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Features of the energy gap abové . in Bi,Sr,CaCu,Og, 5 as seen by break-junction tunneling
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We report tunneling measurements of the energy gap abpuesing as-grown BBr,CaCuyOg., s Single
crystals withT.=86-89 K, which are in slightly overdoped regions. The measurements were done with break
junction for the temperatures mainly above 77 K at which the gap magnitudes-sfl80 meV are obtained.
We find clear evidence for the gap abovg. For the most significant data, the gap magnitude decreases with
increasing the temperature up 1@, but it turns to increase to reach130 meV at~120-130 K. The gap
feature begins to reduce above this temperature and eventually disappears at the well-defined temperature of
T*~170-190 K. The observation of the above characteristics is believed to be a consequence of the clean
interface of the break junction, which enables us to probe delicate electronic structures in bulk
Bi,Sr,CaCyOg. 5. [S0163-182€09)02230-4

Elucidation of the mechanism of highs superconductiv- Figure 1 shows the tunneling conductarteédV mea-
ity should reveal an essential physics of the strongly-sured at 77.3 K from several different junctions made of two
correlated conducting materials. Especially, the ind_igation Otiifferent crystal batches no. &, B, andD) and no. 2(C).
the energy gap above the bulk superconducting critical teMthe high-bias junction resistances are in the rangeRpf
peratureT. has become one of the central interests for its< 100 —3 k0. A Josephson supercurrent is still visible at
unusual precursor effetf:* A remarkable progress has been i temperature because of the SIS junction setup. The leak-
made recently, namely, the gaplike feature abdvewas 46 conductance which 4860—70% to the normal-state con-
directly detected in BB,CaCuyOg, s (Bi-2212) by both  qctance except fdb is fairly reproducible among the junc-
photoemission and tunneling spectroscofieghis has been o' Judging from the intensive gap-edge peaks for this
ﬁtt”bl"ted to ?ltner th_e_ spm—sggletéfglr_'matlon or thg_ phas emperature, the leakage conductance arises not only from
uctuations of the pairing condensateHowever, ambigu- - o .
L : L e e density-of-states broadening but also from the nontunnel-
ities still remain in determining the energy scales of the gaéng eﬁectyor the non-intrinsic tgunneling from the possible

and it's closing temperature among the different S ) o ; .
experiment€:® In this work we have done tunneling mea- off-stoichiometric region in the crystal. For the SIS junction

surements of as grown Bi-2212 single crystals to address this
issue. The electron tunneling technique provides a direct T AL T T
measurement of the quasiparticle density of states of a I 1
superconductdt. Using this technique we find direct evi-
dence for the gap creation at190 K with the detailed tem-
perature dependence of the gap. This feature would restrict
the possible origins of the gap creation abdvefound in X ]
this compound. L D (X 1/8) (- 35 mS)
Two kinds of the sample®o. 1 and no. Pwere grown by

a standard flux method in 1 atm. dithe T,'s were deter-
mined to be~86 K (no. )-89 K (no. 2 as the zero-
resistance temperature, which slightly depend on the crystal
growth conditions. Judging from the ambient pressure during
the crystal growth procedure and the measurgdalues, the
samples are identified to be in the slightly overdoped L A
regionst® We used the break junction technique, in which . ;
very thin single crystal mounted on the glass-fiber substrate - T
was cracked to form a junction at the low temperature by 5
applying bending force perpendicular to the Guplane. I
This technique, givingin situ superconductor-insulator- | |
superconducto(SIS) junction, has been quite effective to | BiySr,CaCuy0g, 5 T=773K |
obtain clean and fresh interface. Usually the SIS junction is _85(3 ----- 7 (I 11 I R TC VR T R
very sensitive to probe the gap-edge structure because of Voltage (mV)

. - . . ge (m
piling up of the densities of states of both sides of the junc-
tion barrier. Tunneling conductance|/dV, was measured FIG. 1. Tunneling conductance from  as-grown
using an ac modulation technique with four-probe methodpi,Sr,CaCy0;g, 5 break junctions at 77.3 K. The sample batch is
wherel andV are the current and the bias voltage across theéhe samgno. 1) except forC (no. 2. The conductances are multi-
junction, respectively. plied by the factors shown in the figure.
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of a conventional superconductor, theak-to-pealsepara- [T e P M Bkt prrrr e prrrrr
BipSr,CaCu, 04, o T(K)

tion of d1/dV corresponds to & (T),® whereA(T) is the

gap parameter measured from the Fermi energy at a giver
temperatureT. We adopt this definition here because no
practical theory exists to determine the gap magnitude of the
copper-oxide superconductors. The &7.3 K) in this figure

are 85—-100 meV, but we have also observed much larger
value of~130 meV using the samples from the same growth
with the similar bulkT,.'! Since the distribution range is
consistent with that of the other repotts:>!#it probably
arises from uncontrollable local inhomogeneity in the

T(K)
193.5
190.0

189.4
186.3

units)

: 185.5
sample. The valleys and subsequent broadened secondar-§
peaks are seen just outside of the superconducting-gap peak 183.2
except forD. These features have been discussed in terms of 2 1817

the strong-coupling effect of the superconductivitywhile ) 1781
they are not observed in the other cuprates. It should be
noted that the-p energy separationr200—250 meV of the
above secondary peaks has been observed as a single gap |
the break junctiort! Therefore the secondary peaks in Fig. 1
can be attributed to the gap structure itself. In our prelimi-
nary measurements, the single gap having the above magni
tude which corresponds to the secondary gap persists up tc
room temperatur&: The energy scale of this secondary gap -
) . : . . T 12
is close to the semiconducting gap associated witfOBi & |
layers®® The details of this room-temperature gap are re- ;1 §
ported separately because this issue is beyond the scope of = 8
this paper. Seooo oo
Figures 2 and 3 show the temperature variations of the -4 2200 0 200 400
tunneling conductance of Fig.(®) and(C), respectively. It Voltage (meV)
is obvious that the gap structure persists beyohd o )
~86-—89K. These features give the main results of the pa- FIG. 2. Temperature variations of the tunneling conductance of
per, and the overall temperature behavior is reproduced ifil9- 1 (A)- The conductance scale corresponds to the 77.3 K spec-
numbers of junction%? The values 0fR,(200 mV)~ 1300 trum, and the conductances are subsequently shifted up for the clar-
and 4200 at 77.3 K for Figs. 2 and 3, respectively, are much'Y"
lower (=10~ 7) than that observed by scanning tunneling
spectroscopy.indicating that the existence of the gap feature4A (77.3 K) of Fig. 3 as compared with that of Fig. 2 would
beyondT . essentially does not depend Bp. The gap mag- result in the~20 K reduction ofT*. Figure 4 displays the
nitude of A (77.3K)=98meV in Fig. 2 is slightly larger dl/dV data from a different junction to demonstrate further
than 90 meV of Fig. 3 as already shown in Fig(A) and the reproducibility ofT* using the sample batch no. 1. In
(C), but both are consistent with that of slightly overdopedthis figure, the measurements were successful only above
regionst?> With increasing the temperature, the zero-bias~170 K after several readjustments of the bending force ap-
conductancgZBC) (except the Josephson pegahkcreases plying to the junction. The conductance possesses quite large
smoothly across the bulk. at which the Josephson peak leakage, in which the depth of the gap is less than 5% of the
vanishes. The increase arises from the thermal filling up obackground. Nevertheless, we really see the gap structure
the density of states inside the gap. The Josephson peak olvhich disappears at* =180K remaining the broad zero-
served up tdl . is believed to be due to very clean interface bias maximum at least up t&290 K. ThisT* value is in
of the SIS break junction. No sign of the gap-closing featuregood agreement with that of Figs. 2 and 3. From the present
is seen even at.. Above T, the conductance inside the reproducible results, we believe that the gap creatioh*at
gap is still smoothly filling up on warming. The broadening ~170-190K is rather a common phenomenon in as-grown
feature of the gap in the superconducting state is smoothli-2212 crystal. This also suggests the existence of a particu-
connected with that abov&é;. Most significantly, the gap lar local phase in the Bi-2212 crystal with the present growth
structure of Fig. 2 eventually disappears at the characteristicondition® Note here that the extremely high sensitivity with
temperature ofT*~185-190K, remaining a broad zero- the cleanest interface of the SIS break junction is a key to
bias maximum in the background conductance. The thermauccess of probing a well-defined lo¢abnbulk gap struc-
behavior of the gap having the slightly low&t~170K is  ture up to~200 K.
presented in Fig. 3, demonstrating the reproducibility of the The existence of the broad zero-bias conductance maxi-
gap-closing temperature. In Fig. 3, the Josephson peak vamum in Figs. 2—4 at high temperatures after disappearing of
ishes atT,=84K, and the inverse&/-shaped background the gap structure seems to be common to the data which
conductance is observed even beldw. The temperature exhibit the gap feature abovie,. Since the width and mag-
evolutions of Figs. 2 and 3 are almost similar to each otherpitude of the broad background maximum are not so repro-
while one could also consider that tkel0 meV reduction in  ducible, their appearance is speculated to strongly depend on
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FIG. 3. Temperature variations of the tunneling conductance of |

Fig. 1 (C). The conductance scales of the left and right frames
correspond to the 77.3 and 152.1 K spectra, respectively. The con-
ductances are subsequently shifted up for the clarity. FIG. 4. Temperature variations of the tunneling conductance

the junction characteristics. Such a broad zero-bias maxif—rom as-grown BjSi,CaCy0s 5 (no. 3 break junction at high

. . . .. temperatures above170 K. The conductance scale corresponds to
mum can be primarily due to the heating effect associate
. i . . e 169.8 K spectrum, and the conductances are subsequently
with the resistive state in the sample after the dlsappearan%%iﬂed up for the clarity
of the bulk superconductivity. This feature has been com- '
monly observed in the nonsuperconducting tunnel junction.
We should note that in Figs. Fig. 1 (C)] and 1(B) it is Figure 5 shows the temperature dependencH fafV pre-
observed even at 77.3 K. In this case inhomogeneous weagented in Fig. 1(B). The gap magnitude of &4 (77.3K)
link characteristics in the superconducting states may be re= 100 meV is the same as that of Fig.[@nd Fig. 1(A)],
sponsible to the feature. We also suggest that the zero-bia#hile the magnitude of the background conductance 14
maximum can be due to the Kondo or spin-flip scatterings off that of Fig. 2. The background conductance at 77.3 K
the conduction electrons with the bare magnetic moment o$howing an invers& shape is similar to that of Fig. [Fig.
copper at the junction interfacélt can be also explained in 1 (C)]. With increasing the temperature, the gap feature and
terms of the band structure effect such as van Hove singulosephson peak gradually diminish. The latter disappears at
larity assuming the Fermi energy lying close to the singularthe bulkT.=85K, demonstrating the reproducible feature of
ity in the density of state¥ In any case we believe that the its vanishment. Beyoni, the gap still exists like in Figs. 2
gap feature abov&, and the zero-bias maximum observed and 3, but it disappears quickly at a much lower temperature
here does not correlate to each other. of T*~107 K, in spite of having the same gap magnitude as
The T* values of~170-190 K of Figs. 2—4 in as-grown that of Fig. 2 at 77.3 K. Thi§™* value is very close to th&,
(slightly overdopeticrystals are almost consistent with those of the homologous superconductonB8iL,CaCu;050. 5.2° It
from PE$ and Josephson junctibh measurements, in is noted that the background conductance abibds very
which, however, the samples are believed to be in the undeflat in contrast to that at 77.3 K and also that in Figs. 2—4,
doped region. The existence of such a high characteristithereby showing the ideal metallic tunneling process.
temperature has been also suggested by the bulk transport In addition to very high-temperature gap structures which
measurements.The temperature dependence of the resissurvive aboveT., we have also observed the conventional
tance of our Bi-2212 measured by the break junction setughermal behavior of the gap as shown in FigFég. 1 (D)].
before the cracking process has sometimes shown eitherla this figure, the measurement starts at 10 K, and the gap
weak irregularity or the onset of upturn at160—180 K, but  structure and Josephson peak disappear simultaneously at
we cannot connect these structures with the present observi:~90 K. This feature is consistent with that of the nearly
tions, because the resistance is not straightforward to obtaiptimal doping regiod® The value of 4 (77.9K)
information about microscopic properties. ~86 meV in Fig. 6 is slightly smaller than that of Figs. 2—4
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. FIG. 5. Temperature variations of the tunneling conductance of ¢ g Temperature variations of the tunneling conductance of
Fig. 1(B). The conductance scale corresponds to the 77.3 K speGsjy 1 ) The conductance scale corresponds to the 10.4 K spec-
Ttr;m and the conductances are subsequently shifted up for the Clat'}hm, and the conductances are subsequently shifted up for the clar-

: ity.
(see Fig. 1 but it is in fact a small difference for the large ymerically examined how the normal-state zero-bias maxi-
difference in the gap-closing temperature between Fig. §hum affects thep-p gap magnitude. The calculations using
(=90 K) and Figs. 2-4~170-190 K. SinceR; of Fig. 6 is  the thermal and lifetime broadened BCS density of states
much lower than that of Figs. 2—4, what we see in Fig. 6multiplied by a biquadratic function as the zero-bias maxi-
might capture the different electronic states in the crystamum in the background showed that the narrowing of the
from those of Figs. 2—4. p-p gap magnitude occurs when the actual gap decreases

The temperature dependence of the gap magnitud@ith increasing the temperature. In other words, the constant
4A (T) is plotted in Fig. 7 together with that of the zero- p-p gap magnitude against the temperature increase means
bias conductancéwhich is proportional to the thermally the decrease of the actual gap magnitude because of the ther-
smeared density of states at the Fermi enengymalized to  mal broadening which usually enhances h@ gap magni-
the conductance at150 mV. The framega) and (b) are  tude for the temperature-independent actual gap magnitude.
taken from Figs. 2 and 3, respectively. The magnitude ofTherefore we believe that the reduction®f (T) in Fig. 7
4A (T) decreases with increasing the temperature up.to  upon warming above=-120-130 K is due to the decrease of
then it turns to rapidly increase after taking a nonzero minithe actual gap magnitude. We also note that the increase of
mum atT.. The 4A (T) takes a maximum o130 meV at A (T) with increasing the temperature betwee85-120 K
~120 K, and smoothly decreases to disappearTat is never reproduced by considering such a zero-bias back-
~170K (b)—190K (a). The increase of &4 (T) with in-  ground maximum with a thermally constant gap.
creasing the temperature from, up to ~120 K in Fig. 7 The temperature dependence of the normalized zero-bias
cannot be explained sorely by the thermal broadening of theonductance NZBCY) exhibits structures correlating with

BCS gap. This is because the ratib(120K)/A(90K)  those of A (T). The overall magnitudes of NZBQJ in
~1.4-1.5 in this temperature interval is too large for the SISFigs. 1@ and 1b) are very similar to each other. In Fig.
junction, in which the change in the p separation is mostly 7(a), NZBC(T) increases steeply upon warming, displaying
due to the change in the gap edge which arises from ththe changes in the slope at120 K corresponding to the
piling up of both the state-density singulariteSherefore, maximum temperature ok (T). It increases steeply again
this must be due to the enhancement of the actual gap magbove 170 K, then it takes a peak around 190 K at which the
nitude. gap structure disappears. This peak is probably due to a

It might be considered that the broad zero-bias maximunsubtle change in the relative positions of both crystals on the
in the background shown in Figs. 2—4 affects the thermabreak-junction substrate upon warming. The more convinc-
behavior of the gap feature. To clarify this point, we haveing data are given in Fig.(B), where NZBC{) rapidly in-
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e 0.8 7(2) more quantitatively. Here tha (T) is fitted by the
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BCS predictior?® Clearly in the figure, the behavior of
4A (T) cannot be fitted by a single BCS curve. We need
two BCS curves to fit in the whole temperature range except
for temperatures 0#85-130 K where the unusual behavior
is observed. For the data beldWy, the temperature depen-
dence of the gap magnitude can be fitted with(0)
creases up to 110 K with increasing the temperature, then the 28.3meV and the gap-closing temperature of’
increase becomes weak showing a kink at this temperatures 116 K, while above 115 KA,(0)=36.3meV andT*

At ~130 K, there is another steplike structure which is close=195K gives the best fitting. The extrapolatad(0) and

to the maximum temperature @ (T). This is similar to  A,(0) are found to correspond to the gaps of slightly over
that of Fig. 7a) occurring at~120 K. These structures indi- and optimally doped regiorl, respectively. The ratios
cate the successive filling up the states at the Fermi leveRA(0)/kgT*’'=5.7 and 21,(0)/kgT* =4.3 from the above
With further increasing the temperature, NZBGQ( still BCS extrapolated values are considerably reduced as com-
weakly increases, and then it shows a distinct kinks-aZ0  pared with the ratios 2,(0)/kgT,=10.5 or 2A(0)/kgT,

K where the gap structure disappears. The NZBC¢ven- =7.6 [Fig. 1 (D)] using the actuall, values, which agree
tually levels off above this temperature. The feature ofwith the commonly accepted ratio in the optimal or slightly
NZBC(T) near 170 K in Fig. T) looks like the onset of the overdoped crystal¥ Interestingly, the extrapolated values of
superconductivity in a conventional superconductor. In conT*’=116 K corresponds to the temperature at which
trast to the behavior near 170-180 K, bath (T) and 4A (T) takes a maximum as shown in Fig. 8. This suggests
NZBC(T) between 85-120 K increase rather strongly withthat the unusual behavior in the vicinity ®f is a result of
increasing the temperature, which qualitatively differs fromthe competition between two kinds of gaps from different
the conventional behavior. The above characteristic temperarigins, where the superconducting gap persisting even at
tures of~120-130 K and=170-180 K have been also ob- T.=86 K would completely disappear at116 K if it were
served in the temperature dependence of the Knight-shift afio gapping interaction which begins to develop abdye

the copper NMR measuremenfsWe can roughly estimate We can assum&*’'=116K as the local onset of the super-
the volume fractions of the gapped phase in Fih) 7as  conductivity from the fact that such a characteristic tempera-
~2% at~110 K and~13% at 86 K T,) from the decrease ture really exists a3 of Bi,SL,CaCu;Og., 5.2° On the basis

in NZBC(T) assuming a convolution of the densities of of this assumption, the observed thermal behavior can be
states in the SIS junction. The nonmonotondus(T) be-  explained as follows. With increasing the temperature the
tween 85-120 K as shown in Fig. 7, in which the gap isbulk superconducting order parameter of the Bi-2212 phase
strongly influenced by the disappearance of the bulk superdecreases, but above at which the bulk superconductivity
conductivity, is qualitatively different from the PES data, almost disappears, the gap magnitude from the higher tem-
where the superconducting gap seems to smoothly mergeerature phase begins to recover against the residual local
into the normal-state gdblt is also in contrast to the simple superconductivity. This recovery continuesTtt’ =116 K at

T (K)

FIG. 7. Temperature dependence of the gap magnitudg %)
and normalized zero-bias conductance. The dat@)odind (b) are
taken from Figs. 2 and 3, respectively.
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150 : : : : : most constant against the changeTih about a factor of 2.
Bi;S1,CaCu,04.5 This means that the gap feature abd'\égdoes not correlate
with the superconducting gap magnitude. Therefore, the

1251 ] change inT* is not due to the change in the doping level as
- ] a bulk property, at least in our present observations. This is
% 100[ A ® ] also consistent with the competing behavior of (T) as
E | + " shown in Figs. 7 and 8.
750 ] The origins of very high-temperature gap have been
o [ ] discussed in terms of either the precursor effect of
E [ ] the superconductivif/ or the non-superconducting
g 50:' ] effects?*?>26 On the other hand, it seems to be not well

: ] understood experimentally whether it is an universal effect
251 . among the cuprates or a specific feature of Bi-2¥1Rrom
r the viewpoint of the precursor effect, the gap feature beyond
o) AP . s s T. can be associated with either the incoherent cooper-
0 50 100 150 200 250 300 pairing due to superconducting phase fluctuation or the spin-
Gap-Closing Temperature (K) singlet creatiorf:” Both predict no phase transition down to
T., thus the gap feature aboVg is not considered to be an
FIG. 9. The A (77.3 K) vs the Gap-closing temperaturé*( or prder pgrameter. Nevertheles.s,.as §hown in F.ig. aAthe)
T.) using the data presented in this paper. Circle: Fig. 2: squardS Well fitted by the BCS prediction in the restricted tempera-
Fig. 3; triangle: Fig. 5; cross: Fig. 6. ture range with a competing feature between the different
kinds of gaps. Further, the characteristic temperatures in

which the local superconductivity is assumed to disappea® (T) and NZBC(T) correlate well each other as shown in
Above this temperature, only the gap from the much highefig- 7, indicating that the gapping condensation and the
temperature phase is persisting up~ta95 K. The compli- pha_lse coherence set in smyl?aneousl?’&t We briefly de-
cated thermal behavior of the gap like this could be ex-Scribe the other possible origins of the observed anomalous
plained by considering the intergrowth structures consistin%‘gh'temp?rature gap. They are given in terms of the inco-
of the homologous BBL,Ca,_;Cu,0s,+ 4+ s phases formed herent antlferromag_nenc correlatiofisthe CDW arising
near the junctioff” We note that in such structures a prox- ffom the modulated incommensurate structtiré the short
imity effect between layers with differefii,’s near the junc-  ange interactiod? or the charge stripes in the Cu@yer?”®
tion might be responsible for producing an unusual temperall which the resultant superperiodicities in the electronic
ture dependence of the gap. structure would create the_energy gap at high temperatures.
There are other possible origins of the unusual behaviol "€sé condensations, which might be competing with the
of A (T) as follows. The coexistence of charge-density waveSUPerconductivity as a consequence of sharing the Fermi sur-
(CDW) and superconductivity is predicted to yield unusualface betwee_\n the different gapping condensations, also could
temperature dependence of the gap just like in the presert?le responsible for the nonmonotqnous temperature depen-
observations, which strongly depends on the strength of théence of the gap, as already mentioAtd.
superexchange and Coulomb interacti#ha. change in the To summarize, we have observed the gap structures above
gap symmetry at a characteristic temperature might modify ¢ In @s grown Bi-2212 crystals by the break junction. The
the strength of the gapping interaction. More practically, ad@p-closing temperaturg* aboveT, is found to be distrib-
voltage drop across the bulk crystals with nonzero resistancél€d as 110-190 K even in the same crystal batch With
state abovd; also could explain the upturn in(T) atT,. ~ =86—89K having the same superconducting gap magni-
The value of T* apparently exceeds the range Tf at- tudes. This d_|str|but|o_n v_wth the similar magnitudes of the
tained by the carrier doping in Bi-2212. It has been believedUPerconducting gap indicates that the gap features of below
that the difference in the carrier doping level on the Bi-2212and aboveT, do not correlate with each other. The highest
phase diagrafY is responsible for the difference in the gap- value of T*~170—190K is reproduced in numbers of junc-
closing temperature. In this view poirf* ~180K of the tions. Th|s reproduublllty among the scatter€tl suggests
as-grown (slightly overdopedl crystal in Fig. 2 with the existence of a particular local gapped phase near the
4A (77.3K)~100meV is naturally expected to be lower junction. The observed thermal behavior of the gap with this
than that of the underdoped sample withA 44.2K) highest T* value cannot be described by a conventional
~180 meV? However, as shown in Fig. 5, we have observedmanner, instead it is probably involved with the coexistence/

the similar gap feature of 8 (77.3K)=98 meV to that of Competition of the different kinds of gaps. We believe on the
Fig. 2 in as grown crystal witf.= 86 K, which disappears basis of the present measurements that these features arise

at much lower temperatufE* ~ 107 K. This seems to be not from the delicate local electronic structures which are able to
consistent with the above argument of the doping difference?© Probed byn situ break junction with unaffected interface.

In Fig. 9, we plot A (77.3K) versusT* obtained from the The authors acknowledge Professor K. Nagai for useful
present work. It is obvious that the gap at 77.3 K stays aldiscussions.
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