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Temperature and doping dependence of the Bi;Sr; CaCu,Og, s pseudogap
and superconducting gap
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The temperature and doping dependence ¢f®i CaCyOg, s vacuum tunneling spectra was measured.
The tunneling spectra show a clear gaplike feature for almost all the measured tempglft«&3) K and
doping levels[overdoped T.~80 K) to underdoped T.~80 K), via optimum-doped T.~90 K)]. The
superconducting gap structure bel@wdevelops into a pseudogap abdve The model analysis based on the
BCS-type density of states showed a sudden increase in the gap value and inelastic scatterin@rate at
[S0163-182609)14825-2

I. INTRODUCTION Il. EXPERIMENT

We developed a STM unit that can operate at low tem-

It is well established that the electronic properties of high- : hiah h | d
T, cuprates are very different from those of conventionalP€'atures in a high vacuum. To approach a sample, we de-

metals. In this respect, the pseudogap phenomenon is one ggn_ed an in.ertial piezoelectric slide with shear piezoelectric
the most striking features ever obserde8iRecently angle- devices, which works at low temperatufgown to 10 K.
resolved photoemission spectroscdRPES experiments ~ Since the sample approach must be repeated almost every
have provided direct evidence of the pseudogap opening iime the sample temperature is changed, preciseness is essen-
the normal state. However, knowledge of the detailed behawial for obtaining reproducible data. The STM unit is placed
ior of the pseudogap over the complete temperature-dopinigt a vacuum chamber, which is set in a vessel of liquid He.
level phase diagram is required in order to characterize th&he sample temperature can be changed from room tempera-
pseudogap itself. In the ARPES experiments, unoccupieture to about 10 K by controlling a heater attached to the
states cannot be accessed, and hence some characteristic $@mple block, which is loosely heat contacted to a coolant in
havior may have been overlooked. Electron tunneling, on thehe vessel.

other hand, can provide a single-electron density of state, The sample was cleaved in a flowing Nas atmosphere
similar to ARPES, and can also easily probe unoccupiegnot a completely closed conditipand immediatelywithin
states. Recently, Rennet al.” reported scanning tunnel mi- several minutgstransferred to the vacuum chamber. The
croscope(STM) observation of pseudogap formation. sample was mounted so that the STM tip faced the BSCCO

This paper examines the characteristics of the pseudogag, plane. The pressure of the vacuum chamber was in the
by looking at the temperature and doping dependence of thgij.10-7-torr range at room temperature and reached 1

electronic density of statetDOS) in the BLSCaCyOs %1078 torr when the chamber was cooled. We used me-
(BSCCQ system. BSCCO is a suitable material for tunnel-cnanically cut Pt-Ir tips and electrochemically etched W tips.

ing, particularly for a STM study, for the technical reason gy provide an essentially identical tunneling spectrum. Al-
that a clean surface can be easily obtained. However, it is

somewhat difficult to control the doping level without de-

grading the sample transport properties. We recently suc- 130 — 71— 70
ceeded in controlling the oxygen content of BSCCO crystals P ]

- . . 120¢ 160
and hence the doping level without degrading the sample : - ]
quality® We used an improved annealing process in which 110} 350
an equilibrium oxygen pressure is maintained over almost ) : 1 B
the whole temperature range during annealing. BSCCO = 100 140 5
single crystals were grown using a traveling solvent floating &= 00 L - I30 ~
zone  method.  Their actual  composition s . M ]

Bi, 1Sr, CaCyO,. In the present study, we prepared 80 [ 120
samples with five different doping levels. All samples were : ]
taken from a single boule, which was also used in the trans- 0t 10
- 8.21 8.23 825 827 8.29
port measuremenfsThe lower curve in Fig. 1 represenis
Oxygen Content

as a function of the oxygen contefit, was determined by
resistive and magnetic measurements. In our definitior}, an F|G. 1. Oxygen content dependenceTofand the superconduct-
oxygen contentx) of 8.25 (T;~90 K) corresponds to opti- ing gap value & =V,,y). The open circles represents the super-
mum doping.T. varied by at most 10 K for both over- and conducting gap value measured by the tunnel experiment at the
underdoped sides. Although tfie variation was relatively |owest temperature. The open squareat8.22 indicates the gap
small, the corresponding change in the tunneling DOS wasalue at 50 K. The lower curve shows the resistively and magneti-
significant. cally determinedT .
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FIG. 2. Temperature dependence of tunneling DOS for the op- 0 _0‘.2 _0“1 6 0“1 0“2
timum doped samplex= 8.25). The tendency of gap formation can b
be seen even at 300 K. Data are normalized to 2:5280 mV. At ® Sample V (V)
the T, of the sample, some characteristic changes take place. FIG. 3. Temperature dependence of tunneling DOS(@tthe

o ) ] ] overdoped X=8.28, 14 K<T<240 K) and(b) the underdoped
though our STM has sufficient atomic resolution, which cansample g=8.22, 12 k<T<300 K). All the data were plotted on

easily be checked by taking a graphite atomic image, Wehe same axes.
could not obtain a stable atomic image of the BSCCO sur-
face in the normal tip condition. By using a different UHV However, the sharpness of the gap structure depends in a
STM, in whichin situ cleaving is possible, we confirmed that somewhat uncontrollable way for the underdoped sample on
cleaving in a flowing N gas causes a problem. However, asthe position of a tip and the measurement conditions. Al-
far as the tunneling spectrum is concerned, we confirmethough we cannot rule out spatial inhomogeneity, we con-
that cleaving in a flowing plgas does not cause any essentialsider that the main cause of such a broadening comes from
difference at room temperature. We have also checked than additional inelastic tunneling process due to the contami-
our spectra do not depend on the sample-tip distance nation of the tip. We selected the condition in which the
[-V characteristics were acquired by ramping the biadDOS peaks are as sharp as those for optimum and overdoped
voltage while the feedback loop was cut. To obtkiN for ~ samples. During the temperature change, we could not trace
one place, eight to teh-V measurements were averaged.the same position because of the coarse approach required
The data from five to eight places were averaged again anand because of a large image shift due to thermal expansion.
were numerically differentiated with a finite window. We
confirmed that numerical processing does not affect the es- . DATA ANALYSIS
sential shape of thel/dV curves, if the sweep voltage is
less than+250 mV. Thel-V were typically taken at
=0.3 nA andV=0.5 V hence the actual conductance was One of the characteristic features observed in our tunnel-
around several Q) 1. The obtained temperature depen-ing spectrum is the apparent asymmetry in the background
dence of thedl/dV curves is plotted as a function of the conductance. In our setup, negatiy@ositive) bias reflects
sample voltage for the optimum-doped sample in Fig. 2 andhe DOS below(above the Fermi energyEg). This will be
for the overdoped X=8.28) and underdopedx&8.22)  discussed in detail elsewhere. Here, we only point out that,
samples in Figs. (@) and 3b). In Fig. 3, all data were plotted according to our doping dependence results, this asymmetry
without shifting thedl/dV axis. Hered1/dV is proportional may come from a band structure effect. In the lowest-
to the single-electron DOS. The series of data was normakemperature rangél1-14 K) in our STM, the gap structure
ized so that the positive sides of background DOS coincid@lso depends on the doping. Here, we only present the dop-
with each other. As can be seen, the negative-side backng dependence of the gap valde which is half of the
ground DOS has a rather large temperature dependence. Alistance of the two peaks in energy. This is shown by the
most all samples showed an asymmetric backgrdqiigl 2).  upper curve in Fig. 1. The error bars represent the uncer-

A. General characteristics
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tainty possibly due to the spatial inhomogeneity. The gap 4 —_————— . —
values are fairly large compared to the BCS valua (2T, e U M’”ﬁ"‘ﬁ(‘
=12).” The gap value follows itsT, in the lowest- - /‘”"‘*”ﬁmg .
temperature range. However, the unexpected temperature de-

pendence of the gap in the underdoped sarfg®e Fig. 5a)] 3L 110K
and possible spatial dependence may invalidate a simple 00K
comparison at lowest temperatures. If we take the averaged i

gap value belowl . or the gap value at higher temperatures

(open squares in Fig.)lit monotonically increases with the 2 b \m ]

decreasing doping level, as reported in other
experiments:810

Figures 2 and 3 show that the gap like feature remains
aboveT, for all doping levels. We identify it as a pseudogap.
We define the pseudogap opening temperalifreat which
the normalized DOSsee the following discussion for the
definition), at V=0, becomes 0.9 times its full value. For -
samples withx=8.28, 8.27(not shown, and 8.25,T* is
around 220, 270, and 300 K, respectively. In the case of
BSCCO, the pseudogap always opens abbyvérespective
of the doping level. This observation is consistent with the Sample V (mV)
STM result of Renneet al® but conflicts with several other
experiment$:>1°Here we point out two facts which support
our observation. We have shown that the BSC&E&Xis con-
duction is governed by a simple tunneling procEsshen
the c-axis resistivityp. should reflect the in-plane DOS. If
we defineT,, at which p. starts to increase, then they be-
come 200, 240, and over 300%The static spin susceptibil-
ity xs has a similar tendency. In the case of BSCCO, it start
to reduce afl,, even in the overdoped sample as if the spin
excitation acquires a gdpThe y measurement of our single
crystals shows &, of 210, 240, and, 300 K fok=28.28,
8.27 and 8.25. The coincidence ©f, T, andT,, is easily
understood if one considers that the DOS starts to reduce at The systematic temperature evolution of the DOS enables
T* as observed in our tunneling measurement. Howevens to analyze the data in a more quantitative way. To do so,
break-junction-type tunneling measureménfshow a dif- we need to subtract the background DOS. Since there is a
ferent behavior, exhibiting no strong evidence of apseudogap abové. and there may also be a gradual redis-
pseudogap abov&.. The origin of this discrepancy is un- tribution of the DOS over a wide energy range, i#.,500
known at the present time and requires further study. ThenV or so, we cannot find an unambiguous way of subtract-
ARPES observatiofishowed that the pseudogap opens onlying the background, which would be available if the gap
below optimum doping. One of the factors that might pre-were absent. Here, we simply construct the background as
vent ARPES measurements from detecting the pseudogap iwo linear lines whose slopes are matched to the experimen-
overdoped crystals may be the significant asymmetry of théal DOS at around- 250 mV. Then we compare the nor-
pseudogap structure in energy as seen in K@). The figure  malized data, which are calculated by dividing the original
shows that only the positive-side DOS, which ARPES cannotlata by the background, with the smeared BCS-type DOS
probe, retains a detectable BCS-like feature abbveThis  (Dynes formula. We assume the BCS-type DOS with a
asymmetry develops significantly aboVe. d-wave symmetry gap for both the superconducting and

Besides the above-mentioned asymmetry, two other chapseudogap statés:  no(E)=(1/27)[dORe (E—iT")/
acteristic changes can be observed at The BCS-like DOS (E—iT')*—A?(8)], andn(0)= [dEny(E)[ — df(E;)/JE].
peak rapidly loses its sharpness and the residual DOS at 0 Mere,A(0)[ = A,2xc0s(¥)] is a gap function] is a gener-
rapidly increases at arourig. . These changes can be under-ally energy- and temperature-dependent scattering ratef, and
stood as a rapid increase in the electron inelastic scattering a Fermi function. In Fig. 4, the normalized DOS for the
rate due to the disappearance of superconductivity. Theptimum-doped sample are plotted together with the results
pseudogap does not completely suppress the inelastic scattef-the BCS fitting. Generally, the fitting becomes worse for
ing. The structure appearing at arourd50 mV gradually lower temperatures and higher doping levels. However,
diminishes and finally vanishes at aroufigd. The existence above 70 K, the fittings for the positive side of the DOS
of this structure and its disappearancd athave been men- become excellent in any case. Abolg, to account for the
tioned by many authors'? Here, we point out that the tem- sudden decrease in the DOS peak intensity, we consider the
perature development is rather gradual and the change maylditional energy dependence In like I'(E,T)= yo(T)
be interpreted in terms of the increase in the scattering rate- y1(T)/{1+ exd —(|E|—Eg)/W)]}, which introduces a step-
with increasing temperature. Especially in the underdopedike increase inl’ at E=Ey~A. This kind of behavior is
sample[Fig. 3b)], the peak is rather spread even at the low-expected as a natural consequence of losing true supercon-

Normalized DOS (arb. units)
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FIG. 4. Temperature dependence of normalized DOS for the
optimum-doped sample. The dotted and dot-dashed lines represent
results of the BCS fitting with energy-independent and -dependent
I'. The dashed line at 120 K shows the BCS fitting wAth-55 mV.

est temperature and seems to gradually merge into the back-
round, giving a rather large redistribution of the DOS for
he negative side. We cannot distinguish if the structure is
accompanied by superconductivity.

B. Analysis using a BCS-type density of states
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Result of BCS fitting FIG. 6. Temperature dependence of normalized DOS of the un-
- 8.25 optimum-doped  |.f" derdoped sample below 100 K. In this figure, each DOS was nor-
malized by the DOS at 100 K.
E 40 gap the same as that at 14(B5 mV) is plotted as a dashed
= ) line. The apparent difference in the peak position confirms
U 8.28 overdoped - R that the steplike increase is a general feature of the data and
= \ Vi is beyond the specific analysis used here. The decrease in
L 20p - Ko kT A Amax below T, for the underdoped sample looks strange.
However, since the DOS at around\ Ancreases with de-
- « ] creasing temperature below,, as shown in Fig. ®), the
8.22 underdoped superconducting condensation energy may not decrease even
0 S SN S S AP in the underdoped sample. This suggests that the gap value is
0 100 200 300 not a good measure of, particularly in the underdoped
(b) Temperature (K) region. Our results here on the temperature dependence of

the gap again conflict with superconducting-insulating-
FIG. 5. (a) The fitted results oA for several doping levelsb)  superconducting(SIS) tunnelin measuremerﬁg,O while

The fitted result of” atE=0. Error bars indicate both spatial varia- yacuum tunneling measuremehtsupport our results. The
tion and fitting uncertainty. origin of this difference in behavior between STM and SIS

) ) break junctions requires further investigation. One may con-
ducting order abov&; . In Fig. 4, the dotted and dash-dotted sjqer that the pseudogap is a sort of a band structure either of
lines represent the results with an energy-independent anfle Bj-O or the Cu-O electronic system and that the strongly
-dependentE,=50 mV,W=5 mV) I'. At 120 K, both lines  energy-dependent background alters the DOS peak position.
are plotted for comparison. Note that our assurhieid still However, it is very unlikely because if we normalize the
suppressed from that expected by the-E relation at DOS in the superconducting state by that of just ab®ye
around the gap edge, indicating that not all scattering chamas shown in Fig. 6, the shape of the superconducting gap
nels are available at this energy. The introduction of arstructure becomes far from acceptable. The resulting DOS
energy-dependert has very little effect on determining the gives a very small dip fofV|<A, while gigantic peaks at
value of A, and " at E=0. Note that the negative-side |V|=A. Our data suggest that the pseudogap is continuously
DOS deviates systematically from the BCS curves. This doe&eplaced by the superconducting gapTat The interpreta-
not indicate a poor BCS fitting but suggests the existence dion of the pseudogap as a superconducting fluctuation seems
an additional structure in the background DOS. The detaild0 be inadequate since the pseudogap is apparently larger
f s vl b pubished sieurere B b sy "1

In Fig. 5@), Apa{T) obtained as a result of the fitting is \ : In ex nergy

plotted for several doping levels. The error bars include both In Fig. S(b), I'(0,T) is plotted for several doping levels. In
the spatial variation and a fitting uncertainty. In the our samples|” was suppressed to a small value compared to

pseudogap state, the gap value is essentially temperature ?Z igikt)c\),vi:cc:r.egsogvggeeri V;E?en ds%ﬁ;riﬂgduscé'ggg 'Z Ios?;ttlet
dependent and a monotonically decreasing function of th 9 P ) P 9ap

doping level. We identify it as a pseudogap value. The de_shows ar linear dependence and falls between th& Zand

crease in the gap of the overdoped sample above 200 kT line. It is consistent with the inelastic scattering rate de-
indicates that the gap is closing at this temperature. Ahg, fived from the transport measurements.

suddenly decreases when the sample goes into the supercon- V. SUMMARY

ducting state for all doping levels. The steplike decrease can '

be seen in Fig. 4 as an anomalous DOS peak shift at about In summary, the tunneling spectra show a clear gaplike
100 K. For the 120 K data, the BCS calculation assuming deature for almost all measured temperatyfgs-300 K and
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doping levels [overdoped T.~80 K) to underdoped exhibits very different behavior when compared to that of the
(T.~80 K), via optimum-doped T.~90K)]. The gap struc- BCS relation.

ture below T, develops into a pseudogap aboVe with

some characteristic changesTat. The pseudogap opening

temperatureT* coincides with the temperature at which ACKNOWLEDGMENTS
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