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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 data8rBaCyOg., .
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[. INTRODUCTION direction when corrections for strong correlations are prop-
erly accounted for through charge verti¢é$® Another re-
With the advent of improved resolution, both in energylated idea is that because of the large static dielectric func-
and momentum, several angular-resolved photoemissiotion in the oxides the screening is greatly reduced as
spectroscopYARPES groups have measured the renormal-compared with ordinary metals. This also leads to enhanced
ized quasiparticle energies and/or lifetihiésin the cu-  forward scattering as can be s&&# from the following
prates. The data show that a definite energy scale exists feimple argument. The Fourier transform of the bare Coulomb
the renormalization. This energy scale has tentatively beepotential diverges like # for small g; hereq is the mo-
assigned by sométo interactions of the charge carriers with mentum transfer. Screening eliminates this singularity and
phonons. This provocative possibility has again brought tahe screened potential goes, instead, Iikqi*()\ET), where
the forefront the open question of the mechanism in the cux; is an inverse screening length. For smaf; the in-
prates and in particular the possibility that the electroncreased forward scattering has the general tendency to in-
phonon interaction plays an important role. While thecrease the weighting of the higher harmonics in its expan-
electron-phonon interaction is widely believed to cause susjon. For example, the expansion of a delta func#6g) has
perconductivity in conventional materials, the gap symmetryequal weight in each spherical harmonitsStrong forward
in the cuprates is-wave’**rather thars-wave which means  scattering can in fact lead tbwave superconductivity which
that it is the projection of the electron-phonon interaction onis not suppressed by the strong Coulomb repulsion in con-
the d-channel that enters the equation for the critical tem-rast to thes-wave channeft?2
peratureT ;. This would imply that some of the details of the ~ While the possibility of phonon-induced-wave super-
electron-phonon interaction would be drastically different inconductivity cannot be eliminated on general grounds, it has
the oxides compared to conventional metals. While convennot been favored in much of the literature. While there is no
tional superconductors do exhibit anisotr6b¥’ in their su-  consensus on mechanism, many workers believe instead in
perconducting gap as a function of momentkmon the  an electronically driven scenario: for instance, thkmodel
Fermi surface, the-channel always overcomes thheehannel  can exhibit superconductiviy. A spin-fluctuation mecha-
interaction. Also in dirtys-wave materials with the mean free nism, such as is envisaged in the nearly antiferromagnetic
path ¢ smaller than the coherence lengtf the anisotropy Fermi-liquid (NAFFL) model of Pines and co-workef$?°is
is washed out and the gap becomes isotropic. On the othaiso electronic in nature with the exchange of spin fluctua-
hand, in the pure limit there are many ways in which this gagions rather than phonons. Another electronic mechanism is
anisotropy ~ manifests itself in a  conventional the marginal Fermi-liquidMFL) modef®~28 which in its
superconductol® One example is the low-temperatuf®) original form hads-wave symmetry.
electronic specific heat which exhibits the expected exponen- In this paper we attempt to understand the renormalization
tial dependence exp A/T} only for temperatures much effect observed in ARPES within a boson exchange mecha-
lower than the lowest gap\( in the system. nism. We will consider explicitly both phonon and spin-
Arguments for why the form of the electron-phonon inter- fluctuation exchange. We will also try to reconcile, within the
action can be very different in the oxides as compared wittsame model, both ARPES data on equilibrium quasiparticle
conventional metals have been presented in the literatur@roperties and the optical conductivity. Infrared measure-
Some of the critical ideas have been reviewed by Kiflic ments in the cuprates have produced a wealth of information
The main idea for our purpose here is that the electronen charge dynamics in the oxid&s>° They have played a
phonon interaction becomes strongly peaked in the forwar#ey role in our present understanding of the microscopic
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nature of the cuprates. In particularaxis infrared conduc- quantity. On the other hand, in the NAFFL model the inter-
tivity data have given detailed spectroscopic information onaction with spin fluctuations is believed to strongly peak
the pseudogaf which has been widely viewed as a direct around @r,7r) in momentum. This means that the scattering
manifestation of strong correlation effects. Recently, im-potential itself weights more strongly the backward-
provements in resolution have also been achieved igcattering processes, and so we expect that the transport
ab-plane measuremerts. spectral density will be larger than its quasiparticle counter-

From reflectance measurements as a function of frePart. The above arguments immediately suggest that phonon
quency it is possible to extract separately the real and thffécts could very well appear prominently in quasiparticle
imaginary part of the conductivity(T, ) as a function ofo propertles_whll_e at the same time plf_;ly only a minor role in
for a fixed temperatur&. Within a generalized Drude model, transport, i.e., in the infrared conductivity, and vice versa for
in which the optical scattering rate and optical effective mas$P'" fluctuations.

. ) . . In Sec. Il we make general remarks about the renormal-
acquire a frequency dependence, we can define an isotropic_,. .
. . . 1 5 IZation effects due to boson exchange mechanisms based on
optical ~scattering time 7,,(T,0) as 7,5=(Q/

1 . . perturbation theory. In particular we contrast the electron-
4m)Res *(T,w), wheref}, is the plasma frequency. This yhonon case with spin fluctuations. In Sec. Il we deal with
quantity can be determined from the optical sum rule on thgijis to the ARPES data in BSr,CaCyOg, 5 (Bi2212) and in
real part ofo(T,w), namely,[gdwo(T,0)=(Q5/8). The  sec. IV we consider, in addition, optical conductivity data.
optical scattering rate defined above is related to the quasite describe the constraints on microscopic models that a fit
particle lifetime which may be considered to be more funda+o both sets of data imposes in the specific case of Bi2212. In
mental since they directly define quasiparticle motion. WhileSec. V we draw conclusions.
these two lifetimes are related, they are by no means identi-
_cal, hc_)wever, except for a_simplified case of isotropic_elastic Il GENERAL RESULTS
impurity scattering. Even in this case, if the electronic den-
sity of states has an important dependence on energy or the For an electron-phonon system, the renormalization of the
elastic scattering is anisotropic, quasiparticle and transpoelectronic quasiparticles follows from a knowledge of the
scattering rates are no longer the same. Note that, inasmuehectron-phonon spectral density?F(w). This function
as the in-plane conductivity is isotropic, the optical scatteringvhich depends only on frequency, and which is limited in
rate is also isotropic and represents a weighted average of thiange to the maximum phonon frequency, contains all of the
more fundamental momentum-dependent quasiparticle scatomplicated information about electronic band wave func-
tering. While there have been some attempts in the literatureions, dispersion relations, phonon dynamics, and electron-
to compare both sets of data, i.e., ARPES and optical ditattice vibration coupling which is needed to compute self-
rectly, we will emphasize here that, because they are not senergy effects. In lowest-order perturbation theory, the
simply related, they cannot easily be compared. On the othejuasiparticle scattering rategpl(w) at energyw is given
hand, any viable microscopic model needs to be able to prasy**
vide a unifying description of both sets of experiments. In
this regard, we will emphasize that in addition to the differ- . ®
ences between quasiparticle and transport scattering rates qu(w)ZZWf dva®F (). (1)
which we have already discussed, they differ in another fun- 0
dam_ental way. In a boson exchange _mechanismzthe charggyr a s-function Einstein phonon atwg of the form
_carrler-exc_hgnge boson spectral _denEalwno_ted by F(w_)_ @?F(0)=Ad(w— wg),
in the explicit case of phonohsvhich describes the equilib-
rium properties can be quite different from the corresponding
transport spectral density, usually denoted dfyF (w).%? X w):[ @)
The origin of this fundamental difference lies in a well- P 0 O< g,
known factor (- cosé), whered is the angle between initial 1 )
and final electron momenta undergoing a scattering proces&nd We see thave sets the energy azt which, ; (@) jumps
For quasiparticle properties such as its lifetime, only thelfom zero to a finite value. For an“F(w) distributed in
probability that an electron of momentuknleaves the state ©Nergy, the rise will be more gradual but foE= wp , with
k) is relevant, while for transport, for instance, for the dc e Debye energyp, the scattering rate will, again, become
resistivity, where it ends up is also important since backwardgonstant. _ _ ,
scattering depletes the current more than forward scattering. | "€ expression for the optical scattering rate, on the other
This basic physics is accounted for by the{dosé) factor and, vyh‘:ch is also obtained in lowest-order perturbation
which eliminates forward scattering € 0) and weights with ~ theory; is
a factor of 2 backward scattering € 7). Serious
estimate¥ 18 of these two spectral densities for a model 27 f @ 2

) ot . . Top(@)=—| dv(w—v)a;F(v), 3
electron-phonon interaction in the poor screening regime P o Jo
with explicit inclusion of correlation effects have led to an
estimate thaw?F(w) may be smaller by about a factor of which givesr; }(w)=0 for o< wg in an Einstein model, but

p
1/3 compared withw®F (), the corresponding quasiparticle now for w> wg,

2m7A w>wE

214508-2



ANGLE-RESOLVED PHOTOEMISSION SPECTROSCOPY ... PHYSICAL REVIEW6R, 214508 (2003

tor=2n] 1- %, @ S aff(o)
@’F(w)=

which starts at zero witlv = wg and gradually increases to- Ek: S(e—n)
wards 2rA,, with increasingw. This is quite distinct from
the abrupt jump to ZA at w = wg found for the quasiparticle To calculatea?F(w) from first principles is difficult and
scattering rate. Here the subscridt * denotes transport as complexZ® It can, fortunately, be measured directly from tun-
opposed to equilibrium properties. It is clear that the singuneling data through consideration of current-voltage
larity in 7~ () associated with the boson energy scale  characteristic$®3°The resulting function of» often, but not
is more significant in the quasiparticlequilibrium casg  always, looks qualitatively very much like the phonon fre-
than in the transport scattering rate. There is yet anotheguency distributionF(w) but this does not imply that mo-
difference between quasiparticle and transport rates. If wenentum dependence of coupling and/or of phonons is not
denote the electron-phonon interaction matrix element byncluded in Eq(5). Any nesting effects such as are present in
Ok« for electrons scattering fromto k’ with a phonon of  the nested Fermi-liquid theory of Virosztek and Ruv&ids
energy w,(k—k’) (v is a branch indexthe quasiparticle and in the work of Savrasov and Anderézare fully incor-
spectral density #s*>¢ porated on the right-hand side of E&). It is only because
we take the left-hand side from experiment that these impor-
tant issues do not become prominent in our work.
a?F(w)=2, (e 20(0—w,(k—K)))),  (5) A further _comsplicati_on arises in the case of coupling to
v spin fluctuation4? In this case the magnetic spin susceptibil-
ity xk k' (w) is involved as well as its coupling to charge. The
with the double average over the Fermi surface denoted b§usceptibility in the cuprates is sharply peaked in momentum
({--)), space at the antiferromagnetic wave vedterk’ (momen-
tum transfer for electron scattering frorfk) to |k’). In this
case, what enters Eliashberg théSiig the complex function

®

) _ L Xk (@) weighted by electron coupling. For instance, in the
k’Ek, Gy 8ex— ) e — ) Ko () Wi
(G)= : (6)
> S(ex—p) X
K A Xk k(@)= & o G0Gy>0, (9
1+&(q—Q)%—i

whereu is the chemical potential, so all integrals are pinned “mMmp

at the Fermi surface. The optical spectral weight iswith qg=k—k’, Xo the static susceptibility¢ the magnetic
related****instead to coherence lengthQ=(w,7) the commensurate antiferro-
magnetic momentum, aneyyp the characteristic energy of
the spin fluctuations at the poir®. A Fermi-surface to
a2 F(w)* Y, (ki 20— vi)28(w—w,(k—K)))). Fermi-surface approximation does not naturally reveal itself
v since this may not include transitions wkh-k’ = (7, ) for
() which the susceptibility is the largest. However, one can still
introduce, as an approximation, some average effective
The extra factor ob—uv,, with v, the velocity of the elec- electron-spin-fluctuation spectral function denoted by
tron k weights forward scattering by zero and emphasizes2y(w) which can be used in the isotropic version of the
most backward collisions. Eliashberg equations. It represents the appropriate average of
The functionsa®F (w) of Eq. (5) and atsz(w) of Eq.(7)  the susceptibility that enters superconductivity. Its value is to
are isotropic, momentum averages, given by the right-hantie determined from consideration of experimental data. As
side of each of these equations. Both involve a double intedescribed by Carbottet al** this isotropic spectral density
gral over initial and final statelk) and|k’). The full com- is given by the second derivative @f times the optical
plicated momentum dependence of the electron-phonon cogcattering rate rgpl(w). Recall that Tgpl(w)=(Q‘2,/
pling gk ks, and of the phonon dispersiomn,(k—k') is  47)Reo }(w), whereo(w) is the in-plane optical conduc-
included with no approximations, although after the doubletivity. This conductivity is isotropic in tetragonal systems.
summation over momentum, indicated in E@), a’F(w) is  For the orthorhombic case;(w) with E|a andE||b can be
now isotropic, dependent only on frequency. This is the funcdifferent. Defining
tion that enters isotropic Eliashberg theory. An anisotropic
formulation of the Eliashberg equatidislso exists, and in 1 d?
this case a directional electron-phonon spectral density dis- W(w)= 27 dew?
tinct for each electron staié) on the Fermi surface, which
we denote byaﬁF(w), would replace its Fermi surface av- the approximate relatiomfr)((w):W(w) holds*® We em-
erage: phasize that in terms of microscopic thed¥ ) is related

w

7'op(w)

: (10
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to an appropriate average of the full momentum and energyytsz(w). The consequence of this is that phonons would
spin susceptibilityyy - (@) [EQ. (9)]. Recently, infrared op- show up much more prominently in quasiparticle properties
tical data has been used very effectively to obtdig(w) in  (equilibrium) than in the corresponding transport property. In
the oxides and we will use these in our wdfi®=*®In this  particular, at large», 7, (w) and 7, (w) [Egs.(2) and(4),

way we circumvent all of the complications that would ariserespectively would approach each other #?F(w) and

in a first-principles calculation of the average effective func-afF(w) were identical, but in fac’tgpl(w) is expected to be
tion 12 x(w). We will return to this important point later in larger tham;pl(w). The opposite would hold for the NAFFL
Eq. (13). We note in passing tha/(w) very often exhibits a model which emphasizes backward rather than forward scat-

pronounced resonancelike structure particularlyrjf (w)  tering because of the interaction peaksay«). In this case
data at low temperatures in the superconducting state a@Pin fluctuations should show up more prominently in trans-
analyzed. In the following we use the expression “opticalport than in equilibrium properties. Even though these differ-

resonance” in reference to such a structure. In most materiafe'c€S € hard to quantify, the ggnergl qualitative fe*”?‘“fe.s of
vé@nsport as compared with quasiparticle spectral weight just

analyzed so far, this optical resonance has a spin-resonan bed t be keot in mind wh \vzing data. In th
equivalent measured using inelastic neutron scattering. escribed must be kept in mind when analyzing data. In the
discuss this in more detail in Sec. IV. FL model we expect smaller differences between quasipar-
In some sense the opposite extreme to the NAFFL modet‘de and transport spectral densities because the underlying
of Pines and co-worke?$%in which the interaction peaks at interaction is assumed to be approximately momentum inde-
(7, 7) is the MFL model of Varmeet al,?®=28in which the pensde?t.r we have only di d scattering rates and hav
interaction with the fluctuation spectrum is thought of as 0 Tar we have only discussed scattéring rates and have
emphasized the differences and similarities between infrared

momentum independent in a first approximation. As origi-~ ! ) . . .
nally conceived, this model leads to smvave superconduct- optical absorptlor) anq quaglpartlcle_ Ilfet_lmes. In ARPES the
dressed electronic dispersion relation is measured and de-

ing gap rather thad-wave as is now generally believed to be . ) .
the case. This represents a real limitation for the model. Ne\)jouEd byE,. It is related to the bare band dispersieg

ertheless, it has been very useful in correlating much data Ow.rough the electron self-energy. In the electron-phonon case

the normal-state transport properties in the cuprates. with an Einstein phonon spectrum and'l?%O (zero tem-
Inasmuch as it is only the magnitude and energy deperperature the self-energy reduces to a simple form,
dence of the resulting average spectral functioff(w) Ao
[1%2x(w)] that matter, these may not be very different be- S(w+i0")= TE
tween the MFL and NAFFL models. Both have an average
spectral density which is reasonably flat as a function ofin Eq. (11) \ is the electron mass enhancement parameter
energy and which extends to some high frequency of ordetiefined asn*/m=1+\ wherem* is the renormalized elec-
several hundred meV. Of course, if anisotropies on the Fermron mass at the Fermi surface. In terms ®fF(w), \
surface were to be considered, the directionglF () =2[gdv a?F(v)/v=2Alwe for the simplified Einstein
[IEX(w)], Eq.(8), would be expected to vary strongly in the case. The imaginary part of Eqll) just gives back
NAFFL model and not in the MFL model, but here, for sim- 7-q*p1(w): —2Im3(w+i0") of Eq. (3). The real part gives
plicity, we have assigned to each electron the same averagge renormalized energies as solutions of the equafipn
interaction. For phonons in conventional metals the mass=¢, +Re3 (E,), and fore,—0 (on the Fermi surfadethis
renormalization parametey,=2[;dwaiF(w)/w can vary gives E,=z,/(1+\): the quasiparticle mass is simply
by several tens of percentage points over the Fermi sutface.renormalized ton* . Note that in Eq(11) the self-energy has
For the NAFFL model based on the susceptibili§), the  a logarithmic divergence ai=wg and this leads to a singu-
variations are much larger, and can be of the order of a factdar structure inE, at that energy as has been investigated in
of 2 or 3* It is clear that ARPES data in a particular direc- detail by Vergaet al*° to which the reader is referred for
tion could considerably underestimate or overestimate theetails. Here we have chosen to emphasize instead the nature
average renormalizations. In this sense optics is better.  of the structure in the imaginary part. It is sufficient to re-
We should make one further remark. In conventional mamark that for a finite distribution of phonon energies in
terials for whicha’®F (w) anda?F(w) have been calculated a?F (o) the logarithmic singularity is moderated as it also is
from band-structure and phonon information usually ob-when temperaturgT) is included. In the general case,
tained by inelastic neutron scattering, they have been founReZ (w+i0") takes the form
to differ**1>3233n shape as a function @ and in size. But
these differences have often been overlooked in the litera- S * 2
ture. In the work of Kulicand Zeyhef®~*¥the corresponding ReX(w+i07)=~ fo dv a”F ()
differences are large. These authors considered directly the
cuprates and tried to account seriously for the ionicity and 1 v-o 1 v-o
the increased effect of correlations. As described in the In- PRl ﬁ) h ¢<§_ : m)
troduction, they find that the electron-phonon interaction in
this case is strongly peaked in the forward direction and this (12)
leads to large differences betweerfF(w) and a>F(w).  wherey(z) is the digamma function. In lead, the electron-
They estimatex?F (o) to be about a factor of 3 larger than phonon spectral density?F (o) is well known from tunnel-

WE— W

In

. (1

ot —im0(w— wg)
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FIG. 2. The renormalized enerdy, as a function of the bare
band energy, for various models for the electron-boson exchange
spectral density. The dotted curve is the bare dispersion relation and
is for comparison. The solid curve is for an Einstein spectrum with
wg=1 eV and a mass-renormalization factor=1. The dashed
line which shows a slight curvature is for a model in which the
charge carriers are coupled to spin fluctuations described by a
Millis-Monien-Pines(MMP) form, Eq.(13), with a spin-fluctuation
energy ws;=250 meV and a mass renormalizatian=1.1. The
dash-dotted line is a straight-line construction througt
=250 meV which is used in ARPES experiments to determine the
“bare” dispersion since it is not independently known.

-10

E, (meV)

-20

——normal state T=1K
- -normal state T =10 K

——supercond. state T=1K

- — — supercond. state T=6.5K

-30 1 1 L
0 -10 -20 -30

e, (MmeV) much of the structure. Note also, that in all three cases the
curves go through zero at,=0 and the slope of each line

FIG. 1. Top: the renormalized energiEg in lead as a function out of the origin gives the renormalized effective-mass pa-
of the bare band energy,; the renormalization is due to the rameter (1 \) at the temperatur&. For the convenience of
electron-phonon interaction characterized by the electron-phonothe reader we included in the bottom frame of Fig. 1 results
spectral densityr®F(w) shown in the inset. The bare dispersion is for the superconducting state @t=1 K (black solid ling
shown as the dotted line. The other curves are for the normal sta@nd atT=6.5 K (black dashed linejust below the critical
at T=1 K (solid), T=10 K (dashed, and T=100 K (dash-dotted temperature of lead which i&,=7.2 K. We note that in each
line). Bottom: same as the top frame but for the superconductingase the phonon structure is somewhat more pronounced
state atT=1 K (solid) and T=6.5 K (dashed just below T, than in the corresponding normal stés&own as gray lings
=7.2 K. The normal-state results are shown as gray lines for comAlso at ¢,— 0 the renormalized energl§f, now goes to a
parison. finite value equal to the superconducting gafT) at that

temperature. In an ARPES experiment the gap is seen as a
ing spectroscopy*®%%3%as well as from direct calculations. shift of the leading edge of the electron spectral density
It is shown as an inset in the top frame of Fig. 1. A(k,w), downward from the chemical-potential level.

The phonons extend to 12 meV and show a characteristic Before moving on to other possible models for the renor-
peak for transverse and longitudinal branches. In the tomnalization we wish to make an important point about how
frame of Fig. 1 we show numerical results in the normal statssome of the ARPES data have been analyzed in the
for E, on the Fermi surface as a function of the bare banditerature’~® It is essential to be aware that the bare electron
electronic energy, up to 30 meV, at which point barglot-  band energies are not known independently in ARPES ex-
ted curve and renormalized energies are pretty much paralleperiments. However, electron momentum change- Kg)
to each other. The solid curve applies to the normal state atan be measured in the particular direction of interest. The
T=1 K. We see structure in the renormalized quasiparticléoare energy is then related to this momentum change through
energy E, ranging up to roughly 10 meV. The structure the Fermi velocityvg . The bare value ob g denotedvg is
clearly corresponds to the structure in the phonon spectrurtnen determined fronk, under the assumption that &
(inse). Beyond this range multiphonon processes are opera=250 meV renormalization effects have become small and
tive and the renormalization effects are less. Further resultare negligible in a first approximation. This assumption can,
in the normal state are foF=10 K (dashed ling and T however, result in a significant underestimate of the true
=100 K (dash-dotted line We see that by the time this last mass renormalization involved as is illustrated in Fig. 2.
temperature is reached, which is of the order of the maxiThe solid curve giveg, vs g, for a case in which the Ein-
mum phonon energy, the thermal effects have smeared ostein frequency defining:’F(w) is taken to be very large,
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wg=1 eV, compared with the energies of interest in this
figure. The curve is almost a perfect straight litteere is no
structurg with slope giving (1+X\) with A=1 by choice.
This is to be compared with the dotted line which gives the
bare dispersion and has slope 1. Applying the constructior
that the “ARPES bare dispersion” is a straight line going
through the renormalized energy B =250 meV would
give the same straight line as the solid curve and, thereforeg
we would conclude thax =0, i.e., there is no renormaliza-
tion. As a second example we use for the spectral density
form appropriate to a spin-fluctuation model. The form is
obtained directly from consideration of experimental data on
the infrared conductivity in the normal state of the cuprates.
It is given by the experimental forW/(w) of Eq. (10) which

can be adequately represented by a Lorentzian

eV)

12x(@) % W() %12 ——— B ). (13)
wgitT @

[We refer to this form in the following as the Millis-Monien-
Pines(MMP) form.] In Eq. (13) ws; is a characteristic spin-
fluctuation frequency taken for illustrative purposes to be
250 meV and A=2[;"dv %y (v)/v=1.1 With @mpa
=400 meV. With this spectral density we get the dashed line
in Fig. 2 which is to be compared with both the dotted line
(real bare dispersionand the dash-dotted lin€ARPES-
constructed “bare” dispersion It is clear that the ARPES
construction again drastically underestimates the spin-

x
w

E, (meV)
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fluctuation mass renormalization giving a value 0.1
rather than 1.1. Also, the curve does not show any identifi-

able sharp structure, instead it changes only rather gradually '2500' =0 00
In order to get the correct value ®fone would need data up

to energies higher than the maximum energy involved in the

fluctuation spectrum that is responsible for the renormaliza- FIG. 3. Top: the renormalized ener@y, as a function of bare
tion. For spin-fluctuation theories this energy scale is set byand energy, using an electron-phonon spectral densifiF (o)

the magnitude of of thet-J model and is high at the order to describe the coupling. The solid squares are the data of Johnson
several hundred me’? Thet-J model is widely believed to et al.(Ref. 3 and the solid curve is our fit. The full phonon spectral
provide the appropriate Hamiltonian needed to describe thdensity revealed by inelastic neutron scatteriRgf. 50 was used
strongly correlated charge carriers in the Guyslanes in the  Wwith the area undew’F (w) adjusted to get a mass-renormalization
cuprates. In this instance ARPES experiments at much high@arameter \=1.46. In the theory atk—kg=0.089 A™* &g

energies than presently sampled would be required to get the256 meV, while the value obtained from the ARPES construction
full value of \ involved. is nearly the same, 253 meV. The curve is fbr130 K. The

dash-dotted curve is for &function model fora’F () at 70 meV
and A =0.98. The bottom frame applies to the lower temperature
T=70 K and is in the superconducting state.

4-250

-250

1 1
-150 -200

g, (meV)

IIl. COMPARISON OF THEORY AND EXPERIMENT
IN Bi2212

In the interpretation of their ARPES data some experi-frame of Fig. 3 and at =70 K in the bottom frame of Fig. 3
mentalists have considered the possibility that the renormaks solid squares. On the top horizontal scale we show mo-
izations are due to phonons. We consider here only the speaentum differencek— kg in A ~* while on the bottom hori-
cific case of Bi2212 for which there also exists a recent set ofontal scale we have the value corresponding to our bare
high accuracy optical conductivity measuremetifhe pho-  band energy, which implies a theoretical bare energy of
non frequency distribution in this material has been mea256 meV atk—k-=0.089 A"1. The fit in both cases was
sured by incoherent inelastic neutron scattering by Renkesbtained with a value ok =1.46. We see that the resulting
et al> Such experiments directly gie(w), and a first at-  theoretical resultgsolid curves fit reasonably well the ex-
tempt at a model for an electron-phonon interaction spectrgberimental data. Here, no attempt has been made to get a best
density a®F(w) can be constructed by multiplying the ex- fit by varying the shape of the underlying spectral density
perimental F(w) by a constant adjusted to best fit the «?F(w). The reader is referred to the work of Vergiaal *°
ARPES data on the renormalized quasiparticle enérggs  for an alternative approach to the analysis of ARPES data for
shown in Fig. 3. The dafat T=130 K are shown in the top the material La_,Sr,CuQ, (LSCO). These authors do at-
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tempt to get the shape of the spectrum from the data itself 10
and we will return to this issue later. We make here two final
comments on Fig. 3. The dotted curve, which is the ARPES
construction for the bare dispersion, gives Rtkg
=0.089 A1 ang =253 meV, which is nearly the same as
the theoretical value of 256 meV. This is to be expected
since phonon renormalization effects are small at 250 meV
and beyond. Secondly, we wish to point out that the data at
T=70 K is in the superconducting state. The formalism
needed to treat superconductivity is more complicated than
that for the normal state which we have sketched, but the

ideas and concepts are the same and no details are included 0 = o 5 200 250

h —— Experiment

here. The reader is referred to the extensive existing (meV)
literature®®5* Here it will be sufficient to point out that the ®
value of the critical temperature for superconductivity in a 300

d-wave superconductor is determined most directly by a dif-
ferent function from that which comes into the mass- T penment
renormalization channel. For awave isotropic supercon- — = MMP o = 82 meV
ductor this issue does not arise. The quasiparicle(w)

would also determine superconductivity and one could ask if

ARPES data o\ are indeed consistent with the observed %E’ 200}
superconductivity. But in the cuprates the superconducting =3

gap hagl-wave symmetry. In this case it is the projection of
the quantity |gy k' ,|?6(w—w,(k—k’)) onto the d-wave
channel which determines the spectral function which is
most directly involved in superconductivitiyather than its
projection on thes-channel. ARI_DES do_es not measure th|_s 100 —— 0 s 200 280
projection separately and so this technique, strictly speaking,
remains silent on the issue of mechanism for superconduc- @ (me¥)
tivity even if phonons should be the main cause of renormal- FIG. 4. Top: the reflectance for Bi2212 in the infrared uputo
ization of the electron dispersion curves. =250 meV. The solid curve presents the data otTal. (Ref. 31.

Returning to the top frame of Fig. 3 the dash-dotted curverhe dashed curve is for the phonon spectrum ardl.46. The
which does not agree well with the data is shown for com-temperature i =295 K. The bottom frame shows the derived op-
parison. It is based on a model electron-phonon spectral detieal scattering ratergpl(w) as a function ofw. The solid curve
sity «®F(w) in which the coupling is entirely to a single presents the data of Tat al. (Ref. 31). The dashed curve is a
frequency fixed at 70 meV® with a mass enhancement fac- phonon-based result which does not give enough variation with
tor A=0.98 chosen to get a critical temperature Bf increasingw. By contrast, the dash-dotted curve fits well and is
=91 K whens- andd-channel spectral densities are taken tobased on a simple spin-fluctuation spectrum of MMP form with
be the same. Such a model does not agree well with experf2sr=82 meV and\ =1.79.
ment and when it is used, in the superconducting stafe at
=70 K, the disagreement is even worse. Tidunction 02 (o 1
model corresponds to an extreme in which it is assumed that o(w)= —2 dv— . (14)
the electron ing i i is i Amlo i3 (v) ~2(w—v)

-phonon coupling is to a single mode. This is imp

unlikely to be the case. A model based on the entire phonon . . L
spectrum is more realistic although, as we said before',\/'ore complicated formulas_eX|st at any fmlte temperafDre
«?F(w) does not need to have the same shap&@s). and/or for the superconducting case and including vertex cor-

Special modes could be weighted more heavilyfF (o) rections, which we will not repeat here for the sake of brev-
as compared t& (o). ity. They can be found in many places including our own

work. Since here we will fit the electron-boson exchange
density to optical data directly, the resulting form can be
thought of as including higher-order corrections.

In Eq. (14) Ti;n}) is the elastic impurity scattering rate
We can impose a second constraint on renormalizatiomhile the imaginary part ok (w) deals with the correspond-
effects by considering the infrared conductivity. There existing inelastic scattering. What is most often measured in op-

much data on optical conductivity in the cuprates and thesécal experiments is the reflectanB¢w) as a function ow.

have given us considerable insight into the inelastic scatterfFhis is shown in the top frame of Fig. 4 for Bi2212. The
ing involved. The conductivityo(w) at T=0 (to remain  solid curve is the data of Tet al® for room temperature
simplg in the normal state also follows in a first approxima- T=296 K. The dashed curve was obtained with the same
tion from the knowledge of the electron self-enerdy: neutron-based electron-phonon interaction spectrum having

1
T
op

IV. OPTICAL CONDUCTIVITY
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A=1.46 as we found from our ARPES analysis. It provides a T = 205 K, Experiment

poor fit as is illustrated, even more sharply, in the bottom 300 |~ T=295K MMP o, =82 meV

frame of Fig. 4, which deals with optical scattering rates. It xggg ﬁ m’g”me"‘ '_’,;-:"’
has now become standard procedure for experimentalists to - = -T=200K MMP + peak _.-25>"
extract from their reflectance data the real and imaginary S 200l ___.;-,;",'f’_
parts of the optical conductivity and to construct from this 2 ,.-;",:’,'
information the optical scattering ratgpl(w). The solid line % -------- ',/’,’ o

in the bottom frame of Fig. 4 is the data. The two other r.‘:s 160 ___,—’_’,"'

curves are theoretical and the dashed curve is based on the ~ [.I...- 4l T =100 K. Experiment
neutron a’F (w) with \=1.46. It is clear that it does not el T;mémﬁ;"men
agree with the data, particularly asincreases. This defect R . = =TS TOUIKRIRIP+ ek
remains, whatever value afis used. The fundamental prob- 8 80 dc0 480 200 250
lem is that the phonon spectrum cuts off too soon as a func- © (meV)

tion of frequency to fit the optics and, consequently, the cal- 10

culatedw dependence ofgpl(w) is much too flat. Any boson 08l I ---T=100K
mechanism that fits the data will need to have an energy Y o TTanK

scale that extends to order of a few hundred meV or so. This 06 ,'.._‘\ phonon spectrum

is consistent with a spin NAFF[Refs. 24 and 2bor MFL z i "

model?®~28put is not compatible with phonons. It is impor- 204 W

tant to note that this limitation of a phonon mechanism is 02l 4 \
independent of any difference there might be in the size of /

a?F(w) as compared withv’F (o). Both functions cut off 00— 6 s =00 od
at the maximum phonon energw {.,= 80 meV in the case o (meV)

of Bi2212) and this cannot give agreement with the optics.
On the other hand, a spin-fluctuation model provides a natu- FIG. 5. Top: optical scattering rates for Bi2212 B 295 K,
ral explanation because it involves a higher boson energy=200 K, andT=100 K. All are in the normal state. The gray
scale of the orded of the t-J model as previously noted.  solid lines represent data from the experiment o&Tal. (Ref. 31),
This is demonstrated in the lower frame of Fig. 4 by thedotted lines are theory based on an MMP form for the charge-
dash-dotted curve which is for an MMP form wittag¢ carrier-exchange boson spectral density, and the dashed lines have,
=82 meV and\=1.79. It fits the experiment almost per- in addition, coupling to an optical resonance at 43 meV. The bot-
fectly with no need for any adjustment of any kin@evia-  tom frame shows the derived spectral density based on our well-
tions from ws;=82 meV within =5 meV will change the defined procedure to i_nvert optical data. Tﬁ_er 295 K spectrum
quality of this fit only marginally. It is interesting to note in Nas no resonance and is a pure MMP form viith=82 meV (solid
closing this discussion that in the case of e|ectr0n_phono|l|ne). .The other two spectra are modified through the Qddltlon of
interaction the same value far is required to get a reason- C°UPIing to a resonance mode at 43 meV. Also shown is the pho-
able fit of the ARPES data and to get agreement at least iRo" spectrumgray solid curve (Ref. 50.
the low-energy regime with the optical data. This is in con-
flict with the findings by Kulic'® which in the phonon- neutron scattering was by Rossat-Mignait al. for
assisted case shows thafF(w) should be significantly YBa,CusO. 5.°° We have already described our method for
smaller thana2F (o). obtaining |2 x(w),*~*85*%5thus it is not necessary to give

In the top frame of Fig. 5 we compare theory with experi- details here except to mention that ual>! also obtained
ment at three temperatures, namély: 100 K, T=200 K, this peak using a slightly different method. We present final
and T=295 K. The data on the optical scattering rate wagesults for our model x(w) in the bottom frame of Fig. 5.
obtained by Tuet al®! from their infrared measurements in While no peak at 43 meV is observed &t295 K (solid
Bi2212 and is denoted by gray solid liné®p to bottom line) one shows up at lower temperatures, the dotted line for
shows decreasing temperatur&he black dotted lines are T=200 K, and a somewhat bigger peak can be seeh at
theory obtained from an MMP form given by E(L.3) with =100 K (dashed curve At present, neutron scattering does
wsi=82 meV. TheT=295 K curve repeats the fit shown in not reveal a spin resonance at these temperatures. Returning
the bottom frame of Fig. 4. The same spectral density, howto the top frame of Fig. 5 we stress that the introduction of a
ever, does not fit thd =200 K andT=100 K data(dotted resonance peak in addition to the MMP form is responsible
lines) well. To obtain agreement with these data sets it ifor the observed rapid rise around 50 meV in the optical
necessary to augment the MMP-form by adding coupling tascattering rate at =100 K and also, although less obvious,
an additional optical resonance at 43 mé¥is gives the at T=200 K. The model spectral density fits the data re-
dashed curves This is the frequency at which inelastic markably well. Such optical resonances have been seen be-
neutron-scattering experiments have revealed a strong peétre in YBaCu;Og9s (Ref. 44 as well as in TI
in the magnetic susceptibility at momentunmr,¢r) in the  compound¥° in the superconducting state of optimally
two-dimensional Brillouin zone of the Cy(plane® in the  doped samples, and have their equivalent in spin resonances
superconducting state. The first report of such a resonance observed by inelastic neutron scatterfig>°¢>" Here the
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high-temperature optical resonances in Bi2212 are seen in kek, (A7)
the normal state abové,, as reported by Tet al3! Their 0.00 0.02 0.04 0.06 0.08 0.1
exact microscopic origin, however, cannot be deduced from ' ' ' '
optical data alone. It could be that the 43-meV neutron spin
resonance forms above, in this optimally doped material.
Alternatively one might argue that this may be a phonon
contribution(see gray solid curve in the bottom frame of Fig. -100 -
5) to the total electron-boson transport spectral density. If 3
this were the case, however, we would not expect the peak of 5; 150k
Fig. 5 (bottom frame to show significant temperature depen- Theory:
dence in this temperature regime. Also, the phonon peak in | +“:g"r':'e“\’/s;:aizlr"j‘1"2‘g\
the bottom frame of Fig. 5 has more weight at lawthan is —— MMP, o, = 82meV
indicated in optics. In terms of the area under the spectral ——— bare dispersion )
densityl2 x(») we note that the peak itself contributes less B e T T _;‘50 T 50
than about 15% of the total weigkat T=100 K); the rest &, (MeV)
comes from the MMP form. While the issue of the origin of .
the peak is important, here we concentrate instead on the 0.00 0.02 0.04 0.06 0.08 0.10
consequences of its existence for the ARPES data. The pos- A ' - - - 0
sibility of coupling to a resonance mode has been discussed R . i;p;é‘g‘%”atre. dispersion |
in the past in connection with such dafa®° sof Persn 1 s0
In Fig. 6 we compare our theoretical results for the renor- SN ]
malized quasiparticle energies with the ARPES experimental ;40| N T=70K  4-100
data(solid squares The theory(solid curve is based on the
optics-derived spectral densifgee Fig. 5, bottom frame sl
The top frame is fofT=130 K in the normal state and the  w"
bottom frame is forT=70 K in the superconducting state.
For the top frame we renormalized downward tﬁq(w) to
account for the expectation that in a spin-fluctuation mecha-
nism the quasiparticle electron-boson interaction spectral — -250k . - - - - , Nu , 77250
density should be smaller than its transport counterpart. To 0 50 -100 -150 -200 -250 -300 -350
get the fit seen in the figure we used=1.28. A smaller g (meV)
value ofA =1.09 was used in the bottom frame. We see that ) o )
we can get an equally good fit to ARPES with spin fluctua- FI_G. 6. Top: the renormalized qu_asmartlcle_ disperdignas a
tions, including the 43-meV resonance, as we did Withfunctlon of the. bare bapd energy, in meV .(Ilght das.h-dotted
phonons. This new fitsee Fig. 6, however, has the advan- curve_). Th_e solid curve is based on the spln-fluctuatlon_s_pectral
tage that it can equally well explain the optical data Wh"ede_nsny with the resonance peak obtalnt_ed from conductivity data
this is impossible with phonons. It is also clear from the(F.'g' 5 scaled d.O.Wn to a mass renormalization\of 1.'28’ other- .
calculations that the transport electron-boson ir]teractiomse left unmodified. The heavy dash-dotted curve is for compari-

. . . "Yon and has no resonance peak. The light dashed straight line is for
spectral density is larger than the quasiparticle spectral de%mpaﬂson and is the ARPES “bare dispersion” obtained by mak-

sity by a factor of about 2, as is expected in theories of thg,q the curve go through experiment at 253 meV. This corresponds
NAFFL model. It should be acknowledged, however, that,, 5 theoreticak =327 meV atk—ke=0.089 AL, much greater

part of the difference in the value af needed to fit ARPES  than the ARPES “bare” value. This frame appliestte- 130 K and
data as compared with optics reflects anisotropies in the qugs in the normal state. The bottom frame is for=70 K in the
siparticle renormalizations over the Brillouin zone. superconducting state.

Also included in the two frames of Fig. 6 are our results
for a Ey (heavy dash-dotted linevhen the resonant peak in son exchange interaction has ended at this energy. Reference
the spectral density is left out of the calculations. We see thab the difference between the theoretical bare dispersion
the pronounced structure &tkz~0.04 A" seen in the (light dash-dotted lineand the dressed curvesolid line)
superconducting state is not reproduced in this case. If wehows clearly that this is not the case in a spin-fluctuation
used instead the MFL model, i.d2y(w)=120(wma— ®@),  model.
the deviation from the data would be worse and even clearly It is interesting to note the similarities and differences
seen in the normal state. The resonance peak, absent in thetween our work and that of Verget al*® An important
MMP form and in the MFL model, is what gives the ob- difference is that these authors invert the ARPES data di-
served structure. Also shown in the figure is the bare disperectly, from which they obtain a model electron-boson spec-
sion relation(light dash-dotted curyeon which our calcula- tral density. Instead, we have inverted the optical data which
tions are based. This is quite different from the ARPESserves as a second constraint on the microscopics not con-
derived “bare” dispersion, the light dashed curve, obtainedsidered by Vergaet al. While they invert data in LSCO at
by making the curve go through the experimental point athree different doping levels, they, nevertheless, find a
253 meV on the assumption that the renormalization by bospectrum which has a peak which is, however, not as promi-

= Experiment ]
——————— ARPES 'bare’ dispersion
—4-50

T=130K | 109

-H-150

® (MmeV)

--200

(meV)
® (meV)

4-150

) | Theory: " 4 -200
200 —— Py(w), A =1.09 e
—-—-MMP, 6 = 82 meV
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nent as either the spin-resonance peak or the phonon peak in 00 ———

the bottom frame of Fig. 5. Their peak could simply be a gso| —Theom.i, =218

peak of the MMP form as in the solid black curve in the - - - I(0) antinodal, 1 = 1.09

bottom frame of Fig. 5. Nothing definite can be concluded. S w0l 7 T(w) nodal, & = 1.09

However, we point out that they do find tails at higher ener- §

gies (w>100 meV), as we have, which rather support spin fg 150 -

fluctuations and not phonons. In this paper we consider, in 3 100

addition to ARPES, optical data and from this we conclude <& | -

more forcefully that high-energy tails extending up to several sob ,,.-——-""/

hundred meV exist in the boson-assisted spectral functions ﬂ__-_»-"“"'

describing the electron-boson interaction in B|2.212.. O s ™ = P B
Whatever the mechanism by which the quasiparticles are -

renormalized the (11) component of thex2 Nambu
Green’s function in the superconducting state can be ex- FIG. 7. Comparison between scattering rates as a function of

pressed in the general fofm frequencyw obtained from optics and from ARPES. The gray solid
line is the experimental optical scattering rateTat80 K obtained
wZ(w)+ ey from the wc_)rk of Tuet al. (Ref. 31 while the blgck solid curve is
Gui(k,w)= - > , (15 our theoretical result based on the electron-spin-fluctuation spectral
o Zi(w)—e—Aj(w) densityl 2 x(w) shown in the bottom frame of Fig. But using data

~ for T=80 K). The other two curves are theoretical results for the
where the renormalized frequeney(w)=wZ(w). The in-  imaginary part of the quasiparticle self-energy.
verse quasiparticle lifetime is defined as twice the imaginary
part of the poles 0644(k,w) for a given momentum labeled V. CONCLUSION

k. For o=E,~iT we obtairf We have reconsidered the interpretation of the quasiparti-

~ ~ cle renormalizations observed in high-resolution ARPES

:Ekzkz(Ek) _ Aya(E)Aa(E) (16) data for the specific case of Bi2212. We confirm that the

K Zu(E) Ekzﬁl(Ek) ' observed energy scale is compatible with coupling to
phonons. We find, however, that present data and, in particu-

where the indices 1 and 2 refer to the real and imaginaryar, the way they are analyzed might well significantly un-
parts, respectively, and the corresponding renormalized ermerestimate renormalization due to other boson exchange

ergy is a solution of mechanisms distinct from phonon exchange and for which
the energy scale is larger. As an example this would be the
e2+ A2, (Ey) case in a spin-fluctuation exchange mechanism as is envis-
Ev=\/—Q - — (170  aged in the NAFFL model where the energy scale for the
Zia(Ew) spin fluctuations is set by of the t-J model and is conse-

~ ) quently very high.

For the normal stateA () = 0] these expressions reduce o |f jn addition to ARPES, optical data is also considered, it
those previously given in the limit of weak scattering with js found that an explanation in terms of phonons becomes
the modification thaf” is renormalized by a mass enhance-|ess tenable. Of course, there are many complications and
ment factor (+\). these make a definitive interpretation impossible. What is

In Fig. 7 we emphasize once again the difference obtaineg|ear, however, is that transport properties and in particular
between quasiparticle scattering rates and their optical couRhe observed infrared conductivity cannot be understood as
terpart. It applies tor =80 K for Bi2212 in the supercon- due to the electron-phonon interaction. This holds even if
ducting state. The gray solid curve represents the data of Tgodifications are introduced to account for the reduced
et al** for the optical scattering rate and the solid line is ourscreening present in the cuprates because of the low electron
theoretical fit to this data which also determines the transpoi§ensity and also the increased effects of correlations. The
spectral density{, x(). The corresponding value of; is  main point is that the underlying charge-carrier-phonon spec-
2.18. Consideration of the ARPES data regarding quasiparttral density is cut off at the maximum phonon frequency and
cle renormalizations shows us that the equilibrium spectrajhis feature is in conflict with optical data. By contrast, spin
density 12x(w) must be considerably smaller. To calculate fluctuations give a natural explanation of the data. Our analy-
the imaginary part off (w) of Eq. (16) we have reduced sis of the data of Tiet al3! also provides a natural explana-
If,X(w) by a factor of 2 but without changing its shape. Thistion of the ARPES data. What we find is that optical reso-
is done to get reasonable agreement with ARPES shown inance is present in the infrared data even in the normal state
Fig. 6. The results are shown as dashed and dotted lines fabove T. and this resonance can explain the energy scale
the antinodal and nodal directions, respectively. Not only isseen in ARPES(Below T, this optical resonance has a spin-
the shape of the resulting scattering rate different from theesonance equivalent observed by Fengl>? using inelas-
frequency variation obtained in the optical case but its magtic neutron scatterinyThe microscopic nature of the optical
nitude is also different, reflecting the difference in magnituderesonance is not entirely known. It could have its origin in
of ItZ,X(w) and|?y(w). spin-fluctuation theories and be the spin-one resonance
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observed in inelastic polarized neutron-scattering experithe expectation that phonons will be much less important in
ments, or could even contain a phonon contribution over anttansport than for equilibrium properties while ideas about
beyond the spin-fluctuation contribution. the NAFFL model lead to opposite expectations. Spin fluc-
Our analysis of both ARPES and optical data together hatuations dominate the transport while at the same time could
served to emphasize once more the differences between the less important in determining quasiparticle properties.
equilibrium electron-boson exchange spectral densitylhis agrees well with the available combined set of optical
o?F () and its transport counterparf, F (o), be it for pho- and ARPES data in Bi2212.
non exchange or spin fluctuations. The data indicate that
these two quantities differ in magnitude by roughly a factor
of 2. This is understood to arise from the fact that transport
scattering rates emphasize more strongly backward collisions Research was supported by the Natural Sciences and En-
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