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Abstract: We show that the axial symmetry of the Bychkov—Rashba interaction can be exploited
to produce electron spin-flip in a circular quantum dot, without lifting the time reversal symmetry.
In order to elucidate this effect, we consider ballistic electron transmission through a two-dimensional
circular billiard coupled to two one-dimensional electrodes. Using the tight-binding approximation,
we derive the scattering matrix and the effective Hamiltonian for the considered system. Within this
approach, we found the conditions for the optimal realization of this effect in the transport properties
of the quantum dot. Numerical analysis of the system, extended to the case of two-dimensional
electrodes, confirms our findings. The relatively strong quantization of the quantum dot can make
this effect robust against the temperature effects.

Keywords: quantum dot; Kramers degeneracy; spin-orbit interaction; tight-binding approach

1. Introduction

Spin-polarized transport in semiconductor nanostructures attracts a continuous experimental
and theoretical attention due to great interests for both basic research and device applications (see for
a review [1-3]). Indeed, apart fundamental aspects related to the origin of spin current in nanosystems,
the inversion of spin polarization is necessary, for example, for operation of spin-based logic elements.
The inversion of spin polarization can be achieved in an external AC field with the aid of the electron
spin resonance (see, for example, [4]), or by the lifting the spin degeneracy by means of a magnetic
field that induces the Zeeman splitting (e.g., [5]). The spin currents can be inverted also by mechanical
strain of a silicene [6]. Periodically rippled graphene can as well invert the polarized spin current,
by changing the electron flow direction through the system [7].

One of the main requirements for device operability is the efficient manipulation of spin-polarized
currents in a semiconductor structure. An additional condition for device applications is that
a polarized current should be generated by means of all-electrical methods. In particular, a remarkable
progress has been achieved in all-electrical injection from ferromagnetic contacts [8,9] and
(Ga,Mn)As [10]. Alternatively to the injection, a spin-orbit interaction (SOI) present in semiconductors
provides a natural mechanism to manipulate the spin (e.g., [11-14]). In particular, the electrical field,
caused by the structure inversion asymmetry of the heterostructure, gives rise to the Bychkov-Rashba
term [15,16]. The strength of this interaction can be controlled by means of an applied electric
field [17-19]. It should be mentioned that the Rashba interaction is one of the basic ingredients
in the physics of Majorana fermions [20-22]. This physics is based on two superconducting electrodes
electrically connected to a semiconductor nanowire with strong Rashba coupling, and a uniform
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magnetic field. The explosive activity in this direction includes among many proposals as well the use
of high-temperature cuprate superconductors [23] and exotic pairs of parafermions without magnetic
field [24] to create Majorana zero modes for quantum computing applications (e.g., [25-27]).

Several proposals rely on the SOI as the basic mechanism to achieve a spin filtering effect
in low-dimensional semiconductor structures [28-31]. In fact, it might allow for an all-electrical
spin-polarized current generation. The relatively small energy scale, produced by the SOI, presents,
however, a major obstacle for technological applications. Indeed, the spin splitting induced by the SOI
in typical semiconductor alloys can reach a few meV [17,18]. This scale stipulates certain restrictions
on the choice of nanosystems that would be enabled to overcome the impact of thermal effects.
It is well known that wide gap semiconductors (e.g., GaAs) possess a relatively weak spin-orbit
interaction. In contrast, narrow gap semiconductors own strong spin-orbit couplings as well as
g factors. These two factors guide the choice of most favorable materials, especially, in view of the
Majorana physics. The latter question is, however, beyond the scope of the present paper, and we
leave this problem for future. The main result of the present paper is that the symmetry of a circular
quantum dot can be used to obtain the robust mechanism to inverse z-component of spin-polarized
current for non-magnetic metallic contacts.

2. Symmetry of Rashba SOI

It is well known that the invariance of the SOI with respect to the time-reverse operation leads to
the Kramers degeneracy (e.g., [32]). Therefore, any system, where the SOI is the only spin-dependent
term, will exhibit this two-fold degeneracy. Explicitly, the time reversal symmetry is obtained by
inverting both spin and momentum operators. The resulting states, although degenerated in energy,
are distinguished by an opposite orbital motion and an opposite spin orientation.

To employ this fundamental feature, we consider a two-dimensional (2D) semiconductor quantum
dot (QD) with a circular confinement and the Rashba spin-orbit interaction. In the effective mass
approximation for the conduction band, the Hamiltonian can be written as 4 = YN, /1;, with the
single-particle Hamiltonian taken in the form

_ PR

h= 7‘20 + 7‘21{ = o + Vext(”) + ﬂR/ 1)

where m* is the electron effective mass and V,(r) is an external rotationally symmetric potential.
We consider the limit of the weak Coulomb interaction, when the external potential dominates in
electron properties (e.g., [33]). The Bychkov-Rashba interaction has the form: Hy = & (pyox — pxoy) /N
The strength parameter & depends strongly on the material, reaching its maximum value for narrow
gap III-V semiconductor alloys. For instance, typical values of & = 10-40 meV X nm have been
experimentally determined for different InAs-based structures [28,29,34]. An important feature is that
the Bychkov—Rashba interaction preserves the axial symmetry, i.e., [7—1 R, ]Az} =0, where J, =L, +4,.
Therefore, the full Hamiltonian obeys the conservation law [H, fz} =0.

In the dimensionless cylindrical coordinates r = +/x2+y2/d and ¢ = arctan(y/x) the

Hamiltonian (1) takes the form
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Here & = 2m*&d /W2, A = + v ar + 72 a s the Laplace operator, and the parameter d is
a characteristic length in our system. Since the eigenstates of the Hamiltonian (2) are eigenstates of the
J. operator, they can be expressed in the following form

o unj(r)ei(j71/2)¢
P ( o (P)elli1/20 ) ©)
wheren =1,2,...and j = 1/2,3/2, ... stand for radial and the angular momentum quantum numbers,

respectively. To simplify the eigenvalue problem, we represent the wavefunction (3) as a formal series
with respect to the strength of the spin-orbit interaction a

@, = U0 (mm<;)¢> )

At m = 0 the wavefunction 79]. (r) is the radial part of the Shrodinger equation solution without
the spin-orbit interaction

=127

= Afpi(r) + (Vext (r) + ) faj(r) = Enjfi(r). ©)

We recall that the energy scale, produced by the effective external potential V,(r), is larger than
that produced by the spin-orbit interaction (cf [35]). Therefore, it is enough to consider the expansion
of the wavefunction (4) up to the first order with the respect to the strength parameter. As a result,
we obtain two differential equations for the coefficients u;”j(r), v;'?(r), atm =1

(2r(f9)" + £3)) (k) + S (ul)" =0, ©
P (4on) +2) 13 (r (2@ +2(0),) =2 +1) — 4o ) =0 @

The trivial solution of Equation (6) is ul 0 = = 0, while we obtain v = r/2 to hold true Equation (7).
Thus, the approximate eigenfunctions of the Hamiltonian (2) to the ﬁrst order in & can be written in

1
n] an( ) 1= 1/2)¢< —[047’/2]614) ) . 8)

Below we will use this function to find the optimal conditions for the electron spin-flip
phenomenon in the QD.

the form

3. Effective Hamiltonian Model

To analyze transport properties of the circular QD we employ the effective Hamiltonian
method [36,37]. According to this method, the scattering system is described by the Hamiltonian that
contains the structure with discrete spectrum (our QD), the continuum with the external scattering
states (external electrodes), and the interaction between continuum states with QD’s eigenstates.
Evidently, once the system is opened, the discrete states of QD’s own the widths, i.e., they transform to
resonance states. The main object in such an investigation is the scattering matrix that describes the
relation between the amplitudes of incoming states from electrodes and the amplitudes of the reflected
states from, or transmitted through the structure into electrodes.

One of the efficient approaches to reach reliable numerical results on ballistic transport through
mesoscopic system is based on the tight-binding model. Following [38] we model the scattering system
as a two-dimensional billiard with two attached 1D electrodes in the tight-binding representation
(see details in Appendix A). In this case, the scattering matrix that describes scattering from a channel
C’ to a channel C takes the form
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SCC’(E) = 5CC/ — 27TIIIJC IPC’ Z C‘an mC’ . (9)

Here, L = / % — the wave function of a semi-infinite long electrodes (without the SOI) at the

contact point; E is the electron energy in the electrode in the 1D tight-binding model. The matrix F is
-1
defined as F = (E — Heff (E)) , while the effective Hamiltonian has form

H (E) = Sumen — exp(ik) Y WacWiic . (10)
C

Here, the coefficients
Wic =¥, (r =rc) (11)

are the normalized eigenfunctions ¥, (r), corresponding to the eigenvalue ¢, of our structure; rc—the
coordinate of C-th electrode junction (see Figure Al and discussion around it in Appendix A).
Note, that the index C denotes the electrode and as well the spin orientation.

Assuming a weak coupling of our structure with the external electrodes, let us consider a pair of
degenerate levels with energy ¢, = ¢, 11 ~ E, i.e,, near the energy E of a scattering electron. We assume
also a strong confinement potential V,y(r), that allows the neglecting of resonance overlapping for
the open system. As discussed above, the pair of corresponding eigenfunctions are time conjugated:
Ypi1 = 7"1},, where 7 = —ioyK is the time-reverse operator. As a result, the following relations
take place

From this property it follows immediately that the effective Hamiltonian (10) is a diagonal matrix
due to the orthogonality condition ) - W W p+ic = 0. Consequently, we obtain for the S-matrix
elements between two electrodes the followmg definitions:

SCTC’T = o — X(E) ( PCT ’T + W;CLWPC%) ’ (13)
Setey = —X(E) ( mea L= Wi Wert), (14)
Sewer = —X(E) (Waet Wy = Wy Wyery) (15)
Selery = et — X(E) ( pelWper| + W;;CTWPC’T) , (16)
where 2isink
X(E) = E — ¢, +exp(ik)w? A7)
Here, we introduce the parameter

W) = ; [Wet |* + [Wpey |2 (18)

The resonant condition arises at the electron energy
Eres = €p — w% cosk, (19)

when the factor (17) reaches its maximal value 2/ w% Hereafter, we assume that the ballistic transport
occurs at the resonance energy (19). From Equations (13)—(16) it follows that

‘SCTCJ,|2 = ‘Sc,l,c’r|2 =0, (20)
|SCTC’T|2 = ‘Scic’“z/ (21)
|ScTc’J,|2 = ‘Scic’ﬂz' (22)
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There are a few remarks in order. First, it should be noted that Equations (20)—(22) lead us to the
fact that at the transport through our system from electrode ¢’ to ¢ the spin polarization is

|SCTC’T‘2 + |SCTC’L‘2 - |SC¢C’T‘2 - |Sc¢c’¢|2 _
|ScTc/T‘2 + |ScTc/¢‘2 + |SCLC/T‘2 + |Sc¢c/¢|2

P.. =

This result is in the agreement with the statement that a nonzero spin polarization in system with
the SOI cannot occur if there is only one open channel in electrodes [39,40].

Second, from Equation (20) it follows that the reflection coefficient with the spin-flip is always
zero. The reflection coefficient without the spin-flip can be rewritten as

Seoce = 1—X(E) (|Wpc¢7|2+ ‘Wpca|2) , o=11. (23)

Finally, without loss of generality, we assume the equal coupling of the QD’s states to both
electrodes (1 and 2). As a result, taking into account the definition (18), we have

(IWps 2+ Wy, 12) = (1Wyat 2+ [ Wiy 2) = w} /2. 4)

Evidently, at the resonance energy (19) the reflection (23) becomes zero, and, consequently,
we obtain for the S-matrix

o Tt
S(Eres) = ( T 0 > ’ (25)
with 2 X 2 matrix
S S
T= ( o Sim > : (26)
211 2241t

From the unitarity of S matrix S'S = 1 it follows that T'T = 1. The spin-orbit interaction
converts a two-component spinor into another two-component spinor. In particular, it could change
the incoming spin up electron state | 1) to the outgoing spin down electron state | |) and vice versa.
Consequently, to reach the ideal electron spin-flip phenomenon we require that the direct scattering
matrix elements (non-spin-flip components) should be equal zero: T;; = Ty = 0 = Syy1, = 0.
From Equations (13) and (16) it follows that this requirement holds if the following relation takes place
for the eigenstates of our QD:

To see the consequences of this relation for our system, we apply this condition to the eigenstates
of the QD of the radius R: Wy = uy;(rc) exp(i(j — 1/2)¢c), Wi = Opj(re) exp(i(j + 1/2)¢c)
[see Equation (3)]. In the tight-binding approximation the point r, is located just before the quantum
point contact (QPC) between the QD and the electrode (see Figure A1). At the QPC r = R, and the

radial wave function () [v(r) or u(r)] takes the form at r = r.:

plro) ~ p(R) - gy 1 28

Here a small quantity 4y is the distance between lattice sites. Taking into account that »(R) = 0 at
the Dirichlet boundary condition (a closed QD), we obtain:

Wier = —aoti;(R) expli(j — 1/2)¢c],
Wiep = —a00,,;(R) expli(j +1/2)¢c] (29)

(prime denotes derivative over R). As a result, the condition (27) takes the form

(13,5 (R)]> exp[—i(j — 1/2)(¢2 — ¢1)] = —[v},;(R)? expli(j +1/2)(¢2 — ¢1))], (30)
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that leads us to the following equations:
(1,5 (R)] = [0} (R)T%, (31)

exp(2ij(¢2 — ¢1)] = —1. (32)

For the approximate eigenfunction (8) we obtain the condition Ra ~ 2, resolving Equation (31).
Among solutions of Equation (32) there is one ¢, — ¢; = 7t which is common for all possible states
with the quantum number j. In other words, an electron with the spin up (down), injected from one
electrode to the QD, exits from the opposite electrode with the spin down (up). Thus, by altering either
the spin-orbit strength « or the QD’s radius R within the condition Ra ~ 2, we obtain the spin-flip
transmission through our structure.

To illuminate this analytical solution, we consider the simplest quantum well potential of the
form Vet (r < R) = 0, Vext(R) = oo. The solution of the eigenvalue problem for this potential provides
the radial wavefunctions [v(r) and u(r)] in terms of the Bessel functions (e.g., [41]). In this case,
the Dirichlet boundary condition for the wavefunction (3) yields the equation

Jici2(m)iv12(n=) = Ti—12(p=)Jjs172(p+) (33)

that defines the energy spectrum ¢,,;. Here, J;11,2(r) is the Bessel functions, and the parameter .4 has
the following structure
e = (04/2 4 Jeni+ (vc/2)2) R. (34)

The application of Equation (31) leads to the transcendental equation
Ji—172(p+) £Jj1/2(ps) = 0. (35)

Plus or minus sign here are opposite to signs of u'v'-derivatives. In the case of the ideal spin-flip
process the numerical solution of the transcendental Equation (35) for several lowest eigenvalues with
quantum numbers j and n gives Ra = 1.5...2.5 (see Table 1). Please note that the transport properties
could be affected at the interface between the 1D lead and the 2D QD. However, the use of the QPC
restricts the number of open channels between the electrode and the QD [42]. Consequently, we belief
that our results will be valid for a realistic situation as well. To confirm our findings, we consider a 2D
case below.

Table 1. Value of Ra for quantum numbers 7 and j.

n i Rea
0 1/2 168
0 3/2 185
1 1/2 157
0 5/2 198
1 3/2 161
2 1/2 159
0 7/2 21

4. The 2D Model

The results, obtained with the aid of the one-dimension electrodes, serve to illustrate the basic
principles of the spin-flip at the transmission through the QD. To elucidate these principles we have
considered the particular situation, when direct transmission matrix elements were equal zero. In this
section, to demonstrated the vitality and the validity of our findings we consider the 2D structure
depicted in Figure 1. The QD is modelled by a constant potential (gray) with the SOI included.
The ballistic electrons, propagating from one electrode to another, tunnel to the QD through the
thin potential shell (dark gray). On the thin lines the Dirichlet boundary conditions are imposed.
All electrodes have equal width d, while the circular QD has the radius R = 24.
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r@t

—{SOL}=

Figure 1. Sketch of the 2D device that consists of a circular lateral QD. The effective QD’s confinement
includes a constant potential with the Rashba interaction (gray region). Additional thin (0.1d) constant
potential shell (dark gray region) controls the coupling between the QD and two electrodes.

We perform numerical calculations in the framework of the tight-binding approach on the square
lattice n = ny® + nyy (£ and 3 are 2D vectors of elementary translations with length ap in x and y
direction, ap—Tlattice constant, n, and n,—integers). In the tight-binding approximation the system
Hamiltonian (1) has the following form

Jai = 7:lo + 7‘21{
Ho = X2 enac;rmcna - X tczacma
n,o (nm),o
Hr = —o ;{1 (CZTCnﬂ?i + chanT) - (36)

(C;Tcwﬁu — chanT) } +H.c..

Here, we use the following notations: €, = 4t — V (nyag, nyap), t = n?/ Zm*a%; the indices (nm)
stand for nearest neighbor sites n and m. We solve the Schrodinger equation in a discretized space,
according to the method developed by Ando [43]. Examples of numerical treatment of quantum
billiards within this approach can be found, for example, in Refs. [44,45]. In our calculations the
electrode width d = 40ap; while dimensionless units are defined as E = Ep/Ey = Ep2m*d?/i?,
a=a/ (dEO) = &2m*d/ hz, where the characteristic length of the device d was chosen as the unit
length. In these units the energy range 2(d/ag)?(1 — cos(mag/d)) < E < 2(d/ag)?(1 — cos(2mag/d))
corresponds to one transverse mode in all contacts.

Figure 2 displays the numerical results for the direct process |Syt1¢ |? as a function of the electron
energy and the strength of the Rashba interaction. The results are in a good agreement with those that
have been obtained from the condition (35) (see Table 1).

14 -
n=17j=1/2
— X '
- \\ 0.8
n=0,j=3/2 %
0.6
M 12
0.4
[1|n=0j=12 X
e 0.2
10
0 1 2 3 4

Ra

Figure 2. The probability for the direct transmission |S4q4 |? as function of the electron energy and
the parameter Ra. Red crosses indicate (E, Ra) that correspond to |Sy114]2=0 for: n = 0,j = 1/2,
n=0,j=3/2,n=1j=1/2.
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It is noteworthy that the approximate condition Ra ~ 2 is unique in that there is no dependence
neither on the electron energy, nor on the spin of the electron state. In other words, it can be
fulfilled for a set of QD’s electron states even at large opening of the QD. To model this case
(a resonance overlapping regime), we remove the potential barrier between the QD and the electrodes.
Indeed, the direct spin transmission |Sy111|? is suppressed strongly near Ra ~ 1.6 (see Figure 3a).
In this case, the spin-flip process, averaged over energy (available at the one channel transport),
becomes a dominant phenomenon, reaching about ~97% of the efficiency (see Figure 3b). In other
words, the thermal effects affect only slightly the spin-flip process even in the regime of the large
opening of the QD.

1
== (b)
£0.8
o)
+
~ 0.6
2 04
-
202
Y
0 n
0 1 2 3 4

Ro

Figure 3. Quantum dot with radius R = 24 without any additional potential. The probability
for the direct transmission [S11+|? as function of the electron energy and the parameter Ra (a).
Average effectivity of spin invertor [dE|Sy11|%/ [dE(|S14]* + [Sat11|?) over energy range
2(d/ag)*(1 — cos(mtag/d)) < E < 2(d/ag)*(1 — cos(2mag/d)) (b).

Larger the dot radius lesser the spin-orbit strength is required to hold the condition Ra ~ 2.
However, with the increase of the dot radius the spacing between levels becomes smaller. Note, that in
principle, QD levels will be affected by the coupling as well. In fact, they will be shifted with
respect to those of the closed QD, especially, in the case of a strong electron-electron interaction [46].
Therefore, the discussed effect is most probable in a narrow gap semiconductor QD with a strong
confinement potential and at the weak coupling regime. In this case, the resonance states will be well
separated from each to other.

However, as discussed above, the overlapping of resonances and the thermal smearing decrease
the efficiency of the spin-flip phenomenon as well. To evaluate the energy scaling we transform
the equation aR = 2 in dimensional units: R& = 1*/m* ~ 0.076/(m* /m,) nm? eV. In the case of
InAs & = 40 meV nm with m* = 0.023 m, the desired QD radius should be R ~ 80 nm. For the QD’
radius R =100 nm the spacing between lowest levels is of the order AE ~ 5i%/2m*R? ~ 0.8 meV.
The temperature smearing will be significant if kT > AE. In other words, our device could operate with
100% efficiency at T < 9K, which is far from the typical temperature values ~100 mK for single-electron
tunneling spectroscopy experiments (see, for example, the textbook [42]).

5. Summary

We suggest the mechanism of the z-component spin inversion with the aid of the circular lateral
QD that symmetrically coupled to two electrodes. The effective confinement potential of the QD
consists of the circular potential well. From our analysis of the ballistic electron transport through
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the QD with the Rashba SO], it follows the Kramers degeneracy of the QD levels could lead to the
destructive interference of the direct (¢ — ¢) spin scattering process, while producing the spin-flip
phenomenon. We found that the optimal conditions for the realization of the perfect spin-flip processes
is subject to the condition &R =~ h?/m*. In fact, this condition depends quite weakly on the particular
choice of the quantum level. We found that this effect is robust for the QD’s states at the temperature
less than 9 K.
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Appendix A. Derivation of Effective Hamiltonian on 2D Square Lattice
The Hamiltonian of our scattering system can be presented as follows:

A=Hy+V, (A1)

where the Hamiltonian Hj consists of three terms: two electrodes (C =L,Ror 1,2) with continuous

spectra and a closed substructure with a discrete spectrum:

Hy = H L+ H B+ A R

Hg = ) Euln)(n], (A2)
n

Ae = /dEE|E, C)(E, C|.

The corresponding eigenstates are normalized:
(E,C|E',C) = 4(E-E). (A4)
The V operator connects the closed substructure (H ) with electrodes (H L,r)- The stationary
Shrodinger equation for the Hamiltonian Hy reads as
(E— Ho)lg) =0, (A5)
while we are interested in the solution for the total Hamiltonian (A1)

(E—Ho)lp) = V]y). (A6)

For the energy E different from the eigenvalue of the closed substructure E,, we can define the
operator (E + ie — H)~!. Consequently, if the outgoing wave boundary condition is adopted, we can
transform Equation (A6) to the Lippmann-Schwinger equation

1 .
= 7/\‘/ . A7
) =19)+ =g V9 (A7)
The formal solution of this equation reads as
A 1 A
F(E =(1- ——==V =|¢). A8
©9) = (1= =757 ) 9 = 19) (»A8)
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Following Refs. [36,37], with the aid of the basis states (A3) we construct projector operators for
each term in the Hamiltonian (A2):

bp = Z|n)<n|, (A9)

n
e = [dElEC)EC, (A10)

with the properties

BP, = 6,40, (A11)
PHP, = 6,4H;, (A12)
b = 1 (A13)

s=L,B,R

By means of the projection operators the Lippmann-Schwinger Equation (A8) transforms to the
following form

s=L,B,R s'=L,B,R s=L,B,R

I

w
0
L
:CUM
=

o
N——

s

P EP, P FPy PLFPg |l/JL p1)
PptPy PpkPp PPy ¥5) = (2 (A14)
PRFP;, PrFPg PrFPg [¥R) |Pr)

Here, each block of the matrix representation of the operator F(E) (A14) has the following structure

PN . 1 ~\ A A 1 N A\ A
P,FPy, = P, (1-— —V |Pys =P [1— = P, VIP Al5
o ’ ( E—Hp > 3 ? ( E—Hp <s~_§B,R SN) ) ) (A1

1 s
(555/ “ITE PSVPS/>.

Our closed substructure is subjected to the Dirichlet boundary conditions on junction with
electrodes, i.e., the following condition D, VP, = 0 takes place. In other words, the operator V does not
affect the structure of the isolated subsystem. As a result, we have

PFPs = 1. (A16)
Another reasonable assumption is the absence of the direct connection between electrodes:
PcEPp = bccr. (A17)

Taking into account the above arguments, we transform the Lippmann-Schwinger Equation (A14)

to the form
1 —_L_pVp 0
—A [¥L) o)
1 D Y/ P 1 D Y/ P
—5n, BV DL Vo e ViR we) | = l¢B) |- (A18)
0 - E_lpIR PRV Pg 1 [¥r) |Pr)

Considering the initial state |¢) in the form

|P1) ar|E, L)
o) | = 0 , (A19)
|Pr) ar|E, R)
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we present the scattering state |¢) as

[¥L) (apr 4+ agt’)|E, L)
lvg) | = l¥B) , (A20)
[¥R) (art+agr’)|E,R)

defining the scattering matrix elements

r t
S— ( L ) (A21)

To get to the heart of the problem, let us consider, for example, the second equation from (A18),
and corresponding wavefunctions |1 ), |r) from Equation (A20):

1 A A 1 A A A 1 A oA A
1- ~ PgVPc ~—PcVPg | [¢p) = ~ PgVPc|¢c) (A22)

Multiplying the both sides of Equation (A22) by E — Hp, we obtain

(E— A7) lys) = Y PeVEclgc) (A23)
C=L,R

with the following definition of the effective Hamiltonian

N N PN 1 PN N
AEff = A + 2 PgVP- —PcVPp = Hp+ 2 Xc. (A24)
CSTR E—Hc C=LR

The eigenstates of Hp form the natural basis for the effective Hamiltonian. Taking into account
this fact, we obtain by means of Equation (A23) the following system

¥ (E— (A% m)) (mlgs) = - (n|V [ 4EIE,C)(E,Clgc). (A25)

m C=L,R

Here, the matrix elements (1| Hff|m) have the following structure

1

(n|AEF\m) = 8umEn + ) (n|VPc —PcV|m) = 6ymEn + ) XS, (A26)
C=L,R E—Hc C=LR
where the matrix elements of X© operator are
N ” 1 N
(n|XC|m) = (n|V </ dE’|E’,C>(E’,C|> o </ dE"|E", C)(E”,C|> V|m). (A27)
Using the definition of Hc (A2), we can write
RS = [ dE n|V|E', C) o (E',CIV|m). (A28)

To obtain the matrix elements (n|V|E,C) = (E,C|V|n)* we make the transformation to the
tight-binding representation by inserting the resolution of identity 1 = }; |j) (j| into the definition:

(n|VIE,C) = (n] <Z |j><j|> 4 (Z |J"><J“|> E,C) =Y (nl (IVI){'IEC). (A29)
j 14

i
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To visualize the idea of the tight-binding approach, Figure Al displays the example of the 2D
cavity connected to 1D electrodes. We can see that the matrix elements (j|V|j’) = (j’|V|j)* are nonzero
only forj = (N,1),j/ = (N +1,1) at the connection to the right continuum and for j = (0,1),j' = (1,1)
at the connection to the left continuum. We introduce the coefficients

Wic = jGIEGC(”l]’) GV, (A30)
Wyr = (n|(N,1)){((N,)|V|(N +1,1)), (A31)
Wt = (n(1,1)){(1,1)|V](0,1)), (A32)

that are independent on energy. As a result, the matrix elements (A29) can be written in the form

(n|VIE,C) = Wac(j5,IE,C), (A33)
(n|VIE,L)y = Wu((0,1)|E, L), (A34)
(n|V|E,R) = W,r((N+1,1)|E,R), (A35)

where j¢ denotes the beginning of the semi-infinite electrode C. Taking into account the definition
Equation (A33), the expression (A28) can be written in the form

El
55, = Wk [ aplUSIE O /e C)F a3

Jin
1 0'1 2 N ' N+1 Jx

Figure A1. Connection between bounded system B and electrode C. The coupling operator (j|V|j') =
{G'1V)j)* = ((]x,]y)|\7|(];,];/)) is nonzero only for jx = 0, j; = 1 and j, = j;, = 1 at the connection to
the left electrode and for jx = N, ]; =N+1landjy, = ]Iy = 1 at the connection to the right electrode.

In the tight-binding representation the electron wave function (j¢ |E/,C) in the electrode C is
(see Equation (A50))
sin(k) _ (1 (E/2))'*
dsn®] VA
where for the 1D tight-binding model the dispersion E = —2cos(k) is used. The integration in
Equation (A36) over zone from E = —2 to E = 2 yields [see Equation (A52)] the expression for matrix
elements of the operator X

(iGIE C) = (A37)

A W, cW* 2 1—(E"/2)? .
(n] |y = Mo Tme [ g VI ETDE ot (A38)

The scattering matrix elements Scc/(E), describing the transition from a continuum C’ to
a continuum C at the incident energy E, are [37]

L . -1,
Scer(E) = dcer — 2mi(E, C| PV Py (E - H@ff(E)) PsVBLIE,C'). (A39)
Inserting the resolution of identites 1 = Y,|j)(j, 1 = X,[n)(n[, by means of

Equations (A19), (A23), (A30) and (A33), we obtain
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SCC/(E) = 5CC/ — 27TillJC IIJC/ Z C]:nm mC' (A4O)

Here, the function l[JC = (jC|E,C) (see Figure A1) are the wave functions of the semi-infinite

electrodes at the QPC.

Jin

Appendix A.1. Normalization Constant of the Electrode Eigenfunctions

We consider the electron eigenstate in the electrode as
(JIE, C) = a(k) sin(kj) (A41)

with the normalization constant a(k) and —7t < k < 7. These functions must satisfy the equation

3. (1E.C) (E'Clj) = 5(E ~ E) (A®)
j=
First, let us rewrite 6(E — E’) using dispersion relation E = —2 cos(k) at —7r < k < 7t
SE—E) = &(—2(cos(k)— cos(K)) =& <4sin (“;") sin (k_zk>)
) 5 (k’zk') 5 (%) L)

AT/ [sin()] * 41y/Tsin(0)]/|sin(K)

On the other hand, we have

Y (IE C)(E, Clj) = a(k)a *(k’)iﬁn(kj)sm(k’j) (Add)
j=1 =

_ (k)z(k)fi (cos((k — K')j) = cos((k+K))) -

The Lagrange’s trigonometric identity

N sin (2N +1)¢
Y cos(nb) = —% + ( —7s 2> (A45)
n=1 2sin (i)
helps us to write down
sin (2N +1)¢ sin (2N +1)¢
14— Z cos(nf) = lim ( 2) __972 lim ( 2) =T (9) . (A46)
N—roco 2sin (%) 2sin (g) N—oco0 0/2 2 2

Taking into account the above results, we have for Equation (A44)

(.0 ) cljy = T (5 (R E) -5 (HLE)). ()

j=1

Finally, combining Equations (A43) and (A47), we have for Equation (A42)

g G (55) 1o (1Y) = (0 (1Y) —o () -

Comparing the left and the right sides of this equation, we obtain
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i|E,C) = . (A50)
VIEC) = o]
Appendix A.2. Integral Over Zone
We recall that E = Re(E) + ie and
a
o x) : xf(x) . ef(x)
Iim [ dx A ~ = lim [ dx = lim
=0+ x +ie €0+ x2 +e 2f( %) =0+ . 2y Rt
a
X
- P/dx% —inf(0), (A51)
—a
As a result, we have
2 1—(E’/2)2 1-— E’/2
Pl i :P/ Pl i /dE(SE E'y/1— (E'/2)2
/72 E—FE E—FE ) (E'/2)
E .
= 7 571 1—(1—3/2)2 (A52)
= —7T€ik.
Here we use the dispersion relation E = —2 cos(k).
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