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Abstract:

Stimulated by the discovery of high-temperature superconductivity, the electronic
structure of late 3d transition-metal oxides is presently one of the most extensively
studied subject in condensed matter physics. In thisreview, we hope to summarize the
progress we have made and the problems we are facing. The emphasis of the review is
on the latest angle-resolved photoemission studies that have provided much insight
towards the understanding of these materials. This includes the recent experiments from
transition-metal mono-oxides, normal state electronic structure and Fermi surface
mapping of Bi>Sr2CaCuxOgs 5, BioSr 2CuOg+ 5, Y BapoCuzO7-x, YBaxCusOg, Ndo-
xCexCuOg4, and the superconducting gap of Bi>Sr2CaCup0g;y 5.

For the transition-metal mono-oxide, we discuss the experimental manifestation
of the four aspects of the electronic structure that made these Mott-Hubbard insul ators so
interesting. Thisinclude the large Coulomb interaction U (on the cation sites), the charge
transfer as aresult of strong hybridization, the energy dispersion in the crystal lattice, and
the multiplet and magnetic splittings.

For the high-temperature superconductors, we concentrate on the low energy
excitations, the topology of the Fermi surface in the normal state, and the
superconducting gap. Angle-resolved photoemission data show that the oxide
superconductors have well defined Fermi surfaces. The volume of the Fermi surface at
high doping regime appear to be consistent with the results of band calculations. A
striking feature of the low energy excitations is the presence of some very flat bands (due
to asaddle point sigularity in the band structure) which lie near the Fermi energy in p-
type compounds near their optimal doping levels for superconductivity. The
corresponding flat bands are well below the Fermi energy in n-type cuprates. The energy

position of these flat bands is expected to have wide ranging effects on the physical



properties of these materials, including the temperature dependence of the resistivity and
the superconducting transition temperature.

High-resolution photoemission has aso been successfully applied to the study of
the superconducting gap in Bi S 2CaCu20g+5. While the presently attainable energy
resolution is poorer than that of many other spectroscopies, photoemission has the
advantage that it is k -resolved as well as being very direct. This unique capability has
enabled recent photoemission experiments to reveal the highly anisotropic nature of the
superconducting gap in the a-b plane. This suggests the possibility of a detailed

experimental determination of the superconducting order parameter.



|. Introduction

Late 3-d transition-metal oxides, in particular the copper based high-temperature
superconductors, are arguably among the most intensely studied compoundsin
condensed matter physicstoday.[1-15] Thisis so not only because they have shown a
great promise on awide range of of important applications, but also because they have
for along time challenged our ability to construct atruly many-body theory of the solid
state. First of al, they display awide range of ground states, with their electrical and
magnetic properties ranging from Mott insulating, large band gap insulating,
semiconducting, metallic, ferromagnetic, ferrimagnetic and antiferromagnetic (see table
1). They show dramatic changesin their physical properties as a sensitive function of
temperature, pressure and stoichiometry. Secondly, they include the Mott-Hubbard
insulators, in which alarge on-site Coulomb repul sion suppresses charge fluctuations and
prevents metallicity, even in materials with an odd number of electrons per unit cell.
Finally, they comprise the high-temperature superconductors which are closely related to
the antiferromagentic Mott-Hubbard insulators. The surprisingly high transition
temperature and unusual normal state properties of these superconductors have rasised a
real question on whether our traditional theoretical machinary of quantum liquidsis an
appropriate starting point for a microscopic understanding of high-temperature
superconductivity.

Most of the interesting properties of these oxides appear to be related to the
effects of electron correlations, induced through strong Coulomb interactions among the
cation 3d electrons, in the narrow d-bands of these oxides. The most famous example of
thisisthat of the Mott-Hubbard insulators. In these oxides insulators, the large on-site
Coulomb energy prevails over the kinetic energy and thus suppress the tendency of
electrons to delocalize as driven by its desire to lower the kinetic energy. Failing to

consider this Coulomb interaction explicitly often leads to incorrect conclusions. The



Bloch band theory, which does not take the Coulomb interaction into account explicitly,
often incorrectly predicts metallic ground states for these insulating compounds.
Historically, these insulators were among the first to siganl the limitation of the one-
electron band theory despite its great success. It was de Boer and Verwey's early
observation from these oxides started to reveal the limitations of the one-electron band
theory. They found that some of these compounds violate the Wilson rule.[16] The
importance of the of the Coulomb interaction was first indicated by Peierlg17], and then
emphasized by Mott, Hubbard and Anderson.[18-20] It was also in these compounds that
Anderson made the connection between the Coulomb interaction and the super-exchange
interactions.[20, 21]

Oxygen has a'so played some essential roles which make the transition-metal
oxides so interesting. First, it acts like a spacer which decreases the effective bandwidth
of the d-electrons and hence enhances the correlation effects. Second, it has afortuitous
chemical potential in relation to that of the transition metals, in contrast to the sulfides
which are more generally metallic and fluorides which are generally strongly insulating.
Iron and its oxides are good examples illustrating the role of oxygen on the electronic
structure. Feisusually regarded as an itinerent magnetic metal, while FeO isalocalized
antiferromagnetic insulator. With a better appreciation of the roles played by oxygen, we
now understand that some of the traditional Mott insulators are actually better
characterized as charge transfer insulators.[22, 23] For example, it isfound that the
highest hole state of CuO has most of its weight on oxygen, while the lowest €l ectron
state has most of its weight on copper.[23, 24] Hence, CuO is a charge transfer insulator
with the gap energy determined by what is required to remove an electron from the
oxygen and to add an electron to the copper. This understanding of the role of oxygenis
essential to correctly explain the trend of super-exchange interactions in the transition-
metal oxides series.[25] In thisreview, we will follow the historical notation and

generically refer to these oxides as Mott insulators.



For the last half century, there have been continuous theoretical and experimental
efforts to study these oxides. Even though the efforts during some periods have been less
intensive than others, the scientific community has never lost its fondness for these
compounds. The main reason for thisisthat we are continuously suprised by new and
exciting results found in these compounds. The recent discovery of the high-temperature
superconductors is a good demonstration of thisfact. These new findings can generally
be characterized into two categories. Thefirst isthe discovery of new compounds ( such
as the cuprate superconductors), and the second is the new physical insights gained in
these oxides by applying new measurement techniques or theoretical approaches. Of
course, in many cases, the two are intermixed.

A success story of the latter is the application of photoel ectron spectroscopy to
these compounds through which much insights has been gained.[14, 26-36] This
technique has unique advantages in the study of the transtion-metal oxides. First, they
are less sensitive to the impurities than the transport measurements. Defects such as
oxygen non-stoichiometry is a notorious problem in these compounds. Second, they are
direct microscopic probes of the electronic states. For example, they are sensitive to the
Fermi surfaces of the metallic compounds, and are also sensitive to the nature of the
energy gap for the insulating compounds.

Almost all of the early photoemission experiments were carried out in the angle-
integrated mode where electrons emitted in all directions were collected. Before the
discovery of the high-temperature superconductors, most of the studies concentrated on
the Mott insulators.[26] The experimental data from these insulators can not be
satisfactorily explained by one-electron band theory. Instead, explicit consideration of
the Coulomb interaction is required to understand the photoemission data from these
insulators. In addition, detailed analyses of the photoemission data revealed the
important role of oxygen. For example, we now understand from spectroscopic data that

CuO isnot aMott insulator in atraditional sense, but isinstead a charge transfer



insulator.[23, 24] Thisrealization had a significant impact on our understanding of the
super-exchange interaction in these compounds, and in establishing a basic theoretical
framework for the understanding of cuprate superconductors.

After the discovery of the cuprate superconductors, much of the earlier work was
performed on polycrystalline samples at room temperature. It was later found by Arko et
al. that alot of the ealier photoemission data (not including Bi2212 data) were
problematic due to poor surface quality.[28] For the high-quality surfaces obtained by
cleaving metallic single crystals at very low temperature, Arko et al. found that the one
electron theory appears to be better than the earlier data has suggested.[28] However, it
isstill true that the evidence of correlation effects persistsinto the metallic phase. For
example, the valence band satellite is observed in all the cuprate superconductors studied.
The existence of the valence band satellites unambiguously reveal s the importance of the
Coulomb interaction on the cation site. These results from earlier angle-integrated
photoemission were quite well documented before.[27-36] Whileit is generally agreed
that the insulating compounds can not be adequately described within the framework of
the one-electron theory, it remains controversial whether the metallic compounds can be
treated by the one-electron theory with some self-energy corrections. In particular, it
remains very controversial whether the excitations of the metallic compounds near the
Fermi level can be described by the Fermi liquid theory. These issues are some of the
major focal points of the recent angle-resolved photoemission studies of these oxides.

Relatively speaking, much fewer angle-resolved photoemission experiments have
been carried out on the transition-metal oxides. Angle-resolved photoemissionisa
traditional tool for studying the energy dispersion relations of crystalline materials, and it
has been extensively used to study elementary metals and semiconductors.[37-41]
However, it was only extensively used in studying the transition-metal oxides after the
discovery of the high-temperature superconductors. In an angle-resovled photoemission

experiment, only the electronsin a small solid angle will be detected so that the direction



of the electron momentum is defined. Therefore, by analyzing the kinetic energy of the
photoel ectrons at a known emission angle, one obtains information about both the energy
and the momentum of the of the photoelectrons. Such information is directly related to
the E vs k relationship of the occupied states. Most of the angle-resolved photoemission
experiments on transtion-metal oxides were performed on the cuprate superconductors.
In the normal state, angle-resolved photoemission was mainly used to study the energy
dispersion near the Fermi level, and the topology of the Fermi surface. Angle-resolved
photoemission data from the normal state played a key role in proving the existence of a
Fermi surface in these cuprate superconductors, despite the compelling evidence of
correlation effects. In the superconducting state, angle-resolved photoemission was used
to probe the k -dependent information of the superconducting gap. Such studies became
possible only because of the improved energy resolution. It is plausible that
photoemission will play as an important role for the high-temperature superconductors as
tunnelling has for the conventional superconductors.[42] In addition to this exciting
progress, recent angle-resolved photoemission studies of the Mott insulators have also
drawn considerabl e attention from the theoretical community.

The objective of thisreview isto give an updated account of the experimental
efforts on these issues. Even though thisfield is still very fast moving, with new results
constantly being discovered, we feel that areview summarizing the progress we have
made and the problems we are facing is very useful at this point, especially for those
readers whose speciality is not in the field of electron spectroscopy. We will try to reflect
some of the excitement and information generated in thisfield. Instead of trying to give a
genera review of all the transition-metal oxides, we will concentrate on the Mott
insulators and high-temperature superconductors. The primary focus of thisreview ison
the experimental results from recent angle-resolved photoemission studies. Due to the

focussed nature of the paper, it isimpossible to cover many interesting areas and many



interesting literatures. We refer the reader to other review articles that may be of

interest.[6, 26-36]



1. Brief Review of Experimental Techniques

A. Photoemission
1. General description

Photoemission spectroscopy (PES) istoday known as the common name for a
variety of similar experimental techniques that all are based on photon-stimulated
emission of electrons from a material.[37-41,43-47] Photoemission experiments are
typically performed in ultrahigh vacuum better than 1x10-9 torr. A monochromatic
photon beam from a discharge lamp or a monochromator at a synchrotron sourceis
introduced into the vacuum chamber and strikes the surface of the material under
investigation. If this photon is absorbed, an electron in the solid is excited to a higher
energy level. Thisisthefirst step of the three-step model of photoemission (see Fig 2.1)
[48]. Because the electrons were excited with a known photon energy, the energy
distribution of these excited electrons will reflect the energy distribution of the initial
states from which they came - in the one-el ectron approximation this energy distribution
will reflect the density of occupied states of the material.

If the energy level of the excited electron is higher than the vacuum level of the
sample, the electron has the possibility to escape the crystal and be detected by an
electron energy analyzer. First it must approach the crystal surface however, which isthe
second, or transport step of the process. During this transport process, the electron may
be scattered and lose energy, becoming what is known as a secondary electron. These
secondaries will give a background to the photoemission spectrum which the primaries
will ride upon. The mean free path for these scattering events determines the surface-
sengitivity for photoemission, as only the primary or unscattered el ectrons retain the
energy information that is needed. Asshown in Fig. 2.2, the mean free path of an
electron in asolid is astrong function of its kinetic energy, and follows what has become

known as the “universal curve’[49]. As seen from the figure, photoemission experiments



may have a very high surface sensitivity of 10 A or lessif their kinetic energies arein the
range of 20t0 200 €eV. Depending on the goa of the experiment, thisinherent surface
sensitivity may be either an advantage or a disadvantage. On the one hand, it makes
surface preparation a critical issue for the success of any experiment. For example, some
of the early photoemission data from the high-temperature superconductors were
discredited due to their surface problems.[28] In addition, it also makesit atricky issue
to obtain bulk band structure information from photoemission spectroscopy. Afteral,
10A isonly afew unit cells for most materials, and is less than one unit cell for the high
temperature superconductors. Fortunately, experience from materials such as Cu and S
shows that we can still learn a great deal about the bulk band structure with
photoemission spectroscopy despite its surface sensitivity.[37-41, 43-47] In the case of
the high-T superconductors, the two-dimensional nature makes it easier to interpret the
data. On the other hand, the surface sensitivity of photoemission spectroscopy is used
extensively to distinguish the surface electronic structure from that of the bulk. Moreover,
it allows interface formations and surface chemical reactions to be studied.

The third step of the photoemission process is escape from the surface. To do
this, the electron must overcome the surface workfunction, which in the ssmple picture
will simply cause the electron to lose some energy (i.e. there will be arigid shift of the
spectrum).

The simplest mode of photoemission is the angle-integrated mode, where
photoel ectrons gjected into alarge solid angle are collected. In reality, photoemission
experiments are performed with the variation of several parameters, such as the incidence
angle of the radiation, the emission angle, the azimuthal angle, and the photon energy .
This leads to various specialized photoemission techniques that will be briefly outlined in

the following.

2. Angleresolved photoemission
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Asdepicted in Fig. 2.3, since the momentum of the impinging photon (at low
photon energies) is negligible compared with the crystal momentum of the electronsin
the Brillouin zone, the photon-excited transitions are frequently considered as
momentum-resolved, i.e. theinitial and final states have the same wave vector (direct
transitions as illustrated by vertical arrows). This wave vector conservation inside a
single crystalline material allows individual energy bands to be mapped out for
comparison with band theoretical predictions. This band mapping is often carried out in
the angle-resolved mode.[37-41]

Fig. 2.4 illustrates the experimental geometry for angle-resolved photoemission
studies, where both the kinetic energy and the direction of propagation of the
photoel ectrons are directly measurable quantities. Since the component of the wave
vector that is parallel to the sample surface is approximately conserved at the solid-

vacuum interface, ARPES allows the initial state energies to be mapped out as a function

of the parallel component of the wave vector. However, ki isunknown in this case. For
atwo dimensional system where k; isnot arelevant parameter , the interpretation of
angle-resolved photoemission experiment isthe ssmplest. Figure 2.5 schematically
illustrates an ideal set of photoemission spectrafor ametallic band. Thereis a spectrum
for each emission angle, or value of ky/, and for each spectrum there is a peak at the band
energy. When the band crosses EF and enters the unoccupied states, the weight of the
peak in the spectrum goes to zero, as photoemission only probes the occupied states. In
thisway, the E vs. k relationship and the Fermi surface may be mapped out with angle
resolved photoemission.

For the cuprate superconductor, we have a fortunate situation because all these
superconductors are two-dimensional. Angle-resolved photoemission experiments are
often carried out along a symmetry line of the Brillouin zone. Thus, the experimental
energy dispersion can be directly compared with band calculations that almost invariably

are carried out along high symmetry directions.

11



As the measurements are carried out angle-resolved, the number of experimental
parameters increases dramatically, and so does the experimental information. For
example, by changing the incidence angle of the radiation and by referring to symmetry-
selection rules applicable to the surface under investigation, one can determine the
symmetry of theinitial statesfor aknown final state symmetry and vice versa [50-51].
Moreover, by changing the azimuthal angle, one can examine the energy versus wave
vector information along various directions of the surface Brillouin zone, thus allowing
anisotropic effects to be explored. Another feature of angle-resolved measurementsthat is
frequently employed is the ability to change the effective escape depth of the
photoel ectrons by simply changing the emission angle of those photoel ectrons that are
detected. It is a simple geometrical fact that the escape depth falls as the cosine of the
emission angle with respect to the surface normal. Hence, by changing the emission angle
of the energy analyzed electrons, the surface sensitivity can be varied, thus making it

possible to study surface reactions or surface core level shiftsin more detail.

3. Resonance photoemission
Resonance photoemission usually refers to the phenomenon in which the

photoemission intensity of some valence band feature exhibits a Fano-like intensity
modulation as a function of photon energy near an absorption threshold of a particular
element.[52-53] This phenomenon often exist in the photoemission experiments of
transition-metal compounds and rare-earth compounds, and has been extensively used to
identify the chemical origin of valence band features. Fig. 2.6 depicts the resonance
photoemission process for 3d transition-metal compounds. It is how generally understood
that the resonance photoemission involves atomic processes of the type: 3p63dn -->
3p53dn+l --> 3p63dn-ley, where ey |abels the detected photoel ectron. The first step of the
process is absorption of a photon leading to atransition from 3p to 3d, and leaving an

intermediate state. The second step is a two-electron Koster-Kronig decay of the
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intermediate state involving an Auger matrix element of the Coulomb interaction. Note
that the final state can also be reached by adirect photoemission process: 3dn --> 3d™g,.
Since the same photon can create both final states as governed by the probability wave,
the two processes add coherently and thus there is a quantum interference between them,
leading to the Fano-type lineshape. For a strong resonance effect, the intermediate state
hasto befairly localized. Thisisthe reason why resonance photoemission is often
observed in the transition metal oxides and the rare earth compounds.[52-53] Resonance
photoemission is a powerful tool for tracing the orbital origin of valence band features. It
istherefore very useful in studying complicated materials such asthe high-T ¢

superconductors.

4. Some photoemission terminologies: EDC, CISand CFS
In anormal photoemission experiment, the intensity distribution of the

photoemitted electrons is determined as a function of the kinetic energy by scanning the
energy window of the analyzer for afixed photon energy. The corresponding
photoemission spectrum is commonly referred to as an Energy Distribution Curve or
EDC for short. The spectrum would look something like that shown in Fig 2.1c. By
recording an EDC, the photoemission intensity due to photon-stimulated excitations from
various initial state energiesis anayzed, thus partly reflecting the density of the occupied
states. Furthermore, by recording a series of EDC's, the chemical origin of the valence
band states can be predicted. For example, from a set of the EDCs taken near the
threshold of a particular elements, we can distinguish the nature of the features viathe
resonance photoemission principle discussed above. Taking a set of EDCs at very
different photon energies where the photoionization cross-section of different elements
are very different is another way to learn information about the nature of the valence

band features.
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Because of the importance of identifying the chemical nature of various valence
band states, two el egant techniques have been devel oped to study these resonance
enhancements in more detail. 1n a Constant-Final-State (CFS) measurement the kinetic
energy of the analyzer is kept fixed, while the photon energy is scanned over the energy
range of interest (Fig 2.7a). Usually the kinetic energy of the analyzer isheld afew eV
above the inelastic tail of the low-energy cut-off in a photoemission spectrum, so that the
CFS spectrum mimicks the absorption of radiation as a function of the photon energy. In
this mode a CFS measurement basically gives the same information as absorption
measurements (optical, ultraviolet, and x-ray absorption). Similarly, in a Constant-
Initial-State (CIS) measurement the kinetic energy of the analyzer and the photon energy
are scanned synchronously so that the photoemission intensity of a particular feature (i.e.
at fixed binding energy) is determined as a function of the photon energy. Hence, aCIS
measurement allows a detailed examination of photoemission resonances of the type

depicted in Fig. 2.6, and consequently of the character of different valence band states.

5. Related Experimental techniques

The information obtained in photoemission is about the occupied states. To access
the empty states, Inverse Photoemission Spectroscopy (IPES), Bremstrahlung Isochromat
Spectroscopy (BIS) and X-ray Absorption Spectroscopy (XAS) are often used. In IPES
and BIS experiments, the process of photoemission is reversed, with electron beams
impinging on the sample surface and the photons emitted from the decay of the electrons
analyzed. The distinction between IPES and BISisthat IPES usually refersto
experimental configurations with lower energy electron beams, while BIS usually refers
to experimental configurations with relatively high energy electron beams. Relatively
speaking, the efficiency of inverse photoemission is much lower and the energy
resolution is poorer than photoemission. In XAS experiments, electronsin the filled state

(usually deep core levels) are promoted to the empty states. Thisway, the information of
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the empty state can also be probed. The combination of PES and BISis avery effective

tool to probe the energy gap of insulating materials.

6. Theoretical description of the photoemission process

We have pointed out earlier that photoemission data reflect the information about
the occupied density of states. Thisis, of course, avery crude statement. It suggests that
the spectra are completely determined by the initial state. However, in reality, one hasto
consider the final state relaxation effects, the photoionization cross section effect [54] and
other complications.

Aswe have indicated earlier, an effective model for PES data analysisis the three
step model proposed by Spicer.[48] In thissimplified model, the photocurrent is
determined by the three process as depicted in Fig. 2.1: (1) the excitation of electrons by
photons; (2) the transport of the excited electrons to the surface; and (3) the escape of the
photoel ectrons to vacuum to be detected. The advantage of thismodel isits simplicity
and effectiveness. Thisintuitive model has played a critical role in the development of
photoemission spectroscopy. The best justification for thismodel isthat it works. At a
more sophisticated level, we resort to the so-called one-step model, in which the process
is considered to be asingle event.[55,56] While being more accurate in its treatment, the
one step model is not very intuitive. Itistypically used only in very specialized
applications.

Without consideration of the cross section effects, we can regard photoemission
as reflecting the spectral weight function, A(w, k), which is proportional to the imaginary
part of the single-particle Green's function. The photoemission spectra should therefore
reflect all the well-known sum rulesthat exist for the Green’s functions. From the one-
step model, one can do total photocurrent cal cul ations which include the effects of both
the photoel ectron, the photohole left behind, and the relaxation of the system associated

with the photoemission process. In such calculations, the effects of the surface and the
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cleavage plane, the parameters such as the photon energy, the emission angle, and the
light polarization can always be explored. A draw back of it isthat it often depends on
band structure calculations as an input for the photocurrent calculation. For strongly
correlated system, it is not clear whether this approach is very effective.

In simple materials without strong correlation effects, the spectral weight function
simply reduces to the density of states. For the highly correlated materials where the
correlation effects are strong, the spectral weight function could be very different from
the density of states as expected from one electron theories. The difference actualy isa
good account of the many-body correlation effects. Of particular importanceisthe
dramatic redistribution of the spectral weight seen in photoemission data as compared to
the one electron theory. The most clear example of this spectral weight redistribution is

the existence of satellite structures, as we will discuss later.

B. Sample surface preparation

Because of the inherent surface sensitivity of photoemission spectroscopy, it is
evident that the quality of the sample surfaces plays a crucial role for the photoemission
results. Specia attention has to be paid to the surface preparation proceduresin all
photoemission experiments. Thisis particularly true for the high-temperature
superconducting materials since they contain oxygen atoms that are fairly loosely bound
to the lattice and therefore easily escape from the surface, especially under ultrahigh
vacuum conditions. Because of the loosely bound oxygen atoms, it is obvious that many
'standard’ cleaning procedures, such has high-temperature annealing or ion-beam
bombardment (ion-sputtering) are in general inappropriate since they almost inevitably
change the surface composition by either ‘outgassing' oxygen from the surface region or
preferentially sputtering the oxygen atoms so that the surface region becomes oxygen
depleted.

Among the other surface preparation techniques that have been used, in-situ

scraping and in-situ fracturing (cleaving) appear to be the most non-destructive. In
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principle, both of these preparation methods should be capable of exposing a clean
surface. However, experimental caveats may easily ruin thisideal notion of obtaining a
clean surface by in-situ scraping or fracturing. It iswell know that grain boundaries, to
which bulk contamination and impurities tend to accumulate, frequently occur in the
high-temperature superconductors. Since the grain boundaries often are the weakest part
of asingle crystal, it is conceivable that a sample preferentially breaks at agrain
boundary upon in-situ scraping or cleaving. Thus, for samples containing a non-
negligible amount of impurities the chemical composition of an in-situ scraped or cleaved
material may not be representative of that of the bulk. Even for single-crystals, careful
examination of the surface cleanliness using standard surface sensitive probes, such as
Auger Electron Spectroscopy (AES) and X-ray Photoemission Spectroscopy (XPS) is
imperative prior to photoemission experiments. Unfortunately, even electron
bombardment seems to deteriorate the surfaces of some of the high-temperature
superconducting materials.

Besides the difficulties in preparing bulk-representative surfaces, the fragile
structure of some of these materials often poses a difficult problem in ultrahigh vacuum.
Thisis particularly true for the Lap.xSrxCuO4 and Y BapCuzO7 systems, for which some
reports indicate deterioration of the sample surfaces after prolonged exposure to ultrahigh
vacuum.[28] The deterioration of the sample surfaces in ultrahigh vacuum has often been

linked to oxygen outdiffusion from the sample, thus depleting the oxygen content at the

surface. In contrast, the Bi S 2CaCuyOgs 5 material, and in particular single crystals of
the Bi 2S 2CaCupyOgy 5 material, appears to be very inert in ultrahigh vacuum. This
inertness probably relatesto its unigue crystal structure, as will be discussed | ater.

The importance of surface quality to the photoemission spectrais most amply

illustrated by our early experience with Bi 2S2CaCu2Og. g superconductors. We noticed

that some of the samples had much less weight at the Fermi level, and did not show a

superconducting gap. We checked the Meissner transition of al of the samples, and
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discovered that all of the ones which did not show the gap had much broader
superconducting transitions. It turns out that we had baked these samples in our vacuum
chamber in order to get higher vacuum, and this baking procedure had depleted the
samples of oxygen and changed their character. Since then, we have measured the
Meissner transition of all of our samples before performing the photoemission
experiments, and we have devel oped a fast-entry load-lock so that our samples can be
introduced into the chamber without baking. These precautions have dramatically

increased the trust-worthiness of our measurements.
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[11. Photoemission from Late Transition-M etal Oxides

A. Pedagogical description of the Mott insulators

Aswe have stated in the introduction, the theme of this article is photoemission
stuies of the electronic structure of Mott insulators and the high-temperature
superconductors. These two classes of materials exibit extremely different ground state
properties. However, they are closely related. An example of thisisthe LaoxSxCuO4
system. LapCuO4 isaMott insulator while it becomes a high-temperature superconductor
upon Sr doping.[57] It isthe purpose of this section to provide a pedagogical tour for the
reader about these materials.

Theterm “Mott insulator” generally refersto a particular class of materials that
can not be ssimply described by contemporary one-electron band theory, due to the strong
correlation effects induced by large on-site Coulomb interactions.[58] These insulators
have some characteristic properties of that of NiO. They are typically made of transition-
metal oxides, and they often have antiferromagnetic order at low temperature. Although
attempts have been made, there has not been a generally accepted definition of Mott
insulators.[58] Therefore, we start this section by a simple illustration which gives the
essence of Mott insulators, and why the one-electron band theory fails.[59]

Suppose there are N hydrogen atoms arranged closely together in a solid chain
(Fig.3.1a). Because of wave function overlapping, the energy states of each individual
atom construct an energy band with a bandwidth of B that is shown in the |eft part of the
figure. The energy band contains 2N states due to the electron spin degeneracy. If the
band are filled with 2N electrons, the material would be an insulator or semiconductor

and could be called a Bloch insulator - a situation we are familiar with. In the Bloch
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insulator, the electron wave function is an extended wavefunction filling the whole
crystal. For the hydrogen chain solid, thereis only one electron per atom, which means
that the band is half filled. Therefore, ametallic state is expected from the band theory.
Now let us examine the situation where we pull the atoms apart while keeping their
positions periodic. According to Bloch's theorem, no matter how far apart the atoms are
separated (aslong asit is not infinity), the wavefunction overlap givesrise to a half filled
band and the crystal must be ametal. In reality, we know that this picture will break
down at some separation between the atoms. The key to the failure here is that the Bloch
picture ignores the Coulomb interactions between the electrons competely. For the
atomic chain with large enough separation, the orbitals are localized on individual atoms.
Each of the N orbitalsis occupied by one electron and double occupancy is energetically
prohibited because the two electrons on the same orbital will repel each other by the
Coulomb interaction U. This mechanism is not present in Bloch's single electron picture
where it is perfectly fine to have some of the orbitals empty and some doubly occupied.
Hence, we have two competing forces here: the Coulomb energy which tends to
localize the electrons, versus the kinetic energy which tends to del ocalize the electrons.
Electrons prefer to be in an extended state to lower the kinetic energy as required by the
uncertainty principle AxAp~h/2. Large Ax means smaller Ap, and the kinetic energy can
be lowered with asmaller energy spread. The competition between the two forces
determines the properties of the material. For materials with alarge band width, the
Coulomb interaction is well screened and the kinetic energy prevails. Inthis case, the
correlations can be approximated by an averaged potential and the system can be well
described by the one electron theory based on Bloch's theorem. The half-filled systemis
ametal. For materials with narrow bands (B<U), the Coulomb interaction prevails and
the system is an insulator at half filling. Thisinsulator is named after Mott for his
contribution to the field. In this picture of the Mott transition, the size of the Coulomb

interaction isthe most critical parameter. In the transtion metal oxides, the Coulomb
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interaction is very strong due to the localized 3d orbitals. Therefore, the Mott insulating
state is often found in the transition-metal oxides.

Magnetic properties are another important aspect of the Mott insulators. The
Mott insulators are often antiferromagnetically ordered at low temperatures. The
magnetic moments of the Mott insulators are formed by the unpaired d-electrons.
Because of the large Coulomb interactions, the real charge fluctuations are suppressed.
The spin fluctuations induced by the virtual charge fluctuations lead to the superexchange
interaction and the antiferromagnetic order.[21] Aswe will show later, thistheory is
often improved by explicitly considering the role of the ligand (typically oxygen) [25].

Oxygen plays akey rolein the electronic structure of the late transition metal
oxides. First, the oxygen atoms act as spacers that make the d-bands even narrower due
to larger transition-metal ion-ion distances. Second, their chemical potential is such that
the binding energy of the oxygen 2p band is very close to the copper 3d band, leading to
the interesting role of charge transfer in the electronic structure. On the basis of
spectroscopic data and some theoretical analysis, Zaanan, Sawatzky and Allen (ZSA)
improved the picture for transition-metal oxides by considering both the Coulomb U and
the charge transfer energy A between the metal and ligand [22]. Figure 3.2 shows a
classification scheme based on the calculationsby ZSA. The mainresultisthat if A is
appreciable but still smaller than U, then the insulating gap will be proportional to the
size of A instead of U (region B). Thisistermed acharge transfer insulator. If U is
smaller than A, U will dominate and the material will behave as a classica Mott-Hubbard
insulator [22]. Aswe will see later, the late 3d transition-metal oxides are al charge
transfer insulators or in the intermediate regime AB of the ZSA scheme. A recent study
by Park et al. further suggested that all 3d transition-metal oxides are not Mott insulators
in their strict sense, but are all charge transfer insulators or insulators in the intermediate

regime of the ZSA scheme [60].
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B. Angle-integrated photoemission of CuO and Cuo0
1. Experimental resultsand thefirst order explanation

Because of the cuprate superconductors, CuO and Cu20 received special attention
since they serve as model systems for the superconductors.[23, 24,61-71] CuO isusually
regarded as a Mott insulator, while Cup0O is often regarded as a Bloch semiconductor.
However, it is extremely instructive to discuss these two different compounds together.
As shown in figures 3.3 and 3.4, these two copper oxides have very different crystal
structures. CuO has a monoclinic structure with very low symmetry [72] while Cu20 has
asimple cubic structure in which oxygen istetrahedrally coordinated by copper atom and
copper is coordinated by two oxygen atoms[73]. Based on these crystal structures, the
one-electron bands of both compounds have been calculated.[62, 68, 73]

Fig. 3.5 shows a comparison between the weighted density of states from one-
electron band cal culations and angle-integrated photoemission data[67]. Qualitatively
very similar results were reported by other groups [62,63]. Fig.3.5a shows that the
agreement between experiment and theory is quite good for Cu20. Fig.3.5b shows that
the agreement is significantly worse for CuO. In particular, thereis a severe problemin
the energy range of -8to -14 €V. This problem is most evident at higher photon energies
where the Cu states have larger photoionization cross-sections. Here the theory predicts
no spectral weight at al, while the experimental spectrum has substantial spectral weight
in thisenergy range. Such spectral features observed at high binding energy in
photoemission spectra are often called satellite structures, and are a consequence of
many-body phenomena. To first order, we can understand the origin of this satellitein
the ssimple pictureillustrated in Fig.3.6. Inavery smpleionic picture, Cu hasa
configuration of d9 (Cu2*) and O has a configuration of p (02) in CuO. In other words,
CuO has one d hole since it takes 10 d electrons to fill the Cu 3d shell. Therefore, the
initial state of the system will be alinear combination of configurations with the hole

either on the Cu site (d9) or on the O site (d10L), where L represents a ligand hole with
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the appropriate symmetry of the system. Now let'slook at the final state with one
electron removed, and thus two holes in the system left over. The three possible final
states are d8, d9L, and d10L2, For the dL and d10L2 configurations, the two holesin the
final state are well separated (either on two different orbitals or on the delocalized oxygen
orbital), and so no complications arise. For the d8 configuration, however, we now have
two holes on the same localized copper orbital, and so have to overcome the strong
Coulomb interaction between the two holes. Therefore, the photoel ectrons leaving CuO
will have lower kinetic energy, and thus will show up in the form of a satellite at higher
binding energy in the photoemission spectra.

A magjor support for the above interpretation of the CuO photoemission data
comes from the resonance photoemission data[66,68]. Fig.3.7 givesthe Cu 3p to Cu 3d
resonance photoemission data of CuO together with some theoretical calculations based
on Fano's theory of resonance photoemission (solid linesin the right panel) [23,68]. The
fact that the satellite exhibits a clear resonance at the Cu 3p threshold near 74 eV isa
strong indication that the satellite isindeed due to the d8 configuration in the final state.
Thisinterpretion of the CuO resonance photoemission data has been questioned by
Brandow who suggested that the sudden approximation breaks down under such
circumstances.[74] However, recent Cu 2p resonance photoemission data indicates that it
is not the case, and the photoemission satellite of CuO isindeed due to the d8 final state
configuration [75]. Fig.3.8 shows the giant Cu 2p resonance photoemission data from
CuO. The spectral weight of the satellite is dramatically enhanced at the Cu 2p
absorption threshold near 930 eV. Tjeng et a. argued that the sudden approximation is
expected to hold at such high photon energies, and thus the 2p resonance photoemission
data unambiguously demonstrated that the satellite of CuO has d® character [75].
However, the interpretation of 2p resonance photoemission data is not without
controversy. There are discussions on whether the enhancement in the spectrais due to

the resonance or the Auger process [76-78].
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Now let's come back to the case of CuyO and ask why the band theory works well
inthis case. Thefirst order answer to this problem isthat in the case of Cu20, Cuisinits
d10 configuration (closed shell) and so the correlation effects are not an issue. Thisis
because the initial state has no hole in the system, and so there is only one hole in the
photoemission final state. Therefore, we do not have to overcome the extra Coulomb
interaction between the holes asin the CuO case. In fact, it has been shown to be
generally true that the one-electron band theory works well in the cases where thereis
only one hole in the final state (e.g., PES of CuO, IPES of CuO) [67]. On the other
hand, the one-electron band theory does not work in the cases where there are more than
one holein the final state of the system (e.g., Auger of Cuz0, PES of CuO) [67].

This interpretation of the difference between CuO and CuO receives further
support from 2p core level photoemission data as shown in Fig.3.9 [67]. For the Cu 2p3/2
spin-orbit component, we see only one peak for Cu20 while we see abroad peak and a
strong satellite for CuO. This difference can again be explained to first order by the fact
that we have no hole in the initial state of CuoO while we have a certain probability for a
hole on the Cu sitein CuO. The satellite observed in CuO is areflection of the Coulomb
interaction between the Cu 3d hole and the core hole created by photoemission.

Thus, we have to first order explained the electronic structure and the
photoemission data of CuO and Cu20. It appears that the one-electron band theory
works well for Cuo0 while it does not work well for CuO due to the strong correlation
effects. Similar conclusions were drawn from a comparison of the band theory and
optical data[62, 73]. We know that the reason one-electron band theory does not
describe CuO well is due to the fact that it does not take the Coulomb interactions into

account appropriately.

2. More Subtle | ssues
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Aswe haveillustrated very clearly above, we can to first order understand the
electronic structure and photoemission data of Cu20 and CuO very well. Inthe former
case, since theinitial state isafull band (no holes) situation, no complications from
correlation effects arise and the one-electron band theory works well. Inthe latter case,
since theinitial stateisnot afull band situation (it has one hole in the system), correlation
effects are important for the photoemission data and the one-electron picture breaks
down. If onelooks at this problem more carefully, one finds that this picture is not
completely correct [70].

The main problem comes from the fact that the above interpretation gives very
unrealistic estimates for the d shell occupation number of Cu20 in the ground state (d29),
which is significantly higher than the CuO case. Due to the hybridization with the
oxygen states, the d shell occupation number of Cu20 in real systemsis smaller than d29,
Calculations show that the difference of d shell occupancy between Cu20 and CuO is not
very large (d9-30 and d9-15 for Cuo0 and CuO, repectively) [70]. Therefore, the above
simple explanation can not be completely correct, and there have to be other reasons for
the large difference seen in the satellite intensity between Cu,O and CuO. This problem
isaddressed by Karlsson et al.[70]. It turns out that additional differences between Cu,0
and CuO come from the fact that the ground state couplings in Cu20 (between 3d
electrons and conduction band) and CuO (between valence electrons and 3d holes) are
quite different. Thiswas also invoked to account for the different line shapes (widths) of
the main line of 2p core levels of CuO and CuO. In these papers, the fact that the main
line of the 2p core-level is much broader in CuO than in Cu20 was explained along the
same lines (see Fig. 3.9). On the other hand, the 2p core level broadening is attributed to
strong nonlocal contributions due to the fact that the valence hole is moved away from
the core hole and forms a Zhang-Rice singlet on a neighboring site [71]. The issues of
the satellite intensity and the Cu chemical shift in Cu3* formal valence compounds (such

as NaCuO») are also discussed in these papers [70].
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3. Results of cluster and impurity model calculations

The simple data analysis in the last two sections gives the essence of the
photoemission data from CuO and Cu0O. For detailed analyses of the photoemission
data, usually one calculates the photoemission spectra with parameters such as the
Coulomb interaction U and the charge transfer energy A, and then adjusts the parameters
until the calculated spectra have the best fit to experimental data. In thisway, the values
of the important physical parameters can be extrapolated from the photoemission data. In
these more realistic calculations, one also has to consider the crystal field splitting.
Fig.3.10 shows a comparison between a cluster model calculation and XPS data with the
following parameters: Ugg~8.8€eV, A ~2.75-3.50 eV, Tpg(b1)/2~1.25eV, and Tpp/2 ~
0.50-0.65 eV[69]. One can see that the cluster model reproduced the main features of the
valence band photoemission data quite well. An important point to emphasize is that the
charge-transfer energy A is smaller than the Coulomb interaction energy U, implying that
CuO is acharge-transfer insulator [22].

So far, we have treated the system with a cluster. This appearsto give agood
account for the localized 3d states. However, it does not treat the oxygen states very
well. Thereis much evidence that the band effects are important for any appropriate
treatment of the oxygen states. To reconcile this problem, the Anderson impurity model
is often used to calculate the spectra where the oxygen states are treated like bands.
Fig.3.11 shows a comparison between an ab intio Anderson impurity model calculation
and the XPS datafor CuO [24]. This calculation treats the system as a Cu impurity
embedded in the matrix of the oxygen lattice, and the parameters of the Anderson
impurity model were obtained from a so-called constrained LDA calculation. The
calculation is very similar to that of a supercell calculation with the supercell size going
toinfinity. One can see that the agreement between the experiment and the theory is very

impressive. Note that the calculated satellite structure islocated at higher binding energy
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than the experimental data: this probably implies that the U value obtained from the
constrained LDA calculation istoo large.

There are two more things that need to be pointed out in thisfigure. Thefirstis
the satellite near 16 eV in the experimental data. This satellite has not been observed in
other Cu compounds and before its experimental confirmation was actually predicted by
theoretical calculationsto be asinglet with mainly Cu spectral weight. The second thing
isthe feature at zero energy: the calculations show that this feature is due to asinglet
formed by a Cu hole together with an oxygen hole with 3d symmetry with respect to the
copper site. Such singlet has never been observed in the parent insulating compounds of
the high-temperature superconductors. This actually may mean that CuO and cuprate

superconductors are more different than we had thought [24].

C. Angle-integrated photoemission from other Mott insulators

Fig.3.12 exhibits the common crystal and the magnetic sublattice structure of the
late 3d transition-metal mon-oxides (NiO, CoO, MnO and FeO all have this
structure)[79]. Below their Néel temperatures, the cation spins are ferromagnetically
aligned withina{111} plane, but are antiferromagnetically alligned in two adjacent
{111} planes. These oxides are customly treated in terms of MLg transition-metal
complexes asillustrated in Fig.3.13aand Fig.3.13b [81]. Thisapproach isjustified by the
localized nature of these materials. Depending on the number of d electronsin Ni, Co, Fe
and Mn, the cation levels arefilled differently. Thissimple pictureis agood starting

point of our discussion.

1. Experimental data of NiO and their interpretation
NiQO is probably the most extensively studied and widely discussed transition-
metal mono-oxide. Asshown in Fig.3.13, the highest occupied states are the 2eg*

antibonding orbitals (x2-y 2, z2) which then broaden into bands by the intra-sublattice
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coupling [81]. In asimple band picture, these bands were partialy filled by two electrons
and therefore NiO is expected by this calculation to be ametal. Thisresult isobviously
not correct since NiO is experimentally found to be an insulator with alarge gap.

Historically, two fundamentally different approaches were used to explain this
problem. Thefirst initiated with Slater's antiferromagnetism approach [82]. Fig.3.14
shows the result of arecent sophisticated |ocal-spin density functional approximation
(LSDA). The calculated Fermi level liesina 0.3 eV gap of the Ni3d bands, indicating
that NiO was asmall band gap semiconductor (0.3 €V) [79,80]. Fig.3.15 schematically
illustrates this result [79,80]. According to the band cal culation, the magnitudes of the
exchange splitting, ligand-field splitting and d band-width are all comparable. As shown
in the left panel of the figure, it just happens that the exchange splitting is dightly larger
than the d-band width. The eight Ni electronsfill the triplet tq states and one of the
doublet exg states. The eg orbital with the (local) majority spinisfilled while the gy
orbital with (local) minority spinisempty. This calculation gives a semiconducting
ground state for NiO, which was certainly better than the metallic ground state from the
simple analysis. However, the size of the calculated energy gap is an order of magnitude
smaller than the 4 eV value measured experimentally.[83,84] Furthermore, the LSDA
calculation gives a magnetic moment for NiO which is much smaller than the
experimental result [79]. These are the key reasons to question the applicability of one-
electron theories to understand the electronic structure of NiO. It should be noted here
that the LSDA is designed to calculate the ground state energy only, and is not designed
to understand the excitation spectra. However, for many simple materials, the LDA turns
out to give agood account of the band structure by virtue of Koopman's theorem. The
above problems suggest that it is not the case for NiO.

The other approach to explain the problem of NiO and related materialsis that of
Mott and Hubbard.[18, 19] This approach views NiO a as highly correlated material due

to the strong Coulomb interaction among the 3d electrons. The key to this approach is
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that occupied el ectrons see the potential due to d™-1 electrons on the metal-site while the
unoccupied d electrons see the potentia due to the d" electrons on the site. Hence, there
isan energy difference U (controlling the size of the insulating gap) between these two
sets of states which can not be appropriately approximated by an average potential asin
the case of band calculations. Therefore, this approach views the one-electron theory as
having a fundamental difficulty in explaining the electronic structure of NiO.

In light of the controversy over NiO, many photoemission experiments were
carried out aimed at understanding its electronic structure [84-89]. Fig.3.16 reproduces
earlier angle-integrated photoemission spectra from single crystal NiO by Eastman and
Freeoff at various photon energies [85]. These spectra can not be explained within the
context of the one-electron band theory, in particular the multi-electron satellite 8 eV
below the main valence band, similar to the Cu satellite discussed in Sec. I11.b. From the
photoionization cross section behavior of the satellite, Eastman and Freeoff concluded
that the satellite has predominantly 3d character [85]. This assigment of the satellite
character was confirmed later in resonance photoemission experiments by Oh et al. as
shown in figures 3.17aand 3.17b [86]. Fig.3.17aplots angle-integrated EDCs from
single crystaline NiO at photon energies near the Ni 3p threshould of 66 €V. Itisvery
obvious that the multi-electron satellite shows a clear enhancement at the resonance
photon energy near 66 €V. The Fano lineshape of resonance is more clearly revealed in
the CIS spectra of Fig.3.17b. The satellite exhibits a clear resonance while the main band
exhibits a clear anti-resonance at the threshold. The resonance behavior of the oxygen
featureis clearly weaker. The authors suggested that this weak resonance is due to the
inseparable satellite structure and the oxygen states [86]. The other possible reason for
the weak resonance of the oxygen feature is the hybridization of oxygen states and the Ni
states.

The photoemission data of NiO was traditionally interpreted by the ligand field
(LF) theory, asillustrated in Fig.3.13. Here NiO was regarded as a classical Mott
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insulator with A larger than U. The highest occupied states have mainly Ni 3d character
separated by the ligand field splittings. In this case, the insulating gap is mainly
determined by the large Coulomb interaction - the classical case of aMott insulator. This
interpretation of the data is difficult to reconcile with the resonance photoemission result.
According to thisinterpretation, the multi-electron satellite is due to the emission from
d8L final state configuration. This configuration is mainly an oxygen related state, and is
not expected to show a strong resonance according to the standard resonance
photoemission picture.

Facing this problem, Fujimori and Minami proposed a revised interpretation for
NiO photoemission data based on a cluster model calculation [88]. Their calculation has
included many of the higher order corrections, such as for examplethe crystal field
splitting. Fig.3.18 reproduces the result of their CI model calculation in comparison with
the experimental photoemission data. The key parameters used in the calculation hereis
U~8eV andA~3.5¢eV [88]. For acomparison, the result of ligand field theory is also
presented. It isquite obvious that the Cl model did a better job explaining the
photoemission data than the LF theory. The key to this reinterpretation of NiO dataisthe
realization that A isactually smaller than U, and NiO is acharge transfer insulator instead
of the Mott insulator in the traditional sense. Aswe have pointed out earlier, we regard A
as an effective U here. In this picture, the satellite is due to the emission of the d” final
state configuration while the main band is due to the d8L configuration. Since d’ will
clearly resonate at the Ni 3p threshold, this new interpretation can easily explain the
resonance photoemission data of NiO. A similar interpretation of the photoemission data
of NiO was also proposed by Sawatzky and Allen who use the CI (configuration
interaction) model to reinterpret the photoemission and BIS data of NiO [84]. They
found that the first photoemission peak and the first BIS peak have an energy separation
of about 4 €V, which unambiguously proved that the intrinsic gap of NiOis4eV. Thisis

an important point since the earlier optical data might not give the intrinsic gap due to
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complications arisng from the selection rules in optical absorption experiments. Thefirst
photoemission peak and the first BIS peak are interpreted as due to emission from d8L
and d® final state configurations, respectively. The energy difference between these two
configurations determines the insulating gap.

Aswe will discuss later, more recent studies suggest that the first photoemission
peak is actually a bound state pushed out of the continuous oxygen band. The actual
difference between A and U appears to be smaller than the number quoted here [88].
Hence it is closer to the intermediate regime AB of the Zanaan-Sawatzky-Allen scheme
[22]. Another complication comes from the fact that the above discussion did not include
the exchange interactions. To fully understand the spectroscopic data of NiO, the
exchange interaction has to be included because it is of asimilar magnitude with A.
Recently, aLDA+U potential correction approach was also used to calculate the
photoemission spectraof NiO [90]. For this scheme to work, it is necessary to

renormalize the Ni3d-O2p hopping parameters.

2. Resultsfrom CoO, FeO and MnO

Photoemission and resonance photoemission experiments were also performed on
Co0, FexO and MnO [91-101]. Figures 3.19a and 3.19b show the EDC stack and CIS
spectra near the Co resonance threshold of 60 eV, taken on single crystal CoO by Shen et
al.[91]. The satellite about 10 eV from the valence band maximum shows a resonance
while the main valence band shows an anti-resonance. Figures 3.20a and 3.20b give the
EDC stacks and CIS spectra from an MnO single crystal near the Mn 3p resonance
threshold of 50 eV [93]. It is seen that the resonance effect of the main band in MnO is
much stronger than in NiO and CoO (note the difference in the lineshape between the 49
and 50 eV spectra). Resonance photoemission experiments have also been performed on
polycrystaline FexO samples.[89] The experimental data also show a satellite structure
which resonates at the Fe 3p threshold.
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Since the resonance photoemission data of the later 3d transition metal mono-
oxides are very similar, it is natural to expect the electronic structure of these compounds
to besimilar. Itisbelieved that CuO isin the charge-transfer-insulator regime (U>4),
while NiO, CoO, FeO, and MnO are in the intermediate regime (U~A). Thispointisa
little bit controversia in the literature. Fujimori et al. suggest that FeO (and presumably
Co0) is acharge transfer insulator, while only MnO and CrO are in the intermediate
regime [93,94]. On the other hand, van Elp et a. suggest that both MnO and CoO are in
the intermediate regime [92,95]. The fact that the main band of MnO shows a strong
resonance is consistent with the fact that MnO isfarther away from the charge transfer
insulator regime. More recently, on the basis of resonance photoemission data at the O
1sand TM 2p edges, Park et a. suggested that NiO, CoO, FeO, MnO, V 203 and Ti 203
are al in the intermediate regime [60]. The main point of this paper isto givea
reinterpretation of V 203 and Ti O3, which are usually regarded asin the U > A regime.
From the overall picture, these are small differences within the same global framework,
consistent with the results from atheoretical analysis of the electronic structure of

transition metal oxides by Zanaan, Sawatzky and Allen [22].

3. Role of the magnetic interactions

In the last two sections, we discussed and classified the electronic structure of late
transtion-metal mono-oxides by two physical parameters, namely the Coulomb
interaction energy U and the charge transfer energy A. This approach is sufficient if the
energy scales of these two parameters dominates the system. The other interactions with
smaller energy scales can be treated as higher order corrections. In reality, the exchange
interactions in these oxides are sometimes quite large. Under such conditions, the
exchange interaction has to be included to fully understand the spectroscopic data.

The Ni 3score level datafrom NiO provides a good example demonstrating the

role of magentic interactions in the system. Fig.3.21 shows the high-resolution (0.3 V)
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Ni 3scorelevel XPS data by Bagus et al. [97]. Five features can be distinguished as
marked by A-E. The existence of five features can not be explained by the ssmple charge
transfer model alone which can only give amain line and a satellite. This spectrum can
be understood by considering several effects at the same time: ligand to metal 3d charge
transfer screening(A), the near degeneracy correlation among 3s, 3p, and 3d shells (U),
the exchange coupling of the ionized core level with the open d shell (multiplet splitting),
and the extra-atomic covalent bonding in the final state [97]. Analysis shows that the
exchange coupling here is of the same order of magnitude as A, suggesting it can not be
regarded as a higher order correction. The effects of exchange coupling are most clearly
seen in the 3s core level data because it the simplest case. However, one would also
anticipate that the exchange coupling (or multiplet splitting) isimportant for
understanding the valence band data. The more realistic cluster model calculations
included such effects [88,92].

A trend in these mono-oxidesis that as one moves from CuO to MnO, the
influence of charge transfer on the electronic structure is getting smaller, but the
exchange interaction becomes larger. Thistrend manifestsitself in the cation 3s core
level spectra. In CuO, the 3s core level splitting is mainly determined by the large
Coulomb interaction between the core hole and a 3d valence hole U ¢4 as a consequence
of charge transfer. In MnO, on the other hand, the 3s core level splitting isbasically
determined by the exchange interaction of the ionized core level and the open d shell [98,
100]. In NiO, CoO and FeO, we have a mixture of the two extreme situations.

The above discussion also explains an earlier question why the splitting of 3s core
levels do not track with the size of the magnetic moment. In the earlier literature, the
magnetic exchange interaction of the ionized core level and the open d shell was regarded
as the sole reason for the 3s core level to split. Now we also know that the charge
transfer also plays arolein the 3s core level splitting so that the splitting does not track

linearly with the size of the magnetic moment. It is also appropriate to point out here that
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the cal culation of the superexchange interaction using J~ t4/U2 * (1/A+1/U) after
considering the role of charge transfer improves the agreement with experimental data as
compared with the calculation using J~ t4/U3.[25] Thisisthe reason for usto earlier
state that the consideration of the charge transfer degree of freedom improves our
understanding of the magnetic properties of the Mott insulators.

The role of exchange coupling in Mn compoundsis also discussed by Oh et al. in
arecent paper [100]. The andysis shows that there are many factorsinvolved in
determining the electronic structure of transition-metal oxides: the correlation interaction,
the charge transfer, the exchange interaction, and others. Thisis probably the reason why
the electronic structure of transtition-metal oxides has been a difficult problem for such a
long time. In the following chapters, we will see yet another factor - namely the energy

dispersion.

D. Angle-resolved photoemission from Mott insulators

Aswe have indicated in the introduction, angle-resolved photoemission has only
very recently been used to study the Mott insulators. Thisisthe case partially because
the evidence of correlation effectsin these compounds is so compelling that one’ s first
impression is that we might not be able to learn very much from angle-resolved studies.
However, stimulated by the renewed interest in these oxides as a consequence of the
discovery of the high-temperature superconductors, angle-resolved photoemission has

been applied to the classical Mott insulators such as NiO, CoO and MnO.

1. Resultsfrom NiO
There are several recent reports of angle-resolved photoemission studies of NiO
performed on {100} surfaces cleaved in ultra-high vacuum [102-106]. In addition to
confirming the strongly correlated nature of this compound as found by angle-integrated

photoemission, these studies also have revealed remarkable dispersion of the valence
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band features, suggesting the importance of the lattice effects to the electronic structure
[102,103]. The angular dependence of the photoemission spectrais particularly strong
for the higher binding energy bands, which are mainly oxygen derived. However, this
effect also exists for the Ni 3d derived features, including the valence band satellite of d”
local configuration. So far, experiments have been performed along the three high
symmetry directions of (100), (110) and (111). In thisreview, we concentrate our
discussion on data along (100).

Figures 3.22, 3.23, and 3.24 reproduce the complementary normal and off-normal
emission data along the NiO (100) direction by Shen et al.[103]. Figure 3.22 show the
normal emission data with photon energies ranging from 13 to 35 eV, while figures 3.23
and 3.24 give the off-normal emission spectra along NiO (100) direction with different
incident photon polarizations. In the case of off-normal emission, the authors changed
the photon energy and the emission angle to keep k  fixed at 2I' KX while changing k
along one of the (100) direction in the NiO (100) plane. Here the pinning position of the
experimental Fermi level is determined by a Au reference spectrum. The datain these
figures unambiguously demonstrate the importance of the lattice aspects of the
photoemission spectrafrom NiO, in spite of the compelling correlation effects. We can
see that the spectra are remarkably different with different photon energies and emission
angles corresponding to different k valuesin the Brillouin zone. Crudely speaking, the
top curves in these data sets correspond to the spectra taken near the X point while the
lower curves represent the spectrataken near I point. Some of the valence band features
show very strong energy dispersions up to about 4 eV. Comparing figures 3.25 and 3.26,
we can aso see the dramatic changes in photoemission spectra due to the optical
selection rules. For example, the relative intensity of feature E is much stronger in the
spectra taken with the photon polarization out of plane (Fig.3.25), indicating an out-of -
plane symmetry for these features. There are five cleary distinguishable featuresin the
main valence band, A, B,C, D and E. Features C, D, and E are believed to be oxygen
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related states, while features A and C are mainly nickel derived. The oxygen features, in
particular E, show very strong photon energy and emission angle dependence. Moderate
changes of Ni 3d states as a function of emission angles and photon energies were also
observed.

Based on the experimental datain figures 3.22-3.24, the authors deduced the
experimental E vs k dispersion relation. In order to achieve this deduction, they assumed
afree-electron final state, which is a standard practice in angle-resolved photoemission
experiments [37-41]. With the adjustable parameters of the inner potential set at 8 eV
and the effective mass set at 0.95 me , the experimental E vsk relation is deduced and
plotted in figures 3.25 and 3.26. These panels correspond to the datain figures 3.22 and
3.24, respectively, although soem additional normal emission data not shown here was
used. The experimental E vsk relations were compared with the results from an LSDA
calculation. Thisway, the authors were able to learn information about to what extend
the one-electron band theory can describe the electronic structure of NiO. Another
reason for the authors to compare their data with band cal culations was that band
calculations are presently the only theoretical calculations with detailed E vsk dispersion
relations, allowing a direct comparison with experiment. The linesin the upper and the
lower panels are results of band cal cul ations without and with antiferromagnetic order,
respectively. Since the antiferromagnetic order of the Ni sublattice is along the (111)
direction, the unit cell of the crystal is doubled and the Brillouin zone is reduced to half.
The bands aong 1/a(111) and 1/a(311) are folded back to (000) and 1/a(200), and are
then modified dightly near the crossing points after incorporating the magnetic
interactions.

Comparing the data with the non-magnetic bands, they found that the energy
dispersion relation for the lowest oxygen band (feature E(¢)) agrees remarkably well with

the calculated result. The agreement is better for the normal emission data than the off-

normal emission data, which is probably due to the fact that k is not exactly fixed at
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2 KX in the off-normal emission data [103]. The fact that this feature is stronger with
the incident photon polarization along the surface normal is also consistent with the A1
symmetry in the calculation. The situation about the other oxygen derived featuresis
more complicated. Thisis particularly clear for the three bands between -3to-5€eV in
the upper panel of Fig.3.26. One can see that there are three experimental bands (one of
them actually is nickel derived), while there are only two theoretical bands. Therefore,
the experimental data and non-magnetic bands clearly disagree on thisissue. Similarly,
sporadic data points were also observed in the normal emission data. Furthermore, the
agreement between the experiment and the cal culated non-magnetic nickel 3d band is
also poor. The authors then compared the data with the AF bands (lower panel). Even
though the agreement was not perfect, it clearly improved. This explains why there are
three experimental bands in the intermediate band positionsin Fig.3.26. The (+) band
energy is off, aswe will discuss later, mainly due to the fact that LDA underestimates the
d band-width.

The situation of the Ni 3d bandsis more complicated. First of all, the lineshape of
feature A changes distinctly as afunction of photon energy and emission angle,
indicating that it has several components. Thisis most clearly revealed in Fig.3.27 where
some selected spectra with an energy window around feature A are presented (from
Fig.3.24). Thisindicates that feature A contains at |east three components. The authors
also noted that the features are much broader than one would expect from the intrumental
resolution. From Fig.3.26, one can also see that the experimental E vs k relation agrees
with the AF bands better than the non-magnetic bands. However, even with the magnetic
bands, the experimental band C is still flatter than the theoretical band, indicating that the
LDA calculation overestimates the 3d band width. Thisfact is actually related with our
earlier observation that the + band is higher than its theoretical counterpart. It turns out
that this particular oxygen band has more d character then the other oxygen bands, and

that the theoretical curves are therefore pushed downwards too much as a consequence of
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overestimating the p-d matrix element. Aswe have emphasized earlier, some
information about the 3d bands is contained in the 3d7 satellite. Shen et al. reported
interesting emission angle and photon energy dependences of the d7 valence band
satellite, as reproduced in Fig.3.28 [103]. The strong enhancement of the satellite at the
photon energies of 66 and 68 €V is due to the resonance effect at the Ni 3p to 3d
absorption threshold. For photon energies far away from the resonance, one can still see
clear changes of the spectra as a function of emission angle and photon energy. The
authors discuss several possible explanations for this observation, suggesting that energy
dispersion isthe most likely scenario.

A related issue that should be discussed here is the number of Ni3d bands, as
stressed by Shih et al.[104]. In the angle-resolved photoemission data, there are five
distinct features within the first 3.5 eV with the band edge, as shown in Fig.3.29. Here
feature C is not very visible, but can be clearly seen in other emission angles[104]. This
isvery different from the result of angle-integrated photoemission that show only two
distinct peaks within the first 3.5 eV from the band edge, as shown in section 111.c.1.
According to the cluster calculation by Fujimori and Minami, these spectra should exhibit
only three features corresponding to final state configurations with 4T1, 2E and 2T1 local
symmetry [88]. The existence of at least five bands within the first 3.5 eV clearly shows
that the cluster model which considers only the local symmetry istoo simplified: the
addition of intercluster hopping further splits the degenerate states.

Hence, the angle-resolved photoemission data from NiO helps us to better
understand the following issues. First of all, we can see that it is essential to include the
antiferromagnetic order in the theoretical calculations. This effect is most clearly seen
for the Ni 3d bands. The antiferromagnetic 3d bands are much narrower than the non-
magnetic bands, thus improving the agreement with the experimental data. Thisis
consistent with our earlier assertion from core level data analysis that the exchange

splitting has to be considered to fully understand the experimental spectra. There are
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three experimental bands in the energy range where the antiferromagnetic bands are
heavily populated (e.g. from -1 to -2.5 eV in Fig.3.28), and these bands spread out in an
energy range which isvery similar to the theoretical prediction. Even though the
importance of the antiferromagnetic order to the band structure has been theoretically
recognized for along time[82], this problem has only recently been explicitly addressed
experimentally. For the oxygen 2p bands, the effect of the antiferromagnetic order exists,
but is not as evident as for the Ni 3d bands. Thisis not unexpected since the
antiferromagnetic order is formed on the moments sitting on the Ni sites. In the off-
normal-emission data along (100), there is an extra oxygen band in the energy range of
the A5 band if the antiferromagnetic order is not considered (Fig.3.28). Thisextrabandis
believed to be due to the folded-back band from the v/a (111) to 1/a (311) symmetry
directions as aresult of the antiferromagnetic order. However, the energy position of this
band is somewhat off, afact probably related with the fact that LDA overestimates the
overlap matrix elements of the 3d bands.

The second issue deserving attention is the energy separation between the Ni3d
and O2p bands. Thisturns out to be atricky issue. An earlier comparison of an LDA
calculation with angle-integrated photoemission data suggests that the LDA calculation
gives an energy separation which is about 2 eV too large [107]. The comparison of the
LDA calculation and angle-resolved photoemission data gives a more complicated
picture[103]. If we match the energy positions of the theoretical and the experimental
oxygen bands, we find the data points fall in the energy range where there are theoretical
Ni 3d bands. However, the relative intensity of various 3d bands is till an open question.
Thisresult is different from the 2 eV shift scenario proposed earlier. Shen et al.
suggested three possible explanations for this discrepancy: (a) When Kibler et al.
compared the LDA result with the angle-integrated data, they also tried to give the best
intensity match. Hence the matching criteriain the two cases are different [107]. (b) If

one looks at the analysis of Kibler et al. (see Fig.3 of reference 107), one finds that the
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energy separation between the Ni3d and O2p bandsis about 1 €V too small after they
shift the Ni3d bands down by about 2 eV (check the O2p band noted by o, for example).
(c) Previous angle-integrated photoemission data taken with a CMA (cylindrical mirror
analyzer) could be quite different from the total density of states. After all, the data taken
with aCMA isnot truly angle-integrated. Furthermore, the experimental spectrum was

the coherent summation of the partial density of states weighted by the photoionization

Cross-sections.

Third, we discuss the discrepancies between the data and the LDA calculation.
Thefirst oneis the absence of the theoretical bands just below Efg in the experimental
data. Asshown infigures 3.25 and 3.26, there are aways theoretical bands in the energy
range between E (pinned position of the Fermi level) and the first observed Ni 3d band
(usually near -1 eV). These are the theoretical bands that should be empty if we count the
number of electrons. Obviously, since their predicted energy positions are wrong, they
are below the experimental Fermi level. Therefore, this discrepancy is related to the fact
that the LDA calculations can not reproduce the experimental gap value of NiO. The
second major discrepancy is the observation of the photoemission satellite which can not
be predicted by the LDA calculation, as we have discussed in Section 111.c.1. In addition
to the two major discrepancies, we have also observed disagreement between the details
of the angle-resolved photoemission data and the band theory. For example, even though
the general energy spread of the Ni 3d bandsis very similar for the theory and the
experiment, the details of the energy dispersion of the individual bands in the experiment
may be different (usually narrower) than that of the theory.

Finally, we examine to what extent the angle-resolved photoemission data can be
explained by the cluster model. The main advantage of this model isthat it can explain
the satellite structure very nicely. With appropriate fitting parameters, thismodel is
expected to reproduce the gap information, the general energy spread of the 3d band, as

well as the energy separation between the 2p and 3d bands. However, this model can not
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provide the E vsk information which is so evident in the angle-resolved photoemission
data. Furthermore, the cluster model can not explain the fact that we can see five 3d like
featuresin the main valence band. Thus, we see that one has to go beyond the cluster
model to explain the angle-resolved photoemission data. 1t may be possible to start out
with a cluster model and then incorporate the effects of energy dispersion.

It is also appropriate here to point out an often misunderstood point about the
cluster model for NiO. In the cluster model, without considering the p-d hybridization,
the Ni 3d band is split into upper and lower Hubbard bands with the lower Hubbard band
completely filled. The oxygen bands are located between the two Hubbard bands and are
filled, thus forming the charge transfer gap with the upper Hubbard band. If we take this
picture naively, then we will find thisis inconsistent with our angle-resolved
photoemission data which show that the Ni bands are above the O bands (closer to Ef).
In this picture, the occupied oxygen bands are located at lower binding energy than the
occupied nickel bands. This paradox can be easily explained if one considers the
hybridization between the O 2p and the Ni 3d states. Due to the hybridization, the
oxygen states that are very strongly hybridized with the nickel states are pushed up. The
cluster calculations actually show that bound states with mixed d8L, d9L2 and d”
characters are pushed out. Therefore, for the oxygen bands, the upper part has more Ni
3d character so that these bands are localized. The lower part has less 3d character so
that these bands are more dispersive. The lower Hubbard band is located at even higher
binding energy in the form of the satellite. In the same context, we want to emphasize
that the bands which we called "d-bands" in the comparison with the LDA calculation are
actually the bound states in the cluster picture. These bandsin our data can either be
interpreted as the "d-bands" of the LDA calculation or the bound states of the cluster
calculation. We called those bands "d-bands' in most parts of this section only because
we were comparing our data with the LDA calculation. It iseasier for the comparison if

we use the LDA language. A isreflected by the energy difference between the top of the
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oxygen band and the bottom of the upper Hubbard band (d®). Without including the
"bound state", the top of the oxygen band is lower than the experimental valence band

maximum of NiO.

2. Resultsfrom CoO and MnO

Besides NiO, some angle-resolved photoemission experiments were also
performed on other transition metal mono-oxides[91,99,108]. Fig.3.30 reproduces the
data and the deduced E vs k relation from CoO by Brooks et al [108]. Again we can see
clear energy dispersion and intensity modulations as a function of photon energy.
However, the interpretation of angle-resolved photoemission from CoO isless
unambiguous than that from NiO. Thisis mainly due to the fact that the CoO features are
much broader and less distinct than NiO features. Asamatter of fact, Brooks et al. and
Shen et al. drew somewhat different conclusions based on very similar data. By
comparing with an earlier and very crude band calculation, Brooks et al. concluded that
CoO isaband insulator even though the experimental E vs k relation for the 3d bandsis
just the opposite of the band calculation [108]. Influenced by the NiO data and the belief
that there should be some similarity between NiO and CoO, Shen et al. interpreted the
CoO differently [91].

An angle resolved photoemission study of MnO was reported by Lad et al.[99].
However, the authors later pointed out that their sample surface was contaminated by
Mn2O3 asevidenced by the 4 eV magnetic splitting of the Mn 3s core level. 109] . The
correct value for the magnetic splitting of the Mn 3s core level in MnQO is approximately
6 €V[98,109]. Fig.3.31 reproduces normal emission angle-resolved photoemission data
by Shen et a., which is actually quite similar to the results reported by Lad et al. [109].
Shen et a. verified the Mn 3s core level magnetic splitting to be 6 eV for the sample from
which they took the datain Fig.3.31. The oxygen states at higher binding energies are

more dispersive while the Mn 3d states are less dispersive. Like CoO, however, the
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ARPES data of MnO is less distinctive than NiO, making the data more difficult to
interpret. Therefore, we can see that the qualitative picture of angle-resolved
photoemission data from NiO, CoO and MnO isvery similar, even though the data
quality of NiO isthe best. The detailed information obtained from NiO is apparently not
limited to that one particular compound, but is representive of this class of highly

correlated materials.

E Closing remarks

From the discussion of this chapter, we can see that there are at least four effects
which determine the electronic structure and photoemission data from transition metal
mono-oxides. the charge transfer screening process, the Coulomb correlation of the 3d
electrons, the exchange and multiplet splitting, and the energy dispersion (especially for
the oxygen bands). These effects are all quite important for an overall understanding of
the electronic structure. Thisis probably the reason why the electronic structure and
properties of these oxides and their derivatives are so complicated and hard to
understand. Itisfair to say that we have made much progress towards a more
satisfactory theoretical description of these materials, at least in the sense that the
problems are better identified and laid out.

There have been some recent theoretical efforts which have tackled the issue of
the electronic structure of these oxides. Theoretical efforts based on the impurity and
cluster model calculations as we have discussed in this chapter are summarized by
Zanaan and Sawatzky [110]. In addition, there are several other efforts. Thefirst isthe
so-called self-interaction correction (SIC) approach. This approach goes beyond the local
density calculation by excluding the self-interaction of electrons which is unphysically
included in the local density calculations. Using this method, Svane and Gunnarsson
have obtained results for the insulating transition-metal mono-oxides that are in much

better agreement with experimental data[111]. The magnetic moment isin good
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agreement with the experimental data and the energy gap size agrees with the
experimental data much better than the local density calculation. Furthermore, they have
uncovered an antiferromagnetic, insulating solution for LapCuQO4 which the local density
calculation incorrectly predicted to beametal. They have also correctly found the
metallic ground state for VO. It isalso very interesting to note that they can only get
good results with extended oxygen 2p states, and they can not minimize the total system
energy if they use localized oxygen states. It is presently unclear how to compare the
SIC results with the spectroscopic data. 1f one simply compares the theory and
experiment and take the "renormalized many body bands" as the 3d bands, one finds that
the calculated energy separation between the 3d bands and the oxygen 2p bands does not
agree with the experiment. We note that no spectral weight calculation was carried out
with SIC.

The second approach for these oxides is the orbital polarization correction
method. By taking the orbital polarization correction to the spherical orbitals of the
density functional calculation, Norman obtained a semiconducting ground state for CoO
[112]. However, the gap size obtained is much smaller than the experimental data. Ina
separate paper, Norman and Freeman suggested that the problem of the gap sizeis
associated with the fact that the empty states and the filled states see different potentials
[113]. Their supercell calculation based on thisidea gives agap sizethat isvery closeto
the experimental data. The third recent theoretical development on the electronic
structure of the transition metal oxidesis using the Hubbard U to replace the stoner
parameter | in the LSDA calculation [114]. Asdiscussed earlier, this approach was also
applied to calculate the PES spectrafor NiO. Even though it is still amean field
approach, it gives the insulating nature for al the transition-metal mono-oxides.

Before leaving this section, let us point out that several interesting experiments
have been carried out to study the doping behavior of these oxides. For details of these

works, we refer to the two following references [92,115].



V. Photoemission Studies of the Normal State of Cuprate Superconductors

A. Ground state properties and issuesto be addr essed

In this section, we give a brief survey of some relevant ground state properties
and the theoretical issues on which the el ectron spectroscopic experiments can shine
some lights. It isusually true that the information one obtains from spectroscopic and
ground state measurements (such as transport) are complementary to each other.

The cuprate superconductors are highly anisotropic materials, with most of their
important properties determined by the two dimensional CuO» planes. Thisis evident
from the strikingly similar p(T) curves for optimized compositionsin very different
crystal structures with CuO» layers as the electrically active building blocks. This
property of the cuprate superconductors is determined by the crystal structures, as
depicted in figures 4.1 and 4.2 for the two most extensively studied compounds:
YBayCuz07 and Bi »Sr2CaCuyOg [116]. Soon after the discovery of the cuprate
superconductors, it was recognized that these compounds have unusual normal state
properties, and the understanding of these normal state propertiesisakey to
understanding the mechanism of high- temperature superconductivity [4,5,8,9,117,118].
For example, the charge dynamics and magnetic properties of these superconductors all
exhibit some unusual aspects that are widely thought to be an indication of a peculiar
electronic state. All of the optimized p-type cuprate superconductors show alinear
temperature dependence for the normal state resistivity over aremarkably large
temperature window. The optical conductivity data suggests a peculiar temperature
dependent charge carrier scattering rate. The Hall coefficient from Y BapCuzO7-x

exhibits a strong temperature dependence, in contrast to that of ordinary Fermi liquid
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metals. The Raman datareveal abroad electronic excitation. The understanding of these
peculiar normal state properties appears to be a key to the understanding of the high-
temperature superconductivity. Another important property of these superconductorsis
that they are related to the antiferromagnetic Mott insulators [57]. Fig. 4.3 depictsa
phase diagram of the electronic properties of the cuprate superconductors[117]. Near
half filling (O holes per CuO» layer), the materials are acturally antiferromagnetic charge
transfer insulators. (See Section I11) With the increase of hole doping, the long range
magnetic order fades away and superconductivity beginsto prevail at low temperature at
appropriate doping levels. The superconducting transition temperature increases with
doping until it reaches a maximum at x ~ 0.15, it then drops down with further doping
and the material eventually becomes a paramagnetic metal. However, short range
antiferromagnetic order persistsinto the doping region where the superconducting ground
state prevails at low temperature.

These unusual normal state properties of the cuprate superconductors raise the
guestion whether the normal state of the cuprate superconductors can be described by the
Fermi liquid picture[2, 8, 119]. If they are, then much of the traditional theoretical tools
developed over the last forty years can be readily used to develop a microscopic theory of
high-temperature superconductivity. On the other hand, if they are not, then we probably
would have to devel ope new theoretical tools to address the issues of both the normal
states and the superconducting states of the cuprate superconductors. Thisissueisvery
important because the Fermi liquid picture is the underlying foundation of the traditional
BCS theory of superconductivity. Without the quasiparticle concept introduced in the
Fermi liquid theory, it is hard to imagine the stability of the Cooper pair bound state
against the fluctuations of the electron-electron and electron-lattice interactions that are
several orders of magnitude larger.

The concept of a Fermi liquid has been developed following the landmark work

of Landau in 1956, [120] and has been the central piece of our modern theory of a
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guantum liquid. The issue here is the appropriate description of degenerate Fermions
with interactions. For non-interacting degenerate Fermions, the system can be well
described by Fermi statistics as shown in classical textbook examples. In thislimit, the
Fermions move independently, and we can define quantities such as the Fermi
momentum, Fermi energy, and Fermi surface. Many physical properties of the system
can be described very elegantly with this approach. For interacting degenerate Fermions,
the situation is not so ssmple anymore. At first sight, this seems to be an impossible
problem. However, for the low energy physics (which in most cases are the things we
care about ), it turns out that the system can be reasonably well described by the so-called
"elementary excitations'. At low temperatures, there are only afew such "elementary
excitations', and they have long life times. In thislimit, much of the interesting physics
of the system can be described by these elementary excitations only.

Based on this observation, the basic concept of the Fermi liquid was introduced:
A normal Fermi liquid is a system of fermion particles in which the properties of the
system are not dramatically modified by the particle interactions, no matter how strong
the interaction may be. This concept assumes a one to one mapping between "quasi-
particles’ of an interacting fermion system and free particles of a non-interacting fermion
system. Such a mapping was thought (and proven to be the case) to be possibleif the
interaction was turned on slowly and adiabatically. Thisway, we will still have a Fermi
surface, a corresponding Fermi momentum, and Fermi energy. However, asillustrated in
Fig. 4.4, the discontinuity in the momentum distribution function is reduced from 1 in the
non-interacting system to a value z (often called the renormalization factor). From the
conservation of particle number arguments, we find that the volume enclosed by the
Fermi surface of the quasi-particles should be conserved (L uttinger's counting theorem)
[121]. This concept of the Fermi liquid has provided a foundation for the modern theory
of quantum liquids on which much of the modern many-body physics concepts and

theoretical machineries are based. Even though liquid Hes is the only know example of a
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Fermi liquid inreal life, the concept of a Fermi liquid can be extended to include neutron
stars, and conduction electrons in solid where the band effects are relatively small. Asa
matter of fact, this concept is so robust that almost all metals (even the strongly
interacting ones such as the heavy fermions) are typically regarded as Fermi liquids.

Much of the controversy regarding the applicability of the Fermi liquid concept in
the high-temperature superconductors arises from the fact that the conducting carriersin
these superconductors are composed of oxygen 2p electrons (holes) and strongly
interacting copper 3d electrons (holes). It has been argued that the on-site Coulomb
interaction between the copper 3d electronsis so strong that the Fermi liquid concept can
not survive. This perception received support from some unusual properties of the
superconductors. Most importantly, this viewpoint is reinforced by the fact that these
superconductors are evolved by doping from antiferromagnetic Mott insulators where it
is generally accepted that the Fermi liquid concept has broken down. On the other hand,
it isargued that while the undoped parent compounds of the high-T ¢ superconductors are
not Fermi liquids, the Fermi liquid concept will recover at doping levels where
superconductivity prevails at low temperature [11,28]. Itisfair to say that the theoretical
community is divided over thisissue.

Given this controversy, much experimental and theoretical work has been carried
out to test the validity of the Fermi liquid concept in the high-temperature
superconductors. A very impressive body of ground state (such as transport) and
spectroscopic datais available now, and they have been extensively analyzed and
discussed. Since photoemission data reveals very direct information about the el ectronic
state at the microscopic level, recent high-resolution photoemission data has attracted
much attention from the theoretical physics community [6,7,11,42,122]. A better
understanding of the electronic structure clearly supports the efforts to resolve this

important question. For the past several years, the electronic structure information as
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obtained by photoemission experiments has played a crucial role in shaping up our
current view of thisissue.

Photoemission studies of the normal state properties can be divided into two
classes. Thefirst isthe class of studies performed by angle-integrated photoemission
(and x-ray absorption or x-ray emission) over the whole valence band. These
experiments can often be directly related to the work of the Mott insulators which have
been briefly described in Sec.l11.b and Sec. I11.c. The theme of many of these
experiments was. what is the most appropriate starting point to describe the electronic
structure of these superconductors? Specifically, what kind of simplified model will be
sufficient to account for the essential physics? For the smplified model, what are
reasonable values of the model parameters? These spectroscopic experiments were often
carried out in parallel with many theoretical studies of many-body model calculations.
The second is those experiments mainly performed in the angle-resolved mode in the
vicinity of the Fermi level. These experiments were the first to positively identify the
existence of a Fermi surface [123-124] - a crucia point that is now well accepted by the
community. Later experiments covered avery wide range of topics, from the detailed
shape of the Fermi surfaces and the bands near the Fermi surfaces, the symmetry and
origin of the states making up these bands, and the energy-dependence of the lifetimes of
the near-Ef quasiparticle states.

The information one obtains from these two classes of experimentsis
complimentary. The most common starting point of interpretation for the two classes of
experimentsis diametrically opposed. Thefirst class of experiments was most often
interpreted within the theory of localized models that is very appropriate for insulators as
we have discussed earlier in Seciton I11.b. One distinct advantage of this approach is that
the physical picture of the problem isvery clear. The second class of experiments was
more often interpreted in connection with an extended approach such as band theory.

The advantage for thisis that the calculation of the Fermi surface by band theory includes

49



many of the long-range interactions which are important for the symmetry and the shape
of the Fermi surfaces. Therefore, adirect comparison with the experiment is possible.
The experiments have indicated that L uttinger’ s theorom seems to hold for the cuprates,
implying that a one-electron theory such as band theory can still tell usimportant
information such as the volume of the Fermi surface [121]. On the other hand, the band
calculations have the problem of dealing with the electron correlation effects. Since the
cuprate superconductors are correlated metals, the two classes of experiments provide
complementary information. In this section, we summarize these two classes of
experiments with emphasis on the latter since a number of review articles already exist

for the former [27-36].

B. Samplesand Sample quality issues

Since photoemission is a very surface sensitive experimental technique, it is
crucial to have agood sample surface. For the high-temperature superconductors, it turns
out that the preparation of a good sample surfaceis avery tricky issue. Many of the
earlier photoemission works have been subjected to question because of the sample
quality [28]. The samples studied involved both single crystals and polycrystalline
materials. It isnow clear that only those experimental data that have been confirmed on
single crystals should be trusted. Often, even data obtained from single crystalsis
problematic. The problem arises from complications such as surface contamination,
oxygen loss or disorder, cleavage damage, surface flatness, surface reconstruction and

others. The sample surface quality is compound dependent, with some of the compounds

(such as Bio>SroCaCuz0g+ 5) being much more stable than the other compounds (such as

YBayCuz07.5). Wewill point out the problems related with samples as we pursue with

the discussion of results from various compounds in the following sections.
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C. Basicframework of the electronic structure

The electronic structure of these cuprate superconductors are determined by the
conducting CuO» planes. Again, as shown in Fig. 4.5, the basic electronic structure of
these cuprates have two characteristic properties: strong Cu-O covalency due to the
proximity of the Cu 3d and O 2p energy levels and the strong Coulomb interaction
among the Cu 3d electrons [125]. Dueto crystal field interactions, the Cu 3d orbital are
split into eg and tog levels, which then further split into four levels. The highest orbital is
the antibonding o* x2-y2 orbital. This general pictureis true both from the quantum
chemistry cluster calculation and band structure calculation, and this picture provides a

foundation for the rest of the section.

D. Angle-integrated photoemission data from the whole valence band.

Most of the early photoemission studies of the cuprates were performed in the
angle-averaged mode. The experimental data were usually analyzed by simple cluster
model calculationsin analogy to those developed for the insulating transtion-metal
oxides. The results of angle-integrated photoemission studies were reviewed by severa
authors [27-36]. Here we only give a brief account of the major results of this class of
experiments. Furthermore, we focus ourself on valence band data only, the core level
photoemission data will not be discussed. The readers can find relevant core level

photoemission data in earlier publications.

1. Evidencefor strong correlation effects
The first experiment to point out the importance of strong correlation effect asa
consequence of the large Coulomb interaction was performed by Fujimori et al. Fig.4.6
reproduces the valence band data and a simple cluster model calculated result by
Fujimori et al.[126]. Aswe haveindicated in Sec.ll, the key here is the presence of the

valence band satellite structure. This satellite structure can not be explained within the
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context of one-electron band theory, and is a consequence of the large Coulomb
interaction among the 3d electrons. Even though Fujimori et a. had plausibly predicted
the existence of the valence band satellite, the satellite structure can not be clearly
distinguished in Fig. 4.6. (Note, they have shown in their paper clear evidence for the
core level satellite)). The existence of the valence band d8 satellite was later confirmed
by resonance photoemission experiments carried out by several groups. Fig. 4.7 givesthe
resonance photoemission data from LaoySrxCuO4 by Shen et al.[127]. Asthe photon
energy is sweep through the Cu3p absorption threshold of 75 €V, the intensity of feature
D increases and then decreases again, suggesting a resonance behavior. The Fano
lineshape of the resonance profileis shown in panel b asafunction of initial energy ina
series of CIS curves. Figures 4.8, 4.9 and 4.10 reproduce the resonance photoemission
data of YBaoCuz0O7, BioSr2CaCuy0g, and Nd2CuO 4, respectively [128-130].

These resonance photoemission data reveal the compelling evidence for the strong
correlation effectsin all the superconducting compounds studied. These experimental
data were often analyzed and compared with cluster or impurity model cal culations based
on the Anderson hamiltonian [127, 130]. The two solid curves of Fig. 4.10aare
theoretical calculations based on the Anderson impurity model, with the model parameter
derived from an ab-initio calculation [130]. We can see that the Anderson impurity
model correctly describes many of the essential features of the spectral weight function,
just like the case of CuO with one possible difference of significance. The theoretical
calculation for Nd>CuO4 shows a distinct peak at lower binding energy than the main
valence band. This peak is due to the spectral weight from the singlet state formed by a
Cu spin coupled with the spin of an oxygen ligand surrounding the Cu. However, no
such peak is present in the experimental data, in contrast to the CuO case where apeak is
observed at lower binding energy than the main peak.(See Sec. I11.b) Thisdifference
between CuO and Nd2>CuO4 on the issue of the singlet indicates that they might be more

different than we originally had thought, especially for the low energy excitations. This
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difference can not be understood within the framework of the Anderson hamiltonian.[24]
Gunnarsson et a. noted that the bond angle of CuO and CuO» planes are not the same,
and this might be areason for the observed difference.[24]

Fig. 4.11 gives the basic energy level schematic of these cuprates in the cluster
model language as summarized by Fuggle et al.[131]. The essential parameter values
have been estimated using a variety of high energy spectroscopies (PES, core level XPS,
Auger, and X-ray absorption), and range between0<A<3eV and5<sUgg< 13 eV
[10,127,131,132] More recent analysis of the experimental situation tends to give higher
values of A [133]. These parameters suggest that the basic el ectronic structure can be
fairly well described by atwo band Hubbard model. These experimental data and their
analysis provided empirical support for alarge body of theoretical calculations where the
model parameters were deduced from first principle calculations [134-137]. Most of the
calculations involve the so-called constrained LDA calculation. In these calculation, the
basic electronic structure is obtained first by band cal culations, then the Coulomb
interaction is determined by counting the total energy difference while varying the 3d
orbtal occupation number by integer numbers. Both the spectral weight function and the
model parameters from these first principle calculation were very consistent with the

experimental results [137].

2. Low energy excitation state
A key issue isto determine the simplest theoretical model for the CuO» planes
which can account for the main physicsin these materials. The question to be addressed
is: Isit possible to reduce from the practical two band Hubbard model to asimpler one
band Hubbard model or even t-J model ?
The first theoretical effort was made by Zhang and Rice who suggested that one
need only consider the dynamics of a spin singlet formed by Cu and its oxygen

ligand[138]. A recent summary of the theoretical efforts along thislineis given by
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Hybertsen et a.[137]. It isgenerally agreed that we can reduce the two band model to a
simple one band t-J model which can be used as a starting point for microscopical models
of high temperature superconductivity.

The experimental effort has already been addressed in the last section. Ina
simple picture, if one could reduce the Hamiltonian to at-J type of model, one would
expect to see a peak in the spectral weight function at the lowest energy corresponding to
the singlet. For example, the theoretical calculation of Nd>CuO 4 shows such a distinct
singlet peak at the lowest binding energy well separated from the rest of the states .
However, no such peak is present in the experimental data of Nd>CuO4 [130], athough a
peak in thisenergy is seenin CuO [24]. Itisnot clear what the significance of this
experimental observation is at this point. It could mean that the lowest energy excitation
state is more complicated than we have anticipated, or it could simply mean that the

singlet state is near degenerate with other low energy states with basically no coupling.

3. Important experimental issuesregarding the earlier data

An important experimental issue worth emphasizing is that the surfaces of the
cuprate superconductors are often unstable in the ultra-high vacuum. This point was
most clearly established in the important experiments by Arko and his coworkers [28,
128]. Arko et a. found that for single crystal EuBapCuzO7 cleaved at very low
temperature (20K) in UHV, the photoemission spectra changed dramatically and
irreversibly when the samples were warmed up to liquid nitrogen temperature. They
attributed this change of the spectra as a consequence of oxygen loss near the sample
surface. For the spectrataken at 20K, Arko et a. found awell defined Fermi edge that
was absent in all the previous experimental data[28, 128]. Thisactually isthefirst
indication of the existence of a Fermi surface in this family of superconductors, afact that
iswidely accepted now but was not so then. The well defined Fermi edge disappeared

immediately if the sample temperature was raised up to 50K or so [28]. Later work on



presumably higher quality samples showed that the surface could be robust to
temperature cycling [139]. Due to the surface sensitive nature of the photoemission
experiments, such surface problems have forced us to examine the experimental data very
critically. Experimental datafrom ceramic materials are highly suspect and should be
interpreted with caution. In the field of photoemission studies of high-temperature
superconductors, only those experimental results that are verified by low temperature
single crystal works should be trusted, and then even in that case, one must be cautious.

There are afew empirical indications for us to enforce the quality of the
experimental data. These, of course, are necessary but not sufficient conditions. One
indication of good data is the absence of the notorious -9 eV peak and multicomponents
(with energy separations of several €V) in the oxygen 1s core level data. The importance
of thisis primarily based upon empirical evidence [14]. For instance, the-9 eV peak is
observed to grow in intensity as the samples age, with a corresponding decrease in the
intensity of the near-Eg peaks. Of course, some aspects of data sets that contain the -9 eV
peak may still be good. Other empirical indications for good data are the spectral
stability vs. time, the sharpness of the features, alow background, and consistent,
repeatable results. For metallic or superconducting samples, the spectral weight at EF is
also often agood indicator, with better samples having more weight. For angle-resolved
measurements, alarge amount of dispersion aswell as very sharp clear Fermi surface
crossings (in metals) are indications of good quality data. Even then, the story is not so
straightforward. For instance, the sharpest features observed in a normal state angle-
reolved photoemission study of a cuprate are those observed in single-crystals of YBCO
(see section E 4). However, it is known that the Y BCO surface has non-idealities, and
thereis not yet a consensus as to whether these features are intrinsic.

Certainly the data from many of the earlier studies should be reexamined, with the
possible exception of those from Bi S 2CaCu0g. The information obtained near the

Fermi level was clearly questionable. However, the important finding outlined in the last
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section, namely the existence of a correlated satellite structure in the valence band
photoemission data, withheld the test of later more careful experiments carried out on
better prepared single crystals. Fig. 4.8 shows the spectrataken from Y BayCuzO7
cleaved and kept at 20K [128]. It isquite clear that thereis a Cu satellite at -12 €V which
shows a strong enhancement at 74 €V. Asamatter of fact, thisisthe strongest valence
band satellite seen in the cuprates at the Cu 3p threshold. Asaside remark, we also
notice asmall peak at -9 eV in the 74 eV spectrum but not present in the 70 eV spectrum.
Aswe have pointed out before, usually the -9 eV peak found in the cuprate
superconductors is due to the extrinsic emission caused by (most likely) oxygen disorder.
However, this data shows that thereisasmall intrinsic Cu satellite peak at -9 eV aso.
This peak isvisible at the Cu resonance but not visible otherwise. This peak is most
likely due to one of the multiple components of the d8 final state.

Despite the compelling evidence of correlation effects, Arko et a. also found that,
except for the satellite region, the photoemission spectrataken at low temperature agree
with the band cal culation much better than previous experiments[128]. Fig.4.12 shows
photoemission data in comparison with results from band calculations by Arko et al.. We
can see that the calculation gives quite useful result. The agreement at both 70 eV and 20
eV isvery decent. Thisresult naturally brings us to the next section in which angle-

resolved photoemission data are directly compared with the results of band calculations.
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E. Angle-resolved photoemission data from near the Fermi level

1. Overview

The focus of most of these angle-resolved photoemission experiments was on the
Fermi surface and very low energy excitations of the cuprates, as these low energy
excitations are the most important for the physical properties of the system. These are
technically very difficult experiments because very high energy resolution is necessary in
order to observe the relevant energy scales, and because high count rates are needed in
order to get the necessary statistics. In addition, the samples used for these studies are
very complicated and fragile. For thisreason, progress in these studies for alarge part
followed the developement of the state-of-the-art ARPES instrumentation as well as
improvements in sample quality.

The primary significance of the earlier experiments were that “bands” were
observed to disperse towards and then cross the Fermi surface as expected for a metal.
And, athough there are significant differences between the experimental data and band
caclculations, the majority of the experimental data indicated that the Fermi surface
crossing points were similar to those predicted by band theory calculations. Thiswas
widely accepted asindicative of the fact that Luttinger’ s counting theorom was obeyed in
the cuprate superconductors - that the volume of the Fermi surface was unchanged by the
correlations [121]. Thisisavery strong constraint on theory, and is for instance a
necessary ingredient for a Fermi liquid [120]. Since these early studies, many
experiments have been carried out to map out the details of the Fermi surfaces and near-
Er band structure of awide variety of the cuprate superconductors, including single
crystals of the Bi2212 system [123,124,140-152], Y 123 and Y 124 [139,153-160], the n-
type superconductors NdCeCuO [161-163], the Bi2201 system [164,165], aswell as
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some “model” systems such as the two-dimensional metals TiTex and NbSeo[166,167].
Samples with avariety of doping levels have also been studied in the Bi2212 system
[147,168,169], the Y 123 system [153,157,158], and in the NdCeCuO system[161, 170].

While in general the measured Fermi surfaces agree with the band calculations to
first order, the differences are significant enough that any real need of Fermi surface
information should be accomodated by experimental data (as opposed to a band theory
calculation). The large amount of available data has brought out a number of trendsin
the data, and it is starting to enable us to make strong statements about the relationship of
the electronic structure to the physical properties of the system. For instance, one of the
most striking aspects of the experimental data is the presence of some flat bands (little
energy dispersion over asignificant k -space region) which lie very near EF in the p-type
cuprates[142,143,139,156,158,165]. While the details of these flat bands vary from
sampl e type to sample type, and confusions such as a possible origin from the chainsin
Y 123 [139,156,158] or the BiO pocket in Bi2212 exist [142,150], the fact that data exists
on awide variety of samples lends credence to the observation. Flat bands are also
observed in the n-type cuprate NdCeCuO, but in this case they are ~ 300 meV below Ef,
and so they will be electrically inactive [161]. Dessau et al.[142,143] and King et al.
[161, 165] suggested that this striking difference in the band structures of the p- and n-
type superconductors may be related to the fact that many of the physical properties of
the p-types are “anomalous’ while thse same physical properties are much more

“normal” in the n-type cuprates.
a. Notation of the high symmetry points of the Brillouin zones of the cuprate

supercondutors

Before we begin any of our discussions, it isimportant to straighten out the
notation used to denote the high symmetry pointsin k-space. Due to slight differencesin

their crystal structures, the Brillouin zones of each family of the cupratesislabeled
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differently, and these differences can lend to a great deal of confusion in the
interpretation of the data. The simplest way to understand the notation isto reference
everything to the Cu-O planes. Figure 4.13a shows the Brillouin zone of a single Cu-O
plane, with the plane oriented as shown in the right panel (the Cu-O bond directions are
parallel to the edges of the paper). Thel point isat the middle of the Brillouin zone, the
M point is at the corner (Tt/a, T/a), and the X(Y) points are midway along the edges (1/a,
0) or (0, T/a). Thel-X(Y) direction isaong the Cu-O bonds and the I'-M direction is
45° to the bonds, as shown in the figure.

Figure 4.13b shows the Brillouin zones for the real (but still relatively simple)
materials LaSrCuO and NdCeCuO. Again, the orientation is such that the Cu-O bonds
are parallel to the edges of the paper, but we find that the notation has changed so that the
X and Y points are at the corner and the G1 point is midway along the edge. 1n essence
we can consider the changes as a one-to-one mapping, with -->I"', M-->X(Y), and
X(Y)-->G1. Dueto their finite amount of three dimensionality, the Brillouin zones of
these materials are also three dimensional. The Z point can be reached by moving normal
to the planes from the I point, or by moving from I past G1, as shown in the figure. Due
to their near two-dimensionality, it is often a good approximation to consider the I and Z
points to be equivalent. The most common notations used to describe the high symmetry
points of Bi2212 and Y 123 are shown in figures 4.13c and 4.13d, respectively (more
complicated versions which account for the slight three dimensionality and
orthorombicity have also been used). Again, the alignment is such that the Cu-O bonds
are parallel to the bottom of the page. The mapping for Bi2212is IM-->I', M-->X(Y), and
X(Y)-->M, and for Y123 itis M-->I", M-->S, and X(Y)-->X(Y).

b. Results of model calculations of the electronic structure of the cuprates

This section briefly discusses the results of calculations that have been carried out

on the cuprates, including both first-principles band theory calculations and simpler tight-
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binding calculations. We principally concentrate on the information needed to
understand the data - much more complete reviews of these topics have been published
elsewhere [10].

We begin by considering atight-binding analysis of the CuO» planes. Thisisone
of the smplest possible k-dependent approximations for the cuprates we can make. The
predominant coupling is the nearest-neighbor sigma-bonded coupling between Cu d-
states and O p-states. As shown by Harrison, the highest energy band has x2-y2
symmetry and, as shown in figure 4.14, reaches its maximum at M and has a saddle point
at X [171]. Thissaddle point gives asingularity in the density of states (avan-Hove
singularity) that is observed in figure 4.14d. At zero doping the x2-y2 band is half filled
and the Fermi energy lies at the van Hove singularity. A square Fermi surface forms,
denoted by the dashed line of figure 4.14a.

This model, as well as the band theory calculations, predicts a metallic ground
state for the undoped parent compounds, which arein reality antiferromagnetic insulators
of the Mott-Hubbard type, with the insulating nature due to the strong on-site Coulomb
interactions. This failure of the ssmple models has been discussed in chapter [11. The
high T ¢'s are formed by doping the parent compound with either electrons (as in the n-
type superconductor Ndo-xCexCuQ4) or holes (as in the p-types Lap-xSrxCuOy4, YBCO,
Bi2212, etc.). Aswe will see, the Fermi surfaces for the optimally doped materials
calculated by these simple methods do a surprisingly good job at predicting the measured
Fermi surfaces, even though the models fail completely in the half-filled or undoped case.

Tofirst order, we can envision the doping process as either raising or lowering the
Fermi energy, respectively. Thiswill cause the Fermi surface to expand so that it is
centered around the M point (electron-doping) or contract so that it is centered around the
I" point (hole doping). Inreality, the inclusion of O-O coupling terms buckles the Fermi

surface dlightly, as shown in figure 4.15 from Dickinson et al. [172] The main
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significance of thisisthat it moves the van-Hove singularity off of the Fermi surface at
half-filling, with moderate p-type doping required to bring it back.

Fig. 4.16 reproduces the Fermi surface and the band structure of Nd».xCexCuO4
as calculated by Massidda et al.[173]. The calculated Fermi surface of this compound is
the simplest with a hole pocket arount the X point. In this sense, thisis agood system to
perform experimental studies.

A large "spaghetti” of bands is observed to exist from approximately -0.5 eV to -
6.5€eV. These are primarily Cu 3d and O 2p derived and correspond very roughly to the
main valence band observed in the figures of the previous section. The great number of
bands is due to the fact that the unit cells are very large, and so the Brillouin zone is very
small with many bands folded back in. It will be difficult to do more than compare the
calculated and measured (in an angle-integrated measurement) density of statesin this
region because we don't expect to be able to track the dispersion of individual bands.

A number of bands are observed to split off from the main spaghetti of bands and
cross through the Fermi level. These bands are of the greatest interest, for they will be
responsible for most of the physics. It istherefore fortunate that they are split off from

the "spaghetti” of bands so that they will be individually resolvable.

Results from an LDA calculation of the band structure of stoichiometric
Bi2oSr2CaCu208g+§ by Massida et al. are shown in figure 4.17 [174]. This band structure
is much more complicated than that of NdCeCuO. First of all, there are two Cu-O planes
per unit cell, instead of just one. In the absence of coupling, there will be two degenerate
x2-y2 bands, and the Fermi surface will be the same asin the single layer case. Whileit
has been hypothesized that these couplings would in fact be absent in the normal state
[175], other theories predict non-zero coupling which will split these two bands. The
matrix element for this coupling is very small along the I'-X(Y) symmetry direction (45°

to the Cu-O bonds) and so the bands will remain near degenerate there. Off of M-X(Y)
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the coupling is finite and so the bands and the Fermi surface will split, creating a more
complicated Fermi surface. A calculated Fermi surface for Bi2212 is shown in figure
4.18, along with the band structure along the '-M-Z direction [174]. Aswe will discuss
next, the inclusion of the Bi-O planes alters this band structure and Fermi surface. The
results of figure 4.18 were obtained by Massidda et al. by ignoring the interaction
between the Cu-O and Bi-O bandg[174].

In the cal culation of figure 4.17, a set of bands corresponding to Bi pxy -O 2pxy
(ppo) states dip below the Fermi level forming an electron pocket around the M (and L)
point. Due to the interaction (anti-crossing) of the Bi-O and Cu-O bands, only one Bi-O
band crosses Ef, and the Cu-O band coming up from I” towards M is repelled and does
not cross the Fermi level, asit would in the non-interacting case. We note that this
interaction implies a degree of hybridization between the Bi-O and Cu-O planes, and so it
isnot strictly fair to keep calling them a Bi-O or Cu-O band. For simplicity however, we
will keep calling them by those names. A schematic drawing of the calculated Fermi
surface and band structure near M for this scenario is shown in figure 4.19 [174]. The
important differences between the Fermi surface in this scenario and that shown in figure
4.18 are the existence of the Bi-O based electron "pocket" centered at M, and the fact that
the Cu-O derived Fermi surface is very different from that in figure 4.18; in the full
calculation both of the Cu-O bands are centered around the X(Y) points, whilein the
calculation which ignores the BiO-CuO> coupling one of the CuO» bands is centered
around the I point.

Fig. 4.20 gives the band structure and the Fermi surface of Y BapCuzO7 as
calculated by Pickett et al.[176]. This calculation takes into accout the smearing that
incured from the dispersion along the third dimension. There have beeen severa band
calculationsfor YBapCuzO7 [176-178]. In general, these calculations are quite similar
with the Fermi surface mainly determined by the x2-y2 antibonding bands. They all show

three bands that cross the Fermi level along I'-S and X-S directions with more or less the
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same topology. The main area of difference liesin the chain derived band along the I'-Y
direction. Two of the calculations suggest that thereis a Fermi surface crossing going
from '-Y [177-178], while the other calculation does not have this crossing [176]. (As
we will show later on, whether this crossing exists or not is still controversial).

There has been no state-of-the-art band cal culation done for the BioSroCuOg yet.
The only available band cal culation was performed by the simple tight-binding method
[179]. For experimental purposes, the data can be compared with the band structure of

BioSr 2CaCupyOg since one would expect some similarity of their band structures.

c. Two-dimensionality

The cuprate superconductors are highly two-dimensional, and this two-
dimensionality isreflected in their electronic as well astheir physical properties. The
effect on their band structures is that thereislittle or no dispersion along the k; direction
(seefor examplethe I'-Z cutsin figures 4.16, 4.17, and 4.20). This property playsa
simplifying role for the successful application of angle-resolved photoemission on these
materials. Asdiscussed in Sec.ll, in an angle-resolved photoemission process, only the
momentum component parallel to the crystal (k) surface is conserved when the electron
escapes from the sample, and thus can be fully determined experimentally. The
perpendicular component of the crystal momentum (k) is not conserved at the
sample/vacuum interface and thus can not be fully determined. This problem often
causes confusion in the analysis of three dimensional materials. However, for two
dimensional material such as the high-temperature superconductors, thisis not a problem
since the effects caused by the uncertainty in kj are not very severe. Hence, experiments
on 2-d materials are relatively straight-forward, and for most purposes we can ignore the
third dimension. One instance where this may not be so isin the case of the detailed
study of the photoemission lineshapes, where the dispersion of the final state band along
the kz direction will add some additional broadening terms. These issues will be disussed

in more detail in section 10.
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2. Rulesand methodsto deter mine the Fermi surface from photoemission

Since the main thrust of this chapter is to determine the Fermi surface using
photoemission spectroscopy, it isintructive to state the methods and the rules to make
such adetermination. Ideally, the Fermi surface isthe topological surface in k-space
where the energy bands cross the Fermi energy. If the quasi-particleis awell-defined
peak and if there are no extra complications due to effects such as the elastic and inelastic
scattering, then the procedure of determining the Fermi surface is well defined as
illustrated in Fig. 2.5. For simplicity, here we do not consider the incoherent part of the
guasi-particles. As one changes the emission angle and hence variesthe k value, the
guasi-particle peak dispersesin energy. Due to increased lifetimes, the quasi-particle
peak sharpens up as it approaches the Fermi level, until it is atrue delta function peak
(infinite lifetime) when k=k . The quasi-particle peak disappears from the photoemission
spectrum after it passes Ef, as photoemission only measures the occupied density of
states (electron removal spectrum). From the emission angle at which the the peak in the
photoemission spectrum crosses Fermi level, we can in principle determine kg and thus
the Fermi surface information.

In reality, the determination of the crossing point may be much more difficult than
illustrated in the ideal case above. On top of the obvious problems of finite energy and
momentum resolution and statistics (signal/noise), effects such as thermal broadening,
elastic and/or inelastic scattering of the photoel ectron, and the possibility of a non-flat
sample surface may contribute. These mechanismswill add to the uncertainty in the
crossing position. In addition, there may be multiple bands, each of which contributes a
peak, and there will be effects due to the incoherent part of the spectrum. The situation is
further complicated by the fact that we do not yet have areal theoretical understanding of

the lineshape of the excitations (see section 10), and so afitting effort to try to remove



some of these broadening effectsis severely hampered. For these reasons, the
determination of the Fermi surface crossing points from the experimental datais not
always straight-forward and is sometimes quite subjective. On the other hand, if the data
isvery good, the crossing may be extremely clear and obvious, and qualitative rules can
be used very effectively to determine the crossing.

The qualitative rules that we have found most reliable in determining the Fermi
surface crossing follow. First, a quasiparticle peak must be clearly distinguishable from
the background. When the peak gets very close to Er, it will begin to be cut off by the
Fermi function. When the quasiparticle energy is at Ef, the peak will have approximately
half its original weight and the leading edge of the spectrum will be intercepted midway
or higher by the Fermi energy. Note that thisimplies that the most intense part of the
spectrum will no longer correspond to the quasiparticle energy, afact that adds to the
complications of picking a Fermi surface crossing. For this reason we also recommend
that the peak be tracked over awide range of angles, and an extrapolation of its
dispersion relationship made to Eg. This extrapolation should agree with the intensity
modulation and and leading edge energy position. Finally, it is exceptionally valuable to
have many cuts through the Brillouin zone, and/or to use multiple photon energies and
polarizations. Only in thisway can the real trends and consistenciesin the data be
uncovered.

These cautions aside, we should say that the Fermi surface determination by
angle-resolved photoemission is not an arbitrary process. In fact, most of experimental
results are remarkably consistent with each other, particularly once the sample quality
and statisticsimproved. The fact that there is no hard rule in the data interpretation
merely implies that one should be aware of the errors that might be involved in the
interpretation of the photoemission data. We will pay attention to such issues as we

pursue our discussions of photoemission data taken on the various compounds.
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3. Reaultsfrom Bi2S 2CaCu20g+ 5

The first and most extensive angle-resolved photoemission studies of cuprate
superconductors have been performed on the Bi 2S 2CaCuyOg system. Thisis mainly due
to the high quality of the cleaved surface aswell asits great stability in vacuum. The
reason that the Bi>SroCaCuoOg surface is so ideal is probably related with the fact the
crystal cleaves between the two adjacent Bi-O planes connected by the weak Van der
Wallsbond. (Seefigure 4.2 for the Bi>S 2CaCuxOg crystal structure.) A very strong
indication of the superiority of the Bi>S 2CaCuxOg surface is the fact that photoemission
studies of the superconducting state of Bi >S2CaCu,Og have given very beautiful and
valuable results, while there have as yet been no clear successes in the observation of the
superconducting gap in any of the other cuprate superconductors (see section V). In
addition, the Bi2212 surface has been carefully characterized by surface-structural
spectroscopies such as LEED and STM.

Thefirst reported angle-resolved photoemission study of Bi>S2CaCu,Og was by
T. Takahashi et a.. This study was done with relatively poor energy resolution and
statistics; nevertheless it was able to provide the first experimenta evidence for a
dispersive feature crossing the Fermi level [140]. Thefirst state of the art high-resolution
high-statistics photoemission experiments were performed by Olson et a [123,124]. This
work represented areal breakthrough in the field, in the sense that it really opened up the
field of studies of the near-Eg states (low energy excitations) of the cuprate
superconductors. Since these low energy excitations are the most important for a
physical understanding, we will mainly concentrate on high-resolution photoemission
studies near the Fermi level, even though some angle-resolved photoemission studies on
the whole valence band have been carried out [140,141,180].

Fig. 4.21 shows the now famous data by Olson et al. along aline parallel to the I'-
Y high-symmetry direction [124]. The experimental data were collected from asingle

crystal cleaved at very low temperature and kept slightly above its superconducting
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transition temperature. The energy and momentum resolution of the experimental set up
were about 32 meV and two degrees (corresponding to about ten percent of the I'-Y
length), repectively. From the bottom curve up, one moves from near the I point towards
larger k value along the line parallel to M'-Y. We can see that there is a very broad feature
centered at approximately -350 meV near the I point, and it disperses to lower binding
energy as we move towardsthe Y point. Asthe feature approaches EF, it sharpens up
and grows in magnitude, reflecting an increased quasiparticle lifetime. Between the 6
emission angles 12° and 14°, the peak dissappears, indicating a Fermi surface crossing.
Theinset at the lower left corner compares the experimentally determined E vs k relation
with that from aband calculation [174]. We can see that the experimental and the
theoretical bands cross the Fermi level at approximately the same position, reflecting
very similar Fermi surface topologies at this area of k-space. However, the dispersion
rate of the experimental band is about half of that from the theoretical calculation,
implying that the experimentally determined effective mass is twice the band mass.

While the above data was very convincing, it should be noted that there were
other reports that gave different interpretations. Takahashi et al. suggested that there
were two bands crossing the Fermi level along the Y high symmetry direction, one
approximately 25-30% of the way from I'-Y and one much later at 50% [141]. A
complimentary angle-resolved inverse photoemission study by the same group claimed to
see band crossings from what were possibly these same two bands[181]. Manzke et al.
reported one band crossing the Fermi surface with similar effective mass but with a
crossing position quite different from that of Olson et al.[151]. Mante al a. also reported
experimental data recorded at room temperature that gave somewhat different crossing
positions and a high effective mass near 4 [144]. Hwu et a. reported data off of the high
symmetry directions, but which was very inconsistent with the band cal culation that
Olson’ s data agreed with [152]. The most likely explanation for these differences

appears to be sample quality, particularly surface uniformity and flatness. Thisis
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somewhat of a unique problem to Bi2212 and other very soft materials, because even
though they cleave easily and always give a nice looking valence band, all but the most
carefully prepared samples will buckle slightly during the cleave, or be left with some
small flakes standing up. These of course will add to angular averaging, and may give
peaks or crossings at anomalous locations. 1n addition, the cuprates are sensitive to
oxygen loss, and the standard process of baking an experimental chamber to get ultra-
high vacuum may severely alter asampleif the sampleis also baked. For thisreason, a
number of groups have implemented schemes where a sample can be load-locked without
baking into a pre-baked vacuum chamber.

The question then, is how to decide which (if any) represent the “true” results.
First, one should look for reproduction by other groups. Recently, Dessau et al. has
presented a very detailed study of Bi2212 which agrees well with the Olson data of figure
4.21, but not with the other data[142,143]. Secondly, the sharpness of the features, the
peak/background ratios, and the sharpness of the crossings can be used as an indication
of which datais “better”, as a higher quality and more uniform surface will give less
angular averaging, and hence sharper features and crossings. The Olson/Dessau data had
sharper features, crossings, and a higher peak/background ratio than the other data. They
also had higher statistics, making real features easier to see and making noise less likely
to be attributed to be area feature.

Olson et al. took a number of other cuts through the Brillouin zone, in particular
aimed at determining whether the band theory prediction of a BiO pocket centered at M
was correct. Their datais shown in figure 4.22 [124]. Thisisavery difficult issue, for
there are predicted to be a number of bands in very close proximity to each other, as
shown in the inset to the figure or in Fig. 4.17 [174]. While they could not give a
definitive answer, Olson et al. felt that their data suggested that the BiO pocket did in fact

exist.
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WEells et al. addressed the issue of the BiO pocket in avery different way, by
performing what is known as a“crud” test in an oxygen annealed sample which has
lower transition temperature]147]. Thistest took advantage of the facts that 1) the
outermost surface of cleaved Bi 2S2CaCupOgisaBiO plane, and 2) photoemissionisa
surface sensitive probe with probing depths of the order of 10 A or less, implying that
essentially all of the BiO signal came from the outermost BiO plane (this fact was
dependent upon the particular photon energy used for the experiment). Fig. 4.23 shows
the photoemission spectra taken near the Fermi level crossing along the I'-X and the -M
directions before (thin lines) and after (thick lines) a submonolayer of Au was deposited
on the surface (Au was chosen to avoid any dramatic chemical reactions upon deposition.
See references 14 and 33 for details of the chemistry of the metal/superconductor
interface.). We can see that the feature near the Fermi level along the ™-M direction is
dramatically modified by the Au deposition while the feature near the Fermi level along
the '-X direction is basically unaffected. Wellset al. took thisto imply that the states
along -M had much more surface or BiO character than the states along -X. While
this conclusion is consistent with the band theory prediction of a BiO pocket centered at
M, it is not a proof, for a separate BiO band was not observed in the experiment. Inthe
same paper, Wells et al. also noted that the band near I'-M is very sensitive to the oxygen
content. They found in a sample with lower oxygen content, the band along -M is not at
the Fermi level.

The next study of the Fermi surface and near-Ef electronic structure of Bi2212
was the very detailed study by Dessau et al. [142,143]. This study took advantage of the
high counting rates and high resolution available from an undulator source at SSRL, as
well as some high quality single crystals of Bi2212 which survived a solid week of data
taking with no detectable deterioration. This enabled them to map out the Brillouin zone
in great detail and uncover some intriguing results. A photon energy of 20.5 eV was

used, and the sample was maintained at atemperature of 100K, comforatably above the
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superconducting tramnsition of 85K. A selection of the cutstaken by Dessau et al. is
shown in figure 4.24 [142]. Panel ashows a cut along the M'-X high symmetry direction
which isvery similar to Olson’s famous data of figure 4.21. Asin Olson’s data, we
observe a dispersive quasiparticle peak sitting on top of a non-dispersive “background”
which extends up to EF. The main emphasisin this section is on the quasiparticle peak,
which is observed to cross Eg near the emission angle 10/10. Thisisindicated in figure
4.25a by the dark shading of the circle. The non-dispersive “background” will be
discussed in sections 9 and 10. Panels b through e of Fig. 4.24 show a number of cuts
along other directions through the Brillouin zone, with the general directions as indicated
in theinset of each panel. The cut of panel b, taken along the '-M zone diagonal, shows
apeak dispersing towards and then skimming very near Eg for emission angles beyond
B/ = 15/0. Since the peak does not show a strong intensity modulation asit remains near
Er, aFS crossing can not be distinguished. All one can infer isthat aband isvery near
Er (probably within £ 30 - 50 meV) throughout thisregion. Thisisindicated in figure
4.25a by the diagonally striped circles. The cut of panel ¢ shows the behavior of these
states as one moves from near M towards X. The near-Er peak at 20/0 remains
essentially unchanged until near 20/8, where the intensity begins to dramatically
decrease, signalling aFS crossing. Aswe can see from figure 4.25a, there is a peak near
Er for avery large portion of the BZ.

Panel d showsacut along M-M taken by varying the ¢ emission angle. Surprisingly, this
cut shows a clear FS crossing, even though panel b (taken along a crystalographically equivalent
direction) did not show the crossing. To determine the cause of this, Dessau et al. rotated the
sample by 90° (leaving the direction of polarization of the incident light fixed) and retook some
of the cuts[142]. A comparison with the unrotated spectraindicated that the lack of symmetry is
due to matrix element differences associated with the photon polarization direction relative to the
electron emission direction, and not aresult of any broken symmetry of the crystal itself. These

polarization effects proved to be an especially valuable tool in the deconvolution of the band
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structure (see section 9). They also are important in helping us understand the detailed lineshape
of the quasiparticle excitations, as will be discussed in section 10.

Figure 4.25b shows the experimentally determined FS of Bi2212 obtained by reflecting
the crossing points of 4.25a around the high symmetry axes. This figure dramatically highlights
the strong propensity for Fermi surface nesting in this material. In particular, Dessau et al.
showed that there is anesting vector Q near (1t,79 which may help explain why the measured
dynamical susceptibility X (g, w) is so strongly peaked near the wavevector (1t,7) [182]. We also
note that there is another nesting vector that is not at (11,7 but is rotated by 45°. A comparison
of the nesting as well as other Fermi surface properties with the other cuprates will be givenin
section 7.

The full band calculation of Bi2212 depicted in figures 4.17 and 4.19 does not agree well
with Dessau’ s experimental Fermi surface of figure 4.25b. In addition to the absence of the BiO
pocket, which could be hard to observe, the main difference is the fact that one of the two CuO»
pieces of Fermi surface enclosesthe I' point in the experiment, while the theory shows both
pieces enclosing the X(Y) points. However, Massida et al.’ s calculation which artificially
ignores the interaction between the BiO states and the CuO, states agrees relatively well with the
experimental Fermi surface (see Fig 4.18) [174]. Of course, if the BiO band did exist as
calculated, there would be no reason to expect that it would not interact with the CuO2 bands.
The most likely scenario is that the BiO bands remain entirely above Ef for all k, and therefore
would not disrupt the observed CuO» band structure. This scenario is consistent with that from
tunneling experiments, which have found the Bi-O plane to be non-metallic [183.184], and with
guantum chemical calculations which have found that the BiO potential may be raised due to the
non-stoichiometry of the compound as well as the superstructure in the BiO planes [185,186].

Of course, this does not rule out a degree of hybridization between the BiO and CuO2 bands.

Thisresult of the absence of a BiO pocket appears to be in contradiction with Wells et
al.'s study presented in Fig. 4.23[147]. While Dessau et a.'s study is more complete, itis

nevertheless important to try to understand the apparent inconsistency. First of all, we note that
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the samples used for the two studies were dlightly different. Extra oxygen had been incorporated
into Wells et al.'s sample through an annealing procedure, and it is believed that the extra oxygen
goes near the BiO planes. STM[187] aswell as photoemission studies have reported that this
makes the BiO planes more metallic. Secondly, the results of measurements of the size of the
superconducting gap vs. k have shown that the largest gap occurs near the M point (see chapter
V). Whileit is conceivable that a gap could be induced in the BiO planes through the proximity
effect, it isvery unlikely that the gap in those planes would be larger than that observed in the
CuO» planes. Aside from the sample issue, a possible reason for the results observed by Wells et
al. isthat the gold adatoms doped the surface in such away that the Fermi surface crossing
(CuO2-derived in this scenario) shifted from between the I and M points to between the M and
X(Y) points, making the feature along I'-M disappear. Further studies of the effect of gold or
other adsorbates on the surface of Bi2212 would be quite worthwhile.

The experimental E vs. k relationship from Dessau et al’ s datais shown in Fig.
4.26 [142]. Thecircles represent the experimental data points along the high symmetry
directions, while the lines represent an interpretation of the dispersion relationships. On
this scale, the data points near M all appear to be right at Er. Because two distinct pieces
of FS are observed in Fig. 4.25, two bands are shown, one each from the even and odd
combinations of the two CuO» planes per unit cell. One of these bands crosses EE
between I and M and one crosses between M and X(Y), asin Fig. 4.25. The bands arein
general non-degenerate, except along M-X(Y) where the splitting appears to be small or
zero, in agreement with the predictions of LDA calculations [174].

Fig. 4.26 illustrates a saddle-point behavior for the bands near the M point: the
bands exhibit a maximum when traversing I" - M - I, and a minimum upon traversing X-
M -Y. Asshown in Fig. 4.14, asaddle-point is expected at this location of the Brillouin
zone, and ignoring broadening effects, will lead to a singular behavior in the density of

states. This behavior istypically referred to as a saddle-point-singularity of van Hove
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singularity. Aswe will detail later, thisfeature is expected to have wide ranging effects
on the physical properties of the system.

Dessau et al.'sinterpretation of the datais not unique; P.W. Anderson has
proposed an explanation of the data that doesn’t require intra-cellular coupling but
instead relies on both real and “ghost” pieces of FS[188]. In histheory, the electronic
excitations are a composite of charge bosons (holons) and spin bosons (spinons). In one
dimension, an electron operator at kg will create a holon of momentum 2k g and a spinon
of -kg. Intwo dimensions, the momentum of the holon and spinon need not be colinear,
and so an electron can create holon-spinon pairs at a momentum which differs from the
"real" Fermi surface. Thisiswhat Anderson termsa'ghost" Fermi surface. The
construction for obtaining the ghost Fermi surfacesisillustrated in Fig. 4.27. A Fermi
surface for the spinons at kr and for the holons at 2k is drawn. Next, the -k (2) portion
of the spinon Fermi surface at each point 2k (1) of the holon Fermi surface is scribed in.
The difficulty in performing the calculation is estimating the weighting factors for the
non-colinear holon-spinon pairs. A preliminary random dot picture of the Bi2212 Fermi
surface using this construction and a severe weighting factor favoring colinearity is
shown in Fig. 4.28. Inthispicture the "true” Fermi surface is that which surroundsthe I
point. Due to the strong curvature at the M point, this region shows pronounced
"ghosting". This explainsthe flat bands observed near the M point by Dessau et al. [142].
The sharp drop in intensity between M and X(Y) that Dessau has attributed to a crossing
isin this picture aresult of a"quasi-van-Hove singularity” in the holon spectrum which
exists at the X(Y) point of the Brillouin zone [188].

More work needs to be done to distinguish between the different interpretations.
One important experimental finding would be the clear presence of each of the two CuO»
bands in one spectrum. Anderson feels that the absence of thisin the present datais a
strong support for his two-dimensional "confinement” idea central to his theories[188].

Dessau et al. fed that the fact that they have not definitively observed these two separate
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bands in any one spectrum may also be due to the strong selection rules as a function of
polarization that is detailed in Fig. 4.24 and 4.25, as well as discussed in section 9
[142,143]. In addition, they have pointed out that the rapid broadening and weakening of
the quasi particle peaks as a function of energy is responsible for making the two peaks
appear asone [142]. More studies of the near-Er band structure and Fermi surfaces,
possibly done with avariety of polarizations and photon energies, will be important for
answering this very fundamental question.

The experimental electronic structure near EF shown in figure 4.26 diverges even
more from the band theory than does the Fermi surface. The calculation of figure 4.17
shows what appears to be these same two bands, yet they show much greater dispersion
near the M point and a much greater energy splitting. These differences may imply that
the correlation effects which are responsible for the renormalization are much greater
near M than along I"-X(Y) where a mass enhancement (relevant to the LDA result) of a
factor of two is observed [124,142]. In fact, it has been suggested that the correlations
are so strong that the concept of a quasiparticle may no longer be relevant, and the flat
band at EF in such an extended k-space region is a signature of non-Fermi liquid behavior
in a confined CuO» plane [188].

Another piece of information obtainable from Dessau et a’ s datais N(EF), the
density of states at the Fermi level. Thisinformation is obtainable because clear
dispersion relationships existed over the entire Brillouin zone. Dessau made the N(Ep)
estimate from the dispersion relationships of the quasiparticle peaks (and ignoring the
“background”) in the following way: the striped circles of Fig. 4.25a occupy
approximately 20% of the Brillouin zone, and represent bands which lie within
approximately +40 meV of Eg. Thisgives an average N(Er) for that region of (2 states
per band * .20%)/80 meV-Cu site, or 5 states/eV-Cu site.

Thisvaue of N(E) israther large, particularly in comparison to the LDA results

of between 1 and 2 states/eV-Cu site [174]. However, it isin the neighborhood of other
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experimental measurements such as Pauli susceptibilty performed on very similar
samples which gave an N(EF) of 7.0 states/eV-Cu site] 189] and thermodynamic
measurements (specific heat discontinuity and zero temperature critical field) of YBCOy
which gave an N(Ef) of approximately 5.8 states/eV-Cu site [190]. In contrast to this,
one usually expects low carrier concentrations as inferred from the high resistivities, the
Hall effect data, and chemical arguments. Many of the discrepancies can be accounted
for by the fact that the flat bands will have low electron mobilities, and so will not
contribute significantly to the resistivity or Hall effect data. (Note that the two pieces of
FSwill also cause a cancellation of the Hall coefficient, and the temperature dependence

may be related to the curvature of the FS orbits [191]).

4. Resultsfrom BioS 1 9Pr 1CuOeg+5

Very recently, Ratner et al. [164] and King et al.[165] have taken high resolution
angle-resolved photoemission data on single crystals of the T¢ = 10K cuprate
superconductor BioSr19Prg1CuOe+s (Bi2201). This is the single layer analog to the T
= 85K Bi2212 system, and so retains many of th eadvantages of the Bi2212 system,
including the very high quality cleavage plane between the weakly bound BiO planes. In
this material, Pr is added to help stabilize the crystal structure. Resonance photoemission
experiments show that the Pr 4f states do not extend all the way up to EF, and so
presumably are not electrically important [164]. Thisis consistent with the location of
the Pr within the unit cell.

Fig 4.29 shows a near-Ef cut along I'-X and a cut along '-M by King et al.[165].
The basic behavior is similar to that taken by Dessau et al.[142] on the Bi2212 system,
with aclear crossing aong M-X(Y) and aband which is very flat and near EF around the

M point of the Brillouin zone. King et a. have taken cuts throughout the Brillouin zone,
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and determined Fermi surface crossing points asindicated in Fig 4.30. Only one piece of
Fermi surface is seen, consistent with the fact that there is only one CuO» plane per unit
cell. The Fermi surface approaches very close to the M point of the Brillouin zone
(1/a,0), consistent with the slice of Fig 4.29b which shows the states at M very closeto
Er. Theresultisalso very consistent with the results from Bi2212 in that no sign of a
separate BiO electron pocket at M isseen. Finaly, the very flat pieces of Fermi surface
may give a strong tendency for Fermi surface nesting. However, aswill be discussed in
section 7, the Bragg condition is not met aswell asit isin Bi2212, so the effects on the
electronic structure are not likely to be as significant asthey are in Bi2212.

An E vs. k diagram along the high symmetry directions of King' s datais shown in
Fig 4.31[165]. Theflat bands near EFat M are clearly seen. Dueto the lower T of
these samples, this data should imply that the simple presence of flat bandsin the general
vicinity of Eg will imply ahigh Te.

5. Resultsfrom YBayCu307.5 and YBaxCu40g
The results from Y BapCuz0O7-5 (Y 123) and Y BayCusOg (Y 124) have historically

been more confusing than those from Bi2212, even though a great deal of effort has gone
into photoemission studies of these compounds. The reason for this confusion is
probably in large part due to the fact that there is no natural cleavage planein Y123 or
Y 124, and so the surface vs. bulk issue is much more of a problem. Asshownin Fig
4.32. three different cleavage planes are possible for Y 123, leaving six possible surfaces,
since each of the cleavage planes are asymmetrical [160]. The possibility of some sort of
surface reconstruction on each face as well as a cleave leaving a combination of facesis
quite large.

Many studies have been performed to try to determine the cleavage

plane[157,160,192-199], although the conclusions have varied a great deal. One
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possibility arises from the realization that the structure is composed of aternating (CuOo-
Y-CuQy) and (BaO-CuO-BaO) units or blocks that are separated by along 2.3A bond
(the longest Cu-O bond in the structure, with most others being ~ 1.9 A) [192]. Since
charge is reasonably well balanced within these blocks, cleaving the crystal at their
interface may not cause severe charge redistribution. This observation has received some
confirmation from tight-binding model calculations by Calandraet al. [193], who
concluded that cleavage most likely occurs at thislong bond. Zandbergen et al., using
high resolution electron microscopy data[194], and Ogawa et al., using Auger
spectroscopy [195] both concluded that the cleave occurs at the BaO-CuO» interface.
Photoemission measurements of the Ba[196] and Gd core levels (in Gd-Ba-Cu-0) [157]
also appear most consistent with this termination.

Both theoretical and experimental studies have also argued that cleavege
predominantly occurs at the BaO-CuO interface. Lindroos et al. have calculated
momentum and polarization dependent photoemission spectrafor avariety of different
cleavage planes, using the single-step photoemission model within a band theory
framework [197]. By comparing with ARPES measurements, they conclude that
cleavage occurs at thisinterface. Thisview is supported by STM studieson YBCO
crystals cleaved in vacuum at 20K [198], and by low energy ion scattering spectroscopy
studies of film surfaces, which showed surfaces stabilized by Cu(1)-O(1) chains[199].

Finally, Schroeder et al. have argued that cleavage occasionally occurs at the Y -
CuO» interface, with Y atoms distributed approximately equally between the two
cleavage faces and forming a c(2x2) superstructure [160].

The above issues are of crucial importance because photoemission isavery
surface sensitive technique. If the surface is reconstructed in some way or has dangling
bonds, then the photoemission spectra may not in fact be telling us anything about the
bulk electronic structure. This concern is compounded by the fact that the

superconducting gap has not been successfully observed in Y BCO, with the one possible

77



exception of two samples studied by Schroeder et a. which may have had a very unusual
but favorable cleave[160]. While the gap issue will be discussed in more detail in section
V, itisimportant to keep in mind, for it is an indication that the surfaces may be
problematic.

The first angle-resolved photoemission attempt on cuprate superconductors was
actually made on Y 123 by Stoffel et a. on single crystals cleaved at room temperature
[200]. They found no distinct features near the Fermi level which can now be understood
in terms of sample surface problems[28]. Campuzano et a. performed some early angle-
resolved photoemission studies on twinned single crystals of Y 123 cleaved at very low
temperature, and they have plausibly concluded from their preliminary data that the
experimental Fermi surface has the essence of the Fermi suface from the band
calculations.[201]

One of the first detailed angle-resolved photoemission studies of Y 123 was
performed by Tobin et al. [139]. A unique aspect of the study was that untwinned
crystalswere used. The as-grown Y 123 single crystals usually have 90° twins that make
the aand b directions indistinguishable. These crystals could be made twin-free by
preferencially adding pressure along one direction while annealing the crystal in flowing
oxygen. The advantage of using untwinned single crystalsis that one might distinguish
the contributions from the planes and the chains. However, useful information can also
be obtained from twinned crystals, in particular for the information as a function of
doping as we will show later.

We start out our discussion with a broad view of the valence band features. Fig.
4.33 reproduces angle-resolved photoemission spectrataken at different parts of the
Brillouin zone by Tobin et al.[139]. We can clearly see that the experimental spectra
vary dramatically at different locationsin k space. Furthermore, they are al'so very
sensitive to the polarization of the incident photon, and as Fig 4.34 shows, to the photon

energy. Tobin et al. attributed this dramatic photon energy dependence to photoemission
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final state effects, and pointed out the interesting aspect that the intensity modulation as a
function of photon energy for the states near the Fermi level and -1 eV featureisnot in
phase. The-1 eV feature reaches it maximum at 24 and 74 eV photon energies, while the
feature near the Fermi level reaches it maximum at 17 and 28 €V photon energies.

One of the most striking and controversial aspects of the datais the very intense
and sharp feature at approximately -1 €V. Fig. 4.35 reproduces the experimental data by
Tobin et a. detailing the behavior of thisfeature near the S and the X points, respectively
[139]. From Fig. 4.35a, we can see that the band dispersion of the -1 eV featureis
symmetric with respect to the S point, reflecting atypical critical-point behavior.
Furthermore, we can see that there are at |east two features which collapse into asingle
feature at the S point and these features are quite dispersive. However, this behavior is
not observed near the X point as shown in Fig. 4.35b. From the lower curves up in
Fig.4.35b, we can see that a sharp feature grows up from alarge background, and it
disperses towards lower binding energies. The amount of dispersion isvery small near
the X point, and hence the sharpness of the feature is not compromised by the finite
angular resolution of the spectrometer. Fig. 4.36 gives the experimentally determined E
vs k relation near the X (Y) point. This sharp feature was also observed in the twinned
single crystals, and was used to determine the surface normal [153-158].

The origin of this sharp feature in the main valence band is presently unclear.
Tobin et a. argued that this feature is associated with states derived from the CuO»
planes[139]. The fact that the peak exhibited comparable strength at the X and the Y
points in spectra taken from untwinned single crystals indicated that it was probably not
chain-related. They also found that this feature showed a sizable Cu resonance near the
X(Y) point but not away from these high symmetry points, indicating that this feature has
an appreciable Cu character near the X(Y) points. Liu et a. also argued that the -1 eV

peak was intrinsic, and that the strength of this peak was indicative of the sample quality,
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as oxygen-deficient samples as well as samples which have “aged” in vacuum show the
peak to be dramatically attenuated [158].

On the other hand, Claessen et a. argued that the -1 eV peak was a surface state,
based upon the sensitivity of it to surface contamination test and the fact that it shows
basically no k, dispersion [154]. Schroeder et al. found that the strength of the -1 eV peak
was diminished or even absent for some of their cleaves, and noted an anti-correlation
between the intensity of the -1 eV peak and the intensity of the near-Eg peak [160]. Fig
4.37 shows this behavior for two different YBCO samples. Sample 1 isvery unusua
(thiswas the only cleave of this type that they obtained, after at least 12 tries) in that it
does not have the strong -1 eV peak. This sample had more strength in the near-Eg pesak,
than Schroeder’ s typical samples, and, as will be discussed in chapter V, showed
indications of a superconducting gap. Thisisclearly avery difficult and complicated
issue, and more studies need to be done, in particular to characterize the nature of the
surface that is left behind by a cleave.

Asshownin Fig. 4.38 the-1 eV peak is also observed to exist in Y124 [155]. In
light of the fact that Y 124 has a dlightly different crystal structure than Y 123, this fact
may be important for understanding the nature of the cleave in each of these materials.

Fig.4.39 shows five cuts through the Brillouin zone that Tobin et al. used for
determining the Fermi surface of untwinned crystals of YBCOgg [139]. Thelocation of
each cut isindicated by the linesin figure 4.40a which shows the Brillouin zone of
YBCO in the extended zone scheme. Cut i corresponds to the data of 4.39a and cut v
corresponds to the data of 4.39¢, respectively. The locations where Tobin et a. felt there
was a Fermi surface crossing isindicated in figure 4.40a by an open circle, with the size
of the circle indicating the system resolution, and sometimes also by an asterisk in figure
4.39. Some of the crossings are fairly ambiguous and are open to interpretation - see for

example the crossings in panel 4.39b and 4.39c indicated by the asterisks.
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The most remarkable aspect of the data presented by Tobin et al. is probably the
very sharp peaks that are seen near the Y point at hv=17 eV (figure 4.39¢). The data
exhibit a very sharp structure very close to the Fermi level and a more broad feature near
-0.1 eV. The sharp feature near the Fermi level has afull width at half maximum of 40
meV, mainly determined by the instrumentational width of 30 meV. A partial reason for
the sharpness of this feature is the lack of energy dispersion so that the finite angular
resolution does not contribute to the broadening of the peak. The data near the X point
shown in Fig. 4.39d is very different in that we do not see the sharp peak.. Tobin et al.
attributed this assymetry to the crystallographic differences between the two directions,
namely one of them is parallel to the chain layers and one is perpendicular. From a
combined analysis of valence band and Ba 4d core level data, Tobin et al. contend that
the sharp peak near the Fermi level at Y is associated with the chain layer [139]. Aswe
will see, other papers contended that these sharp near-E peaks were CuO» plane
derived, or were possibly due to a surface state. Thisissueis still very much unsettled.

Fig.4.40B shows the comparison of experimental crossingsin the reduced zone
scheme together with the Fermi surface calculated by Pickett et al. with the smearing due
to thek; dispersion [139,176]. It isquite clear from this data that, similar to results from
the Bi oS 2CaCuyOgs 5 System, the experimental data has the essence of the calculated
Fermi surface from band theory. However, Tobin et al. have cautioned that one should
not take the agreement or disagreement of crossing points with the band cal culation too
literally. There was only alimited amount of data, and the uncertainties of the crossing
points were rather large.

More information about the Fermi surface was obtained from experiments on
twinned single crystals by several other groups. Recently, Liu et al. have performed a
very detailed Fermi surface mapping of YBaxCuzOgg [158]. Fig 4.41 shows data taken
with a photon energy of 21.2 eV aong two of the high symmetry directions. These

measurements were taken in the superconducting state at a temperature of 20K, as were
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Tobin et a.’s measurements. Because no clear superconducting gap was ever observed,
Liu et al. felt that this data could tell us Fermi surface information. Cut a, along I'-S,
shows a peak with very clear dispersion and anice crossing. To first order, thisdatais
very similar to Olson et a.’s and Dessau et a.’s Bi2212 data taken along the equivalent
directionin k-space (I'-X) [124, 142]. However, Liu et a. felt that two crossings could
be observed in the data; one near the angle 7/7 and one near the angle 9/9. Liu indicated
these crossings by the dark shading of the circlesin the inset to the figure. While the
second crossing is very clear, the first one is more controversial. Thisis becauseit is not
clear if the “ shoulder” observed closer to the Fermi level is due to an additional band, as
Liu argued, or if it issimply due to the Fermi function cutting off a very broad feature.
As amatter of fact, based on very similar data, Mante et a. only reported asingle
crossing along the M-S direction [159]. Along the I'-X (YY) direction, a peak appears
starting near 9 degrees. It shows asmall amount of dispersion and then appearsto cross
the Fermi level near 15 degrees. Note however that the photoemission spectra taken near
this portion of the Brillouin zone are very strongly photon energy dependent, and
measurements taken with different photon energies have given qualitatively different
results. This point will be addressed later.

In addition to the spectra along the high symmetry directions shown in Fig. 4.41,
Liu et al. have taken spectra throughout almost the entire Brillouin zone, as shown in Fig.
4.42. Using the criterion that a Fermi surface crossing occurs everywhere that a spectrum
has a) a peak near the Fermi level and b) a sharp Fermi-edge cutoff, Liu et a. determined
an experimental Fermi surface as shown in Fig. 4.43. The circles are the experimental
data points, which are plotted together with the band theory Fermi surface calculated by
Pickett et al. [176]. Thereisapartia agreement between the experiment and the theory.
On the one hand, one can see that there is a remarkable agreement between the
experimental data and the theoretical Fermi surface from the CuO» planes. (Fermi

surfaces marked as #2 and #3) On the other hand, the authors noted that they could not
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see the chain derived Fermi surface well, especialy band #4 for which they have
specifically searched. Thisisvery different from an earlier report by Campuzano et al.
where they claimed to have seen the chain Fermi surface #4 [201]. From a study of
YBayCuz0g.g, Mante et a. also reported the absence of the chain derived band #4 [159].
Liu et al. have also found that the effective mass of the experimental band #3 is about a
factor of 2 heavier than the calculated band mass, which is consistent with the results
from Bi 2S 2CaCuxOgy 5.

Although the agreement between the experiment and theory (for bands #2 and #3)
looks very impressive, we caution that the criterion Liu et a. used for determining the
crossings is different from the typical criterion used. In the case where the band is
dispersing very rapidly through the Fermi level, the criterions are essentially identical.
On the other hand, if the band is very flat, the criterions are very different. For the sake
of consistency, we redid the Fermi surface crossing pointsusing Liu et a.’s and Gofron
et a.’sdata and our own criterion, which we previously outlined in section IV-E-2 [156,
158]. Theresults of this are shown in Fig 4.44, where the error bars correspond to the
locations of crossings, and the shaded region enclosing these error bars show the location
where a Fermi surface crossing may possibly exist. The reason why the shaded region is
so large near the Y point is because the bands are very flat (non-dispersive), and so an
exact crossing is difficult to pinpoint. Also, aswe will point out shortly, the photon
energy dependence of these featuresis very complex, making precise determinations of
the crossing difficult. Although the result of Fig 4.44 is very consistent with that shown
in Fig 4.43, the agreement between the theory and experiment no longer appears as
robust. In addition, this figure appearsto imply a“generic” shape for the Fermi surface
of the p-type superconductors. a Fermi surface centered around S (11,79 and an extended
region of flat bands very near Eg centered around the Y point (11,0).

High resolution studies of the near-Ef feature near the Y point at avariety of

photon energies were done by Gofron et al.[156]. Fig. 4.45 shows datafrom Y 124 taken
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at a photon energy of 28 eV, which accentuates the peak near EF. Panel @) showsthe
behavior of the peak between I" and Y, and b) shows the behavior between Y and S. Fig.
4.46 showsthe E vs. k relationships for the peaks along those same high symmetry
directions. The diamonds correspond to Y 124 data taken at a photon energy of 28 eV,
and the squares correspond to Y 123 data taken with a photon energy of 17 eV. Itis
observed that the peaks have a“saddle point” behavior, with the saddle point at the Y
point. Gofron et a. pointed out that thisis not a conventional saddle point, but is much
more extended, due to the fact that there is so little dispersion along the I'-Y direction.
The “extended” nature of the saddle point is expected to qualitatively change the nature
of the divergence in the density of states[202]. According to Gofron, the main difference
between the Y 123 and Y 124 data is that the saddle point is dlightly closer to EF in Y123
(~ 10 meV below Ef) thanin Y124 (19 meV below EF) [156].

Before leaving the subject of the flat bands, it isimportant to make afew
cautionary remarks. The saddle point near Er at the X(Y) pointsin Y123 and Y 124 are
most clearly observed at the photon energies of 17 eV and 28 V. However, thereis
other evidence from data taken with 21.2 eV suggesting a band at the X(Y) point is chain
related. First of al, Tobin et a. revealed that the bands at the X and Y points are very
different in untwinned single crystals. Secondly, as we will discuss later in section 4.8,
the bands at the X(Y) point recorded at 21.2 €V is much more sensitive to the oxygen
content as compared with bands along the '-Sline. Since the chain statesin Y 123 are
most sensitive to the oxygen content, thisimplies that the bands at X(Y') recorded at 21.2
€V may be chain related. The datarecorded at 28 eV appear to behave differently. First
of al, it ismuch less sensitive to oxygen content. Similar features are observed with
YBCOg5and YBCOgg. Secondly, the datafrom 28 eV suggest that the band is always
below the Fermi level aong theM-Y line (Fig 4.45a), while the datafrom 21.2 eV clearly

suggest acrossing (Fig 4.41b). Thisraisesthe possibility that there are two bands near



Er at X(Y) intwinned crystals. Why there should be two bands, and whether one of
them is actually a surface state remain an interesting problem for further studies.

From the above discussions of the Fermi surface mapping of Y123 and Y 124, we
can see that the experimental Fermi surfaces have some of the essence of the band Fermi
surface. They have the generic shape of arounded square centered at the S point (1t,7).
However, there are significant differences between the data and the band cal culation
regarding the chain bands. It is presently unclear why these chain bands have not been
observed by photoemission. This pictureis very consistent with the result we get from
BioSr2CaCupOs+ 5. Actualy, the level of agreement found between the experimental
data and the band calculation for the Fermi surfacesis quite surprising. For Y 123, the
experiments were usually performed on crystals with oxygen content of 6.9 or lower,
while the calculations were usually carried out on the idealized crystal with oxygen
content of 7. There should be some differences because oxygen content is very important

to the electronic structure in this system. Secondly, unlike the case of Bi S 2CaCuyOgx 5

where the crystal cleaves between the two adjacent Bi-O planes connected by weak van
der Waals bonds, the cleavage plane of YBayCuzO7.5 isvery uncertain. Actualy, very
strong bonds were broken here so that one would expect surface reconstruction and other
surface phenomenato happen in thiscase. Infact, it is plausible that some featuresin

Y BCO data are surface-state related. Such activities are expected to cause distortions to
the electronic structure. Finally, alarge puzzle in the experimental datafrom Y 123 and
Y124 in genera isthat it missesalogical link. The datawere usually collected at 20K.
However, the sample surface area as probed by photoemission is not superconducting
with an upper bound of 5 meV for the superconducting gap (which we will discussin the

next chapter). Based on this, one would attempt to say that the surface area of the sample
as probed by photoemission is likely not Y BaoCuzO7.5 (with small &) as one would hope

it to be. Judging from the relation between T and oxygen content in Y 123, it is not

unreasonable to say that the fact that one does not see a superconducting gap probably
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means that one is either studying a reconstructed surface or a surface with much less

oxygen content. Because agap is also not observed in Y 124 and this system is much or
more more stable to oxygen loss, the possibility of areconstructed surface in both these
systems should be taken most seriously. The question then is why do we obtain a Fermi
surface that has so many similarities to the calculated Fermi surface of these materials?

Thisis presently still an open issue.

6. Resultsfrom n-type superconductors

Relative to the p-type superconductors such as Y BapCuzO7.5 and
BioSr 2CaCupxOg: 5, much fewer angle-resolved photoemission studies have been carried
out on n-type superconductors. Only very recently have there been reports of successin
observing dispersive bands near the Fermi level in Ndo_xCexCuO4.5 (NCCO) [161-163].
These studies have opened a new window into the physics of the cuprates because they
have very different doping levels than the p-types, have a ssmple structure and only one
CuO> plane per unit cell, making them ideal candidates for the study of the plane, and
have in many cases much more “normal” physical properties than the p-types. For
instance, in NCCO the T’ s are relatively low, the resistivity has a T2 temperature
dependence instead of the linear -in-T dependence of the p-types [203-205] and the
superconducting gap appears much more likely to be isotropic [206], while emerging data
indicates that the gap in the p-typesis strongly anisotropic and maybe even d-wave (see
chapter V). The combination of data on the n- and p-type cuprates is especially useful in
understanding the relationship between the electronic structure and the physical
properties.

Fig. 4.47 presents ARPES data near EF from NCCO from King et al. [161] and
Anderson et al. [162]. King et al. presented data from two different doping levels: asa
superconductor, x=0.15, and over-doped as ametal, x=0.22. A relatively high photon

energy of 70 eV was used for these studies, as King et al. found an enhancement of the
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weight of the near-Eg states near this energy. However, this had the negative effect of
decreasing the attainable energy and momentum resolution. The gridin Fig. 4.48
displays the relationship between 6/¢ and locationsin the 2D Brillouin zone for King's
studies. AsseeninFig. 4.47a, the constant @ and constant 6 scans are always taken with
both positive and negative angles, and the spectra properly exhibit the crystal symmetry
about theM-G1-Z line. This observed symmetry with respect to the M'-G1-Z lineisan
excellent internal check of the sample orientation and data reproducibility and generates
increased confidence in the data. The intensity of the photoemission peak, however, does
not reflect the symmetry. Thisis most likely caused by a matrix element effect arising
from the different photoel ectron emission angles relative to the sample surface and
incident photon direction. The ARPES peak is much broader near Eg than observed in

Y BCO and Bi2212 (note that the experimental energy resolution is not the limiting factor
here since the observed peak FWHM's are at least twice as broad as the instrumental
resolution). The width of the peak was not found to be photon energy dependent.

Fig. 4.48 presents the experimentally determined Fermi surface from the
superconducting and over-doped metallic samples, together with the corresponding LDA
calculated Fermi surface [173]. The solid line represents the calculated Fermi surface
with kz smearing included in the line width. The experimental Fermi surface is marked
with error bars with the orientation of each error bar along the direction of the dicein the
Brillouin zone where the peak is observed to cross EF. The empty circlesindicate k-
space locations wherethe ARPES measurements were performed, and their diameter
represents the angular resolution of the spectrometer (£1°). The experimentally
determined Fermi surface for both doping levels agrees very well with results from the
LDA calculations. The Fermi surface that Anderson et al. measured on x=.15 samples
with a photon energy of 17 eV agreed very well with King et al.’s measured Fermi
surface [162].
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Many theoretical models of the cuprates are based on the hypothesis that the
essential physics are included in the nearest-neighbor interactionsin the CuO» plane. A
tight-binding calculation of a half-filled CuO2 band with only nearest-neighbors
generates a square FS with perfect nesting along the [110] direction (I'-X). By including
the next-nearest-neighbor interactions, the FSis rotated by 45° and the corners of the
sguare are rounded[207]. The measured FS agrees with the latter scenario, suggesting
that the next-nearest-neighbor interactions are very important to the electronic structure
near EF and model Hamiltonians including only nearest-neighbor interactions are not
sufficient.

Also very interesting is the fact that the measured FS consists of a hole pocket
centered at X, which according to semiclassical theory contains hole charge carriers. In
disagreement with this prediction, the superconducting samples (x = 0.15) have a
negative Hall coefficient, revealing electron charge carriers [205, 208]. The Hall sign
becomes positive for over-doped metallic samples (x = 0.20); however, King et al.’s data
does not show a large change in the shape of the Fermi surface to reflect the transition
from hole to electron carriers. In addition, they find that for increased Ce doping, the
Fermi surface shrinks (see section 8). Therefore, we should expect the free carrier
concentration to diminish. Thisisin contrast to both the resistivity and Hall coefficient
measurements which decrease with increased Ce doping, consistent with a direct
enhancement of the carrier density [205, 208].

Despite the LDA calculation's remarkable success in predicting the Fermi surface
of NCCO, King et a. found that it had difficulty describing the electronic structure below
EF[161]. Thisissimilar to the case in Bi2212, where the calculated Fermi surface
matched experiment much better than the near-E g band structure. Fig. 4.49 compares the
measured and LDA calculated band structure along the X-G1-X high symmetry direction.
In disagreement with one-electron band theory, they find that for both samples the band

is narrower than calculated along the X-G1-X direction, afactor of two narrower for the
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metallic sample (x=0.22) [161]. However, along the I'-X direction, Anderson et a. found
that the dispersion relation matched the band theory prediction very well, as shown in the
inset to Fig 4.47b [162]. Thisisanalogous to the case of Bi2212, where the discrepancy

between the experimental and theoretical band dispersion is greater near (11,0) (the M and

G1 points) than along the I'-X direction.

7. Comparison of band and Fermi surface mappings from the different families
of the cuprate superconductors

The recent availability of detailed and reliable data on awide range of cuprate
superconductors gives us the unique opportunity to make a comparative anaysis of the
electronic structure and the physical properties of the different classes of the cuprate
superconductors. We pay particular attention to those aspects of the near-Er electronic
structure and Fermi surface that appear to be derived from the CuO2 planes, as these are
the most important and common aspects of all the cuprates. Such an analysis shows
many trends and commonalities in the data, and also reveals some striking contrasts,
especially between the n- and p-type superconductors. A very self-consistent picture
emerges, which appears relevant to our understanding of many of the “anomalous”
physical properties of the p-type superconductors, as well as the more “normal” physical
properties of the n-types.

In figure 4.50 we replot the experimental E vs. k relationships from Bi2212 [142],
Bi2201 [165], Y123 [156,158], Y 124 [156] and NCCO [161]. To allow a better
comparison of the data between the different materials, we overlay the data (points) with
asmple E vs. k relationship which is consistent with the Bi2212 data from Dessau et al.
[142]. It isimmediately obvious from the figure that there are many commonalitiesin the
electronic structure of these materials. In particular, they all have a) highly dispersive
bands which cross the Fermi level near the mid-point of [0,0] to [T/a 17/d] , and b) flat
bands at the points [ /a,0] and [0,77/a]. In NCCO, these flat bands are approximately 300
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meV below Efg, whilein the p-typesthey are very near EF. Aswe will discuss later, this
presence/absence of the flat bands at EF may have a significant impact on many of the
physical properties of these materials.

To first order, we can understand the location of these flat bands from atight
binding analysis of the CuO» plane electronic structure. Asshown in Fig. 4.14, inclusion
of the nearest-neighbor Cu-O coupling leads to avan Hove singularity at Ef for half
filling (zero doping). Inclusion of higher order terms buckles the Fermi surface and
moves the saddle point below EF, as shown by a number of authors[137, 172, 211].
Electron doping will move the Fermi level farther away from the saddle point, while hole
doping will moveit closer. Thisisconsistent with Fig. 4.44, and with the notion that the
amount of hole doping in p-types doped near the optimal level for superconductivity will
place the Fermi level very near the saddle point.

However, the behavior of the bands between [0,0] and [11/a,T0/a] is not consistent
with this simple picture, for in this picture one would expect the crossing points between
between the n- and p-type superconductors to be very different along thisline. More
work needs to be done to understand these intriguing similarities and differences.

We now return to the issue of the saddle-point, often termed a van Hove
singularity or vHs. Intheideal two-dimensional system, it leads to alogarithmic
singularity in the density of states, as shown in figure 4.14. While it haslong been
realized that avHs in the DOS may lead to very unusual physicsif it lies near Ef, the
existence of avHsin the DOS of the cuprates [209-212] was controversial. There were
theoretical concerns that the vHs would not lie near Eg for the optimal doping levelsfor
superconductivity, as well as the fact that the vHs may be significantly smeared out in the
real materia due to three dimensional effects, inhomogeneities, or finite temperatures.

A key contribution of the ARPES measurements is that the saddle point or vHs does
exist, and it isat or very near Ef for the p-type cuprates. Thefact that it is near Eg for the p-

types and not the n-types can be understood on the basis of a simple tight-binding model of the
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electronic structure of the CuO» plane. As shown in figure 4.14 the simple tight binding model
which includes only the nearest neighbor Cu-O bonds gives a square Fermi surface at half filling
with the vHs at EF due to the saddle point at [11/a,0]. However, theoretical studies have shown
that the inclusion of long range interactions (such as O-O hopping) buckles the Fermi surface
and moves the saddle point below Er. Moderate p-type doping is then necessary to bring the
saddle point or vHs back to EF [172, 211, 212].

Dueto their energy position with respect to Ef, the flat bands would be expected to play
asignificant role in the physical properties (transport, superconductivity, etc.) of the p-type
cuprates but not in the physical properties of the n-types. We will next try to make connections
between the spectroscopic evidence of the flat bands and other physical properties of the
cuprates, with particular attention paid to those properties which are found to be different in the
n- and p-type cuprates. Much of this discussion assumes we can borrow the quasiparticle
concept. It should be pointed out however, that due to uncertainties regarding the photoemission
lineshape and background, it is still a question whether photoemission data can be interpreted
using the quasi-particle concept as defined by Fermi liquid theory.

A number of physical properties are found to be different in the p- and n-type cuprates.
These include the T ¢, which may be significantly higher in the p-types than in the n-types, and
the temperature dependence of the resistivity, which islinear over avery wide temperature range
in optimally doped p-types[117, 213], but which is quadratic for NCCO [203-205]. The
possibility that these and other anomal ous properties may be related to flat bands at EF has been
theoretically discussed in the literature, primarily within the context of avHs in the density of
states [214, 215]. While the relationship between the flat bands near EF and thelinear T
dependence of the resistivity appearsto be fairly robust, the relationship between the flat bands
and T isnot yet so clear, particularly in light of the fact that Bi2201 has the flat bands yet has a
very low T¢. Of course, the possibility does exist that minor differences in the location or

curvature of these bands will have a profound effect on the T¢. It should also be pointed out here
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the existing data at 28 eV as afunction of doping also cast doubts about the simple connection
between the van Hove singularity and physical properties.

Finally, there is the issue of the symmetry of the superconducting order parameter. As
we will discussin section V, there is evidence from nmr [216], ARPES [149, 217, 218],
penetration depth [219,220], Josephson Junction measurements[221], tunneling spectroscopy
[222], electronic Raman background[223], and infrared transmission [224] that the gap in the p-
type cuprates is strongly anisotropic and possibly even d-wave. On the other hand, penetration
depth measurements indicate an isotropic s-wave gap in the n-type superconductor NCCO [172].
The ARPES results, in combination with some theoretical work by Dickinson and Doniach, raise
the question whether the differences in the gap symmetry may aso be a function of the
differences in the electronic structure, in particular, the energy position of the flat bands. The
ideaisthat ad-wave or generally anisotropic gap may be stabilized by a k -space anisotropy in
the contribution to N(Eg), with alarger gap in the region of high state density due to the energy
gain from gapping many states. Thisis precisely what has been observed in Shen’s ARPES
measurements of the SC state of Bi2212 - A(k) is maximum near M and minimum near the
crossing along M-X(Y) (see section V) [218]. In NCCO, a strongly anisotropic or d-wave gap
may not be favored since the flat bands are well below Ef.

A comparison of the experimental Fermi surfaces of Bi2212, Bi2201 and NCCO
isalso very interesting, and is shown in figure 4.51. Dueto the larger error bars, the
Fermi surface of YBCO shown in Fig 4.44 isnot included. We observe that the Fermi
surfaces of both Bi2201 and NCCO are closed around the X(Y) points, although they
have different sizes. The difference in the doping level can very naturally explain this
difference - the extra electrons raise the Fermi level in NCCO, causing the Fermi surface
to shrink around the X (YY) points.

For Bi2212 and Bi2201, the Fermi surface is strongly nested. Asdiscussedin
section 3, thisimplies that the quasi particle scattering will be strongly centered near the

nesting vectors, which is expected to affect the susceptibility as well as other physical
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properties. However, as can be seen in the figure, the magnitude of the nesting vector is
dightly smaller in Bi2201 than in Bi2212. An important point to note is that the nesting
vector in Bi2212 is nearly commensurate with the antiferromagnetic wave vector (1,7,
while the nesting vector in Bi2201 isless commensurate. Therefore, this subtle
difference in the Fermi surface may be very important, particularly for mechanisms of
superconductivity based on antiferromagnetic spin fluctuations [182, 225-227]. A
fraction of the Fermi surface of YBCO also appears to be nested along the (1t,7) direction
(seeFig 4.44).
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8. Doping behavior of the cuprates as studied by angle-resolved photoemission

Aswe have pointed out in the introduction, among the most interesting physical
properties of the high temperature superconductors is their doping mechanism: the
superconductors are made by doping antiferromagnetic insulating materials. Many
experiments have been carried out to understand thisissug[168-170]. These include an
earlier angle-integrated photoemission study by Allen et a. where they did not observed a
large Fermi level shift as a simple doping picture would suggest when one goes from p-
type(Lap-xSrxCuO4) to n-type(Ndo-xCexCuO4) superconductors[170]. Thisled to the
scenario that the doping of Mott insulators creates new states inside the Mott gap and the
Fermi level is pinned by these states, in contrast to a theoretical investigation which
suggest that the chemical potential shifts across the gap when a compound is doped from
p-type to n-type.[172b] Thisview point has been challenged by Hybertsen et al. who
suggested that the potentials of the LapxSrxCuO4 and Ndo-xCecCuO4 system are large
enough so that the first ionization state could be very different [137]. They suggested
that one can not simply compare the results from Lap-xSrxCuO4 and Nd2.xCexCuO 4.
Furthermore, Chen et a. have successfully explained the doping of Lap-xSrxCuO4 system
by amodel involving the chemical potential shift [227]. Since then, some angle-resolved
photoemission experiments have been carried out to study this problem. We summarize
the experimental data from angle-resolved photoemission on the doping issuein this
section.

Fig. 4.52 reproduces photoemission spectra recorded from BioSroCaCuoOsgy 5
single crystals by Shen et a.[168]. The four panels represent angle-resolved
photoemission spectrafor as-grown (thin line) and 12 atm O annealed (thick line)
samples at different parts of the Brillouin zone: normal emission, near where the first
band (with the lowest binding energy) crosses EF dong 'Y, I-X and '-M directions.

The oxygen annealling dopes more holes into the system and resulted in areduction of Tc

from 89K to 78K. Thisis because the BioSroCaCuOg: 5 Samples used for this study lie
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in the over doped region of the doping phase diagram where T ¢ drops with the increase of
carrier concentration.(see Fig. 4.3) Besides some small line-shape changes, the main
valence-band features of the 12 atm oxygen annealed sample shift about 0.2 eV towards
the Fermi level. Shen et a. suggested that this shift is actually a consequence of the
chemical potential shift as afunction of doping [168]. The amount of shift is consistent
with the amount of oxygen content change (and thus the carrier number change) in the
samples. Thisresult suggested that the Fermi level shift is a direct consequence of
doping for Bi 2Sr2CaCupOg: 5 in its highly metallic regime. Shen et a. have also
attempted to study the associated change of the Fermi surface with doping but have failed
to find aconclusive result [168]. Takahashi et a. have also observed similar chemical
shifts from valence band photoemission data on the BioSroCag-xY xCuoOgy 5 System
[169)].

Recently, van Veenendaal et al. have performed a valence band and core level
study of the Bi 2Sr2Cay-xY xCu20g+ 5 System with alarge doping range covering both the
metallic and the semiconducting regime [229]. The experiment were performed on
polycrystalline materials scraped in situ. Fig 4.53 shows XPS valence band data (angle-
integrated) obtained on samples with avariety of different doping levelsx. Fig 4.53b
shows a blowup of the region near the Fermi level, indicating that there isa shift in the
emission onset of the spectra, similar to what Shen et al. have observed for oxygen doped
Bi2212 samples [168]. While van Veenendaal’ s data had much less structure, making a
definitive determination of the shift more difficult, they took data covering a much wider
range of doping, aswell astaking core level data. Fig. 4.54 summarizes the results of
their study. The horizontal axis gives the number of holes per CuO2 unit and the vertical
axis gives the shifts required to align the leading edges of the various core levels and the
valence band. Itti et al. [230] and Shichi et al.[231] obtained similar results on core level
data. Van veenendaal argued that a chemical potential shift was the only way to fully

explain the fact that all of the core levels and the valence band moved in the same
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direction in aconsistent way. They speculated that the rapid shift at small hole
concentrations (large Y content) was due to the movement of the chemical potential
within the band gap, and the slower shift at higher hole concentrations occurred after the
chemical potential reached the top of the valence band. Finally, they speculated that the
increase in the spectral weight with increased doping was likely to do the incoherent part
of the one-electron Green’ s function, as opposed to moving new states into the gap.

A very powerful technique to studying the doping effects is with angle-resolved
photoemission. The most extensive of these studies was carried out by Liu et al. on
YBayCuz0y.[153]. Fig. 4.55 shows angle-resolved photoemission spectra taken along
the I"-S direction for samples with an oxygen content of x=6.9, 6.7, 6.5, 6.4 and 6.35.
The results from the 6.9 sample are very consistent with those discussed in the previous
section. Liu et a. identified these states as the Cu-O plane derived bands #2 and #3. The
experimental data from samples of x=6.7, 6.5, 6.4 were very similar to the x=6.9 data,
indicating that the Fermi surface crossings of these plane bands along this direction do
not change appreciably. Thisresult may be related with the fact that the change of
oxygen in Y BapCuz07.5 is mainly affecting the oxygen atomsin the chains, not the
planes. The spectrataken from the x=6.35 sample show much less dispersive weight,
although there is aremnant of afeature which still appearsto “cross’ the Fermi level,
even though the material at thisdoping level isan insulator. Thisisavery unusual
behavior which definitely deserves more attention. Liu et al. speculated that the
correlation effects suddenly became important at this doping level [153]. They did not,
however, give justification for this argument. From atheoretical point of view, itis
easier to see a continuous increase of importance for correlation effects as fewer and
fewer carriers become available to screen the Coulomb interaction.

Fig. 4.56 shows Liu et a.’s angle-resolved photoemission data along the IM'-X(Y)
direction for differently doped samples[153]. We can clearly see the systematic

weakening of the sharp narrow band near the Fermi level as x decreases, although again
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the “crossing” point isbasically unaltered. Aswe have discussed earlier, thisisthe
general region of k-space where the Cu-O chain bands are predicted to occur. If this
interpretation is correct, then this result is consistent with the fact that doping of oxygen
most directly affects the oxygen chains. However, as we have discussed earlier, there has
not yet been a study which has been able to definitively prove the nature and origin of the
states in this general region of k-space. Very complete studies of the effect of doping on
untwinned single crystals may be able to answer these questions.

Gu et a. studied the effects of cation doping YBCO crystals with Co and with Zn,
which substitute for Cu at the chain and plane sites, respectively [157]. The valence
states near EF aong M-S were virtually unaffected by the substitutions for the samples
that were superconducting. However, the spectral weight near Er disappears for a higher
Co-doped, non-superconducting crystal.

An angle-resolved doping study of the Nd».xCexCuO 4 system was carried out by
King et a., for x=0.15 and x=0.22 [161]. The experimental Fermi surfaces from this
study are shown in figures 4.48a and 4.48b, respectively. Figure 4.57 shows a
comparison of the two experimental Fermi surfaces. We observe that the increase in
electron doping in going from x=0.15 to x=0.22 causes the Fermi surface to get
marginally smaller. While the change is only dlightly greater than the error bars, it does
appear to be areal effect, and isin the direction expected by the band-filling model.

To summarize, two primary effects have been observed as the cuprates are doped.
(1) Thereisachemical potential shift consistent with band filling for some p-type
systems and the n-type compound in its metallic regime.. This effect has been observed
by core level shifts[229-231], valence band shifts from both angle integrated [229] and
angle-resolved photoemission [168, 169], and changes in the volume of the Fermi surface
[161]. (2) Thereisanincreaseinthe weight of the states near the Fermi level asthe
material is doped away from an insulator. Thisis observed in absorption edge studies

[232], angle-integrated photoemission [170] and angle-resolved photoemission studies
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[153, 233]. Interestingly, these effects are not observed consistently in al samples and
they sometime appear exclusive with respect to each other. The differences may be due
to sample quality, with one of the two effects explainable on the basis of poor quality
samples. More studies clearly need to be done to resolve thisimportant and complicated

issue.

9. Symmetry information obtained from the polarization of the incident photon
beam.

As we have seen throughout this chapter, there are very strong matrix element
effects due to the direction of the polarization of the incident light. These polarization
effects can be avery powerful tool for revealing some basic information about the
electronic structure. First, these polarization effects can help us to deconvolute some
features from others by selectively enhancing or diminishing the strength of one feature
relative to another. For example, this has been very helpful in the analysis by Dessau et
al . centering around the data of Fig. 4.24 - 4.26 [142-143]. Second, a careful analysis of
the polarization effects may shed some insight into the symmetry of the states being
studied. This section will concentrate on the latter.

While these effects can be most precisely studied using the one-step model and a
real calculation such as LDA band theory,[234] asimple analysis can very effectively
describe the situation, as well as lend much intuition into the physics of the problem.
This approach has been used to understand the polarization effectsin ARPES for a
variety of materials systems, and has been found to work quite well [235-237]. The
matrix element M for absorption is given by M=(e/mc)<ys(k)|A-p|Wi(k)> where A isthe
vector potential of the light (colinear with the E vector), yj(k) istheinitia (hole) state,
and (k) isthefina (electron) state. The basic point isthat since [M|?2 is an observable

guantity, it must always be invariant under symmetry operations, and so only those
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combinations of initial state, final state, and vector potential that leave [M|2 invariant
contribute to the photoemission process.

The simplest experimental situation for discussing and understanding the
polarization effectsisillustrated in figure 4.58. The sample is assumed to be Bi2212,
although the analysis of course works for all the cuprates, with the requirement that the
labeling of high symmetry points is mapped correctly as discussed in section 1.a. We are
assuming (for now) that the a-axis of the sampleisvertical or horizontal. Thiswill put
the lobes of the Cu dx2.y2 orbital at a45° angle to the horizontal and vertical directions,
asillustrated in the figure. We then consider normal incidence photons with the E vector
parallel to thefloor (asit will be from a synchrotron), and electron emission from this
dx2.y2 orbita inthe Y plane, as shown. Relativeto this -Y mirror plane, theinitial
state (considering just ady2.y2 orbital here) has odd symmetry, for positive (negative)
lobes reflect into negative (positive) lobes. The final state can to first order be thought of
as a plane wave, with spherical wave fronts. These wave fronts are symmetric about the
mirror plane, and so the final state has even symmetry relative to this plane. We can get
away without having to take the effect of the momentum operator A -p by realizing that it
isjust the dipole operator, and the symmetry of it will be the sameas A-r (or else we can
expand the initial and final states as a series of spherical harmonics, operate on the final
state with the momentum operator, and integrate over the spherical harmonics).

From figure 4.58 we see the dipole operator is even with respect to the mirror
plane, and so the matrix element M = even-even=odd=odd, or emission inthel"-Y mirror
planeis not allowed. Keeping everything else the same and considering emission in the
I"-X mirror plane, we see that the initial stateis still odd, the final state is still even (with
respect to the I'-X plane now) and the dipole operator now odd. The matrix element is
now even and so emission is allowed.

Figure 4.59 shows some normal state data of Bi2212 from Dessau et al. takenin a

geometry similar to that shown in Fig. 4.58 [143]. Because of the superstructurein this
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material arising from a slight lattice mismatch between the BiO and CuO» planes, the T -
X and I'-Y directions are not necessarily equivalent, and so data was taken along both the
-X and I"'-Y for both polarizations. Thiswas achieved by taking the -X and I'-Y cuts
and then rotating the sample by 90° and retaking the cuts but with the different
polarizations. For both '-X and I'-Y, thereislessintensity if the electron emissionisin
the mirror plane defined by the surface normal and the polarization direction, in
agreement with the simple discussion based upon the symmetry of the states. This
indicates that the initial state has odd symmetry with respect to the '-X and I"-Y planes,
i.e. thisresult to first order confirms that the orbital which makes up the band crossing Eg
along M-X(Y) has significant dx2.y2 symmetry, in agreement with the predictions of
tight-binding or band theory models of the electronic structure of the cuprates. The fact
that one does not see strict selection rulesindicates that states with a variety of
symmetries may be present, and/or that the simple arguments used here are not sufficient.
The fact that thereisin general lessintensity along I'-Ythan I'-X is consistent with the
fact that the superstructure is aong the b-axis, as determined by LEED, Laue, and STM.
The superstructure appears to be a sizable perturbation to the electronic structure near Ef.
An in-depth look at the polarization dependences of the near-Eg features of the
Y 123 system was carried out by Lindroos et al. using a combination of photoemission
data and theory based on the one-step photoemission model and LDA-based wave
functions [234]. Lindroos et al. also considered the simple geometry indicated in Fig.
4.58, and thus took spectra aong the I'-S line (remember that IM'-X(Y) for Bi2212 maps
toM-Sfor Y123). Calculations were carried out for each of the six possible surface
terminationsin Y 123 (see Fig. 4.32) and then compared to the experiment. The BaO
layer followed by the CuO2 plane was found to agree best with the experiment, and so
was presented in the paper (of courseif thereisonly one termination on a surface, then at

most only half of the surfaces could have thistermination). The data and theory are
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shown in Fig. 4.60. Asin the case of Bi2212, the feature is much stronger when the
emission direction is normal to the polarization direction.

Before closing this section, we return to the question of the nondispersive spectra
of figure 4.59d. These spectralook identical to the spectrathat we always see when the
(dispersive peak) isfar enough below or above Ef that it isno longer visible, and so itis
very tempting to consider these spectrato be just a background that the dispersive peak
sitsupon. Note that thisis avery different type of background than we usually seein
photoemission. Typically this background is aresult of electronsinelastically scattered
on their way out of the sample, and so these el ectrons show up at alower kinetic energy
(higher binding energy) than the primary photoelectron peak. The number of these
secondary electronsis then proportional to the number of electrons (primaries or
primaries plus secondaries, depending primarily upon the kinetic energy) at higher kinetic
energies. These spectrado not look like that, for there are no primary electrons at higher
energies. One possible explanation for this background isthat it is due to elastically
scattered electrons, that is, the weight came from the dispersive peak at adifferent k
value. Other more exotic types of explanations center around the possibility that the
nondispersive "background" isin fact intrinsic to the spectrum. Regardless of the origin
of thisfeature, the polarization results are still very important for they tell us that we can
in effect deconvolute the dispersive peak from the nondispersive "background”, simply
by subtracting the spectra of the two polarizations, or by subtracting a spectrum which
does not have the dispersive peak present. Thistype of background subtraction will be

important for the discussion of the photoemission lineshapein the next section.

10. Analysisof the quasi-particle line shape
Another very controversial aspect of the angle-resolved photoemission spectrais
the lineshape of the low energy excitations [118, 124, 166, 167, 238-243]. The lineshape

of photoemission spectra has long been a good source of information. For example, the
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well-known Doniach-Sunjic lineshape of core level photoemission spectra gives us the
information about the particle-hole excitations in a metallic system[244]; the lineshape of
valence band photoemission spectra of transition-metal compounds (in particular the
satellite lineshape) lead to a better understanding of these materials asillustrated in the
Zanaan-Sawatzky-Allen (ZSA) scheme discussed earlier in Chapter I11.

The lineshape issue in the cuprate superconductors first surfaced when Olson et
al. presented their beautiful high resolution angle-resolved photoemission spectra from
BioS2CaCupOgt shown in Fig. 4.21. The data was analyzed by Olson et al. with an
ansatz as shown in Fig. 4.61 [124]. Within the framework of this ansatz, the lineshape of
the experimental spectrais modeled with a series of Lorentians cut off by the Fermi
distribution function on top of alarge background. With this hypothesis, Olson et al.
concluded that the width of the lorentzians, and hence the quasi-particle lifetime, is
proportional to its energy referenced to the Fermi level [124]. Thisisin contrast to what
one would expect from a canonical Fermi liquid picture where the lifetime is expected to
be proportional to the square of the energy referenced to the Fermi level [120]. This
result is often quoted as a piece of supporting evidence for the marginal Fermi liquid
hypothesis, which predicts lifetimes which vary linearly with energy [118]. Moreor less
the same conclusion has been reached by Campuzano et a. for data from Y BapCuzO7.5
using the same ansatz (see Fig. 4.62) [241].

The above interpretation of the lineshape of the photoemission data has been
guestioned by a number of authors and has sparked alively debate. There are concerns
of the energy scale over which the fits were carried out, the background subtraction used
in the fits, the simple ansatz of using lorentzians to model the spectra, as well as many
others. We will briefly review these issues issues here and point out some alternative
interpretations and fits that have been carried out. Finally, we will discuss some
experiments done on model systems aimed at giving us an understanding of these low

energy excitationsin simpler systems that we understand well.
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The first issue, that of the energy scale of the features that have been fit, is of
crucial importance if oneistrying to use this data to address whether the cuprates are
Fermi liquids or not. Thisis because the imaginary part of the self-energy of aclassical
Fermi liquid only needsto vary quadratically over asmall energy range near Eg. The
magnitude of the energy rangeisto first order expected to be similar to the energy scale
of the relevant physics. The centroids of the featuresfit by Olson et al. range in energy
from approximately -.3 eV to -.05 eV, or between 3600K and 600K [124]. Relativeto
the energy scale of most of the processes that we are concerned with, thisis very high.

Next there is the issue of the background subtraction. There are a number of
possible mechanisms for a background to exist, and it has been argued that the
background was not properly removed by Olson et al. Olson et al. assumed that al of the
background was due to inelastically scattered secondary electrons, which were subtracted
in the standard way by assuming that the number of secondary electrons at any energy is
proportional to the number of primaries at higher (kinetic) energies. A signal that the
background subtraction used was not entirely self-consistent is evidenced by the fact that
the amount of background subtraction required to do this appears to be unusually large.
Thisis because to first order we would expect that in a given spectrum the ratio of the
inelastically scattered electrons to the primary electrons at higher kinetic energies would
be roughly constant. Liu et a estimated this constant from the full valence band scans
(figure 4.63a), and arrived at a value almost two orders of magnitude smaller than that
used in the fits to the near Fermi level states, that is, to first order it would appear that the
background subtracted to obtain the spectra shown in figure 4.61 is approximately two
orders of magnitude larger than would be expected as a result of inelastic scattering of the
primary electrons [240].

Liu et al. fit Olson et a’s data of Fig. 4.61 but used amore realistic lineshape than

alorentzian cut by a Fermi function [240]. They modelled the spectra as the spectral

weight function A(K,w) = %I m G(k, w) where G(k, w) is the single particle Greens
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function. The expression for the Green's function is G(k,w) = [ w-gx - Z(k,w)] -1 where g
isthe free-particle excitation energy and Z isthe self energy. The self energy for Fermi
liquid theory was assumed to be momentum independent and so was taken to be

S (k,w)=0aw+HPBw2. Theimaginary part of the self energy gives the damping and so for the
Fermi liquid case goes as w? (assuming a spherical Fermi surface). For an imaginary part

going as w?, the real part goes as w as can be seen by doing a Kramers-Kronig analysis.
Plugging in, we find that the spectral weight function is A(k,w) = -1 (— B®* )

O g + B
where we have made the scaling s'k:f—gand B :1% Essentially thisis alorentzian which
goesto zero at EF due to the w? term in the numerator. Only for £=0 (at Eg) is A(k,w) a
true lorentzian. Figure 4.63b shows theoretical spectrafor one k-value for both the Fermi
liquid (FL) and marginal Fermi liquid (MFL) [118] self energies. Both of these give
photoemission spectra (negative energies) which are asymmetric, with the MFL spectra
having more weight away from the Fermi level. This asymmetric lineshape in general,
and the weight at higher binding energiesin particular, were some of the key points of
Liu et al's paper, for they ascribed as intrinsic much of the high binding energy weight
that Olson et a. had subtracted from his spectra. Results of Liu et a'sfits to Olson's data
of Fig. 4.61 are shown in Fig. 4.63c for both the FL and MFL cases. The quality of the
fitsfor both the FL and MFL case were roughly equivalent, with the main problems being
excessive weight near the Fermi level which could not be accounted for by the theory.
Additionally, the amount of background subtraction needed to make these fits was stil|
way too large. Using the full valence band as a guide to the subtraction (figure 4.63a),
the background coefficients were approximtely 60 times and 15 timestoo large for the FL
and MFL cases, respectively. Liu et a. thusfelt that neither lineshape fell off slowly
enough [240].

By doing some studies of the effect of the polarization of the incident light,
Dessau et al. argued that there was an additional part of the background that should be

subtracted before such afitting isdone [143, 149]. The key results of the study were
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shown in Fig 4.59, which shows dataalong M-X(Y), asin Fig. 4.61, but this time with
variable polarizations. We observe that the dispersive peak is very sensitive to the
polarization of the incident light, while there is a“background” which extends up to Eg
which is essentially independent of the polarization of thelight. This indicates that the
dispersive peak and this background are distinct, and so this flat background should be
removed from the spectra before the lineshape of the quasiparticle or dispersive peak is
fit. Thiswill clearly improve thefitsthat Olson and Liu have attempted, as their major
problem was in fitting the region near Eg (particularly when the quasiparticle was far
from Ef so that the background contributed more strongly).

It should be noted that the origin of this flat background which extendsup to Eg is
not yet known. It may be an extrinsic effect due to a poor quality sample: for instance, it
may be due to elestically scattered electrons. Arguments against this fact are that the
Bi2212/Bi2201 surface is generally regarded as being the highest quality of the cuprates,
yet this background is larger in Bi2212/Bi2201 than in the other cuprates (the high
quality surface is generally attributed to the fact that the crystal cleaves so nicely between
the pair of BiO planes, and is evidenced by the fact that the superconducting gap has so
far been convincingly observed only in Bi2212). If this background isintrinsic, it is
likely due to an incoherent part of the spectrum.

Anderson also argued that too much background was cut of f by Olson’s ansatz,
although he was principally concerned with the background at higher binding energies.
He suggested an alternative interpretation of the experimental data which can be best
illustrated by replotting Olson's data as shown in Fig. 4.64 [239]. Hefelt that the data
could be regarded as a changing of the peak position within afixed envelope. Thisway,
he concluded that the data actually supported the novel theoretical concept of charge and
Spin separation.

Due to the above desire to obtain lifetime information from the photoemission

lineshapes, afundamental question wasraised: do wereally know what the
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photoemission line shape should look like in systems usually regarded as good examples
of aFermi liquid? Without this knowledge, the above discussion is premature. Fig. 4.65
illustrates what the idealized photoemission spectra should look like if the canonical
Fermi liquid pictureisvalid. Without the complications of finite angular resolution and
the inelastic background, the quasiparticle spectra of a Fermi liquid should be adelta
function at the Fermi level and then afinite peak which broadens as it moves away from
the Fermi level [238]. In addition to the quasiparticle part of the spectra, experimental
data should also have a contribution from the incoherent background.

The photoemission spectra obtained in reality is often quite different from the
idealized result. Fig. 4.66 shows angle-resolved photoemission data of the Cu (111)
surface state by Kevan et al.[245]. In contrast to what one would expect from a Fermi
liquid (Cu metal isusually regarded as a Fermi liquid), we can see that the peak actually
becomes sharper as it disperses away from the Fermi level. Contributing factors for this
are likely to be the combination of the parabolic band structure and the finite angular
resolution of the experiment. Even after these are taken into account however, the high
binding energy features are still sharper. Tersoff and Kevan interpreted thisin terms of
the surface scattering (Umklapp) of eectrons, which artificially broadens the states nearer
Er [246]. This example shows that we have to be very careful in drawing conclusions
from the lineshape of photoemission spectra. Therefore, the focus of the lineshape
discussion has currently switched to the question of what isthe ideal photoemission
lineshape near the Fermi level for the known Fermi liquids. The questions that should be
asked are the following: What is the photoemission spectrum of a Fermi liquid? (this
includes the influence of the periodic potential which in away is different from the
canonical behavior of the original Fermi liquid picture which assumes that the periodic
potential isweak enough to be ignored). What are the roles of other parameters such as

phonons and temperature? What is the appropriate way to handle the background issue?
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What is the role of the spectrometer (non-perfect transmission function, finite angular
resolution and other practical problems)?

Prior to these discussions, there were actually some nice studies touching the
issue of the photoemission lineshape in the simple metallic system such as Al, Mg, and
Be[247-249]. Even though these works were performed at room temperature, and with
clearly worse energy resolution than what one could achieve with a state of the art
spectrometer, some fundamental theoretical issues have been discussed [247-249]. For
example, the ssimplest version of the final state effect on the line width has been

incorporated by considering the convolution of the photoel ectron and photohole lifetimes.

This was modeled in asimple expression: r=y Mhole* (2R electron)? . Here R s ratio of
the slope (dE/dk) of theinitial and the final state bands, and the first and the second term
in the sgqure root representing the contribution to the total life time from hole and electron
lifetimes [242, 247-249]. Only in the case where R isvery small (theinitial state isvery
flat as compare to the final state) can one simply interpret the photoemission line width as
the quasiparticle lifetime. For ideal two dimensional material, R is zero so that I reflects
only the hole lifetime, a feature we want to measure. For the cuprate superconductors,
Smith argued that the electron lifetime term limits our ability to measure the lifetime
down to energy low enough for the problem here [242]. Thisis so because even though
the cuprate superconductors are highly two dimensional, they are not perfectly two
dimensional.

Overall, much more needs to be done about the issue of the quasi-particle
lineshape for cuprates as well as ordinary ssmple metallic systems. One side benefit of
the studies on high-temperature superconductors has been to focus our attention on this
important issue more sharply than ever before. To address the issue of what
photoemission can really show, the most important step now isto perform careful high-

resolution (both angular and energy resolution) photoemission studies on some model
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Fermi liquid system such as simple metals. Some preliminary efforts have been made to
carry out such experiments.

A recent study by Claessen et a. shows that one obtains a picture similar to what
one would expect from a Fermi liquid picture from highly two dimensional TiTe [166].
Fig. 4.67 shows a data set along the I'-M direction, where the intensities are normalized
to the photon flux. Claesson et al. fit the data near 6=14.75° using a method essentially
identical to that used by Liu et al on Bi2212 [240]. The advantage here was that the
background in the spectrawas very low, and the system is presumably a known Fermi
liquid. The results of the fits are shown in Fig. 4.68, and are very good for the spectra
near 14.759. Fits based upon amarginal Fermi liquid lineshape did not agree as well.
Claessen et al. took thisto imply that the ARPES lineshape, if interpreted properly, does
reflect the nature of the interacting electron system. A different study on two
dimensional NbSe; gave adifferent result from what is expected in aFermi liquid [167].

A few simple arguments by Smith indicated, however, that one may haveto
consider other effects before concluding that the ARPES lineshape is reflecting the nature
of the interactions [242]. First, he pointed out that the magnitude of the parameter 3’
extracted from the fits was unphysically large, implying that the broadening from the
theory would be greater than wfor w=25meV. Smith felt that this was a problem since
the measured peak width was 45 meV. Second, he pointed out that the peak width will
reflect the lifetime width of the photoel ectron in addition to the lifetime of the photohole.
The measured linewidth I megs iN this case is expected to be related to the photoelectron
lifetime width I'e and the hole lifetime width ', through the band derivatives normal to
the surface,[242]

Mmeas = Mh+ Me(Vho/Ven)

where hvig = 0E/0k and hveg = 0EJOk. Inthe limit of atwo dimensional material,
0Bk will go to zero, and the measured linewidth will be areflection of the hole width.
From the published band structure of TiTe, , however, Smith argued that 0E/ok was
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not in fact small enough, and the measured linewidth would be dominated by the

photoel ectron instead of the photohole, and no definitive conclusion regarding the
validity or non-validity of Fermi-liquid theory can be drawn from the present data. This
concern of smith is compounded by the fact that a and 3 value obtained from
photoemission will imply transport properties that are very different from what know
about TiTey. Clearly, thisisavery active research area, both experimentally and
theoretically, and much more work needs to be done. There are other discussions
regarding the analysis of datafrom TiTe, [243]. These discussions concentrate on
accuracy of keeping only the first term in the Taylor expansion of the self-energy. More

detailed experiments and data analysis are underway to address these issues.

11. Information of Fermi surface from other techniques

Besides photoemission, there are other experimental techniques that have been
used to investigate the Fermi surface of the cuprate superconductors. Among these
techniques are positron annihilation and de Hass van Alfen experiments. Although they
have not appeared to be able to provide as much detail as the photoemission
measurements, these experiments are important additions because they are
complementary to the photoemission measurements. For example, these experiments do
not suffer from the surface sensitivity problems that photoemission does. The reader can
get some idea about these experiments from the proceedings of a recent workshop on the
Fermi surface of the high-temperature superconductors.[6] Most of the positron
annihilation experiments were performed on untwinned single crystals of Y BaxCuz07.5.
These studies are most sensitive to the chain Fermi surface of the material, and these
Fermi surfaces are quite consistent with those from band calculations. By comparing
data from Bi2212 with band theory calculations, an experiment suggested that thereisa
Bi-O Fermi surface, as the band calculation has indicated [250]. Thisis different from
other results which indicated that the BiO band was above Ef for al k
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[142,143,183,184]. More studies need to be done to resolve this apparent discrepancy,
including studies of samples with different doping levels and a more careful gold
overlayer experiment such as that done by Wells et a. [147].

The de Hass van Alfen experiments were carried out in two different modes. The
first uses avery high pulsed magnetic field generated by an explosive device, and the
second uses arelatively lower static magnetic field [251,252]. The genera result of these
experimentsisthat in YBCO they have observed a Fermi surface piece which is
consistent with the small chain derived piece of Fermi surface centered around the S(R)
point (see Fig.4.20). Thisisimportant complementary information to the ARPES studies,
as the ARPES studies have shown other pieces of Fermi surface but not this one (with the

exception of one very preliminary study.[201]).

12. State of affairsand implications
A number of key experimental results have been obtained by angle-resolved
photoemission measurements of the normal state of the cuprate superconductors.

Selected results and their implications are briefly listed below.

1) Fermi surfaces exist for highly doped metallic systems.
Certain aspects are similar to the results from band theory.
Luttinger’ s theorom generally accepted.

2) Flat bands due to saddle point in band structure.
Near or at Er for p-types - may be related to the anomal ous physical properties.
WEell below EF for n-types - may explain more normal properties.

3) Fermi surface nesting.
Nesting along the (1t,7) direction is seen in Bi2212, Bi2201 and may bein YBCO.
Appears strongest for Bi2212. Neutron datafrom Lag.xSrxCuO4 implies aFermi

surface nesting also.
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4) Unusual line shapes near Eg,

Presently inconclusive, but opened up new area of active study.
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V. Photoemission Studies of the Super conducting State

The successful detection and subsequent study of the superconducting energy gap
by high resolution photoemission was one of the most important highlights in the history
of the application of photoelectron spectroscopy. This success was made possible by the
development of high energy-resolution electron spectrometers, the relatively large size of
the superconducting gap in the cuprates, and the relatively high superconducting
transition temperatures. The angle-resolved capabilities of photoemission meant that k-
dependent effects of the superconducting gap could be mapped out - a currently unique
capability. This capablity was especially useful in that it allowed the study of the
symmetry of the superconducting gap - one of the most fundamental issues related to the
mechanism of the superconductivity.

A further important aspect of the study of the superconducting gap in Bi2212 was
that it gave us greatly increased confidence that the information obtained from
photoemission experiments on the cuprates were representative of the bulk electronic
structure. This concern was related to the surface sensitivity of the technique as well as
the known fragility of the cuprate superconductors. In addition, there were theoretical
papers suggesting that the surface of the cuprate superconductors would not be
superconducting due to their short coherence lengths [253]. The successful detection of
the superconducting gap in Bi2212 by high-resolution photoemission effectively
addressed this concern, and indicated that for Bi2212 at |east, the photoemission
experiments are truly probing the bulk electronic structure.

So far, the detection of the superconducting gap in Bi2Sr2CaCuxOgs 5 has been

verified by severa groups[123,124,147-152, 217, 218, 254-261]. However, the situation

regarding the superconducting gap in Y BapCuzO7.5 is still controversial, with most

studies reporting a small or nonexistent gap [139,158-160]. In this chapter, we will
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summarize these results and discuss their implications on the mechanism of

superconductivity in the cuprate superconductors.

A. Background: conventional theory and the super conducting gap of conventional
superconductors

We start out this section with some background information about
superconductivity based on the traditional BCS theory. Even though it is presently
unclear how relevant BCS theory is to the cuprate superconductors, it serves as an
important reference point for which to compare experimental results. Much of this
discussion will be familiar to those familiar with tunneling spectroscopy of conventional
superconductors, as the experiments are both measuring very similar things (they both
measure the one-electron removal (or addition) spectrum, or spectral weight function
A(k,w)). Important differences come when we consider the angle-resolved
photoemission case, in which we need to explicitly include the effects of the coherence
factors.

In the BCS theory, a Fermi sea of quasi-particlesis unstable against the phonon-
mediated attractive interactions among the quasi-particles. Asaconsequence, the Fermi
sea collapses and the quasi-particles form singlet pairs. The singlet pairs are
energetically favored since their spatial wavefunctions are symmetric and wavefunction
overlapping of the two particlesisrelatively large, preferred by the attractive pairing
interaction. A minimum amount of energy is required to create any excitations of the
system, acrucial factor for the stability of these cooper pairs. The energy required to
break one of these pairsistwice the gap energy, or 2A. Simple weak-coupling BCS
theory predicts a simple relation between the size of the gap (at zero temperature) and the

T of the sample, of 2A(0)/kg T¢ = 3.52. However, some of the strongly coupled
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superconductors such as Pb or Hg are found to have ratios 2A/kg T = 4.6 and 4.3,
respectively.

Figure 5.1a shows the expected effect of aBCS gap on aflat normal-state density
of states as measured by tunneling spectroscopy or the combination of angle-integrated
photoemission and inverse photoemission. Due to the opening of the gap thereisa
depletion of weight over a distance of 2A around the Fermi level (with the Fermi level
exactly in the center of the gap), and due to the sum rule on the spectral weight, the
missing intensity piles up at energies beyond the gap in the form of a square-root
singularity. (Thetotal density of states gained in the singularity peak region is equal to
that lost in the energy gap region.) This behavior in conventional superconductors has
been extensively studied by tunneling spectroscopy [262-264)], infrared reflectivity [265]
and other more indirect measurements, and in most cases was found to fit the predictions
of BCStheory very well. The disagreements with BCS theory of the tunneling spectra of
the strongly-coupled superconducors will be discussed in more detail in section C.

The angle-resolved photoemission case is more complicated, as we need to
consider the normal-state quasiparticle energy and the effect of the coherence factors.
First, we consider the normal -state quasiparticle energy (or band energy), which we will
denote gx. We then have the relation Ex = @ where Ek isthe energy of the
guasiparticle in the superconducting state and A is the superconducting gap. From this
expression, we can see that only the states near the Fermi surface (e < A) have their
excitation energy dramatically modified by the superconducting transition. Thisisthe
reason why we usually say that only the states near the Fermi level are important for
superconductivity.

The coherence factors enter in because the superconducting state quasiparticle can
be thought of as having mixed electron-like and hole-like character, with the coherence
factor uk2 descibing the amount of electron character and v2 the amount of hole

character. The magnitude of the coherence factorsis determined by the relations
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Uk2=0.5(1+¢&x/Ek).and vi2=0.5(1-ex/Ek). The effects areillustrated in figure 5.1b, which
shows a series of ideal (no broadening of any sort) angle-resolved photoemission and
inverse photoemission spectra of the normal and superconducting state. Keepinginline
with the flat density of states of figure 5.1a, the normal state peak ey disperses linearly
across the Fermi level, and since there is no broadening considered, it isillustrated as a
delta function peak of weight one. For g >> A, Ex = gk and ug? = 1, so the normal and
superconducting states are indistinguishable. As gy approaches Eg the superconducting
quasparticle energy Ek deviates more and more from g, uy decreases and vi grows (i.e.
the inverse photoemission spectrum picks up weight). When g = 0 (the normal state
peak isat EF), Ex = A and ug? =vi2 = 1/2. The behavior at further k valuesis obviously
symmetric to that at earlier k values. It is clear that a summation (integration) of the

angle-resolved spectra of figure 5.1b will yield the angle-integrated spectra of figure 5.1a,

with the BCS equation for the density of states Ns(B _ E _.the high density of
N(0) (EZ_A2)1/2

states in the superconducting pileup is aresult of the fact that the dispersion relation of
the superconducting state guasi particle peak has zero slope for Ex = A (infinite slopein
thefigure). Inaddition, integrating over al k's cancels the effects of the coherence
factors, since the effect on the states with k > kg will offset the effect on the states with k
< k. The existence of the coherence factors has never been directly observed, though its
existence iswell accepted due to its manifestations in awide variety of experimental data
such as acoustic attenuation, nuclear-spin relaxation rates and el ectromagnetic absorption
[266].

Gap-like features have been observed in the cuprate superconductors by a number
of experimental techniques besides photoemission, including the relatively direct
techniques of tunneling, IR reflectivity and Raman scattering (see for example the many
articles published in refs 1-7). However, a consensus has not yet been reached as to the

nature of the gap, including the lineshape, magnitude, symmetry, doping dependences,
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etc.. Much of the reason for this confusion has been due to materials problems, for as
discussed in section IV-B, the crystal structure of the cuprate superconductorsis very
fragile, particularly with regard to the formation of defects or of oxygen loss/diffusion.
Indeed, reported values for the ratio 2A/kg T range from O to as high as 18, with most
clustered between 3 and 8. The widespread use of high quality single-crystalline
materials has improved the situation somewhat, although difficulties still exist.
Tunneling measurements must still make use of a contact electrode, which introduces
many new uncertainties, and IR reflectivity is hindered by the large anisotropy in the
dielectric constant. Due to its short probing depth, photoemission also has potential
problems. If the surface is unreconstructed and has no additional defects or oxygen loss,
this should not be a problem. Aswe will discuss shortly this appears to be the case for
Bi2212, and indeed photoemission measurements on Bi2212 have contributed greatly to
our understood of the nature of the superconducting excitations of the cuprate
superconductors [42, 267]. Surface problems are the most likely explanation as to why
efforts to consistently observe agap in YBCO have failed. (studies have not yet been
reported on any of the other cuprates).

Photoemission has the further disadvantage that the maximum attainable energy-
resolution at present is only on the order of the size(s) of the gap. However, this
relatively poor energy resolution is more than made up for by the fact that we may obtain
the additional k-resolved information by doing measurements in the angle-resolved
mode. Aswe will show, this has enabled photoemission to obtain awealth of
information in avery unique and direct way, which is complementary to that obtained by

the other, more traditional probes of superconductivity.

B. Angle-integrated photoemission from BiS 2CaCu20g+ 5
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The first unambiguous demonstration of the detection of the superconducting gap
by high-energy resolution photoemission from a high-temperature superconductors (or
any other superconductor) was the experiment performed by Imer et a. on single crystals
of BioSroCaCuxOg+ 5. The experiments were performed with an angle-integrated
spectrometer and 21.2 €V photons produced by a helium discharge lamp. The total
energy resolution was about 20 meV as determined by the Fermi edge of a Cu sample
placed in good electrical and thermal contact with the superconductor. During the course
of one scan (approximately 3 hours), the samples were repeatedly recleaved every 20
minutes to keep the surface clean [254].

Fig. 5.2 reproduces results from two different samples S1 and S2 above (105K)
and below (15K) the superconducting transition temperature of the samples (88K). As
the samples are cooled down below their transtion temperature, the leading edges of the
photoemission spectra are pulled back to higher binding energy, signalling the loss of
spectral weight near the Fermi level and the opening of the superconducting gap. In
addition, a peak appeared just below (at higher binding energies) the leading edgesin the
superconducting spectra. This peak was interpreted as the singularity peak in the BCS
function. Of course, the singularity is smeared out due to (among other things) the finite
energy-resolution and the finite temperature. The lower panel depicts a model fitting of
results expected from the BCS theory by first modeling the normal-state density of states
asalinearly increasing function which is then multiplied by a 105 K Fermi function and
convoluted with the experimental energy-resolution. The superconducting state density
of states was determined by multiplying the as-determined normal-state density of states
with the usual BCS function and a 15 K Fermi function, and then convoluting with the
experimental energy resolution. The best agreement between the theoretical and
experimental curves was obtained for values of the gap parameter A = 30 £ 5 meV,

corresponding to aratio 2A/kgTc =8+ 1.4.
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There are two additional aspectsto the data by Imer et al. that deserve attention.
First isthe linear background of the density of states below the superconducting gap.
This linear background has been seen in many tunneling experiments,[268,269] and has
also been discussed theoretically [118, 269, 270]. The second issue isthat afinite
intensity of spectral weight remains in the gap, and cannot be attributed to experimental
energy resolution. Aswe will seein the next section, angle-resolved measurements on
this same compound show that certain regions of the Brillouin zone have avery small or
zero gap, while others have alarge gap. Thiswill cause an angle-integrated measurement

to have afinite intensity up to very low energies, as observed by Imer et al.

C. Angle-resolved photoemission from BioSr oCaCu20g+ 5

Soon after Imer's work, Olson et al. reported the first angle-resolved
photoemission study of the superconducting state of BioSroCaCuyOgt 5 [123]. The major
results of his study are reproduced in figure 5.3. The total energy resolution and angular
resolution of Olson's experiment was about 32 meV and + 19, respectively. Asthe
sample was cooled below the superconducting transition temperature, the photoemission
spectra showed clear and dramatic changes, particularly when the normal state
guasiparticle peak was very near EF. Asshown in Fig 5.1afor the angle-resolved case,
the superconducting state spectrum taken at k = kg is the most relevant for determining
the magnitude of the gap. For this reason, Olson et al. chose the spectra at 18° to
determine the magnitude of the superconducting gap in Bi2212 [123].

Olson et al. determined the magnitude of the gap at 18° by the following fitting
procedure. First, the normal state spectrum was modeled as alorentzian on alinear
background cut by a Fermi function and convolved with the instrument response

functino. Thefit shown in Fig 5.4 resulted. Following that, the lorentzian and the linear
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function were multiplied by a BCS density of statesand a20 K Fermi function, and then
convolved with the instrument function (the lorentzian peak was not shifted). Olson et al.
found that they could fit the edge well for asmall range of values of the gap A, but the
calculated spectrum did not peak as high as the measured one. However, by reducing the
value of the lorentzian width (argued to be physically reasonable procedure because there
will be less electron-electron scattering with a gap present), a good fit to the data could be
obtained for A betwen the values of 22-26 meV. Results of the fit for A=24 meV
(20/kg T =7.0) are shown in Fig 5.4. Although thefit is quite good, one should keep in
mind that an angle-integrated formalism was used for thisfit, even though the
measurement was angle-resolved. This may be justified if the effective k-resolution
(including sampl e flathess and el ectron scattering effects) is poor enough so that over the
region of interest (centered around kg) there will be enough k -integration to put usin
scenario 5.1ainstead of 5.1b. Almost at the same time, Manzke et al. also performed an
angle-resolved photoemission study of the superconducting gap in the BioSr2CaCuOg+ 5
compound with high angular resolution and modest energy resolution. Based on
empirical anguments, they concluded their datais consistent with a superconducting gap
of 30 meV with alarge error bar [151].

At the time these experiments were being reported on, the magnitude of the gap in
the cuprates was a very controversial issue, with reported values of 2A/kg T ranging
from0to 11. The values reported from the photoemission experiments were consistent
with more recent values from other experiments and were taken very seriously. Thusthis
data was very important in helping build a consensus within the community that the gap
in the cuprates was somewhere near 2A/kgT¢c =5 - 8 for optimally doped samples.

Olson et a. has also performed temperature dependent studies of the
superconducting gap. Fig.5.5 gives shows the 15° degree spectrum of Fig 5.3a at
different temperatures [123]. The temperature dependence of the datais a piece of very

convincing evidence that the effect we see in the photoemission data (the appearance of
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the "pile up" peak at -40 meV and the shift of the leading edge) isreally dueto the
opening of the superconducting gap. Inthe 90K spectra, we do not see the "pile up”
peak. However, it beginsto show in the 80K spectraand is very visiblein the 70 K
spectra. Furthermore, Olson et al. have performed temperature cycling of their
experiment and found that their results were reproduceable. It appearsthat Olson et al.'s
samples were more stable in vacuum than those of Imer et al. Olson et a. reported that
they can measure the sample for along time while Imer et a. indicated that their sample

showed signs of deterioration after 20 minutes[254].

1. Anomalous spectral weight transfer

The next important experimental work in the field was the observation of an
anomal ous spectral weight transfer in the superconducting state by Dessau et a. [257].
This observation was made possible by a more detailed study of the experimental data.
The experiments were again performed on Bi 2Sr2CaCuy0g+ 5 with arelatively high
energy resolution of 35 meV and angular resolution of+1° and +409,

Fig. 5.6 reproduces the experimental results by Dessau et al. [257] The inset
shows the Brillouin zone locations where the measurements depicted in the figure were
taken, with the size of the circles indicating the angular resolution. Note that in this case
the angular resolution is poor enough that the spectra may essentially be interpreted in the
angle-integrated framework of Fig 5.1a. Each set contains three spectrataken at
temperatures above (100K), just below (80K) and well below (10K) the superconducting
transition temperature of the sample (91K). The experimental data show the general
featuresinvolved in the opening of a superconducting gap from the BCS theory. The
spectral weight near the Fermi level is depleted and the pile up peak (which corresponds
to the singularity in the BCS density of states) is observed. In addition to these general
features, the data from the superconducting state show a number of features that are not

predicted by the simple weak coupling BCS theory. First of all, there was a clear
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depletion of the spectral weight near -90 meV (adip structure) which opened up at the
superconducting transition for the spectra taken along the -M direction. [257] Along I'-
X the dip issmall or nonexistent. Secondly, there are some interesting changes in the
overall occupied spectral weight which occur as the sample is lowered through the
transition temperature. Along I'-X there appears to be more weight transferred into the
pileup than has been depleted from the gap region. Along '-M the situation is reversed:
there appears to be less weight transferred into the pileup than has been depleted from the
gap plus dip regions. Finally, the magnitude of the superconducting energy gap as
inferred from this datais larger along the '-M direction than along the -X direction, i.e.
the gap is anisotropic in the kxy plane. The first two points will be discussed in this
section, beginning with the high binding energy dip. The gap anisotropy will be
discussed in the next section.

We first concentrate our attention on the implication of the dip structure. Asamatter of
fact, the dip structure is also apparent in some of the earlier data of Olson et al. from
BioSr2CaCupOgs 5, even though that data did not have enough statistics to positively identify it
[150]. The results have aso been reproduced to some degree by Hwu et al. [152], as shown in
Fig. 5.7. However, they have observed much less k -space dependence, and have hence observed
the condensate peak and dip at rather unusual locations in the Brillouin zone (see Fig 5.7). In
addition, their normal state data shows much less k-space dependence than the earlier
measurements of Dessau et a. and Olson et al., and drastically disagrees with the predictions of
band theory [152]. Hence, although the detailed k -space dependences from this data should be
guestioned, the datais till avery good verification of the existence of the dip in the
superconducting state spectra.

There is also strong evidence that this dip structure also exists in the tunneling spectra of
the cuprates,[268, 271] asit must if the dip isintrinsic to the excitation spectra of the
superconducting state. Sinceitsinitial observation by Dessau et al., the dip has also been

extensively addressed by the theoretical community [272-275]. The ideas behind a number of
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these works will also be addressed in this section. Before we do that however, it isimportant to
go over the studies that have been carried out to try to determineif the dip isredly intrinsic to
the superconducting state excitation spectra, or if it is simply areflection of the detailed band
structure of Bi2212.

A paper by Dessau et al. presented two simple interpretations of the dip structure in the
experimental data[148]. Panels (b) and (c) of Fig. 5.8 show these two simple scenarios for the
dip structure reproduced in panel (). However, as explained in that paper, these simple
explanations of the dip are not consistent with the overall body of experimental data. Panel (b)
suggests the possibility that the dip is due to a unique normal state band position. Thereisa
quite broad feature peaking below Ef, and this feature still has appreciable spectral strength at
Er. Asthe sample goes through the superconducting transition, the spectral weight near the
Fermi level is pushed away to form the pile-up peak, and the dip is formed as a valley between
the pileup peak and the broad normal state peak. Even though such an explanation is quite
plausible, it is not consistent with the experimental data. In this scenario, the intensity at the
lowest point of the dip will always be greater than the intensity of the normal state curve at that
corresponding energy. The experimental data clearly shows that the lowest point of the dip is
lower than the normal state spectra, that is, weight is being depleted from the normal state at that
energy. Therefore, this scenario isunlikely to be able account for the dip structure in the
experimental data. As depicted in panel (c) of Fig. 5.8, the second scenario considers the
possibility that there may be two bands in close proximity to each other along the '-M high-
symmetry direction. Inthe normal state, these bands would superimpose (by coincidence) to
form one resolvable feature. Below T, one or both of these bands may sharpen up (due for
instance to reduced el ectron-electron scattering and hence increased lifetimes) and so the dip
would appear between them. This explanation appears not consistent with experimental
observation [148].

Since that time, Dessau et al.’ s detailed study of the near-Eg band structure and Fermi
surface of Bi2212 discussed in section IV-E-3 was carried out [142,143]. Asdiscussed in that
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section, the general picture of the band-structure in the region of the M point is that there are two
CuO2-derived bands, one just below Er and one just above Er. Therefore, one should perhaps
add apanel (d) to figure 5.8, where the effect of a band which is dlightly above Er in the normal
state contributes to the superconducting condensate peak through its coherence factor, while the
band just below Er in the normal state contributes strongly to the spectral weight at binding
energies greater than the dip. Experimental data relating to this possibility will be shown in Fig.
5.10 [258].

Before we show that data, we point out an experimental difficulty in obtaining this
information due to the time-dependence of the spectra as reported by Shen et a. and reproduced
in Fig. 5.9 [218]. Thisfigure shows datataken at the M point of a T = 88K Bi2212 sample at a
measurement temperature of 35K. Spectra are shown as a function of time since the cleave, with
the freshest spectra on the bottom. Gap magnitudes A are also reported for each spectrum, which
were determined by the energy position of the midpoint of the leading edge relativeto Eg. The
reason for choosing this simple technique for determining the gap will be discussed morein
section 2, but essentially come down to the fact there is as yet no established theory of the
lineshape with which to fit to, particularly for the spectra which show the dip.

Figure 5.9 clearly shows that both the size of the gap and the magnitude of the dip are
strong functions of the time since the sample was cleaved. The lower four spectra were taken
within 1 hour and 40 minutes and nineteen hours and thirty five minutes after the cleave. Both
the size of the gap and the strength of the dip were found to decay during thistime period. The
sample was then warmed up to room temperature and allowed to sit in the vacuum chamber for
amost two weeks, at which point the sample was cooled back to 35K and the top two spectra
were measured. The size of the gap and the strength of the dip were found to have recovered to a
large degree, implying that the ageing was predominantly caused by the cryo-condensation
(physisorption) of residual gases onto the sample surface. This necessitates that experiments be
carried out as quickly as possible, and in as good a vacuum as possible. Also, the fact that the

dip and the size of the gap are simultaneously affected by the physisorption is an indication that
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the dip isintimately related to the superconducting state. Interestingly, Dessau et a did not find
very dramatic changes in the normal state measurements depicted in Fig. 4.24-4.26, even though
these measurements took an entire week to complete [142]. This may indicate that the nomal
state spectra are much less sensitive to physisorption of gases and/or that much less gas freezes
out onto the sample surface at the higher temperatures used for the normal state studies.

Fig 5.10 shows some recent superconducting state data of Bi2212 taken by Dessau et al.
[258]. This datawas taken with the very good angular resolution of +1° over the first few hours
on two freshly cleaved Bi2212 samples. Cut a shows some data from M to X, cut b shows some
data parallel to thisline but closer to the " point, and cut ¢ shows datafrom I" to M. Note that
the sample t4, used for cuts b and ¢, appearsto have dlightly different Fermi surface crossings
than the sample dx4 used for the mapping of the normal state Fermi surface (see Fig. 4.24-4.26).
The data of Fig. 5.10 shows that the dip is strongest very near M, and it gets weaker or
dissappears away from M, consistent with the earlier observation in reference 257. In Fig. 5.10a,
the dip exists for arange of angles near M, but then disappears rather suddenly at the emission
angle 22/5. At thistime the condensate peak gets more intense and maybe even alittle wider,
after which time intensity is rapidly lost due to the band crossing. The same type of behavior is
seen in Fig. 5.10b, and has been reproduced on a number of samples. By taking the different
spectrain a different order on different samples, we have confirmed that the effects are not due
to the ageing of the sample surface.

One possibility which is generally consistent with the present datais that the dip occurs
near M due to the fact that there are two CuO»-derived bands, one just below Er and one just
above EE. The band which is dlightly above Er in the normal state contributes to the
superconducting “pileup” peak through its coherence factor, while the band just below Erin the
normal state contributes strongly to the spectral weight at binding energies greater than the dip.
For example, near 22/5, the lower band begins to move very close to EF, and so contributes to

the pileup instead of the weight beyond the dip. Thiswould also explain why the dip is stronger
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and broader. Well beyond 22/6, both bands move far away from Er and so don’t contribute any
weight to the pileup.

In addition to these effects, we should consider the possibility that the lifetime of the
excitations may be strongly energy dependent. For instance, theoretical studies have shown on
onset to scattering that starts at 3A, and so the linewidths at energies below 3A may be very much
narrower than those above 3A (the situation is more complicated when we consider an
anisotropic or d-wave gap) [274, 275]. Itisclear that more data of this type and more theoretical
input is needed for a detailed understanding of the dip.

Tunneling measurements on awide variety of the cuprates clearly show ahigh binding-
energy dip very reminiscent of that seen in the photoemission data [268, 271, 276]. Selected
results from these studies are shown in Fig. 5.11.. It should be noted that due to difficultiesin
preparing the tunneling barriers, reported results from tunneling studies of the cuprate
superconductors have varied tremendously. However, tunneling spectra generally regarded to be
of high quality, including those presented in Fig. 5.11, typically show the dip structure. Among
the key features that make these data stand out are very low zero-bias conductance, a strong
pileup of intensity above the gap, and relatively symmetric behavior around zero bias.

If it isindeed true that the dip structure seen in the photoemission and tunneling is
an intrinsic feature of the superconducting excitations of the material, then thisresult is
clearly different from the weak coupling BCS theory. The understanding of such
experimental data might be a key to the understanding of high-temperature
superconductivity. However, since the mechanism of high-temperature
superconductivity is still unclear at this point, and the interpretation of the dip datais still
controversial,[272-275] it is very instructive to review avery similar situation in the
conventional superconductors before we get down to specific interpretations of the dip
data.

Aswe have stated earlier, in the conventional weak coupling BCS theory, one

does not expect such a dip structure in the superconducting density of states. However,
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for some "bad actors" in the low T superconductors such as Pb and Hg, modulation
structures were observed in the density of states at energies beyond the pileup peak. Fig.
5.12 reproduces the tunnelling data from Pb which have high energy features as shown in
panel (a) [263, 277]. Pand (b) of the figure gives acloser ook at the region of interest.
The dashed line is what one expects from aweak coupling BCS theory and the solid line
isthe normalized experimental data. The deviation of the experimental datafrom the
BCS theory was explained by the strong coupling formulism of Nambu and Eliashberg,
usually regarded as an extended version of the BCS theory [278, 279]. It turns out that
there are two important hidden assumptions made in the weak coupling BCS theory.
First, it regards the quasi particles that form the cooper pairs as having an infinite
lifetime. Inareal system, of course, the quasiparticles have finite lifetimes. Second, the
weak coupling theory is not retarded. In other words, it assumes that the attractive
interaction between the two quasi particles mediated by the phononsis instantaneous.
Thisagain is only an approximation because the phonon-mediated el ectron-electron
attraction in area systemisretarded. Hereishow the physicsworks: thefirst electron
(or quasiparticle) polarizes the | attice, whose dynamic reponse to the electron is such that
it triesto overscreenit. A second electron is then attracted to the net positive charge left
behind by the polarized lattice. Thisishow the two electrons involved experience the
attractive interaction. It is obvious from the above discussion that this interaction is
retarded, instead of instantaneous, for it takes time for the lattice to respond. It isthis
time delay which givesrise to the energy structure in the tunnneling spectra.
Recognizing the importance of these two approximations in the weak coupling
BCS theory, Nambu and Eliashberg improved the weak coupling theory by including the
effects of the quasiparticle lifetime and retardation in the pairing interaction in the self
energy calculation [278, 279]. McMillan and Rowell realized that one could invert the
tunneling data using the Eliashburg equations and obtain the electron-phonon interaction

spectrum o 2F(w) from the high energy oscillations in the tunneling spectra[263]. Panel
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(c) of Fig. 5.12 shows the a2F(w) deduced from the tunnelling data, which compares very
favorably to the Pb phonon spectrum F(w) as measured directly by neutron scattering
experiments. Thisdatais shown in panel (d) of Fig. 5.12. Thistruly impressive
agreement was historically one of the key experiments which solidified earlier
speculations that the electron-phonon interaction is the pairing mechanism responsible for
superconductivity in conventional materials [277].

Now we turn back to the interpretation of the datain Fig.5.6 which have attracted
much attention in the theoretical community [272-275]. There are several interpretations
of the experimental data that heve been proposed. Thefirst explanation, proposed by
Arnold, Mueller and Swihart [273], isamore or less conventional approach whichis
analogous to the strong-coupling theory discussed in the last two paragraphs, although
they did not make any assumptions on the exact nature (i.e. electron-phonon) of the
interaction. In analyzing the data, Arnold et al. assumed that the experimental data near
M is representative of all locationsin k-space. Hence, they treated the experimental data
asif it was k-space averaged. Based on this assumption, they obtained a bosonic density
of states that was dominated by a strong feature at alow energy of 10 meV and a
suprisingly high coupling constant A of 8.67. Thisanalysisis certainly an interesting
approach. However, it is not clear whether the starting point of such an approachis
justified. Thereis clear experimental evidence that the photoemission spectra taken at
different locationsin k-space are very different, and thus the angle-resolved
photoemission data may not simply be taken to be the same as the tunneling data.
Furthermore, one also has to justify the meaning of the large coupling constant and its
compatibility with other normal and superconducting state properties of the cuprates.

The second and third scenarios to explain the dip differ significantly from the
conventional line of thinking. The second scenario was suggested by P.W. Anderson
[272]. He views the appearance of the dip structure in the photoemission data of the

superconducting state as a consequence of interlayer tunnelling. In the normal state,
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there isadoubling of the calculated energy bands at general pointsin the 2-dimensional
zone due to the hopping matrix element connecting the two close CuO» layersin
BSCCO. Within his 2-dimensionally correlated non-Fermi liquid theory in which the
charge and spin of the electrons are seperated, this splitting should not be observable in
the normal state. (See Figs. 4.24-4.26 from which Dessau et al. have argued that the band
splitting does exist in the normal state [142].) However, in the superconducting state, the
charge and the spin recombine, the interlayer coupling becomes possible, and so the
degeneracy of the two bandsislifted. Anderson thus ascribes the two features (the pole
at -45 meV and the region beyond the dip) to quasiparticle poles belonging to odd and
even linear combinations of states at the same transverse k. The absence of the dip along
I'-X isin thistheory due to the fact that the band splitting is much smaller along this
direction by symmetry. This scenario isvery nicein that it can explain the observed
anisotropy, although questions about the presence or absence of the coupling in the
normal state still need to be answered. In addition, the SIS tunneling data by Zasadzinski
et a. showsthe existence adip in the single Cu-O layer cuprate superconductor
BioSr2CuOg, as shown in Fig. 5.11b [276]. If one believes that the dip seenin
photoemission and tunneling are the same, it would seem to rule out Anderson's
hypothesis of interlayer tunneling as the origin of the dip.

The third scenario is based on the Marginal Fermi liquid hypothesis [274].
Within the framework of the marginal Fermi liquid hypothesis, the spectral weight
function in the superconducting state consists of two peaks located at A and 3A. The
valley between the two peaks resembles the dip structure observed in the experimental
dataalong the F-M direction. According to their theory, the dip is not observed along I'-
X because of increased smearing due to the much more rapid dispersion rate of the bands
along that direction [274]. Only more experimental work and more detailed analysis of
these experimental data may distinguish the correct interpretation of the experimental

data from the others.
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Finally, Coffey and Coffey have postulated that the dip arises due to quasiparticle
decay which acts as a correction to the weak coupling mean field treatment of the
guasiparticle states[275]. According to this theory, an isotropic s-wave gap would
produce a dip starting at 4o, while ad-wave order parameter would produce adip
starting at 3A. Based upon the dip observed in the photoemission and tunneling data,
Coffey and Coffey propose that the cuprates are d-wave superconductors [275].

Now let's turn back and discuss another interesting aspect of the data, namely the
non-conservation of the occupied spectral weight as the sample passes through the
superconducting transition temperature. Along I'-X, Dessau et a. found that the amount
of weight transferred into the pileup peak is greater than the amount of weight transferred
from the gap region (see Fig 5.6) [257]. Olson et a. found similar results [123]. Along
-M, Dessau et al. found the opposite behavior: less spectral weight was transferred into
the pileup than was depleted from the gap plus dip regions. These are very interesting
results, though experimental complications may play aroll in these effects and so must be
considered. The most obvious of these complications is that the spectral weight in the
normal as well as the superconducting state is a sensitive function of the normalization
procedure. For example, the normalization of the data used by Olson et al.in Fig. 5.3 is
very different from Dessau et a.'s normalization in Fig. 5.6. The experimental datain
Fig. 5.3 were normalized by the photon beam intensity, while the experimental datain
Fig. 5.6 were normalized so that the spectral intensity far away from the superconducting
gap isthe same. In principle, the procedure of Fig. 5.3 should be an accurate one.
However, because the samples are so small, and they are mounted on along cryostat, any
temperature changes will result in sample position changes so that the absolute intensity
calibration islost. Other possible complications are final state or matrix element effects
and the possibility that spectral weight has been transferred to the unoccupied states.
Thislast point is especialy important since the sum rule that one expectsto hold for a k-

resolved experiment such as angle resolved photoemission extends over both the
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occupied and the unoccupied states. Thus any mechanism which transfers weight to or
from the unoccupied states will have the effect of altering the weight in the
photoemission spectrum. One mechanism that may have an effect on the datais the act
of the Fermi function cutting off a broadened (by for instance lifetime effects) peak. Itis
clear from the normal state dispersion studies discussed in chapter 1V that as the "band"
approaches and then crosses the Fermi level, the intensity of the feature weakens as if
being cut off by a Fermi function. The amount of weight cut off by the Fermi function
could clearly be quite different in the normal and superconducting states. Asdiscussed in
subsection a of this chapter, the " coherence factors' that describe the amount of electron-
like and hole-like character of the quasiparticle excitations of a BCS-like theory may also
transfer weight between the occupied and unoccupied states.

Dessau et al. argued that because their normal and superconducting state spectra
overlay on top of each other so well, their normalization procedure was reasonable [257].
However, Anderson suggested that the spectra should be normalized so that the
integrated area under the spectra should be the same in the normal and superconducting
states. [272] For the spectraalong I'-X, thiswould imply that weight has been
transferred from awide region of states at high energies (out to afew J, or afew tenths of
an eV) into the superconducting pileup. Thiswould suggest that the system energy in the
superconducting state is lower by the electronic energy, indicating an electronic
mechanism of superconductivity. Although this suggestion isvery interesting, it is clear
that many details need to be understood before we can positively arrive at such a
conclusion.

Hwu et al. also studied the amount of spectral weight transferred between the
normal and superconducting states [152]. They stated that the nonconservation of the
spectral weight cannot be generalized to all spectra, as the area under their spectrain Fig.
5.7 is conserved to within 2%. Two points should be made regarding this comment.

Firgt, it is expected that if there is a positive weight transfer at some angles and a negative
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weight transfer at others, then it is expected that there will be zero net weight transfer at
others. Secondly, the fact that they have observed much less k-space dependences argues
for ageneral smearing of the k -space dependencesin their data, so near-zero net weight

transfer would be expected for many more angles.

2. k-dependence and symmetry of the super conducting gap

In this section we report the results of detailed studies of the variation of the gap
size throughout the two dimensional Brillouin zone of Bi2212. This ability of ARPES
to directly measure the gap as a function of crystal momentum is currently unique. This
has allowed ARPES experiments to obtain some breakthrough information beyond
what can be learnt from other experimental techniques. The data allows us to make
very important inferences about such things as the k-dependence of the coupling matrix
elements and the symmetry of the superconducting order parameter. This is crucial
information that should help direct the development of a theory of the mechanism of
the superconductivity.

The conventional BCS theory has an s-wave order parameter, reflecting the
spherically symmetric nature of the pair wave function. For the high-T¢ cuprates,
theoretical analysis on the crucial CuO» plane with consideration of the strong on-site
Coulomb interaction leads to other possible symmetries of the order parameter [172,
225, 226, 280-285]. In particular, pairing theories based on the Hubbard model or its
derivatives lead to a d-wave order parameter or a mixed symmetry order parameter with
a strong d-wave component. Very recently, motivated by the NMR data, this issue of
the order parameter has been brought to the forefront of high-T. research again [284,

226]. The ability to measure the gap as a function of k is a particularly attractive and
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perhaps unique capability of ARPES, making it an exceptionally powerful tool for the
study of the symmetry of the order parameter.

The first experimental effort to address thisissue was carried out by Olson et al.
[150]. Fig. 5.13 shows the k-space locations where the experimental data was taken.
From their curve fitting studies, they determined that the magnitude of the gap was a
constant throughout the Brillouin zone, with a magnitude of approximately 18 meV. This
would imply that the superconducting order parameter was of the isotropic s-wave type.
More recently, Wells et al. [217] and Dessau et a. [256, 257] presented experimental data
that showed that the gap was larger near the M point than near the band crossing along
along M-X(Y). Fig. 5.14 from Wells et al. shows superconducting state spectra taken at
two different angles along ™M and at three angles along M-X(Y) [217]. Thisdataisthe
first explicit demonstration of gap anisotropy in the a-b plane. The normalization of the
curvesin this case is such that the leading edge or emission onset of the spectra can be
most readily compared. From this data we can see that the leading edge postion for the
spectrataken along '-M islocated at higher binding energy than the leading edge
position for spectrataken along I'-X, suggesting that the superconducting gap is larger
along '-M than along I"-X.

This information was put on a more quantitative and firm footing by Shen et al.
[218]. Normal and superconducting state data taken near the band crossings (A) along I'-
M and (B) along '-X are shown in Fig 5.15. These k-space |ocations were chosen such
that the normal state peak is at the Fermi level, and so the midpoint of the leading edge in
the normal state coincides with the Fermi level both at A and at B. These data were taken
with the very high angular resolution of £1° and an energy resolution of approximately
30 meV. Very clear spectral changes are observed at A asthe sampleis cooled below Te.
The leading edge of the superconducting spectrum is pulled back to higher binding
energy reflecting the opening of the superconducting energy gap. At the sametime, a

"pile-up” peak and a"dip" near -90 meV appear in the data. At B, only very minor
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changes with temperature are observed, the shift of the leading edge is undetectable
within experimental uncertainty. The striking difference in data at the two k space
locations is indicative of the highly anisotropic nature of the superconducting gap.

Before moving on to a discussion of the details of Shen’s study, it isimportant to
address the possibl e reasons why these results are so different from the earlier results of
Olson et al. Perhaps the most likely explanation for the differencesis that the quality of
the sample used in Olson et a.’ s experiment was much poorer. The samples studied by
WEells, Shen and Dessau had very sharp superconducting transition widths of |ess than
2K, while the samples studied by Olson et al. had broader superconducting transition of
around 20K. Also, the possibility of multiple domains or twinning exists for any one
sample. Since the Wells-Shen-Dessau result of alarge anisotropy has been reproduced
on avery large number (> 20) of samples, this seemsto be arobust result. On top of this,
the general trend that a greater amount of anisotropy has been observed with the
movement of time and sample quality implies that the anisotropic result is correct. A
very recent result from the group at Argonne National Laboratory reproduces the large
gap anisotropy on two Bi2212 samples that showed a good amount of dispersion in the
normal state [261]. Another sample which was of such poor quality that it did not show
normal state dispersion showed an isotropic gap very similar to that reported by Olson et
a. [261].

Shen et al. discussed four aspects of experimental difficultiesin quantifying the
gap anisotropy [218]. (i) Finite energy resolution. Thislimits the precision of the
measurements. (ii) Energy calibration of the spectrometer. Thisis spectrometer
dependent and it limits the accuracy of the gap value. For the data they reported, the
uncertainty isabout 1 meV for sample #1, and ~ +2-3 meV for samples#2 and #3. (iii)
Sample surface flatness and finite angular resolution. This limits the momentum
resolution of the experiment, and is probably a major factor preventing the experiment

from determining whether a d-wave node exists. Furthermore, the surface flatnessis
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sample dependent, causing a scatter in the experimental data. The method used by Shen
et a. to characterize the surface flatness is to measure the divergence of alaser reflection
from the cleaved surface. This method shows that the surfaces of samples#1 and #3 are
flatter than sample #2. (iv) Time dependence of the data, aswasiillustrated in Fig. 5.9.
ARPES is a surface sensitive technique so that its spectra may change as the sample
surface ages.

The theoretical diffculties mainly center about the fact that we do not have an
adequate theory to describe the photoemission lineshape of either the normal or
superconducting states. In BCS theory, the difference between the normal and the
superconducting state ARPES spectrum is a shift of peak position from g to V (x2+A32)
and a change of spectral weight by the coherence factor ug2. Obviously, this can not
account for the -80 to -90 meV dip seen in the datanear M. Furthermore, dueto finite
momentum resol ution, the data exhibit aspects resembling angle-integrated
photoemission (AIPES) spectrathat reflect the BCS density of states E/(EZA2). Thisis
why previous ARPES data were fitted by a BCS function to extract the superconducting
gap size[123, 124, 150, 217]. Such afit should be viewed as a crude approximation.

For these reasons, and for greatly increased simplicity in carrying out and
understanding the method of gap extraction, Shen et al. have chosen to call the gap the
energy position of the midpoint of the leading edge of the superconducting state spectrum
[218]. With this criterion, the spectrum at point A in figure 5.15 gives agap of 12 meV
(20/kg T = 3.6) and the spectrum at point B givesagap of 0to 0.5 meV. Of coursethe
edge position will only reflect the gap size if the normal state peak is at the Fermi level
(seeFig. 5.1).

The measured k-dependence of the gap from three Bi2212 samplesis displayed in
figure 5.16, after Shen et al. [218]. Each spectrum islabeled with a letter, with the order
of the measurements corresponding to the al phabetic progression. The location of the

measurement relative to that of the measured Fermi surface is displayed in panel (a), and
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the magnitude of the gap for each measurement is displayed on the vertical axes of the
graphs of panel (b). The horizontal axis of panel b isthe k -space function 0.5 » |coskya-
coskyad. On thisscale, the smplest dXZ_y2 gap function would be linear with a zero
intercept. Thisallowed Shen et al. to highlight not only the very large gap anisotropy
observed in the Bi2212 samples but also to make a comparison of the magnitude and

direction of the anisotropy with what is predicted by simple theories.

Asshown in Fig 5.16, all samples showed a very large gap anisotropy with the
maximum gap near the M point and the minimum near -X(Y). Thisisindependent of
the measuring sequence and so is not caused by the time dependence of the spectra. The
magnitude of the measured anisotropy is very large, ranging between a factor of roughly
2 and 10, depending upon the sample. Thisis one to two orders of magnitude larger than
what is observed in conventional superconductors[286].

In addition, the basic trend of the data is very similar to that expected by a dy2.2
order parameter. The most relevant aspect of the datafor answering this question is
whether the gap actually goesto zero along I'-Y (anode exists), or whether the gap just
gets small there. The importance of thisdistinctionisillustrated in Fig 5.17, which
schematically illustrates the expected k-dependence of the order parameter and gap
magnitude for a d-wave superconductor and an s-wave superconductor with large gap
anisotropy. The important distinction is that the d-wave order parameter changes sign as
afunction of k while the sswave order parameter does not. For this reason, the d-wave
gap, which is proportional to the square of the order parameter, must go exactly to zero at
specific k-space locations. The s-wave gap has no such requirements, although it of
course is not excluded from going to zero at specific k-space locations.

The data of Fig 5.16 shows that the gap minimum is very near zero for samples 1
and 3, while it issignificantly greater than zero for sample 2. Shen et al. argued that
samples 1 and 3 were higher quality and more representative than sample 2, particularly

in regard to sample flatness (determined by the sharpness of alaser beam reflected off of
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the cleaved sample surface) [218]. The ideawas that the greater k -averaging imposed by
the non-flat surface could hide the region with a zero gap by averaging in other regions
nearby which have afinite gap.

Later experiments by Dessau et a.[258] on flatter Bi2212 crystals and by
Marshall et al.[287] on cleaved MBE-grown thin films of Bi2212 showed that indeed the
gap along the M- X(Y) directionsin Bi2212 samplesisindeed very small, confirming the
guess that Shen’ s sample #2 was not representative. The datais shownin Fig 5.18,
whichisa compilation of 14 different Bi2212 samples by Dessau et al.[288]. Thefirst
three samples are from Shen’s original paper (only the freshest datais retained) [218].
Normalized gaps (with the maximum gap for each sample equal to 1) are plotted against
the dx2.y2 order parameter 0.5|coskxa-coskya|. This dataimpliesthat the gap near the I'-
X(Y) direction is, within the experimental error bar, essentially zero. Higher resolution
and better sample preparation methods will certainly be important in determining whether
thereisin fact a node in the gap function, but even then, we will never really know if the
gap goes exactly to zero, asit must for a d-wave superconductor. A final determination
of whether the gap is d-wave or anisotropic s-wave therefore must wait for experimental
evidence which is sensitive to the phase of the order parameter. Thisisvery crucia and
fundamental information, because the d-wave and anisotropic s-wave order parameters
will arise from avery different class of interactions.

The interpretation of the anisotropic gap data with the d-wave theory is not
unique. A recent study by Chakravarty et al. associates the gap anisotropy to the
anisotropy of the interlayer tunneling matrix element. Fig. 5.19 reproduces their fit of the
data within the framework of the interlayer tunneling mechanism [297].

At this point we would like to comment on afew of the details which may have
sppeared to have been glossed over in the discussion of the gap symmetry from Shen’s
experiment [218]. Thefirst isabout the possibility that the measurements may have been

affected by the BiO bands, with perhaps a different gap being associated with a different
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band or layer. Thisisnot anissue for two reasons. First, because the normal state Fermi
surface mapping done by Dessau et a on similar samples indicated that the BiO bands do
not approach very near the Fermi level, as discussed in section IV-E-3 [142]. Second,
even if the BiO bands were to contribute, they would contribute near the M point. From
this we would expect a smaller gap near M instead of the experimentally observed larger
gap.

The second issue iswhy thereis such alarge variation reported in the gap size at
M. The answer is that the variation is not random, but that it is observed to depend
sensitively on the sampletype. Asdiscussed in section 1V-E-9, the Bi2212 samples may
be annealed so as to give arange of oxygen content, and hence adifferent Tc. The
samples annealed in an excess of oxygen have alower T of near 78K, and are
experimentally found to have arelatively small gap of 12 meV near M. Reduced samples
may haveaT ¢ as high as 90K, and have alarger gap of approximately 22 meV at M. As
depicted in Fig 5.16 and 5.18, both the higher and lower T samples are found to have a
minimum gap near 0 aong the I'-X(Y) direction.

Recently, Kelley et al. have reported that they were able to determine the
symmetry of the order parameter in Bi2212 based upon the symmetry rulesin angle-
resolved photoemission [260]. They measured angle-resolved data for two different
photon polarizations along both the I'-X and the I"'-Y direction in Bi2212, and in both the
normal and superconducting states. The data from the superconducting state are shown
in Fig 5.20. The key experimental point that Kelley et al. were trying to makeisthat a
“condensate peak” was visible for orientations a,b, and d, but not ¢, and this effect must
be related to the symmetry of the order parameter.

Kelley et al. used the standard argument that the matrix element M=
(e/me)<yis(k)IA-pldi(k)> must be invariant under symmetry operations and hence can
tell one symmetry information about the initial state wavefunction | (k)> (see section

IV-E-9). They compiled atable listing possible symmetries and whether an initial state
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of such symmetry would be observable for each of the four experimental geometries.
They then compared the results of their experimental observationsto thistable. The
superconducting state matched the dyxz+dy; and px+py symmetry states. Based on the
differences between the normal and superconducting states, Kelley et a. inferred that
their observations in the superconducting state reflected the symmetry of the
superconducting order parameter, i.e. the order parameter must have either dyz+dy; or
Px+Py Symmetry.

As pointed out in acomment by Dessau et a.[], the type of analysisthat Kelley et
al. tried to use isflawed and leads to aresult which is not even self-consistent. Further,
Dessau et al. showed that Kelley et al.’s experimental observations can be explained in a
simple and consistent way without provoking these unusual order parameters.and cannot
be used to determine the symmetry of the order parameter.

Dessau et al.’s argument centered around the point that Kelley et al. attempted to
determine the symmetry of the pair state using a technigue which can only determine the
symmetry of asingle-particle state. Thiserror lead Kelley et a. to a conclusion which
was not even self-consistent. Dessau et a. proposed an aternative explanation for their
data based upon two points. (1) All of the data comes from along the M-X(Y) directions
where measurements indicate that the gap has its smallest value and may even vanish.
(see the beginning of this section) This explains why the effects of the superconductivity
in the spectra of Fig 5.20 are so weak, with the result that the uncertainty in the dataiis
large. (2) Ananalysis based upon the strength of the “condensate peak” must take
account for the strength of the normal state quasiparticle peak, as the strength of the
former will track that of the latter. However, the weight above the background of the
dispersive quasiparticle peak for orientation c is significantly weaker than that for all of
the other orientations. Thisimpliesthat the lack of a*“condensate peak” for orientation ¢

is expected and so isirrelevant to the symmetry issue.
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D. Resaultsfrom YBaoCu30O7
In addition to the Bi>S 2CaCuxOsg; § studies, much effort has been directed to

study the superconducting gap of YBayCuz07.5. The situation here is much more

complicated than in YBCO, and there is not yet an agreement within the community
whether the gap actually exists, let alone what are the details of its lineshape or k-
dependance. Asdiscussed in chapter 1V-E-5, most of the confusion centers around the
issue of different possible surface terminations of YBCO and which of these, if any, are
representative of the bulk. The possibility of surface reconstruction leaving a non-
superconducting phase near the surface goes along way to explaining the lack of a clear
gap.

Most of the studies have reported the absence of agap in YBCO, although afew
have reported some prelimary evidence that a gap may exist in afew rare cleaves [160,
300]. Fig. 5.21 showsthe datataken by Tobin et a. from an untwinned single crystal of
YBayCuz07.5 [139]. Itisclear that the leading edge of the spectrum from the

superconducting state does not pull away from the Fermi level as determined by the Pt
reference spectra, in contrast to the case found for Bi>Sr 2CaCuyOgy 5. This suggests that
the sample surface studied either has no superconducting gap or agap smaller than 5
meV [139]. Recently, very detailed work by Liu et a. also reported anull result for the
superconducting gap [158]. The most likely reason for the lack of agap in these
measurementsiis that the surface of Y BapxCuzO7.5 could reconstruct after breaking the
strong bonds fom cleaving, leaving a non-superconducting phase near the surface.
Schroeder et a. measured the low temperature (10K) photoemission spectra of a
variety of YBCO samples, and suggested that some samples, which had avery weak or
nonexistent -1 eV peak, exhibited a superconducting gap [160]. Fig 5.21 shows
temperature dependent data on their second “best” sample, and Fig 4.37 shows low
temperature data of their best sample (#1) in comparison to a“poorer” sample (data at

T>T. was not available for their best sample). These spectra were taken at various
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locations along the ™ X () direction. Based upon the results of fitting to a BCS density
of states, Schroeder et al. argued that their results supported a gap of near 20 meV.
Unfortunately, the statistics as well as the energy resolution of these experiments was not
very good, and so these results are not as convincing as they might be.

It should be noted that there is another, entirely different explanation which may
explain the lack of aconsistent gap in YBCO. Thisisthe possibility that the chain states
may not go superconducting, and the spectral weight from the chains may superimpose
over the gap from the planes. Along the I'-S direction, where there should be no chain
contribution to the near-E states, the gap islikely to be small or even zero, in analogy to
the situation of an anisotropic gap observed in Bi2212 (note that the M-S direction in
YBCO isequivalent to the '-X(Y) direction in Bi2212). Perhaps careful studies done

away from the high symmetry directions would be able to detect agap in YBCO.

E. Comparison to superconducting state measur ements by other techniques

For the conventional superconductors, the BCS theory was developed and
accepted on the basis of many experimental facts: the isotope effect, tunnelling
experiments, IR reflectivity, the Meissner effect, the NMR relaxation rate and Knight
shift, the penetration of the electromagnetic wave, ultrasonic attenuation, magnetic flux
guantization and others [266, 289]. For the high-temperature superconductors, due to the
more complex nature of the materials, it is even more important to look at the overall
picture from many experiments.

No measurement technique can be expected to convey all the information needed
to understand the exciting and complex phenomena displayed by the high temperature
superconductors. However, by a combination of experimental techniques, the strengths

and weaknesses of each technique can be offset, and the true physical behavior can be
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more readily uncovered. We have shown how tunneling and photoemission have
combined to prove the existence of the high binding energy dip asintrinsic to the
superconducting excitations, and how they can be used to steer theories of the mechanism
of the superconductivity.

The finding of the anisotropic nature of the superconducting gap may help to
account for the excitations observed by a variety of experimental techniques which are
smaller than the "BCS gap", aswell as the spread of the gap size obtained by different
measurement techniques. Thereis strong evidence from many experiments that the
superconducting gap of YBCO and Bi2212 isvery anisotropic. First, we have the
microwave penetration depth measurements from YBCO by several groups 219,220,290.
All these measurements suggested that the London penetration depth of the
superconductor has a power law behavior at energies well below the "BCS gap”. In
particular, the earlier work by Anlage et al. was interpreted to have two gaps, with the
smaller gap well below the BCS value [290]. The details of the experiment are till
controversial at present. Maet al. reported that the temperature dependence of the
penetration depth is T2 [220] while Hardy et al. reported that the temperature dependence
of the penetration depth is T [219]. The linear temperature dependence of the penetration
depth isrequired if the superconductor is to have line nodes in the gap. Second, we have
the angle-resolved photoemission data as discussed above. Although the photoemission
data has relatively poor energy resolution, it’s unique contribution to the understanding of
the gap anisotropy liesin the fact that it provides direct and specific k information of the
gap anisotropy. Third, we have the electronic Raman experiments [291]. These
experiments show low energy electronic excitations well below the BCS gap value. With
different polarizations of the laser light, the on-set of the low energy excitation is very
different, suggesting a very anisotropic superconducting gap. A recent paper reported
that the polarization dependence of the superconducting gap is consistent with the dx2.y2

order parameter [223].
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In addition to these experiments that reveal direct information about the
superconducting gap, there are several important experiments that are indirectly related
with the gap anisotropy issue. Historically, one of the most important experiments
indicating the gap anisotropy is NMR. Both the knight shift and anisotropy of the nuclear
relaxation rate between copper and oxygen have been interpreted to be consistent with a
d-wave order parameter [284]. If thisinterpretation is true, then the superconducting gap
of YBCO will be very anisotropic. In addition, we have the IR reflectivity
measurements. Recent data from that field is that these superconductors have a p-wave
pairing state [292]. While thisinterpretation is controversial, the data nevertheless
strongly points towards an anisotropic gap.

Finally, we have the recent Y BCO-Pb dc SQUID experiment conducted by
Wollman et al. [221]. SNS Josephson Junctions were fabricated on the aand b faces of a
single crystal of YBCO. A dx2.y2 order parameter would be expected to give an
additional phase shift of 11, while an s-wave order parameter should not give an additional
phase shift. Although not conclusive, the authors stated that the data as a whole strongly
points to ad-wave picture. The beauty of this experiment isthat because it is sensitive to
the phase of the order parameter, ad-wave gap isin principle distinguishable from a very
anisotropic s-wave gap.

In contrast to the above experiments, there are several experiments which imply
an isotropic gap. Thefirst isaneutron scattering experiment by Mason et al. [293]. This
experiment suggested that while there are excitations well below the BCS gap, the g-
dependence of the excitations are not consistent with the dy2.y2 proposal if the material is
clean. In the presence of impurities (which isvery likely in the neutron experiments
because of the large crystals required), the authors indicated that they could not make a
strong statement. This interpretation of the neutron data was challenged by Scalapino et
al. who claimed that the g-dependence of the datais actually consistent with the d-wave

scenario [294]. Secondly, there are the tunnelling experiments. The tunnelling
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community isdivided in thisfield. On the one hand, some STM tunnelling data from the
Tokyo group showed a very clean gap in both YBCO and Bi2212 [295, 296]. Fig. 5.22
reproduces some of their data on the 001 surface of an epitaxially grown film of YBCO.
These results were interpreted by the experimentalists as support for a clean s-wave gap.
The key argument hereisthat since the STM tip is so localized, the momentum resolution
islost due to the uncertainty principle. The counter argument hereisthat the k-space
average could be strongly weighted in a certain direction away from the gap node. On
the other hand, there are both junction and STM experiments from Bi2212 [222, 271] and
YBCO [198] revealing excitations inside the BCS gap. What is even more confusing is
the fact that many of these experiments which do not see the clean gap were carried out
on what appear to be better characterized and more carefully prepared surfaces. For
instance, while the STM measuremants of Edwards et al. were performed on single
crystals cleaved in UHV at low temperature/ 198], Nantoh et al. studied films which were

transported in air and received no further treatment [295].

V1. Summary and Concluding Remarks

Photoel ectron spectroscopy has played a crucial role in helping us to understand
the electronic structure of transition-metal oxides. In thisreview, we have concentrated
on the Mott insulators and high-temperature superconductors. Even though these classes
of compounds have extremely different ground state properties (large gap insulator
versus superconductors!), they are clearly related since the high temperature
superconductors have sister compounds that are Mott insulators.

For the Mott insulators, (Section I11) photoemission is sensitive to the four

important aspects of the electronic structure, namely the large Coulomb interaction
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energy U involved in the polar type of charge fluctuation di"di" - d"1d "1, the charge
transfer energy A in the transfer type of charge fluctuation d" « d"L, the energy
dispersion due to the wave function overlap, and the magnetic exchange splittings.

Thelarge U is the main reason why these compounds are large gap insulators at
half filling rather than metals or small gap semiconductors as predicted by band theory.
It apparently is also responsible for the band theory to predict a much smaller magnetic
moment than the experimental data. The large U is the prime reason why these
compounds have attracted so much attention over the last half century. The charge
transfer is adirect consegquence of the fact that these oxides are not purily ionic, but that
thereislarge hybridization involved. The consideration of charge transfer is crucial for
interpreting the photoemission data from copper and nickel compounds.

Resonance photoemission shows that only the satellite exhibits a strong resonance
at the cation absorption edge, while the main band near the valence band maximum
shows an anti-resonance. This suggests that the satellite has the d™1 configuration while
the main band near the valence band maximum has the d"L configuration. Hence, the
insulating gap is more directly influenced by the charge transfer energy A. Therefore, the
copper and nickel compounds are often called charge transfer insulators. (In most of the
paper, we simply called them Mott insulators for historical reasons) The charge transfer
insulator picture also helps to explain the trend of magnetic interactions in these mono-
oxides[25].

Therelative role of U and A is summarized by ZSA [22]. When A<U, charge
transfer fluctuations dominate the low energy excitations. Where A> U, the material isa
traditional Mott insulator with polar charge fluctuations dominating the low energy
excitations. The general trend is that the charge transfer energy is most important in the
copper compounds, and its role decrease as one goes to compounds with less d electrons.
CuO and NiO are charge transfer insulators (A<U) , while V 203 (and thus presumably
Ti203) and ScO are Mott insulators (A>U). CoO, FeO, MnO and CrO (hypothetical) are
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in the intermediaregime (A~U). We note that for the earlier TMO’ s this simple picture
has been recently challenged by Park et al. [60]. They stressed the importance of the
metal -oxygen hybridization energy T, and estimated that U, A, and T are al of
comparable magnitude for the early TMO’s. If they are correct in this, then there are
really no “true” Mott-Hubbard insulators.

The energy dispersion is adirect consequence of the wavefunction overlapping,
and is particularly important for the ligand bands. We can see that the energy dispersion
for an oxygen band is about 4 eV, which is the same scale as the charge transfer energy.
Since these oxides are not purily ionic, it is essential to consider the energy dispersion.
The importance of the energy dispersion is recognized in some recent theoretical effects
also. For example, the energy dispersion of the oxygen bands are essential to the
convergence of the so-called self-interaction-correction (SIC) calculations[111]. The
energy dispersion is particularly important for the charge transfer insulators. 1n these
insulators, the low energy excitations are dominated by the charge transfer fluctuations
involving not only the less dispersive d bands but also the very dispersive oxygen bands.
For example, the recent angle-resolved photoemission studies from insulating Y BCOg 35
clearly showed that it is essential to consider the energy dispersion in order to have a
complete understanding of this compound [153].

The magnetic interactions are also important for a complete understanding of the
electronic structure. We see that the Ni3s core level splitsinto at |east four features. One
has to provoke the magnetic exchange multiplet splitting in order to understand this data.
The size of the splitting suggests that the exchange splitting in NiO could be of the order
of several electron volts. In addition, we also see that the consideration of the
antiferromagnetic order is essential to understand the angle-resolved valence band
photoemission data. Here one should note that there were two types of definition of A,

with one including and the other excluding the exchange contribution. One should be
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careful about the two different definitions and thisissue is explicitly discussed recently.
[301, 302

The four aspects of the electronic structure discussed above are all important for a
complete understanding of the electronic structure of these oxides. It isnot clear whether
one can use the perturbation approach to this problem because they each could be of the
same order of magnitude (perhaps with the exception of U). For example, in the case of
NiO, we have U~8 eV, A~4 eV, the energy dispersion for the oxygen band could be about
4 eV, and the magnetic multiplet splitting is about 2 to 3 eV. These aspects make afull
theoretical calculation of the electronic structure of these compounds a very difficult task.

For the high-temperature superconductors, we surveyed both angle-integrated and
angle-resolved measurements. The angle-integrated data were most often compared with
cluster or impurity model calculations. This approach has many similarities to that of the
Mott insulators discussed in the last section. These experiments showed that the strong
correlation features such as the high energy satellite persist into the superconducting
state. This shows that the large Coulomb interaction U is not significantly screened, and
must be important for a complete understanding of the electronic structure of the high-
temperature superconductors.

We have aso spent some time discussing the tricky issues in the preparation of
good sampl e surfaces for photoemission experiments. There is now a general consensus
that only the results that have been reproduced in single crystalline samples should be
trusted. However, thisis not a sufficent condition. Many of the results from single
crystals (such as the early angle-resolved photoemission datafrom YBCOg g at room
temperature) could be problematic. Therefore, one has to judge the photoemission data
very critically. It appears that the best angle-resolved photoemission data are those
obtained from high quality single crystals for which a known high quality cleavage plane

exists. The samples should be characterized by as many other means as possible, such as
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the sharpness of the superconducting transition, LEED, the width of the x-ray lines, and
the flatness of the cleaved surface.

For the most part, we concentrated on the recent angle-resolved photoemission
results (Sec. IV.E and Sec V). Inthe normal state, these experiments addressed the issue
of the Fermi surfaces and the excitations near the Fermi level. Despite the compelling
evidence of correlation effects, angle-resolved photoemission clearly demonstrated the
existence of the Fermi surfaces. Furthermore, the measured Fermi surfaces have
similarities to theoretical Fermi surfaces calculated by band theory. In particular, it
appears that the highly metallic cuprates probably obey L uttinger’s counting theorem,
which requires that the Fermi surface of the interacting electron system encloses the same
volume as the Fermi surface of the non-interacting system. Thiswas a very significant
contribution to the understanding of the electronic structure of the cuprate
superconductors.

Also very significant are the connections between the el ectronic structure and the
other physical properties of the cuprates, including the superconductivity. These
connections arose out of awide range of very careful and detailed measurements on a
variety of the cuprate superconductors. Key featuresin the electronic structure which
existed for awide range of the cuprates were uncovered, and the details of these features
were compared and contrasted. These key features are (1) very flat bands in CuO, band
structure which have saddle point behavior. These flat bands are very near Ef for the p-
type cuprates studied so far (Bi2212, Bi2201, Y 123 and Y 124) and so will have a
significant effect on the physical properties, including possibly the temperature
dependence of the resistivity, the isotope effect, the Hall effect, and the symmetry of the
superconducting gap. On the other hand, these flat bands appear significantly below (~
300 meV) Eg for the n-type cuprates, and so will not be electrically active. (2)
Significant Fermi surface nesting has been observed for most of the cuprates. In

particular, avery strong nesting vector near (T1,7) has been observed in Bi2212. The
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effects of this nesting on the electron scattering, susceptibility, and symmetry of the order
parameter have been discussed.

The contribution photoemission has made to our understanding of the
superconducting state of the high-T ¢ superconductors has been equally valuable. The
superconducting gap has been observed in Bi2212 in both the angle-integrated and angle-
resolved modes, and has been studied by quite afew groups. The superconducting gap
sizes obtained by various photoemission groups are remarkably consistent with each
other, and are consistent with those obtained by most other methods (typically 20-25
meV for T = 85K-90K samples). The gap has not been reproducibly observed in
YBCO, presumably due to surface problems. There have not as yet been any reported
attempts at measurements on other samples. This hasto do with both the availability of
high quality samples and the available instrumentation; the gap in many of the lower-T¢
cupratesis so small that not very much could be learned from them with the presently
attainable energy resolution.

Although photoemission was only very recently applied to the study of the
superconducting gaps, its power has become immediately obvious, particularly because
of its unique ability to directly measure the momentum dependence of the gap. While
other classical measurements of measurement such as tunneling and infrared reflectivity
have better energy resolution, they do not have the capability of measuring the
momentum dependence, and have in addition been hindered by many practical problems
such as the difficulty in making a good contact for tunneling and by the large anisotropy
of the dielectric constant for the IR reflectivity measurements.

While early measurements indicated that the superconducting gap was essentially
isotropic in k-space, favoring an s-wave pairing state[ 150], later measurements showed
significant anisotropy, with the gap a maximum near the M point of the Brillouin zone
and minimum along the M'-X(Y) zone diagonal [217, 257]. Shen et a.’s study showed

that the gap minimum in some samples (those independently determined to be of the
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highest quality) was, within the experimental uncertainty (afew meV), essentialy zero
[218]. Because the location of the gap minimum (along the '-X(Y) diagonal) was
exactly where the node in ady2-y2-wave gap (the most likely symmetry of a d-wave gap)
should be, atremendous amount of excitement was generated. Since that time,
experiments of many different types were carried out aimed at probing the symmetry of
the gap, including tunneling [222, 276, 295, 296], Raman spectroscopy [223], microwave
penetration [206, 219, 220], infrared transmission [224] and Josephson Junction
measurements [221], among others. The mgjority of these concluded that the gap was
indeed very anisotropic, and that the anisotropy matched that of the dx2.y2 gap. However,
it must be realized that with the exception of the Josephson Junction experiment[221],
none of the measurements are sensitive to the phase of the order parameter, and soitis
not possible to distinguish between a very anisotropic s-wave gap [297-299] and a d-
wave gap. More experiments which are sensitive to the phase are definitely necessary, as
the difference between a d-wave and a very anisotropic s-wave gap is very fundamental;
an s-wave gap requires that the electron-electron interaction is attractive, while a d-wave
gap can take advantage of arepulsive interaction.

In addtion to measurements of the symmetry of the gap, photoemission has
revealed some anomalous spectral weight transfer which occurs at the superconducting
transition in Bi2212 [257]. For the spectranear M (wherethe gap islarge), adip
structure appears near -90 meV in the spectra recorded in the superconducting state. This
isavery high energy scale when compared to the gap energy (near 20-25 meV), and is
not expected to occur in asimple BCS type of pairing theory, where spectral weight is
only depleted from states with an energy lower than the gap. Spectrataken just above T¢
do not show any sign of the dip. This effect has also been observed in tunneling
spectroscopy for awide range of the cuprates, and the energy of the dip is observed to
scalewith T [276]. Thisdip has generated quite a bit of theoretical interest [272-275],

although there is as yet no consensus on its origin. Much of the reason for the excitement

149



over this feature was historical, as analogous high energy oscillations in the tunneling
spectra of some of the strong coupling superconductors proved to be critical information
in determining that the electron-phonon coupling was the driving force behind the
superconductivity in conventional superconductors. It is possible that the dip in the
cuprates may also hold an imporant clue to our understanding of the mechanism of
superconductivity.

Finally, we point out that there are very interesting connections between the
different measurements and the results on different sample types. Much of the interest in
pairing mechanisms of d-wave symmetry stems from the realization that there isalarge
on-site Coulomb energy U between the electronsin transition metal oxidesin general
(see section I11). The observation that the high binding energy satellite persistsinto the
superconducting state implies that this Coulomb U will have to be overcome if the
electrons are to be paired in aclassical way. Going to higher momentum channels such
asin the d-wave caseis avery effective way of overcoming this U, asthereisanode at
the origin and so there will be less wave-function overlap.

The superconducting state properties (as well as many other properties) of the p-
and n-type cuprates are very different. In particular, the maximum T presently observed
for an n-type cuprate is ~25K, and most indications are that the gap in the n-typesis quite
isotropic [206]. We point out that the electronic structure of the p- and n-type cupratesis
very different, particularly in regards to the presence/absence of the flat bands at Er, and
suggest that this may be responsible for the differences in gap symmetry. Some
theoretical work by Dickinson and Doniach supports this proposition [172]. They showed
that a d-wave gap may be stabilized by a k -space anisotropy in the contribution to N(Eg),
with alarger gap in the region of high state density due to the energy gain from gapping
many states. Thisis precisely what has been observed in the ARPES measurements of

the SC state of Bi2212 - A(k) is maximum near M and minimum near the crossing along
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M-X(Y) [218, 288]. In NCCO, astrongly anisotropic or d-wave gap may not be favored
since the flat bands are well below Ef.

L ooking towards the future, we believe that ARPES will continueto play akey
rolein ths study of high-T ¢ superconductivity. The energy and momentum resolution of
the experiments will certainly improve. In Fig 6.1 we show a gas phase spectrum taken
inour lab from a Xe 5p3» core level taken with anew very high energy resolution
spectrometer built by Scienta Instruments AB. As shown in the figure, theline has a
FWHM of 6.1 meV. Similar equipment using a higher resolution Helium lamp have
produced spectrawith a FWHM of 4.3 meV [303]. Thisis better than afactor of five
improvement over most of the high resolution studies reviewed here. We are very
optimistic about the impacts this new generation of instrumentation will have on the

photoemission community.
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VI1l. Addendum:

In the process of reviewing this paper, we noticed several recent developments
which we summarize in the following paragraphs.

The superconducting gap anisotropy in the a-b plane is now confirmed by several
groups.[304, 305, 306] The superconducting gap is smallest in the vicinity of the (1t/a,
1/a) direction, and it reaches a maximum as one moves away from it. Whether the gap
reaches zero along (1t/a, 17/4) is still an unsettled issue, due to reasons similar to those
discussed earlier. At thistime, much more work is need to sort out more detailed issues
such as whether the node line is lightly off the (1t/a, /@) direction,[304] the temperature
dependence of the gap anisotropy,[305] and impurity scattering effects on the gap
anisotropy.[306, 307]

There is adetailed Fermi surface mapping by Aebi et al. of Bi2212.[309] The
experiment was carried out in a different way than those discussed in this paper. In their
measurement, Aebi et al. fixed the energy window at energies near the Fermi level and
scanned the detector angle. This approach allows them to survey the Brillouin zonein
more detail than those measurements discussed earler, although with aloss of som energy
information. Their results confirmed the flat bands near Fermi level in an extended k-
gpace region. However, the Fermi surface obtained in thisway is dightly different from
those by Dessau et al. Aebi et a. interpreted their data as evidence of seeing the short
range antiferromagnetic spin fluctuations. Thisinterpretation is controversial and has
been challenged by Chakravarty who pointed out that one should not see folded back
bands in materials with extremely short spin-spin correlation lengths and without a
staggered magnetization.[310]

There are active theoretical works simulating angle resolved photoemission data
using Monte Carlo methods, as well as calculating the dispersion relationship using the t-

Jmodel.[311-316] These simulations are carried out on clusters with intermediate
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Coulomb interaction U strength. (e.g. U = 8t) These theoretical calculations reproduced
many aspects of the experimental data from both the metallic and insulating regime. In
the insulating regime, recent experimental data by Wells et al. serves as a good test case
for theoretical calculations.[317] Wells et a. found that the spectral behavior along the
(O, 0) to (1t/a, TUa) line predicted by the Monte Carlo aswell ast-J model calculation is
very similar to those found experimentally, while the spectral behavior along (0, 0) to
(Tva, 0) line does not agree with the experiment. A potentially very siginficant finding is
that these simulations give very flat bands near the Fermi level in the vicinity of (1Ua, 0).
Thisfinding is very consistent with the flat bands observed in angle-resolved
photoemission experiments, and is very suggestive that the flat bands observed in the

experiments are manefestations of many-body effects in these materials.

153



V111 Acknowledgements

We have benefitted greatly from collaborations and discussions with many
wonderful people, including B.O. Wells, W.E. Spicer, A. Fujimori, JW. Allen, D.J.
Scalapino, A.J. Arko, P.H. Dickinson, S. Doniach, P.W. Anderson, G.A. Sawatzky, A.
Kapitulnik, T.H. Geballe, M.R. Beasley, D.M. King, L.W. Lombardo, D.B. Mitzi, C.G.
Olson, J. Ruvalds, N.V. Smith, and B.W. Veal . D.S.D acknowledges support from a
DOE Distinguished Postdoctoral Research fellowship, and Z.X.S. acknowledges support
from the Alfred P. Sloan Foundation. Most of our research was carried out at the
Stanford Synchrotron Radiation Laboratory (SSRL) which is operated by the DOE Office
of Basic Energy Sciences, Division of Chemical Sciences. The Office's Division of
Materials Science has provided funding for this research. The Stanford work was also
supported by NSF grants DMR8913478 and DMR9121288, and the NSF grant through
the Center of Material Research, and by the Joint Services Electronics Project (JSEP).

154



| X. References

10.

11

12.

13.
14.

15.
16.
17.

18.

“Proceedings of the International Conference on Materials and M echanisms of
Superconductivity High Temperature Superconductors I1”, Editors R.N. Shelton,
W.A. Harrison and N.E. Phillips, Elsevier Science Publishers, North Holland
(1989)

“High Temperature Superconductivity,” aspecial issue of Physics Today, 44, no.
6, (1991) 22

"Properties of High T ¢ Superconductors,” a special issue of the MRS Bulletin,
Vol. XV, No. 6 (1990)

"Physical Properties of High Temperature Superconductors|1,” Ed. D.M.
Ginsberg, World Scientific, Singapore (1990)

“Physics of High-T Superconductors’, J.C. Phillips, Academic Press, Inc.Boston
(1989)

“Fermiology of High-T Superconductors,” aspecia issue of Journa of Physics
and Chemistry of Solids, 52, no 11/12 (1991); ibid 53, no 12 (1992); ibid (1993)
“High Temperature Superconductivity” Ed. J. Ashkenazi, S.E. Barnes, F. Zuo,
G.C. Vezzoli and B.M. Klein, Plenum Press, New Y ork (1991)

P.W. Anderson, J. of Modern Physics

K. Levin, JuH. Kim, JP. Luand Qimiao Si, Submitted to Review of Modern
Physics

W.E. Pickett, Review of Modern Physics 61, (1989) 433

W.E. Pickett, H. Krakauer, R.E. Cohen and D.J. Singh, Science 255, n0.5040
(1992) 46.

"Strong Correlation and Superconductivity,” Eds. H. Fukuyama, S. Maegkawa, and
A.P. Malozemoff, Springer-Verlag, Berlin (1989)

J.G. Bednorz & K.A. Milller, Reviews of Modern Physics 60, (1988) 585

P.A.P. Lindberg, Z.-X. Shen, W.E. Spicer, and |. Lindau, Surface Science Reports
11, Nos 1-4 (1990)

J.B. Goodenough, MRS Bulletin, Vol XV, No 5, 23 (1990)

JH. de Boer and E.J. W. Verwey, Proc. Phys. Soc. A49 (1937) 59

R.E. Peierls, Z. Phys. 53 (1929) 255; Annin der Phys., 13 (1932) 905; “Quantum
Theory of Solids” Clarendon Press, Oxford (1955)

N.F. Mott, Proc. Phys. Soc. (London) A62 (1949) 416; “Metal Insulator
Transitions’, Taylor and Francis, Ltd., London (1974)

155



19.

20.
21.
22.
23.
24.
25.
26.

27.

28.

32

33.

35.

36.
37.
38.
39.

40.

41.
42.

J. Hubbard, Proc. Royal Society (London) A277 (1964) 237; Ibid A281 (1964)
401

P.W. Anderson, Phys. Rev 115, (1959) 2

P.W. Anderson, Solid St. Phys. Adv. 14 (1963) 99

J. Zaanen, G.A. Sawatzky and JW. Allen, Phys. Rev. Lett. 55, (1985) 418.

H. Eskes, L.H. Tjeng and G.A. Sawatzky, Phys. Rev B 41 (1990) 288.

O. Gunnarsson, O. Jepsen, Z.-X. Shen, Physical Review B 42 (1990) 8707.

J. Zaanen, G.A. Sawatzky, Canadian Journal of Physics 65, (1987) 1262.
Narrow-band phenomena--influence of elections with both band and localized
character / edited by J.C. Fuggle, G.A. Sawatzky, andJ.W. Allen. New York :
Plenum Press, (1988).

JW. Allen and C.G. Olson in "Properties of High T Superconductors,” a special
issue of the MRS Bulletin, 15, No. 6 (1990) 34

A.J. Arko, R.S. List, R.J. Bartlett, S.-W. Cheong, Z. Fisk, J.D. Thompson, C.G.
Olson, A.-B. Yang, R. Liu, C. Gu, B.W. Veadl, J.Z. Liu, A.P. Paulikas, Advances
in Superconductivity I1. Proceedings of the 2nd International Symposium on
Superconductivity (1SS '89), Eds. T. Ishiguro and K. Kajimura, Springer-Verlag,
Tokyo (1990) 465

Z.-X. Shen, P.A.P. Lindberg,W.E. Spicer, |. Lindau, JW. Allen, AIP Conference
Proceedings, No 182 (1988) 330

H.M. Meyer I11 and J.H Weaver, in "Physical Properties of High Temperature
Superconductors 11, Ed. D.M. Ginsberg, World Scientific, Singapore (1990) 369
A. Fujimori in "Strong Correlation and Superconductivity," Eds. H. Fukuyama, S.
Maekawa, and A.P. Ma ozemoff, Springer-Verlag, Berlin (1989) 300

T. Takahashi in "Strong Correlation and Superconductivity," Eds. H. Fukuyama,
S. Maekawa, and A.P. Malozemoff, Springer-Verlag, Berlin (1989) 311

Journal of Electron Spectroscopy, editedby  Loeser, Ved, etc.

J. Feuerbacher, J. Phys. C 9 (1976) 169

F.J. Himpsel, Adv. In Physics, 32 (1983) 1

S. Hiufner, p. 173 in “Photoemission in Solids 11” L.Ley and M. Cardona, eds.
Springer Verlag, Berlin, 1979; R. Courths and S. Hufner, Physics Reports 112
(1984) 54

N.V. Smith and F.J. Himpsel, in “Handbook on Synchrotron Radiation”, Vol 1,
Ed. E.E. Koch, North Holland (1983) 905

H.J. Levinson, F. Greuter and E.W. Plummer, Phys. Rev. B 27 (1983) 727

P.W. Anderson and J.R. Schrieffer, in “Physics Today,” 44 No 6 (1991) 54

156



43.

45.

46.

47.

48.

49

50.
5l

52

53.

55.

56.

57.

58.

59.

60.

61.

62.
63.

65

I. Lindau and W.E. Spicer, in Synchrotron Radiation Research, Eds. H. Winick
and S. Doniach, Plenum Press, New Y ork (1980) 159

G. Margaritondo and J.H. Weaver, Methods of Experimental Physics, 22 (1985)
127

“Photoemission in Solids1” M. Cardonaand L. Ley, eds. Springer Verlag, Berlin,
1978; “Photoemissionin SolidsIl” L.Ley and M. Cardona, eds. Springer Verlag,
Berlin, 1979.

"Handbook on Synchrotron Radiation, Vol 2," Ed. G.V. Marr, North Holland,
Amsterdam (1987)

W.E. Spicer, in"Optical Properties of Solids- New Developments,” Ed. B.O.
Seraphin, North-Holland Publishing Co., Amsterdam (1976) 631

W.E. Spicer in “Optical Properties of Solids - New Developments’ Ed. B.O.
Seraphin, North Holland Publishing Co., Amsterdam (1976) 631

I. Lindau and W.E. Spicer, J. Electron Spectrosc. Relat. Phenom. 3 (1974) 409
G.W. Gobdli, F.G. Allen and E.O. Kane, Phys. Rev. Letters 12 (1964) 94

J. Hermanson, Solid State Comm. 22 (1977) 9

L.C. Davis, Phys. Rev. 124, 1866 (1961); L.C. Davis, J. Appl. Phys. 59, R25
(1986)

U. Fano, Phys. Rev. 124, 1866 (1961)

S.T. Manson in “Photoemission in Solids |” Ed. M. Cardonaand L. Ley,
Springer-Verlag, Berlin (1978)135

J. B. Pendry, Surf. Sci. 57 (1976) 679

C.-O. Almbladh and L. Hedin in "Handbook on Synchrotron Radiation Vol 1a"
Ed. E.E. Koch, North Holland, Amsterdam (1983) 607

JB. Torrance, Y. Tokura, A.l. Nazzal, A. Bezinge, T.C. Huang, S.S.P. Parkin,
Phys. Rev. Letters 61(1988)1127

B. Brandow, Advances In Physics 26 (1977) 651

"The Physics of Amorphous Solids," R. Zallen, John Wiley, New Y ork (1983)
JH. Park, L.H. Tjeng, JW. Allen, R.Claessen, C.T. Chen, P. Metcalf and H.R.
Harrison, Phys. Rev. Lett. (submitted)

P. Steiner, S. Huffner, A. Jungman, V. Kinsinger, and |. Sander, Z. Phys. B-
Condense Matt. 74, (1989) 173

W.Y. Ching, Y.N. Xu and K.W. Wong, Phys. Rev. B40, (1989) 7684

S. Huffner, Solid State Comm. 47 (1983) 943

D.C. Frost, A. Ishitani and C.A. McDowell, Molecular Physics 24 (1972) 861
T.H. Fleisch and G.J. Mains, Applications of Surface Science 10 (1982) 51\

157



66.

67.

68.

69.

70.

71

72.

73.
74.
75.

76

77
78

79.

80.

81.

82.

83.

85.
86.

Z.-X. Shen, R.S. List, D.S. Dessau, F. Parmigiani, A.J. Arko, R. Bartlett, B.O.
WEélls, |. Lindau, W.E. Spicer, Physical Review B 42, (1990) 8081

J. Ghijsen, L.H. Tjeng, J. van Elp, H. Eskes, J. Westerink, G.A. Sawatzky, and
M.T. Czyzyk, Phys. Rev. B 38, 11322 (1988)

J. Ghijsen, L.H. Tjeng, H. Eskes, G.A. Sawatzky and R.L. Johnson, Physical
Review B 42, 2268 (1990)

H. Eskes, L.H. Tjeng, and G.A. Sawatzky, Proceedings NEC Symposiumon
"Mechanism of high Tc superconductivity” Hakone, Tokyo, Japan 24-27, Oct.
1988

K. Karlsson, O. Gunnarsson, O. Jepsen, Journa of Physics: Condensed Matter 4
(1992) 895; Ibid 4 (1992) 2801.

M.A. Van Veenendahl, H. Eskes and G.A. Sawatzky Phys. Rev. B. 47 (1993)
11462

B.X. Yang, T.R. Thurston, J.M. Tranquada, G. Shirane, Physical Review B 39,
(1989) 4343.

P. Marksteiner, P. Blahaand K. Schwarz Z. Phys. B - Cond. Matt. 64, 119 (1986)
B. Brandow, Journal of Solid State Chemistry 88 (1990) 28

L.H. Tjeng, C.T. Chen, J. Ghijsen, P. Rudolf, F. Sette, Physical Review Letters
67, (1991) 501.

M.F. Lopez, A. Hohr, C. Laubschat, M. Domke and G. Kaindl, Europhys. Lett.,
20 (1992) 357

L.H. Tjeng, Europhys. Lett. 23, (1993) 535

M.F. Lopez, C. Laubschat and G. Kaindl, Europhys. Lett. 23, (1993) 538

K. Terakura, T. Oguchi, A.R. Williams and J. Kubler, Phys. Rev B 30 (1984)
4734

K. Terakura, A.R. Williams, T. Oguchi and J. Klbler, Phys. Rev. Lett. 52 (1984)
1830

“Symmetry and Spectroscopy, an Introduction to Vibrational and Electronic
Spectroscopy,” D.C. harrisand M.D. Bertolucci, Dover Publications, New Y ork
(1978)

J.C. Slater, Phys. Rev. 82, (1951) 538

R.J. Powell and W.E. Spicer, Physical Review B 2, (1970) 2182

G.A. Sawatzky and JW. Allen, Physical Review Letters 53, (1984) 2339

D.E. Eastman and J.L. Freeouf, Phys. Rev. Lett. 34, (1975) 395

S.-J. Oh, JW. Allen, |. Lindau and J.C. Mikkelsen, Jr., Phys. Rev. B 26, 4845
(1982)

158



87. M.R. Thuler, R.L. Benbow, and Z. Hurych, Physical Review B 27, 2082 (1983)

88.  A.Fujimori and F. Minami, Physical Review B 30, 957 (1984)

89. G.vander Laan, J. Zaanen, G.A. Sawatzky, R. Karnatak, J.-M. Esteva, Phys.
Rev. B 33 (1986) 4253

90. V.l. Anismov, |.V. Solovyey, M.A. Korotin, M.T. Czyzyk and G.A. Sawatzky,
Phys. Rev. B (submitted)

91. Z.-X. Shen, JW. Allen, P.A.P. Lindberg, D.S. Dessau, B.O. Wells, A. Borg, W.
Ellis, J.S. Kang, S.-J. Oh, |. Lindau, W.E. Spicer, Phys. Rev. B 42, 1817 (1990)

92. J.vanElp, JL. Wieland, H. Eskes, P. Kuiper, G.A. Sawatzky, F.M.F. de Groot,
T.S. Turner, Physical Review B 44 (1991) 6090

93.  A.Fujimori, N. Kimizuka, T. Akahane, S. Kimura, F. Minami, K. Siratori, M.
Taniguchi, S. Ogawa, S.Suga, Physical Review B 42 (1990) 7580

94.  A. Fujimori, N. Kimizuka, M. Taniguchi and S. Suga, Physical Review B 36,
6691 (1987)

95 J. van Elp, R.H. Potze, H. Eskes, R. Berger and G.A. Sawatzky Physical Review
B 44 (1991) 1530

96. A.E.Bocquet, T. Mizokawa, T.Saitoh, H. Namatame, A. Fujimori, Physical
Review B46 (1992) 3771

97. P.S. Bagus, G. Pacchioni and F. Parmigiani, Chemical Physics Letters 207, (1993)
569

98. B. Hermsmeier, J. Osterwalder, D.J. Friedman and C.S. Fadley, Phys. Rev. Lett.
62, 478 (1989)

99 R.J. Lad and V.E. Henrich, Phys. Rev. B 38, 10860 (1988)

100  S.-J. Oh, G.-H. Gweon; J.-G. Park, Physical Review Letters 68 (1992) 2850

101. G.Leeand S.-J. Oh, Physical Review B 43, 14674 (1991);

102. Z.-X. Shen, C.K. Shih, O.Jepsen, W.E. Spicer, I. Lindau and JW. Allen, Phys.
Rev. Lett. 64, 2442 (1990);

103  Z.-X. Shen, R.S. Ligt, D.S. Dessau, B.O. Wells, O. Jepsen, A.J. Arko, R. Barttlet,
C.K. Shih, F. Parmigiani, J.C. Huang, P.A.P. Lindberg, Physical Review B 44,
3604 (1991).

104. C.K. Shiheta. PRL submitted

105. H. Kuhlenbeck, H.B. Saalfeld, U. Buskotte, M. Neumann, H.-J. Freund, E.W.
Plummer, Physical Review B 39 (1989) 3475

106. T.Rogelet, S. Soderholm, M. Qvarford, N.L. Saini, U.O. Karlsson, |. Lindau,
S.A. Flodstrom, Solid State Communications 85 (1993) 657

159



107.

108.

109.

110.

111.

112.

113.
114.

115

116.

117.
118.

119.
120.

121.
122.
123.

124

125

126.

127.

J. Kibler and A.R. Williams, J. of Magnetism and Magnetic Mater. 54-57 (1986)
603

N.B. Brookes, D.S.-L. Law, D.R. Warburton, P.L. Wincott, G. Thornton, Journal
of Physics: Condensed Matter 1, 4267 (1989)

Z.-X. Shen, unpublished MnO data. The Mn 3s core level splitting was also
measured, and determined to be 6 eV.

J. Zaanen, G.A. Sawatzky, Progress of Theoretical Physics Supplement, No.101
(1990) 231

A. Svane, O. Gunnarsson, Phys. Rev. Lett. 65,1148 (1190)

M.R. Norman, Physical Review Letters 64, 1162 (1990)

M. Norman and A.J. Freeman, (unpublished)

V.1. Anisimov, J. Zaanen, O.K. Andersen, Physical Review B 44, (1991) 943

J. van Elp, H. Eskes, P. Kuiper, G.A. Sawatzky, Physical Review B 45, (1992)
1612.

JM. Tarascon, W.R. McKinnon, P. Barboux, D.M. Hwang, B.G. Bagley, L.H.
Greene, G.W. Hull, Y. LePage, N. Stoffel and M. Giroud, Phys. Rev. B 38 (1988)
8885.

B. Battlog, Physics Today 44 no. 6 (1991) 44

C.M. Varma, P.B. Littlewood, S. Schmitt-Rink, E. Abrahams, A.E. Ruckenstein,
Phys. Rev. Lett. 63 (1989) 1996

R.B. Laughlin, Science 242 (1988) 525

See “The Theory of Quantum Liquids,” D. Pinesand P. Nozieres, W.A.
Benjamin, New Y ork (1964)

J.M. Luttinger, Phys. Rev. 119 (1960) 1153

P.W. Anderson, Phys. Rev. B 42 (1990) 2624

C.G. Olson, R. Liu, A.-B. Yang, D.W. Lynch, A.J. Arko, R.S. List, B.W. Ved,
Y.C. Chang, P.Z. Jiang, A.P. Paulikas, Science 245 (1989) 731

C.G. Olson, R. Liu, D.W. Lynch, R.S. List, A.J. Arko, B.W. Ved, Y.C. Chang,
P.Z. Jiang, A.P. Paulikas, Physical Review B 42, (1990) 381

J. Fink, N. Nucker, H.A. Romberg, J.C. Fuggle, IBM Journal of Research and
Development 33, (1989) 372

A. Fujimori, E. Takayama-Muromachi, Y. Uchidaand B. Okai, Physical Review
B 35 (1987) 8814

Z.-X. Shen, JW. Allen, J.J. Yeh, J.-S. Kang, W.Ellis, W.E. Spicer, | Lindau, M.B.
Maple, Y.D. Dalichauch, M.S. Torikachvili, J.Z. Sun and T.H. Geballe, Phys.
Rev. B 36, 8414 (1987)

160



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.
139.

140

141

142

143

A.J. Arko, R.S. List, R.J. Bartlett, S.-W. Cheong, Z. Fisk, J.D. Thompson, C.G.
Olson, A.-B. Yang, R. Liu, C. Gu, BW. Ved, JZ. Liu, A.P. Paulikas, K.
Vandervoort, H. Claus, J.C. Campuzanno, J.E. Schirber and N.D. Shinn, Phys.
Rev. B 40, (1989) 2268

R.S. List, A.J. Arko, R.J. Bartlett, C.G. Olson, A.-B. Yang, R. Liu, C. Gu, B.W.
Ved, Y. Chang, P.Z. Jiang, K. Vandervoort, A.P. Paulikas and J.C. Campuzanno,
Physica C 159, (1989) 439

O. Gunnarsson, JW. Allen, O. Jepsen, T. Fujiwara, O.K. Anderson, C.G. Olson,
M.B. Maple, J.-S. Kang, L.Z. Liu, J.-H. Park, R.O. Anderson, W.P. Ellis. R. Liu,
J.T. Market, Y. Dalichaouch, Z.-X. Shen, P.A.P. Lindberg, B.O. Wélls, D.S.
Dessau, A. Borg, I. Lindau, and W.E. Spicer, Phys. Rev. B 41, (1990) 4811

J.C. Fuggle, P.JW. Welijs, R. Schoorl, G.A. Sawatzky, J. Fink, N. Nucker, P.J.
Durham and W.M. Temmerman, Phys. Rev. B 37 (1988) 123

K.C. Hass, in Solid State Physics, edited by H. Ehrenreich and D. Turnbull,
Academic, New York 42 (1989) 213

G.A. Sawatzky, Earlier and Recent Aspects of Superconductivity. Lectures from
the International School., Eds. J.G. Bednorz and K.A. Mliller, Springer-Verlag,
Berlin (1990) 345

A.K. McMahan, R.M. Martin and S. Satpathy Phys. Rev. B 38 (1988) 6650

E.B. Stechel and D.R. Jennison, Phys. Rev. B 38 (1988) 4632

M.S. Hybertson, M. Schliter and N.E. Christensen, Phys. Rev. B 39 (1989) 9028
M.S. Hybertsen, E.B. Stechel, M. Schliter, D.R. Jennison, Physical Review B 41,
(1990) 11068

F.C. Zhang and T.M. Rice, Phys. Rev.B 37, (1988) 3759

J.G. Tobin, C.G. Olson, C. Gu, J.Z. Liu, F.R. Sola, M.J. Fluss, R.H. Howell, J.C.
O'Brien, H.B. Radowski and P.A. Sterne, Phys. Rev. B 45 (1992) 5563

T. Takahashi, H. Matsuyama, H. Katayama-Y oshida, Y. Okabe, S. Hosoya, K.
Seki, H. Fujimoto, M. Sata, H. Inokuchi, Nature 334 (1988) 691

T. Takahashi, H. Matsuyama, H. Katayama-Y oshida, Y. Okabe, S. Hosoya, K.
Seki, H. Fujimoto, M. Sato, H. Inokuchi, Physical Review B 39 (1989) 6636
D.S. Dessau, Z.-X. Shen, D.M. King, D.S.Marshall, L.W. Lombardo, P.H.
Dickinson, J. DiCarlo, C.-H. Park, A.G. Loeser, A. Kapitulnik and W.E. Spicer
Physical Review Letters 71, (1993) 2781

D.S. Dessau, Z.-X. Shen, D.M. King, D.S.Marshall, L.W. Lombardo, P.H.
Dickinson, J. DiCarlo, C.-H. Park, A.G. Loeser, A. Kapitulnik and W.E. Spicer

161



144

145

146

147

148

149
150

151

152

153

154

155

156

157

158

Angle-Resolved Photoemission Measurements of Bi 2Sr2CaCuOgs 5: (i) Normal
State (To be submitted to Physical Review B)

G. Mante, R. Claessen, T. Buslaps, S. Harm, R. Manzke, M. Skibowski, and J.
Fink, Z. Phys. B 80 (1990) 181

R. Claessen, R. Manzke, H. Carstensen, B. Burandt, T. Buslaps, M. Skibowski
and J. Fink, Physical Review B 39 (1989) 7316

R.J. Kelley, Jian Ma, M. Onellion, M. Marsi, P. Alméras, H. Berger, and G.
Margaritondo, Phys. Rev. B 48 (1993) 3534

B.O. Wélls, Z.-X. Shen, D.S. Dessau, W.E. Spicer, C. G. Olson, D.B. Mitzi, A.
Kapitulnik, R.S. List and A.J. Arko, Test of the Fermi surface in BioSroCaCuyOg
-- Metallicity of the Bi-O layer, Phys. Rev. Lett. 65 (1990) 3056

D.S. Dessau, Z.-X. Shen, B.O. Wélls, D.M. King, W.E. Spicer, A.J. Arko, L.W.
Lombardo, D.B. Mitzi, and A. Kapitulnik Nature of the high-binding-energy dip
in the low-temperature photoemission spectra of Bi S 2CaCupOg+ 5 Physical
Review B 45, (1992) 5095

D.S. Dessau, Ph.D. thesis, Stanford University, Stanford, CA (1992)

C.G. Olson, R. Liu, D.W. Lynch, R.S. List, A.J. Arko, B.W. Vedl, Y.C. Chang,
P.Z. Jiang, A.P. Paulikas, Solid State Communications 76 (1990) 411

R. Manzke, T. Budaps, R. Claessen, M. Skibowski, J. Fink, Physica C 162-164,
(1989) 1381

Y. Hwu, L. Lozzi, M. Mard, S. LaRosa, M. Winokur, P. Davis, M. Onellion, H.
Berger, F. Gozzo, F. Levy, and G. Margaritondo, Phys. Rev. Lett. 67, 2573 (1991)
R. Liu, B.W. Veal, A.P. Paulikas, JW. Downey, H. Shi, C.G.Olson, C. Gu, A.J.
Arko and J. Joyce, Phys. Rev. B 45 (1992) 5614

R. Claessen, G. Mante, A. Huss, R. Manzke, M. Skibowski, T. Wolf, J. Fink,
Physical Review B 44 (1991) 2399

J.C. Campuzano, K. Gofron, R. Liu, H. Ding, B.W. Vea and B. Dabrowski, J.
Phys. Chem. Solids 53 (1992) 1577

K. Gofron, J.C. Campuzano, H. Ding, C. Gu, R. Liu, B. Dabrowski, B.W. Vedl,
W. Cramer and G. Jennings, J. Phys. Chem. Solids (1993)

C. Gu, B.W. Ved, R. Liu, H. Ding, A.P. Paulikas, J.C. Campuzano, P. Kostic,
R.W. Wheeler, H. Zhang, C.G. Olson, X. Wu, and D.W. Lynch, J. Phys. Chem.
Solids (1993)

R. Liu, B.W. Ved, A.P. Paulikas, JW. Downey, P.J. Kostic, S. Flesher, U. Welp,
C.G.Olson, X. Wu, A.J. Arko and J. Joyce, Phys. Rev. B 46 (1992) 11056

162



159 G. Mante, R. Claessen, A. Huss, R. Manzke, M. Skibowski, T. Wolf, M. Knupfer,
J. Fink, Physical Review B 44 (1991) 9500

160 N. Schroeder, R. Béttner, S. Ratz, E. Dietz, U. Gerhardt, Th. Wolf, Phys. Rev. B
47 (1993) 5287

161 D.M.King, Z.-X. Shen, D.S. Dessau, B.O. Wells, W.E. Spicer, A. J. Arko, D.S.
Marshall, E.R. Ratner, J.L. Peng, Z.Y. Li, and R.L. Greene, Fermi Surface and
Electronic Structure of Nd»-xCexCuO4, Physical Review Letters 70 (1993) 3159

162 R.O. Anderson, R. Claessen, JW. Allen, C.G. Olson, C. Janowitz, L.Z. Liu, J.-H.
Park, M.B. Maple, Y. Dalichaouch, M.C. de Andrade, Physical Review Letters 70
(1993) 3163

163 Y. Sakisaka, T. Maruyama, Y. Morikawa, H. Kato, K. Edamoto, M. Okusawa,Y .
Aiura, H. Yanashima, T. Terashima, Y. Bando and K. lijima, Physical Review B
42 (1990) 4189

164 E.R. Ratner, Z.-X. Shen, D.S. Dessau, B.O. Wells, D.S. Marshall, D.M. King,
W.E. Spicer,J.L. Peng, Z.-Y. Li and R.L. Greene, Physical Review B 48, (1993)
10482.

165 D.M. King et al. (unpublished)

166 R. Claessen, R.O. Anderson, JW. Allen, C.G. Olson, C. Janowitz, W.P. Ellis, S.
Harm, M. Kalning, R. Manzke, M. Skibowski, Physical Review Letters 69 (1992)
808

167 Y.Hwu, L. Lozz, S. LaRosa, M. Onellion, P. Almeras, F. Gozzo, F. Levy, H.
Berger, G. Margaritondo, Physical Review B 45 (1992) 5438

168 Z.-X. Shen, D.S. Dessau, B.O. Wells, C.G. Olson, D.B. Mitzi, Lou Lombardo,
R.S. Listand A. J. Arko, Physical Review B 44 (1991) 12098

169 T. Kusunoki, T. Takahashi, S. Sato, H. Katayama-Y oshida, K. Kamiya, H.
Inokuchi, Physica C 185 (1991) 1045

170 JW. Allen, C.G. Olson, M.B. Maple, J.-S. Kang, L.Z. Liu, J-H. Park, R.O.
Anderson, W.P. Ellis, J.T. Markert, Y. Dalichaouch, R. Liu, Physical Review
L etters 64 (1990) 595

171  W.A. Harrison in “Novel Mechanisms of Superconductivity” Eds S.A. Wolf and
V.Z. Kresin, Plenum, USA (1987) 507.

172  (a) P.H. Dickinson and S. Doniach, Phys. Rev. B 47 (1993) 11447; (b) C.A.R.
Sade Melo and S. Doniach, Phys. Rev. B. 41, 6633 (1990)

173  S. Massidda, N. Hamada, Jagjun Y u, A.J. Freeman, Physica C 157 (1989) 571

174 S Massidda, J. Yu, A.J. Freeman, Physica C 152 (1988) 251

175. P.W. Anderson, Phys. Rev. Lett. 67 (1991) 660

163



176.
177.

178

179

180

181

182
183

184

185

186

187

188
189

190

191

192

193

194
195

W.E. Pickett, R.E. Cohen and H. Krakauer, Phys. Rev. B 42 (1990) 8764

S. Massidda, J. Yu, K.T. park and A.J. Freeman, Physica C 176 (1991) 159

O.K. Anderson, A.l. Liechtenstein, O. Rodriquez, I.I. Mazin, O. Jepsen, V.P.
Antropov, O. Gunnarsson and S. Gopalan, Physica C 185-189 (1991) 147

S.V. Meshkov, S.N. Molotkov, S.S. Nazin, |.S. Smirnova, V.V. Tatarskii, Physica
C 161 (1989) 497

P.A.P. Lindberg, Z.-X. Shen, D.S. Dessau, B.O. Wells, D.B. Mitzi, |. Lindau,
W.E. Spicer and A. Kapitulnik, Phys. Rev. B 40 (1989) 5169

T. Watanabe, T. Takahashi, S. Suzuki, S. Sato, H. Katayama-Y oshida, A.

Y amanaka, F. Minami, S. Takekawa, PhysicaC 176 (1991) 274

J. Ruvalds C.T. Rieck and A. Virosztek (unpublished)

M.Tanaka, T. Takahashi, H. Katayama-Y oshida, S. Yamazaki, M. Fujinami, Y.
Okabe, W. Mizutani, M. Ono, K. Kgjimura, Nature 339 (1989) 691

T. Hasegawa and K. Kitazawa, Japanese Journal of Applied Physics, 29 (1990)
L434

C.C. Torardi, D. Jung, D.B. Kang, J. Ren, M.H. Whangbo, in High Temperature
Superconductors. Relationships between Properties, Structure, and Solid-State
Chemistry. Eds. J.D. Jorgensen, K. Kitazawa, J.-M. Tarascon, M.S. Thompson,
J.B.,orrance, Pittsburgh, PA, USA: Mater. Res. Soc, 1989. p. 295

J. Ren, D. Jung, M.-H. Whangbo, J.-M. Tarascon, Y. Le Page, W.R. McKinnon,
and C.C. Torardi, PhysicaC 158 (1989) 501

W. Wei, M. Nantoh, H. Ikuta, T. Hasegawa and K. Kitazawa, Physica C 185-189
(1991) 863.

P.W. Anderson (unpublished)

D.B. Mitzi, L.W. Lombardo, A. Kapitulnik, S.S. Laderman, R.D. Jacowitz,
Physical Review B 41 (1990) 6564

C.C. Tsuei, C.C. Chi, D.M. Newns, P.C. Pattnaik, M. Daumling, Physical
Review Letters 69 (1992) 2134

A. Carrington, A.P. Mackenzie, C.T. Lin, J.R. Cooper, Physical Review Letters
69 (1992) 2855

J.D. Jorgensen, B.W. Veal, A.P. Paulikas, L.J. Nowicki, G.W. Crabtree, H. Claus
and W.K. Kwok, Phys. Rev. B 41, (1990) 1863

C. Caandra, F. Manghi and T. Minerva, Phys. Rev. B 46 (1992) 3600

H.W. Zandbergen, Physica C 194 (1992) 287

K. Ogawa, J. Fujiwara, H. Takei and H. Asaoka, Physica C 190 (1991) 39

164



196

197

198

199

200

201

202
203
204
205
206

207

208
209
210
211
212
213
214

215
216

217

D.E. Fowler, C.R. Brundle, J. Lerczak and F. Holtzberg, J. Electron Spectrosc.
Reat. Phen. 52(1990) 323

M. Lindroos, A. Bansil, K. Gofron, J.C. Campuzanno, H. Ding, R. Liu and B.W.
Veal, PhysicaC 212 (1993) 347

H. L. Edwards, J.T. Markert and A.L. De Lozanne, Phys. Rev. Letters 69 (1992)
2967

S. Tanaka, T. Nakamura, M. Liyama, N. Yoshida, S. Takano, F. Shoji and K.
Oura, Appl. Phys. Letters 59 (1991) 3637

N.G. Stoffel, Y. Chang, M.K. Kéelly, L. Dattl, M. Onéellion, P.A. Morris, W.A.
Bonner, G. Margaritondo, Physical Review B 37 (1988) 7952

J.C. Campuzano, G. Jennings, M. Faiz, L. Beaulaigue, B.W. Veal, J.Z. Liu, A.P.
Paulikas, K. Vandervoort, H. Claus, R.S. List, A.J. Arko, R.J. Bartlett, Physical
Review Letters 64 (1990) 2308

A.A. Abrikosov, J.C. Campuzano and K. Gofron, PhysicaC 214 (1993) 73
C.C. Tsuei, A. Gupta, G. Koren, PhysicaC 161 (1989) 415

Y. Hidakaand M. Suzuki, Nature 338 (1989) 635

S.J. Hagen, J.L. Peng, Z.Y. Li, R.L. Greene, Physical Review B 43 (1991) 13606
D.H. Wu, J. Mao, S.N. Mao, J.L. Peng, X.X. Xi, T. Venkatesan, R.L. Greene,
S.M. Anlage, Physical Review Letters 70 (1993) 85

Jagjun Yu and A.J. Freeman, Journal of the Physics and Chemistry of Solids 52
(1991) 1351.

JL.Peng, Z.Y. Li, R.L. Greene, PhysicaC 177 (1991) 79

P.A. Leeand N. Read, Physical Review Letters 58 (1987) 2691

J. Labbé and J. Bok, Europhys. Lett. 3 (1987) 1225

D.M. Newns, P.C. Pattnaik, C.C. Tsuei, Physical Review B 43 (1991) 3075

R.S. Markiewicz, Int. J. Mod. Phys. B 5 (1991) 2037

M. Gurvitch and A.T. Fiory, Physical Review Letters 59 (1987) 1337

C.C. Tsuei, C.C. Chi, D.M. Newns, P.C. Pattnaik, M. Daumling, Physical Review
Letters 69 (1992) 2134

R.S. Markiewicz, Physica C 153-155 (1988) 1181

P.C. Hammel, M. Takigawa, R.H. Heffner, Z. Fisk, K.C. Ott, Physical Review
Letters 63 (1989) 1992

B.O. Wélls, Z.-X. Shen, D.S. Dessau, W.E. Spicer, D.B. Mitzi, A. Kapitulnik and
A. J. Arko, Physical Review B 46 (1992) 11830

165



218

219

220

221

222

223

224

225

226

227

228

229

230

231
232

233
234

Z.-X. Shen, D.S. Dessau, B.O. Wells, D.M. King, W.E. Spicer, A. J. Arko, D.S.
Marshall, L.W. Lombardo, A. Kapitulnik, P. Dickinson, S. Doniach, J. DiCarlo,
T. Loeser and C.-H. Park, Physical Review Letters 70 (1993) 1553 .

W.N. Hardy, D.A. Bonn, D.C. Morgan, Ruixing Liang; Kuan Zhang, Physical
Review Letters 70 (1993) 3999

Zhengxiang Ma, R.C. Taber, L.W. lombardo, A. Kapitulnik, M.R. Beasley, P.
Merchant, C.B. Eom, S.Y. Hou and Julia M. Phillips, Physical Review Letters
(1993)

D.A. Wollman, D.J. Van Harlingen, W.C. Lee, D.M. Ginsberg and A.J. Leggett,
Physical Review Letters (1993)

D. Mandrus, J. Hartge, C. Kendziora, L. Mihaly, L. Forro, Europhysics L etters 22
(1993) 199

T.P. Devereaux, D. Einzel, B. Stadlober, R. Hackl, D. Leach and J.J. Neumeier
(unpublished)

D. Mandrus, M.C. Martin, C. Kendziora, D. Koller, L. Forro, L. Milhaly,
Physical Review Letters 70 (1993) 2629

N.E. Bickers, D.J. Scalapino, and R.T. Scalettar, Internat. J. Mod. Phys. B1, 687
(1987); N.E. Bickers, D.J. Scalapino and S.R. White, Phys. Rev. Lett. 62 (1989)
961

P. Monthoux and D. Pines, Phys. Rev. Lett. 67 (1991) 3448;Phys. Rev. Lett. 69
(1992) 961

M.S. Hybertsen, E.B. Stechel, W.M.C. Foulkes and M. Schliter, Phys. Rev. B 45
(1990) 10032

C.T. Chen, F. Sette, Y. Ma, M.S. Hybertsen, E.B. Stechel, W.M.C. Foulkes, M.
Schluter, S.-W. Cheong, A.S. Cooper, L.W. Rupp Jr., B. Batlogg, Y. Soo,
Physical Review Letters 66 (1991) 104

M.A. van Veenendaal, R. Schlatmann, G.A. Sawatzky, W.A. Groen, Physical
Review B 47 (1993) 446

R. Itti, F. Munakata, K. Ikeda, H. Yamauchi, N. Koshizuka, S. Tanaka, Physical
Review B 43 (1991) 6249

Y Shichi, Y. Inoue, F. Munakataand M Y amanaka, Phys. Rev. B 42 (1990) 939
T. Takahashi, S. Suzuki, T. Kusunoki, S. Sato, H. Katayama-Y oshida, A.

Y amanaka, F. Minami, S. Takekawa, Physica C 185-189 (1991) 1057

D.M. King et a. unpublished data on NdCeCuO at low doping

M. Lindroos, A. Bansil, K. Gofron, J.C. Campuzano, H. Ding, R. Liu, B.W. Ved,
Physica C 212 (1993) 347.

166



235
236
237
238
239

240
241
242
243
244
245
246
247

248
249

250

251

252

253
254

255

G.W. Gobdli, F.G. Allen and E.O. Kane, Physical Review Letters 12 (1964) 94
E. Dietz, H. Becker and U. Gerhardt, Physical Review Letters 36 (1976) 1397

J. Hermanson, Solid State Comm. 22 (1977) 9

G.A. Sawatzky, Nature 342 (1989) 480

P.W. Anderson and Y. Ren, in Los Alamos Symposium - 1989, High
Temperature Superconductivity Proceedings, Eds. K.S. Beddll, D. Coffey, D.E.
Meltzer, D. Pines, J.R. Schrieffer, Redwood City, CA, USA: Addison-Wesley
(1990) p. 3

L.Z. Liu, R.O. Anderson, JW. Allen, Journal of the Physics and Chemistry of
Solids 52 (1991) 1473

J.C. Campuzano, G. Jennings, A.J. Arko, R.S. List, B.W. Ved, R. Benedek,
Journal of the Physics and Chemistry of Solids 52 (1991) 1411

N.V. Smith, P. Thiry, Y. Petroff, Physical Review B 47 (1993) 15476

K. Matho, unpublished.

S. Doniach and M. Sunjic, J. Phys. C. Solid State Physics 3 (1970) 285

S.D. Kevan, Phys. Rev. Letters 50 (1983) 526

J. Tersoff and S.D. Kevan, Phys. Rev. B 28 (1983) 4267

J.B. Pendry, in “Photoemission and the Electronic Properties of Surfaces,” Eds. B.
Feuerbacher, B. Fitton and R.F. Willis (Wiley, New Y ork, 1978) 87

J.A. Knapp, F.J. Himpsel and D.E. Eastman, Phys. Rev. B 19 (1979) 4952

P. Thiry, D. Chandresis, J. Lecante, C. Guillot, R. Pinchaux and Y. Petroff, Phys.
Rev. Lett 43 (1979) 82

L.P. Chan, D.R. Harshman, K.G. Lynn, S. Massidda, D.B. Mitzi, Physical Review
Letters 67 (1991) 1350

G. Kido, K. Komorita, H. KatayamaY oshidaand T. Takahashi, J. Phys. Chem.
Solids 52 (1991) 1465

C.M. Fowler, B.L. Freeman, W.L. Hults, J.C. King, F.M. Mueller, J.L. Smith,
Physical Review Letters 68 (1992) 534

G. Deutscher and K.A. Muller, Phys. Rev. Lett 59 (1987) 1745

J.-M. Imer, F. Patthey, B. Dardel, W.-D. Schneider, Y. Baer, Y. Petroff and A.
Zettl, Phys. Rev. Lett. 62 (1989) 336

Y. Chang, Ming Tang, R. Zanoni, M. Onellion, R. Joynt, D.L. Huber, G.
Margaritono, P.A. Morris, W.A. Bonner, JM. Tarascon and N. Stoffel, Phys. Rev.
B 39 (1989) 4740

167



256

257

258

259

260

261
262
263

264

265
266

267
268

269
270
271
272
273
274
275
276

D.S. Dessau, Z.-X. Shen, B.O. Wells, W.E. Spicer, A.J. Arko, Proceedings of the
Workshop on Fermiology of High-T¢ Superconductors Journa of Physics and
Chemistry of Solids 52, No. 11/12, 1401 (1991).

D.S. Dessau, B.O. Wells, Z.-X. Shen, W.E. Spicer, R.S. List, A.J. Arko, D.B.
Mitzi, and A. Kapitulnik , Physical Review Letters 66, 2160 (1991).

D.S. Dessau, Z.-X. Shen, D.M. King, D.S.Marshall, L.W. Lombardo, P.H.
Dickinson, J. DiCarlo, C.-H. Park, A.G. Loeser, A. Kapitulnik and W.E. Spicer
(To be submitted to Physical Review B)

C.T. Smmons, S.L. Molodtsov, S.I. Fedoseenko, J.C. Allman, C. laubschat, G.
Kaindl, S.V. Moshikin, M.A. Kuzmina, M.U. Vlasov and O.F. Vyvenko, Z. Phys.
B 87 (1992) 271

R.J. Kelley, Jan M a, G. Margaritondo and M. Onellion, Phys. Rev. Lett. 71
(1993) 4051

J.C. Campuzano, private communication

| Giaver, Phys. Rev. Lett. 5 (1960) 464

W.L. McMillan and J.M. Rowell in chapter 11 of “ Superconductivity,” Ed R.D.
Parks, Marcel Decker: New Y ork, (1969)

“Principles of Electron Tunneling Spectroscopy,” E.L. Wolf, Oxford University
Press: London, (1985)

R.E. Glover and M.Tinkham, Phys. Rev. 104 (1956) 844; 108 (1957) 1427

See chapter 3 in “Theory of Superconductivity,” J.R. Schrieffer, Addison Wesley
Publishing: Redwood City, CA (1964)

Physics Today 46 no. 5 (1993) 17

M. Gurvitch, JM. Valles, J., A.M. Cucolo, R.C. Dynes, J.P. Garno, L.F.
Schneemeyer and J.V. Waszczak, Phys. Rev. Lett. 63 (1989) 1008

J.R. Kirtley and D.J. Scalapino, Phys. Rev. Lett. 65 (1990) 798

P.W. Anderson and Z.Zou, Phys. Rev. Lett. 60 (1988) 132

D. Mandrus, L. Forro, D. Koller, L. Mihaly, Nature 351 (1991) 460

P.W. Anderson, Phys. Rev. Lett. 67 (1991) 660

G.B. Arnold, F.M. Muell er and J.C. Swihart, Phys. Rev. Lett. 67 (1991) 2569
P.B. Littlewood, C.M. Varma, Physical Review B 46 (1992) 405

D. Coffey, L. Coffey, Physical Review Letters 70 (1993) 1529

J.F. Zasadzinski, N. Tralshawala, P. Romano, Q. Huang, Jun Chen, K_.E. Gray,
Journal of the Physics and Chemistry of Solids 53 (1992) 1635

168



277

278
279
280
281
282
283
284
285
286

287
288
289

290

291

292
293

294
295

296
297
298
299
300
301
302
303

John Bardeen, Nobel Prize Lecture, in “ Theory of Superconductivity,” J.R.
Schrieffer, Addison-Wesley Publishing, Redwood City, CA (1983) and references
therein.

Y. Nambu, Phys. Rev. 117 (1960) 648

G.M. Eliashburg, Soviet Phys. - JETP 11 (1960) 696

A.E. Ruckenstein, P.J. Hirschfeld and J. Appel, Phys. Rev. B 36 (1987) 857

G. Kotliar and J. Liu, Phys. Rev. B 38 (1988) 5142

J.R. Schrieffer, X.-G. Wen and S.-C. Zhang, Phys. Rev. Lett. 60 (1988) 944

G.J. Chen, R. Joynt and F.C. Zhang, Phys. Rev. B 42 (1990) 2662

N. Bulut and D.J. Scalapino, Phys. Rev. Lett. 68 (1992) 706

D.S. Rokhsar, Physical Review Letters 70 (1993) 493

A.G. Sheplev, Sov. Phys. Usp. 11 (1969) 690. The heavy fermion
superconductors may also have a very large gap anisotropy.

D. Marshall et al. (unpublished)

D.S. Dessau, Z.-X. Shen and D. Marshall, Physical Review Letters 71 (1993)
“Introduction to Superconductivity” M. Tinkham, R.E. Krieger Publishing,
Malabar, FL (1975)

S.M. Anlage, B.W. Langley, G. Deutscher, J. Halbritter, M.R. Beasey, Physical
Review B 44 (1991) 9764

T. Staufer, R. Nemetschek, R. Hackl, P. Muller, H. Veith, Physical Review

L etters 68 (1992) 1069

D Tanner et a. (unpublished)

T.E. Mason, G. Aeppli, S.M. Hayden, A.P. Ramirez and H.A. Mook, Physical
Review Letters 71 (1993) 919

D.J. Scalapino (unpublished)

M. Nantoh, T. Hasegawa, W. Y amaguchi, A. Takagi, and K. Kitazawa, Submitted
to J. Appl. Phys.

T. Hasegawa, M. Nantoh, H. Ikuta and K. Kitazawa, Physica C 185, 1743 (1991)
S. Chakravarty, A. Sudbo, P.W. Anderson, S. Strong, Science 261 (1993) 337
G.D. Mahan (unpublished)

B. Brandow, J. Phys. Chem. Solids (1993)

J.C. Campuzano et a., Bull. Am. Phys. Soc. 36 (1991) 1028

Bocquet et al., Solid State Commun. 83, 11 (1992)

A. Fujimori et a., J. Electron Spectrosc. Relat. Phenom. 62, 141 (1993)

N. Martensson, P. Baltzer, P.A. Brihwiler, J.-O. Forsall, A. Nilsson, A. Stenborg
and B. Wannberg, (unpublished)

169



304
305
306

307
308

309

310
311

312
313

314
315
316
317

J.C. Campuzano, private communication

T. Yokoya, T. Takahashi, T. Mochiku and K. Kadowaki, preprint

J. Mg, C. Quitmann, R.J. Kelley, H. Berger, G. Margaritondo, and M. Onellion,
preprint

M. Norman, preprint

D.S. Dessau, P. Dickson, S. Doniach, Z.X. Shen and B.O. Wélls, Phys. Rev. Lett.
(1994)

P. Aebi, J. Osterwalder, P. Schwaller, L. Schlapbach, M. Shimoda, T. Mochiku,
and K. Kadowaki, Phys. Rev. Lett. 72, 2757 (1994)

S. Charkravarty, preprint

G. Dopf, J. Wagner, P. Dieterich, A. Muramatsu, and W. Hanke, Phys. Rev. Lett.
68, 2082 (1992)

N. Bulut, D.J. Scalapino, and S.R. White, Phys. Rev. Lett. 72, 705 (1994)

N. Bulut, D.J. Scalapino, and S.R. White, preprint

N. Bulut, D.J. Scalapino, and S.R. White, preprint

E. Dagotto, A. Nazarenko, and M. Boninsegni, preprint
Liu and Manosaki

B.O. Wellset al., preprint

170



Tablel: Selected examples of transition-metal oxides with various ground state electric
and magnetic properties.

Mott-Hubbard insulators: Cro03, a-Feo03, NiO, CoO, MnO, LapCuOg4, YBaxCuz0g
Largeband gap insulators: Grp03, a-Fex03

Semiconductors: V205, Cuo0, VOo*, V203*, Fe30gs*, TioO3*

Metdl CrO»

High-Tc Superconductors.  Lap.xSrxCuOy4, YBaCuz07

Antiferromagnetic: NiO, CoO, LapCuOy4, a-Fex03, CroO3 YBayCuzOg
Ferrimagnetic: y-Fe203, Natural Fez04

Ferromagnetic: CrO2, K2oCuF4

* Semiconductors via Mott transition
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Figure captions (contact author for figures)

Fig. 2.1 The three-step model of photoemission spectroscopy, from ref 48.

Fig. 2.2 The“universal curve” of electron escape depth vs. kinetic energy, from ref 49,

Fig. 2.3 A vertical transition in photoemission, due to the fact that the photon carries
negligible momentum.

Fig. 2.4 The experimental geometry for an angle-resolved photoemission experiment.

Fig. 2.5 Schematic of an ideal angle-resolved photoemission experiment. A peak is
observed at the band energy in each spectrum, but disappears when the band
crosses throgh the Fermi level to the unoccupied states.

Fig. 2.6 Schematic for the resonance photoemission process for 3d transition metal
compounds.

Fig. 2.7 Illustration of two additional modes of photoemission spectroscopy. a) CFS or
Constant Final State, and b) CIS or Constant Initial State.

Fig.3.1 Schematic model of N hydrogen atoms arranged closely together in asolid chain,
from ref 59.

Fig. 3.2 A classification scheme based upon calculations by Zaanen, Sawatzky and Allen
(ZSA) (ref 22). Thediagramiscalculated for W=3 and V=1 eV. Region A isthe
classical Mott-Hubbard regime, where the gap is proportional to the Coulomb U.
Region B isthe charge transfer insulator regime.

Fig.3.3 Monoclinic crystal structure of CuO, from ref 72.

Fig.3.4 Cubic crystal structure of Cu20, from ref 73.

Fig.3.5 Comparison between the weighted density of states from one-electron band
calculations and that angle-integrated photoemission data The agreement for
Cu20 (panel A) is much better than the agreement for CuO (panel B), from ref 67.

Fig.3.6 Cluster picture for the photoemission process of CuO. Theinitia stateisalinear
combination of configurations with the hole either on the Cu site (d®) or on the O
site (d10L). The three possible final states are d8, dL, and d10L2.

Fig.3.7 Cu 3p to Cu 3d resonance photoemission data of CuO together with the
theoretical calculations based on Fano's theory of resonance photoemission (solid
lines panel B), from ref 68.

Fig.3.8 Giant Cu 2p resonance photoemission data from CuO, from ref 75.

Fig.3.9 Cu 2p core level photoemission data of Cu20 and CuO, from ref 67.

Fig.3.10 Vaence bands of CuO &) Cu 3d partial DOS, from LDA band structure
calculations; (b) experimental valence band data; (c) Cu 3d spectral weight using
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aCuOy4 cluster (d) experimental valence band photoemission spectra at the Cu 3p
resonance, after ref 69.

Fig.3.11 Comparison between an ab intio Anderson impurity model calculation and the
XPS datafor CuO, from ref 24.

Fig.3.12 Common crystal and the magnetic sublattice structure of the late 3d transition-
metal mon-oxides, from ref 79.

Fig.3.13 MLg transition-metal complexes treated in cluster model calculations, from ref
81. InNiO, the 2eg* orhitals are each half full, as shown.

Fig.3.14 Result of arecent sophisticated local-spin density functional approximation
(LSDA) calculation of NiO.

Fig.3.15 Schematic illustration of bandsin NiO, from ref 79.

Fig.3.16 Earlier angle-integrated photoemission spectra from single crystal NiO, from ref
85.

Fig.3.17 a) Angle-integrated EDCs from aNiO single crystal at photon energies near the
Ni 3p threshould of 66 €V; b) The Fano lineshape of resonance seenin CIS
spectra, from ref 86.

Fig.3.18 CI model calculation of NiO in comparison with experimental photoemission
data, from ref 88.

Fig.3.19 Resonance photoemission data of CoO, from ref 91.

Fig.3.20 Resonance photoemission data of MnO, from ref 93.

Fig.3.21 Ni 3scorelevel XPS data, from ref 97.

Fig.3.22 Normal emission datafrom NiO with photon energies ranging from 13 to 35
eV, after Shen et al. [103].

Fig.3.23 Off-normal emission data along NiO (100) direction with 70° photon incident
angle, after Shen et al. [103].

Fig.3.24 Off-normal emission spectraaong NiO (100) direction with 30° photon
incident angle, after Shen et al. [103].

Fig.3.25 Energy versus momentum relation from datain Fig.3.23, after Shen et a. [103].

Fig.3.26 Energy versus momentum relation from datain Fig.3.24, after Shen et a. [103].

Fig.3.27 Selected spectra with energy window around feature A (from Fig.3.24).

Fig.3.28 Emission angle and photon energy dependence of the d valence band satellite,
after Shen et al. [103].

Fig.3.29 Angleresolved photoemission data of NiO by Shih et a. [104] Fivedistinct
features within the first 3.5 eV are observable.

Fig.3.30 Data and the deduced E vs k relation from CoO by Brooks et al.[108]
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Fig.3.31 Normal emission angle-resolved photoemission data MnO, after Shen et al.
[109].

Fig. 4.1 Thecrysta structure of YBCO.

Fig. 4.2 Thecrystal structure of Bi2212, from Tarascon et al. [116].

Fig. 4.3 Doping phase diagram of the cuprate superconductors, after Batlogg et al. [117].
Fig. 4.4 The momentum distribution function for a Fermi liquid. The discontinuity at the
Fermi level isreduced from 1 in the non-interacting system to the value Z.

Fig. 4.5 The basic framework of the electronic structure of the cuprates, from Fink et
al.[125].

Fig. 4.6 Dataand theory from Fujimori et al. proposing the existence of a 3d8 valence
band satellite in the cuprates [126].

Fig. 4.7 Resonance photoemission data from Shen et al. confirming the existence of the
3d8 satellitein La-Sr-Cu-O. &) EDC'sfor avariety of photon energies and b)
CIS sfor avariety of initial state energies are shown. Feature D at -12.4 eV
resonates strongly [127].

Fig. 4.8 Resonance photoemission of YBCO from Arko et al. [128].

Fig. 4.9 Resonance photoemission of Bi2212 from List et al. [129]

Fig 4.10 Resonance photoemission of NdCeCuOfrom Gunnarsson and Allen. [130]

Fig. 4.11 Energy level schematic of the cupratesin the cluster model language, as
summarized by Fuggle et al [131].

Fig. 4.12 Low temperature angle integrated photoemission spectra of YBCO from Arko
et a. (lines) A comparison to adensity of states as calculated by band theory and
weighted by the photoionization cross sections (dashed lines) [128]

Fig. 4.13 Brillouin zone notations for a) a CuO» plane b) La-Sr-Cu-O and Nd-Ce-Cu-O
¢) Bi2212 and d) YBCO. In all cases, the Cu-O bondsin the CuO2 plane are
parallel to the sides of the page.

Fig. 4.14 Tight binding calculation of the electronic structure of a half-filled CuO» plane,
after Harrison [171]. Only nearest neighbor interactions (Cu-O) are included.

Fig. 4.15 A tight binding calculation of the Fermi surface of a CuO plane by Dickinson
et a. which includes the effect of next-nearest neighbor coupling, which buckles
the Fermi surface [172].

Fig. 4.16 LDA calculation of band structure and Fermi surface of NdCeCuO, after
Massidda et al. [173].

Fig. 4.17 LDA calculation of band structure and Fermi surface of Bi2212, after Massidda
et al. [174].
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Fig 4.18 LDA calculation of band structure and Fermi surface of Bi2212 along the I'-M-
Z direction, by Massida et a. [174]. The interaction of the BiO states with the
CuO», states was ignored for this calculation.

Fig 4.19 Thefull LDA calculation of the band structure and Fermi surface of Bi2212
along the '-M-Z direction, by Massida et al., including the interactions of the BiO
states with the CuO, states [174].

Fig. 4.20 An LDA calculation of a) the band structure at k, = 0 and b) at k= T1/c, and
b) the Fermi surface of YBCO by Pickett et al. [176]. The k; smearing of the
Fermi surface isindicated by shading of the crossings.

Fig. 4.21 a) Normal state ARPES data of Bi2212 parallel to the I'-Y high symmetry
direction (cut “a” of panel b) by Olson et a [124]. b) Location of cuts through the
Brillouin zone of Bi2212, shown relative to the Fermi surface calculated by
Massidda et al. [174].

Fig 4.22 Cutsthrough the Bi2212 Brillouin zone, by Olson et al. [124]. Locations are as
indicated by cuts“b” and “c” in Fig. 4.21b.

Fig4.23 A “crud” test by Wells et al. to determine whether any of the states had surface,
or BiO character [147].

Fig4.24 A selection of cutstaken at 100K on a Bi2212 sample by Dessau et a. [142].
Exact k -space locations of the spectrataken are shown in Fig. 4.25a.

Fig4.25 @ A summary of the results of Dessau et al.’s study of Bi2212 [142]. Each
circle indicates the location of a spectrum, with the size of the circle indicating the
k-resolution. Filled circles correspond to Fermi surface crossings and striped
circlesto locations where the band energy is indistinguishable from Eg. b) The
experimental Fermi surface obtained by reflecting the crossing points (dark
circles) of @) around the high symmetry directions. A nesting vector Q near (11,7
is shown.

Fig 4.26 Experimenta E vs. k relationship along various high symmetry directions of
Bi2212, after Dessau et al.(points) [142]. Thelinesillustrate a simple scenario
compatible with the data.

Fig. 4.27 The construction for producing both the "real” and "ghost" Fermi surfaces
within Anderson's RVB theory [188].

Fig. 4.28 A random dot picture of the Fermi surface of Bi2212 using a strong weighting
factor which favors colinearity of the spinon and holon, after Anderson [189].
The"real" Fermi surfacein this case is the one which enclosesthe I point.

Fig4.29 A cut @) aong '-X and b) dong '-M from a Bi2201 single crystal by King et
al.[165]. The photon energy was 21.2 €V.
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Fig 4.30 The measured Fermi surface of Bi2201, after King et al. [165].

Fig 4.31 The measured E vs. k aong the high symmetry directions of Bi2201, after King
et al [165].

Fig 4.32 Theunit cell of YBCO showing the different possible cleavage plains, after
Schroeder et al. [160] The letters a,b and c refer to cleavages between the Y and
CuO2>, layers, the CuO» and the BaO layers, and the BaO and CuO layers
respectively. Thisleavesapossibility of six faces.

Fig. 4.33 The valence band of untwinned single crystals of YBCOg g taken by Tobin et
al. at a photon energy of 24 eVand atemperature of 20K [139].

Fig 4.34 The photon energy dependence of the spectral features near the X(Y) points of a
twinned crystal, from Tobin et al. [139].

Fig 4.35 Dataon asingle crystal of YBCOgg by Tobin et a. [139] showing the
dispersion of the -1 eV peak a) near the S point and b) near the X point.

Fig 4.36 Evs. k relationship for the-1 eV peak in YBCOg g near the X(Y) point, after
Tobin et al. [139].

Fig 4.37 EDC’sof two different YBCO samples, after Schroeder et al. [160]. The full
valence bands are shown on the left and the near-Er spectraon theright. The
sample which does not have an intense -1 eV peak has more weight in the near-Eg
peak.

Fig 4.38 Datafrom Campuzanno et a. showing the -1 eV peak in Y124 [155].

Fig. 4.39 ARPES datafrom untwinned YBCOgg by Tobin et a [139]. Panels athrough
e correspond to cutsi through iv of figure 4.37a, respectively.

Fig 4.40 a) Locationsin the Brillouin zone where Tobin et a. collected their data (lines)
[139]. Fermi surface crossings are indicated by a circle whose size indicates the
system resolution. b) The Fermi surface crossings of a) folded into the reduced
zone scheme and compared with the band theory calculations of Picket et al [176].

Fig. 4.41 ARPES datafrom twinned single crystals of YBCOgg by Liu et a. [158] Data
were taken with a photon energy of 21.2 €V and a temperature of 20K .

Fig 4.42 ARPES datafrom YBCOgg throughout the Brillouin zone, taken with a photon
energy of 21.2 ev, after Liu et al. [158].

Fig 4.43 The experimental Fermi surfaceof YBCOg 9, as determined by Liu et a. [158]
The datais shown in comparison to a band theory Fermi surface from Pickett et
a.[176].

Fig 4.44 A reinterpretation of the experimental Fermi surface of YBCOg g, obtained
using Liu et a.’sdata[158]. The error bars show specific crossing points, and the

176



shaded region shows the general k-space location where Fermi surface crossings
may exist.

Fig4.45 The near-Ef featurein Y124 along the I'-Y high symmetry direction, taken
with a photon energy of 28 eV, after Gofron et al. [156].

Fig 4.46 The experimenta E vs. k relationship for Y 124 along the I'-Y high symmetry
direction, after Gofron et al. [156]

Fig 4.47 a) ARPES data near EF from NCCO for x=0.15 (superconductor) and x=0.22
(over-doped metal), after King et a. [161]. b) ARPES datafrom NCCO for
x=0.15 from Anderson et al. [162].

Fig 4.48 Experimental Fermi surface of NCCO compared with results from LDA
calculations for (a) x=0.15 and (b) x=0.22, after King et al. [161].

Fig 4.49 Comparison of experimental and theoretical E vs. k relations for (a) x=0.15 and
(b) x=0.22 NCCO samples, after King et a. [161].

Fig4.50 Evs. k relationship (points) for (a) Bi2212 from Dessau et al. [142], (b) Bi2201
from King et al. [165] and (c) Y123 from Liu et a. [158] and Gofron et. al. [156]
(d) Y124 from Gofron et a. [156] and (e) NdCeCuO from King et al. [161].
Dashed linesare asimple E vs. k relationship which are consistent with the
Bi2212 data, after Dessau et al. [142].

Fig 4.51 Comparison of the experimental Fermi surfaces of Bi2212 from Dessau et al.
[142], Bi2201 from King et a. [165], and NdCeCuO from King et al. [161], as
compiled by King et al. [165]. Note that the nesting vector in Bi2212 is closer to
the Bragg condition than in Bi2201.

Fig. 4.52 Angle resolved photoemission data from two different oxygen concentrations
of Bi2212, taken at four distinct Brillouin zone locations, after Shen et al. [168].
The 12atm O, annealed spectra are semi-ridgidly shifted to lower binding energy
because of the increase in hole concentration.

Fig 4.53 XPS valence band data from a series of BioSr,Cay-xY xCupOg+ 5 Samples, after
van Veenendaal et al. [229]. The full valence band is shown in (&), and a blowup
of the near-Ef region is shown in (b).

Fig4.54 A summary of adoping study of the Bi S 2Cag-xY xCu2Og+ 5 System, after van
Veenendaal et a. [229]. The shifts needed to match the leading edges of the
major core lines and the valence band are plotted.

Fig 4.55 Angle-resolved photoemission datafrom Y BapCuzOy taken along the I'-S
direction for samples with an oxygen content of x=6.9, 6.7, 6.5, 6.4 and 6.35, after
Liuetal.[153].

177



Fig 4.56 Angle-resolved photoemission datafrom Y BapCuzOy aong the M'-X(Y)
direction for differently doped samples, after Liu et al. [153].

Fig 4.57 The x=0.15 and x=0.22 Fermi surfaces for Nd-xCexCuO4 after King et al.
[161].

Fig 4.58 The simplest geometry for discussing the polarization effectsin Bi2212. An
initial state with dy2.y2 symmetry is shown.

Fig 4.59 Normal state datafrom Bi2212 along the '-X and I"-Y directions for light
polarized parallel and perpendicular to the emission direction, from Dessau et al.
[143].

Fig 4.60 Experiment and theory of the polarization dependence of the near-Ef feature
along the M-S direction of Y 123, after Lindroos et al. [234].

Fig 4.61 Lineshape analysis of the near-Eg peak in normal state Bi2212, aong the I'-Y
direction by Olson et al. [124] Lorentzian widths (and hence inverse lifetimes)
were determined to vary as (E-Ef).

Fig 4.62 Lineshape fitsto the near-Eg peak in YBCO aong the I'-S direction by
Campuzano et a. [241]. The widths were found to vary linearly with the distance
from EF.

Fig 4.63 a) A full valence band spectrum of Bi2212 (dots) plus a spectrum attained by
removing a background proportional to the intensity at higher energies. b)
Theoretical spectrafor the FL and MFL self energies. c) Fitsto the data of figure
4.23ausing the FL and MFL self energies. (all from Liu et al. [240])

Fig 4.64 An ansatz by Anderson in which the near-Eg spectra of Bi2212 could be
modeled as a changing of the peak position within afixed envelope [239].

Fig 4.65 Illustration of an idealized photoemission spectrum if the Fermi liquid pictureis
valid, after Sawatzky et al. [238]

Fig 4.66 a) Experimental EDC’ sfor the Cu (111) sp surface state. b) Energy dispersion
relation for the surface state. Both from Kevan et al. [245].

Fig 4.67 Angle-resolved photoemission spectraof 1T-TiTep taken aong thel-M
direction, after Claesson et al. [166]

Fig 4.68 ARPES spectra of Fig. 4.67 (dots) and Fermi liquid lineshape fits (solid lines)
for B’ =40 eV -1 after Claesson et al. [166]. All spectraare normalized to the
same size, and, except for th elower four spectra, did not have a background
subtracted.

Fig 5.1 The effect of aBCS gap on aflat normal-state density of statesfor (a) the k-
integrated case and (b) the k-resolved case.
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Fig 5.2 (@) and (b) High resolution angle-integrated photoemission experiments at
T>Tcand T<T ¢ for two Bi2212 samples, after Imer et a. [254]. (c) A model
calculation of the density of states with aBCS gap equal to 30 meV applied for
the 15K spectra.

Fig 5.3 An angle-resolved photoemission measurement of the superconducting gap of
Bi2212 by Olson et al [123]. Thedark linesin (a) are superconducting state data
while the light lines are normal state data. Experimental locations in the Brillouin
zone are shown in (b).

Fig 5.4 Fit to the 18° data of Fig 5.3a using an angle-integrated BCS approach, for agap
value of 24 meV (after Olson et al. [123]).

Fig 5.5 Temperature dependent measurements of the 15° spectrum of Fig 5.4a, after
Olson et al. [123]

Fig 5.6 Temperature dependent measurements from two large regions of the Brillouin
zone of Bi2212. after Dessau et al. [257] Note the depletion of spectral weight
from -90 meV as the sample goes superconducting (F-M dataonly) Inset
Brillouin zone locations where the data was taken.

Fig 5.7 High resolution angle-resolved photoemission data of Bi2212 taken in the normal
state (crosses) and superconducting state (dots), after Hwu et al.[152]

Fig 5.8 Two simple scenarios for the high binding energy dip observed by Dessau et al.
[148]. Neither of the scenarios, the details of which are explained in the text, is
able to explain the wider body of experimental data.

Fig 5.9 Time dependence of the superconducting state spectra of Bi2212 taken near the
M point by Shen et al. [218]. The upper two curves were taken after the sample
was first warmed up to room temperature. This was found to regenerate the
sample surface, presumably due to the act of blowing off physisorbed gasses.

Fig 5.10 High energy and angular resolution superconducting state data from two Bi2212
samples, after Dessau et al. [258] All spectrawere taken within afew hours after
the cleave, so that they were only minimally affected by the physisorption of gas.

Fig 5.11 Resultsof SIS tunneling studies from a) Bi2212 by Mandrus et a. [271] and b)
Bi2201 by Zasadzinski et a. [276]. A dip similar to that seenin the
photoemission experiments is observed for both these spectra, as well asin many
other tunneling spectra.

Fig 5.12 (a) Tunneling spectra of the strong-coupling superconductor Pb. Note the
oscillations at high binding energy. (b) A blowup of the region of interest. The
solid line isthe experimental data and the dashed line the prediction of weak-
coupling BCS theory. (c) The electron-phonon interaction spectrum o 2(w)F( o)
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obtained by an inversion of the tunneling data using Eliashburg theory. (d) The
phonon spectrum F(w) as determined by neutron scattering. All compiled by
Bardeen [277].

Fig 5.13 k-space locations where Olson et al. measured the magnitude of the gap in
Bi2212[150]. Fitting studiesimplied that all points led to a gap of magnitude
approximately 18 meV.

Fig 5.14 Superconducting state spectra from Bi2212 taken at two different angles along
-M and at three angles along '-X(Y), after Wells et al. [217].

Fig 5.15 Normal and superconducting state spectra from Bi2212 taken near the Fermi
surface crossings (A) along '-M and (B) along M-X(Y), after Shen et al. [218].
The effect of the gap isvery clear at (A) and is very weak or nonexistent at (B).

Fig 5.16 (a) The Brillouin zone locations where the gap was measured by Shen et al. for
three different Bi2212 samples[218]. The shaded area correspondsto k-space
locations where the bands are very closeto Eg. (b) Gap size vs. 0.5|coskya-
coskya| for the three samples. The straight lines are predictions of the dx2.y2 order
parameter.

Fig5.17 Anillustration of the expected k-dependence of the order parameter and gap
magnitude for a d-wave superconductor and an s-wave superconductor with large
gap anisotropy, plotted in one dimension for simplicity. The d-wave gap, which
is proportional to the square of the order parameter, must go exactly to zero at
specific k-space locations.

Fig 5.18 Datafrom Dessau et a. showing the normalized gap magnitude (maximum = 1)
plotted vs. the dx2-y2 order parameter 0.5|coskxa-coskyd| for 14 different Bi2212
samples [288]. Thefirst three samples are identical to those published by Shen et
al. [218] and reproduced in Fig. 5.16. The vast mgjority of the samples show a
very small gap along the M-X(Y) direction of less than 15% of the maximum gap.

Fig 5.19 Anisotropic swave gap Ak in eV as afunctino of kyaand kya, after Chakravarty
et al. [297].

Fig 5.20 Datafrom Kelley et a. showing low temperature spectra of Bi2212 along the I'-
X and I'-Y directionsfor avariety of polarizations, asindicated in the figure
[260].

Fig 5.21 Temperature dependent datafrom Tobin et a. searching for the existence of a
superconducting gap in an untwinned single crystal of YBCO [139].

Fig 5.22 Temperature dependant measurements on a' Y BCO sample with avery small
amount of weight in the -1 eV peak, after Schroeder et a. [160] The solid lineis
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afit to the low temperature data using a BCS density of states with a gap of 24
meV.

Fig. 5.23 STM tunneling data on the 001 surface of epitaxially grown thin films of
YBCO, after Nantoh et al. [295].

Fig6.1 A Xeb5pz/p corelevel as an example of the very high resolution that will be used
in experiments in the near future.
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