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Abstract

The development of new capabilities in high resolution photoemission is allowing detailed studies of the role of collective
many-body excitations in the decay of a photohole. This in turn provides new insights into the physics of condensed matter
systems, in particular the strongly-correlated systems, which exhibit a rich variety of exotic phenomena including high Tc

superconductivity.
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1. Introduction

emission has been applied to the study of the spin

dependent electronic states in magnetic surfaces and

The past three decades have seen the widespread

use of photoemission as a probe of the electronic
structure of a variety of materials [1]. Neville Smith
and coworkers have played an integral role in the
development of the technique. One important contri-
bution was the demonstration that by measuring the
photoemission spectrum as a function of angle, the
technique could be used to map out the bulk
electronic band structure [2]. Because of the rela-
tively short mean free path of the photoelectrons, the
technique has also been used extensively to study the
properties of surfaces and thin films. In the former,
the emphasis has been on studies of the unique
electronic structure associated with the solid—vac-
uum interface [3]; in the latter, studies have followed
the evolution of the electronic structure from mono-
layer thin films through to thicknesses resembling the
bulk [4]. With the addition of spin detection, photo-

E-mail address: pdj@bnl.gov(P.D. Johnson).

thin films [5]. Further, as discussed elsewhere in this
volume [6], by measuring the intensities of the
photoemitted electrons as a function of angle and
kinetic energy, the techniques, photoelectron diffrac-
tion and holography, have been developed as a probe
of atomic structure. Both Neville [7] and Chuck
Fadley [8] played a role in the latter developments.
In photoelectron spectroscopy, a photon of known
enedgyis absorbed and the outgoing electron’s
eneugy &) and momentum are measured. These
properties determine thesga@dynomentunk
of the hole state left in the occupied valence bands
[1]. Interaction effects, including for instance
Coulomb and electron—phonon, cause the sharp line
spectrum I H (g, — in) of independent electron
theory to evolve into Inw H ¢, — 2(k,w)) where
the complex self-ed&kgy) contains the effects

of the many body interactions. The real part

2, (k,w) ~ — wA, gives a shift in energy and associ-
ated mass enhancement, while the imaginary part
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2,(kw) =T (o,T) gives the lifetime broadening/

27. 7. is the typical time before the hole stake
scatters into other statek’. The single-particle
spectral function of the hole-statéy(k,w) = (—1/

m)G(k,w) takes the form

> (ko)

Ak w) = 1)
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sional system withv, = 0, the width of the photo-
emission peak is therefore determined entirely by the
width of the photoholE,. The observation that the
width of the photoemission peak is determined solely
by the lifetime of the photohole offers the possibility
that the technique may be used as a probe of the
scattering mechanisms contributing to the electrical
transport in different materials. Unlike other probes

[0~ 5~ 2yko)l* + [2 ko)) _ oth
of these transport properties, photoemission has the

New developments in instrumentation have recent- advantage that it is momentum reso|ving_ However
ly allowed photoemission measurements to be per- jn drawing conclusions from such studies, it is
formed with very high energy and momentum res- jmportant to remember that the single particle scat-
olution [9]. This in turn has allowed detailed studies tering rate measured in photoemission is not identical
of the self-energy corrections to the lifetime and to the scattering rate measured in transport studies.
mass of excitations in the V|C|n|ty of the Fermi level. The two are approxima’[e|y related however and with
These developments come at an opportune time. certain assumptions, the transport scattering rate can
Indeed the recent discovery of high temperature pe written /7, = fi/7(1 — cos®) wherefi/r repre-
superconductivity in strongly correlated electron sents the single particle scattering rate [13].

systems is presenting a range of challenges for The intensityl(k,w) measured as a result of the
condensed matter physics [10]. Does the mechanismphotoemission process is given by

of high Tc superconductivity represent new physics?
Do we need to go beyond Landau’s concept of the |(k,w) = [M|*A(k,w)f(w) 3)
Fermi liquid [11]? Is there any evidence for the
presence of quasiparticles in the excitation spectra of where M represents the matrix element linking the
these complex oxides? initial and final states anf{w) is the Fermi function

In this paper we review some of the developments which enters because the photoemission process is
with a particular reference to recent studies of the restricted to excitation from occupied states below
cuprates. In order to gain insight into the observa- the Fermi level. Fig. 1 shows an image of the
tions from such materials it is often useful to draw spectral intensity excited from a two-dimensional

comparisons with other less complex systems. As surface resonance in the—N azimuth of a Mo(110)
such we also discuss photoemission studies of manycrystal [14]. In the vicinity of the Fermi level, we

body interactions in metallic systems.

2. Many body interactions in metallic systems

Photoemission represents a direct transition be-

tween an initial and final state. The transition results
in a peak broadened to a width reflecting contribu-
tions from both the finite lifetime of the photohole

and the momentum broadening of the photoelectron.

The widthI is given by [12]
)

U, -1
r<rh+—re)<‘1— )
ve Ve

where I is the width of the hole statd,, is the
width of the electron state and, and z, are the
respective perpendicular velocities. In a two dimen-

(2)

note a change in the rate of dispersion, or mass
enhancement, and a rapid change in the width of the
band. The latter broadening reflects three principal
contributions, electron—electron scattering, electron—
phonon scattering and electron—impurity scattering.
These different contributions all add linearly to give
the total scattering ratE such that

r=r, +T

+T imp (4)

e—ph

In a Fermi liquid the electron—electron scattering
term is given by I, (o,T)= 28wk T)*+ 0’0
where, within the Born approximationg2= (7U %)/
(2W?®). U represents the on-site Coulomb repulsion
andW the bandwidth of the state. The electron—
phonon contribution may be calculated via the

Eliashberg equation such that [15]
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Fig. 1. ARPES intensity plot of the Mo(110) surface recorded
along thel’ —N line of the surface Brillouin zone at 70 K. Shown
in the inset is the spectrum of the region arolkndecorded with
particular attention paid to the surface cleanliness.

I @ T) =27k f do’a’F(e)[2n(w’)

(%)

Here «°F is the Eliashberg coupling constant and
f(w) and n(w) are the Fermi and Bose-Einstein
functions, respectivelyl’,_,,, increases monotonical-

ly with energy up to some cut-off defined by the
Debye energy. AtT=0 K the electron—phonon

coupling constant is given by [16]

@q
2
F !
A=2ja—(,w)dw/
w
0

+flw' + w) + f(o' — w)].

(6)
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Fig. 2. The photohole self-energy for Mo as a function of binding
energy at 70 K. The real part is obtained from the dispersion
shown in the inset. The imaginary part is obtained from the width
of the quasiparticle peak. The dashed line is a quadratic fit to the
high-binding energy dataw(< —80 meV). The dark (gray) solid
line shows the calculated electron—phonon contribution to the
imaginary (real) part of the self-energy. The calculated imaginary
component is shifted up by 26 me\V.

impurity scattering represents the dominant decay
mechanism for a hole close & in any real system.

Fig. 2 shows the measured Ihor X, of the Mo
surface state as a function of binding energy. The
data points are extracted from the image of Fig. 1 in
two ways, either from energy distribution curves
(EDCs) or from momentum distribution curves
(MDCs) [18]. In the former, EDCs, the photoemitted
intensity is measured as a function of binding energy
at constant angle or momentum. The width of a peak,
AE, is related to the self-energy by

2|22(a))|

AE~——22 2
1-02>,(0)dw

(7)

In MDCs the photoemitted intensity is measured as a
I'._,{®,T) shows a linear temperature dependence function of momentum at constant binding energy.
with a slope given by Z\k;. This latter observation The width of the peak is then given &=

has been the basis of several experimental determi- |=,(@)|/v2 where v represents the bare or non-
nations ofA [17]. The final contribution in Eq. (4), interacting velocity. In the vicinity of the Fermi
impurity scattering, is elastic in that the impurity level, coupling to low energy excitations can compli-
atoms are considered to have no internal excitations. cate the extraction of self energies from EDCs via
Thus the scattering-ratd;,,, is proportional to the Eq. (7) because of the strong energy dependence of
impurity concentration, but independent of energy X,. The rapidly changing background reflecting the

and temperature. At sufficiently low temperature, Fermi cut-off can add further complications. The

Above approximately one-third the Debye energy,
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MDC approach is thus the preferred method of
analysis for dispersing states closeEg

The calculated electron—phonon contribution to
the self-energy is shown in Fig. 2. In the vicinity of
the Fermi level, the agreement between the calcula-
tion using the theoreticak’F of bulk molybdenum
[19] and the experimentally measured widths is
excellent. At binding energies greater than the Debye
energy the electron—phonon contribution saturates.
However, also shown in the figure is a quadratic fit
to the measured widths at the higher binding ener-
gies. The quadratic dependence is an indication that
electron—electron scattering, as in a Fermi liquid,
plays an important role. The fit is consistent with the
prefactor in the expression fdr,_, having U~0.6
eV, as predicted for molybdenum [20], ahd=1.3
eV, the approximate bandwidth of the surface state.
The measured widths also have an energy-indepen-
dent contribution due to scattering from hydrogen
impurity centers [14].

In magnetic systems the possibility also exists for
scattering from magnetic excitations. This possibility
has been examined in studies of ferromagnetic
gadolinium. The results of this study are illustrated
in Fig. 3 which shows the spin-polarized photo-
emission spectra recorded from a surface state on the
Gd(0001) surface held af=20 K. Earlier experi-

Intensity (arb. units)
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ments [21,22] and calculations [23] indicate that the Fig. 3. spin-resolved photoemission spectra recorded from the
surface state should be 100% majority spin, due to Gd(0001) surface at 20 K. The upper and lower spectra represent
parallel alignment of the surface and bulk moments. the emission in the majority and minority spin channels, respec-
The coexistence of both spin components at the Sametively. The lines indicate Lorentzian fits to the spectra superim-

energy is therefore thought to be an intrinsic property
of the surface state arising from a combination of

spin—orbit and spin exchange processes as discussed

by Nolting and coworkers [24].

Fitting the spectra in Fig. 3 with lorentzian line
shapes shows that the minority spin peak has a larger
width than its majority spin counterpart, 116 meV as
opposed to 86 meV. Removing the contribution from
the experimental resolution, these widths become
approximately 105 meV in the minority spin channel
and 70 meV in the majority channel. All scattering
mechanisms give distinct spin dependent contribu-
tions to the total scattering rate. Electron—electron
scattering by exchange processes favors the two
holes in the final state being of opposite spin [25].
From consideration of the spin-dependent densities

posed on appropriate backgrounds. The inset shows the relative
intensities in the two spin channels.

of states, the scattering rate for this process is

therefore estimated to be equal for majority and
minority spin holes. The electron—phonon and im-
purity scattering rate are proportional to the density
of states at the hole binding energy for the same spin
while the electron—magnon or spin—flip scattering
rate is proportional to the density of states for the
opposite spin. As the majority-spin density of states
is large and the minority-spin component small,
impurity and electron—phonon scattering should be
most important in the majority spin channel and less
important in the minority spin channel. The fact that



P.D. Johnson / Journal of Electron Spectroscopy and Related Phenomena 126 (2002) 133-144 137
the minority spin channel in Fig. 3 is broader 3. Many body effects in high Tc
indicates a mechanism involving the opposite spin superconductors
such as electron—magnon scattering. Thug=a0 K,
the minority-spin component of the photohole can 3.1. The normal state
scatter to the majority-spin component elsewhere in
the surface band by emitting a spin wave. The |t is well established that conventional supercon-
corresponding spin—flip process is not available to ductivity reflects the formation of bosons or Cooper
the majority-spin component of the photohole at pairs through the exchange of phonons between
T=0 because the Iocaliza‘dspins have a saturated quasipartides [29] It is less clear that such a
magnetization. At higher temperatures, inelastic scat- mechanism can be responsible for the high transition
tering can occur back and forth between the two spin temperatures observed in high Tc superconductors.
channels mediated by the emission or absorption of |ndeed it has generally been assumed that the
magnons. . _ electron—phonon mechanism cannot support transi-
In an approximate treatment [26] using the-f’ tion temperatures above approximately 30 K [10].
Hamiltonian [27] Allen found the result This view has been called into question in studies of
superconductivity in field doped lattice expandeg, C
films where transition temperatures as high as 117 K
have been observed [30]. Further, it has recently
been demonstrated that anisotropic phonon coupling
can account for the relatively high Tc of 39 K
observed in the new superconductor MgB [31].
The situation is complicated in the field of high Tc
superconductivity where, as demonstrated in early
studies of the temperature dependence of the resistiv-
ity, the cuprates do not show the usual characteristics
of a Fermi liquid. In a two-dimensional system, the
resistivity poc(k-1) ! with k. is the Fermi wave-

V3 P/(1)m* /2JSa)\2
=3 g () ®)

for the decay of the minorityl() spin component due
to spin flip scattering with magnon emission. Here

is the s—f exchange parameter giving the exchange
splitting 2JS= 0.65 measured for the surface state
[28], m* =1.21 is the effective mass measured for
the surface band, arféf (1) = 0.87 is the experimen-
tally measured majority component of the band. With
S=7/2 anda=3.6 A, /7(1)~=0.095 eV. Converse-
ly, replacement oP’(1) by P'(1) =1—P’(1) gave

hl7(1)=0.014 eV for the majority spin component.
Thus at lowT, the majority spin channel is domi-
nated by electron—phonon scattering whereas the
minority spin channel is dominated by electron—
magnon scattering. Based on the relative spin-depen-
dent densities of states we can provide estimates of
the contribution of phonon scattering in the two spin
channels. These would be 46 meV in the majority
spin channel and 10 meV in the minority spin
channel. We are then left with approximately 10 meV
in each channel due to impurity scattering, probably
from hydrogen as in the case of molybdenum
discussed previously.

It is interesting to note that when looking at
unoccupied states the converse should be true. Thus
at low temperatures, an electron added to an un-
occupied minority spin band should decay preferen-
tially via phonon scattering and an additional excited
electron in a majority spin band should decay
preferentially via magnon scattering.

vector drid the mean free path between scattering
events. In early studies of the cuprates, the resistivity
was found to increase linearly through the loffe—
Regel limit, the limit at which the mean free path is
equal to the interatomic distance, and to continue
increasing linearly to very high temperatures [32].
The latter observation can be taken as evidence for
the lack of well-defined quasiparticles in a Fermi
liquid as we have been discussing in the case of
metallic systems. Indeed metals show a tendency for
the resistivity to saturate at higher temperatures in
the vicinity of the loffe—Regel limit.
Studies of the binding energy and temperature
dependence of the photoemission linewidths clearly
indicate non-Fermi liquid behavior in the normal
state of the cuprates [30]. Fig. 4 shows measure-
ments of the imaginary component of the self-energy
for different temperatures in a study of optimally
doped Bj Sr CaGu; O =@IlcK) [18]. ‘Optimal
doping’ is reference to the fact that the material is
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The linear frequency dependence Bf which
204 ] ] results inX, taking the formw In w /0 with w,
1504 — i some cutoff frequency [34] implies an absence of
S | quasiparticles in that the coherence factor of the
i s latter is given byZ = (1— 6=,/0w) *. The absence
' 104 1 ] of coherent excitations is highlighted if we compare
A & 1 directly the measurements from the cuprate with
those from molybdenum. Indeed in a Fermi liquid
100 - o R the inverse lifetime of a well-defined quasiparticle
S 0 10 20 30 A should be less than it's binding energy ofr < w.
g o/kT 8 ] In Fig. 5, a comparison ok, obtained from the
~ o"/ ] measured linewidths shows that the Mo displays
%E] ’ characteristic Fermi liquid behavior but the cuprate
- s O J does not. Thus if we have no coherent excitations in
: ggigmgg i the normal state of the cuprates, what do we have?
e 300K (MDC) Sev_ergl th_eorles propose a mechanls_m Whereby an
O 48K(EDC) excitation in the system breaks down into collective
A 90K(EDC) ] excitations, one chargeless excitation carrying away
O 300K(EDC) - the spin, a spinon, and one spinless excitation
””” Imz=0.750 | carrying away the charge, a holon [35]. Such a decay
: mode is known to exist in one-dimensional systems

' 100' S 150 [36]. However whether or not it exists in two-
dimensional systems is still an open question. Shown
in Fig. 6, the spinon excitation in a one-dimensional
Fig. 4. A compilaton of Im 3 for optimally doped half-filled anti-ferromagnetic chain may be thought
Bi,Sr,CaCuy, Q,, obtained viak cuts or MDCs and from peak  Of as a local domain wall. Shown in the same figure,

widths in EDCs as a function of binding energy for three different  the spin flip excitation reflecting the absorption or
temperatures. The different temperatures are respectively; 48 K

(diamonds), 90 K (triangles) and 300 K (circles). The different

metods of analysis are in all cases indicated by filled symbols for 100
MDCs and open symbols for EDCs. The inset shows the same A T m—
data plotted in dimensionless units confirming the scaling be- - 2y pmaty dop

w=2ImZ|

havior.

doped with carriers to a concentration giving the __
maximum superconducting transition temperature, %
T.. The measurements, which were made along the £ 50
‘nodal’ direction, the direction where there is no W
observable gap in the superconducting state, show an =+
interesting property. The imaginary component of

the self-energyy.,, is linear in binding energy when

the binding energy is greater than the temperature

and linear in temperature when the temperature is 0 R S S
greater than the binding energy. This behavior, -300 -200 -100 0
predicted in early non-Fermi liquid models of the ® (meV)

high Tc superconductors [33,34], differs markedly , o

A . . Fig. 5. A comparison of the measured imaginary component of
from thfit of a FQIT_T]I liquid, which, as dlSCU_SS?d the self energy,2”, for molybdenum and the optimally doped
earlier, is quadratic in both temperature and binding cyprate. The diagonal defines the condition by whict 2 E,
energy. whereE, represents the binding energy of the excitation.
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Fig. 6. (a) One-dimensional antiferromagnetic spin chain in ground state. (b) Photohole decays into chargeless excitation, the spinon, and a
spinless excitation carrying charge, the holon. (c) Spin—flip excitation corresponding to the emission or adsorption of a magnon.

emission of a magnon corresponds to two spinon
excitations.
In the study of Valla et al. [18] it was noted that in

particles. However it is of interest to explore the

suggestion further. Let us consider coupling to an
Einstein mode of energy 70 meV corresponding to

the nodal direction there existed a ‘kink’ in the band the kink energy. Replacingr’F in Eq. (5), the
dispersion or mass enhancement in the vicinity of the Eliashberg equation, with &-function representing

Fermi level. The origin of this kink which exists over

the Einstein mode, we calculate the scattering rate as

much of the Fermi surface [37] has recently become a function of binding energy. As shown in Fig. 7, at
the subject of considerable interest. Indeed Lanzaralow temperatures the scattering rate shows a step
et al. [38] have speculated that the mass enhance-function at the mode energy that broadens as the
ment reflects the coupling of quasiparticles to temperature is raised. The step functior®in which
phonons as observed in the study of molybdenum is to be expected in that at O K, Eq. (1) reduces to
discussed earlier and in related studies of beryllium X, = 7 f(';”‘ dw’a’F(w'), will result, via the Kram-

[39]. The authors arrived at this conclusion based on
the observation that the kink is observed at a similar
binding energy in all of the cuprates and at a similar
energy to that observed for the longitudinal optical
phonons in inelastic neutron scattering studies [40].
The suggestion that excitations or quasiparticles in
the vicinty of the Fermi level are renormalized
through interaction with phonons is incompatible
with the observation that the materials are non-Fermi
liquids and hence characterized by a lack of quasi-

ers—Kronig transform, in a clspoina ‘kink’ in

the dispersion at a similar binding energy. The
presence of thermally excited phonons of energy 70
meV, which corresponds to a temperature of 840 K,
does not start to become obvious until temperatures
of the order of room temperature or above are

reached.

In contrast to these calculated scattering rates,
both photoemission studies [18,37] and IR studies
[41] indicate that the scattering rate is entirely linear
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Fig. 7. Calculated scattering rates () as a function of binding

energy for different temperatures as indicated. The calculations

reflect coupling to a discrete Einstein mode of energy 70 meV.
mode. Fig. 9 shows a compilation of temperature
dependent momentum widths (inverse mean free
paths) measured along the nodal direction in a

in frequency for temperatures in the range 150 K and
above. The observation of a linear scattering rate at
temperatures as low as 150 K is a strong indication
that that there is no structure in’F, i.e. that there is

no experimental evidence of coupling to an Einstein
mode in the vicinity of 70 meV. As the temperature is

lowered, the IR studies indicate that the scattering
rate deviates from the linear behavior. However any

deviation at the lower temperatures can be associated

with the onset of the superconducting state.

It is also of interest to examine the temperature
dependence of the scattering rates at the Fermi level.
At low temperatures a photohole created at the Fermi
level can only decay through an electron at higher
binding energy absorbing a phonon. It cannot decay
through the emission of a phonon. This is illustrated
in Fig. 8 where we show calculated scattering rates
for a hole atE; interacting with Einstein modes of
different energies. As we discussed earlier, above a
temperature of approximately one-third the mode
energy the scattering rates become linear in tempera-

number of different experiments. All clearly show a
marked temperature dependence even at low tem-
peratures. This is an indication that if the tempera-

ture dependence is a reflection of quasiparticles

coupling to phonons, the Debye enrergy is of the

order of 25 meV or less, i.e. too low produce a kink

in the dispersion in the range 50—80 meV. Rather it

suggests that the temperature dependence is domi-
nated by some other form of scattering, possibly

electron—electron.

It is important to note that the above description in
terms of the Eliashberg equation requires the pres-
ence of quasiparticles in the normal state. Our
analysis has shown that the experimental observa-
tions are inconsistent with such a model. In an
alternative analysis, consistent with the absence of
quasiparticles, one simply recognises, as noted ear-

lier, that the Kramers—Kronig transform of a scatter-
ing rate linear in frequency results in the real part of
the self-energy taking theXfprw In w,/w [34].
It is unclear as to what value should be assigned to

ture. However it is also important to note that as the o,. However it is clear that, without ever invoking

energy of the mode increases, its effect on the
scattering rate does not become apparent until higher
and higher temperatures. Put simply, at low tempera-
tures there is not enough thermal energy to excite the

the need for coupling to some form of collective
mode, the logarithmic correction implies a deviation
from linear dispersion in the vicitiity lfis also

true however that in these strongly correlated sys-
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0.10 - T . change between the normal and superconducting
states.

Fig. 11 shows the temperature dependence of the
difference or change in dispersion as a function of
temperature for a sample with transition temperature
70 K. The difference is measured at a binding energy
at which the maximum difference is measured at low
temperatures. Also shown in the figure is the tem-
perature dependence observed for a magnetic mode
observed in Yba Cy @, , a related cuprate with
identical Tc, by inelastic neutron scattering [43]. The
mode is associated with a singlet to triplet excitation
in the spin excitation spectrum. Both phenomena in
Fig. 11 clearly show an identical temperature depen-
dence that can be associated with the onset of

. £ ! . zt:tford superconductivity. It has recently been suggested
Argonne [44] that the mode cannot be responsible for the
a v Argonne dispersion anomalies observed in photoemission
[42,45] or in infra-red spectroscopy [41]. This is
0.00 - . » because the mode is known to represent only a small
0 100 200 300

component of the total spectral intensity’2; (S +
T (K) 1). Further the coupling is calculated to be small.
_ . However it should be noted that both of these latter
Fig. 9. The measured temperature dependent momentum widths . . . .
or inverse mean free paths in the nodal direction of the high Tc assertions are still th_e subject of ongplng debate [46].
superconductor, Bi Sr CaGu 0O, . Also shown is the measured ~ 1he mode reflecting the underlying long range
momentum width of the molybdenum surface state discussed in antiferromagnetic order has a wavevecQ(r, ).
Ref. [14]. The latter presumably provides an indication of the Examination of Fig. 12 shows that coupling to such a
cgrrent experimental resolution Iimitatiqn in these stl_Jdies. The mode will be strongest in the vicinity of ‘hot’ spots
high Tc data are taken from from different experiments as . . .
indicated. The BNL data is taken from Ref. [18], the Stanford data in th_e anti-nodal reglon._ Several groups have nOted_
from Ref. [37] (a), Argonné from Ref. [37] (b) and Argore  that in the superconducting state the measured Fermi
from Ref. [47]. In the latter case\k is determined from the velocity, », shows a continuous reduction on mov-
measured FWHM of the EDCs angl. ing from the nodal region around the Fermi surface
to the anti-nodal region [38,47,48]. The measured
velocity is related to the bare velocity,, such that
=11+ A)~*. Thus the observation of a reduced
tems, the excitations, whatever they may be, proba- velocity is consistent with the possibility of increased
bly have some vibrational component in them. coupling. It is also clear on the basis of Fig. 12, that
any coupling in the nodal direction will become
stronger as the doping is reduced and the Fermi

3.2. The superconducting state surface approaches that characteristic of the half-
filled antiferromagnetic insulator. Such an increase
Photoemission  studies of the cuprate has indeed been reported in several studies [38,42]. It
Bi,Sr,CaCu, Q,,; show that the dispersion in the seems reasonable therefore to associate the behavior
nodal direction in the vicinity of the Fermi level is observed in the photoemission with the spin degrees
modified again as the system enters the supercon- of freedom. However even though there appears
ducting state [42]. This effect is more pronounced in evidence invoking the mode as the source of any
the underdoped region as indicated in Fig. 10. Indeed dispersion anomalies it is important to note that the

in the overdoped regime there is no measurable superconductivity does not reflect some BCS like
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Fig. 10. Upper panels: Two dimensional photoemission intensities observed from (a) underdoped (UD), (b) optimally doped (OP) and (c)

overdoped (OD) Bj Sy CaCu Q;

samples. The superconducting transition temperatures are indicated. Lower panels: The dotted lines

indicate the MDC deduced dispersions for both the superconducting (blue dots) and normal states (open red diamonds) corresponding to the
different samples in the panels above.
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Fig. 11. Temperature dependence of Rgvy) from the nodal

line for the UD69 K sample (open squares) compared with the
temperature dependence of the intensity of the commensurate

mechanism with the mode serving as the boson.
Rather it is generally concluded that the presence of
the mode reflects the formation of the superconduct-
ing state rather than the cause of the superconducting
state.
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