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We have investigated the current-voltage (CV) characteristics of the intrinsic Josephson junctions (IJJs) in
the electron-doped high-7. superconductor Sm,_,Ce CuO,_s by using a small mesa structure fabricated on a

single crystal surface. It is found that multiple resistive branches, i.e., typical 1JJ characteristics, are observed
in the CV characteristics when the junction area of a mesa is 10 um? or less. It is also found that a typical
Josephson critical current density J, is 7.5 kA/cm? at 4.2 K for T,=20.7 K. The Josephson penetration depth
is experimentally estimated to be 1.0—1.6 um from the size dependence of J.. Both J,. and 7, are found to
decrease with the carrier doping level, as is found for hole-doped Bi,Sr,CaCu,0Oyg, s in the heavily overdoped
region. These results are discussed in relation to the current locking in terms of the coupled Josephson junction

stack model.
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I. INTRODUCTION

Due to its layered structure and large anisotropy, a crystal
of a high-T. cuprate is generally regarded as a stack of tunnel
Josephson junctions. These junctions are called intrinsic Jo-
sephson junctions (1JJs)."? Since the 1JJs are a crystal struc-
ture itself, the junction interfaces are atomically flat and
clean, providing uniquely in high-7,. superconductors almost
ideal tunneling-type Josephson junction characteristics. With
these characteristics, the 1JJs are employed in a wide variety
of researches such as those into the macroscopic quantum
tunneling,>* the interlayer tunneling spectroscopy,>® collec-
tive vortex motion,”® and others.’

The current-voltage (CV) characteristics of the 1JJs ex-
hibit deep hysteresis and multiple resistive branches which
correspond to the resistive states of the individual 1JJs. Typi-
cal 1JJ characteristics are wusually observed in
Bi,Sr,CaCu,0g, s (BSCCO), in which the 1JJ characteristics
were observed for the first time,! and in
Tl,Ba,Ca,Cu;0,(,>'° which has a crystal structure similar to
BSCCO. These cuprates have a typical layered crystal struc-
ture and a significantly large anisotropy of ~100 or greater.
Hg,Ba,Ca,Cu;0,, has also a similar crystal structure and it
was shown recently that this material also shows typical 1JJ
CV characteristics.!!

On the other hand, in YBa,Cu;0,_, (YBCO), which has a
crystal structure with a moderate anisotropy, the 1JJ charac-
teristics were observed only for a limited number of samples,
which have a small junction area and a low carrier doping
level (underdoped).!>!* In RuSr,GdCu,Og, which is crystal-
lographically analogous to YBCO, multiple resistive
branches similar to those for YBCO were also observed in
the CV characteristics.'> For La,_,Sr,CuQ, crystals, multiple
branches are not observed in the CV characteristics and the
hysteresis is absent.!® Thus CV characteristics of the 1JJs are
different among high-T,. cuprates, depending on the crystal
structure, the magnitude of its anisotropy, and the sample
dimensions. The appearance and disappearance of the mul-
tiple resistive branches, which correspond to the switching of
individual 1JJs, are closely related to the current locking phe-
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nomenon in a coupled Josephson junction stack.!” The cur-
rent locking is thought to occur through the inductive cou-
pling between the junctions, that is, the Josephson coupling
strength between the superconducting layers through the Jo-
sephson critical current density J. and the penetration depth
N\;. Through J., on the other hand, the 1JJ characteristics can
be related to the inhomogeneity of the superconducting state,
which is supposed recently.!8-2 Thus, the observation of the
1JJ characteristics is important to understand the dynamics of
a coupled Josephson junction array, and, in some cases, it is
useful to probe into the inhomogeneous superconducting
state of a cuprate.

Almost all the 1JJ characteristics have been observed in
hole-doped cuprates so far. Since the magnitudes of aniso-
tropy and the Josephson plasma frequency for electron-
doped cuprates are comparable with those for hole-doped
cuprates, it is thought possible to observe the 1JJ character-
istics for electron-doped cuprates. In an earlier study,
Schlenga et al?' observed the CV characteristics of the
electron-doped high-T, superconductor Pr,_,Ce CuQO,, s0n a
small platelet crystal. They observed the ac Josephson effect
and several voltage steps in the CV characteristics, but not a
multiple branch structure typical to 1JJs. The present paper
reports the direct observation of the IJJ characteristics and
their multiple branch structure for the electron-doped cuprate
Sm,_,Ce,CuO,_s (SCCO) by using a small mesa structure
fabricated on a single crystal surface. It is also found that the
CV characteristics exhibit multiple resistive branches, only
when the lateral mesa width is less than a few micrometers.
This result indicates that the crystal structure of SCCO func-
tions as superconductor-insulator-superconductor (SIS)-type
1JJs like that of BSCCO. We discuss the relationship between
the mesa size and the appearance of the multiple resistive
branches in terms of the current locking phenomenon.

In the present study, several physical parameters have also
been determined. A typical value for J, is found to be ap-
proximately 7.5 kA/cm? at 4.2 K for a SCCO mesa having a
T. of 20.7 K. From the size dependence of the Josephson
critical current /., the value for \; is estimated to be 1.0
—1.6 um. This value is compared with the \; value calcu-
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FIG. 1. Temperature dependence of the mesa resistance R, for a
SCCO 3T mesa 2 X2 um? wide and 36 nm thick. Excitation cur-
rent is 1 pA. The top-left inset shows the T dependence of R,. for a
SCCO 4T mesa 2 X 10 um? wide and 30 nm thick at an excitation
current of 5 uA. The bottom-right inset shows a schematic cross
sectional view of the sample geometry (not to scale). For 4T mesas,
a voltage terminal and a current terminal on top of a mesa are
separated by a slit at the dashed line.

lated based on the coupled sine-Gordon equation. We also
find that both J. and T, decreases monotonically with the
carrier doping level. Finally, we discuss a possibility of the
inhomogeneous superconducting state, which is suggested to
exist in p-type cuprate superconductors.

II. SAMPLE FABRICATION

SCCO single crystals employed were grown by the self-
flux method?>?? using a turnover technique, which provided
platelike single crystals with flux-free shiny surfaces. As-
grown crystals were first annealed in flowing Ar at
945-950 °C for 15-20 h. Next, a Au(50 nm)/Ag(25 nm)
double layer was evaporated on a crystal surface as a contact
electrode, and then annealed in flowing Ar at 400 °C for
5 min to reduce the contact resistance. From these crystals,
small mesa structures, as shown in the inset to Fig. 1, were
fabricated on top of a crystal surface using a standard pho-
tolithography and an Ar ion milling technique.’ The mesa
thickness, typically 30 nm, was controlled by the milling
time. The electrode configuration we employed is either of a
three-terminal (3T) type or of a four-terminal (4T) type. The
size of the 3T mesas ranges from 2X2 to 10X 10 um? in
area and 36 nm in height, while that of the 4T mesas, which
have two electrodes on the top, is approximately 2
X 10 wm? in area and 30 nm in height. These thicknesses of
the mesas are much smaller than the averaged separation of
the Sm,0; impurity-phase epitaxial stacking layers, which
was reported to be several hundred nanometers.”* This im-
plies that the mesas in the present study contain no such
impurity layers and that the properties observed are inherent
to SCCO. Since the spacing of the CuO, layers in SCCO is
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0.60 nm, a mesa thickness of 30 nm corresponds to a stack
of 50 IJJs.

II1. RESULTS

Figure 1 shows the temperature 7 dependence of the mesa
resistance R, i.e., the c-axis resistance, for a typical 3T
mesa. The resistive superconducting transition is seen at a
midpoint 7, of 20.7 K. Residual resistance seen below T.. is
the contact resistance, which corresponds to a contact resis-
tivity of 1 X 107 ) cm? near T,. This is the smallest contact
resistivity attained in the present study. The c-axis resistivity
p. of the mesa obtained from R, is 1.3 ) cm just above T,
which is nearly equal to the value obtained from a
Nd, ¢sCe 15CuOy single crystal.”> The inset of Fig. 1 shows a
typical T dependence of R, for a 4T mesa. The p, value near
T, obtained from this 4T mesa coincides with that for the 3T
mesa. The metallic behavior of p. seen in the wide tempera-
ture range is commonly seen in the n-type cuprates.22

Figures 2(a)-2(c) show the IV characteristics for three
different kinds of SCCO mesas: a 10X 10 wm? 3T mesa, a
2X2 um? 3T mesa, and a 2X 10 um?> 4T mesa. The
samples in Figs. 2(b) and 2(c) are the same as those in Fig. 1.
In Fig. 2(a), the IV curve exhibits neither hysteresis nor re-
sistive branches, while in Fig. 2(b) the IV curve demonstrates
small hysteresis and dozens of resistive branches. This is a
typical difference seen in the IV characteristics when the
mesas of different sizes are compared. Namely, the hysteresis
and the resistive branches are observed when the mesa size is
small. For 3T mesas, when the mesa area S is larger than a
few wm? but smaller than 100 um?, the observed IV charac-
teristics were occasionally intermediate ones between those
in Fig. 2(a) and in Fig. 2(b). For example, the IV character-
istics for a 5 X 5 um? 3T mesa exhibited small hysteresis and
several nonhysteretic step. From the S dependence of the IV
characteristics for more than a dozen of small mesa samples,
it is concluded that the multiple resistive branches are ob-
served only when S is less than approximately 10 um?.

In Fig. 2(c), on the other hand, the IV characteristics ex-
hibit small hysteresis but no multiple resistive branches are
seen. Although most of 4T mesas of the same size show
similar /V characteristics, some of them occasionally exhib-
ited a small steplike structure with an interval of 1-2 mV in
the IV curve at low voltages. Similar IV characteristics were
also observed for 5X 5 um? 3T mesas. The relationship be-
tween the shape of the IV characteristics and S also holds in
this case, indicating that the shape of the /V characteristics
depends primarily on the mesa area, irrespective of electrode
configurations. When the depth of the hysteresis is defined as
(I.-1,)/1,, as described in Fig. 2(c), the hysteresis for 2
X 10 wm? 4T mesas ranged from 0% to 12%, as seen in the
inset of Fig. 6(a). These values are significantly smaller than
that of BSCCO, in which the hysteresis is much greater than
90%.

The dashed line in Fig. 2(c) corresponds to the resistance
R, at 24 K in the normal state. The IV curve approaches this
line near ~40 mV, which value is still much smaller than
300 mV, the product of the superconducting gap voltage of
2A/e=6 mV (Ref. 26) and the number of junctions N of 50.
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FIG. 2. IV characteristics for (a) 10X 10 um? 3T mesa, (b) 2
X2 pm? 3T mesa, and (c) 2 X 10 um? 4T mesa. The dashed line in
(c) indicates the resistance of R,=20 ) at 24 K. I, in (c) indicates
the return current, below which the junction switches to the zero-
voltage state.

Even if we take into account the fact that the interval of the
resistive branches is usually much smaller than 2A/e by a
factor of 1/4 to 1/3, as in the case of the 1JJs in BSCCO, the
value of such is not sufficient to explain the above value of
40 mV. If we further take into account the presence of the
pseudogap,?’” which causes an increase in the normal state
resistivity by a factor of as large as 2 below T,, then the
inclination of the dashed line in Fig. 2(c) is reduced to its
half and the IV characteristics may turn out consistent with
the usual tunneling model. It is also conceivable that the 1JJs
in SCCO crystals are accompanied by a small amount of a
shunting resistance, which also reduces the interval of the
resistive branches. The IV characteristics in Fig. 2(c) can be
partly explained in terms of such a shunting resistance.
Figure 3 shows an enlarged view of the IV characteristics
in Fig. 2(b) in the positive voltage range for the 2 X2 um?
3T mesa at 4.2 K. In this measurement, an Ohmic resistive
component comparable to the contact resistance was sub-
tracted by using a differential circuitry. The distortion from
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FIG. 3. The positive voltage part of the /V characteristics at
4.2 K for the 2X2 um? 3T mesa in Fig. 2(b). The characteristics
were observed by subtracting the Ohmic resistive component of
250 Q using a differential circuitry to remove influence of the con-
tact resistance.

the linearity near the origin (bottom-left corner) is due to the
contact resistance. The IV characteristic shows clearly the
resistive branches counting approximately 60, which coin-
cides with N, the number of the 1JJs in the mesa. This agree-
ment indicates that these resistive branches derive from the
1JJs naturally built in the SCCO crystal structure like in the
case for p-type BSCCO, and not from epitaxial stacking
faults such as Sm,05.2* The regular resistive branches are
seen at a constant voltage interval V.. of 1.0 mV, which is by
a factor of approximately 1/6 smaller than the superconduct-
ing gap 2A/e for n-type Pr;gsCeysCuO, and
Nd, g5sCep, 15Cu0,.2¢ Furthermore, the value for V./(2A/e) is
much smaller than that of ~1/3 for BSCCO.?® The depth of
the hysteresis is 10.3% at the most, which value is signifi-
cantly smaller than that for BSCCO. As for the maximum
Josephson current /. for individual junctions for the sample
in Fig. 3, the values are distributed from 150 to 450 uA.
However, most of the junctions have an /. of 250-350 uA in
the 10—40 mV range. These values are averaged to obtain
the value of 7,=300 pA. From this, the Josephson critical
current density J.=I./S is obtained to be approximately
7.5 kA/cm? for this sample. The values for J, were nearly
the same for samples with similar S and 7, values. The above
value is an order of magnitude larger than that of BSCCO
(Ref. 29) and a factor of 2 larger than that of underdoped
YBCO.!*

The observed values of J. for 1JJs in SCCO lie between
1.4 kA/cm? for slightly overdoped BSCCO (Ref. 29) at 5 K
and 26 kA/cm? for LSCO (x=0.09) at 4.2 K3 A typical
value for the Josephson plasma frequency w,/27 for the
n-type cuprates is 230 GHz, which lies between 107 GHz for
BSCCO (Ref. 31) and 600 GHz for LSCO (x=0.10).3 These
values are in qualitative agreement with the relationship wﬁ
=2el./hC, where C is the capacitance of a junction, because
if we assume that £/g,=10, the values for w, /27 are calcu-
lated to be 135 GHz for slightly overdoped BSCCO,
200 GHz for SCCO, and 369 GHz for LSCO (x=0.09).

Figure 4 shows the T dependence of [. for the 2
X2 um? 3T mesa shown in Fig. 3. The solid curve repre-
sents the theoretical I,—T for a SIS Josephson junction based
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FIG. 4. T dependence of I, for the 2 X2 um? 3T mesa in Fig. 3.
Values for /. were obtained from the 13th resistive branch. The
solid curve represents the Ambegaokar-Baratoff theory. The dashed
line are guides to the eyes.

on the Ambegaokar-Baratoff (AB) theory.’® The overall be-
havior demonstrates qualitatively a feature characteristic to a
SIS-type Josephson junction. However, a slight deviation
from the AB theory is seen in the 7/T, range of 0.4-0.9.
The upward deviation like this is also seen for slightly over-
doped BSCCO.3* This presents a contrast with the I,—T data
for  RuSr,GdCu,Og,'>  underdoped YBCO,”  and
La,_,Sr,Cu0,,'¢ in which only a little deviation is seen from
the AB theory. The deviation of I.—T from the theory may be
related to the large junction effect at low temperatures. If the
junction size is large compared with the Josephson penetra-
tion depth A,, I, is suppressed appreciably at low tempera-
tures because \; decreases as T decreases. This is discussed
later in relation to the Josephson critical current density J..

Figure 5 shows the S dependence of /. at 4.2—5 K for
mesas whose 7. is 20—21 K. It is clearly seen that the /. data
start to deviate from the linear relationship when S exceeds
~10 wm?. This result indicates that the value for the Joseph-
son penetration depth X\, is estimated to be 1.0-1.6 um.*
Thus, the I./S value obtained from a mesa of no larger than
2X 10 um? provides a good estimate for J,.

It is known that the c-axis conductivity at 300 K, o,
(300 K), is nearly proportional to the doping level in a dop-
ing range centered at the optimal doping.'® Therefore, it is
considered that the o, (300 K) dependence represents the
doping dependence. Figures 6(a) and 6(b) show the plots of
J. vs o, (300 K) and those for T, vs o, (300 K), respec-
tively, for 2 X 10 um? 4T mesas and for 2X2 um? 3T me-
sas. In the sense mentioned above, Fig. 6 represents the dop-
ing dependence of J. and T,. From these plots, it is seen that
J. and T, decreases monotonically with increasing doping
level.® This doping dependence presents a sharp contrast
with those for the BSCCO system, in which J. increases
significantly with increasing doping. This is interpreted in
terms of the doping level of the superconducting region in
the electron-doped cuprate system.’” The details are dis-
cussed in the following section.
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FIG. 6. Plots for (a) J. (4.2 K) and (b) T. as a function of o,
(300 K). The filled symbols represent the data for the 2 X 2 um? 3T
mesa in Fig. 3, while the open symbols represent the data for 2
X 10 um? 4T mesas. The o, (300 K) value for the 3T mesa is
estimated by subtracting the extrapolated contact resistance at
300 K. The length of the vertical error bar represents the standard
deviation of the J,. values. Dashed lines are guides to the eyes. The
inset shows a histogram for the depth of hysteresis (I.—1,)/I. at
4.2 K for the 4T mesas. The depth of hysteresis showed no clear
correlation with 7.
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IV. DISCUSSION

A. Mesa size dependence of the intrinsic Josephson junction
characteristics

In the present study, it is found that the multiple resistive
branches are seen in the /V characteristic only when the mesa
area is less than 10 ,umz. It is known, on the other hand, that
a mesa made of a BSCCO crystal shows multiple resistive
branches with a large hysteresis in the /V characteristics even
when the mesa is several tens of micrometer wide. The con-
dition under which the multiple resistive branches are seen in
the IV characteristics is related both to the presence of hys-
teresis and to the independent dynamic motion of each junc-
tion. If the IV characteristics exhibit no hysteresis or all the
junctions are current locked and switch simultaneously, then
the multiple resistive branches are not seen in the /V charac-
teristics. In order to understand the present results, we need
to rely on the following coupled sine-Gordon equation,’3
which describes the 1JJs, as in Ref. 38.

&y, L* L. . 12 .
ngn_A_zfz,n_k_i(]z,n—l"'.]z,rﬁl)_ )\_2_)\_]% Jexts

m m

2 h 2 h

m

—— 1
T 2epgdeid. 0

2epgtei)e
where =142\ coth(d/N), d.g=N/sinh(d/\), N=d\,,/(d
+1), t is the insulating layer thickness, d is the superconduct-
ing layer thickness, v, is the gauge-invariant phase between
the (n—1)th and the nth superconducting layers, j,, is the
current between the (n—1)th and the nth superconducting
layers normalized by J., L is the dimension of the junction
along the x axis, é=x/L is the normalized coordinate, and
other notations are the same as in Ref. 38.

The coupling strength between adjacent junctions is de-
termined by the second term in the right hand side of Eq. (1).
Therefore, the ratio of the junction length L to \; determines
the behavior of the dynamic motion. When d,7<<\, the rela-
tionship \,,=\; holds. In this case, the Josephson penetra-
tion depth A; is equal to \,,,. From this relationship, it follows
that when the ratio L/\; is larger than a certain value, all the
junctions switch to the voltage state simultaneously, namely,
the current locking (CL) phenomenon manifests itself. As
numerically demonstrated by Goldobin and Ustinov,!” this
CL is a dynamic phenomenon brought about by the inductive
coupling of long Josephson junctions. This is also supported
experimentally on double junctions.*’ It is known that the 1JJ
resistive branches are observed for BSCCO in a much larger
mesa sample than for SCCO. This fact implies that the value
of A\, for BSCCO is larger than that for SCCO. This is easily
confirmed; if we use the values of A, ,=170 nm,* ¢
=12 nm, d=0.3 nm, and J.=500 A/cm?, we obtain the
value of \;=3.7 um for BSCCO, while if we use the values
of A,=150 nm,* ¢=0.45nm, d=0.15nm, and J,
=7500 A/cm?, we obtain the value of \;=0.68 um for
SCCO. Thus, A, for SCCO is much smaller than that for
BSCCO, so that the CL takes place in the 1JJs of SCCO more
easily than in BSCCO.
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McCumber’s  parameter is represented by S,
=2el R*C/h=2eJ p2ee,(t+d)*/hit. If we use the values of
p.=133 Qcm, &,=10, J.=7.5X10° A/cm?, 1=0.45 nm,
and d=0.15 nm, then we obtain B,=2.86 for SCCO. There-
fore, we can expect a small hysteresis in the IV characteris-
tics of I1Js in SCCO. However, this value is larger than 1 by
only a small amount so that it can change to less than 1 when
p. or J. is decreased appreciably. The vicinity of (. to 1
reflects the occasional disappearance of the hysteresis in the
SCCO 1V characteristics in the present experiments. On the
other hand, it is easily seen that 8.> 100 for BSCCO and a
large hysteresis is always expected in the IV characteristics
of BSCCO JJs. Since . is a parameter reflecting the capaci-
tance of a Josephson junction, a large value for S, probably
favors the individual switching, where the charge is dynami-
cally induced in the thin superconducting layers in the volt-
age state. It may be related to the fact that the multiple
branch IV characteristics can be observed even in BSCCO
mesas whose size is much larger than A;.

In the model described by Eq. (1), \,, corresponds to A,
the Josephson penetration depth for a single junction. It is
easily seen that N\, =X\; and 1/A;=0 when d>N\. In the
present case, d<<\A, so that it holds that A;=N\,=\;
=0.68 um for SCCO using the values of A\, =150 nm and
J.=7500 A/cm?. This value is smaller than the experimental
value of 1.0-1.6 um obtained from the S dependence of I,
by a factor of approximately 0.5. This may leave a possibility
that the 7 dependence of /. is influenced from the large junc-
tion effect, in which /. is suppressed at low temperatures.

B. Doping dependence of J,

As shown in Fig. 6(a), it is found that J, decreases with
increasing carrier doping level. According to the AB
theory,’® J.=mwA/2eRy at T=0, where Ry is the normal tun-
neling resistance per unit area per junction. In the present
study, Ry is nearly proportional to p,, so that Fig. 6(a) com-
bined with the AB theory implies that A decreases with in-
creasing doping level. Since Fig. 6(b) indicates a decrease in
T., the concomitant behavior of A and T, is reasonable in
light of the BCS theory. All these behaviors imply that the
superconducting SCCO system is in the overdoped region.
On the other hand, if we estimate the value for J, using the
values of 2A=6 meV, RyS=15Q, $=2X3 um’ (p,
=1 Q cm), we obtain J.=7.85X 10* A/cm?, which is an or-
der of magnitude larger than the observed value. The large
difference between the AB theory and the experimental data
as in the present study is also observed in the BSCCO
system,'®19 and is arguably regarded as evidence for the in-
homogeneous superconducting state, where superconducting
regions and nonsuperconducting ones are separated spatially
on a fine scale. As in the underdoped BSCCO system, the
present data may indicate the existence of the inhomoge-
neous superconducting state in the electron-doped SCCO
system, even though the SCCO samples are in the overdoped
region,?’ like in an overdoped BSCCO system, where inho-
mogeneous superconducting state is supposed to exist.*3
However, if we take into account that the present J,. values
for the overdoped SCCO system are more than 2 orders of
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magnitude larger than the J, values for the underdoped
BSCCO system, the above scenario needs further study to be
convincing, in particular, on the doping dependence of J,.. A
discrepancy of 1 order of magnitude in J,. can be accounted
for in terms of different origins, which may include the large
junction effect, d-wave symmetry of the superconducting or-
der parameter, and others. %4

V. CONCLUSIONS

We have observed the 1JJ characteristics in the n-type
SCCO system by using a small thin mesa structure. It is
found that the multiple resistive branches, which reflects the
individual switching of SIS-type 1JJs, are observed in the IV
characteristics only when the mesa area is below 10 um?>.
From the S dependence of I, A; is estimated to be
1-1.6 um, which is compared with the theoretical estimate
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of 0.68 um. In comparison with the case for the 1JJs in the
BSCCO system, it is found that the coupling strength of the
JJs in the SCCO system is greater than that in the BSCCO
system. It is also found that J, is approximately 7.5 kA/cm?
at 4.2 K for a 2 X2 um? 3T mesa with a T, of 20.7 K. Both
J. and T, are found to decrease with the carrier doping level,
a behavior similar to the case for p-type BSCCO in the
heavily overdoped region. The observed value for J,. is found
to be an order of magnitude smaller than the theoretical es-
timate, which is indicative of the existence of the inhomoge-
neous superconducting state as a possible origin.
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