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Observation of both pair and quasiparticle tunneling in intrinsic junction stacks
fabricated on Bi,Sr,CaCu,Og., 5 Single crystals
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We have investigated the tunneling properties of intrinsic Josephson junction stacks with various numbers
N of CuO, bilayers fabricated on underdoped,Br,CaCu,Og, s Single crystals. The effect of gap suppres-
sion based primarily on nonequilibrium superconductivity can be significantly reduced with a reduction in
N. For anN as few as 40, both pair and quasiparticle tunneling characteristics are clearly observed. It is shown
that a clear gap 2 of larger than 34 meV, the substantial conductance below the gap, ahdgRi@roduct of
less than 5 mV are the intrinsic features of tunneling alongcthgis. Numerical calculation indicates that the
guasiparticle current-voltage characteristics are consistent wittd4vave order parameter which is still
suppressed by the nonequilibrium effect in a higher current region.

I. INTRODUCTION have strongly suggested that a stack of SIS Josephson junc-
tions is naturally formed along the axis in this material.
The fabrication of superconductor-insulator-super-Microwave emission experiments indicated that each €uO
conductor(SIS) tunnel junctions with highF, cuprates has bilayer stacked with a period of 1.5 nm acts as a supercon-
been one of the greatest challenges, because they not orﬂylcting electrodé!*? With these intrinsic junction stacks,
open up a route to electronic applications but also provide #/€ can expect to extract intrinsic information on the magni-
direct probe into the order parameter and thus important intude and the anisotropy of the order parameter, because of
formation on the pairing mechanism in these materialstheir planar structure _and because their tunneling properties
There have been enormous efforts to fabricate SIS/ SIS@re much less sensitive to the structure and quality of_ the
(S’ is typically PB, and SIN(N is normal metdl planar c_rystal surfac_e thgn the case with measurements using a
junctions mainly on thea-b plane of thin films or single single planar junction or STM. However, clear quasiparticle

tunneling properties have not been observed yet in Bi-2212
crystals  of, for example, YBZus07-, (YBCO) intrinsic junctions. Moreover, the/2 value of typically 20

als have ever been reported. This is primarily due to the vergemonstrate below, the former problem mainly results from
short coherence length of 0.1-0.2 nm along ¢haxis and  the fact that too mangtypically 1000 junctions are included
the material’s poor surface quality. even in cleaved thin Bi-2212 single crystals.

There have also been an increasing number of experi- In this paper, we report on the tunne“ng properties of
ments on tunneling along theaxis of YBCO and Bi-2212  intrinsic Josephson junction stacks with a controlled number
using a low-temperature scanning tunneling microscopgf CuO, bilayers which are fabricated on underdoped Bi-
(STM).>*%In many experiments, a substantial tunneling den2212 single crystals. For junctions with fewer than 100
sity of statedDOS) typically with aV shape below the gap Cu0, bilayers, the effect of gap suppression which is prima-
2A of 40-60 meV was observed and considered to be evirily based on nonequilibrium superconductivity is substan-
dence for a highly anisotropic order parameter like that of &jally reduced and quasiparticle tunneling properties can be
d-wave superconductor. However, the existence of the finitelearly observed. It is shown that these intrinsic tunneling

DOS near zero-bias voltafjéas well as the anisotropic gap properties are consistent withdawave symmetry of the or-
in the c axis or out-of-plane gé;? is still controversial. The  der parameter.

often observed anomalous background conductance structure

and the problem of surface quality make it diff_icult to clarify Il. EXPERIMENT

these points and even evaluate the actual size of the order

parameter. Furthermore, since the transverse momentum is Bi-2212 single crystals were grown by a self-flux method

not conserved upon tunneling because of the very small tipising a platinum crucibl&® Small pieces of these crystals

size and resultant uncertairftyhe tunneling conductance ob- with a typical size of X 1x0.05 mn? were cleaved and

tained using an STM does not strictly reflect the distributionannealed in flowing oxygen at 600 °C for 60 h. The magneti-

of the order parameter in thg-k, space. Thus the intrinsic cally evaluatedT. of the annealed crystals was 79-83 K.

properties of tunneling along the axis of highT, cuprates After a 50 nm thick Au layer was evaporated on the surface

are not sufficiently clear. of the crystals for electrical contacts, they were annealed
On the other hand, recent observation of intrinsic Josephagain in O, at 600 °C for 1 h. Then these crystals were glued

son tunneling in small pieces of Bi-2212 single crySt&t  to Si substrates and junctions were fabricated using standard
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FIG. 2. 1-V characteristics of a 60 nm thick junction stack at 4.2
. K. Thej. is 250-500 A/cm. TheV, value is approximately 0.8 V.

V (V) reported in a junction stack of similar thickné€#\s will be
discussed later, neith&f; nor V /N is an actual gap of the
FIG. 1.1-V characteristics of a 300 nm thick junction stack at 11 CUO; bilayer. However, they are basically considered to be
K. The curve for a larger bias current is indicated in the inset. Theproportional to the gap.
critical current density, is 750—1250 A/cri. The schematic cross- Figure 2 shows thé-V curve for a 60 nm thick junction
sectional view of the junction stacks is also shown. stack. Approximately 40 voltage jumps with\g of 20 mV
can be observed. This explicitly indicates that SIS junctions
photolithographic and ion milling techniques. The junctionare stacked with a period of 1.5 nm and thus each £uO
thicknessd and the number of included CuyChilayers N bilayer acts as aB electrode. Thé&/; value is approximately
were varied between 60 nm and 300 nm and between 40 ar@@i8 V. ThusV.:/N is very close toV; in this stack.

200, respectively, with accuracy af10% by adjusting the In Fig. 3, the normalized/ value is plotted as a function
milling time. The self-aligned SiO insulating layer was de- of N for junction stacks with a similaj, of approximately
posited and finally an Ag wiring layer was formed. 500—-1000 A/cm. The suppression d&f is more significant

The lateral size of the junctions was fixed atX220 asN is increased. As was previously pointed out, this sup-
um? in the present experiments. The electrical contacts tression might be due to joule heating. However, suppres-
the crystals were made via two contact junctionssion of greater than 55% in the present experiments and 85%
200X 200 wm? in size. Prior to the -V measurements, the reported for thicker junction stackscannot be explained
temperature dependence of the resistivity along dkexis  only by the heating effect
pc was measured. A negative temperature dependence aboveAnother possible explanation for the suppressioV pfs
T. and ap. value at room temperature of approximately 10nonequilibrium superconductivity due to quasiparticle
Q cm clearly indicated that the crystals are in the underinjection!>®Although our knowledge of the pairing mecha-
doped regime. Since all the transport measurements werdsm and physical properties such as quasiparticle recombi-
carried out using a three-probe configuration, a residual reaation time is still lacking, we could roughly estimate its
sistance was observed below. However, this contact re-
sistance was as small as 0.1Qland thus has no significant

1 1~ SN L T
influence on thd-V measurements. or R |
08} = ]
IIl. RESULTS AND DISCUSSION [ ¢
L e j
Figure 1 shows thé-V curve at 11 K for a 300 nm thick >% 0.6 e
junction stack. For a small bias current just above the critical ~ L e
currentl ¢, the junction exhibits a periodic voltage jump with > o4l ° ]
a periodV; of approximately 20 mV and a relatively large [ ]
hysteresis. These features and the switching between mul- 02l 1
tiple quasiparticle branches are typically observed in a series ' V,/N=2175mV .
array or stack of many SIS junctions with a substantial dis- i . . . .
tribution of .. TheV; value was found to be independent of 00 "5 00 150 200 250
d and was 15-20 mV for other junctions. This value is quite N

similar to those previously reported by Kleiner al1?

. For a larger bias current_, even larger hysteresis and nega- FIG. 3. Variation in characteristic voltagé, with number of
tive resistance of the quasiparticle branch are observed. At @u0, bilayers,N, contained in different junction stacks wittj aof

characteristic voltag®/, of approximately 1.8 V, each SIS 5pproximately 500 Alcrh (filled circles and 1000 A/crd (open
junction contained in the stack is considered to be switchedircle). The v, value is normalized by, = 21.75XN mV. The

to the voltage state. This value is much smaller than theroken line is the variation roughly estimated assuming nonequilib-
product ofV; and the number of SIS junctions in the stack rium gap suppression based on ffie model and a current density
N=200. This significant suppression ¥ has already been J of 1000 A/cn? (see text
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effect on the gap suppression as follows. Assuming that each
CuO, bilayer with the thicknesss of 0.3 nm is homoge-
neously injected by quasiparticles with the dendity =
J/ets, the normalized excess quasiparticle densiip each
CuO, bhilayer is, to the first approximation, given by,
N=1 g7enr/4N(0)A.** Here,N(0) is the one-spin density of
states andr. is the effective quasiparticle recombination
time which is expressed agq= 7r(1+ 7/ 78). TR @nd 7 1 - !

@ 7
1 1
1.5 T T T T T = 83‘7 K

are the intrinsic quasiparticle recombination time and phonon e, 600K
pair-breaking time, respectively.s is the phonon escape > 10 e 400K
time which is given byr.=4d/7v,. Here, the thicknesd 0.5 ] 0x
can be assumed to be identical to the thickness of the junc- 20 L

tion stack.» and vg are the transmission probability of 0B R s

phonons at the junction-crystal boundary and the sound ve-
locity in the stack, respectively.

Since 7 is usually much larger thamg in particular for 0
junction stacksy .~ TeTr/ 75 holds and thus .z andn can |
be considered to be approximately proportionad tor N. In 8 .
Fig. 3, the dependence of gap suppressioiNagiven by the
T* modet®’is compared with the experimental data using
Teft @S a variable parameter. The fitted curve giveggeof 4
ns for a 300 nm thick stack. This value is only a factor of 5
larger than ther . of 0.8 ns, which is estimated assuming a
v 0f 5X 10° cm/s!® 7 of approximately 0.3 andM(0)A of
4x 10 cm~3, and may be within an acceptable range. ©

Figure 4 (a) shows thel-V curve extended to a higher 0 08 1.6
voltage range for the same junction stack as in Fig. 2. A few V (V)
notable features can be recognized here. First of all, a clear
gap structure is observed at a voltaggof 1.35 V which is FIG. 4. 1-V characteristics extended to a higher voltage for the
much larger tha.. Thel-V curves at various temperatures same junction stack as in Fig. @) |-V characteristics at 4.2 Kb)
are shown in Fig. é). All the curves coalesce into one linear Temperature dependence of quasiparticle tunneling characteristics.
line at higher voltages and the gap structure disappears aboWée normal tunneling resistance for each junctigy, is approxi-

T.. This excludes other possibilities such as a resistive tranmately 2.2Q). The temperature dependence of gap voltsiges
sition in the contact junctions. Thus we can defineshown in the inset(c) Comparison of the quasiparticle tunneling
ZAobs:Vg/N as the gap size which is approximately 34 curve at 4.2 K(thin solid ling with theoretical curves assuming a
meV. We notice thaV/, shows a substantial temperature de-txz-yz symmetry of the order parameter in thek, space. The
pendence even a&<10 K, as seen in the inset. This indi- _broken and dotted lines are curves calculated with and Wlt_hout tak-
cates that the gap is still suppressed to some extent by tHgd account of the nonequilibrium effe¢see text, respectively.
injection of a quasiparticle current with a density of approxi- | "€ existence of a small parallel conductari6es% of 1Ry) is
mately 4 kA/cn?. Thus the value of 34 meV provides only /S° assumed.f&% = 50 meV andp = 1.0 give the best fit. The
the lower gap size limit. It is also noted that the normal'nse.t _shows thezobserved conductance for smaller voltages which
. : . - . exhibits a clealV* dependence.
tunneling resistance for each junctiéty of approximately
2.2 Q) is nearly temperature independent.

The second noticeable feature is the substantial condugiives a\, value of 150um, suggesting that the present
tance belowV,. This excess conductance depends stronglyunction stacks act as short junctions. It should also be no-
on the bias voltage and therefore cannot simply be attributeticed that both the reduced Josephson current and the sub-
to the increase in the nonequilibrium quasiparticle densitystantial conductance below the gap give rise to the large
Another feature of particular interest in Fig(a#tis that the  difference between £,,s and theV; value of 14-20 m\#!
Josephson current seems to be significantly suppressed. Thaus, the similarity of the/; value observed in the present
I Ry product for each junction is 4—5 mV which is less thanjunction stacks as well as the stacks studied by Kleiner
1/5 of the BCS valuerA 4, 42e. In a conventional planar et all? supports that the reducégRy product and the sub-
Josephson junction, a substantial suppressioh.aé also  stantial conductance below the gap voltage areirtivinsic
expected if the junction size is larger than the Josephsofeaturesof tunneling in intrinsic junction stacks based on
penetration depth); .1° However, in a Josephson junction Bi-2212.
stack with anS layer much thinner than the magnetic pen- In order to make the large subgap conductance much
etration depth\, the characteristic length which defines the clearer, the derivative conductand&/dV is plotted against
long junction limit is given by the screening length, V2 in the inset of Fig. &), indicating thatd1/dV is propor-
An=[DPo/27uo(ts+1t;)jc]¥2 rather thanh; 2% Here, t; is tional toV2. This particular dependence implies that the qua-
the thickness of the spacing between adjacent Chifayers, siparticle density of stateNl(E) is linear in the excitation
which is 1.2 nm for Bi-2212. A value of 1 kA/cn? thus  energyE near the Fermi level. Here, it is important to notice
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that suchN(E) can be expected in a two-dimensiorfaD) normalized byl ,=2A,/eRy and the variable parameter
d-wave superconductdf.Therefore, for comparison, we nu- represents the degree of nonequilibrium effect. The exponent
merically calculatel-V curves based on the 2D pure n determines the way how quasiparticle current suppresses

d-wave order parameter the gap. Since, according to tAi& model, the square rather
than linear dependence afon J,, may be more appropriate
A(6)=Aqc0426), (D for a significant quasiparticle injection=2 is employed?

where 6=tan *(k, /k,). The normalized quasiparticle den- The resulted fit is shown by the broken line in the figure. The

sity of statesN(E) for tunneling along thec axis is then fitis excellent over the whol¥ range measured in particular
given by V<Vg, indicating that the quasiparticleV characteristics

of the present intrinsic junction stack are consistent with the
d-wave order parametét.lt is noted that the deduced\3

27 1 E
N(E)= Ref 52| T=—=—|d0 (2 value of 50 meV agrees with those observed by STM mea-
0 27| JE*-A%(9) surements.

The tunneling quasiparticle currehy, is calculated by
IV. CONCLUSION

1 o
(V)= R—NfmN(E)N(E—eV){f(E—eV)—f(E)}dE, We have shown that the effect of nonequilibrium super-
(3)  conductivity on thd -V characteristics of intrinsic Josephson
junction stacks based on Bi-2212 can be significantly re-
duced as the number of the Cu®ilayersN is decreased.
For N as few as 40, both pair and quasiparticle tunneling
characteristics become clearly visible. It is shown that a clear
gap of larger than 34 meV, substantial excess conductance
1 =(0.065Ry)V+ 1 4p(V). (4) below the gap, and a substantially redu¢gidy, product are
S . ) the intrinsic features of tunneling along teaxis between
The dotted line in Fig. &) is the fit to the observed curve at the CuQ, bilayers. The observed quasiparticle tunneling
4.2 K. Although the fit is pretty good fov<<1.2'V, a signifi-  curve is well explained by assuming an order parameter with
cant deviation is seen near the gap voltage. As mentioneg d-wave symmetry in thé,-k, space and taking account of

above, this is likely due to the effect of the nonequilibrium the nonequilibrium effect which still exists for higher bias
superconductivity by self-injection of quasiparticle current.cyrrents.

In order to take this effect into account, we further replace
Ay in Eq. (1) by

wheref(E) is the Fermi function. Since the inset of Figch
indicates the existence of a small parallel conductaape
proximately 6.5% of 1Ry) probably of extrinsic origin]-
V characteristics are expressed as
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21V,— is given by the characteristic voltage at whighintersects the  ?*Another explanation for the reducégRy product and the excess

quasiparticle tunneling curve, divided by ThusV; depends on conductance in the preselnl/ characteristics may be tunneling

the magnitude of both the excess conductance and fRg via nonideal tunnel barrier with substantial localized states or a

product. semiconducting nature. Although this possibility cannot be com-
22Y. Tanaka and S. Kashiwaya, Phys. Rev. L&t 3451(1995. pletely excluded, the cleav? dependence of the conductance

23 good fit with only a very slight deviation could be also obtained  and theT-independenRy favor the explanation based on the
even assuming a linear dependence. intrinsic origin.



