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We utilize the short pulse interlayer tunneling spectroscopy on a 60 ns time scale for the
Bi,Sr,CaCyOg, s system. The results indicate that the influence of self-heating is negligible up to

an injection current density of 60 kA/cn? and an injection power areal density €00 kW/cnt.

By means of this technique, we are able to observe the superconducting gap, the pseudogap, and the
dip-and-hump structure precisely with little influence from the self-heating20®3 American

Institute of Physics.[DOI: 10.1063/1.1612891

Tunneling spectroscopy is a technique that directlyimprove its accuracy by reducing the self-heating, it is im-
probes the electronic states of a metal or a superconductoperative for the short pulse ITS technique to operate on one
Recently, this is expected to shed light on the nature of higherder of magnitude shorter time scale than previously.

T, superconductoréHTSC). Among various tunneling spec- In this letter, we report a short pulse ITS technique on a
troscopy techniques for HTSC, short pulse interlayer tunneltime scale as short as 60 ns using an impedance-matched
ing spectroscopyITS)*2 is unique in that it uses intrinsic Measurement system. By this technique, it is found that the
Josephson junctior($JJ9 as a tunnel junction. Here, 1JJs are self-heating becomes much less significant than previously.
built-in tunnel junctions in a layered crystal structure in someT his provides a sufficient accuracy for the observation of the
HTSC? such as BiSr,CaCyOg. 5 (Bi2212). ITS is a spec- €nergy gap structure in the Bi2212 system.

troscopy technique based on superconductor/insulator/ A Sample we used is a mesa on a Bi2212 single crystal
superconductofSIS) tunneling and has two advantages: ahaving a lateral size of 2010 pm? and a thickness of 15
high energy resolution owing to SIS tunneling and the ab"M. which corresponds t4=10, whereN is the number of
sence of problems arising from surface chemical instabilityJJS in the mesa. The sample has a three-terminal configura-

in samples. Owing to these advantages, ITS has revealed, f§Pn: @s shown in the inset to Fig. 1. The top of the mesa is
instance, the coexistence of the superconducting (G covered with a 425-nm-thick Au upper electrode, which is

and the pseudoga|®G) in underdoped Bi221%° This tech- effective to remove the heat generated in the mesa by current

nique is expected to play an important role in eIucidating'ISJeCt'?hn' tThe sartnplc_ar f?jbncat:jon Wan tdhetaned elselwiﬁere.
further details of the HTSC energy gap structure. rom the temperatureT) dependence of the mesa resistance

A problem associated with ITS is the self-heating, which,:?]C in the cl—ax_ls dll_rekc‘:;[llon, Wedfoungéth?;[; 83?9Khanq that
manifests itself in thé —V curve as its deformation when a e sample is slightly overdopeds€0.27), aving a

high current is injected. In order to suppress the self-heating(sjmaller normal tunn_e!mg_resstanaa, and a tendency to be
. . . verheated by self-injection.
ITS employs samples with a small and, in particular, very In the three-terminal ITS, the contact resistaRzg, in

thin mesa, tchontalnlrrlg appr(]?xmately .10 IJth cf>fr I_esst.fHo;/;]/;[he upper electrode should be much smaller tRan In the
cever, even the smaliness of a mesa Is not suthicient tor Bresent casdR.on;Was estimated to be @ from the residual
suppression of the self-heating when the current derity resistance of the mesa belol,. This value is no greater

and the area-normalized pow@r=JV exceed 5 kAfcthand - o0 ofR.(300 K) so thatR., is neglected in the data
2.5 kW/cnt, respectively. In this situation, the short pulse

method is useful for the further suppression of the self-
heating. Using this method on a submicrosecond time scale 60 |-/ D (b)' !
I

it was demonstrated that the influence of self-heating is al-__ ) g =
most negligible near and below the superconducting peaké 40 - C Jd10S
voltage in tunneling spectraHowever, at greater than 100 = || I ' ;
mV voltages per single junction and higher than 20 N B : 05
~20 kA/cn? current densities, i.e., well above the SG volt- N A l A %‘

1 1 1 1 1 1 0.0

age, the appreciable self-heating starts to show up again eve 0
i . . 0O 200 400 600 0O 200 400 600
on a submicrosecond time scale and affects the tunneling t (ns) t (ns)

characteristics. In order to extend the ITS energy range and

FIG. 1. (a) Current andb) voltage pulse responses measured at 10 K for a
mesa of 1x 10 um? andN = 10. The broken line indicates the data acquire-
¥Electronic mail: anagawa@suzuki.kuee.kyoto-u.ac.jp ment time of 60 ns. The inset shows a schematic of the sample.
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analysis. In the case of four-terminal configuration for ITS as 60 T T |
in Ref. 10, the magnitude &?.,;does not directly affect the 50 S0 : D
tunneling characteristics. In that case, however, the current- O Lot
. 40 N
terminal contact on top of the mesa becomes another source 20 %Re
. . . L] N
of heating, disabling the heat flow channel to the upper elec- <

| 0 L L L L
trode, and finally leads to a significant self-heating. There- é 30 0 10-? (i())o 300

fore, we employed the three-terminal ITS at the expense of — og} — 60ns

the contact resistance. B 100 ns
We constructed an impedance-matched measurement 10 —- 300 ns -

system to reduce voltage ripples superposed on pulses, which . - 609 ns

prevent precise measurements on a shorter than submicrosec- 8_0 05 10 15

ond time scale. In the measurement system, the sample was V (V)

connected to an arbitrary wave form generator with an output
impedance of 50) and to a four-channel digital oscilloscope FIG. 2. 1-V curves at 10 K measured at varioufrom 60 to 600 ns. The
with an input impedance of 50 via 50} cryogenic coaxial ~Points indicated by A-D correspond toihe current levels in Fig. 1. The inset
cables. We used the composite current pulses of jis2 shows theT dependence oR: andRy(T=60 nsV=1.4 V).
width, which consist of three parts: a sharp rise part of 30 ns
width, a flat part of 700 ns width, and a smooth fall part oftial again even in the short pulse method on a 3@0time
500 ns width like a quarter-period sinusoidal curve. scale!!

Figure 1 shows the current and voltage pulse responses Above T., the temperature risAT due to self-heating
at four input levels from the sample at 10 K. In the re-can be roughly estimated froRy, an increase iRy when
sponses, no significant ripple is seen after 60 ns from the risg s increased, by assuming thadRy/dT=dR./dT
of a pulse, enabling the short pulse ITS on the 60 ns time=32.50/K. At 200 K, Ry remains almost unchanged from
scale. We define, respectivelyt) and V(t) for a pulse as v=1.2 up to 1.7 V, indicating thasRy<0.1 Q and, hence,
the magnitude of the current and voltage as a function of\T<3.3 K. In the case in whicR.= Ry, is further assumed,
timet after the rise of a pulse. The curves A andiA Figs. ARy=Ry—R.=0.3Q(atV=1.4V), AT could be esti-
1(@ and Ib) show I(t) and V(t) at a level of V(60 NS)  mated to be no higher than 10 K. However, the estimate for
=0.50V, which is smaller than the SG voltage ¥y R includes an uncertainty of 0.8, which implies aAT
=0.65V. Both responses show a ftatlependence, indicat- ncertainty of 13 K. Belowl ., it is difficult to estimateAT
ing clearly the absence of the self-heating. At this curreng.q, ARy, because of strong nonlinearity irV curves. The
level, I -V curves scarcely suffer from the influence of self- fiite_difference-time-domain numerical analyRigesults in
heating even on a 0.as time scale. The curves B gnd .B AT=3K at 10 K andQ=88 kWi/cnt.
show the pulse responses n&fgy. Thet dependence is stil The present result is at variance with a previous report
flat and there is little d'lffer_ence. betweevi(60 ns) and by Fentonet al,° who employed the four-terminal ITS and
V(BO.O ns), ghowmg again little influence from the self- observed the severe self-heating on a nanosecond time scale.
heating at this current level. We presume that their significant self-heating is closely re-

Al Iarger V(l)ltages, howevel(t) andV(t) start to sfhow lated to their four-terminal configuration, as mentioned be-
in@a:(rr/rer::]zlab ? Ndffekw/e?ée'l 6'?% curve C” (t)f? fore. This is confirmed by the numerical analy$e5}which

e andQ ent, I( ns) is smaller than show that more than half of the heat generated in the mesa

(60 ns) by 2%. For curve C V(600 ns) is larger than . :
V(60ns) by 5% The conductance, o(600 ns) flows out via the upper electrode channel in the present
three-terminal configuration.

=1(600 ns)V(600 ns), is smaller tham (60 n9 by 7%. . -
Singilarly trze (curves )D and Dat a level ofJ~55 k);/cm2 Figures %) and 3b) show thed I/dV-V characteristics

and Q~88 KW/cn? show thato(600 n$ is smaller than measured at variousfrom 60 to 600 ns below and above
(60 n9 by 13%. The variation irr(600 ng from (60 ng T., respectively. In these figures, the abscissa indicates the

reflects the influence of self-heating. Thus, it is seen that th¥°ltége normalized byN. From the aforementioned time-
self-heating becomes significant\sncreases, that is, as the esolved analysis, thedl/dV-V curve measured at
current injection increases &t 600 ns. =60 ns most likely represents the genuine quasiparticle tun-
Figure 2 shows thé—V curves measured at varios neling characteristics for a single 1JJ. The sharp peak at
from 60 to 600 ns. Josephson current in the low voltage=60 MV in Fig. 3a) corresponds to the superconducting
region was suppressed by the magnetic fi¢i§ T) in the ~ conductance peak. When we define the SG magnitutig;2
c-axis direction. Belowv, all the |-V curves fall onto a as half the peak separationAgz=62meV att=60ns,
single curve. This means that the self-heating exerts almogthile 2Asc=60 meV att=300 ns. The difference is ap-
no influence on thd -V curves belowV, on these time Pproximately 3% and nearly negligible.
scales. FoV>V,, on the other hand, the-V curve sys- In a greater than 120 mV normalized voltage range, the
tematically deviates toward the positivedirection. Clearly, value fordl/dV at a longer than 60 risdecreases monotoni-
the larger the value fot, the greater the shift in the-V  cally asV increases due to the influence of self-heating. On
curve. This shift is caused by the self-heating sifRggin-  the other hand, the value fdi/dV att=60 ns is constant up
creases with increasing (Ref. 3, as shown in the inset to to 150 mV. This indicates that the short pulse ITS measure-

Fig. 2. This implies that the self-heating starts to be influeniments on the 60 ns time scale providé/dV-V curves
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1 I 2Apg decreases from 95 meV &&=60 ns to 80 meV at
a0 - =300 ns. The systematic decrease in the observed value for
80 | ° - 2Apgis caused by a decreasedivdV brought about by the
70 Lol ] self-heating via an increase Ry . Therefore, it turns out
that the previous short pulse ITS restfliyvhich roughly cor-
responds to the present resulttat300 ns, underestimated
Apg by approximately 16%.

In conclusion, we have developed the short pulse ITS on
the 60 ns time scale with an impedance-matched measure-
ment system. The results show that the self-heating due to
current injection is negligible even in a higher than
~ 20 kA/cn? current densities an@~ 20 kW/cnt. This en-
ables us to observe the genuine energy gap structure for the
Bi2212 system including the pseudogap and the dip-and-
hump structure with little influence from the self-heating.
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