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Subgap Structures in Intrinsic Josephson Junctions ofTl2Ba2Ca2Cu3O101d and
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We report on pronounced structures in the current-voltage characteristics of intrinsic Josephson
junctions in the high-Tc superconductors Tl2Ba2Ca2Cu3O101d and Bi2Sr2CaCu2O81d. The structures
appear well below the superconducting gap, independent of sample geometry, magnetic field, and
temperature up to0.5Tc. We discuss possible explanations and show that the structures could be
explained by a single peak in the quasiparticle current, possibly arising from a subgap structure in the
quasiparticle density of states. For superconducting superlattices a subgap peak has been predicted an
could explain our results. [S0031-9007(96)00449-8]

PACS numbers: 74.25.Jb, 74.50.+r, 74.80.Dm
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The high-Tc superconductors form natural superco
ducting multilayers where the superconducting or
parameter is periodically modulated along thec axis.
At least in the highly anisotropic compounds—li
Bi2Sr2CaCu2O81d (BSCCO) or Tl2Ba2Ca2Cu3O101d

(TBCCO)—the modulation is strong enough that ad
cent superconducting copper oxide double or triple lay
are only weakly coupled by the Josephson effect. T
behavior can be directly observed inc axis transport
measurements in sufficiently small single crystals [1–
Every pair of adjacent copper oxide double or tri
planes, together with the intervening nonsuperconduc
layers, forms an intrinsic Josephson junction. The p
odic order parameter variation should also manifest it
in the quasiparticle density of states. From solutions
the Bogoliubov–de Gennes equations for a periodic
modulated superconducting order parameter global [5
and local [7] densities of states have been predicted w
are quite different from that of a homogeneous BCS
perconductor. A special feature of them is a subgap p
Physically, this subgap peak originates from de Genn
Saint James bound states in the normal region betw
two superconducting banks [8] which broaden to a b
structure in superconducting superlattices. The ab
mentioned calculations are based on SNS superlat
or a modification thereof [7] for which properties simil
to a SINIS superlattice are to be expected. Here, S
or I stands for alternating superconducting, normal,
insulating layers. A SINIS model seems resonable
BSCCO and TBCCO, since band structure calculati
yield insulating behavior for SrO layers [9] and tunneli
experiments showed that the BiO and TlO layers can
metallic at least for higher doping levels [10,11]. It see
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improbable that the peculiar structures of the quasipar
density of states in a superlattice can be observed
tunneling experiments with artificial tunnel structur
[6]. They effectively only probe the outermost few
of the sample and might suffer from surface roughn
or surface degradation. Intrinsic Josephson junctio
on the other hand, are perfectly epitaxial layer by lay
They are insensitive to surface degradation and
provide local information about quasiparticle conductiv
between pairs of CuO2 bilayers or trilayers located in th
bulk of the sample. Therefore, natural intrinsic junctio
might be a unique tool to study the intrinsic properties
high-Tc superconductors. A close examination of th
current-voltage (I-V) characteristics might be a clue to th
electronic density of states and thus provide an impro
understanding of high-Tc superconductors. In this Lette
we will show that the I-V characteristics of intrinsic
Josephson junctions in TBCCO and BSCCO exhibi
subgap structure that occurs on each quasiparticle bra
Its striking regularity indicates that the structure is
general property of all intrinsic Josephson junctions in
sample, and not only a parasitic effect of some of the
The fact that we observed these subgap structures in
different materials might indicate a common property
strongly anisotropic layered superconductors.

Measurements have been performed on step stacks
ricated on thin TBCCO films and on mesas patterned
BSCCO single crystals. The step stacks are made
TBCCO thin films deposited on LaAlO3 substrates with
ion etched step edges. Film thicknesses were betw
250 and 450 nm. Bridges of widths between 3 and24 mm
were patterned across the step thus defining a stac
typically 100–200 intrinsic junctions at the step [12]. T
© 1996 The American Physical Society 4943
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BSCCO crystals were grown in an oxygen atmosphere
floating zone technique [13]. X-ray diffraction confirm
that the crystals are single phase Bi-2212, and energy
persive x-ray analysis indicates a cation stoichiometry
approximately Bi:Sr:Ca:Cu 2.2:1.8:1.1:2 [14]. Using
standard photolithography and Ar-ion etching, mesas
20 3 20 and40 3 40 mm2 across and of varying heigh
were fabricated on thea-b face of the crystal. For trans
port measurements a four-point technique was used fo
TBCCO step stacks. BSCCO samples were measured
two-terminal configuration with low resistance gold co
tacts sputtered onto the freshly cleaveda-b faces of the
crystals. The two-terminal configuration results in co
tact resistance in theI-V data, which has been subtract
for data evaluation. To reduce the influence of exter
noise, low-pass filters were used in the current and v
age leads. Some of the measurements were perform
a shielded room.

The I-V characteristic of every individual junction in a
intrinsic Josephson junction stack exhibits a supercond
ing and a resistive branch, similar to theI-V characteristics
of standard Josephson tunnel junctions. All junctions
the stack can be switched into the resistive state indiv
ally, such that the totalI-V characteristic consists of man
branches differing by the number of junctions in the
sistive state [1]. As an example, Figs. 1(a) and 2(a) sh
I-V characteristics of a BSCCO mesa and a TBCCO s
stack atT  4.2 K. After exceeding the critical curren
of an individual junction in the stack, theI-V characteristic
exhibits a characteristic voltage jumpVc. At low tempera-
tures,Vc ø 21 mV in BSCCO mesas andVc ø 27 mV in
TBCCO step stacks, which is about 50% of2Dye [15,16].
The latter would be obtained for a standard SIS tunnel ju
tion. Figures 1(b) and 2(b) show the subgap structures
a BSCCO mesa and for a TBCCO step stack, respectiv
We find two hysteretic regions on each branch. On the
branch we observe two voltage jumps with increasing b
current, at voltages denotedV 1

1 and V 2
1 in Fig. 1(c). In

BSCCOV 1
1  6.15 mV and V 2

1  8.05 mV, in TBCCO
V 1

1  7.5 mV and V 2
1  9.6 mV. On the nth branch,

corresponding ton junctions being resistive, there aren
hystereses in each region. This strongly indicates
every individual junction exhibits a quasiparticle bran
consisting of three subbranches denoted “a,” “ b,” and “c”
in Fig. 1(c). On thenth branch this results inn possible
subbranches in each region. Here, with increasing
current the voltage jumps first atV 1

n in the lower region
and atV 2

n in the upper region. For example, at voltag
below V 1

2 ø 2V 1
1 on the second branch in Fig. 1(c) bo

resistive junctions are on their subbrancha. After the first
voltage jump one junction has switched to branchb, and
after the second jump both junctions are on their subbra
b. At V 2

2 ø 2V 2
1 first one and finally both junctions switc

to c. Thus, if all junctions in the stack exhibit identic
features,V 1

n andV 2
n (when alln resistive junctions are in

statesa and b, respectively) divided by the branch num
4944
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FIG. 1. Overall I-V characteristic of BSCCO sample D
exhibiting multiple branching in the resistive state (not
branches are traced out for clarity). (b) SameI-V characteristic
on expanded scales showing subgap structures at bias cur
of about 1.9 and 2.7 mA. (c) Enhanced resolution of first th
branches of (b) with definition of subbranches “a,” “ b,” and
“c” and voltagesV 1

n andV 2
n .

ber n should essentially be independent ofn. The result,
shown in the inset of Fig. 3, for a BSCCO mesa clea
confirms this interpretation.

We found the subgap features in a variety of samp
measured in different experimental setups.V 1

n and V 2
n

were independent of the geometrical size of the samp
In magnetic fields of up to 2 T we found that the stru
tures broadened butV 1

n andV 2
n remained unchanged. W

can therefore exclude the possibility that the obser
features arise from geometric self-resonances or vo
motion [17], since such resonances should depend
geometry and magnetic field. Also,V 1

n and V 2
n are tem-

perature independent below0.5Tc (Fig. 3). A tempera-
ture increase only results in a decreased hysteresis
intensity, i.e., the amount of excess current above
(extrapolated) quasiparticle curve, remains essenti
constant. Above about0.5Tc the characteristic voltage
Vc drops belowV 1

1 and V 2
1 , making further evaluation

impossible (Fig. 3). We also investigated the subg
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FIG. 2. (a) Overall I-V characteristic of TBCCO sample
V40a34 exhibiting multiple branching in the resistive sta
(b) SameI-V characteristic on expanded scales showing sub
structures at bias currents of about 20 and30 mA.

structures for BSCCO crystals under different anneal
conditions. For example, the as-grown sample D6, w
a Tc of 88 K and a critical current density of660 Aycm2,
exhibited weak, nonhysteretic structures. After oxyg
doping by annealing in air the critical current densi
is raised to1630 Aycm2, and the critical temperature
lowered to 80 K. The subgap structures are now m
pronounced. Within the measurement error the structu
still occur at the same voltages (cf. Table I).

The observed structures may not directly map volta
dependent features of the quasiparticle current, due to
presence of ac Josephson currents at nonzero voltages
therefore calculated theI-V characteristic by including the
i

s

able
FIG. 3. VoltagesV 1
1 (squares) andV 2

1 (circles), as defined
in Fig. 1(c), of annealed BSCCO sample D6, together w
characteristic voltageVc (triangles), vs temperature; inset show
V 1

n yn (squares) andV 2
n yn (circles) of BSCCO sample D7 v

branch numbern at 4.2 K.
.
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ac Josephson effect. Since the totalI-V characteristic of
the whole stack of intrinsic Josephson junctions can
sentially be obtained from combiningI-V characteristics
of the individual junctions, it seems sufficient to calcula
the I-V characteristic of a single junction. A phenomen
logical approach is the resistively shunted junction mod
which, in its simplest form, assumes a quasiparticle cur
Iq  VyR [18], together with the Josephson equations
the supercurrent. In order to include voltage depend
features we parametrizeIq by

IqsV d  Ip exp

∑
2

µ
V 2 Vp

Vs

∂2∏
1

VyR
1 1 expfsVg 2 V dyVbg

, (1)

whereV is the voltage, andIp , R, Vp , Vg, Vs, Vb are fitting
parameters. The first term is to model a (subgap) pea
Iq, located at a voltageVp . The second term accoun
for the global gap structure. We write the total currenI
through one on the junctions of the stack as the sum
the Josephson current, the quasiparticle current, and
displacement current,I  IJ 1 Iq 1 Id . With the use of
the Josephson relations,IJ  Ic sinsgd, h̄dgydt ; h̄ Ùg 
2eV , andId  CdVydt we get

I  Ic sing 1 Iq

µ
h̄ Ùg
2e

∂
1

h̄C
2e

g̈ . (2)

We finally obtain theI-V characteristic by calculatin
the time average ofV std. The result is shown in Fig. 4
together with the functional form ofIq. Surprisingly, one
peak inIq has turned out to be sufficient to produce t
observed double structure in theI-V characteristic. The
actual peak position is located at subbranchb, at about
7.4 mV for BSCCO and 9.0 mV for TBCCO. A peak inIq

seems to be the simplest explanation for the observed
gap structures. However, other mechanisms might be
th
s

TABLE I. Critical temperature and voltagesV 1
n and V 2

n of
various samples.

Sample Material Tc V 1
n smVd V 2

n smVd

V40a34 TBCCO 109 7.43 6 0.05 9.60 6 0.05
V75a12 TBCCO 108 7.65 6 0.05 9.65 6 0.05
V75b24 TBCCO 115 7.57 6 0.1 9.60 6 0.1
V86c7 TBCCO 115 7.44 6 0.05 9.64 6 0.05
V91c1 TBCCO 114 7.54 6 0.05 9.71 6 0.05
V91c8 TBCCO 114 7.36 6 0.1 9.57 6 0.1
D6a BSCCO 91 6.02 6 0.05 7.90 6 0.05
D9b BSCCO 87 6.05 6 0.05 7.97 6 0.05
D6 BSCCO 88 5.95 6 0.5 7.97 6 0.5
D6a BSCCO 80 6.15 6 0.05 8.05 6 0.05
D1a BSCCO 84 6.16 6 0.05 8.06 6 0.05
D7a BSCCO 87 6.09 6 0.05 8.05 6 0.05
aAnnealed in air for 10 h at 350±C.
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FIG. 4. Functional form of quasiparticle current as used
simulations (solid line) and computedI-V characteristic (mark-
ers). Inset compares simulatedI-V characteristic (markers) with
measuredI-V characteristic of TBCCO sample V40a34 at 4.2
(solid line). Abscissa in unitsVyVc, ordinate in unitsIyIc.

to account for the structures. First, we can rule out re
nances of the ac Josephson current involving sample
ometry, as discussed above. Second, ac Josephson cu
could couple to excitations like phonons. This mech
nism would very likely require two excitations at fre
quencies2eV 1

1 yh̄ and2eV 2
1 yh̄. Although it would be an

exciting observation to see that ac Josephson currents
able to couple to phonons at several THz, we note t
in contrast to our observations, a phonon based me
nism should show a strong temperature dependence o
intensity of the structures. Third, the observed featu
might be associated with subharmonic gap structure
voltages2Dyn arising from either multiparticle tunneling
[19], Josephson self-coupling [20], or multiple Andreev r
flection [21]. Even with the assumption of an extreme
low value of D of, say, 12 meV we would infern  3
or larger. It seems unlikely that such high orders app
as the most pronounced features in the subgap regime
nally, the effect could be associated with a superconduc
gap in the BiO layers. However, the critical temperatu
of the BiO layer would have to be well above 50 K, sin
no temperature dependence was observed below this
perature. Also we should have seen an appreciable vol
shift with annealing. Returning to our first interpretatio
we have seen that one peak in the quasiparticle curr
possibly arising from a subgap peak in the quasipart
density of states, might account for the observed structu
This peak would have to be at 3.7 meV in BSCCO and
4.5 meV in TBCCO, corresponding to about0.2D. One
might argue that the peak should scale withD and thus
with temperature. However, we note that we were a
to evaluateV 1

n andV 2
n only up to0.5Tc, where the gap is

known to vary only marginally [15,16]. Finally, a struc
ture at0.2D might be too low in energy to be compatib
with features arising from the layered nature of the highTc

superconductors. This question remains open and ha
be clarified by theory.
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