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Abstract. We propose a new approach of smearing origins of a zero-bias conductance peak (ZBCP) in
high-T¢. superconductor tunnel junctions through the analysis based on the circuit theory for a d-wave
pairing symmetry. The circuit theory has been recently developed from conventional superconductors to
unconventional superconductors. The ZBCP frequently appears in line shapes for this theory, in which
the total resistance was constructed by taking account of the effects between a d-wave superconductor
and a diffusive normal metal (DN) at a junction interface, including the midgap Andreev resonant states
(MARS), the coherent Andreev reflection (CAR) and the proximity effect. Therefore, we have analyzed
experimental spectra with the ZBCP of Ag-SiO-BisSr2CaCuz0s4s (Bi-2212) planar tunnel junctions for
the {110}-oriented direction by using a simplified formula of the circuit theory for d-wave superconductors.
The fitting results reveal that the spectral features of the ZBCP are well explained by the circuit theory not
only excluding the Dynes’s broadening factor but also considering only the MARS and the DN resistance.
Thus, the ZBCP behaviors are understood to be consistent with those of recent studies on the circuit
theory extended to the systems containing d-wave superconductor tunnel junctions.

PACS. 74.25.Fy Transport properties (electric and thermal conductivity, thermoelectric effects, etc.) —
74.45.4c Proximity effects; Andreev effect; SN and SNS junctions — 74.50.4r Tunneling phenomena; point

contacts, weak links, Josephson effects — 74.72.Hs Bi-based cuprates

1 Introduction

The experimental studies of zero-bias conductance peak
(ZBCP) behaviors have been frequently reported for var-
ious unconventional superconductors with an anisotropic
pairing symmetry, for instance, p-wave and d-wave pair-
ing symmetries [1-17]. The ZBCP that results from the
Anderson-Appelbaum scattering has been studied thor-
oughly via previous experiments [18-22]. However, only
until recently was there an alternate theory to explain the
origin of the ZBCP. In this theory, the ZBCP has been un-
derstood as the formation of the midgap Andreev resonant
states (MARS) at a junction interface in a ballistic nor-
mal metal-insulator—superconductor (N/I/S) tunnel junc-
tion [23]. A basic theory of ballistic transport in the pres-
ence of the MARS has been formulated in the case of
d-wave superconductors by way of the Blonder-Tinkham-
Klapwijk (BTK) theory [24]. This model has sufficiently
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explained ZBCP behaviors in high-T;. cuprate supercon-
ductors. Another mechanism of the ZBCP plays a role in
the coherent Andreev reflection (CAR), which induces the
proximity effect in the diffusive normal metal (DN) [25] at
a diffusive normal metal-insulator—superconductor (DN/
I/S) junction interface. Then, there are two kinds of the
ZBCP due to the formation of the MARS at junction in-
terfaces of d-wave superconductors and of that due to the
CAR by the proximity effect in the DN.

The circuit theory includes both effects of the MARS
and the CAR due to constructing the theory at a junction
interface under the condition of DN/I/S tunnel junctions
for s-wave, p-wave and d-wave superconductors [26-34].
Figure 1(a) illustrates the schematic drawing at a junction
interface of a d,2_,2-wave superconductor for the circuit
theory. In this theory, the ZBCP frequently appears in the
line shapes of normalized tunneling conductance or(eV'),
and we always expect the ZBCP to be independent of
« for low transparent junctions with the small Thouless
energy Ery. Here, or(eV) is defined as dividing tunnel-
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Fig. 1. (a) Schematic illustration of incoming and outgoing
processes at the junction interface for the diffusive normal
metal-insulator—unconventional superconductor tunnel junc-
tion. The unconventional superconductor junctions can be in-
corporated into the circuit theory by means of the relation be-
tween matrix current and asymptotic Green’s functions [28].
This relation accounts for anisotropic features of the d-wave
superconductors, as sketched for a d-wave superconductor. (b)
Planar type junction layout for the ab-plane direction. The
Ag—Si0O-Bi-2212 planar tunnel junction contains the SiO layer
between the Ag thin film of the counterelectrode and the Bi-
2212 single crystal enclosed with epoxy resin. The SiO barrier
and Ag counterelectrode are deposited perpendicular to the
ab-plane of Bi-2212 single crystals.

ing conductance og(eV) in the superconducting state by
tunneling conductance on(eV) in the normal state, and
« denotes the angle between the normal to the interface
and the crystal axis of d-wave superconductors. The na-
ture of the ZBCP due to the MARS and that due to the
CAR are significantly different. The corresponding o1 (0)
for the former case can take arbitrary values exceeding
unity. On the other hand, o (0) for the latter case never
exceeds unity. Furthermore, the the ZBCP width in the
former case is determined by the transparency of the junc-
tion, while the width in the latter case is determined by
Ery. These two ZBCPs compete with each other since
the proximity effect and the existence of the MARS are
incompatible in singlet junctions.

The influence of the resistance Rq in a DN is signifi-
cant for the resulting o (eV'). Hence, for the actual quan-
titative comparison with tunneling experiments, we must
take into account the effect of R4. In the circuit theory
for d-wave superconductors, the ZBCP is frequently seen
in the line shapes of or(eV'). For o = 0, the ZBCP is due
to the CAR. However, for a # 0, the robustness of the
ZBCP does not depend on the DN resistance Rq. In such
an extreme case as @ = w/4, the ZBCP arises from the
MARS, and the CAR and the proximity effect are absent.
The o (eV) is then given by an elementary application of
Ohm’s law: or(eV) = (Rp + Ra)/(Rr,—0 + Ra) [28,30],
where Ry, is the resistance from the insulating barrier in
a normal state and Rp,—o is the total resistance of the

DN/I/S tunnel junction in the condition of Rq = 0. In
the case of Rq = 0, there is no proximity effect in the DN,
and the junction resistances are given by the quasiballis-
tic formulas of ref. [23]. Therefore, the theoretical results
serve as an important guide to analyzing the actual exper-
imental data of the tunneling spectra of high-T,. cuprate
junctions.

In the present paper, we will discuss the ZBCP behav-
iors in Ag-SiO-BisSraCaCuyOgys (Bi-2212) planar tun-
nel junctions by using the circuit theory for d,2_,2-wave
superconductors in the case of a = 7/4, and then, for
analysis of the ZBCP, we will focus on the MARS case in-
volving an influence of Rg, not the CAR or the proximity
effect cases.

2 Experimental details

Planar type tunnel junctions are fabricated in some exper-
iments, while other measurements rely on scanning tun-
neling microscopy and spectroscopy (STM/STS) for re-
cent spectroscopic purposes. The STM/STS has the ad-
vantages of versatility adjustable junction resistance, si-
multaneous topographical imaging at atomic scale resolu-
tions together with the spatial variations of local density
of states (LDOS), and momentum space (k-space) images
obtained by Fourier transformation of real space (r-space)
informations [35-42]. However, it suffers from a lack of
stability against temperature and magnetic field changes,
so a planar tunnel junction is a more suitable device for
temperature and magnetic field dependence studies. Most
ZBCP studies are on YBayCu3O7_s5 (Y-123) thin film in
planar tunnel junction experiments [43-46]. Some of these
films are highly oriented, thereby making the study on
angular dependence of ZBCPs possible [47]. However, we
chose to use Bi-2212 single crystals in tunneling spectro-
scopic measurements, nevertheless, as the ZBCP is not
commonly available or studied on such mediums as Y-
123. Bi-2212 has several advantages in terms of properties
rather than other high-T, cuprates. For example, Bi-2212
is very stable against losing oxygen, retains a cleavage
property between BiO planes, possesses a large anisotropy
ratio between the ab-plane and c-axis directions, and its
single crystal does not twin like Y-123.

Bi-2212 single crystals were prepared by the traveling
solvent floating-zone (TSFZ) method, and the supercon-
ducting transition temperature T, of each as-grown single
crystal was 87-90 K, which was decided by the resistiv-
ity and magnetic susceptibility measurements. For hole
doping concentration, as-grown single crystals are located
on slightly overdoped regions in the critical temperature-
doping phase diagram [48]. We have prepared planar tun-
nel junctions by using these single crystals. Figure 1(b)
shows a layout of a planar tunnel junction for the ab-plane
directions. A single crystal with a size of approximately
10 mm x 3 mm x 50 um was molded into a block of
epoxy resin. The block of epoxy resin was cut to expose the
{110}-oriented surface of the single crystals. This cut sur-
face was polished roughly by sandpaper, then smoothed
by diamond pastes with lubricant in the further process.
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At that point, SiO was evaporated normal on the {110}-
oriented surface as a insulating barrier, and the thickness
of SiO layer was modified between 0 A and 300 A for each
planar tunnel junction. Ag was deposited on the SiO thin
film through a metal mask patterned with a counterelec-
trode of strips with width of 0.5 mm. The thickness of
the Ag layer was controlled to be 1500 A. For the pla-
nar type junctions made in this manner, Au wires were
attached to the Ag thin film with Ag paste, where the
length L between the cross section of the tunnel junction
and Ag paste regarded as the reservoir in the circuit the-
ory is roughly 1-2 mm. The total number of measured
samples was more than 50. In our experiments, the crys-
tal orientation at the junction interface, expressed as « in
Figs. 1(a) and 1(b), could be predetermined from a sam-
ple rod configuration fabricated by the TSFZ method since
the sample rod grows up to the a-axis direction of Bi-2212
single crystals in this method. This fact was confirmed by
taking into account the satellite reflections arising from an
incommensurate modulated structure in the X-ray diffrac-
tion pattern of Bi-2212 single crystals [49,50].

We have collected -V and dI/dV-V data for the pre-
pared planar tunnel junctions by the standard 4-terminal
method. The d7/dV-V data corresponding to o (eV') were
measured by using the conventional voltage modulation
method. The temperature ranged from 4.2 K to 300 K,
using a temperature controller with a stability of more
than 0.1 K. Al-AlO3—Pb planar tunnel junctions were
fabricated and their tunneling spectra were measured in
advance, in order to compare differences about the pair-
ing symmetry of the superconducting order parameter be-
tween conventional superconductors and high-T, cuprate
superconductors.

3 Results and discussion
3.1 Tunneling conductance measurements

We have measured tunneling spectra of Ag—SiO-Bi-2212
planar tunnel junctions. Figure 2 represents typical tun-
neling conductance og(eV) of the ZBCP in the super-
conducting state, which was obtained on several {110}-
oriented tunnel junctions. SiO thin films as tunnel barrier
become gradually thicker from Fig. 2(a) to Fig. 2(c). The
values of tunneling conductance tend to enlarge with de-
creasing thickness of the SiO barrier, but we cannot verify
the definite dependence of the ZBCP height on the insu-
lating barrier thickness. Then, there is no large difference
between the {110}-oriented tunnel junctions for concern-
ing spectral shapes of the ZBCP, which was observed in
most of our planar tunnel junctions. The ZBCP had a
peak height of 2.0-3.3 times higher than the background
and a full-width at half maximum (FWHM) of 3.3-6.5
meV in our experiments. For the tunnel junctions that
display the ZBCP, many peaks are higher and sharper
than the limit allowed by the BTK theory. This ZBCP
enhancement clearly indicates an intrinsic property of the
d-wave pairing symmetry in singlet superconductors. As
shown in Fig. 2, both sides of the background around the
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Fig. 2. Comparison of typical spectral shapes for tunneling
conductance og(eV) in the several {110}-oriented tunnel junc-
tions. An enhancement of the reproducible ZBCP was fre-
quently observed below T, in most of planar tunnel junctions
for the {110}-oriented direction. There are the dip and weak
modulation structures at the outside of the ZBCP.

ZBCP gradually increase with leaving zero-bias voltage
and have weak modulation structures. We conceive that
the weak modulation structures appeared by the specific
current-path effect, due to the slight surface roughness at
the junction interface [9]. The coherent peaks at an en-
ergy gap region and any other specific structures are not
observed in tunneling conductance except for the ZBCP.

On the other hand, the typical or(eV') tunneling into
the {001}-oriented surface, which was the cleavage surface
of Bi-2212 single crystals, had a well-known V-shaped gap
structure [51]. The d-wave pairing symmetry of an order
parameter is evidently suggested from an anisotropy of the
tunneling spectra, such as the V-shaped gap structure in
the {001}-oriented direction and the ZBCP in the {110}-
oriented direction. In contrast to Ag—SiO—Bi-2212 planar
tunnel junctions, a U-shaped gap structure with an en-
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Fig. 3. Temperature dependence of the ZBCP for the {110}-
oriented tunnel junction in Fig. 2(c). When the temperature
decreased, the ZBCP height increased, the ZBCP width sharp-
ened, and the weak modulation structures enlarged. The ZBCP
appeared below roughly T = 60 K.

ergy gap Ag ~ 1.4 meV was observed for Al-Al,O3-Pb
planar tunnel junctions at 7' = 1.8 K, where Pb was a
superconducting state and Al was a normal state. These
tunnel junctions preserved resistances of more than sev-
eral thousand ohms, so we consider that said junctions
correspond to ranges for high potential barrier height as
the Bardeen-Cooper-Schrieffer (BCS) limit in the BTK
theory, in which a tunneling spectral shape expects the
U-shape gap structure for s-wave superconductors.

Figure 3 represents the temperature dependence of the
ZBCP for the {110}-oriented tunnel junction in Fig. 2(c).
When the temperature decreased, the ZBCP height en-
larged, the ZBCP width sharpened, the dip grew outside
around the ZBCP, and the weak modulation structures ap-
peared around the ZBCP. As shown in Fig. 3, the ZBCP
appeared below roughly 60 K. In our tunneling experi-
ments, the ZBCP appeared at T; for several tunnel junc-
tions and below T, for the other tunnel junctions with the
decrease in temperature. Hence, the experimental results
of the temperature dependence also denote that the ZBCP
is obviously caused by superconductivity.

Here, we will discuss other possible origins of the ZBCP
in tunneling conductance; for example, the magnetic im-
purity effect, known as the Anderson-Appelbaum model
taking account of the s-d exchange interaction [18-20],
near the junction interface. However, the possibility of
the magnetic impurity effect is strongly contradicted be-
cause the ZBCP enhancement has not been measured in
the {001}-oriented direction, of which the tunnel junctions
were also fabricated by using the same materials and pro-
cedures as those of the {110}-oriented direction, as de-
scribed in sec. 2. Moreover, the ZBCP has been observed

only below T¢. These facts obviously show that the ZBCP
comes from not the magnetic impurity effect, but the su-
perconductivity of the d-wave pairing symmetry. Thus,
the experimental results in Figs. 2 and 3 coincide with
the expectation of the MARS theory for d-wave supercon-
ductors. Furthermore, we will compare our experimental
results with previous research on planar tunnel junctions
for Bi-2212 single crystals [17]. S. Sinha et al. reported
that the ZBCP enhanced in ab-plane directions at liquid-
helium temperatures and disappeared above T, with in-
creasing temperature [52,53]. Their experimental results
of the ZBCP behaviors are similar to ours nevertheless the
tunneling direction in the ab-plane at the junction inter-
face was not controlled in their experiments.

Another problem for the ZBCP remains, regarding the
broken time-reversal symmetry (BTRS) at a junction in-
terface of anisotropic superconductors [54-56]. The ZBCP
must split below T, if the BTRS occurs at the SIN junc-
tion interface. However, as shown in Figs. 2 and 3, there is
no ZBCP splitting in all of the planar tunnel junctions for
the {110}-oriented direction, on the condition of temper-
ature ranges of 4.2-300 K not applied to magnetic fields.
Thus, we have deduced that the BTRS does not occur
at the high-T, superconductor junction interface from our
experiments.

3.2 Application to the circuit theory

We will here discuss the smearing origin from a differ-
ent point of view against two theoretical analyses on the
experimental ZBCP. The actual ZBCP height depends
on smearing processes of several possible sources. One of
these substantial smearing effects is due to the increase in
the number of quasiparticles owing to thermal excitation.
Although the tunnel junctions were studied at relatively
low temperatures (7'/T, ~ 0.06, in the case of T' = 5.0
K) to minimize the effect of thermal excitations and to
allow a more straightforward deconvolution of the ZBCP
structure, the ZBCP height was not very high, when com-
pared to the expectation of the ballistic theory including
the MARS mechanism [23]. In most of previous research,
the origin of smearing processes was usually explained as
a result of the finite lifetime of quasiparticles in supercon-
ductors by introducing the broadening factor I', where F
is replaced by E — il" using the Dynes’s method in for-
mulas of tunneling spectra [57,58]. Here, the Dynes’s pa-
rameter I is introduced phenomenologically; accordingly
this method has not made clear how and where the finite
lifetime of quasiparticles comes from specifically. However,
this could be achieved to elucidate tunneling spectral be-
haviors, sometimes even under changing temperatures or
magnetic fields, then used to fit theoretical curves of tun-
neling spectral formulas with many experimental tunnel-
ing spectra up to the present [59-69].

Up to this point, our experimental results for Ag—SiO—
Bi-2212 planar tunnel junctions reveal that Bi-2212 is ev-
idently a d-wave superconductor and that the ZBCP for
{110}-oriented tunnel junctions obviously arises from su-
perconductivity. We adapt the d,2_,2-wave pairing sym-
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metry for an order parameter of Cooper pairs in Bi-2212
compounds for the analysis of the circuit theory, because
of the experimental evidence for many other results in
several measurement methods [70-74], as well as for the
ZBCP enhancement of the {110}-oriented direction in our
tunneling spectroscopic measurements. Here, we choose
«a = w/4 as the orientation of Bi-2212 single crystals at
the junction interface, since the {110}-oriented surfaces
were exposed at each junction interface as shown in Figs. 2
and 3. For a = 7/4 the CAR and the proximity effect are
completely suppressed and only the MARS remain, while
for a = 0 the CAR and the proximity effect are induced
and the MARS is absent. The situations at the DN/I/S
junction interface are illustrated in Fig. 4. Here, it is im-
portant to note as follows: (i) It is valid for the restriction
of only aw = 7/4 in analysis for the circuit theory because
the MARS channels quench the CAR and the proximity
effect very effectively at o > 0.027 for the d,2_,2-wave
superconductor [28]. (ii) The CAR and the proximity ef-
fect cannot influence against junction properties in our
fabricated junctions. The mesoscopic interference effect,
such as the CAR and the proximity effect, must be neg-
ligible since our junction configuration satisfies L >> Lg,
where the length L ~ 1-2 mm mentioned in sec. 2 and the
phase-breaking length Lg ~ 1-2 pm in Ag thin films at
liquid-helium temperatures [75,76]. In this case, quasipar-
ticles cannot interfere each other in the whole of the DN
conductor on account of breaking the phase coherency be-
tween quasiparticles before phase coherent quasiparticles
reach the Ag paste regarded as the reservoir [77].

As a result, the MARS channels sufficiently give influ-
ences in line shapes of or(eV') rather than the CAR and
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Fig. 4. Schematic illustrations of the junction interface: (a)
a = 0 and (b) @ = w/4. The trajectories in the scatter-
ing process for incoming and outgoing quasiparticles at the
DN/1/S junction interface for d-wave superconductors and the
corresponding pair potential A4 () are represented. We choose
Ay = Agcos[2(0 F «)] for the pairing symmetry of an order
parameter because of the d 2_,2-wave symmetry for Bi-2212
compounds. The our experimental condition corresponds to
the case (b) for the situation at the junction interface.

the proximity effect in wide directions around o = 7 /4,
even if actual tunnel junctions slightly retain the surface
roughness at the junction interface. Therefore, in analysis
for around o = /4 corresponding to « > 0.027, those
facts justify usage of a simplified formula for the circuit
theory, just expressed by the Ohm’s law: an elementary
sum of Rp,—o and Rq in a superconducting state. With-
out solving the Usadel equation in such a case, the normal-
ized tunneling conductance o (eV') can be approximated
by the following simplified equations [30]:

Us(eV) Ry, + Rq
eV) = = , 1
or(eV) on(eV)  Rp,—0+ Ra o
Ry, {(Ivo)s
Riyco = —2 (L) = , P
fla=0 (Ivo) (o) (Ino)n @
(Tno)s = — /oo ap? " 46 e
YIS T T o w
E+eV
2 —_—
x Io cos @ sech ( kT ) , (3)
1 1 [T/ 2
I = E= A0
(i = g | 4P e

o (E+eV
x T'(0) cos b sech (TkBT , (4
T(6) {1+ TOIL + [1(6) — )| [ I}
1+ [TO0)—1)I+I-? ’
4cos? 6
() = dcos? 0+ Z2’

F+=#, Rzé, (7)
E+,/E? - A% E+,/E? - A2

with Ay = Agcos[2(6 F «)], where Ag denotes the maxi-
mum amplitude of the pair potential and 6 is the injection
angle of the quasiparticle measured from the z-axis. Here,
an insulating barrier is expressed as a J-function model
Hé(x), where Z is an insulating barrier height given by
Z = 2mH/(h*kp) with Fermi momentum kp and effective
mass m. In the above equations, kp is the Boltzmann’s
constant and the factor cos 8 is necessary for calculating a
normal component relative to the junction interface of the
tunneling current. Further A is added in order to introduce
the probability of tunneling directions at the junction in-
terface, where we presume to be the Gauss distribution as
a weight function.

The recent theoretical expectations of the circuit the-
ory motivate us to analyze experimental ZBCP spectra
in the ab-plane directions. For the circuit theory with the
d-wave pairing symmetry, the theoretical results indicate
that the ZBCP height is strongly reduced by taking into
account the existence of the DN conductor, and the re-
sulting or(0) is not as high as that obtained in the bal-
listic regime [28,30]. One of the typical examples is plot-
ted in Fig. 5. In the case of a = 7/4, the line shapes of
or(eV) are independent of Ey, because of the absence of
the CAR and the proximity effect. The parameter values
change only for Rq/Ry, in the tunneling spectral formula

Iy =

®)
(6)
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Fig. 5. Variations of the normalized tunneling conductance
or(eV) calculated by the circuit theory under the condition of
Z=50,A=0.0and a =w/4 at T =5.0 K. a: Rq/Rp, = 0.0,
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DN resistance Rq effectively suppresses the ZBCP height, but
does not change the ZBCP width on the condition of o = 7 /4
because the ZBCP comes from the formation of the MARS.

of egs. (1)—(7). As shown in Fig. 5, the effect of Ry is ob-
viously significant for the ZBCP height of the resulting
or(eV), but is independent of the ZBCP width of the re-
sulting o1 (eV). On the other hand, the ZBCP width is de-
termined by an amplitude of Ay, Z and A on the condition
of a = /4. Figures 6 and 7 represent typical variations of
line shapes of op(eV) for Z and A, respectively. Different
from the case of Rq in Fig. 5, the height and width of the
ZBCP change simultaneously with altering the value of Z
or A. Here, we note that for the circuit theory Ry, depends

2.0 L L L
- i ]
8 - a=rl4 1
é 151 T=50K 1
| &] F T W~ 1
B [T N
§ 10E-7-. .. A -
3 [ ]
N
© B ]
8 05) _
’5 L 4
S I ]
00 [ PR T S T T (T T SR S | ! | PRI B i

-0.5 0.0 05
Normalized bias voltage €V/A4,

-1.0
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Fig. 7. Variations of the normalized tunneling conductance
or(eV) calculated by the circuit theory under the condition of
Z =50, Ra/R, =10 and o =7/4 at T = 5.0 K. a: A = 0.0,
b: A =10.0 and c: A = 90.0.

on Z by way of eq. (6) and the following equation [30]:

2R
Rb = 0 ’

/2
/ dé T'(0) cosd

—m/2

(8)

with Sharvin resistance Ry at the junction interface. There-
fore, for the actual quantitative comparison with tunneling
experiments, these facts suggest that we must take into ac-
count the effect of Rq. As shown in Fig. 2, the resulting
ZBCP height from experiments is not as high as that ob-
tained in the ballistic regime, so we can expect that the in-
fluence of Rq can replace that of Dynes’s parameter I" [57,
58] as a broadening factor in tunneling spectral formulas
for the ZBCP. Therefore, we will analyze our experimen-
tal ZBCP results in terms of the circuit theory extended
to the systems containing d-wave superconductor tunnel
junctions.

3.3 Fitting results for the circuit theory

Figure 8 shows the spectral fit of the circuit theory for
d-wave superconductors to our experimental data. In ad-
dition, in order to make a comparison between the circuit
theory for DN/I/S tunnel junctions and the ballistic the-
ory for N/I/S tunnel junctions, the fitting results for the
ballistic theory are also given in Fig. 8 by calculating the
equations cited in ref. [51]. The open circles represent the
experimental data for the {110}-oriented tunnel junction
in Fig. 2(c), normalized by a parabolic background. The
solid line represents the fitting curve for the circuit theory
extended to the systems containing d-wave superconduc-
tor tunnel junctions. The broken line represents that for
the ballistic theory extended for d-wave superconductors,
as well. The fitting results indicate good agreement be-
tween the experimental data and two theoretical curves.
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the tunneling spectra of the circuit and ballistic theories for
d-wave superconductors. The open circles represent the exper-
imental result of the {110}-oriented junction for the Bi-2212
single crystal in Fig. 2(c). The experimental spectrum is nor-
malized by a parabolic background. The solid line represents
the tunneling spectrum calculated by the circuit theory ex-
tended to the d-wave pairing symmetry; and the broken line,
that of the ballistic theory extended as well.

Other tunnel junctions of the same compound have been
also studied in this fashion, and the results are very repro-
ducible. The slight discrepancy between the experimental
data and theoretical calculations in Fig. 8 seems to come
from the simplification of the insulating barrier in the the-
ories. Here, a junction interface between a superconduct-
ing state and a normal state is clearly defined, and a J-
function is used as a potential barrier. An actual tunnel
junction is more complicated.

Table 1 denotes the corresponding parameter values in
each theory. The difference in two fitting results is essen-
tially recapitulated in values of I and R4/Ry. Here, we
emphasize that an introduction of the Dynes’s parame-
ter I' in tunneling spectral formulas may not necessarily
suggest the concrete smearing origin in experimental tun-
neling spectra in the case of (B) for the ballistic theory. On
the other hand, in the analysis in the case of (A) for the
circuit theory, the Dynes’s parameter I" as the broadening
factor does not need to be introduced into the tunneling
spectral formula because the resistance R4 of the DN con-
ductor plays an important role as the suppression of the
ZBCP height in tunneling conductance.

Here, we note several features for the fitting param-
eter values obtained from the circuit theory. The am-
plitude of Ag = 25.0 meV in the {110}-oriented direc-
tion is appropriate for comparison to ranges of roughly
Ap = 16-40 meV for energy gap values in the {001}-
oriented direction [78,79] and to the value of Ay = 22.0
meV obtained through the analysis of the {110}-oriented
direction by using the ballistic theory in Table 1. Thus,
for 2A¢/kgT. a value of about 6.5 was obtained, typical

Table 1. Typical values of the fitting parameters in each tun-
neling conductance formula of (A) the circuit theory and (B)
the ballistic theory, when compared to the experimental result
for the {110}-oriented tunnel junction in Fig. 2(c). The “—
means that the parameter as Rq/ R}, does not exist in the spec-
tral formula of the ballistic theory. It is important to note that,
for the circuit theory, the I" value as the broadening factor can
equal to 0.0 meV, in spite of obtaining good fitting results.

Ao (meV) I (meV) Z A R4/Ry «
(A) 25.0 0.0 22 130 035 7/4
(B) 22.0 1.7 23 130 —  7/4

for high-temperature superconductors [80]. The value of
Z = 2.2 is comparatively small in variable ranges (see
Fig. 10 in ref. [30]), so this result corresponds to rel-
atively the low barrier height for our tunnel junctions.
Corresponding to a finite value of Z, a finite potential
height exists at the junction interface. Therefore, the tun-
neling directions of electrons and holes also restrict around
normal to the junction interface. Consequently, the finite
value of A = 13.0 was obtained. Furthermore, we con-
sider how the or(eV) depends on the spread of k-space
in which tunneling electrons reach. The tunneling prob-
ability D as a function of the incident angle 6 results in
D o exp(—A§?) cos @ when U > Ep, where U is the height
of a tunneling barrier and Er is Fermi energy [5]. The term
exp(—A#?) cos B is also contained in the equations cited in
refs. [51,81]. As seen in Fig. 9, the directional dependence
of tunneling probability becomes strong with increasing A.
When A = 0, tunneling electrons range most in k-space.
On the other hand, when X is enough large, electrons are
restricted in the narrow region along an z-axis through
the I' point in the Brillouin zone. The planar type junc-
tion detects the electric state in narrow k-space, while the
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Fig. 9. Tunneling probability D as a function of incident angle
0 for a: A = 0.0, b: A =1.0, c: A = 13.0 and d: A = 90.0. The
dotted line ¢ is corresponding to the fitting results in both of
the circuit theory and the ballistic theory in Fig. 8.
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point contact spectroscopy and the STM/STS detect the
electric state in wide k-space. Therefore, it is reasonable
that we have estimated A = 13.0 as the parameter of the
D from the analysis of the circuit theory for d-wave super-
conductors. Furthermore, the ratio of Rq/Rp = 0.35 may
be not so large, but this value is sufficient to smear the
spectral shape of the ZBCP by the influence of R4 in sys-
tems of d-wave superconductor tunnel junctions because
the theoretical ZBCP height is effectively suppressed as
shown in Fig. 5. As a result, in Fig. 8, we received good fit-
ting results between the experimental ZBCP result in the
{110}-oriented directions and the circuit theory. Hence,
through analysis of the circuit theory, we are able not
only to exclude the Dynes’s parameter I" from the tunnel-
ing spectral formula, but also able to obtain good fitting
results of the ZBCP for the {110}-oriented tunnel junc-
tions.

In this situation, we were successful in explaining the
ZBCP behaviors by using the circuit theory for a = 7/4
including only the MARS and the influence of R4 in the
tunneling spectral formula, in which the CAR and the
proximity effect are completely suppressed. Other mecha-
nisms may be responsible for the observed ZBCP smear-
ing but the theoretical and quantitative estimates are cer-
tainly consistent with what we know about the DN re-
sistance Rq. We emphasize that it is appropriate for tun-
neling spectral formula to introduce the combined resis-
tance for Rr,—o + Ra, rather than the artificial smearing
of I'. It is suitable to understand that there is the relation
between R4 and I'. Namely, we can comprehend that fi-
nite lifetime of quasiparticles due to Dynes’s parameter I
arises from the scattering of quasiparticles at scatters in
the DN conductor, which is expressed by Rq in egs. (1)—
(7) of the circuit theory. Thus, we can conclude that the
effect of R4 plays an important role in tunneling spec-
tra of high-T. cuprate tunnel junctions as a new point of
view for smearing origins in spectral shapes of the ZBCP.
However, in order to progress further with analysis for
the tunneling spectra in anisotropic superconductors, one
must solve the Usadel equations, such as in ref. [30], for
the quantitative discussions including much more general
cases with arbitrary « values.

4 Conclusions

We have measured Ag—SiO-Bi-2212 planar tunnel junc-
tions. The ZBCP enhancement was observed below T for
the {110}-oriented tunnel junctions. Our experimental re-
sults for Ag-Si0-Bi-2212 planar tunnel junctions denote
that Bi-2212 is obviously a d-wave superconductor and
that the ZBCP originates from superconductivity. Hence,
we have analyzed the ZBCP behaviors by using the cir-
cuit theory, which is constructed under the condition of
the elementary sum of Rp,—o and Rq at the DN/I/S junc-
tion interface for d-wave superconductors. The fitting re-
sults indicated good agreements between the experimental
data and the theoretical curves not taking into account the
Dynes’s broadening factor I', in spite of the extreme case
of @ = 7/4 including only the influence of the MARS and

Rq in the formula of tunneling conductance. As a new
interpretation about smearing origins, the circuit theory
gives that the smearing factor in tunneling spectra could
be understood as the effect of the DN conductor in tunnel
junctions, rather than that of Dynes’s broadening parame-
ter I'. Thus, the circuit theory well describes the phenom-
ena of quasiparticle tunnelings in anisotropic supercon-
ductors, rather than the ballistic theory, and such is very
applicable to analysis of the actual experimental data of
tunneling spectra of high-T. cuprate tunnel junctions.
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