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Tunneling spectroscopy of Bi2Sr2CaCu2O8¿d : Eliashberg analysis of the spectral dip feature
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Eliashberg strong-coupling theory, extended to ad-wave symmetric gap function, is used to fit quantitatively
a published tunneling spectrum of Bi2Sr2CaCu2O81d near optimal doping. The shape, location, and strength of
the high-bias spectral dip feature is adequately reproduced using a single-peaka2F(v) centered at 36.5 meV.
a2F(v) also self-consistently determines the measured gap valueD532 meV. Possible origins of the bosonic
spectrum that give rise to high-TC superconductivity are discussed.
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Tunnel junctions on conventional superconductors suc
Pb or Nb exhibit fine structure in the high-bias (eV.D)
electrical conductance that corresponds to peaks in the
non density of statesF(v), thereby giving direct evidence o
the electron-phonon mechanism for superconductivity.1,2 The
relationship is made quantitative through Eliashberg stro
coupling theory which allows the fine structure to be ‘‘i
verted’’ to obtain the electron-phonon spectral functi
a2F(v). a2F(v) self-consistently determines basic, low
energy superconducting properties such as the minimum
citation gap for quasiparticles,D.1,2 For high-temperature su
perconductors~HTS! such as Bi2Sr2CaCu2O81d ~Bi2212!,
Tl2Ba2CuO6 ~Tl2201!, and YBa2Cu3O7 ~YBCO! the only
reproducible high-bias tunneling structure is that which
commonly referred to as the dip feature.3–5 While good ar-
guments have been made to suggest that this featur
Bi2212 is a strong-coupling effect, analogous to the phon
structures of conventional superconductors,3 a quantitative
analysis has been lacking. Consequently, arguments tha
dip was a simple background effect, e.g., from the Van Ho
singularity ~VHS! or pseudogap, were not completely r
futed.

Here we demonstrate that the sharp, symmetric dip
tures found in atomically resolved scanning tunnel mic
scope~STM! data6 cannot be treated as a background effe
but more importantly, can be quantitatively understood us
Eliashberg theory suitably modified ford-wave symmetry.
The detailed shape and strength of the dip structure can b
using a single-peaka2F(v) centered at 36.5 meV, whic
self-consistently leads to the measured, d-wave, super
ducting gap valueD532 meV. This self-consistency cann
be accidental and therefore makes a compelling argum
that high-TC superconductivity can be described within
Eliashberg framework. Possible origins of the bosonic sp
trum described bya2F(v) are discussed later, along wit
comments on dip features found in other cuprate superc
ductors.

Given the spectacular success of the tunneling met
when applied to conventional superconductors, the lack
similar, quantitative analysis of tunneling spectra in HTS c
prates has been a disappointment. The origins of this fai
in cuprates can be traced to several effects, including no
d-wave phenomena such as Andreev or virtual bound st
0163-1829/2003/68~18!/180504~4!/$20.00 68 1805
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which arise from interface or defect scattering6 and which
interfere with the observation of the bulk quasiparticle de
sity of states~DOS!. There are also strong doping depende
cies of the energy gap7 which can lead to local variations in
spectra. Such effects can lead to a variety of tunneling c
acteristics and the apparent lack of consistency has ca
attention to shift to other spectroscopic methods such as
tical conductivity8 or angle-resolved photoemissio
~ARPES! ~Ref. 9! to search for the pairing mechanism.

However, tunneling remains uniquely capable of direc
measuring the quasiparticle DOS with high (,meV) resolu-
tion. Also, the tunneling matrix element contains a gro
velocity term which often provides a fortuitous suppress
of band-structure effects.2,10 Thus recent discoveries in
Bi2212 of significant Cu-O bilayer splitting in ARPES,11

which leads to a double VHS peak in the DOS, are not
consistent with the apparent weakness of such effects in
neling data. Furthermore, the improvement in materia
methods, and overall understanding has now led to a h
degree of reproducibility among nominallyc-axis junctions
on Bi2212. It has been demonstrated recently12 that the tun-
neling conductances obtained on near optimally dop
Bi2212 from widely different methods, including atomicalll
resolved STM,6 break junctions,3,12 and intrinsic c-axis
junctions,13 are nearly identical, especially with respect
the location, shape, and magnitude of the spectral dip
ture. Thus while our analysis is for a particular, high-qual
STM spectrum,6 it certainly applies to the dip features foun
on other junctions.12 Although there have been numerou
articles discussing the origin of the tunneling d
feature9,12,14–16this work is a quantitative fit of a complet
experimental tunneling DOS spectrum using a se
consistent,d-wave, Eliashberg formalism.17

A published, atomically resolved STM spectrum6 is repro-
duced in Fig. 1. The superconducting tunneling conducta
(dI /dV versusV) exhibits sharp coherence peaks, ad-wave-
like subgap region, and clear dip features~for both voltage
polarities!, all on top of a sloping background. There are tw
basic approaches to analyzing such data. One approac
tempts to fit the background and superconducting effe
together.10 This requires knowledge of the electronic ba
structure and tunneling matrix element, the latter of which
difficult to ascertain. The approach taken here, as in conv
©2003 The American Physical Society04-1
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tional tunneling spectroscopy,1,2 is to normalize out all back-
ground effects leaving only that part of the DOS which aris
solely from superconductivity. Here the background must
inferred. A reasonable guess is possible because in the
cases where direct measurements have been made far a
TC , the tunneling background shape in Bi2212 was found
be smoothly and weakly varying.13 Recognizing that for in-
creasingly higher-bias voltages the superconducting
normal-state conductances must merge, the full backgro
shape can be estimated by selecting only the data foruVu
>VC , and smoothly interpolating between these data poi
HereVC is an arbitrary cutoff voltage chosen to ensure t
conservation of states holds.

Two background conductances are shown in Fig. 1
are labeled asA and B. Curve A ~short dashed line! is
achieved by choosing a cutoff,VC5100 meV and using a
sixth-order polynomial fit of the selected data. Note that c
servation of states is apparent with curveA, i.e., the spectra
weight of the superconducting data above curveA is bal-
anced by the weight below. Importantly, the superconduc
conductance drops below the normal state at the dip v
ages, which is consistent with direct measurements13 and
with other STM data using a similar normalizatio
procedure.18 Curve B in Fig. 1 is an example of a back
ground that results when the dip features are assumed t
part of the normal-state spectrum, e.g., from an extrin
pseudogap. A cutoffVC570 meV is chosen~the dip mini-
mum! along with a similar polynomial fit. CurveB indeed
exhibits a strong suppression near zero bias, but it is im
diately obvious that this type of normal state will not lead
conservation of states. The spectral weight of the experim
tal data above curveB far exceeds the weight below. Mor
sophisticated models that attempt to fit the data of Fig
directly using the band structure10 and an extrinsic
pseudogap lead to similar inconsistencies and indicate
the dip features are not due to any type of normal-s
effects.

FIG. 1. STM tunneling data~solid line! on Bi2212 from Ref. 6.
States-conserving normal-state curveA ~short-dashed line! and non-
states-conserving normal-state curveB ~long-dashed line!.
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The normalized conductance achieved by dividing
data of Fig. 1 by curveA is shown in Fig. 2 where it is
compared with a BCSd-wave DOS using a maximum
d-wave gap value ofD532 meV, a small scattering rateG
50.4 meV, and a tunneling weighting factora50.4 as de-
scribed in Ref. 20. The BCS DOS provides an excellent fit
the subgap region as well as the conductance peaks an
gap magnitude is consistent with Bi2212 being sligh
overdoped.7 The dip features are nearly symmetric in th
normalized conductance as is found in two other STM st
ies of Bi2212~Refs. 5,18! for various doping concentrations
This firmly establishes the symmetry of dip features in t
quasiparticle DOS in defect-free regions of Bi2212 crysta
The strong asymmetry of dip strength found in large-ar
point-contact tunneling spectra7 is most likely associated
with parallel tunneling contributions from Bi2212 region
that contain defects. The STM conductance spectra from
ordered regions exhibit a peak only at positive bias volta
and the transition region between clean and disorde
clearly show an asymmetric dip.19

The integrated area of the data of Fig. 2 out to 300 m
conserves states to within 1% of the BCS DOS. This occ
because the negative deviation of the dip feature from
BCS fit is balanced by the pileup near the gap edge and a
higher-energy hump which is a characteristic signature
strong-coupling effects as found in convention
superconductors.1,2 A particular feature of these STM data
noted by the top arrows in Fig. 2, which indicate the onse
strong-coupling effects, i.e., the voltage where the data be
a significant positive deviation from the weak-coupling, BC
fit. We believe this feature is a key experimental discovery21

for it signals the threshold of quasiparticle lifetime effec
and, as found in some of the earliest studies of stro
coupled superconductivity,22 it indicates that the underlying
boson spectrum is a relatively narrow band of excitations

The result of ad-wave Eliashberg analysis of the data23 is
shown in Fig. 3. Conventional application of Eliashbe
theory to phonon mediateds-wave superconductors22 results
in a pair of coupled equations for the complex valued, ene

FIG. 2. Normalized tunneling conductance data~dots! from Fig.
1 using curveA. Solid line is a BCSd-wave DOS for comparison
4-2
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dependent gapD(v) and renormalizationZ(v). To extend
this approach tod-wave symmetry superconductors, th
present work assumes an energy dependentZ(v) and an
energy dependent,d-wave symmetry superconducting ga
given by D(v)cos(2f). The conventional phonon spectr
function is replaced with one that is consistent withd-wave
symmetry, namely,

a2F~f2f8,v!5„cS1cDcos@2~f2f8!#…a2F~v!. ~1!

A single-peak Lorentzian function is chosen fora2F(v) and
is adjusted to fit the data. With no further assumptions, t
coupled equations result forZ(v) andD(v).23 The presence
of the s-wave channelcS results in a nontrivial, energy de
pendentZ(v). The choice of values forcS andcD is guided
by the analysis of Ref. 24 which indicates that the pair
interaction in Eq.~1! will lead to a pured-wave symmetry
state providedcS is kept small relative tocD . The main
challenge is not just to produce a dip feature, which has b
demonstrated in the high-TC literature in the past, but to fit
quantitatively, all the main features of the measured tunn
ing conductance: the shape and position of the main den
of-states peak, strong-coupling onset features indicated
the top arrows in Fig. 2, and the precise position of the
and higher-energy hump on the tunneling density of stat

The overall shape, location, and magnitude of the tunn
ing spectral dip feature are adequately reproduced u
a2F(v) shown in the inset of Fig. 3, along with couplin
factorscS50.14 andcD51.0. This leads to a conventiona
coupling constantl52.2. Most importantly,a2F(v) gener-
ates the correct magnitude of thed-wave gap,D532 meV,
given by the position of the conductance peak.25 The conduc-
tance peak height and shape are fit quite well. Furtherm
the onset feature indicated by the arrows in Fig. 2 is pres

FIG. 3. Positive bias normalized conductance data~dots! from
Fig. 2 compared withd-wave Eliashberg fit~solid line!. Arrow
shows the location of thea2F(v) peak as measured with respect
the gap edge~conductance peak!. Inset: thea2F(v) spectrum used
in the Eliashberg analysis to fit the tunneling data.
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at the same bias voltage in the Eliashberg analysis, provid
additional support for the present interpretation of the exp
mental data. This onset arises from the low-frequency thre
old in a2F(v) near 15 meV. The self-consistency betwe
the dip structure and the gap magnitude cannot be accide
Spectral features arising from spurious or extrinsic effe
~e.g., improper normalizations! would have arbitrary shape
and magnitudes incompatible with self-consistent, stro
coupling theory. The ability to fit the entire tunneling spe
trum provides compelling evidence that the superconduc
ity of Bi2212 can be described within an Eliashbe
framework.26 Improvements in the fit can likely be obtaine
by finetuning the boson spectrum line shape. One possib
is to put a high-energy tail intoa2F(v).8

The above analysis does not explain the nature of
bosonic excitations described bya2F(v). The centroid of
the spectral function is atvR536.5 meV which is close to
that of the resonance spin excitation found in neutro
scattering studies27 of slightly overdoped Bi2212~38 meV!.
The characteristic widths are comparable as well. While s
agreement is striking, the possibility must be considered
a2F(v) corresponds to other excitations such as optic
mode phonons. An important feature of thisd-wave Eliash-
berg analysis may provide some clues. Note that the posi
of the dip minimum, indicated by the arrow in Fig. 3 occu
at a bias voltage eV5D1vR . Recent studies of the shift o
the dip minimum with doping show thatvR follows the dop-
ing dependence of the resonance mode, providing additio
support that spin excitations are the cause
superconductivity.3,12

Turning to related issues, tunneling dip features are a
observed in YBCO~Ref. 5! and Tl2201.4 EstimatingvR in
YBCO from Ref. 5 leads to a value of 25–30 meV, signi
cantly below the resonance mode energy of 41 meV. Ho
ever, the tunneling gap magnitude in YBCO~20–25 meV! is
also much smaller than that found in optimal doped Bi2217

Conductance spectra on Tl2201 are consistent with th
found on overdoped Bi2212 including gap values in t
range 20–25 meV.4 Until the origins of the smaller tunneling
gaps in YBCO and Tl2201 relative to Bi2212 are resolv
and/or a full Eliashberg analysis is attempted, it is premat
to draw conclusions from these studies.

In summary, we have shown that symmetric tunneling
features, reproducibly observed in Bi2212 junctions, are
a consequence of a pseudogap or other normal-state phe
ena but can be explained as strong-coupling effects with
d-wave Eliashberg model. The bilayer split VHS peaks b
low the Fermi energy28 are not observed indicating that th
tunneling matrix element may have suppressed these
tures. The tunneling DOS exhibits a BCSd-wave shape in
the gap region and a distinct strong-coupling onset. Alo
with the dip feature, these effects indicate that the bo
spectrum is a relatively narrow band of excitations with ze
weight at low energies. A single-peaka2F(v) centered at
36.5 meV adequately reproduces all aspects of the dip
ture and self-consistently leads to the measured gap val

The authors would like to thank S.H. Pan for providin
the experimental data used in this analysis.
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