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Shot noise in Aharoanov-Bohm interferometers formed by helical edge states of two-dimensional topological
insulators has been investigated. The study demonstrates that noise measurements provide unique opportunities
for studying the breakdown of topological protection. Unlike conventional interferometers, where interference
occurs in the ballistic regime, the manifestation of interference effects in helical systems requires the presence
of defects leading to backscattering. A key finding is that the Fano factor exhibits oscillations with a magnetic
flux period of A¢ = 1/2, where the oscillation amplitude is directly proportional to the backscattering strength.
Furthermore, it is shown that simultaneous measurement of conductance and noise enables direct determination of
the backscattering probability without detailed knowledge of contact properties. This provides a crucial experimental
tool for identifying and quantifying the mechanisms responsible for the breakdown of topological protection in real
materials. The results are particularly relevant for recent experiments with quantum point contacts on helical edge
states and propose a noise spectroscopy method for characterizing topological phases. We also compare our results
with the case of a conventional spinless single-channel interferometer.

Keywords: Helical edge states, Topological insulators, Shot noise, Aharonov—Bohm effect, Topological protection.

DOI: 10.61011/5C.2025.08.62602.8665

1. Introduction

Two-dimensional topological insulators (2D TIs) repre-
sent a novel phase of quantum matter characterized by an
insulating bulk and conducting helical edge states [1-3].
These edge states exhibit remarkable properties: they are
topologically protected against backscattering from non-
magnetic impurities and conduct current without dissipation.
The helical nature — where electron spin is locked to
propagation direction — makes these systems promising
candidates for spintronic applications and topological quan-
tum computing.

A fundamental question in the study of 2D TIs concerns
the robustness of topological protection in real materials.
While ideal helical edge states should exhibit perfect
conductance quantization, experimental realizations often
show significant deviations [4], suggesting the presence
of backscattering mechanisms that violate topological pro-
tection. Identifying and characterizing these mechanisms
remains an important challenge.

In this context, helical interferometers (HI), i.e. in-
terferometric setups based on helical edge states (see
Figure 1) provide a powerful probe of edge state properties.
When arranged in the geometry of a ring enclosing a
magnetic flux, these systems become sensitive to phase-
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coherent processes that can reveal the presence and nature
of backscattering centers.

Here, we present a comprehensive theoretical study of
shot noise in HI. Shot noise originates from the discrete
nature of electric charge and provides complementary
information to conductance measurements. Unlike con-
ductance, which depends only on the average transmission,
noise spectroscopy reveals fundamental properties of charge
carriers — including their effective charge and quantum
statistics — as well as characteristic energy scales of the
system [5,6]. We characterize this noise through the Fano
factor &, defined as the ratio of the actual shot noise power
to the classical Schottky value 2e/. This dimensionless
quantity serves as a key indicator of transport regimes:
for instance, the universal values & = 1/3 for diffusive
conductors and & = 1/2 for tunneling through a single
quantum level reflect fundamental statistical properties
independent of microscopic details.

It is worth noting that the shot noise in helical edge states
(HES) has already been discussed for the case of infinite
edge [7-18], i.e. without taking into account the interference
effects. In particular, a great attention was paid to infinite
HES with a dynamic magnetic impurity [11,13-17], whose
magnetic moment changes direction after each scattering
event. Discussing HI in this paper, we focus on the opposite
case of static backscattering defect, which is not necessarily
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magnetic (in particular, backscattering mechanisms involv-
ing charged puddles in the bulk of topological insulator are
actively discussed [19]). We will describe such defect by
S-matrix of general type. The experimental measurement
of the Fano factor of HI at zero magnetic field for the
edge states of 2D TI gives the value 0.1 < # < 0.3 [9,12].
The upper value, 0.3, is close to the value 1/3 for diffusive
conductor. A similar result was obtained in the model with
a large number of ,jislands“, allowing spin relaxation and
tunnel-connected to the HES [20]. The effect of islands of
different types on HES is currently being actively debated
(see also recent works [4,21] and references therein).

At weak tunnel coupling and low temperatures, the
conductance G(¢) displays sharp resonances at specific
magnetic flux values due to the Aharonov—Bohm (AB)
effect [22,23], occurring when quantum levels align with
the Fermi energy [24,25]. Here ¢ is dimensionless magnetic
flux ¢ = ®/P¢ threading the device, where &y = hc/e is
the flux quantum and ® = BS, where B is homogeneous
magnetic field and S is the area of the region encompassed
by one-dimensional helical channel.

The high-temperature regime T >> A, where A = 27vp /L
is the level spacing (L = L; + L, being the total interferom-
eter length), reveals more subtle interference phenomena.
While one might expect thermal averaging to suppress quan-
tum interference, several theoretical works have demon-
strated that both conventional [26-31] and helical [32-
33] interferometers exhibit robust conductance oscillations
even when 7 > A. Remarkably, in this regime the
resonances transform into narrow antiresonances — sharp
conductance dips that persist despite thermal broadening.
These antiresonances originate from energy-independent de-
structive interference between specific electron trajectories
that remain coherent across the thermal window.

For conventional interferometers, the high-temperature
conductance has been extensively studied, including effects
of electron-electron interactions [27], disorder [29], and spin-
orbit coupling [28]. More recently, these investigations have
been extended to helical systems, examining single rings
with static magnetic defects [32-35] and arrays of coupled
helical rings [36]. Other interferometer geometries have also
been explored [37-39].

Surprisingly, despite extensive literature on both systems,
shot noise in the high-temperature regime 7 >> A remained
largely unexplored non only for helical but even for
conventional interferometers. Previous noise studies focused
primarily on the low-temperature limit 7 < A: see Ref. [40]
for conventional interferometers and Refs. [41,42] for helical
systems.  This gap is particularly notable given that
noise measurements provide complementary information
to conductance, potentially revealing distinct signatures of
quantum interference in conventional versus topological
systems.

The development of a comprehensive noise theory for
both conventional and helical interferometers is timely
given recent experimental advances. Conventional nanoscale
rings with few conducting channels have been realized

for over two decades [43-47], while recent experiments
have demonstrated quantum point contacts to helical edge
states [48], enabling detailed interferometric studies. The
condition 7 >> A is experimentally accessible — for typical
Fermi velocities vr ~ 107 cm/s and micron-scale devices, A
corresponds to temperatures of just a few Kelvin, allowing
interference effects to be studied at practically relevant
temperatures.

For helical interferometers, magnetic fields introduce
competing effects: they generate the AB phase necessary
for interference while potentially decreasing topological
protection due to the Zeeman effect. Crucially, the flux
quantum ®y = hc/e corresponds to fields of only ~ 3 Oe
for micron-scale devices, well below the threshold where
topological protection is significantly suppressed [49-51].
This separation of scales enables clean observation of
AB oscillations in helical systems without destroying their
topological character.

Recently we discussed shot noise both in helical [52]
and conventional [S3] interferometers. As for helical case,
we considered HI with identical contacts and calculated
the noise power in the high-T regime paying attention
to the interference effects. We found the Fano factor
strongly depending on the tunneling coupling and strength
of backscattering defect.

Here, we further develop the results obtained in Ref. [52].
We present a detailed study of the sharp Aharonov-Bohm
peaks in the Fano factor of the noise. Our key finding
is that noise measurements provide unique information
about backscattering defects that is inaccessible through
conductance alone. Specifically, we demonstrate that the
simultaneous measurement of conductance and Fano factor
allows direct determination of the backscattering strength,
independent of detailed knowledge about the contacts.
Moreover, we show that the amplitude of AB oscillations in
the Fano factor is directly proportional to the backscattering
probability, offering a quantitative measure of topological
protection breakdown. Having also in mind the recent
experiment [48], we generalize here the calculation of
the Fano factor of HI for experimentally relevant case
of non-equivalent contacts. Also, at the Sec. 4 we will
make a comparison with a conventional spinless single-
channel interferometer (SCI) discussed recently in our work
Ref. [53].

2. Model

We calculate current shot noise in mesoscopic interfer-
ometer where the conducting paths are formed by helical
edge states of two-dimensional topological insulators, as
depicted in Figure 1. In our model, the Fermi level
resides within the bulk band gap, ensuring that transport
occurs exclusively through the topologically protected edge
channels. The connection to external measurement circuits
is described using conventional spinful single-channel wires,
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al

Figure 1. Aharonov—Bohm interferometers based on helical edge
channels of 2D topological insulator. The leads (shown by gray
color) are modeled by conventional single-channel and spinful
wires. The black dot represents a backscattering impurity. Gray
regions represent contacts described by 4 x4 S-matrix [see Eq. (1)
and Figure 2]. Homogeneous magnetic field, B, is perpendicular
to the picture plane. Corresponding magnetic flux, ® = BS, is
proportional to the area, S, of the region encompassed by one-
dimensional channels.

—t:rla r b
= Eﬂ(

Figure 2. The scattering amplitudes entering scattering matrix of
contacts, Eq. (1), which are modeled as a single-channel spinful
wire. It is assumed that there is no spin flip at the contact and the
two spin polarizations at the contact (shown by red and blue color)
are completely separated. The + — 1 case corresponds to a tunnel
contact, and the + — 0 case models a metal contact. Contact region
with area Sy is shown by gray color. We assume that BSy < &y,
so that the field does not affect S-matrix.

establishing a framework that bridges the topological system
with standard mesoscopic probes.

The simplest scattering matrix of a non-magnetic lead has
the form

—t r 0 0

R r t 0 0

S = , P+rr=1, 1
0 0 —t r T (1)
0 0 r t

where two identical blocks are responsible for two spins, and
the basis is chosen in accordance with the spin polarization
of the helical states at the point of contact (red and blue in
Figure 2. It is convenient to parameterize amplitudes ¢ and
r by a parameter A:

t=et, r=vV1-—e2,

Due to the topological protection, backscattering appears
in the HI only in presence of a defect that violate time-
reversal symmetry, in particular, in presence of magnetic

0<1< 0. (2)
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defects or in case of magnetization of the leads. We
assume in this paper that the leads are non-magnetic, but
there is a static backscattering defect in one of the arms
of the interferometer. As we already mentioned, much
attention was drawn recently to the infinite HES with a
dynamic magnetic impurity [11,13-17]), whose magnetic
moment changes direction after each scattering event. For
the isotropic exchange interaction between the impurity and
the HES, the impurity’s magnetic moment relaxes within
the so-called Korringa time towards the local direction of
the electron spin in the HES and, as a consequence, the
interaction between the impurity and the HES becomes
completely ineffective (see discussion in [11]). Accordingly,
the problem of the noise intensity at zero frequency in
the HES with a single impurity makes sense only in the
presence of an anisotropic exchange interaction [13] (or an
external magnetic field acting on a dynamic impurity [17]),
while in the limit of isotropic exchange interaction Fano
factor is singular [13], i.e. the result for the & depends
on the order in which the constants responsible for the
anisotropy tend to zero (see also discussion in [54]).

At the same time, the relaxation of the impurity’s mag-
netic moment in reality stems not only from the interaction
with the HES, but also from the environment of the impurity,
which should provide a non-singular response for the &
even for the isotropic exchange interaction. Therefore, it
seems no less interesting to study the case which is opposite
to one considered in the papers [11,13-17], namely, the
case of a static magnetic defect with a large spin, which is
robustly connected to the external environment.

Such a defect ensures the existence of a magnetic field in
a small region of the HES, i.e. it allows elastic backward
scattering without tunneling coupling between the HES and
defect. Possible experimental realization is, for example,
a potential dielectric ferromagnetic point contact with high
magnetic stiffness and with the magnetic moment, whose
direction is determined by uniaxial anisotropy and the
demagnetization tensor of the ferromagnet. The possibility
of creating static magnetic contacts to the HES has also
been discussed [53].

Importantly, backscattering can occur not only due to
magnetic defect but also due to the interaction with a
charged puddle in the bulk of the topological insulator [19]
or due to a point-like non-magnetic scatterer, with account
for the electron-electron interaction [56].

Here, we assume the presence of static backscattering
defect (BD) at the edge of the TI, which is described by the
scattering matrix of the most general type

) cosO ¢!  isin@ ¢®
Spp = : (3)

isin@ e cosQ e i@

For the case of magnetic defect, we neglect the back
influence of the HES on the parameters of Sgp. The
backward scattering rate, Ry = sin”6, is determined by
the quantity 0 while the phase ¢ has the meaning of the
backward scattering phase on the BD.
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Here we derive analytical expressions for a single BD
placed in the upper shoulder. We consider interferometer
with the lengths of the upper and lower shoulders given
by L; and L, respectively. The BD is placed at position
xo such that 0 < xo < L;. Using expression for scattering
matrix (2?), one can easily find transfer matrix of the defect

isinf e~

R e @ 1 i
Top = & . , 4
BD ™ G050 \ —ising eit 1 @

where £ = @ — 2kxg and k = ¢/vp is the electron wave
vector. One can show that the forward scattering phase o
can be fully incorporated into the shift of ¢, so that we put
a = 0 below.

3. Shot noise and conductance

3.1. General equations

In this Section, we calculate & assuming that a fixed bias
voltage V is applied to leads. (In this paper, we assume that
the external impedance is zero and therefore the voltage
does not fluctuate. For a finite impedance both current and
voltage fluctuate as discussed in detail in Ref. [6].) We will
consider the most interesting and easily realized case:

AKT K évV. (5)

The current noise is related with fluctuations of
the electric current with respect to its average value
8I(t) =1(t) — (I). Here I is the current operator (an
analytical expression for I is given in [5,6]).

The current correlation function associated with the noise
is defined by:

% (SI()SI(t") + SI(t)SI(1)).

The Fourier transform of & gives an expression for the
noise power: S(w) =2 [*_dre'S(t) [the factor 2 in this
expression is a matter of conventron see Eq. (1) in Ref. [5]
and the comment after Eq (49) in Ref. [6]].

Spin-dependent transport through the two-terminal device
is fully characterized by the matrix of energy-dependent
transmission amplitudes 7 = 743(¢) (here a and f are the
spin indices associated with the outgoing and the incoming
electrons, respectively) [5,6]:

Skt—1t)=

p+eVv

/ deTr [9'(8) (1 - Jr(g))} . (6)

u

S(w = 0) = 2Gy

where Gy = e?/h conductance quantum and

Te) =i(e)1'(e). (7)

The averaged current, I = (I), and the Fano factor are given
by
u+eV

el =Gy / deTr {9“(8)} , (8)

u

v . .
5 Sw=0) S deTr [ﬂl —9‘)} o)
S 2el JZHW de Tr[T] .
The transmission amplitudes 7,5 (&) varies on an energy scale
on the order of the level spacing. We focus on the case,
when the conditions (5) are satisfied. Then for the & we
have

— TI‘<.(}—(1 — '-(;/_»e (10)
Tr(7)e .

where the averaging is taken over a temperature window in
the vicinity of the Fermi level in the limit 7 > A. Having in
mind that spectrum of the helical states is linear, ¢ = vpk,
we find that the energy averaging is reduced to calculation
of the integral (---), = A~" [ de (--- Sk ()
(see details in Ref. [53], App. A).

As seen from (8), the conductance is proportional to
the transmission coefficient averaged over the spin and the
energy:

)7237

T ="Tr(T)e/2 (11)
Introducing also the average
= Tr(TT e, (12)
one can write the Fano factor in the following form:
T
F=1-— 13

In the next section we will discuss calculations that allow
one to find &, using Eq. (13). Technically, the key idea
is to present the matrix of transmission amplitudes in a
special form, which allows performing the energy averaging
analytically.

3.2. Transmission amplitude

Next, we discuss the Fano factor of the current noise
in HI having two arms with lengths L; and L,. We
start with formula for energy dependent amplitude 7(e),
which is a matrix in spinful case, and then perform energy
averaging. The analytical expression obtained for F is
rather cumbersome, so we present it in the Appendices A
(for identical contacts) and-B (for non-dentical contacts)
focusing in the main text on the most interesting limiting
cases.

The matrix of the transmission amplitudes 7 from one
contact to another is defined as follows

(o) =)

where (b1, b') and (a', a') are the amplitudes of incoming
(from the right contact) and outgoing (to the left contact)
waves, respectively (see Figure 1). This matrix has been
obtained earlier [33]:

57r2e2”i¢L1/L ekl 0 t 0\ [t O
Tz 0 e)lo 1)8\0 1)
R 0 o 1+aH
g_cos6[< ) 3 Z

t2ez kL+a2ﬂ¢[))] . (15)
Semiconductors, 2025, Vol. 59, No. 8
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Here, ¢+ and r are scattering amplitudes entering matrix
Eq. (1), ¢ is determined by the relation

cos(2m¢hy) = cos 0 cos(2m¢p), (16)

and the matrix H is given by

- @ b (17)
\be® —a )’

where ¢ is defined in Eq. (4). The coefficients

_e 2P _ cos(2m ) cos O

= 1
a=! cos 0 sin(27¢hy) ’ (18)
e 2% tan 0
p=¢ 7 1
sin(2zz¢py) ° (19)

are related by the relation a? + b = 1.

Calculations shows that asymmetry of the arms does not
play any role in the HI. Also, position of BD x( drops
out from final expressions for 9 and &#. We therefore
consider two cases: identical contacts (see next subsection
and App. A) and non-identical contacts (see App. B)

Generalization of Eq. (15) for the case of different
tunneling contacts characterized by amplitudes 7, and #z
is straightforward. One should make in this equation the
following replacement:

r = VTR,

where the parameter describing the difference of tunneling
contacts (see also App. B) is

&E—&+ip,

I — /IR,

B =5 nliw/i). (20)

3.3. Results (identical contacts)

The transmission coefficient and the Fano factor are
obtained with the use of Egs. (7), (11), (12),N(13), and
(??). Direct energy averaging in Egs. (11) and (12)
yields [34]

L2 2
0 sinh” A cosh(24
7 = tanh A |1 — — 0 2O (21) (21)
cosh”(24) — cos? 0 cos?(27¢)
and [52]
3 s 120
~ ~ sinh™* 4
T =C Z;OA“”’”)W . (22)
Here

D = sinh*(21) + Rg + (1 — Rg)Ry,
C = tanh/cosh* A, Ry = sin®0, Ry = sin’*(27¢). (23)

The coefficients A, ,) depend on Rg, Ry but do not depend
on A. Analytical expressions for these coefficients are

Semiconductors, 2025, Vol. 59, No. 8
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Figure 3. Panel (a): The dependence of the Fano factor, %, on r?
and the strength of the magnetic impurity, Rg; for r — 1 there an
is optimal value, Ro = R{", where the Fano factor has maximum.
Panel (b): Cross-sections of panel (a) at different values of Ry;
dependence on the flux is weak and is illustrated for Ry = R;pt by
broadening of the curve (shown by blue color) for flux belonging
to interval 0 < ¢ < 1 (these figures were presented in Ref. [52] in
a slightly different way). The point r = 1 is ,noiseless* both for
ballistic case Ry = 0 and the case of very strong defect Rg = 1.

presented in the App. A. The Fano factor is connected with
I and 7, by Eq. (13).

In Figure 3,a, we present dependence of the Fano
factor, on r? and the strength of the magnetic impurity,
Rg for ¢ =0. One can see that for ,metallic“ contact,
r — 1, dependence on the backscattering strength Ry is
non-monotonous.

In Figure 3, b, we plot dependence of & on r? for fixed
Ry. Two limiting dependencies, corresponding to absence
of impurity, Rg = 0, and very strong impurity, Ry = 1, are
shown by orange and green line, respectively. In both cases,
there is no dependence on the magnetic flux. For any other
Ry in the interval 0 < Ry < 1, the Fano factor depends on
¢. FEach curve corresponding to certain Ry broadens as
illustrated by blue curve corresponding to Ry = Ry™.

In order to emphasize this dependence one can consider
normalized value

o) — T =7/

Z(0) — 7(1/4)° (24)

The dependence of the normalized quantity &, on the
magnetic flux for several sets of parameters Ry and 1 is
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shown in Figure 4 along with the flux dependence of the
normalized transmission coefficient. One can see sharp
resonances both in &, and 7, at weak tunneling coupling
and small Ry (see Figure 4,c¢) which evolve into harmonic
Aharonov-Bohm oscillations with increasing 1 and Ry (see
Figure 4,d).

One can present results of the calculation as a family
of curves () plotted for fixed ¢ and different (but also
fixed) Ry, see Figure 5. This fugure is one of the our key
results. Indeed, measuring simultaneously both conductance
and noise and using Figure 5), one can find the strength
of the backscattering defect, Ry. It is worth stressing that
measuring the conductance only is insufficient to find the
strength of the defect, because the conductance depends
also on the properties of the contacts, which are actually
not known to a sufficient precision. Importantly, by using
both conductance and noise measurements, together with
Figure 5 we can find Ry without having any information
about amplitudes ¢ and r, characterizing the contacts. It can
help to identify backscattering mechanism that apparently
always exists in the realistic experimental structures [4].

3.4. Limiting cases

Here, we discuss several limiting cases allowing for
simple analytical description.

In the absence of a magnetic defect, Rg = 0, interference
effects are absent as we discussed in the introduction, so that
expressions for the Fano factor and transmission coefficient
dramatically simplify:

1
2cosh?[A]’

These equations do not depend on ¢ and are related by the
same equation as for ballistic SCI
1
F=-[1-77
17
(see Eq. (20) in Ref [53]). This dependence is shown in
Figure 5 by red line
The formulas for the conductance and Fano factor in case
of different tunneling contacts can also be obtained in closed
form and are presented in App. B. An analog of Eq. (26) in
case of different tunneling contacts reads

F=[1-97]

I =tanh[l], F=

(25)

(26)

X \/sinhz(Z,B) + W/(\/sinhz@ﬂ) + 2 + T cosh(28)) ,

(27)

with the asymmetry parameter 8 given by Eq. (20). This

equation is similar but a bit more cumbersome than
analogous equation for SCI (see Eq. (28) in Ref. [53]).

The Fano factor and transmission coefficient also do not
depend on the magnetic flux for the strong magnetic impu-
rity, Rg = 1 (green curves on the Figure 3, accordingly). In
this case, we have

1

1
7= tanh[], F=—
2 2 cosh”[24]

(28)

05 —7r1r r r r 1 r r r 1 . r 1
0.4 i 1
03 i 1
=~ [ ]
0.2 i ]
L PN i
[ — Ry=0 7 N\
L / \ i
01 — Ry=1/2 / T
L Re = 3/4 II i
- Ro=1 / |
0 L L 1 L L L 1 L i 1 L L L 1 L
0 0.2 04 T 0.6 0.8 1.0

Figure 5. The combined dependence of Fano factor, &, and the
transmission coefficient, Z, on the transparency of the contact,
A, for different strength of the magnetic impurity, Ry, and the
magnetic flux ¢ = 0.4, according to Egs. (21), (22). The black
dashed line borders the area of maximum transmission coefficient
for given Ry.

F = % - 2972, (29)

Last dependence is shown by green line in Figure 5.
The flux dependence is also absent for the open interfer-
ometer, r = 1 (1 = c0). In this case, we get

Ro
g—:l__
2’
1-Re (7 -1)(1-9)
F =R = 30
2= Ro T (30)

Hence, the Fano factor has a maximum as a function of
backscattering probability as is shown by the black curve in
the Figure 3, a.

Equation (30) has a simple physical meaning. For
r = 1, the windings are absent, and there are two parallel
conductors, i.e. lower and upper arms of the HI. The lower
arm, with spin |, is an ideal conductor with the transmission
coefficient | = 1 while the transmission through the upper
arm is controlled by the magnetic defect, 7 = cos®0,
varying from O to 1. Then, we get

I1(=71)

F= 1
— (31)

Taking into account that the total transmission coefficient
in this case is given by 9 = (77 +1)/2, we arrive to
Eq. (30). We have maximum Fpax = 3 — 2v2 ~0.17 at
Tt.max = V2 — 1 and, respectively, RJ™ =2 — /2 ~ 0.59.
The total transmission coefficient at this point is given by

Semiconductors, 2025, Vol. 59, No. 8
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Figure 4. Dependence of the normalized factor Fano, %,, and the normalized conductance, Z,, for the helical interferometer on

magnetic flux, ¢, at different strengths of scattering by a magnetic defect Ry and tunneling amplitude, r.

(@) r=0.7,Ryg =1/8;

(b) r =0.7, Ro =3/8; (c) r = 0.4, Rg = 1/1000; (d) r = 0.7, Rg = 1/2. Shape of the curve F(¢) strongly depends on the transparency

of the contacts.

Tmax = 1/v/2. We notice that Eq. (30) describes both black
line in Figure 3, a and dashed black line in Figure 5.

In order to combine here analytical formulas for all
relevant cases, we also present at the end of this section
several equations obtained previously in Ref. [52]. For
almost metallic contact, t <1 (1 — o00), and for an
arbitrary scattering strength on a magnetic defect, # shows
weak oscillations with ¢:

F ————F 42
R, TX
4 Ro(1 —Ryg) (10 — 12R, + 3R})

(2 —Ry)?

+2t cos(4mp). (32)
More interesting is the opposite case of an almost tunnel
contact: t — 1,7 = /1 — 12 < 0. In this case,
}’4 3R9

1
F~=-——|1
) +

8 R¢ + Ry — R9R¢ ' (33)

This formula shows weak but sharp resonances with
magnetic flux. These resonances are well pronounced in the
normalized Fano factor. Indeed, from Egs. (24) and (33)
for 0 < 1 we obtain

92

T ,
62 + sin® (27¢h)

n

i.e. sharp resonances at ¢ = 0 and ¢ = 1/2.

Semiconductors, 2025, Vol. 59, No. 8

4. Comparison of single-channel and
helical interferometers

Recently, we studied the shot noise in single-channel
interferometers [53]. Let us briefly compare SCI and HL
Interestingly, these interferometers, while having similar
ring geometry and a number of similar properties, exhibit
fundamentally different physical behavior in a number of
respects, due to their different electronic structures.

Let us discuss the similarities and differences between
these interferometers in more detail. It was shown that
the shot noise in both systems is substantially modified
by quantum interference effects. It is essential that the
interference effects survive in the high temperature limit,
T > A. The appearance of temperature-robust interference
effects stems from trajectories interfering at any energy. In
case of symmetric SCI for any trajectory entering the inter-
ferometer and moving clockwise there is another trajectory
moving counterclockwise, and these trajectories interfere
destructively at ¢ = 1/2. Such destructive interference
is exact, i.e. the transmission amplitude is identically
zero at all energies, #(e, ¢ = 1/2) =0 [24] (see also the
discussion of the consequences of this identity in [27,30]).
The peculiarity of interference effects in HI lies in the fact
that they appear only in presence of backscattering defects.
In this case trajectories interfering at any energy appear
as well, namely, trajectories returning to the defect after
n revolutions clockwise and counterclockwise are always
interfering. The relative phase of such trajectories is 4mng,
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Table 1. Comparison of key characteristics

Conventional Single-Channel Helical
Feature Spinless Interferometer Interferometer
AB oscillation period Ap =1 Ap =1/2
Ballistic interference Yes No
Flux dependence strength Strong Weak
Contact sensitivity High Low
Geometric asymmetry Strong effect No effect

and as a result the Aharonov—Bohm oscillation period (both
in 4 and in &) in HI equals to A¢ = 1/2, in contrast to
SCI, where the oscillation period is equal to A¢ = 1.

One of the conclusions following from our calculations
is that the interference effects are less pronounced for HI
and, consequently, the influence of the magnetic field on
the Fano factor is weaker as compared to SCI. The reason
is that the interference comes into play for SCI already in
the ballistic case, when impurities in the arms of SCI are
absent (see discussion in Ref [53]), while the Aharonov—
Bohm peaks in HI are proportional to the backscattering
probability. On the other hand, interference effects in HI
although being weaker are more robust to variation of
geometry and contact properties. In particular, asymmetrical
placements of contacts results in strong modification of
noise Fano factor in SCI [53] in contrast to HI. Specifically,
the asymmetry of the SCI strongly affects the noise intensity
even for fixed magnetic flux, so that changing difference of
shoulder’s lengths, L; — L, within a small interval about
the Fermi wavelength, one changes %gc; by a factor on the
order of unity (see Figure 5 in Ref [53]). By contrast, all
analytical expressions for Fano factor and conductance of
the HI contains total length of the edge L; + L, and do not
depend on L; — L,. We also find that the characteristics of
the contact between the SCI and the leads strongly modify
the noise in this case, even in the ballistic regime inside the
SCI. In turn, the noise in case of HI is strongly impacted by
the backscattering defects inside the HI ring.

We demonstrate that the simultaneous measurement of
conductance and Fano factor in HI allows one to determine
the strength of backscattering defects that violate topological
protection in the realistic setups. As for SCI, it can show
different noise for the same transmission coefficient (see,
for example, Figure 6 in Ref [53]). Hence, measuring,
complementary to conductance, also the Fano factor of SCI
would help to experimentally determine the type of the
contacts to leads (see Figure 3, @ and Figure 3, b in Ref. [53])
and the strength of tunneling coupling.

Features of both types of interferometers are summarized
in Table 1.

5. Conclusion

We have developed a comprehensive theory of shot
noise in helical Aharonov-Bohm interferometers, revealing
how noise measurements can probe the breakdown of

topological protection in 2D topological insulators. Our
analysis demonstrates that quantum interference effects in
helical edge states produce distinctive signatures in current
noise that provide crucial information about backscattering
mechanisms.

The central result of our work is that simultaneous
measurement of conductance and Fano factor enables direct
determination of backscattering strength, without requiring
any detailed knowledge of contact properties. This is
particularly valuable given that contacts in real devices are
often poorly characterized. The parametric relationship
between & and 7 (Figure 5) provides an experimental
roadmap for quantifying backscattering probabilities. Specif-
ically, measuring one point on this picture allows us to
unambiguously find the strength of the defect Ry

We have shown that helical interferometers exhibit AB
oscillations of both conductance and the Fano factor with
the period A¢ = 1/2, distinct from the A¢ =1 period
in SCIL This halved periodicity arises from the spin-
momentum locking in helical edge states and serves as
a clear experimental signature. The oscillation amplitude
is directly proportional to the backscattering probability,
making noise measurements a sensitive probe of topological
protection violation.

An important finding concerns the different behavior
for ballistic (Rg = 0) and strongly backscattering (Rg = 1)
limits. In both cases, the Fano factor becomes flux-
independent, while intermediate backscattering strengths
show although weak but characteristic flux dependence.
This provides a way to distinguish between different scat-
tering regimes.

Our treatment of non-identical contacts addresses the
experimental reality of asymmetric device fabrication. The
analytical expressions we provide allow extraction of
backscattering parameters even when contact transparencies
differ significantly. This practical consideration enhances the
experimental relevance of our predictions.

From an experimental perspective, recent advances
in fabricating quantum point contacts to helical edge
states [48] make our predictions directly testable. The high-
temperature regime 7 > A corresponds to experimentally
accessible conditions (typically a few Kelvin for micron-
scale devices), and the predicted relationships between con-
ductance and noise provide clear experimental benchmarks.

In summary, shot noise measurements in helical inter-
ferometers offer a powerful diagnostic tool for quantifying
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the breakdown of topological protection in real materials.
By providing complementary information to conductance
measurements, noise characterization can help identify the
microscopic mechanisms responsible for backscattering —
whether magnetic impurities, bulk disorder, or other ef-
fects — thus advancing our understanding of topological
phases in realistic experimental settings.
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A. ldentical contacts

General formulas for the conductance and the noise
intensity are obtained by averaging the expressions (6),
(7), (8) and (9) in the main text over the energy, using
expressions for the amplitude (15). This result was obtained
early in Ref [52] in different form. It is convenient to
write the resulting formulas, using the parameters 4, Ry
and R, instead of the parameters ¢, 0 and ¢, according to
the following definitions:

t=e*, r=+v1—-e2 0<21<oo, (34)
Ry = sin’ 6, (35)
Ry = sin*(27¢). (36)

Direct calculation of energy averages in formulas (11) and
(12) yields

1 . on
sinh™* 4
g=C A _ 37
111;0 ) D™ ( )
3 . 1.2n
~ ~ sinh™" 4
with
D = sinh*(21) + R + (1 — Rg)Ry
C =tanhA,
A0 =1—Rp/2,
A1) =0,
A(1,0) =Ro(Ro+ (1 —Rg)Ry)/2,
A1) = Re, (39)
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which leads to Eq. (21) and

C =tanh 1/ cosh’ 1,
A0 =1+Ro(1 —Re/2),
A1) =2-Ro(2—Ry),
Ag1,0)=R§(Ro +Ry(1 —Ry))/4,
A1) = Ro(Ro — 4(1 — Re)(3 — 2R)(1 — Ry))/2,
A20)= —Ro(2 — Ro)(Ro + Ry (1 — Ro))z/z,
Ap1y = —Ro(Ro(1 — Ry) + Ry)

x (Ro(13 — 9Ro(1 — Ry) — 17R4) + 8Ry) /2,

Ap2) = —Ro(Ro(9 — TRo(1 — Ry) — 11Ry) +4Ry)
Ago) = —Rj(Ro + Ry(1 — Ra))3/4,
Ay = —3R2(Ro + Ry(1 — Rg))’/2,
A2 = —3R3(Ro + Ry(1 — Ry))?,
A3y = —R3(4—2Ro(1-Ry)—2Ry) (Ro(1—Ry) + Ry) ,

Ay = A3 = A = Ay = Aps) = 0. 0

B. Non-identical contacts

In general case the tunneling rates in different contacts
of the interferometer are described by unequal tunneling
amplitudes

IR = te*h 1Bl <A
trt;, = e_zl ,
tr/tL = e (41)

In this case we may still use the expressions (37), (22),
but the coefficients should be redefined, A, — A,

(m.n)?

Amn) — A(“m’n), as follows

u sinh?

' =C (1 _ ﬁ) ,
Alo.0) =A0,0) »
A1y =0,
Alio) =410 +Re sinh?,
Al 1y =An + 2R sinh? g,

A sinh? ) >

cv = C<1 _ ﬁ) ,
AFO,O) = Ag.0) + 2Ro(2 — Rg) sinh’ B,

A(uo,l) = A<0,1) ’
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Al10) = A0+ Ro(12 — Ro(17 — 9Ro)
—3(1 = Rg)(4 — 3Ro)Ry + 4Ry sinh’ B) sinh® B/2.,
A(um) = A(m) + Ré sinh2(2[3) ,

AFQ,O) = A(z,o) + Re(Rg(l - R¢) + R¢)
x (Ro(13 — TRo(1 — Ry) — 11R)
— 4(2—Ry))sinh® /2 + 5SR3(1—Rg)(1—Ry) sinh* B,

AEJ2,1) = A(2,1) — 4R9(2 — Rg)(Rg(l — R¢) —+ R¢) sinhz,B

4+ 10R3(1 — Ry)(1 — R,) sinh* 3,

Ay ) =A@y — 2Ro(Ro(9 — TRo(1 — Ry) — 11Ry)

+4R,) sinh’ B,

Al o) =Az.0) — RG(Ro(1 = Ry) + Ry)
X ((Ro(1 —Ry) + Ry)(2 — Ro(1 —Ry) — Ry)
+ (4 = 3Ro(1 — Ry) — 3R,) sinh? B) sinh®

Al 1y = Ay — 6RG(Ro(1 — Ry) + Ry)(Ro(1 — Ry) + Ry
+ (2 — Ro(1 — Ry) — Ry) sinh? B) sinh? 8,

Als 2 = A2 — 12RG5(Ro(1 — Ry) + Ry)(Ro(1 — Ry)
+ Ry + sinh? B) sinh® 3,
Als 3 =Aas) — 2R5(Re(1 — Ry) + Ry) sinh?(28),

Aloz) = Alps) = Aligy = Aliz) = Alps) = 0.
(42)
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