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The angle-resolved photoelectron spectroscopysARPESd spectra in high-Tc superconductors show
four distinctive features in the quasiparticle self-energySsk ,vd. They can be explained consistently by
the phenomenological microscopic theory in which the electron-phonon interaction with the forward-scattering
peak dominates over the Coulomb scattering. This theory explains why there isno shift of the nodal
kink at 70 meV in the superconducting state, contrary to the observedshift of the antinodal singularity at
40 meV. The theory predicts akneelikestructure ofuIm Ssvdu= uIm Sphsvd+Im SCsvdu, which is phonon domi-
nated, uIm Ssvphdu<uIm Sphsvphdu,plphvph/2, for v<vph

s70d, and for v.vph
s70d shows linear behavior

uIm Ssvdu<uIm Sphsvphdu+plC,wv /2, due to the Coulomb scattering. ARPES spectra givelph.1—which is
obtained from ReS, andlC,0.4—obtained from ImS, i.e., lph@lC. Thedip-humpstructure in the spectral
function AskF ,vd comes out naturally from the proposed theory.
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The pairing mechanism in high-temperature supercon-
ductorssHTSCd is under intensive debate.1,2 In that respect
angle-resolved photoelectron spectroscopysARPESd experi-
ments play a central role in the theory, since they give infor-
mation on the quasiparticle spectrum, lifetime effects, and
indirectly on the pairing potential. Recent ARPES experi-
ments on various HTSC families, such as La2−xSrxCuO4 and
Bi2Sr2CaCu2O8+d sBISCOd,3–6 show at least four distinctive
features in the quasiparticle self-energySsk ,vd: sid There is
a kink in the normal-state quasiparticle spectrum,vsjkd, in
the nodal direction s0,0d−sp ,pd at the energy vkink

s70d

&70 meV, which is a characteristic oxygen vibration energy
vph

s70d. However, thekink is not shiftedin the superconducting
state, contrary to the prediction of thestandard Eliashberg
theory.7 The latter contains integration over the whole Fermi
surface and over the energy, giving that singularities invsjkd
salong all directionsd must be shifted in the superconducting
state by the maximal gap valueD0: sii d In the antinodal re-
gion, nearsp ,0d for s0,pdg, there is a singularity invsjkd in
the normal state atvsing

s40d<40 meV—which is also a charac-
teristic oxygen vibration energyvph

s40d. This singularity is
shifted in the superconducting statesat T!Tcd to v
<60 meV s=vph

s40d+D0d, whereD0 s<20 meVd is the maxi-
mal superconducting gap at the antinodal point. The experi-
mental slopes of ReSsk ,vd at the kinksand singularityd give
the electron-phonon interactionsEPId coupling constantlph

.1. The different shifts ofvkink
s70d and vsing

s40d occur in the su-
perconducting state we call theARPES nonshift puzzle. siii d
There is a kneelike structure of uIm Ssvdu= uIm Sphsvd
+Im SCsvdu, which is for v<vph

s70d, phonon dominated
uIm Ssvdu<uIm Sphsvphdu,plphvph/2 with lph.1 sob-
tained from ReSd, and forv.vph

s70d there is a linear behavior
of uIm Ssvdu<uIm Sphsvphdu+plC,wv /2 with lC,0.4!lph,
which is due to the Coulomb scattering.sivd There is adip-
hump structure in the spectral functionAskF ,vd with the
quasiparticle peak sharpening in the superconducting state
near the antinodal point.

These distinctive features in the ARPES spectracannot be
explainedby the theory of the spin-fluctuation interaction
sSFId due to the following reasons:sid in the SFI there are no
phonons and characteristic energy at 70 meV.sii d The inten-
sity of the SFI spectrumf,Im xsQ ,vd—the spin suscepti-
bility at Q=sp ,pdg, is pronounced in slightly underdoped
materials but strongly suppressed in the normal state of the
optimally doped HTSC oxides.8 At the same time their criti-
cal temperatures differ only slightlysdTc,1 Kd. Such a
huge reconstruction of the SFI spectrum, but with a small
effect onTc, gives strong evidence against the SFI mecha-
nism of pairingssee more in Ref. 1d. siii d The SFI theory9

assumes unrealistically large coupling energygsf<0.65 eV
swith the coupling constantlsfs,gsf

2 d<2.5d, while the
ARPES sRefs. 3 and 4, and 6d resistivity1 and magnetic10

measurements give much smallergsf&0.1 eV, i.e.,
lsf,0.2,lC&0.4, giving small Tc. sivd If the kink at
70 meV is due to the magnetic spectrum, this would be
strongly rearranged in the superconducting state, contrary to
the ARPES results. On the other hand, the phonon energies
are only slightly sø5%d changed in the superconducting
state.svd The magnetic-resonance mode at 41 meV, which
appears only in the superconducting state,9 cannot cause the
kink, since the latter is observed also in the normal state of
almost all hole-doped HTSC. Moreover, the kink is observed
in La2−xSrxCuO4, where there is no magnetic resonance
mode.3 We show in the paper that the four distinctive fea-
tures in the ARPES spectra can be explained by the phenom-
enological microscopic theory in which the electron-phonon
interaction sEPId with the forward scattering peaksFSPd
dominates over the Coulomb interaction—we call it theEPI-
FSP model.

The central question for EPI theory is the following: Why
is the antinodal singularityvsing

s40d shifted in the superconduct-
ing state, but the nodal kinkvkink

s70d is not? This result cannot
be explained by the standard Eliashberg theory for the iso-
tropic EPI,7 which predicts thatvsing

s40d and vkink
s70d should be
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shifted in the superconducting state tovsing
s40d→vph

s40d+D0 and
vkink

s70d→vph
s70d+D0, respectively. However, it can be explained

by the EPI-FSP model, which contains the following basic
ingredients:sid TheEPI is dominantin HTSC and its spectral
function a2Fsk ,k8 ,Vd fsee Eq.s4dg, has a pronounced FSP
at k −k8=0, with the narrow widthuk −k8uc!kF. This as-
sumptionis supported by the theory of the EPI in strongly
correlated systems described by thet-J model.11,1 Near the
Fermi surface one expects thataph

2 Fsk ,k8 ,Vd
<aph

2 Fsw ,w8 ,Vd,13 and in the t-J model one has
aph

2 Fsw ,w8 ,Vd,gc
2sw−w8d, where the charge vertex

gcsw−w8d is strongly peaked atw−w8=0 with the width
dww!p—the forward-scattering peaksFSPd.11,1 Thereby, in
leading orderaph

2 Fsw ,w8 ,Vd<aph
2 Fsw ,Vddsw−w8d, which

picks up the main physics wheneverdww!p.1 The calcula-
tions in thet-J model with the EPIsRefs. 11 and 1d predict
the following important results:sid the strength of pairing is
due to the EPI, while the residual Coulomb interactionsin-
cluding spin fluctuationsd triggers the pairing to thed wave
one; sii d the transport coupling constantltr entering the re-
sistivity %,ltrT is much smaller than the pairing onelph,
i.e.,ltr ,lph/3. We stress that in thet-J model the FSP in the
EPI is a general effectby affecting electronic coupling to all
phonons. This is an important result, since for some phonons
sfor instance the half-breathing modes of O ionsd the bare
coupling constantg0

2sqd is peaked at largeq,2kF, and there-
fore it is detrimental ford-wave pairing. It is renormalized
by strong correlations andgren

2 sqd=g0
2sqdgc

2sqd is peaked at
much smallerq, thus contributing constructively tod-wave
pairing. Recent Monte Carlo calculations12 in the finite U
Hubbard model with the EPI confirm the existence of the
FSP in the EPI found in Ref. 11.sii d The dynamical part
sbeyond the Hartree-Fockd of the Coulomb interaction is
characterized by the spectral functionSCsk ,k8 ,Vd, which is
at present difficult to calculate. However, the ARPES non-
shift puzzle implies thatSC is either peaked at small transfer
momentauk −k8u!kF or it is so small that the shift is weakly
affected and below the experimental resolution. Since the
ARPES data give smalllC,0.4, i.e.,lC!lph.1, the kink
position is practically insensitive to thek dependence ofSC.
For simplicity we assume that the former case is realizedfsee
the discussion after Eq.s4dg. siii d The scattering potential due
to nonmagnetic impurities has a pronounced forward-
scattering peak. This assumption is also supported by the
t-J model.11,1 Moreover, the latter property makesd-wave
pairing robust in the presence of impurities.1

The Matsubara Green’s function is defined by
fk=sk ,vndg,

Gk =
1

ivk − jk − ok
svd

= −
iṽk + jk

ṽk
2 + jk

2 + D̃k
2
, s1d

wherejk, ṽk, andD̃k are the bare quasiparticle energy, renor-
malized frequency, and gap, respectively.13 The two-
dimensionals2Dd Fermi surface of HTSC is parametrized by
k =skF+k' ,kFwd, wherekFswd is the Fermi momentum and
kFw is the tangent on the Fermi surface.13 In that case
jk <vF,wk' anded2kf¯g<eedjdwkF,w /vFswd=eeNw,jdjdw.

After the j-integration the Eliashberg equations in the FSP
model read

ṽn,w = vn + pTo
m

l1,wsn − mdṽm,w

Îṽm,w
2 + D̃m,w

2
+ on,w

C
, s2d

D̃n,w = pTo
m

l2,wsn − mdD̃m,w

Îṽm,w
2 + D̃m,w

2
+ D̃n,w

C , s3d

where l1s2d,wsn−md=lph,wsn−md+dmng1s2d,w with the
electron-phonon coupling functionlph,wsnd,

lph,wsnd = 2E
0

`

dV
aph,w

2 FwsVdV
V2 + vn

2 . s4d

Note that Eqs.s2d ands3d have alocal formas a function

of the anglew, and ṽn,w and D̃n,w at different points on the
Fermi surface aredecoupled. Just thissdecouplingd property
of the Eliashberg equations in the EPI-FSP model is crucial
for solving the ARPES nonshift puzzle.Sn,w

C is due to the
dynamical Coulomb effects and its calculation is the most
difficult part of the problem. SinceSn,w

C ,gcsw−w8d we as-
sume that it is also “local” on the Fermi surface, although
this assumption is not crucial at all, becauselC!lph. After
the j integration it reaches the same form as the second
term in Eq. s2d, wherel1,wsn−md is replaced by the Cou-
lomb coupling functionlC,wsn−md. The latter has the same
form as Eq. s4d but aph,w

2 FwsVd is replaced bySC,wsVd.
ARPES spectra give evidence that ImSw

Csvd<−plC,wv /2 at
T,v,VC, which we reproduce by thephenomenological
expressionfor SC,wsvd=AC,wQsuvu−TdQsVC− uvud. AC,w is

normalized to obtainlC,w&0.4. D̃n,w
C in Eq. s2d is due to the

Coulomb interaction and includes the following:sid the
Hartree-Fock pseudopotential, which maximizesTc when

kD̃n,wlF=0 and favors unconventionalsd-waved pairing; sii d
the dynamical part of the Coulomb interaction is unknown

and thereforeD̃C must be approximated. The SFI theory as-

sumes thatD̃Csk ,vnd depends on the dynamical spin suscep-
tibility xs. Since Imxssq ,vd is peaked atQ=sp ,pd, this

term is repulsive and favorsd-wave pairing. AlthoughD̃n,w
C

contributes little to the strength ofD̃n,w, it is important to
trigger superconductivity froms-wave tod-wave pairing.1,11

In Eqs. s1d and s2d nonmagnetic impurities are included
also. The theory of thet-J model predicts that strong corre-
lations induce the FSP in the impurity-scattering matrix, be-
ing tsw ,w8 ,vd,gc

2sw−w8d.1 In leading order one has
tsw ,w8 ,vd,dsw−w8d, thereby not affecting any pairing. In
reality, impurities are pair breaking ford-wave pairing and
the next-to-leading term is necessary. This term is controlled
by two scattering rates,g1,w and g2,w, whereg1,w−g2,wù0.
The caseg1,w=g2,w mimics the extreme forward-scattering
peak, not affectingTc, while g2,w=0 means an isotropic and
strong pair-breaking scattering.1

The quasiparticle energyvsjkd is the pole of the retarded
Green’s function. For numerics we take for simplicity the
Lorentzian shape foraph,w

2 FwsVd centered atvph. For a quali-
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tative explanation of the ARPES nonshift puzzle we take
moderate values forlph,w<lph=1, lC=0.3 in both the nodal
and antinodal directions. They can take larger values espe-
cially in the antinodal region. It is apparent from Eqs.s1d and
s2d that the quasiparticle renormalization is localsangle de-
coupledd on the Fermi surface. This behavior is expected to
be realized in a more realistic model with the finite width
dww, but with dww!p.1

sid Kink in the spectrum in the nodal directionat
vkink

s70d<70 meV in vsjkd means that the quasiparticles mov-
ing along the nodal directionsw=p /4d interact with phonons
with frequencies up to 70 meV,14 i.e., aph,p/4

2 Fp/4sVdÞ0 for
0,V&70 meV. SinceDp/4svd=0 the local form of Eq.s2d
implies thatvsjkd is not shiftedin the superconducting state.
Numerical calculations in Fig. 1sad confirm this result that is
in agreement with ARPES results.3 For a realistic phonon
spectrum the theoretical singularity invsjkd fshown in Fig.
1sadg is expected to be smeared, having also an additional
structure due to other phonons which contribute toa2Fsvd.

sii d The singularity in the antinodal directionsnot the
kinkd in vsjkd at vsing

s40d in the antinodal directionsw<p /2d is
observed in ARPES in the normal and superconducting state
of La2−xSrxCuO4 and BISCO.6 This means that the quasipar-
ticles moving in the antinodal direction interact with
a narrower phonon spectrum centered around
vph

s40d<40 meV. Since uDp/2svdu=D0, then Eq. s1d gives
that in the normal statevsjkd is singular atvsing= ±vph

s40d,
while in the superconducting statethe singularity is shiftedto
vsing

s40d= ± fvph
s40d+D0g. This is confirmed by numerical calcula-

tions in Fig. 2sad for vsjkd, and in Fig. 2sbd for Im Ssw ,vd,
for lph=1 andlC=0.3. ARPES experiments givelph.1 in
the antinodal region.6 Note that the theoretical singularity in

Fig. 1sad is stronger than in Fig. 2sad, because the calcula-
tions are performed for the same temperature, and since
vph

s70d.vph
s40d the latter singularity is smeared by temperature

effects more than the former. The real shape of these singu-
larities depends on microscopic details—the presence of the
van Hove singularity in the antinodal region, etc.

siii d The kneelike shape ofIm Ssj=0,vd is shown in
Fig. 1sbd for the nodal kink sat vph=70 meVd and in
Fig. 2sbd for the antinodal singularitysat vph=40 meVd. In
both cases there is a clear kneelike structure forv nearvph,
which is in accordance with the recent ARPES results in
various HTSC families.3–6 From Fig. 1sbd it is also seen that
for vph

s70d,v,VC the linear term is discernable inuIm Su
,uIm Sphsvphdu+plC,wv /2, while for v<vph

s70d the slope of
uIm Ssj=0,vdu is steeper, since forlphs=1d@lCs=0.3d the
term uIm Sphsvphdu f@uIm SCsvphdug dominates. The kneelike
shape of ImSsj=0,vd, as well as the nonshift effect of the
kink at 70 meV, are “smoking gun” results for HTSC theo-
ries that favor the EPI as the pairing interaction. At present
only the EPI-FSP modelstheoryd is able to explain the four
distinctive features in ARPES spectra in a consistent way.
The kneelike structure in the normal state was also obtained
in Ref. 15, where the EPI and Coulomb interactions are
treated phenomenologically. The EPI-FSP model predicts
also the kneelike structure in the antinodal region. However,
in this case the closeness of the antinodal point to the van
Hove singularity may influenceSphsj=0,vd significantly
and change its shape too.

sivd ARPES dip-hump structure. The EPI-FSP model ex-
plains qualitatively the dip-hump structure inAsw ,vd=
−Im Gsw ,vd /p which was observed recently in ARPES.4 In
Fig. 3sad it is seen that the dip-hump structure is realized in

FIG. 1. sad The quasiparticle-spectrumvsjkd andsbd the imagi-
nary self-energy ImSsj=0,vd in the nodal directionsw=p /4d in
the superconductingsT=0.2 meVd and normalsT=6 meVd state.
VC=400 meV is the cutoff inSC.

FIG. 2. sad The quasiparticle-spectrumvsjkd andsbd the imagi-
nary self-energy ImSsj=0,vd in the antinodal direction
sw=0;p /2d in the superconductingsT=0.2 meVd and normal
sT=6 meVd state.
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the normal state already for a moderate value oflph=1. The
dip is more pronounced in the superconducting state where
the peak inAsvd is appreciably narrowed, which is in accor-
dance with ARPES experiments.4 Contrary to expectations,
the dip energy does not coincide with thesshiftedd phonon
energy at vph=40 meV. However, the positions of the
maxima of −dA/dv appear near the energiess−D0−nvphd as
it is seen in Fig. 3sbd. The calculations give also a dip in both
the antinodal and nodal density of statesNsvd snot shownd
already for lph=1, which is more pronounced for larger
lphs.1d.

We stress some important points:sid in Eqs. s1d–s4d the
Migdal vertex corrections due to the electron-phonon inter-

action are neglected. It is shown in Ref. 16 that these correc-
tions may increaseTc significantly, by decreasing at the same
time the isotope effect, even forlph,1. Concerning the lo-
cal structure of the self-energyson the Fermi surfaced there is
a hope that our qualitative explanation of the nonshift puzzle
will survive also in this case.sii d At present it is unclear if
the ARPES kink at 70 meV is due to a single phonon mode
at this frequency or if it simply characterizes the end of the
broad-phonon spectrum. The latter case is clearly observed
in tunneling experiments.1 Some recent ARPES spectra in
La2−xSrxCu4 points also to at least four phonon modes inter-
acting with electrons.5

In conclusion, the four distinctive features in the quasipar-
ticle self-energy, obtained from the ARPES spectra in HTSC
materials, are explained consistently by the phenomenologi-
cal microscopic theory of electron-phonon interactionsEPId
with the forward-scattering peaksFSPd, which dominates
over the Coulomb scattering. This theoryssupported also by
the calculations in thet-J modeld explains why there isno
shift of the nodal kink at 70 meV in the superconducting
state, contrary to the observedshift s,20 meVd of the anti-
nodal singularity at 40 meV. The nonshift puzzle is a direct
consequence of the existence of the FSP in the EPI, i.e., due
to the long-range character of the electron-phonon interac-
tion in HTSC oxides.17 The existence of the FSP is supported
at least by two specificsfor HTSCd interactions:sid by strong
correlations and sii d by the pronouncedlong-range Made-
lung EPI, due to the layered ionic-metallic structure of
HTSC oxides.1,18 However, for the quantitative theory the
EPI-FSP model must be refined to include realistic phonon
and band structures of HTSC oxides.
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