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Wc presenl a theoretical analysis o!' the appeaiance orciitanglement in noninLeiac t ing mesoscopic structures.
Our setup involves two oppositely polarized sources injccüng eleclrons of opposite spin into the two incoming
leads. The mix ing of these polarized streams in an ideal four-channel beam Splitter produces two outgoing
streams vvith part icular tunable correlations. A Bei] inequal i ty test involving cross-correlatcd spin currcnts in
opposite leads Signals the prcsence of spin entanglemcnt belween particles propagatmg in di lfcrenl leads. We
idcntd'y the role of fennionic statistics and projeclive mcasui einem in the gencration of thcse spin-cntangled
eleclrons.
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Quantum entangled charged quasiparlicles are perceived
äs a valuable resource for a fulure solid stale based quanlum
informalion lechnology. Recenlly, specific designs for meso-
scopic slructures have been proposed which generate spa-
t ia l ly separated streams of entangled particles.1"4 In addilion,

•Bell- inequali ly-lype meastirements have been conceived
which tesl for Ihe presence of ihese nonclassical and nonlo-
cal correlations/1'4 Usually, entangled electron pairs are gen-
eraled through specific inleraclions (e.g., through ihe allrac-
live inleraclion in a superconductor or Ihe repulsive
interaction in a quanlum clol) and particular measures are
laken lo separale ihe consliluents in space (e.g., i n v o l v i n g
beam splilters and appropriate filters). However, recently il
has been predicted thal nonlocal entanglement äs signaled
through a violation of Bel l inequalily tesls can be observed
in noninleracting Systems äs well.3"9 The imporianl task Ihen
is to identify the origin of the entanglement; candidates are
Ihe fermionic statistics, the beam spliller, or the projection in
ihe Bell measuremenl ilself. l 0 '8

Here, we reporl on our sludy of enlanglemenl in a nonin-
teracting sysiem, where we make sure lhat the particles en-
counler Ihe Bell selup in a noneniangled stale. Nevertheless,
we find llie Bell inequali ty to be violaled and conclude lhat
the concomitant enlanglemenl is produced in a wave-
funclion projection during the Bell measuremenl. This type
of enlanglemenl generalion is well known in quanlum
optics" where entangled pholons are generated through pro-
jection in a coincidence measuremenl. Also, we nole lhat
wave-funct ion projection äs a resource of nonlocal entangle-
ment is known for single-parlicle sources (Fock slales),10 a
scheine working for both bosons and fermions. Whal is dif-
ferent in Refs. 5-9 and in ihe presenl woik is thal the sources
are many-parl icle stales in local ihermal e q u i l i b r i u m . 1t is
ll ien essential thal one deals w i t h fermions; wave - func l ion
projeclion cannol creale en lang lement oui of a ihermal
source of bosons.'''8

The generic setup for the production of s p a t i a l l y separaied
entangled degrecs of freedom usua l ly i nvo lves a source in-
jecimg ihe par t ic les carrying thc i n l e rna l degree öl f ieedom
(ihe spin ''2 7'' or an o rb i t a l q u a n l u m n u n i b e i ' '' 's) and a beam
s p l i l l e r s epa i a l i ng ihese parl ic les in space, see Fig. I . In ad-

dilion, "fillers" may be used to inhibit ihe propagation of
unwanled components into Ihe spatially separaied leads,1'4

thus enforcing a pure flow of entangled particles in the out-
going leads. The successful generalion of enlanglemenl ihen
is measured in a Bell-inequalily-lype selup.12 A surprising
new fealure has been recenlly predicled wilh a Bell inequal-
ily test exhibiling violation in a noninteracting System;1" ihe
queslion arises äs to whal produces the entanglement mani-
fested in Ihe Bell inequal i ty violalion and il is Ihis queslion
which we wish lo address in ihe present work. In order to do
so, we describe Iheorelically an experimenl where we make
stire thal Ihe parlicles are not entangled up lo ihe point where
the correlations are measured in the Bell inequalily selup;
nevertheless, we find them violaled. We irace Ihis violat ion
back lo an entanslement which has its orisin in ihe conflu-

FIG. I . Mesoscopic no ima l -me ta l structurc with a beam spliller
generating two sticams of clccüons \vilh tunable correlalions in Ihe
l\vo OLilgoing aims u and d The souicc (lel't) injecls polaii/cd
(along the r a x i s ) e lce t ions in to the source leads s and "s The beam
Spli t ter mixcs the l\\'o incoming st ieams \ \ i t h a m i x i n g angle ö. The
scatleied (01 outgoing) bcams are analy/ 'cd in a Bell type coinc i -
dence incüs ' i i i cmen l i n v o l v m g sp in c u i i c n l s piojccted onlo the di-
rccl ions ±a (in the u Icad) and rb ( i n [he cl l ead ) The miccl ion
i c s c i v o i i s a ic \ o l t age V hiascd against the outgoing i c s c i v o i i s The
Bell i n c q u u h u lest S i g n a l s thc prcsence of en tang lement « i t h i n ihe
n i l c i v a l | ί) -45" |Ό2 2.35' \ \ c i c l a l c t h i s e n l a n g l e m e n l to the
prcsence öl s p i n - l i i p l e t c o n e l a l i o n s i n tlie pio |ecled p a i l öl thc scat-
icicd \vavc l u n c l i o n de.sci ibmg c lcdion pairs d i s u i b u l c d be luccn
thc arms.

0163-1829/2004/69(23)72353 12(6)/$22.50 69 235312-1 (D2004 The American Physical Society



LEBEDEV, BLATTER, BEENAKKER, AND LESOVIK PHYSICAL REVIEW B 69, 235312 (2004)

ence oi' various eiements: (i) ihe Fermi stalislics provides a
noiseless stream of incoming electrons, (ii) Ihe beam Splitter
mixes the indistinguishable particles at one point in space
removing the Information about their origin, (iii) the Splitter
directs the mixed product state into the two leads thus orga-
nizing their spalial Separation, (iv) a coincidence measure-
ment projects the mixed product state onto its (spin-)
entangled component describing the electron pair split be-
tween the two leads, (v) measuring the spin-entangled state
in a Bell inequality test exhibits violation [the Steps (iv) and
(v) are united in otir setup]. Note that the simple fermionic
reservoir defining the source in Ref. 9 injects spin-entangled
pairs frorn Ihe beginning; hence an analysis of this System
cannot provide a definitive answer on the minimal setup pro-
viding spatially separatecl entangled pairs since both the
source and/or the projeclive Bell measurement could be re-
sponsible for the violation.

Below, we pursue the following strategy: We first define a
particle source and investigate its characleristic via an analy-
sis of the associated two-particle densily matrix. We then
define the corresponding pair wave funclion (thus reducing
the many-body problem to a two-parlicle problem) and
determine its concurrence following the definilion of
Schliemann et al.lj for indis t inguishable particles (more gen-
eraily, one could calculate the Slater rank of Ihe wave func-
tion, cf. Ref. 13; here, we deal with a four-dimensional one-
particle Hubert space where the concurrence provides a
simple and quantitative measure for the degree of entangle-
ment). For our specially designecl source we find a zero con-
currence and hence our incoming beam is not entangled. We
then go over to the scaltering stale behind the (tunable) beam
Splitter and reanalyze the stale wilh the help of ihe two-
particle densily matrix. We determine the associaled two-
parlicle wave funclion and find its concurrence; comparing
Ihe resulls for ihe incoming and scallered wave funclion, we
wil l see that ihe concurrence is unchanged, a simple conse-
quence of ihe unilary action of the beam splitler. However,
the mixer removes the Information on the origin of the par-
ticles, thus preparing an entangled wave-funclion component
in Ihe Output channel. Third, we analyze the component of
the wave function lo which the Bell setup is sensitive and
determine ils degree of enlanglemenl; depending on the mix-
ing angle of Ihe beam splitler, we find concurrencies belween
0 (no entanglement) and unily (maximal enlanglemenl). Fi-
nally, we determine Ihe violation of Ihe Bell inequalily äs
measured Ihrough lime-resolved spin-currenl cross correla-
tors and find agreement between the degree of violat ion and
ihe degree of enlanglemenl of the projecled slale äs ex-
pressed Ihrough Ihe concurrence.

Our source draws particles frorn two spin-polarizecl reser-
voirs wilh opposile polarizalion clirecled along the - axi.s.
The polarized eleclrons are injecled into source leads s and 's
und are subsequently mixed in a lunab/e four-channel beam
Spli t ter , see Fig. I. The outgoing channels are denoted by u
(for ihe upper lead) and d (ihe down lead). The spin correla-
üons in ihe scaltering channels u and d are then analyzed in
a B e l l - i n e q t i a l i t y test . The polarized resei'voirs are voliage
biased w i t h eV=μRH/2 equal lo the magnelic enej-gy in ihe

polarizing field //; the incoming electron streams then are
f u l l y polarized (the magnelic field is confined lo ihe reser-
voirs).

The spin correlalions between electrons in leads χ and y
are conveniently analyzed wi th ihe help of Ihe two-particle
density matrix (or pair-correlalion funclion)

(0

wilh irace over slales of ihe Fermi sea. Here, Ψλ(Γ are fiele!
operators describing eleclrons wilh spin σ in lead χ and p is
Ihe densily operalor. The pair-correlalion funclion (1) is con-
veniently expressed through the one-particle correlators

The one-parlicle con'elators can be writlen in terms of a

product of orbilal and spin parts, G^-(.v,_y) =

Ο^(χ,)>)χχγ(σ,σ), and spl i l inlo equil ibrium and excess
terms,

(3)

wilh G c x(,v,y) v a n i s h i n g al zero voliage V and zero polariza-
lion field H.

In order to find the two-parlicle densily malrix in the
source leads s, s we make use of Ihe scatlering slales

where άίσ, bkir denole Ihe annihi la l ion operators for elec-
lrons in ihe source reservoirs s and s wilh momenlum k and
spin a e { f , j } polarized along Ihe z axis and lime evolulion

=«exp( — / e k t l f i ) , ek = fi,2k2/2m; Ihe operators cka and dka. an-
nihi la te electrons in the reservoirs allached to the outgoing
leads u and d, respectively. Also, we make use of ihe Stan-
dard parametrizalion of a refleclionless four-beam Splitter,

(4)

with ihe angles θ e (Ο,π/2), φ , ψ < = ( 0 , 2 π ) ; w i t h o u l loss of
general i ly we w i l l assume φ=φ=0 in whal fol lows. The
orbilal pari of ihe one-particle correlalor G x y(.v — y)

= C(.\'— v) lakes the form

(5)

(6)
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wilh kv=k\(eVle\) and er (k\) ihe Feimi eneigy (wave
vectoi) m the unbiased System The spin laclois Ιοί the equi-
l i b n u m and excess paits lead,

= {σ | }< j \σ), (7)

the lattei descnhing the injection öl polanzed elections into
the leads s and "s Finally, the ctoss couelation lunction be-

tween the souice leads vamshes, G**-(\ — ) ) = 0, and ihe fi-
nal lesu l l loi the excess pail öl the pau-conelation luncüon
between souice leads leads

(8)

This lesult then descnbes the injection of two unconelated
stieams öl polanzed elections into the leads s and "s Fuithei
moie, slatist ical analysis14 teils lhal the Feimi statistics en-
loices injection into each lead öl a legulai slieam öl pait icles
sepaiatecl by the single-pailicle couelation lime rv=1i/cV
The fü l l many-body desciiplion then is convemently leduced
to a tvvo-paiticle pioblem wheie the two leseivons mject a
sequence öl eleclion paus lesicling in Ihe wave lunclion

φ5 the smgle-
pa i t ic le wave lunct ions associated w i l h e lect ions in the up-
pei (lowei) souice lead This w a v e lunction is a s imple Slatei
deleimmant and hence nonenlangled accoiding to Rel 13

Nexl, w e extencl Ihe above analysis to the outgoing leads
u and d The scaltei mg states in ihe outgoing leads lake the
l o i m

(10)

Hence, a symmetuc sphtlei (ϋ — ττ/4) pioduces the spin coi-

\ o l v i n g two elections sepaiated in di f fe ient leads u and d but
at equivalenl locations \ = ) The geneial case with a i b i t i a i y
mixing angle ϋ l e s u l t s in a densil} matnx descnbing a puie
state mvolvmg the supeiposit ion \x",d) + cos 2·&\χ^} öl the

above üiplet _state and the singlet stale |A"s'") = [|1 ) u l l ) d
~~ l ) j T ) d ] / \ ' 2 The analogous calculalion foi the two-
paiticle density mat i ix descnbing elections in the same out-
going lead χ equal u 01 d pomts to the piesence oi s inglet
conelations,

( 1 1 )

Agam, the above le su l t s can be used lo leduce the p iob
lern l iom its many-body foim to a two-paiticle pioblem
Given the mcoming Slatei deteimmant Ψ,'η we oblain the

scatteied state ^l' 0~Λ th iough Ihe t iansfoimation r/>s

->cos ö < / > u | + sm i9(/>d| descnbing scatteied spin | elections
onginating l iom the souice lead s and c/^j — > — sm ϋφα^
+ COS i3(/)d| loi excess s p i n - j e lect ions l i o m s [the w a \ e
lunct ions φ^—ψ^Χα descnbe e lect ions w i t h o ib i ta l (spin)
wave lunction φλ (χσ) piopagalmg in lead x] The lesult ing
scatleiiiiEr wave luncl ion has the io im

sm

The excess pail icles mjected by the souice leads now aie
mixed in the beam sphttei and thus n o n v a n i s h i n g cioss coi-
l e l a t i o n s aie expected to shov, up in the leads u and d The
one-pai l ic le coi ie la l ion f u n c t i o n assumes the i o i m (3) with
ihe o i b i t a l conelatois (5) and (6) and spin conelatois

u.d,

χ*( σ Γτ) = sm2 ϋ ( σ\ \ ) ( \ σ) l cos2 fl( σ\ \ ) ( \ \ r?) ,

(9)

h \ a l u a l i n g ι ΐκ excess p a i t öl ihe U\o p a i l i c l e cioss conel. i
l ions be tween ihe leads u and d jt ihe s) mni t inc pos i l ion \
= 1 w e /nid

(12)

wheie the inst two teims descnbe Ihe piopagaüon öl a spm-
singlel pan with Ihe wave lunction \[l=(x\X\~χ\χ\)Ι\ϊ
in the uppei and the lowei lead The last iwo leims descnbe
the componenl wheie the elect ion pan is spht between the u
and d leads, it is a supeipos i t ion of s inglet and tnplet stales

[χ12=(Χ\χ11+Χ\χ1\)Νΐ] wilh coiiespondmg symmelnzed

and antisymmetnzed oibilal w a \ c lunct ions ^i^C^i^d
+ φ\φΙ)/2 and Φ^=(φΙώ^- (t>l^)/2 The enlanglemenl
piesenl in these w a v e l u n c l i o n s is eas i ly deleiminecl usmg
ihe l o i m a h s m developed by Schhemann et αϊ ' Λ The w a v e
lunclion associaled w i t h a pan öl elections can be wullen m
leims öl a smgle elecl ion hasis {ώ,} M' I 2 = -,,(/>,' u ^ό',

w h e i e Ihe a n l i s ) mmelnc m a l n x 11, ,= — i i / ( g u a i a n l e e s lo i
ihe piopei s ) i n m e l i i z a l i o n The 1 i n a l \ s i s s i m p h i i e s d i a s l i -
c a l l y lo i ihe case w h e i e ihe one p a i l i c l e l l i l b e i l space is loiu
d i m e n s i o n a l then the < ο/κ mir in c C(^\') = 8 \ d e l u ( M ' )
g i \ e s a q u a n ü l a l i x e mcasuie loi ihe e n l a n g l e m e n l piesenl in
ihe w au l u n c l i o n M' ( 1 ( v l f ) = ü lo i a nonenlangled s la le and
i V I / ) = l loi a l u l l ) enlangled w , i \ e l u n c l i o n Foi O L I I selup
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ihe one-particle basis is defined äs [4>u\ ,Φυ\ ,Φά\ *Φά\} ancl
the mairix iv('vl/

out) describing Ihe scattered state (12) as-
s umes ihe form

0

sin 2i3/2

0

— cos~i9

-sin2#/2

0

-siiri?

0

0

sin2i3

0

-sin2i3/2

cos2i3

0

sin 2 ö/2

0

The concurrence of Ihe scaltering stale (12) vanishes, lience
Ψ01" is nonenlangled and takes ihe form of an elemenlary
Slaier determinant. Nexl, lel us analyze ihe concurrence of
thal pari of Ihe scallering wave funclion lo which our coin-
cidence measuremenl in leads u and d is sensitive. The com-
ponent describing Ihe Iwo particles s p l i l belween Ihe leads

reads Ψ^Φ^χ^+ακ 2tf Φ^]2, cf. Eq. (12). This pro-
jecied slate is described by the matrix

0 0 0 cos2i9

0 0 sin2i3 0

0 -siirtf 0 0

-cos2tf 0 0 0

(Vom which one easily derives ihe concurrence C(^If

u~t)

= sin 2 2tf ; we conclude that ihe component Ψ^ detecled in a
coincidence measuremenl is entangled. Furlhermore, ihe
concurrence is equal lo uni ty for ihe Symmetrie spliller φ
= π/4 where we deal wilh a maximal ly entangled Iriplel slate
[note ihe loss of Information aboul which electron (from s or
ü) enters ihe lead u or d]. We conclude ihal a Bell inequalily
lest sensitive lo the split pari of Ihe wave funclion w i l l ex-
hibi l violalion. We attribute ihis violalion lo Ihe combined
aclion of (i) Ihe spliller where Ihe Information on ihe idenlily
of the particles is destroyed and Ihe entangled component
^yj is "prepared" and (ii) Ihe wave-funclion projeclion in-
herenl in Ihe coincidence measuremenl and "realizing" Ihe
entanglement.

The Bell-type setup'2 in Fig. l measures the correlalions
in the spin-enlangled scattered wave funclion ^O2

r II in-
volves the finiie-lime currenl cross correlators C a b( . r ,y;T)
= {{/.,(A-,r)/b(j',0)}} belween ihe spin-currenls 1.Λ(χ,τ) pro-

jected onto directions a (in lead u) and partners /b(.y,0) (in
lead d) projected_onto b. These correlaiors enler Ihe B e l l
inequalily (a and b denole a second sei of direclions)

£(a,b) - £(a, b) + £(ä,b) + £(ä,b)| «2 (13)

via ihe currenl difference correlaiors

(14)

The cross measurement in d i l ' l e r e n t leads i m p l i e s i h a l ihe
seiup is s e n s i t i v e on ly lo ihe sp in -en l ang led s p l i t - p a i r pari
v l ' l k j ö l ' I h e scaltering w a v e l u n c l i o n and lience ihe Bel l in -
e q u a l i l y can he v io la led . M a k i n g use öl ihe f i e l d operalois

Ψ,, and vk t i d e s c r i b i n g (he s e a l t e r i n g stales in ihe o u l g o i n g

leads, we determine ihe irreducible currenl cross correlalor
and factorize in lo orbilal and spin parls, Cab(x,y,r)
= C, ^ ( r ) F a b, with Fa b accounling for ihe spin projeclions.
Using Standard scattering iheory of noise, 1 5 one oblains the
orbital cross correlalor (only ihe excess pari gives a finile
conlribulion)

^
C,.,(r) = -- ; - sin- - - - α(τ-τ_,θ),

h ' n

(15)

wilh α(τ, θ) = ττ2θ2/&ιη\Γ[ττθτ/Λ], τ' = (x± y ) / v ,,, θ ihe
lemperature of the eleclronic reservoirs, and u p ihe Fermi
velocily. In Order lo arrive al the result (15) we have dropped
lerms smal l in ihe parameler |e' — e |/e F . 1 5 The spin projec-
lion Fa b assumes Ihe form

/V b = < a | T ) ( i | b > < b | T ) ( T | a ) + < a | j ){ | |b){b| \.)(\ ja)

- < a | T X T | b ) < b | i X J | a > - < a | J ) ( J | b X b | T ) < 1 a) .

We express ihis result in terms of the angles θ:ι and <pa de-
scribing Ihe direction of magnelization in Ihe u lead filters
and i?b> <ph referring lo Ihe filiers in the d lead and find ihat

/Vb^-n.-b^tb. j F~n.| )=/ 7a.-b=^ irb' alld

Fa.b = ( l —cos öacos Öb+cos <f>.,bsin ö.,sin #b)/2,

wilh 9 a b = <Pa~? 'b · ^he correlator ^(a.b) lakes Ihe form

£ (a ,b )= ·

wilh A ± = [ < / , ) ± < / _ a ) J [ < / b ) ± { / _ b ) ] . Evalualing ihe
projecled currenl averages one oblains Λ _
= -c2(2i'V//02cosß1cosöbcos22i3 and A+ = <? 2 (2f l / / / ; ) 2 .
The iriplel siale is rolalionally invar iant wilhin Ihe plane 6a

= ί?ι,= 7Τ/2 and choosing filiers w i l h i n Ihis equalorial plane
ihe Bel l i n e q u a l i l y (Bf) takes the form

C,., ( τ) [ cos <pab - cos <pa-b+ cos ip-b + cos φ

Ils maximum violal ion is oblained for Ihe sei of angles ψ.,
= 0, <pb= iT/4, φ-α= π/2, φ[~~"

(16)
2 C l v ( r ) + A +

E v a l u a l i n g ihe above expression in ihe l i m i l of Iow lempera-
tures 9<e V and al Ihe Symmetr ie posi t ion x= v , we arrive al
Ihe s i m p l e form

(17)
2(c Vrlh}2- s in 2 2 i) s i t r ( c Vr/fi) \'2

We okserve i h a l ihe v i o l a l i o n of Ihe B e l l i n e q u a l i l y i s re-
s l r i c i e d lo shorl l i m e s τ·~~ ~M= τ \ = Ι ι / e V (Ref . 9: ihe rel-
c \ d i i c e o f a c o i n c i d e n c e i n e a s u r e i n e i i l i n v o l v i n g ihe s h o i l
l i m e -) \vas n o t i c e d in R e i s . 6 and 4) Al h i g h temperal i i res
l»c\' ihe Bl is v i o l a l e d äs we l l , a l l h o u ü h ihe Urne i n i e r v a l

235312-4
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foi the violaüon shnnks to τΒ| = / ί/0, cl Eq (15) The de-
giee o( violaüon stiongly depends on the mixmg angle ·& öl
Ihe beam splillei, with a maximal violation leahzed Ιοί a
symmeliic sphttei τ3=π/4 geneial ing a puie tuplet state
auoss the two αϊ ms The Bel l inequahty cannot be violaled
(01 asymmetnc sp l i t tc i s wi th ö — ττ/4|>0 2 135 (conespond-
ing lo an angulai width i3-45°|> 12 235°) evalualing the
Bl (17) at zeio Urne d i l l e i e n t e (i e , in a coincidence mea-
suiement) we lind the condition

snr2i3 l
=s —

2-snr2i9 χ/2
(18)

i iom which one denves the cntical angle $,

= (aicsm[2/(v / 2+l)] ' / 2 )/2=0572 (01 i3, = 32765°) The
appeaiance oi a cntical angle natuial ly tollows fiom the fact

that the measuied wave-function componenl xPud assumes
the foim öl a simple Slatei deteiminant in the hmits -9
= 0,77/2 and hence is not entangled Note that the pioducl öl
aveiage cunents Λ + is the laigest teim in the denommatoi of
Eq (16) and heute always lelevant A similai setup w i t h
bosonic theimal lese ivons does not violale the BI at any
time, a consequence öl the sign change in the meducible
cui ien t -cu i ien t conelatoi implymg the addition öl two posi-
t ive teims m the denommaloi öl Eq (16) Qualitatively, the
abseilte oi the BI violation Ιοί theimal bosons lol lows dorn
the piopeity öl Böse statistits allowmg foi the simullaneous
emission of two identital paiticles by the same leseivou 8

In tontlusion, we have destubed a mesoscopit setup with
a souice in|ecting nonentangled election paus mto Iwo
souice leads s and s Subsequent mixmg öl these pai t ic le
stieams m a loui -channel beam sphttei does nol geneiate
entanglement belween the paititles in the two Output leads u
and d Howevei, piopei mixmg öl the incommg beams m the
sphltei lemoves the mloimation on the path öl the mtoming
paititles and geneiates a wave lunction componenl descub-
mg elettions splil between the leads u and d whith is en-
tangled It is this tomponent which mamfests ilself in the
tomcidence measuiemenl oi a Bell-mequalily lest and piopei
violation is obseived at shoit ümes This analysis answeis
the question legaidmg the ongin of entanglement obsened
in the Bell inequahty lest applied to the piesenl nonmleiacl-
mg System A modified setup wheie the paiticles piopagatc
clownstieam aftei a coincidence measuiement lends i tsell äs
a sotnte Ιοί spin-entangled paiticles, tf Ref 10

Expemnenlal leahzat ions may be moie s i m p l y imple-
mented usmg entangled o ib i ta l l a the i than spm degiees öl

lieedom Foi example, the pan of edge thannel states m the
quanlum Hall devites öl Reis 5 and 8 assume the mle of oui
spm-up and spin-down stales with paiticles injected fiom
independent leseivons äs lequned in oui selup In Rel 5 a
Hall bai is duided up th iough a spht gate elettiode playmg
the lole of the tunable (i3) sphttei in oui setup The de\ ice
destubed in Rel 8 invohes a Mach-Zehndei geometiy,
wheie the tunable sphttei is implemented thiough a combi-
nation of constnctions (labeled C and D in Rel 8) and an
additional flux penetiatmg the loop Alteinatively, a setup
wheie the mixmg is leahzed in a thaotic quanlum dol has
been destubed in Rel 6

It is mteieslmg lo analyze the selup destubed in Ref 9 m
ihe hghl o( Ihe findmgs lepoiled heie The setup in Rel 9
involves a simple noimal leseivou mjeclmg paus of elec-
tions mto a somte lead which aie subsequenlly sepaiated m
space by a beam splillei The injected paus leside in a spm-
smglel slate involving Ihe idenlical oibilal wave function,
fyt~= φ^φ'χ^ , ihe entanglement obseived in a Bell in-

equahty tesl then has been atti ibuled lo the enianglement
associaied with this spin-singlel stale One may cnlitize lhal
lins incommg smglel, being a simple Slalei deleimmanl,
is nol entangled accoidmg to the def ini t ion given by
Schl iemann et al '' Howevei , a l te i ihe beam sphltei ihe 01
bilal wave lunct ion </>,, is delocahzed between ihe iwo leads,
0S—><3> = rsu(£u + f i c l (/> d , with f b u and f s d the coi iesponding
statlenng amphludes W h i l e the statteied state lemains a
Slatei deleimmanl Ψ^,^Φ'Φ2^^, Ihe smglel tonelalions
now tan be obseived m a coincidence measuiemenl lesling
ihe cioss conelalions belween the leads u and d Hence Ihe
spm entanglemenl is pioduced by Ihe lesenou, bul its obsei-
\ a t i o n lequues piopei piojeclion 1t is then d i l h c u l l lo tiace a
unique ongm Ιοί the entanglemenl mamfesled in Ihe viola-
tion of a B e l l - m e q u a l i t y lesl The appiopnale selup lo ad-
diess Uns question should i n v o l v e a leseivou injectmg pai-
licles wilh opposile spm lesiding in a Slalei deleimmanl öl

ihe loim ιφ}^=\_φ\.]φΙ\-ώ[\φΙ\]Ι\Γ2, which is nol en-
tangled in the spm vanable Such an ana l j s i s has been pie-
sented heie with ihe lesul l lhal ihe oibi lal piojeclion m Ihe
tomcidence measuiement is s u f f i t i e n t to pioduce a spin-
entangled state

We acknowledge dis tuss ions w i t h Alac Imamoglu and h-
nancial suppoil I i o m ihe Swiss National Foundation
(SCOPES and CTS-ETHZ), the FZ J u l i c h , the Russian Sci-
ence Suppoil Foundation, Ihe R u s s i a n M i m s l i y öl Science,
and ihe piogiam ' Quanlum Maciophjsits" öl Ihe RAS

'G L t s o x i k Th Mai U n and G BlaUei Eui Pins l B 24 287
(2001) , P Rccht i E V Sukhoiukov and D l oss P h j s Rc\ B
63 1 6 5 3 1 4 ( 2 0 0 1 ) C Bcna S Vish \ t s lu \a ia L BalciHs and
M PA l i shc i P h > s Rc\ Leu 89 03790] (2002)

'G B u i k d i d Π l oss and F V S u k h o i u k o v Ph>s Rc\ B 61
16303(2000) D I oss and E V S i i k h o i u k o \ P i n s Rc\ Lctl
84 1031(2000) W D O l i \ c i l· Yamatuichi , ancn Yamamolo

ibid 88, 037901 (2002) D S Saiaga and D Loss ibid 90
166803 (2003)

'N M r i i t c l i c l k a l c h t N G B l u i n G B l e s e n i k and l M a i t m
P h ) s Rc\ B 66 1 6 1 3 2 0 (2002)

4 P Samuclsson l \ S u k h o i u k o \ a n e l M B i i l l i k c i Pins R L \
Leu 91 117002 (2003)

T W I Bccnakkci C Γ - ι η α ΐ ) M K i n d c i m a n i i and J L \ an

235312 5



LEBEDEV, BLATTER, BEENAKKER, AND LESOVIK

Velsen, Phys Rev Leu 91, 147901 (2003)
6 C W J Beenakkei, M Kindeimann, C M Maicus, and A Yacoby,

cond-mat/0310199 (unpubhshcd)
7L Faoio, F Taddci, and R Fa/io, Phys Rev B 59, 125326

(2004)
8P Samuelsson, E V Sukhomkov, and M BuUike i , Phys Rcv

Lett 92, 026805 (2004)
9A V Lebedcv, G B Lcsovik, and G Blaltei, cond-mat/0311423

(unpubl ished)
I O S Böse and D Home Phys Rcv Leu 88,050401 (2002)
1 1 YH Shih and C O Allcy, Phys Rcv Leu 61, 2921 (1988)

PHYSICAL REVIEW B 69, 2353)2 (2004)

I 2J F Clausei, M A Hoinc, A Shimony, and R A Holt, Phys Rev
Lctt 23, 880 (1969), A Aspcct, P Giangiei , and G Rogci, ibid
49, 91 (1982)

n j Schliemann, J I Cnac, M Kus, M Lcwenstem, and D Loss,
Phys Rev A 64, 022303 (2001)

I 4 L S Levitov, H Lee, and G B Lcsovik J Math Phys 37,4845
(1996)

"G B Lesovik, Pis 'ma Zh Eksp Teoi Fiz 49, 513 (1989) [JETP
Leu 49, 592 (1989)], 70, 209 (1999) [70, 208 (1999)] YM
Blantei and M B u U i k e i , Phys Rep 336, l (2000)

235312-6


