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We report on pronounced structures in the current-voltage characteristics of intrinsic Josephson
junctions in the highF. superconductors JBaCaCu;O;9+s and BLS»CaCuOg+s. The structures
appear well below the superconducting gap, independent of sample geometry, magnetic field, and
temperature up td.57.. 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
guasiparticle density of states. For superconducting superlattices a subgap peak has been predicted and
could explain our results. [S0031-9007(96)00449-8]

PACS numbers: 74.25.3b, 74.50.+r, 74.80.Dm

The high7,. superconductors form natural supercon-improbable that the peculiar structures of the quasiparticle
ducting multilayers where the superconducting ordemensity of states in a superlattice can be observed by
parameter is periodically modulated along theaxis. tunneling experiments with artificial tunnel structures
At least in the highly anisotropic compounds—Ilike [6]. They effectively only probe the outermost few A
Bi,SrCaCuyOs+s (BSCCO) or Ti}BaCaCuwOip+s of the sample and might suffer from surface roughness
(TBCCO)—the modulation is strong enough that adja-or surface degradation. Intrinsic Josephson junctions,
cent superconducting copper oxide double or triple layersn the other hand, are perfectly epitaxial layer by layer.
are only weakly coupled by the Josephson effect. Thi§hey are insensitive to surface degradation and can
behavior can be directly observed m axis transport provide local information about quasiparticle conductivity
measurements in sufficiently small single crystals [1—4]between pairs of Cufbilayers or trilayers located in the
Every pair of adjacent copper oxide double or triplebulk of the sample. Therefore, natural intrinsic junctions
planes, together with the intervening nonsuperconductingiight be a unique tool to study the intrinsic properties of
layers, forms an intrinsic Josephson junction. The perihigh-T. superconductors. A close examination of their
odic order parameter variation should also manifest itsel€urrent-voltagel¢V) characteristics might be a clue to the
in the quasiparticle density of states. From solutions otlectronic density of states and thus provide an improved
the Bogoliubov—de Gennes equations for a periodicallyunderstanding of highix. superconductors. In this Letter
modulated superconducting order parameter global [5—#pe will show that thel-V characteristics of intrinsic
and local [7] densities of states have been predicted whichosephson junctions in TBCCO and BSCCO exhibit a
are quite different from that of a homogeneous BCS susubgap structure that occurs on each quasiparticle branch.
perconductor. A special feature of them is a subgap peakis striking regularity indicates that the structure is a
Physically, this subgap peak originates from de Gennesgeneral property of all intrinsic Josephson junctions in the
Saint James bound states in the normal region betweesample, and not only a parasitic effect of some of them.
two superconducting banks [8] which broaden to a bandhe fact that we observed these subgap structures in two
structure in superconducting superlattices. The abovdifferent materials might indicate a common property of
mentioned calculations are based on SNS superlatticesrongly anisotropic layered superconductors.
or a modification thereof [7] for which properties similar Measurements have been performed on step stacks fab-
to a SINIS superlattice are to be expected. Here, S, Njcated on thin TBCCO films and on mesas patterned on
or | stands for alternating superconducting, normal, an8SCCO single crystals. The step stacks are made on
insulating layers. A SINIS model seems resonable fomTBCCO thin films deposited on LaAlDsubstrates with
BSCCO and TBCCO, since band structure calculationson etched step edges. Film thicknesses were betweeen
yield insulating behavior for SrO layers [9] and tunneling 250 and 450 nm. Bridges of widths between 3 aadum
experiments showed that the BiO and TIO layers can b&ere patterned across the step thus defining a stack of
metallic at least for higher doping levels [10,11]. It seemgypically 100—200 intrinsic junctions at the step [12]. The
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BSCCO crystals were grown in an oxygen atmosphere by | 20

floating zone technique [13]. X-ray diffraction confirms

that the crystals are single phase Bi-2212, and energy dis-(mA)

persive x-ray analysis indicates a cation stoichiometry of

approximately Bi:Sr:Ca:Cu= 2.2:1.8:1.1:2 [14]. Using 10

standard photolithography and Ar-ion etching, mesas of

20 X 20 and40 X 40 um? across and of varying heights

were fabricated on tha-b face of the crystal. For trans- oL

port measurements a four-point technique was used for the

TBCCO step stacks. BSCCO samples were measured in a

two-terminal configuration with low resistance gold con- 3

tacts sputtered onto the freshly cleavad faces of the

crystals. The two-terminal configuration results in con- 2
1
0

tact resistance in theV data, which has been subtracted

for data evaluation. To reduce the influence of external

noise, low-pass filters were used in the current and volt-

age leads. Some of the measurements were performed in

a shielded room.

Thel-V characteristic of every individual junction in an

intrinsic Josephson junction stack exhibits a superconduct- 3

ing and a resistive branch, similar to th¥ characteristics

of standard Josephson tunnel junctions. All junctions in 2
1
0

the stack can be switched into the resistive state individu-
ally, such that the totdlV characteristic consists of many
branches differing by the number of junctions in the re-
sistive state [1]. As an example, Figs. 1(a) and 2(a) show
I-V characteristics of a BSCCO mesa and a TBCCO step 0 0.01 0.02 0.03
stack atT = 4.2 K. After exceeding the critical current \V/ (V)

of an individual junction in the stack, theVv characteristic

exhibits a characteristic voltage junivp. Atlowtempera- FIG. 1. Overall I-V characteristic of BSCCO sample D1
tures,V, = 21 mV in BSCCO mesas and, = 27 mV in exhibiting multiple branching in the resistive state (not all
TBCCO step stacks, which is about 509@2d /e [15,16]. branches are traced out for clarity). (b) Salécharacteristic

on expanded scales showing subgap structures at bias currents

The latter would be obtained for a standard SIS tunneljuncéf about 1.9 and 2.7 mA. (c) Enhanced resolution of first three

tion. Figures 1(b) and 2(b) show the subgap structures fasranches of (b) with definition of subbranches™*b,” and
a BSCCO mesa and for a TBCCO step stack, respectivelyc” and voltagesV! and V2.

We find two hysteretic regions on each branch. On the first

branch we observe two voltage jumps with increasing bias

current, at voltages denotdd and Vi in Fig. 1(c). In  bern should essentially be independentmof The result,
BSCCOV| = 6.15 mV andVZ = 8.05 mV, in TBCCO  shown in the inset of Fig. 3, for a BSCCO mesa clearly
Vi =75mV and VZ = 9.6 mV. On thenth branch, confirms this interpretation.

corresponding to: junctions being resistive, there ane We found the subgap features in a variety of samples,
hystereses in each region. This strongly indicates thaheasured in different experimental setupg, and v?
every individual junction exhibits a quasiparticle branchwere independent of the geometrical size of the samples.
consisting of three subbranches denotad “b,” and “c”  In magnetic fields of up to 2 T we found that the struc-
in Fig. 1(c). On thenth branch this results in possible tures broadened bi#t! andV? remained unchanged. We
subbranches in each region. Here, with increasing biasan therefore exclude the possibility that the observed
current the voltage jumps first &t! in the lower region features arise from geometric self-resonances or vortex
and atV}? in the upper region. For example, at voltagesmotion [17], since such resonances should depend on
below V; = 2V on the second branch in Fig. 1(c) both geometry and magnetic field. Als,! and V2 are tem-
resistive junctions are on their subbrarechAfter the first  perature independent beloWsT,. (Fig. 3). A tempera-
voltage jump one junction has switched to bratgland ture increase only results in a decreased hysteresis, the
after the second jump both junctions are on their subbrancimtensity, i.e., the amount of excess current above the
b. AtV; =~ 2V7 first one and finally both junctions switch (extrapolated) quasiparticle curve, remains essentially
to c. Thus, if all junctions in the stack exhibit identical constant. Above aboud.57,. the characteristic voltage
features,V! and V2 (when alln resistive junctions are in V. drops belowV, and V#, making further evaluation
statesa and b, respectively) divided by the branch num- impossible (Fig. 3). We also investigated the subgap
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400 ac Josephson effect. Since the tdtd characteristic of
| the whole stack of intrinsic Josephson junctions can es-
(U A) sentially be obtained from combiningV characteristics
of the individual junctions, it seems sufficient to calculate
200 thel-V characteristic of a single junction. A phenomeno-
logical approach is the resistively shunted junction model,
which, in its simplest form, assumes a quasiparticle current
0 I, = V /R [18], together with the Josephson equations for
the supercurrent. In order to include voltage dependent
40 features we parametrizg by
v 4
/ . ,//‘/’ f///////// vy V-V 2
J/ }// /;/ fr ‘//,///;//,,/,,-// ﬁ///;g/,/// L,(vV) =1, ex;{_<_v n) }
201 | o ity gt .
[ ) S AT . V/R )
(b) L+ exil(V, = V)/Vp]’
0 ' I ' whereV is the volta itti
ge,and,,R,V,,V,,V,,V, arefitting
0 0.05 vy (V) 0.1 parameters. The first term is to model a (subgap) peak in
- I,, located at a voltag#,. The second term accounts
FIG. 2. (a) Overalll-V. characteristic of TBCCO sample ¢ yho giobal gap structure. We write the total currént

V40a34 exhibiting multiple branching in the resistive state.

(b) Samel-V characteristic on expanded scales showing subgaffough one on the junctions of the stack as the sum of
the Josephson current, the quasiparticle current, and the

structures at bias currents of about 20 &0duA.

aT,. of 88 K and a critical current density 660 A/cn?,
exhibited weak, nonhysteretic structures.
doping by annealing in air the critical current density
is raised to1630 A/cn?,
lowered to 80 K. The subgap structures are now more,
pronounced. Within the measurement error the structur

still occur at the same voltages (cf. Table ).

dependent features of the quasiparticle current, due to the 4 mv/ for BSCCO and 9.0 mV for TBCCO. A peakip

displacement current, = I; + I, + I;. With the use of
the Josephson relations, = I, sin(y), idy/dt = hy =

structures for BSCCO crystals under different annealin@eV, andl; = CdV /dt we get
conditions. For example, the as-grown sample D6, with

After oxygen

I =1I.siny + Iq<

ﬁ&) hC
2e

2e

t oo ()

We finally obtain thel-V characteristic by calculating

and the critical temperature {he time average of(r). The result is shown in Fig. 4,
gether with the functional form af,. Surprisingly, one
&Seak in, has turned out to be sufficient to produce the

) observed double structure in thé/ characteristic. The
The observed structures may not directly map voltage,¢ 4| peak position is located at subbrafiat about

presence of ac Josephson currents at nonzero voltages. \Wgms to be the simplest explanation for the observed sub-
therefore calculated theV characteristic by including the gap structures. However, other mechanisms might be able

V 30 i 10 TABLE I. Critical temperature and voltageg! and V2 of
I VN Jesssssses o o0 oo various samples.
(mV) V ENEEaSeE @ EEm N N .

20 | A LA N (m )5- Sample Material T, v (mv) V2 (mV)
_ “a L T=42K V40a34  TBCCO 109 743 + 005  9.60 *+ 0.05
\ ob—1y . 1 V75a12 TBCCO 108 7.65 £ 0.05 9.65 £ 0.05

10 - \“ 0 10 ,20 V75b24  TBCCO 115 757 0.1  9.60 + 0.1
000000 OB \V86¢7 TBCCO 115 7.44 = 0.05 9.64 = 0.05
(M EEERE m—_——- Volcl  TBCCO 114 754 =005 971 * 0.05

Aa " V91c8 TBCCO 114 736 = 0.1 9.57 + 0.1
0 : ' ' ' D6a BSCCO 91 6.02 =005  7.90 * 0.05
0 40 T(K) 80 D9b BSCCO 87 605 =005 797 + 005

1 , . D6 BSCCO 88 595=05 797 =05
FIG. 3. VoltagesV, (squares) andV/; (circles), as defined pga BSCCO 80 6.15 *+ 0.05 8.05 + 0.05
in Fig. 1(c), of annealed BSCCO sample D6, together withyqa BSCCO 84  6.16 = 0.05 8.06 + 0.05
characteristic voltag¥, (triangles), vs temperature; inset showsD7a BSCCO 87  6.09 + 0.05 805 + 0.05

V!/n (squares) and’?/n (circles) of BSCCO sample D7 vs
branch number. at 4.2 K.

2Annealed in air for 10 h at 35TC.
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