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We study the c-axis transport of stacked, intrinsic junctions in Bi2Sr2CaCu2O81d single crystals,
fabricated by the double-sided ion beam processing technique from single crystal whiskers. Mea-
surements of the I-V characteristics of these samples allow us to obtain the temperature and voltage
dependence of the quasiparticle c-axis conductivity in the superconducting state, the Josephson critical
current, and the superconducting gap. We show that the BCS d-wave model in the clean limit for res-
onant impurity scattering, with a significant contribution from coherent interlayer tunneling, describes
satisfactorily the low temperature and low energy c-axis transport of both quasiparticles and Cooper
pairs. [S0031-9007(99)09468-5]

PACS numbers: 74.25.Fy, 74.50.+r, 74.72.Hs
The observation of the pseudogap in the un-
derdoped cuprate superconductors YBa2Cu3O72d,
La22xSrxCuO41d, and Bi2Sr2CaCu2O81d (Bi-2212) is
indicative of the breakdown of the Fermi-liquid theory
above Tc in these systems [1]. On the other hand, the
superconducting state is usually discussed in the BCS
d-wave pairing model, which is based on the Fermi-liquid
picture. Such an approach may be limited because (i) the
properties of the normal state determine the mechanism of
superconductivity, and (ii) the ratio 2D0�Tc is well above
the BCS ratio for d-wave pairing and is strongly doping
dependent. Specifically, the BCS approach may fail in
describing the properties of the superconducting state that
are directly related to the quasiparticles, while the electro-
dynamics, based on supercurrents (macroscopic quantum
phenomena), is insensitive to the pairing mechanism.

The interlayer currents of both quasiparticles and
Cooper pairs may be studied in highly anisotropic
Bi-2212 crystals with Josephson interlayer coupling by
measuring the I-V characteristic of the c-axis current.
Such measurements provide information on the voltage
and temperature dependence of the quasiparticle c-axis
current, the energy gap, and the Josephson interlayer
current. These data allow us to check the validity of
the BCS d-wave model and determine the degree of
the coherence of the interlayer tunneling. The question
of coherence in both the normal and superconducting
state is the focus of numerous studies (see, for example,
[2–5]). Recently, Tanabe et al. [3] and Schlenga et
al. [4] measured the quasiparticle c-axis transport in the
superconducting state of Bi-2212 crystals and concluded
that their data support the d-wave pairing scenario.
However, their results for the quasiparticle current are
insufficient to determine the nature of the interlayer
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transport and the effect of intralayer scattering on this
transport.

Our measurements of I-V characteristics have been
performed on stacked, intrinsic mesa junctions, fabri-
cated from high quality single crystal Bi-2212 whiskers
by double-sided focused ion beam (FIB) processing [6].
For the fabrication, we used the conventional FIB ma-
chine of Seiko Instruments Corp., SMI 9800 (SP) with
Ga1-ion beam. The details of the fabrication are de-
scribed in Ref. [7]. Here, we note only that the method
allows us to fabricate the mesa junctions with the in-plane
size down to 0.5 mm without degradation of Tc. We
studied five junctions with in-plane areas ranging from
6 mm2 down to 0.3 mm2, and a two-dimensional array of
6 3 6 stacks with area 0.5 mm2 each (see Table I). The
number of intrinsic junctions, N , in the stack was typi-
cally about 50. The four leads were attached outside of
the junction area [see Fig. 1(a)]. The contact Au pads
were ablated and annealed before the FIB processing to
avoid the diffusion of the Ga ions into the junction body.
Figures 1(b) and 1(c) show the I-V characteristics of
samples No. 2 and No. 4. The fully superconducting over-
lap geometry of the stack was used to suppress the effects
of quasiparticle injection on the tunneling characteristics,
usually occurring in junctions of the mesa type with a nor-
mal metal top electrode [3,8]. We also substantially re-
duced the effects of self-heating in our submicron mesa
junctions. Self-heating manifests itself in the form of an
S-shaped I-V curve near the gap voltage Vg [9]. The mea-
sured temperature dependence of the c-axis resistivity of
the stacks (at dc currents �1 mA) was typical for slightly
overdoped Bi-2212 crystals with Tc � 77 K [2].

The critical current was determined from the I-V
characteristics as the current of switching from the
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TABLE I. Parameters of the stacked Bi-2212 mesa junctions. Data for samples No. 7 and No. 8 are from Refs. [3,4].

S Tc Jc Vg�N sq�0� b
No. �mm2� N (K) �A�cm2� (mV) �kV cm�21 �meV�22

1 6.0 69 76 600 16 3.0 · · ·
2 2.0 65 76 600 20 2.0 0.014
3 1.5 50 78 400 22 3.7 0.029
4 0.6 34 76 40 50 · · · · · ·
5 0.3 50 78 23 44 1.7 0.008
6 36 3 0.5 50 76 72 · · · 2.5 · · ·
7 400 40 �80 250 500 20 1.7 0.012
8 256 1 86 680 22 1.5 · · ·
superconducting to the resistive state, averaged over the
stack. The variation of the critical current along the stack
is not large (usually within 15%), indicating a good unifor-
mity of our structures. The c-axis critical current density,
Jc, for the junctions with in-plane areas S . 2 mm2 was
typically 600 A�cm2 at T � 4.2 K (see Ref. [9]), and is
consistent with the data reported by other groups [3]. For
bigger stacks, the dependence of Jc on magnetic fields par-
allel to the layers demonstrates well resolved Fraunhofer
diffraction patterns [10], which prove the presence of the
intrinsic dc Josephson effect in our stacks. Jc is depressed
for submicron junctions (see Table I), presumably due to
the Coulomb blockade effect [9].

The superconducting gap voltage of the stack, Vg, was
determined from the I-V characteristics as the voltage at
the maximum of dI�dV . The gap of the intrinsic junction,

FIG. 1. Schematic view of the setup (a) and the I-V charac-
teristics of the Bi-2212 stacks at T � 4.2 K; (b) enlarged I-V
scale of sample No. 2; (c) extended I-V scale of sample No. 4.
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2D0 � eVg�N , reaches values as high as 50 meV (see
Table I and Ref. [9]).

The multibranched structure, which is clearly seen in
Fig. 1(b), corresponds to subsequent transitions of the
intrinsic junctions into the resistive state for increasing
voltage [4,11]. At voltages V . Vg all junctions are
resistive. In the downsweep of voltage, starting from
V . Vg, the I-V curve is observed in the all-junctions
resistive state. Here, only quasiparticles contribute to the
c-axis dc transport. The Ohmic resistance, Rn, at V . Vg

is well defined [see Fig. 1(c)]. This resistance is nearly
temperature independent (Fig. 2) and corresponds to the
conductivity sn�V . Vg� � 80 �kV cm�21 for energies
well above the pseudogap and the superconducting gap.

The I-V curve of the all-junctions resistive state [lower
curve in Fig. 1(b)] at low voltages fits the dependence

Iq�V � � sq�0�
S
s

∑
y 1

b
3

y3

∏
, y � V�N , (1)

where y # 10 mV, as seen in Fig. 3, and s is the spac-
ing between intrinsic superconducting layers (15.6 Å).
Values for sq�0�, b, and S are given in Table I. For
the quasiparticle differential conductivity, sq�y, T � �
s21≠Jq�≠y, at y ! 0 we find for T # T� � 30 K:

sq�T � � sq�0� �1 1 cT2� , (2)
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FIG. 2. Quasiparticle dynamic conductivity vs T for voltages
y . Vg�N � 2D0�e and y � V�N ! 0, as extracted from
the I-V characteristics of samples No. 2 and No. 3. Inset: sq

vs T2 at voltage y ! 0. Lines are fits for T2 , 1000 K2.
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FIG. 3. The quasiparticle differential conductivity vs y2 �
V 2�N2 at T � 4.2 K as extracted from the I-V characteristics
of sample No. 2 and No. 7 [Fig. 4(c) in Ref. [3]]. Lines are
fits for y , 10 mV. Inset: Corresponding J-y curves.

with c � 9.6 3 1024 and 6.4 3 1024 K22 for samples
No. 2 and No. 3 (see inset in Fig. 2). We estimate the
accuracy for extracting b and c to be within �30%.

Previously, the quasiparticle conductivity in the super-
conducting state was obtained from c-axis conductivity
measurements in high magnetic fields, which suppress the
contribution of Josephson current to the c-axis transport.
By this way, in magnetic fields up to 18 T, sq�T � was ob-
tained at temperatures above 50 K and found to increase
with temperature [12]. These results are in quantitative
agreement with those shown in Fig. 2. We note that the
data for samples No. 7 and No. 8, taken from Refs. [3,4],
are also in quantitative agreement with ours, though these
samples may be slightly different. The coefficients b, c
and sq�0� were obtained at low voltages (V , 0.1 V) and
low currents (I , 1 mA), to reduce heating effects. Our
estimates for these coefficients agree with those obtained
with only one junction being resistive [4]. Thus, we think
that heating and quasiparticle injection do not strongly af-
fect our estimates for b, c and sq�0�, though they may be
partially responsible for the observed scatter in these pa-
rameters. Nonequilibrium effects are more important for
extracting D0 and sq�V . Vg�, especially for mesas with
areas S . 1 mm2. Since our submicron mesas have gap
values close to those recently determined by surface tun-
neling measurements in slightly overdoped Bi-2212 single
crystals [13], we conclude that we succeeded in reducing
heating effects in these samples significantly.

Our results differ remarkably from the tunneling char-
acteristics of junctions between conventional superconduc-
tors in two aspects. First, the value sq�T � remains nonzero
as T ! 0. As was mentioned above, Tanabe and co-
workers also observed Ohm’s law in the all-junctions resis-
tive state at low temperatures, but considered it as being of
extrinsic origin. Second, Jc�T � at T ! 0 is substantially
reduced (by a factor �30) in comparison with the value
given by the Ambegaokar-Baratoff relation, J

�AB�
c �0� �
psnD0�2es. Instead, we find at T ! 0 for stacks with
large areas that the relation,

Jc�0� � psq�0�D0�es , (3)

holds. This result is expected when coherent tunneling
is dominating the c-axis transport. We obtain the ratios
esJc�0���psq�0�D0� � 1.2 and 1.5 for samples No. 1 and
No. 2, respectively, and �0.74 and 0.8 for samples No. 3
and No. 5, if we take into account that their effective crit-
ical current is reduced in comparison with the Josephson
critical current, due to the Coulomb blockade, and take a
typical Jc�0� � 600 A�cm2 as for large area stacks.

We analyze these experimental data in the framework
of the BCS d-wave pairing model inside the layers, con-
sidering the general form of the tunneling Hamiltonian:

H �
X
n

Z
dr

∑
tn�r�c1

ns�r�cn11,s�r� 1 H.c.

∏
1Hk,n .

(4)

Here, Hk,n is the BCS Hamiltonian for d-wave pair-
ing with isotropic intralayer scattering inside layer n,
described by the bare scattering rate, n0, of electrons
with defects. The superconducting gap is expressed as
D�w� � D0 cos2w, where w is the angle of the mo-
mentum on the two-dimensional cylindrical Fermi sur-
face. Further, tn�r� is the random, isotropic interlayer
transfer integral which depends on the in-plane coordi-
nate r due to crystal imperfections. The correlation func-
tion K�r� � 	tn�r�tn�0�
 in the Fourier representation is
K�q� � t2

��ad�q� 1 �1 2 a�g�q��, where at2
� � 	t�r�
2

and �1 2 a�t2
� � 	t2�r�
 2 	t�r�
2. The weight for in-

plane momentum conserving (coherent) tunneling is a,
while that for incoherent tunneling is �1 2 a�. Incoher-
ent tunneling is described by the normalized function g�q�
with the characteristic momentum transfer q0. In the fol-
lowing, we will discuss the case of a strongly incoherent
part, when yFq0 is of order eF . For small transfer inte-
gral we calculate the quasiparticle interlayer current den-
sity, using perturbation theory with respect to tn�r�,

Jq�y� �
es
p h̄

Z 1`

2`
dv

Z
dk

Z
dq K�q�

3 � f�v� 2 f�v 1 ey��

3 A�v 1 ey, k 1 q�A�v, k� , (5)

where f�v� is the Fermi distribution function, and
A�v, k� is the spectral density of the Green function.
Scattering by impurities leads to the formation of gapless
states,

2pA�v, k� �
�1 1 jk�Ek�g

�v0 2 Ek�2 1 g2 1
�1 2 jk�Ek�g

�v0 1 Ek�2 1 g2 ,

at low v, Ek & g. Here, Ek � �j2
k 1 D2�w��1�2 is the

quasiparticle energy and g is the impurity bandwidth of
quasiparticles; v0 � v is the impurity renormalized fre-
quency [14–18]. The quasiparticle current at T , ey ø
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D0 comes mainly from regions near the gap nodes on the
Fermi surface. The angle dependent quasiparticle density
is sharply peaked near the nodes at angles wg 6 w0�2,
wg � 6p�4, 63p�4, with w0 � g�D0. Impurity scat-
tering results in a nonzero density of states at zero energy,
N�0�w0. For the coherent part this leads to a univer-
sal quasiparticle interlayer conductivity ~ aN�0�w0�g ~

aN�0��D0 at T ! 0. The combined parts of coherent and
incoherent conductivities give the following at y ! 0:

sq�0� �
2e2t2

�N�0�s
p h̄D0

∑
a 1 �1 2 a�C1

g

eF

∏
, (6)

where N�0� is the 2D density of states per spin at the
Fermi level. Here and in the following, Ci (i � 1, 2, 3)
are numerical coefficients of order unity. For the coher-
ent part, this regime is valid at temperatures T ø T�,
where the crossover temperature T� � g � �h̄n0D0�1�2

for strong scattering, and T� � 4D0 exp�2pD0�n0� in
the limit of weak scattering. Finite T corrections to sq

at T & T� are quadratic in temperature [17]:
sq�T �
sq�0�

� 1 1
p2

18

µ
T
g

∂2 ∑
1 1

�1 2 a�
a

gC2

eF

∏
. (7)

Using the results of Ref. [17], we obtain, at T °! 0 and
for voltages ey & g for the coefficient b in Eq. (1),

b �
1

8g2

"
1 1

�1 2 a�
a

g2C3

eF

#
. (8)

For the critical current density at T � 0 and in the clean
limit, h̄n0 ø D0, we obtain [19]

Jc�0� �
2et2

�N�0�
h̄

∑
a 1 �1 2 a�C

D0

eF

∏
, (9)

where C & 1 is a numerical coefficient, which depends
on the form of the function g�q�. We neglected the effect
of the pseudogap (if any) on Jc at low T .

We see that the contribution from incoherent tunneling
to the quantities Jc�0� and sq�0�, and the parameters c
and b, is negligible, if a ¿ CD0�eF . Assuming that this
is the case, we obtain the universal relation (3) and the
ratio c�b � 4p2�9 � 4.4. Our data obey relation (3) as
was mentioned above. We obtain c�b � 6.9 and 2.2 for
samples No. 2 and No. 3, respectively. From the value
of c we estimate g � 3 meV. For resonant scattering
this estimate agrees well with the crossover temperature
T� � 30 K, while in the Born limit T� is much smaller.
Thus we discard the Born limit. The value of g � 3 meV
leads to h̄n0 � 0.4 meV, confirming our assumption of
the clean limit for superconductivity inside the layers.

Thus, we obtain a self-consistent description for our c-
axis transport characteristics, i.e., for sq�y, T � and Jc�0�
at low temperatures and low voltages, max�T , ey� & g,
assuming a significant contribution of coherent tunneling
to these quantities, a . 0.05 0.1. It is noteworthy that
sn, as well as sq�T , y� at T . g or ey . g, are related
to the high energy regime and thus remain outside of our
description of the c-axis transport.
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We conclude that the BCS d-wave pairing model in the
clean limit with resonant intralayer scattering and signifi-
cant contribution of coherent interlayer tunneling provides
a satisfactory and consistent description of the experimen-
tal data for the low energy and low temperature interlayer
transport in the superconducting state of Bi-2212 crys-
tals for both quasiparticles and Cooper pairs. In spite
of the fact that the normal state properties deviate from
the Fermi-liquid behavior, we find that our data for inter-
layer transport are consistent with the interpretation that
superconductivity restores the Fermi-liquid behavior of
quasiparticles, at least at low temperatures. This is in
agreement with the formation of a sharp quasiparticle
peak in the density of states in the superconducting state
in angle-resolved photoemission spectroscopy measure-
ments [20].
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