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We study theoretically the electrical shot noise properties of tunnel junctions between a normal metal and a supercon-
ductor with the mixture of singlet s-wave and chiral triplet p-wave pairing due to broken inversion symmetry. We investigate
how the shot noise properties vary as the relative amplitude between the two parity components in the pairing potential is
changed. It is demonstrated that some characteristics of the electrical shot noise properties of such tunnel junctions may de-
pend sensitively on the relative amplitude between the two parity components in the pairing potential, and some significant
changes may occur in the electrical shot noise properties when the relative amplitude between the two parity components
is varied from the singlet s-wave pairing dominated regime to the chiral triplet p-wave pairing dominated regime. In the
chiral triplet p-wave pairing dominated regime, the ratio of noise power to electric current is close to 2¢ both in the in-gap
and in the out-gap region. In the singlet s-wave pairing dominated regime, the value of this ratio is close to 4e in the
inner gap region but may reduce to about 2e in the outer gap region as the relative amplitude of the chiral triplet pairing
component is increased. The variations of the differential shot noise with the bias voltage also exhibit some significantly
different features in different regimes. Such different features can serve as useful diagnostic tools for the determination of
the relative magnitude of the two parity components in the pairing potential.

Keywords: normal metal/superconductor tunnel junctions, shot noise, mixing of s-wave and chiral p-wave

pairing, spin—orbit coupling
PACS: 72.10.Bg, 72.25.Dc, 72.25.Ba, 72.15.—v

1. Introduction

The parity symmetry of Cooper pairs is a fundamental
property of a superconducting phase. If there is no coupling
between the electrons’ spin and orbital degrees of freedom,
the wave function of a Cooper pair can be decomposed into
the product of a spin part and an orbital part, then two types of
parity symmetry can be classified for pairing states, namely
spin-singlet pairing with orbital even-parity and spin-triplet
pairing with orbital odd-parity.[!-?] This classification is valid
in the absence of spin—orbit interaction but becomes invalid in
the presence of strong spin—orbit coupling. For example, in
some non-centrosymmetric superconductors*~’! and in some
proximity-induced superconducting phases developed in some

low-dimensional semiconductor nanostructures!3-15]

or topo-
logical insulator surfaces, %23 the broken inversion symme-
try may not only lead to strong spin—orbit interaction but also
cause the mixing of singlet s-wave and chiral triplet p-wave
pairing. It is expected that some peculiar properties may occur
due to the mixing of singlet and chiral triplet pairing, such as
topologically protected zero-energy bound modes,®231 spin-
polarized dissipationless charge current,?*>3! topological spin

current,[26:271 magnetoelectric effects, 28291 ¢tc.
When both singlet and chiral triplet pairing component

coexist in the pairing potential, the determination of the rela-
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tive magnitude of the two parity components is a fundamen-
tal issue since some properties of a superconducting phase
may depend sensitively on it. Various schemes have been
proposed for testing the structure of the parity-mixed pairing
states. 3361 Most of these schemes are based on the measure-
ment of electrical transport properties of various types of junc-
tions consisting of such superconducting phases, e.g., through
the measurement of the tunneling spectroscopy. In a single-
barrier tunnel junction between a normal metal and such a su-
perconductor, the observation of a zero-bias anomaly in quasi-
particle tunneling spectroscopy of certain directions is widely
believed to be an indication of the presence of helical edge
state of topologically non-trivial phase with dominant spin-
triplet odd-parity pairing.3!! In addition, the helical states
would carry spin currents which would be another indica-
tion for the topologically non-trivial state with dominant spin-
triplet odd-parity pairing.> In a double-barrier tunnel junc-
tion consisting of such a superconductor sandwiched by two
spin-polarized normal metals, some characteristics of crossed
Andreev reflection between two interfaces can also serve as
a diagnostic tool for the relative ratio of the singlet and the
triplet component in the pairing potential.**! Some other pos-
sible schemes were also proposed based on the measurement
of some other types of electrical transport properties which
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may depend sensitively on the relative amplitude between the
two parity components in the pairing potential. [34-36]

In this paper we study theoretically the possibility of uti-
lizing the measurement of electrical shot noise properties in
tunnel junctions as a probe of the relative magnitude of sin-
glet s-wave and chiral triplet p-wave pairing component in a
superconducting phase with mixed parity due to broken in-
version symmetry. The electrical shot noise originates from
the time-dependent fluctuation of the electric current in elec-
trical transport due to the discreteness of the charge of the
carriers and remains as the only source of electrical noise in
the zero-temperature limit. It is well known that the shot
noise measurements in the zero-temperature limit can pro-
vide some valuable information on the transport process in a
tunnel junction, which is not available through usual conduc-

37441 For instance, in tunnel junctions

tance measurements. !
between normal metallic conductors with the carriers charged
e, the process of electrical conductance can be modeled by a
Poisson process in the absence of correlations among the car-
riers, then the ratio of noise power to electric current will equal
to 2e in the zero-temperature limit for small bias voltage. 7]
In contrast, in a low transmission tunnel junction between a
normal metal and a conventional s-wave superconductor with
singlet pairing, the value of this ratio will be doubled for small
bias voltage due to the transport of Cooper pairs charged 2e, so
some useful information on the charge and statistics of quasi-
particles may be revealed through the measurement of electri-
cal shot noise properties.?’*°1 But it should be noted that, if
singlet and chiral triplet pairing coexist in the superconduct-
ing region of a tunnel junction, the situations become some-
what different and the results may change substantially due
to the Pauli repulsion between electrons with the same spin
projections. Moreover, helical edge state may occur at the
junction interface if the effect of chiral triplet pairing exceeds
that of singlet pairing, which may also affect substantially the
electrical shot noise properties of such a tunnel junction. In
this paper, based on the Bogoliubov—de Gennes (BdG) equa-
tion and the extended Landauer—Biittiker scattering theory, [+]
we investigate theoretically the characteristics of the electri-
cal shot noise properties of tunnel junctions between a normal
metal and such a superconductor where strong Rashba spin—
orbit coupling and the mixture of singlet s-wave and chiral
triplet p-wave pairing coexist. We investigate in some detail
how the shot noise properties vary as the relative amplitude
between the singlet s-wave and the chiral triplet p-wave com-
ponent in the pairing potential is changed. It is demonstrated
that some significant changes may occur in the electrical shot
noise properties as the relative amplitude between the two par-
ity components is varied. For instance, in the chiral triplet
p-wave pairing dominated regime, the ratio of noise power to
electric current is close to 2e both in the in-gap and in the

out-gap region. In contrast, in the singlet s-wave pairing dom-
inated regime, the value of this ratio is close to 4e in the inner
gap region but may reduce to about 2e in the outer gap region
as the relative amplitude of the chiral triplet pairing compo-
nent is increased. The variations of the differential shot noise
with the bias voltage also exhibit some significant differences
in different regimes of the relative amplitude of the two parity
components. The observation of such different features in the
electrical shot noise properties can serve as useful diagnostic
tools in the determination of the relative amplitude between
the two parity components, in complement to usual diagnostic
tools based on conductance measurements.

The paper is organized as follows. In Section 2 we de-
scribe the theoretical model for the considered structure and
introduce the theoretical formulation for the calculation of the
electrical shot noise. In Section 3 we calculate numerically
the electrical shot noise and investigate in some detail what
changes may occur in the electrical shot noise properties as the
relative magnitude of the two parity components in the pairing
potential is varied. A summary is given in Section 4.

2. Model and formulation

We consider a single-barrier planar tunnel junction ly-
ing in the x—y plane, where on the side of x < 0 is a normal
metal and on the side of x > 0 is a superconductor where
the mixture of singlet s-wave and chiral triplet p-wave pair-
ing and strong Rashba spin—orbit coupling coexist due to bro-
ken inversion symmetry. The junction interface is located at
x =0 and is assumed to be perfectly flat and extends infinitely
along the y direction. The voltage bias is along the x direc-
tion. In the normal metal region (x < 0), the electronic state
is described by the following single-particle effective Hamil-
tonian: Ho(k) = 1*k?/(2m) — p, where m is the electron ef-
fective mass, u is the chemical potential, and k = (k,, k) is
the two-dimensional wave vector. In the superconducting re-
gion (x > 0), the quasiparticle excitation is described by the

following BAG Hamiltonian: %361
&+ Akyor — ke0y) Ak)
H(k) = " Y (1
(k) _A*(—k) &t (kO + keOy) )

where A (k) is the pairing potential matrix, &, = h>k?/(2m) —
U is the kinetic energy relative to the chemical potential u,
Oy, denotes the Pauli matrices in spin space, and A denotes
the strength of Rashba spin—orbit coupling. For simplicity, we
assume the same electron effective mass m and chemical po-
tential i on both side of x < 0 and x > 0.

In the presence of both singlet s-wave and chiral triplet
p-wave pairing, the pairing potential A(kz) can be written as
A(k) = [d(k) - 6]ioy + iAs(k)o,, where As(k) is the singlet

component and d(k) the triplet component. We assume that
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the triplet component d(k) is aligned with the spin—orbit field,
then the triplet component can be written as!”!

£y — Pk,

(k) = Ap(k)

2

where Ap(k) is the amplitude of the triplet pairing component,
X and j denote the unit vectors along the x and y directions,

Ee+U(x) Ak O(x)

| Sk &+UW

iApe'?O(x) —AsO(x)
AsO(x) iApe 190 (x)

Here 0 represents the angle between the direction of quasipar-
ticles” motion and the x axis, ky = k, & ik, = ke*1?, O(x) is
the Heaviside step function, and U (x) is the interface barrier
potential. For simplicity, we assume a J-type barrier poten-
tial U (x) = Upd(x) at the junction interface, with Uy being the
barrier strength.

Since translational invariance is assumed along the y di-
rection in the junction, the solutions of the BAG equation can
be described by the general ansatz y(x)e!%Y, where ky is the
transverse component of the wave vector of a quasiparticle
state and y(x) is the longitudinal solution of the BdG Hamil-
tonian for the effective one-dimensional scattering problem
along the x direction, which can be constructed from the eigen-
solutions of the BdG Hamiltonian in each different regions of
the junction. Then for an electron incident from the normal
metal side with a transverse wave vector component k, and
excitation energy E and spin o, the scattering state in the nor-
mal metal region (x < 0) can be expressed as

) o)
P(x) = e N0). +agse’™ o)
R —ikle)y
+agse |6+ bsse |o)e

(e)
+bose K EG),]. 4)

Here |G>c(h) represent the spinor functions of electrons (e)
or holes (h) with spin-up (0 = +) or spin-down (0 = —)
and \6>e(h> (6 = —o0) the spinor functions of the spin-flip
states, which are defined respectively in the following: |+)e =
[1,0,0,0], |=)e = [0,1,0,0]%, |[+)n =[0,0,1,0]T, and | -), =
[0,0,0,1]T. The age is the spin-conserving Andreev reflec-
tion coefficient and ass is the spin-flip Andreev reflection co-
efficient. The bss is the spin-conserving normal reflection
coefficient and bss is the spin-flip normal reflection coeffi-

. h -
cient. k)(ce’ ) are the longitudinal wave vector components of
quasiparticles and are determined by the transverse wave vec-

tor component k, and excitation energy E as follows: k)(f) =

Jemm) )~ K =\ Jam/i) (u - E) - K2

respectively. In the following we consider only the mean-
field value of the amplitude Ag(k) and Ap(k) and neglect the
dependences on wave vector k, i.e., setting As(k) = As and
Ap(k) = Ap, with Ag, Ap > 0. In Nambu-spin space, the effec-
tive Hamiltonian describing the low energy excitation in the
entire junction area can then be written in the following 4 x 4
matrix form:

—idpe 90 (x) AsO(x)
—AsO(x) —idpe'?O(x) 3)
—8e—U(x) —ilk O(x)
ilk_O(x) =&, —U(x)

In the superconducting region (x > 0), the scattering state
can be expressed as the linear combination of two electron-like
and two hole-like right-moving eigenstates of the BAG Hamil-
tonian. Defining ¥ = sgn(Ap — Ag), the wavefunction of the
scattering state in the superconducting region can then be ex-
pressed as

ui
—iul/gl
ivl/gl
Vi

v(x) = c exp(igyx + ikyy)

uz
iuz/gg
iyv2/g2
—m
Vi
—ivl/gl
iul/gl
uj

+c exp(ig5x+ ikyy)

+di exp(—igf,x +ikyy)

V2
iV2/g2
iyu2/&
L —Yu2

where the first two terms on the right side of the equation rep-

+dy exp(—ighx+iky), (5

resent two electronlike right-moving propagating modes with
the longitudinal wave vector components q?@)x, the last two
terms represent two holelike right-moving propagating modes
with the longitudinal wave vector components qlll(z)x, ¢y(2) and
dy() are the corresponding scattering coefficients. The coher-
ence factors uy(y) and vy, are functions of the quasiparticle
excitation energy E and are defined respectively by

2 _ A2
Ui — 1 1+ ﬂ (6)
1(2) — 2 E )
2_ A2
P — 1 1— EiAl(z) (7
1(2) — 2 E )
where A; = Ap + Ag and Ay = |As — Ap|. The longitudinal

wave vector components q?iggx and the factors g2y and gy3)
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are all functions of the quasiparticle excitation energy E and
(h)
(2)x
are related to £ and k, by the following dispersion relation:

the transverse wave vector component ky. Among them, qi’

E = /(G Ak|2+ A3+ 43, with k = (g5) k). From
this dispersion relation, one gets
k E2 _ AZ
qel:(Z)x = kT(Z)x—’_ el(z) P 21(2) ) (3
kl(Z)x A« +2h ,Ll/m
2 A2
YN T N i ©)
(2)x (2)x kt]l(Z)x 12+2h2‘u/m

where kj, = /k%(z) — k2 for both |ky| < ky(2) and |ky| >

h _ h _
ki), Koy = \/k%(z)_kg for |ky| < kiz) and ki), =
- /k%@) — k3 for |ky| > ki), with

mA mA\ 2 2mu
= (5r) <5

mA mA\ 2mu
a=teny () + 5

After q?gx are obtained as the functions of £ and ky, the fac-
tors g1(2) and gy ) as the functions of E and ky can be obtained
as follows: g112) = ({5, — iky)/ki2)s §12) = —(k'f(z)x +
iky) /ki(2)-

All the scattering coefficients in Eqs. (4) and (5) can be
determined by the boundary conditions at the junction inter-
face at x = 0, which read

lP'x:O* = lPlszJw (10)

N N n 2mU,

Wy =0 g - — 5 %(00® 7)o, (11)
m1 h

where V;N) is the x component of the velocity operator in the

normal metal region and VX(S) the x component of the velocity
operator in the superconducting region, Oy is the unit matrix in
spin space and 7, the Pauli matrix in particle-hole space. By
solving Egs. (10) and (11), for an incident electron with exci-
tation energy E and incident angle 8 (defined by k, = ksin 8),
the normal and the Andreev reflection coefficients b4, and
ase in Eq. (4) can be obtained, which are functions of both
E and 6. In the following we use Ry , to denote the nor-
mal reflection probabilities of an incident electron with spin
o reflected to an electron with spin ¢’, and use RE‘T 5 to de-
note the Andreev reflection probabilities of an incident elec-
tron with spin o reflected to a hole with spin ¢’. In terms of
the normal and the Andreev reflection coefficients bg (E, 0)
and a4 (E, 6), the normal and the Andreev reflection proba-
bilities R, and Rg o of an incident electron with excitation
energy E and spin ¢ and incident angle 0 are given by
AL
Zc’ = |b66’(E’9)|27 Rh = T‘aGG’(Eve)‘Z’ (12)

oo’ kz )

which are also functions of both E and 6.

After the normal and the Andreev reflection probabili-
ties are obtained, the average electric current and the fluctu-
ation around the average electric current (i.e., the electrical
shot noise) can be obtained following the extended Landauer—
Biittiker scattering theory.373841 In the zero-temperature
limit, the average electric current at a bias voltage V is given
by

1 eV
I= ;/O G(E)dE, (13)

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

e /2 h h
G(E) = E;/%Q [1+RY + R,
—R%s — R§5] cos6d6. (14)

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

eV
P:7/0 S(E)dE, (15)

where S(E) is the differential shot noise at zero-temperature,
which can be expressed as an integration over the incident an-
gle O as follows:

/2
S(E):%Z[ so(E,0)cos0d0, (16)
c m/2

where s (E, 0) is given by the normal and the Andreev reflec-
tion probabilities as follows:

s6(E,0) = Rs6(1—R5s) +Ro6(1 = Ros)

+Rgc(1 - Rlclm) +Rlc176(1 _R}clrc‘f)
h h
+ 2R§roR<e)'6 + 2RO'GRO'C_7
+2(RG6 + Ré6) (R + Rig)- (17)

3. Results and discussion

We now present the numerical results obtained based on
the formulation outlined above, focusing on the variations of
the shot noise properties with the changes of the relative am-
plitude between the singlet and the chiral triplet component
of the pairing potential. Dimensionless parameters are used
below. The barrier strength is defined by a dimensionless
parameter Z = 2mUy/(1*kg), with kg being the Fermi wave
number. The strength of RSOI is defined by a dimension-
less parameter o = 2mA /(h’kg). The magnitude of the pair-
ing potential is measured by chemical potential 4. We fix
A = Ag + Ap = 0.001p in the calculations but vary the rela-
tive amplitude between Ag and Ap.
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1.0} (a)

AP/ASZO

***Ap/As:O.Q

S (4e3-h1)

O n n n
0 0.5 1.0 1.5 2.0
eV/A
1.0 (b)
_As/Ap: 0
- *As/Ap:02

0 0.5 1.0 1.5 2.0
eV/A

Fig. 1. The variation of the differential shot noise with the bias volt-
age for several different values of the relative amplitude between Ag
and Ap. The results shown in panels (a) and (b) correspond to the
cases Ag/Ap > 1 and Ag/Ap < 1 respectively. The value of Ap/Ag
(or Ag/Ap) is shown in the insets in the figures. The other parameters
are: A =0.001u,Z=3, a=0.5.

In Fig. 1 we show the differential shot noise S (in units
of 4¢3 /h) as a function of the bias voltage V (in units of
A /e) for several different values of the relative amplitude be-
tween Ag and Ap. We consider three different regimes of in-
terest: As > Ap, As = Ap, and Ag < Ap. The results shown in
Figs. 1(a) and 1(b) correspond to the cases with Ag > Ap and
the cases with Ag < Ap, respectively. From the results shown
in Figs. 1(a) and 1(b), we can see that the differential shot
noise spectrums exhibit some significant differences in the
three different regimes. Figure 1(a) shows that, if Ap = 0 (the
pairing is purely singlet), the differential shot noise spectrum
exhibits only a single sharp peak at the bias voltage V = A /e.
As the bias voltage is increased, the differential shot noise S
increases monotonically in the in-gap region of V < A /e and
decreases monotonically in the out-gap region of V > A/e. In
contrast, if Ap # 0 but Ap/As < 1 (the singlet pairing is domi-
nant), the differential shot noise spectrum exhibits two peaks.
A sharp peak appears in the in-gap region of V < A/e and a
small peak appears at V = A/e. Compared with the peak in
the in-gap region, the height of the peak at V = A /e is greatly
suppressed and decreases slowly with the increase of Ap/As.
For the peak in the in-gap region, both its height and its posi-

tion depend sensitively on the relative amplitude between Ap

and As. As Ap/As is increased, the peak height decreases sub-
stantially and the peak position shifts gradually toward the di-
rection of zero-bias voltage. When Ap = Ag, the peak in the
in-gap region vanishes and the value of S increases sharply in
the vicinity of zero-bias voltage. In this case, the variation of §
with the bias voltage becomes rather smooth and rather small
both in the in-gap region and in the out-gap region.

If the triplet component is dominant in the pairing poten-
tial (Ap > Ag), helical Andreev bound state will be formed at
the junction interface!®3'-32! and the effect of the Pauli repul-
sion also becomes much substantial. As a result, the charac-
teristics of the variation of the shot noise with the bias volt-
age may become significantly different from that shown in
Fig. 1(a). This fact can be seen from the results shown in
Fig. 1(b). From Fig. 1(b) we can see that, when Ag/Ap =0
(the pairing is purely triplet), the differential shot noise spec-
trum also exhibits a single sharp peak at V = A /e, but in the in-
gap region of V < A /e, the variation of S with the bias voltage
is non-monotonic and significantly different from the singlet
pairing dominated cases shown in Fig. 1(a). As the bias volt-
age is increased from zero, the value of S first decreases mono-
tonically and smoothly with the increase of V, and then turns
to increase sharply as V approaches A /e. When Ag/Ap # 0,
the position of the sharp peak shifts into the in-gap region. On
the low bias voltage side of the sharp peak in the in-gap region,
the value of S first decreases monotonically and smoothly with
the increase of V and then turns to increase sharply as V' ap-
proaches the peak position, unlike the singlet pairing domi-
nated cases shown in Fig. 1(a). A small and smooth peak may
still occur at V = A /e, but the height is greatly suppressed.
As the value of Ag/Ap is increased, the position of the peak in
the in-gap region shifts gradually toward the direction of zero-
bias voltage. When Ag gets close to Ap, the peak in the in-gap
region vanishes, and the value of S drops sharply in the vicin-
ity of zero-bias voltage, recovering the corresponding result
shown in Fig. 1(a) for the Ap = Ag case.

Another important quantity characterizing the shot noise
properties of a single-barrier normal metal/superconductor
tunnel junction is the ratio of noise power (P) to electric cur-
rent (/). In Fig. 2 we show the ratio P/I (in unit of 2¢) as a
function of the bias voltage for several different values of the
relative amplitude between Ag and Ap. Panels (a) and (b) in
Fig. 2 correspond to the cases with Ag > Ap and the cases with
As < Ap, respectively. From the results shown in panels (a)
and (b) in Fig. 2, we can see that the variations of the ratio P/I
with the bias voltage also exhibit some qualitatively different
features in the three different regimes of Ag > Ap, As = Ap,
and Ag < Ap. Figure 2(a) shows that, when Ap/Ag = 0 (the
pairing is purely singlet), the change curve of the ratio P/I
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with the bias voltage has a plateau area in the in-gap region of
V < A/e. Within the plateau area, the value of P/I is about
4e and is little changed as the bias voltage is varied, indicating
that the electric current is carried mainly by Cooper pairs in the
in-gap region. In the out-gap region of V > A /e, the value of
P/I reduces rapidly to about 2e (the classical Schottky value)
as the bias voltage is increased, indicating that the electric cur-
rent is carried mainly by single electrons in the out-gap region.
When Ap # 0 but Ap/Ag < 1, the plateau area in the change
curve of P/I with the bias voltage still exists in the inner gap
region, but the width of the plateau area reduces substantially
with the increase of Ap/Ag. The value of P/I is still about 4e
in the plateau area. In the outer gap region beyond the plateau
area, the value of P/I is intermediate between 4e¢ and 2e, indi-
cating that the electric current is carried partly by Cooper pairs
and partly by single electrons in this bias voltage region. When
Ap/As = 1, the plateau area vanishes and the change curve
becomes nearly flat, with the value of P/I close to 2e in the
whole bias voltage region. Compared with the As > Ap cases
shown in Fig. 2(a), from Fig. 2(b) we can see that the variation
of P/I with the bias voltage is rather small and smooth over-
all in the triplet pairing dominated cases. The value of P/l
is slightly smaller than 2e in the vicinity of zero-bias voltage,

241 (a) —— Ap/As=0

2.0 pr=fiee=" T Ae/As=03
—~ 1.6}
O
a L
S 1.21
&

0.8}

0.4f

0 . . .
0 0.5 1.0 1.5 2.0
eV/A
2.4f
(b)
—— As/Ap=0
2.0} - -~ Ag/Ap=0.2

(P/1) (2¢)

0 0.5 1.0 1.5 2.0
eV/A

Fig. 2. The variation of the ratio of noise power to electric current with the
bias voltage for several different values of the relative amplitude between
Ag and Ap. The results shown in panels (a) and (b) correspond to the cases
As/Ap > 1 and Ag/Ap < 1 respectively. The value of Ap/Ag (or Ag/Ap) is
shown in the insets. The other parameters are A = 0.001u, Z =3, o =0.5.

and as V is increased from zero, the value of P/I first increases
slowly to a maximum value of about 2e and then turns to de-
crease slightly. When Ag/Ap = 0, the maximum value of P/I
occurs at V = A /e. With the increase of Ag/Ap, the position
of the maximum value shifts gradually towards the direction of
zero-bias voltage. Overall speaking, the value of P/I is close
to 2e both in the in-gap region and in the out-gap region for
Ap > As. In such cases, the electric current is carried mainly

by single electrons instead of Cooper pairs even in the in-gap

region.
0.6
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Fig. 3. (a) The variation of the differential shot noise Sy at zero-bias
voltage with the change of the relative amplitude between Ap and Ag
for the barrier strength Z = 2,3,4. (b) The variation of Sy/Gy with
the change of the relative amplitude between Ap and Ag for the barrier
strength Z = 3,4, 5. The other parameters are: A = 0.001u, o =0.5.

The results shown in Figs. 1 and 2 indicate that, in the
vicinity of zero-bias voltage, both the differential shot noise
and the ratio of noise power to electric current may exhibit
sharp changes as the relative amplitude between Ag and Ap is
varied from the Ap < Ag regime to the Ap > Ag regime. This
fact is more clearly illustrated in Fig. 3. Figure 3(a) shows
the change of the differential shot noise Sy at zero-bias voltage
with the variation of Ap/Ag for the barrier strength Z = 2, 3,
4. From Fig. 3(a) we can see that, both in the Ap < Ag regime
and in the Ap > Ag regime, the value of Sy is almost little af-
fected by the variation of the relative amplitude between Ap
and Ag, but in the vicinity of Ap/Ag = 1, a sharp increase in
the value of Sy occurs as the relative amplitude between Ap and

Ag is varied from the Ap < Ag regime to the Ap > Ag regime.
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In the vicinity of zero-bias voltage, the value of the ratio of
noise power to electric current can be given by the value of
So/Go, where Gy is the charge conductivity at zero-bias volt-
age. Figure 3(b) shows the change of So/G( with the variation
of Ap/Ag for the barrier strength Z = 3, 4, 5. From Fig. 3(b)
we can see that, both in the Ap < Ag regime and in the Ap > Ag
regime, the value of Sy/Gy is also little affected by the vari-
ation of the relative amplitude between Ap and Ag, but in the
vicinity of Ap/Ag = 1, a sharp decrease in the value of Sy/Gy
occurs as the relative amplitude between Ap and Ag is varied
from the Ap < Ag regime to the Ap > Ag regime. Though the
value of Sy may be affected substantially by the variation of the
barrier strength (as seen from Fig. 3(a)), the value of Sy/Gy is
only slightly affected by the variation of the barrier strength in
both regimes of Ap < Ag, and Ap > Ag, which is about 4e for
Ap < As and slightly smaller than 2e for Ap > As. From theo-
retical point of view, such sharp changes are due to two factors.
The first is that the effect of the Pauli repulsion becomes much
substantial if the triplet component is dominant in the pairing
potential. Due to this effect, the electric current will be car-
ried mainly by single electrons instead of Cooper pairs even
in the vicinity of zero-bias voltage. The second is that helical
Andreev bound state will be formed at the junction interface
if Ap > Ag, which disappears for Ap < Ag. This is a quantum

[6,16-18

phase transition, I with the critical point Ap = Ag.

4. Summary

In summary, we have presented a theoretical investigation
on the electrical shot noise properties of tunnel junctions be-
tween a normal metal and a superconductor where the mixing
of singlet s-wave and chiral triplet p-wave pairing and strong
Rashba spin—orbit coupling coexist due to broken inversion
symmetry. The variations of the shot noise properties with the
changes of the relative amplitude between the two parity com-
ponents are examined in some detail. It is shown that both
the variations of the differential shot noise and the variations
of the ratio of noise power to electric current with the bias
voltage may exhibit some significantly different features in the
different regimes of Ag > Ap, As = Ap, and Ag < Ap. In the
Ap > Ag regime, the ratio of noise power to electric current
is close to 2e both in the in-gap and in the out-gap region. In
the Ag > Ap regime, the value of this ratio is close to 4e in
the inner gap region but may reduce to about 2e in the outer
gap region as the relative amplitude of the chiral triplet pairing
component is increased. The differential shot noise spectrums
also exhibit some significant differences in different regimes
of the relative amplitude between the two parity components.

For instance, on the low bias voltage side of the sharp peak in

the differential shot noise spectrum, the variation of the differ-
ential shot noise with the bias voltage is monotonic if Ag > Ap
but non-monotonic if Ap > Ag. The observation of such dif-
ferent features can provide some valuable information on the
relative magnitude of the two parity components in the pairing
potential. For instance, by measuring the ratio of noise power
to electric current in the vicinity of zero-bias voltage, whether
the singlet pairing or the triplet pairing component is dominant
in the pairing potential can be inferred, and through the analy-
sis of the peak structure in the differential shot noise spectrum,
the relative amplitude between the two parity components can
be estimated. This would serve as useful diagnostic tools for
the determination of the relative magnitude of the two parity
components, in complement to usual diagnostic tools based
on conductance measurement. Finally, it should be pointed
out that the results obtained in the present work are based on
a simplified theoretical model where some important effects
that may affect the electrical shot noise properties are not in-
cluded, e.g., the Zeeman effect or the effect of other types of
spin—orbit coupling. If the influences of such effects are in-
cluded in the model, some features of the electrical shot noise
properties may be altered substantially. The influences of such
effects will be investigated in the future.
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