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Tunneling spectroscopy measurements are reported on single crystRisSs6CaCu,0g+5 USINg
vacuum tunneling and point-contact methods. A reproducible dip feature in the tunneling conductance
is found nearleV| = 2A, observed forboth voltage polarities in the best resolved spectra. With
overdoping the position of the dip continues to scale wittand its magnitude decreases/adecreases.

These results indicate that the dip feature arises from a strong-coupling effect whereby the quasiparticle
lifetime is decreased at a characteristic energy~@fA, consistent with an electron-electron pairing
interaction. [S0031-9007(97)04908-9]

PACS numbers: 74.50.+r, 74.62.Dh, 74.72.Hs

A provocative feature that has commonly been ob-roduce a dip feature [6] in the tunneling conductance,
served in the superconductor-insulator-normal (SIN)I/dV, near a voltageeV = A + #iw. More precisely,
metal tunneling conductances dBi;Sr,CaCu,Og+s it is the maximum negative slope #//dV vs V that
(Bi2212) is a dip atleV| ~ 2A that is very large for pinpoints the boson frequency. thwave superconduc-
voltage polarities which correspond to the removal oftors, which have gap nodes, quasiparticle decay processes
quasiparticles from the superconductor [1-3]. Thiswhich turn on at some threshold energy (e2g\) display
feature has generated much interest due to its similarity ta dip in the density of states (DOS) near that energy [9],
a dip found in the angle-resolved photoemission (ARPESunshifted byA.

[4,5] spectra of Bi2212 and to strong-coupling effects There have been numerous SIN tunneling studies of
in general [6]. But in contrast to the tunneling phononBi2212 including STM [10] and PCT [1,3] which dis-
structures observed in strong-coupled, Idwsupercon- played a spectral feature (dip or shoulder) at a voltage
ductors [6], the dip is often highly asymmetric with bias approximately twice that of the conductance péaK ~
voltage. For voltages corresponding to electron injection2A). An enhanced, symmetric dip feature in the conduc-
the dip has appeared as a shoulder in early point-contatdnce is found at approximateB/A in superconductor-
tunneling (PCT) measurements [1] and is scarcely obinsulator-superconductor (SIS) junctions [11], which can
servable in some scanning tunneling microscope (STMbe probed with our PCT techniques [3]. This is consistent
measurements [2]. We report here that the dip featuraith a dip at~2A, in ad-wave DOS [9] because features
is indeed observed for both bias voltage polarities inare shifted by an additional factor df in the SIS config-
the best resolved SIN spectra obtained from both STMiration. The enhanced size of the dip in SIS junctions as
and PCT methods. This points toward a strong-couplingvell as the symmetry are consequences of the convolution
interpretation. AsT. and A are reduced by overdoping of the quasiparticle density of states with itself [3,9]. Ina
(the latter from 37 to 15 meV in this study), the dip recent STM study [2] of Bi2212 it was argued that the dip
location continues to scale with and its magnitude is feature was absent for voltage polarities corresponding to
reduced. The coupling ta is quite unusual and suggests electron injection. Under such an assumption, the dip and
that the dip arises from a pairing interaction that is purelya higher energy hump could be explained by ordinary band
electronic so that the superconducting gap feeds back inttructure effects in the background (normal state) tunnel-
the excitations which mediate the pairing. This is alsoing conductance. Our results indicate that the dip is much
consistent with recent interpretations of the dip in ARPESmore significant in that it is revealing information about
spectra as arising from the coupling of quasiparticles tdhe underlying pairing interaction. The interpretation of
collective excitations [7,8]. the dip in ARPES spectra [4,5] has been an ongoing de-

SIN tunneling spectroscopy is a unique probe of highbate [7,8,12,13], but recently a case has been made that this
temperature superconductors (HTS) in that it can, in prinfeature arises from the coupling of quasiparticles to collec-
ciple, reveal the quasiparticle excitation spectrum directlytive excitations of some type centered near(ther) point
with an energy resolution better than 1 meV. In conven-of the Brillouin zone [7,8,12]
tional, swave superconductors, strong-coupling effects Given the inherent complexity of HTS cuprates,
due to quasiparticle emission of bosons of frequency their surfaces, and the tunneling process in general,
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experimental reproducibility becomes the key in deternot known; however, a possible source is the normal state
mining the magnitude of the energy gap and in focusingelectronic density of states which, according to ARPES
on particular spectral features. We note, for examplemeasurement [17], is peaked near the Fermi energy, but
that phonon structures have been reported in the tunnelingp evidence of a sharp van Hove singularity is observed.
conductance of some Bi2212 junctions [14], but these are Given the uncertainty about the origin of the decreasing
much less common than the dip discussed here. In ordérackground conductance we normalize the data by a con-
to establish reproducibility in our experiment, we havestant and compare it to a smeared BCS density of states,
analyzed a large number of samples and junctions an¥gcs(E) = ReE — iT'/[(E — iT")> — A%]Y/2. This sim-
have utilized two distinct tunneling instruments, STM andple analysis led to a reasonable fit of the gap region of
PCT. This study is also unique in that Bi2212 crystals ofthe tunneling conductance and gave a gap valua ef
unusually high quality have been measured. 37 = 1 meV that was reproduced in more than 20 junc-
The single crystals were grown using a floating zondions. This indicates that these optimally doped crystals
process in a double-mirror IR image furnace NEC SC-are quite homogeneous. The strong-coupling parameter
M15HD modified with an external home-built control in this case i2A/kT. = 9.3. Also shown in Fig. 1 is
for very slow growth~0.1 mm/h. Growth was car- the reduced conductance, which is the normalized conduc-
ried out without solvent from high-density, carbonate-freetance divided byNgcs(E). The reduced conductance is
near-stochiometric single-phase rods in flowing 20% oxy-often used to indicate phonon structures in conventional
gen [15]. Absence of impurities, stoichiometry, and highstrong-coupled superconductors [6]. The reduced conduc-
cationic homogeneity yieldedl, = 95 K at optimal dop- tance shows that&t = +80 mV there is a distinct feature
ing, the highest yet obtained in the pure Bi2212 with awhich mimics the stronger dip found at80 mV. Fur-
transition width of 1 K. An example of the dynamic con- thermore, the dip at negative bias appears to be part of a
ductance measuremenid,/dV vsV, at 4.2 K on cleaved larger spectral feature that includes a pronounced hump at
crystals using a PCT method with a Au tip are shownV = —150 mV. At V = +150 mV there also appears
in Fig. 1. Details of the PCT technigques have been deto be a hump, although again weaker than seen at negative
scribed elsewhere [1]. Here the bias voltage is that of th@oltages. Although the dip-hump feature is asymmetric in
sample with respect to the tip so that negative (positivejhe SIN junctions obtained by PCT they clearly indicate
values correspond to quasiparticle extraction (injection)that it is observed for both junction polarities. This result
The data display the high-bias decreasing backgrouni found also with more sophisticated analyses of these and
conductance often seen in Bi2212 tunneling [1,2,16] bubther PCT data (ongoing) using models which incorporate
by extending the measurement out to higher bias voltthe band structure as well aslavave gap.
ages we find that this anomalous feature ends at about The STM measurements were performed with a
+400 mV, whereupon the conductance flattens out andiome-built low temperature STM operating in a helium
begins to increase slowly. Sharp conductance peaks aexchange gas at 4.2 K. To obtain clean atomically flat
found atV, = +40 mV and a strong dip feature is seen surfaces the samples, mounted in front of a Pt-Ir tip, were
at —80 mV. The origin of the decreasing background iscleaved under helium atmosphere just before cooling
down the STM. We investigated B. = 92 K sample
(slightly overdoped) and a 72 K sample (overdoped). Vac-
uum tunneling conditions were verified by checking the
1 reproducibility of scanned images and of the spectra
0.9 recorded at various tunneling resistances ranging between
1to5 GQ. Figure 2 shows a series of typicél /dV vs
0.8 V spectra (raw data) recorded at various locations on the
0.7 92 K sample. All the spectra show consistently the same
0.6 features: a very low zero bias conductance of the order of
) 7%, sharp conductance peaks'gt ~ =35 mV, and a
0.5 dip and a hump structure.
0.4 Similar to that found in PCT the dip occurs at a
| | 0.3 voltage V = 2V, and the hump is found in a range,
| | | S | 11 .
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V = *=(90-110) mV. These features are superimposed
on an asymmetrical, weakly decreasing background which
is consistent with other STM measurements on Bi2212
FIG. 1. A representative SIN normalized PCT conductancg2 18]. The important novelty in the spectra of Fig. 2

(solid line) for optimally doped Bi2212, at 4.2 K and smearedig tnat the dip-hump structure is clearly observed at

BCS fit (dashed line) with parametey = 37 meV, I' = " . !
4 meV. The uppermost curve shows the reduced conductancB0Sitive bias in the best resolved spectra. The STM

which is the normalized conductance divided by the smeare@®ackground conductance is relatively flatter than found
BCS density of states. with PCT, and therefore we normalize the spectra by

OJTTTT

(0]
-6

154



VOLUME 80, NUMBER 1 PHYSICAL REVIEW LETTERS 5 ANuARY 1998

SALAN RALAS LAY RLLL LA RALA) LEARI AL the dip-hump is at lower energies and is, on average, less
3.5¢ ] pronounced than in the 92 K sample. To estimate the gap
C 3 value we fit the data with a broadened BCS density of
3F ] states as before which leads to a valles 28-32 meV
E E and A = 2024 meV for the 92 and the 72 K samples,
— 2.3 " respectively. This corresponds to a strong-coupling ratio
a b ] 2A/kT, =~ 7.1-8.0 and 6.4—7.5, respectively. Fits tala
S 2% wave DOS lead to identical gap values.
2 E The PCT method has produced an unexpected but valu-
3 L.5% able result, namely, reproducible SIS junctions between
1 8 two pieces of the Bi2212 crystal. This occurs after the
C Au tip is pushed with sufficient force to perforate any sur-
05 . face barrier layer and which leads to a low resistance con-
' tact(~1 ), far less than the typical junction resistances
0 of ~10 kQ. With an additional increase and subsequent
400 -200 0 200 400 relief of the tip pressure, SIS junctions of high quality

V(mV) are observed. Evidence that these are SIS junctions in-
FIG. 2. Experimentall/dV vs V spectra for SIN junctions clude peaks afeV| = 2A, very symmetric conductance
recorded with an STM (Pt-Ir tip) at 4.2 K at various locations data, and well-defined, hys_teret_lc Josephson currents. EX-
on a 92 K Bi2212 sample. For clarity, the upper spectra havé@mples of three such SIS junctions on Bi2212 crystals of
arbitrarily been shifted with respect to the lower spectrum.various doping and’,. are shown in Fig. 4. All of the con-
The vacuum tunnel resistanéé= 1.6 G{}. The dashed line dyctance data have been normalized by a constant value
in the bottom curve represents the polynomial fit used in thegiven by the conductance & = —200 mV. Note that
lizati . : . :

normalization procedure in the case of the optimally doped sample A, the con-

) S ] ductance peak is located at 76 mV, almost exactly twice
a smoothly varying polynomial fit. Care is taken 10 the A value found in the SIN junction of Fig. 1. In the
make sure the conservation of states rule is verified. Afnset of Fig. 4 is shown a typical current-voltageM)
example of this procedure is presented for one spectruliheasurement near zero bias for an overdoped crystal with
in Fig. 2 (dashed line). The result of the normalization isy 7. = 62 K. The vertical current rise at zero bias is
shown in Fig. 3 for both the 92 and the 72 K sample.cjearly seen in the data and the hysteretic behavior points
The normalized conductances are very consistent from
junction to junction and the dip feature is clearly seen
for both junction polarities. Note that in the 72 K sample
the data exhibit qualitatively the same features, although
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FIG. 4. Comparison of normalized SIS tunnel junctions at

4.2 K on Bi2212 for different oxygen concentratiod, B, and

C represent optimally doped Bi221Z. = 94 K), moderately

- 3 overdoped ondT, = 82 K), and highly overdoped ond’, =

0 N 62 K), respectively. Each curve has been normalized by

-200 -150 -100 -50 0 50 100 150 200 its corresponding value at-200 mV, and the zero bias

V(mV) conductance peak from each data set which comes from
Josephson current has been removed. The inset shows typical

FIG. 3. Normalized STMdI/dV spectra corresponding to hysteretic current-voltage characteristics near zero bias for an

SIN junctions recorded at 4.2 K on a 72 and a 92 K Bi2212overdoped Bi2212 with &, = 62 K. Using peak voltage

sample. Four spectra are superimposed for each sample. Agosition as a superconducting gap valaa,,(A) = 76 meV,

offset of 1.5 has been added to the curves of the 72 K sample2A ,(B) = 51 meV, and2A,(C) = 39 meV.
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