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with induced s-wave pairing potential
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We consider the effects of interface bound states on the electrical shot noise in tunnel junctions formed between
normal metals and one-dimensional (1D) or two-dimensional (2D) Rashba semiconductors with proximity-induced s-wave
pairing potential. We investigate how the shot noise properties vary as the interface bound state is evolved from a non-zero
energy bound state to a zero-energy bound state. We show that in both 1D and 2D tunnel junctions, the ratio of the noise
power to the charge current in the vicinity of zero bias voltage may be enhanced significantly due to the induction of the
midgap interface bound state. But as the interface bound state evolves from a non-zero energy bound state to a zero-energy
bound state, this ratio tends to vanish completely at zero bias voltage in 1D tunnel junctions, while in 2D tunnel junctions
it decreases smoothly to the usual classical Schottky value for the normal state. Some other important aspects of the shot

noise properties in such tunnel junctions are also clarified.
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1. Introduction

In recent years, the exploitation of spin—orbit coupling
as a way to achieve a spin-dependent coupling to the su-
perconducting state has attracted much theoretical and ex-
perimental interest. Within this context, a number of inter-
esting phenomena have been predicted, such as spin manip-

[1-4]

ulation based on spin-polarized supercurrent, magneto-

anisotropic Josephson effect,l’ anisotropic and paramag-
netic Meissner effect,[®! spin-galvanic couplings,[”! etc.!8]
An interesting way of achieving this spin-dependent cou-
pling is by means of superconductor-proximity effect in
low-dimensional semiconductor heterostructures with strong
spin—orbit interaction.['1% In these heterostructures, the
Cooper pairing potential in a superconductor can penetrate
into a proximity-coupled semiconductor nanowire or thin film
with strong spin—orbit interaction, and the interplay of the
proximity-induced Cooper pairing potential and the intrinsic
spin—orbit coupling can lead to the formation of a helical
superconducting state in the semiconductor. An interesting
property of these helical superconducting states is that they
can host anomalous edge bound states in the presence of a
Zeeman magnetic field, which may manifest as chiral An-
dreev bound states or even chiral Majorana zero-energy modes

[10-16] The transition from

under some particular conditions.
chiral Andreev bound states to chiral Majorana zero-energy
modes can be realized by tuning some relevant physical pa-
rameters, such as the strength of the applied Zeeman mag-

netic field. Since these chiral Majorana zero-energy modes
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are promising for future applications in quantum computation,
the studies of various properties of such anomalous edge states
are of interest from both theoretical and practical points of
view. Among these studies, a fundamental issue is how to
detect such anomalous edge states or how to identify unam-
biguously their true nature. The simplest way to detect such
anomalous edge states is by the measurement of the tunnel-
ing conductance spectroscopy. The theoretical analyses pre-
dict that, if a zero-energy bound state is formed at the edges
of a semiconductor nanowire (or thin film) with proximity-
induced s-wave pairing potential, then the differential tunnel-
ing conductance spectrum of electrical transport from a nor-
mal lead to such a semiconductor will exhibit a conductance
peak at zero bias voltage, similar to other zero-energy bound

5.1 7-18] Thyg the observation of zero-

states in superconductor
bias conductance peaks (ZBCPs) in the tunneling conductance
spectroscopy can serve as an important signature of the possi-
ble presence of a chiral Majorana zero-energy mode. These
ZBCPs have indeed been experimentally observed in recent
measurements of the tunneling conductance spectra in semi-
conductor nanowires (both InSb and InAs) with proximity-
induced superconductivity.!'°->5] However, from the theoreti-
cal point of view, the observation of such ZBCPs in the tunnel-
ing conductance spectrum represents only a necessary but not
a sufficient evidence for the possible presence of chiral Ma-
jorana zero-energy mode. The main problem with the unam-
biguous identification of the true nature of such ZBCPs is that
there are some other sources that may also lead to the occur-
rence of similar ZBCPs in the tunneling conductance spectrum

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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of such systems.?6-28 Due to these complexities, more pos-
sible signatures should be searched to unambiguously identify
the true nature of these ZBCPs.

In this paper, we consider the effects of anomalous in-
terface bound states on the electrical shot noise in tunnel
junctions formed between normal metals and low-dimensional
semiconductors with strong Rashba spin—orbit coupling and
proximity-induced s-wave Cooper pairing potential. The elec-
trical shot noise originates from the time-dependent fluctua-
tion of the electric current in electrical transport due to the
discreteness of the charge of the carriers. It is known that
shot noise measurements can provide some useful information
on the transport process in a system, which is not available
through usual conductance measurements.!>°3% For example,
it can help to obtain information on the charge and statistics
of the quasiparticles relevant for electrical transport in a sys-
tem and reveal information on the internal energy scales of a
low-dimensional system. In the zero-temperature limit, shot
noise remains as the only source of electric noise. In normal
metallic conductors, the process of electrical conductance can
be modeled by a Poisson process in the absence of correla-
tions among the carriers, then one can show that for small bias
voltage, the ratio of the noise power to the electric current will
equal to 2e in the zero-temperature limit.[>°! The dissipation-
less current (supercurrent) in superconductors is a property of
the ground state, and therefore is noiseless. However, noise
appears if the superconductor is in contact with normal met-
als. It has been predicted that in the low transmission nor-
mal metal-superconductor junctions, due to the transport of
Cooper pairs (charged 2e) in the superconductor region, the
ratio of the noise power to the electric current will be doubled
with respect to the normal-state result 2¢.12%3% But if interface
bound states emerge in a tunnel junction, then the result may

31321 At this stage, it is important to

be altered significantly.!
clarify what influences the anomalous interface bound states
might have on the electrical shot noise in tunnel junctions
formed between normal metals and low-dimensional semicon-
ductors with strong Rashba spin—orbit coupling, proximity-
induced s-wave Cooper pairing potential, and Zeeman mag-
netic field. It should be pointed out that in tunnel junctions
with only normal electronic states involved, the formation of
interface bound states may also have significantly influence the
shot noise properties of the junctions; as was found, for exam-
ple, in Fe|MgO|Fe magnetic tunnel junctions.*® Compared
with tunnel junctions with only normal states involved, in tun-
nel junctions of low-dimensional semiconductors with strong
spin—orbit coupling and proximity-induced s-wave pairing po-
tential, some new physics may occur due to the following rea-
sons. First, in these tunnel junctions, the formation of interface
bound states is not a pure boundary effect but results from
the interplay of boundary effect, strong spin—orbit coupling,
proximity-induced Cooper pairing potential, and applied Zee-

man magnetic field. Second, in these tunnel junctions, due
to the formation of helical superconducting states in the junc-
tions, Andreev reflection plays a very important role on charge
transmission through the interfaces, it may especially play a
dominant role in the gap region. Due to the combined effects
of these complex factors, the influences of the interface bound
states on the shot noise in such tunnel junctions may exhibit
some unusual characteristics. In this paper, based on the ex-
tended Landauer—Biittiker scattering theory,**—3?! we will in-
vestigate in some detail what can be expected in the electri-
cal shot noise in these tunnel junctions under the presence of
anomalous interface bound states. We are particularly inter-
ested in how the electrical shot noise properties vary as the
interface bound state is evolved from a non-zero energy bound
state to a zero-energy bound state. We will show that, because
this evolution is driven by tuning the strength of the applied
Zeeman magnetic field, the electrical shot noise in such tunnel
junctions may exhibit some interesting behaviors. The obser-
vation of such interesting behaviors may provide some useful
information on the properties of anomalous interface bound
states formed in such low-dimensional systems, which cannot
be obtained by usual conductance measurements.

This paper is organized as follows. In Section 2, we de-
scribe the theoretical model for the systems considered in the
paper and introduce the theoretical formulation for the calcu-
lation of the electrical shot noise. In Section 3, we numerically
calculate the shot noise as a function of some relevant physi-
cal parameters. We will discuss in some detail how the shot
noise properties vary as the interface bound state evolves from
a non-zero energy bound state to a zero-energy bound state.

2. Model and formulation

We consider the electrical shot noise of the interface be-
tween a normal metal and a one-dimensional (1D) or two-
dimensional (2D) semiconductor with strong Rashba spin—
orbit coupling (such as InSb or InAs nanowires or thin films)
and proximity-induced s-wave pairing potential. When the su-
perconducting region in such a tunnel junction is subjected to
a Zeeman magnetic field in the direction perpendicular to the
Rashba field, the Andreev bound states will emerge at the in-
terfaces in both 1D and 2D systems. Below we take 2D tunnel
junctions as the example to discuss how to calculate the elec-
trical shot noise of the interfaces. The shot noise in the 1D
tunnel junctions can be calculated in a similar way.

A 2D Rashba semiconductor with proximity-induced s-
wave pairing potential and subjected to a Zeeman magnetic
field in the direction perpendicular to the Rashba field can
be described by the following Bogliubov—de Gennes (BdG)
Hamiltonian:

e (Ho(k,cr)

ioyA
—ioy,A —Ho(—k7c*)>’ M
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where ¢ = (0y, 0y, 0;) are the Pauli matrices in spin space, A
is the proximity-induced s-wave pairing potential, Hy(k, o) is
the effective Hamiltonian describing the normal state of the
2D Rashba semiconductor

HO(ka G) = ék + aR(kay - Gykx) + B0y, 2)

where &, = Ii*k? /2mg — U is the kinetic energy relative to
the chemical potential u, k= (ky,k,) is the two-dimensional
wave vector, my is the effective mass, o is the Rashba spin—
orbit coupling constant, and By is the strength of the applied
Zeeman magnetic field.

By solving the BdG equation, the eigenvalues of quasi-
particles in the superconducting region are given by

Ee,i(kxa ky)

= \/5,3 + ogk? + B+ A2 ﬁ:Z\/B%Az + B&i + ogk*ER,
©)
Ep + (ky, ky)

= —\/é,’ﬁf + 0gk? + By + A2 iz\/BgAz + B3EL + gk EL,
4)

in which k = | /k? +-k3. The dispersion relations of electron-
like and hole-like quasiparticles in the superconducting region
are determined by Eqgs. (3) and (4), respectively. The corre-
sponding eigenvectors of quasiparticles can also be obtained
analytically.

Now we consider the reflection and transmission of
charge carriers at the interface between the normal lead and
the superconducting region. We assume that the interface is
located at x = 0 and has an infinitely narrow insulating barrier
described by the 8 function: U(x) = Upd(x), with the inter-
face barrier strength Uy. We denote the spinor eigenvectors (in
Nambu space) of electrons (e) or holes (h) in the normal lead
as |O)en, With 6 = + for spin up and 6 = — for spin down.
Then, for an electron of spin ¢ incident from the normal lead,
the wave function in the normal lead can be expressed as

vt ik© ™
P(x<0) = e[ 6); +agoe™ o),
™ e
Jram_ye1kx x|(_7>h+bgo—e_lkxex|6>e

o)
+boge” M |6)e]. ®)

Here ass and ags are the Andreev reflection coefficients
of an incident electron with spin ¢ reflected to a hole with
spin 0 or 6 (6 = —0), bgs and bss are the normal re-
flection coefficients of an incident electron with spin ¢ re-
flected to an electron with spin ¢ or 6. k; is the y com-
ponent of the wave vectors of the incident electrons, which
is a conserved quantity during the reflection and the trans-

mission processes. k)@ and kj(ch) are the x components

of the wave vectors of reflected electrons and holes, re-
spectively, with K = \/ (2mn /1) (E 4 ux) —k? and K =

\/(ZmN/hz)(,uN —E) — k2, in which puy is the chemical po-
tential and my is the effective mass in the normal lead.

The wave function of the scattering state in the supercon-
ducting region is given by

4
y(x>0)=Y cue'™e (g ky). ©)
n=1
Here the coefficients ¢, denote the amplitudes of quasiparticles
propagating in the superconducting region, g, denotes the x
component of the wave vectors of the quasiparticles, ¢(qy, ky)
denotes the corresponding spinor eigenvector of the quasipar-
ticles with the wave vector (g,, ky), which can be obtained by
solving the BAG equation.

When the energy E and the y component ky of the wave
vector of an incident electron (or hole) are given, the wave
number g, in Eq. (6) can be determined self-consistently from
the energy dispersion relations of quasiparticles in the super-
conducting region, given by Eq. (3) (for electron-like quasi-
particles) or Eq. (4) (for hole-like quasiparticles). In general,
one can obtain eight solutions for ¢, from the energy disper-
sion relations of quasiparticles when E and k, are given. If
the solution of g, is a real number, the corresponding wave
function represents a propagating wave. If g, is a complex
number, then the corresponding wave function represents an
evanescent wave. In general, the solution of ¢, is a com-
plex number. Since we have assumed that quasiparticles are
transmitted from the region of x < O to the region of x > 0,
in the determination of the solution for g,, the constraints
9Ec +(qn,ky)/dgn > 0 (for electron-like quasiparticles) and
9dEn 4 (qn,ky)/dgn > 0 (for hole-like quasiparticles) should be
postulated for propagating waves and the constraint Im(g,,) >
0 should be postulated for evanescent waves. After imposing
these constraints, the values of the four wave numbers g, in
Eq. (6) can be determined uniquely from the energy disper-
sion relation of quasiparticles by setting E¢ +(¢n,ky) = E (for
E > 0) or Ey, +(qn,ky) = E (for E < 0) when E and k, are
given. After the values of the four wave numbers g, are de-
termined, the corresponding spinor eigenvectors, denoted as
@(qnky) = [ur(gn. ky),uy(@n,ky), v (g ky), vy (n, ky)] T, can
also be obtained from the BAG equation, with

"‘T(‘]mky)
_ 1 2iaR (gn — iky)(éqn,ky —By) 7
N(Qnak}') A 7
ui(‘inaky)
1 A8 (gt hy) — (Bo—E)? )
N(gn,ky) A ’
VT(C]naky)
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1 —Bo—FE i ik
_ |:(€‘Imk_\ 0 )ui_ laR(q;1+l y) M{|7 )
N(anky) A A
Vl(‘]nvky)
—1 [k, +Bo—E)  ior(gy—iky) }
= : uy + u|, (10
N(kay)|: A i A v (10)

where &, 1, = n2 (g2 + k3)/2m — g and N(gy,ky) is a normal-
ization factor.

At the interface between the normal lead and the super-
conducting region, the matching conditions for the wave func-
tions are

W) —o- = ¥li=o+> (11)

A A h 2mU,
Y4 N _ (S 0
( )ql|x70— - [/ < )'{I|x70+ - 71 h2

(60 oY Tz)lp|x:0+7 (12)

(N) is the velocity operator in the normal lead, V()

where V
is the velocity operator in the superconducting region, oy is
the unit matrix in spin space, and 7, is the Pauli matrix in
particle-hole space. By solving Eqgs. (11) and (12), for an in-
cident electron with energy E and incident angle 0 (defined
by ky = ksin 0), the normal and the Andreev reflection coeffi-
cients b4 and aq4 in Eq. (5) can be calculated, which are the
functions of the incident energy E and the incident angle 6. In
the following, we will use R; o 10 denote the normal reflec-
tion probability of an incident electron with spin ¢ reflected
to an electron with spin o', and use RE‘T o to denote the An-
dreev reflection probability of an incident electron with spin
o reflected to a hole with spin ¢’. In terms of the normal and
the Andreev reflection coefficients b, and ag4/, the normal
and the Andreev reflection probabilities of an incident electron
with energy E and incident angle 8 and spin ¢ are given by

k
¢ o' = |boo (E,0)]% RL, = ==l|ase(E,0)[%, (13)

o
oo’ k)((e)
which are the functions of the incident energy E and the inci-
dent angle 6.

After the normal and the Andreev reflection probabilities
are obtained, the average electric current and the fluctuation
around the average electric current (i.e., the shot noise) can be
obtained following the extended Landauer—Biittiker scattering
theory.[?-32] In the zero-temperature limit, the average elec-
tric current at a bias voltage V is given by

1 rev
I:;/O G(E)dE, (14)

where G(E) is the differential tunneling conductance at zero-
temperature, which can be expressed as an integration over the
incident angle 0 of the incident electrons as follows:

2 2
G(E) = ‘izl/n/ [1+RY, + RS
h =~ 2 775/2 [eXe) o0

—Rs —RS5] x cos0d6. (15)

In the zero-temperature limit, the shot-noise power at bias
voltage V is given by

1 rev
P:E/O S(E)dE, (16)

where S(E) is the differential shot noise at zero-temperature,
which can also be expressed as an integration over the incident
angle 0 of the incident electrons as follows:

2e3 1 (72
S(E)zizf/ s¢(E,B) x cos0d0, 17)
h o 2 —n/2

where 55 (E, 0) is the function of the energy E and the incident
angle 0 of the incident electrons with spin ¢ and is given by
the normal and the Andreev reflection probabilities as follows:

56(E,0) = Rgs(1—Rgs) +Ros(1 —Rgs)
+Rgc(1 _Rlclm) +Rlc176<1 _R}clrc‘r) +2R20'R%6
+ 2R Ry 5+ 2(R s + Ro) (Rb s + Ry ). (18)

3. Results and discussion

In this section, we present some numerical results ob-
tained using the theoretical formulation introduced above. We
will investigate in some detail how the electrical shot noise
properties vary as the interface bound state is evolved from a
non-zero energy bound state to a zero-energy bound state in
both 1D and 2D tunnel junctions. For convenience of discus-
sion, we use dimensionless parameters in the numerical results
presented below. We define the strength of the interface bar-
rier by a dimensionless parameter Zy = 2msUp/ hzkl(f) and the
strength of the Rashba spin—orbit coupling by a dimensionless
parameter o = 2mg0R / hzkl(;) , where ké” = \/2mg s/ 72 is the
Fermi wave number in the superconducting region. The pair-
ing potential in the superconducting region will be measured
by the chemical potential yg. For simplicity, we choose the
same effective mass and the same chemical potential in the
normal and the superconducting regions in the numerical cal-
culations, but we can show that the results presented below are
still valid if the effective mass and the chemical potential in the
normal and the superconducting regions are set different, thus
we neglect these differences in the following discussion.

From the energy dispersion relations of quasiparticles in
the superconducting region, one can see that there is a critical
value B, = /A2 + u2 for the strength of the Zeeman mag-
netic field, at which a transition from a topologically trivial
superconducting state to a topologically nontrivial supercon-
ducting state will occur in both 1D and 2D systems. Because
the strength of the Zeeman magnetic field is increased from
By < B; to By = B., accompanied with this topological tran-
sition, the interface Andreev bound state will evolve from a
non-zero energy bound state to a zero-energy bound state. In
Figs. 1(a) and 1(b), we show how the differential shot noise
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spectra in 1D and 2D tunnel junctions vary as such an evolu-
tion is driven by tuning the strength of the Zeeman magnetic
field. From Figs. 1(a) and 1(b), one can see that, for the case of
By = 0 (no interface bound state emerges in this case), the dif-
ferential shot noise spectra in both 1D and 2D tunnel junctions
exhibit a sharp peak at eV ~ A, similar to the corresponding
results for conventional normal-metal/s-wave superconductor
tunnel junctions. As By is increased from O to B, the position
of the peak shifts gradually towards zero bias voltage, and the
peak height also diminishes gradually. These variations are
due to the formation of the midgap interface Andreev bound
states and the shifts of their bound energies, which are con-
trolled by varying the strength of the Zeeman magnetic field.
From the theoretical point of view, the Andreev reflection pro-
cess is most pronounced if the energy of an incident electron is
close to the bound energy Ey, of the interface bound state, thus
a midgap peak is formed in the differential shot noise spec-
trum around the position of eV ~ Ey, and the shift of the peak
position can serve as an important indication of the evolution
of the interface bound states.

1.5

1.2

0.9

S/4e3-h~!

0.6

0.3

1.2

0.9

0.6

S/4e3-h—1

0.3

Fig. 1. The differential shot noise in a 1D tunnel junction (a) and in a
2D tunnel junction (b) as a function of the bias voltage for several dif-
ferent strengths of the Zeeman magnetic field. The values of By shown
in the figures are given in units of the critical field strength B.. The
other parameters are A /i, = 0.001, & = 0.2, and Zp = 5.

By comparing the corresponding results shown in
Figs. 1(a) and 1(b), one can see that though the variations of
the differential shot noise spectra with the evolution of the in-
terface bound states exhibit some similarities in the 1D and
2D tunnel junctions; however, there are also some significant
differences between them. For the 1D tunnel junctions, as By

is increased from O to B, the width of the midgap peak in the
differential shot noise spectrum remains rather narrow, i.e., the
shot noise remains changing rather rapidly in a narrow bias re-
gion around eV ~ E,, independent of the values of By. But for
the 2D tunnel junctions, as By is increased from O to B, the
width of the midgap peak will be broadened substantially. Es-
pecially, as the value of By is close to the critical value B, the
variation of the differential shot noise around the peak center
becomes rather smooth as compared with the corresponding
result for the 1D tunnel junctions. These significant differ-
ences are due to the fact that, for the 2D tunnel junctions, the
effect of the interface bound states on the normal and the An-
dreev reflection processes may depend sensitively on the inci-
dent angles of the charge carriers.

1o (a)
By=0
) == By=0.3
: ——-By=0.6
f By=1.0
K]
N
~
@)
\\ ;o ) Tom===
1.0 1.5
1.2 (®)
1.0 —By=0
~ --—By=0.2
. 0.8 ---By=0.5
<
NQ.) —By=1.0
«~ 0.6
~
@)
0.4 i
R i
0.2 ] i\
NN
I N i
0 0.5 1.0 1.5
eV/A

Fig. 2. Illustration of the shift of the midgap conductance peak in the
differential tunneling conductance spectrum in a 1D tunnel junction (a)
and in a 2D tunnel junction (b) as the strength of the Zeeman magnetic
field is increased from By = 0 to By = B.. The values of By shown in
the figures are given in units of the critical field strength B.. The other
parameters are A /s = 0.001, o« = 0.2, and Zp = 5.

In Figs. 2(a) and 2(b), we plot the differential tunneling
conductance spectra of both 1D and 2D tunnel junctions as a
function of the bias voltage for several different values of the
strength of the Zeeman magnetic field. In agreement with the
previous theoretical predictions,!!!~1%! as the strength of the
Zeeman magnetic field is increased from By = 0 to By = B,
the position of the midgap peak in the differential tunneling
conductance spectrum will shift exactly to zero bias voltage
as the value of By reaches the critical field strength B.. These
zero-bias conductance peaks (ZBCPs) are responsible for the
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formation of zero-energy bound state at the interface in a tun-
nel junction and were observed in several recent experimental
studies.!'2>] By comparing the results shown in Figs. 1 and
2, one can note that, for both 1D and 2D tunnel junctions, as
the strength of the Zeeman magnetic field is increased from
By = 0to By = B., the shift of the position of the midgap peak
in the differential shot noise spectrum is similar to that in the
differential tunneling conductance spectrum. But unlike the
differential tunneling conductance spectrum, the position of
the midgap peak in the differential shot noise spectrum does
not shift exactly to zero bias voltage as the strength of the Zee-
man magnetic field reaches the critical value B, as can be seen
from Fig. 1.

A particularly interesting quantity in noise studies is the
ratio of the noise power (P) to the charge current (7).12°=33 In
Figs. 3(a) and 3(b), we show the variations of the P/I ratio in
both 1D and 2D tunnel junctions as a function of the bias volt-
age for several different values of the strength of the Zeeman
magnetic field. From Fig. 3(a), one can see that, for the case of
By = 0 (no interface bound state emerges in this case), the P/I
ratio in the 1D tunnel junctions is 4e in the whole gap region
(eV < A) and quickly reaches the classical Schottky value 2e
at finite bias voltages outside the gap region (eV > A), similar
to the corresponding result for conventional normal-metal/s-
wave superconductor tunnel junctions.!?®3%1 As the strength
of the Zeeman magnetic field is increased, the interface An-
dreev bound state emerges. Due to the induction of the midgap
interface bound state, the behaviors of the P/I ratio will de-
viate significantly from the corresponding results for conven-
tional normal-metal/s-wave superconductor tunnel junctions.
The most significant discrepancy is the behaviors of the P/I
ratio near zero bias voltage (eV < A). From Fig. 3(a), one can
see that the P/I ratio near zero bias voltage may be increased
substantially by the increase of By, i.e., the induction of the
midgap interface bound state can enhance this ratio signifi-
cantly in the vicinity of zero bias voltage. But remarkably, as
the value of By gets close to the critical field strength B, this
ratio turns to decrease rapidly with the further increase of By
and vanishes completely as the value of By reaches the critical
value B.. This remarkable feature is more clearly illustrated in
Fig. 4(a), where we plot the ratio of the zero-bias differential
shot noise (Sp) to the zero-bias differential conductivity (Gp)
as a function of the strength of the Zeeman magnetic field. In
the small bias limit with eV < A, the P/I ratio is equal to the
So/ Gy ratio. From Fig. 4(a) one can see that, for small barrier
strength (see the curves with Zy = 2 and Zy = 3 in Fig. 4(a)),
this ratio will increase first with the increase of By and then
turn to decrease gradually with the further increase of By, but
as By reaches the critical field strength B, it decreases sharply
to zero. For large barrier strength (see the curve with Zy =5
in Fig. 4(a)), this ratio will increase with the increase of By al-

most in the whole region of By < B, but decreases sharply to
zero as the value of B reaches the critical value B.. Such re-
markable feature is an important reflection of the formation of
zero-energy interface bound states in the 1D tunnel junctions.
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Fig. 3. The ratio of the noise power to the charge current in a 1D tunnel
junction (a) and in a 2D tunnel junction (b) as a function of the bias
voltage for several different strengths of the Zeeman magnetic field.
The values of By shown in the figures are given in units of the critical
field strength B.. The other parameters are A /g = 0.001, @ = 0.2, and
Zp=>5.

From Fig. 3(b), one can see that, for the 2D tunnel junc-
tions, the behaviors of the P/I ratio with the evolution of the
interface bound state are significantly different from the corre-
sponding results shown in Fig. 3(a) for the 1D tunnel junctions
and also significantly different from the corresponding results
for conventional normal-metal/s-wave superconductor tunnel
junctions. As can be seen from Fig. 3(b), for the case of By =0
(no interface bound state emerges), the P/I ratio in the 2D tun-
nel junctions is also 4e in the whole gap region (eV < A) and
quickly reaches the classical Schottky value 2e at finite bias
voltages outside the gap region (eV > A), similar to the corre-
sponding result shown in Fig. 3(a) for the 1D tunnel junctions
and also similar to the corresponding results for conventional
normal-metal/s-wave superconductor tunnel junctions. As the
value of By is increased and the interface bound state emerges,
the P/I ratio near zero bias voltage in the 2D tunneling junc-
tion can also be enhanced significantly due to the induction
of the midgap interface bound states. But as the value of By
gets close to the critical value B, the P/I ratio near zero bias
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voltage turns to decrease smoothly to a finite value, which is
neither zero as the corresponding results shown in Fig. 3(a) for
the 1D tunnel junction, nor the usual value 4e as in conven-
tional normal-metal/s-wave superconductor tunnel junctions,
but recovers approximately the normal-state result 2e. Such
behavior is more clearly illustrated in Fig. 4(b), where we plot
the ratio of the zero-bias differential shot noise Sy to the zero-
bias differential conductivity Gy (equal to the P/I ratio in the
small bias limit with eV < A) in the 2D tunnel junctions as a
function of the strength of the Zeeman magnetic field. From
Fig. 4(b) one can see that the variation of this ratio with the in-
crease of By is rather smooth in the whole region of By < B,
compared with the corresponding result shown in Fig. 3(a) for
the 1D tunnel junctions. These significant differences are due
to the fact that the influence of the midgap interface bound
state on the normal and Andreev reflections of charge carriers
at the interface in a 2D tunnel junction may depend sensitively
on their incident angles.

(So/Go)/e

N W ks OO N

(®) |

(So/Go)/e

0 0.5 1.0 1.5
Bo/B.

Fig. 4. The ratio of the zero-bias differential shot noise Sy to the zero-
bias differential conductivity Gy in a 1D tunnel junction (a) and in a 2D
tunnel junction (b) as a function of the strength of the Zeeman magnetic
field for several different values of the interface barrier strength Z,. The
other parameters are A /s = 0.001 and & =0.2.

4. Conclusion

We have presented a theoretical investigation of the vari-
ations of the electrical shot noise properties with the evolu-
tion of the midgap interface bound states in tunnel junctions
formed between normal metals and 1D or 2D Rashba semi-
conductors with proximity-induced s-wave pairing potential

and Zeeman magnetic field. It is shown that the electrical shot
noise properties in these tunnel junctions may deviate signif-
icantly from conventional normal-metal/s-wave superconduc-
tor tunnel junctions due to the induction of the midgap inter-
face bound state in the gap region. It is found that in both
1D and 2D tunnel junctions, the ratio of the noise power to
the electric current in the vicinity of zero bias voltage may be
enhanced significantly due to the induction of the midgap in-
terface bound state. But as the interface bound state evolves
from a non-zero energy bound state to a zero-energy bound
state, this ratio tends to vanish completely at zero bias voltage
in the 1D tunnel junctions, while in the 2D tunnel junctions
it decreases smoothly to the classical Schottky value 2e as in
the normal state. This result clarifies an important difference
between the properties of zero-energy interface bound states
formed in 1D and 2D Rashba semiconductors with proximity-
induced s-wave pairing potential and Zeeman magnetic field.
Some other important discrepancies between the shot noise
properties in 1D and 2D tunnel junctions are also clarified.
The theoretical model considered above is suitable for low-
dimensional tunnel junctions based on both InSb and InAs
nanowires or thin films with proximity-induced superconduc-
tivity. We believe that some interesting behaviors of the shot
noise predicted above should be observable in these systems,
and the observation of these interesting behaviors will be help-
ful to get more useful information on the properties of anoma-
lous interface bound states formed in such low-dimensional
systems, which is not currently available through usual con-
ductance measurements.
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