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Abstract

We calculate tunnel conductance for disordered normal metal/ unconventional superconductor junctions where
superconducting order parameter has broken time reversal symmetry (BTRS), i.e., d,2_,2 + is. It is shown that

reflectionless tunneling phenomena appears since zero-energy resonant states caused by the internal phase of d,> _

y2

pair potential is broken by BTRS states. It is also shown that splitting of zero bias conductance peak due to BTRS
in conductance spectra remains whereas the height of the peak is suppressed by the randomness.
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The promising symmetry in the Superconducting
state of high Tc cuprates is considered to be d, 2 _
wave. Reflecting zero-energy resonant states formed
at the surface of d-wave superconductor caused by
the internal phase of pair potential, conductance peak
(ZBCP) appears at zero bias in tunnel spectra of
normal metal/ d-wave superconductor junctions [1,2].
Recent studies revealed that the order parameter has
broken time-reversal symmetry (BTRS) in the form of
d,2_,2 +is-wave, and that the ZBCP is split [3-5]. The
purpose of this work is to clarify the effect of disorder
on the electrical transport in the junction consisting of
normal metal and d-wave superconductor with BTRS.

We consider a normal metal (N)/ insulator(I)/ su-
perconductor (S) junctions as shown in inset of Fig. 1.
The junction is stacked along (100) direction of a
square lattice with lattice spacing a which is unit of
length hereafter. A single-orbital tight-binding model
is used to describe the system. The BCS mean field
Hamiltonian H = H + A is given by
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where i and j are sites, o electron spin, ¢ hopping in-
tegral which is unit of energy hereafter, v; potential at
site i, 4 chemical potential, ci(l) annihilation (creation)
operator, and 7 number operator. As for the order pa-
rameter of S, we divide Ajj into two parts as Aj; =
Ad cos a + iAj; sin o where A and Aj; have d,2_

and s-wave s.yrrlrrletry7 respectlvely7 and the parameter
« describe the degree of BTRS. Although BTRS states
appears in S near junction interface [5], we introduce
iAj; in whole region of S for simplicity. We assume sec-
ond neighbor pairs for A% and on-site pairs for Ajj.
We introduce randomness in the normal lead (see inset
of Fig. 1). The randomness at the disordered region is
treated by random site potential v;. We assume that
v; takes a random values uniformly distributed within
+w/2 at disordered region. By using the Kubo for-
mula and the recursive Green’s function method [6], we
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Fig. 1. Resistance as a function of the length of disordered
region in normal metal. Junctions with @ = 0 and 7/2 cor-
respond to N/I/d and s-wave S junctions, respectively. Inset:
Schematic figure of a disordered N/I/S junction.

calculate conductance numerically for various samples
which have different configuration of randomness. Av-
erage conductance (G) is then, obtained by ensemble
averaging over the samples.

We set M = 32 in unit of a, Ag = 0.001, u = —1.0,
and w = 2.0 in unit of ¢. The thickness and v; of I are
chosen as 1 and 5.0, respectively, so that the transmis-
sion probability of the interface is 0.11. We also use 500
samples to carry out ensemble averaging throughout
calculations. The mean free path and the localization
length of the disordered region are roughly estimated
as 6.5 and 140, respectively.

Figure 1 shows calculated results of the junction re-
sistance at zero bias as a function of the length L of
disordered region in normal metal. In N/I/s-wave S
junction (o = 0.57), the resistance has a minimum at
a certain value of L, which phenomena is known as “re-
flectionless tunneling” [7]. In contrast to that, the resis-
tance in N/I/d-wave S junction (a = 0) shows mono-
tonic increase with L. The reason is that strong reso-
nance occurs at the interface since the sign of d-wave
pair potentials that incident and reflected quasiparti-
cles feel is opposite, then, the interface resistance is
suppressed [8]. As « increases from zero and the s-wave
component of the pair potential increases relative to
the d-wave one, the resistance of the junction increases
and tends to the result of N/I/s-wave S junction.

Calculated results of conductance spectra of the
junction with BTRS (o = 0.017) are shown in Fig. 2
for several values of L. Here, the conductance of N/I/S
junction is normalized by that of N/I/N junction. It
can be seen that ZBCP is split due to the s-component
of the pair potential, that is, BTRS breaks the zero-
energy resonant states at the interface. As the length
L of the disordered region in normal metal increase,
the hight of the ZBCP decreases, however, the split of
ZBCP still remains.
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Fig. 2. Conductance spectra calculated for N/I/S junctions
with o = 7/100. Conductance is normalized by that of N/I/N
junction where pair potential Ag of S is set zero.

In summary, we have calculated the electrical con-
ductance for disordered normal metal/ unconventional
superconductor junctions with BTRS, that is, d,2_ 2+
is. It has been shown that reflectionless tunneling phe-
nomena appears since zero-energy resonant states at
the junction interface caused by the internal phase of
d,2 _,2-pair potential is broken by BTRS and, then,
the interface resistance is increased. It has been also
found that splitting of ZBCP due to BTRS in conduc-
tance spectra remains whereas the height of the peak
decreases as the length of the disordered region in nor-
mal metal increases. In this work, we did not deter-
mine the pair potential self-consistently. However, the
pair potential, especially its s-wave component, near
the junction interface could be affected by the ran-
domness. Therefore, self-consistent calculation in dis-
ordered junction is desired.
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