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Decoherence of transported spin in multichannel spin-orbit-coupled spintronic devices:
Scattering approach to spin-density matrix from the ballistic to the localized regime
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By viewing current in the detecting lead of a spintronic device as being an ensemble of flowing spins
corresponding to a mixed quantum state, where each spin itself is generally described by an improper mixture
generated during the transport where it couples to other degrees of freedom due to spgiB&riniteractions
or inhomogeneous magnetic fields, we introduce the spin-density operator associated with such current and
express it in terms of the spin-resolved Landauer transmission matrix of the device. This formalism, which
provides a complete description of coupled spin-charge quantum transport in open finite-size systems attached
to external probes, is employed to understand how initially injected pure spin states, comprising fully spin-
polarized current, evolve into the mixed ones corresponding to a partially polarized current. We analyze
particular routes that diminish spin cohererisgnified by decay of the off-diagonal elements of the current
spin-density matrixin two-dimensional-electron-gas-based devices due to the interplay of the Rashba and/or
Dresselhaus SO coupling afig scattering at the boundaries or lead-wire interface in ballistic semiconductor
nanowires; or(ii) spin-independent scattering off static impurities in both weakly and strongly disordered
nanowires. The physical interpretation of spin decoherence in the course of multichannel quantum transport in
terms of the entanglement of spin to an effectively zero-temperature “environment” composed of open orbital
conducting channels offers insight into some of the key challenges for spintronics: controlling decoherence of
transported spins and emergence of partially coherent spin states in all-electrical spin manipulation schemes
based on the SO interactions in realistic semiconductor structures. In particular, our analysis elucidates why
operation of both ballistic and nonballistic spin-field-effect transistors, envisaged to exploit Rashba and
Rashba+Dresselhaus SO coupling, respectively, would demand single-channel transport as the only setup
ensuring complete suppression(8fyakonov-Perel’-typé spin decoherence.
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[. INTRODUCTION current? are expected to offer alternative solutions by mak-
ing possible spin current induction without using any ferro-
The major goal of recent vigorous efforts in semiconduc-magnetic elements. In addition, quantum-coherent spintronic
tor spintronics is to create, store, manipulate at a given locadevices have been propos&d® that could make possible
tion, and transport electron spin through a conventionamodulation of conventionalunpolarized charge current in-
semiconductor environmehtThe magnetoresistive sensors, jected into a semiconductor with Rashba spin-o(Bid) in-
brought about by basic research in metal spintroffdsave  teraction by exploiting spin-sensitive quantum interference
given a crucial impetus for advances in information storagesffects in mesoscopic conductors of multiply connected ge-
technologies. Furthermore, semiconductor-based spintroremetry (such as rings Thus, even with successful genera-
ics'* offer richer avenues for both fundamental studies andion of spin currents in semiconductor nanostructures a chal-
applications because of wider possibilities to engineer semilkenge remains—careful manipulation of transported spins in
conductor structures by doping and gating.The two principatlassical [such as spin-field-effect transistbf$® (spin-
challenge$ for semiconductor spintronics are spin injection FETS] or quantum(such as mobile spin qubif§ informa-
and coherent spin manipulation. tion processing devices that will not destroy coherent super-
The current efficiency of conventional spin injection into positions of quantum states{)+b||) necessary for their
a semiconductofSm) at room temperaturévia Ohmic con-  operation.
tacts and at the Fermi enelgypased on ferromagnet{EM) The spin-FET proposHl epitomizes one of the most in-
metallic sources of spin currents, is much lower than in thedluential concepts to emerge in semiconductor spintronics—
case of metal spintronic structufesue to the mismatch in replacement of cumbersome traditional spin control via ex-
the band structure and transport properties of FMs and®Smsternally applied magnetic fields by all-electrical tailoring of
Nevertheless, basic transport experiments at low temperapin dynamics via SO interactions. Electric fields can be pro-
tures can evade paramount problems in spin injection int@uced and controlled in far smaller volumes and on far
bulk semiconductors by employing diluted magneticshorter time scales than magnetic fields, thereby offering
semiconductorsor optical injection techniqués$ [note that  possibility for efficient local manipulation of spins and
spin injection and detection in a high-mobility two- smooth integration with conventional high-speed digital
dimensional electron ga2DEG) has turned out to be much electronic circuits. In the envisaged spin-FET device, spin
more demandind]. Also, quantum-coherent spin filtets, (with polarization vector oriented in the direction of trans-
guantum spin pump, and mesoscopic generators of pureport) is injected from the source into the Sm wire, it pre-
(i.e., not accompanied by any net charge cujreptn Hall  cesses within this nonmagnetic region in a controlled fashion
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due to the Rashba typfeof SO coupling(arising because of z A E it
the structure inversion asymmetry of heterostructutbat Y/ Injector Detector
can be tuned by the gate voltaffeand finally enters into the ~

drain electrode with a probability that depends on the angle
of precession. Thus, such a polarizer-analyzer electrical
transport scheme would be able to modulate the fully spin- !
polarized source-drain charge current.

Inasmuch as coherent spin states can be quite robust in FIG. 1. (Color onling Spin transport through generic two-probe
: : . spintronic device where fully spin-polarized currénbmprised of
semiconductor quantum wells due to weak coupling of spin ure spin statef?|=1) is injected from the left lead and detected in

to the external environment, they have been Successfullie right lead. The central region is a 2DEG where the electron can

transported ' over hundreds of micrometers at IOWbe subjected to a magnetic field and/or SO interactions pertinent to
temperature$? However, since SO interactions couple the 4ol 9 P .
semiconductor heterostructures: Rashba due to the structure inver-

spin and momentum of an electréhthey can also enable . ) . .

some of the main mechanisms leading to the decay of spifiC” 2SYmmetry; and Dresselhaus due to the bulk inversion asym-
polarizatiot?* when elastic(off lattice imperfections, non- metry. If_ the 'TJeCte‘j currcint Is fully spin pola_rlzed, such as ?'0“9
magnetic impurities, interfaces, and boundaresinelastic the x axis (P,=1,P,=0,P,=0) chosen in the figure, the outgoing
(off phonons charge scattering occurs in a 2DEG. For eX_;:]urrent WI!|, in genergl, hgve its polgrlzatlon vector 'rotated by co-
ample, in the semiclassical picture, put forth by D'yakonov erent spin precession in the semiconductor region, as well as
and Perel(DP) for an unbounded system with scattering off shrunk|P| <1 due to processes that lead to_Ioss of SPin quantum
static impurities(which does not involve instantaneous spincohere?cdsu.ch ﬁs spin-independent scattering at static impurities
flip),%° spin gets randomized due to the change of the effec’’ interfaces in the presence of SO coupling
tive momentum-dependent Rashba magnetic #itk) (re-  the ballistié®*?or diffusive®>37-38propagation of charge$o
sponsible for spin precessipim each scattering event. Thus, which the spins are attachesemiclassicallyThe Landauer-

the DP spin relaxatidfi will compete with controlled Rashba Biittiker scattering formalisr?f2® which intrinsically takes
spin precession, which can impede the operation of devicesto account phase-coherent propagation of electrons through
involving SO couplings. This has prompted recent reexamifinite-size devices attached to external current and voltage
nation of the spin-FET concept toward possibilities for non-probes, is also frequently employed to treat quantum spin-
ballistic modes of operation where spins could remain cohertronic transport in semiconductor structufés® However,

ent even in the presence of charge scattetfrig,contrastto  previous applications of the scattering formalism evaluate
the original proposal of Datta and Ddswhich essentially only the spin-resolved charge conductances which, on the
requires clean one-dimensional wires. other hand, do not provide enough information to extract the

While inelastic processes inevitably drive the spin polar-full density matrix of transported spins, “hiding” in the quan-
ization to zero in the long-time limit/ the DP spin relaxation tum transmission properties of the device. Such approaches
involves only elastic scattering of impurities, which is yield only a single component of the spin-polarization vector
incapablé® of dephasing the full electron wave function. of detected current in the right lead of Fig. 1, while all three
Therefore, in the case of quantum transport through a mes@omponents are needed @ determine the vector of spin
scopic (phase-coherentSO-coupled Sm region, where the current flowing together with charge current in this le@d;
electron is described by a single wave functi®f’the cou- evaluate the density matrix of the corresponding ensemble of
pling between spin polarization and charge currents can beansported spins; and(iii) extract their degree of
interpreted as stemming from the entanglement of spin andoherencé?3347
orbital quantum staté%3! of single electrons injected and Here we demonstrate how to associate the spin-density
detected through electrodes supporting many orbital conmatrix with detected current, which emerges after charge
ducting channeld! Within the entangled single-particle current with arbitrary spin-polarization properti@spolar-
wave function, the spin degree of freedom cannot be deized, partially polarized, or fully spin-polarizgds injected
scribed by a pure state any more—that is, the spin becomdbrough multichannel leads and propagated through a
subjected to decoherence process akin to mechanisms comantum-coherent semiconductor nanostructure where trans-
monly studied when open quantum systems become emported electrons are subjected to spin-dependent interactions.
tangled with a usually large (and dissipative Following our earlier analysis of the density matrix of a
environmen€?33 Since present nanofabrication technologiessingle spin injected through one of the Landauer conducting
yield quantum wires with more than one open conductingchannel$! we introduce in Sec. Il a density matrix of an
channel at the Fermi energyncluding single-wall carbon ensemble of spins flowing through the detecting lead in Fig.
nanotubes where spin propagates via two chafels is 1. This central tool of our approach is expressed in terms of
important to quantify the degree of coherence of spin transboth the amplitudes and the phasegsgin-resolved Land-
ported through such structures in the presence of SO cowuer transmission matrix elements. In Sec. |l B we extract
pling. from it the spin-polarization vectdiPy, Py, P7) of the out-

The loss of coherené&®3of transported spins is encoded going current in Fig. 1 while taking into account different
into the decay of the off-diagonal elements of their densitypossibilities for the polarizationr of the incoming current.
matrix ps. Recent theoretical pursuits have offered diverseThis also allows us to elucidate rigorous way of quantifying
approache$~4 which make it possible to follow the quan- the spin polarizatioitas a scalar quantityf current which is
tum dynamics ofy in the course of transport, while treating measured in spin detection experimelt$348Together with

P.7 (1,0,0) /2D Electron Gas/ (P, P} P, )
1
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the Landauer formulas for spin-resolved charge conducdetermined just by a set of three real numbers representing
tances(which involve only the squared amplitudes of the the components of the spin polarizatiéf® (or Bloch)
transmission matrix elemerffs9, our equations for vector P=(P,,P,,P,. For spinj particles, the polarization
(Py,Py,P7) offer a complete description of the coupled vector is experimentally measured as the quantum-
spin-charge quantum transport in finite-size devices wherenechanical average

experimentally relevant boundary conditionsuch as v 5

closed boundaries at which current must va_msh, mterfaqes, “P=Z((5,0,(5),(5,) =Tr{ﬁs—[r], )
external electrodes, and spin-polarization properties 2 2 2

of the injected curremnt which are crucial for the treatment
of transport in the presence of SO couplirt§sare easily
incorporated.

which is the expectation value of the spin operator
al2.
A fully coherent state of spié—particle is pure and, there-

The magnitude oP quantifies the degree of coherence off d bed f v b 5 belongi h
the spin state. We employ this formalism in Sec. Il to study ore, described formally by a vectqk) be onging to the
wo-dimensional Hilbert spacg) e Hs. The density opera-

how spin-orbit entanglement affects transport, entailing thd . L
reduction of|P| in ballistic (Sec. Il A) or disorderedSec.  ©F formalism encompasses boflure p=[2)(X| states and

Il B) semiconductor multichannel quantum wires. This alsgixturesp=2;w;|;)(X| describing an ensemble of quantum
offers a direct insight into the dynamics of quantum coher-States appearing with different classical probabilitigsOne
ence of spin which would propagate through multichannefan quantify therzlegree of coherence of a quantum3$taye
ballistic” (with Rashba coupling or nonballistic (with ~ the purity P=Tr p%. However, since the density operajay
Rashba=Dresselhaus couplingpin-FET deviced® For the  ©Of a spin; particle is determined solely by the polarization
transport of noninteracting electrons through finite-sizevectorP, all relevant information about its coherence can be
structures(PZ,P7, P?) can be evaluated nonperturbatively in obtained from the magnitud¢P|=\P+Pj+P, so that
both the SO couplings and the disorder strength. This makeBs=(1+|P|?)/2 (note that in the case of, e.g., a spin-1 par-
it possible to treat the dynamics of spin coherence in a widdicle one has to measure additional five paraméters
range of transport regiméfrom high mobility in ballistic to ~ Specify ps and its purity.
low mobility in localized systemsthereby unearthing quan- For fully coherent pure states the polarization vector has
tum effects in the evolution ofP| that go beyond conven- unit magnitude|P|=1, while 0<[P|<1 accounts for mix-
tional semiclassicat or perturbative quantum treatmetfts tures. The dynamics of electron spin is affected by external
of spin relaxation in diffusive bulk semiconductors magnetic field, local magnetic fields produced by magnetic
with weak SO interaction. We conclude in Sec. IV by high-impurities and nuclei, and different types of SO couplings.
lighting requirements to combat spin decoherence in spinThese interactions not only generate quantum-coherent evo-
tronic devices relying on fully coherent spin states, whilelution of the carrier spin, but can also induce spin
also pointing out at capabilities of partially coherent decoherenc&3233Thus, coherent motion is encoded into the
spin states that inevitably emerge in multichannel devicegotation of vectorP, while the decay of spin coherence is
examined here. measured by the reduction of its magnitud® below 1.
Figure 1 illustrates how these generic features in the dynam-
ics of open two-level systems will manifest for spins in a
nonequilibrium steady transport state.

For the understanding of quantum dynamics of open spin
systems and processes which leak their coherence into the ) ) ]
environmeng233 the central role is played by the density A. Spin-density matrix of detected current
operatof”0 p,. The expectation valugX|pd3) gives the Most of the traditional mesoscopic experiméhisxplore
probability of observing the system in stai). For spin% superpositions of orbital states of transported spin-
particle, this operator has a simple representation in a chosetegenerate electrons since inelastic dephasing processes are

II. PURITY OF TRANSPORTED SPIN STATES

basi§® | 1),|]) € Hs, suppressed in small enough structuféss1 um) at low
. temperature$§T <1 K). This means that electron is described

. _(Pm Pu)_ Is+P-o 1) by a single orbital wave functiof¥) e #, within the
P Pl 2 conductor®2° When spin-polarized electron is injected into

. a phase-coherent semiconductor structures where it becomes
which is a 2x2 spin density matrix wherég is the unit  subjected to interactions with effective magnetic fields, its
operator in the spin Hilbert space aid=(oy,0y,0,) is the  state will remain pure, but now in the tensor product of the
vector of Pauli spin matrices. The diagonal elemgntsand  orbital and the spin Hilbert spacé¥) € H,® H.. Inside the
p,, represent the probabilities to find an electron with spin ideal (free from spin and charge interactiorisads attached
or spin |. The off-diagonal elementsp, ,p;; define to the sample, the electron wave function can be expressed as
the amount by which the probabilities of coherenta linear combination of spin-polarized conducting channels
superpositions of basis vector),||) deviate, due to |no)=|n)®|o) at a given Fermi energy. Each channel,
guantum-interference effects, from the classi@atoherent  being a tensor product of the orbital transverse propagating
mixture of states. The two-level system density matrixmode and a spinor, is a separdblepure quantum
Eg. (1) is the simplest example of its kind since it is state (r|no)*=®,(y)®expixikx)®|o) specified by a
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real wave numbek,>0, a transverse mod@,(y) defined channels, i.e., it cannot be assigned a single spinor wave
by the quantization of transverse momentum in the leadfunction as in the case ¢i) state. Obviously, such SO en-
of a finite cross section, and a spin factor statg (we  tanglement will be generated whenever the orbital and spin
assume that orbital channef® are normalized in the usual parts

way to carry a unit curref). When injected spin-polarized of the Hamiltonian do not commute, as in cases where,
flux from the left lead of a two-probe device is concentratede.g., an inhomogeneous magnetic fildandom magnetic

in the spin-polarized channejin)=|no), a pure state impurities, or SO interaction term-+inhomogeneous
emerging in the right lead will, in general, be describedspatial potentid® govern the quantum evolution of the

by the linear combination of the outgoing channels system.
’ ’ To each of the outgoing pure states of E8), we associ-
out = X tyneroln) @107, (3)  ate a density matrip=|outy(out,
n'o’

1 «
which is a nonseparalfiestate. This equation introduces the ~ pho—°U== > tno otmerelN XN © [0 )0,
spin-resolved Landauer transmission matrix wheyg, . |2 Z it o
represents the probability for a spin-electron incoming (5)
from the left lead in the orbital stat) to appear as a
spino’ electron in the orbital channgh’) in the right ~WhereZ is a normalization factor ensuring that g 1. After
lead. The matrix elements of depend on the Fermi taking the partial tracé>° over the orbital degrees of free-
energyEr at which quantunti.e., effectively zero tempera- dom, which amounts to summing allx2 block matrices
ture) transport takes place. Thematrix, extended to include along the diagonal 05" ~°", we arrive at the density matrix
the spin degree of freedom and spin-dependent singledescribing the quantum state of the spin in the right féad.
particle interactions in quantum transp$f3is a standard For example, when a spip-€lectron is injected in channel
tool to obtain the spin-resolved conductances of a two-prob#) from the left lead, the incoming state|i® ®|1) and the

device, explicit form of the density matrix for the outgoing spin state
in the right lead is given by
M
G= (GTT G”) : €2 E (|tn’nm|2 |tn’n,w|2) @) " | |2 .
= lT ll - , 2 , 2 . . 1 tn’ﬂ,TT tn’n,ﬁt ’ )
G G h nn=1 |tn n,u| |tn n,u| pgTﬁOUt: Z 2 ( R " HZLT . (6)
n'=1 tn’n,ﬁtn’n,lT |tn’n,U|

Here M is the number of orbital conducting channéthe
number of spin-polarized conducting channelsi$)2leter-  Since the full outgoing state Eq(3) of an electron
mined by the properties of the transverse confining potentigk still pure, the reduced density matrigl’ °"" does

in the leads. In the Landauer picture of spatial separation ofiot correspond to any real ensemble of quantum states
single-particle coherent and many-body inelastic proceSses,(j.e., it is an improper mixtuf®). On the other hand, the

it is assumed that the sample is attached to huge electrafurrent can be viewed as a real ensemble of electrons in-
reservoirs with negligible spin-dependent interactions. Tqected in different channels, so that we consider spin and
simplify the scattering boundary conditions, semi-infinite charge flow in the right lead to give rise to an ensemble of
ideal leads are inserted between the reserv@itsch ther-  states described by a proper mixturﬁc:Eni)’S“’_"’“F
malize electrons and ensure steady-state transpod the  Thus, when spin- polarized current is injected from the

semiconductor regiop. ' left lead, we obtain for the current spin-density matrix in the
Selecting the spin-resolved elements of thematrix  right lead

(see Sec. I)N allows one to describe different spin

injection and detection transport measurements. That is, . e/h M Itarn11l? tn’nmt;/n,u
the spin-resolved conductances can be interpreted as Pﬁm > o ¢ , |- (7)
describing injection, transport, and detection of single spin n’,n=1 \"n'n,17i0'n, |7 | n’n,H|

species in a setup involving spin filters or half-metallic
ferromagnetic leads with collinear magnetization directions
For exampleG'! is the conductance of a setup where spin-
polarized current is injected and spjnpolarized current is

By the same token, the spin-density matrix of the detected
current, emerging after the injection of spinpolarized
charge current, is given by

detected for} and| spin defined by the same spin quantiza- &2/h M ltami 2t t

. . . . - Al _ n'n,T| n'ntln'n,||

tion axis. If both spin species are injected from the left Pe= =Tl > . , |- (8
lead in equal proportion, as in the experiments with conven- GH+GY D\t tng [t

tional unpolarized current, one resorts to the usual Landauer i i L
conductance formut&2° =G!T +G+G+G!.. The most general case is obtained after the injection of par-

While the conductance formulas E@4) require one tially spin-polarized current, whose spins are in the mixed

to evaluate only the amplitude of thematrix elements, duantum state

Eqg. (3) reveals that both the amplitude and the phase of 5 =n +n 9
thnoo determine the nonseparable electron state in the out- Ps T|T><T| DXL, ©
going lead. Although théout) state Eq.(3) is still a pure  which gives rise to the following spin-density matrix of the
one, spin in such a state is entangled with orbital conductingutgoing current:
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M 2 2 * *
el &?h Myt pgl=+ Niftarn ] Mt it F Mitan i tyn ) 10
n;t

Pe = h(GlT+G1 e - - 2 2
MGT+G)+n(GH+G)  Zy ANt pyton it ¥ Nt tongr Miltarn g+ 0yftarn, |

This density matrix reduces to E() or Eq.(8) in the limits  usually fixed by the direction of magnetization of ferromag-
n=1,n=0 orn,;=0, n =1, respectively. netic elements or axis of spin filter which specify the orien-
The measurement of any observable quanfityon the tation of injected spins in Fig.)1 For example, standard
spin subsystem within the right lead is described by the reapplications of the Landauer-Bittiker scattering formalism to
duced spin-density matrixO9=Trdp.O4], where O, is a  ballistic* or diffusive transport in a 2DEG with Rashba SO
Hermitian operator acting solely iH.. An example of such interaction’* where only spin-resolved charge.conduTct.ances

measurement is the spin operator itself in E2). In the case '€ evaluated through E@), allows one to obtain onlf, in

of semiconductor quantum wires explored in Secs. Il A andthe right lead in Fig. 1. The knowledge B, alone is insuf-

Il B, the spin-density matrices in Eq§7)—(10) are deter- ficient to 'quantlfy the quantum coherence properties of de-
mined by the polarization of injected current, number of or-t€cted spins. Also, in the case of transport of fully coherent
bital conducting channels in the leads, and spin- and charg&Pins, whergP[=1 in the right lead, we need to know all
dependent interactions within the wire. They characteriz&ré® components of the outgoing polarization vector to un-
transported electron spin in an open quantum system, arfderstand different transformations that the device can per-

can be easily generalized to multiprobe geometry forfOrM ON the incoming spif16:19 . .
samples attached to more than two leads. Our formalism provides a direct algorithm to obtain the
explicit formulas for(Pg, Py, P7) from the spin-density ma-
trix Eq. (10) by evaluating the expectation value of the spin
B. Spin polarization of charge currents in semiconductor operator in Eq.2). When injected current through the left
spintronics lead is spint polarized, the spin-polarization vector of the

What is the spin polarization of current flowing through acurrent in the right lead is obtained from Eqg) and(7) as

spintronic device? In many metal and insulator spintronic Gl =g

structures’® as well as in some of the semiconductor ottes, Py= Glital (129
spin-upl! and spin-down currents comprising charge cur-
rent I1=1"+I! are independent of each other and the spin
guantization axis is usually well defined by external mag- | 2¢h - *
netic fields. Therefore, spin polarization is easily quantified Py= Gli+Gl > Reltyn ity (12b)
by a single numbére-> n’,n=1

=1 glt=-gl! M

I"+11 GlM+gH- (1) ! 2¢'/n > Im[t;,nmtn,n,”]. (120

27 G+ Gl
Using the language of spin-density matrices, a partially po- ot
larized currentP# 0 is an incoherent statistical mixture of Here, and in the formulas below, theaxis is chosen arbi-
|T) and||) states described by E) (for n;=n, we get the trarily as the spin quantization axigig. 1), o, 1)=+|1) and
conventional completely unpolarized charge currents,||)=-||), so that Pauli spin algebra has the following
ps=14/20 |P|=0). representation:

Surprisingly enough, quite a few apparently different .
quantities have been proposed in recent spintronic literature 5= (1 0 ) &= (0 1) &= (O _') (13)
to quantify the spin polarization of detected current in semi- “\o -1/ Y \1 0/ " \i o)
conductor device&}46:5455In semiconductors with SO cou- _ . _ _ ,
pling, or a spatially dependent interaction with surroundingAn@logously, if the injected current is 100% spiirpolarized
spins and external inhomogeneous magnetic fldsnon-  2/0ng thex axis we get
zero off-diagonal spin-resolved conductanGé! # 0+ G'!

; . . ; . Gl'-GH
will emerge due to spin precession or instantaneous spin-flip L= T (143
processes. Thus, in contrast to Eq(l1), these G'+G
expressiorf$:46:5455fgr “spin polarization” involve all four
spin-resolved conductances defined by E4). However, 22th M .
they effectively evaluate just one component of the spin- Piz PIAST] > Rdtn,n,wtn,nu], (14b)
polarization vector along the spin quantization axich is G'+G n’n=1 '
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22h M The explicit expressions for the density matrices of de-

b > Mt tn (] (140  tected currenp., p’, pl*!, i.e., the corresponding polarization
z~ G” + Gll n’n,7-n'n, |- cr pcz Pec » 1.E, p g p

n’,n=1 vectors extracted in Eq$12)—(15), together with the Land-
) ) _ ) auer formula for charge conductances &, provide a uni-
Finally, if we impose the unpolarized current=n, as the  fied description of coupled spin-charge transport in finite-
boundary condition in the left lead, the polarization vector ofsjze devices attached to external probes. For such structures,
detected current in the right lead is given by the system size and interfaces through which electrons can

enter or leave the device play an essential role in determining
Gll+gll-gll-gl

pitl = , (1539 their transport properties. The proper boundary conditions,
* GlT+Gh+GHT+GH which require considerable effort in theoretical formalisms
tailored for infinite system&, are intrinsically taken into ac-
5 M count by the Landauer-Buttiker scattering approach to quan-
pltl = 2¢ 1 > R4t t tum transport. Moreover, the unified description is indispens-
y h GT+GlH+GHT+ G“n,’nz1 Tl able for transport experiments which often detect spin

. current through induced voltages on spin-selective
oty 1 (15D ferromagneti&®23or nonferromagnetic probé8 The main
concepts introduced here are general enough to explain also
M spin polarization in experiments where spins are detected in
pi+l = 2¢? 1 optical schemes which observe the polarization of emitted
z

=— Im[t, .ty PHCE /
h GT+G+G!+ Gun%_l (orngitonit light in electroluminescence procesges.

- 15¢
nn TN n,u] ( ) I1l. SPIN COHERENCE IN TRANSPORT THROUGH
Introducing electrié**” or magnetic field® to manipulate MULTICHANNEL SEMICONDUCTOR NANOWIRES

spin in spintronic devices selects a preferred direction in

. : e Traditional semiclassical approaches to spin trandp&tt
space, thereby breaking rotational invariance. Thus, as de”ﬁ'ave been focused on spin diffusiin disordered systems
onstrated in Secs. lll A and Il B, spin-resolved conduc- y

T where SO interaction effects on transport are usually taken
tances and components of the polarization vector of the cur P y

rent will depend on the direction of spin in the incomin into account only through their role in the relaxation of a
cirrent witehp?es gct toethe ?j(i:reoctioon 31? these fieeldscoln tP? nonequilibrium spin polarizations. On the other hand, quan-

pect 1e N . tum transport theories have been extensively developed to
case of unpolarized injected current, all results are invaria

. ) i ) R nderstand the weak-localization-type corrections that SO
with respect to the rotation of incoming spin singg=Is/2  interactions induce on the charge conduction prop-
independently of the spin quantization axis. To accommodatgties5358.5°Many electrically controlledvia SO couplings
different polarizations of incoming current, one has tospintronic devices necessitate a mode of operation with bal-
change the direction of spin quantization axis. This amount§stically propagating spin-polarized electrofsuch as the
to changing the representation of Pauli matrices 83  original spin-FET proposl) in order to retain a high degree
when computing botki) the transmission matrix, ard) the  of spin coherence. The study of spin relaxation dynamics in
polarization vector from Eq(2). ballistic finite-size structuresuch as regular or chaotic SO
While the form of the spin-density matrices, the diagonalcoupled quantum dot® requires techniques that differ from
Pauli matrix, and the component of Spin-polarization Vectorthose app“ed to, e.g., the D'yakonOV_Pere|' type of Spin re-
P} along the spin quantization axis are unique, the explicijaxation in disordered systems with SO interactitine DP
expressions foPy and P; depend on the particular form mechanism dominates spin relaxation at low temperatures in
of the chosen representation for the nondiagonal Pauli matrpyk samples and quantum wells of I1I-V semiconductors
ces. The component along the spin quantization BR{Sin  Yet another transport regime that requires special treatment
Eq. (159] has a simple physical interpretation—it representsoccurs in low-mobility systems whose charge propagation is
normalized difference of the charge currents of spin- impeded by Anderson localization effects or strong electron-
(I"=G!"+GM) and spin{ (I'=G''+G'") electrons flowing  phonon interaction&
through the right lead. The fact that our expression is able To quantify the degree of coherence of transported spin
to reproduce the commonly used E@ll) as a special states in a vast range of transport regimes, we provide in this
case demonstrates that the density matrix of transportegection one possible implementation of the scattering formal-
spin Eq.(10) derived in Sec. Il A yields rigorously defined ism for the spin-density matrixSec. Il A), which takes as
and unequivoca measure of spin polarization. Therefore, input a microscopic Hamiltonian. This will allow us to trace
in the rest of the paper we reserve the tespim polarization  the dynamics of the spin-polarization vector of current ob-
of charge current’*°for |P|. It is insightful to point out that  tained after the injected pure spin quantum state propagate
the same spin-density matrix E(L1) also allows us to ob- through ballistic, quasiballistic, diffusive, and strongly disor-
tain the vector of spin curretitis=(#/2e)(I"-1'), (I5,15,19  dered multichannel semiconductor nanowires with the
=(h/2e)(PL1,PJ1, Pgl), flowing together with charge current Rashba and/or the Dresselhaus SO couplings.
I=1T+1!=GVin the right lead of the device in Fig. (biased The computation of the Landauer transmission matrix
by the voltage differenc¥ between the leadls usually proceeds either phenomenologically, by replacing the
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device with an equivalent structure described by a randormaximum number of conducting channels that can be
scattering matriXwhich is applicable to specific geometries opened up by positionindgss in the band center of the
that must involve disorder or classical chaos due to thédamiltonian Eq.(17). Here t,=#2/(2m'a?) is the nearest-
boundary scattering, and extendable to include the SO neighbor hopping betwees orbitals (r|m)=y(r—-m) on
interaction8!) or by using Hamiltonian formalisms. We adjacent atoms located at sites=(m,,m,) of the lattice.
model semiconductor heterostructure containing a 2DEG ifn the ballistic wires of Sec. Ill A we set the on-site potential
thexy plane by an effective mass single-particle Hamiltonianenergy,,=0, while the disorder in Sec. Ill B is simulated

with relevant SO interaction terms, via the uniform random variables,, e [-W/2,W/2].
o824 n2 N In Eg. (17 ® stands for the Kronecker product of
H :%‘1 +VeoniX,Y) +Vdisorde(xay)+g(f)ya'x_ Pea,) matrices, which is the matrix representation of the tensor

product of corresponding operators. The tight-binding repre-
8. . .. sentation of the momentum operator is given by the matrix
+ E(pxo'x_ pyay), (16 (m[pdm’) =8y msifi(m—my)/2a%. Therefore, the matrix
elements of the SO terms in E({.7) contain spin-orbit hop-
wherem’ is the effective mass of an electron in a semicon-ping parameter$i = a/2a andt2,=3/2a, which determine
ductor heterostructulR®. Here V (X, y) represents the hard- the Rashba and the Dresselhaus SO-coupling-induced spin
wall boundary conditions at those device edges througtsplitting of the energy band$,respectively. All parameters
which the current cannot flow. The random potentialin the Hamiltonian with the dimension of energW, E, t3q,
VgisordekX,Y) is zero for ballistic wires in Sec. lll A, and it andtgo) will be expressed in the figures in units of standard
simulates spin-independent scattering off impurities in Sec(orbital) hoppingt,=1 of tight-binding Hamiltonians.
Il B. In semiconductor-based devices there are two main The SO coupling sets the spin precession length
contributions to the SO interaction®) electrons confined to Lgo=7/2kgo defined as the characteristic length scale over
the 2DEG within semiconductor heterostructures experiencehich spin precesses by an angtdi.e., the staté() evolves
strong Rashba SO couplifithird term in Eq.(16)] because into [|)). For example, in the case of the Rashba SO
of structure inversion asymmetry due to confining potentialcoupling? kso=m"a/%? (2kso is the difference of Fermi
and differing band discontinuities at the quantum wellwave vectors for the spin-split transverse energy subbands of
interface?’ linear-in-momentum Dresselhaus SO couplinga quantum wirgand”’ Lgo=nt,a/2t8, The spin precession
[fourth term in Eq(16)] which arises in semiconductors with length determines evolution of spin polarization in the course
no bulk inversion symmetrywe neglect here the cubic of semiclassical spatial propagation through both the
Dresselhaus ternf® In a GaAs quantum well the two terms ballistic*® and the diffusivé® SO coupled structurevhich
are of the same order of magnitude, while the Rashba S@re sufficiently wide and weakly disordered; see Sec. )ll B
coupling dominates in narrow-band-gap InAs-based struc- The spin-resolved transmission matrix elements

tures(the relative strengttw/ B has recently been extracted — — —
from photocurrent measuremetfis t=2V-Im3[ ® l5- G- V-ImM 2L ® g,
Although it is possible to evaluate the transmission matrix
elements of simple systemsuch as singlé4'® or two-
channel structur&® described by the Hamiltonian E¢L6)
by finding the stationary states across the lead+sample sys-
tems via matching of eigenfunctions in different
regionst®18:55.65gr efficient modeling of multichannel trans-

tarntt = o/ -1)+1,2n-1)+15

tarn 1) = tonr-1)+1,20,

port in arbitrary device geometry, as well as to include ef- trn g1 = ton 20~
fects of disorder, it is necessary to switch to some type of
single-particle Green function technigtiewe employ here ton | = ton 2 (18)

the real® spin space Green operators, whose evaluation re- btained f he G
quires one to rewrite the Hamiltonian E€L.6) in the local ~ &r€ obtained irom the Green operator,

orbital basis - 1
G'= = , (19
A= (S enlmml =ty 3 mxm) o1, E;o®;s_,q_(2% ?)
m (m,m’) 0 Eri
+ %(ﬁy ® oy~ P ® 0y) + S(bx ® oy~ Py ® 0y) whereéﬂ'1L is the M x ZM submatrix of the Green function
matrix Gy, ,.»=(m,o|G'Im’,0”) connecting the layers 1

17) andL along the direction of transpofthe x axis in Fig. 2.
defined on theM X L lattice, whereL is the length of the The Green function elements yield the probability amplitude
wire in units of the lattice spacing (of the order of a few for an electron to propagate between two arbitrary sites
nanometers when interpreted in terms of the parameters éwith or without flipping its spin during the motigrinside
semiconductor heterostructures employed in experifff@nts an open conductor in the absence of inelastic processes. Here
andM is the width of the wire. In 2D system) is also the  the self-energiedr, retarded;a, advancell 37 o=[3[ qI",
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Hamiltonian Eq.(17), for different strengths of the Rashba and the
Dresselhaus SO coupling tuned t§,=t2, The vertical dashed
lines label the position of the Fermi energy in the leads at which the
secondorbital) conducting channel becomes available for injection
and quantum transport.

o
th

—o
o0
v

Current spin polarization |P|
—o o
(==} h

o
h

ir=i[+irR account for the “interaction” of the open system

with the left (L) or the right(R) lead?® For simplicity, we - 1

assume thaﬁrT:Ej, which experimentally corresponds to L0 .
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FIG. 3. Purity of transported spin states through a clean semi-
conductor nanowire 18 100 with different strengths of the Rashba
A. Ballistic spin-charge quantum transport in semiconductor SO couplingtgo The case(a) should be contrasted with Fig. 2

nanowires with SO interactions where the only difference is the number of transverse propagating

. . modes(i.e., channelsin the leads through which electrons can be
Over the past two decades, a multitude of techniques ha}ﬁjected. In(b), a tunnel barrier has been introduced between the

been developed to fabricate feyv n_anometer-wic_]e quantuq&ad and the 2DEG wire by reducing the strength of the lead-2DEG
wwes_and explore their properties in mesoscopic transpoonning parameter from o, =t, in case(d) to t, g,=0.1 in plot
experiments. An example is a gated two-dimensional elecy,.
tron gas3” which has also become an important component
of hybrid spintronic device¥’ Nevertheless, even for present . . Y

S o . entangled with the “environment” composed of two open
nanofabrication technology it is still a challenge to fabricate” - .

. orbital conducting channels of the same electron

narrow enough wires that can accommodate only one trans-
verse propagating mode.

ouh =a ®|ep+b ® |8). 20
To investigate spin coherence in multichannel wires, loup =2l ) ® ley +b]./) ® ey (20

we commence with the simplest example—Fig. 2 pléls  The scattering at the lead-semiconductor interface, which in
as a function of the Fermi enerdy: of electrons whose the presence of the SO interaction give rise to the nonsepa-
transmission matrix(Eg) determines spin-charge transport raple (or entangledl state in Eq.(20), is generated by the

in a quantum wire supporting at most two=1,2) orbital  different nature of electron states in the wire and in the leads.
conducting channels. The current injected from the left lead Recent studies have pointed out that interface between an
is assumed to be fully polarized along the direction of transideal lead(with no SO couplingsand a region with strong
port, as in the case of the spin-FET proposal where such Rashba SO interaction can substantially modify spin-
setup ensures a high level of current modulafidAs long  resolved conductanc®sand suppress spin injecti§h.Fur-

as only one conducting channel is open, spin is cohererthermore, here we unearth how moderate SO couplitigs
since the outgoing state in the right lead must be of the fornvalues achieved in recent experiments are of the ord@r of
(al1)+bl|))®|n=1). At exactly the same Fermi energy t® ~0.01) in wires of a few nanometers width will affect the
where the second conducting channel becomes available feoherence of ballistically transported spins, even when uti-
quantum transport, the spin polarization drops below 1 antizing wires with Rashba=Dresselhaus SO couplifigsee

the spin state, therefore, loses its puti®y<1. This can be also Fig. 8 below This effect becomes increasingly detri-
explained by the fact that at this;, the quantum state of mental when more channels are opened, as demonstrated in
transported spin of an electron in the right lead appears to big. 3(a) for anM =10 channel nanowire. Thus, such mecha-
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ent in attempts to evade the spin injection impediments at the 50 thO 150 2001 250 300
FM-Sm interfacé, we introduce the tunnel barrier in the Lenght of M=30 channel wire

same ballistic setup by dec_rea_smg the hopping parameter FIG. 5. (Color onling The disorder-averaged components of the
between the lead a”?' th.e wire. in Fig. 3t[05r,n:0':!10' Al- spin-polarization vectof(P,)gis, (Py)dis: (P2)dgis), @s well as its mag-
thQUQh a tunnel barrier inserted into an "?‘d'abat'c quanturﬂitudedP\)dis, for the outgoing current as a function of the length
point contact changes only the transmissivity of each channgl ot the weakly disordered semiconductor quantum wire modeled
without  introducing the scattering between different, the Jattice 36<L with Rashba SO interactiotf,=0.03 (Lso
channel$? here the scattering at the interface takes place in 52a) and the disorder strengW=1 (which sets the mean free
the presence of SO interactions. Thus, it can substantiallgath ¢~ 4a). The injected electrons witB-=-0.5 are spiri polar-
affect the spin coherence of outgoing spins transmittegzed along(a) the x, (b) they, and(c) the z axis.

through two tunnel barriers in Fig(13.

To understand the transport of spin coherence along thenough wires. This would appear as a finite spin coherence
clean wire, we plofP| in Fig. 4 as a function of the wire length in ballistic wires where no impurity scattering along
length. Contrary to the intuition gained from the DP mecha-the wire takes placé:°
nism, which in unbounded diffusive systems leads to an ex- In the absence of external magnetic fields or magnetic
ponential decay ofP| to zero for any nonzero SO interac- impurities, the SO couplings dominate spin dynamics in
tion, the spin coherence in clean wires displays oscillatorysemiconductor systems with inversion asymmetry due to ei-
behavior along the wire or attains a residual value whichther crystalline structure or physical configuration. In such
exemplifies a partially coherent spin state. Similar behaviosystems, they lift the spin degeneracy of Bloch states while
has been recently confirmed for semiclassical transport the same time enforcing a particular connection between
through confined disorder-free structures with integrablevave vector and spin through the remaining Kramers
classical dynamic® These effects depend strongly on the degenerad? (stemming from time-reversal invariance
direction of spin of the injected electrons with respect to thewhich is not broken by the effective momentum-dependent
Rashba electric fieldFig. 1) and on the concentration of magnetic field corresponding to SO interactipi$ states
carriers. Nevertheless, in some range of parameters appak-1) and|-k | ). For example, this leads to the applied elec-
ently DP-like spin relaxation to zero can occur for shorttric field inducing spin polarization in addition to charge
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currents or correlations between spin orientation and carrierat those Fermi energies in Figs. 2 and 3 wh@ie< 1. Note

velocity that are responsible for the intrinsic spin Hall that even when transitions between different open channels

effect13.70 are absentso that individual spins remain in the same chan-
While coupling of spin and momentum is present in thenel in which they were injected and no SO entanglement

semiclassical transpott;*! for quantum-coherent spatial takes plack the spin-density matrix of currept can still be

propagation of electrons it can be, furthermore, interpreted a&lephased®3? when its off-diagonal elements are reduced

the entanglemenof spinor and orbital wave function, as ex- due to the averagingas in Eq.(10)] over states of all elec-

emplified by the nonseparaBlequantum state in Eq20).  trons in the detecting lead.

Note that this type of nonseparable quantum state describing

a single particle has been encountered in some otherg coupled spin-charge quantum diffusion in semiconductor

situation§’—for example, even when the initial state is a nanowires with SO interactions

product of a spinor and a wave function of momentum, the ) S

state transformed by a Lorentz boost is not a direct product Although the problem of spin dynamics in diffusive SO-

anymore because spin undergoes a Wigner rotation Whicﬁoupled semiconductors was attacked quite some timé&®ago,

depends on the momentum of the particle. These examples BfiS only recently that more involved theoretical studies of
entanglement of spin and orbital degrees of freedoler spin-density transport in a 2DEG with SO interactions have

scribed by state vectors belonging to two different HilbertP®en — provoked by  the  emerging interest in
spaces are somewhat different from more familiar spintronics®®4%.7273While standard derivatioAd of the DP

entanglemerf between different particles, which can be spin relaxatiof® in semiclassical diffusive transport through
widely  separated and utilized for  quantum bulk systems start from a density matrix which is diagonal in
communicatior?®32 because both degrees of freed¢spin k space, but allows for coherences in the spin Hilbert ;ﬁac_e,
and momentuinbelong to the same particle. Nevertheless,n this section we examine quantum corrections to this pic-
their formal description proceeds in the same way—the statBr€ in finite-size SO coupled systems by analyzing the decay
of the spin subsystem has to be described by a reduced deff the off-diagonal elements of the spin density matrix Eq.

sity matrix obtained by tracingput(out in Eq. (20) over the (7). which is obtained by tracing over the orbital degrees of
orbital degrees of freeddth freedom of the density matrix of pure state characterizing

fully quantum-coherent propagation in mesoscopic systems.
To facilitate comparison with our treatment of coupled
. (21)  spin-charge quantum transport, we recall here the simple
semiclassical picture explaining the origin of the DP spin
. . relaxation mechanisf?. For example, if an ensemble of
Here we utilize the fact that the type of quantum state in qulectrons, spin polarized along tieaxis, is launched from

(20), contai_ning only two terms, can be written down for the bulk of an infinite 2DEG with Rashba SO interaction
each outgoing state in the right lead for any number of open. |

conducting channels2. That is, such Schmidt decomposi- o-Bg(k) in different dlr_ectu_)ns, then at tmg_o they starF to_
. . : recess around the direction of the effective magnetic field
tion consists of only two terms if one of the two subsystem

of a bipartite quantum system is a two-level ofradepen- r(K). Howeve_r, sc_attering off impurities and boundaries
dently of how large is the Hilbert space of the otherChanges the direction of th_e electron mon"_nentkmand,
subsystemn?’ therefore, can change drasticaBg(k). Averaging over an

The decay of the off-diagonal elementsjafin Eq. (21), ensemble of classical trajectories leads to the decay of the

represented in a preferred badig,||) selected by the prop- co_mpo_nent of_the spin-polarization vector, whose time evo-
erties of incoming curreitis an example of formal descrip- Ution is described by

tion of decoherence of quantum syste?r%l%? The informa- P,(t) = expl- 4te/L2y), (22)

tion about the superpositions of spinand spin{ states is

leaking into the “environmentlcomprised of the orbital de- assuming that the spin precession lenigil is much greater
grees of freedom of one and the same eledtvarile the full ~ than the elastic mean free patkve7. For elastic scattering
guantum state still remains pure as required in mesoscopiéme shorter than the precession frequemsyl/|Bg(k)|, the
transport. It is important to clarify that the loss of coherenceDP spin relaxatiof? is characterized by the relaxation rate
in the entangled transported spin state, as an exchange bf7s= ™Br(k). Compared to other mechanisms of spin relax-
phase information between the orbital and spin subsystemafion in semiconductors that generate instantaneous spin flips
occurs here without any energy exchange that often accontsuch as Elliot-Yafe or Bir-Aronov-Pikus mechanigiibthe
panies decoherence in solid state systems. Such decoherefi2® spin relaxatioff is a continuous process taking
without involvement of inelastic processes can, in fact, unplace during the free flight between scattering events.
fold at zero temperature with the proviso that environmentallhus, within the semiclassical framewdtk, the spin
quantum state is degenerdteThis situation is effectively diffusion coefficient determining the relaxation of an inho-
realized in quantum transport of spin through multichanneimogeneous spin distribution is the same as the particle dif-
wires, where the full electron state remains a pure ondusion coefficient. This renders the corresponding spin diffu-
e H,® H, (inelastic processes would inevitably decoheresion Iengtthdiﬁ:\,'ﬁ: Lso to be equal to the ballistic spin
this full statg. The degeneracy of the “environment” here precession lengthgg and, therefore, independent 6f The
simply means that more than one conducting channel is opematio €/L controls whether the charge transport is diffusive

|a|2 ab (e,le;)

ps=Tr,loutou :( .
e PO
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FIG. 6. (Color onling The spin polarizatior|P|)4is Of current
transmitted through semiconductor wires of different widths sup-

() P =(1,0,0)

inject

&= % E =385
porting different numbers of conducting channglsThe nanowires \é L7003
are modeled orM X L lattices where quantum transport is deter- g
mined by the same set of parameters as in Fig.t§=0.03 E
(Lso=52a); W=1 (¢{ =4a); andEL=-0.5. 4
(¢/L<1) or Dballistic (¢/L>1). For a disordered 5
2DEG, modeled on the 2D tight-binding lattice, the semi- 0.4 s - . .
classical mean free path “fs £=(6\2E2)/(7°a°WP) (\g O o strenzthW 4
is the Fermi wavelengjhwhich is valid for weak disorder
em € [-W/2,W/2] in the Hamiltonian Eq(17) and no spin- FIG. 7. (Color onling The dependence of the disorder-averaged
flip scattering. spin polarization(|P|)4is of the outgoing current, which has been

To address both the fundamental issues of quantum intetransmitted through a semiconductor quantum wire modeled
ference corrections to spin precession and challenges in r@n the lattice 30< 100, as a function of the disorder strenifththe
alization of semiconductor devicésuch as the nonballistic corresponding semiclassical mean free path ¢is 16at3/\W?)
mode of operatioff of the spin-FEJ, we introduce the stan- and the following parametersa) different values of Rashba cou-
dard diagonal disordeg,, € [-W/2,W/2] in Hamiltonian pling qnd direction c_)f |nJecte_d spin polarization at fixed=-0.5; _
Eq. (17) which accounts for short-range isotropic spin- () different Fermi energies of transported e_Iecérons, with
independent impurity potential within the wire. The principal Mt SPin- polarization along the axis, in wires withts,=0.03
spin transport quantities examined in this section will be the(l‘so_ 529).

disorder-averaged components of the polarization vectofhe polarization vector vanish because of the fact Byk)
((PYdis: (Py)dis: (P2dis), s well as its magnitudgP|)qs, 8 @ in quasi-one-dimensional systems is nearly parallel to the
function of the wire length, disorder strengid, and SO direction of transverse quantizati¢ine y axis in Fig. 2 and
coupling strengths. Note that in quasi-one-dimensional sysinjected spin is, therefore, approximately an eigenstate of the
tems weak disorder can induce localization of electron stateRashba Hamiltonia@r-Br(k).
when their length. > £ becomes greater than the localization  There are salient features @P,)qis, (Py)dis: (P2dis) In Fig.
length £=(4M-2)¢ in systems with broken spin rotation 5, brought about by SO quantum interference effects in dis-
invariance?® ordered 2DEGs, which differentiate fully quantum treatment
In contrast to the simple exponential decay in semiclassiof coupled spin-charge transport from its semiclassical
cal theory Eq.(22), typical decay of spin polarization in the counterparts/-*8The spin polarizatior|P|) exhibits oscil-
multichannel quantum wire plotted in Fig. 5 is more compli- latory behavior since spin memory is preserved between suc-
cated. That is, the oscillatory behavior 0P,)4s (Py)dgis  cessive scattering events. As the localized regime is ap-
(P, 4is Stems from coherent spin precession, while the reducproached, mesoscopic fluctuations of transport quantities
tion of (|P|)g4s quantifies spin decoherence in disorderedbecome as large as the average value, which is therefore no
Rashba spin-split wires. As shown in Fig. 6, the decay rate ofonger a representative of wire propertfés:or the disorder-
(|P)gis along the wire decreases as we decrease the wirdveraged polarizatiofiP|)qs studied in Fig. 5, we notice that
width, thereby suppressing the DP spin relaxation in narrowWnesoscopic sample-to-sample fluctuations render it to be
wires’2 Within our quantum formalism this effect has a Nonzero even after spin has traversed very long wires, i.e.,
simple interpretation—the spin decoherence is facilitated VPZ+P5+P2)gis # \(PRdis™ (P)dis™ (P2 dis:
when there are many open conducting channels to which Fig. 7 shows how quantum interference effects in phase-
spin can entangle in the process of spin-independent scattereherent spin-charge transport through strongly disordered
ing that induces transitions between the transverse subbandg/stems slow down the DP semiclassical spin relaxafion,
In all of the phenomena analyzed here, one also has to takehile going beyond the weak localization induced slowing
into account the orientation of the incoming spin with respecdowrf® derived assuming weak SO coupling in random po-
to the Rashba electric field in Fig. 1. For example, whentential which can be treated perturbatively. The current spin
injected spin is polarized along tlyeaxis, the oscillations of  polarization(|P|)q; in the wires of fixed length can increase
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FIG. 8. (Color onling The degree of quantum coherence of  FIG. 9. (Color onling The components of the spin-polarization
transmitted spin states, measured{|B})qi, in @ FM-Sm-FM spin-  vector ofpartially coherentspin states that are transmitted through
FET-ike structure with disorder and Dresselhaltsp panel, @ nonballistic spin-FET-like structur@ef. 18 with t5,=tS, The
Rashba(bottom panel and Rashba=Dresselha(siddle panel structure is modeled by the same Hamiltonian used to compute the
SO couplinggas envisioned in the nonballistic spin-FET proposal disorder-averaged purity of these stafi)ys in the middle panel
(Ref. 18]. Note that the curves for spihinjection along thex and  of Fig. 8.

y axes overlap in the middle panel. The semiconductor region is
modeled on the lattice 30L with disorderW=1 (€=4a) and reduced oscillations(i.e.,

reduced “visibility” of spin
E-=-0.5 for transported electrons.

interferences  of measurable properties(Pg, Py, P7)

with disorder even within the semiclassical regirie-a. ~ @long the nanowire, as shown in Fig.(fr fully coherent
This effect survives strong Rashba interaction Figaj7or ~ States, where spih and spin| interfere to formal1)+b||),
opening of more channels Fig.(B). A conventional pertur- all components of the spin polarization would oscillate
bative interpretation of this effe*%72is that quantum in- betwee_n +1 and -1 WhlI.e such states are able to .eva<.je
terference corrections to spin transport are generating longét” SPin decoherence in propagation through diffusive
7., SO thatl 4 cease to be disorder independent. Our picturesys'femsl,8 they are partially coherent due to the fact that the
of spin entangled to the “environment” composed of orbitalvalue of their purity is set by the scattering events at
transport channels from Sec. Ill A sheds new light on thisthe lead-2DEG interface. As demonstrated by Fig. 2 for
problem by offering a nonperturbative explanation for bothballistic wires with Rashba=Dresselhaus couplings, the
the weakly and strongly localized regimes—as the disorde$Pin decoherence processes at the interfaceurring before
increases, some of the channels are effectively closed fdpe diffusive regime is entergctannot be suppressed by
transport thereby reducing the number of degenerate “envi4Ning a=4.
ronmental” quantum states that can entangle to spin.

Finally, we investigate the quantum-coherence properties
of spin diffusing through multichannel wires with different IV. CONCLUSIONS
types of SO interactions. As shown in Fig. 8, the spin diffu- \We have shown how to define and evaluate the
sion in Rashba nanowires has the same properties as tRgin-density matrix of current that is transmitted through a
diffusion in the Dresselhaus ones after one interchanges th@etal or a semiconductor where electrons are subjected to
direction of injected polarization for situations when incom- ngntrivial spin-dependent interactions. This formalism
ing spins are oriented along tixeand they axes. This stems treats both the dynamics of the spin-polarization vector and
from the fact that the Rashba term and linear Dresselhaug;patia| propagation of charges to which the spins are attached
terms can be transformed into each other by the unitary man a fully quantum-coherent fashion by employing the
trix (ox+0y)/ V2. Therefore, the nontrivial situation arises transmission quantities of the Landauer-Biittiker scattering
when both of these SO interactions are present, as shown gpproach to quantum transport. Thus, it provides a unified
the middle panel of Fig. 8. description of the coupled spin and charge quantum

In particular, when they are tuned to be equal 8, we  transport in finite-size open mesoscopic structures, while
find infinite spin coherence time amdy— o, as discovered taking into account attached external leads and different
in the nonballistic spin-FET propos#l.However, although boundary conditions imposed by spin injection through
the current spin polarizatiofiP|)4s does not change along them.
the wire, its length-independent constant value is set below The knowledge of the spin-density matrix of electrons
1, {|P)gis<1 and, moreover, it is sensitive to the spin- flowing through the detecting lead of a spintronic device
polarization properties of injected current. Thus, the transallows us to quantify the degree of quantum coherence of
ported spin in such a 2DEG with carefully tuned SO cou-transmitted spin quantum states as well as to compute the
plings will end up in a mixed quantum state which remainscomponents of spin current flowing together with the charge
partially coherer® with constant degree of coherence alongcurrent. The analysis of coherence properties of transported
the wire. The partial coherence of the state is reflected in thepin is essential for the understanding of limits of all-
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electrical manipulation of spin via SO interactions in semi-of such spingwhich are not in pure, but rather in improperly
conductors. That is, despite offering engineered spin contromixed quantum statgsn the right lead is then subjected to
they can induce mechanisms that lead to the decay of spiftlephasing” when performing the averaging of their proper-
coherence, even in perfectly clean systems, when electronis in typical transport-based spin detection schemes. Such
are injected through more than one conducting channel. Wghysical interpretation provides a unified description of the
find that a single spin injected through a given channel of thejecay of spin coherence from the ballistic to the localized
left lead will end up in a partially coherent spin state in thetransport regime.

right lead when transitio_ns betv_veen _Qiﬁerent_ transverse |n most of the structures examined here, the off-diagonal
subbands(due to scattering at impurities or interfages elements of p, do not decay completely to zero on
take place, thereby entangling the spin quantum state to g, o characteristic time scale. Instead, in the steady-state

environment compos_ed_ of different ?rbltal_ tr?nsversetransport through multichannel wires with SO interaction
propagating modes. This is, therefore, a “genuine” decoher- _. : . . 7518
ence mechanisth32 encoded in our spin-density matrix. In >P"> will end up in a partially coherent quantum state.

addition, even if every transmitted electron remains inThe analysis ofy, for such states, which is characterized by

the same channel through which it was injected, the off-0<|P|<1' allows one to identify remnants of full spin inter-

diagonal elements of the spin-density matrix of the detecte(fler_ence ef.fect.s, such as the osc!llatpns of components of the
current can be reduced(“fake” decoherend® or Spin-polarization vector shown in Fig. 9. Partially coherent

“dephasing®® due to the averaging over different channeISSt‘."ltes as the outcpme of entanglement of the spin of a trans-
in multichannel transport, i.e., because of an incomplet itted electron with the spin in a quantum dot have been

description carried out by the averaged density m&#& ound recently in experiment§.Here we find similar par-
p=1/NSN [3)(3| tially coherent outgoing spin states, which are, however, in-
- i=11<1 il

| . L . duced by a physical mechanism involving entanglement
n general, reduction of visibility of quantum interference ~ '~ ~. =7 . S .
which is different and single particle in nature. Finally, even

effects can arise becaud® different phases in different . ;
transmission channels prevent conditions for destructive otrhough current modulation through the coherent dynamics of

constructive interference being simultaneously satisfieéranSported spin N _spln-lleT!'Refs. 17 and 1Band spin-
. , " interference ring devicés*will be the strongest for single-
(even though the spin states remain fully coherant/or(ii)

the transmitted charge or spin is coupled to other degrees cpannel semiconductor structures, quantum interference ef-

f 75 . : . : %ects with partially coherent states could be utilized in
reedom:® In the semiconductor nanowires with different ealistic structures that are not one dimensional and not
types of SO couplings studied here, each spin is subjected {q ictly ballistic16

a genuine decoherence mechanism via unconventional rezﬁ—”Cty allistic:
ization of entanglement where the electron spin, viewed as a
subsystem of a bipartite quantum system composed of spin
and orbital degrees of freedom of a single electron, couples We are grateful to S. T. Chui, J. Fabian, and L. P. Zarbo

to open Landauer orbital conducting channels. The ensembfer valuable discussions.
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