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We analyze the current and the shot-noise of an electron interferometer made of the helical edge
states of a two-dimensional topological insulator within the framework of non-equilibrium Green’s
functions formalism. We study in detail setups with a single and with two quantum point contacts
inducing scattering between the different edge states. We consider processes preserving the spin as
well as the effect of spin-flip scattering. In the case of a single quantum point contact, a simple test
based on the shot-noise measurement is proposed to quantify the strength of the spin-flip scattering.
In the case of two single point contacts with the additional ingredient of gate voltages applied within
a finite-size region at the top and bottom edges of the sample, we identify two type of interference
processes in the behavior of the currents and the noise. One of such processes is analogous to that
taking place in a Fabry-Pérot interferometer, while the second one corresponds to a configuration
similar to a Mach-Zehnder interferometer. In the helical interferometer these two processes compete.

PACS numbers: 73.23.-b, 73.50.Td, 73.22.Dj

I. INTRODUCTION

Quantum Spin Hall (QSH) insulators' 3 support heli-
cal states at their edges (HES).* ¢ These are Kramers’
pairs of counter-propagating electron states with oppo-
site spin and, therefore, they are topologically protected”
against disorder in the absence of time-reversal symme-
try breaking factors such as a magnetic field® or magnetic
impurities” *'. Recent experiments performed on mer-
cury telluride quantum wells in the QSH regime clearly
demonstrated a dissipationless charge transport through
the helical edge states.'?> 1% Due to the fact that they ap-
pear in the form of Kramer’s pairs, the transport proper-
ties of these states is strikingly different'® from the trans-
port properties of other topologically protected states,
like the chiral edge states of a system'®!7 in the Quan-
tum Hall state!S.

As a consequence of their helical nature, the edge
states of the QSH insulators allow for the electrical
control of spin currents. This property makes them
promising for spintronic devices for quantum informa-
tion processing.!?2? A prominent feature of the HES is a
strong correlation between the propagation direction and
the spin of an electron, where neither spin nor the direc-
tion of movement are preserved separately. To account
for this effect in transport through the HES we develop
the corresponding general formalism in the framework of
non-equilibrium Green’s functions, which is adequate to
describe transport away from the linear response regime.
As an example, we apply this formalism to analyze the
correlation properties of currents flowing through two
simple non-trivial helical circuits, corresponding to an in-
terferometer comprising two branches with one and two
quantum point contacts (QPC), Fig. 1. The scattering at
the QPCs connecting two helical states was discussed in
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FIG. 1. (Color online) Sketch of the topological insulator
with two constrictions generating M = 2 quantum point con-
tacts at the positions 1, z2. The filling of the different edge
states is globally modified by recourse to four bias voltages
Vi,...,Vi. In addition, two gate voltages applied to the top
Vg7 and bottom Vg p boundaries of the sample may locally
modify the filling of the edge states within a finite region.

detail in Refs. 21-25, while the effect of a wide tunneling
contact was also recently analyzed.?6-27

Quite generally the (local) time-reversal invariance
only allows for the scattering between two helical states
while the (back-)scattering within the same helical state
(the same Kramers’ pair) is forbidden even in the pres-
ence of a constriction. Therefore, the scattering at the
QPC is characterized by two parameters, one describing
a spin-preserving scattering and one describing a spin-
flip scattering between two Kramers’ pairs. This type
of a spin-flip scattering does not contradict to the (lo-
cal) time-reversal invariance and it can take place even
if more than one helical state exists at the same edge
(in our case in the vicinity of the constriction).%® The
possibility of spin-flip processes makes an helical inter-
ferometer different from two independent copies of a chi-
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ral electronic interferometer like those built in the quan-
tum Hall regime. Interestingly, the helical interferometer
shares?® properties of both the Mach-Zehnder?? and the
Fabry-Pérot interferometers®®3!. Another feature, which
makes a helical interferometer a non-trivial circuit is the
possibility of generating an effective back-scattering pro-
cesses within the same Kramers’ pair. For the latter
mechanism to take place the global time-reversal invari-
ance has to be broken, for instance, by applying a weak
magnetic field (which does not break the local time-
reversal invariance).3? The realization of these processes
rely on the presence of inter-helical-states spin-flip tun-
neling. Therefore, it is crucial to know whether such
processes are actually present or no in real setups. In
this paper we propose a simple test based on the noise
measurement, which enables to check the presence or ab-
sence of spin-flip tunneling between helical states at the
QPC.

The paper is organized as follows. In Sec. II we de-
scribe the model of the helical interferometer comprising
four metallic contacts as electron sources and sinks, heli-
cal edge states as electron waveguides, and some number
M of QPCs as wave splitters. Here we also present gen-
eral equations for the currents and the current correlation
functions. In Sec. III we calculate the transmission coef-
ficients for the interferometer under study by using the
Green’s function approach. In Sec. IV we present and
discuss results for the current and the current correla-
tion functions in circuits comprising one or two QPCs.
We conclude in Sec. V.

II. THEORETICAL DESCRIPTION
A. Model

We consider the setup addressed in Refs. 28, 33—
35. We model the TI as a ribbon with infinite length.
Each longitudinal edge of the TT hosts a Kramers pair of
edge states, which is described by a Hamiltonian of one-
dimensional (1D) free electrons with a definite helicity.
The sample is assumed to have a number M of constric-
tions that define QPCs through which electrons perform
inter-pair tunneling processes. Each constriction has two
tunneling channels. One of them is spin preserving and
the other one involves a spin-flip.

The full Hamiltonian reads

H = Hy+ H, + Hy + H,. (1)

The Hamiltonian for the HESs is

= —ihvrp Z / dxl:
o=",1
— wzﬁwam,a(x) 1, (2)
where @ stands for the spin opposite to 0. We have as-
sumed that a Kramers pair of right-moving(R) with 1

2)0, VR () :

spin electron states and left-moving (L) with | spin ones
lie along the top edge of the sample, while another pair
L,T and R, | lie on the bottom, as shown in Fig 1. The
Fermi velocity vg is assumed to be the same for the two
pairs and : O : denotes normal ordering of the operator
0.

The two types of tunneling terms represented by dis-
tinct quantum point contacts (QPC) located at x;, j =
1,..., M, are

Hy= 3 [ Ay @, (000 @) + Hel. ()
o=",1
for the spin-preserving process and

Z sa/dfo

a=L,R

at(@)Va (z) + Hel, (4)

with sg (r) = +(—), for the case of spin-flip tunneling.
We assume, for simplicity, that the corresponding ampli-
tudes are the same for all the QPCs. Hence

M
o) (@) = 200r Y Y@ — ;). (5)

j=1

The H, term refers to gate voltages applied at the top
Vg, and bottom Vj; g edges of the sample allowing for the
manipulation of the filling of the helical channels within
a finite region between the longitudinal coordinates x
and 7,

H, / 2leVyr (pr1(2) + pry (@)

+eVy,5 (PR, () + pr.2(2))], (6)

where oo =: Ui ()Vqsq(2) : is the local density op-
erator of the species «, o at the coordinate .

B. Transport properties

In the setup of Fig. 1, the transport is induced by
changing the population of the edge states by applying
voltages at the four metallic contacts (reservoirs) indi-
cated in the corners. The coupling between edge states
and metallic reservoirs is in general a subtle issue and
the transport properties strongly depend on the details
of the contacts.?0 Here, we assume that the contact is
such that the edges are in equilibrium with the respec-
tive reservoir of departure. It is important to notice that
this configuration enables the induction of currents even
for vanishing tunneling couplings 7,(). In that case, such
currents are due to an imbalanced population of right and
left movers and the carriers do not experience any kind
of scattering process. For instance, a voltage difference
V1 — V4 induces a current only in the terminals 1 and 4,
which flows 1 =+ 4 or 4 — 1 for V7 > Vy and V; > Vi, re-
spectively. Similarly, a voltage difference V5 — V3 induces



a current in the terminals 2 and 3, which flows 2 — 3 or
3 — 2 for Vo > V5 and V5 > V5, respectively. Interest-
ingly, due to the helical nature of the edge states, each
current flowing through a given terminal has a net po-
larization. For finite values of v, (s, a voltage difference
between any two contacts induces currents through the
four terminals, which are the result of scattering and in-
terference effects due to the inter-edge tunneling through
the QPCs. In this section we derive expressions for the
currents flowing through the different terminals.

1. Current

The current operator is defined from the conservation
of the charge in a given terminal [ =1,....,4

where x is a position within that terminal and pl(z) is
the density operator corresponding to the incoming (out-
going) fermionic species flowing at that position. Thus,
the current operator for electrons flowing into the termi-
nal [ reads

(@) = evr [P () — ()] s)
The ensuing mean value I'(z) = (I'(z)) can be expressed
as follows

I'(z) = —ievp [Gﬁ_J_i_(:z:,:z:;t,t) - Gf_)l_(x,x;t,t)} .

9)

We have introduced the lesser Green’s functions

G (x,2"5t,t') = i@’l/,a’ (@', ) Vo o (z,t)), (10)

ao,a’ o’
where the couple of indices «,0, with « = L, R and
o =7,], labels the incoming (outgoing) state I+ (I—)
of the terminal [. Due to the conservation of the charge,
the current I'(x) does not depend on z inside a given
terminal, i.e. for positions x at the right (left) of the last
(first) QPC.

2. Noise

To characterize the fluctuations of the currents away
from their mean values at the terminals [, !’ we introduce
the following correlation function®”

({1, 1), I" (', ¥)})
—2(I' (@, VIV (/)] . (11)

The spectral power of current fluctuations, the noise
power, reads

SU’ (CL‘, .’L'/; t, t/) = —

+oo
Sl,l’('rv'r/aw) = / dTel%TSl,l/(Iaxl;tvt'i_T)a (12)

— 00

where 7 =t — /. We will study the w = 0 component at
T =0, called the shot-noise.

For non-interacting fermions, the mean values entering
Eq. (11) can be simply decoupled by recourse to Wick’s
theorem. The resulting expression can be cast in terms

of Fourier transforms of the lesser Green’s functions3®
+oo d
GSy o (st ) = / 0 —ig (=t )GM o (2 W)
’ oo 2T
(13)
as follows
> dw
St (0) = GQU%h/AX, o > & { e e (T2, w)x

€6—+.—
Glrerie(@ 2,w) + Glg e (2, 2,0) G e (x,x',w)] . (14)

III. GREEN’S FUNCTIONS APPROACH
A. Dyson’s equations

It was shown in the previous section that all the ob-
servables of interest can be expressed in terms of lesser
Green’s functions. In order to calculate the latter we use
the Schwinger-Keldysh-Kadanoff-Baym technique. We
introduce the retarded Green’s function,

G;o,ﬁo’ (,T, xl; t, tl) = —ie(t—fl)<{‘1’5 a"(

t), Va,o(z,t)}).
(15)

Following the standard procedure®®, we derive the

Dyson’s equation for this Green’s function from the equa-

tion of motion
—1hdy Gy por (1,25 1,1) = 5(t —1')00, 505,00
—if(t — ') ({[H, V], (2, t)], Yooz, t)}).  (16)

Since the Hamiltonian contains spin-preserving and spin-
flipping terms, the Dyson’s equation reduces to a set
of linear equations for Gy, 5, (7,2, w), where the lat-
ter function is the Fourier transform of (15). The corre-
sponding equations for the retarded as well as the lesser
function are explicitly shown in Appendix A.

In what follows, we discuss some formal elaboration
of the Dyson’s equations, which is useful to evaluate the
currents and to set the relation to the scattering matrix
approach. Notice that in order to evaluate the current
from Eq. (9) we just need the diagonal elements of the
Green function in the indices A = a, 0. We start by fo-
cusing on the diagonal elements of the retarded Green’s
function G} (z,2',w) = G} ,(x,2',w). After some alge-
bra on the Dyson’s Equatic;n based on back-substituting
Green’s functions with off-diagonal indices (see Appendix
A) we obtain the following equation

Z g)\IIJa

J.j'=1

G5 (.2, w) = g3 (@, w)

XES\(‘TJW‘Tj’vw)g%T(xj’vx/vw)v (17)



We have introduced the ”self-energy” describing the es-
cape of the electrons at edge A to the other edges. It
is also convenient to cast the terms associated to the
arguments x;,x;,j = 1,..., M as elements of M x M
matrices. In this matrix notation, the self-energy reads

N SUNA S0, ~0,7 0,7

Y (w) = Y\ (w) + E,\,X(w)GX (w)EX)/\(w), (18)
where the functions entering the matrices %9 xav (W) have
been defined in Appendix A. The Green’s function
G% Vi(zj,xj,w), 45,7 = 1,..., M entering (18) can also
be organized in a matrix form as follows

0,7 ~0,7 —1 0,r -1
@) =[BT =Shw] - a9
The corresponding lesser Green’s functions G5 (z, 2, w)
can be calculated by using Langreth rules®® in Eq. (17),
as discussed in Appendix A. It is convenient to decom-
pose this function as follows

g< U, 2’ w) + ZQK(:E, Tj,w)
J:3"
w)Gs ()7, 2’ w). (20)
|

gf (v, 2 ,w) =

<,neq ) )
x B3 (@, @

Senew) =i [far (W) = £ (@)] Thy (W) + i [faz(w) — £2, (w)] T4

)

where, as before, we are using the matrix notation to
omit explicit reference to the coordinates of the con-

2, (w) = 4h203 {7202, (W) + 29,7 Sapay (w
(

f‘gﬁ(‘*") = 4h2v%'{7]%ﬁ(01§(w) + 2’7p7fsaﬁgﬁ w

P2 (@) = 507 o (@) [ Mg () + 1] #5w) |

B. Transmission functions

The charge current flowing through the terminal [ de-
fined in Eq. (9) can be written in terms of the lesser

R
R

The first term is the equilibrium lesser Green’s function
corresponding to all the edges with the same chemical
potential ). The latter corresponds to the reservoir from
where the electrons at the A\ edge are injected. It reads

[g;(.’t, xlvw) - g;:(‘rv x/vw)] fk(w)@l)

It will be useful to define a reference chemical po-

tential u?\ and a lesser function corresponding to all

the edges at equilibrium with that chemical potential
<,

gy @2l W)l =[G, 2 w) = G5 (2,2, w)] fR(w).

Hence, the lesser function (21) can be, thus, rewritten

as

Gy (x,2"\w) =

Gy a2’ w) =

g< Cq(xvx 7w)|,u0 + [fA( )

X [gi(a:,x 7w) - gA(:Z?,:Z? aw)]

Alw)]
(22)

where fi(w) and f9(w) are the Fermi functions cor-
responding to the chemical potentials py and a refer-
ence chemical potential 19, respectively. The advanced
Green’s function is related to the retarded one through
G¢(z, 2", w) = [GL(2/,z,w)]*. The non-equilibrium part
of the lesser self-energy can be calculated from Eq. ( A7)
in Appendix A and reads

(W) + i [far(w) = for ()] T2L(w),  (23)

tacts x;,x5,5 = 1,..., M. The "hybridization” matrices

Iy (w) are
i ()] + V7 ()% () A (),
U(w):| zzJAgccr occr( )pAch(W)AZU aa’(w)}7

r —
o,
()] 07

:
;i

[
function defined in (20) as
—+oo
I'(z) = —ievF/ ;lj: G5 (@, 2,w) — G (2, 7,w)] .
N (26)

In what follows we will eliminate the explicit reference
to the coordinate x in the current and we will simply
label this quantity with the terminal index [. The re-
tarded Green’s functions depend on x and we will take
any value of this coordinate within the terminal under
consideration. After identifying the pair of indices ao
(@o) corresponding to the incoming (outgoing) channel
of the terminal [ and defining the reference chemical po-
tential as the one corresponding to the outgoing channel,
ie Mg,g = u;— we substitute the lesser function of Eq.



o0 d
P=treor Y [ 520 w0 {Th (a5.27) frw) — fio()] +
j 5 — 00

— [Tha g 0) + T 700 o () = frm ()]} G5 (7, RO /.

<{Tq w) [foz(w) = fi-(W)]+T

S,z

where the first term corresponds to the current without
tunneling to the other edges

+<>Od
= ieve [ % (G5t - G592 ]

oo 2m

o0 W
:evF/ X () -

— 00

fie (@) poo (@, z,0). (28

At zero temperature, substituting (A8) into p8, (z,z,w)
results in
e

Iy= 7 (s = ). (29)
Due to the chiral nature of the electronic mo-
tion within the edges, the retarded Green’s function
QE(L))U(x,xj/,w) for right (left)-moving electrons van-
ish for * < 1 (z > xp7), where we assumed that the
scattering region containing the point contacts extends
within [21,zp/]. In addition, we must take into account
that the terminals placed at the right side of the scat-
tering region(x > xjs) correspond to [+ = R 1, R | for
l = 3,4, respectively, while those at the left side have
I+ =L 1, L | forl = 1,2, respectively. Thus, the
two last lines of Eq. (27) vanish. For the same reason,
the term oc T/ of (23) does not contribute and the ex-
pression of the current can be cast into the form of the
Landauer-Biittiker formula, see, e.g., Ref. 40,

S [ ) o)~ ) )

=1

where T4 p—(w), I'— = 1,...,4 are transmission func-
tions between the incoming channel [+ and the remain-
ing four channels through the tunneling contacts. For
the model we are considering, these functions explicitly
read

Tip - (w) = hop Y Ghp (2,2, w){0r 50T,

3’

+00, ol (@), 25, w) }Goy (20, ,w) + hFOY a0

Zgaa‘r‘r.ﬂ [

+1—‘£E(wj7 J/'j/ ’ w)]gaa'

(zj, 2, w)

(L (2,2, ) (@) 2p,0)

(ZCJ‘/,ZC,OJ)}, (31)

w) [fao (W) =

f o
5o (T, Tt

(20) with the representation defined in Eq. (21) and find

Tl (2,25, w) [fas(w) — fi- ()]

T dw
_gacr €T, Tj,wW )

fi(w )]}QM(IJ/ ,w), (27)

where, given [+ = «, 0, the first term corresponds to
the transmission between the channel I’— = @, o and the
channel |4+ = «, 0, the second term corresponds to the
transmission between I'— = «, 7 and the channel [+ =
a, o, and the latter is the transmission function between
I!'— = a,0 and I+. The functions I'(x;,z;,w) are the
matrix elements of the hybridization matrix T'?_(w), for
I'— = @o or the ones of the matrix fgﬁ(w), for I'— = a@.

C. Relation to the scattering matrix formalism

It is interesting to notice that the transmission func-
tions defined in the previous section set an explicit rela-
tion between the scattering matrix and the Green’s func-
tion formalism. In the case of transport through nor-
mal tunneling contacts between two reservoirs at different
chemical potentials, Fisher and Lee’s equation*! provides
such an explicit relation. This equation has been gener-
alized to harmonically time-dependent problems,*? but
so far, it has not been analyzed in the context of trans-
port through edge states alone without tunnel coupling
to the contacts. To establish such a relation for trans-
port of helical edge states in bar geometry we proceed as
follows.

For simplicity, we start by considering a single QPC
connecting the top and bottom edge states. In such case
we can set the following identity between elements of the
scattering matrix and the retarded diagonal (in the edge
indices) elements of the Green’s functions

—ihpG! (2,21, w)\/Tae (1, 21,w), (32)

for o/0’ # ao and /o’ # @o. We recall the terminal [
has an incoming edge state characterized by ao, which is
denoted by [+, and an outgoing one characterized by ao,
which would be denoted by [—, while I’ injects an edge
characterized by o’c¢’, which is denoted by I'—. Hence,
the elements of the scattering matrix defined in Eq. (32)
correspond to terminals /, !’ such that [ is on the top (bot-
tom) and !’ is on the bottom (top) of the sample. We also
recall that x lies on the [-th terminal, and x; is the posi-
tion of the QPC where the tunneling contact between the
edge connected to the [ reservoir and the edge connected
to the I’ one . We can easily identify this expression with

Sy =



the one proposed by Fisher and Lee. The hybridization
function 'y (z1, 21, w) denotes scattering processes due
to the escape of the electrons from the edge injected into
the reservoir | and the edge leaving the reservoir I’. In
the present case, the contact of the incoming edge state
and the reservoir [ is assumed to be ideally ballistic, thus
the hybridization matrix is just represented by Avg. In
addition, G, _(x,2’,w) = 0 for 2’ > 2 within the [ termi-
nal, which is a consequence of the absence of reflection of
the helical edge state into the terminal of departure. In
the present system, this is due to time-reversal symmetry
which dictates lack of scattering between the two states
of a Kramer’s pair. Thus,

Sipu_=0. (33)

In all the cases we define the transmission function as
follows

Tiv - = IS -1, (34)
while the conservation of the charge impose
ZSlJF)lH_Sl*IJr,l”f = 6[)l/. (35)

17—

Thus,
> Ty =1 (36)
-

In the case of M QPC, the scattering between top and
bottom edges becomes multichannel. In such case, Fisher
and Lee’s equation is more suitable represented as

M
TlJr,l’f =Tt Z ggd(x7 xjvw)ra/fﬂ (Ij’ Ij/’w)
J,3'=1

XGoo (i W), (37)
for o/0’ # ao and o/o’ # @s. We consider a ballis-
tic hybridization parameter I';y = hvp associated to the
ideal connection between the edge and the reservoir [ to-
wards it travels, while the M x M hybridization matrix
Toor (24,24, w) represents the escape to the edge o/c¢”,
which is injected from the reservoir I, through the M

QPCs. Due to the helical nature of the states T;4 ;— = 0,
while due to the conservation of the charge (36)
Tp=1- 3 T, (39)
U —£l+
where [— = [+ denotes the reservoir injecting the ao

edge state that incomes into the I reservoir. The two
reservoirs [ and [ are on the same (top or bottom) part
of the sample.

D. Currents for particular configuration of bias
voltages

In order to illustrate the use of the previous expres-
sions we present more explicitly the expressions for the
currents along the terminal [ = 3 for three different con-
figurations of voltages.

1. Charge-bias configuration

This corresponds to
Vi=VW =V,
(39)
Va=Vy=0.
We, thus, assume po = 1 = p+ eV and pz = pa = pu.

Eq. (30) for the current through [ = 3 corresponds to
I+=R,Tand [—=1L,|

d
P =5 [ ST () - fuw)

+T52(w) [fo(w) — f3(w)]}, (40)
with
Ts1=hvp Z Grp (@, 25, )T (24, 50, w)GRp (257, 7, W),

Ji’
T3 0= hvpp%T(x,x,w) — hvp ngﬂ(a:, Tj,w) X
JJ’

[FZ[),T(IJa Ij’aw) + Féj,(xja Ij’aw)] g?ﬁ*(le , Ly w)a (41)

where we have simplified the notation and expressed
Tsp, I = 1,2, instead of T54 p_ as in the previous sec-
tion. This configuration generates a net longitudinal flow
of charge.

Another possibility is to generate net transverse charge
flow

i=Vy=V,
(42)
Vo=V3=0.

This corresponds to po = g = p, and 1 = g = p+eVv.
In this case the current through [ = 3 reads

r=t / g—j{Tg,1<w> [f1(w) = f5()]

+T13,4(w) [fa(w) = fs(w)]}, (43)

with
T374 = h’UF Z gfﬁ(:v, Zj, W)F§7¢($j, Xj, W)Q%T(Jij’ s Ly w)-
27 (44)

2. Spin-bias configuration

Here we have
Vl = _‘/2 = V7
(45)
Va=Vy=0.
We, thus, assume pg = p+ eV, uo = p—eV and pug =

pa = p. In this case the current through [ = 3 is given
in Eq. (40).



Another spin-bias configuration corresponds to

VQZ‘/Alzvv

Vi=Vs=0,
in which case the current through [ = 3 reads

p=f / g—j{Tg,z<w> [fo(w) — f5()]

+T3.4(w) [fa(w) = f3(w)]}- (47)

IV. RESULTS

We now show results for the behavior of the current
and the noise power. We focus on temperature 7' = 0
and p = 0, and we analyze separately the case of a single
QPC and two QPCs. We have verified that we recover the
results presented in Ref. 28 for the first type of charge
and spin bias configurations presented in the previous
section.

In what follows, we discuss the second type of spin-
bias configurations shown in the previous section, Vo =
Vi=V and V; = V5 =0, Eq. (46), which has not been
studied in previous works.?®3 In some cases, we extend
our study to a more general configuration with Vo # V4
and V1 = ‘/3 =0.

A. Single point contact

In the case of a single QPC, the transport is not af-
fected by the top and bottom gate voltages V;, r and V; p.
The transmission functions entering the current through
the different terminals can be easily evaluated by substi-
tuting Eq. (B1) in Eq. (31). The final expressions are
summarized for completeness in Appendix D.1.

1. Currents

In Fig. 2 we show the behavior of the currents through
the terminals [ = 3,4 vs the spin-flipping tunneling am-
plitude ¢ and a finite spin-preserving tunneling -, at
the QPC.

Notice that because of the symmetry of the setup
Iy = I3, I = I and I3 = —1I;. For vanishing v and -,
there is a net 1 flow from the left to the right in the upper
terminals, and another net 1 flow in the lower terminals
and a vanishing current through the QPC. Turning on
just the spin preserving tunneling (v, # 0, vy = 0) for
the present bias configuration does not change this pic-
ture. In fact, the contacts 2 and 4 inject an identical
flow of 1 electrons that travel in opposite directions and
the spin preserving tunneling does not change the zero
value of the net current flowing through the QPC due
to the Pauli exclusion principle. This situation, however,

0.75

~0.5

0.25

FIG. 2. (Color online) Current Iy = I3 = —I; = —I4 in units
of €2 V' /h versus spin-flipping term in a spin-bias configuration
Vi =Vs=0and Vo =V, = V. Different plots correspond to
different values of the spin-preserving tunneling ~,.

changes with a finite spin flip tunneling v # 0. This tun-
neling process effectively enables the transmission of elec-
trons injected from the contact 2 into the contact 4 after
flipping the spin T—] at the QPC. Conversely, electrons
injected with 1 spin from 4 perform a spin flip tunneling
at the QPC and enter the contact 2 with spin |. The
net result of these processes is a decreasing net current
through all the terminals as well as through the QPC. In
particular, for small v, and v ~ 1, the QPC behaves as
an approximately ballistic contact for each spin species,
allowing for a perfect transfer of particles accompanied by
a spin-flip. For this bias configuration, however, the top-
to-bottom flow is identical to the bottom-to-top one and
they cancel one another, resulting in a vanishing small
net current through the QPC, as well as through the
four terminals.

2. Noise

The corresponding behavior of the noise power is
shown in Fig. 3.

In the upper panel, Fig. 3 a), we show the cross-
correlation function for currents flowing through top and
bottom terminals. We see that the cross-correlation
function for currents flowing through the terminals at
the same voltage, see Eq. (46), is exactly zero, Ss1 =
Sa,4 = 0. Instead, the cross-correlation function for cur-
rents flowing through the terminals biased differently,
S1 = 834, vanishes only for vy = 0. The vanishing
cross-correlator in the latter case is due to the fact that
currents flowing in all the terminals do not fluctuate at
vs = 0, see Fig. 3.

The relevant components of the correlation function
for currents flowing between the top terminals are shown
in Fig. 3 b), where we show S35 = S22 and Sy 3. The
corresponding ones for the bottom terminals can be in-
ferred from the top ones by noticing that S 4 = Sa3,
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FIG. 3. (Color online) The noise power S in units of ¢*V/(2h)
versus spin-flipping term in a spin-bias configuration V; =
V3 =0 and Vo = V4 = V. a) The cross-correlation func-
tions S31 = S2,4 (dashed blue line) and S2,1 = Ss.4 (solid
lines) for currents flowing between the top | = 2,3 and bot-
tom [ = 1,4 terminals. b) The cross-correlation function S2 3
(dashed lines with open symbols) and the auto-correlation
functions S22 = S3,3 (solid lines with solid symbols) for cur-
rents flowing through the top | = 2,3 terminals. Different
colors and symbols correspond to different values of .

Ss33 =511 and Sy4 = S22. Let us begin analyzing Sos,
which is shown in dashed lines in Fig. 3 b). It is zero at
vs = 0, since, as mentioned above, in this case the cur-
rents are non-fluctuating. As vy is turned on, the current
through the QPC increases, implying an increasing noise
power Sy 3.

3. The Pauli peak

The electron flows emanated by the metallic contacts
2 and 4 are not fluctuating at zero temperature. They
can fluctuate only after the electron reflections and trans-
missions that take place at the QPC. In the absence of
spin-flip tunneling in the bias configuration defined in
Eq. (46), electrons with the same spin injected from ter-
minals 2 and 4 collide at the QPCs and are backscattered
into the terminals 1 and 3. Thus, if both incoming chan-

FIG. 4.  (Color online) The cross-correlation function Si 3
(the lower sheet) and the auto-correlation function Ss 3 (the
upper sheet) both in units of ¢*V/(2h) are shown as function
of both the spin-flip rate vy and the voltage V2. The latter
quantity is normalized by Vi = V, hence, Vo = V4 (AV = 0)
corresponds to Vo = 1 in the figure. The spin-preserving rate
is 7p = 0.5. The voltages Vi = V3 = 0.

nels, from the contacts 2 and 4 are fully filled up to the
same level, that happens at V5 = Vj, then both outgoing
channels, into contacts 1 and 3, will be also fully filled
to the same level. This is because the Pauli exclusion
principle forces the electrons colliding at the QPC to go
to different outputs (see, e.g., Refs. 37 and 43 for a more
detailed discussion). As a consequence, not only the in-
coming currents Io and Iy, but also the outgoing ones, I;
and I3 (if V3 = V3 = 0) will be non-fluctuating. There-
fore, for v4 = 0 we have 511 = S33 = 0 as it is clear
in Fig. 3 b). The cross-correlator of non-fluctuating cur-
rents is trivially zero, S7 3 = 0. If two incoming channels
are filled up to different levels, AV = V5 — V; # 0, then
the excess flow from the contact with higher level will
be scattered between two outgoing channels. Since one
particle cannot be scattered to both outputs simultane-
ously, the outgoing streams become fluctuating, S; 1 > 0,
S33 >0, and 513 <0, see Fig. 4. These fluctuations are
referred to as the shot noise appeared due to indivisibility
of carriers.?7

The spin-flip processes, vf # 0, open additional scat-
tering channels. In this case, electrons can be scattered
to the terminals 2 and 4, which causes current fluctua-
tions even for Vo = V. The reason for these current fluc-
tuations is a smaller number of (completely and equally
filled) incoming channels in comparison to the number
of outgoing channels. In fact, spin-flip processes opens
the total number of four outgoing channels, while the
incoming ones are just two. It is, however, remarkable
that, even in the presence of spin-flip processes the cross-
correlator S13 = 0, see the plot in dashed lines of Fig. 3
a). The vanishing value of the latter cross-correlator for



vf # 0 and Vo = Vj can be explained as due to the
cancellation of positive two-particle contributions, when
electrons from 2 an 4 attempt to enter the same ter-
minal 1 or 3, and negative single-particle contribution to
noise, when each electron is scattered independently. For
a more detailed discussion, see Ref. 44.

In Fig. 4 we show S7 3 and S3 3 as a function of both
the rate of spin-flip tunneling v; and a bias difference
AV = Vo, — V4. Both correlators are suppressed for
AV = 0. Since this suppression is due to the fermionic
correlations arising between colliding electrons, we use
the names of the Pauli peak for S; 3 and the Pauli dip
for S35 as functions of AV. This peak/dip structure
is clearly visible at a small rate of spin-flip scattering,
v — 0, in Fig. 4 . While the cross-correlator is sup-
pressed down to zero, the auto-correlator’s dip depends
on the rate of spin-flip processes ;. To show this explic-
itly we use the scattering matrix approach?®4® and cal-
culate S5 3 analyticallyat Vo =V =V and Vi = V3 =0:

3
e

S33 = " {T5,1[|Va|T5,2 + |Va|T5,4] + |Va — Va|T5 2154}

(48)

3
e
Ssq = _EWQ —Vi|T5,2T5.4 ,

where the transmission functions 7j; are presented in
Appendix D. It becomes apparent from the previous
expression that S;3 = 0 at Vo = V4. For vy — 0 and
Vo = V4 =V we find the following behavior of S3 3 in the
leading order in the spin-flip rate,

3V 7
5373 = Tm + O (’Y?) . (49)
Thus the gap between the maximum of S13 and the mini-
mum of S33 would unambiguously demonstrate an actual
presence of spin-flip scattering at the QPC allowed by the
symmetry of helical states.

The numerical calculations confirm that the above re-
lations, Eqgs. (48) and (49), completely agree with the
results of the Green’s function approach, see Eqs. (14)
and (41), (44).

The Pauli peak in the cross-correlation function (as a
function of a bias asymmetry AV') is robust and is the di-
rect consequence of the fermionic nature of carriers. The
gap appearing between the cross- and auto-correlation
functions at both Vo = V4 and v¢ # 0 is a direct con-
sequence of the helical nature of the edge states. An-
other peculiar manifestation of the helical nature of edge
states has been recently predicted in Ref. 46 under the
name of Zy peak. This feature manifests itself in the
dependence of the current cross-correlator on the exter-
nal magnetic field B as a peak at B = 0. The origin is
an exact cancellation of two different components of the
noise, the partition noise and the exchange noise. Such

cancellation is a consequence of the time-reversal sym-
metry of the helical state. It is removed as soon as it
is broken by a small magnetic field B, in which case the
cross-correlation function becomes finite and negative.

For vy = 0, our setup of helical states can be effectively
decoupled into two overlapping but independent sets of
chiral edge states connected in pairs by the QPC. In this
case, the Pauli peak and dip discussed above is analo-
gous to the one discussed” and measured*® for electrons
emitted with the same rate by two single-electron sources
into a chiral edge state of a two-dimensional electron gas
in the quantum Hall effect coupled by a QPC. The differ-
ence between emission times A7 of single-electron sources
plays the same role as the voltage difference AV = V5 -V,
in the present case. For A7 = 0 electrons collide at the
QPC and due to the Pauli principle they are necessar-
ily scattered to different outputs. Hence, the outgoing
currents are noiseless. In contrast, if two electrons pass
the QPC at different times, A7 # 0 they are scattered
independently. This results in the shot noise (a positive
auto-correlator and a negative cross-correlator for out-
going currents). Instead, for vy # 0, the behavior of
the noise power in our setup with helical states is analo-
gous to an electronic circuit with chiral states as waveg-
uides having the number of outgoing states exceeding the
number of populated incoming states. In particular, in
Ref. 44 it was shown that for the synchronized emission
of electrons in two incoming channels (the analogue of
AV = 0 in our setup) the cross-correlator vanishes while
the auto-correlator remains finite as in our case.

B. Two point contacts

In the case of an interferometer with two QPC, the cur-
rent exhibits oscillations when plotted against the gate
potentials. The relevant transmission functions can be
calculated from the retarded Green’s function and the hy-
bridization function presented in Appendix C. For com-
pleteness, we present the explicit expression for these
functions in Appendix D2. The different interference
processes are characterized by two phases defined in
Eq.(D3), the Fabry-Pérot phase ¢pp, which is symmet-
ric in gate voltages, and the Mach-Zehnder phase ¢prz,
which is antisymmetric in gate voltages. The first phase
is associated with the spin-preserving tunneling when a
particle traverses the arms of the interferometer in the
same direction (clockwise or anticlockwise ) like in the
Fabry-Pérot interferometer. Instead, the second phase is
associated with the spin-flip tunneling, which forces an
electron to traverse the interferometer only once similarly
to what happens in the Mach-Zehnder interferometer.

At this point, we would like to further justify the
choice of the name M Z for the phase that is antisym-
metric in the gate voltages. Notice that it differs from
the one used in Refs. 28, 33-35, where it is referred to
as the ”Aharonov-Bohm” (AB) phase. Since the lat-
ter suggests the phase induced by the vector potential



associated to a magnetic flux penetrating the system,*

we prefer to avoid that denomination in the present sys-
tem, which preserves time-reversal invariance. There is
literature on the Aharonov-Bohm effect induced by the
scalar potential,’® 52 which could eventually justify the
use of that term in the present context. However, it
is not clear in those systems whether the effect is due
to the extra phase acquired by electrons according to
the Aharonov-Bohm mechanism®3° or simply due to
the change of the electron trajectories®® or the electron
density.?? For this reason, we find it more appropriate to
use the name Mach-Zehnder with the aim of emphasiz-
ing that the electron traverse the interferometer’s arms
in the same direction.?? Generally both phases ¢z and
¢rp are involved into the same interference process.

1. Current

In Fig. 5, we show the behavior of the current at the
Fermi energy in terminal [ = 3 versus the two phases for
the configuration Vi = V3 =0 and Vo =V, =V, and
different values of the spin-flipping tunneling. As in the
case of a single QPC, the different currents are related as
Il = 13, IQ = I4 and 13 = —14.

Interestingly, for this configuration of voltages, the in-
terference is not effective for v¢ = 0. Thus, for vanishing
spin-flip tunneling, the current in terminals [ = 1, 3 is just
I9 = I?. As in the case of a single QPC, the reason for
this behavior is the Pauli exclusion principle according
to which both outgoing channels have to be equally pop-
ulated if two incoming channels are equally populated.
Therefore, the outgoing currents are not sensitive to gate
voltages at this bias configuration.

For v¢ # 0, the current through the interferometer
becomes sensitive to gate voltages. Moreover, the two
interference processes compete. In the upper panel we
show that for vanishing ¢,;z, interference effects sys-
tematically decrease the conductance through the ter-
minal [ = 3 bellow the conductance quantum e?/h.
As functions of ¢pp it presents maxima (minima) at
¢rp = 2mm, (¢pp = (2m + 1)m), with m integer. In-
stead, for ¢pp = 0, the [ = 3 conductance as a function of
¢arz achieves maxima equal to the conductance quantum
e?/h for ¢arz = (2m + 1)7 and minima for ¢z = 2mm
which become deeper as 7 increases.

2. Noise

The corresponding behavior of the noise power at the
terminal [ = 3 is shown in Fig. 6.

The perfect transmission through this terminal ob-
served in Fig. 5 for vy = 0 is related to a vanishing noise,
S3.3 = 0. As this tunneling parameter is switched on the
noise power displays oscillations as a function of ¢prz
and ¢pp. In Fig. 6a we show the dependence on ¢pp of
the noise power S5 3 for ¢z = 0. We identify a value 7;2
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FIG. 5. (Color online) Current oscillations in terminal 3 ver-

sus the Fabry-Pérot phase ¢rp = 6L(V9+:VQB)

the Mach-Zehnder phase ¢nrz = eLWyp —Vyr)

hvp
is given in units of ¢*V/h. We set v, = 0.2 and v; = 0 (black
solid curve), 7y = 0.1 (red dashed- double dotted curve),
~vs = 0.2 (blue dotted curve) and vy = 0.5 (orange dashed-
dotted curve).

and versus

. The current

such that for small v < 7} the noise power increases and
has maxima (minima) at the phases where the conduc-
tance has minima (maxima), i.e. for ¢pp = (2m + 1)m,
(¢prpp = 2mm) with m integer. For the parameters of the
Fig. ~} ~ 0.25. This value of ¢ corresponds to the one
for which the conductance of this terminal achieves the
value G3 = I3/V = e?/(2h) for some values of ¢pp. The
corresponding noise power at these points is the maxi-
mum possible value S3 3 = e*V/(2h) and the noise power
turn to have local minima for ¢pp = (2m + 1)7. For
large enough v¢, G3 < ¢%/(2h), Vérp and the noise
power follows the pattern of maxima (for ¢pp = 2mm)
and minima (for ¢pp = (2m + 1)m) of the conductance.
Fig. 6b shows the dependence on ¢,z of the noise power
S33 for ¢pp = 0. In this case, the noise vanishes for
¢mz = (2m + 1)7, for which Gz = €*/h. For vy < 7}
the noise power displays maxima at ¢prz = 2mam, but
this maxima turn to local minima for vy > 7} as a con-
sequence of the fact that G3 < e2?/(2h) for these values.

The cross correlation between the currents through the
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FIG. 6. (Color online) Shot-Noise oscillations of terminal | =
3 versus the Fabry-Pérot phase ¢ppp = %/;ng (prz =

0) and versus the Mach-Zehnder phase ¢arz = eL(V9+;V"T)

(prp = 0), for a spin-bias configuration Vi = V3 = 0 and
Vo = V4 = V. The noise power is given in units of e3V/(2h).
We set v, = 0.2 and 5 = 0 (black solid curve), vy = 0.1 (red
dashed- double dotted curve), vy = 0.2 (blue dotted curve)
and vy = 0.5 (orange dashed-dotted curve).

top terminals are shown in Fig. 7.

Here we observe that the minima (maxima) of |Ss 3
always occur at ¢rparzy = 2mm. The maxima do not
reach the bound e3V/(2h). Finally, in Fig. 8 the top-
bottom correlation function S5 4 is showed. This noise is
zero just for v¢ = 0, in contrast of Sy 3 (or S2.4) which
vanish for any value of vy. The absolute value of the
top-bottom noise correlations for ¢prz = 0, shown in the
upper panel of Fig. 8, has minima (maxima) for ¢pp =
2mm (¢ppp = (2m + 1)7w). For ¢pp = 0 this quantity
presents a more complicated structure as a function of
@z as the tunneling parameter vy varies. For any value
of this parameter, it vanishes at ¢prz = (2m + 1)7. For
v <7} the absolute value [S2,4] has maxima at ¢prz =
2mm, while for 7y > 7} it has local minima for these
values of ¢prz. Unlike other cases, |Sa.4| does not reach
the upper bound e*V/(2h) for any phase ¢z .

T T
0 YA TAD 7
Y, R AT S
\ sl P U e T T PSR
-0,1-n po\ TR '
o I o /
\ / \ / \ 1
-0,2}- \ / \ / \ /0
pS \\__// \\_‘/l \\‘__//
“.0,3F .
-04f :
-015 L L . | . L . | .
-3 -2 -1 0 1 2 3
¢rp/T
T T
0 7S PXAT -7
\ ' 7 A\
\\ . "./ // \ s /‘/ / \ s - . II
X | R N AN A /|
0.1 \ / \ / \ /
\ / \ / \ /
\ 7 \ / \ /
-0,2} \ / \ / \ / 7]
™ \ \ 7 A4
N Nz N/ A4
“.0,3f .
04} .
-0,5 . ! . ! . ! ! J
-3 -2 1 2 3

-1
¢

b L
Mz|T

FIG. 7. (Color online) Shot-Noise oscillations between termi-

nals | = 2 and [ = 3 versus the Fabry-Pérot phase ¢pprp =

eL(Vyr+VyB)
hvp

M, for a spin-bias configuration Vi3 = V3 = 0 and

and versus the Mach-Zehnder phase ¢nz =

hvp
Vo = Vi = V. The noise power is given in units of e*V/(2h).
We set v, = 0.2 and vy = 0 (black solid curve), 75 = 0.1 (red
dashed- double dotted curve), v = 0.2 (blue dotted curve)
and vy = 0.5 (orange dashed-dotted curve). Note that the
cross-correlator of bottom terminals Si 4 = Sa 3.

V. SUMMARY AND CONCLUSIONS

We have presented a formal treatment based on non-
equilibrium Green’s function formalism to study the
transport properties of interferometers of helical edge
sates in bar geometries. We have derived expressions
for the currents and we have defined transmission func-
tions. The latter are the building blocks of the scattering
matrix approach. In setups consisting of a small system
connected to two or more particle reservoirs, the rela-
tion between these two formalisms is well known since
the work by Fisher and Lee*! for stationary transport.
In Ref. 55 the suitable generalization to systems with ac
driving was carefully analyzed. The case of currents flow-
ing through edge states is special in the sense that the
latter constitute reservoirs that support chiral currents.
The contacts to metallic terminals just set the proper
imbalance between them giving rise to a net current. In
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FIG. 8. (Color online) Shot-Noise oscillations between top
[ = 3 and bottom [ = 4 terminals versus the Fabry-Pérot

phase ¢rp = eL(Vg+:VgB), and versus the Mach-Zehnder
phase onz = %, for a spin-bias configuration

Vi =V; =0 and Vs :F Vs = V. We show the oscillations
for distinct values of spin-flipping term vy = 0 (black solid
curve), vy = 0.1 (red dashed- double dotted curve),y; = 0.2
(blue dotted curve),ys = 0.5 (orange dashed-dotted curve).
The noise power is given in units of ¢*V/(2h). We set
¢vmz = 0 and v, = 0.2. For the rest of top-bottom corre-
lators we have that S13 = S2,4 = 0 for any value of v and
Si,2 = 53,4.

the present work, we have presented the generalization of
Fisher and Lee’s relation between the two formalisms for
edge states currents (see sections ITI B, TIT C). We have
also presented the expressions for the noise power in the
Green’s function formalism.

We have used these formal tools to analyze the trans-
port properties of helical electronic circuits containing
one or two quantum point contacts, inducing tunnel-
ing and scattering processes between the different edge
states. Typically this type of effects are expected to take
place preserving or flipping spin. We have focused on
identifying the features induced in the transport proper-
ties (currents and current-current correlation functions)
originated in the spin-flip scattering processes at the
QPC allowed by the symmetry of helical states. Impor-
tantly, for the case of a single QPC, we have identified

12

a peculiar feature, the Pauli peak-dip structure in the
current-current correlation functions, see Fig. 4, which
allows to identify the presence or absence of a spin-flip
scattering. For two QPC, following Refs. 28, 33-35 we
have assumed in the present work that applying gates
within a finite region of the top and bottom edges in-
duce additional potentials Vyr and Vyp within the he-
lical state. These additional potentials in turn change
the electron phase, which yields a rich structure of cur-
rents and current-current correlation functions, with pat-
terns of maxima and minima. This structure is the con-
sequence of competing interference processes and has two
important experimental outcomes. On one hand, the
necessary condition for these features to exist it a non-
vanishing value of the spin-flip tunneling. Thus, the ob-
servation of these patterns is an important signature to
identify and quantify the relevance of the spin-flip tun-
neling. On the other hand, their observation would en-
able to verify the idea that the electron phase in helical
edge states can be locally controlled by this type of gates.
That would be an important breakthrough, which would
open a wide research avenue in the usage of solid state
linear electronics for efficient quantum computation. In
fact, with such phase shifters, quantum point contacts
as wave splitters, single electron sources,’®®” and metal-
lic contacts as detectors, all the necessary elements for
quantum computation would be available in full analogy
with quantum optics.?®
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Appendix A: Evaluating the Dyson’s equation for
the Green’s functions

The equation of motion (16) leads to the Dyson’s equa-~
tion (DE) for the retarded Green’s functions (15). The
four elements with edge indices o and @o can be orga-
nized in 2 x 2 matrices as follows

G"(z,2',w) = ¢ (x,2",w) + ZGT(:U,IjaW) X

7,3’
EO)T(‘TJ'?xj’vw)gow(xj’vxlvw)v (Al)
with
G ool 2’ w) Gr (2,2, w)
r / _ ao,ao ) ) «ao,a0 ’ )
o) = (Ggg,ww’,m Gl ) )
(A2)
and
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The elements of the above matrix are the retarded where Vy oo = Vyrif ac = RT,L | and Voo =V p if
Green’s function for the uncoupled edge ac =R, L T.

0 ’ 1 o ik "y _0,r
e w) =5 [ ke g )

—ko

)

1
A4
w— (vahk + €Vyao) +in’ (Ad4)

which in the limit of kg — oo results

o,r
9" (W) =

0,r
oo (@, 2, w) = _UF—h@ (sa(w — ') x The self energy in (A1) is defined by back substituting

1 the DE for the Green’s functions with indices ao, @o and
exp [z—h(w — Vo) (T — :C')] (A5)  «o,ao:
VR )

Gga e (CL‘, xlv w) = Z 2hvrp [,YPGZ(T,%(‘T7 Ly, W) + Sa’}/ngmaa (CL‘, xj,w)]ggg(xj, xlv w)v
J

and

GZO’ oo (x7 x/7 w)

0,
- Z 2th [FYPGZ(T,O[(T (I’ IJ’ ) + S_’Yf Gaa’ ao ({E, 'rj ) w)]ga;(xjv xlv w)'
J

The result is

YO (2, 4, w) = 4h%vE x

0, 0, 0, 0,
Vo Tam (T Tjt,w) + Y790 (T, Tjr,w) VY [Sagacf (), 51, w) + Sagon (T xj/,w)}
0, 0, 0, 0,
Vi [Saga(:(wja Tjr,w) + 3G,y (Tj, Tj, w)} V39an (25,0, W) + VpGom (T4, Tjr, W)

The DEs for the lesser Green’s functions can be derived rules,?”

according to which given a product of retarded
from Eqgs. (A1), (A6) and (A6) by recourse to Langreth

Green’s functions A" B”, then (AB)< = A<B® + A"B<.
In the case of (A1) the result is

M
G<(x,2',w) Z AV (@, 25, w) + 0(z — )] g (2j,zjr,w)[0(zjr —2") + A" (0, 7', w)]

g4 =1

M
Z (x,xj,w 0<(:17j,:17j/)G (zjr, 2", w), (A7)

with A% (2,2, w) = Zj G"(z,2;,w)20"(xj,25,w) =  Here €noe = SqVphk + €V a0, with s, = £1, a = R, L

(A% (2, z,w)]T, while and o =1,], while fo,(w) = f(w — pae), and pa,e is
the chemical potential of the reservoir from where the
0 (2,2, W) = ifa.o(W)pds (2,2, W), electrons are injected.

pgg(:v,:v',w) =1 [ggg(x,x’,w) - gg’clrl(‘rvxlvw)]

= % / dke 5w — €q0).  (AS)



Appendix B: Retarded Green’s function for a single
QPC

The Dyson equation (Al) for a single QPC at z; can
be solved resulting,

G?{,T(xvxlaw)

G (r,x1,w) = .
Rt (@71, @) 1=%% (21, 21,w)G% 4 (21,21, W)
(B1)
Using Eq.(A4) and Eq.(A6) we find

iO(x — x1) ¢!y (#@1)
Gh(r,r1,w0) = — . B2
R ) vrh 1492 +7} (B2)

The other components are calculated from the fol-
lowing relations G} 4(z,2",w) = G%;(2',2,w) and

i (@) (w—eVy,7)

ie
Grr(z,1;0) = _
rt(T,71;W) P
. L(m—wg)(w—eVgﬂT)
Zeth
Gror(w, 10;0) = — —
7t (T, 225 W) oA
. —L(w—wl)(w—evryr)
e vph g
g7 (z,z1;w) = — —
LJ'( ! ) h’UFA
. i (z—xo)(w—eVy 1)
e vph
g7 (r,r9;w) == —
Li( 2 ) h’UFA

The other spin diagonal components are calculated
changing V7 — Vg B.

Appendix D: Transmission functions

Since the system we are dealing is time-reversal, the
transmission functions fulfill T,, 3 = Tj,,. Hereinafter
we present the expressions for all transmission functions
in distinct cases (single and double QPC), see Ref. 28.

1. Single QPC

In the case where is a single QPC, we have the following
transmission functions,

[1 +F 47 (1 + 2e%(2“*8Vg’T*8Vg’B))} :

14

a = L,R. The hy-
bridization term is I'py(ry) = 4UFh”Y;2)(f)'

Gy, (, ' w) = Ggm(x, ' w),

Appendix C: Retarded Green’s function for two
QPCs

We consider two point contacts at x; and xo, with
r1 < w2.In the general case (y,(y) # 0), the equations
for the two spin species are coupled and the solution for
x > x9 of the diagonal for the R, movers reads

[—1 + 7 (1 + 2e%<%r—evg,s>)} 7

(C1)

with A = 47§eiﬁ(2wfevﬂiev93) + 1+ + 7?)2. For
r < x1, we have

(1477 492 (14 2esn@omeor—eVon)) |

{—1 +9, 7 (1 + 26%(8%178%,3))} ' (G2)
2
T _ Yy
1(2))3(4) (1 + ,yg + 7‘?)2 ’
(14 +0p)?
To1),3(4) = W
P
4’}/2
Ti)32) = ( . (D1)

T+72+ 70
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2. Two QPC

In the case with two QPC, the transmission functions

are:
T _ 8YF[=1+9F + )P + cos darz]
12,800 = =P ,
1
To1),3(4)= NG (=147 +7)*
+167j? - 87]%(—1 + %% + 75)2 cosdnrz]
895[1 +9F + 3P [L + cos(32X — orp)]
Ta. 3= —5 (D2)
|Al
where A = 47§eiﬁ(2“’8VgT*eV93) + (142 473,
and
onyg = Vo = Vor)
’UFh
eL(Vyp+eVyr)
=2 91 D3
drp s (D3)
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