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Finite-temperature quantum noise correlations as a probe for topological helical edge modes
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The distinction between chiral, trivial helical, and topological helical edge modes can be effectively made
using quantum noise measurements at finite temperatures. Quantum noise measurements consist of mainly two
components: The first is thermal noise, whose provenance is thermal fluctuations, and the second is shot noise,
whose origin is the quantum nature of charge particles. Studying these edge modes at finite temperatures is
important as it more accurately reflects the conditions in real-world experiments. Additionally, we have verified
that our results for finite-temperature quantum noise correlations are valid at finite frequencies too.
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I. INTRODUCTION

The discovery of the integer quantum Hall effect [1] and
subsequent development of Landauer-Buttiker formula [2,3]
were critical milestones in our understanding of electron
transport in 2DEGs (two-dimensional electron gas). The con-
cept of chiral edge modes, which are responsible for quantized
Hall resistance has since been extended to other systems,
including the quantum spin Hall (QSH) effect in materials
such as HgTe/CdTe heterostructures [4], wherein the edge
modes are helical. The discovery of the QSH effect [5,6] was
important because it demonstrated that spin-orbit scattering
could be used to control the direction of spin polarization
in edge modes, opening up new avenues for spintronics and
quantum computing.

Chiral and helical edge modes are topologically protected
and are not affected by the presence of impurities along the
edge channels [2,3]. Helical and chiral edge states can be
distinguished by different methods, such as a conductance
test using the Landauer-Buttiker approach [7]. However, a
recent experiment showed that the helical edge states may
not always be topologically protected [8]; instead, trivial
helical edge modes can arise. In this case, it is essential
to distinguish between the different kinds of helical edge
states, a topological one and another nontopological or triv-
ial. Of course, we can do a conductance measurement using
the Landauer-Buttiker approach, but this cannot effectively
show any distinction between trivial and topological heli-
cal edge modes [9]. In this case, it is wiser to rely upon
the noise correlations [10], which can also be performed
experimentally.

At zero temperature in a multiterminal conductor and in
the presence of inelastic scattering, transport via chiral and
helical edge modes can be distinguished by the nonlocal
charge shot noise “HBT” correlations [9]. For the transport
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via chiral edge modes, “HBT” correlations are always nega-
tive, while it is positive for transport via topological helical
edge states [9]. The most significant advantage of this is
that it works as a probe for helicity as it turns negative for
trivial helical edge modes due to in the presence of inelas-
tic scattering [9]. Experiments involving nonlocal shot noise
correlations can be instrumental in distinguishing different
modes of quantum transport. However, that study [9] has
certain limitations. Firstly, it was at zero temperature, where
only shot noise matters. Secondly, it does not distinguish
between trivial and topological helical edge modes for low
spin-flip probabilities, which is a disadvantage for experi-
ments in clean samples where spin-flip scattering is low.
Thirdly, its setup does not provide any information regarding
the distinction via shot noise autocorrelation. In this paper,
we remove these limitations by showing the differentiation
between the chiral and topological helical edge modes and
between the helical, trivial, and topological edge modes for
any arbitrary value of spin-flip scattering by studying both
cross- and autocorrelation of the quantum noise at finite
temperatures.

Many other groups have also explored this topic. A recent
experimental study [11] presented noise measurements on
InAs/Ga(In)Sb Corbino structures at different temperatures
and current ranges, which deals with the distinction of trivial
and topological helical edge modes. The same experimen-
tal technique can be extended to QH and QSH Hall bars,
which is our proposal in this paper. In our paper, we have
shown the distinction between chiral, topological helical as
well as trivial helical by both thermal noise as well as shot
noise. In Ref. [12], tuning between trivial and topological
phases is done through electrical gating and it has shown
the discrimination between trivial and topological phases via
Hall resistance and longitudinal resistance, but with a large
magnetic and electric field. In a recent study [13], it was seen
that a technique called “resistively detected nuclear magnetic
resonance (RDNMR)” can be used as a probe for helicity in
QSH samples. Further in a recent theoretical study [14], it is
shown that applying an external electric field and interedge
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coupling can lead to oscillations in energy spectra verifying
the presence of topologically protected helical edge modes.
Further, one can perform the noise experiments at very low
temperatures, such as 50 nK and 10 mK, as reported in QSH
experiments in [8,12].

The total noise in mesoscopic conductors at finite tem-
perature is called “quantum noise”. At finite temperatures,
both thermal and quantum fluctuations are significant. Ther-
mal fluctuations are responsible for thermal noise, whereas
quantum fluctuations result in shot noise [10]. In this pa-
per, we have used a familiar setup used in the context of
chiral edge modes, see Ref. [15]. We see distinct behavior
for both chiral and helical edge modes as well as topolog-
ical and trivial helical edge modes. The thermal noise-like
contribution cannot distinguish between chiral and topologi-
cal helical, but distinguishes trivial helical from topological
helical via its magnitude, while the shot noise-like contri-
bution, distinguishes between the aforesaid edge modes via
both its magnitude and nature. The most striking result was
that we could observe the distinct behavior of trivial helical
edge modes as opposed to topological helical edge modes by
measuring both the quantum noise autocorrelation and cross-
correlations.

This paper is organized as follows. In the next sec-
tion (Sec. II), we explore the behavior of quantum noise
in the presence of chiral edge states by calculating cross-
correlations between different terminals and autocorrelation
in a four-terminal Hall bar. The terminals are connected to
reservoirs at differing chemical potentials. Section III ex-
tends our study to helical edge mode transport and calculates
the quantum noise correlations both for topological as well
as trivial helical edge modes. We also compare the results
obtained for chiral and topological helical edge modes and
find that they are distinct. In Sec. III B, we study transport
via trivial helical edge modes and find distinct behavior for
the quantum noise correlations as compared to topological
helical edge modes and the results are further analyzed via
Tables I-VI in Sec. IV (Analysis). In the same Sec. IV, we
have discussed the validity of our results at finite frequencies.
In Sec. V, we provide the experimental realization and conclu-
sion to this paper by explaining how to distinguish the thermal
and shot noise experimentally using a two-terminal quantum
Hall sample with chiral edge modes and we further discuss
the possible analysis via Ay noise. The paper ends with an
exhaustive set of Appendices, which gives a historic context
of quantum noise calculation related with edge modes, then
we derive the quantum noise and the individual thermal and
shot noise contributions for chiral, helical, and trivial helical
setups.

II. QUANTUM NOISE IN QUANTUM HALL SETUP
A. Theory

The current-current correlation between metallic contacts
« and B is given by [10]

Sap(t —1') = (AL AL (") + Al ) AL(1)), (1)

where Al (1) is the fluctuation in current from the average
value in contact « and is given by Al,(t) = I, — (I,). For a

multiterminal system, the current in contact « is given by [10]

A~ _¢ ! (E—E)t/h
L=+ ZZ/dEdE e

By mn
x &, (EYAR (&3 E, E'tyn(E"), @

where summation over §, y runs over the contacts except «,
and summation over m, n runs over number of edge channels.
&;m(E ) is the creation operator, which creates a particle (bo-
son or fermion) with energy E in the terminal g in the edge
channel m. Similarly, a,,(E’) is the annihilation operator,
which annihilates a particle (boson or fermion) with energy E’
in terminal y in the edge channel n. Using these two operators,
we can find the occupation number of the incident charge
carriers in the terminal 8 in the edge channel m, given by

figm(E) = &}, (E)agn(E). 3)

In Eq. (2), AZ‘)’/’(a;E, E’) is given by [10],

AR E E') = 8nbapday — D Sk g (E)Sayun(EN), (4)
k

where s,.m1(E) is the amplitude for an electron to scatter
from terminal § in the edge channel k to terminal « in the
edge channel m with energy E. Similarly, average current in
terminal « is given by

2 9
L) = % ;vﬂde(—é)[Naaaﬂ — (s 5Sap)]:

&)
where Vj is the applied voltage to contact 8 with 8 # o and
N is the number of edge modes in terminal «. sqp is the am-
plitude for an electron to scatter from terminal § to terminal «.
The extra factor of 2 in Eq. (5) has been taken due to the spin
degeneracy. We can calculate the current fluctuation using
Egs. (2) and (5) and derive the quantum noise. The Fourier
transform of Eq. (1) is called quantum noise, which is given
by
28(w + )SE (@)= 3 (Al (@) Alg(0') + Alg(@) Al (@)).

(6)
We can derive an expression for quantum noise [10] using
Egs. (2), (5), and (6) and the Fermi-Dirac statistics, we get

2 2
$7, (@) =%ZZ/dE[A’;g’(a;E,E+hw),

y,8 m,n
x AP(BiE + how, E)|(f, (E)1 — f5(E + ho)]
+ [1 = £, (E)Ifs(E + hw)). (7

Our focus will be on zero-frequency quantum noise, and for
simplicity, we consider single edge mode occupation, which
reduces Eq. (7) to

q 262
Sty =" 2 f dE[A,5(@)As, (B, (EN1 — f3(E)]
y,8

+ [1 = £y (E)1fs(E)), (®)

where Ag, (@) = I,84880y — szﬂsay, and s,g is an element
of the s-matrix of the setup, describing the amplitude for an
electron to scatter from terminal B to « with single edge
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mode only. s, is the scattering amplitude for an electron to
scatter from terminal § to terminal «. f,(fs) is the Fermi-
Dirac distribution function for contact y(3), i.e., f,(f5) =
(1 4 eE=mv@)/ksTy=1 "G~ g the temperature of the system,
and (5 is the chemical potential of contact y(§). Quan-
tum noise, as in Eq. (8), contains two parts: (i) the thermal
noise-like contribution (Sfj‘ﬂ), and (ii) the shot noise-like con-

tribution (S;};j). The expression for both thermal noise and
shot noise-like contributions can be derived separately, and
the full calculation is given in Appendices B 1 and B2 re-
spectively. Thus, Sg; = Siy + S, For the quantum noise
cross-correlation (o # B), we have

4 2
S‘;}Ils = _%/dE[Taﬁfﬁ(l _fﬁ)+ Tﬁafa(l _fct)]a

4¢? +
Sty = = 3 [ AEG, = £ = fTrGsLy 5o )
V.6
©

1, is the transmission probability for an electron to scatter
from terminal S to terminal «. f, and f} are energy-dependent
functions, whose significance has been explained in Ap-
pendix A 2. As an aside, we provide a historical perspective
to quantum noise calculation by considering a two-terminal
quantum Hall sample with chiral edge modes in the presence
of a constriction in Appendix A. In that setup, we calculate the
quantum noise cross-correlation SY, between terminals 1 and
2, via wavepacket approach [16—18] and also by the scattering
matrix approach of Buttiker [15,19] using Eq. (8). After de-
riving the quantum noise cross-correlation via the wavepacket
approach, we derive the same quantum noise correlation via
Buttiker’s approach using Eq. (8), which unfortunately does
not match with that of the wavepacket approach. Although
the thermal noise-like contribution is similar to that of the
wavepacket approach, it is the shot noise-like contribution,
which does not match. Further, at zero temperature and zero
applied voltage bias, shot noise does not vanish, which is a
unphysical result. Therefore, Buttiker [15,19] introduced a
modification to the derivation of shot noise-like contribution;
we explain this modification in Appendix A 2, Eq. (9) such
that the problems with deriving shot noise using scattering
matrix approach are corrected.

We can also derive the thermal and shot noise-like con-
tributions separately for the autocorrelation (o = ). The
thermal noise-like contribution to the autocorrelation is given
as

st = 5 [ 4B RO - foM, — R (10)
aa — h o o o aa)s
where M, is the number of edge modes in terminal « and R,y
is the probability for an electron to reflect from terminal « to
itself. Similarly, the shot noise-like contribution is

4¢?

Ssh —
aa h

dE(Z Toy (fy — fu) + Mufy
Y

- nyfBTr(slysaSSL;say)>- (11)

V.0

Constriction

FIG. 1. Four-terminal quantum Hall sample with chiral edge
modes and a constriction. The black solid (dashed) line depicts
the edge mode for an electron, which can transmit (reflect) via
constriction.

We consider a four-terminal system with QH edge modes.
We can apply voltages at any of the contacts and measure the
current-current correlation between any contacts based on a
system as in Fig. 1. In our paper, we have considered a variety
of setups with different biasing conditions to verify that quan-
tum noise correlations are the best probe to distinguish the
different modes of transport irrespective of any situation. We
have three separate setups:Setup 1 with u, = us = o and
M1 = pa = p, Setup 2 with o = pa = po and ) = uz =
W, and Setup 3 with p3 = pug = po and p; = py = . In all
these setups, u — o = eV, where V is the applied voltage
bias and we will be working in the regime u, o > kg7,
where 7" is the temperature of each setup. In each setup, we
have a constriction with scattering amplitudes r, f respectively,
and the general s-matrix for this quantum Hall bar, which is
valid for each of the three setups, is given as
—ire®

0 tet? 0

_ 0 0 e 0 (12)
Tlo —ire® 0 re? |
ad 0 0 0

The phases ¢, and ¢, are the propagating phases connecting
different contacts due to the path difference of the electron.
0 is the phase acquired when there is scattering due to the
constriction. There will be an extra phase 7 /2 whenever there
is a reflection due to the constriction such that the s-matrix
is unitary. From the s-matrix, we can find the transmission
probability 7,4 by taking the modulus square |s,s|* and since
the s-matrix element is energy independent, the transmission
probability 7, g will also be energy independent.

In each of our setups, the thermal noise-like contributions
Sff’ﬂ both in quantum noise cross- and autocorrelations are
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identical in the regime w, po >> kg7 . We explain this in the
following way in the context of cross-correlation (a # B),
since the transmission probability T, is energy independent,
Sfj;‘ as shown in Eq. (9) only involves the integrations of
fg(1 — fg) and f,(1 — f,). Now, in the regime ug, o >
kgT , we see

/0 dEfﬁ(l—fﬁ)Z/O dEf,(1 = f) = kT (13)

where f, = —j= and fy = —=. The thermal noise-
I+e %87 I+e FB7
like contribution, thus reduces to
th 462
Sep = _TkBT(Taﬂ + Tga)- (14)

As seen in Eq. (14), the thermal noise-like contribution is only
dependent on the transmission probabilities 7,5 and T3, and
temperature 7 of the setup, and not on the applied voltage
biases. So, this will be identical in each of the setups under
different biasing conditions. Similarly, for the autocorrelation
too, we can verify that the thermal noise-like contribution
(8" ) is same irrespective of the voltage biases applied. Using
Eq. (10), the thermal noise-like contribution reduces to

h 8e?
Somt = TkBT(Ma - Raa)- (15)
Herein below, we analyze the thermal and shot noise-like con-
tributions and the quantum noise calculation for each setup.

B. Quantum noise due to chiral edge modes
1. Setup I (p2 = p3 = poand p1 = ptg = p)

Figure 1 shows a quantum Hall setup, which is character-
ized by pr = 3 = o and py = g = 1 = po + eV, where
V is the applied voltage. In this setup, all contacts are as-
sumed to be ideal and we analyze current correlations between
different contacts. First, we will calculate the quantum noise
cross-correlation between terminals 1 and 3, i.e., S‘l’S. The
general expression for S}, according to Eq. (8) is given as

262

Sh="r % [ dE1As05,3)
y,6

x (f (Bl = fs(E)] + [1 = f, (E)Ifs(E)),  (16)

where  A,s(1) = 81,815 — 5| 515 and Ay (3) = 8303, —
sg 553y The thermal noise-like contributions (Sig) using
Eq. (9) vanishes, since an electron cannot directly tunnel
to terminal 3 from terminal 1 and vice versa, and only shot
noise-like contribution (ng) is finite. We can see this below:

2

St = —4% > / dE(fy — fu)(fs — f)Te(s], 51555553, ),
y,0=1,4

A7)

f and fy are the Fermi-Dirac distribution functions for termi-

nals 1,4 and 2, 3. Choosing f, and fj, to be f, which is similar

to the assumption taken in [15] and using the s-matrix given
in Eq. (12), we get

g sh 462 2
St =i = = dERT (f — fo)°, (18)

where T = |s12|? and R = |s14]? are the transmission and re-
flection probabilities of the constriction. The integration [16]
in Eq. (18) is

ev
2kpT”

(o]
f dE(f — fo)* = eV coth [ } —2kgT,  (19)
0
where © — o = eV and we have assumed the condition
W, o > kg7 and taking the lower limit in Eq. (18) to be
0 and assuming it to be the energy at the bottom of the
conduction band. So, the quantum noise correlation between
the terminals 1 and 3 is

ev

89, = 8§ = —ERT eV coth —2kgT ). (20)
13 3 h 2k T

B

In this setup, we observe that quantum noise correlation
(Sf3) between terminals 1 and 3 is nonzero. Sf3 is the current-
current correlation (Al Al3), which in principle should have
contributions from thermal as well as shot noise. In all of
our setups, the thermal noise-like contribution (S’IQ’) is zero,
since there is no direct tunneling between terminals 1 and
3,i.e., T3 = |si3)% = T3 = |s31]? = 0, which can be directly
verified via s-matrix as in Eq. (12). Thus, in S‘{3, only the
shot noise-like contribution (S{4) is finite. This can also be
verified from the s-matrix as has been done in Eq. (17). Shot
noise-like contribution arises due to the constriction as well
as applied voltage bias. If either the constriction is absent, i.e.,
R =0,T = 1,3 or voltage bias is zero, then S} vanishes since
for eV — 0, the expression inside the parenthesis in Eq. (20)
is zero.

We can have three distinct regimes. In the regime eV >
kg7,

—4¢?

q sh 262
Sty = Sf = == -2RT(eV — 2sT) RTeV, (21)

as for eV > kg7, coth[ 58] = 1.

In the regime eV < kg7, Si’3 = 0, and in the regime eV =
kgT,

—4¢?

h

The quantum noise correlation between contacts 1 and 4
denoted by S, is given as

q _
S13_

0.16RT kg7 . (22)

2 2
9, = % > / dE[Ays(1)Asy (4)]
y.0

X (fy(E)I1 = fs(ED] + [1 = f, (E)1fs(E)).  (23)

The thermal noise-like contribution (S'*) to the quantum noise
correlation is given by

42

h

now, using fooo dE f,(1 — f,) = kg7, where a =1,2,3,4
with 7 being the temperature in the limit u, puo > kg7, we
get

th __
Sl4__

/ dE[Tfi(l = f)+ T il — Ol (24)

" 42 4e?
Sty = = kT (Tia + To)) = ——- kT (1 + R).  (25)
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Similarly, we can calculate the shot noise-like contribution,
which is

sh=-2 Y / dE(fy = fo)(fs = Fo)Tr(s], 510505507

y,0=1,4
(26)

Because each term in the summation in Eq. (26) vanishes due
to the s-matrix elements vanishing, see Eq. (12), the shot noise
contribution S$ vanishes. So, the quantum noise correlation
between terminals 1 and 4 is entirely due to thermal noise.
Thus,
s, = 27
="k (I+R). 27

Similarly, when we calculate the quantum noise correlation
between terminals 1 and 2, 3 and 4, and 2 and 3, we see that
only the thermal noise contributes, i.e.,

—R
1+R

Here also, the shot noise-like contributions vanish because of
the elements of s-matrix as in Eq. (12). There is one particu-
lar case as well, i.e., the quantum noise correlation between
terminals 2 and 4, which is precisely zero since both the
thermal noise-like and shot noise-like contributions vanish.
The thermal noise-like contribution (S5%) is zero, since there
is no direct tunneling process between terminals 2 and 4.
The shot noise-like contribution is given as

—4¢?
_— f dE(f, — fo)fs — fo)

y.6=1,2,3,4

S;{z = 534 = 5?4’ S§3 = St2h3 = S?4~ (28)

sh
S24 -

X TI'(SZ}/S2,3545S4),). (29)

The summation in the above equation for shot noise-like
contribution (S;Z) vanishes due to one or more of the s-matrix
elements being zero, as in Eq. (12). Therefore, the quantum
noise cross-correlation between terminals 2 and 4 is given as

S5, = S5+ 833 = 0. (30)

Similarly, we can calculate autocorrelation for each of the
terminals. For this purpose, we use the formulas given in
Egs. (10) and (11) to calculate thermal noise and shot noise-
like contributions. The thermal noise-like contribution (S’ll}) to
quantum noise autocorrelation (S7,) in terminal 1 is given as

8e 2 2

8
st =" [aera - pon - & == [aera-p.
G1)

Using the s-matrix as in Eq. (12), R;; = |s1;|> =0 and
number of edge modes in terminal 1 (M) to be 1, we get
8e 2
St =—— | dEf(1 = /). (32)

The shot noise-like correlation (Sf’}) is given as
o 4e 2
51127 dE\T(fo— )+ f

- nyfsTr(SIySmSTthly)) (33)

Y0

In the summation in the above equation, the surviving
terms arise when y and § are either 2 or 4, which can be
seen in the s-matrix as in Eq. (12). Using the s-matrix given in
Eq. (12) and adding Egs. (32) and (33), we get

4¢?
+ 8t =—

2
: /dE(2f(1 —H+TGo— P+ f

— R*f* =T[5 = 2RT f o). (34)

Simplifying further, we get the quantum noise autocorrela-
tion (S7)) to be

q __ qth
Sll _Sll

4 2
Sh=" / dELf(1 = f)+Rf(L = f)+Tfoll = fo)

+ RT(f = fo)’l. (35)

Similarly, the autocorrelation in contact 3, ng is the same as
S1,. Doing the integration in Eq. (35) taking the limit from 0
to oo and assuming u, (o > kg7, we get

8¢? 262

eV
Sty =S4 = ~—ksT+=-2RT <ev coth [ kBT]_ZkBT)‘

(36)

Equation (36) has both the thermal and shot noise-like contri-
butions. They are given as

8¢

sth = st = kT, (37

sh sh 462 eV
Sl] = S33 = TRT eV coth

2kBT:| - ZkBT). (38)

Here, we can see that the quantum noise autocorrelation has
contributions from equilibrium (thermal noise) and transport
(shot noise) fluctuations. The thermal noise-like contribution
in terminal 1 arises effectively due to transport with proba-
bility 1. The shot noise-like contribution comes due to both
constriction and applied voltage bias. If there is no constric-
tion, i.e., R=0,T =1 or at zero applied voltage bias, i.e.,
eV — 0, then the shot noise-like contribution vanishes and
what remains is only the thermal noise-like contribution.

Here again we have three distinct regimes. For eV > kg7,
the quantum noise autocorrelation is

; p 4¢?
St =S5 = ——RT(eV = 2ksT), (39)
for the regime eV < kg7,
8e?
St =81 = TkBT, (40)

and, for the regime eV = kg7,

20 2
ST + io DRTIT. (41

g _ 4 _

S =983 =

We can also calculate autocorrelation in other terminals as

well. The thermal noise-like contribution in terminal 2 is given
as

8
St = i dE fo(1 — fo), 42)
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and the shot noise-like contribution is given as

2
522 _ 4: /dE f02 — nyfsTr(szyS%S%Szy) =0.
Y,

(43)
Now, using the s-matrix as given in Eq. (12), we see that
the trace in Eq. (43) only survives only if y = 6 = 3, which
makes the total shot noise-like contribution zero. The noise
autocorrelation in terminal 2 is only due to thermal noise and
it is the same as that of terminal 4, which is given as

8 2
Yy o (44)

ng = Slz}zl = 534 h

It should be noted that the quantum noise autocorrelations S4,
and S, are independent of constriction.

2. Setup 2 (p2 = pg = po and py = p3 = p)

In this subsection, we are concerned with the outcomes for
Setup 2, i.e., u» = g4 = po and u; = u3 = w. Using Eq. (9),
we can find the thermal and shot noise-like contributions
to total quantum noise. As shown in Egs. (14) and (15) in
Sec. IT A, the thermal noise-like contribution to any cross-
correlation between terminals will remain unchanged in any
setup since it only depends on the tunneling probability for
the electron to scatter from one terminal to another and not on
how voltage biases are applied. The shot noise-like contribu-
tion may change depending on the voltage bias applied across
the terminals. Below we provide a list of cross-correlations,
where only thermal noise contributes:

y 4¢?
S =Sh=55="55= ——, kT +R). (45
1—-R
St =Sh =51 =8 = o TR (46)

In all these cases, the shot noise-like contribution vanishes.
Like we explained in Eq. (26), the shot noise-like contribu-
tions here too vanish due to the s-matrix given in Eq. (12)
with its elements vanishing.

Further, the quantum noise correlation between terminals
1 and 3, and between terminals 2 and 4 is zero. The quantum
noise correlations between terminals 1 and 3, 2 and 4 for Setup
2 are

We also see that S"2 vanishes, because the chemical po-
tential in terminals 1 and 3 are now the same, which implies
absence of any applied bias voltage, which drives the shot
noise-like contribution to zero. Further, thermal noise-like
contribution (S14) is zero, since there is no direct tunneling
between terminals 1 and 3. The autocorrelations in each ter-
minal are the same, which is only thermal noise like and is
given as

q th 8¢ :
S =8 = TkB‘T, ief{l,2,3,4}. (48)
This can be understood using the s-matrix as in Eq. (12).

Using Eq. (10), the thermal noise-like contribution in terminal

1 is given as
W 8e? 8e?
Sii =, dEf(l—f) —kB‘T (49)
As proved previously in Eq. (15), the thermal noise-like con-
tribution is independent of setups. The only thing, which can
change is the shot noise-like contribution. Using Eq. (11), we
get the shot noise-like contribution is given as

4e
Ssh —

dE ZTW(fy M+

= BT, SasSipSay) |- (50)

y.,8

Using the s-matrix as in Eq. (12), we get
. 4 [
S = 7/ dE(fo(1 = fo) = fA = /) =0, (D
0

where we used Eq. (13) in the limit p, o > kg7, which
makes the shot noise to vanish. It effectively means the con-
striction does not play any role even though there is an applied
bias voltage. That is why the quantum noise autocorrelation
in terminal 1 is only thermal noise like. The quantum noise
autocorrelation in terminal 3 (S§3) is identical to Sfl. Similarly,
we can find quantum noise autocorrelation in terminal 2 is also
thermal noise like and we can derive it using the s-matrix. The
thermal noise-like contribution in terminal 2 is

8¢? 8e?

W, dEfo(l —fo= —kBT (52)

S22 -

and the shot noise-like contribution is given as
4¢?
h
The shot noise-like contribution is also zero at terminal 2. The
quantum noise autocorrelation in terminal 4 (S 4) is identical

to S5,. Therefore, we conclude that the quantum noise auto-
correlations in this setup are only thermal noise like.

sh __
S22 -

/0 dEF( =)= ol = ) =0.  (53)

3. Setup 3 (1 = p2 = pand 3 = pg = o)

In this setup, we see that the quantum noise correlation
between terminals 1 and 3 are shot noise like only. The quan-
tum noise correlation for all other terminals are thermal noise
like. Below, we derive expressions of all the possible quantum
noise cross correlations:

62
Tkar(l +R),
(1-R)
R
1+R ™

ev
— 2kpgT ),
2kpT

§4, =Sh =85t =0. (54)

Sty = Si; = S35 = S = —

q th th _
Sl2 - Sl2 - S34 - S34 -

4
9 = s = —%RT <eV coth [

The reason behind the vanishing shot noise-like contribution
can be understood from the s-matrix as in Eq. (12). Since
the elements involved in the summation in the shot noise-
like contributions vanish, the shot noise-like contribution
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automatically vanishes. For the autocorrelations, we get

8¢?

SgZ = Stzg = SZ4 = Sﬁﬁ = TkBT’ with S;g = Siﬁ =0,

8%, =87, = S| + S (55)

and S} = S$% = Y RT (eV coth[ 525-] — 2ksT).

We observe that the quantum noise-correlations S7, and
S§3 are a combination of both equilibrium (thermal noise) and
transport (shot noise) fluctuations, whereas in case of S3, and
S1,, only equilibrium (thermal noise) fluctuation matters. The
reason behind this can be derived and explained in a similar
fashion as we did in Setup 1 below Egs. (36) and (41) using
the s-matrix.

In the following section, we will calculate the quantum
noise correlations in the presence of helical edge modes.

III. QUANTUM NOISE IN QUANTUM SPIN HALL SETUP
A. Theory

The current-current correlation between the metallic con-
tacts @ and $ due to spin-polarized current is given by

o8t — 1) = HALLOALT () + AT (HAIZ (1)), (56)

where A7 is the fluctuation in current from the average value
in contact & with spin o and is given by AI = [ — (I?). The
current due to a charged particle with spin o flowing through
terminal « is

M
ey € ! (E—ENt/h
Ia(t)_zgf/dEdEe

x (a3 (E)ag, (E') — BN (E)BS,(EN)., (57

an

where a2(E) is the creation operator, which creates an in-
coming electron in terminal @ with energy E in edge channel
n and ag,(E) is the annihilation operator, which annihilates
an incoming electron in the terminal o with energy E’ in
edge channel n. Similarly, 577 (E) and 5%, (E’) are the creation
and annihilation operators, which create and annihilate an
outgoing electron from the terminal & with spin o with energy
E and E’ respectively. The expression for finite-temperature
quantum noise correlation in quantum spin Hall setup due to
the spin-polarized currents /" and I+ seen in Fig. 2 is given by

Sty =S+ 8154 sl 5. (59)

The individual spin-polarized contributions are given as [20]

2
S75 =% > ZdeTr[A;’{;’(a,a,E,E + fiw)

p.p'=t1 7.6
X AL (B, o', E + oo, EN|(fy (D1 — f3(E + o))
+ [ = [y (E + ho)lfs(E)), (59)

Our focus is on zero-frequency quantum noise, which re-
duces Eq. (59) to

’ 2 / '
=5 ¥ T [eEniweone.o)

pp'=t1 v.é

x (fy (E)[1 = fs(ED] + [1 — f, (ED]fs(E)), (60)

4 3
A
\ 4
A\ A
viv AA
y
A A vy
LA\ AA
A A A \ v
1 ; 2
Constriction

FIG. 2. Four-terminal quantum Hall sample with a constriction,
showing Helical edge modes. The Black (Red) solid (dashed) line
depicts the edge mode for a spin-up (down) electron, which can
transmit (reflect) via constriction.

where A2 (@, 0) = 8uy8apdopdo, — s2L7s20, and o, 0" de-
notes the spin of electrons. Equation (60) has both the thermal
noise-like contribution and shot noise-like contribution to the
quantum noise. We will first look into the cross-correlation,
i.e., @ # B. The thermal noise-like contribution is given by

St = SI 4 SIet gt s (61)

and the individual spin-polarized contributions to the thermal
noise-like contributions are given as

202 [

Sgg’,th — -

dE[T f5(1 — f3) + T8 ful = f)].
(62)

See Appendix C 1 for the derivation of Eq. (62). Ta(%"/ is the
transmission probability for an electron to scatter from termi-
nal 8 with initial spin ¢’ to terminal « with final spin o. fz is
the Fermi-Dirac distribution function at contact 8 connected
to a reservoir given by the expression fz = (1 4 ¢ E—##)/ksT),
where 7~ is the temperature of the system, ug is the chemical
potential of the contact S.

From the s-matrix, we can find the transmission proba-
bility Ta‘%"/ by taking the modulus square |sgg/|2 and since
the s-matrix element in our setups is energy independent, the
transmission probability TOZS"' will also be energy indepen-
dent.

In each of our setups, the thermal noise-like contribu-
tions Sg"/”h are identical in the regime wu, o > kg7 . We
can explain this in the following way. Since the transmission
probability Ta‘jg“' is energy independent, SZ“"’ " as shown in
Eq. (62) only involves the integrations of fg(1 — f3) and
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Jo(1 — f3). Now, in the regime g, uy > kg7, we see

fodEfﬁ(l—fﬁ)=/0 dE fo(1 — fo) = kgT",  (63)

so, the thermal noise-like contribution reduces to

oo’ th 262 oo’ oo’
Seg ™ = —TkBT(Taﬂ + T3 ). (64)
As seen in Eq. (64), the thermal noise-like contribution is only
dependent upon the transmission probabilities Ta"ﬁ"/ and Tﬁ‘;"/
and temperature 7 of the setup, not on the applied voltage
biases. So, this will be identical in each of the setups under
different biasing conditions.

Similar to Eq. (61), the shot noise-like contribution is
sh __ ot t.sh M ,sh I1,sh Ll,sh
Sap = Sap” TS5 TS0 S5 (65)

the individual spin-polarized contributions are

, 2¢?
St == [AEY Y (= S — o)
V.8 pp'=1.1

(66)

T ’ r AT ’
op" op" o'p" o'p
x Ir(say Sys Sgs Spy )-

See Appendix C 2 for the derivation of Eq. (66).
Similarly, the quantum noise autocorrelation (o = B) is

S4 = stay gtgy gltg | gllg (67)

[e 7ol

where the individual spin-polarized correlations are

2
=2 Y ¥ / dE Te[A% (@, )AL (o, 0)]

p.p' =11 7.8
X (fy (EDI1 — fs(ED] + [1 — f, (ED]f5(E)), (68)

Equation (68) also has both thermal noise-like and shot noise-
like contributions. For the autocorrelation, i.e., « = 8, the
thermal noise-like contribution is given by

Sty = ST+ ST 4 S 4 Sah (69)
|

0 0 e 0

0 0 0 0

0 0 0 0

0t 0 0

1o 0  —ire® 0

0 0 0 e

0 0 0

0 —ire'? 0 0

The phase ¢; is determined by the path difference for the
electron reaching contact 1 from contact 4 and vice versa.
Similarly, phase ¢, is determined by path difference for elec-
tron reaching contact 2 from contact 3 or vice versa without
scattering. 6 is the phase acquired during, transmission via
the constriction. An extra phase m /2 occurs whenever there is
reflection due to the constriction. The s-matrix is unitary as it
is. We have three setups. Setup 1 is defined by parameters such
that up, = 3 = uo and p; = w4 = p condition holds. Simi-
larly, Setup 2 is defined by p, = g = o and p) = w3 =

where the spin-polarized contributions, as derived in Ap-
pendix C 1, are given as

_ 4¢2

Sgg,’m - h /dEfa(l _fa)(Mot(Sac’ _Rgg/). (70)

Similar to thermal noise-like contribution, shot noise-like con-
tribution to the autocorrelation is

Sth = SIS S s

where the spin-polarized contribution, as derived in Ap-
pendix C 2, is given as

, 2e? ,
Sgg ,sh = 7 dE Z Tagya (fy _ fot) +Ma8(ra’f(3

14

+ O'p/ o./pr’r ’
- Z Z fyngI‘(SZ;) Sus Sas sgyp)

y8 po'=1

(72)

Here M, is the number of edge modes from contact . Simi-
larly, for autocorrelations, the thermal noise-like contributions
are identical irrespective of voltage biases applied. Using
Eq. (70), we get

2
S = L s ). o)

B. Results for topological helical edge modes

This section considers a four-terminal system with QSH
edge modes, which is topological, and the electron motion is
helical, as shown in Fig. 2. We can apply voltages at any con-
tact and measure the current-current correlation between any
of those contacts based on a system as in Fig. 2. There we have
a constriction with reflection and transmission amplitudes r, 7,
respectively. The general s-matrix for this quantum spin Hall
bar setup is

0 0 —ire® 0
0 0 0 e
el 0 0 0
0 —ire®? 0 0
0 0 tet? 0 74
0 0 0 0
0 0 0 0
0 tet? 0 0

(

and Setup 3 by w3 = ug = po and u; = pp = . In all se-
tups, u — o = eV and w, o > kg7 . We herein analyze the
thermal noise-like, shot noise, and quantum noise correlations
in each setup using the s-matrix given in Eq. (74).

1. Setup 1 (pt1 = pa = pand p; = p3 = Ro)
From the s-matrix, we can calculate the thermal and ther-

mal noise-like contributions to the total quantum noise. We
will examine the quantum noise cross-correlation between the
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probes 1 and 4. The quantum noise correlation Sj, between
terminals 1 and 4 is given as

Sl =8I+ ST+ s sy, (75)

the individual spin-polarized contributions using Eq. (60) are
given as

2
§774 =% > Z/dETr[A;’f;’(La)Af;’yf’(4,a’)]

p.p'=t1 V.8
x (fy(E)[1 = f5(E)] + [1 = f,(E)1fs(E)), (76)

Equation (76) has both the thermal noise-like contribution
STy ") and shot noise-like contribution STy sty The total
thermal noise-like contribution to the quantum noise correla-
tion (S7,) is given by

Sty = ST+ STy 4 ST 4 st (77)

We first calculate S&T th using Eq. (62) and is given as

2 2
siin = —%/dE[TIZTﬁt(l R+ TR = AL

(78)
Making use of the integral fooo dE f,(1 — f,) = kg7 for
W, o > kg7, we get

pan __2€° M, it 2¢2
S = ==k TUT + T = == kT (14 R). (719)

Similar calculation shows S 1T4l th 0,8 1¢4T th 0,and S 1¢4¢ th
—zTesz‘T(l + R). Thus the thermal noise-like contribution to
the quantqm noise is. given by S’lﬁ = —4hﬁk37'(1 +R).Ris
the reflection probability for an electron to reflect from the
constriction. Here, we observe that the thermal noise-like
contribution is twice that of the chiral quantum Hall case. The
shot noise-like contribution to the quantum noise is given by

st =Sl S eSS, 60

The shot noise-like contribution S7, "" can be calculated from
Eqg. (66),

ao',s 262
50k = - dEZ Z (fy = f)fs — fo)
v.8 pp'=1.4
op’ op opt o
X Tr(sh'f 7Y 53y s4}f). (81)

Once again, we consider the energy-dependent functions f,
and fj, equal to fy, which is the Fermi-Dirac distribution of
contacts 2 and 3. Using the s-matrix as in Eq. (74), we get
S11¥" = 0. Similarly other contributions such as ST, s+
and Slﬂf " are also zero. Thus, the shot noise-like contribution
to the quantum noise S7, vanishes. The quantum noise, there-
fore, is
q h 4¢?

SI4=S14=—7kBT(1+R). (82)
Like the chiral case, the total contribution to the quantum
noise comes from thermal noise only. Similarly, correlations

between terminals 1 and 2, 3 and 4, 2 and 3, and 1 and 4 show

similar nature where only the thermal noise contributes to the
quantum noise. These quantum noise correlations are given as
S‘I — Sl] — 1-R S‘I
12 T TLROW
We can see that the quantum noise correlation between ter-
minals 2 and 4 is now finite, which was zero in the quantum
Hall case. The noise correlation between these two terminals
is shot noise like. It is a significant result since it distinguishes
chiral edge modes from helical ones.
The shot noise-like contribution (S54) between terminals 2
and 4 is given as

S4 =59, (83)

St SU SIS S 6
where individual spin-polarized components are

SITh = (AIS ALY, where o,0' =1/

2¢?
== [dED ] D0 (fy — SO = fi)
V.8 pp'=1.4
x Te(s30' 53754 s57). (85)
The component 1"

52
= [aEY Y - s

v.8 p.p'=1]

x Tr(s127s30 skt Tslr). (86)

is given as

Mosh _
Sy =

Each term in the summation is zero, which can be seen
from s-matrix as in Eq. (74). Similarly, we can calculate other
spin-polarized components. Sif M is given as

—262
= aEY Y G-t )

y.8 p.p'=11

I.sh
Sy =

< Tr(S37 538 sy ' si?). (87)

The summation in the above equation survives only when
y, 6 = 1, 3. Now, using the appropriate s-matrix elements as
in Eq. (74), we get

eV
2kpT”

2
S = —%RT <ev coth [ } - 2k3‘7'). (88)

The other components such as S;j and Sztf are zero and
may become significant in the presence of spin-flip scattering.
For helical edge modes, we see that the shot noise-like contri-
bution S5* arises due to edge modes via spin-down electrons
and this is a result of both constriction and the applied volt-
age bias. In absence of the constriction, i.e., R=0,T =1,
or at zero applied voltage bias, i.e., eV — 0, the shot-noise
vanishes. The thermal noise-like contribution (S;Z) is given as

S = SU 4 STt 4 syt sy, (89)

We first calculate SZTI " can be calculated using Eq. (62) and
is given as

2 2
s = -2 / dEIT fu(1 = f) + TN 10— f)l.
(90)
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S, S92
n 1 n E n n n n 2 + R
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
0.0 .

-0.1 -0.51

-0.2 —— chiral —— chiral
-1.01

- Topological Helical - Topological Helical
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-1.5¢
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(a)

(b)

FIG. 3. (a) Behavior of quantum noise cross-correlation between terminals 2 and 4 in Setup 1 (results are identical in Setup 3 as well),

and (b) quantum noise cross-correlation between terminals 2 and 4 in Setup 2 in units of %kﬂ' vs R with the voltage bias (eV = 4kg7") with

o = 100kp7". This is in the regime eV > k7 .

Since there are no direct tunneling processes for an electron
from contact 2 to 4 and vice versa, we have TZET = T4T2T =

0, which leads to vanishing SZTI " Similarly, the other spin-
polarized components are zero. So, the total thermal noise-like
contribution is given as

S =0. 1)

The total quantum noise correlation S7, is only shot noise
like, i.e.,

ev

2kpT

q h 2¢?

Sy =8 = _TRT (eV coth |: i| - 2kBT>. (92)
Here, we observe that the shot noise-like contribution is

nonzero for the helical edge mode transport, while it is zero

for the chiral edge mode transport. This gives the distinction

between chiral and helical edge modes. Here, we have two

distinct regimes. In the regime eV > kz7, the quantum noise

correlation (S7,) becomes

2¢?

S —TRT(eV — 2kgT). 93)
In this regime, the chiral and topological helical edge modes
can be distinguished and have been shown in Fig. 3(a) and
in the regime kg7 > eV, S3, is very small but still helps
in distinguish chiral and topological helical edge modes as
shown in Fig. 4(a).

In the regime eV = kg7 also, we can see the distinction
between these two edge modes, which has been shown in
Fig. 5(a). In this regime, S3, is given as

s = _262RT th ! 2 \kpT
= — co = — .
24 h 2 B

The quantum noise correlation between terminals 1 and 3 is
only due to the shot noise-like contribution since the thermal
noise-like contribution vanishes, which is the same for the
chiral case. The reason behind S7; being only shot noise like
can be understood in a similar way as one understands why
S§4, is shot noise like.

(94)

The quantum noise correlation between terminals 1 and 3
gives us

q __ gosh __
S13 - Sl3 -

26> eV
——RT | eV coth —2kgT ). (95
h (e [21«37} ’ ) &
Further, we can calculate the autocorrelations as well. The
autocorrelation in terminal 1 is
_ ot N 1, W,
S?l =35 q+511 q"'Su q"‘Sn .. (96)
The thermal noise-like contributions to SIIT *? can be calculated
from Eq. (70) and is given as

pan_ 4e2 [ 1
Siy =5 dEf(1 = )M —Ry})
0

4e? [
== / dEF(1 - f) ©7)
0

where, using the s-matrix as in Eq. (74), one can get RIIT =
|slT|T|2 = 0 and the number of edge modes (M) is 1 due to
spin-up electrons in terminal 1.

Similarly, the shot noise-like contribution can be derived

from Eq. (72) and is given by

o _ 262 11 2
S“ 27 dE le (f()_f)+f

0,0% ap’ a/p/'r a’p
— Z Z fyf,gTr(sly 815 S5 S1y )) (98)
ys pp'=t.l

In Eq. (98), the summation survives only if y, § = 2, 4 as
can be seen by the s-matrix as in Eq. (74). S IT]T i therefore

262

i =2 f dE(T(fo— )+ f> - PR

— foT? = 2ffoRT). (99)
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(a)

S%a
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-0.0010+
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(b)

FIG. 4. (a) Behavior of quantum noise cross-correlation between terminals 2 and 4 in Setup 1 (results are identical in Setup 3 as well), and
(b) quantum noise cross-correlation between terminals 2 and 4 in Setup 2 in units of %kB‘T vs R with the voltage bias (eV = 0.01kz7") with

o = 100kg7". This is in the regime eV < kg7 .

Adding Eqgs. (97) and (99) and simplifying further, the
quantum noise S, is therefore

262 o0

S = dE[f(1— f)+Rf(1 = f)

+ T fo(1 = fo) + RT(f — fo)*. (100)

On integration, Eq. (100) becomes

510 = 2k 4 2Ry (ev com [ ]~ angr
=— — eV co — .
TR 257 T
(101)
Similarly, Slﬂi " can also be calculated from Egs. (70) and

(72). The thermal noise-like contribution Slill s

Lo 462 o)
th
st =22 aEr - g, (102)
hJo
sq24

.00 0.2 0.4 0.6 0.8 1.0

-0.01+
—— Chiral

-0.02} — Topological Helical
-0.03+
-0.04+

(a)

and the shot noise-like contribution is given as

262

qﬁM=77/dEG%%ﬁ—f»+ﬂ

-y > fyngr(sf;’*stf’sfg'*sff)). (103)

ys p,p'=11

Here, Tléi = |s]l2l |> = 0 from the s-matrix as in Eq. (74), and
performing the summation using the same s-matrix, Sﬁ s
goes to zero. It implies that S f# 4
which is given as

is only thermal noise like,

4 2
shha = %kBT. (104)

Similarly, other spin-polarized components such as SITIl 4
and S ﬁ "1 can also be calculated and all of them vanish since
there is no spin-flip scattering. However, these may become

significant in the presence of spin-flip scattering. The quantum

sq24
1 b i 3. 1 A R
0.2 0.4 0.6 0.8 1.0
0.00
-0.05
—— Chiral
—— Topological Helical
-0.10
-0.15¢

(b)

FIG. 5. (a) Behavior of quantum noise cross-correlation between terminals 2 and 4 in Setup 1 (results are identical in Setup 3 as well),

and (b) quantum noise cross-correlation between terminals 2 and 4 in Setup 2 in units of %kﬂ' vs R with the voltage bias (eV = kz7") with

o = 100kg7". This is in the regime eV = kg7 .
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= Chiral
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3.98+

3.96r
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FIG. 6. (a) Quantum noise autocorrelation S7, = S7, in Setup 1 (results are identical in Setup 3 as well) in units of 22 <—-kpT vs the voltage

bias (eV) in units of kg7~ with R = 0.5 and po =

Setup 3 as well) in units of %kB‘T vs reflection probability (R) in units of kg7~ with eV = kg7 and py =

eV = kBT

noise autocorrelation in terminal 1 is therefore

4 37 + eV co 37 .
1 h 2]{3;
(105)

h

In the regime eV >> kgT, Si, = 27 S-RT (eV — 2ksT),
in eV < kg7, S” = 4k37' and in the regime eV =

kg T, S%, = 22 4ksT + 22 RT0.16kz7". While in the regime
eV L kgT, the quantum noise autocorrelation is thermal
noise like and it exactly matches that of the chiral result, which
does not help in distinguishing these two edge modes.

We can also calculate the other autocorrelations by a simi-
lar method used to calculate S{, and we find all of them to be
same, i.e.,

§9 =88, =8 =59, (106)

which differentiates helical from the chiral case. For chiral,
ST, =81, # 81, = S],. Again, we observe another profound
difference. For chiral edge modes, the quantum noise S5, =
S, is pure thermal noise like, but for helical edge modes,
shot noise-like contribution also contributes to autocorrela-
tion. This distinguishes chiral from helical edge modes, which
is shown in Figs. 6(a) and 6(b) in the regimes eV > kg7 and
eV = kg7 respectively.

2. Setup 2 (1 = 3 = pand Ly = jLg = jig)

As explained earlier, the thermal noise-like contributions
does not change for different setups as explained in Egs. (64)
and (73) in Sec. Il A. The quantum noise cross-correlation
between different terminals is

Sl =S =85, =8 = —ﬁk T(A+R) (107)
14T P14 T O3 T O T T, 0B g
1—-R
Sh =S5 = 1+—RSi[4’ (108)
Sty =0, (109)

2¢2 v
S, =S = —%4RT <ev coth [ ‘

2k37'i| — 2k37'>. (110)

100k57". (b) Quantum noise autocorrelation S5, = S7, in Setup 1 (results are identical in

100kz7". This is in the regime

Above Egs. (107), (108), (109), and (110) imply 514 = Sjg =
Sih = S5t = 0 and SY} = 0. The reason behind shot noise-like
contribution vanishing can be understood using the s-matrix as
in Eq. (74) as vanishing s-matrix elements result in vanishing
shot noise. In this setup also, one can see that $7, distinguishes
between chiral and helical edge modes since in the chiral case
it is zero. This can also be understood using s-matrix given in
Eq. (74). The autocorrelation for quantum noise in this setup
is only thermal noise like, i.e.,

262 .
SZ:Sff'=74kB‘T, ie{l,2,3,4}. (111
Here the shot noise-like contributions to each quantum noise
correlation vanish, i.e., S;‘,-h =0 forie{l,2,3,4}. This can
also be explained using the s-matrix as in Eq. (74). We can
calculate S7, as follows. The S7 " components can be calcu-

lated using Eq. (70) and they are given as

th L.th 4e [
S =iy =7/0 dEf(1 = f).

After integrating, we get the thermal noise-like contribution
as

(112)

st = s 4 s = 4kBT

h

Similarly, the shot noise-like contribution can be calcu-
lated. Using Eq. (72), we can calculate the spin-polarized
components. S " is given as

(113)

2 2 00
SIJ’Sh=%fO dE(fol = fo) = f(1 = ) =0, (114)

where we used Eq. (63) in the limit wu, wo > kg7 . Similarly,
Slill’sh is given as

I
S =7/0 dE(fo(1 — fo)— f(1 = f))=0. (115)

The other spin-polarized components such as S ]Tli “"and § ll]T sh
are zero, which might become significant in the presence of
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spin-flip scattering. Therefore, the total shot noise-like contri-
bution S is zero and S, is only thermal noise like. Using
the same method used for S{,, we can calculate S5,, S%,
and Sff4 and find them all to be thermal noise like. Here, the
autocorrelations are also thermal noise like and therefore do
not provide any distinction between chiral and topological
helical edge modes in Setup 2.

3. Setup 3 (p1 = p2 = pand 3 = pg = o)

For this setup, again the thermal noise-like contributions
does not change, but the shot noise-like contributions to the
quantum noise cross-correlation S7;, S3, are nonzero now. We
see distinctive results for chiral and helical edge modes via S,
for this setup. The quantum noise cross-correlation between
different terminals can be calculated using Egs. (61), (62),
(65), and (66) and they are given as

4e?
Sty =814 =83 = Sp = —— kT (1 +R),
1-R
h h
Sth=585 =84 =Sy = 1+R +RS;I47

q __ gsh _ ¢4 __ ¢sh
Sl3_Sl3_SZ4_SZ4

22 e (eveotn | -] - otyr (116)
= —— ev Co — .
h 2k T i
Here, Eq. (116) implies that
Sh=Sh=Sh=84=0 Sh=si=0 117

Similarly, the quantum noise autocorrelations can be derived
using Egs. (69), (70), (71), and (72) and they are given as

2

st =5t =2 [aE@ra RT 2
=00 = @f(1 = f)+RT(f — fo)),
q q 2¢° 2
S33 =Sy = I dE4fo(1 — fo) + RT(f — fo)°),
(118)
which on integrating gives
2e% 26% ev
ST = ——4kgT 4+ —RT | eV coth —2kgT |,
i B + A <e co [2k3‘7':| B )
ie{l,2,3,4}. (119)

Here, the autocorrelations are combinations of equilibrium
(thermal noise) and transport (shot noise) fluctuations. The
reason behind this behavior can be explained in a similar
fashion as was done for Setup 1 below Eq. (96). Here, we have

three distinct regimes: eV > kg7, eV < kg7, and eV =
kg7 . For eV > kg7, we have

2 2
S§=-RT(V —27). i€{l.2.3.4. (120
For ¢V « kg7, we have
262 .
SZ = 74k37‘, ief{l,2,3,4}, (121)
and in the regime eV = kg7,
262 262 1
ST = ——4kgT + —RT | coth | = | — 2 |kgT",
A (“)H )B
ief{l,2,3,4}. (122)
The thermal noise-like contributions are
th 262 .
S = 741@;‘7’, iefl,2,3,4}, (123)

and the shot noise-like contributions are

ev
2kgT”

2 2
Stk = %RT(eV coth[ } - 2kBT), ie(1,2,3,4).

(124)

In this setup, we also see a difference, i.e., the autocorrela-
tions S, and S7, are thermal noise like for chiral edge modes
and for the transport via helical edge modes, they are the sum
of thermal and shot noise-like contributions.

Due to the existence of helical edge modes, the shot noise-
like contribution contributes in some cases, such as S, for all
setups, and S%,, S7, in Setups 1 and 3, which makes the total
quantum noise results for the helical case distinct from the
chiral case, as has been highlighted in Figs. 6(a) and 6(b) in
the regimes eV > kg7 and eV = k7, respectively.

C. Results for trivial Helical edge modes

We consider a trivial quantum spin Hall setup shown
in Fig. 7. In this case, up spin electron can get backscat-
tered as a spin-down electron preserving spin-momentum
locking [8]. In this situation, the electron has a finite prob-
ability p for a change in its direction of motion and spin
with the help of intraedge scattering. In our paper, we will
show how the topological and trivial helical edge modes
two different helical edge modes are distinguished from
each other via quantum noise cross-correlations as well as
autocorrelations.

Similar to chiral and topological helical setups, we can
apply different voltages at any of the contacts and measure
quantum noise cross- and autocorrelation in the trivial QSH
setup. Here, we work with three different setups similar to that
used for transport via topological helical edge modes. Here, in
addition to scattering from the constriction, we have spin-flip
scattering, and the general s-matrix for this system, as shown
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in Fig. 7 is
0 —i/p e JT—p 0
—i/p 0 0 0
0 0 0 —i/p
0 e JT=p —ip 0
5= 0 0 —ire® JT=p 0
0 0 0 ST = pei
ST = pei 0 0 0
0 —ire” JT—p 0 0

At p =0, we correctly reproduce the s-matrix for topo-
logical helical edge modes as shown in Eq. (74). We herein
analyze the thermal noise, shot noise, and quantum noise
using the s-matrix given in Eq. (125).

1. Setup I (1= pa = pand p, = 3 = fo)

From the s-matrix as in Eq. (125), we can find ther-
mal and shot noise-like contributions to quantum noise
cross- and autocorrelations. The quantum noise correlation
S1, is defined in Eq. (76) for a spin-polarized system in
general. For this setup, the thermal noise-like contribu-

tions to quantum noise correlation between terminals 1 and
41is

sth=si" sl syt st (126)
4 3
A 3
> A viv
1« \ 4 AA
AV AA
viy " R
A i
Al
} S Vv
| N
vy AA "
Aia A vy
1 i 2
Constriction

FIG. 7. Four-terminal quantum spin Hall sample having, trivial
edge modes with a constriction. The black solid and dashed line
depicts the edge mode for a spin-up electron, and the red solid and
dashed line depicts the edge mode for a spin-down electron. Solid
lines are for the edge modes transmitting, and dashed lines are for
the edge modes reflecting via constriction.

0 0 —ire? JT—p 0

0 0 0 V(T = pei
A = p)e® 0 0 0

0 —ire” JT—p 0 0

0 —i/p te JT—p 0 ’

—i/p 0 0 0
0 0 0 —i/p
0 te® JT—p —i/p 0

[
S from Eq. (78) is
pan _ _2€° th t1
514 2_7 dE[T14 f4(1 _f4)+72t1 fl(l _fl)]y
(127)
Making use of integration [, dE fo(1 — f,,) = kgT for o =

1,2,3,4 and w, o > kg7, we have

2 2
sit = —%kg‘T(l £ R)(1 = p). (128)

Similarly, we can calculate other spin-polarized components
Moth  gdtth Lth
such as §;,", Sy, ", and S7;"". We get

SISt o s st am)
The thermal noise-like contributions S is thus
h 4¢?
Sth= ="k T (1 + R)X1 = p) (130)

The thermal noise-like contribution here comes as a result
of direct tunneling of electrons from terminal 1 to 4 and vice
versa.

To calculate shot noise-like contribution to quantum noise,
from, Eq. (72), the spin-polarized shot noise-like contribution
to the quantum noise S7, is

, 262
sppr =2 / dEY Y = -

v,8=L4 pp'=1,|

x Te(s70' 570 s s57). (131)
We have again considered the energy-dependent functions f,
and fj, to be fo, as was shown previously in Sec. I B.

After calculating the above correlation, we get

sl = st =0, (132)

han_ _2€ 2
SH==Sap( = p) [ dEGF = S0P (33)
Siyh= (=TSt (134)

Using [, dE(f — fo)* = eV coth[%] — 2kgT, we get the

total quantum noise correlation between terminals 1 and 4,
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FIG. 8. Quantum noise S}, in units of %kB‘T for Setup 1 as a
function of applied bias voltage (eV') in units of kg7 at o = 100kz7T"
and R = 0.5.

ST, =St + S to be

2 2
§9, = he (1 - p) +R)(2k37'+4p

Veoth | - kT
X CO — .
¢ kT B

Here, we can see that as a consequence of spin-flip scat-
tering, shot noise contribution is finite for noise correlation
S1,. Here, the spin-flipper responsible for spin-flip scattering,
along the edges, acts as a virtual constriction with reflection
and transmission probabilities p and 1 — p, respectively. The
shot noise vanishes if there is no spin-flipper, i.e., p =0 or
applied voltage bias is zero.

From, Eq. (135), the distinction between the topological
and trivial helical edge modes is shown in Fig. 8. For topologi-
cal helical edge modes (p = 0), the quantum noise is constant.
In contrast, quantum noise for trivial helical edge modes with
different spin-flip probabilities changes symmetrically with
respect to the applied voltage eV .

There are three different regimes, i.e., eV > kg7, eV K
kT, and eV = kg7 . For, eV > kg7, we get

(135)

—2¢%

h

St =- (1 —=p)A+R)2kgT + 4p(eV — 2kgT)).

(136)

In this regime, we can easily distinguish between the triv-
ial and topological helical edge modes, where shot noise
dominates over thermal noise, which has been highlighted in
Fig. (8). In the regime eV < kg7, we get

2
st = %2(1 —p)(1 + R)kgT . (137)
In this regime as well, we can see a difference in topologi-
cal and trivial helical edge modes via magnitude, where the
thermal noise dominates over shot noise. The quantum noise
in this regime is maximum for the transport via topological
helical edge modes, whereas it reduces for the transport via
trivial helical edge modes. This is a very important result; it
explains how the distinction can be made even if there is no
applied bias voltage across the setup.

5127
= eV
-20 -10 10 20
/6.'\
*0- — p=0.0
-1.5 p=0.4
— p=0.7
-2.0 — p=0.9
-2.5
-3.0"
-3.5"

FIG. 9. Behavior of quantum noise S7, in units of %kB‘T for
Setup 1 as a function of applied bias voltage (V') in units of kg7 at
wo = 100k 7 and R = 0.5. §%, gives, equally similar results too.

For, eV = kg7, we get

—2¢%

h

Here, in this regime as well, we can see the distinction
between topological and trivial helical edge modes via mag-
nitude.

Similarly, other quantum noise cross-correlations are cal-
culated using general definitions as in Egs. (61), (62), (71),
and (72). They are given as

(138)

§9, = (1 — p)(1 + R)2 + 0.64p)kyT.

g g 262
Sty =83 ===l =R)1 = p)
2T + pl eV coth | -V | — 2457 ) ). (139
X — .
BE TP\ Y O ST B

The shot noise appears due to spin-flip scattering. It will be
zero if either p is zero or applied voltage bias is zero. Equa-
tion (139) also distinguishes between topological and trivial
helical edge modes, shown in Fig. 9. Here as well, we can
distinguish between the topological and trivial helical edge
modes. The expressions for the quantum noise correlations
in these different regimes have been shown via a Table in
Sec. IV.

Similarly, we can calculate the quantum noise correlation
between terminals 1,3. We had already seen that the total
contribution to this correlation comes from shot noise-like
contribution only. The thermal noise-like contribution is zero.
So, in the trivial case, the actual contribution comes only from
shot noise-like contribution. The shot noise-like contribution
to S7; reduces the correlation for higher spin-flip scattering
and this is given as

q __ ¢osh __
Sl3_S13_

zezRT(l 2(ev coth | -2 | = 2ty 7
e - eVeoth| —— | — .
h P 2T B

(140)

Similar to S;’3, we see only the shot noise-like contribution
to S9, is finite, and it is equal to S{,. However, the quantum
noise correlation between terminals 2,3 is always thermal
noise like, i.e.,

2

—4e
Si = TkBT(l +R)(1 — p). (141)
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Since there is direct tunneling of electrons from terminal 2
to 3 and vice versa with probabilities ngT = T;zl ={1-p
and ngl = T3T2T = R(1 — p), the shot noise-like contribution
can also be calculated. Using Eq. (125), we can calculate
each spin-polar/ized component. The general spin-polarized

oo'sh . .
component 523 * 1S g1ven as

ao's -2 2
sy == [aEY Y G- - o

V.8 p.p'=11

x Tr(s30" 558" 3" s3.0). (142)
For the case o, 0’ =%, the summation only survives for y =
8 = 3, which makes the total quantity zero since f3 = fp.
Similarly, other spin-polarized components will also vanish,
which makes the total shot noise-like contribution S5 to be
zero. Now, we can see that the shot noise-like contribution
is zero for both topological (p = 0) and trivial helical edge
modes. In this situation, thermal noise can be used as a tool
to distinguish trivial from topological helical edge modes via
magnitude and this is possible due to the presence of finite
temperatures only, since at zero temperature S, vanishes
identically for both topological and trivial helical edge modes,
which will not help distinguish between these two helical edge
modes. It shows that the quantum noise correlation can still
distinguish the edge modes even if there is no applied voltage
bias across the system via thermal noise-like contribution.

The quantum noise autocorrelation in each terminal can
also be found, using the definition in Egs. (69), (70), (71),
and (72). The quantum noise autocorrelation in terminal 1 is
S1, = Si" 4 S3. Here, we provide the derivation for S7,.

For Setup 1, the thermal noise-like contribution in terminal
1is

" 26‘2 o
Sii = I / dE(4(1 = p)f(1 = 1)), (143)
0

where
Si = % OOOdEf(l - . (144)
Similarly, other spin-polarized contributions are
Sl = %ez fo TaEf( - P,
S = %ez /OoodEf(l - v (145)

4¢? [
S = /0 dEf(1 = f).

and the shot noise-like contribution is given as

o 26‘2 00
si=20 / dE(T(1 = p)(fo— )
0

+((1 = p*) = 2p(1 — p)R — (1 — p)*R*)f*?

— @2p(1 = p)T +2(1 — py*RT) f fo — (1 — p*T?f3).
(146)

Using above expressions, one can find quantum noise cor-
relation S7, . For Setup 1, the quantum noise correlation S}, in
the limit w, o > kg7 in terminal 1 (also other autocorrela-
tions) is

Slql = ng = 523 = 534 =

2 2
% <2(1 —p)2—pT* —RT)+T(1 —p)(1 —T(1 - p))

\% \%
2 4 @p(l = p)T +2(1 — pPRT) ————— | ks T~
kT kgT (eB7 — 1)
(147)

Here, we can see that all the quantum noise autocorrela-
tions are same in the limit u, o > kg7 . We had already
seen that for the topological helical case (p = 0), the quan-
tum noise autocorrelation changes symmetrically with the
applied voltage. In the helical case, both thermal and shot
noise are finite. This has been explained below Eq. (96).
Similarly, the autocorrelations for trivial helical edge modes
are a combination of both thermal and shot noise. They change
symmetrically for different values of spin-flip probability (p),
but they differ in magnitudes in different regimes, which
has been highlighted in Table IV. Herein the shot noise-like
contribution appears due to the spin flipper being a virtual con-
striction with spin-flip scattering probability p, which means
if we put p = 0, we will get the topological helical result as
shown in Eq. (105).

The quantum noise autocorrelation in terminal 1, which is
the same to the autocorrelations in other terminals in the limit
W, o > kg7 . Here, we can have three distinct regimes.

In the regime kg7 < eV, we get

2

St =84, =84, =51 = 4%1@7'(1 - D). (148)
In this regime thermal noise dominates over shot noise and is
maximum for transport due to topological helical edge modes
(p =0) and reduces for transport via trivial helical edge
modes (for different values of p). It shows that the thermal
noise comes to the rescue and helps in distinguishing trivial
and topological helical edge modes via magnitude when the
shot noise is zero. This is only possible at finite temperatures.
Similarly, in other regimes such as ¢V = kg7 and eV > kg7,
we can see the distinction via magnitudes, which has been
highlighted in Table I'V.

2. Setup 2 (p1 = p3 = pand jy = g = o)
For this setup, we see both quantum noise cross- and auto-

correlation can distinguish between trivial and topological
helical edge modes, and they are given as

q _ Q4
512_S34

_2¢?
, (=R —p)

v
x <2k37' n p(eV coth [2];4 - 2k37'>>,
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FIG. 10. Quantum noise S7, in units of %k,;‘?' for Setup 2 as a
function of applied bias voltage (eV') in units of k7™ at o = 100kz7T"
and R = 0.5. §%, gives similar results.

q _ Q4
Sl4_S23

—2¢?

=——1+R1-p)

ev
X <2kBT + p(eV coth [2k37:| — 2k37')>,

S =0,

q __ gsh
S24_S24

2¢" 4RT(1 — p)*( eV coth | X | — 2kyT
= - — — co — .
I pr\e s T B

(149)

We again have three regimes, i.e., eV > kg7, eV < kg7,
and eV = kg7 . For eV > kg7, we have

—2¢%
h

St =83, = (1 = R)(1 — p)2ksT + p(eV — 2kgT)).

(150)

In this regime, shot noise dominates over thermal noise and
the distinction between topological and trivial helical edge
modes can be easily made, which has been shown in Fig. 10.
For eV « kg7, we have
—4¢?
s, =81, = T(l — R)(1 — p)kgT". (151)
In this regime also, where thermal noise dominates over
shot noise, we can see the distinction between topological
(p = 0) and trivial helical edge modes (p # 0) by magnitude.
For eV = kg7, we have
2
—e
St, =81, = T(l —R)(1 —p)2+0.16p)ksT . (152)

In this regime as well, we can see a clear differ-
ence between topological and trivial helical edge modes by
magnitude. Equation (149) implies that the thermal noise-like
contribution to $%,, §7,, S7,, S%, are given as

th __ ¢oth __ _2_62 _ _ k
S =383 = W (I = R)(1 — p)2kgT,

b LR,

st =8 (153)

5147
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s
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FIG. 11. Quantum noise S}, in units of %kﬂ' for Setup 2 as
a function of applied bias voltage (eV) in units of kg7 for po =
100kz7 and R = 0.5. S%, gives similar results.

and the shot noise-like contributions are

sh sh 262
S12 = S34 = _7(1 —R)p(1 —p)

Vv
:| - ZkB‘T) ,

x | eV coth ¢
2kgT

AY AY (1 +R) N
Sty =S5 = mslg-

(154)

In Fig. 10, we see that for topological helical edge modes,
S1, is constant since it is contributed by thermal noise only.
In contrast, for trivial helical edge modes, i.e., for nonzero
spin-flip scattering values, it changes symmetrically with the
applied voltage (eV). It effectively distinguishes between
topological and trivial helical edge modes. Similar results are
obtained for other quantum noise cross-correlations such as
S1, and S3; shown in Fig. 11. Similar to the quantum noise
correlations Si’4 and S’fz of the Setup 1, here also we can see
the distinction between the topological and trivial helical edge
modes in three distinct regimes, which has been shown via
Tables in Sec. IV.

In Setup 2, the thermal noise-like contribution in terminal
1 is given as

2
h 2e

sh== [ dE@a-pra-p).  ass

The thermal noise-like contribution is same as that of setup
as this is independent of the setup as explained in Eq. (73).
The shot noise-like contribution is given as

2 00
Sit = /0 dE(2(1 = p)(fo = /) +2(1 = p)f*

—4p(1 = p)ffo— (1 = py*T* +2(1 — p)*RT
+ (1 = p(R* + D) fy). (156)
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FIG. 12. Behavior of autocorrelation quantum noise S{, = 7, =
S%, = S, in units of %kg‘l' for Setup 2 as a function of applied
voltage (eV) in units of kz7” with R = 0.5 and o = 100kz7 .

We can find the quantum noise autocorrelation using
Eqgs. (155) and (156) and in the limit w, o > kg7, this is
given as

Sll = 522 - ng = SZ4

eV Ap(l — pleV
(4(1 —pP+2p(1 — p)ﬁ %)kgr
kgT (ets™ — 1)

(157)

As we know in this setup for topological helical edge
modes (p = 0), the quantum noise autocorrelations are only
thermal noise like, see Eq. (111). Here, the shot noise appears
as a result of spin-flip scattering due to the spin flipper being a
virtual constriction, which means if either p = O oreV — 0, it
vanishes. We can see the quantum noise autocorrelations help
in distinguishing trivial from topological helical edge modes
as has been shown in Fig. 12.

The quantum noise autocorrelation in terminal 1, is same
as the autocorrelations in other terminals, in the limit u, (o >
kg7 . Here, we can have three distinct regimes.

In the regime kg7 < eV, we get

9 = 8%, = 4(1 — p)ksT. (158)

Here also, we see that thermal noise can help distinguish
trivial and topological helical edge modes via magnitudes in
the regime eV « kg7 . Similarly, in the regime eV > kg7,
shot noise dominates over thermal noise and the distinction
has been shown via Fig. 12 and highlighted in Table V. In the
regime eV = kg7 also we can see the distinction between the
topological (p = 0) and trivial (p # 0) helical edge modes by
magnitude.

3. Setup 3 (11 = 2 = pand p3 = pg = Ry)

In this setup, the difference between the topological and
trivial helical edge modes can be shown via quantum noise
cross-correlations: S7,, S7,, and S3;. The quantum noise cor-
relation between different terminals is given as

2 | _ B
7( —R)(1 - p)

ev
2kgT + 4 Vcoth | —— | — 2kg7 | |,
X( s +”[e € [zm} BD

9 —_
S12_

S14
I eV
-20 -10 10 20
A

— p=0.0

-4 p=0.4
— p=0.7

-6 — p=0.9

-8 [

-10

FIG. 13. Quantum noise S7, = S%; in units of %kB‘T for Setup
3 as a function of applied voltage bias (¢V') in units of kg7 at o =
100kz7 and R = 0.5.

5?4 :Sgs
262
= - 7(1 +R)(1—p)

ev
2kgT V coth —2kgT | ),
X( 5 +”[e € [21@7} s D
2

e
S1, = —7(1 — R)(1 — p)kpT,

q _ Q4 _ ¢sh _ ¢sh
S13_S4_S3_S24

__21 ZRY(] — pY? v_|_
= R(1 —R)(1 —p) (choth[ kBTi| 2k3‘7').

(159)

Here, thermal noise-like contributions are independent of
setups and same as that of other setups. The shot noise-like
contribution comes due to spin-flip scattering meaning if ei-
ther p or eV are zero, it vanishes. In this setup, we can have
three regimes, i.e., eV > kg7, eV K kg7, and eV = kg7 .
For eV > kg7, we have

—2¢?

St = —— (1 =R)(1 = p)(2ksT +4p(eV — 2ksT)).

(160)

In this regime, shot noise dominates over thermal noise and
the distinction between topological and trivial helical edge
modes can be easily made, which has been shown in Fig. 13.
For eV <« kg7, we have

2

e
St = T(l —R)(1 — pkgT, (161)
In this regime also, where thermal noise dominates over
shot noise, we can see the distinction between topological
(p = 0) and trivial helical edge modes (p # 0) by magnitude.
For eV = kg7, we have
2

% = = (1 = R)(1 — p)2 + 0.64p)ksT".

(162)

In this regime as well, we can see a clear difference
between topological and trivial helical edge modes by mag-
nitude. Similarly, we can see the distinction between these
two helical edge modes via other cross-correlations such as

q o4
St 53
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Equation (159) implies that the thermal noise-like contri-
butions to §7,, S,, $%,, S7,, 3, are given as

62
= =R = p)2ksT,

S12 =
(1 + R) (163)
and the shot noise-like contributions are

) ev

Sih = — (1 —R)p(1 — p)(eV coth [ } - 2kB7'>,
2kgT

s 5 (I+R)

St =85 = msﬁ (164)

In this setup as well, the quantum noise autocorrelations
can also be derived. In this setup, S‘fl and ng are same, while
S, and S, are also same, which can be found by interchang-
ing p and 10 in S7,.

Sl =85,=85="5i,= <2<1 —-pQ2—p—R+U-=pRH+(-pp+R-( —p)Rz)—

L@pR( — p) 4+ 2RT(1 — pP +2p(1 — p))L>k3'r.
kgT (e&™ — 1)

Similar to Setup 1, we can see that all the quantum noise
autocorrelations are same in the limit w, o > kg7 . We had
already seen that for the topological helical case (p = 0), the
quantum noise autocorrelation changes symmetrically with
the applied voltage. In this case, both thermal and shot noise
appear. This has been explained below Eq. (117). Similarly,
the autocorrelations for trivial helical edge modes change
symmetrically for different values of spin-flip probability (p),
but they differ in magnitudes in different regimes, which has
been highlighted in Table VI. The extra shot noise contri-
bution appears as a result of spin-flip scattering p, which
means at p = 0 we will get the topological helical result as
in Eq. (119). Similar to Setup 1, the quantum noise autocor-
relations change symmetrically with applied voltage eV for
both the topological (p = 0) and trivial (p # 0) helical edge
modes, which does not distinguish these two helical edge
modes via behavior but they distinguish via magnitude as
shown in Table VI in different regimes.

In Setup 3, we observe that the topological and trivial
helical edge modes are distinguished via the quantum noise
correlations S7,, $7,, S3, as shown in Figs. 13 and 14. Like
Setup 2, we do not see any instance where the quantum
noise auto-correlation can discriminate between topological
and trivial helical edge states.

IV. ANALYSIS

This section analyses all the possible cross- and auto-
quantum noise correlations for different setups via Tables in
the regimes eV > kg7, eV = kg7, and eV <K kg7 .

The thermal noise-like contributions in terminal 1 in Setup
3is

2 00
Si’1=522—% fo dEA(L=p)f(1=f). (165

and the shot noise-like contribution is

o 28 [ 2
sti=" [ ae(@+ 01 == 1+ Ca =)

—2p(1 = p)T — T*(1 — p)*)f* — 2pR(1 — p)
+2RT (1 — p)* +2p(1 — p))f fo

— (R* + 1)(1 = p’*f3). (166)

The total quantum noise correlation S7, can be found out
using Egs. (165) and (166) and is given as

kT

(167)

(

In Table I, we have summarized the behavior of all the pos-
sible cross- and auto-correlations as a function of the voltage
bias (eV = u — ) for Setup 1 with the condition p; = g =
w and wy = w3 = po. We observe that the quantum noise
cross-correlations behave very similarly in the presence of
chiral and helical edge modes except S3,, shown in Fig. 3.
For chiral edge modes, it is zero. In contrast, in the presence
of topological helical edge modes transport contribution is
finite, which gives nonvanishing quantum noise correlation
S84,. Similarly, for Setup 1, we see the distinction between
trivial helical and topological helical edge modes via quantum
noise correlation such as S7,,87,,%,, which are all con-
stant for topological helical edge modes, while change while

S12
20 10 0 10 20 ev
- -
N
-2
r — p=0.0
-4 p=0.4
-6 — p=0.7
— p=0.9
-8
-10

-12

FIG. 14. Quantum noise S7, in units of %kg‘l' for Setup 3 as a
function of applied voltage bias (¢V) in units of kg7 at no = 100kz7T"
and R = 0.5.

115301-19



SACHIRAJ MISHRA AND COLIN BENJAMIN PHYSICAL REVIEW B 108, 115301 (2023)

TABLE I. Nature of quantum noise cross- and autocorrelation as a function of voltage bias for Setup 1.

Edge modes St =84, St Si, sS4, =S4,
Chiral Constant [Eq. (28)] Constant [Eq. (27)] Zero [Eq. (30), Constant [Eq. (44),
Fig. 3(a)] Fig. 6(a)]
Helical (topological) Constant [Eq. (83), Fig. 9] Constant [Eq. (82), Fig. 8] Symmetric [Eq. (92), Symmetric [Eq. (106),
Fig. 3(a)] Fig. 6(a)]
Helical (trivial) Symmetric [Eq. (139), Fig. 9]  Symmetric [Eq. (136), Fig. 8] = Symmetric [Eq. (140)]  Symmetric [Eq. (147)]

TABLE II. Nature of quantum noise cross- and autocorrelation as a function of voltage bias for Setup 2.

Edge modes Sh =S4 Sty =53 S Siy =83, =83 = Si,

Chiral Constant [Eq. (46)] Constant [Eq. (45)] Zero [Eq. (47), Fig. 3(b)] Constant [Eq. (48)]

Helical (topological)  Constant [Eq. (108),  Constant [Eq. (107), Fig. 11] Symmetric [Eq. (110), Constant [Eq. (111), Fig. 12]
Fig. 10] Fig. 3(b)]

Helical (trivial) Symmetric [Eq. (149), Symmetric [Eq. (149), Symmetric [Eq. (149)] Symmetric [Eq. (157),
Fig. 10] Fig. 11] Fig. 12]

TABLE III. Nature of quantum noise cross- and autocorrelation as a function of voltage bias for Setup 3.

Edge modes St Sl =54, S, sS4, =51,

Chiral Constant [Eq. (54)] Constant [Eq. (54)] Zero [Eq. (54), Fig. 3(a)] Constant [Eq. (55), Fig. 6(a)]

Helical (topological)  Constant [Eq. (116),  Constant [Eq. (116), Fig. 13] Symmetric [Eq. (116), Symmetric [Eq. (119),
Fig. 14] Fig. 3(a)] Fig. 6(a)]

Helical (trivial) Symmetric [Eq. (159), Symmetric [Eq. (159), Symmetric [Eq. (159)] Symmetric [Eq. (167)]
Fig. 14] Fig. 13]
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being symmetric with respect to the sign of voltage bias (eV') & o~
for trivial helical edge modes. It is shown in Figs. 8 and :C/ N E l
9. Similarly, we have also looked into auto-correlations and S| FF ~ 3 ~
summarized them in Table I. Chiral is distinguished from N <
topological helical edge mode transport via the quantum noise - E ‘g
auto-correlations S%, and S7, as in Fig. 6(a). We have analyzed 3SR RE =
the results via magnitudes in the regimes such as eV > kg7, rﬁ i ;%: ;%Q E: |
eV = kg7, and eV < kg7 in Table IV. SN = =
Similarly, quantum noise cross- and autocorrelations for c|<
Setup 2 with the condition p; = 3 = p and py = g = o Y Bm ‘|2~
are summarized in Table II. We did not observe any examples 5w 2% x
of chiral and topological helical edge modes distinguished NERS SEIS +
via quantum noise cross-correlation in this setup. Similar to 3 Jr * %
Setup 1, most of the examples clearly distinguish between the ) e |
helical edge modes, trivial and topological, via the quantum ‘7&:: ~ =
noise cross-correlations S7,, S7,, S, 87, as shown in Figs. 10 2z :5 g g g b
and 11. Here, autocorrelations do not discriminate between 9 ;/ N N N C_T_
chiral and topological helical edge modes. However, they = ® o
distinguish between topological and trivial helical edge g - 5 o5 %
modes, which can be seen in Fig. 12. The autocorrelations are e Sl e E T“ § |
constant due to topological helical edge modes and change g ¢ i N = o 5 z
symmetrically with respect to the change in sign of voltage 3 © < ' +
bias for trivial helical. We have also analyzed the results via El e Qf
magnitudes in the regimes such as eV > kg7, eV = kg7 E,) Em Bm EE; )
and eV < kg7 in Table V. g NER ! ° (\Il
For the third setup with the condition | = > = u and oy SN >' E > =
Uy = 3 = Wo, the results are summarized in Table III. The é‘ v = Y I
distinction between chiral and topological helical is not seen t%: ~ S
for the cross-correlations of quantum noise. However, it is B Ll TI/
seen between topological and trivial helical edge modes g Z tizr“* ?“* E‘“ S
for the quantum noise correlations S7,, S{,, S3; as shown in % © 9
Figs. 13 and 14. Similar to Setup 1, the quantum noise auto- g B e s
correlations S%, and S}, clearly distinguish between the chiral 8 R I N
and topological helical edge modes as shown in Fig. 6(a). ] R T3 < E + ;‘i
Herein too we have analyzed the results via magnitudes in g o 3 & % i«“
the regimes such as eV > kg7, eV = kg7 and eV K kg7 in % “ ~ (3'5
Table VI. £ l> AN IQ~
2 S8 gs = Bﬂa S —
B Alsese 80T
A. Question of finite-frequency quantum noise correlations ; =7 7 = @ e
In the previous sections, we have concentrated only on é Lk :
zero-frequency quantum noise correlations. However, one ] o O O =
may take finite frequency too. In that case, as we show below, _ M |
quantum noise successfully distinguishes between different ; : “q q 5 -
edge modes at finite temperatures. The calculation of quantum = N _ (;t
noise correlations can be extended to finite frequency as well & Bl o T* = =
by using the general expression given in Eq. (7) for chiral edge Sl =& T‘
modes, and in Eq. (59) for both topological helical and trivial o i t‘. h‘ E & =)
helical edge modes. In our setups, we do not have energy @ s +
dependence in the s-matrix. The only frequency dependence = °|‘
comes from the Fermi-Dirac distribution. First, we will ex- E@; a
plain the effect of finite frequency for Setup 1 (see Figs. 1 E Kk 25 (\'l
and 2) in the case of both chiral and topological helical edge A § § T‘ >' =
modes, where ©; = g and p, = 3. Next, we will discuss |0 X |
the distinction between topological and trivial helical. T hi -
In Setup 1, see Fig. 6(a), chiral and topological helical <
edge modes can be easily distinguished via the quantum noise 8 f“; lL
autocorrelation S5, at w = 0. For chiral, the shot noise-like g g RN :j
contribution vanishes but for the topological helical case, both 2 T‘;‘ 28 8 g 8
. . S| .8 8 & B°E =
thermal as well as shot noise contribute. RIS =S B
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S, S,9
22 £32
— w=0 14 \8—/
— w=2kgT A 12 :
_ w=4ksT/h 10 /
—_ 6_
8 m\ﬁ\4/
6 — w=4kBT/
4
2 2
10 -5 0 5 1¢#V_io s 0 5 ¢V
(a) (b)

FIG. 15. (a) Quantum noise correlation S5, for chiral edge modes. (b) Quantum noise autocorrelation S%, in units of %kB‘T vs the voltage
bias eV in units of kg7 with R = 0.5 and o = 100kg7 at zero frequency as well as finite frequencies in Setups 1 and 3.

The quantum noise correlation given in Eq. (7) are at finite
frequency. Now, the quantum noise autocorrelation S3, can be
written for chiral case as

2 2
4 () = % 3 / dE[A,5(2;E. E + ho)
Y,

X As, (2 E + lw, E)(f, (E)[1 — f5(E + hiw)]
+[1 = f (E)Ifs(E + hw)), (168)
Ays(2E, E + ho) = 83,835 — 53, (E)sps(E + o).

The s-matrix elements are energy independent, thus S3,
reduces to

where

2 2
Sty =23 / dE[Ays (A5, (2)
y,8

x (fy (E)[1 — f3(E + hw)]
+[1 = f (E)Ifs(E + hw)). (169)
Using the s-matrix for the chiral case as given in Eq. (12),

we get

q 42 (>
Sp = 7/0 dE(fo(E)(1 — fo(E + hw))

+ (I = fo)fo(E + hw)), (170)
where
1
fE) = ——s folE + i) = ——i.
l_i_ek,;’i’ ]+e kgT
At w = 0, Eq. (170) becomes
882 [e'e]
S5, = 7/ dE fo(1 — fo), (I71)
0

J

2

5% T

which is same as Eq. (42) for chiral edge mode transport in
Setup 1.

Equation (170) gives us the effect of finite frequency as
seen in Fig. 15. For w = 0, we recover the zero-frequency
autocorrelation, which is only thermal noise like for chiral
case, as also shown in Fig. 15(a); it is constant with respect to
the applied voltage eV . At finite frequencies also, it is constant
with a different magnitude and with only thermal noise-like
contribution, see Eq. (171).

Similarly, we can analyze the quantum noise correlation
at finite temperature as well as finite frequency in the case
of topological helical edge modes in Setup 1 using Eq. (59)
and the s-matrix given in Eq. (74). The general expression for
quantum noise autocorrelation S%, is

q _ oo'q
S22 - S22 ’

o,0'=1/}

(172)

where

, 2 , ,
o0 =% 3 Z/dETr[A;’g’ (2,0)A77(2,0)]

pp'=11 7.8
X (fy (E)[1 — fs(E + how)]
+[1 = £y (E + ho)lf5(E)), (173)

with A2%(2,0) = 82820505, — 537"s5¢ . For the helical
case, we do not have energy dependence in s-matrix ele-
ments, so the only frequency dependence in S7, comes from
the Fermi-Dirac distribution. Taking care of all the spin-
polarized components, the quantum noise autocorrelation S3,
for nonzero frequencies is given as

fo dEQfo(E)(1 = fo(E + hiw)) + (1 = fo(ENfO(E + fiw)) + T*(F(EX(1 — f(E + fw))

+ f(E + ho)(1 = fFEDRT (fo(E)(A = f(E 4 hw)) + (1 = fo(E))f(E + hw) + f(E)(1 — fo(E + hw))

+ fo(E + iw)(1 = F(E))) + R*(fo(E)(1 = fo(E + hw)) + fo(E + fiw)(1 — fo(E)))).

For w = 0, we get back Eq. (106) for the topological he-
lical case. The behavior is shown in the plot Fig. 17(b). We

(174)

(

can see that for finite frequencies also the quantum noise
autocorrelation S7, changes with applied bias voltage eV.
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N sq
10,22 10,22
— w=0 — w=0
—w=2kgT 1h 8} —w=2kg7 /h 8
— w=4kg7 |h w=4kg7 |h 6/
: ‘E*‘\\\\\\\\\\\\\\‘~—_———1t
2.
-10 -5 0 5 T, i T 0 5 eV
(a) (b)

FIG. 16. (a) Quantum noise correlation S5, for topological helical edge modes. (b) Quantum noise autocorrelation S5, in units of %klﬂ'
vs the voltage bias eV in units of kg7 with R = 0.5, p = 0.5 and o = 100kp7 at zero frequency as well as finite frequencies in Setup 2.

We see there is a clear difference between chiral and topo-
logical helical edge modes at zero frequency as well as at
finite frequencies. The ability for quantum noise to distinguish
between chiral and topological at zero frequency and finite
temperature is retained at finite frequencies and finite temper-
atures too.

Now, to distinguish trivial helical from topological helical,
we look at S, in Setup 2, because in Setup 1, S7, is unable
to distinguish between trivial and topological helical edge
modes, because in Setup 1 ng consists of both thermal noise
as well as shot noise-like contributions for both trivial and
topological helical edge modes, which makes the distinction
between them impossible. To calculate S%, for trivial helical,
we use Eq. (173) and the s-matrix given in Eq. (125). Taking
care of all the spin-polarized components, we get S5, to be

2 [e'e)
55, = % / dEQ(1 — p)*(f(E)(1 — f(E + hw))
0

+ (1 = f(E)f(E + hw)) +2(1 — p)
x p(fo(E)(1 — f(E 4 hw))

+ f(E + ho)(1 = fo(E) +2(1 + (1 — p)*)
x (fo(E)(1 — fo(E + hw))

+ fo(E + ho)(1 — fo(E)))

+2(1 = p)p(f(EX1 = fo(E + hw))

+ fo(E + hw)(1 — f(E)))). 175)

At zero frequency in Eq. (175), in case of topological
helical edge modes (p = 0), we get back Eq. (111), and for
trivial helical edge modes, we get back Eq. (157) for Setup
2. One can distinguish between trivial and topological helical
edge modes as shown in Fig. 16. In Figs. 16(a) and 16(b),
we have plotted the quantum noise autocorrelation S35, for
topological (a) and trivial helical edge modes (b) in Setup 2
with u; = s and uy = p4. At zero frequency, for topological
helical edge mode, S%, is constant as a function of applied
voltage bias (eV'), but for trivial helical edge mode it changes
symmetrically, which distinguishes trivial from topological
helical edge modes at zero frequency. Similarly, at finite fre-
quencies too, the autocorrelation S%, for topological helical
is constant, whereas for trivial helical it changes with applied
voltage bias symmetrically. Therefore, we conclude that in the

presence of finite frequencies also one can see the distinction
between different edge modes of quantum transport.

V. EXPERIMENTAL REALIZATIONS AND CONCLUSIONS

First, we will look at how to distinguish between thermal
and shot noise experimentally in our setups, by looking at a
simple two-terminal setup. The general expression for both
quantum noise autocorrelation and cross-correlation in the
case of a two-terminal quantum Hall sample in the presence
of a constriction as shown in Fig. 17 is

5?1 =ng = _5(1]2 = _531
2¢?
= 2 T Ak T

]l B
4 vVl 2keT

+ Z0eviT( = T coth | 22— | = 2222,
3 2T | eV

(176)

with 7 = the transmission probability of the constriction, V
= the voltage bias applied between terminals 1 and 2. 7 is
Temperature of the setup, and e is the electronic charge.

The derivation of Eq. (176) is shown in Appendix A 1 us-
ing wavepacket approach and Appendix A 2 using Buttiker’s
approach. The first term in Eq. (176), which is proportional to
kT is thermal noise-like contribution (S74). The second term
is the shot noise-like contribution (S{4), which is proportional
to both the applied voltage |eV| and T (1 — T') and arises due
to the quantum nature of charge particles. We can distinguish

-
—

FIG. 17. Two-terminal quantum Hall setup with chiral edge
modes with one constriction. Blue solid lines are for the edge modes
transmitting and red solid lines are for the edge modes reflecting via
constriction.

v
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the thermal noise and shot noise experimentally in the follow-
ing way.

(1) Having a finite temperature is a necessary and suffi-
cient condition to see thermal noise. So, it will be significant if
the applied voltage bias goes to zero or in the limit eV < kg7 .
The shot noise-like contribution (ng) according to Eq. (176)

1S
4¢? 1% kT
st = _%wm] - T)(coth[ ¢ } -8 )

2kgT eV
177)
In the regime eV < kg7, coth[zlf:,r] = 2’;‘{7, which gives
St = 0. (178)
Thus, the total quantum noise is given as
8e?
St =S = ——TkgT. (179)

h

(2) Experimentally, we can distinguish the shot noise in
the regime eV > kg7 or at zero kelvin. At zero temperature,
the thermal noise-like contribution S} vanishes, and there will
be only a shot noise-like contribution. At 7~ — 0, the shot
noise contribution (S{’z') becomes

o 4e?
Sy = —7|eV|T(1 —T7). (180)

To conclude, this paper has made an essential contribu-
tion to distinguishing between topological and trivial helical
edge modes. By analyzing the finite-temperature quantum
noise cross-correlation and autocorrelation, we have been able
to distinguish between different edge modes, such as chi-
ral, topological, and trivial helical edge modes. The results,
presented in Tables I-VI provide valuable insights into the
behavior of these edge modes under different conditions and
demonstrate the usefulness of noise correlations in distin-
guishing between topological and trivial helical edge modes.
Our study has considered finite temperatures and a diversity
of setups, which are critical factors in experimental studies.
The findings of our study have important implications for
future research and may help guide the development of new
experimental techniques.

This paper provides a significant result, which is of ex-
perimental relevance since we have taken care of finite
temperatures. This study can be further extended to systems
with a temperature gradient instead of a voltage gradient,
so-called Ay noise, where the average current in the system
is zero. This field is exciting and the experimental work [21]
has shown the A7 noise in a two-terminal ballistic sample.
This A7 noise has been studied theoretically in [22,23] in
the context of fractional quantum Hall systems. By studying
the A7 noise, one can also have a more in-depth study of the
nature of edge modes as well, which is one of our future aims.
The nature of edge modes can still be studied in the presence
of both temperature gradient as well as voltage gradient by
imposing the average current to be zero. We also plan to
extend our study to thermoelectric properties, which would
also be an exciting area of research that could shed further
light on the nature of topological and trivial edge modes.
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APPENDIX A: HISTORICAL PERSPECTIVE
ON QUANTUM NOISE

In Appendix A, we have given a historical perspective
regarding the calculation of quantum noise correlations via
the wavepacket approach in Appendix A1 and directly by
Buttiker’s approach using Eq. (8) in Appendix A2 using
a two-terminal QH sample and showed the inconsistency
in using Buttiker’s result, while calculating quantum noise
cross-correlation. Although the thermal noise-like contribu-
tions were similar to that of the wavepacket approach, but
shot noise-like correlations were not matching with that of the
wavepacket approach, which has been resolved by introducing
two energy-dependent functions f, and f,. Next, we derived
thermal noise like contribution in Appendix B 1 as well as
shot noise-like contributions in Appendix B 2 for chiral edge
mode transport in a multiterminal QH sample. Similarly, the
derivations for both thermal noise-like and shot noise-like
contributions for helical edge mode transport are given in
Appendixes C 1 and C2 for a multiterminal QSH sample. In
the main text, we have used these expressions to distinguish
different modes of transport such as chiral, helical, and trivial
edge modes.

Here, we give a historical perspective on the need for two
energy-dependent functions f, and f}, in a more detailed way
via an example. Consider a QH setup with two reservoirs with
Fermi-Dirac distributions f; and f, with chemical potentials
@1 and po respectively at finite temperature 7 as shown in
Fig. 17. Suppose, we apply a voltage bias across the conduc-
tor, i.e., ] — up = eV. Inside the setup, there is a scatterer,
with an s-matrix given by

S_rt
“\t r)

where r and ¢ are the reflection and transmission amplitude
of the scatterer, and R = |r|?, T = |¢t|* are the reflection and
transmission probabilities of the scatterer, respectively. In
the following subsections, we will derive the quantum noise
cross-correlation S7, or 3, via two approaches, one is by
wavepacket approach as given in [16—18] and the other us-
ing the formulas derived above using the approach used in
[15,19].

(AD)

1. Wavepacket approach or Martin and Landaeur’s
approach [16-18]

Here, we derive the two-terminal quantum noise in a chi-
ral quantum Hall setup using the wavepacket approach. The
current-current correlation between any terminal o and 8 is
given as

Sap(t) = i/dl‘/(AIa(l‘/)AIﬁ([ +1)),

T (A2)

115301-25



SACHIRAJ MISHRA AND COLIN BENJAMIN

PHYSICAL REVIEW B 108, 115301 (2023)

where Al (t') is the deviation of current from its average,
ie., Al,(t") =1,(t") — (I,(¢')) where T is the time period.
The noise power (quantum noise) can be found by taking the
Fourier transform of current /(¢"). The noise power is given as
o1
Si(@)= lim =(|AL()P), (A3)
Tooo T

where (|AI(w)?|) = (I;(w)?) — (I;(w))?. According to the
wavepacket approach, the current in terminal 1 through a
sample is given as

L) =) jult = nT)gy. (A4)

Here, the current is seen as a superposition of successive
wavepackets, with j,(t —nt) being the current associated
with nth wavepacket, and 7 is the difference in time between
two successive wavepackets. These wavepackets, which rep-
resent the electrons, are separated in time and can in principle
overlap in space. Considering the energy states in the en-
ergy interval [E — AE /2] and [E + AE /2] means within the
small energy range AE, which is very small, v becomes
h/AE, which can ensure that the successive wavepackets
can be orthogonal to each other. The wavepackets can be
viewed as pulses, with g, as an occupation factor associated
with the particular pulse as shown in Fig. 2 of [16]. It will
take the value +1 if the electron travels from the left terminal
to the right terminal of the sample, —1 if the electron travels
in the opposite direction, and O if no electron is transmitted at
all. Now, using the Fourier component of current to be

L(@) =) gnj(@)™". (AS)

For an electric charge, (|I;(w)|?) is given as

(Ih(@)*) = f dtlh(@) =€) (gngn)e" "™, (A6)
0

m,n

o0
/tm@f=&
0

Now, since the mth and nth wavepacket do not overlap and
are orthogonal to each other, then only the term m = n will
survive to the summation. So, the above equation becomes

(@) =e) " (g). (A8)

Similarly, the square of the average of |(I}(w))|> =
e? Y (gn)? So |AL(w)|? is give as

(IAL())?) = (h(0)*) = (IL(w)])?
=) (&) — ().

All pulses contribute to the noise in the same fashion, so the
summation over n in Eq. (A9) is T /7. Considering states in
the wavepacket with energy states within the energy interval
AFE and choosing T = /i/AE and w = 0, Eq. (A9) becomes

T AE
ah

where

(AT)

(A9)

(IAL (@) = (g% — (8. (A10)

Here, we dropped the index n and used g, = g for any n.
The quantum noise autocorrelation using Eq. (A3) at w = 0 is

4AEe?
- () - (9.

Now, doing the summation over all energy intervals, we
get the quantum noise autocorrelation in terminal 1 at zero
frequency to be

Si(w=0) =

(Al1)

2
Si(w=0) = 4% / dE((g%) — (8)*)- (A12)

In Eq. (A12), the extra factor of 2 has been taken to take
care of spin degeneracy. We calculate (g%) — (g)? as follows.
The reservoirs have the occupation probabilities, given by
Fermi-Dirac distributions f; and f>. Below, we describe all
possibilities by considering the trajectories of two electrons
from terminal 1 and terminal 2.

(1) When an electron transmits from the left terminal to
the right terminal, the probability P; (weight factor) is f1(1 —
f>)T. Here, we can understand this process in the following
way. The electron incident from the left with probability f;
then transmits via the barrier with probability 7 and then is
incident onto the right terminal of an unoccupied electron state
with probability (1 — f,). We can thus find the total probabil-
ity for this process. The g value is +1, since the electron has,
transmitted from terminal 1 to terminal 2.

(2) The probability P, (weight factor) for an electron to
transmit from terminal 2 to 1 is given as f,(1 — f;)T and the
value of g recorded is —1.

(3) The probability (weight factor) for the electron to re-
flect terminal 1 after it is incident from terminal 1 is fj(1 —
f2)(1 — T). Here, after the reflection the electron is incident
on the unoccupied state with probability (1 — f>). This situ-
ation is quite similar to the situation (1) but with reflection.
Here, no current results with the pulse g = 0.

(4) The probability (weight factor) for the electron to
reflect to terminal 2 after it is incident from terminal 2 is
f(1 — fi)(1 —T), where again no current results with the
pulse g = 0.

(g) is the average value of the pulse. Now, the deviation of
g value from its average (g) in each of the above trajectory are
given as

M1-(g) @—1-(g) B)—(g) @) —(g).

Now, the expression (g?) — (g)? is found by squaring the
above deviations and multiplying by its weight factor. This
can be written as

(&) — (@ =0 — ()P + 1+ ()P

+(9)*(1 — P, — Py). (A13)
Equation (A13) is rewritten as
(&) — (8> =P +P,—2(5)(PL —P)+(g)>. (Ald)

The average net pulse (g) can be written as P| — P». Using
(g) in Eq. (A14), we get

(&) — (8> =P+ P — (P — P (A15)
Substituting the value of P; and P>, we get
(&) — (@ =A0 = T + fr(1 — )T
+T(1=T)(fi — f) (A16)
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So, according to the wavepacket approach, the quantum
noise correlation is given as

q _
Sll_

2 00
- /O dE(T fi(1 = i)+ T (1 = f2)

+T(1=T)fi — f)?). (A17)

According to the current conservation, we require Al} =
—AD, which gives rise to ((Al} )2) = —(ALAL). Then the
quantum noise cross-correlation S7, is given as

4 4¢r [
512:—7/0 dET il — f))+ThHA - f)

+ T =T)fi — L)) (A18)

This is the appropriate form for the quantum noise cross-
correlation between terminals 1 and 2. The first two terms
are thermal noise-like contribution, which deals with the di-
rect tunneling of electrons from one terminal to another, and
always thermal noise like. The second term is transport con-
tribution, which is a nonequilibrium phenomenon. Now, the
integrals involving the Fermi function can be written as

g 1
/ dEf( - f) = kT (1 - — ),
0 1+ eks”

o 1
/ dEf(1— f) = keT (1 - — ).
0 1+ efsr

o0
|
/ dE(fl—f2)2=kB7~|:—2+—ul
0 1+ efs”
1 —
+—ul+coth<u MO)
1+ eks” ksT"

X (log [1 + ek%] — log [1 + e";zf])i|

(A19)
For w1, no > kg7,
/ dEfi(1 = fi) =/ dEf,(1 — fo) = kT,
0 0
/0 dE(fi — foY* = (u1 — pa) coth [% _ sz(r}.
(A20)

We get the final quantum noise cross-correlation to be

8e? 42

e ev
§0 = 27T — Z2RT( eV coth 2T ),
A h (e «© [szfr] B )

(A21)

where @) — pup = eV. At zero temperature and for |eV| =
0, quantum noise vanishes, which can be confirmed by
Eq. (A21). The first term in Eq. (A21) is the thermal noise-like
contribution, whereas the second term is a shot noise-like
contribution.

2. Buttiker’s approach [15,19]

In a two-terminal QH setup, current conservation demands
Al = — AL, where Al is fluctuation in the current from its
average value, i.e., Al; =1; — (I;) for i = 1,2. We can also
find quantum noise cross-correlation (S%,) for a two-terminal
QH setup with chiral edge modes directly using Eq. (8), which
is Buttiker’s approach. According to Eq. (8), S, is given as

2¢?
Sh=="- 2 / dE[Ay5(1)As, (2)]
y.8=12
x (fy(E)[1 = fs(E)] + [1 = [, (ED]f5(E)),
where A, (i) = 8;),8;5 — siTys,-a for i = 1, 2. Using the s-matrix
given in Eq. (A1), we get 7, as

(A22)

” 4¢2 [
% =_7/0 dE(Tfi(1 = fO)+Tfa(1 - f2)

+ T =T)(fi + /). (A23)

The first two terms are thermal noise-like contributions,
which is same as that of Eq. (A18), but the third term, which is
expected to be shot noise like is not same as that of Eq. (A18).
Further, doing the integration in the limit w, wy > kg7 for
shot noise-like contribution, we get

4e? ev
——RT M1 + 3/1,2—2 —w | — ZkBT .
(e — 1)

Ssh —
12 h
(A24)

As we can see, this expression is not the same as that in
Eq. (A21). Secondly at eV =0, i.e., u; = uy, we get

4 2
S = —%RMM.

(A25)

From Eq. (A25), we see that for eV = 0, the shot noise-
like contribution S{}Z’ is nonzero as /4, is nonzero in the limit
Wi, o > kg7, which contradicts the results obtained from
the wavepacket approach in Eq. (A21) and this is an unphys-
ical result, since for zero applied bias voltage there will be
no current. Therefore the shot noise should vanish in such
a situation. This problem can be resolved in the following
way. We first decompose the quantum noise expression S7 5
into thermal noise-like and shot noise-like contributions and
further modify shot noise-like contribution as done in [15,19]
to match with that of the wavepacket approach.

If both the terminals are at the same chemical potential
means the same Fermi-Dirac distribution f;, then Eq. (A22)
becomes

4 2
Sizz:%/dE A =F) D7 145(DAs ()]

y.8=1.2
(A26)
Now
> TrlA,s(1)As, ()]
y,6=1,2
= Z Tr(1181,, 81582, 825 —52)/5258;{),815
)
— 51),5]58;852}, + SLS]@SE(SSQ},). (A27)
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Doing the summation over y and § and using unitarity of
s-matrix ) sgﬁs(gy = Igdp,, we get

D TrlAys(1)Asy (2)] = Trl—s],s12 — 83,5211,
y.,8

= -1 — Ty, (A28)

T,p is the transmission probability for an electron to scatter
from terminal 8 to terminal « for «, 8 = 1, 2. So, the ther-
mal noise-like contribution when all the terminals have same
Fermi-Dirac distribution is

" —4e2 [
Si> = h / dE fi(1 — fO)lTi2 + Tl (A29)
0
Since terminals 1 and 2 are maintained at different chemical
potentials, i.e., fi and f, respectively, then the thermal noise-

like contribution in this case is

—4 2 00
Sh=—3" [ dEUG - )T+ AG = T
0
(A30)

As we know Ty, = T = T and after the integration in the
limit e, up > kg7, we get

—8¢?
St = =% ThyT

Y (A31)

Here, we recover the correct thermal noise-like contribution
(S’l’ﬁ) to S7,, which is the same as both wavepacket approach
as in Eq. (A21).

For shot noise-like contribution $3%, we have to subtract
thermal noise-like contribution S14 as given in Eq. (A30) from
the quantum noise cross-correlation S, as given in Eq. (A22),
ie., S = 87, — S1h. Using the relation

SOHL D] TrlAys(DAs, ()]

5=1,2 y=12

= Z fy
y=1,2

> TrlA,s(DAs, ] | = =Tinfo — Tunfu
§=1,2
(A32)

gives the shot noise-like contribution to be

62
S = —4— / dE Y f, f5Te(s] s1ss)ys2,).  (A33)
y.86=1,2

Summing over y and §, we get

2
St = -4 / dERT (fi + fo)". (A34)
As we can see the shot noise-like expression is same as that of
in Eq. (A23) and we have already discussed its disadvantage,
i.e., at zero applied voltage bias it does not vanish, which
is an unphysical result. This can be tackled by introduc-
ing two energy-dependent functions f, and f; in Eq. (A33).
So, the modified shot noise-like cross-correlation is given

as [15]

2
S = —4% / dE Z(fy — f)(fs — fb)Tr(s.lryst;gsZy)-
Y,
(A35)

Now, using f, = f» = f2, we get Sf’z‘ to be

sh —462 > 2
Sy = 5 dERT (f1 — f»)". (A36)
0
Now, after the integration in the limit wy, uy > kg7,
we get

. —4e? eV
Sih = - (eV coth [2]{34 - 2k37').

Here, f, and f;, are chosen to be f,. There is no unique
choice for f, and f,. In general, it can be any energy-
dependent function. The proper reason behind choosing f,
and fj to be f, is it allows us to correctly reproduce the result
of shot noise-like contribution as derived via the wavepacket
approach as mentioned in Appendix A 1. Secondly with this
choice, the shot noise-like contribution vanishes for eV = 0.

So, the total quantum noise cross-correlation S{, in a two-
terminal QH sample using the approach of Buttiker is given
as

(A37)

8e? 42 eV
§7 = — 2 T — ZERT( eV coth — 2k T ).
12 noE h <e €0 [2k37] B )

(A38)

This expression is same as that of the wavepacket approach as
in Eq. (A21).

APPENDIX B: DERIVATION OF THERMAL NOISE-LIKE
AND SHOT NOISE-LIKE CONTRIBUTIONS
FOR CHIRAL EDGE MODE TRANSPORT
FOR A MULTITERMINAL QH SAMPLE

In this Appendix, we separately derive the thermal noise-
like and shot noise-like contributions for the transport via
chiral edge modes.

1. Derivation of thermal noise-like contribution

The quantum noise correlation for chiral edge modes as
derived in Eq. (8) is

2 2
Sty =" / dETr[Ay5(@)As, (B)I(fy (E)1 — fo(E)]
Y,

+ [1 = fy (E)1fs(E)). (BI)

If the system is in thermal equilibrium at temperature 7, the
Fermi-Dirac distribution in all the terminals is same (assum-
ing the chemical potential in each terminal is same), and we
denote it by f(E). Now, the above expression reduces to

4 2
Sip = % / dEf(E)1 = f(E)]Y_ TrlAys()As, (B)].
Y,

(B2)
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Here, A,s5(@) = Io8uy8us — 5., Sas and similarly, As,(8) =

Ts8ps8py — SpsSpy- Next, we evaluate S in Eq. (B2) by first
doing a summation of Tr[A,;(c)As, (B)] over y and 4,

> TrlAys(@)Asy (B)]

Y,
= ZTF(Ia(Saysa(g(SﬁySﬁg — 5‘3]/5/33SZ),S0(5
yé

— SW(Sa,gs;és,gy + slyso,,;s;asﬂy). (B3)

After the summation over y and § and using unitarity of
s-matrix ), slﬁso,y = I38p,, we get

D TrlAys(@)Asy (B)] = Tr[2Lu8pa — SipSap — ShoSpal.
y,0

(B4)
Thus, Eq. (B2) can be written as
Sup = % / dEf(E)1 — f(E)]
X [2NoSup — Tr(s, gSap — Shyspa)l,  (BS)

where Tr[l,] = N, is the number of edge modes in terminal
a. This equation is the Nyquist-Johnson noise. It is a result of
thermal fluctuations alone.

For the autocorrelation (¢ = ), we see the thermal noise-
like contributions to be

&2
Sew =87 / dE(f(E)(1 = f(E)Ne = Real,  (BO)
R, is the reflection probability for an electron to reflect from
terminal «.

For o # B, the thermal noise-like fluctuation is

4 2
Sty = —— / dE(f(E)1 = fENTop + Tg),  (BT)

here, we have assumed the contacts were connected to the
reservoirs with the same chemical potential. For the general
case, wherein the distribution function at terminals « and 8
are different, this is given as,

Sth _

4¢?
A / dE [Ty f5(1 = f5) + Tpafu1 = £,

(B8)

where fg and f, are Fermi-Dirac distribution function of
terminals 8 and «.

2. Derivation of shot noise-like contribution

To derive the expression for transport-like correlation, we
have to subtract the thermal noise-like fluctuation from the
quantum noise correlation, and for autocorrelation (¢ = B), it
is given as

sh __ ¢q th
SO(O( - Saa - SO[O(’

(B9)

where

2 2
S1 = % 3 / dETr[A,5(a)As, ()]
Y.,8

x (fy (E)[1 = fs(ED] + [1 = f, (ED1f5(E)), (B1O)

and
2
St =8> / dE(f(E)1 = f(E)Ne —Rug].  (B11)

Using the relation given in Eq. (B4), we can simplify

Eq. (B10) as
DB Do TriAs(@)As (B)]
8

14

= Trlly — 25} Saelfa + Y Trlsassiy)fs.  (BI2)
After doing the algebra, we find S" to be
sh 462 2
Sue = | 4E ij Ty (fy = fu) + Mafy
— ) " Tr(SaySasSasSay )). (B13)
y8

For the cross-correlation o 7% S, the shot noise-like contri-
bution is

Syp =Sty — Sty (B14)
where
g 2 dE Tr[A,5(c)A
S —725) E Ti[A,s(@)As ()]
Vs
X (fy (E)[1 = f5(ED] +[1 — f, (EDIfs(E)), (BIS)

and from Eq. (B8)

gih 42

ap = h dE[Taﬁfﬁ(l _fﬂ) + Tﬁotfot(l _foz)]~

(B16)
Again using Eq. (B4), we get

D fs[ D] TrlAs(@)As (B)]
s 4

= 5 (Z Tr[Ays(Ot)Aay(,B)]) = —Tupfp — Tpafu-
14 )

(B17)

We get the shot noise-like contribution to be
2
e EX
Sup = 4 / dE Y f, fsTr(s), susshyspy).  (B18)
y.,8

Usage of Eq. (B18), we have certain disadvantages, which
can be understood by studying a simple two-terminal QH
sample as has been done in Appendix A 2, which motivated
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Buttiker to use two energy-dependent functions f, and f
in Eq. (B18). So, the final correct expression for the shot
noise-like contribution [15] is

2 ;
Sty = 4% / dE Y (fy = fs = F)Tr(s] 5uss}ysi)
Y,
(B19)

APPENDIX C: DERIVATION OF THERMAL NOISE-LIKE
CONTRIBUTIONS FOR HELICAL EDGE MODE
TRANSPORT FOR A MULTITERMINAL QSH SAMPLE

In this Appendix, we derive the thermal and shot noise-like
contributions separately for helical edge modes. The quantum
noise correlation S s in setup with helical edge mode transport
is given as

Sip= 2 Sy (€1
o.0'=1/}

where S 7 is a spin-polarized component to S

1. Derivation of thermal noise-like contributions

The spin-polarized components of the quantum noise in the
presence of helical edge modes are

”q - Z Z/dETr APP (o, 0)A] (/3,0’)]

po'=11 v
X (fy (E)I1 — fs(ED] + [1 — f, (E)]fs(E)). (C2)

The quantum noise expression, if the Fermi-Dirac distribution
in all the terminals are same, is thermal noise-like, which is
given by

2
sogth =2° / dEf(EN1 — f(E)]
h
x YN T[AV (@.0)AL (B.0N)]. (C3)

v.8 p.o
We proceed further using the expression for A)’jf;/(a, o) and
we get

oo’ th 262
s == [aes@n - g

Y T (8uy Bus — sg;ﬁsgg’)
Y,8
x (85805, — S5 's5.1)]. (C4)

Further, by simplifying the algebra as we did for the chiral
case, we get

Tr[A2f (@, )AL/ (B, o)
= [2NuBpaboor — Tr(syg 's0% ) — Tr(she 's35)]. (CS)

So, the final expression for thermal noise-like contributions is
given as

/ 262 / ,
Sgg Jdh _ %/dE(f(E)(l —f(E)) x _(Ta(}‘a + Tﬂ'ff )
(Co)

Here, we have assumed the contacts were connected to the
reservoirs with the same chemical potential. For a general
case, where the distribution function at terminals « and S is
different, we can write

SoT = — /dE (757 (1 = fp) + Ty full — f2)],
(C7)

where fg and f, are Fermi-Dirac distribution of contacts
and «. The thermal noise-like contributions S wp 1S thermal
noise-like only, which deals with direct tunneling of electrons
from one terminal to another, which can be written as

Z Sgg”’h. (C8)
a.0'=1/}

th
Sap =

Similarly, for « = 8, the thermal noise-like contributions is

oo’ th 462 o
Sia = = [ dEful = f)(Nuboor = REE). (C9)

2. Derivation of shot noise-like contributions

To derive the shot noise-like contribution, we need to sub-
tract the thermal noise-like fluctuation from the quantum noise
correlation. For the autocorrelation « = 8, we have to subtract
Eq. (C9) from Eq. (C2). After doing some algebra, we get the
shot noise-like contribution to be

Smr’,sh

dE(ZT”” — fu) + MySoor f2

=3 > sy ;’;’)). (C10)
ys pp'=1.1

For the cross-correlation case o # 8, we find

SO = 5o — §ggh (C11)
We use the formula
6D T[A% (0. 0)AL (@, 0)]
s Y
- Z £, (Z Tr[A) (o, 0)AL (@, o)])
= =T f5 = Tgs fa- (C12)
Using, Eq. (C12) and (C13) in Eq. (C2), we find that
oo’ sh o op’ o'pt o
o7 = — —/dE nyfm (sg87s28 5755 7).
(C13)

Similar to the chiral case, one can study the quantum noise
cross-correlation via wavepacket approach, and by Buttiker’s
approach in a two-terminal QSH sample with a constriction,
again will find inconsistency in Buttiker’s result, which will
require the introduction of two energy-dependent functions f,
and f; in, Eq. (C13).
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So, the final expression for the shot noise-like contribution for the cross-correlation is given as

L /dEZ(fV Flfs = f)Te(s301s20 sa.0s5 7).

(C14)

[1] K. v. Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45,
494 (1980).

[2] M. Biittiker, Phys. Rev. B 38, 9375 (1988).

[3] S. Datta, Electronic Transport in Mesoscopic Systems, Cam-
bridge Studies in Semiconductor Physics and Microelectronic
Engineering (Cambridge University Press, Cambridge, 1995).

[4] B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Science 314,
1757 (2006).

[5] M. Konig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann, L.
Molenkamp, X. Qi, and S. Zhang, Science 318, 766 (2007).

[6] A. Roth, C. Briine, H. Buhmann, L. W. Molenkamp, J.
Maciejko, X.-L. Qi, and S.-C. Zhang, Science 325, 294 (2009).

[7]1 S.-Q. Shen, Topological Insulators (Springer, Singapore, 2017).

[8] F. Nichele, H. J. Suominen, M. Kjaergaard, C. M. Marcus, E.
Sajadi, J. A. Folk, F. Qu, A. J. A. Beukman, F. K. de Vries,
J. van Veen et al., New J. Phys. 18, 083005 (2016).

[9] A. Mani and C. Benjamin, Sci. Rep. 7, 6954 (2017).

[10] Y. M. Blanter and M. Biittiker, Phys. Rep. 336, 1 (2000).

[11] L. A. Stevens, T. Li, R.-R. Du, and D. Natelson, Appl. Phys.
Lett. 115, 052107 (2019).

[12] F. Qu, A. J. A. Beukman, S. Nadj-Perge, M. Wimmer, B.-M.
Nguyen, W. Yi, J. Thorp, M. Sokolich, A. A. Kiselev, M. J.

Manfra, C. M. Marcus, and L. P. Kouwenhoven, Phys. Rev. Lett.
115, 036803 (2015).

[13] Z. Zhuang, V. F. Mitrovié, and J. B. Marston, Phys. Rev. B 104,
045144 (2021).

[14] M. H. L. de Medeiros, R. L. R. C. Teixeira, G. M. Sipahi, and
L. G. G. V. Dias da Silva, Phys. Rev. B 104, 195307 (2021).

[15] M. Biittiker, Phys. Rev. B 46, 12485 (1992).

[16] R. Landauer and T. Martin, Phys. B: Condens. Matter 175, 167
(1991).

[17] T. Martin and R. Landauer, Phys. Rev. B 45, 1742 (1992).

[18] Y. Imry, Introduction to Mesoscopic Physics (Cambridge Uni-
versity Press, Cambridge, 1997).

[19] M. Biittiker, Phys. B: Condens. Matter 175, 199 (1991), analo-
gies in Optics and Micro-Electronics.

[20] R. L. Dragomirova and B. K. Nikoli¢, Phys. Rev. B 75, 085328
(2007).

[21] O. Lumbroso, L. Simine, A. Nitzan, D. Segal, and O. Tal,
Nature (London) 562, 240 (2018).

[22] J. Rech, T. Jonckheere, B. Grémaud, and T. Martin, Phys. Rev.
Lett. 125, 086801 (2020).

[23] G. Rebora, J. Rech, D. Ferraro, T. Jonckheere, T. Martin, and
M. Sassetti, Phys. Rev. Res. 4, 043191 (2022).

115301-31


https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevB.38.9375
https://doi.org/10.1126/science.1133734
https://doi.org/10.1126/science.1148047
https://doi.org/10.1126/science.1174736
https://doi.org/10.1088/1367-2630/18/8/083005
https://doi.org/10.1038/s41598-017-06820-w
https://doi.org/10.1016/S0370-1573(99)00123-4
https://doi.org/10.1063/1.5111626
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevB.104.045144
https://doi.org/10.1103/PhysRevB.104.195307
https://doi.org/10.1103/PhysRevB.46.12485
https://doi.org/10.1016/0921-4526(91)90710-V
https://doi.org/10.1103/PhysRevB.45.1742
https://doi.org/10.1016/0921-4526(91)90713-O
https://doi.org/10.1103/PhysRevB.75.085328
https://doi.org/10.1038/s41586-018-0592-2
https://doi.org/10.1103/PhysRevLett.125.086801
https://doi.org/10.1103/PhysRevResearch.4.043191

