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Angle-resolved photoemission spectroscopy and optical renormalizations: Phonons
or spin fluctuations
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Improved resolution in both energy and momentum in angular-resolved photoemission spectroscopy
~ARPES! data has led to the establishment of a definite energy scale in the dressed quasiparticle dispersion
relations. The observed structure around 80 meV has been taken as evidence for coupling to phonons and has
refocused the debate about the mechanism of superconductivity in the cuprates. Here we address the relative
merits of phonon as opposed to spin-fluctuation mechanisms. Both possibilities are consistent with ARPES. On
the other hand, when the considerations are extended to infrared optical data, a spin-fluctuation mechanism
provides a more natural interpretation of the combined sets of data in Bi2Sr2CaCu2O81d .
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I. INTRODUCTION

With the advent of improved resolution, both in ener
and momentum, several angular-resolved photoemis
spectroscopy~ARPES! groups have measured the renorm
ized quasiparticle energies and/or lifetimes1–8 in the cu-
prates. The data show that a definite energy scale exist
the renormalization. This energy scale has tentatively b
assigned by some5,6 to interactions of the charge carriers wi
phonons. This provocative possibility has again brough
the forefront the open question of the mechanism in the
prates and in particular the possibility that the electro
phonon interaction plays an important role. While t
electron-phonon interaction is widely believed to cause
perconductivity in conventional materials, the gap symme
in the cuprates isd-wave9–13rather thans-wave which means
that it is the projection of the electron-phonon interaction
the d-channel that enters the equation for the critical te
peratureTc . This would imply that some of the details of th
electron-phonon interaction would be drastically different
the oxides compared to conventional metals. While conv
tional superconductors do exhibit anisotropy14,15 in their su-
perconducting gap as a function of momentumk on the
Fermi surface, thes-channel always overcomes thed-channel
interaction. Also in dirtys-wave materials with the mean fre
path, smaller than the coherence lengthj0, the anisotropy
is washed out and the gap becomes isotropic. On the o
hand, in the pure limit there are many ways in which this g
anisotropy manifests itself in a convention
superconductor.15 One example is the low-temperature~T!
electronic specific heat which exhibits the expected expon
tial dependence exp$2D/T% only for temperatures much
lower than the lowest gap (D) in the system.

Arguments for why the form of the electron-phonon inte
action can be very different in the oxides as compared w
conventional metals have been presented in the literat
Some of the critical ideas have been reviewed by Kulic´.16

The main idea for our purpose here is that the electr
phonon interaction becomes strongly peaked in the forw
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direction when corrections for strong correlations are pr
erly accounted for through charge vertices.17,18 Another re-
lated idea is that because of the large static dielectric fu
tion in the oxides the screening is greatly reduced
compared with ordinary metals. This also leads to enhan
forward scattering as can be seen19,20 from the following
simple argument. The Fourier transform of the bare Coulo
potential diverges like 1/q2 for small q; hereq is the mo-
mentum transfer. Screening eliminates this singularity a
the screened potential goes, instead, like 1/(q21lFT

2 ), where
lFT is an inverse screening length. For smalllFT the in-
creased forward scattering has the general tendency to
crease the weighting of the higher harmonics in its exp
sion. For example, the expansion of a delta functiond(q) has
equal weight in each spherical harmonics.21 Strong forward
scattering can in fact lead tod-wave superconductivity which
is not suppressed by the strong Coulomb repulsion in c
trast to thes-wave channel.21,22

While the possibility of phonon-inducedd-wave super-
conductivity cannot be eliminated on general grounds, it
not been favored in much of the literature. While there is
consensus on mechanism, many workers believe instea
an electronically driven scenario: for instance, thet-J model
can exhibit superconductivity.23 A spin-fluctuation mecha-
nism, such as is envisaged in the nearly antiferromagn
Fermi-liquid~NAFFL! model of Pines and co-workers,24,25is
also electronic in nature with the exchange of spin fluct
tions rather than phonons. Another electronic mechanism
the marginal Fermi-liquid~MFL! model26–28 which in its
original form hads-wave symmetry.

In this paper we attempt to understand the renormaliza
effect observed in ARPES within a boson exchange mec
nism. We will consider explicitly both phonon and spin
fluctuation exchange. We will also try to reconcile, within th
same model, both ARPES data on equilibrium quasipart
properties and the optical conductivity. Infrared measu
ments in the cuprates have produced a wealth of informa
on charge dynamics in the oxides.29,30 They have played a
key role in our present understanding of the microsco
©2003 The American Physical Society08-1
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nature of the cuprates. In particular,c-axis infrared conduc-
tivity data have given detailed spectroscopic information
the pseudogap30 which has been widely viewed as a dire
manifestation of strong correlation effects. Recently, i
provements in resolution have also been achieved
ab-plane measurements.31

From reflectance measurements as a function of
quency it is possible to extract separately the real and
imaginary part of the conductivitys(T,v) as a function ofv
for a fixed temperatureT. Within a generalized Drude mode
in which the optical scattering rate and optical effective m
acquire a frequency dependence, we can define an isotr
optical scattering time top(T,v) as top

215(Vp
2/

4p)Res21(T,v), whereVp is the plasma frequency. Thi
quantity can be determined from the optical sum rule on
real part ofs(T,v), namely,*0

`dvs1(T,v)5(Vp
2/8). The

optical scattering rate defined above is related to the qu
particle lifetime which may be considered to be more fun
mental since they directly define quasiparticle motion. Wh
these two lifetimes are related, they are by no means ide
cal, however, except for a simplified case of isotropic ela
impurity scattering. Even in this case, if the electronic de
sity of states has an important dependence on energy o
elastic scattering is anisotropic, quasiparticle and trans
scattering rates are no longer the same. Note that, inasm
as the in-plane conductivity is isotropic, the optical scatter
rate is also isotropic and represents a weighted average o
more fundamental momentum-dependent quasiparticle s
tering. While there have been some attempts in the literat1

to compare both sets of data, i.e., ARPES and optical
rectly, we will emphasize here that, because they are no
simply related, they cannot easily be compared. On the o
hand, any viable microscopic model needs to be able to
vide a unifying description of both sets of experiments.
this regard, we will emphasize that in addition to the diffe
ences between quasiparticle and transport scattering
which we have already discussed, they differ in another f
damental way. In a boson exchange mechanism the cha
carrier-exchange boson spectral density@denoted bya2F(v)
in the explicit case of phonons# which describes the equilib
rium properties can be quite different from the correspond
transport spectral density, usually denoted bya tr

2 F(v).32,33

The origin of this fundamental difference lies in a we
known factor (12cosu), whereu is the angle between initia
and final electron momenta undergoing a scattering proc
For quasiparticle properties such as its lifetime, only
probability that an electron of momentumk leaves the state
uk& is relevant, while for transport, for instance, for the
resistivity, where it ends up is also important since backw
scattering depletes the current more than forward scatte
This basic physics is accounted for by the (12cosu) factor
which eliminates forward scattering (u50) and weights with
a factor of 2 backward scattering (u5p). Serious
estimates16–18 of these two spectral densities for a mod
electron-phonon interaction in the poor screening reg
with explicit inclusion of correlation effects have led to a
estimate thata tr

2 F(v) may be smaller by about a factor o
1/3 compared witha2F(v), the corresponding quasipartic
21450
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quantity. On the other hand, in the NAFFL model the inte
action with spin fluctuations is believed to strongly pe
around (p,p) in momentum. This means that the scatteri
potential itself weights more strongly the backwar
scattering processes, and so we expect that the trans
spectral density will be larger than its quasiparticle count
part. The above arguments immediately suggest that pho
effects could very well appear prominently in quasipartic
properties while at the same time play only a minor role
transport, i.e., in the infrared conductivity, and vice versa
spin fluctuations.

In Sec. II we make general remarks about the renorm
ization effects due to boson exchange mechanisms base
perturbation theory. In particular we contrast the electro
phonon case with spin fluctuations. In Sec. III we deal w
fits to the ARPES data in Bi2Sr2CaCu2O81d ~Bi2212! and in
Sec. IV we consider, in addition, optical conductivity da
We describe the constraints on microscopic models that
to both sets of data imposes in the specific case of Bi2212
Sec. V we draw conclusions.

II. GENERAL RESULTS

For an electron-phonon system, the renormalization of
electronic quasiparticles follows from a knowledge of t
electron-phonon spectral densitya2F(v). This function
which depends only on frequency, and which is limited
range to the maximum phonon frequency, contains all of
complicated information about electronic band wave fun
tions, dispersion relations, phonon dynamics, and electr
lattice vibration coupling which is needed to compute se
energy effects. In lowest-order perturbation theory,
quasiparticle scattering ratetqp

21(v) at energyv is given
by34

tqp
21~v!52pE

0

v

dn a2F~n!. ~1!

For a d-function Einstein phonon atvE of the form
a2F(v)5Ad(v2vE),

tqp
21~v!5H 2pA v.vE

0 v,vE ,
~2!

and we see thatvE sets the energy at whichtqp
21(v) jumps

from zero to a finite value. For ana2F(v) distributed in
energy, the rise will be more gradual but forv>vD , with
the Debye energyvD , the scattering rate will, again, becom
constant.

The expression for the optical scattering rate, on the ot
hand, which is also obtained in lowest-order perturbat
theory, is34

top
21~v!5

2p

v E
0

v

dn ~v2n!a tr
2 F~n!, ~3!

which givestop
21(v)50 for v<vE in an Einstein model, but

now for v.vE ,
8-2
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top
21~v!52pS 12

vE

v DAtr , ~4!

which starts at zero withv5vE and gradually increases to
wards 2pAtr with increasingv. This is quite distinct from
the abrupt jump to 2pA at v5vE found for the quasiparticle
scattering rate. Here the subscript ‘‘tr ’ ’ denotes transport as
opposed to equilibrium properties. It is clear that the sin
larity in t21(v) associated with the boson energy scalevE
is more significant in the quasiparticle~equilibrium case!
than in the transport scattering rate. There is yet ano
difference between quasiparticle and transport rates. If
denote the electron-phonon interaction matrix element
gk,k8,n for electrons scattering fromk to k8 with a phonon of
energyvn(k2k8) (n is a branch index! the quasiparticle
spectral density is9,35,36

a2F~v!5(
n

^^ugk,k8,nu2d~v2vn~k2k8!!&&, ~5!

with the double average over the Fermi surface denoted
^^•••&&,

^^G&&5

(
k,k8

Gk,k8d~«k2m!d~«k82m!

(
k

d~«k2m!

, ~6!

wherem is the chemical potential, so all integrals are pinn
at the Fermi surface. The optical spectral weight
related14,33,35instead to

a tr
2 F~v!}(

n
^^ugk,k8,nu2~vk2vk8!

2d~v2vn~k2k8!!&&.

~7!

The extra factor ofvk2vk8 with vk the velocity of the elec-
tron k weights forward scattering by zero and emphasi
most backward collisions.

The functionsa2F(v) of Eq. ~5! anda tr
2 F(v) of Eq. ~7!

are isotropic, momentum averages, given by the right-h
side of each of these equations. Both involve a double in
gral over initial and final statesuk& and uk8&. The full com-
plicated momentum dependence of the electron-phonon
pling gk,k8,n and of the phonon dispersionvn(k2k8) is
included with no approximations, although after the dou
summation over momentum, indicated in Eq.~6!, a2F(v) is
now isotropic, dependent only on frequency. This is the fu
tion that enters isotropic Eliashberg theory. An anisotro
formulation of the Eliashberg equations37 also exists, and in
this case a directional electron-phonon spectral density
tinct for each electron stateuk& on the Fermi surface, which
we denote byak

2F(v), would replace its Fermi surface av
erage:
21450
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(
k

ak
2F~v!

(
k

d~«k2m!

. ~8!

To calculatea2F(v) from first principles is difficult and
complex.36 It can, fortunately, be measured directly from tu
neling data through consideration of current-volta
characteristics.38,39The resulting function ofv often, but not
always, looks qualitatively very much like the phonon fr
quency distributionF(v) but this does not imply that mo
mentum dependence of coupling and/or of phonons is
included in Eq.~5!. Any nesting effects such as are present
the nested Fermi-liquid theory of Virosztek and Ruvalds40,41

and in the work of Savrasov and Andersen42 are fully incor-
porated on the right-hand side of Eq.~5!. It is only because
we take the left-hand side from experiment that these imp
tant issues do not become prominent in our work.

A further complication arises in the case of coupling
spin fluctuations.43 In this case the magnetic spin susceptib
ity xk,k8(v) is involved as well as its coupling to charge. Th
susceptibility in the cuprates is sharply peaked in momen
space at the antiferromagnetic wave vectork2k8 ~momen-
tum transfer! for electron scattering fromuk& to uk8&. In this
case, what enters Eliashberg theory43 is the complex function
xk,k8(v) weighted by electron coupling. For instance, in t
NAFFL model24

xk,k8~v!5
xQ

11j2~q2Q!22 i
v

vMM P

, qx ,qy.0, ~9!

with q5k2k8, xQ the static susceptibility,j the magnetic
coherence length,Q5(p,p) the commensurate antiferro
magnetic momentum, andvMM P the characteristic energy o
the spin fluctuations at the pointQ. A Fermi-surface to
Fermi-surface approximation does not naturally reveal its
since this may not include transitions withk2k85(p,p) for
which the susceptibility is the largest. However, one can s
introduce, as an approximation, some average effec
electron-spin-fluctuation spectral function denoted
I 2x(v) which can be used in the isotropic version of t
Eliashberg equations. It represents the appropriate avera
the susceptibility that enters superconductivity. Its value is
be determined from consideration of experimental data.
described by Carbotteet al.44 this isotropic spectral density
is given by the second derivative ofv times the optical
scattering rate top

21(v). Recall that top
21(v)5(Vp

2/
4p)Res21(v), wheres(v) is the in-plane optical conduc
tivity. This conductivity is isotropic in tetragonal system
For the orthorhombic case,s(v) with Eia andEib can be
different. Defining

W~v!5
1

2p

d2

dv2F v

top~v!G , ~10!

the approximate relationI tr
2 x(v).W(v) holds.45 We em-

phasize that in terms of microscopic theoryW(v) is related
8-3
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to an appropriate average of the full momentum and ene
spin susceptibilityxk,k8(v) @Eq. ~9!#. Recently, infrared op-
tical data has been used very effectively to obtainI tr

2 x(v) in
the oxides and we will use these in our work.44,46–48In this
way we circumvent all of the complications that would ari
in a first-principles calculation of the average effective fun
tion I tr

2 x(v). We will return to this important point later in
Eq. ~13!. We note in passing thatW(v) very often exhibits a
pronounced resonancelike structure particularly iftop

21(v)
data at low temperatures in the superconducting state
analyzed. In the following we use the expression ‘‘optic
resonance’’ in reference to such a structure. In most mate
analyzed so far, this optical resonance has a spin-reson
equivalent measured using inelastic neutron scattering.
discuss this in more detail in Sec. IV.

In some sense the opposite extreme to the NAFFL mo
of Pines and co-workers24,25in which the interaction peaks a
(p,p) is the MFL model of Varmaet al.,26–28 in which the
interaction with the fluctuation spectrum is thought of
momentum independent in a first approximation. As ori
nally conceived, this model leads to ans-wave superconduct
ing gap rather thand-wave as is now generally believed to b
the case. This represents a real limitation for the model. N
ertheless, it has been very useful in correlating much data
the normal-state transport properties in the cuprates.

Inasmuch as it is only the magnitude and energy dep
dence of the resulting average spectral functiona2F(v)
@ I 2x(v)# that matter, these may not be very different b
tween the MFL and NAFFL models. Both have an avera
spectral density which is reasonably flat as a function
energy and which extends to some high frequency of or
several hundred meV. Of course, if anisotropies on the Fe
surface were to be considered, the directionalak

2F(v)
@ I k

2x(v)#, Eq. ~8!, would be expected to vary strongly in th
NAFFL model and not in the MFL model, but here, for sim
plicity, we have assigned to each electron the same ave
interaction. For phonons in conventional metals the ma
renormalization parameterlk52ʃ0

`dvak
2F(v)/v can vary

by several tens of percentage points over the Fermi surfa15

For the NAFFL model based on the susceptibility~9!, the
variations are much larger, and can be of the order of a fa
of 2 or 3.43 It is clear that ARPES data in a particular dire
tion could considerably underestimate or overestimate
average renormalizations. In this sense optics is better.

We should make one further remark. In conventional m
terials for whicha2F(v) anda tr

2 F(v) have been calculate
from band-structure and phonon information usually o
tained by inelastic neutron scattering, they have been fo
to differ14,15,32,33in shape as a function ofv and in size. But
these differences have often been overlooked in the lit
ture. In the work of Kulićand Zeyher16–18the corresponding
differences are large. These authors considered directly
cuprates and tried to account seriously for the ionicity a
the increased effect of correlations. As described in the
troduction, they find that the electron-phonon interaction
this case is strongly peaked in the forward direction and
leads to large differences betweena2F(v) and a tr

2 F(v).
They estimatea2F(v) to be about a factor of 3 larger tha
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a tr
2 F(v). The consequence of this is that phonons wo

show up much more prominently in quasiparticle propert
~equilibrium! than in the corresponding transport property.
particular, at largev, tqp

21(v) andtop
21(v) @Eqs.~2! and~4!,

respectively# would approach each other ifa2F(v) and
a tr

2 F(v) were identical, but in facttop
21(v) is expected to be

larger thantqp
21(v). The opposite would hold for the NAFFL

model which emphasizes backward rather than forward s
tering because of the interaction peaks at (p,p). In this case
spin fluctuations should show up more prominently in tra
port than in equilibrium properties. Even though these diff
ences are hard to quantify, the general qualitative feature
transport as compared with quasiparticle spectral weight
described must be kept in mind when analyzing data. In
MFL model we expect smaller differences between quasip
ticle and transport spectral densities because the underl
interaction is assumed to be approximately momentum in
pendent.

So far we have only discussed scattering rates and h
emphasized the differences and similarities between infra
optical absorption and quasiparticle lifetimes. In ARPES
dressed electronic dispersion relation is measured and
noted byEk . It is related to the bare band dispersion«k
through the electron self-energy. In the electron-phonon c
with an Einstein phonon spectrum and atT50 ~zero tem-
perature! the self-energy reduces to a simple form,

S~v1 i01!5
lvE

2 F lnUvE2v

vE1vU2 ipu~v2vE!G . ~11!

In Eq. ~11! l is the electron mass enhancement param
defined asm* /m511l wherem* is the renormalized elec
tron mass at the Fermi surface. In terms ofa2F(v), l
52*0

`dn a2F(n)/n52A/vE for the simplified Einstein
case. The imaginary part of Eq.~11! just gives back
tqp

21(v)522 ImS(v1 i01) of Eq. ~3!. The real part gives
the renormalized energies as solutions of the equationEk
5«k1ReS(Ek), and for«k→0 ~on the Fermi surface! this
gives Ek5«k /(11l): the quasiparticle mass is simpl
renormalized tom* . Note that in Eq.~11! the self-energy has
a logarithmic divergence atv5vE and this leads to a singu
lar structure inEk at that energy as has been investigated
detail by Vergaet al.49 to which the reader is referred fo
details. Here we have chosen to emphasize instead the n
of the structure in the imaginary part. It is sufficient to r
mark that for a finite distribution of phonon energies
a2F(v) the logarithmic singularity is moderated as it also
when temperature~T! is included. In the general case
ReS(v1 i01) takes the form

ReS~v1 i01!52E
0

`

dn a2F~n!

3ReFcS 1

2
1 i

n2v

2pT D2cS 1

2
2 i

n2v

2pT D G ,
~12!

wherec(z) is the digamma function. In lead, the electro
phonon spectral densitya2F(v) is well known from tunnel-
8-4
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ing spectroscopy14,36,38,39as well as from direct calculations
It is shown as an inset in the top frame of Fig. 1.

The phonons extend to 12 meV and show a character
peak for transverse and longitudinal branches. In the
frame of Fig. 1 we show numerical results in the normal st
for Ek on the Fermi surface as a function of the bare ba
electronic energy«k up to 30 meV, at which point bare~dot-
ted curve! and renormalized energies are pretty much para
to each other. The solid curve applies to the normal stat
T51 K. We see structure in the renormalized quasipart
energy Ek ranging up to roughly 10 meV. The structu
clearly corresponds to the structure in the phonon spect
~inset!. Beyond this range multiphonon processes are op
tive and the renormalization effects are less. Further res
in the normal state are forT510 K ~dashed line! and T
5100 K ~dash-dotted line!. We see that by the time this las
temperature is reached, which is of the order of the ma
mum phonon energy, the thermal effects have smeared

FIG. 1. Top: the renormalized energiesEk in lead as a function
of the bare band energy«k ; the renormalization is due to th
electron-phonon interaction characterized by the electron-pho
spectral densitya2F(v) shown in the inset. The bare dispersion
shown as the dotted line. The other curves are for the normal s
at T51 K ~solid!, T510 K ~dashed!, andT5100 K ~dash-dotted
line!. Bottom: same as the top frame but for the superconduc
state at T51 K ~solid! and T56.5 K ~dashed! just below Tc

57.2 K. The normal-state results are shown as gray lines for c
parison.
21450
tic
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much of the structure. Note also, that in all three cases
curves go through zero at«k50 and the slope of each lin
out of the origin gives the renormalized effective-mass
rameter (11l) at the temperatureT. For the convenience o
the reader we included in the bottom frame of Fig. 1 resu
for the superconducting state atT51 K ~black solid line!
and atT56.5 K ~black dashed line! just below the critical
temperature of lead which isTc57.2 K. We note that in each
case the phonon structure is somewhat more pronoun
than in the corresponding normal state~shown as gray lines!.
Also at «k→0 the renormalized energyEk now goes to a
finite value equal to the superconducting gapD(T) at that
temperature. In an ARPES experiment the gap is seen
shift of the leading edge of the electron spectral dens
A(k,v), downward from the chemical-potential level.

Before moving on to other possible models for the ren
malization we wish to make an important point about ho
some of the ARPES data have been analyzed in
literature.1–3 It is essential to be aware that the bare elect
band energies are not known independently in ARPES
periments. However, electron momentum change (k2kF)
can be measured in the particular direction of interest. T
bare energy is then related to this momentum change thro
the Fermi velocityvF . The bare value ofvF denotedvF

0 is
then determined fromEk under the assumption that atEk
.250 meV renormalization effects have become small a
are negligible in a first approximation. This assumption c
however, result in a significant underestimate of the t
mass renormalizationl involved as is illustrated in Fig. 2
The solid curve givesEk vs «k for a case in which the Ein-
stein frequency defininga2F(v) is taken to be very large

on

te

g

-

FIG. 2. The renormalized energyEk as a function of the bare
band energy«k for various models for the electron-boson exchan
spectral density. The dotted curve is the bare dispersion relation
is for comparison. The solid curve is for an Einstein spectrum w
vE51 eV and a mass-renormalization factorl51. The dashed
line which shows a slight curvature is for a model in which t
charge carriers are coupled to spin fluctuations described b
Millis-Monien-Pines~MMP! form, Eq.~13!, with a spin-fluctuation
energy vs f5250 meV and a mass renormalizationl51.1. The
dash-dotted line is a straight-line construction throughEk

5250 meV which is used in ARPES experiments to determine
‘‘bare’’ dispersion since it is not independently known.
8-5
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vE51 eV, compared with the energies of interest in th
figure. The curve is almost a perfect straight line~there is no
structure! with slope giving (11l) with l51 by choice.
This is to be compared with the dotted line which gives
bare dispersion and has slope 1. Applying the construc
that the ‘‘ARPES bare dispersion’’ is a straight line goin
through the renormalized energy atEk5250 meV would
give the same straight line as the solid curve and, theref
we would conclude thatl50, i.e., there is no renormaliza
tion. As a second example we use for the spectral dens
form appropriate to a spin-fluctuation model. The form
obtained directly from consideration of experimental data
the infrared conductivity in the normal state of the cuprat
It is given by the experimental formW(v) of Eq. ~10! which
can be adequately represented by a Lorentzian

I 2x~v!}W~v!}I 2
v

vs f
2 1v2

u~vmax2v!. ~13!

@We refer to this form in the following as the Millis-Monien
Pines~MMP! form.# In Eq. ~13! vs f is a characteristic spin
fluctuation frequency taken for illustrative purposes to
250 meV and l52*0

vmaxdn I 2x(n)/n51.1 with vmax

5400 meV. With this spectral density we get the dashed
in Fig. 2 which is to be compared with both the dotted li
~real bare dispersion! and the dash-dotted line~ARPES-
constructed ‘‘bare’’ dispersion!. It is clear that the ARPES
construction again drastically underestimates the s
fluctuation mass renormalization giving a value ofl;0.1
rather than 1.1. Also, the curve does not show any iden
able sharp structure, instead it changes only rather gradu
In order to get the correct value ofl one would need data u
to energies higher than the maximum energy involved in
fluctuation spectrum that is responsible for the renormal
tion. For spin-fluctuation theories this energy scale is set
the magnitude ofJ of the t-J model and is high at the orde
several hundred meV.23 The t-J model is widely believed to
provide the appropriate Hamiltonian needed to describe
strongly correlated charge carriers in the CuO2 planes in the
cuprates. In this instance ARPES experiments at much hig
energies than presently sampled would be required to ge
full value of l involved.

III. COMPARISON OF THEORY AND EXPERIMENT
IN Bi2212

In the interpretation of their ARPES data some expe
mentalists have considered the possibility that the renorm
izations are due to phonons. We consider here only the
cific case of Bi2212 for which there also exists a recent se
high accuracy optical conductivity measurements.31 The pho-
non frequency distribution in this material has been m
sured by incoherent inelastic neutron scattering by Ren
et al.50 Such experiments directly giveF(v), and a first at-
tempt at a model for an electron-phonon interaction spec
densitya2F(v) can be constructed by multiplying the e
perimental F(v) by a constant adjusted to best fit th
ARPES data on the renormalized quasiparticle energyEk as
shown in Fig. 3. The data3 at T5130 K are shown in the top
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frame of Fig. 3 and atT570 K in the bottom frame of Fig. 3
as solid squares. On the top horizontal scale we show
mentum differencesk2kF in Å 21 while on the bottom hori-
zontal scale we have the value corresponding to our b
band energy«k which implies a theoretical bare energy
256 meV atk2kF50.089 Å21. The fit in both cases was
obtained with a value ofl51.46. We see that the resultin
theoretical results~solid curves! fit reasonably well the ex-
perimental data. Here, no attempt has been made to get a
fit by varying the shape of the underlying spectral dens
a2F(v). The reader is referred to the work of Vergaet al.49

for an alternative approach to the analysis of ARPES data
the material La22xSrxCuO4 ~LSCO!. These authors do at

FIG. 3. Top: the renormalized energyEk as a function of bare
band energy«k using an electron-phonon spectral densitya2F(v)
to describe the coupling. The solid squares are the data of Joh
et al. ~Ref. 3! and the solid curve is our fit. The full phonon spectr
density revealed by inelastic neutron scattering~Ref. 50! was used
with the area undera2F(v) adjusted to get a mass-renormalizatio
parameter l51.46. In the theory atk2kF50.089 Å21 «k

5256 meV, while the value obtained from the ARPES construct
is nearly the same, 253 meV. The curve is forT5130 K. The
dash-dotted curve is for ad-function model fora2F(v) at 70 meV
and l50.98. The bottom frame applies to the lower temperat
T570 K and is in the superconducting state.
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tempt to get the shape of the spectrum from the data it
and we will return to this issue later. We make here two fi
comments on Fig. 3. The dotted curve, which is the ARP
construction for the bare dispersion, gives atk2kF

50.089 Å21 an «k5253 meV, which is nearly the same a
the theoretical value of 256 meV. This is to be expec
since phonon renormalization effects are small at 250 m
and beyond. Secondly, we wish to point out that the dat
T570 K is in the superconducting state. The formalis
needed to treat superconductivity is more complicated t
that for the normal state which we have sketched, but
ideas and concepts are the same and no details are inc
here. The reader is referred to the extensive exis
literature.36,51 Here it will be sufficient to point out that the
value of the critical temperature for superconductivity in
d-wave superconductor is determined most directly by a
ferent function from that which comes into the mas
renormalization channel. For ans-wave isotropic supercon
ductor this issue does not arise. The quasiparticlea2F(v)
would also determine superconductivity and one could as
ARPES data onl are indeed consistent with the observ
superconductivity. But in the cuprates the superconduc
gap hasd-wave symmetry. In this case it is the projection
the quantity ugk,k8,nu2d(v2vn(k2k8)) onto the d-wave
channel which determines the spectral function which
most directly involved in superconductivity~rather than its
projection on thes-channel!. ARPES does not measure th
projection separately and so this technique, strictly speak
remains silent on the issue of mechanism for supercond
tivity even if phonons should be the main cause of renorm
ization of the electron dispersion curves.

Returning to the top frame of Fig. 3 the dash-dotted cu
which does not agree well with the data is shown for co
parison. It is based on a model electron-phonon spectral
sity a2F(v) in which the coupling is entirely to a singl
frequency fixed at 70 meV,5,6 with a mass enhancement fa
tor l50.98 chosen to get a critical temperature ofTc
591 K whens- andd-channel spectral densities are taken
be the same. Such a model does not agree well with exp
ment and when it is used, in the superconducting stateT
570 K, the disagreement is even worse. Thed-function
model corresponds to an extreme in which it is assumed
the electron-phonon coupling is to a single mode. This
unlikely to be the case. A model based on the entire pho
spectrum is more realistic although, as we said befo
a2F(v) does not need to have the same shape asF(v).
Special modes could be weighted more heavily ina2F(v)
as compared toF(v).

IV. OPTICAL CONDUCTIVITY

We can impose a second constraint on renormaliza
effects by considering the infrared conductivity. There ex
much data on optical conductivity in the cuprates and th
have given us considerable insight into the inelastic sca
ing involved. The conductivitys(v) at T50 ~to remain
simple! in the normal state also follows in a first approxim
tion from the knowledge of the electron self-energy:51
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Vp

2

4pE0

v

dn
1

i t imp
212S~n!2S~v2n!

. ~14!

More complicated formulas exist at any finite temperatureT
and/or for the superconducting case and including vertex
rections, which we will not repeat here for the sake of bre
ity. They can be found in many places including our ow
work. Since here we will fit the electron-boson exchan
density to optical data directly, the resulting form can
thought of as including higher-order corrections.

In Eq. ~14! t imp
21 is the elastic impurity scattering rat

while the imaginary part ofS(v) deals with the correspond
ing inelastic scattering. What is most often measured in
tical experiments is the reflectanceR(v) as a function ofv.
This is shown in the top frame of Fig. 4 for Bi2212. Th
solid curve is the data of Tuet al.31 for room temperature
T5296 K. The dashed curve was obtained with the sa
neutron-based electron-phonon interaction spectrum ha

FIG. 4. Top: the reflectance for Bi2212 in the infrared up tov
5250 meV. The solid curve presents the data of Tuet al. ~Ref. 31!.
The dashed curve is for the phonon spectrum andl51.46. The
temperature isT5295 K. The bottom frame shows the derived o
tical scattering ratetop

21(v) as a function ofv. The solid curve
presents the data of Tuet al. ~Ref. 31!. The dashed curve is a
phonon-based result which does not give enough variation w
increasingv. By contrast, the dash-dotted curve fits well and
based on a simple spin-fluctuation spectrum of MMP form w
vs f582 meV andl51.79.
8-7



s
om
. I
ts
ar
is

e
n
t
t
-
n
a

rg
h

r-
i
o

cs
at
rg

he

r-

no
-
t
n

ri

a
in

n
ow

i
t

ic
pe

e

or
e

nal

for
t
s

rning
f a
ble
cal
s,
re-

be-

ly
nces

y

ge-
have,
ot-
ell-

of
ho-
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l51.46 as we found from our ARPES analysis. It provide
poor fit as is illustrated, even more sharply, in the bott
frame of Fig. 4, which deals with optical scattering rates
has now become standard procedure for experimentalis
extract from their reflectance data the real and imagin
parts of the optical conductivity and to construct from th
information the optical scattering ratetop

21(v). The solid line
in the bottom frame of Fig. 4 is the data. The two oth
curves are theoretical and the dashed curve is based o
neutrona2F(v) with l51.46. It is clear that it does no
agree with the data, particularly asv increases. This defec
remains, whatever value ofl is used. The fundamental prob
lem is that the phonon spectrum cuts off too soon as a fu
tion of frequency to fit the optics and, consequently, the c
culatedv dependence oftop

21(v) is much too flat. Any boson
mechanism that fits the data will need to have an ene
scale that extends to order of a few hundred meV or so. T
is consistent with a spin NAFFL~Refs. 24 and 25! or MFL
model,26–28 but is not compatible with phonons. It is impo
tant to note that this limitation of a phonon mechanism
independent of any difference there might be in the size
a tr

2 F(v) as compared witha2F(v). Both functions cut off
at the maximum phonon energy (vmax580 meV in the case
of Bi2212! and this cannot give agreement with the opti
On the other hand, a spin-fluctuation model provides a n
ral explanation because it involves a higher boson ene
scale of the orderJ of the t-J model as previously noted.23

This is demonstrated in the lower frame of Fig. 4 by t
dash-dotted curve which is for an MMP form withvs f
582 meV andl51.79. It fits the experiment almost pe
fectly with no need for any adjustment of any kind.~Devia-
tions from vs f582 meV within 65 meV will change the
quality of this fit only marginally.! It is interesting to note in
closing this discussion that in the case of electron-pho
interaction the same value forl is required to get a reason
able fit of the ARPES data and to get agreement at leas
the low-energy regime with the optical data. This is in co
flict with the findings by Kulić,16 which in the phonon-
assisted case shows thata tr

2 F(v) should be significantly
smaller thana2F(v).

In the top frame of Fig. 5 we compare theory with expe
ment at three temperatures, namely,T5100 K, T5200 K,
and T5295 K. The data on the optical scattering rate w
obtained by Tuet al.31 from their infrared measurements
Bi2212 and is denoted by gray solid lines~top to bottom
shows decreasing temperature!. The black dotted lines are
theory obtained from an MMP form given by Eq.~13! with
vs f582 meV. TheT5295 K curve repeats the fit shown i
the bottom frame of Fig. 4. The same spectral density, h
ever, does not fit theT5200 K andT5100 K data~dotted
lines! well. To obtain agreement with these data sets it
necessary to augment the MMP-form by adding coupling
an additional optical resonance at 43 meV~this gives the
dashed curves!. This is the frequency at which inelast
neutron-scattering experiments have revealed a strong
in the magnetic susceptibility at momentum (p,p) in the
two-dimensional Brillouin zone of the CuO2 plane,52 in the
superconducting state. The first report of such a resonanc
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neutron scattering was by Rossat-Mignotet al. for
YBa2Cu3O61d .53 We have already described our method f
obtaining I tr

2 x(v),44–48,54,55thus it is not necessary to giv
details here except to mention that Tuet al.31 also obtained
this peak using a slightly different method. We present fi
results for our modelI tr

2 x(v) in the bottom frame of Fig. 5.
While no peak at 43 meV is observed atT5295 K ~solid
line! one shows up at lower temperatures, the dotted line
T5200 K, and a somewhat bigger peak can be seen aT
5100 K ~dashed curve!. At present, neutron scattering doe
not reveal a spin resonance at these temperatures. Retu
to the top frame of Fig. 5 we stress that the introduction o
resonance peak in addition to the MMP form is responsi
for the observed rapid rise around 50 meV in the opti
scattering rate atT5100 K and also, although less obviou
at T5200 K. The model spectral density fits the data
markably well. Such optical resonances have been seen
fore in YBa2Cu3O6.96 ~Ref. 44! as well as in Tl
compounds47,55 in the superconducting state of optimal
doped samples, and have their equivalent in spin resona
observed by inelastic neutron scattering.52,53,56,57 Here the

FIG. 5. Top: optical scattering rates for Bi2212 atT5295 K,
T5200 K, andT5100 K. All are in the normal state. The gra
solid lines represent data from the experiment of Tuet al. ~Ref. 31!,
dotted lines are theory based on an MMP form for the char
carrier-exchange boson spectral density, and the dashed lines
in addition, coupling to an optical resonance at 43 meV. The b
tom frame shows the derived spectral density based on our w
defined procedure to invert optical data. TheT5295 K spectrum
has no resonance and is a pure MMP form withvs f582 meV~solid
line!. The other two spectra are modified through the addition
coupling to a resonance mode at 43 meV. Also shown is the p
non spectrum~gray solid curve! ~Ref. 50!.
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high-temperature optical resonances in Bi2212 are see
the normal state aboveTc , as reported by Tuet al.31 Their
exact microscopic origin, however, cannot be deduced fr
optical data alone. It could be that the 43-meV neutron s
resonance forms aboveTc in this optimally doped material
Alternatively one might argue that this may be a phon
contribution~see gray solid curve in the bottom frame of Fi
5! to the total electron-boson transport spectral density
this were the case, however, we would not expect the pea
Fig. 5 ~bottom frame! to show significant temperature depe
dence in this temperature regime. Also, the phonon pea
the bottom frame of Fig. 5 has more weight at lowv than is
indicated in optics. In terms of the area under the spec
densityI tr

2 x(v) we note that the peak itself contributes le
than about 15% of the total weight~at T5100 K); the rest
comes from the MMP form. While the issue of the origin
the peak is important, here we concentrate instead on
consequences of its existence for the ARPES data. The
sibility of coupling to a resonance mode has been discus
in the past in connection with such data.58–60

In Fig. 6 we compare our theoretical results for the ren
malized quasiparticle energies with the ARPES experime
data~solid squares!. The theory~solid curve! is based on the
optics-derived spectral density~see Fig. 5, bottom frame!.
The top frame is forT5130 K in the normal state and th
bottom frame is forT570 K in the superconducting state
For the top frame we renormalized downward theI tr

2 x(v) to
account for the expectation that in a spin-fluctuation mec
nism the quasiparticle electron-boson interaction spec
density should be smaller than its transport counterpart
get the fit seen in the figure we usedl51.28. A smaller
value ofl51.09 was used in the bottom frame. We see t
we can get an equally good fit to ARPES with spin fluctu
tions, including the 43-meV resonance, as we did w
phonons. This new fit~see Fig. 6!, however, has the advan
tage that it can equally well explain the optical data wh
this is impossible with phonons. It is also clear from t
calculations that the transport electron-boson interac
spectral density is larger than the quasiparticle spectral d
sity by a factor of about 2, as is expected in theories of
NAFFL model. It should be acknowledged, however, th
part of the difference in the value ofl needed to fit ARPES
data as compared with optics reflects anisotropies in the
siparticle renormalizations over the Brillouin zone.

Also included in the two frames of Fig. 6 are our resu
for a Ek ~heavy dash-dotted line! when the resonant peak i
the spectral density is left out of the calculations. We see
the pronounced structure atk2kF;0.04 Å21 seen in the
superconducting state is not reproduced in this case. If
used instead the MFL model, i.e.,I 2x(v)5I 2u(vmax2v),
the deviation from the data would be worse and even cle
seen in the normal state. The resonance peak, absent i
MMP form and in the MFL model, is what gives the ob
served structure. Also shown in the figure is the bare dis
sion relation~light dash-dotted curve! on which our calcula-
tions are based. This is quite different from the ARP
derived ‘‘bare’’ dispersion, the light dashed curve, obtain
by making the curve go through the experimental point
253 meV on the assumption that the renormalization by
21450
in

m
in

n

If
of

in

al

he
s-

ed

-
al

-
al
o

t
-

n
n-
e
t

a-

at

e

ly
the

r-

d
t
-

son exchange interaction has ended at this energy. Refer
to the difference between the theoretical bare dispers
~light dash-dotted line! and the dressed curve~solid line!
shows clearly that this is not the case in a spin-fluctuat
model.

It is interesting to note the similarities and differenc
between our work and that of Vergaet al.49 An important
difference is that these authors invert the ARPES data
rectly, from which they obtain a model electron-boson sp
tral density. Instead, we have inverted the optical data wh
serves as a second constraint on the microscopics not
sidered by Vergaet al. While they invert data in LSCO a
three different doping levelsx, they, nevertheless, find
spectrum which has a peak which is, however, not as pro

FIG. 6. Top: the renormalized quasiparticle dispersionEk as a
function of the bare band energy«k in meV ~light dash-dotted
curve!. The solid curve is based on the spin-fluctuation spec
density with the resonance peak obtained from conductivity d
~Fig. 5! scaled down to a mass renormalization ofl51.28, other-
wise left unmodified. The heavy dash-dotted curve is for comp
son and has no resonance peak. The light dashed straight line
comparison and is the ARPES ‘‘bare dispersion’’ obtained by m
ing the curve go through experiment at 253 meV. This correspo
to a theoretical«k5327 meV atk2kF50.089 Å21, much greater
than the ARPES ‘‘bare’’ value. This frame applies toT5130 K and
is in the normal state. The bottom frame is forT570 K in the
superconducting state.
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E. SCHACHINGER, J. J. TU, AND J. P. CARBOTTE PHYSICAL REVIEW B67, 214508 ~2003!
nent as either the spin-resonance peak or the phonon pe
the bottom frame of Fig. 5. Their peak could simply be
peak of the MMP form as in the solid black curve in th
bottom frame of Fig. 5. Nothing definite can be conclude
However, we point out that they do find tails at higher en
gies (v.100 meV), as we have, which rather support s
fluctuations and not phonons. In this paper we consider
addition to ARPES, optical data and from this we conclu
more forcefully that high-energy tails extending up to seve
hundred meV exist in the boson-assisted spectral funct
describing the electron-boson interaction in Bi2212.

Whatever the mechanism by which the quasiparticles
renormalized the (11) component of the 232 Nambu
Green’s function in the superconducting state can be
pressed in the general form9

G11~k,v!5
vZk~v!1«k

v2Zk
2~v!2«k

22D̃k
2~v!

, ~15!

where the renormalized frequencyṽ(v)[vZ(v). The in-
verse quasiparticle lifetime is defined as twice the imagin
part of the poles ofG11(k,v) for a given momentum labele
k. For v5Ek2 iGk we obtain9

Gk5
EkZk2~Ek!

Zk1~Ek!
2

D̃k1~Ek!D̃k2~Ek!

EkZk1
2 ~Ek!

, ~16!

where the indices 1 and 2 refer to the real and imagin
parts, respectively, and the corresponding renormalized
ergy is a solution of

Ek5A«k
21D̃k1

2 ~Ek!

Zk1
2 ~Ek!

. ~17!

For the normal state@D̃k(v)50# these expressions reduce
those previously given in the limit of weak scattering wi
the modification thatG is renormalized by a mass enhanc
ment factor (11l).

In Fig. 7 we emphasize once again the difference obtai
between quasiparticle scattering rates and their optical co
terpart. It applies toT580 K for Bi2212 in the supercon
ducting state. The gray solid curve represents the data o
et al.31 for the optical scattering rate and the solid line is o
theoretical fit to this data which also determines the trans
spectral densityI tr

2 x(v). The corresponding value ofl tr is
2.18. Consideration of the ARPES data regarding quasip
cle renormalizations shows us that the equilibrium spec
density I 2x(v) must be considerably smaller. To calcula
the imaginary part ofG(v) of Eq. ~16! we have reduced
I tr

2 x(v) by a factor of 2 but without changing its shape. Th
is done to get reasonable agreement with ARPES show
Fig. 6. The results are shown as dashed and dotted line
the antinodal and nodal directions, respectively. Not only
the shape of the resulting scattering rate different from
frequency variation obtained in the optical case but its m
nitude is also different, reflecting the difference in magnitu
of I tr

2 x(v) and I 2x(v).
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V. CONCLUSION

We have reconsidered the interpretation of the quasipa
cle renormalizations observed in high-resolution ARP
data for the specific case of Bi2212. We confirm that t
observed energy scale is compatible with coupling
phonons. We find, however, that present data and, in part
lar, the way they are analyzed might well significantly u
derestimate renormalization due to other boson excha
mechanisms distinct from phonon exchange and for wh
the energy scale is larger. As an example this would be
case in a spin-fluctuation exchange mechanism as is en
aged in the NAFFL model where the energy scale for
spin fluctuations is set byJ of the t-J model and is conse
quently very high.

If in addition to ARPES, optical data is also considered
is found that an explanation in terms of phonons becom
less tenable. Of course, there are many complications
these make a definitive interpretation impossible. Wha
clear, however, is that transport properties and in particu
the observed infrared conductivity cannot be understood
due to the electron-phonon interaction. This holds even
modifications are introduced to account for the reduc
screening present in the cuprates because of the low elec
density and also the increased effects of correlations.
main point is that the underlying charge-carrier-phonon sp
tral density is cut off at the maximum phonon frequency a
this feature is in conflict with optical data. By contrast, sp
fluctuations give a natural explanation of the data. Our ana
sis of the data of Tuet al.31 also provides a natural explana
tion of the ARPES data. What we find is that optical res
nance is present in the infrared data even in the normal s
aboveTc and this resonance can explain the energy sc
seen in ARPES.~Below Tc this optical resonance has a spi
resonance equivalent observed by Fonget al.52 using inelas-
tic neutron scattering.! The microscopic nature of the optica
resonance is not entirely known. It could have its origin
spin-fluctuation theories and be the spin-one resona

FIG. 7. Comparison between scattering rates as a function
frequencyv obtained from optics and from ARPES. The gray so
line is the experimental optical scattering rate atT580 K obtained
from the work of Tuet al. ~Ref. 31! while the black solid curve is
our theoretical result based on the electron-spin-fluctuation spe
densityI tr

2 x(v) shown in the bottom frame of Fig. 5~but using data
for T580 K). The other two curves are theoretical results for t
imaginary part of the quasiparticle self-energy.
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observed in inelastic polarized neutron-scattering exp
ments, or could even contain a phonon contribution over
beyond the spin-fluctuation contribution.

Our analysis of both ARPES and optical data together
served to emphasize once more the differences betwee
equilibrium electron-boson exchange spectral den
a2F(v) and its transport counterparta tr

2 F(v), be it for pho-
non exchange or spin fluctuations. The data indicate
these two quantities differ in magnitude by roughly a fac
of 2. This is understood to arise from the fact that transp
scattering rates emphasize more strongly backward collis
than do equilibrium rates. While detailed and elaborate c
culations beyond the scope of this paper would be requ
to pin down the expected differences quantitatively, pres
ideas about reduced screening in the cuprates lead direc
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