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Influence of Charging Energy on Cooper Pair
Tunneling in Bi-2212 Small Intrinsic
Josephson Junctions

T. Kawae, T. Yasuda, S.-J. Kim, K. Nakajima, and T. Yamashita

micron intrinsic Josephson junctions (1JJs) fabricated on
Bi>Sr:CaCu;0s4s liquid phase epitaxy film. The 1JJs with

Abstract—We have investigated the properties of sub- vFIB
junction area S < 2 pm? showed individual current-voltage (a) Y T .
c-axis

curves, which have suppressed 1st branch and unsuppressed
other branches. This suppression was observed systematically as Bi-2212 LPE film /
an increase the ratio of charging energy and Josephson coupling A

energy. It is expected that such suppressions are due to charging | MgO substrate |;
effect in 13Js.

Index Terms—Charge soliton, charging effect, intrinsic (b)
Josephson junctions, superconducting films.

1 ) /;
I. INTRODUCTION [ |

T is well known that BiSr,CaCuOs, s (Bi-2212) highd.. (©) s
superconductors (HTS) can be considered as a stack of A
Josephson junctions, i.e., intrinsic Josephson junctions (1JJs) /
that consist of superconducting CuQlouble layers and |/ |
insulating BiO and SrO layers in Bi-2212 [1], [2]. LatysheW
al.. have_succeSSfu"Y reported fa_lbrlcatlon of submicron I‘]l;% 1. Fabrication steps of 1JJs on Bi-2212 LPE film by 3D FIB etching
and the first observation of charging effects on HTS by usingethod.
Bi-2212 whiskers and a focused ion beam (FIB) etching method
[3], [4]. Also, reducing the junction area of 13Js is known as a&yching method provide us many advantages to investigate
effective way of avoiding self-heating in 13Js, and it is suitablg;ious properties of submicron 13Js.
for studying the fundamental properties of HTS [5]. ~In this paper, we report the change of Cooper-pair tunneling
It is known that charging effect for Cooper-pair tunnelingnaracteristic in submicron 13Js fabricated on the Bi-2212 LPE

is caused from competitions between charging energy afiths when the charging energy becomes comparable to the
Josephson coupling energy, and Josephson currents are $BBephson coupling energy.

pressed as increasing of the charging energy [6], [7]. Hence,
experimental investigation of the influence of charging energy
on Cooper-pair tunneling in 13Js is needed.

For investigating the properties of submicron 1JJs, high We usedc-axis oriented Bi-2212 films, which were grown
quality crystals with perfect stacks are needed. Recently, qui@ MgO (100) substrates by the LPE method using a focused
high quality c-axis oriented Bi-2212 films have been succes#dfrared beam furnace [8], [9]. The thickness of the films is typ-
fully grown on MgO substrates by the liquid phase epitaxiyally 1-2 um. Our as-grown film with superconducting transi-
(LPE) method [8], [9]. Also, Kimet al. have introduced a tion temperaturd’ of 78-80 K can be regarded as overdoped
new fabrication technique of submicron 13Js feaxis oriented Bi-2212 HTS.

YBa,Cu;0-_s thin films using a 3D FIB etching method [10].  Firstly we etched the edges of the films by chemical etching to

Therefore, films with high crystalline quality and the 3D FiBMake four terminal structures and to shape the width. Secondly
we made four electrodes for measurements using silver paste

and annealed in 1 atm of flowing oxygen at 4@0for 10 min
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Fig. 2. Normalized current-voltage characteristics on low bias region for 13Js T/Tc
with junction area5 = 1 pm? and 2um?. The temperature is 4.2 K.

Fig. 3. Temperature dependence of normalized critical currents of 13Js with
. variousS. Theoretical curve estimated from A-B relation is also plotted. The
grooves of the bridge were then completely etched from the I@fows indicate the threshold temperatite which corresponds t&, /k  for

eral sides to create the required junction size [Fig. 1(b)]. Tteech 1JJs.
scheme of fabricated sample is shown in Fig. 1(c). The junction

areas$ of the 13Js ranged from 04m? to 3 um? and 75um?. @
The 13Js withS = 75 um? was fabricated on a film grown on s | Vep-25mv T
an MgO substrate with a step structure. - f<4=2nd
The samples were cooled in a liquid He bath and measur -4 /’.»-'
in a shielded room using a high sensitive oscilloscope and lo 5:2 / ’",
noise amplifier, and all measurements of electrical properti £ R A
were carried out with a standard four terminal method. So - =
lll. RESULTS AND DISCUSSION P TR e T Y 0.1 il 2 C—
Voltage(mV) Voltage(mV)

The typical normalized currenf (1..)-voltage {/) character-
istics of fabricated 1JJs witlf = 1 and 2pm? at 4.2 K are @) (b)
shown in Fig. 2. Both characteristics indicate clear hystere&ig. 4. I-V characteristics of the 1JJs with junction aila= 0.5 pm? on
and a superconducting gap voltaljg,,, whereV,,, was 25 '8¢ (&) andlow (b) bias region at 4.2 K.
and 30 mV, respectively. Furthermore, it can be seen thé&t as
decreases, the characteristic resembles a superconductor (Sihit-the behavior of small size 13Js is indeed sensitive to other
sulator (1)-S like characteristic more. It indicates that 1JJs witnergy factors due to its lo;.
smallersS fabricated on our film can clearly show ideahxis For submicron 1JJs we also observed the individu®l char-
electrical characteristics because the several micro crack paxdteristic shown in Fig. 4. One can see that the 1st branch is
on crystalline were excluded approximately by FIB etching. extremely suppressed. Other branches indicate unsupprgssed

Fig. 3 shows the normalized critical curreht7’)/1.(4.2 K) although there are influences due to self-heating. Moreover this
dependence on normalized temperaflif&. obtained from di- phenomenon was observed systematically whevas reduced
rect observation of -V characteristics of 1JJs with variods under 2um?. Fig. 5 shows the critical curredt of the 1st and
The curve of the Ambegaokar-Baratoff (A-B) relation for ar2nd branches as a function 8f On reducingS to the submi-
S-I-S type Josephson junction in conventional superconductocisn range, thd. of the 1st branch decreases rapidly than that
also plotted [11]. Fos = 75 pm?, the curve seems to be closenf 2nd branch. In the case g, the distinct differences between
to A-B relation. However, the behavior of curves are changddt and 2nd branch can be seen (see the inset to Fig. 4). How-
drastically whensS is reduced to a few or submicron range. lever, for the steep suppressionfpfof 2nd branch for a smallest
may be thought that this behavior is due to the Josephson ctlis, it may be caused from thermal fluctuation at 4.2 K same as
pling energyE; = h.J.S/4we of small size 13Js being compa-above results.
rable with the thermal enerdys 1', whereh is Planck’s constant  There are some possible reasons for such conspicuous
andk g is Boltzmann’s constant. Also, allows in Fig. 3 indicatesuppression. One of them is damage caused from FIB etching.
the threshold temperatuf®, which corresponds t&/;/kg = When damage due to FIB etching is present, fhE curve
T for each 13Js. It can be seen that as increase the temperashews the branch structure with irregularand V,,,. How-
the curves for 13Js with' < 2 um? drop toE; /kpT; = 1, and ever, thel-V curve of fabricated 13Js did not show irregular
show the tail structure with constant normalizkdto theT.. besides the 1st branch as seen in Fig. 4, although suppression
This result corresponds to the case of small size 1JJs formeddag to self-heating was observed. Therefore the possibility of
mesa structures pointed out by Igeal.[12], and demonstrates damage from the etching process is debatable.
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102 (| @ 1st T case of our submicron 13Js, we estimate= 100¢ — 500(=
W 2nd 0.12-0.6 um) by using the above equation. From this estimate
10t b . ' | it follows that the “single” charge soliton moves over the 13Js
- " - as an isolated charge because the length of our 13Js is below
Liwf . " . 0.1um.
- . gt ot Hence, we think that the charge localization of Cooper-pair
w1l - : 31102 " : (CLCP) as increasing ratib../ E ; occurs at a single junction in
I 1JJs because the single charge soliton conducts isolative through
02 S iy > the 1JJs as mentioned above. Then, phase fluctuations due to the
0 1.0 20 3.0 uncertainty principle also occur for a single junction. As a result,
S (um?) the phase of other junctions without CLCP is not fluctuated,

and a suppression of the Josephson current due to the charging
effect is observed as a suppression of the 1st branch airthe
characteristics.

In general, the junction should be connected to a high
impedance circuit larger than the quantum resistaigce ob-

Fig. 5. Junction are& dependence of critical currenis estimated from 1st
(circle) and 2nd (squard). of I1JJs at 4.2 K. The inset showssdependence of
critical current density/. for same junctions.

104 T 108 serve the charging effect more clearly [6], [7]. Also, it is known
m ] that a series Josephson junction array in the superconducting
E ®E; 110° state can work as a high impedance circuit, and the total resis-
~1ml I Ejfkg=4.2K tance of several tens of junctions with submicron junction area
10 J J
E » {10! % is much larger tha?, [14]. Using this characteristic, Delsing
= . g et al.observed charging effects more clearly in a 1D array [15].
- . " 1100 7 Also, Watanabeet al. successfully observed charging effects
102 B e ————— . ........ v . ..... for a Single jUnCtion by the same approach [16] |n the case Of
1101 1JJs, it may be said that the junction with suppressed Josephson
- "m current due to charging effects is connected to a high impedance
101 102 circuit comprised of 1JJs without suppression because 1JJs
0.1 1 10 b ded as a 1D 12J itable structures f
1/S? (um) can be regarded as a array. 1JJs are suitable structures for

observation and applications of the charging effects.

Fig. 6. 1/52 ratio dependence of critical current density and Josephson
coupling energy® ;. J. and E; were estimated from 14t of 13Js at 4.2 K. IV. CONCLUSION
The dashed line indicatds; /ks = 4.2 K.

In summary, we have fabricated small 1JJs on high quality

A h ibil duction of S d c-axis oriented Bi-2212 LPE films using the 3D FIB etching
S banot elr .p033|b| lt};,] a rhe u_ctlon & c 8s %creases method and investigated its properties. Whenlecreased to

may be explained by t € charging € ect on a .OOper'p@éveralumz,Ic-T curves are changed drastically due to its low
tunnellng2 due to competition between the chargmg ener%yj comparable with thé:zT. Moreover, for 13Js withs <
E. = e’t/2e.e,S and E; [6], [7], wheree (= &) is the pm?, a suppressef]. of the 1st branch was observed system-

dielectric constant for Bi-2212;, is the vacuum dielectric atically. From estimates of ratifs, /E, and L., we think that

constant and(= 1.2 nm) is the interlayer spacing. From

it may be caused by charging effects on 1JJs as a 1D Josephson

the uncertainty relation between charge and phase diﬁerej%ﬁction array

on the Josephson junction, a suppression/obccurs when
the quantum fluctuations of phase increase and the charge
localization occurs as increase rafip/ E'; [13].

To investigate the influence of charging effect, in Fig. 6, the The authors would like to thank Y. Mizugaki and Y. Uematsu
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E./E; for our 13Js is plotted. We used tlig value of the 1st
branch from direct observation of tieV” characteristics of 13Js
at4.2 Kto estimatd,. andFE ;. One can see that a reductionfof [1]
was observed als/ S? increase. Fronk ; — 1/S? characteristic

the relationship betweeR; andkzT may not be observed be- [2]
cause there is no behavior to converge the ihgkg = 4.2 K 3
like a tail structure seen if.-T curve on Fig. 3, and evidently

its behavior depends on only S2. This means that observed [4]
reductions might be due to charging energy dependesl.on 5

The 13Js can be regarded as an effective 1D array. It is known

that a Cooper-pair in 1D arrays behaves as a charge solitoff!
with a characteristic length (soliton lengtit); = 2¢(C/C,)°5, [7
whereC, is the stray capacitanc€l, = 10~'° F [4]. In the
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