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Tunneling spectroscopy of BjSr,CaCu,0Og.5: Eliashberg analysis of the spectral dip feature
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Eliashberg strong-coupling theory, extended thwave symmetric gap function, is used to fit quantitatively
a published tunneling spectrum of,B8ir,CaCyOg. s near optimal doping. The shape, location, and strength of
the high-bias spectral dip feature is adequately reproduced using a singlefie@k) centered at 36.5 meV.
«*F(w) also self-consistently determines the measured gap Ve#i82 meV. Possible origins of the bosonic
spectrum that give rise to highes superconductivity are discussed.
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Tunnel junctions on conventional superconductors such ashich arise from interface or defect scattefirand which
Pb or Nb exhibit fine structure in the high-bias (eX) interfere with the observation of the bulk quasiparticle den-
electrical conductance that corresponds to peaks in the phaity of stategDOS). There are also strong doping dependen-
non density of stateB(w), thereby giving direct evidence of cies of the energy gdpvhich can lead to local variations in
the electron-phonon mechanism for superconductivityhe spectra. Such effects can lead to a variety of tunneling char-
relationship is made quantitative through Eliashberg strongacteristics and the apparent lack of consistency has caused
coupling theory which allows the fine structure to be “in- attention to shift to other spectroscopic methods such as op-
verted” to obtain the electron-phonon spectral functiontical conductivity or angle-resolved photoemission
a’F(w). a’F(w) self-consistently determines basic, low- (ARPES (Ref. 9 to search for the pairing mechanism.
energy superconducting properties such as the minimum ex- However, tunneling remains uniquely capable of directly
citation gap for quasiparticled,.’? For high-temperature su- measuring the quasiparticle DOS with higtiheV) resolu-
perconductorgHTS) such as BiS,L,CaCyOg, 5 (Bi2212),  tion. Also, the tunneling matrix element contains a group
Tl,Ba,CuQ; (TI12201), and YBgCu;O,; (YBCO) the only  velocity term which often provides a fortuitous suppression
reproducible high-bias tunneling structure is that which isof band-structure effects® Thus recent discoveries in
commonly referred to as the dip featdré.While good ar-  Bi2212 of significant Cu-O bilayer splitting in ARPES,
guments have been made to suggest that this feature imhich leads to a double VHS peak in the DOS, are not in-
Bi2212 is a strong-coupling effect, analogous to the phonoronsistent with the apparent weakness of such effects in tun-
structures of conventional superconductom,quantitative neling data. Furthermore, the improvement in materials,
analysis has been lacking. Consequently, arguments that timeethods, and overall understanding has now led to a high
dip was a simple background effect, e.g., from the Van Hovalegree of reproducibility among nominaltyaxis junctions
singularity (VHS) or pseudogap, were not completely re- on Bi2212. It has been demonstrated recéftigat the tun-
futed. neling conductances obtained on near optimally doped

Here we demonstrate that the sharp, symmetric dip feaBi2212 from widely different methods, including atomicallly
tures found in atomically resolved scanning tunnel micro-resolved STM, break junctions;*? and intrinsic c-axis
scope(STM) datd cannot be treated as a background effectjunctions!® are nearly identical, especially with respect to
but more importantly, can be quantitatively understood usinghe location, shape, and magnitude of the spectral dip fea-
Eliashberg theory suitably modified fakwave symmetry. ture. Thus while our analysis is for a particular, high-quality
The detailed shape and strength of the dip structure can be ®TM spectrunf, it certainly applies to the dip features found
using a single-peakr’F(w) centered at 36.5 meV, which on other junctiond? Although there have been numerous
self-consistently leads to the measured, d-wave, supercomticles discussing the origin of the tunneling dip
ducting gap value\ =32 meV. This self-consistency cannot featurd!214-1®this work is a quantitative fit of a complete
be accidental and therefore makes a compelling argumemixperimental tunneling DOS spectrum using a self-
that highT superconductivity can be described within an consistentd-wave, Eliashberg formalist.
Eliashberg framework. Possible origins of the bosonic spec- A published, atomically resolved STM spectiim repro-
trum described byw?F(w) are discussed later, along with duced in Fig. 1. The superconducting tunneling conductance
comments on dip features found in other cuprate supercor(dl/dV versusV) exhibits sharp coherence peaks-wave-
ductors. like subgap region, and clear dip featuiésr both voltage

Given the spectacular success of the tunneling methogolarities, all on top of a sloping background. There are two
when applied to conventional superconductors, the lack of &asic approaches to analyzing such data. One approach at-
similar, quantitative analysis of tunneling spectra in HTS cu-tempts to fit the background and superconducting effects
prates has been a disappointment. The origins of this failureogether’® This requires knowledge of the electronic band
in cuprates can be traced to several effects, including novedtructure and tunneling matrix element, the latter of which is
d-wave phenomena such as Andreev or virtual bound statedifficult to ascertain. The approach taken here, as in conven-
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FIG. 1. STM tunneling datésolid line) on Bi2212 from Ref. 6. 1 using curveA. Solid line is a BCSd-wave DOS for comparison.

States-conserving normal-state cufvéshort-dashed lineand non-

states-conserving normal-state cu¥élong-dashed ling The normalized conductance achieved by dividing the

data of Fig. 1 by curveA is shown in Fig. 2 where it is

tional tunneling spectroscopy, is to normalize out all back- compared with a BCSd-wave DOS using a maximum
ground effects leaving only that part of the DOS which arisesi-wave gap value oA =32 meV, a small scattering rafe
solely from superconductivity. Here the background must be=0.4 meV, and a tunneling weighting factar=0.4 as de-
inferred. A reasonable guess is possible because in the rageribed in Ref. 20. The BCS DOS provides an excellent fit of
cases Where direct measurements have been made far abaie subgap region as well as the conductance peaks and the
Tc, the tunneling background shape in Bi2212 was found tgyap magnitude is consistent with Bi2212 being slightly
be smoothly and weakly varying.Recognizing that for in-  overdoped. The dip features are nearly symmetric in the
creasingly higher-bias voltages the superconducting anglormalized conductance as is found in two other STM stud-
normal-state conductances must merge, the full backgrounids of Bi2212(Refs. 5,18 for various doping concentrations.
shape can be estimated by selecting only the datd\for  This firmly establishes the symmetry of dip features in the
=V, and smoothly interpolating between these data pointsguasiparticle DOS in defect-free regions of Bi2212 crystals.
HereVc is an arbitrary cutoff voltage chosen to ensure thatThe strong asymmetry of dip strength found in large-area,
conservation of states holds. point-contact tunneling specfras most likely associated

Two background conductances are shown in Fig. 1 angvith parallel tunneling contributions from Bi2212 regions
are labeled asA and B. Curve A (short dashed lineis  that contain defects. The STM conductance spectra from dis-
achieved by choosing a cutoff/c=100 meV and using a ordered regions exhibit a peak only at positive bias voltages
sixth-order polynomial fit of the selected data. Note that con-and the transition region between clean and disordered
servation of states is apparent with cudei.e., the spectral clearly show an asymmetric dig.
weight of the superconducting data above cufvés bal- The integrated area of the data of Fig. 2 out to 300 meV
anced by the weight below. Importantly, the superconductingonserves states to within 1% of the BCS DOS. This occurs
conductance drops below the normal state at the dip voltbecause the negative deviation of the dip feature from the
ages, which is consistent with direct measuren@rasd  BCS fit is balanced by the pileup near the gap edge and at the
with other STM data using a similar normalization higher-energy hump which is a characteristic signature of
proceduré® Curve B in Fig. 1 is an example of a back- strong-coupling effects as found in conventional
ground that results when the dip features are assumed to k&perconductors? A particular feature of these STM data is
part of the normal-state spectrum, e.g., from an extrinsitoted by the top arrows in Fig. 2, which indicate the onset of
pseudogap. A cutofi/c=70 meV is choserithe dip mini-  strong-coupling effects, i.e., the voltage where the data begin
mum) along with a similar polynomial fit. Curv® indeed  a significant positive deviation from the weak-coupling, BCS
exhibits a strong suppression near zero bias, but it is immefit. We believe this feature is a key experimental discovéry,
diately obvious that this type of normal state will not lead tofor it signals the threshold of quasiparticle lifetime effects
conservation of states. The spectral weight of the experimerand, as found in some of the earliest studies of strong-
tal data above curv8 far exceeds the weight below. More coupled superconductivify it indicates that the underlying
sophisticated models that attempt to fit the data of Fig. Jboson spectrum is a relatively narrow band of excitations.
directly using the band structdfe and an extrinsic The result of ad-wave Eliashberg analysis of the dztis
pseudogap lead to similar inconsistencies and indicate thahown in Fig. 3. Conventional application of Eliashberg
the dip features are not due to any type of normal-stateheory to phonon mediatesiwave superconductdisresults
effects. in a pair of coupled equations for the complex valued, energy
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2 e at the same bias voltage in the Eliashberg analysis, providing

"""" additional support for the present interpretation of the experi-
mental data. This onset arises from the low-frequency thresh-
1 old in a?F(w) near 15 meV. The self-consistency between
,,,,, the dip structure and the gap magnitude cannot be accidental.
Spectral features arising from spurious or extrinsic effects
P (e.g., improper normalizationsvould have arbitrary shapes
and magnitudes incompatible with self-consistent, strong-
coupling theory. The ability to fit the entire tunneling spec-
trum provides compelling evidence that the superconductiv-
ity of Bi2212 can be described within an Eliashberg
framework?® Improvements in the fit can likely be obtained
by finetuning the boson spectrum line shape. One possibility
B is to put a high-energy tail inta?F(w).®

0 0.05 0.1 0.15 0.2 0.5 The above analysis does not explain the nature of the
bosonic excitations described ’F(w). The centroid of

the spectral function is abg=36.5 meV which is close to
that of the resonance spin excitation found in neutron-

Fig. 2 compared withd-wave Eliashberg fit(solid line). Arrow scattering stut_:iié% Of_ slightly overdoped Bi221238 me_\/).
shows the location of theF () peak as measured with respect to The characteristic widths are comparable as well. While such

the gap edgéconductance peakinset: thea’F (w) spectrum used agzreement is striking, the possibility must be considered that

in the Eliashberg analysis to fit the tunneling data. a“F(w) corresponds to other excitations such as optical-
mode phonons. An important feature of tliisvave Eliash-
berg analysis may provide some clues. Note that the position

dependent gap\(w) and renormalizatiorZ (w). To extend  Of the dip minimum, indicated by the arrow in Fig. 3 occurs
this approach tod-wave symmetry Superconductor& theat a bias voltage eV A+ wr. Recent studies of the shift of
present work assumes an energy dependqm) and an the dip minimum with doping show thaig follows the dop-
energy dependent-wave symmetry superconducting gap ing dependence of the resonance mode, providing additional
given by A(w)cos(2p). The conventional phonon spectral support that spin  excitations are the cause of

. . . : . (i3, 12
function is replaced with one that is consistent withvave supercc_)nducnwtﬁ. _ _ _
symmetry, namely, Turning to related issues, tunneling dip features are also

observed in YBCQRef. 5 and TI2201* Estimatingwg in
, , YBCO from Ref. 5 leads to a value of 25-30 meV, signifi-

a’F($=¢',0)=(cs+Cpcog2($—¢") Da’F(w). (1) cantly below the resonance mode energy of 41 meV. How-
ever, the tunneling gap magnitude in YBGZD—25 meV is
also much smaller than that found in optimal doped Bi2212.
%Conductance spectra on TI2201 are consistent with those
found on overdoped Bi2212 including gap values in the
range 20—25 me¥Until the origins of the smaller tunneling
gaps in YBCO and TI2201 relative to Bi2212 are resolved
and/or a full Eliashberg analysis is attempted, it is premature
to draw conclusions from these studies.

In summary, we have shown that symmetric tunneling dip
: . ) . PEER atures, reproducibly observed in Bi2212 junctions, are not
demonstrated in the highc literature in the past, but to fit, consequence of a pseudogap or other normal-state phenom-
guantitatively, all the main features of the measured tunneléna but can be explained as strong-coupling effects within a
ing conductance: the shape and position of the main densit;a_wave Eliashberg model. The bilayer split VHS peaks be-
of-states peak, strong-coupling onset features indicated Q4 the Fermi enercg? are not observed indicating that the
the top arrows in Fig. 2, and the precise position of the dipy,ynejing matrix element may have suppressed these fea-
and higher-energy hump on the tunnelmg density of States., oq The tunneling DOS exhibits a B@Swvave shape in
__The overall shape, location, and magnitude of the tunnély,o 44, region and a distinct strong-coupling onset. Along
'ng spectral dip feature are adequately reproduced usingin “ihe dip feature, these effects indicate that the boson
a“F(w) shown in the inset of Fig. 3, along with coupling gnectrym is a relatively narrow band of excitations with zero
factor_scsz 0.14 andcp=1.0. T_h|s leads to 2a conventional weight at low energies. A single-peallF(w) centered at
coupling constank =2.2. Most importantlya“F(w) gener- 3¢ 5 mev adequately reproduces all aspects of the dip fea-

ates the correct magnitude of tevave gapA=32meV,  ,re and self-consistently leads to the measured gap value.
given by the position of the conductance péakhe conduc-

tance peak height and shape are fit quite well. Furthermore, The authors would like to thank S.H. Pan for providing
the onset feature indicated by the arrows in Fig. 2 is preserthe experimental data used in this analysis.
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FIG. 3. Positive bias normalized conductance das from

A single-peak Lorentzian function is chosen fefF (w) and
is adjusted to fit the data. With no further assumptions, tw
coupled equations result fa@(w) andA(w).? The presence
of the swave channetg results in a nontrivial, energy de-
pendentZ(w). The choice of values farg andcp is guided
by the analysis of Ref. 24 which indicates that the pairing
interaction in Eqg.(1) will lead to a pured-wave symmetry
state providedcs is kept small relative tacp. The main
challenge is not just to produce a dip feature, which has be
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