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Pancharatnam’s experimental findings in the nineteen fifties on amplitude interferometry of polarized light
was an early example of Berry phase. But a similar experimental realization of geometric phase in the context
of solid-state electronic systems where the polarization state of the photon is replaced by spin-polarized states
of the electron remains unexplored. This is primarily due to the fact that the generation of Pancharatnam’s
geometric phase involves discrete number of cyclic projective measurements on the polarized states of light and
an equivalent cyclic operation on electron spin is way much harder to implement in a solid-state setting. In
the present study, we show that the edge states of quantum spin Hall effect (QSHE) in conjunction with tunnel
coupled spin-polarized electrodes (SPE) provide us with a unique opportunity to generate Pancharatnam’s type
geometric phase locally in space which can be detected via electronic current measurements. We show that
controlled manipulation of the polarization directions of the SPEs results in coherent oscillations in the cross-
correlated current noise which can be attributed to a multi-particle version of Pancharatnam’s geometric phase
and is directly related to the phenomenon of intensity interferometry. We demonstrate that the interference pat-
terns produced due to the manipulation of geometric phase in our proposed set-up show a remarkable immunity
to orbital dephasing owing to its spatially local origin.

I. INTRODUCTION

Soon after Berry’s seminal work1 which generated tremen-
dous excitement, it was pointed out by Ramaseshan and
Nityananda2 that the phase factor arising in cyclic changes of
polarization states in Pancharatnam’s work3 on amplitude in-
terferometry was in fact an early example of the Berry phase.
Berry translated Pancharatnam’s findings in a quantum me-
chanical language and introduced the Aharonov-Bohm (A-B)
effect4 on the Poincaré sphere by exploiting the fact that polar-
ization of light is isomorphic to a two level quantum system5

(see also Ref. 6). This led to wide appreciation of Pancharat-
nam’s work in the context of geometric phases in quantum
physics.

Concurrent to this, another exciting development occurred
due to Hanbury Brown and Twiss (HB-T) who replaced
Michelson interferometry by intensity interferometry while
measuring the diameter of stars7. Intensity interferometry es-
sentially refers to processes in which a pair of particles in-
terfere with itself. In the context of optics, a generalization
of HB-T experiment was recently proposed8 (a simpler set-
up has been proposed recently in Ref. 9) which was carried
out in Ref. 10 and 11. It was shown that the vector nature of
light introduces a nonlocal and multi-particle geometric com-
ponent in addition to the usual dynamical component in the
HB-T correlation.

In the context of electronic charge transport, nonlocal and
multi-particle AB effect has been observed in experiments in-
volving edge currents in quantum Hall systems12 (see Ref. 13
for pertinent theoretical developments). However it should be
noted that only the coupling to the orbital degrees of freedom
of electrons was exploited in Ref. 12 and the spin remained
frozen.

In the present proposal, we demonstrate a neat way to ex-

FIG. 1. (a) Schematic of the set-up to realize one-particle spin A-
B effect. The two interfering paths are depicted as T1 and T2 and
the yellow shades represent the region of rotation of spin. (b) The
trajectories T1 and T2 represent the evolution of spin on the Bloch
sphere. The geodesic G connects the end points forming a closed
A-B loop surrounding the red shaded region.

ploit the spin degrees of freedom of the electrons in order to
generate the A-B effect in spin space. To illustrate the idea
of A-B effect in spin space, let us consider a standard two
path interferometer14 as a prototype. Let us further assume
that the interferometer arms are endowed with the possibility
of rotating the electron spin15 as it traverses through the re-
spective arms [see Fig. 1 (a)] of the interferometer. Hence,
when an electron with its spin polarized along a given z-axis
(call it | ↑〉) is incident on the interferometer, its amplitude of
propagation will split into two parts with each part traversing
coherently along the respective arm. Finally, these two ampli-
tudes are made to interfere producing a resulting intensity at
the other end of the interferometer. Now, if we assume that
the arms of the interferometer are of identical lengths with no
net magnetic flux being enclosed, one would expect a perfect
constructive interference.

However, the situation changes if we allow for a rota-
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tion of the electron spin along each arm. It turns out that
the spin dynamics alone can generate a nontrivial interfer-
ence pattern which can be visualized as an A-B effect on the
Bloch sphere16. Due to the spin-active interferometer arms,
the incident electron with spin | ↑〉 evolves into |χ1〉 (lower
arm) or |χ2〉 (upper arm) as it traverses the respective arm.
Hence, traversing through the lower or the upper arm actu-
ally traces out two independent trajectories [labeled T1 and
T2 in Fig. 1 (a)] starting from the same point correspond-
ing to the incident state | ↑〉 on the Bloch sphere. Follow-
ing Ref. 5, the resulting interference pattern will depend on
an extra phase factor which is given by half the solid angle
subtended at the center by the closed area surrounded by T1,
T2 and the geodesic17 G connecting |χ1〉 and |χ2〉 on this
Bloch sphere. This phase is the same as the A-B phase ac-
cumulated by an electron while traversing once around the
periphery of the above defined area (A{T1,T2,G}) on the sur-
face of a unit sphere [see Fig. 1 (b)]. This can be interpreted
as if a (hypothetical) monopole of strength half is sitting at
the center of this sphere1. Hence this is referred to as an A-B
effect on the Bloch sphere and the tunability of spin results in
modulation of the phase which can be observed as oscillations
when we change T1 or T2 or both in a controlled manner.

A set-up involving the two path interferometer type geom-
etry which could produce such type of geometric phase from
electronic spin dynamics has been explored extensively in the
past by Loss et al.18 and Stern19. In their work, the geomet-
ric phase was induced by arbitrary smooth closed loop evolu-
tion of the spin on the Bloch sphere. To this end, a question
that naturally arises at the first place is, if one could as well
produce this type of geometric phase in a controlled fashion
resulting purely from the evolution of the electron spin only
along geodesic paths on the Bloch sphere which will be a
step beyond Ref. 18 and 19. This will be a proper analog
of Pancharatnam’s geometric phase17 which can be visual-
ized by considering a closed loop evolution of spins on the
Bloch sphere discretized in a set of n (n > 2) number of
points on the Bloch sphere connected via geodesics hence,
forming a spherical polygon.

In view of the above discussion, the questions that we
address in this article are: (a) can we produce such a ge-
ometric phase locally in space and control it in a desired
fashion without introducing an interferometer type set-up, (b)
if (a) is a success, will there be any observable consequences,
and finally (c), can we produce multi-electron (in our case
two-electron HB-T type7) analog (where the loop on the
Bloch sphere is closed by spin evolution of not one but two
electrons simultaneously) of Pancharatnam type geometric
phase which is generated locally in space and measurable
via standard protocols that are routinely used in electrical
transport experiments in mesoscopic systems.

The organization of the article goes as follows. In Sect. II,
we introduce the model for amplitude interferometry and an-
swer the questions (a) and (b) raised above. Here we illustrate
how Pancharatnam phase manifests as oscillations in measur-
able physical quantities. In Sect. III, we discuss its multi-
electron realization in context of intensity interferometry as

FIG. 2. The cartoon picture of the energy spectrum for the Helical
edge state, when exposed to external magnetic filed, is presented on
the right hand side of the figure. Here the red and blue arrow repre-
sents the spin polarization directions of left and right movers, (a) A
cartoon picture of the set-up for amplitude interferometry in which
the HES (which has a dispersion as shown on the right side of the
figure) is tunnel coupled to a SPE that facilitates injection of a fully
polarized electron onto the helical edges. Here t is the intra-edge
scattering amplitude while t′ is the tunneling amplitude between the
SPE and the helical edge states. (b) The cartoon picture of the set-up
for intensity interferometry where tunneling of electrons happens si-
multaneously between the helical edge state and the two SPEs. The
(single-headed) black arrows on the edges represent the direction of
motion of the electrons with a given spin.

framed in question (c) above. We also remark on the robust
nature of the oscillations and their immunity against orbital
dephasing by including an extended tunnel junction in the in-
tensity interferometer where phase averaging is introduced to
mimic orbital dephasing. We finally conclude in Sect. IV sum-
marizing all the results.

II. PANCHARATNAM PHASE IN AMPLITUDE
INTERFEROMETRY

First, in order to address (a) and (b), we study a set-up
comprising of helical edge states (HES) of a quantum spin
Hall state (QSHS) 20–23 locally tunnel coupled to a single SPE
which facilitates spin injection on the edges as well as sup-
ports their reflection back [see Fig. 2 (a)]. Here the QSHS is
hosted on the x − y plane, and the spins of the helical edge
states are assumed to be polarized along the z-axis with Sz be-
ing conserved24. In order to realize the Pancharatnam phase in
this set-up, the time reversal symmetry must be broken on the
edges. We will illustrate this point further when we calculate
measurable quantities like current and noise in the set-up.

In presence of an in-plane magnetic field, the HES spectrum
gets gapped. We sustain electronic transport in the system
we place the chemical potential (µ) in the conduction band25

(see Fig. 2). The dynamics of the new edge states is then ef-
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fectively described by the Hamiltonian (assuming an intrinsic
coordinate x along the edge), which is valid within a lineariza-
tion bandwidth about µ is given by

H0 = −ı~vF
∫ ∞
−∞

dx(ψ†R∂xψR − ψ
†
L∂xψL), (1)

where vF is the renormalized Fermi velocity decided by µ and
the magnetic field, and the operators ψ†R and ψ†L create elec-
trons respectively for the right (R) and the left (L) propagat-
ing electron states with the spinor part of the normalized wave
function given by |nR〉 and |nL〉. Note that 〈nL|nR〉 6= 0 (see
Fig. 2) as time reversal symmetry is broken.

For simplicity, we model the SPE as a one dimensional
system on a half line (extended form −∞ to 0) whose spec-
trum is linearized about its Fermi energy and an unfolding
trick26 is used to describe it as a right moving chiral mode (R′)
extended form (−∞ to ∞) with a specific spin polarization
given by the spinor |nR′〉. The corresponding Hamiltonian is
then given by

HSPE = −ı~vF
∫ ∞
−∞

dxψ†R′∂xψR′ . (2)

We further allow for weak tunneling of electrons between the
SPE and the edges.

A finite but small backscattering within the edges is as-
sumed to exist essentially because of possible presence of a
fringing field due to proximity of ferromagnetic lead. We con-
sider a situation where the tunneling between the SPE and the
edges is local in space and it is taking place at x = 0 [Fig. 2
(a)]. Hence, the tunneling Hamiltonian is given by

HT =

∫ ∞
−∞

dx δ(x)
{ ∑
η,η′,η 6=η′

tηη′ψ
†
ηψη′ + h.c.

}
, (3)

where η, η′ ∈ {R,L,R′} and tηη′ is the tunneling strength
between η and η′, further expressed as tηη′ = t̃γηη′ with
γηη′ ≡ 〈nη|nη′〉. We take the choice t̃ = t for η, η′ ∈ {R,L}
(i.e. the backscattering) and t̃ = t′ otherwise (i.e. tunneling
between the SPE and the edges). Later we will consider the
case of an extended tunnel junction in presence of dephasing
and show that our results are robust to such consideration.

We now introduce the scattering matrix (or S-matrix) that
describes the junction between the HES and the SPE with the
total Hamiltonian

H = H0 +HSPE +HT . (4)

The incident wavefunction from either left contact or right
contact or the SPE on the tunnel junction at x = 0 is trans-
mitted and reflected as an outgoing wavefunction. If the wave-
functions associated with the incoming and the outgoing chan-
nels are given by ψin

η and ψout
η respectively then the corre-

sponding S-matrix elements are defined through

ψout
η =

∑
η′

sηη′ ψ
in
η′ . (5)

We shall show below that in presence of finite backscattering
(t 6= 0), both the current and the cross-correlated noise would
feature novel oscillations arising purely from tuning the
geometric phase associated with the area of Pancharatnam
loops on the Bloch sphere, which were absent for t = 0. For
an explicit calculation of the S-matrix elements refer to the
appendix and Ref. [27].

We consider a situation where the HES of QSHS is con-
nected to a left and right contact which are grounded i.e.
VR = VL = 0 (VL/R are the voltage applied on left and
right contact) while the SPE is maintained at a bias volt-
age VR′ = V . In this situation the part of the total in-
jected current into HES moving towards left or right becomes
〈Iout
η 〉 = e2V

h |sηR′ |2, where η = L/R. In the weak tunneling
limit between the SPE and the edge states (t′ � ~vF ) we ex-
pand the current 〈Iout

η 〉 perturbatively up to leading order in t′

to obtain

〈Iout
(R/L)〉 =

e2V

h
t′2A{t2|γRL|2|γ(L/R)R′ |2 + 4~2v2

F |γ(R/L)R′ |2

+ 4 ζ(R,L) t z ~vF sin(Ω/2)},
(6)

in the zero temperature limit, where A = 4/(4~2v2
F +

t2|γLR|2)2, γRL = 〈nR|nL〉, γRR′ = 〈nR|nR′ 〉, γR′L =
〈nR′ |nL〉, ζR = 1, ζL = −1, and Z ≡ γLR γRR′ γR′L =

ze−ιΩ/2 with z being the amplitude and Ω/2 being the phase
of the complex number Z which is the quantity of central
focus. It essentially represents a series of cyclic projections
L → R → R

′ → L forming a spherical triangle connected
by three geodesics on the Bloch sphere [Fig. 3 (b)]. The quan-
tity Ω represents the solid angle subtended by this triangle at
the center of the Bloch sphere and can be identified with Pan-
charatnam’s geometric phase17. It should be noted that this
phase can be tuned by altering the magnetization direction of
the SPE leading to coherent oscillations in the current.

Now, we will discuss our protocol for observing these oscil-
lations arising due to Pancharatnam phase of geometric type
which includes two measurable quantities : (a) the total aver-
age current injected into the edge states from the SPE, de-
noted as Itot and (b) the current asymmetry (Idiff ) defined
by the difference between the fractions of Itot which flows
to the left and right of the injection point (see Fig. 2). We
can further assume a situation in which the SPE spinor |nR′ 〉
lies on the x − y plane such that it is making an equal angle
with that of the spin of right and left moving edge states i.e.
|γRR′ | = |γLR′ | ≡ α. Such a situation remarkably simplifies
the expressions of Itot and Idiff and brings out a neat depen-
dence of current on Pancharatnam phase. The expression for
current in this situation is given by

Itot = 〈Iout
L 〉+ 〈Iout

R 〉

=
e2V

h
A{2α2(4~2v2

F + t2|γLR|2)}t′2,
(7)
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FIG. 3. (a) A triangular Pancharatnam loop formed by the
geodesics connecting three spin states |nR〉 , |nL〉 and |nR

′ 〉 on the
Bloch sphere with orientation L → R → R

′
→ L. (b) A quadri-

lateral Pancharatnam loop formed by the geodesics connecting four
spin states |nR〉 , |nL〉, |nR

′ 〉, and |nL
′ 〉 on the Bloch sphere with

orientation R → R′ → L → L′ → R. The solid angle subtended
by the triangle or the quadrilateral loop at the center of the sphere is
represented by Ω.

and

Idiff = 〈Iout
L 〉 − 〈Iout

R 〉

=
e2V

h
A

{
2t~vF |γLR|α2 sin

Ω

2

}
t′2.

(8)

Note that, expression of Itot in Eq. (7) reduces to Itot =
e2V
h t′2 for the case when the in-plane magnetic field act-

ing on the edge is switched off and time reversal symmetry
is restored in the edge state leading to |nR〉 = [1 0]T and
|nL〉 = [0 1]T . Hence, the total current becomes indepen-
dent of the magnetization angle of the SPE28. The ratio of the
two directly measurable quantities: Itot in Eq. (7) to Idiff in
Eq. (8) is given by

R ≡
(

~vF t|γLR|
4~2v2

F + t2|γLR|2

)
sin

Ω

2
. (9)

The current asymmetry parameterR is a particularly interest-
ing quantity as it has no dependence on α or A and it only
depends on γLR and Ω. This implies that we can induce os-
cillations in this quantity only by changing Ω by rotating the
magnetization direction of the SPE while keeping γLR fixed.
Hence this oscillation can be attributed purely to variation of
Pancharatnam’s phase. At this point, it is apparent why, in or-
der to detect Pancharatnam type oscillations in interferometry,
it is crucial to break the time reversal symmetry on the edges
of the QSHS which renders |γLR| 6= 0. Also, this oscilla-
tions can visualised as stretching the triangular Pancharatnam
loops area by tuning magnetization direction of the tip alone
[see Fig. 3 (a)].

Similarly, the cross-correlated noise between the left and
the right contact, which has the following expression29

SRL =
e3

h

{
(s†RRsRLs

†
LLsLR + h.c.)|VR − VL|

+ (s†RRsRR′s†LR′sLR + h.c.)|VR − VR′ |

+ (s†RLsRR′s†LR′sLL + h.c.)|VL − VR′ |
}
,

under the same condition as mentioned above reduces to

SRL = 4
e3V

π~
t′4α4

(
A−A2t2~2v2

F |γLR|2 sin2 Ω

2

)
(10)

to the leading order in t′ [expression of the quantityA is given
right below Eq. (6)], and it evidently features oscillations via
Pancharatnam’s geometric phase like the currents in Eq. (6).
This set-up, thus, exemplifies an elegant non-interferometric
platform where geometric phase of Pancharatnam type is aris-
ing from one-particle interference (amplitude interferometry),
that can be experimentally detected by simple mesoscopic
measurements of current or noise. Hence, this completes
addressing point (a) and (b) raised in the beginning of the
article by posting a physical situation which not only supports
local and controlled production of Pancharatnam’s phase but
also its manifestation in physical observables like average
current and dc current noise.

Finally, we note that t and |γLR| always appear together as
a product in the expressions of both current and noise. This is
expected as a finite value of either of these implies breaking
of the time reversal invariance on the edges. Additionally, this
product will continue to a be a single parameter in our set-up
as long as the inter-edge bias VL − VR = 0 since it preserves
the symmetry between the left and the right moving edge.

III. PANCHARATNAM PHASE IN INTENSITY
INTERFEROMETRY

With this backdrop, we now address point (c) mentioned
above. We study a set-up comprising of HES which is simul-
taneously coupled to two SPE’s at the same spatial point on
the edges [see Fig. 2 (b)] such that it provides a two-source
two-detector set-up essential for observing intensity interfer-
ometry13. In this case, the current and noise would feature
two-particle quadrilateral Pancharatnam loops unlike the tri-
angular loops in the previous case as discussed below.

We start with two SPE’s with distinct polarization labeled
R′ and L′ tunnel coupled with the QSHS and their respec-
tive spin states are represented by |nR′〉 and |nL′〉. The tun-
neling Hamiltonian has the same form as Eq. (3) except that
η, η′ ∈ {R,L,R′, L′}. We further assume the tunneling
strength for both the SPE’s to be the same (t′). The aver-
age currents and the noise are calculated with a voltage bias
V applied to both the SPE’s while the edge states are kept
grounded. The current expressions 〈Iout

η 〉 = e2V
h

∑
η′ |sηη′ |2,

where η can be R or L and η′ ∈ {R′, L′}, when explicitly
written by substituting the corresponding S-matrix elements,
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FIG. 4. (a)-(e) show the evolution of the quadrilateral Pancharatnam loop of Fig. 3 (b) as φ varies for zero to 2π. The plot shows the variation
of SRL as a function of φ with S0 = (−e3V/h)(t′4/~4v4F ) being the prefactor in Eq. (14).

take the forms

〈Iout
(L/R)〉 =

e2V

h

{
t′2

~2v2
F

(
|γ(L/R)R′ |2 + |γ(L/R)L′ |2

)
+

t′4

2~4v4
F

(
|γLR′ |2|γRR′ |2 + |γLL′ |2|γRL′ |2 + (|γ(L/R)L′ |2+

|γ(L/R)R′ |2)2 + γRR′γR′LγLL′γL′R + h.c.
)}

+O(t′6),

(11)
where we have considered time reversal symmetric edge states
i.e. 〈nL|nR〉 = 0. It should be noted that the presence of
local backscattering (t 6= 0) is of no consequence for current
〈Iout

(L/R)〉 as long as 〈nL|nR〉 = 0 on the edges and VL −
VR = 0 is maintained. Also from Eq. (11), we observe that
Pancharatnam loops appear only in t′4 order unlike the case of
single SPE taking form of geodesic quadrilateral on the Bloch
sphere with the four states in the order R → R′ → L →
L′ → R [see Fig. 3 (b)]. Similarly, the cross-correlated noise
between R and L obtained to t′4 order (which is the leading
order) reads as

SRL = − e3V

h

t′4

~4v4
F

{
|γR′R|

2|γLR′ |2 + |γL′R|
2|γLL′ |2

+ γRR′γR′LγLL′γL′R + h.c.

}
.

(12)
In this equation, the last term (and its h.c.), which represents
a quadrilateral Pancharatnam loop, has a clear interpretation
in terms of two-electron interference29 where the two-particle
amplitude for “SPE R′ shooting an electron at the edge
R and SPE L′ shooting another electron at the edge L
simultaneously” is interfering with the two-particle amplitude
for “SPE R′ shooting an electron at the edge L and SPE L′

shooting another electron at the edgeR simultaneously”. This
is precisely the reason why the leading order contribution to
cross-correlated noise comes at forth order in t′.

Now to observe neat manifestations of Pancharatnam phase
in currents and noise we start by considering an explicit choice
for the spinors involved; |nR〉 = [1 0]T and |nL〉 = [0 1]T

which can be represented by the north and south pole of
the Bloch sphere [see Fig. 3 (b)]. Next we consider one
of the SPEs’ magnetization to be directed along the x-axis

so that |nR′ 〉 = [1 1]T /
√

2 and the other SPE’s magnetiza-
tion is kept tunable in the x-y plane which could gives rise
to oscillations in current and noise via the variation of Pan-
charatnam’s geometric phase. We represent its spin state as
|nL′ 〉 = [1 eιφ]T /

√
2. Then the expressions for the currents

and noise reduce to

〈Iout
L 〉 = 〈Iout

R 〉

=
e2V

h

{
t′2

~2v2
F

+
t′4

~4v4
F

(
1 + cos2 Ω

′

4

)}
,

(13)

and

SRL = −e
3V

h

t′4

~4v4
F

cos2 Ω
′

4
, (14)

where, Ω
′

= 2φ is the solid angle subtended by the geodesic
quadrilateral formed by the spin states |nR〉, |nL〉, |nR′〉 and
|nL′〉 at the center of the Bloch sphere. Hence, by tuning
φ, one can induce oscillations in the noise whose origin lies
purely in two-particle type Pancharatnam’s geometric phase
as shown in Fig. 4. These oscillations have mild effects in
current as the leading order contribution appears in order t′2

while the Ω
′

dependent terms appear in the sub leading order.
On the other hand, in case of cross-correlated noise they have
dominant effects as they appear in the leading order itself
yielding neat oscillations in noise as a function of φ as shown
in Fig. 4.

A. Effects of orbital dephasing

As the mechanism to produce the interference pattern is lo-
cal, it is expected to be robust and immune to the spatial de-
phasing in the system which we have explicitly verified in the
two-SPE set-up corresponding to the intensity interferometry.
We include multiple tunneling points into the two-SPE set-
up and account for the dynamical phases picked up randomly
by the electrons while traversing between consecutive tunnel-
ing points. Absorbing the phase factors appropriately requires
converting the scattering matrices to transfer matrices (see the
appendix) and multiply them in a path ordered fashion. The
product is converted back to construct the scattering matrix
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FIG. 5. The noise [scaled by a factor of t′−4 to compare with
Eq. (14)] in the intensity interferometry set-up measured as a func-
tion of the Pancharatnam phase φ as mentioned in Eq. (14) (with
φ = Ω′/2) by including multiple tunneling points (the number
shown in the legend) which reveals that these oscillations indeed sur-
vive orbital dephasing.

corresponding to these multiple tunneling events. Averaging
over the random phases then provides the model for an ex-
tended junction with an inbuilt orbital dephasing30.

The results are presented in Fig. 5 in which we plot the
noise in Eq. (14) as a function of the tuning parameter φ for
the extended junction involving 2 SPEs and a certain number
of tunneling points (1 ≤ n ≤ 5). The necessary calculations
to include the dephasing effects are detailed in the appendix.
The plot evinces the robustness of the oscillations against
orbital dephasing. This fact can be of great importance
as it can serve as a boon while exploring entanglement
generation in such a set-up by postselection31 in the context
of two-particle interferometers.

IV. DISCUSSION AND CONCLUSION

In the present article, we explore the possibility of gener-
ating cyclic projective measurements on the spin-polarized
states of the electron in a solid-state setting. We show
that the quantum mechanical amplitude for tunneling an
electron from a spin-polarized lead into a helical edge state
depends naturally on the amplitudes (Z define below Eq. 6)
for cyclic projective measurements on the spin-polarized
states of the electron. Hence the Pancharatnam type geo-
metric phase, which is the phase of the complex number
Z, directly influences the tunneling current flowing from
the spin-polarized lead into a helical edge state. In general,
it will be rather difficult to perform a series of projective
measurements via application of successive magnetic filed
leading to the desired cyclic projective measurement on the
electron spin and then perform interferometric measurements
to read off the geometric phase. On the contrary, our set-up
leads to the generation of such geometric phase via spatially
local tunneling and also provides a possibility of detection
via a tunneling current measurement. This is one of the
important findings of this article. As a next step, we consider

a situation consisting of two such spin-polarized lead which
is tunnel-coupled to the helical edge state locally. Our
motivation for considering such a scenario is to explore the
possibilities of generating and measuring the HB-T type
intensity-intensity correlations where Pancharatnam type
geometric phase plays an essential role. The HB-T effect
intrinsically being a two-electron effect, a connection to
Pancharatnam type two-electron geometric phase is expected.
This is precisely what has been elucidated in this article. The
cross-correlated current noise between the two SPEs in our
set-up features coherent oscillations only due to its direct
dependence on a Pancharatnam type two-electron geometric
phase. The oscillations, which are found remarkably robust
against orbital dephasing, are not expected to appear unless
the HB-T correlations dominate the signal.

Lastly, it is worth noting that the HB-T effect has to do with
the interference between independent two-electron processes
which are indistinguishable. Our set-up uses a spin polarized
lead with distinct polarization direction as a source of elec-
tron and hence might give an apparent impression that this
fact will lead to distinguishability of different interfering am-
plitudes leading to suppression of the HB-T effect. This is
not the case for us because the tunneling process in our pro-
posed set up does break spin rotational symmetry about all
axis. When the electron tunnels into the helical edge form any
of the two spin-polarized leads, the only choice it is left with is
to become spin-polarized along the |nR〉 or |nL〉 direction de-
pending on if it tunneled into the left moving edge state or the
right moving one. Hence the electrons initial polarization be-
comes irrelevant as far as distinguishability of electron based
on its initial spin polarization is concerned.
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Scattering matrix for amplitude interferometry

Scattering amplitude for a wavefunction ψη with η ∈
{R,L,R′} across the point contact can be obtained by study-
ing its equation of motion (e.o.m)27

ı~ψ̇η = [ψη,H], (A1)

where H is given in Eq. (4). Integrating the e.o.m over a re-
gion from −ε and ε with the limit ε → 0, one obtains the
following set of equations

ψR(0+)− ψR(0−) =− ıΓRR′{ψR′(0+) + ψR′(0−)}/2
− ıΓRL{ψL(0+) + ψL(0−)}/2

ψL(0+)− ψL(0−) =ıΓLR′{ψR′(0+) + ψR′(0−)}/2
+ ıΓ∗RL{ψR(0+) + ψR(0−)}/2

ψR′(0+)− ψR′(0−) =− ıΓ∗RR′{ψR(0+) + ψR(0−)}/2
− ıΓ∗LR′{ψL(0+) + ψL(0−)}/2,

(A2)
where we have used ψη = {ψη(0+) +ψη(0−)}/2 and Γηη′ is
a dimensionless parameter defined as Γηη′ ≡ tηη′/~vF (see
Eq. (3) for the definition of tηη′ ). We can now define the S-
matrix elements for each of the modes which can be explicitly
calculated from a set of three equation for each of them. For
example, an electron on the right moving edge (R) can either
scatter to the left edge (L) or to the SPE (R′), or reflects along
the same edge. Accordingly, we define the respective ampli-
tudes sLR = ψL(0−)/ψR(0−), sR′R = ψR′(0+)/ψR(0−)
and sRR = ψR(0+)/ψR(0−) which satisfy the following
equations [derived from Eq. (A2]

sRR − 1 = − ı
2

ΓRR′sR′R −
ı

2
ΓRLsLR

sLR = − ı
2

ΓLR′sR′R −
ı

2
Γ∗RL(sRR + 1)

sR′R = − ı
2

Γ∗LR′sLR −
ı

2
Γ∗RR′(sRR + 1).

(A3)

Similarly scattering from a left mover (L) would have

sRL = − ı
2

ΓRR′sR′L −
ı

2
ΓRL(sLL + 1)

sLL − 1 = − ı
2

ΓLR′sR′L −
ı

2
Γ∗RLsRL

sR′L = − ı
2

Γ∗LR′(sLL + 1)− ı

2
Γ∗RR′sRL,

(A4)

where sRL = ψR(0+)/ψL(0+), sR′L = ψR′(0+)/ψL(0+)
and sLL = ψL(0−)/ψL(0+), and for the SPE (R′) we get

sRR′ = − ı
2

ΓRR′(sR′R′ + 1)− ı

2
ΓRLsLR′

sLR′ = − ı
2

ΓLR′(sR′R′ + 1)− ı

2
Γ∗RLsRR′

sR′R′ − 1 = − ı
2

Γ∗LR′sLR′ − ı

2
Γ∗RR′sRR′ ,

(A5)

where sLR′ = ψL(0−)/ψR′(0−), sR′R′ =
ψR′(0+)/ψR′(0−) and sRR′ = ψR(0+)/ψR′(0−). Solving
Eq. (A3), Eq. (A4) and Eq. (A5) together, we can obtain

explicit expression for each of the sηη′ (η, η′ can be R, L
or R′) defined above which constitute the full S-matrix in
Eq. (5) asψR(0+)

ψL(0−)
ψR′(0+)


︸ ︷︷ ︸

ψout

=

sRR sRL sRR′

sLR sLL sLR′

sR′R sR′L sR′R′


︸ ︷︷ ︸

S−matrix

ψR(0−)
ψL(0+)
ψR′(0−)


︸ ︷︷ ︸

ψin

.

(A6)
The explicit expressions for the S-matrix elements are given
by

sRR =
[
8 + ι

(
ΓRLΓ∗

RR′ ΓLR′ + Γ∗RLΓRR′ Γ∗
LR′
)

−2{|ΓRL|2 + |ΓRR′ |2 − |ΓLR′ |2}
]
/D,

(A7)

sRL =
[
−8ιΓRL − 4ΓRR′ Γ∗

LR′
]
/D, (A8)

sRR′ = [−8ιΓRR′ − 4ΓRLΓLR′ ] /D, (A9)
sLR =

[
−8ιΓ∗RL − 4Γ∗

RR′ ΓLR′
]
/D, (A10)

sLL =
[
8 + ι

(
ΓRLΓ∗

RR′ ΓLR′ + Γ∗RLΓRR′ Γ∗
LR′
)

−2{|ΓRL|2 − |ΓRR′ |2 + |ΓLR′ |2}
]
/D,

(A11)

sLR′ = [−8ιΓLR′ − 4Γ∗RLΓRR′ ] /D, (A12)
sR′R =

[
−8ιΓ∗

RR′ − 4Γ∗RLΓ∗
LR′
]
/D, (A13)

sR′L =
[
−8ιΓ∗

LR′ − 4ΓRLΓ∗
RR′
]
/D, (A14)

sR′R′ =
[
8 + ι

(
ΓRLΓ∗

RR′ ΓLR′ + Γ∗RLΓRR′ Γ∗
LR′
)

−2{−|ΓRL|2 + |ΓRR′ |2 + |ΓLR′ |2}
]
/D,

(A15)

where the common denominator, D is

D = 8− ι
(
ΓRLΓ∗

RR′ ΓLR′ + Γ∗RLΓRR′ Γ∗
LR′
)

+2{|ΓRL|2 + |ΓRR′ |2 + |ΓLR′ |2}.
(A16)

Appendix B:
Scattering matrix for intensity interferometry

The S-matrix for this case is given byψR(0+)
ψR′(0−)
ψL(0+)
ψL′(0−)


︸ ︷︷ ︸

ψout

=

sRR sRR′ sRL sRL′

sR′R sR′R′ sR′L sR′L′

sLR sLR′ sLL sLL′

sL′R sL′R′ sL′L sL′L′


︸ ︷︷ ︸

S−matrix

ψR(0−)
ψR′(0+)
ψL(0−)
ψL′(0+)


︸ ︷︷ ︸

ψin

,

(B1)
where expressions for the individual elements are obtained by
solving the following set of equations

sRR − 1 = − ı
2

[ΓRR′sR′R + ΓRL′sL′R + ΓRLsLR],

sLR = − ı
2

[ΓLR′sR′R + ΓLL′sL′R + ΓLR(sRR + 1)],

sR′R = − ı
2

[ΓR′LsLR + ΓR′R(sRR + 1)],

sL′R = − ı
2

[ΓL′LsLR + ΓL′R(sRR + 1)],

(B2)
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sLL − 1 = − ı
2

[ΓLR′sR′L + ΓLL′sL′L + ΓLRsRL],

sRL = − ı
2

[ΓRR′sR′L + ΓRL′sL′L + ΓRL(sLL + 1)],

sR′L = − ı
2

[ΓR′RsRL + ΓR′L(sLL + 1)],

sL′L = − ı
2

[ΓL′RsRL + ΓL′L(sLL + 1)],

(B3)

sRR′ = − ı
2

[ΓRL′sL′R′ + ΓRLsLR′ + ΓRR′(sR′R′ + 1)],

sLR′ = − ı
2

[ΓLL′sL′R′ + ΓLRsRR′ + ΓLR′(sR′R′ + 1)],

sR′R′ − 1 = − ı
2

[ΓR′RsRR′ + ΓR′LsLR′ ],

sL′R′ = − ı
2

[ΓL′RsRR′ + ΓL′LsLR′ ],

(B4)

sRL′ = − ı
2

[ΓRR′sR′L′ + ΓRLsLL′ + ΓRL′(sL′L′ + 1)],

sLL′ = − ı
2

[ΓLR′sR′L′ + ΓLRsRL′ + ΓLL′(sL′L′ + 1)],

sR′L′ = − ı
2

[ΓR′RsRL′ + ΓR′LsLL′ ],

sL′L′ − 1 = − ı
2

[ΓL′RsRL′ + ΓL′LsLL′ ].

(B5)
The explicit forms are too complicated to write here.

Appendix C:
Modeling the extended junction

An extended junction in the interferometer geometry
features multiple tunneling events each of which is described
by the S-matrix in Eq. (B1) for the two SPE set-up. However,
two construct the composite S-matrix including all such
processes, one needs to resort to the transfer matrix (M )
approach which involves the following steps:

1. Convert the S-matrix to a M -matrix defined through

ψright
η =

∑
η′

mηη′ ψ
left
η′ , (C1)

whereψleft = [ψR(0−), ψR′(0−), ψL(0−), ψL′(0−)]T

andψright = [ψR(0+), ψR′(0+), ψL(0+), ψL′(0+)]T .

In this basis, one can write

S =

(
U V ′

V U ′

)
, (C2)

and define the transfer matrix as

M ≡
(
P Q′

Q P ′

)
, (C3)

where U,U ′, V, V ′, P, P ′, Q,Q′ are all 2 × 2 blocks.
The transformation relation from S to M is straightfor-
ward to calculate which reads

P = U − V ′ · U ′−1 · V,
Q = −U ′−1 · V,
P ′ = U ′−1,

Q′ = V ′ · U ′−1,

(C4)

which provide the explicit expression for mηη′ in
Eq. (C1).

2. Account for the random dynamical phases (θD) picked
up by the wavefunctions between two consecutive tun-
neling events. This is encoded in the scattering matrix

SP =

(
eιθD I2×2 0

0 e−ιθD I2×2

)
. (C5)

3. Construct the composite transfer matrix for the ex-
tended junction as

M ≡M1 ·MP
1 ·M2 ·MP

2 · · ·Mn, (C6)

where n consecutive tunneling events are considered to
take place during the scattering process through the ex-
tended junction and MP is the transfer matrix obtained
from SP in Eq. (C5).

Finally the composite scattering matrix (S) for the extended
junction can be constructed back following

U = P −Q′ · P ′−1 ·Q,
V = −P ′−1 ·Q,
U ′ = P ′−1,

V ′ = Q′ · P ′−1.

(C7)

To observe the effects of orbital dephasing on the measurable
quantities calculated from S for this extended junction, one
needs to average over all the random phases given by {θD}30.
The results obtained following this procedure in regard to cal-
culating the noise in the intensity interferometer set-up is pre-
sented in Fig. 5.
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