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Using the extended Blonder—Tinkham-Klapwijk (BTK) theory, this paper calculates the tunnelling conductance
in quantum wire/insulator/d,2_,2 + idzy mixed wave superconductor (q/I/d,2_,2 + idzy) junctions. That is different

from the case in d- and p-wave superconductor junctions. When the angle o between a-axis of the d 2_ 2 wave

y
superconductor and the interface normal is 7/4, there follows a rather distinctive tunnelling conductance. The zero-bias
conductance peak (ZBCP) may or may not appear in the tunnelling conductance. Both the interface potential z and
the quasi-particle lifetime factor I" are smaller, there is no ZBCP. Otherwise, the ZBCP will appear. The position of

bias conductance peak (BCP) depends strongly on the amplitude ratio of two components for d 2_ 2 + idyy mixed

-y
wave. The low and narrow ZBCP may coexist with the BCP in the tunnelling conductance. Using those features in the
tunnelling conductance of q/I/de_yQ + idgy junctions, it can distinguish d 2_ 2 + idzy mixed wave superconductor

from d- and p-wave one.
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1. Introduction

The unconventional high-T. superconductors!!]
have a complicated lattice structure with extended
and/or mixed symmetry for the order parameter. 23]
The studies of the tunnelling conductance in normal
metal /insulator /unconventional superconductor junc-
tions have attracted considerable interest!*~8l because
the tunneling conductance depends heavily on the
symmetry of the pair potential in the superconduc-
tor. For many of high-T. superconductor materi-
als, the order parameter exhibits anisotropic behav-
ior. The mixed symmetry states that have been sug-
gested for d-wave superconductors are dy2_,2 + idy,
and dg2_y2 + i5.2197 Tn the case of the hole-doped
cuprate YBasCuzO7_gs, recent reports have shown ev-
idence of a transition from a pure d,>_, pairing sym-
metry in under-doped compositions to a d +id,, pair-
ing symmetry in over-doped compositions.'!) In d-
wave superconductor, the change in sign of pair poten-
tial induces remarkable effects, i.e., there exists a zero-
bias conductance peak (ZBCP) due to the formation
of zero-energy states.'2l In d,2_,» + id,, mixed wave
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superconductor, the existence of d,, wave component
in the pair potential leads to a splitting of the ZBCP
in zero external field.!3] The studies for quantum
point contacts (QPC) in normal metal/insulator/d-
wave superconductor junctions show that the ZBCP is
removed by the quasi-particle diffractions.[!*15] How
will the tunnelling conductance appear for QPC in
normal metal/insulator/d,2_,2 + id,, mixed wave su-
perconductor (N/I/dy2_,2 + id,,) junctions?

The injection property of quasi-particles is sub-
stantially different when the tunnelling spectroscopy is
performed by using QPC. On the one hand, the trans-
verse momentum is quantized in QPC, and therefore,
the propagation direction of the quasi-particles can
be changed by varying the width of the point contact.
The controllability may allow us to identify the orien-
tation of the superconducting gap from the width de-
pendence of the conductance. Furthermore, the trans-
verse momentum is not conserved when quasi-particles
are emitted from a narrow opening because of the wave

diffraction. The Andreev reflection!!®!

from the super-
conductor hence represents a response averaged over

the distribution of propagation angles.l'¥ In a quan-
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tum wire, the wave function is a superposition of two
waves with injected angles +6. If these two waves feel
different signs of the pair potentials in the supercon-
ductor, the two Andreev reflected holes with injected
angles # and — cannot make a standing wave in the
quantum wire since the phases of the two Andreev re-
flected holes are not identical. As a consequence, the
Andreev reflection is prohibited. If Ay () = Ay (—0)
is satisfied, the two Andreev reflected holes with in-
jected angles # and —0 can make a standing wave in
Consequently, the ZBCP shows
up. If the two waves feel pair potentials in the super-

the quantum wire.

conductor belonged to intermediate situation, for in-
stance in p-wave (e’ type) superconductor, the ZBCP
may or may not appear in the tunneling conductance
as shown in Ref.[17]. Is there the ZBCP for QPC in
N/I/dy2_,2 + id,, junctions?

We pay attention to such a phenomenon that
certain factors can bring about the shortening of
the quasi-particle lifetime. For example, the degra-
dation of superconducting properties on the surface
layers of high-T, superconductors caused by oxygen
out-diffusion occurs at room temperature[ls] and ran-
domly distributed oxygen vacancies can destroy the
structural coherence in the superconducting plane of
high-7, superconductors.' The structural incoher-
ence can reduce the pair amplitude[?! and /or destroy
the phase coherence.!] In order to consider the fi-
nite quasi-particle lifetime, Srikanth et al?? gave a
phenomenological model that the modified density
of states of Dynes et al®® was directly put into
the results of Blonder-Tinkham-Klapwijk (BTK)?4
theory. The obtained theoretical results provided a
poor description of the experimental data. Plecenik

[25.26] ed a I'-factor into the Bogoliubov equa-

et al
tions (I" is the broadening parameter characterizing
the finite lifetime of the quasi-particles) and found
the I'-dependent Bogoliubov coherence factors u and
v. The theoretical dependencies fit their experimental
curves very well in Ref.[25]. Very recently, the finite
quasi-particle lifetime effects have been widely used in
the study of tunneling conductance for the electron-

(27]

doped cuprate superconductors,'’! the heavy-fermion

superconductors,® and the novel superconductor
CaCg.129

In this paper, we calculate the tunneling conduc-
tance by using the extended BTK theory when quasi-
particles are injected into a dg2_,2 +id;, mixed wave
superconductor from a single-mode quantum wire,
and obtain some characteristic tunneling spectra, in

which the finite quasi-particle lifetime effects are con-
sidered by using the model of Plecenik et al.

2. Model and formulation

Consider a quantum wire/insulator/d,2_,2 +id,,,
mixed wave superconductor (q/I/dy2_,2 +idy,) junc-
tion as shown in Fig.1. The quantum wire is a one-
dimensional (1D) normal metal with width w. There
is a potential barrier formed by a very thin insulat-
ing layer at = 0, which is described by the delta
function V(r) = Vpd(x). We assume that the pair po-
tential is independent of  in the dg2_,2 + id,, mixed
wave superconductors,

Az,0) = Ay O(x). (1)

The O(z) is the Heaviside function, and the Ay are
given by

AL = Aqcos(20 F2a) £iAgsin(20 F2a),  (2)

here A, and A_ stand for the pair potentials for
electron-like and hole-like quasi-particles, respectively,
f is the angle between the x axis and the momentum
of the quasi-particles in the d2_,» + id;, wave su-
perconductor, A; and Ay are the magnitude of the
dg2_y2- and d,y-wave components of the pair poten-
tials, respectively.

Y .
quantum-wire dy2_y2 +idgy-wave

A superconductor
c(s)

w = > T

TNy

Fig.1. Quantum point contact N/I/ dg2—y2 + idzy junc-
tion. The N is a single-mode quantum wire with width w.
Here kpw/m = 1.7.

We adopt the Bogoliubov-de Gennes (BdG) ap-

proach to study the q/I/dg2_,2 + id,, junction. The

BdG equation is given as[3"!

Ho A(k/l")
A*(k,r) —H}

ug(r)

vg(7)

ug(r)

vg(T)
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where Hy = —(h%/2m)V? + V(r) — i’ — Ep with I' = h/7, 7 is the lifetime of the quasi-particles between
collisions, and F is the quasi-particle energy relative to the Fermi energy Er. With general solutions of Eq.(3),
the wave functions in the two regions are described by

o+
WN: elklll/’+a

0

for one-dimensional (1D) normal metal, and

oo ol 94(5)/2
Vg :/ ds | c(s) u(s) i
— 0 'U+(8)671LP+(3)/2

for two-dimensional (2D) dg2_,2 +id,, wave supercon-
ductor. Here a, b, ¢ and d respectively correspond to
the coefficients for the Andreev reflection, normal re-
flection, transmission to the dy2_,2 +id,, wave super-
conductor as electron-like quasi-particles and trans-
mission as hole-like quasi-particles; the p. are the
phases of the pair potentials Ay, respectively, with
elvt = AL /|AL|. Moreover

or(y) = ﬁsm [Z(“ ;")] o(5 - ).

¢s(y) = v/ V2, (6)

[1+ Qi(s)]

E+il

- 3~ 23]

Qi(s) = V(E+iD)? —[Ar(s), (7)

Y

DN | =

where kT are the electrons (+) and holes () wave
numbers in the wire, which are functions of the en-
ergy E of the incoming electrons from the normal
metal region; ki(s) are the wave numbers for the

|

+oo

(14 D) (y) = /

— 00

+oo
ad(y) = / dsle(s)uy e P+ 1 d(syu_e -2 (y),

— 00

s +oo
[(1—2i2) — (1+2i2)bo1(y) = @/

— 00

k1

s +oo ) )
(1= 21200010 = 5 [ asfelsyene 1 O e e 26,

k1

—00

eik;z+b

el F+e 1 d(s)

e KT g (y) (4)

o6l o—(5)/2

e T gy (y) (5)

uiefitpf(s)/2

dsc(s)uy el o+ /2 4 d(s)v_et?=(/2]p (y),

dsfe(s)uus o 2 — d(s)o_ o), (1),

quasi-particles in the superconductor and depend on
the wave number along the y axis, defined by s. The
Fermi wave number kg is assumed to be equal both
in the normal metal and in the superconductor. Then
the wave numbers are given by

2mE
7T2
ki =)k — o2 (8)

All the coefficients can be determined by match-
ing boundary conditions at the interface:

¥n(0) = ¥s(0), (10)

d¥s d¥y 2mVy
—= - (== = Un(0). (11
(&), (&) = Tmo o

From Egs.(4), (5), (10) and (11), we can get

(12a)
(12b)
(12¢)

(12d)
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where z = mVy/h%k;. We have used the Andreev approximation in the boundary conditions for the derivative of
the wave function, k7 = ki = k; and k, (s) = k_(s) = k(s). Multiplying Eqgs.(12) by ¢* (y)dy and integrating
over y, we obtain

(1 +b)p(s) = c(s)upel?+/2 4 d(s)u_el=()/2, (13a)
ap(s) = c(s)vye” 19+(/2 L g(s)u_e"1¥-()/2, (13b)
k . .
[(1—2i2) — (1+2i2)b]p(s) = k(f) c(s)uyelv+()/2 _ d(s)v_ew@/ﬂ : (13c)
1
(1—2; _ k(s e (/2 _ g e (s)/2 13d
i2)ap(s) = 52 [e(s)oe (s)u_e (134)
\
with By using the BTK theory, we are able to calculate
too 2 [T cos(sw/2) the differential conductance of the q/I/dg2_,2 + idyy,
p(s) = / dyer(y)os(y) = w\ Em junction at temperature T'=0 K,
(14) Gnev) — CstE)
Form the normalization conditions R - Gy eV
+oo (14 Fy)? + 422 9 9
/ dye (y) s (y) = 8(s — &), YV S e L
—o0 (21)
+oo
/ dyor (y)o(y) =1, (15)  here Gy is the conductance when A = 0 and a = 0.
- Fy is defined by Eq.(18) with f; = 1 and the reflection
the function p(s) has the following property coefficients are evaluated in E = eV, where V is the
+oo voltage.
[ dsmiono -1 (16)
Using that, from Egs.(13) we have 3. Results and discussion
Faa— (Fi+2iz+1)b=F +2iz—1 (17a) We shall investigate the influence of o, z, Ag/ Ay
P . b P ’ 17h and I" on differential conductance in q/I/dy2_ 2 +idy,
(Fi = 2iz+ a — F3b = Fy, (17D) junctions. Let us first study the effects of the inter-
where face potential z. With the help of Egs.(20) and (21),
the dependence of differential conductance on the
F; = / V fyF — q ( ) fi(q), bias voltage for different values of z are shown in
2V (18) Figs.2 and 3 when I' is smaller. Simultaneously, the
q=ws/m, yp=wkp/m and j=1,2,3. [ o0 ' 50l
L4 T T e i) S /—\
h= 1— I I e ilpi—9) :
2 el ¥-
f2 = 1 T T e i(or—p_)’
—141_e P+ —P—
2F+e_ Lot
f3 = 1 ' T o (pr—p_)’
—141_e HP+—P—
05F Az/A1=0.5 -
Iy =vyifuy. (19) . . .
—2 —1 0 1 2
The solutions for Eqgs.(17) are given by eV/Ax
2F; Fig.2. Normalized conductance as a function of the
a= 5 7 , (20a) bias voltage in q/I/d,2_,2 + idzy junction (the inset
(Fi+1)% +4z Pk for 2D N/I/d2_,2 + idzz junction) at I'/A; = 0.006
b= (1-— 212)2 - Fl2 + I F3 (20b) for « = 0 (dash), w/4 (solid). Here kpw/m = 1.7 for

B (F1 +1)2+ 422 — FLF3 ' a/l/dy2_,2 + idzy junction.
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differential conductance of a 2D N/I/d,2_,2 + idy,
We find
that the conductance in q/I/dg2_,2 + id,, junction

junction is plotted in the inset of Fig.2.

varies strongly with « at z = 0, which is distinct from
that of the 2D N/I/d,2_,2 + id,, junction. In the
2D N/I/dg2_,2 +id,, junction, the conductance is al-
most independent of o at z = 0 (see the inset). With
|

3 T T T
a=0 |
Ay /A1=0.5 i

GRr

increasing of z (as shown in Fig.3), the zero bias con-
ductance (ZBC) is reduced for @ = 0 but increased
for o = 7/4, and the bias conductance peak (BCP) is
enhanced for either of the angles. At the same time,
the BCP shifts from £ = 0 and the ZBCP is absent
when o« = 0, and the dip outside the BCP is gradually
lowered when o = 7 /4.

2 , a=n/4 -
AQ/A1:0.5

Fig.3. Normalized conductance as a function of the bias voltage in q/I/dxz_yz + idzy junction at
I'/ A1 = 0.006 for different interface potential z = 0.4 (solid), 1 (dot), 3 (dash dot). Here kpw/m = 1.7.

2 . A2/A1=05 J
i~ a=0

1iszsseeres

0
2L Ag/A1=15 .

v

[=}

2. T
0 AQ/A1:O.5

ja=m/4}
151 : :

10¢

051

Fig.4. Normalized conductance as a function of the bias voltage in q/I/dzzfszr idgy junction at z =1
for different quasi-particle lifetime factor I'/A; = 0.006 (dot), 0.06 (solid), 0.2 (dash). Here kpw/7 = 1.7.

It is especially worth pointing out at a = 7/4
that there is no ZBCP in the tunnelling conduc-
tance for smaller z, or else, the ZBCP will appear,

which shows that the ZBCP may or may not ap-
pear in the tunnelling conductance of q/I/d2_,2 +

idy, junction. We notice that in the case of a@ =
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w/4, the two waves with injected angles +6 feel
pair potentials in the dy2_,2 + id,, mixed wave su-
perconductor belonged to intermediate situation just
right, here Re[A1(0)] = —Re[AL(—0)], Im[AL(8)] =
Im[AL(—0)], Re[A1(0)] = 0, Im[AL(7/4)] = 0, and
Re[AL(7/2)] = 0.

Secondly, we investigate the effects of amplitude
ratio As/ Ay and quasi-particle lifetime factor I'. Fig-
ure 4 shows that for different values of As/A; at
«a = 0, the shape of tunnelling conductance is obvi-
ously not alike. As I' increases, the ZBC is raised,
the BCP is reduced, and the tunnelling conductance
will become smoother by degrees. In comparison with
the case of a = 0, several noticeable changes are
shown at a = w/4. First, the BCP shifts outward ev-
idently with increasing of As/A;, and corresponding
As/A; = 0.5, 1 and 1.5, the BCP are respectively
located at 0.5, 1 and 1.5 exactly, this fact displays
that the position of the BCP depends highly on the
amplitude ratio Ay/A;. Second, the BCP is lowered

Gr

0.4} |
: V=0
a=m/4

Ay /Ay

Fig.5. Zero bias conductance as a function of the ampli-
tude ratio Az/ A1 in q/1/d 2 _, 2 +idgy junction, in which
z and I'/ A1 are the same as those in Fig.4 for a = 7/4.
Here kpw/m = 1.7.

gradually and vanishes finally with the increase of I’
when Ay/A; = 0.5, indicating that the influence of I’
on the BCP is contrary to that of z. Third, the low
and narrow ZBCP may coexist with the BCP in tun-
nelling conductance of q/I/d,2_,2 + id,, junction. In
addition, it can be found from Fig.4 that the change of
the ZBC with I and Ay/A; is nonlinear for o = 7/4,
as shown in Fig.5.

Finally, we present the tunneling conductance of
q/1/d-wave superconductor junction at a = 7/4 and
z = 0. Figure 6 shows that the result agrees with
Refs.[14] and [17] for I' = 0. As I increases, the ZBC
is raised, but there is not the ZBCP in the tunnelling
conductance.

eV/Al

Fig.6. Normalised conductance as a function of the bias
voltage in q/I/d-wave junction at z = 0 for different quasi-
particle lifetime factor I'/ Ay = 0 (a), 0.006 (b), 0.06 (c),
0.2 (d). Here kpw/m = 1.7.

In summary, we have studied the tunnelling con-
ductance in q/I/dz2_,2 + id,, junctions. When a =
/4, above-mentioned results reveal some quite dis-
tinctive tunnelling conductance, using those, we can
distinguish d,2_,2 + id,, mixed wave superconductor
from d-wave and p-wave one.
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