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We have measured the tunneling spectra of underdoped and slightly overdoBsC8Cy0, single
crystals in theab plane at different temperatures, ranging from 4.2 K to abbveGaplike spectra have been
observed at low temperatures in both underdoped and overdoped compounds. However, overdoped samples do
not display any gaplike features at temperatures abgveOn the contrary, the underdoped samples do display
gaplike features abovE, . The tunneling spectra in the pseudogap state are broader, giving rise to a larger gap
value as compared to the superconducting state [§11.63-18208)51038-7

The observation of an energy gap above the critical temin the c-axis, which is expected to be different from the
perature(the so-called “pseudogap’in underdoped high-,  ab-plane gap, given the layered structure of these com-
cuprate superconductors has given a totally new direction tpounds. In this paper, we report on the results from a series
the field of highT. superconductivity research. There areof experiments in which we have studied the temperature
several different experiments confirming the presence of aependence of thab-plane tunneling spectra of the junc-
pseudogap in different high; materials~’ including tions formed between a platinum foil and single crystals of
tunneling® There are various theoretical models explainingunderdoped and slightly —overdoped 2BibCaCuy0,
the origin of pseudogap type behavior. One possible explaBi2212).
nation is the existence of Cooper pairs abdye As we Bi2212 is one of the most common samples studied by
have observed in the present experiment and from othéBTM because it has a relatively high, and good quality
groups’ result§;® the critical temperature of cuprates de- single crystals can be easily grown. Furthermore the oxygen
creases while the energy gap increases, as the oxygen cdavel at the surface is more stable than some of the other
centration(or hole concentrationis reduced. This is quite cuprates like YBgCu;0, . The single crystals we used in this
unexpected from the viewpoint of BCS theory. Moreover,experiment were grown in air by methods reported by Mitzi
from resistivity and tunneling data, the low temperature gaget al?° These are slightly overdoped with B, of 85 K.
seems to scale with the “pseudogap phase” onset temper&amples from the same batch have been fully characterized
ture T*.° This may imply that the coupling parameteffec-  and used previously in other experimefitS.he underdoped
tive T, i.e., T*) increases with the oxygen underdoping. crystals were obtained by annealing these slightly overdoped
However, at higher temperatures the phase fluctuations giverystals under 10 mTorr vacuum at 750 °C for a few hours
rise to pair breaking scattering which destroys the long-rangand quenching into liquid nitrogen to avoid oxygen inhomo-
superconducting order well beloW .1° As a result the Coo- geneity. The critical temperatur@, of the underdoped
per pairs exist abové, without any bulk superconductivity. sample was measured to be 70 K by four point resistivity
On the other hand, from neutron scatteffhgnd NMR  measurement and it was found to be very sensitive to the
measurement$ it is difficult to rule out the magnetic origin annealing atmosphere and temperature. The s&mwas
of the pseudogap’ There are other possible models, includ- also determined independently by magnetization measure-
ing a Van-Hove singularity at the Fermi levéla strong ments with a superconducting quantum interference device
electron-phonon interaction giving rise to a polaron-(SQUID) magnetometer in an ac magnetic field. The real and
bipolaron type gap® an SA5) modet® or a spin-charge imaginary parts of the magnetization are shown in Fig. 1. A
separation mechanishi Though the exact mechanism of the consistentT, and sharp transition establish the reproducibil-
pseudogap is not fully determined, it is clear that the normalty and homogeniety of our samples. The quality of the crys-
state of these cuprates does not follow a simple Fermi liquidals was further established by single crystal x-ray diffraction
type behavior. (XRD). The lattice parameters from XRD were found to be

Tunneling spectroscopy is one of the most direct and wellrery close to those for the nonannealed crystals, within less
established methods for measuring the energy gap in supethan a percent. The superstructure modulation peaks were
conductors. There have been numerous tunneling measurebserved and used to distinguish betwaeandb axes, since
ments on convention® as well as the higfi~,  the modulation exists only alory direction. In all the crys-
superconductor® It provides better energy resolution than tals, no superstructure peaks showed fractional indices along
most other measurements, hence enabling researchers two directions, ruling out the twinning of the crystals. The
study the change in the magnitude of gap with different conXRD was also used to determine the crystal orientation.
trolled parameters. Scanning tunneling microsc¢g&M) The tunneling junction was formed using a low tempera-
provides a versatile method of forming a tunnel junction inture STM. A similar method has been used by Katal?!
which the tunneling barrier can be readily changed, althouglin earlier studies on gap anisotropy. The quality of the tun-
it is sensitive to mechanical noise and temperature variatiomeling edge was established by scanning electron microscpy
So far, tunneling measurements on the pseudogap have be€EM) imaging. A nichrome wire was used as heater and the
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FIG. 1. (@ The imaginary andb) real parts of the magnetic
susceptibility of slightly overdopedT(=85 K) and underdoped
(T.=70K) Bi,Sr,CaCyO, measured by SQUID magnetometer in
an ac-magnetic field with 10 Hz frequency and 2.0 G amplitude.

spectra, since the exact functional form of the density of
states for highF. superconductors is not known, therefore
we use this\ ; as a measure of the gap. Thlig can be larger
than the actual superconducting g&p,because of thermal,
temperature was stabilized with a temperature contréfler. or other smearing effects. The smearing also gives rise to a
The temperature was stable within 10 mK, ensuring the stafinite zero bias conductanc&BC) which increases with
bility of the junction. The junction was formed between asmearing and, therefore, with temperature. The zero bias
platinum foil and freshly cut single crystals. Before eachconductance for low temperature spectra was found to be
change in temperature the sample was retracted to avoigss than 15% of the background conductance, which is
crash between the sample and the Pt foil resulting from diflarger than most of the-axis measurements on the same
ferential thermal expansion of the STM. As a result most ofcompound. This may arise from processes other than elastic
the tunneling curves presented here correspond to differettinneling; however, irab-plane tunneling, it can be attrib-
junctions. The tunneling was performed on the edge of theited to the tunneling contributions from different directions
crystal, along the maximum gap direction determined byin a narrow angular cone centered at the maximum gap
XRD as described in Ref. 21. From photoemission studiesangle?! This cannot be the case foraxis tunneling, since
the underdoped Bi2212 has the same gap anisotropy in thbere is a single gap contributing to the spectra in this case.
superconducting state as well as in the pseudogap state amtie dip feature, seen at the positive bias of the low tempera-
maximum pseudogap occurs in the same direction as thiire curve, is actually consistent with the dip feature seen by
superconducting gap maximuide performed our tunnel- other tunneling measurementsin those measurements the
ing experiments near the maximum gap direction so as tdip feature occurred at the negative side because the tip was
minimize the thermal effects at high temperatures. kept at zero potential as opposed to our measurements,
Typical tunneling cunductance curves for the overdopedvhere the sample was kept at zero potential.
compound at different temperatures are shown in Fig. 2. As The gap valueA,, at low temperatures for the slightly
we have pointed out before, each curve corresponds to @averdoped compound was found to be 30 melv2(meV),
different junction. The tunneling curves have been normaland with aT. of 85 K, 2A,/kT.=8.2(=0.5). This value is
ized with respect to the conductance-al00 mV and the consistent with other measuremeft23 The tunneling di-
higher temperature curves have been shifted up for clarityrection for this set of data determined by single crystal x-ray
The junction resistance was kept between 10D and 10 diffraction was along the& axis. From our previous studies
MQ. Itis slightly smaller than the junction resistance of mostthe maximum gap occurs alomgdirection, which is 45° off
microscopy work, because of the larger tunneling area in ouas compared to the photoemission measurements. On reap-
experimental configuration. The spectra show the quasipartproach or on changing they voltage of the piezoelectric
cle peaks at-A,, whereA, is defined as half the peak to transducer,A,_, varied slightly for different junctions
peak separationy, ) in our tunneling spectra. There is no (within =2 mV). This may be attributed to the fact that dif-
exact method of extracting the energy gap from the tunnelinderent junctions may occur in different regions and at slightly
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= (i.e., below the sample’s Fermi leyelks more rounded as

| 110.8K compared to that at negative bias. This asymmetry can play a
v significant role in explaining the pseudogap. It can be ex-
101.6K . .
plained by density of states effects such as modeled by a two

97.7K band picturé® or it has also been found in the tunneling

___/_\/—f—-“\/ 83.4K spectra calcutated from some of the recent pseudogap

models?”?® On the other hand, such asymmetric features

n .,\__,—-/\\/.,—'—“— 78.1K have been seen in several other tunneling experirfienits
3 67.8K with nonsuperconducting electrodes. For instance, the asym-
> —\v\/"/v 59.0K metric linear backgrourfd and sharp asymmetric featutés
= , / have been observed in tunneling measurements and have
= 49.5K been attributed to the inelastic tunneling due to the excita-
_'/__/ ,\,a--—\,. tions in the barrier. The asymmetry arises because of the
19.0K . : - ) .
asymmetric location of these excitations in the barrier. The
50— /\-—-\,._\ surface of hight. compounds is not very well known
\/ chemically. So it is possible that the surface layer of under-
- \/ doped material has a continuous band of excitation modes

providing extra channels for tunneling. The tunneling prob-
ability depends on the electron energy. When an electron
tunnels from a normal metal to the superconducting side it
Bias Voltage (mV) gets scattered inelastically by the surface only after it has
tunneled through the barrier. However, when it tunnels from
FIG. 3. Tunneling spectra of underdoped Bi2212 at various temthe superconducting side it gets scattered inelastically, losing
peratures. The curves are normalized with respect to the condugome energy, before tunneling to the normal side and there-
tance at—250 mV and the higher temperature curves have beefgre reducing the tunneling probability. This will give rise to
shifted up for clearance. The vertical scale corresponds to the lowy reduction in tunneling current, and therefore reduction in
ermost curve. Note the different bias voltage scale as compared t@onductlwty when the electron tunnels from superconductor
Fig. 2. to the metal electrode. This corresponds to a positive bias on
the metal electrode, consistent with the present observation.
different tunneling angles, as this compound has some inho- Another noticeable feature is the smearing of the spectra
mogeneities and the gap is anisotrofié* The peak to peak aboveT.. The curves are much more smeared in pseudogap
separation does not change within the error as the temperatate as compared to the sharply featured spectra in super-
ture is raised. Above 85 K gaplike features are essentiallgonducting state. As a result of this, the conductance ratio at
absent. However a slightly parabolic background persistzero bias to flat background aboVe is much larger and the
which extends to fairly high bias voltages. This parabolicquasiparticle peaklike features are not observed. Instead, we
background abovd . has been studied by other groups, see a wide dip at zero bias with two broad shoulders. This
and should not be considered as a gaplike feature in thgives the effective gap valu@ ,~100 meV from shoulder
tunneling conductance curves. to shoulder separatigmuch larger in the pseudogap state as
Typical tunneling spectra for the underdoped material areompared to the superconducting state. The peak to peak
shown in Fig. 3. The low temperature gap value as measureskparation for the numerically generated tunneling spectra
from the peak to peak separatia,, is 38 meV, larger than using a BCS density of statea®O9) increases ag\, ,
the gap value for the optimally doped compound. From this=2A,+4kT, with Ay, the gap parameter in the DOS, is
the 2A, /KT, is 12.6, which is large partly because of the taken to be independent of temperaturkT4ncreases only
reduction inT. In Fig. 3 each curve corresponds to a dif- 21 meV between 50 K to 110 K; however, the peak to peak
ferent junction and the curves have been normalized wittseparation in the pseudogap staitthe order of 200 meV at
respect to the conductance -a250 mV and shifted upward 110 K) is much larger than that of the superconducting state
for clarity (note the different voltage scale as compared to76 me\). Therefore, thermal effects alone cannot explain
Fig. 2). The features beloW, are similar to those of slightly the broadening.
overdoped material. The peak to peak separation remains the Norman et al. have fitted the photoemission spectra for
same within error as the temperature is increased. Howevd3$i2212 for two different underdoped compounds with criti-
unlike the overdoped compound, the gaplike features persisial temperatures 83 and 77 K, using a phenomenological
far aboveT, as opposed to the overdoped compound, whergnodel involving three parametely , I'y andA representing
the gap feature becomes insignificant within a few K abovesingle particle scattering rate, inverse lifetime of pairs, and
T.. There are some noticeable diferences between the speenergy gap, respectively.From the fitting they found that
tra of underdoped and slightly overdoped compound and beFy has a sharp increase &t for both the samples and
tween the curves beloW, and the ones at high temperatures. stays roughly constant for 83 K compound acrbgs how-
One feature for underdoped compound is the asymmetrgver, A increases for the 77 K compound abovgwithout
of the spectra with respect to the sign of the bias voltageany sharp transition in it af,. The underdoped sample in
This asymmetry exists at all temperatures, below as well asur experiment is heavily underdoped withTa of 70 K,
aboveT,; while in the overdoped case there is no asymmetherefore it is possible that this compound has a large gap in
try in the spectra. The should€or peak at positive bias pseudogap state. A larde, aboveT,, a finiteI'y and the
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thermal smearing are also responsible for increasing thpound, show a larger peak to peak separation as compared to
separation between shoulders at high temperatures. This kinHe superconducting state. This can be attributed mainly to a

of phenomenological model is based on the existence dhrger gap value in the pseudogap state as compared to the
Cooper pairs in the pseudogap state, and, has been explaingégberconducting gap, and also to other smearing effects.
more rigorously, by Franet al, on the basis of phase fluc-

tuations giving rise to finite lifetime of Cooper pairs above The authors are indebted to Professor Carolyn Brock,
T..2 Though the existence of Cooper pairs abdyds not ~ Chemistry Department, for her help in x-ray diffraction, Dr.
proved and requires further investigation, this phenomencAlex Terentiev of the Advanced Science and Technology

logical form of self-energy describes the photoemission a€ommercialization Center magnetometer laboratory for do-

well as tunneling data reasonably w&i*

In summary, ourab-plane tunneling studies of Bi2212
show that a slightly overdoped compount,. €85 K) does
not show the gaplike features abovg; however, the under-
doped compoundT.=70 K) does show gaplike features in
the spectra. The spectra aboVg, for underdoped com-

ing the SQUID measurements, and also Arnold Mooden-
bough of Brookhaven National Laboratory for many helpful
discussions in preparing the underdoped Bi2212. This work
was supported by NSF Grant No. DMR96-23842. One of the
authors(A.K.G.) thanks the Graduate School of University
of Kentucky for financial support.
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