermi point. —R-IAR=Al
Importantly, all entries ofvy and v; are observable, at '
leastin principle, and must therefore agree in boso(®g or
fermionic [Eq. (3) together with(7)] representation. This al- (5 +VO 7 VOn )(c)
cSs ,

Finally, theM eigenvalues of

lows deductionv® and V@ by standard many-body tech-
niques from the given microscopic interacti¢h) through
Eqgs.(7)~9). Thereforevy andv; (and not exponents as of-
ten assumed for single channel quantum wigee the prin- . . 1 >
ciple parameters gc?verning theqlow ene:gy physicg in thégenerahzepﬂ plasmon velocme_s OBz (Hg)J’.H;))' The .
multichannel case. They establish the quantitative link to thgdMme sequence of trgnsforma}tlops does pot, n general’ diag-
microscopic Fermion modé¢B). For real quantum wires self- onalize the topological exmtgtlons which expla|_ns vyhy
consistent Hartree-Fo;2° diagrammati@? or Monte Carlo coupled ILS cannot necess”anly be decomposed into inde-
technique® were used to deduce TL parameters from a mi_pendent. normal mode TLs. .

croscopic model for electron-electron interaction potential. quat|ons(7)—(12) qalculate _the(asymptou() power Iqw

As a first approach to multichannels we rely on the pertur-beh"’“/Ior of any Fermion functiofef. Eq. (18) below]. This

bative approximation below, which, when including the FockCompletes the ?0"_“‘0?‘ for low energy prop_er_ti_es in_ muiti-
term(as crucial in spin sectirproves already as superior to mode electron liquids in 1D. In thesuper-Galilei invariant

the often used random phase approxim#fomo TL  SPecia caséV')yy =(V?)y =V for all n andn’, the en-
parameteré? suing open boundary exponent as well as the plasmon veloci-

The matricessy andu; reflect symmetries of the system ties Eq.(12) agree with the r_esults of R_ef. 18. As stated
under permutations of modes. One important case argbove, the present approach includes spins through separate

; — ; dess==1.

equivalent modes whe),,y =vd,y in Eq. (6), andvy and ~ MOUE . L .
v; both are cyclic matrices. Then Eg) can be diagonalized . With S_U(Z) Spin rotation invariance charge-spin seépara-
and the Bogoliubov transformation solving for plasmon ve-tion co_ntlnues to occurin multichannel systems, so tha_t In-
locities and exponents can be carried out separately in eaéﬁ)ducmg the a_ddltlonal index=p, o for the ch_arge and spin
of the resulting independent “normal mode” Tiwo equiva- sector, respecuvgly, rendeey, andwv, block diagonal. F“T‘
lent channels, for example, can be separated trivially int&he_rmore, the chiral SU)*SU(Z) _symmetry of the_ ferm|-_
independeni; + 0, and o, -, modes. Another symmetry onic _model at low energies prowdg separate spin rotation
is Galilei invariance(observed in QW and NjTfor which  invariance of right and left movers, giving risedq,=v,, in
Tr v,=3,v, (Ref. 3] stays independent of interactions. The spin sector. \/ery strong spin-orbit coupling will spail charge-.
higher symmetry, where the ground state energy change°s°'” s_eparatlon in general. In 9W, however,_charge and spin
only by the trivial kinetic part, independently of the interac- &€ Mixed only to the orded(a”) (Ref. 32 which therefore
tion strength, under boosting any individual channg), 'S rarely expected to be of importanf. Eq. (13) below, a
—.J,+5, we call “super’ Galilei invariance. It implies; is the spin-orbit coupling parametedn NT, on the other
=v, i.e., VU=V®@ which in general is not observed by Eq. hand, charge-spin separation is already broken to the order
(3) though tacitly assumed often in theoretical work. O(a). Here, the very small value of, expected from the

Of central importance is the single particle density matrixSmall carbon mass, leaves this breaking less important and
(W (X)z,bT,(O)> which can be evaluated from E@5) using justifies calculating Rashba precession lengths to the leading
Bc:son n operators _ ’WE O(ra)e(@)  with order ina. With charge-spin separation Rashba precession is
[a.a ]_p5 5 agqen;ralizing rthe qSQiI’Tgf]e channel controlled solely by the spin secter=0 where, from now

qr A J = Onnr Oqqs

a4 i } on, the indexn runs only overM spatial modes.
case®> New Boson operators,, eventually diagonalize

HG+H?. They are obtained via a Bogoliubov transforma-
tion reading in the multicomponent cas(é;):(\‘j:j)(lg). lll. RASHBA-SPIN PRECESSION LENGTH
Here, the MXM matrices u and v must satisfy We address the physical situations referred to in Sec. | by
[wivav-wvuv ) =v(wv)']; =&, where w=(vuv'u  studying two model systems: QW for quantum wires and NT
-v?)~ and t indicates the transpose. This condition is ful-for nanotubes. In QW the single particle kinetic energy dis-

filled when persion may be regarded g38" (k) = e,+k?/ 2m, wheree, are

(12)

VOIr  5+Vg/)\s

with the outcome of Eq(11) inserted forc, s, andR, are the
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subband energies an, is the effective mass. The Rashba 1 " +
spin-orbit energy f(L) = MZ [y (L) + o (L) ][ (0) + 47, (0) D),
nn’

H%°= a(oyk, — oK), (13 (16)

deemed as independent of the mode index, adds a IineSlmploying the \fée" known Boson representation for Fermi
contribution 4k and splitse?™(k) into two equal parabolas Operatorsyg(x).1® In the spirit of the Datta-Das setiphe

intersecting at the origirithis statement holds strictly true quantity f(L) can be interpreted. as thg probabjlity amplitude
only for not unrealistically strong spin orbit coupling to measu”rel an ehlectron el W'.Ejh gs. initial Spin pcélanzg-
strengthsa<u,, as discussed abot%e?. Both branches are 10N parallel to thex axes, provided it was Injected at
indexed by the electron spin projection perpendicular to th ith equal probability amplitudes into all occupied channels.
wire axes, taken as the direction for conveniencéthe x he result can be represented as

axes points along the wireWithin each mode, at the Fermi —

energy, the spin splitting yields a finite difference of Fermi f(L)=2 go(L)cogmL/N,). (17
momentak,; -k, =2am, which, as important property of the
QW case, does not depend an Spins initially polarized As indicated in the previous section the asymptotic power
along the x axes therefore precess once over a lengtHaw decay of the two point functiog,,, (x) ~ |x| " can be

nn’

4rl|Ky; —Kny|=27/ ame, equal in all channels. expressed through the solutions of Egjl) for R and 9:
The other system we consider are metallic carbon nano-

tubes(NT). Here, spin-orbit couplintd arise predominantly Ban = S + 22, RnjRuj sink? 0. (18
from the curvature of the tube surface, cf. Ref. 35; in flat i
graphite layers it vanishes by mirror symmetry. The kinetic

energy dispersion may be taken a#T(k)=i{en+vF[|kF Equation(18) generalizes the known result for the electron

Green function of single channéfs!® By virtue of confor-

_k|Q(k)+|kF+k|®(__k)]}’ d_isregarding, for simplicity, para- - 5| invariance the time dependence can be deduced, yielding
bolic parts of the dispersion close to the subband bottoms gf,o open boundary exponent

€,. Here kg denotes the Fermi momentum at zero doping and
ve the Fermi velocity. For every there exist two different Ba=—1+, Rﬁn,e_Zﬂn’, (19
flavor branche®=+1, depending on the magnitutié_ |kg, n'

of opposite velocities at given sign kfAdding H° from Eq.
(13) yields differences Ky —k, =2a(e:— €, +bveke) / (vE
-a?) at the Fermi energy, and therefore Rashba precessiqgn
lengths, depending now amand, additionally, orb.

for the density of statefEq. (1)].
Equation(17) allows to read off the inverse precession
gths

So far we considered independent electrons for QW and 1 amg i
NT. It has been shown recently that electron—electron inter- )\TN = 72 (©30)nn V0 (20)
actions influence and actually enhance Rashba precession in n n’
2D structure¥® and in single transport channéfTo calcu-  gp,
late Rashba lengths on the basis of the multichannel TL-
model(5) requires expressing E(L3) in Bose variables. As 1 e L. €~ €y +bueke
in single channefg H, is found to be proportional to the W:7 > O WW’ (21)
n/

spin currentsl, ,. The expressions: "
€ <lerl

H?QN: - ame, Undn,o (14 after which spins reverse their polarization in charmelVe
n see that the\,, are governed by the matricas, of spin
conductivities.  Without  electron—electron interaction

and (©30)n =Unbhy SO thath\@V=\ stay equal in all channels of
QW [Eg. (20)]. This would yield optimum transistor opera-

HYT = e S " ént bUFkFJ (15) tion as discussed before. Interactions, however, alter the di-

S0 F - vi-ad? noe agonal entries and, additionally, generate off-diagonal entries

in v;,, describing the coupling between channels. In general
)\SW becomen dependent so that different channels dephase.
however, differ in the two cases, QW and NT, as can bdiemarkably, as demonstrated now, interacticetiicespin
checked in the limit of vanishing interaction, whésy,). dephasing in the two Iowes_t flavor modes of single walled
=(035)ny =Undny IN EQ. (5) reproduces the Rashba preces—_NT [Eq._ (21)], compared to its magnitude in the absence of
sion lengths 2/|ky; —k,| in individual QW or NT channels, Mteractions.
respectively(H, is a single particle operator and does not
depend on the Coulomb interactijon

With Egs. (14) and (15) we are now in the position to Sufficiently weak interactions can justify the perturbative
calculate estimate tav;,. Crucial is the magnitude of nonzero Fourier

en<ler]

IV. PERTURBATIVE ESTIMATE
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0.4 - - ing never vanishes within the regime of validity of the per-
'*‘A;,)*" turbational approach at not too small carrier densities in the
03 L second subband = 1.150 [note that for harmonic confin-

ing potential the third subbanghot included hergbecomes
occupied abover/ wy>2]. Experimentally, it might be pos-
sible to disentangle two Rashba periods and thus, by moni-
toring their dependence on the interaction strengturier
density, verify the predicted dephasing mechanism when
two channels are occupied. For the Datta Das transistor
based on semiconductor QWs this result clearly suggests to
use only the lowest subband.
In Fig. 1(b) the difference of Rashba lengths of the two
e = Al - T - lowest(degenerateflavor modes of metallic single wall arm
20 /Nt chair (m,m) NT is seen form=5 [subband energies,=¢,
I / | =0, the Fermi momentk{l}=m/\s’3riep/vp, r is the tube

01}

1 1.5 2 & 25

radius, ande?/ evg=2.7 (Rzef. 14, relative to the splitting
; A at zero doping. Dephasing can be shown to be sup-
osl 7 ] pressed logarithmically~ ex/[c; —Coln(e/ wp) ]+ O(€d)  at

/ small doping(c; and ¢, depend on the tube radius angl
vanishes with the interactipncompared to the interaction
free casgdashegl wherec,=m/2. This suggests the use of

. b . . . single walled NT close to the neutrality poififor coherent
0 0 1 2 3 4% Rashba precession along both flavor chanfrels.
FIG. 1. Difference\,—\4|/A© vs Fermi energy/ wp in units V. SUMMARY

of the subband energy, for two channels. In QWa) interactions We have calculated Rashba spin precession lengtlis
always cause dephasing between both modes while in single Wa”%ultimode quantum wires, accounting for electron-electron

NT (b) dephasing between the two flavor modes can be Significantl¥nteracti0ns using the Bosonization method. To this end we
suppressed at small doping compared to the noninteracting ca?_le ' .

(dasheqt ave developed an, in principle, exact description fo_r the 'I_'L
phase of coupled quantum channels that allows the inclusion
) _ ) spin. Generalized charge and spin compressibilities and con-
components, which even in metallic NT are small comparedyctivities are identified as the key parameters to determine
to the Fermi velocity, since thiarge) =0 component of the  he power law exponents and to establish quantitative contact
interaction does not affect the spin sector and is properlyyith the underlying interacting electron model. In semicon-
accounted for on the RPA level. Imposing @Jsymmetry  qycting wires, characterized by a parabolic kinetic energy
[naive low order perturbation theory violates @Y  gispersion, we find that thk, becomen dependent, giving
invariancé?] results in rise to doubts whether multichannel systems can be used as
an active part of the Datta-Das transistor. This result could

Onednn = (Vo) . . :
N = (©30)n explain the up to date lack of successful transistor operation

=[v, = {Vamnd 2K,) + >, Vijni(Kn + k) and clearly suggests to use single channel quantum wires. In
j#n metallic single walled carbon nanotubes, on the other hand,
Vo (k= kW26 we find that dephasing between the two flavor modes, arising
nnjAtn nn due to the linear kinetic energy dispersion, is suppressed by
= [Varnn (Kn = ko )277] (1 = Sp). (22)  the electron—electron interaction, particularly at small dop-
ing, which could make these systems interesting for coherent
Here, k, denotes the Fermi momentum of mowlé’ spin transport.

Figure Xa) shows the resulting differend®,—\,|/\© of
Rashba lengths relative to this lengtf? in the absence of
interactions in a two-channel QW of widttFag/\2 (ag is
the Bohr radius This phase difference can exceed 30% and | thank Hermann Grabert for many useful conversations.
decreases only wheg- and the carrier density increase so This work has been partly supported by the DFG under
that the interaction strength diminishes. We see that dephaS&FB 276.
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