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Temperature and doping dependence of the Bi2.1Sr1.9CaCu2O81d pseudogap
and superconducting gap

Azusa Matsuda, Satoshi Sugita, and Takao Watanabe
NTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi, Kanagawa 243-01, Japan

~Received 19 June 1998; revised manuscript received 26 March 1999!

The temperature and doping dependence of Bi2.1Sr1.9CaCu2O81d vacuum tunneling spectra was measured.
The tunneling spectra show a clear gaplike feature for almost all the measured temperatures~10–300 K! and
doping levels@overdoped (Tc;80 K! to underdoped (Tc;80 K!, via optimum-doped (Tc;90 K!#. The
superconducting gap structure belowTc develops into a pseudogap aboveTc . The model analysis based on the
BCS-type density of states showed a sudden increase in the gap value and inelastic scattering rate atTc .
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I. INTRODUCTION

It is well established that the electronic properties of hig
Tc cuprates are very different from those of conventio
metals. In this respect, the pseudogap phenomenon is on
the most striking features ever observed.1–3 Recently angle-
resolved photoemission spectroscopy~ARPES! experiments4

have provided direct evidence of the pseudogap openin
the normal state. However, knowledge of the detailed beh
ior of the pseudogap over the complete temperature-do
level phase diagram is required in order to characterize
pseudogap itself. In the ARPES experiments, unoccup
states cannot be accessed, and hence some characteris
havior may have been overlooked. Electron tunneling, on
other hand, can provide a single-electron density of st
similar to ARPES, and can also easily probe unoccup
states. Recently, Renneret al.5 reported scanning tunnel m
croscope~STM! observation of pseudogap formation.

This paper examines the characteristics of the pseudo
by looking at the temperature and doping dependence of
electronic density of states~DOS! in the Bi2Sr2CaCu2O8
~BSCCO! system. BSCCO is a suitable material for tunn
ing, particularly for a STM study, for the technical reas
that a clean surface can be easily obtained. However,
somewhat difficult to control the doping level without d
grading the sample transport properties. We recently s
ceeded in controlling the oxygen content of BSCCO crys
and hence the doping level without degrading the sam
quality.6 We used an improved annealing process in wh
an equilibrium oxygen pressure is maintained over alm
the whole temperature range during annealing. BSC
single crystals were grown using a traveling solvent float
zone method. Their actual composition
Bi2.1Sr1.9CaCu2Ox . In the present study, we prepare
samples with five different doping levels. All samples we
taken from a single boule, which was also used in the tra
port measurements.6 The lower curve in Fig. 1 representsTc
as a function of the oxygen content.Tc was determined by
resistive and magnetic measurements. In our definition
oxygen content~x! of 8.25 (Tc;90 K! corresponds to opti-
mum doping.Tc varied by at most 10 K for both over- an
underdoped sides. Although theTc variation was relatively
small, the corresponding change in the tunneling DOS w
significant.
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II. EXPERIMENT

We developed a STM unit that can operate at low te
peratures in a high vacuum. To approach a sample, we
signed an inertial piezoelectric slide with shear piezoelec
devices, which works at low temperature~down to 10 K!.
Since the sample approach must be repeated almost e
time the sample temperature is changed, preciseness is e
tial for obtaining reproducible data. The STM unit is plac
in a vacuum chamber, which is set in a vessel of liquid H
The sample temperature can be changed from room temp
ture to about 10 K by controlling a heater attached to
sample block, which is loosely heat contacted to a coolan
the vessel.

The sample was cleaved in a flowing N2 gas atmosphere
~not a completely closed condition! and immediately~within
several minutes! transferred to the vacuum chamber. T
sample was mounted so that the STM tip faced the BSC
ab plane. The pressure of the vacuum chamber was in
mid-1027-torr range at room temperature and reached
31028 torr when the chamber was cooled. We used m
chanically cut Pt-Ir tips and electrochemically etched W tip
Both provide an essentially identical tunneling spectrum.

FIG. 1. Oxygen content dependence ofTc and the superconduct
ing gap value (D5Vpeak). The open circles represents the sup
conducting gap value measured by the tunnel experiment at
lowest temperature. The open square atx58.22 indicates the gap
value at 50 K. The lower curve shows the resistively and magn
cally determinedTc .
1377 ©1999 The American Physical Society
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though our STM has sufficient atomic resolution, which c
easily be checked by taking a graphite atomic image,
could not obtain a stable atomic image of the BSCCO s
face in the normal tip condition. By using a different UH
STM, in whichin situ cleaving is possible, we confirmed th
cleaving in a flowing N2 gas causes a problem. However,
far as the tunneling spectrum is concerned, we confirm
that cleaving in a flowing N2 gas does not cause any essen
difference at room temperature. We have also checked
our spectra do not depend on the sample-tip distance

I -V characteristics were acquired by ramping the b
voltage while the feedback loop was cut. To obtainI -V for
one place, eight to tenI -V measurements were average
The data from five to eight places were averaged again
were numerically differentiated with a finite window. W
confirmed that numerical processing does not affect the
sential shape of thedI/dV curves, if the sweep voltage i
less than6250 mV. The I -V were typically taken atI
50.3 nA andV50.5 V hence the actual conductance w
around several (GV)21. The obtained temperature depe
dence of thedI/dV curves is plotted as a function of th
sample voltage for the optimum-doped sample in Fig. 2 a
for the overdoped (x58.28) and underdoped (x58.22)
samples in Figs. 3~a! and 3~b!. In Fig. 3, all data were plotted
without shifting thedI/dV axis. HeredI/dV is proportional
to the single-electron DOS. The series of data was norm
ized so that the positive sides of background DOS coinc
with each other. As can be seen, the negative-side b
ground DOS has a rather large temperature dependence
most all samples showed an asymmetric background~Fig. 2!.

FIG. 2. Temperature dependence of tunneling DOS for the
timum doped sample (x58.25). The tendency of gap formation ca
be seen even at 300 K. Data are normalized to 2.5 at2250 mV. At
the Tc , of the sample, some characteristic changes take place.
n
e
r-

d
l
at

s

.
nd

s-

s

d

l-
e
k-
Al-

However, the sharpness of the gap structure depends
somewhat uncontrollable way for the underdoped sample
the position of a tip and the measurement conditions.
though we cannot rule out spatial inhomogeneity, we c
sider that the main cause of such a broadening comes f
an additional inelastic tunneling process due to the conta
nation of the tip. We selected the condition in which t
DOS peaks are as sharp as those for optimum and overd
samples. During the temperature change, we could not t
the same position because of the coarse approach req
and because of a large image shift due to thermal expans

III. DATA ANALYSIS

A. General characteristics

One of the characteristic features observed in our tun
ing spectrum is the apparent asymmetry in the backgro
conductance. In our setup, negative~positive! bias reflects
the DOS below~above! the Fermi energy (EF). This will be
discussed in detail elsewhere. Here, we only point out th
according to our doping dependence results, this asymm
may come from a band structure effect. In the lowe
temperature range~11–14 K! in our STM, the gap structure
also depends on the doping. Here, we only present the d
ing dependence of the gap valueD, which is half of the
distance of the two peaks in energy. This is shown by
upper curve in Fig. 1. The error bars represent the un

-

FIG. 3. Temperature dependence of tunneling DOS for~a! the
overdoped (x58.28, 14 K,T,240 K) and ~b! the underdoped
sample (x58.22, 12 K,T,300 K). All the data were plotted on
the same axes.
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tainty possibly due to the spatial inhomogeneity. The g
values are fairly large compared to the BCS value (2D/kTc

>12).7 The gap value follows itsTc in the lowest-
temperature range. However, the unexpected temperatur
pendence of the gap in the underdoped sample@see Fig. 5~a!#
and possible spatial dependence may invalidate a sim
comparison at lowest temperatures. If we take the avera
gap value belowTc or the gap value at higher temperatur
~open squares in Fig. 1!, it monotonically increases with th
decreasing doping level, as reported in oth
experiments.5,8,10

Figures 2 and 3 show that the gap like feature rema
aboveTc for all doping levels. We identify it as a pseudoga
We define the pseudogap opening temperatureT* at which
the normalized DOS~see the following discussion for th
definition!, at V50, becomes 0.9 times its full value. Fo
samples withx58.28, 8.27~not shown!, and 8.25,T* is
around 220, 270, and 300 K, respectively. In the case
BSCCO, the pseudogap always opens aboveTc irrespective
of the doping level. This observation is consistent with t
STM result of Renneret al.5 but conflicts with several othe
experiments.4,9,10Here we point out two facts which suppo
our observation. We have shown that the BSCCOc-axis con-
duction is governed by a simple tunneling process.11 Then
the c-axis resistivityrc should reflect the in-plane DOS. I
we defineT0, at which rc starts to increase, then they b
come 200, 240, and over 300 K.6 The static spin susceptibil
ity xs has a similar tendency. In the case of BSCCO, it sta
to reduce atTm even in the overdoped sample as if the sp
excitation acquires a gap.8 Thexs measurement of our singl
crystals shows aTm of 210, 240, and, 300 K forx58.28,
8.27 and 8.25. The coincidence ofT* , T0, andTm is easily
understood if one considers that the DOS starts to reduc
T* as observed in our tunneling measurement. Howe
break-junction-type tunneling measurements9,10 show a dif-
ferent behavior, exhibiting no strong evidence of
pseudogap aboveTc . The origin of this discrepancy is un
known at the present time and requires further study. T
ARPES observations4 showed that the pseudogap opens o
below optimum doping. One of the factors that might p
vent ARPES measurements from detecting the pseudoga
overdoped crystals may be the significant asymmetry of
pseudogap structure in energy as seen in Fig. 3~a!. The figure
shows that only the positive-side DOS, which ARPES can
probe, retains a detectable BCS-like feature aboveTc . This
asymmetry develops significantly aboveTc .

Besides the above-mentioned asymmetry, two other c
acteristic changes can be observed atTc . The BCS-like DOS
peak rapidly loses its sharpness and the residual DOS at
rapidly increases at aroundTc . These changes can be unde
stood as a rapid increase in the electron inelastic scatte
rate due to the disappearance of superconductivity.
pseudogap does not completely suppress the inelastic sc
ing. The structure appearing at around2150 mV gradually
diminishes and finally vanishes at aroundTc . The existence
of this structure and its disappearance atTc have been men
tioned by many authors.7,12 Here, we point out that the tem
perature development is rather gradual and the change
be interpreted in terms of the increase in the scattering
with increasing temperature. Especially in the underdo
sample@Fig. 3~b!#, the peak is rather spread even at the lo
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est temperature and seems to gradually merge into the b
ground, giving a rather large redistribution of the DOS f
the negative side. We cannot distinguish if the structure
accompanied by superconductivity.

B. Analysis using a BCS-type density of states

The systematic temperature evolution of the DOS enab
us to analyze the data in a more quantitative way. To do
we need to subtract the background DOS. Since there
pseudogap aboveTc and there may also be a gradual red
tribution of the DOS over a wide energy range, i.e.,6 500
mV or so, we cannot find an unambiguous way of subtra
ing the background, which would be available if the g
were absent. Here, we simply construct the background
two linear lines whose slopes are matched to the experim
tal DOS at around6 250 mV. Then we compare the no
malized data, which are calculated by dividing the origin
data by the background, with the smeared BCS-type D
~Dynes formula!. We assume the BCS-type DOS with
d-wave symmetry gap for both the superconducting a
pseudogap states:13 n0(E)5(1/2p)*du Re@(E2 iG)/
A(E2 iG)22D2(u)#, andn(0)5*dEn0(E)@2 ] f (Ef)/]E#.
Here,D(u)@5Dmaxcos(2u)# is a gap function,G is a gener-
ally energy- and temperature-dependent scattering rate, af
is a Fermi function. In Fig. 4, the normalized DOS for th
optimum-doped sample are plotted together with the res
of the BCS fitting. Generally, the fitting becomes worse
lower temperatures and higher doping levels. Howev
above 70 K, the fittings for the positive side of the DO
become excellent in any case. AboveTc , to account for the
sudden decrease in the DOS peak intensity, we conside
additional energy dependence inG like G(E,T)5g0(T)
1g1(T)/$11exp@2(uEu2E0)/W)#%, which introduces a step
like increase inG at E5E0;D. This kind of behavior is
expected as a natural consequence of losing true super

FIG. 4. Temperature dependence of normalized DOS for
optimum-doped sample. The dotted and dot-dashed lines repre
results of the BCS fitting with energy-independent and -depend
G. The dashed line at 120 K shows the BCS fitting withD555 mV.
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1380 PRB 60AZUSA MATSUDA, SATOSHI SUGITA, AND TAKAO WATANABE
ducting order aboveTc . In Fig. 4, the dotted and dash-dotte
lines represent the results with an energy-independent
-dependent (E0550 mV,W55 mV! G. At 120 K, both lines
are plotted for comparison. Note that our assumedG is still
suppressed from that expected by theG;E relation at
around the gap edge, indicating that not all scattering ch
nels are available at this energy. The introduction of
energy-dependentG has very little effect on determining th
value of Dmax and G at E50. Note that the negative-sid
DOS deviates systematically from the BCS curves. This d
not indicate a poor BCS fitting but suggests the existenc
an additional structure in the background DOS. The det
of this will be published elsewhere.

In Fig. 5~a!, Dmax(T) obtained as a result of the fitting i
plotted for several doping levels. The error bars include b
the spatial variation and a fitting uncertainty. In th
pseudogap state, the gap value is essentially temperatur
dependent and a monotonically decreasing function of
doping level. We identify it as a pseudogap value. The
crease in the gap of the overdoped sample above 20
indicates that the gap is closing at this temperature. TheDmax
suddenly decreases when the sample goes into the supe
ducting state for all doping levels. The steplike decrease
be seen in Fig. 4 as an anomalous DOS peak shift at a
100 K. For the 120 K data, the BCS calculation assumin

FIG. 5. ~a! The fitted results ofD for several doping levels.~b!
The fitted result ofG at E50. Error bars indicate both spatial varia
tion and fitting uncertainty.
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gap the same as that at 14 K~55 mV! is plotted as a dashe
line. The apparent difference in the peak position confir
that the steplike increase is a general feature of the data
is beyond the specific analysis used here. The decreas
Dmax below Tc for the underdoped sample looks strang
However, since the DOS at around 2D increases with de-
creasing temperature belowTc , as shown in Fig. 3~b!, the
superconducting condensation energy may not decrease
in the underdoped sample. This suggests that the gap val
not a good measure ofTc particularly in the underdoped
region. Our results here on the temperature dependenc
the gap again conflict with superconducting-insulatin
superconducting~SIS! tunneling measurements,9,10 while
vacuum tunneling measurements5 support our results. The
origin of this difference in behavior between STM and S
break junctions requires further investigation. One may c
sider that the pseudogap is a sort of a band structure eith
the Bi-O or the Cu-O electronic system and that the stron
energy-dependent background alters the DOS peak posi
However, it is very unlikely because if we normalize th
DOS in the superconducting state by that of just aboveTc ,
as shown in Fig. 6, the shape of the superconducting
structure becomes far from acceptable. The resulting D
gives a very small dip foruVu,D, while gigantic peaks at
uVu5D. Our data suggest that the pseudogap is continuo
replaced by the superconducting gap atTc . The interpreta-
tion of the pseudogap as a superconducting fluctuation se
to be inadequate since the pseudogap is apparently la
than the superconducting gap. Note that the pseudogap v
becomes comparable to the spin exchange energyJ.

In Fig. 5~b!, G(0,T) is plotted for several doping levels. I
our samples,G was suppressed to a small value compared
kT, below Tc . However, when superconductivity is lost,
begins to increase as expected. TheG in the pseudogap stat
shows aT linear dependence and falls between the 2kT and
kT line. It is consistent with the inelastic scattering rate d
rived from the transport measurements.

IV. SUMMARY

In summary, the tunneling spectra show a clear gap
feature for almost all measured temperatures~10–300 K! and

FIG. 6. Temperature dependence of normalized DOS of the
derdoped sample below 100 K. In this figure, each DOS was n
malized by the DOS at 100 K.
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doping levels @overdoped (Tc;80 K! to underdoped
(Tc;80 K!, via optimum-doped (Tc;90K!#. The gap struc-
ture below Tc develops into a pseudogap aboveTc with
some characteristic changes atTc . The pseudogap openin
temperatureT* coincides with the temperature at whic
c-axis resistivity shows a characteristic upturn and static s
ceptibility starts to decrease. An analysis based on BCS-
DOS showed that the pseudogap is larger than the super
ducting gap. The temperature dependence of the gap v
A.
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exhibits very different behavior when compared to that of
BCS relation.
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