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Shot noise is theoretically investigated in Aharonov—Bohm interferometers formed by single-channel spinless
quantum wires. Analysis focuses on the experimentally important regime of relatively high temperatures, where
thermal energy exceeds the level spacing. It is shown that quantum interference effects dramatically alter current
fluctuations even when coherence suppression might be expected. The Fano factor — the ratio of shot noise
power to Schottky noise — is demonstrated to exhibit sharp, periodically repeating resonances as a function of
magnetic flux. For symmetric interferometers, these resonances occur at half-integer flux quanta, while geometric

asymmetry leads to additional features at integer flux values.

It is found that interferometers with different

contact configurations can possess identical conductance but substantially different noise characteristics, enabling
experimental determination of contact properties through combined measurements of conductance and noise. The
obtained results allow for direct experimental verification and propose noise spectroscopy and characterization of
mesoscopic devices as a powerful tool complementary to conductance measurements.
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1. Introduction

Quantum interferometry represents a cornerstone of
mesoscopic physics with profound implications for both
fundamental science and technological applications. Among
the most striking manifestations of quantum coherence is
the Aharonov—Bohm (AB) effect [1,2], where the electron
wave function phase becomes sensitive to magnetic flux
even in regions free of magnetic fields. This effect forms
the basis for high-precision magnetometry and has potential
applications in quantum information processing.

The simplest system demonstrating AB oscillations is
single-channel interferometer (SCI), i.e. a ring-shaped
interferometer with two single-channel arms subjected to
perpendicular magnetic field (see Figure 1). Due to the
interference of electron trajectories winding around such a
setup, the observables, like transmission coefficient and the
noise intensity, show Aharonov-Bohm oscillations with a
certain periods A¢ as a function of dimensionless magnetic
flux ¢ = &/ Py threading the device, where @y = hc/e is
the flux quantum and ® = BS, where B is homogeneous
magnetic field and S is the area of the region encompassed
by one-dimensional channel.

At weak tunnel coupling and at low temperatures, the
conductance G(¢) exhibits sharp resonances at certain
values of magnetic flux, arising when quantum levels of
the system are crossed by the Fermi level [3,4]. As was
understood later [5], the case of relatively high temperatures,

430

T, is much less trivial. One might suggest that interference
is suppressed when 7T becomes larger than the level
spacing, A. However, as was first predicted in Ref. [5]
for SCI, the conductance shows interesting interference-
induced behavior in this case. Specifically, as it was shown
theoretically [5-10] the interference effects lead to resonance
behavior of the conductance G even in the case

T > A =2nvg/L, (1)
where L = L; + L,, with L » the lengths of the interferom-
eter arms, and vy is the Fermi velocity. However, instead
of resonances, G(¢) exhibits narrow antiresonances under
the condition (1). Physically, anti-resonances arise due to
trajectories that interfere destructively at any energy € and,
accordingly, are insensitive to energy averaging [6].

The conductance in SCI in the temperature range (1)
has been studied in detail, in particular, considering the
effects of the electron-electron interaction [6], disorder [§],
and spin-orbit interaction [7]. See also discussion for other
types of interferometers [11-14].

In this work, we provide a detailed theoretical inves-
tigation of the shot noise in SCI. The shot noise is a
consequence of the discreteness of the electron charge. We
demonstrate that interference effects dramatically modify
the Fano factor — the ratio of shot noise power to the
Schottky noise value — even when temperature significantly
exceeds the level spacing. While conductance oscillations in
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such systems have been extensively studied, the shot noise
characteristics remain less explored, particularly in the high-
temperature regime 7 >> A, where thermal averaging might
be expected to suppress interference effects. Previous works
have primarily focused on low-temperature behavior (see re-
view [15]), leaving the interesting regime of thermally robust
interference effects largely unexplored. Our analysis reveals
that the Fano factor exhibits sharp resonances at specific
magnetic flux values, with characteristics highly sensitive to
the interferometer geometry and contact properties.

Recently we briefly discussed shot noise in the helical AB
interferometer [16], and (for comparision with conventional
case) announced without derivation the formula for the
Fano factor of the SCI with symmetric arms and identical
contacts. In this paper, we provide detailed calculations, and
generalize our analysis for the experimentally relevant case
of asymmetric arms and non-identical contacts [17-21]. We
study in detail the dependence of the noise of a SCI on
the magnetic field. Our findings reveal that noise measure-
ments provide complementary information to conductance
measurements, allowing determination of contact properties
that are indistinguishable through conductance alone.

2. Model

We calculate the current shot noise in spinless single-
channel AB interferometer depicted in Figure 1. We model
leads by spinless single-channel wires. Although this model
of the leads is very simplified, it is commonly used in
quantum interferometry, starting from the work [3], since,
as we demonstrate below, it allows describing the transition
from the metallic leads to the tunnel ones. In particular, this
model qualitatively describes quantum point contacts to the
interferometer.

The unitarity of scattering matrix of the contact results
in backscattering on the contacts [6]. Here, we use this
scattering matrix with real-valued elements:

tr tout tout
S=1th t |,

tin 1 tp
1 14
t=——, tlh=—7—7——01,
1+yp b 1+y
V2 1-—
fin fout = ﬁ, 1, = _ﬁ. (2)

More general case of S is discussed in Refs. [22]
and [23]. The scattering amplitudes entering Eq. (2)
obey 212 +12 =1> + 12 + 12, = 1. The meaning of these
amplitudes is illustrated in Figure 2: #, is the amplitude to
enter the interferometer into one of the counter-propagating
channels, to, is the amplitude to exit the interferometer,
t and t, are respectively the amplitudes of forward and
backward scattering on the contact inside the interferometer,
and ¢, is the amplitude of backward scattering for electrons
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Figure 1. Aharonov-Bohm interferometers based on spinless
single-channel quantum wire. The leads (shown by gray color)
are also modeled by single-channel spinless wires. Gray regions
represent contacts described by 3 x 3 a S-matrix [see Egs. (2)
and Figures 2]. Homogeneous magnetic field, B, is perpendicular
to the picture plane. Corresponding magnetic flux, ® = BS, is
proportional to the area, S, of the region encompassed by one-
dimensional channels.

Figure 2. Scattering amplitudes entering scattering matrix Eq. (2)
for SCL The lead is modeled by spinless 1D wire. For tunneling
contact, || ~ 1, while the case of metallic contact corresponds to
tr — 0. Contact region with area So is shown by gray color. We
assume that BSy < @y, so that the magnetic field does not affect
S-matrix.

coming from the lead. All scattering amplitudes are
parameterized by a single parameter p € (0, c0).

The meaning of the parameter p is further illustrated
in Figure 3, see also discussion in Refs. [6,23,24]. The
case y < 1 corresponds to tunneling contact, where almost
closed interferometer is weakly coupled to the leads, with
y being a tunneling transparency (see Figure 3,a). Interest-
ingly, the case y — oo also corresponds to weak tunneling
coupling. However, this case is strongly different from the
case y — 0, as illustrated in Figure 3 . Metallic contact is
modeled by y ~ 1 (see Figure 3, ¢). The scattering matrices
describing these three cases are given by (see Eq. (2)):

-1.0 0 1 0 0
Sy=0=]0 0 1|, Sy=o0)=[0 -1 0 |,
0 10 0 0 -1
0 V2 V2
Sy=1)=]|v2 -1 1 |/2 (3)
V2 1 -1
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Figure 3. Schematic illustration of different types of leads
(contact area is shown by gray color): panels (a) and (b) shows
two different types of tunneling coupling, corresponding to y = 0
and y = oo, respectively; panel (c) illustrates ,,metallic contact,
y =~ 1. Arrows in panels (a) and (b) show processes with non-zero
amplitudes (compare with Figure 2). Panel (¢) corresponds to a
~metallic contact”, so that all processes in Figure 2 are allowed.
Scattering matrices, describing cases (a), (b), and (c) are given by
Eq. (3).

It is worth noting that 7, # O for any non-zero y. Below we
show that two configurations, Figure 3,a and Figure 3,5,
may correspond to the same conductance but to different
noise.

3. Shot noise and conductance

3.1. General equations

In this Section, we calculate the Fano factor, &, for setup
shown in Figure 1 assuming that a fixed bias voltage V
is applied to leads. (In this paper, we assume that the
external impedance is zero and therefore the voltage does
not fluctuate. For a finite impedance both current and
voltage fluctuate as discussed in detail in Ref. [25].)

We will consider the most interesting and easily realized
case:

ALT < eV. (4)

The current noise is related with fluctuations of the electric
current with respect to its average value 81(¢) = I(t) — (I).
Here I is the current operator (an analytical expression for
I is given in [25,26]).

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

S(t—1) = % (SI()SI(") + 81()S1 (1)) .

The Fourier transform of & gives an expression for the
noise power: S(w) =2 [ dre'®S(r) (the factor 2 in this
expression is a matter of convention, see Eq. (1) in Ref. [26]
and the comment after Eq. (49) in Ref. [25]).

Transport through the spinless two-terminal device is
fully characterized by the transmission energy-dependent
amplitude 7(e) [25,26]:

u+eV
S(w =0) =2Gy / de T (e) (1 - T (¢)), (5)

u

where Go = e?/h is the conductance quantum and

Ie) = 1(e) 1" (e). (6)

The averaged current, / = (), and the Fano factor are given
by

eV
el =Gy / de I (g), (7)
It
pteV
:cS’(w:O): ;{ de 711 % (8)
2el u+ev

| deT
u

The transmission amplitudes 7,5 (&) varies on an energy scale
on the order of the level spacing. We focus on the case,
when the conditions (4) are satisfied. Then for the & we

have |
g1-9
?/—: <0—( 0—)>€ , (9)
77
where the averaging is taken over a temperature win-
dow in the vicinity of the Fermi level in the limit
T>A. In what follows we assume the linearized
form of the spectrum, with ¢ = vpk, so that the en-
ergy averaging is reduced to calculation of the integral
Z1 A 27/L
(), =A lfo de(--) = % 0” dk ().
As seen from (7), the conductance is proportional to the
transmission coefficient averaged over the energy:

T= (7). (10)
Introducing also the average
2= (I, (11)
one can write the Fano factor in the following form:
T
F=1- 7 (12)

In the next subsection we will discuss calculation that
allow one to find &, using Eq. (12). Technically, the
key idea is to present the transmission amplitude in a
special form, which allows performing the energy averaging
analytically.

3.2. Method of calculation

We assume that SCI consists of two arms with the
lengths L/2 + a and two contacts (not necessarily identical)
described by scattering matrices with real amplitudes (see
Eq. (2)). We first find convenient expression of transmission
amplitude, substitute it into the formula (9), and average
over the energy.

We use the method developed in Ref [8] to sum
amplitudes with different winding numbers. We classify
all amplitudes of electrons going out of the ring by their
direction, either clockwise, (+4), or anticlockwise, (—).

Semiconductors, 2025, Vol. 59, No. 8



High-temperature shot noise in the single-channel Aharonov-Bohm interferometer 433

For SCI with identical contacts, the amplitudes describing
processes of passing the ring in opposite directions without
extra revolutions are given by

B i (k=27¢/L)(L/2+a)
Po = By = finfout | i 2ng/n)(L/2-a) | - (13)
All other trajectories finishing at the right lead can be
obtained recursively, multiplying by a matrix describing pro-

cesses which increase number of revolutions, clockwise or
counterclockwise, by unity (for a more detailed discussion,

see Ref. [8]):
L (#
Boi By )’

F <t2e—i2n¢ +i2ei%ka gy (e=i2m0 4 ei2ka)>
ity (ei2n¢ 4 e*iZku) t26i2n¢ + tgefiZka
(14)
The full transmission amplitude across the ring is given by:

1(e) = iafi"ﬁo =a(l-A)"18), a= (1) . (15)

n=0

where fy is given by Eq. (13). Having particular expressions
for 1(g), we get I(e) = |t(e)]* and T;(e) = |t(e)|*. The
averaging over ¢ is reduced to integration over the unit
circle in complex plane of z = ¢** and is easily performed
by residues, see App. A. Most interesting and physically
transparent limiting cases are presented below. In the most
general case of interferometer with contacts of different
strength, the obtained analytical expressions are rather
cumbersome and we present them in the App. B.

3.3. Results (symmetric setup, identical contacts)

For the case of a symmetric interferometer with equal arm
lengths (¢ = 0) and identical contacts, the energy-averaged
transmission coefficient [6] is given by

T, y) = 2y cos?(m¢h)

~ y2+ cos?(mgp) (16)

Using formulas from App. A we find the Fano factor in
the form (this equation was presented in Ref. [16] without
derivation)

cos? () [5p% + p* + (1 + p?) cos?(¢p)]
2[y? + cost(x9)]” |

(17)

Equation (17) is illustrated in Figure 4, where the
dependence of Fano factor on the magnetic flux and on the
backscattering on the contact, |f,| = p/(1 +y). For three
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Figure 4. The dependence of Fano factor, #(¢,1,), on the
amplitude of backscattering on the contact, #,, and the magnetic
flux, ¢, as described by Egs. (2), (16), (17).

types of tunneling contacts shown in Figure 3, Eq. (17)
simplifies:

1
g—(¢’ 0) = 57

Flp,00)=1-— %cosz(y'm),

4sin*(7¢)
(cos(2mp) +3)%°

The value 1/2 for y — 0 is a standard value for the Fano
factor of tunneling level. We also note that the ,metallic*
contacts with y = 1, shows both minimal value & = 0, at
¢ = 0, and to the maximal value, # =1, at ¢ — 1/2.

The dependencies of 9 and & on the magnetic flux are
shown in Figures 5,a, 5,b. The latter figure yields cross-
section of Figure 4 for fixed p. In Figure 5,a we see that
in the symmetrical interferometer, ¢ = 0, the transmission
coefficient and the Fano factor have, respectively, sharp
antiresonance and sharp resonance at ¢ = 1/2 (and, hence,
at any half-integer flux value).

Several interesting properties of F(¢,y) are to be
mentioned here. Firstly,

F(¢.1) = (18)

1/1—92\°
0.9) =700 =3 (155) . (19

and also

2
710.7) = 710.1/y) = 155
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Figure 5. The transmission coefficient (blue curves) and the Fano factor (red curves) for interferometer with two identical contacts. In
symmetric interferometer with @ = 0 and weak tunneling coupling (y = 0.1) there is antiresonance in ¢ and resonance in & at half-integer
values of the flux [panels (a) and (b)]. In asymmetric interferometer with a # 0 and weak tunneling coupling (y = 0.1, kra = 1.0), there
also appear peaks at integer values of the flux [panels (c) and (d)]. With increasing a, peaks at ¢p = 1/2 4 n decrease in amplitude and
become narrower, while peaks at ¢ = n grow and become wider (here, n is integer). Shape of the curve I(¢) strongly depends on the

asymmetry of the contacts.

It means that for zero flux, the setup with the contacts
shown in Figure 3,a with a certain p is indistinguishable
in terms of noise and conductance from the setup with the
contacts shown in Figure 3, b with y; = 1/y.

Let us discuss this point in more detail. As seen from
Eq. (19), at ¢ =0 the Fano factor and the transmission
coefficient are related as follows:

F= % 1-277]. (20)
This equation is shown by red curve in Figure 6 and is valid
both for » <1 (i.e. for contacts shown in Figure 3,a)
and for y > 1 (i.e. for contacts shown in Figure 3,5b).
Specifically, changing y from y = 0 to y = oo, we pass the
red curve twice: once in the interval 0 < y < 1 and once
again for 1 <y < oo. This is clearly seen from the cross-
section of Figure 4 at ¢ = 0. We also express Fano factor at
¢ =0 (i.e. on the red curve Figure 6,a), via |tp|. Directly
from Eq. (19) we find:

1 (- 1/27
21(] — 1727 + 147

Importantly, the Fano factor has minimum with zero
minimal value in the ,metallic“ point, #, = 1/2 (y = 1).

9‘—4,:0 =

This property is lost in presence of magnetic flux, see
Figure 4.

For ¢ # 0, the red curve splits into two curves, as shown
in Figure 6 by blue, green and orange lines. Notice that
the Fano factor can have two values for the same value of
the transmission coefficient, corresponding to two different
y. Remarkably, there is a special singular point, ¢ = 1/2,
where the conductance is exactly zero (see [3] and a more
detailed discussion of this property in [6]). At this point, the
Fano factor becomes unity for fixed y:

g/2,y)=0, F(1/2,y)=1. (21)
The behavior of the Fano factor near this point is illustrated
by the orange curve in Figure 6,a, which corresponds to
¢ = 0.48. The transmission coefficient and the Fano factor
for |6¢| = |¢ — 1/2| < 1, weak tunneling coupling, y < 1,
and arbitrary ratio

x =adp/y.
are given by the following expressions

2

X
T8¢, y) =2y T2 (22)
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Figure 6. Parametric plot (#, 7) for fixed ¢ and 0 < y < o0 (a),
for fixed |tp| = p/(1+yp) and 0 < ¢ < 1 (D).

2—x24 x4

F(6¢,y) ~ m,

(23)
Hence, the value of & depends on the order of taking the
limits §¢p — 0 and y — 0, so that if we fix 5¢» and tend p to
zero, then instead of Eq. (21) we get the usual expression
for the tunnel contact:
F—1/2, y—0, ¢ is fixed.
From Egs.(23) we can get an analytical expression
describing the orange line in Figure 6, a. To this end, we fix
d¢ and change tunneling coupling from py = 0 to relatively

3* Semiconductors, 2025, Vol. 59, No. 8

large value: §¢p < y < 1. Then, we get at 0 < I < 7|6¢)|:

3 17 1 T \?
Sy § [ L I 24
4 2759 4 <n5¢) (24)

The sign in front of the last term distinguish two branches of
the orange curve. The minimum of " is reached at the lower
branch at = 157|6¢|/16 and is given by F = 17/32,
which is the value of the dashed line in Figure 6,a for
I =0.

In Figure 6,a we fixed ¢ and changed p from zero to
infinity. Fixing p instead and changing ¢ in the interval
0<¢ <1, we find the following expression connecting
transmission coefficient and the Fano factor valid for any
y in the interval 0 < py < oc:

5492 T T\*
g_1-2"7 H(Z), (25)
2 2 2y
0 ¥
142

This equation has minimum at Zi, = (5 + %)y/4 given
by Pmin = [7 — p?(10 + »?)]/32. The family of the curves
described by Eq. (25) for different y is shown in Figure 6, b.
Note that the dashed curves in panels (a) and (b) of
Figure 6 coincide. From above discussion, we see that
behavior of the noise of SCI is very singular for ¢ close
to 1/2. This means that noise is very sensitive to the flux in
the vicinity of this point.

3.4. Results (asymmetric setup)

The asymmetry of setup becomes important when
a> k;l. For not too large voltages, eV < vr/a, one can
replace ka — kra in scattering amplitudes. The expression
for the transmission coefficient in asymmetric setup was
obtained earlier in Ref [6]. Analytical expression for the
Fano factor in this case can be found by using formulas
presented in App. A and App. B. Its general form is too
cumbersome and we present it here only for the flux
values close to integer and half-integer number and for weak
tunneling coupling.

For 8¢ =|¢p —1/2| < 1 and y < 1 the Fano factor
reads:

2 — x4 xt

F12(8¢,y) = 20127
sin? (kpa )[352 — sin?(kpa)]
2(1 + 2)[%2 + sin®(kpa)]

, (26)

where

o T8¢
~ ypcos(kpa)’

Similar to Eq. (23), the value of 1, at ¢ — 0,y — 0
depends on the order of limits. Fixing ¢ and decreasing
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the tunneling coupling to zero, y — 0, we get ¥ — oo, so
that &1, — 1/2. Putting ¢ to zero first, we find

sin(kpa)

- (27)

Fip—1-—
It turns out, that the Eq. (26) also describes the case of
small magnetic flux, |¢| < 1, if we set §¢p = ¢ there and
replace kra by kra + 7/2.

As seen from Egs. (26) and (27), the asymmetry of
the device strongly affect the noise intensity even for fixed
magnetic flux, so that changing a within a small interval
about the Fermi wavelength, we change & by a factor on
the order of two.

The dependencies of 9 and & on the magnetic flux, ¢,
are shown in Figure 5, ¢ and 5, it d. Comparing these figures
with Figure 5,a and 5, b plotted for symmetric case, we see
that new peaks at integer values of the flux appear for a # 0
both in the transmission coefficient (antiresonances) and
in the Fano factor (resonances) for integer values of flux.
With increasing asymmetry, the amplitudes of the peaks
corresponding to half-integer values of the flux decrease,
while the amplitudes of the peaks at integer flux values
increase. We conclude that asymmetry of the device,
which is always present in real experiments [17-21], strongly
modifies shot noise.

3.5. Results (different tunneling couplings)

In this subsection, we present results for the case of
symmetric setup, a = 0, but different right and left contacts,
characterized by parameter, yr and yi, respectively. Using
general equations presented in App. B and performing
standard energy averaging with the use of formulas from
App. A, one can find the following expressions for the
transmission coefficient and Fano factor:

_ 12 2008’ (1)

F]—(¢9 VR> VL) =K J_/z —|—0052(ﬂ¢),
cos?(eh)

2(p2 + cos?(m))?

'Of—(¢? VR, VL) =1- K71
X ((1+40)7° +7* + (1 + %) cos*(74)) ,
where
Kk = (yo+ v&)*/ 4Ly

The analog of Eq. (20) at ¢ = 0 for different right and
left contacts attains the form

T2 (28)

4. Conclusion

In this paper, we have presented a comprehensive
theoretical analysis of shot noise in spinless single-channel
Aharonov-Bohm interferometers, focusing on the experi-
mentally relevant high-temperature regime 7 > A. Our
key findings demonstrate that quantum interference effects
leave distinct signatures in the current noise spectrum, even
when thermal averaging might be expected to suppress
interference.

We have shown that the Fano factor exhibits characteristic
periodic resonances as a function of magnetic flux, with
sharp features at both integer and half-integer flux quanta.
The exact nature of these resonances depends sensitively
on the interferometer geometry: symmetric interferometer
display antiresonances in conductance and corresponding
resonances in noise at half-integer flux values, while asym-
metric geometries develop additional features at integer flux
values.

A particularly important result concerns the complemen-
tary information provided by simultaneous measurement of
conductance and noise. We demonstrated that different
contact configurations — specifically the two distinct tun-
neling contact types corresponding toy — 0 and y — oo —
can yield identical conductance but markedly different
noise characteristics (see, for example, limit  — 0 in the
Figure 6, a). This provides a powerful experimental tool for
characterizing contact properties in nanoscale devices.

The sensitivity to geometric asymmetry, always present in
real fabricated devices [17-21], underscores the importance
of our generalized treatment beyond the idealized symmet-
ric case. Our results show that even small asymmetries on
the scale of the Fermi wavelength can substantially modify
the noise characteristics.

From an experimental perspective, our predictions are
testable with existing nanofabrication capabilities.  The
condition 7 > A corresponds to temperatures above a
few Kelvin for micron-scale devices, making these effects
accessible in standard cryogenic setups. The predicted sharp
features in the flux dependence of the Fano factor provide
clear experimental signatures.

In summary, shot noise measurements in single-
channel AB interferometers offer a rich probe of quantum
coherence effects that survive thermal averaging. The
complementary information provided by noise, beyond
what can be learned from conductance alone, makes this
an valuable diagnostic tool for characterizing mesoscopic
devices and their contacts.
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A. Energy averaging

Throughout the paper we average observable quantities over a small temperature window in the vicinity of the Fermi
level in the limit 7 > A. For the linearized form of the spectrum, with € = vrk, the energy averaging is reduced at high
temperatures to calculating the integral (---), = A~ fOA de(-++) =4 02”/L dk (---).

The averaging over kL, is reduced to integration over the unit circle z = e’* in complex plane and is easily performed by
residues. The formulas which were used for calculations are listed below:

! 1
< 11 7(1 — TjeaikL)nj > = 1 ) nj == O, 1’
- &

J

1 1 - 1
(1 — TleaikL) (1 — Tze_aikL) B T 1- o’

1 1 1 1
<(1 — Tleka) (1 — Tzefaikl‘) (1 — T3€7ka) >£ B (1 — Tsz)(l — T1T3) ’

1 1 1 1 1
<(1 — Tleka) (1 — Tzefaikl‘) (1 — T3€7aikl‘) (1 — T4€7ka) >£ B (1 — T1T2)(1 — T1T3)(1 — T1T4) ’

1 1 1 1 . 1—1’11’21’31’4 (29)
(1 — TleaikL) (1 — TzeaikL) (1 — T3e_aikL) (1 — T4e_aikL) B - (1 — T11'3)(1 — 12T3)(1 — TlT4)(1 — 12T4) ’

where ¢ = £1 and all |7;| < 1.

B. Interferometer with non-equal arms and non-identical contacts

In this Appendix, we present generalization of the tunneling amplitude 7(¢) (see Eq. (15)) for the case of non-identical
contacts having different tunneling couplings. The symmetric case is obtained by putting fin1, = finr = tin, €tc. in equations

presented below.
. . 1 S By i (k=27¢/L)(L/2+a)
t(s) = ZOCUA ,809 a = (1> y ﬁ = (ﬁo— — tin,Ltout,R k+2ﬂ¢/L)(L/2,a) ,

ell

- ) tt €7i2n¢+l‘ ¢ eiZka tt @7i2ﬂ¢+l‘ t eiZka
T i b,.LIb,R N L h,R‘z b,LIR ) (30)
titp R’ + 1y, Ltge T t1tge ™ 41y 11, ge TR
After some algebra one can rewrite expression for #(¢) as follows:
) Zei(kL/2—7¢) 7 i(kL/2+m¢)
l(é‘) = tin LtoutReftZﬂdJa/L < € - |L ~R@ ' > ,
’ ’ 1 — f2eikL—2n¢ 1 — r*2eikL+2n¢
Z =1 Z—1Z2 ei”¢,
3
21 =74 — (l‘/,,L — tL)(l‘/,,R sin(2ak) + tr sm(2mj))) — l.(t;,,Rl‘L COS(2ak) + 1y, LIR COS(2H¢)),
Zy) =74+ (th,R — tR)(t;,,L sin(2ak) + 1tz sm(2mj))) — l'(t;,,Ll‘R COS(2ak) + tp RIL COS(2H¢)),
Z3 =274 (l‘h,LtReii(akjLﬂdJ) + th,RtLei(ak+n¢)) ,
Z; = (17, —17) (thx — 1) — (to.1tp.r cOS(2ak) + 1, — tg cos(27))?,
1 = iZ4+ ty 11y g cOS(2ak) + trtg cos(27) . (31)

Assuming that eV < vr/a, one can replace ka — kra in this equation. Now we see that the expressions |¢(g)[?, |¢(e)[*
contain the complex quantity e’* which is regarded as a new variable. Then, one can perform averaging of these expressions

over energy by using formulas derived in App. A.
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