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Tunneling spectroscopy with intrinsic Josephson junctions in Bi2Sr2CaCu2O81d
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The paper presents a detailed discussion of the current-voltage characteristic of intrinsic Josephson junctions
in Bi2Sr2CaCu2O81d and Tl2Ba2Ca2Cu3O101d. In these materials Josephson tunnel junctions are formed natu-
rally between adjacent superconducting CuO2 bilayers or trilayers. A typical sample consists of a stack of
Josephson junctions. We explicitly show that all junctions inside a given sample have identical tunneling
characteristics. We discuss the shape~general curvature! of the current-voltage characteristic in terms of a
superconducting order parameter that has a predominantdx22y2 symmetry. TheI cRn product of the intrinsic
Josephson junctions turns out to be 2–3 mV, about 10% of the maximum energy gapD0 /e. The current-
voltage characteristic of every individual junction exhibits pronounced structures in the subgap regime. They
are best explained by a recently proposed resonant coupling mechanism between infrared active opticalc-axis
phonons and oscillating Josephson currents.@S0163-1829~98!00221-5#
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I. INTRODUCTION

The high transition temperature (Tc) superconductors
form natural superconducting multilayers where the sup
conducting order parameter is periodically modulated alo
the c axis ~perpendicular to the CuO2 layers!. At least in
highly anisotropic compounds such as Bi2Sr2CaCu2O81d

~BSCCO! or Tl2Ba2Ca2Cu3O101d ~TBCCO!, the modulation
is strong enough that adjacent superconducting copper o
double or triple layers are only weakly coupled by the J
sephson effect. This behavior can be directly observed
c-axis transport measurements in sufficiently sm
samples.1–16 Every pair of adjacent copper oxide double
triple planes, together with the intervening nonsupercond
ing layers, forms an intrinsic Josephson junction, i.e.,
whole crystal acts as a vertical stack of junctions. The
perimental proof of intrinsic Josephson effects1 included in-
vestigations of the supercurrent as a function of magn
field and temperature, Shapiro steps, and Josephson m
wave emission. This provided a good understanding of
c-axis supercurrents. In contrast, the dielectric properties
the intrinsic junctions and the physics of the quasiparti
current, which is intimately connected with the quasiparti
density of states, are not well understood. As the superc
ducting order parameter in BSCCO and TBCCO is known
have predominantlydx22y2 symmetry,17–22 intrinsic Joseph-
son junctions should be considered asc-axis tunnel junctions
between twodx22y2 superconductors. It is of interest to te
570163-1829/98/57~22!/14518~19!/$15.00
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to what extent experimental data are consistent with this
ture. A crucial question is whether standard tunneling f
malism ~see, e.g., Ref. 23! can be applied to quasiparticl
tunneling between two adjacent superconducting multilay

An important quantity for the characterization of Josep
son tunnel junctions is the product of critical currentI c and
normal state resistanceRn . For conventional tunnel junc
tions I cRn5pD/2e ~Ref. 24! (D being the energy gap!. For
a c-axis Josephson tunnel junction between twodx22y2 su-
perconductors,I cRn has been calculated to beD/e or
smaller.25 Experimental data for comparison, however, a
still lacking.

The current-voltage (I -V) characteristics of tunnel junc
tions between conventional superconductors contain in
mation about microscopic properties of the material.26,27 In
high-Tc superconductors it is extremely difficult to fabrica
tunnel junctions with well-controlled properties. A numb
of preparation techniques have been reported that prod
high quality junctions in BSCCO, for example, vacuum tu
neling spectroscopy,28–31 point contact spectroscopy,32–36

planar junction geometries,37–39or break junctions.40,41How-
ever, tunneling experiments with such artificial tunnel stru
tures effectively probe only the outermost few angstroms
the sample. Due to the short coherence length, any sur
roughness or surface degradation even on an atomic s
obscures intrinsic properties. In contrast, measurement
the properties of intrinsic Josephson junctions are insens
to surface degradation and are able to probe the bulk o
sample layer by layer. A close investigation of structures
the quasiparticle branch of theI -V characteristic should
14 518 © 1998 The American Physical Society
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therefore, provide insight into the bulk properties of the m
terial that would otherwise be inaccessible.

The above considerations assume that theI -V character-
istic of individual junctions in the stack is at most weak
influenced by the presence of the other junctions. Adjac
junctions can be inductively coupled by supercurrents flo
ing along the superconducting layers.42,7,8 This effect occurs
in large magnetic fields oriented parallel to the layers. On
I -V characteristic it leads to an additional voltage dro
which is due to a~collective! motion of Josephson vortices
The quasiparticle branch of individual junctions, howev
remains unaffected. Moreover, in zero magnetic field and
transport currents flowing perpendicular to the layers, scre
ing currents and thus inductive coupling are negligibly sm
Another kind of coupling that is currently unde
investigation43,44 may arise from the modification of th
chemical potentials of the superconducting layers due to
tunneling of Cooper pairs. Its impact on theI -V characteris-
tic is currently unclear. However, we will show that the e
fect seems to be small at least for the geometries discuss
this paper. The main features of theI -V characteristic of the
stack can be understood best if one assumes that the
tions are independent. We discuss thec-axis I -V character-
istics of BSCCO and TBCCO samples. Since the experim
tal data for BSCCO and TBCCO are qualitatively similar, w
will not always show the results for both compounds. T
paper is organized as follows. Section II presents sam
preparation and measurement techniques. In Sec. III
show that the intrinsic junctions located in a given crystal
exhibit identical tunneling characteristics. We then comp
the tunneling characteristics of different samples to dem
strate reproducibility. Differences seem to depend only
the carrier concentration and critical temperature. Finally,
compare the experimental data to a theoretical tunne
characteristic and determine theI cRn product. Section IV is
devoted to the recently reported subgap structures in theI -V
characteristics of both materials.

II. EXPERIMENTS

Measurements of theI -V characteristics with the transpo
current in thec direction have been performed with me
structures patterned on the surface of BSCCO sin
crystals11 and with step stacks fabricated on thin TBCC
films.2,6

The BSCCO crystals were grown in an oxygen atm
sphere by the floating zone technique.45 X-ray diffraction
confirms that the crystals are single phase Bi~2212!, and en-
ergy dispersive x-ray analysis indicates a cation stoichio
etry of approximately Bi:Sr:Ca:Cu5 2.2:1.8:1.1:2.46 Using
either standard photolithography and Ar-ion etching
chemical wet etching in a HNO3 dilution ~1:200!, mesas of
16316 mm2 up to 40340 mm2 across and of varying
heights between 150 nm and 1200 nm were fabricated on
a-b face of the crystal. BSCCO samples were measured
two-terminal configuration with low resistance gold conta
sputtered onto the freshly cleaveda-b faces of the crystals
@Fig. 1~a!#. The two-terminal configuration results in contac
resistance in theI -V data, which has been subtracted for da
evaluation.

The step stacks are made on TBCCO thin films depos
-
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on LaAlO3 substrates with pre-etched step edges. For
film deposition, a precursor–post-anneal technique w
used.47 The Tc of the Tl~2223! films was as high as 115 K
For the preparation of intrinsic Josephson junctions, s
edges were patterned into~100!LaAlO 3 substrates by ion
beam etching. These steps had heights of 400–500 nm
slope angles between 60° and 75°. In contrast
YBa2CuO72d step edge junctions, the very fast later
spreading of the Tl~2223! crystallites during film
recrystallization6 leads to a platelike overgrowth at the su
strate step without a change in orientation. Choosing the s
strate step to be higher than the film thickness leads to
desired perpendicular current flow across the substrate
@Fig. 1~b!#. After film deposition, microbridges of widths be
tween 3mm and 24mm were patterned into the sample
across the step, thus defining a stack of typically 100–2
intrinsic junctions at the step.2,6 Transport measurement
were made in a four-terminal configuration using indiu
pressure contacts directly onto the TBCCO film.

To reduce the influence of external noise, low-pass filt
were used in the current and voltage leads. Some of
measurements were performed in a shielded room. The
ferential resistancedV/dI of the I -V characteristic was mea
sured using a superimposed ac current and standard loc
technique. Experimental details of the microwave expe
ments are described in Ref. 1. The measurements in exte
magnetic fields were performed in a horizontal split coil
lowing in situ orientation as described in Ref. 7. The orie
tation accuracy is better than 1°.

III. GENERAL I -V CHARACTERISTIC

The I -V characteristic of an intrinsic junction stack exhi
its a superconducting branch and a large number of bran
in the resistive state. This structure can be explained by
suming that theI -V characteristic of every individual junc
tion exhibits a superconducting and a resistive branch, s
lar to the I -V characteristic of standard Josephson tun
junctions.1 If all junctions of an N junction stack can be

FIG. 1. ~a! Sketch of Bi2Sr2CaCu2O81d single crystal mesas
Mesa cross section varies between 16316 mm2 and 40
340 mm2. ~b! Vertically structured Tl films~step stacks!. Current
flow in the circled region is perpendicular to the layers. The wid
of the microbridge at the step varies between 5mm and 24mm.
Dimensions are not to scale.
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14 520 57K. SCHLENGA et al.
switched into the resistive state individually, the totalI -V
characteristic consists ofN11 branches differing by the
number of junctions in the resistive state.1 As an example,
Fig. 2 shows~a! the first three branches of theI -V charac-
teristic of an intrinsic junction stack~TBCCO step stack with
a total number of 130 junctions! and for comparison~b! the
completeI -V characteristic of an artificial threefold Nb Jo
sephson junction stack, both atT54.2 K. The completeI -V
characteristic of the step stack sample is shown in Ref
and 6, where the existence of 130 branches in the resis
state has been confirmed. After exceeding the critical cur
of an individual junction in the stack, theI -V characteristic
exhibits a characteristic voltage jumpVc . For the Nb tunnel
junctions, the jump is 2.5 mV for each junction. This is abo
2D/e, the value expected for a standard S
~superconductor-insulator-superconductor! tunnel junction.
The voltage jump is approximately 27 mV in the TBCC
step stacks, and about 22 mV in BSCCO mesas. This v
corresponds to roughly 50% of 2D/e.28–41 The quasiparticle
branch of the Nb tunnel junctions exhibits a nearly verti
current rise at the gap voltage 2D/e. In contrast, the charac
teristics of the intrinsic junctions show a gradual current ri

If the junctions in the stack are essentially equal and
dependent, then at fixed bias current the voltage in thenth
branch should simply ben times the voltage of the firs
branch, at least in the first few branches. In branches
higher order~with high voltages and currents!, heating ef-
fects could affect the quasiparticle characteristic.13 This is
indeed the case, as we explicitly show in Fig. 3 by comp
ing the first three branches of theI -V characteristic. The
voltages on the second and third branches have been s
by a factor of 2 and 3, respectively, for comparison with t
first branch. The three curves are identical, showing t

FIG. 2. ~a! First three branches of theI -V characteristic of a
Tl2Ba2Ca2Cu3O101d step stack with a total number of 130 junction
~b! I -V characteristics of an artificial three-junction Nb/Al-AlOx/Nb
stack. Arrows indicate voltage switching.
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these junctions have the same tunneling characteristics.
Recently, Machidaet al. proposed an alternative explan

tion for the appearance of the multiple valuedI -V
characteristic.43 It is claimed that the multiple branching is
consequence of different collective longitudinal Joseph
plasma modes. For a given mode the total voltage across
stack would not be equally distributed among all junctions
the resistive state, and also the different branches in theI -V
characteristic would not be separated equidistantly.43,48 This
is in contrast to our observations~cf. Fig. 3!. The existence
and the behavior of modes with well localized resistive
gions in the model proposed by Ref. 43 will be investigat
in a forthcoming publication.44,49 From our measurement
we conclude that the number of resistive junctions is
important for determining the shape of the quasiparticleI -V
characteristic. It is thus justified to consider the characteri
of the first branch as being representative of all the juncti
in the stack. The equidistant spacing of the branches
their curvature can then be explained by quasiparticle tun
ing in the intrinsic Josephson junctions similar to the m
tiple valued I -V characteristic of a conventional Nb
Josephson junction stack@Fig. 2~b!#, where the coupling due
to modifications of the chemical potentials certainly plays
role. Note that with the assumption of independent junctio
the location of resistive junctions relative to other resist
junctions is completely undetermined. To what extend
sidual interactions change this picture is presently unclea

A. I -V characteristic of individual junctions

As shown above, the resistive branches of different ju
tions in a given sample are identical. In addition, junctions
different BSCCO samples show nearly identicalI -V charac-
teristics. The curvature of the quasiparticle branch is see
all intrinsic junctions and can be changed only slightly
doping. The first branch of theI -V characteristic of five dif-
ferent BSCCO mesa samples@see Fig. 4~a!# clearly shows an
exponential dependence of the form

I 5I 0expS V

V0
D . ~1!

FIG. 3. Comparison of the first three branches of theI -V char-
acteristic of a BSCCO mesa. The voltages of the second~third!
branch have been divided by two~three!.
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The prefactorI 0 depends mainly on the junction size. Th
extracted valuesV0 for the different samples are listed i
Table I together with the critical temperatures. A relations
between these two quantities would be interesting but m
more samples need to be investigated for this purpose.

The I -V characteristics of TBCCO step stack samples
pear similar to theI -V characteristics of the BSCCO mes
samples. Figure 4~b! shows the first resistive branch of thre
different TBCCO step stack samples. The solid line rep
sents an exponential fit to Eq.~1! for one of the TBCCO
samples. Significant differences between fit and experime
data can be seen. For TBCCO, the experimentally obse
I -V characteristics were not consistent with either an ex
nential dependence or a power law dependence~not shown!.

FIG. 4. Low temperature scaling behavior of intrinsicI -V char-
acteristics of~a! different Bi2Sr2CaCu2O81d mesa samples and~b!
different Tl2Ba2Ca2Cu3O101d step stack samples. In~a! the first
branch of theI -V characteristics of samples Z4gt5b, Z4gt5, Z4gt5
D6* , and D7* ~from bottom to top! is plotted. For sample D7* a
fit to Eq. ~1! is displayed. In~b! the first branch of samples V40a1
V91c1, and V40a34~from bottom to top! is plotted. For sample
V91c1, a fit to Eq.~1! is displayed.

TABLE I. BSCCO mesa samples, transition temperaturesTc ,
parametersV0 derived with Eq.~1!, critical currentsI c , normal
state resistancesRn as determined from a fit according to Eq.~2!
with D0525 meV, andI cRn products.

Sample Tc ~K! V0 ~mV! I c ~mA! Rn (V) I cRn ~mV!

D6* 80 5.22 3.54 0.56 2.0
Z4gt5c 86 6.1 0.925 1.67 1.5
Z4gt5b 86 6.76 1.23 2.2 2.7
Z4gt5 86 6.73 1.71 1.85 3.1
D7* 87 6.53 10.6 0.17 1.8
p
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In the resistively shunted junction~RSJ! model50 the cur-
rent through a Josephson junction is given as the sum of
supercurrentI s , the quasiparticle currentI qp, and the dis-
placement currentI d . In junctions with a highly hystereticI -
V characteristic, as observed here, the resistive branch o
I -V characteristic is completely dominated by the quasip
ticle current.51 The other two channels cause only minor d
viations from the pure quasiparticle characteristic. As a c
sequence, the explanation of the general curvature is red
to that of the quasiparticle tunneling characteristic.

At low temperatures the tunneling characteristic of t
intrinsic Josephson junctions in BSCCO as well as in T
CCO shows a high conductivity in the subgap regimeV
!2D/e'50 mV!. This is in contrast to a pure BCS-lik
density of states, which leads to a steep current rise in
tunneling characteristic at a voltage 2D/e. In order to com-
pare our results to theory, the tunneling quasiparticle curr
I (V) was calculated using the expression

I 5
1

eRn
E

2`

`

N~E!N~E1eV!@ f ~E!2 f ~E1eV!#dE

~2!

given in Ref. 23. Here,Rn is the normal state resistanc
f (E) the distribution function, andN(E) the normalized
density of states of the superconductors. Because of the
tremely small volume in the superconducting layers, it c
be argued that the quasiparticle tunneling current introdu
a significant nonequilibrium distribution in these layers. Th
might cause deviations from the equilibriumI -V character-
istic and has been observed in artificial double-barrier tun
junctions~see, for example, Ref. 52!. However, as a starting
point we will calculate the tunneling current with the Ferm
function for f (E). Both experiments probing the quasipar
cle excitation spectrum17–19 as well as phase sensitiv
experiments20–22 provide increasing evidence that the ord
parameter in high-Tc superconductors hasdx22y2 symmetry.
Thus for the normalized density of statesN(E) we used the
simplified expression fordx22y2-wave superconductors,53

N~E!5Re E
0

2p 1

2pH E

AE22@D0cos~2w!#2J dw, ~3!

where w is the in-plane angle ink space. The normalized
d-wave density of states was evaluated via53

N~E!5H 2

p

E

D0
KS E

D0
D , uEu<D0

2

p
KS D0

E D , uEu.D0

~4!

with the complete elliptic integralK(x). We takeD0 5 25
meV, a value that represents the mean of publish
results.28–38,40,41The tunneling current calculated from Eq
~2! is shown in Fig. 5~a!. We also included the measuredI -V
characteristic of BSCCO sample Z4gt5. Note that the m
sured data are at bias currents below 2 mA. An enlargem
of this region is shown in Fig. 5~b! and will be discussed
below. At low voltagesV!D0 /e the theoreticalI -V charac-
teristic follows a power law.53 At the gap voltage 2D0 /e
there is a transition to a linear dependence. The asymp

,
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normal state resistanceRn is illustrated by the dashed line.
should be noted that if the order parameter has a mixed s
metry ~e.g.,d1 is) with a clearly predominantdx22y2 part,
the quasiparticle tunneling characteristic is dominated by
dx22y2 part. Thus the presence of a smalls-wave component
as observed by several authors39,54–58 can be neglected fo
our purpose.

The comparison between the calculated tunneling cha
teristic at low currents and the experimental data of a sin
intrinsic Josephson junction in BSCCO is presented in F
5~b!. A reasonable agreement is achieved withD0 5 25 meV
andRn51.85 V. The excess current at low voltages in t
measuredI -V characteristic might partially arise from a co
tribution of rectified ac Josephson currents. As mention
above, the calculated curve follows a power law. The exp
mental observation of an exponentialI -V characteristic in
BSCCO@cf. Eq. ~1!# might be caused by an increasing d
viation from the equilibrium distribution function,f (E), at
high bias currents. The single junction normal state re
tance Rn51.85 V corresponds to ac-axis resistivity r
531.5 V cm ~taking the thickness of a single junction as
Å!. This value is comparable to the value that would
deduced from an extrapolation of thec-axis resistivity above

FIG. 5. ~a! Calculated quasiparticle tunneling current for a jun
tion between twod-wave superconductors~solid line! compared to
measured data of an intrinsic BSCCO junction~symbols!, and ~b!
the same data on an expanded scale. For the calculation, a
parameterD0 5 25 meV was used. The dashed line indicates
asymptotic normal state resistanceRn51.85 V. The I cRn product
is determined to be about 3.1 mV.~c! Comparison of the calculate
tunneling characteristic~solid line,D0525 meV,Rn566.7 V) to a
measuredI -V characteristic of an intrinsic TBCCO junction~sym-
bols!. The I cRn product is determined to be about 2.9 mV.
-

e

c-
le
.

d
i-

s-

e

Tc . A similar comparison between theoretical tunneli
characteristic and experimental data for TBCCO is shown
Fig. 5~c! with D0525 meV andRn566.7 V.

The authors of Refs. 15 and 16 have also compared
intrinsic I -V characteristic to a tunneling characteristic with
dx22y2 density of states. However, in these works the m
suredI -V curves used for the fits represented more than
junction in the resistive state. In Ref. 16 theI -V characteris-
tic with five junctions in the resistive state is compared to
calculated curve and comes close to our result for the sin
junction. However, with only one junction in the resistiv
state, thermal heating effects are minimized so that the m
sured characteristic offers a higher reliability. Furthermo
in contrast to the analyses in Refs. 15 and 16, we did
introduce an additional fitting parameter for a parallel lea
age current.

The magnitude of the supercurrent is an important qu
tity of the insulating barrier and should be related to its n
mal state resistanceRn . The low temperatureI cRn product
for a junction between two identicals-wave superconductor
was calculated by Ambegaokar and Baratoff to beI cRn
5pD/2e.24 The I cRn product for ac-axis intrinsic Joseph-
son junction where the superconductors are modeled as i
tical d-wave superconductors is theoretically calculated to
approximatelyD/e.25 Whereas the critical current can be d
termined directly from experimental data, the normal st
resistance is hard to access for a stack of junctions.
reason is that usually many junctions switch to the resis
state before the gap edge of the first junction is reached.
authors of Ref. 16 were able to observe a transition t
linear dependence atV5285 mV with a stack of five intrin-
sic junctions, hence determining the gap voltage for e
junction to be 2D0 /e557 mV. This value is similar to tha
chosen as the input parameter for calculating the quasip
cle tunneling current earlier. Regarding the gap value
should be noted that in Ref. 11 a significantly smaller va
of 2D/e520–26 mV was proposed.

From our data on BSCCO mesas and TBCCO step sta
we can find a value forRn and henceI cRn by comparing the
measured part of theI -V characteristic with one junction in
the resistive state with the theoretical curve, as shown in
5. For BSCCO sample Z4gt5 we getRn51.85 V @see Fig.
5~b!# and theI cRn product can be estimated to be about 3
mV 'D/8e, i.e., significantly smaller than the theoretical
predicted valueD/e. In the same manner we determined t
I cRn products for the other samples investigated. The res
for the BSCCO samples vary between 1.5 mV and 3.1 m
~cf. Table I! and are similar for TBCCO. The value of th
normal state resistanceRn determined from Eq.~2! clearly
depends on the choice ofD0, the fitted valueRn decreasing
for increasingD0. The majority of published values forD0
lie between 25 meV and 30 meV. Taking the higher boun
ary valueD0530 meV causes the fitted values forRn and
thus I cRn to decrease to about 70% of the value determin
with D0525 meV. Hence, the discrepancy between theor25

andI cRn as determined from the measuredI -V characteristic
becomes even larger.

The small values ofI cRn are supported by an experime
in a different configuration.39 In these experiments, sever
Pb electrodes were evaporated onto onea-b face of a
BSCCO single crystal in order to investigatec-axis super-
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57 14 523TUNNELING SPECTROSCOPY WITH INTRINSIC . . .
currents between Pb and BSCCO~Fig. 6, inset!. If the sur-
face of the BSCCO crystal were perfectly flat, the only vo
age drop would occur at the Pb/BSCCO interface. Howe
due to growth steps underneath the Pb/BSCCO junctions
real geometry consisted of ‘‘mesas’’ containing t
Pb/BSCCO junction as well as a few intrinsic junctions.
one experiment, theI -V characteristic of a single intrinsi
junction in series with the Pb/BSCCO could be measured
to 300 mV @Fig. 6~a!#. The critical current of the intrinsic
junction was 20mA @Fig. 6~b!#. On a mA scale the gap
structure of the intrinsic junction can clearly be seen@Fig.
6~a!#. The figure also clearly shows that the critical curren
highly suppressed relative to the gap edge. After correc
for the voltage drop across the Pb/BSCCO junction, we fi
reasonable agreement with theory@Fig. 6~c!#. For this junc-
tion we find Rn5140 V and thusI cRn'2.8 mV, in good
agreement with our previous estimate.

B. Temperature dependence of theI -V characteristic

The temperature dependence of theI -V characteristic of a
BSCCO sample is shown in Fig. 7~a!. The temperatures
range fromT54.2 K to 65 K. At higher temperatures theI -
V characteristic is nonhysteretic and, due to the large con
bution of rectified ac Josephson currents, pure quasipar

FIG. 6. I -V characteristic of a single intrinsic junction in
BSCCO single crystal in series with a Pb/BSCCO junction on~a! a
300 mV scale~inset shows sample geometry! and ~b! on a 20 mV
scale. Note the appearance of the Pb gap in~b!. ~c! Same I -V
characteristic after numerical subtraction of the voltage across
Pb/BSCCO junction. Solid line is the calculated quasiparticle t
neling characteristic between twod-wave superconductors withD0

5 30 meV.
-
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he
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tunneling cannot be investigated. A similar set of intrinsicI -
V characteristics of a TBCCO step stack sample is show
Fig. 8.

At low temperatures (T,30 K! the quasiparticle branch
changes only slowly with temperature@cf. Fig. 7~a!#. At
higher temperatures it changes more rapidly. The critical c
rent decreases only slightly, but the hysteresis decreases
idly. In BSCCO, atT565 K, the quasiparticle branch i
almost linear but does not extrapolate to zero current at z
voltage. The origin of this extrapolated excess current at z

he
-

FIG. 7. ~a! I -V characteristics of a mesa on a BSCCO sing
crystal with only one junction in the resistive state at temperatu
T54.2, 20, 30, 35, 38, 41, 45, 49, 51, 54, 58, and 65 K. For
highest temperature the pronounced excess current is indicated~b!
CalculatedI -V characteristics for the same set of temperatures
tweenT54.2 K andT565 K. The temperature dependence of t
gap value was neglected. The dashed lines indicate the critical
rent and the experimentally observed temperature dependenc
the switching voltage to the superconducting state.

FIG. 8. I -V characteristics of a TBCCO step stack sample w
only one junction in the resistive state at temperaturesT54.2, 18,
48, 58, and 78 K.
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voltage is unclear. According to a model by Blonde
Tinkham, and Klapwijk59 it could be argued to be due t
Andreev reflections inside the barrier between the two su
conductors.

The experimentally observed temperature dependence
also be compared to the calculated tunneling characteri
at higher temperatures. Figure 7~b! shows the calculatedI -V
characteristics of Eq.~2! at different temperatures up toT
565 K. As experimental investigations of the temperatu
dependence of the energy gap have shown that the gap v
is nearly constant up to about 0.8Tc ,60,61 we have neglected
the temperature dependence of the gap in our calculation
well as the temperature dependence of the normal state
sistanceRn . The dashed lines indicate the critical curre
and the experimentally observed temperature dependen
the switching voltage to the superconducting state. The se
calculatedI -V characteristics reproduces qualitatively the e
perimentally observed temperature dependence including
transition to a linear branch at higher temperatures.

C. Magnetic field dependence of theI -V characteristic

As the quasiparticle branch is determind by the tunnel
current, it should not be affected by external magnetic fie
To orient the sample accurately we made use of the loc
transition, which is observed only in a very restricted an
range around the parallel orientation.7 In Figs. 9~a! and 9~b!,
the I -V characteristics for field directions parallel and pe
pendicular to the layers are plotted for different fie
strengths. For the parallel orientation, the superconduc
branch shows a transition to finite voltages with a line
dependence before exceeding the critical current and sw

FIG. 9. I -V characteristic~first resistive branch! of a BSCCO
mesa in different magnetic fields~a! parallel and~b! perpendicular
to the layers. The arrows indicate the critical current in differe
external fields.
,
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ing to the quasiparticle branch. This Josephson flux flow
fect was investigated in detail by Hechtfischeret al.7 Due to
Josephson vortex motion in junctions that have not switc
to the quasiparticle branch, there is an additional volta
drop across the stack. This voltage adds to the pure tunne
branches. For magnetic fields below 0.05 T the flux flow d
not occur. Thus, the three quasiparticle branches meas
for B50, 0.01, and 0.05 T coincide completely. ForB
50.1 T, flux flow occurs for currents larger than 0.6 m
leading to a deviation of the quasiparticle branch at lar
current values. However, the part of the curve measure
lower currents has not changed. The two curves measure
0.3 and 0.5 T form a separate family of branches, but
principle they exhibit the same shape. We attribute the
pearance of two bundles of quasiparticle branches to the
servation of two different junctions in the stack, i.e.,
higher fields another junction with a slightly different critic
current~due to inhomogeneities or trapped flux! is observed.
The curvature of theI -V characteristic is not affected by th
magnetic field, as expected for quasiparticle tunneling.

In the perpendicular field orientation the critical curre
decreases much more rapidly with increasing field. The c
vature of the quasiparticle branch, however, is not affect

IV. SUBGAP STRUCTURES IN THE I -V
CHARACTERISTIC

Well below the gap value 2D0 /e' 50 mV, the quasipar-
ticle branches of the intrinsic Josephson junctions exh
pronounced subgap structures. Figure 10 shows theI -V char-
acteristic of an intrinsic junction stack in BSCCO, the ma
nification of the low current region revealing the extreme
regular subgap structures. First reports on these structur
intrinsic junctions in BSCCO as well as TBCCO were pu
lished in Refs. 3–5 and for the BSCCO compound indep
dently by Yurgenset al.10 The voltage positionsV1

a andV1
b

of the two most pronounced structures are 6.15 mV and 8
mV in BSCCO~Refs. 4 and 10! and 7.5 mV and 9.6 mV in
TBCCO.4 These main structures can be seen directly in
I -V characteristic~cf. Figs. 3, 4, 7, and 10! and usually ex-
hibit a hysteresis. The apparent splitting of the structures
branches of higher order is a direct consequence of this
teresis plus the assumption of independent stacked juncti
as will be shown in Sec. IV A. Additionally, less pronounce
structures were observed in measurements of the differe
resistancedV/dI. This is discussed in Sec. IV B. For da
evaluation we chose to define the minima in the differen
resistancedV/dI as the voltage positions of the less pr
nounced structures. For the more pronounced hyster
structures the switching voltage provides a sharper criter
The differences between the two criteria were less than
mV ('1%!.

In order to assign an intensity to the structures, we defi
the intensity by the maximum excess current above the lin
extrapolated unperturbed characteristic~background current!
~cf. Fig. 11!. The intensities even of the most pronounc
structures are not higher than a few percent of the crit
current. For the ratio of the intensities of the two main stru
tures in BSCCO at voltagesV1

a56.15 mV andV1
b58.05 mV,

we find DI 1
a :D1

b'3:5.
The voltage positions of the subgap structures in theI -V

t
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characteristics of all samples investigated are listed in Ta
II. The scatter between different samples is less than
Moreover, not only are the voltages absolutely reproduci
but so too is the curvature of the structures. This is dem
strated in Fig. 12, where the first resistive branch of theI -V
characteristics of two step stack samples on differ
TBCCO films is plotted. The current axes are scaled app

FIG. 10. ~a! I -V characteristic of a BSCCO mesa atT54.2 K.
Not all branches are traced out. With increasing number of resis
junctions, heating effects cause a backbending of theI -V curve.~b!
Enlargement of the region indicated in~a! showing the extremely
regular structures in all branches.~c! The same data on an expand
scale with the sub-branchesa, b, andc and the structure voltage
V1

a , V1
b , V2

a , andV2
b marked.

FIG. 11. Part of a BSCCOI -V characteristic indicating the
method used to assign an intensityDI to the subgap structures.
le
.
,

n-

t
o-

priately to allow a comparison between the different siz
samples.

We present the results of our investigation of these str
tures as a function of sample geometry and number of re
tive junctions ~Secs. IV A and IV B!, temperature~Sec.
IV C!, magnetic field both parallel and perpendicular to t
layers~Sec. IV D!, doping~Sec. IV E!, and microwave prop-
erties ~Secs. IV F and IV G!. The subsequent discussio
~Sec. IV H! summarizes conventional explanations for t
structures and presents a theoretical model involving the
teraction between oscillating Josephson currents and infr
active opticalc-axis phonons.

A. Multiplicity of the subgap structures

There are two hysteretic regions on each branch. On
first branch we observe two voltage jumps with increas
bias current, at voltages denotedV1

a andV1
b in Fig. 10~c!. In

BSCCO,V1
a 5 6.15 mV andV1

b 5 8.05 mV; in TBCCO,V1
a

5 7.5 mV and V1
b 5 9.6 mV. On thenth branch, corre-

sponding ton junctions being resistive, there aren hyster-
eses in each region. This can easily be explained by ass
ing that the I -V characteristic of each individual junctio
consists of three sub-branches denoted ‘‘a,’’ ‘‘ b,’’ and ‘‘ c’’
in Fig. 10~c!. At voltages belowV2

a'2V1
a on the second

branch both resistive junctions are on their sub-branch ‘‘a.’’
After the first voltage jump one junction has switched
branch ‘‘b,’’ and after the second jump both junctions are
their sub-branch ‘‘b.’’ At V2

b'2V1
b first one and finally both

junctions switch to ‘‘c.’’ The possible combinations of volt-
ages with two resistive junctions having identicalI -V char-
acteristics are illustrated in Fig. 13. The combinations
sub-branches ‘‘a,’’ ‘‘ b,’’ and ‘‘ c’’ appear as five distinct
sub-branches ‘‘aa,’’ ‘‘ ab,’’ ‘‘ bb,’’ ‘‘ bc,’’ and ‘‘ cc’’ in the
total or combinedI -V characteristic. To verify this directly
from the experimental data we compare the voltages of
experimentally measured first branch with the voltage diff
ence between the first and second branches~see Fig. 14!. If
the model in Fig. 13 is correct, these two branches should
equivalent. Referring to Fig. 14, it can be seen that the
ferences ‘‘aa’’-‘‘ a’’ and ‘‘ ab’’-‘‘ b’’ coincide with ‘‘ a,’’
‘‘ bb’’-‘‘ b’’ and ‘‘ bc’’-‘‘ c’’ with ‘‘ b,’’ and ‘‘ cc’’-‘‘ c’’ with
‘‘ c.’’ Thus the multiplicity of the subgap structures in th
n52 branch is a simple consequence of possible volt
combinations.

This is also the case for higher order branches. As
example, Fig. 15 shows then522 branch where all 22 sub
branches due to the 22 possible voltage combinations ca
seen. To allow a direct comparison between then51 and the
n522 branches, the measured voltages of then522 branch
have been divided by 22 in the lower half of the figure. W
this scaling, it can be seen that the series of sub-branc
start at the same position for both branches. Similarly,
observed in branchn550 a total number of 50 sub-branche
starting from a voltage equal to 50V1

a ~Fig. 16!. We conclude
that all junctions in the crystal show subgap structures a
that their position is independent of the number of junctio
in the resistive state.

e
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TABLE II. Properties of investigated samples including lateral sizes, critical temperatures, and v
positions of the two main subgap structuresV1

a and V1
b of the different Bi2Sr2CaCu2O81d mesas and

Tl2Ba2Ca2Cu3O101d step stacks, respectively. The samples Z4gt5, -b, -c are three different mesas on
the same crystal annealed for 4 h at 550 °C inair. Samples denoted by an asterisk were annealed for 10
350 °C in air.

Bi2Sr2CaCu2O81d mesas
Sample Size (mm2) Tc ~K! V1

a ~mV! V1
b ~mV!

D6a 403 40 91 6.026 0.05 7.906 0.05
D9b 203 20 87 6.056 0.05 7.976 0.05
D6 20 3 20 88 5.956 0.5 7.976 0.5
D6* 20 3 20 80 6.156 0.05 8.056 0.05
D1* 40 3 40 84 6.166 0.05 8.066 0.05
D7* 40 3 40 87 6.096 0.05 8.056 0.05
Z4gt5 163 16 86 6.116 0.05 8.066 0.05
Z4gt5b 163 16 86 6.116 0.05 8.066 0.05
Z4gt5c 163 16 86 6.106 0.05 8.046 0.05

Tl2Ba2Ca2Cu3O101d step stacks
Sample junction width (mm) Tc ~K! V1

a ~mV! V1
b ~mV!

V40a1 10 109 7.436 0.2 9.656 0.2
V40a34 9 109 7.436 0.05 9.606 0.05
V75a12 12 108 7.656 0.05 9.656 0.05
V75b24 24 115 7.576 0.1 9.606 0.1
V86c7 15 115 7.446 0.05 9.646 0.05
V91c1 5 114 7.546 0.05 9.716 0.05
V91c8 5 114 7.366 0.1 9.576 0.1
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B. Less pronounced subgap structures

The less pronounced structures, although apparent in
I -V characteristic, are revealed more clearly in measu
ments of the differential resistance. Figure 17 shows both
I -V characteristic and the differential resistance of the fi
branch in a BSCCO mesa. The additional voltage due to
contact resistance in measurements made in a two-term
configuration has been subtracted on the voltage axis.
contact resistance also adds as an offset to the meas
differential resistancedV/dI. This offset for thedV/dI data
has not been subtracted. Therefore, the absolute va
should be interpreted carefully.

FIG. 12. Comparison of the first resistive branch of theI -V
characteristics of two different TBCCO step stack samples in
voltage range of pronounced subgap structures showing the
tremely good reproducibility of the resonant upturns.
he
e-
e
t
e
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he
red
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To establish that the structures indV/dI are not an arte-
fact of the contact resistance, it is necessary to demons
that the structures also appear in branches of higher ord
voltages proportional to the branch number. TheI -V charac-
teristic and differential resistance of the second and fi
branch of a BSCCO mesa are plotted in Fig. 18. To allow
comparison, the voltage axes are scaled in the ratio 2:5. N
that the less pronounced structures appear to be nonhy
etic and do not exhibit the splitting observed in the ma
structures of the higher order branches. All structures in
second branch can also be seen in the fifth branch at volt
that are a factor of 5/2 times greater. This clearly shows t
the structures indV/dI are not an artefact but again an in

e
x- FIG. 13. The multiplicity of the subgap structures as a con
quence of possible voltage combinations~see text for explanation!.
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trinsic property of every junction. The minima in the diffe
ential resistance for these less pronounced structures tog
with those of the main structures and the frequencief
5(2e/h)V of the corresponding ac Josephson currents
listed in Table III.

There are several effects known to cause a series of s
tures in theI -V characteristics of Josephson junctions. M
tiple Andreev reflections,62 incoherent many particle
tunneling,63 and Josephson self-detection64 produce struc-
tures at voltages that are connected to the gap voltage 2D/e
via a subharmonic (1/n) series. However, the voltage pos
tions of the structures observed in theI -V characteristic of

FIG. 14. Comparison of the voltages of the experimentally m
sured first branch to the voltage difference between the first
second branches for BSCCO sample D1* The sub-branch ‘‘aa’’-
‘‘ a’’ coincides with ‘‘a,’’ ‘‘ ab’’-‘‘ b’’ with ‘‘ a,’’ ‘‘ bb’’-‘‘ b’’ with
‘‘ b,’’ ‘‘ bc’’-‘‘ c’’ with ‘‘ b,’’ and ‘‘ cc’’-‘‘ c’’ with ‘‘ c.’’

FIG. 15. ~a! Selected area of theI -V characteristic of a BSCCO
mesa showing then522 branch with the two regions of hysteret
subgap structures.~b! As in ~a! but with voltage values divided by
a factor of 22 to allow comparison to then51 branch.
her

re

c-
-

intrinsic Josephson junctions do not form a subharmonic
ries. Also, their intensity would be expected to decrease r
idly with increasing ordern, i.e., with decreasing voltage
which is not the case in the experiment. We therefore r
out the above mentioned processes as explanations fo
observed structures in theI -V characteristic.

In the discussion that follows we consider only the ma
structures, where data evaluation can be performed w
higher accuracy.

C. Temperature dependence of the subgap structures

If the voltages of the structures are related to the ene
gap of the superconducting state, a similar temperature
pendence can be expected for the two quantities. At leas
temperatures close toTc where the gap decreases rapidly, t
voltage position of the structures should also show a c
decrease. As can be seen in Fig. 7, the voltage position
the subgap structures remain unchanged up to about 5
However, with increasing temperature the characteristic v
age jumpVc decreases much more rapidly and at abouT
550 K it crosses the voltage of the subgap structures~Fig.

-
d

FIG. 16. Branch No. 50 of a BSCCO mesa exhibiting a series
50 sub-branches starting from a voltage equal to 50V1

a .

FIG. 17. I -V characteristic~left scale! and differential resistance
~right scale! of the first branch of BSCCO mesa D7* . In addition to
the main structures, several additional minima in the differen
resistance can be seen.
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19!. If the voltage is increased above the characteristic v
age Vc , the next junction switches into the resistive sta
making a further investigation of the structures impossib

A temperature increase only results in a decreased hy
esis of the subgap structures. The intensity as defined in
11 remains essentially constant, as shown in Fig. 20. If
structures are caused by a peak in the quasiparticle curre
e.g., due to subgap peaks in the density of states4 — thermal
smearing should manifest itself as a small decrease of
intensity. Because of the data scattering, a slight decreas
the intensity cannot be excluded. In the relevant tempera
range up to 50 K, the critical current also changes o
slightly @Figs. 20~c! and 20~d!#, compatible with a possible
proportionality between intensity and critical current.

FIG. 18. I -V characteristic~left scale! and differential resistance
~right scale! of ~a! the second and~b! fifth branch of BSCCO mesa
Z4gt5. The voltage axes are scaled by the ratio 2:5 in order to s
that the less pronounced structures also appear in all branches
t-

er-
ig.
e
—

he
of
re
y

If the structures are caused by scattering processes
thermally excited quasiparticles, the intensity should exh
a strong temperature dependence. This can be clearly
cluded by the experimental data. However, this does not
out interaction mechanisms with quasiparticles such
phonons, which are externally excited by the Josephson fi
oscillations, as will be discussed below.

D. Magnetic field dependence of the subgap structures

If the structures are caused by geometric self-resonan
of the supercurrent as, e.g., Fiske resonances65 or zero field
steps,66 the voltage position of these structures should
inversely proportional to the junction width and, in the ca
of flux flow steps,67 the voltage should depend on the ma

w

FIG. 19. Voltage jumpVc and voltage position of the main
structuresV1

a and V1
b in the I -V characteristic vs temperature fo

two different BSCCO samples. For sample Z4gt5, a third struct
V1

d at 11.6 mV was evaluated.
In
higher

25
15

9
27

8

TABLE III. Voltage positions of subgap structures in theI -V characteristic of intrinsic junctions in
Bi2Sr2CaCu2O81d at T54.2 K. The table shows the voltages of minima in the differential resistivity.
measurements with sample D6a, we were able to detect additional structures at 3.13 mV and at
temperatures also at 1.68 mV and 2.57 mV. The last line displays the frequenciesf 52 eV/h of the corre-
sponding ac Josephson currents.

Sample Minima in differential resistivity~mV!

D1* 3.98 4.63 4.97 6.07 7.19 7.53 7.98 9.67 10.65 11.59 13.
D6a 3.86 4.65 6.06 7.13 7.45 7.93 9.63 10.67 11.47 13.
D6* 5.95 8.03 9.62 10.8 11.6
D7* 3.87 4.55 6.06 7.19 7.55 7.99 9.56 10.71 11.58 13.0
Z4gt5 3.77 4.58 4.99 6.06 7.22 7.50 8.00 9.63 10.65 11.81 13.

f ~THz! 1.87 1.98 2.38 2.97 3.47 3.63 3.89 4.65 5.17 5.60 6.3
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nitude of the applied magnetic field parallel to the superc
ducting layers.42 The I -V characteristics in different mag
netic fields were shown in Fig. 9. The voltage position of t
structures remains constant, as is explicitly shown in F
21~a! and 21~b! for different field strengths. Hence, togeth
with the independence on junction width~cf. Table II!, we
conclude that the structures are not due to geometric s
resonances of the supercurrent.

FIG. 20. IntensityDI vs temperature for the two main structur
at V1

a andV1
b in BSCCO samples D6* and Z4gt5~a!,~b! and critical

current of the majority of the junctions in the stack vs temperat
for the same samples~c!,~d!.

FIG. 21. ~a! and ~b! Voltage position of the main structures i
BSCCO vs magnetic field for field orientation parallel and perp
dicular to the layers. The intensities are shown in~c! and ~d!. ~e!
and ~f! show the critical current for the orientation parallel a
perpendicular to the field, respectively.
-

s.

lf-

The intensity of the structures with external magnetic fie
is plotted in Figs. 21~c! and 21~d! for the parallel and per-
pendicular field orientation, respectively. Again, the criteri
as defined in Fig. 11 was used for the data evaluation.
both field orientations, neither a clear increase nor a decre
in the intensity can be observed. For comparison we sh
the maximum supercurrent for both field orientations in pa
~e! and ~f! of Fig. 21. In contrast to the intensity of th
subgap structures, the supercurrent is significantly s
pressed by the magnetic field.

E. Doping dependence of the subgap structures

In order to check the dependence of the subgap struct
on the oxygen doping in the barrier, i.e., for BSCCO in t
BiO layers, we have investigated the structures for BSC
crystals under different annealing conditions. Because of
layered crystal structure of the materials investigated,
might argue that resonant tunneling processes68 could be the
origin of the structures. This effect has been observed
semiconductor superlattices,69 for example. The voltage po
sition of resonant tunneling structures in theI -V characteris-
tic will be sensitive to the height of the potential barrier
the tunnel junction. In BSCCO our annealing process int
duces excess oxygen in the BiO layers, and theref
changes to the barrier potential can be expected.

The result of the annealing process is shown in Fig. 22
the temperature dependence of thec-axis resistivityrc be-
fore and after annealing. The as-grown sample D6 withTc
588 K had a critical current densityj c5660 A/cm2 and the
structures in theI -V characteristic were weak and nonhyste
etic. After oxygen doping by annealing in air~D6* ), the
critical current density was raised to 1630 A/cm2 and the
critical temperature of the now overdoped sample lowered
80 K. The subgap structures became significantly more p
nounced. Importantly, however, the structures still occur
the same voltages within experimental uncertainty~cf. Table
II !. Thus we conclude that the observed structures in
intrinsic I -V characteristic are not caused by resonant tunn
ing processes via localized states in the barrier.

The possibility that the structures are related to superc
ductivity in the BiO layers, apparently observed in the high

e

-

FIG. 22. Temperature dependence of thec-axis resistivityrc of
BSCCO sample D6* as grown and after annealing in air. Critica
temperatures are 88 K~as grown! and 80 K~annealed!.
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14 530 57K. SCHLENGA et al.
overdoped state,29 is also ruled out by the insensitivity of th
voltage positions of the structures to different doping sta

F. Microwave emission at the subgap structures

In the voltage range of the subgap structures we dete
microwave emission at a frequencyf 511.3 GHz, which is
about three orders of magnitude below the Josephson o
lation frequencyf 5(2e/h)V'324 THz. An example is
shown in Fig. 23~a!, where the first two branches of
TBCCO step stack are plotted together with the detec
microwave signal. The detected power increased with an
creasing number of junctions in the resistive state.
BSCCO sample Z4gt5 we were unable to detect microw
emission in the first resistive branches, but in branches
higher order with a larger number of resistive junctions m
crowave emission was observed. Figure 23~b! shows branch
number 37 together with two microwave emission pea
clearly related to the two groups of subgap structures.
actual location of these emission peaks is correlated to
position of the peaks in the differential resistance. This
demonstrated in Fig. 24, where theI -V characteristic~a!, the
differential resistance~b!, and the detected microwave pow
~c! are plotted. The observed relation between microw
emission and differential resistance can be explained in te
of thermal fluctuations of the current. At points in theI -V
characteristic with high differential resistance, the volta
fluctuations caused by thermal fluctuations of the current
amplified and lead to an enhanced microwave emission.70

G. Microwave absorption at the subgap structures

Under microwave irradiation, the voltage position of t
subgap structures shifts, as reported recently for TBCCO

FIG. 23. ~a! I -V characteristic~left scale! of the first and second
branch of a TBCCO step stack and detected microwave po
~right scale!. ~b! I -V characteristic~left scale! of the 37th branch of
a BSCCO mesa and detected microwave power~right scale!.
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Seidel et al.12 Figure 25 shows theI -V characteristic of a
BSCCO mesa with and without microwave irradiation of fr
quencyf rf58.16 GHz. It can clearly be seen that under irr
diation each subgap structure splits into a pair of two str
tures. The first one appears at a lower voltage than
unperturbed structure, the second one at a higher volt
The voltage positions of the splitted structures are plot
against the square root of the applied microwave powerP in
the inset of Fig. 25. The voltage separation between the s
ted structures depends linearly onAP. With sufficient micro-
wave power the splitting can even lead to a crossing of
voltages of the subgap structures.

The splitting and shifting of the subgap structures c
easily be explained by the strong nonlinearity of theI -V
characteristic near the subgap structure. Since the frequ
of the external microwave field is much smaller than t

er

FIG. 24. Current~a!, differential resistance~b!, and detected
microwave power ~c! vs sample voltage for TBCCO sampl
V75a12.

FIG. 25. I -V characteristic of a BSCCO mesa with and witho
microwave irradiation. Curves are shifted vertically for clarity. Ins
shows the voltage positions of the splitted structureV1

b vs the square
root of the applied microwave power.
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frequency of the Josephson oscillations, the irradiation c
responds to an ac bias currentI rf acting on theI -V curve
around the dc bias pointI 0. As a consequence, the extern
current

I 5I ~ t !5I 01I rfsin~2p f rft ! ~5!

changes almost adiabatically and the system follows
~bare! I -V curve without microwave irradiation almost im
mediately. Thereby the dc component

Vdc5^V„I ~ t !…& t5V~ I 0!1
1

2

d2V

dI2 U
I 0

^„I rf~ t !…2&1••• ~6!

of the voltageV(t) differs from the valueV(I 0) in the au-
tonomous case due to the nonlinearity of theI -V curve.
Thus, for a given bias currentI 0 the measured dc voltage wi
be altered because of rectified ac voltages.

We first discuss the situation with a measured dc volt
Vdc smaller than the unperturbed structure voltage. As lo
as the voltageV(t) is small enough such that the unperturb
voltage of the structure is not reached during an ac cy
rectification should not lead to specific structures. With
creasing voltageVdc, however, the situation is changed
soon asV(t) reaches the unperturbed structure voltage d
ing an ac cycle. Now a structure occurs at the measure
voltageV, . With increasing ac currentI rf this voltageV,

shifts to smaller voltages, further away from the unperturb
structure voltage.

Similar arguments can be applied for dc voltagesVdc
larger than the unperturbed structure voltage. WithV(t)
reaching the unperturbed structure voltage during an
cycle, a structure occurs at the measured dc voltageV. .
With increasing ac currentI rf this voltageV. shifts to larger
voltages, further away from the unperturbed structure v
age. Thus, the subgap structure splits into two structu
which separate from each other with increasing microw
power.

We will show a numerical simulation of this rectificatio
effect in the next section, where the origin of the unperturb
structures itself is discussed in the framework of an exten
RSJ model. However, it should be noted that the explana
of the experimental observations under microwave irrad
tion is not related to a specific model for the origin of t
unperturbed structure.

H. Discussion of the subgap structures

Although all observed structures show similar parame
dependence, they are not necessarily all caused by the
effect. Nevertheless, it seems to be reasonable to look f
single explanation covering all observed structures. In
framework of the RSJ model, the total currentI 5I s1I qp
1I d in a Josephson junction is given by the sum of t
supercurrentI s , the quasiparticle currentI qp, and the dis-
placement currentI d . Thus the current density is

j 5 j csin~g!1sE1Ḋ, ~7!

where j c is the critical current density,s the electrical con-
ductivity, andḊ the displacement current density. The gau
r-
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invariant phase differenceg is related to the space average
electric fieldE in the barrier of thicknessb by the Josephson
relation

ġ5
2eb

\
E. ~8!

Structures in theI -V characteristic might arise due to any
the three contributing channels in Eq.~7!. First, geometric
self-resonances of the supercurrent were excluded in
IV D because the experimental results are independent o
junction width and external magnetic fields. Second, effe
in the quasiparticle current causing structures in theI -V
characteristic such as~i! multiple Andreev reflection,~ii ! in-
coherent many particle tunneling,~iii ! resonant tunneling via
localized states in the barrier, or~iv! absorption processes o
thermally excited quasiparticles such as phonons were
cluded by different arguments discussed above.~v! In Ref. 4,
an alternative model related to the layered structure was
cussed. For superconductors with a periodically modula
superconducting order parameter, the quasiparticle densi
states is predicted to be quite different from that of a hom
geneous BCS superconductor.71,72Special features are a sub
gap peak and a modulation of the density of states at ener
above the gap. Such a modulation was experimentally
served in the differential conductivity of BSCCO point co
tact junctions35,36 and interpreted in a similar model as com
pound geometrical resonances. A subgap peak in the de
of states can result in a peak in the tunneling current gi
by Eq.~2! and could thus in principle explain the occurren
of structures in theI -V characteristic.4 The energy position
of the subgap peaks in the density of states is predicted t
constant over a wide temperature range.72 However, one
would expect at least a small temperature dependence, i
small voltage shift of the structures. Therefore, the abso
independence of the voltage position of the subgap struct
observed in ourI -V characteristic is hard to explain in thi
model. Also, a quantitative calculation including the mater
parameters of the high-Tc superconductors has to sho
whether the energy positions of this subgap peaks in
density of states are compatible with the voltage position
the observed structures in theI -V characteristic.

Our conclusion is that out of five quasiparticle effec
causing structures in theI -V characteristic the models~i!–
~iv! can be excluded and the model~v! seems to be question
able.

Third, resonances in the displacement currentI d remain to
be considered. Recently, a natural explanation for the sub
structures in the intrinsicI -V characteristic was proposed b
Helm et al.73 by taking into account the coupling betwee
infrared activec-axis phonons and Josephson oscillatio
Note that in the relevant frequency range of several THz~cf.
Table III!, infrared activec-axis phonons were observed e
perimentally and calculated theoretically for both BSCC
~Ref. 74! and TBCCO.75 The ~average! electric field in the
junction polarizes the ions of chargeq in the barrier. This is
illustrated on the right side of Fig. 26, where the layers in
Bi2Sr2CaCu2O8 crystal structure are denoted as superc
ductors and insulators, respectively. Due to the ac Josep
current, the average electric field has an oscillating com
nent forcing the ions to oscillate. A displacementz of the



la

y

a

a

n
l

-
-

i-

-
il-
r-
ore

ncy

n-
-

at

s

e
-
il-

ase

ons

to

o-

y, if

ent

f

in
ac
tio

14 532 57K. SCHLENGA et al.
ions in the barrier induces a polarizationP and influences the
equation of motion for the Josephson current via the
term in Eq.~7!.

We describe the displacementz of the ions with massM
by a simple oscillator

q

M
Eloc5vLO

2 z1rż1 z̈, ~9!

with the oscillator eigenfrequencyvLO and damping factorr
modeling the dispersion in thez direction.

Note that the driving force for the oscillator is given b
the local electric fieldEloc at the position of the ion resulting
from the charge fluctuations between the CuO2 layers due to
the Josephson coupling. All other Coulomb forces are
ready taken into account in the eigenfrequencyvLO of the
lattice dynamics. Because we are considering a system th
homogeneous along thex and y direction ~parallel to the
CuO2 layers!, the lattice vibrations only have a dispersio
along the z axis and therefore only longitudinal optica
phonons with eigenvectors in thec direction are excited.

The displacementD contains the ionic polarizationP in
the barrier:

D5e0E1P5e0eE. ~10!

With the ionic densityn we haveP5nqz and

nq2

M
Eloc5vLO

2 P1r Ṗ1 P̈. ~11!

By considering the CuO2 layers as two-dimensional su
perconductors, the local electric fieldEloc and the space av
eraged electric fieldE51/b*E(z)dz are related by

Eloc5E1
1

e0
P. ~12!

With this equation we can write Eq.~11! as

nq2

M
E5S vLO

2 2
nq2

Me0
D P1r Ṗ1 P̈

FIG. 26. Left side: model of intrinsic Josephson junctions
layered superconductors. Right side: sketch of the ionic displ
ment in the presence of an electric field in the Josephson junc
st

l-

t is

or ~13!

nq2

M

\

2eb
ġ5v0

2P1r Ṗ1 P̈.

In this model the contribution of the oscillator to the d
electric function is given by

e~v!5e`1
Sv0

2

v0
22v22 ir v

, ~14!

whereS5nq2/(e0Mv0
2) is the oscillator strength of the pho

non ande` includes all other contributions to the polarizab
ity of the barrier. In this form it is straightforward to gene
alize the calculation to several phonon branches and m
general lattice dynamical models.

The system is characterized by the resonance freque
v0, the bare Josephson plasma frequencyvJ

2

52eb jc /(\e0), and a characteristic frequencyvc
5(2e/\)Vc , Vc being the voltage at the critical current de
sity j c . In our casevJ,v0,vc and the McCumber param
eter bc5vc

2/(vJ
2/e`) is large. Note that nowv0ÞvLO but

the zeros of the phonon dielectric function are still exactly
the LO eigenfrequenciesvLO .

With the Josephson relation~8! in Eq. ~7! we obtain to-
gether with Eq.~13! a coupled set of differential equation
for the phase differenceg and the polarization amplitudeP,
which can be solved numerically. By calculating the tim
average ofV(t)5E(t)/b for different dc bias current densi
ties j , the I -V characteristic including the effect of the osc
lating ions is obtained.

From the numerical results it turns out that both the ph
g(t) and the polarizationP(t) oscillate primarily with one
frequency, which is in agreement with general expectati
for the RSJ model with largebc .51 Therefore, neglecting
higher harmonics we use the ansatz

g5g01vt1g1sin vt, ~15!

P5P01P1cos~vt1w!. ~16!

Herev is the time averaged phase velocity corresponding
the dc voltagev5^V&2e/\ in the resistive state.

The different Fourier components of the equations of m
tion are obtained by the Bessel function expansion

sin g~ t !5 (
n52`

`

Jn~g1!sin~g01vt1nvt !. ~17!

The Josephson current contributes to the dc current onl
v1nv50 (n521 corresponding to the leading harmonic!.
Using this ansatz in the differential equations~7! and~13! we
obtain a set of equations for the amplitudes of the differ
Fourier components. As Eq.~13! is linear in the polarization
P, we can eliminate the polarizationP and get an equation o
motion for the phase oscillation alone:

05@J0~g1!2J2~g1!#cosg02S v

vJ
D 2

e1g1 , ~18!

e-
n.
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05J1~g1!sin g01
1

2S v

vJ
D 2S e21

s

e0v Dg1
2 , ~19!

j 5 j qp~V!2 j cJ1~g1!sin g0 , ~20!

wheree1 ,e2 are the real and imaginary part of the phon
dielectric function~14!, respectively.

As the numerical solution of Eqs.~7! and~13! shows that
g1,0.1, Eqs.~18!–~20! can be linearized ing1 and an ana-
lytical formula for theI -V characteristic can be obtained:

j ~V!5 j qp~V!1D j ~V!5 j qp~V!1
1

2
j cS vJ

v D 2 e21
s

ve0

e1
21S e21

s

ve0
D 2

~21!

5 j qp~V!2
1

2
j cS vJ

v D 2

ImS 1

ẽ~v!
D ~22!

with ẽ5e11 i (e21s/ve0) andv5(2e/\)V.
Taking into account the second harmonic in the ans

~15! and~16!, we obtain for theI -V curve instead of Eq.~22!

j ~V!5 j qp~V!2
1

2
j cS vJ

v D 2

ImH 1

S ẽ~v!2
1

16

vJ
4

v4ẽ~2v!
D J .

~23!

Higher harmonics turn out to be corrections in higher
ders of (vJ /v)4 and are therefore negligible for large valu
of the McCumber parameterbc@1. For much smaller value
of the McCumber parameter (bc'1), small structures in the
I -V characteristic at exactly half of the LO eigenfrequen
appear due to the second harmonic.

A comparison between the measured data and the num
cally and analytically calculatedI -V characteristic is shown
in Fig. 27. In order to reproduce the experimental data in
detail, for the quasiparticle current in BSCCO an exponen
behavior

j qp~ ġ !5 j cexpS ġ21

vb
D ~24!

and in TBCCO

j qp~ ġ !5 j c

2ġ

11expS 12ġ

vb
D ~25!

is assumed. For the used parameters no influence of
higher harmonics on theI -V curve is observed, as expecte
from the discussion above. The prediction for the eigen
quenciesnLO5vLO(kW50)/(2p) of the longitudinal optical
phonons at the most pronounced structures in both mate
tz

-

ri-

ll
l

he

-

ls

are nLO,153.65 THz andnLO,254.70 THz for TBCCO and
nLO,152.96 THz,nLO,253.90 THz, andnLO,355.71 THz for

BSCCO~cf. Table III!.
With the help of the analytical relations derived abov

some special points of theI -V characteristicI (V) near the
subgap structures can be identified.

~i! For small voltagesv!v0, one getse(v)'e(0)
5const and the model reduces to the conventional R
model. For this it is well known67 that atVmin'4vJ /p there
is a voltage jump to the zero voltage state.

~ii ! At the resonancev5v0 of the phononic oscillator,

both the real and the imaginary part ofẽ are strongly en-
hanced and theI -V characteristic in Eq.~22! reduces to the
quasiparticle term. This corresponds to a pure quasipar
tunneling current across the junction, while the supercurr
and the displacement current are compensating each o
~cf. Fig. 28!.

~iii ! In contrast to the latter, Eq.~22! indicates a resonanc
in I (V) near the zeros ofe1, i.e., the eigenfrequenciesvLO of
longitudinal optical phonons~cf. Fig. 28!. The difference
Dv ªvLO2vmax betweenvLO and the actual maximum
vmax of I (V) is due to the quasiparticle and phonon damp
and can be estimated asDv,2%. Physically this voltage is
connected with an oscillation of the electric fieldE and the
polarizationP with vanishing displacement current densi
Ḋ.

FIG. 27. Comparison between measured and numerically ca
lated I -V characteristic for BSCCO~a! and TBCCO~b!. The pa-
rameter used for the simulation are~a! for BSCCO:bc5800, n0,1

52.80 THz, S151.35, r 150.08 THz, n0,253.62 THz, S251.5,
r 250.05 THz,n0,354.91 THz,S351.65, r 350.2 THz, e`57.5;
and ~b! for TBCCO: bc5375, n0,153.28 THz, S152.87, r 1

50.4 THz,n0,254.45 THz,S250.68, r 250.2 THz,e`58.45.
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With the help of Eq.~22!, also an analytical formula fo
the intensity,

DI max ªDI S \

2e
vLOD5

1

2S vJ

vLO
D 2 I c

S e2~vLO!1
s

e0vLO
D

5
1

2S vJ

vLO
D 2 1

ẽ~vLO!
I c , ~26!

of the subgap structures can be derived. Thereby it turns
that a small damping parameterr , corresponding to a wea
coupling of interlayer ions in neighboring contacts or equiv
lently the small dispersion of the phonons in thec direction,
is crucial for the existence of a hysteretic region; no ma
mum of I (V) can be found forr>r crit5vLO2v0. Also note
that the intensity is proportional to the critical currentI c ,
which is compatible with the experimental data presented
Sec. IV C.

In addition to this, the differential conductivitydI/dV can
be derived, which is plotted in Fig. 29 together with t
experimental result. Note that there exists a region of ne
tive differential conductivity for voltagesV slightly larger
than (\/2e)vLO , which cannot be reached in a curren
biased experiment with a continously increasing~decreasing!
bias current. The extrema of the differential resistivity at t
subgap structures are the reasons for a significantly enha
microwave emission at low frequencies near the maxima
the I -V characteristic, as reported in Sec. IV F.

Also the properties of the model under microwave irrad
tion ~cf. Sec. IV G! have been investigated for external fr
quenciesv rf small compared with the Josephson plasma
quency (v rf!vJ). With the modified ansatz

g~ t !5g01vt1g1sin~vt !1g rfsin~v rft1f!, ~27!

the I -V characteristic is given by

j ~V!5 j qp~V!2
1

2
j cS vJ

v D 2

J0~g rf!ImS 1

ẽ~v!
D . ~28!

It is seen that the intensity of the structures decreases
increasing external rf fields due to the well-known reduct
of the plasma frequencyvJ,eff

2 5vJ
2J0(g rf) or the critical cur-

rent j c , respectively. The splitting of each subgap resona
into two maxima on theI -V curve, as discussed in Sec. IV G

FIG. 28. Sketch of a quasiparticleI -V characteristicI qp(V), a
structure in the totalI -V characteristicI (V), and the relevant pho
non frequenciesv0 andvLO .
ut
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can be reproduced in a numerical simulation, which is sho
in Fig. 30. Thereby the hysteresis of the subgap structu
vanishes and the separation of the two maxima increa
with increasing microwave power.

This extended RSJ model including the interaction of
oscillating current with infrared active opticalc-axis
phonons provides a simple and natural explanation for
subgap structures. There are at least two reasons why su
interaction was never before observed experimentally
other kinds of Josephson junctions. First, the intrinsic ju
tions are perfectly epitaxial layer by layer and therefore p

FIG. 29. Experimental~circles!, numerical~crosses!, and ana-
lytical results ~solid line! for the differential conductivity of
BSCCO~a! and TBCCO~b!. The parameters used in the simulatio
are given in Fig. 27. The experimental data are calculated as di
ences between adjacent measuredI -V data.

FIG. 30. Numerical simulation of theI -V characteristic with
microwave irradiation. Solid curve shows the unperturbedI -V
curve, dashed and dotted curves~shifted down for clarity! showI -V
curves for different ac amplitudes~dashed,I ac50.05I c ; dotted,I ac

50.1I c).



b

u
n
u

h

a
.

ic

.
g

h

a

e

d

ri-
y.
uc-

era-

he
ty of
rlat-
in-

tural
the
en
nism
pre-
ser-
ns.
elp
ths

-
nn,
ro-
he
rted
he
ng

57 14 535TUNNELING SPECTROSCOPY WITH INTRINSIC . . .
vide the basis for well defined lattice vibrations. Secon
there are weakly damped, infrared active phonons well
low the gap in high-Tc superconductors. The model explain
the independence of the voltage positions on temperat
magnetic field, geometry, and the number of resistive ju
tions as the phonon frequencies are insensitive to these q
tities. It also explains the nearly constant value of the inte
sity in the temperature range up toT550 K, where the
critical current decreases only slightly. It should be emp
sized that not all structures are necessarily caused by
same mechanism, i.e., a different mechanism for the
pearence of some less pronounced structures is possible
measured voltage position of the structures as listed in Ta
III for BSCCO allow us to determine theprecisevalue of the
longitudinal phonon frequenciesvLO . The validity of the
model can easily be checked with precise data for opt
phonons. In fact, the relevant infrared active modes are
pected and observed in the frequency range of the sub
structures.74,75 However, the discrepancies between the d
ferent sources are considerably higher than the mutual de
tion of our experimental data for all samples investigated

The model can be generalized to a model describin
stack of Josephson junctions coupled due to phonons. A
the additional coupling due to the effect recently proposed
Machidaet al.43 can be incorporated without any qualitativ
changes in the main results.44

V. CONCLUSIONS

The intrinsic stacks of Josephson junctions
Bi2Sr2CaCu2O81d and Tl2Ba2Ca2Cu3O101d exhibit multiple
branchedI -V characteristics. By comparing the first branc
with a single junction in the resistive state, to branches
higher order, including more resistive junctions, we we
able to show that all junctions have identical tunneling ch
acteristics. At least to a good approximation the overallI -V
characteristic in zero magnetic field can be described by
assumption of essentially independent junctions. The gen
d,
e-
s
re,
c-
an-
n-

a-
the
p-
The
ble

al
ex-
gap
if-
via-

a
lso,
by
e

in

,
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curvature ~without subgap structures! of the quasiparticle
branch can be explained by adx22y2-wave density of states
for the superconductors in the CuO2 planes and the standar
tunneling formalism. TheI cRn product of the intrinsic junc-
tions was determined to be about 2–3 meV for both mate
als and is significantly smaller than predicted theoreticall

At voltages well below the gap, pronounced subgap str
tures were observed in theI -V characteristics of
Bi2Sr2CaCu2O81d as well as Tl2Ba2Ca2Cu3O101d. The volt-
age positions of these structures are independent of temp
ture, sample geometry, magnetic field~directed either per-
pendicular or parallel to the layers!, and independent of the
number of junctions in the resistive state. In principle, t
structures can be explained by subgap peaks in the densi
states theoretically proposed for superconducting supe
tices. However, the alternative explanation based on an
teraction between infrared active opticalc-axis phonons and
Josephson ac currents would seem to provide a more na
explanation for the occurrence and behavior of at least
most pronounced structures. If the coupling betwe
phonons and Josephson currents is indeed the mecha
responsible for the subgap structures, then the results
sented in this paper would represent an experimental ob
vation of a new high frequency effect in Josephson junctio
Furthermore, the provided data for these structures can h
to determine phonon frequencies and oscillator streng
with high precision.
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Köhler, H.-G. Schmidt, E. Steinbeiß, H.-J. Fuchs, K. Schleng
ia,
al

.

n

P.
-

P.

a,

G. Hechtfischer, and P. Mu¨ller, J. Appl. Phys.80, 3396~1996!.
7G. Hechtfischer, R. Kleiner, K. Schlenga, W. Walkenhorst, P

Müller, and H.L. Johnson, Phys. Rev. B55, 14 638~1997!.
8J.U. Lee, J.E. Nordman, and G. Hohenwarter, Appl. Phys. Le

67, 1471 ~1995!; J.U. Lee, P. Guptasarma, D. Hornbaker, A
El-Kortas, D. Hinks, and K.E. Gray,ibid. 71, 1412~1997!.

9H.L. Johnson, G. Hechtfischer, G. Go¨tz, R. Kleiner, and P.
Müller, J. Appl. Phys.82, 756 ~1997!.

10A. Yurgens, D. Winkler, N. Zavaritsky, and T. Claeson, Proc
SPIE2697, 433 ~1996!.

11A. Yurgens, D. Winkler, N.V. Zavaritsky, and T. Claeson, Phys
Rev. B53, 8887~1996!.

12P. Seidel, A. Pfuch, U. Hu¨bner, F. Schmidl, H. Schneidewind, T.
Ecke, and J. Scherbel, Physica C293, 49 ~1997!.

13J. Takeya, S. Akita, J. Shimoyama, and K. Kishio, Physica C261,
21 ~1996!.

14T. Yasuda, M. Tonouchi, and S. Takano, Czech. J. Phys.46, 1265
~1996!.

15K. Tanabe, Y. Hidaka, S. Karimoto, and M. Suzuki, Phys. Rev.
53, 9348~1996!.

16Mikitaka Itoh, Shin-ichi Karimoto, Kazuichi Namekawa, and Mi-



ch

g,

T

-

d

u.

bo

n

an

i,

.

i-

nd

B

Or-

its

s.

i,
B.

ll,
B.
s.

u,

y,

.

-

er,

R.

R.

.E.

r,
J.

g,

14 536 57K. SCHLENGA et al.
noru Suzuki, Phys. Rev. B55, 12 001~1997!.
17Z.-X. Shen and D.S. Dessau, Phys. Rep253, 1 ~1995!.
18T.P. Devereaux, D. Einzel, B. Stadlober, R. Hackl, D.H. Lea

and J.J. Neumeier, Phys. Rev. Lett.72, 396 ~1994!; T.P. De-
vereaux, D. Einzel, B. Stadlober, and R. Hackl,ibid. 72, 3291
~1994!.

19O. Waldmann, F. Steinmeyer, Paul Mu¨ller, J.J. Neumeier, F.X.
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