SLAC-Pub-6407August 1994(SSRL-m)Electronic Structure and Photoemission Studies of Late Transition-Metal Oxides --Mott Insulators and High-Temperature SuperconductorsZ.-X. Shen and D.S. DessauDepartment of Applied PhysicsStanford UniversityStanford, CA 94305-4055andStanford Linear Accelerator Center Stanford Synchrotron Radiation LaboratoryStanford, CA 94309Submitted to

Physics Reports

* Work supported in part by the Department of Energy Contract DE-AC03-76SF00515(SLAC) ii0. Abstract......................................................................................................................1I. Introduction...............................................................................................................3II. Brief Review of Experimental Techniques............................................................8A. Photoemission................................................................................................81. General description..............................................................................82. Angle-resolved photoemission.............................................................93. Resonance photoemission....................................................................114. Some photoemission terminologies: EDC, CIS and CFS....................125. Related Experimental techniques.........................................................136. Theoretical description of the photoemission process.........................14B. Sample surface preparation............................................................................15III. Photoemission from Late Transition-Metal Oxides............................................18A. Pedagogical description of the Mott insulators..............................................18B. Angle-integrated photoemission of CuO and Cu2O.......................................211. Experimental results and the first order explanation...........................212. More Subtle Issues...............................................................................233. Results of cluster and impurity model calculations.............................25C. Angle-integrated photoemission from other Mott insulators.........................261. Experimental data of NiO and their interpretation...............................262. Results from CoO, FeO and MnO.......................................................303. Role of the magnetic interactions.........................................................31D. Angle-resolved photoemission from Mott insulators.....................................331. Results from NiO.................................................................................332. Results from CoO and MnO................................................................41E Closing remarks...............................................................................................42IV. Photoemission Studies of the Normal State of Cuprate Superconductors........44A. Ground state properties and issues to be addressed.......................................44 iiiB. Samples and Sample quality issues................................................................49C. Basic framework of the electronic structure..................................................49D. Angle-integrated photoemission data from the whole valence band.............501. Evidence for strong correlation effects................................................502. Low energy excitation state.................................................................523. Important experimental issues regarding the earlier data....................53E. Angle-resolved photoemission data from near the Fermi level......................561. Overview.............................................................................................56a. Notation of the high symmetry points of the Brillouinzones of the cuprate supercondutors............................................57b. Results of model calculations of the electronic structureof the cuprates..............................................................................58c. Two-dimensionality................................................................622. Rules and methods to determine the Fermi surface fromphotoemission..........................................................................................633. Results from Bi2Sr2CaCu2O8+d..........................................................644. Results from Bi2Sr1.9Pr.1CuO6+d........................................................745. Results from YBa2Cu3O7-d and YBa2Cu4O8.....................................756. Results from n-type superconductors..................................................857. Comparison of band and Fermi surface mappings from thedifferent families of the cuprate superconductors....................................888. Doping behavior of the cuprates as studied by angle-resolvedphotoemission..........................................................................................939. Symmetry information obtained from the polarization of theincident photon beam...............................................................................9710. Analysis of the quasi-particle line shape...........................................10011. Information of Fermi surface from other techniques........................108 iv12. State of affairs and implications........................................................109V. Photoemission Studies of the Superconducting State...........................................111A. Background: conventional theory and the superconducting gap ofconventional superconductors..............................................................................112B. Angle-integrated photoemission from Bi2Sr2CaCu2O8+d..............................115C. Angle-resolved photoemission from Bi2Sr2CaCu2O8+d................................1171. Anomalous spectral weight transfer...................................................1192. k-dependence and symmetry of the superconducting gap..................130D. Results from YBa2Cu3O7-d............................................................................137E. Comparison to superconducting state measurements by othertechniques.............................................................................................................139VI. Summary and Concluding Remarks.....................................................................142VII Addendum:.............................................................................................................151VIII Acknowledgements:..............................................................................................153IX. References..............................................................................................................154

1Abstract:Stimulated by the discovery of high-temperature superconductivity, the electronicstructure of late 3d transition-metal oxides is presently one of the most extensivelystudied subject in condensed matter physics. In this review, we hope to summarize theprogress we have made and the problems we are facing. The emphasis of the review ison the latest angle-resolved photoemission studies that have provided much insighttowards the understanding of these materials. This includes the recent experiments fromtransition-metal mono-oxides, normal state electronic structure and Fermi surfacemapping of Bi2Sr2CaCu2O8+d, Bi2Sr2CuO6+d, YBa2Cu3O7-x, YBa2Cu4O8, Nd2-xCexCuO4, and the superconducting gap of Bi2Sr2CaCu2O8+d.For the transition-metal mono-oxide, we discuss the experimental manifestationof the four aspects of the electronic structure that made these Mott-Hubbard insulators sointeresting. This include the large Coulomb interaction U (on the cation sites), the chargetransfer as a result of strong hybridization, the energy dispersion in the crystal lattice, andthe multiplet and magnetic splittings.For the high-temperature superconductors, we concentrate on the low energyexcitations, the topology of the Fermi surface in the normal state, and thesuperconducting gap. Angle-resolved photoemission data show that the oxidesuperconductors have well defined Fermi surfaces. The volume of the Fermi surface athigh doping regime appear to be consistent with the results of band calculations. Astriking feature of the low energy excitations is the presence of some very flat bands (dueto a saddle point sigularity in the band structure) which lie near the Fermi energy in p-type compounds near their optimal doping levels for superconductivity. Thecorresponding flat bands are well below the Fermi energy in n-type cuprates. The energyposition of these flat bands is expected to have wide ranging effects on the physical

2properties of these materials, including the temperature dependence of the resistivity andthe superconducting transition temperature.High-resolution photoemission has also been successfully applied to the study ofthe superconducting gap in Bi2Sr2CaCu2O8+d. While the presently attainable energyresolution is poorer than that of many other spectroscopies, photoemission has theadvantage that it is k-resolved as well as being very direct. This unique capability hasenabled recent photoemission experiments to reveal the highly anisotropic nature of thesuperconducting gap in the a-b plane. This suggests the possibility of a detailedexperimental determination of the superconducting order parameter.

3I. IntroductionLate 3-d transition-metal oxides, in particular the copper based high-temperaturesuperconductors, are arguably among the most intensely studied compounds incondensed matter physics today.[1-15] This is so not only because they have shown agreat promise on a wide range of of important applications, but also because they havefor a long time challenged our ability to construct a truly many-body theory of the solidstate. First of all, they display a wide range of ground states, with their electrical andmagnetic properties ranging from Mott insulating, large band gap insulating,semiconducting, metallic, ferromagnetic, ferrimagnetic and antiferromagnetic (see tableI). They show dramatic changes in their physical properties as a sensitive function oftemperature, pressure and stoichiometry. Secondly, they include the Mott-Hubbardinsulators, in which a large on-site Coulomb repulsion suppresses charge fluctuations andprevents metallicity, even in materials with an odd number of electrons per unit cell.Finally, they comprise the high-temperature superconductors which are closely related tothe antiferromagentic Mott-Hubbard insulators. The surprisingly high transitiontemperature and unusual normal state properties of these superconductors have rasised areal question on whether our traditional theoretical machinary of quantum liquids is anappropriate starting point for a microscopic understanding of high-temperaturesuperconductivity.Most of the interesting properties of these oxides appear to be related to theeffects of electron correlations, induced through strong Coulomb interactions among thecation 3d electrons, in the narrow d-bands of these oxides. The most famous example ofthis is that of the Mott-Hubbard insulators. In these oxides insulators, the large on-siteCoulomb energy prevails over the kinetic energy and thus suppress the tendency ofelectrons to delocalize as driven by its desire to lower the kinetic energy. Failing toconsider this Coulomb interaction explicitly often leads to incorrect conclusions. The

4Bloch 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 earlyobservation from these oxides started to reveal the limitations of the one-electron bandtheory. They found that some of these compounds violate the Wilson rule.[16] Theimportance of the of the Coulomb interaction was first indicated by Peierls[17], and thenemphasized by Mott, Hubbard and Anderson.[18-20] It was also in these compounds thatAnderson made the connection between the Coulomb interaction and the super-exchangeinteractions.[20, 21]Oxygen has also played some essential roles which make the transition-metaloxides so interesting. First, it acts like a spacer which decreases the effective bandwidthof the d-electrons and hence enhances the correlation effects. Second, it has a fortuitouschemical potential in relation to that of the transition metals, in contrast to the sulfideswhich 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 electronicstructure. Fe is usually regarded as an itinerent magnetic metal, while FeO is a localizedantiferromagnetic insulator. With a better appreciation of the roles played by oxygen, wenow understand that some of the traditional Mott insulators are actually bettercharacterized as charge transfer insulators.[22, 23] For example, it is found that thehighest hole state of CuO has most of its weight on oxygen, while the lowest electronstate has most of its weight on copper.[23, 24] Hence, CuO is a charge transfer insulatorwith the gap energy determined by what is required to remove an electron from theoxygen and to add an electron to the copper. This understanding of the role of oxygen isessential to correctly explain the trend of super-exchange interactions in the transition-metal oxides series.[25] In this review, we will follow the historical notation andgenerically refer to these oxides as Mott insulators.

5For the last half century, there have been continuous theoretical and experimentalefforts to study these oxides. Even though the efforts during some periods have been lessintensive than others, the scientific community has never lost its fondness for thesecompounds. The main reason for this is that we are continuously suprised by new andexciting results found in these compounds. The recent discovery of the high-temperaturesuperconductors is a good demonstration of this fact. These new findings can generallybe characterized into two categories. The first is the discovery of new compounds ( suchas the cuprate superconductors), and the second is the new physical insights gained inthese oxides by applying new measurement techniques or theoretical approaches. Ofcourse, in many cases, the two are intermixed.A success story of the latter is the application of photoelectron spectroscopy tothese compounds through which much insights has been gained.[14, 26-36] Thistechnique has unique advantages in the study of the transtion-metal oxides. First, theyare less sensitive to the impurities than the transport measurements. Defects such asoxygen non-stoichiometry is a notorious problem in these compounds. Second, they aredirect microscopic probes of the electronic states. For example, they are sensitive to theFermi surfaces of the metallic compounds, and are also sensitive to the nature of theenergy 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 thediscovery of the high-temperature superconductors, most of the studies concentrated onthe Mott insulators.[26] The experimental data from these insulators can not besatisfactorily explained by one-electron band theory. Instead, explicit consideration ofthe Coulomb interaction is required to understand the photoemission data from theseinsulators. In addition, detailed analyses of the photoemission data revealed theimportant role of oxygen. For example, we now understand from spectroscopic data thatCuO is not a Mott insulator in a traditional sense, but is instead a charge transfer

6insulator.[23, 24] This realization had a significant impact on our understanding of thesuper-exchange interaction in these compounds, and in establishing a basic theoreticalframework for the understanding of cuprate superconductors.After the discovery of the cuprate superconductors, much of the earlier work wasperformed on polycrystalline samples at room temperature. It was later found by Arko etal. that a lot of the ealier photoemission data (not including Bi2212 data) wereproblematic due to poor surface quality.[28] For the high-quality surfaces obtained bycleaving metallic single crystals at very low temperature, Arko et al. found that the oneelectron theory appears to be better than the earlier data has suggested.[28] However, itis still true that the evidence of correlation effects persists into the metallic phase. Forexample, the valence band satellite is observed in all the cuprate superconductors studied.The existence of the valence band satellites unambiguously reveals the importance of theCoulomb interaction on the cation site. These results from earlier angle-integratedphotoemission were quite well documented before.[27-36] While it is generally agreedthat the insulating compounds can not be adequately described within the framework ofthe one-electron theory, it remains controversial whether the metallic compounds can betreated by the one-electron theory with some self-energy corrections. In particular, itremains very controversial whether the excitations of the metallic compounds near theFermi level can be described by the Fermi liquid theory. These issues are some of themajor focal points of the recent angle-resolved photoemission studies of these oxides.Relatively speaking, much fewer angle-resolved photoemission experiments havebeen carried out on the transition-metal oxides . Angle-resolved photoemission is atraditional tool for studying the energy dispersion relations of crystalline materials, and ithas been extensively used to study elementary metals and semiconductors.[37-41]However, it was only extensively used in studying the transition-metal oxides after thediscovery of the high-temperature superconductors. In an angle-resovled photoemissionexperiment, only the electrons in a small solid angle will be detected so that the direction

7of the electron momentum is defined. Therefore, by analyzing the kinetic energy of thephotoelectrons at a known emission angle, one obtains information about both the energyand the momentum of the of the photoelectrons. Such information is directly related tothe E vs k relationship of the occupied states. Most of the angle-resolved photoemissionexperiments on transtion-metal oxides were performed on the cuprate superconductors.In the normal state, angle-resolved photoemission was mainly used to study the energydispersion near the Fermi level, and the topology of the Fermi surface. Angle-resolvedphotoemission data from the normal state played a key role in proving the existence of aFermi surface in these cuprate superconductors, despite the compelling evidence ofcorrelation effects. In the superconducting state, angle-resolved photoemission was usedto probe the k-dependent information of the superconducting gap. Such studies becamepossible only because of the improved energy resolution. It is plausible thatphotoemission will play as an important role for the high-temperature superconductors astunnelling has for the conventional superconductors.[42] In addition to this excitingprogress, recent angle-resolved photoemission studies of the Mott insulators have alsodrawn considerable attention from the theoretical community.The objective of this review is to give an updated account of the experimentalefforts on these issues. Even though this field is still very fast moving, with new resultsconstantly being discovered, we feel that a review summarizing the progress we havemade and the problems we are facing is very useful at this point, especially for thosereaders whose speciality is not in the field of electron spectroscopy. We will try to reflectsome of the excitement and information generated in this field. Instead of trying to give ageneral review of all the transition-metal oxides, we will concentrate on the Mottinsulators and high-temperature superconductors. The primary focus of this review is onthe experimental results from recent angle-resolved photoemission studies. Due to thefocussed nature of the paper, it is impossible to cover many interesting areas and many

8interesting literatures. We refer the reader to other review articles that may be ofinterest.[6, 26-36]

9II. Brief Review of Experimental TechniquesA. Photoemission1. General descriptionPhotoemission spectroscopy (PES) is today known as the common name for avariety of similar experimental techniques that all are based on photon-stimulatedemission of electrons from a material.[37-41,43-47] Photoemission experiments aretypically performed in ultrahigh vacuum better than lx10-9 torr. A monochromaticphoton beam from a discharge lamp or a monochromator at a synchrotron source isintroduced into the vacuum chamber and strikes the surface of the material underinvestigation. If this photon is absorbed, an electron in the solid is excited to a higherenergy level. This is the first step of the three-step model of photoemission (see Fig 2.1)[48]. Because the electrons were excited with a known photon energy, the energydistribution of these excited electrons will reflect the energy distribution of the initialstates from which they came - in the one-electron approximation this energy distributionwill reflect the density of occupied states of the material.If the energy level of the excited electron is higher than the vacuum level of thesample, the electron has the possibility to escape the crystal and be detected by anelectron energy analyzer. First it must approach the crystal surface however, which is thesecond, or transport step of the process. During this transport process, the electron maybe scattered and lose energy, becoming what is known as a secondary electron. Thesesecondaries will give a background to the photoemission spectrum which the primarieswill ride upon. The mean free path for these scattering events determines the surface-sensitivity for photoemission, as only the primary or unscattered electrons retain theenergy information that is needed. As shown in Fig. 2.2, the mean free path of anelectron in a solid is a strong function of its kinetic energy, and follows what has becomeknown as the �universal curve�[49]. As seen from the figure, photoemission experiments

10may have a very high surface sensitivity of 10 � or less if their kinetic energies are in therange of 20 to 200 eV. Depending on the goal of the experiment, this inherent surfacesensitivity may be either an advantage or a disadvantage. On the one hand, it makessurface preparation a critical issue for the success of any experiment. For example, someof the early photoemission data from the high-temperature superconductors werediscredited due to their surface problems.[28] In addition, it also makes it a tricky issueto obtain bulk band structure information from photoemission spectroscopy. Afterall,10� is only a few unit cells for most materials, and is less than one unit cell for the hightemperature superconductors. Fortunately, experience from materials such as Cu and Sishows that we can still learn a great deal about the bulk band structure withphotoemission spectroscopy despite its surface sensitivity.[37-41, 43-47] In the case ofthe high-Tc superconductors, the two-dimensional nature makes it easier to interpret thedata. On the other hand, the surface sensitivity of photoemission spectroscopy is usedextensively 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 dothis, the electron must overcome the surface workfunction, which in the simple picturewill simply cause the electron to lose some energy (i.e. there will be a rigid shift of thespectrum).The simplest mode of photoemission is the angle-integrated mode, wherephotoelectrons ejected into a large solid angle are collected. In reality, photoemissionexperiments are performed with the variation of several parameters, such as the incidenceangle 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 inthe following.2.Angle-resolved photoemission

11As depicted in Fig. 2.3, since the momentum of the impinging photon (at lowphoton energies) is negligible compared with the crystal momentum of the electrons inthe Brillouin zone, the photon-excited transitions are frequently considered asmomentum-resolved, i.e. the initial and final states have the same wave vector (directtransitions as illustrated by vertical arrows). This wave vector conservation inside asingle crystalline material allows individual energy bands to be mapped out forcomparison with band theoretical predictions. This band mapping is often carried out inthe angle-resolved mode.[37-41]Fig. 2.4 illustrates the experimental geometry for angle-resolved photoemissionstudies, where both the kinetic energy and the direction of propagation of thephotoelectrons are directly measurable quantities. Since the component of the wavevector 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 functionof the parallel component of the wave vector. However, k^ is unknown in this case. Fora two dimensional system where k^ is not a relevant parameter , the interpretation ofangle-resolved photoemission experiment is the simplest. Figure 2.5 schematicallyillustrates an ideal set of photoemission spectra for a metallic band. There is a spectrumfor each emission angle, or value of k//, and for each spectrum there is a peak at the bandenergy. When the band crosses EF and enters the unoccupied states, the weight of thepeak in the spectrum goes to zero, as photoemission only probes the occupied states. Inthis way, the E vs. k relationship and the Fermi surface may be mapped out with angleresolved photoemission.For the cuprate superconductor, we have a fortunate situation because all thesesuperconductors are two-dimensional. Angle-resolved photoemission experiments areoften carried out along a symmetry line of the Brillouin zone. Thus, the experimentalenergy dispersion can be directly compared with band calculations that almost invariablyare carried out along high symmetry directions.

12As the measurements are carried out angle-resolved, the number of experimentalparameters increases dramatically, and so does the experimental information. Forexample, by changing the incidence angle of the radiation and by referring to symmetry-selection rules applicable to the surface under investigation, one can determine thesymmetry of the initial states for a known final state symmetry and vice versa [50-51].Moreover, by changing the azimuthal angle, one can examine the energy versus wavevector information along various directions of the surface Brillouin zone, thus allowinganisotropic effects to be explored. Another feature of angle-resolved measurements that isfrequently employed is the ability to change the effective escape depth of thephotoelectrons by simply changing the emission angle of those photoelectrons that aredetected. It is a simple geometrical fact that the escape depth falls as the cosine of theemission angle with respect to the surface normal. Hence, by changing the emission angleof the energy analyzed electrons, the surface sensitivity can be varied, thus making itpossible to study surface reactions or surface core level shifts in more detail.3.Resonance photoemissionResonance photoemission usually refers to the phenomenon in which thephotoemission intensity of some valence band feature exhibits a Fano-like intensitymodulation as a function of photon energy near an absorption threshold of a particularelement.[52-53] This phenomenon often exist in the photoemission experiments oftransition-metal compounds and rare-earth compounds, and has been extensively used toidentify the chemical origin of valence band features. Fig. 2.6 depicts the resonancephotoemission process for 3d transition-metal compounds. It is now generally understoodthat the resonance photoemission involves atomic processes of the type: 3p63dn -->3p53dn+1 --> 3p63dn-lek, where ek labels the detected photoelectron. The first step of theprocess is absorption of a photon leading to a transition from 3p to 3d, and leaving anintermediate state. The second step is a two-electron Koster-Kronig decay of the

13intermediate state involving an Auger matrix element of the Coulomb interaction. Notethat the final state can also be reached by a direct photoemission process: 3dn --> 3dn-lek.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 statehas to be fairly localized. This is the reason why resonance photoemission is oftenobserved in the transition metal oxides and the rare earth compounds.[52-53] Resonancephotoemission is a powerful tool for tracing the orbital origin of valence band features. Itis therefore very useful in studying complicated materials such as the high-Tcsuperconductors.4.Some photoemission terminologies: EDC, CIS and CFSIn a normal photoemission experiment, the intensity distribution of thephotoemitted electrons is determined as a function of the kinetic energy by scanning theenergy window of the analyzer for a fixed photon energy. The correspondingphotoemission spectrum is commonly referred to as an Energy Distribution Curve orEDC for short. The spectrum would look something like that shown in Fig 2.1c. Byrecording an EDC, the photoemission intensity due to photon-stimulated excitations fromvarious initial state energies is analyzed, thus partly reflecting the density of the occupiedstates. Furthermore, by recording a series of EDC’s, the chemical origin of the valenceband states can be predicted. For example, from a set of the EDCs taken near thethreshold of a particular elements, we can distinguish the nature of the features via theresonance photoemission principle discussed above. Taking a set of EDCs at verydifferent photon energies where the photoionization cross-section of different elementsare very different is another way to learn information about the nature of the valenceband features.

14Because of the importance of identifying the chemical nature of various valenceband states, two elegant techniques have been developed to study these resonanceenhancements in more detail. In a Constant-Final-State (CFS) measurement the kineticenergy of the analyzer is kept fixed, while the photon energy is scanned over the energyrange of interest (Fig 2.7a). Usually the kinetic energy of the analyzer is held a few eVabove the inelastic tail of the low-energy cut-off in a photoemission spectrum, so that theCFS spectrum mimicks the absorption of radiation as a function of the photon energy. Inthis mode a CFS measurement basically gives the same information as absorptionmeasurements (optical, ultraviolet, and x-ray absorption). Similarly, in a Constant-Initial-State (CIS) measurement the kinetic energy of the analyzer and the photon energyare 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, a CISmeasurement allows a detailed examination of photoemission resonances of the typedepicted in Fig. 2.6, and consequently of the character of different valence band states.5. Related Experimental techniquesThe information obtained in photoemission is about the occupied states. To accessthe empty states, Inverse Photoemission Spectroscopy (IPES), Bremstrahlung IsochromatSpectroscopy (BIS) and X-ray Absorption Spectroscopy (XAS) are often used. In IPESand BIS experiments, the process of photoemission is reversed, with electron beamsimpinging on the sample surface and the photons emitted from the decay of the electronsanalyzed. The distinction between IPES and BIS is that IPES usually refers toexperimental configurations with lower energy electron beams, while BIS usually refersto experimental configurations with relatively high energy electron beams. Relativelyspeaking, the efficiency of inverse photoemission is much lower and the energyresolution is poorer than photoemission. In XAS experiments, electrons in the filled state(usually deep core levels) are promoted to the empty states. This way, the information of

15the empty state can also be probed. The combination of PES and BIS is a very effectivetool to probe the energy gap of insulating materials.6. Theoretical description of the photoemission processWe have pointed out earlier that photoemission data reflect the information aboutthe occupied density of states. This is, of course, a very crude statement. It suggests thatthe spectra are completely determined by the initial state. However, in reality, one has toconsider the final state relaxation effects, the photoionization cross section effect [54] andother complications.As we have indicated earlier, an effective model for PES data analysis is the threestep model proposed by Spicer.[48] In this simplified model, the photocurrent isdetermined by the three process as depicted in Fig. 2.1: (1) the excitation of electrons byphotons; (2) the transport of the excited electrons to the surface; and (3) the escape of thephotoelectrons to vacuum to be detected. The advantage of this model is its simplicityand effectiveness. This intuitive model has played a critical role in the development ofphotoemission spectroscopy. The best justification for this model is that it works. At amore sophisticated level, we resort to the so-called one-step model, in which the processis considered to be a single event.[55,56] While being more accurate in its treatment, theone step model is not very intuitive. It is typically used only in very specializedapplications. Without consideration of the cross section effects, we can regard photoemissionas reflecting the spectral weight function, A(w, k), which is proportional to the imaginarypart of the single-particle Green’s function. The photoemission spectra should thereforereflect all the well-known sum rules that exist for the Green�s functions. From the one-step model, one can do total photocurrent calculations which include the effects of boththe photoelectron, the photohole left behind, and the relaxation of the system associatedwith the photoemission process. In such calculations, the effects of the surface and the

16cleavage plane, the parameters such as the photon energy, the emission angle, and thelight polarization can always be explored. A draw back of it is that it often depends onband structure calculations as an input for the photocurrent calculation. For stronglycorrelated system, it is not clear whether this approach is very effective.In simple materials without strong correlation effects, the spectral weight functionsimply reduces to the density of states. For the highly correlated materials where thecorrelation effects are strong, the spectral weight function could be very different fromthe density of states as expected from one electron theories. The difference actually is agood account of the many-body correlation effects. Of particular importance is thedramatic redistribution of the spectral weight seen in photoemission data as compared tothe one electron theory. The most clear example of this spectral weight redistribution isthe existence of satellite structures, as we will discuss later.B. Sample surface preparationBecause of the inherent surface sensitivity of photoemission spectroscopy, it isevident that the quality of the sample surfaces plays a crucial role for the photoemissionresults. Special attention has to be paid to the surface preparation procedures in allphotoemission experiments. This is particularly true for the high-temperaturesuperconducting materials since they contain oxygen atoms that are fairly loosely boundto the lattice and therefore easily escape from the surface, especially under ultrahighvacuum conditions. Because of the loosely bound oxygen atoms, it is obvious that many’standard’ cleaning procedures, such has high-temperature annealing or ion-beambombardment (ion-sputtering) are in general inappropriate since they almost inevitablychange the surface composition by either ’outgassing’ oxygen from the surface region orpreferentially sputtering the oxygen atoms so that the surface region becomes oxygendepleted.Among the other surface preparation techniques that have been used, in-situscraping and in-situ fracturing (cleaving) appear to be the most non-destructive. In

17principle, both of these preparation methods should be capable of exposing a cleansurface. However, experimental caveats may easily ruin this ideal notion of obtaining aclean surface by in-situ scraping or fracturing. It is well know that grain boundaries, towhich bulk contamination and impurities tend to accumulate, frequently occur in thehigh-temperature superconductors. Since the grain boundaries often are the weakest partof a single crystal, it is conceivable that a sample preferentially breaks at a grainboundary 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 cleavedmaterial may not be representative of that of the bulk. Even for single-crystals, carefulexamination of the surface cleanliness using standard surface sensitive probes, such asAuger Electron Spectroscopy (AES) and X-ray Photoemission Spectroscopy (XPS) isimperative prior to photoemission experiments. Unfortunately, even electronbombardment seems to deteriorate the surfaces of some of the high-temperaturesuperconducting materials.Besides the difficulties in preparing bulk-representative surfaces, the fragilestructure of some of these materials often poses a difficult problem in ultrahigh vacuum.This is particularly true for the La2-xSrxCuO4 and YBa2Cu3O7 systems, for which somereports indicate deterioration of the sample surfaces after prolonged exposure to ultrahighvacuum.[28] The deterioration of the sample surfaces in ultrahigh vacuum has often beenlinked to oxygen outdiffusion from the sample, thus depleting the oxygen content at thesurface. In contrast, the Bi2Sr2CaCu2O8+d material, and in particular single crystals ofthe Bi2Sr2CaCu2O8+d material, appears to be very inert in ultrahigh vacuum. Thisinertness probably relates to its unigue crystal structure, as will be discussed later.The importance of surface quality to the photoemission spectra is most amplyillustrated by our early experience with Bi2Sr2CaCu2O8+d superconductors. We noticedthat some of the samples had much less weight at the Fermi level, and did not show asuperconducting gap. We checked the Meissner transition of all of the samples, and

18discovered that all of the ones which did not show the gap had much broadersuperconducting transitions. It turns out that we had baked these samples in our vacuumchamber in order to get higher vacuum, and this baking procedure had depleted thesamples of oxygen and changed their character. Since then, we have measured theMeissner transition of all of our samples before performing the photoemissionexperiments, and we have developed a fast-entry load-lock so that our samples can beintroduced into the chamber without baking. These precautions have dramaticallyincreased the trust-worthiness of our measurements.

19III. Photoemission from Late Transition-Metal OxidesA. Pedagogical description of the Mott insulatorsAs we have stated in the introduction, the theme of this article is photoemissionstuies of the electronic structure of Mott insulators and the high-temperaturesuperconductors. These two classes of materials exibit extremely different ground stateproperties. However, they are closely related. An example of this is the La2-xSrxCuO4system. La2CuO4 is a Mott insulator while it becomes a high-temperature superconductorupon Sr doping.[57] It is the purpose of this section to provide a pedagogical tour for thereader about these materials.The term �Mott insulator� generally refers to a particular class of materials thatcan not be simply described by contemporary one-electron band theory, due to the strongcorrelation effects induced by large on-site Coulomb interactions.[58] These insulatorshave some characteristic properties of that of NiO. They are typically made of transition-metal oxides, and they often have antiferromagnetic order at low temperature. Althoughattempts have been made, there has not been a generally accepted definition of Mottinsulators.[58] Therefore, we start this section by a simple illustration which gives theessence 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 individualatom construct an energy band with a bandwidth of B that is shown in the left part of thefigure. The energy band contains 2N states due to the electron spin degeneracy. If theband are filled with 2N electrons, the material would be an insulator or semiconductorand could be called a Bloch insulator - a situation we are familiar with. In the Bloch

20insulator, the electron wave function is an extended wavefunction filling the wholecrystal. For the hydrogen chain solid, there is only one electron per atom, which meansthat the band is half filled. Therefore, a metallic state is expected from the band theory.Now let us examine the situation where we pull the atoms apart while keeping theirpositions periodic. According to Bloch’s theorem, no matter how far apart the atoms areseparated (as long as it is not infinity), the wavefunction overlap gives rise to a half filledband and the crystal must be a metal. In reality, we know that this picture will breakdown at some separation between the atoms. The key to the failure here is that the Blochpicture ignores the Coulomb interactions between the electrons competely. For theatomic chain with large enough separation, the orbitals are localized on individual atoms.Each of the N orbitals is occupied by one electron and double occupancy is energeticallyprohibited because the two electrons on the same orbital will repel each other by theCoulomb interaction U. This mechanism is not present in Bloch’s single electron picturewhere 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 tolocalize the electrons, versus the kinetic energy which tends to delocalize the electrons.Electrons prefer to be in an extended state to lower the kinetic energy as required by theuncertainty principle DxDp~h/2. Large Dx means smaller Dp, and the kinetic energy canbe lowered with a smaller energy spread. The competition between the two forcesdetermines the properties of the material. For materials with a large band width, theCoulomb interaction is well screened and the kinetic energy prevails. In this case, thecorrelations can be approximated by an averaged potential and the system can be welldescribed by the one electron theory based on Bloch’s theorem. The half-filled system isa metal. For materials with narrow bands (B<U), the Coulomb interaction prevails andthe system is an insulator at half filling. This insulator is named after Mott for hiscontribution to the field. In this picture of the Mott transition, the size of the Coulombinteraction is the most critical parameter. In the transtion metal oxides, the Coulomb

21interaction is very strong due to the localized 3d orbitals. Therefore, the Mott insulatingstate is often found in the transition-metal oxides.Magnetic properties are another important aspect of the Mott insulators. TheMott insulators are often antiferromagnetically ordered at low temperatures. Themagnetic 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 superexchangeinteraction and the antiferromagnetic order.[21] As we will show later, this theory isoften improved by explicitly considering the role of the ligand (typically oxygen) [25].Oxygen plays a key role in the electronic structure of the late transition metaloxides. First, the oxygen atoms act as spacers that make the d-bands even narrower dueto larger transition-metal ion-ion distances. Second, their chemical potential is such thatthe binding energy of the oxygen 2p band is very close to the copper 3d band, leading tothe interesting role of charge transfer in the electronic structure. On the basis ofspectroscopic data and some theoretical analysis, Zaanan, Sawatzky and Allen (ZSA)improved the picture for transition-metal oxides by considering both the Coulomb U andthe charge transfer energy D between the metal and ligand [22]. Figure 3.2 shows aclassification scheme based on the calculations by ZSA. The main result is that if D isappreciable but still smaller than U, then the insulating gap will be proportional to thesize of D instead of U (region B). This is termed a charge transfer insulator. If U issmaller than D, U will dominate and the material will behave as a classical Mott-Hubbardinsulator [22]. As we will see later, the late 3d transition-metal oxides are all chargetransfer insulators or in the intermediate regime AB of the ZSA scheme. A recent studyby Park et al. further suggested that all 3d transition-metal oxides are not Mott insulatorsin their strict sense, but are all charge transfer insulators or insulators in the intermediateregime of the ZSA scheme [60].

22B. Angle-integrated photoemission of CuO and Cu2O1. Experimental results and the first order explanationBecause of the cuprate superconductors, CuO and Cu2O received special attentionsince they serve as model systems for the superconductors.[23, 24,61-71] CuO is usuallyregarded as a Mott insulator, while Cu2O 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 crystalstructures. CuO has a monoclinic structure with very low symmetry [72] while Cu2O hasa simple cubic structure in which oxygen is tetrahedrally coordinated by copper atom andcopper is coordinated by two oxygen atoms [73]. Based on these crystal structures, theone-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 calculations and angle-integrated photoemission data[67]. Qualitativelyvery similar results were reported by other groups [62,63]. Fig.3.5a shows that theagreement between experiment and theory is quite good for Cu2O. Fig.3.5b shows thatthe agreement is significantly worse for CuO. In particular, there is a severe problem inthe energy range of -8 to -14 eV. This problem is most evident at higher photon energieswhere the Cu states have larger photoionization cross-sections. Here the theory predictsno spectral weight at all, while the experimental spectrum has substantial spectral weightin this energy range. Such spectral features observed at high binding energy inphotoemission spectra are often called satellite structures, and are a consequence ofmany-body phenomena. To first order, we can understand the origin of this satellite inthe simple picture illustrated in Fig.3.6. In a very simple ionic picture, Cu has aconfiguration of d9 (Cu2+) and O has a configuration of p6 (O2-) in CuO. In other words,CuO has one d hole since it takes 10 d electrons to fill the Cu 3d shell. Therefore, theinitial state of the system will be a linear combination of configurations with the holeeither on the Cu site (d9) or on the O site (d10

L ), where

L represents a ligand hole with

23the appropriate symmetry of the system. Now let’s look at the final state with oneelectron removed, and thus two holes in the system left over. The three possible finalstates are d8, d9

L , and d10

L 2. For the d9

L and d10

L 2 configurations, the two holes in thefinal state are well separated (either on two different orbitals or on the delocalized oxygenorbital), and so no complications arise. For the d8 configuration, however, we now havetwo holes on the same localized copper orbital, and so have to overcome the strongCoulomb interaction between the two holes. Therefore, the photoelectrons leaving CuOwill have lower kinetic energy, and thus will show up in the form of a satellite at higherbinding energy in the photoemission spectra.A major support for the above interpretation of the CuO photoemission datacomes from the resonance photoemission data[66,68]. Fig.3.7 gives the Cu 3p to Cu 3dresonance photoemission data of CuO together with some theoretical calculations basedon Fano’s theory of resonance photoemission (solid lines in the right panel) [23,68]. Thefact that the satellite exhibits a clear resonance at the Cu 3p threshold near 74 eV is astrong indication that the satellite is indeed due to the d8 configuration in the final state.This interpretion of the CuO resonance photoemission data has been questioned byBrandow who suggested that the sudden approximation breaks down under suchcircumstances.[74] However, recent Cu 2p resonance photoemission data indicates that itis not the case, and the photoemission satellite of CuO is indeed due to the d8 final stateconfiguration [75]. Fig.3.8 shows the giant Cu 2p resonance photoemission data fromCuO. The spectral weight of the satellite is dramatically enhanced at the Cu 2pabsorption threshold near 930 eV. Tjeng et al. argued that the sudden approximation isexpected to hold at such high photon energies, and thus the 2p resonance photoemissiondata unambiguously demonstrated that the satellite of CuO has d8 character [75].However, the interpretation of 2p resonance photoemission data is not withoutcontroversy. There are discussions on whether the enhancement in the spectra is due tothe resonance or the Auger process [76-78].

24Now let’s come back to the case of Cu2O and ask why the band theory works wellin this case. The first order answer to this problem is that in the case of Cu2O, Cu is in itsd10 configuration (closed shell) and so the correlation effects are not an issue. This isbecause the initial state has no hole in the system, and so there is only one hole in thephotoemission final state. Therefore, we do not have to overcome the extra Coulombinteraction between the holes as in the CuO case. In fact, it has been shown to begenerally true that the one-electron band theory works well in the cases where there isonly one hole in the final state (e.g., PES of Cu2O, IPES of CuO) [67]. On the otherhand, the one-electron band theory does not work in the cases where there are more thanone hole in the final state of the system (e.g., Auger of Cu2O, PES of CuO) [67].This interpretation of the difference between CuO and Cu2O receives furthersupport from 2p core level photoemission data as shown in Fig.3.9 [67]. For the Cu 2p3/2spin-orbit component, we see only one peak for Cu2O while we see a broad peak and astrong satellite for CuO. This difference can again be explained to first order by the factthat we have no hole in the initial state of Cu2O while we have a certain probability for ahole on the Cu site in CuO. The satellite observed in CuO is a reflection of the Coulombinteraction between the Cu 3d hole and the core hole created by photoemission.Thus, we have to first order explained the electronic structure and thephotoemission data of CuO and Cu2O. It appears that the one-electron band theoryworks well for Cu2O while it does not work well for CuO due to the strong correlationeffects. Similar conclusions were drawn from a comparison of the band theory andoptical data [62, 73]. We know that the reason one-electron band theory does notdescribe CuO well is due to the fact that it does not take the Coulomb interactions intoaccount appropriately.2. More Subtle Issues

25As we have illustrated very clearly above, we can to first order understand theelectronic structure and photoemission data of Cu2O and CuO very well. In the formercase, since the initial state is a full band (no holes) situation, no complications fromcorrelation effects arise and the one-electron band theory works well. In the latter case,since the initial state is not a full band situation (it has one hole in the system), correlationeffects are important for the photoemission data and the one-electron picture breaksdown. If one looks at this problem more carefully, one finds that this picture is notcompletely correct [70].The main problem comes from the fact that the above interpretation gives veryunrealistic estimates for the d shell occupation number of Cu2O in the ground state (d10),which is significantly higher than the CuO case. Due to the hybridization with theoxygen states, the d shell occupation number of Cu2O in real systems is smaller than d10.Calculations show that the difference of d shell occupancy between Cu2O and CuO is notvery large (d9.30 and d9.15 for Cu2O and CuO, repectively) [70]. Therefore, the abovesimple explanation can not be completely correct, and there have to be other reasons forthe large difference seen in the satellite intensity between Cu2O and CuO. This problemis addressed by Karlsson et al.[70]. It turns out that additional differences between Cu2Oand CuO come from the fact that the ground state couplings in Cu2O (between 3delectrons and conduction band) and CuO (between valence electrons and 3d holes) arequite different. This was also invoked to account for the different line shapes (widths) ofthe main line of 2p core levels of CuO and Cu2O. In these papers, the fact that the mainline of the 2p core-level is much broader in CuO than in Cu2O was explained along thesame lines (see Fig. 3.9). On the other hand, the 2p core level broadening is attributed tostrong nonlocal contributions due to the fact that the valence hole is moved away fromthe core hole and forms a Zhang-Rice singlet on a neighboring site [71]. The issues ofthe satellite intensity and the Cu chemical shift in Cu3+ formal valence compounds (suchas NaCuO2) are also discussed in these papers [70].

263. Results of cluster and impurity model calculationsThe simple data analysis in the last two sections gives the essence of thephotoemission data from CuO and Cu2O. For detailed analyses of the photoemissiondata, usually one calculates the photoemission spectra with parameters such as theCoulomb interaction U and the charge transfer energy D, and then adjusts the parametersuntil the calculated spectra have the best fit to experimental data. In this way, the valuesof the important physical parameters can be extrapolated from the photoemission data. Inthese 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 thefollowing parameters: Udd ~ 8.8 eV, D ~ 2.75-3.50 eV, Tpd(b1)/2 ~ 1.25 eV, and Tpp/2 ~0.50-0.65 eV[69]. One can see that the cluster model reproduced the main features of thevalence band photoemission data quite well. An important point to emphasize is that thecharge-transfer energy D is smaller than the Coulomb interaction energy U, implying thatCuO is a charge-transfer insulator [22].So far, we have treated the system with a cluster. This appears to give a goodaccount for the localized 3d states. However, it does not treat the oxygen states verywell. There is much evidence that the band effects are important for any appropriatetreatment of the oxygen states. To reconcile this problem, the Anderson impurity modelis 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 calculationand the XPS data for CuO [24]. This calculation treats the system as a Cu impurityembedded in the matrix of the oxygen lattice, and the parameters of the Andersonimpurity model were obtained from a so-called constrained LDA calculation. Thecalculation is very similar to that of a supercell calculation with the supercell size goingto infinity. One can see that the agreement between the experiment and the theory is veryimpressive. Note that the calculated satellite structure is located at higher binding energy

27than the experimental data: this probably implies that the Ud value obtained from theconstrained LDA calculation is too large.There are two more things that need to be pointed out in this figure. The first isthe satellite near 16 eV in the experimental data. This satellite has not been observed inother Cu compounds and before its experimental confirmation was actually predicted bytheoretical calculations to be a singlet with mainly Cu spectral weight. The second thingis the feature at zero energy: the calculations show that this feature is due to a singletformed by a Cu hole together with an oxygen hole with 3d symmetry with respect to thecopper site. Such singlet has never been observed in the parent insulating compounds ofthe high-temperature superconductors. This actually may mean that CuO and cupratesuperconductors are more different than we had thought [24].C. Angle-integrated photoemission from other Mott insulatorsFig.3.12 exhibits the common crystal and the magnetic sublattice structure of thelate 3d transition-metal mon-oxides (NiO, CoO, MnO and FeO all have thisstructure)[79]. Below their N�el temperatures, the cation spins are ferromagneticallyalligned within a {111} plane, but are antiferromagnetically alligned in two adjacent{111} planes. These oxides are customly treated in terms of ML6 transition-metalcomplexes as illustrated in Fig.3.13a and Fig.3.13b [81]. This approach is justified by thelocalized nature of these materials. Depending on the number of d electrons in Ni, Co, Feand Mn, the cation levels are filled differently. This simple picture is a good startingpoint of our discussion.1. Experimental data of NiO and their interpretationNiO is probably the most extensively studied and widely discussed transition-metal mono-oxide. As shown in Fig.3.13, the highest occupied states are the 2eg*antibonding orbitals (x2-y2, z2) which then broaden into bands by the intra-sublattice

28coupling [81]. In a simple band picture, these bands were partially filled by two electronsand therefore NiO is expected by this calculation to be a metal. This result is obviouslynot correct since NiO is experimentally found to be an insulator with a large gap.Historically, two fundamentally different approaches were used to explain thisproblem. The first initiated with Slater’s antiferromagnetism approach [82]. Fig.3.14shows the result of a recent sophisticated local-spin density functional approximation(LSDA). The calculated Fermi level lies in a 0.3 eV gap of the Ni3d bands, indicatingthat NiO was a small band gap semiconductor (0.3 eV) [79,80]. Fig.3.15 schematicallyillustrates this result [79,80]. According to the band calculation, the magnitudes of theexchange splitting, ligand-field splitting and d band-width are all comparable. As shownin the left panel of the figure, it just happens that the exchange splitting is slightly largerthan the d-band width. The eight Ni electrons fill the triplet t2g states and one of thedoublet e2g states. The eg orbital with the (local) majority spin is filled while the egorbital with (local) minority spin is empty. This calculation gives a semiconductingground state for NiO, which was certainly better than the metallic ground state from thesimple analysis. However, the size of the calculated energy gap is an order of magnitudesmaller than the 4 eV value measured experimentally.[83,84] Furthermore, the LSDAcalculation gives a magnetic moment for NiO which is much smaller than theexperimental 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 herethat the LSDA is designed to calculate the ground state energy only, and is not designedto understand the excitation spectra. However, for many simple materials, the LDA turnsout to give a good account of the band structure by virtue of Koopman�s theorem. Theabove problems suggest that it is not the case for NiO.The other approach to explain the problem of NiO and related materials is that ofMott and Hubbard.[18, 19] This approach views NiO a as highly correlated material dueto the strong Coulomb interaction among the 3d electrons. The key to this approach is

29that occupied electrons see the potential due to dn-1 electrons on the metal-site while theunoccupied d electrons see the potential due to the dn electrons on the site. Hence, thereis an energy difference U (controlling the size of the insulating gap) between these twosets of states which can not be appropriately approximated by an average potential as inthe case of band calculations. Therefore, this approach views the one-electron theory ashaving a fundamental difficulty in explaining the electronic structure of NiO.In light of the controversy over NiO, many photoemission experiments werecarried out aimed at understanding its electronic structure [84-89]. Fig.3.16 reproducesearlier angle-integrated photoemission spectra from single crystal NiO by Eastman andFreeoff at various photon energies [85]. These spectra can not be explained within thecontext of the one-electron band theory, in particular the multi-electron satellite 8 eVbelow the main valence band, similar to the Cu satellite discussed in Sec. III.b. From thephotoionization cross section behavior of the satellite, Eastman and Freeoff concludedthat the satellite has predominantly 3d character [85]. This assigment of the satellitecharacter was confirmed later in resonance photoemission experiments by Oh et al. asshown in figures 3.17a and 3.17b [86]. Fig.3.17a plots angle-integrated EDCs fromsingle crystaline NiO at photon energies near the Ni 3p threshould of 66 eV. It is veryobvious that the multi-electron satellite shows a clear enhancement at the resonancephoton energy near 66 eV. The Fano lineshape of resonance is more clearly revealed inthe CIS spectra of Fig.3.17b. The satellite exhibits a clear resonance while the main bandexhibits a clear anti-resonance at the threshold. The resonance behavior of the oxygenfeature is clearly weaker. The authors suggested that this weak resonance is due to theinseparable satellite structure and the oxygen states [86]. The other possible reason forthe weak resonance of the oxygen feature is the hybridization of oxygen states and the Nistates.The photoemission data of NiO was traditionally interpreted by the ligand field(LF) theory, as illustrated in Fig.3.13. Here NiO was regarded as a classical Mott

30insulator with D larger than U. The highest occupied states have mainly Ni 3d characterseparated by the ligand field splittings. In this case, the insulating gap is mainlydetermined by the large Coulomb interaction - the classical case of a Mott insulator. Thisinterpretation of the data is difficult to reconcile with the resonance photoemission result.According to this interpretation, the multi-electron satellite is due to the emission fromd8

L final state configuration. This configuration is mainly an oxygen related state, and isnot expected to show a strong resonance according to the standard resonancephotoemission picture.Facing this problem, Fujimori and Minami proposed a revised interpretation forNiO photoemission data based on a cluster model calculation [88]. Their calculation hasincluded many of the higher order corrections, such as for examplethe crystal fieldsplitting. Fig.3.18 reproduces the result of their CI model calculation in comparison withthe experimental photoemission data. The key parameters used in the calculation here isU ~ 8 eV and D ~ 3.5 eV [88]. For a comparison, the result of ligand field theory is alsopresented. It is quite obvious that the CI model did a better job explaining thephotoemission data than the LF theory. The key to this reinterpretation of NiO data is therealization that D is actually smaller than U, and NiO is a charge transfer insulator insteadof the Mott insulator in the traditional sense. As we have pointed out earlier, we regard Das an effective U here. In this picture, the satellite is due to the emission of the d7 finalstate configuration while the main band is due to the d8

L configuration. Since d7 willclearly resonate at the Ni 3p threshold, this new interpretation can easily explain theresonance photoemission data of NiO. A similar interpretation of the photoemission dataof NiO was also proposed by Sawatzky and Allen who use the CI (configurationinteraction) model to reinterpret the photoemission and BIS data of NiO [84]. Theyfound that the first photoemission peak and the first BIS peak have an energy separationof about 4 eV, which unambiguously proved that the intrinsic gap of NiO is 4 eV. This isan important point since the earlier optical data might not give the intrinsic gap due to

31complications arisng from the selection rules in optical absorption experiments. The firstphotoemission peak and the first BIS peak are interpreted as due to emission from d8

L and d9 final state configurations, respectively. The energy difference between these twoconfigurations determines the insulating gap.As we will discuss later, more recent studies suggest that the first photoemissionpeak is actually a bound state pushed out of the continuous oxygen band. The actualdifference between D 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 includethe exchange interactions. To fully understand the spectroscopic data of NiO, theexchange interaction has to be included because it is of a similar magnitude with D.Recently, a LDA+U potential correction approach was also used to calculate thephotoemission spectra of NiO

[ 90]. For this scheme to work, it is necessary torenormalize the Ni3d-O2p hopping parameters.2. Results from CoO, FeO and MnOPhotoemission and resonance photoemission experiments were also performed onCoO, FexO and MnO [91-101]. Figures 3.19a and 3.19b show the EDC stack and CISspectra near the Co resonance threshold of 60 eV, taken on single crystal CoO by Shen etal.[91]. The satellite about 10 eV from the valence band maximum shows a resonancewhile the main valence band shows an anti-resonance. Figures 3.20a and 3.20b give theEDC stacks and CIS spectra from an MnO single crystal near the Mn 3p resonancethreshold of 50 eV [93]. It is seen that the resonance effect of the main band in MnO ismuch stronger than in NiO and CoO (note the difference in the lineshape between the 49and 50 eV spectra). Resonance photoemission experiments have also been performed onpolycrystaline FexO samples.[89] The experimental data also show a satellite structurewhich resonates at the Fe 3p threshold.

32Since 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 compoundsto be similar. It is believed that CuO is in the charge-transfer-insulator regime (U>D),while NiO, CoO, FeO, and MnO are in the intermediate regime (U~D). This point is alittle bit controversial in the literature. Fujimori et al. suggest that FeO (and presumablyCoO) is a charge transfer insulator, while only MnO and CrO are in the intermediateregime [93,94]. On the other hand, van Elp et al. suggest that both MnO and CoO are inthe intermediate regime [92,95]. The fact that the main band of MnO shows a strongresonance is consistent with the fact that MnO is farther away from the charge transferinsulator regime. More recently, on the basis of resonance photoemission data at the O1s and TM 2p edges, Park et al. suggested that NiO, CoO, FeO, MnO, V2O3 and Ti2O3are all in the intermediate regime [60]. The main point of this paper is to give areinterpretation of V2O3 and Ti2O3, which are usually regarded as in the U > D regime.From the overall picture, these are small differences within the same global framework,consistent with the results from a theoretical analysis of the electronic structure oftransition metal oxides by Zanaan, Sawatzky and Allen [22].3. Role of the magnetic interactionsIn the last two sections, we discussed and classified the electronic structure of latetranstion-metal mono-oxides by two physical parameters, namely the Coulombinteraction energy U and the charge transfer energy D. This approach is sufficient if theenergy scales of these two parameters dominates the system. The other interactions withsmaller energy scales can be treated as higher order corrections. In reality, the exchangeinteractions in these oxides are sometimes quite large. Under such conditions, theexchange interaction has to be included to fully understand the spectroscopic data.The Ni 3s core level data from NiO provides a good example demonstrating therole of magentic interactions in the system. Fig.3.21 shows the high-resolution (0.3 eV)

33Ni 3s core level XPS data by Bagus et al. [97]. Five features can be distinguished asmarked by A-E. The existence of five features can not be explained by the simple chargetransfer model alone which can only give a main line and a satellite. This spectrum canbe understood by considering several effects at the same time: ligand to metal 3d chargetransfer screening(D), 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 theexchange coupling here is of the same order of magnitude as D, suggesting it can not beregarded as a higher order correction. The effects of exchange coupling are most clearlyseen in the 3s core level data because it the simplest case. However, one would alsoanticipate that the exchange coupling (or multiplet splitting) is important forunderstanding the valence band data. The more realistic cluster model calculationsincluded such effects [88,92].A trend in these mono-oxides is that as one moves from CuO to MnO, theinfluence of charge transfer on the electronic structure is getting smaller, but theexchange interaction becomes larger. This trend manifests itself in the cation 3s corelevel spectra. In CuO, the 3s core level splitting is mainly determined by the largeCoulomb interaction between the core hole and a 3d valence hole Ucd as a consequenceof charge transfer. In MnO, on the other hand, the 3s core level splitting is basicallydetermined 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 corelevels do not track with the size of the magnetic moment. In the earlier literature, themagnetic exchange interaction of the ionized core level and the open d shell was regardedas the sole reason for the 3s core level to split. Now we also know that the chargetransfer also plays a role in the 3s core level splitting so that the splitting does not tracklinearly with the size of the magnetic moment. It is also appropriate to point out here that

34the calculation of the superexchange interaction using J ~ t4/U2 * (1/D+1/U) afterconsidering the role of charge transfer improves the agreement with experimental data ascompared with the calculation using J ~ t4/U3.[25] This is the reason for us to earlierstate that the consideration of the charge transfer degree of freedom improves ourunderstanding of the magnetic properties of the Mott insulators.The role of exchange coupling in Mn compounds is also discussed by Oh et al. ina recent paper [100]. The anslysis shows that there are many factors involved indetermining the electronic structure of transition-metal oxides: the correlation interaction,the charge transfer, the exchange interaction, and others. This is probably the reason whythe electronic structure of transtition-metal oxides has been a difficult problem for such along time. In the following chapters, we will see yet another factor - namely the energydispersion.D. Angle-resolved photoemission from Mott insulatorsAs we have indicated in the introduction, angle-resolved photoemission has onlyvery recently been used to study the Mott insulators. This is the case partially becausethe evidence of correlation effects in these compounds is so compelling that one�s firstimpression 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 thediscovery of the high-temperature superconductors, angle-resolved photoemission hasbeen applied to the classical Mott insulators such as NiO, CoO and MnO.1. Results from NiOThere are several recent reports of angle-resolved photoemission studies of NiOperformed on {100} surfaces cleaved in ultra-high vacuum [102-106]. In addition toconfirming the strongly correlated nature of this compound as found by angle-integratedphotoemission, these studies also have revealed remarkable dispersion of the valence

35band features, suggesting the importance of the lattice effects to the electronic structure[102,103]. The angular dependence of the photoemission spectra is particularly strongfor the higher binding energy bands, which are mainly oxygen derived. However, thiseffect also exists for the Ni 3d derived features, including the valence band satellite of d7local configuration. So far, experiments have been performed along the three highsymmetry directions of (100), (110) and (111). In this review, we concentrate ourdiscussion on data along (100).Figures 3.22, 3.23, and 3.24 reproduce the complementary normal and off-normalemission data along the NiO (100) direction by Shen et al.[103]. Figure 3.22 show thenormal emission data with photon energies ranging from 13 to 35 eV, while figures 3.23and 3.24 give the off-normal emission spectra along NiO (100) direction with differentincident photon polarizations. In the case of off-normal emission, the authors changedthe photon energy and the emission angle to keep k^ fixed at 2GKX while changing k//along one of the (100) direction in the NiO (100) plane. Here the pinning position of theexperimental Fermi level is determined by a Au reference spectrum. The data in thesefigures unambiguously demonstrate the importance of the lattice aspects of thephotoemission spectra from NiO, in spite of the compelling correlation effects. We cansee that the spectra are remarkably different with different photon energies and emissionangles corresponding to different k values in the Brillouin zone. Crudely speaking, thetop curves in these data sets correspond to the spectra taken near the X point while thelower curves represent the spectra taken near G point. Some of the valence band featuresshow very strong energy dispersions up to about 4 eV. Comparing figures 3.25 and 3.26,we can also see the dramatic changes in photoemission spectra due to the opticalselection rules. For example, the relative intensity of feature E is much stronger in thespectra 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 features in themain valence band, A, B,C, D and E. Features C, D, and E are believed to be oxygen

36related states, while features A and C are mainly nickel derived. The oxygen features, inparticular E, show very strong photon energy and emission angle dependence. Moderatechanges of Ni 3d states as a function of emission angles and photon energies were alsoobserved.Based on the experimental data in figures 3.22-3.24, the authors deduced theexperimental E vs k dispersion relation. In order to achieve this deduction, they assumeda free-electron final state, which is a standard practice in angle-resolved photoemissionexperiments [37-41]. With the adjustable parameters of the inner potential set at 8 eVand the effective mass set at 0.95 me , the experimental E vs k relation is deduced andplotted in figures 3.25 and 3.26. These panels correspond to the data in figures 3.22 and3.24, respectively, although soem additional normal emission data not shown here wasused. The experimental E vs k relations were compared with the results from an LSDAcalculation. This way, the authors were able to learn information about to what extendthe one-electron band theory can describe the electronic structure of NiO. Anotherreason for the authors to compare their data with band calculations was that bandcalculations are presently the only theoretical calculations with detailed E vs k dispersionrelations, allowing a direct comparison with experiment. The lines in the upper and thelower panels are results of band calculations 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 along p/a(111) and p/a(311) are folded back to (000) and p/a(200), and arethen modified slightly near the crossing points after incorporating the magneticinteractions.Comparing the data with the non-magnetic bands, they found that the energydispersion relation for the lowest oxygen band (feature E(¥)) agrees remarkably well withthe 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

372GKX in the off-normal emission data [103]. The fact that this feature is stronger withthe incident photon polarization along the surface normal is also consistent with the D1symmetry in the calculation. The situation about the other oxygen derived features ismore complicated. This is particularly clear for the three bands between -3 to -5 eV inthe upper panel of Fig.3.26. One can see that there are three experimental bands (one ofthem actually is nickel derived), while there are only two theoretical bands. Therefore,the experimental data and non-magnetic bands clearly disagree on this issue. Similarly,sporadic data points were also observed in the normal emission data. Furthermore, theagreement between the experiment and the calculated non-magnetic nickel 3d band isalso poor. The authors then compared the data with the AF bands (lower panel). Eventhough the agreement was not perfect, it clearly improved. This explains why there arethree experimental bands in the intermediate band positions in Fig.3.26. The (+) bandenergy is off, as we will discuss later, mainly due to the fact that LDA underestimates thed band-width.The situation of the Ni 3d bands is more complicated. First of all, the lineshape offeature A changes distinctly as a function of photon energy and emission angle,indicating that it has several components. This is most clearly revealed in Fig.3.27 wheresome selected spectra with an energy window around feature A are presented (fromFig.3.24). This indicates that feature A contains at least three components. The authorsalso noted that the features are much broader than one would expect from the intrumentalresolution. From Fig.3.26, one can also see that the experimental E vs k relation agreeswith the AF bands better than the non-magnetic bands. However, even with the magneticbands, the experimental band C is still flatter than the theoretical band, indicating that theLDA calculation overestimates the 3d band width. This fact is actually related with ourearlier observation that the + band is higher than its theoretical counterpart. It turns outthat this particular oxygen band has more d character then the other oxygen bands, andthat the theoretical curves are therefore pushed downwards too much as a consequence of

38overestimating the p-d matrix element. As we have emphasized earlier, someinformation about the 3d bands is contained in the 3d7 satellite. Shen et al. reportedinteresting emission angle and photon energy dependences of the d7 valence bandsatellite, as reproduced in Fig.3.28 [103]. The strong enhancement of the satellite at thephoton energies of 66 and 68 eV is due to the resonance effect at the Ni 3p to 3dabsorption threshold. For photon energies far away from the resonance, one can still seeclear changes of the spectra as a function of emission angle and photon energy. Theauthors discuss several possible explanations for this observation, suggesting that energydispersion is the most likely scenario.A related issue that should be discussed here is the number of Ni3d bands, asstressed by Shih et al.[104]. In the angle-resolved photoemission data, there are fivedistinct features within the first 3.5 eV with the band edge, as shown in Fig.3.29. Herefeature C is not very visible, but can be clearly seen in other emission angles [104]. Thisis very different from the result of angle-integrated photoemission that show only twodistinct peaks within the first 3.5 eV from the band edge, as shown in section III.c.1.According to the cluster calculation by Fujimori and Minami, these spectra should exhibitonly three features corresponding to final state configurations with 4T1, 2E and 2T1 localsymmetry [88]. The existence of at least five bands within the first 3.5 eV clearly showsthat the cluster model which considers only the local symmetry is too simplified: theaddition of intercluster hopping further splits the degenerate states.Hence, the angle-resolved photoemission data from NiO helps us to betterunderstand the following issues. First of all, we can see that it is essential to include theantiferromagnetic order in the theoretical calculations. This effect is most clearly seenfor the Ni 3d bands. The antiferromagnetic 3d bands are much narrower than the non-magnetic bands, thus improving the agreement with the experimental data. This isconsistent with our earlier assertion from core level data analysis that the exchangesplitting has to be considered to fully understand the experimental spectra. There are

39three experimental bands in the energy range where the antiferromagnetic bands areheavily populated (e.g. from -1 to -2.5 eV in Fig.3.28), and these bands spread out in anenergy range which is very similar to the theoretical prediction. Even though theimportance of the antiferromagnetic order to the band structure has been theoreticallyrecognized for a long time[82], this problem has only recently been explicitly addressedexperimentally. For the oxygen 2p bands, the effect of the antiferromagnetic order exists,but is not as evident as for the Ni 3d bands. This is not unexpected since theantiferromagnetic 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 ofthe D5 band if the antiferromagnetic order is not considered (Fig.3.28). This extra band isbelieved to be due to the folded-back band from the p/a (111) to p/a (311) symmetrydirections as a result of the antiferromagnetic order. However, the energy position of thisband is somewhat off, a fact probably related with the fact that LDA overestimates theoverlap matrix elements of the 3d bands.The second issue deserving attention is the energy separation between the Ni3dand O2p bands. This turns out to be a tricky issue. An earlier comparison of an LDAcalculation with angle-integrated photoemission data suggests that the LDA calculationgives an energy separation which is about 2 eV too large [107]. The comparison of theLDA calculation and angle-resolved photoemission data gives a more complicatedpicture[103]. If we match the energy positions of the theoretical and the experimentaloxygen bands, we find the data points fall in the energy range where there are theoreticalNi 3d bands. However, the relative intensity of various 3d bands is still an open question.This result is different from the 2 eV shift scenario proposed earlier. Shen et al.suggested three possible explanations for this discrepancy: (a) When K�bler et al.compared the LDA result with the angle-integrated data, they also tried to give the bestintensity match. Hence the matching criteria in the two cases are different [107]. (b) Ifone looks at the analysis of K�bler et al. (see Fig.3 of reference 107), one finds that the

40energy separation between the Ni3d and O2p bands is about 1 eV too small after theyshift the Ni3d bands down by about 2 eV (check the O2p band noted by s, for example).(c) Previous angle-integrated photoemission data taken with a CMA (cylindrical mirroranalyzer) could be quite different from the total density of states. After all, the data takenwith a CMA is not truly angle-integrated. Furthermore, the experimental spectrum wasthe

coherent summation of the partial density of states weighted by the photoionizationcross-sections.Third, we discuss the discrepancies between the data and the LDA calculation.The first one is the absence of the theoretical bands just below EF in the experimentaldata. As shown in figures 3.25 and 3.26, there are always theoretical bands in the energyrange between EF (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 thenumber of electrons. Obviously, since their predicted energy positions are wrong, theyare below the experimental Fermi level. Therefore, this discrepancy is related to the factthat the LDA calculations can not reproduce the experimental gap value of NiO. Thesecond major discrepancy is the observation of the photoemission satellite which can notbe predicted by the LDA calculation, as we have discussed in Section III.c.1. In additionto the two major discrepancies, we have also observed disagreement between the detailsof the angle-resolved photoemission data and the band theory. For example, even thoughthe general energy spread of the Ni 3d bands is very similar for the theory and theexperiment, the details of the energy dispersion of the individual bands in the experimentmay be different (usually narrower) than that of the theory.Finally, we examine to what extent the angle-resolved photoemission data can beexplained by the cluster model. The main advantage of this model is that it can explainthe satellite structure very nicely. With appropriate fitting parameters, this model isexpected to reproduce the gap information, the general energy spread of the 3d band, aswell as the energy separation between the 2p and 3d bands. However, this model can not

41provide the E vs k information which is so evident in the angle-resolved photoemissiondata. Furthermore, the cluster model can not explain the fact that we can see five 3d likefeatures in the main valence band. Thus, we see that one has to go beyond the clustermodel to explain the angle-resolved photoemission data. It may be possible to start outwith a cluster model and then incorporate the effects of energy dispersion.It is also appropriate here to point out an often misunderstood point about thecluster 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 bandcompletely filled. The oxygen bands are located between the two Hubbard bands and arefilled, thus forming the charge transfer gap with the upper Hubbard band. If we take thispicture naively, then we will find this is inconsistent with our angle-resolvedphotoemission 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 theoccupied nickel bands. This paradox can be easily explained if one considers thehybridization between the O 2p and the Ni 3d states. Due to the hybridization, theoxygen states that are very strongly hybridized with the nickel states are pushed up. Thecluster calculations actually show that bound states with mixed d8

L , d9

L 2 and d7characters are pushed out. Therefore, for the oxygen bands, the upper part has more Ni3d character so that these bands are localized. The lower part has less 3d character sothat these bands are more dispersive. The lower Hubbard band is located at even higherbinding energy in the form of the satellite. In the same context, we want to emphasizethat the bands which we called "d-bands" in the comparison with the LDA calculation areactually the bound states in the cluster picture. These bands in our data can either beinterpreted as the "d-bands" of the LDA calculation or the bound states of the clustercalculation. We called those bands "d-bands" in most parts of this section only becausewe were comparing our data with the LDA calculation. It is easier for the comparison ifwe use the LDA language. D is reflected by the energy difference between the top of the

42oxygen band and the bottom of the upper Hubbard band (d9). Without including the"bound state", the top of the oxygen band is lower than the experimental valence bandmaximum of NiO.2. Results from CoO and MnOBesides NiO, some angle-resolved photoemission experiments were alsoperformed on other transition metal mono-oxides [91,99,108]. Fig.3.30 reproduces thedata and the deduced E vs k relation from CoO by Brooks et al [108]. Again we can seeclear energy dispersion and intensity modulations as a function of photon energy.However, the interpretation of angle-resolved photoemission from CoO is lessunambiguous than that from NiO. This is mainly due to the fact that the CoO features aremuch broader and less distinct than NiO features. As a matter of fact, Brooks et al. andShen et al. drew somewhat different conclusions based on very similar data. Bycomparing with an earlier and very crude band calculation, Brooks et al. concluded thatCoO is a band insulator even though the experimental E vs k relation for the 3d bands isjust the opposite of the band calculation [108]. Influenced by the NiO data and the beliefthat there should be some similarity between NiO and CoO, Shen et al. interpreted theCoO 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 byMn2O3, as evidenced by the 4 eV magnetic splitting of the Mn 3s core level. 109] . Thecorrect value for the magnetic splitting of the Mn 3s core level in MnO is approximately6 eV[98,109]. Fig.3.31 reproduces normal emission angle-resolved photoemission databy Shen et al., which is actually quite similar to the results reported by Lad et al. [109].Shen et al. verified the Mn 3s core level magnetic splitting to be 6 eV for the sample fromwhich they took the data in Fig.3.31. The oxygen states at higher binding energies aremore dispersive while the Mn 3d states are less dispersive. Like CoO, however, the

43ARPES data of MnO is less distinctive than NiO, making the data more difficult tointerpret. Therefore, we can see that the qualitative picture of angle-resolvedphotoemission data from NiO, CoO and MnO is very similar, even though the dataquality of NiO is the best. The detailed information obtained from NiO is apparently notlimited to that one particular compound, but is representive of this class of highlycorrelated materials.E Closing remarks From the discussion of this chapter, we can see that there are at least four effectswhich determine the electronic structure and photoemission data from transition metalmono-oxides: the charge transfer screening process, the Coulomb correlation of the 3delectrons, the exchange and multiplet splitting, and the energy dispersion (especially forthe oxygen bands). These effects are all quite important for an overall understanding ofthe electronic structure. This is probably the reason why the electronic structure andproperties of these oxides and their derivatives are so complicated and hard tounderstand. It is fair to say that we have made much progress towards a moresatisfactory theoretical description of these materials, at least in the sense that theproblems are better identified and laid out.There have been some recent theoretical efforts which have tackled the issue ofthe electronic structure of these oxides. Theoretical efforts based on the impurity andcluster model calculations as we have discussed in this chapter are summarized byZanaan and Sawatzky [110]. In addition, there are several other efforts. The first is theso-called self-interaction correction (SIC) approach. This approach goes beyond the localdensity calculation by excluding the self-interaction of electrons which is unphysicallyincluded in the local density calculations. Using this method, Svane and Gunnarssonhave obtained results for the insulating transition-metal mono-oxides that are in muchbetter agreement with experimental data [111]. The magnetic moment is in good

44agreement with the experimental data and the energy gap size agrees with theexperimental data much better than the local density calculation. Furthermore, they haveuncovered an antiferromagnetic, insulating solution for La2CuO4 which the local densitycalculation incorrectly predicted to be a metal. They have also correctly found themetallic ground state for VO. It is also very interesting to note that they can only getgood results with extended oxygen 2p states, and they can not minimize the total systemenergy if they use localized oxygen states. It is presently unclear how to compare theSIC results with the spectroscopic data. If one simply compares the theory andexperiment and take the "renormalized many body bands" as the 3d bands, one finds thatthe calculated energy separation between the 3d bands and the oxygen 2p bands does notagree with the experiment. We note that no spectral weight calculation was carried outwith SIC.The second approach for these oxides is the orbital polarization correctionmethod. By taking the orbital polarization correction to the spherical orbitals of thedensity functional calculation, Norman obtained a semiconducting ground state for CoO[112]. However, the gap size obtained is much smaller than the experimental data. In aseparate paper, Norman and Freeman suggested that the problem of the gap size isassociated with the fact that the empty states and the filled states see different potentials[113]. Their supercell calculation based on this idea gives a gap size that is very close tothe experimental data. The third recent theoretical development on the electronicstructure of the transition metal oxides is using the Hubbard U to replace the stonerparameter I in the LSDA calculation [114]. As discussed earlier, this approach was alsoapplied to calculate the PES spectra for NiO. Even though it is still a mean fieldapproach, it gives the insulating nature for all the transition-metal mono-oxides.Before leaving this section, let us point out that several interesting experimentshave been carried out to study the doping behavior of these oxides. For details of theseworks, we refer to the two following references [92,115].

45IV. Photoemission Studies of the Normal State of Cuprate SuperconductorsA. Ground state properties and issues to be addressedIn this section, we give a brief survey of some relevant ground state propertiesand the theoretical issues on which the electron spectroscopic experiments can shinesome lights. It is usually true that the information one obtains from spectroscopic andground state measurements (such as transport) are complementary to each other.The cuprate superconductors are highly anisotropic materials, with most of theirimportant properties determined by the two dimensional CuO2 planes. This is evidentfrom the strikingly similar r(T) curves for optimized compositions in very differentcrystal structures with CuO2 layers as the electrically active building blocks. Thisproperty of the cuprate superconductors is determined by the crystal structures, asdepicted in figures 4.1 and 4.2 for the two most extensively studied compounds:YBa2Cu3O7 and Bi2Sr2CaCu2O8 [116]. Soon after the discovery of the cupratesuperconductors, it was recognized that these compounds have unusual normal stateproperties, and the understanding of these normal state properties is a key tounderstanding the mechanism of high- temperature superconductivity [4,5,8,9,117,118].For example, the charge dynamics and magnetic properties of these superconductors allexhibit some unusual aspects that are widely thought to be an indication of a peculiarelectronic state. All of the optimized p-type cuprate superconductors show a lineartemperature dependence for the normal state resistivity over a remarkably largetemperature window. The optical conductivity data suggests a peculiar temperaturedependent charge carrier scattering rate. The Hall coefficient from YBa2Cu3O7-xexhibits a strong temperature dependence, in contrast to that of ordinary Fermi liquid

46metals. The Raman data reveal a broad electronic excitation. The understanding of thesepeculiar normal state properties appears to be a key to the understanding of the high-temperature superconductivity. Another important property of these superconductors isthat they are related to the antiferromagnetic Mott insulators [57]. Fig. 4.3 depicts aphase diagram of the electronic properties of the cuprate superconductors [117]. Nearhalf filling (0 holes per CuO2 layer), the materials are acturally antiferromagnetic chargetransfer insulators. (See Section III) With the increase of hole doping, the long rangemagnetic order fades away and superconductivity begins to prevail at low temperature atappropriate doping levels. The superconducting transition temperature increases withdoping until it reaches a maximum at x ~ 0.15, it then drops down with further dopingand the material eventually becomes a paramagnetic metal. However, short rangeantiferromagnetic order persists into the doping region where the superconducting groundstate prevails at low temperature.These unusual normal state properties of the cuprate superconductors raise thequestion whether the normal state of the cuprate superconductors can be described by theFermi liquid picture [2, 8, 119]. If they are, then much of the traditional theoretical toolsdeveloped over the last forty years can be readily used to develop a microscopic theory ofhigh-temperature superconductivity. On the other hand, if they are not, then we probablywould have to develope new theoretical tools to address the issues of both the normalstates and the superconducting states of the cuprate superconductors. This issue is veryimportant because the Fermi liquid picture is the underlying foundation of the traditionalBCS theory of superconductivity. Without the quasiparticle concept introduced in theFermi liquid theory, it is hard to imagine the stability of the Cooper pair bound stateagainst the fluctuations of the electron-electron and electron-lattice interactions that areseveral orders of magnitude larger.The concept of a Fermi liquid has been developed following the landmark workof Landau in 1956, [120] and has been the central piece of our modern theory of a

47quantum liquid. The issue here is the appropriate description of degenerate Fermionswith interactions. For non-interacting degenerate Fermions, the system can be welldescribed by Fermi statistics as shown in classical textbook examples. In this limit, theFermions move independently, and we can define quantities such as the Fermimomentum, Fermi energy, and Fermi surface. Many physical properties of the systemcan be described very elegantly with this approach. For interacting degenerate Fermions,the situation is not so simple anymore. At first sight, this seems to be an impossibleproblem. However, for the low energy physics (which in most cases are the things wecare about ), it turns out that the system can be reasonably well described by the so-called"elementary excitations". At low temperatures, there are only a few such "elementaryexcitations", and they have long life times. In this limit, much of the interesting physicsof 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 thesystem are not dramatically modified by the particle interactions, no matter how strongthe 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 fermionsystem. Such a mapping was thought (and proven to be the case) to be possible if theinteraction was turned on slowly and adiabatically. This way, we will still have a Fermisurface, a corresponding Fermi momentum, and Fermi energy. However, as illustrated inFig. 4.4, the discontinuity in the momentum distribution function is reduced from 1 in thenon-interacting system to a value z (often called the renormalization factor). From theconservation of particle number arguments, we find that the volume enclosed by theFermi surface of the quasi-particles should be conserved (Luttinger’s counting theorem)[121]. This concept of the Fermi liquid has provided a foundation for the modern theoryof quantum liquids on which much of the modern many-body physics concepts andtheoretical machineries are based. Even though liquid He3 is the only know example of a

48Fermi liquid in real life, the concept of a Fermi liquid can be extended to include neutronstars, and conduction electrons in solid where the band effects are relatively small. As amatter of fact, this concept is so robust that almost all metals (even the stronglyinteracting ones such as the heavy fermions) are typically regarded as Fermi liquids.Much of the controversy regarding the applicability of the Fermi liquid concept inthe high-temperature superconductors arises from the fact that the conducting carriers inthese superconductors are composed of oxygen 2p electrons (holes) and stronglyinteracting copper 3d electrons (holes). It has been argued that the on-site Coulombinteraction between the copper 3d electrons is so strong that the Fermi liquid concept cannot survive. This perception received support from some unusual properties of thesuperconductors. Most importantly, this viewpoint is reinforced by the fact that thesesuperconductors are evolved by doping from antiferromagnetic Mott insulators where itis generally accepted that the Fermi liquid concept has broken down. On the other hand,it is argued that while the undoped parent compounds of the high-Tc superconductors arenot Fermi liquids, the Fermi liquid concept will recover at doping levels wheresuperconductivity prevails at low temperature [11,28]. It is fair to say that the theoreticalcommunity is divided over this issue.Given this controversy, much experimental and theoretical work has been carriedout to test the validity of the Fermi liquid concept in the high-temperaturesuperconductors. A very impressive body of ground state (such as transport) andspectroscopic data is available now, and they have been extensively analyzed anddiscussed. Since photoemission data reveals very direct information about the electronicstate at the microscopic level, recent high-resolution photoemission data has attractedmuch attention from the theoretical physics community [6,7,11,42,122]. A betterunderstanding of the electronic structure clearly supports the efforts to resolve thisimportant question. For the past several years, the electronic structure information as

49obtained by photoemission experiments has played a crucial role in shaping up ourcurrent view of this issue.Photoemission studies of the normal state properties can be divided into twoclasses. The first is the class of studies performed by angle-integrated photoemission(and x-ray absorption or x-ray emission) over the whole valence band. Theseexperiments can often be directly related to the work of the Mott insulators which havebeen briefly described in Sec.III.b and Sec. III.c. The theme of many of theseexperiments was: what is the most appropriate starting point to describe the electronicstructure of these superconductors? Specifically, what kind of simplified model will besufficient to account for the essential physics? For the simplified model, what arereasonable values of the model parameters? These spectroscopic experiments were oftencarried 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 thevicinity of the Fermi level. These experiments were the first to positively identify theexistence of a Fermi surface [123-124] - a crucial point that is now well accepted by thecommunity. Later experiments covered a very wide range of topics, from the detailedshape of the Fermi surfaces and the bands near the Fermi surfaces, the symmetry andorigin of the states making up these bands, and the energy-dependence of the lifetimes ofthe near-EF quasiparticle states.The information one obtains from these two classes of experiments iscomplimentary. The most common starting point of interpretation for the two classes ofexperiments is diametrically opposed. The first class of experiments was most ofteninterpreted within the theory of localized models that is very appropriate for insulators aswe have discussed earlier in Seciton III.b. One distinct advantage of this approach is thatthe physical picture of the problem is very clear. The second class of experiments wasmore often interpreted in connection with an extended approach such as band theory.The advantage for this is that the calculation of the Fermi surface by band theory includes

50many of the long-range interactions which are important for the symmetry and the shapeof the Fermi surfaces. Therefore, a direct comparison with the experiment is possible.The experiments have indicated that Luttinger�s theorom seems to hold for the cuprates,implying that a one-electron theory such as band theory can still tell us importantinformation such as the volume of the Fermi surface [121]. On the other hand, the bandcalculations have the problem of dealing with the electron correlation effects. Since thecuprate superconductors are correlated metals, the two classes of experiments providecomplementary information. In this section, we summarize these two classes ofexperiments with emphasis on the latter since a number of review articles already existfor the former [27-36].B. Samples and Sample quality issuesSince photoemission is a very surface sensitive experimental technique, it iscrucial to have a good sample surface. For the high-temperature superconductors, it turnsout that the preparation of a good sample surface is a very tricky issue. Many of theearlier photoemission works have been subjected to question because of the samplequality [28]. The samples studied involved both single crystals and polycrystallinematerials. It is now clear that only those experimental data that have been confirmed onsingle crystals should be trusted. Often, even data obtained from single crystals isproblematic. The problem arises from complications such as surface contamination,oxygen loss or disorder, cleavage damage, surface flatness, surface reconstruction andothers. The sample surface quality is compound dependent, with some of the compounds(such as Bi2Sr2CaCu2O8+d) being much more stable than the other compounds (such asYBa2Cu3O7-d). We will point out the problems related with samples as we pursue withthe discussion of results from various compounds in the following sections.

51C. Basic framework of the electronic structureThe electronic structure of these cuprate superconductors are determined by theconducting CuO2 planes. Again, as shown in Fig. 4.5, the basic electronic structure ofthese cuprates have two characteristic properties: strong Cu-O covalency due to theproximity of the Cu 3d and O 2p energy levels and the strong Coulomb interactionamong the Cu 3d electrons [125]. Due to crystal field interactions, the Cu 3d orbital aresplit into eg and t2g levels, which then further split into four levels. The highest orbital isthe antibonding s* x2-y2 orbital. This general picture is true both from the quantumchemistry cluster calculation and band structure calculation, and this picture provides afoundation 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 theangle-averaged mode. The experimental data were usually analyzed by simple clustermodel calculations in analogy to those developed for the insulating transtion-metaloxides. The results of angle-integrated photoemission studies were reviewed by severalauthors [27-36]. Here we only give a brief account of the major results of this class ofexperiments. Furthermore, we focus ourself on valence band data only, the core levelphotoemission data will not be discussed. The readers can find relevant core levelphotoemission data in earlier publications.1. Evidence for strong correlation effectsThe first experiment to point out the importance of strong correlation effect as aconsequence of the large Coulomb interaction was performed by Fujimori et al. Fig.4.6reproduces the valence band data and a simple cluster model calculated result byFujimori et al.[126]. As we have indicated in Sec.III, the key here is the presence of thevalence band satellite structure. This satellite structure can not be explained within the

52context of one-electron band theory, and is a consequence of the large Coulombinteraction among the 3d electrons. Even though Fujimori et al. had plausibly predictedthe existence of the valence band satellite, the satellite structure can not be clearlydistinguished in Fig. 4.6. (Note, they have shown in their paper clear evidence for thecore level satellite.). The existence of the valence band d8 satellite was later confirmedby resonance photoemission experiments carried out by several groups. Fig. 4.7 gives theresonance photoemission data from La2-xSrxCuO4 by Shen et al.[127]. As the photonenergy is sweep through the Cu3p absorption threshold of 75 eV, the intensity of featureD increases and then decreases again, suggesting a resonance behavior. The Fanolineshape of the resonance profile is shown in panel b as a function of initial energy in aseries of CIS curves. Figures 4.8, 4.9 and 4.10 reproduce the resonance photoemissiondata of YBa2Cu3O7, Bi2Sr2CaCu2O8, and Nd2CuO4, respectively [128-130].These resonance photoemission data reveal the compelling evidence for the strongcorrelation effects in all the superconducting compounds studied. These experimentaldata were often analyzed and compared with cluster or impurity model calculations basedon the Anderson hamiltonian [127, 130]. The two solid curves of Fig. 4.10a aretheoretical calculations based on the Anderson impurity model, with the model parameterderived from an ab-initio calculation [130]. We can see that the Anderson impuritymodel 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 theoreticalcalculation for Nd2CuO4 shows a distinct peak at lower binding energy than the mainvalence band. This peak is due to the spectral weight from the singlet state formed by aCu spin coupled with the spin of an oxygen ligand surrounding the Cu. However, nosuch peak is present in the experimental data, in contrast to the CuO case where a peak isobserved at lower binding energy than the main peak.(See Sec. III.b) This differencebetween CuO and Nd2CuO4 on the issue of the singlet indicates that they might be moredifferent than we originally had thought, especially for the low energy excitations. This

53difference can not be understood within the framework of the Anderson hamiltonian.[24]Gunnarsson et al. noted that the bond angle of CuO and CuO2 planes are not the same,and this might be a reason for the observed difference.[24]Fig. 4.11 gives the basic energy level schematic of these cuprates in the clustermodel language as summarized by Fuggle et al.[131]. The essential parameter valueshave been estimated using a variety of high energy spectroscopies (PES, core level XPS,Auger, and X-ray absorption), and range between 0 £ D £ 3 eV and 5 £ Udd £ 13 eV[10,127,131,132] More recent analysis of the experimental situation tends to give highervalues of D [133]. These parameters suggest that the basic electronic structure can befairly well described by a two band Hubbard model. These experimental data and theiranalysis provided empirical support for a large body of theoretical calculations where themodel parameters were deduced from first principle calculations [134-137]. Most of thecalculations involve the so-called constrained LDA calculation. In these calculation, thebasic electronic structure is obtained first by band calculations, then the Coulombinteraction is determined by counting the total energy difference while varying the 3dorbtal occupation number by integer numbers. Both the spectral weight function and themodel parameters from these first principle calculation were very consistent with theexperimental results [137].2. Low energy excitation stateA key issue is to determine the simplest theoretical model for the CuO2 planeswhich can account for the main physics in these materials. The question to be addressedis: Is it possible to reduce from the practical two band Hubbard model to a simpler oneband Hubbard model or even t-J model?The first theoretical effort was made by Zhang and Rice who suggested that oneneed only consider the dynamics of a spin singlet formed by Cu and its oxygenligand[138]. A recent summary of the theoretical efforts along this line is given by

54Hybertsen et al.[137]. It is generally agreed that we can reduce the two band model to asimple one band t-J model which can be used as a starting point for microscopical modelsof high temperature superconductivity.The experimental effort has already been addressed in the last section. In asimple picture, if one could reduce the Hamiltonian to a t-J type of model, one wouldexpect to see a peak in the spectral weight function at the lowest energy corresponding tothe singlet. For example, the theoretical calculation of Nd2CuO4 shows such a distinctsinglet 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 Nd2CuO4 [130], athough apeak in this energy is seen in CuO [24]. It is not clear what the significance of thisexperimental observation is at this point. It could mean that the lowest energy excitationstate is more complicated than we have anticipated, or it could simply mean that thesinglet state is near degenerate with other low energy states with basically no coupling.3. Important experimental issues regarding the earlier dataAn important experimental issue worth emphasizing is that the surfaces of thecuprate superconductors are often unstable in the ultra-high vacuum. This point wasmost clearly established in the important experiments by Arko and his coworkers [28,128]. Arko et al. found that for single crystal EuBa2Cu3O7 cleaved at very lowtemperature (20K) in UHV, the photoemission spectra changed dramatically andirreversibly when the samples were warmed up to liquid nitrogen temperature. Theyattributed this change of the spectra as a consequence of oxygen loss near the samplesurface. For the spectra taken at 20K, Arko et al. found a well defined Fermi edge thatwas absent in all the previous experimental data [28, 128]. This actually is the firstindication of the existence of a Fermi surface in this family of superconductors, a fact thatis widely accepted now but was not so then. The well defined Fermi edge disappearedimmediately if the sample temperature was raised up to 50K or so [28]. Later work on

55presumably higher quality samples showed that the surface could be robust totemperature cycling [139]. Due to the surface sensitive nature of the photoemissionexperiments, such surface problems have forced us to examine the experimental data verycritically. Experimental data from ceramic materials are highly suspect and should beinterpreted with caution. In the field of photoemission studies of high-temperaturesuperconductors, only those experimental results that are verified by low temperaturesingle crystal works should be trusted, and then even in that case, one must be cautious.There are a few empirical indications for us to enforce the quality of theexperimental data. These, of course, are necessary but not sufficient conditions. Oneindication of good data is the absence of the notorious -9 eV peak and multicomponents(with energy separations of several eV) in the oxygen 1s core level data. The importanceof this is primarily based upon empirical evidence [14]. For instance, the -9 eV peak isobserved to grow in intensity as the samples age, with a corresponding decrease in theintensity of the near-EF peaks. Of course, some aspects of data sets that contain the -9 eVpeak may still be good. Other empirical indications for good data are the spectralstability vs. time, the sharpness of the features, a low background, and consistent,repeatable results. For metallic or superconducting samples, the spectral weight at EF isalso often a good indicator, with better samples having more weight. For angle-resolvedmeasurements, a large amount of dispersion as well as very sharp clear Fermi surfacecrossings (in metals) are indications of good quality data. Even then, the story is not sostraightforward. 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 YBCO surface has non-idealities, andthere is not yet a consensus as to whether these features are intrinsic.Certainly the data from many of the earlier studies should be reexamined, with thepossible exception of those from Bi2Sr2CaCu2O8. The information obtained near theFermi level was clearly questionable. However, the important finding outlined in the last

56section, namely the existence of a correlated satellite structure in the valence bandphotoemission data, withheld the test of later more careful experiments carried out onbetter prepared single crystals. Fig. 4.8 shows the spectra taken from YBa2Cu3O7cleaved and kept at 20K [128]. It is quite clear that there is a Cu satellite at -12 eV whichshows a strong enhancement at 74 eV. As a matter of fact, this is the strongest valenceband satellite seen in the cuprates at the Cu 3p threshold. As a side remark, we alsonotice a small peak at -9 eV in the 74 eV spectrum but not present in the 70 eV spectrum.As we have pointed out before, usually the -9 eV peak found in the cupratesuperconductors is due to the extrinsic emission caused by (most likely) oxygen disorder.However, this data shows that there is a small intrinsic Cu satellite peak at -9 eV also.This peak is visible at the Cu resonance but not visible otherwise. This peak is mostlikely due to one of the multiple components of the d8 final state.Despite the compelling evidence of correlation effects, Arko et al. also found that,except for the satellite region, the photoemission spectra taken at low temperature agreewith the band calculation much better than previous experiments[128]. Fig.4.12 showsphotoemission data in comparison with results from band calculations by Arko et al.. Wecan see that the calculation gives quite useful result. The agreement at both 70 eV and 20eV is very decent. This result naturally brings us to the next section in which angle-resolved photoemission data are directly compared with the results of band calculations.

57E. Angle-resolved photoemission data from near the Fermi level1. OverviewThe focus of most of these angle-resolved photoemission experiments was on theFermi surface and very low energy excitations of the cuprates, as these low energyexcitations are the most important for the physical properties of the system. These aretechnically very difficult experiments because very high energy resolution is necessary inorder to observe the relevant energy scales, and because high count rates are needed inorder to get the necessary statistics. In addition, the samples used for these studies arevery complicated and fragile. For this reason, progress in these studies for a large partfollowed the developement of the state-of-the-art ARPES instrumentation as well asimprovements in sample quality.The primary significance of the earlier experiments were that �bands� wereobserved to disperse towards and then cross the Fermi surface as expected for a metal.And, although there are significant differences between the experimental data and bandcaclculations, the majority of the experimental data indicated that the Fermi surfacecrossing points were similar to those predicted by band theory calculations. This waswidely accepted as indicative of the fact that Luttinger�s counting theorom was obeyed inthe cuprate superconductors - that the volume of the Fermi surface was unchanged by thecorrelations [121]. This is a very strong constraint on theory, and is for instance anecessary ingredient for a Fermi liquid [120]. Since these early studies, manyexperiments have been carried out to map out the details of the Fermi surfaces and near-EF band structure of a wide variety of the cuprate superconductors, including singlecrystals of the Bi2212 system [123,124,140-152], Y123 and Y124 [139,153-160], the n-type superconductors NdCeCuO [161-163], the Bi2201 system [164,165], as well as

58some �model� systems such as the two-dimensional metals TiTe2 and NbSe2[166,167].Samples with a variety of doping levels have also been studied in the Bi2212 system[147,168,169], the Y123 system [153,157,158], and in the NdCeCuO system[161, 170].While in general the measured Fermi surfaces agree with the band calculations tofirst order, the differences are significant enough that any real need of Fermi surfaceinformation should be accomodated by experimental data (as opposed to a band theorycalculation). The large amount of available data has brought out a number of trends inthe data, and it is starting to enable us to make strong statements about the relationship ofthe electronic structure to the physical properties of the system. For instance, one of themost striking aspects of the experimental data is the presence of some flat bands (littleenergy dispersion over a significant k-space region) which lie very near EF in the p-typecuprates[142,143,139,156,158,165]. While the details of these flat bands vary fromsample type to sample type, and confusions such as a possible origin from the chains inY123 [139,156,158] or the BiO pocket in Bi2212 exist [142,150], the fact that data existson a wide variety of samples lends credence to the observation. Flat bands are alsoobserved 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 ofthe 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 cupratesupercondutorsBefore we begin any of our discussions, it is important to straighten out thenotation used to denote the high symmetry points in k-space. Due to slight differences intheir crystal structures, the Brillouin zones of each family of the cuprates is labeled

59differently, and these differences can lend to a great deal of confusion in theinterpretation of the data. The simplest way to understand the notation is to referenceeverything to the Cu-O planes. Figure 4.13a shows the Brillouin zone of a single Cu-Oplane, with the plane oriented as shown in the right panel (the Cu-O bond directions areparallel to the edges of the paper). The G point is at the middle of the Brillouin zone, theM point is at the corner (p/a, p/a), and the X(Y) points are midway along the edges (p/a,0) or (0, p/a). The G-X(Y) direction is along the Cu-O bonds and the G-M direction is45� 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 bondsare parallel to the edges of the paper, but we find that the notation has changed so that theX and Y points are at the corner and the G1 point is midway along the edge. In essencewe can consider the changes as a one-to-one mapping, with G-->G, M-->X(Y), andX(Y)-->G1. Due to their finite amount of three dimensionality, the Brillouin zones ofthese materials are also three dimensional. The Z point can be reached by moving normalto the planes from the G point, or by moving from G past G1, as shown in the figure. Dueto their near two-dimensionality, it is often a good approximation to consider the G and Zpoints to be equivalent. The most common notations used to describe the high symmetrypoints of Bi2212 and Y123 are shown in figures 4.13c and 4.13d, respectively (morecomplicated versions which account for the slight three dimensionality andorthorombicity have also been used). Again, the alignment is such that the Cu-O bondsare parallel to the bottom of the page. The mapping for Bi2212 is G-->G, M-->X(Y), andX(Y)-->

M, and for Y123 it is G-->G, M-->S, and X(Y)-->X(Y).b. Results of model calculations of the electronic structure of the cupratesThis section briefly discusses the results of calculations that have been carried outon the cuprates, including both first-principles band theory calculations and simpler tight-

60binding calculations. We principally concentrate on the information needed tounderstand the data - much more complete reviews of these topics have been publishedelsewhere [10].We begin by considering a tight-binding analysis of the CuO2 planes. This is oneof the simplest possible k-dependent approximations for the cuprates we can make. Thepredominant 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-y2symmetry and, as shown in figure 4.14, reaches its maximum at M and has a saddle pointat X [171]. This saddle point gives a singularity in the density of states (a van-Hovesingularity) that is observed in figure 4.14d. At zero doping the x2-y2 band is half filledand 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 groundstate for the undoped parent compounds, which are in reality antiferromagnetic insulatorsof the Mott-Hubbard type, with the insulating nature due to the strong on-site Coulombinteractions. This failure of the simple models has been discussed in chapter III. Thehigh Tc’s are formed by doping the parent compound with either electrons (as in the n-type superconductor Nd2-xCexCuO4) or holes (as in the p-types La2-xSrxCuO4, YBCO,Bi2212, etc.). As we will see, the Fermi surfaces for the optimally doped materialscalculated by these simple methods do a surprisingly good job at predicting the measuredFermi surfaces, even though the models fail completely in the half-filled or undoped case.To first order, we can envision the doping process as either raising or lowering theFermi energy, respectively. This will cause the Fermi surface to expand so that it iscentered around the M point (electron-doping) or contract so that it is centered around theG point (hole doping). In reality, the inclusion of O-O coupling terms buckles the Fermisurface slightly, as shown in figure 4.15 from Dickinson et al. [172] The main

61significance of this is that it moves the van-Hove singularity off of the Fermi surface athalf-filling, with moderate p-type doping required to bring it back.Fig. 4.16 reproduces the Fermi surface and the band structure of Nd2-xCexCuO4as calculated by Massidda et al.[173]. The calculated Fermi surface of this compound isthe simplest with a hole pocket arount the X point. In this sense, this is a good system toperform 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 themain valence band observed in the figures of the previous section. The great number ofbands is due to the fact that the unit cells are very large, and so the Brillouin zone is verysmall with many bands folded back in. It will be difficult to do more than compare thecalculated and measured (in an angle-integrated measurement) density of states in thisregion 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 andcross through the Fermi level. These bands are of the greatest interest, for they will beresponsible for most of the physics. It is therefore fortunate that they are split off fromthe "spaghetti" of bands so that they will be individually resolvable.Results from an LDA calculation of the band structure of stoichiometricBi2Sr2CaCu2O8+d by Massida et al. are shown in figure 4.17 [174]. This band structureis much more complicated than that of NdCeCuO. First of all, there are two Cu-O planesper unit cell, instead of just one. In the absence of coupling, there will be two degeneratex2-y2 bands, and the Fermi surface will be the same as in the single layer case. While ithas 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. Thematrix element for this coupling is very small along the G-X(Y) symmetry direction (45�to the Cu-O bonds) and so the bands will remain near degenerate there. Off of G-X(Y)

62the coupling is finite and so the bands and the Fermi surface will split, creating a morecomplicated Fermi surface. A calculated Fermi surface for Bi2212 is shown in figure4.18, along with the band structure along the G-

M-Z direction [174]. As we will discussnext, the inclusion of the Bi-O planes alters this band structure and Fermi surface. Theresults of figure 4.18 were obtained by Massidda et al. by ignoring the interactionbetween the Cu-O and Bi-O bands[174].In the calculation of figure 4.17, a set of bands corresponding to Bi px,y -O 2px,y(pps) 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-Oband crosses EF, and the Cu-O band coming up from G towards

M is repelled and doesnot cross the Fermi level, as it would in the non-interacting case. We note that thisinteraction implies a degree of hybridization between the Bi-O and Cu-O planes, and so itis not strictly fair to keep calling them a Bi-O or Cu-O band. For simplicity however, wewill keep calling them by those names. A schematic drawing of the calculated Fermisurface and band structure near

M for this scenario is shown in figure 4.19 [174]. Theimportant differences between the Fermi surface in this scenario and that shown in figure4.18 are the existence of the Bi-O based electron "pocket" centered at

M, and the fact thatthe Cu-O derived Fermi surface is very different from that in figure 4.18; in the fullcalculation both of the Cu-O bands are centered around the X(Y) points, while in thecalculation which ignores the BiO-CuO2 coupling one of the CuO2 bands is centeredaround the G point.Fig. 4.20 gives the band structure and the Fermi surface of YBa2Cu3O7 ascalculated by Pickett et al.[176]. This calculation takes into accout the smearing thatincured from the dispersion along the third dimension. There have beeen several bandcalculations for YBa2Cu3O7 [176-178]. In general, these calculations are quite similarwith the Fermi surface mainly determined by the x2-y2 antibonding bands. They all showthree bands that cross the Fermi level along G-S and X-S directions with more or less the

63same topology. The main area of difference lies in the chain derived band along the G-Ydirection. Two of the calculations suggest that there is a Fermi surface crossing goingfrom G-Y [177-178], while the other calculation does not have this crossing [176]. (Aswe will show later on, whether this crossing exists or not is still controversial).There has been no state-of-the-art band calculation done for the Bi2Sr2CuO6 yet.The only available band calculation was performed by the simple tight-binding method[179]. For experimental purposes, the data can be compared with the band structure ofBi2Sr2CaCu2O8 since one would expect some similarity of their band structures.c. Two-dimensionalityThe cuprate superconductors are highly two-dimensional, and this two-dimensionality is reflected in their electronic as well as their physical properties. Theeffect on their band structures is that there is little or no dispersion along the kz direction(see for example the G-Z cuts in figures 4.16, 4.17, and 4.20). This property plays asimplifying role for the successful application of angle-resolved photoemission on thesematerials. As discussed in Sec.II, in an angle-resolved photoemission process, only themomentum component parallel to the crystal (k||) surface is conserved when the electronescapes from the sample, and thus can be fully determined experimentally. Theperpendicular component of the crystal momentum (k^) is not conserved at thesample/vacuum interface and thus can not be fully determined. This problem oftencauses confusion in the analysis of three dimensional materials. However, for twodimensional material such as the high-temperature superconductors, this is not a problemsince the effects caused by the uncertainty in k^ are not very severe. Hence, experimentson 2-d materials are relatively straight-forward, and for most purposes we can ignore thethird dimension. One instance where this may not be so is in the case of the detailedstudy of the photoemission lineshapes, where the dispersion of the final state band alongthe kz direction will add some additional broadening terms. These issues will be disussedin more detail in section 10.

64.2. Rules and methods to determine the Fermi surface from photoemissionSince the main thrust of this chapter is to determine the Fermi surface usingphotoemission spectroscopy, it is intructive to state the methods and the rules to makesuch a determination. Ideally, the Fermi surface is the topological surface in k-spacewhere the energy bands cross the Fermi energy. If the quasi-particle is a well-definedpeak and if there are no extra complications due to effects such as the elastic and inelasticscattering, then the procedure of determining the Fermi surface is well defined asillustrated in Fig. 2.5. For simplicity, here we do not consider the incoherent part of thequasi-particles. As one changes the emission angle and hence varies the k value, thequasi-particle peak disperses in energy. Due to increased lifetimes, the quasi-particlepeak sharpens up as it approaches the Fermi level, until it is a true delta function peak(infinite lifetime) when k=kF. The quasi-particle peak disappears from the photoemissionspectrum after it passes EF, as photoemission only measures the occupied density ofstates (electron removal spectrum). From the emission angle at which the the peak in thephotoemission spectrum crosses Fermi level, we can in principle determine kF and thusthe Fermi surface information.In reality, the determination of the crossing point may be much more difficult thanillustrated in the ideal case above. On top of the obvious problems of finite energy andmomentum resolution and statistics (signal/noise), effects such as thermal broadening,elastic and/or inelastic scattering of the photoelectron, and the possibility of a non-flatsample surface may contribute. These mechanisms will add to the uncertainty in thecrossing position. In addition, there may be multiple bands, each of which contributes apeak, and there will be effects due to the incoherent part of the spectrum. The situation isfurther complicated by the fact that we do not yet have a real theoretical understanding ofthe lineshape of the excitations (see section 10), and so a fitting effort to try to remove

65some of these broadening effects is severely hampered. For these reasons, thedetermination of the Fermi surface crossing points from the experimental data is notalways straight-forward and is sometimes quite subjective. On the other hand, if the datais very good, the crossing may be extremely clear and obvious, and qualitative rules canbe used very effectively to determine the crossing.The qualitative rules that we have found most reliable in determining the Fermisurface crossing follow. First, a quasiparticle peak must be clearly distinguishable fromthe background. When the peak gets very close to EF, it will begin to be cut off by theFermi function. When the quasiparticle energy is at EF, the peak will have approximatelyhalf its original weight and the leading edge of the spectrum will be intercepted midwayor higher by the Fermi energy. Note that this implies that the most intense part of thespectrum will no longer correspond to the quasiparticle energy, a fact that adds to thecomplications of picking a Fermi surface crossing. For this reason we also recommendthat the peak be tracked over a wide range of angles, and an extrapolation of itsdispersion relationship made to EF. This extrapolation should agree with the intensitymodulation and and leading edge energy position. Finally, it is exceptionally valuable tohave many cuts through the Brillouin zone, and/or to use multiple photon energies andpolarizations. Only in this way can the real trends and consistencies in the data beuncovered.These cautions aside, we should say that the Fermi surface determination byangle-resolved photoemission is not an arbitrary process. In fact, most of experimentalresults are remarkably consistent with each other, particularly once the sample qualityand statistics improved. The fact that there is no hard rule in the data interpretationmerely implies that one should be aware of the errors that might be involved in theinterpretation of the photoemission data. We will pay attention to such issues as wepursue our discussions ofphotoemission data taken on the various compounds.

663. Results from Bi2Sr2CaCu2O8+dThe first and most extensive angle-resolved photoemission studies of cupratesuperconductors have been performed on the Bi2Sr2CaCu2O8 system. This is mainly dueto the high quality of the cleaved surface as well as its great stability in vacuum. Thereason that the Bi2Sr2CaCu2O8 surface is so ideal is probably related with the fact thecrystal cleaves between the two adjacent Bi-O planes connected by the weak Van derWalls bond. (See figure 4.2 for the Bi2Sr2CaCu2O8 crystal structure.) A very strongindication of the superiority of the Bi2Sr2CaCu2O8 surface is the fact that photoemissionstudies of the superconducting state of Bi2Sr2CaCu2O8 have given very beautiful andvaluable results, while there have as yet been no clear successes in the observation of thesuperconducting gap in any of the other cuprate superconductors (see section V). Inaddition, the Bi2212 surface has been carefully characterized by surface-structuralspectroscopies such as LEED and STM.The first reported angle-resolved photoemission study of Bi2Sr2CaCu2O8 was byT. Takahashi et al.. This study was done with relatively poor energy resolution andstatistics; nevertheless it was able to provide the first experimental evidence for adispersive feature crossing the Fermi level [140]. The first state of the art high-resolutionhigh-statistics photoemission experiments were performed by Olson et al [123,124]. Thiswork represented a real breakthrough in the field, in the sense that it really opened up thefield of studies of the near-EF states (low energy excitations) of the cupratesuperconductors. Since these low energy excitations are the most important for aphysical understanding, we will mainly concentrate on high-resolution photoemissionstudies near the Fermi level, even though some angle-resolved photoemission studies onthe whole valence band have been carried out [140,141,180].Fig. 4.21 shows the now famous data by Olson et al. along a line parallel to the G-Y high-symmetry direction [124]. The experimental data were collected from a singlecrystal cleaved at very low temperature and kept slightly above its superconducting

67transition temperature. The energy and momentum resolution of the experimental set upwere about 32 meV and two degrees (corresponding to about ten percent of the G-Ylength), repectively. From the bottom curve up, one moves from near the G point towardslarger k value along the line parallel to G-Y. We can see that there is a very broad featurecentered at approximately -350 meV near the G point, and it disperses to lower bindingenergy as we move towards the Y point. As the feature approaches EF, it sharpens upand grows in magnitude, reflecting an increased quasiparticle lifetime. Between the qemission angles 12� and 14�, the peak dissappears, indicating a Fermi surface crossing.The inset at the lower left corner compares the experimentally determined E vs k relationwith that from a band calculation [174]. We can see that the experimental and thetheoretical bands cross the Fermi level at approximately the same position, reflectingvery similar Fermi surface topologies at this area of k-space. However, the dispersionrate 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 wereother reports that gave different interpretations. Takahashi et al. suggested that therewere two bands crossing the Fermi level along the G-Y high symmetry direction, oneapproximately 25-30% of the way from G-Y and one much later at 50% [141]. Acomplimentary angle-resolved inverse photoemission study by the same group claimed tosee 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 acrossing position quite different from that of Olson et al.[151]. Mante al al. also reportedexperimental data recorded at room temperature that gave somewhat different crossingpositions and a high effective mass near 4 [144]. Hwu et al. reported data off of the highsymmetry directions, but which was very inconsistent with the band calculation thatOlson�s data agreed with [152]. The most likely explanation for these differencesappears to be sample quality, particularly surface uniformity and flatness. This is

68somewhat of a unique problem to Bi2212 and other very soft materials, because eventhough they cleave easily and always give a nice looking valence band, all but the mostcarefully prepared samples will buckle slightly during the cleave, or be left with somesmall flakes standing up. These of course will add to angular averaging, and may givepeaks or crossings at anomalous locations. In addition, the cuprates are sensitive tooxygen loss, and the standard process of baking an experimental chamber to get ultra-high vacuum may severely alter a sample if the sample is also baked. For this reason, anumber of groups have implemented schemes where a sample can be load-locked withoutbaking 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. haspresented a very detailed study of Bi2212 which agrees well with the Olson data of figure4.21, but not with the other data [142,143]. Secondly, the sharpness of the features, thepeak/background ratios, and the sharpness of the crossings can be used as an indicationof which data is �better�, as a higher quality and more uniform surface will give lessangular averaging, and hence sharper features and crossings. The Olson/Dessau data hadsharper features, crossings, and a higher peak/background ratio than the other data. Theyalso had higher statistics, making real features easier to see and making noise less likelyto be attributed to be a real feature.Olson et al. took a number of other cuts through the Brillouin zone, in particularaimed at determining whether the band theory prediction of a BiO pocket centered at

Mwas correct. Their data is shown in figure 4.22 [124]. This is a very difficult issue, forthere are predicted to be a number of bands in very close proximity to each other, asshown in the inset to the figure or in Fig. 4.17 [174]. While they could not give adefinitive answer, Olson et al. felt that their data suggested that the BiO pocket did in factexist.

69Wells et al. addressed the issue of the BiO pocket in a very different way, byperforming what is known as a �crud� test in an oxygen annealed sample which haslower transition temperature[147]. This test took advantage of the facts that 1) theoutermost surface of cleaved Bi2Sr2CaCu2O8 is a BiO plane, and 2) photoemission is asurface sensitive probe with probing depths of the order of 10 � or less, implying thatessentially all of the BiO signal came from the outermost BiO plane (this fact wasdependent upon the particular photon energy used for the experiment). Fig. 4.23 showsthe photoemission spectra taken near the Fermi level crossing along the G-X and the G-

Mdirections before (thin lines) and after (thick lines) a submonolayer of Au was depositedon 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/superconductorinterface.). We can see that the feature near the Fermi level along the G-

M direction isdramatically modified by the Au deposition while the feature near the Fermi level alongthe G-X direction is basically unaffected. Wells et al. took this to imply that the statesalong G-

M had much more surface or BiO character than the states along G-X. Whilethis 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. In thesame paper, Wells et al. also noted that the band near G-

M is very sensitive to the oxygencontent. They found in a sample with lower oxygen content, the band along G-

M is not atthe Fermi level.The next study of the Fermi surface and near-EF electronic structure of Bi2212was the very detailed study by Dessau et al. [142,143]. This study took advantage of thehigh counting rates and high resolution available from an undulator source at SSRL, aswell as some high quality single crystals of Bi2212 which survived a solid week of datataking with no detectable deterioration. This enabled them to map out the Brillouin zonein great detail and uncover some intriguing results. A photon energy of 20.5 eV wasused, and the sample was maintained at a temperature of 100K, comforatably above the

70superconducting tramnsition of 85K. A selection of the cuts taken by Dessau et al. isshown in figure 4.24 [142]. Panel a shows a cut along the G-X high symmetry directionwhich is very similar to Olson�s famous data of figure 4.21. As in Olson�s data, weobserve a dispersive quasiparticle peak sitting on top of a non-dispersive �background�which extends up to EF. The main emphasis in this section is on the quasiparticle peak,which is observed to cross EF near the emission angle 10/10. This is indicated in figure4.25a by the dark shading of the circle. The non-dispersive �background� will bediscussed in sections 9 and 10. Panels b through e of Fig. 4.24 show a number of cutsalong other directions through the Brillouin zone, with the general directions as indicatedin the inset of each panel. The cut of panel b, taken along the G-

M zone diagonal, showsa peak dispersing towards and then skimming very near EF for emission angles beyondq/f = 15/0. Since the peak does not show a strong intensity modulation as it remains nearEF, a FS crossing can not be distinguished. All one can infer is that a band is very nearEF (probably within – 30 - 50 meV) throughout this region. This is indicated in figure4.25a by the diagonally striped circles. The cut of panel c shows the behavior of thesestates as one moves from near

M towards X. The near-EF peak at 20/0 remainsessentially unchanged until near 20/8, where the intensity begins to dramaticallydecrease, signalling a FS crossing. As we can see from figure 4.25a, there is a peak nearEF for a very large portion of the BZ.Panel d shows a cut along G-

M taken by varying the f emission angle. Surprisingly, thiscut shows a clear FS crossing, even though panel b (taken along a crystalographically equivalentdirection) did not show the crossing. To determine the cause of this, Dessau et al. rotated thesample by 90� (leaving the direction of polarization of the incident light fixed) and retook someof the cuts [142]. A comparison with the unrotated spectra indicated that the lack of symmetry isdue to matrix element differences associated with the photon polarization direction relative to theelectron emission direction, and not a result of any broken symmetry of the crystal itself. Thesepolarization effects proved to be an especially valuable tool in the deconvolution of the band

71structure (see section 9). They also are important in helping us understand the detailed lineshapeof the quasiparticle excitations, as will be discussed in section 10.Figure 4.25b shows the experimentally determined FS of Bi2212 obtained by reflectingthe crossing points of 4.25a around the high symmetry axes. This figure dramatically highlightsthe strong propensity for Fermi surface nesting in this material. In particular, Dessau et al.showed that there is a nesting vector Q near (p,p) which may help explain why the measureddynamical susceptibility c(q,w) is so strongly peaked near the wavevector (p,p) [182]. We alsonote that there is another nesting vector that is not at (p,p) but is rotated by 45o. A comparisonof the nesting as well as other Fermi surface properties with the other cuprates will be given insection 7.The full band calculation of Bi2212 depicted in figures 4.17 and 4.19 does not agree wellwith Dessau�s experimental Fermi surface of figure 4.25b. In addition to the absence of the BiOpocket, which could be hard to observe, the main difference is the fact that one of the two CuO2pieces of Fermi surface encloses the G point in the experiment, while the theory shows bothpieces enclosing the X(Y) points. However, Massida et al.�s calculation which artificiallyignores the interaction between the BiO states and the CuO2 states agrees relatively well with theexperimental Fermi surface (see Fig 4.18) [174]. Of course, if the BiO band did exist ascalculated, 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 thereforewould not disrupt the observed CuO2 band structure. This scenario is consistent with that fromtunneling experiments, which have found the Bi-O plane to be non-metallic [183.184], and withquantum chemical calculations which have found that the BiO potential may be raised due to thenon-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.This result of the absence of a BiO pocket appears to be in contradiction with Wells etal.’s study presented in Fig. 4.23 [147]. While Dessau et al.’s study is more complete, it isnevertheless important to try to understand the apparent inconsistency. First of all, we note that

72the samples used for the two studies were slightly different. Extra oxygen had been incorporatedinto Wells et al.’s sample through an annealing procedure, and it is believed that the extra oxygengoes near the BiO planes. STM[187] as well as photoemission studies have reported that thismakes the BiO planes more metallic. Secondly, the results of measurements of the size of thesuperconducting gap vs. k have shown that the largest gap occurs near the

M point (see chapterV). While it is conceivable that a gap could be induced in the BiO planes through the proximityeffect, it is very unlikely that the gap in those planes would be larger than that observed in theCuO2 planes. Aside from the sample issue, a possible reason for the results observed by Wells etal. is that the gold adatoms doped the surface in such a way that the Fermi surface crossing(CuO2-derived in this scenario) shifted from between the G and

M points to between the

M andX(Y) points, making the feature along G-

M disappear. Further studies of the effect of gold orother adsorbates on the surface of Bi2212 would be quite worthwhile.The experimental E vs. k relationship from Dessau et al�s data is shown in Fig.4.26 [142]. The circles represent the experimental data points along the high symmetrydirections, while the lines represent an interpretation of the dispersion relationships. Onthis scale, the data points near

M all appear to be right at EF. Because two distinct piecesof FS are observed in Fig. 4.25, two bands are shown, one each from the even and oddcombinations of the two CuO2 planes per unit cell. One of these bands crosses EFbetween G and

M and one crosses between

M and X(Y), as in Fig. 4.25. The bands are ingeneral non-degenerate, except along G-X(Y) where the splitting appears to be small orzero, in agreement with the predictions of LDA calculations [174].Fig. 4.26 illustrates a saddle-point behavior for the bands near the

M point: thebands exhibit a maximum when traversing G -

M - G, and a minimum upon traversing X-

M - Y. As shown in Fig. 4.14, a saddle-point is expected at this location of the Brillouinzone, and ignoring broadening effects, will lead to a singular behavior in the density ofstates. This behavior is typically referred to as a saddle-point-singularity of van Hove

73singularity. As we will detail later, this feature is expected to have wide ranging effectson the physical properties of the system.Dessau et al.’s interpretation of the data is not unique; P.W. Anderson hasproposed an explanation of the data that doesn�t require intra-cellular coupling butinstead relies on both real and �ghost� pieces of FS [188]. In his theory, the electronicexcitations are a composite of charge bosons (holons) and spin bosons (spinons). In onedimension, an electron operator at kF will create a holon of momentum 2kF and a spinonof -kF. In two 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. This is what Anderson terms a "ghost" Fermi surface. Theconstruction for obtaining the ghost Fermi surfaces is illustrated in Fig. 4.27. A Fermisurface for the spinons at kF and for the holons at 2kF is drawn. Next, the -kF(2) portionof the spinon Fermi surface at each point 2kF(1) of the holon Fermi surface is scribed in.The difficulty in performing the calculation is estimating the weighting factors for thenon-colinear holon-spinon pairs. A preliminary random dot picture of the Bi2212 Fermisurface using this construction and a severe weighting factor favoring colinearity isshown in Fig. 4.28. In this picture the "true" Fermi surface is that which surrounds the Gpoint. Due to the strong curvature at the

M point, this region shows pronounced"ghosting". This explains the 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 crossingis in this picture a result of a "quasi-van-Hove singularity" in the holon spectrum whichexists 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 CuO2bands in one spectrum. Anderson feels that the absence of this in the present data is astrong support for his two-dimensional "confinement" idea central to his theories [188].Dessau et al. feel that the fact that they have not definitively observed these two separate

74bands in any one spectrum may also be due to the strong selection rules as a function ofpolarization 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 ofthe quasiparticle peaks as a function of energy is responsible for making the two peaksappear as one [142]. More studies of the near-EF band structure and Fermi surfaces,possibly done with a variety of polarizations and photon energies, will be important foranswering this very fundamental question.The experimental electronic structure near EF shown in figure 4.26 diverges evenmore from the band theory than does the Fermi surface. The calculation of figure 4.17shows what appears to be these same two bands, yet they show much greater dispersionnear the

M point and a much greater energy splitting. These differences may imply thatthe correlation effects which are responsible for the renormalization are much greaternear

M than along G-X(Y) where a mass enhancement (relevant to the LDA result) of afactor of two is observed [124,142]. In fact, it has been suggested that the correlationsare so strong that the concept of a quasiparticle may no longer be relevant, and the flatband at EF in such an extended k-space region is a signature of non-Fermi liquid behaviorin a confined CuO2 plane [188].Another piece of information obtainable from Dessau et al�s data is N(EF), thedensity of states at the Fermi level. This information is obtainable because cleardispersion relationships existed over the entire Brillouin zone. Dessau made the N(EF)estimate from the dispersion relationships of the quasiparticle peaks (and ignoring the�background�) in the following way: the striped circles of Fig. 4.25a occupyapproximately 20% of the Brillouin zone, and represent bands which lie withinapproximately –40 meV of EF. This gives an average N(EF) for that region of (2 statesper band * .20%)/80 meV-Cu site, or 5 states/eV-Cu site.This value of N(EF) is rather large, particularly in comparison to the LDA resultsof between 1 and 2 states/eV-Cu site [174]. However, it is in the neighborhood of other

75experimental measurements such as Pauli susceptibilty performed on very similarsamples which gave an N(EF) of 7.0 states/eV-Cu site[189] and thermodynamicmeasurements (specific heat discontinuity and zero temperature critical field) of YBCO7which 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, theHall effect data, and chemical arguments. Many of the discrepancies can be accountedfor by the fact that the flat bands will have low electron mobilities, and so will notcontribute significantly to the resistivity or Hall effect data. (Note that the two pieces ofFS will also cause a cancellation of the Hall coefficient, and the temperature dependencemay be related to the curvature of the FS orbits [191]).4. Results from Bi2Sr1.9Pr.1CuO6+dVery recently, Ratner et al. [164] and King et al.[165] have taken high resolutionangle-resolved photoemission data on single crystals of the Tc= 10K cupratesuperconductor Bi2Sr1.9Pr0.1CuO6+d (Bi2201). This is the single layer analog to the Tc= 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. Inthis material, Pr is added to help stabilize the crystal structure. Resonance photoemissionexperiments show that the Pr 4f states do not extend all the way up to EF, and sopresumably are not electrically important [164]. This is consistent with the location ofthe Pr within the unit cell.Fig 4.29 shows a near-EF cut along G-X and a cut along G-

M by King et al.[165].The basic behavior is similar to that taken by Dessau et al.[142] on the Bi2212 system,with a clear crossing along G-X(Y) and a band which is very flat and near EF around the

M point of the Brillouin zone. King et al. have taken cuts throughout the Brillouin zone,

76and determined Fermi surface crossing points as indicated in Fig 4.30. Only one piece ofFermi surface is seen, consistent with the fact that there is only one CuO2 plane per unitcell. The Fermi surface approaches very close to the

M point of the Brillouin zone(p/a,0), consistent with the slice of Fig 4.29b which shows the states at

M very close toEF. The result is also very consistent with the results from Bi2212 in that no sign of aseparate BiO electron pocket at

M is seen. Finally, the very flat pieces of Fermi surfacemay give a strong tendency for Fermi surface nesting. However, as will be discussed insection 7, the Bragg condition is not met as well as it is in Bi2212, so the effects on theelectronic structure are not likely to be as significant as they are in Bi2212.An E vs. k diagram along the high symmetry directions of King�s data is shown inFig 4.31 [165]. The flat bands near EF at

M are clearly seen. Due to the lower Tc ofthese samples, this data should imply that the simple presence of flat bands in the generalvicinity of EF will imply a high Tc.5. Results from YBa2Cu3O7-d and YBa2Cu4O8The results from YBa2Cu3O7-d (Y123) and YBa2Cu4O8 (Y124) have historicallybeen more confusing than those from Bi2212, even though a great deal of effort has goneinto photoemission studies of these compounds. The reason for this confusion isprobably in large part due to the fact that there is no natural cleavage plane in Y123 orY124, and so the surface vs. bulk issue is much more of a problem. As shown in Fig4.32. three different cleavage planes are possible for Y123, leaving six possible surfaces,since each of the cleavage planes are asymmetrical [160]. The possibility of some sort ofsurface reconstruction on each face as well as a cleave leaving a combination of faces isquite large.Many studies have been performed to try to determine the cleavageplane[157,160,192-199], although the conclusions have varied a great deal. One

77possibility arises from the realization that the structure is composed of alternating (CuO2-Y-CuO2) and (BaO-CuO-BaO) units or blocks that are separated by a long 2.3� bond(the longest Cu-O bond in the structure, with most others being ~ 1.9 �) [192]. Sincecharge is reasonably well balanced within these blocks, cleaving the crystal at theirinterface may not cause severe charge redistribution. This observation has received someconfirmation from tight-binding model calculations by Calandra et al. [193], whoconcluded that cleavage most likely occurs at this long bond. Zandbergen et al., usinghigh resolution electron microscopy data [194], and Ogawa et al., using Augerspectroscopy [195] both concluded that the cleave occurs at the BaO-CuO2 interface.Photoemission measurements of the Ba [196] and Gd core levels (in Gd-Ba-Cu-O) [157]also appear most consistent with this termination.Both theoretical and experimental studies have also argued that cleavegepredominantly occurs at the BaO-CuO interface. Lindroos et al. have calculatedmomentum and polarization dependent photoemission spectra for a variety of differentcleavage planes, using the single-step photoemission model within a band theoryframework [197]. By comparing with ARPES measurements, they conclude thatcleavage occurs at this interface. This view is supported by STM studies on YBCOcrystals cleaved in vacuum at 20K [198], and by low energy ion scattering spectroscopystudies 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-CuO2 interface, with Y atoms distributed approximately equally between the twocleavage faces and forming a c(2x2) superstructure [160].The above issues are of crucial importance because photoemission is a verysurface sensitive technique. If the surface is reconstructed in some way or has danglingbonds, then the photoemission spectra may not in fact be telling us anything about thebulk electronic structure. This concern is compounded by the fact that thesuperconducting gap has not been successfully observed in YBCO, with the one possible

78exception of two samples studied by Schroeder et al. which may have had a very unusualbut favorable cleave[160]. While the gap issue will be discussed in more detail in sectionV, it is important to keep in mind, for it is an indication that the surfaces may beproblematic.The first angle-resolved photoemission attempt on cuprate superconductors wasactually made on Y123 by Stoffel et al. on single crystals cleaved at room temperature[200]. They found no distinct features near the Fermi level which can now be understoodin terms of sample surface problems [28]. Campuzano et al. performed some early angle-resolved photoemission studies on twinned single crystals of Y123 cleaved at very lowtemperature, and they have plausibly concluded from their preliminary data that theexperimental Fermi surface has the essence of the Fermi suface from the bandcalculations.[201]One of the first detailed angle-resolved photoemission studies of Y123 wasperformed by Tobin et al. [139]. A unique aspect of the study was that untwinnedcrystals were used. The as-grown Y123 single crystals usually have 90o twins that makethe a and b directions indistinguishable. These crystals could be made twin-free bypreferencially adding pressure along one direction while annealing the crystal in flowingoxygen. The advantage of using untwinned single crystals is that one might distinguishthe contributions from the planes and the chains. However, useful information can alsobe obtained from twinned crystals, in particular for the information as a function ofdoping 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 spectra taken at different parts of theBrillouin zone by Tobin et al.[139]. We can clearly see that the experimental spectravary dramatically at different locations in k space. Furthermore, they are also verysensitive to the polarization of the incident photon, and as Fig 4.34 shows, to the photonenergy. Tobin et al. attributed this dramatic photon energy dependence to photoemission

79final state effects, and pointed out the interesting aspect that the intensity modulation as afunction of photon energy for the states near the Fermi level and -1 eV feature is not inphase. The -1 eV feature reaches it maximum at 24 and 74 eV photon energies, while thefeature near the Fermi level reaches it maximum at 17 and 28 eV photon energies.One of the most striking and controversial aspects of the data is the very intenseand sharp feature at approximately -1 eV. Fig. 4.35 reproduces the experimental data byTobin et al. detailing the behavior of this feature near the S and the X points, respectively[139]. From Fig. 4.35a, we can see that the band dispersion of the -1 eV feature issymmetric with respect to the S point, reflecting a typical critical-point behavior.Furthermore, we can see that there are at least two features which collapse into a singlefeature at the S point and these features are quite dispersive. However, this behavior isnot observed near the X point as shown in Fig. 4.35b. From the lower curves up inFig.4.35b, we can see that a sharp feature grows up from a large background, and itdisperses towards lower binding energies. The amount of dispersion is very small nearthe X point, and hence the sharpness of the feature is not compromised by the finiteangular resolution of the spectrometer. Fig. 4.36 gives the experimentally determined Evs k relation near the X (Y) point. This sharp feature was also observed in the twinnedsingle 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 al. argued that this feature is associated with states derived from the CuO2planes [139]. The fact that the peak exhibited comparable strength at the X and the Ypoints in spectra taken from untwinned single crystals indicated that it was probably notchain-related. They also found that this feature showed a sizable Cu resonance near theX(Y) point but not away from these high symmetry points, indicating that this feature hasan appreciable Cu character near the X(Y) points. Liu et al. also argued that the -1 eVpeak was intrinsic, and that the strength of this peak was indicative of the sample quality,

80as oxygen-deficient samples as well as samples which have �aged� in vacuum show thepeak to be dramatically attenuated [158].On the other hand, Claessen et al. 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 showsbasically no kz dispersion [154]. Schroeder et al. found that the strength of the -1 eV peakwas diminished or even absent for some of their cleaves, and noted an anti-correlationbetween the intensity of the -1 eVpeak and the intensity of the near-EF peak [160]. Fig4.37 shows this behavior for two different YBCO samples. Sample 1 is very unusual(this was the only cleave of this type that they obtained, after at least 12 tries) in that itdoes not have the strong -1 eV peak. This sample had more strength in the near-EF peak,than Schroeder�s typical samples, and, as will be discussed in chapter V, showedindications of a superconducting gap. This is clearly a very difficult and complicatedissue, and more studies need to be done, in particular to characterize the nature of thesurface that is left behind by a cleave.As shown in Fig. 4.38 the -1 eV peak is also observed to exist in Y124 [155]. Inlight of the fact that Y124 has a slightly different crystal structure than Y123, this factmay 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 fordetermining the Fermi surface of untwinned crystals of YBCO6.9 [139]. The location ofeach cut is indicated by the lines in figure 4.40a which shows the Brillouin zone ofYBCO in the extended zone scheme. Cut i corresponds to the data of 4.39a and cut vcorresponds to the data of 4.39e, respectively. The locations where Tobin et al. felt therewas a Fermi surface crossing is indicated in figure 4.40a by an open circle, with the sizeof the circle indicating the system resolution, and sometimes also by an asterisk in figure4.39. Some of the crossings are fairly ambiguous and are open to interpretation - see forexample the crossings in panel 4.39b and 4.39c indicated by the asterisks.

81The most remarkable aspect of the data presented by Tobin et al. is probably thevery sharp peaks that are seen near the Y point at hn=17 eV (figure 4.39e). The dataexhibit 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 a full width at half maximum of 40meV, mainly determined by the instrumentational width of 30 meV. A partial reason forthe sharpness of this feature is the lack of energy dispersion so that the finite angularresolution does not contribute to the broadening of the peak. The data near the X pointshown 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 acombined analysis of valence band and Ba 4d core level data, Tobin et al. contend thatthe sharp peak near the Fermi level at Y is associated with the chain layer [139]. As wewill see, other papers contended that these sharp near-EF peaks were CuO2 planederived, or were possibly due to a surface state. This issue is still very much unsettled.Fig.4.40B shows the comparison of experimental crossings in the reduced zonescheme together with the Fermi surface calculated by Pickett et al. with the smearing dueto the kz dispersion [139,176]. It is quite clear from this data that, similar to results fromthe Bi2Sr2CaCu2O8+d system, the experimental data has the essence of the calculatedFermi surface from band theory. However, Tobin et al. have cautioned that one shouldnot take the agreement or disagreement of crossing points with the band calculation tooliterally. There was only a limited amount of data, and the uncertainties of the crossingpoints were rather large.More information about the Fermi surface was obtained from experiments ontwinned single crystals by several other groups. Recently, Liu et al. have performed avery detailed Fermi surface mapping of YBa2Cu3O6.9 [158]. Fig 4.41 shows data takenwith a photon energy of 21.2 eV along two of the high symmetry directions. Thesemeasurements were taken in the superconducting state at a temperature of 20K, as were

82Tobin et al.�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 G-S,shows a peak with very clear dispersion and a nice crossing. To first order, this data isvery similar to Olson et al.�s and Dessau et al.�s Bi2212 data taken along the equivalentdirection in k-space (G-X) [124, 142]. However, Liu et al. felt that two crossings couldbe observed in the data; one near the angle 7/7 and one near the angle 9/9. Liu indicatedthese crossings by the dark shading of the circles in the inset to the figure. While thesecond crossing is very clear, the first one is more controversial. This is because it is notclear if the �shoulder� observed closer to the Fermi level is due to an additional band, asLiu argued, or if it is simply due to the Fermi function cutting off a very broad feature.As a matter of fact, based on very similar data, Mante et al. only reported a singlecrossing along the G-S direction [159]. Along the G-X(Y) direction, a peak appearsstarting near 9 degrees. It shows a small amount of dispersion and then appears to crossthe Fermi level near 15 degrees. Note however that the photoemission spectra taken nearthis portion of the Brillouin zone are very strongly photon energy dependent, andmeasurements taken with different photon energies have given qualitatively differentresults. 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 spectrumhas a) a peak near the Fermi level and b) a sharp Fermi-edge cutoff, Liu et al. determinedan experimental Fermi surface as shown in Fig. 4.43. The circles are the experimentaldata points, which are plotted together with the band theory Fermi surface calculated byPickett et al. [176]. There is a partial agreement between the experiment and the theory.On the one hand, one can see that there is a remarkable agreement between theexperimental data and the theoretical Fermi surface from the CuO2 planes. (Fermisurfaces marked as #2 and #3) On the other hand, the authors noted that they could not

83see the chain derived Fermi surface well, especially band #4 for which they havespecifically searched. This is very different from an earlier report by Campuzano et al.where they claimed to have seen the chain Fermi surface #4 [201]. From a study ofYBa2Cu3O6.8, Mante et al. 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 afactor of 2 heavier than the calculated band mass, which is consistent with the resultsfrom Bi2Sr2CaCu2O8+d.Although the agreement between the experiment and theory (for bands #2 and #3)looks very impressive, we caution that the criterion Liu et al. used for determining thecrossings is different from the typical criterion used. In the case where the band isdispersing 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 sakeof consistency, we redid the Fermi surface crossing points using Liu et al.�s and Gofronet al.�s data and our own criterion, which we previously outlined in section IV-E-2 [156,158]. The results of this are shown in Fig 4.44, where the error bars correspond to thelocations of crossings, and the shaded region enclosing these error bars show the locationwhere a Fermi surface crossing may possibly exist. The reason why the shaded region isso large near the Y point is because the bands are very flat (non-dispersive), and so anexact crossing is difficult to pinpoint. Also, as we will point out shortly, the photonenergy dependence of these features is very complex, making precise determinations ofthe crossing difficult. Although the result of Fig 4.44 is very consistent with that shownin Fig 4.43, the agreement between the theory and experiment no longer appears asrobust. In addition, this figure appears to imply a �generic� shape for the Fermi surfaceof the p-type superconductors: a Fermi surface centered around S (p,p) and an extendedregion of flat bands very near EF centered around the Y point (p,0).High resolution studies of the near-EF feature near the Y point at a variety ofphoton energies were done by Gofron et al.[156]. Fig. 4.45 shows data from Y124 taken

84at a photon energy of 28 eV, which accentuates the peak near EF. Panel a) shows thebehavior of the peak between G and Y, and b) shows the behavior between Y and S. Fig.4.46 shows the E vs. k relationships for the peaks along those same high symmetrydirections. The diamonds correspond to Y124 data taken at a photon energy of 28 eV,and the squares correspond to Y123 data taken with a photon energy of 17 eV. It isobserved that the peaks have a �saddle point� behavior, with the saddle point at the Ypoint. Gofron et al. pointed out that this is not a conventional saddle point, but is muchmore extended, due to the fact that there is so little dispersion along the G-Y direction.The �extended� nature of the saddle point is expected to qualitatively change the natureof the divergence in the density of states [202]. According to Gofron, the main differencebetween the Y123 and Y124 data is that the saddle point is slightly closer to EF in Y123(~ 10 meV below EF) than in Y124 (19 meV below EF) [156].Before leaving the subject of the flat bands, it is important to make a fewcautionary remarks. The saddle point near EF at the X(Y) points in Y123 and Y124 aremost clearly observed at the photon energies of 17 eV and 28 eV. However, there isother evidence from data taken with 21.2 eV suggesting a band at the X(Y) point is chainrelated. First of all, Tobin et al. revealed that the bands at the X and Y points are verydifferent 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 eV is much more sensitive to the oxygencontent as compared with bands along the G-S line. Since the chain states in Y123 aremost sensitive to the oxygen content, this implies that the bands at X(Y) recorded at 21.2eV may be chain related. The data recorded at 28 eV appear to behave differently. Firstof all, it is much less sensitive to oxygen content. Similar features are observed withYBCO6.5 and YBCO6.9. Secondly, the data from 28 eV suggest that the band is alwaysbelow the Fermi level along the G-Y line (Fig 4.45a), while the data from 21.2 eV clearlysuggest a crossing (Fig 4.41b). This raises the possibility that there are two bands near

85EF at X(Y) in twinned crystals. Why there should be two bands, and whether one ofthem is actually a surface state remain an interesting problem for further studies.From the above discussions of the Fermi surface mapping of Y123 and Y124, wecan see that the experimental Fermi surfaces have some of the essence of the band Fermisurface. They have the generic shape of a rounded square centered at the S point (p,p).However, there are significant differences between the data and the band calculationregarding the chain bands. It is presently unclear why these chain bands have not beenobserved by photoemission. This picture is very consistent with the result we get fromBi2Sr2CaCu2O8+d. Actually, the level of agreement found between the experimentaldata and the band calculation for the Fermi surfaces is quite surprising. For Y123, theexperiments 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 oxygencontent of 7. There should be some differences because oxygen content is very importantto the electronic structure in this system. Secondly, unlike the case of Bi2Sr2CaCu2O8+dwhere the crystal cleaves between the two adjacent Bi-O planes connected by weak vander Waals bonds, the cleavage plane of YBa2Cu3O7-d is very uncertain. Actually, verystrong bonds were broken here so that one would expect surface reconstruction and othersurface phenomena to happen in this case. In fact, it is plausible that some features inYBCO data are surface-state related. Such activities are expected to cause distortions tothe electronic structure. Finally, a large puzzle in the experimental data from Y123 andY124 in general is that it misses a logical link. The data were usually collected at 20K.However, the sample surface area as probed by photoemission is not superconductingwith an upper bound of 5 meV for the superconducting gap (which we will discuss in thenext chapter). Based on this, one would attempt to say that the surface area of the sampleas probed by photoemission is likely not YBa2Cu3O7-d (with small d) as one would hopeit to be. Judging from the relation between Tc and oxygen content in Y123, it is notunreasonable to say that the fact that one does not see a superconducting gap probably

86means that one is either studying a reconstructed surface or a surface with much lessoxygen content. Because a gap is also not observed in Y124 and this system is much ormore more stable to oxygen loss, the possibility of a reconstructed surface in both thesesystems should be taken most seriously. The question then is why do we obtain a Fermisurface that has so many similarities to the calculated Fermi surface of these materials?This is presently still an open issue.6. Results from n-type superconductorsRelative to the p-type superconductors such as YBa2Cu3O7-d andBi2Sr2CaCu2O8+d, much fewer angle-resolved photoemission studies have been carriedout on n-type superconductors. Only very recently have there been reports of success inobserving dispersive bands near the Fermi level in Nd2-xCexCuO4-d (NCCO) [161-163].These studies have opened a new window into the physics of the cuprates because theyhave very different doping levels than the p-types, have a simple structure and only oneCuO2 plane per unit cell, making them ideal candidates for the study of the plane, andhave in many cases much more �normal� physical properties than the p-types. Forinstance, in NCCO the Tc�s are relatively low, the resistivity has a T2 temperaturedependence instead of the linear -in-T dependence of the p-types [203-205] and thesuperconducting gap appears much more likely to be isotropic [206], while emerging dataindicates that the gap in the p-types is strongly anisotropic and maybe even d-wave (seechapter V). The combination of data on the n- and p-type cuprates is especially useful inunderstanding the relationship between the electronic structure and the physicalproperties.Fig. 4.47 presents ARPES data near EF from NCCO from King et al. [161] andAnderson et al. [162]. King et al. presented data from two different doping levels : as asuperconductor, x=0.15, and over-doped as a metal, x=0.22. A relatively high photonenergy of 70 eV was used for these studies, as King et al. found an enhancement of the

87weight of the near-EF states near this energy. However, this had the negative effect ofdecreasing the attainable energy and momentum resolution. The grid in Fig. 4.48displays the relationship between q/f and locations in the 2D Brillouin zone for King�sstudies. As seen in Fig. 4.47a, the constant f and constant q scans are always taken withboth positive and negative angles, and the spectra properly exhibit the crystal symmetryabout the G-G1-Z line. This observed symmetry with respect to the G-G1-Z line is anexcellent internal check of the sample orientation and data reproducibility and generatesincreased confidence in the data. The intensity of the photoemission peak, however, doesnot reflect the symmetry. This is most likely caused by a matrix element effect arisingfrom the different photoelectron emission angles relative to the sample surface andincident photon direction. The ARPES peak is much broader near EF than observed inYBCO and Bi2212 (note that the experimental energy resolution is not the limiting factorhere since the observed peak FWHM’s are at least twice as broad as the instrumentalresolution). The width of the peak was not found to be photon energy dependent.Fig. 4.48 presents the experimentally determined Fermi surface from thesuperconducting and over-doped metallic samples, together with the corresponding LDAcalculated Fermi surface [173]. The solid line represents the calculated Fermi surfacewith kz smearing included in the line width. The experimental Fermi surface is markedwith error bars with the orientation of each error bar along the direction of the slice in theBrillouin zone where the peak is observed to cross EF. The empty circles indicate k-space locations wherethe ARPES measurements were performed, and their diameterrepresents the angular resolution of the spectrometer (–1o). The experimentallydetermined Fermi surface for both doping levels agrees very well with results from theLDA calculations. The Fermi surface that Anderson et al. measured on x=.15 sampleswith a photon energy of 17 eV agreed very well with King et al.�s measured Fermisurface [162].

88Many theoretical models of the cuprates are based on the hypothesis that theessential physics are included in the nearest-neighbor interactions in the CuO2 plane. Atight-binding calculation of a half-filled CuO2 band with only nearest-neighborsgenerates a square FS with perfect nesting along the [110] direction (G-X). By includingthe next-nearest-neighbor interactions, the FS is rotated by 45� and the corners of thesquare are rounded[207]. The measured FS agrees with the latter scenario, suggestingthat the next-nearest-neighbor interactions are very important to the electronic structurenear EF and model Hamiltonians including only nearest-neighbor interactions are notsufficient.Also very interesting is the fact that the measured FS consists of a hole pocketcentered at X, which according to semiclassical theory contains hole charge carriers. Indisagreement with this prediction, the superconducting samples (x = 0.15) have anegative Hall coefficient, revealing electron charge carriers [205, 208]. The Hall signbecomes positive for over-doped metallic samples (x ‡ 0.20); however, King et al.�s datadoes not show a large change in the shape of the Fermi surface to reflect the transitionfrom hole to electron carriers. In addition, they find that for increased Ce doping, theFermi surface shrinks (see section 8). Therefore, we should expect the free carrierconcentration to diminish. This is in contrast to both the resistivity and Hall coefficientmeasurements which decrease with increased Ce doping, consistent with a directenhancement of the carrier density [205, 208].Despite the LDA calculation’s remarkable success in predicting the Fermi surfaceof NCCO, King et al. found that it had difficulty describing the electronic structure belowEF [161]. This is similar to the case in Bi2212, where the calculated Fermi surfacematched experiment much better than the near-EF band structure. Fig. 4.49 compares themeasured 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 bandis narrower than calculated along the X-G1-X direction, a factor of two narrower for the

89metallic sample (x=0.22) [161]. However, along the G-X direction, Anderson et al. foundthat the dispersion relation matched the band theory prediction very well, as shown in theinset to Fig 4.47b [162]. This is analogous to the case of Bi2212, where the discrepancybetween the experimental and theoretical band dispersion is greater near (p,0) (the

M andG1 points) than along the G-X direction.7. Comparison of band and Fermi surface mappings from the different familiesof the cuprate superconductorsThe recent availability of detailed and reliable data on a wide range of cupratesuperconductors gives us the unique opportunity to make a comparative analysis of theelectronic structure and the physical properties of the different classes of the cupratesuperconductors. We pay particular attention to those aspects of the near-EF electronicstructure and Fermi surface that appear to be derived from the CuO2 planes, as these arethe most important and common aspects of all the cuprates. Such an analysis showsmany trends and commonalities in the data, and also reveals some striking contrasts,especially between the n- and p-type superconductors. A very self-consistent pictureemerges, which appears relevant to our understanding of many of the �anomalous�physical properties of the p-type superconductors, as well as the more �normal� physicalproperties of the n-types.In figure 4.50 we replot the experimental E vs. k relationships from Bi2212 [142],Bi2201 [165], Y123 [156,158], Y124 [156] and NCCO [161]. To allow a bettercomparison of the data between the different materials, we overlay the data (points) witha simple E vs. k relationship which is consistent with the Bi2212 data from Dessau et al.[142]. It is immediately obvious from the figure that there are many commonalities in theelectronic structure of these materials. In particular, they all have a) highly dispersivebands which cross the Fermi level near the mid-point of [0,0] to [p/a,p/a] , and b) flatbands at the points [p/a,0] and [0,p/a]. In NCCO, these flat bands are approximately 300

90meV below EF, while in the p-types they are very near EF. As we will discuss later, thispresence/absence of the flat bands at EF may have a significant impact on many of thephysical properties of these materials.To first order, we can understand the location of these flat bands from a tightbinding analysis of the CuO2 plane electronic structure. As shown in Fig. 4.14, inclusionof the nearest-neighbor Cu-O coupling leads to a van Hove singularity at EF for halffilling (zero doping). Inclusion of higher order terms buckles the Fermi surface andmoves 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 holedoping will move it closer. This is consistent with Fig. 4.44, and with the notion that theamount of hole doping in p-types doped near the optimal level for superconductivity willplace the Fermi level very near the saddle point.However, the behavior of the bands between [0,0] and [p/a,p/a] is not consistentwith this simple picture, for in this picture one would expect the crossing points betweenbetween the n- and p-type superconductors to be very different along this line. Morework 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 Hovesingularity or vHs. In the ideal two-dimensional system, it leads to a logarithmicsingularity in the density of states, as shown in figure 4.14. While it has long beenrealized that a vHs in the DOS may lead to very unusual physics if it lies near EF, theexistence of a vHs in the DOS of the cuprates [209-212] was controversial. There weretheoretical concerns that the vHs would not lie near EF for the optimal doping levels forsuperconductivity, as well as the fact that the vHs may be significantly smeared out in thereal material due to three dimensional effects, inhomogeneities, or finite temperatures.A key contribution of the ARPES measurements is that the saddle point or vHs doesexist, and it is at or very near EF for the p-type cuprates . The fact that it is near EF for the p-types and not the n-types can be understood on the basis of a simple tight-binding model of the

91electronic structure of the CuO2 plane. As shown in figure 4.14 the simple tight binding modelwhich includes only the nearest neighbor Cu-O bonds gives a square Fermi surface at half fillingwith the vHs at EF due to the saddle point at [p/a,0]. However, theoretical studies have shownthat the inclusion of long range interactions (such as O-O hopping) buckles the Fermi surfaceand moves the saddle point below EF. Moderate

p-type doping is then necessary to bring thesaddle point or vHs back to EF [172, 211, 212].Due to their energy position with respect to EF, the flat bands would be expected to playa significant role in the physical properties (transport, superconductivity, etc.) of the p-typecuprates but not in the physical properties of the n-types. We will next try to make connectionsbetween the spectroscopic evidence of the flat bands and other physical properties of thecuprates, with particular attention paid to those properties which are found to be different in then- and p-type cuprates. Much of this discussion assumes we can borrow the quasiparticleconcept. It should be pointed out however, that due to uncertainties regarding the photoemissionlineshape and background, it is still a question whether photoemission data can be interpretedusing 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 Tc, which may be significantly higher in the p-types than in the n-types, andthe temperature dependence of the resistivity, which is linear over a very wide temperature rangein optimally doped p-types [117, 213], but which is quadratic for NCCO [203-205]. Thepossibility that these and other anomalous properties may be related to flat bands at EF has beentheoretically discussed in the literature, primarily within the context of a vHs in the density ofstates [214, 215]. While the relationship between the flat bands near EF and the linear Tdependence of the resistivity appears to be fairly robust, the relationship between the flat bandsand Tc is not yet so clear, particularly in light of the fact that Bi2201 has the flat bands yet has avery low Tc. Of course, the possibility does exist that minor differences in the location orcurvature of these bands will have a profound effect on the Tc. It should also be pointed out here

92the existing data at 28 eV as a function of doping also cast doubts about the simple connectionbetween the van Hove singularity and physical properties.Finally, there is the issue of the symmetry of the superconducting order parameter. Aswe will discuss in 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, penetrationdepth 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, raisethe question whether the differences in the gap symmetry may also be a function of thedifferences in the electronic structure, in particular, the energy position of the flat bands. Theidea is that a d-wave or generally anisotropic gap may be stabilized by a k-space anisotropy inthe contribution to N(EF), with a larger gap in the region of high state density due to the energygain from gapping many states. This is precisely what has been observed in Shen�s ARPESmeasurements of the SC state of Bi2212 - D(k) is maximum near

M and minimum near thecrossing along G-X(Y) (see section V) [218]. In NCCO, a strongly anisotropic or d-wave gapmay not be favored since the flat bands are well below EF.A comparison of the experimental Fermi surfaces of Bi2212, Bi2201 and NCCOis also very interesting, and is shown in figure 4.51. Due to the larger error bars, theFermi surface of YBCO shown in Fig 4.44 is not included. We observe that the Fermisurfaces of both Bi2201 and NCCO are closed around the X(Y) points, although theyhave different sizes. The difference in the doping level can very naturally explain thisdifference - the extra electrons raise the Fermi level in NCCO, causing the Fermi surfaceto shrink around the X(Y) points.For Bi2212 and Bi2201, the Fermi surface is strongly nested. As discussed insection 3, this implies that the quasiparticle scattering will be strongly centered near thenesting vectors, which is expected to affect the susceptibility as well as other physical

93properties. However, as can be seen in the figure, the magnitude of the nesting vector isslightly smaller in Bi2201 than in Bi2212. An important point to note is that the nestingvector in Bi2212 is nearly commensurate with the antiferromagnetic wave vector (p,p),while the nesting vector in Bi2201 is less commensurate. Therefore, this subtledifference in the Fermi surface may be very important, particularly for mechanisms ofsuperconductivity based on antiferromagnetic spin fluctuations [182, 225-227]. Afraction of the Fermi surface of YBCO also appears to be nested along the (p,p) direction(see Fig 4.44).

948. Doping behavior of the cuprates as studied by angle-resolved photoemissionAs we have pointed out in the introduction, among the most interesting physicalproperties of the high temperature superconductors is their doping mechanism: thesuperconductors are made by doping antiferromagnetic insulating materials. Manyexperiments have been carried out to understand this issue[168-170]. These include anearlier angle-integrated photoemission study by Allen et al. where they did not observed alarge Fermi level shift as a simple doping picture would suggest when one goes from p-type(La2-xSrxCuO4) to n-type(Nd2-xCexCuO4) superconductors [170]. This led to thescenario that the doping of Mott insulators creates new states inside the Mott gap and theFermi level is pinned by these states, in contrast to a theoretical investigation whichsuggest that the chemical potential shifts across the gap when a compound is doped fromp-type to n-type.[172b] This view point has been challenged by Hybertsen et al. whosuggested that the potentials of the La2-xSrxCuO4 and Nd2-xCexCuO4 system are largeenough so that the first ionization state could be very different [137]. They suggestedthat one can not simply compare the results from La2-xSrxCuO4 and Nd2-xCexCuO4.Furthermore, Chen et al. have successfully explained the doping of La2-xSrxCuO4 systemby a model involving the chemical potential shift [227]. Since then, some angle-resolvedphotoemission experiments have been carried out to study this problem. We summarizethe experimental data from angle-resolved photoemission on the doping issue in thissection.Fig. 4.52 reproduces photoemission spectra recorded from Bi2Sr2CaCu2O8+dsingle crystals by Shen et al.[168]. The four panels represent angle-resolvedphotoemission spectra for as-grown (thin line) and 12 atm O2 annealed (thick line)samples at different parts of the Brillouin zone: normal emission, near where the firstband (with the lowest binding energy) crosses EF along G-Y, G-X and G-

M directions.The oxygen annealling dopes more holes into the system and resulted in a reduction of Tcfrom 89K to 78K. This is because the Bi2Sr2CaCu2O8+d samples used for this study lie

95in the over doped region of the doping phase diagram where Tc drops with the increase ofcarrier concentration.(see Fig. 4.3) Besides some small line-shape changes, the mainvalence-band features of the 12 atm oxygen annealed sample shift about 0.2 eV towardsthe Fermi level. Shen et al. suggested that this shift is actually a consequence of thechemical potential shift as a function of doping [168]. The amount of shift is consistentwith the amount of oxygen content change (and thus the carrier number change) in thesamples. This result suggested that the Fermi level shift is a direct consequence ofdoping for Bi2Sr2CaCu2O8+d in its highly metallic regime. Shen et al. have alsoattempted to study the associated change of the Fermi surface with doping but have failedto find a conclusive result [168]. Takahashi et al. have also observed similar chemicalshifts from valence band photoemission data on the Bi2Sr2Ca1-xYxCu2O8+d system[169].Recently, van Veenendaal et al. have performed a valence band and core levelstudy of the Bi2Sr2Ca1-xYxCu2O8+d system with a large doping range covering both themetallic and the semiconducting regime [229]. The experiment were performed onpolycrystalline materials scraped in situ. Fig 4.53 shows XPS valence band data (angle-integrated) obtained on samples with a variety of different doping levels x. Fig 4.53bshows a blowup of the region near the Fermi level, indicating that there is a shift in theemission onset of the spectra, similar to what Shen et al. have observed for oxygen dopedBi2212 samples [168]. While van Veenendaal�s data had much less structure, making adefinitive determination of the shift more difficult, they took data covering a much widerrange of doping, as well as taking core level data. Fig. 4.54 summarizes the results oftheir study. The horizontal axis gives the number of holes per CuO2 unit and the verticalaxis gives the shifts required to align the leading edges of the various core levels and thevalence band. Itti et al. [230] and Shichi et al.[231] obtained similar results on core leveldata. Van veenendaal argued that a chemical potential shift was the only way to fullyexplain the fact that all of the core levels and the valence band moved in the same

96direction in a consistent way. They speculated that the rapid shift at small holeconcentrations (large Y content) was due to the movement of the chemical potentialwithin the band gap, and the slower shift at higher hole concentrations occurred after thechemical potential reached the top of the valence band. Finally, they speculated that theincrease in the spectral weight with increased doping was likely to do the incoherent partof 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-resolvedphotoemission. The most extensive of these studies was carried out by Liu et al. onYBa2Cu3Ox.[153]. Fig. 4.55 shows angle-resolved photoemission spectra taken alongthe G-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 previoussection. Liu et al. identified these states as the Cu-O plane derived bands #2 and #3. Theexperimental 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 donot change appreciably. This result may be related with the fact that the change ofoxygen in YBa2Cu3O7-d is mainly affecting the oxygen atoms in the chains, not theplanes. The spectra taken from the x=6.35 sample show much less dispersive weight,although there is a remnant of a feature which still appears to �cross� the Fermi level,even though the material at this doping level is an insulator. This is a very unusualbehavior which definitely deserves more attention. Liu et al. speculated that thecorrelation effects suddenly became important at this doping level [153]. They did not,however, give justification for this argument. From a theoretical point of view, it iseasier to see a continuous increase of importance for correlation effects as fewer andfewer carriers become available to screen the Coulomb interaction.Fig. 4.56 shows Liu et al.�s angle-resolved photoemission data along the G-X(Y)direction for differently doped samples [153]. We can clearly see the systematicweakening of the sharp narrow band near the Fermi level as x decreases, although again

97the �crossing� point is basically unaltered. As we have discussed earlier, this is thegeneral region of k-space where the Cu-O chain bands are predicted to occur. If thisinterpretation is correct, then this result is consistent with the fact that doping of oxygenmost directly affects the oxygen chains. However, as we have discussed earlier, there hasnot yet been a study which has been able to definitively prove the nature and origin of thestates in this general region of k-space. Very complete studies of the effect of doping onuntwinned single crystals may be able to answer these questions.Gu et al. 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 valencestates near EF along G-S were virtually unaffected by the substitutions for the samplesthat were superconducting. However, the spectral weight near EF disappears for a higherCo-doped, non-superconducting crystal.An angle-resolved doping study of the Nd2-xCexCuO4 system was carried out byKing et al., for x=0.15 and x=0.22 [161]. The experimental Fermi surfaces from thisstudy are shown in figures 4.48a and 4.48b, respectively. Figure 4.57 shows acomparison of the two experimental Fermi surfaces. We observe that the increase inelectron doping in going from x=0.15 to x=0.22 causes the Fermi surface to getmarginally smaller. While the change is only slightly greater than the error bars, it doesappear to be a real effect, and is in the direction expected by the band-filling model.To summarize, two primary effects have been observed as the cuprates are doped.(1) There is a chemical potential shift consistent with band filling for some p-typesystems and the n-type compound in its metallic regime.. This effect has been observedby core level shifts [229-231], valence band shifts from both angle integrated [229] andangle-resolved photoemission [168, 169], and changes in the volume of the Fermi surface[161]. (2) There is an increase in the weight of the states near the Fermi level as thematerial is doped away from an insulator. This is observed in absorption edge studies[232], angle-integrated photoemission [170] and angle-resolved photoemission studies

98[153, 233]. Interestingly, these effects are not observed consistently in all samples andthey sometime appear exclusive with respect to each other. The differences may be dueto sample quality, with one of the two effects explainable on the basis of poor qualitysamples. More studies clearly need to be done to resolve this important and complicatedissue.9. Symmetry information obtained from the polarization of the incident photonbeam.As we have seen throughout this chapter, there are very strong matrix elementeffects due to the direction of the polarization of the incident light. These polarizationeffects can be a very powerful tool for revealing some basic information about theelectronic structure. First, these polarization effects can help us to deconvolute somefeatures from others by selectively enhancing or diminishing the strength of one featurerelative to another. For example, this has been very helpful in the analysis by Dessau etal . centering around the data of Fig. 4.24 - 4.26 [142-143]. Second, a careful analysis ofthe polarization effects may shed some insight into the symmetry of the states beingstudied. This section will concentrate on the latter.While these effects can be most precisely studied using the one-step model and areal calculation such as LDA band theory,[234] a simple analysis can very effectivelydescribe the situation, as well as lend much intuition into the physics of the problem.This approach has been used to understand the polarization effects in ARPES for avariety of materials systems, and has been found to work quite well [235-237]. Thematrix element M for absorption is given by M=(e/mc)<yf(k)|A.p|yi(k)> where A is thevector potential of the light (colinear with the E vector), yi(k) is the initial (hole) state,and yf(k) is the final (electron ) state. The basic point is that since |M|2 is an observablequantity, it must always be invariant under symmetry operations, and so only those

99combinations of initial state, final state, and vector potential that leave |M|2 invariantcontribute to the photoemission process.The simplest experimental situation for discussing and understanding thepolarization effects is illustrated 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 thelabeling of high symmetry points is mapped correctly as discussed in section 1.a. We areassuming (for now) that the a-axis of the sample is vertical or horizontal. This will putthe lobes of the Cu dx2-y2 orbital at a 45� angle to the horizontal and vertical directions,as illustrated in the figure. We then consider normal incidence photons with the E vectorparallel to the floor (as it will be from a synchrotron), and electron emission from thisdx2-y2 orbital in the G-Y plane, as shown. Relative to this G-Y mirror plane, the initialstate (considering just a dx2-y2 orbital here) has odd symmetry, for positive (negative)lobes reflect into negative (positive) lobes. The final state can to first order be thought ofas a plane wave, with spherical wave fronts. These wave fronts are symmetric about themirror plane, and so the final state has even symmetry relative to this plane. We can getaway without having to take the effect of the momentum operator A.p by realizing that itis just the dipole operator, and the symmetry of it will be the same as A.r (or else we canexpand the initial and final states as a series of spherical harmonics, operate on the finalstate 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 mirrorplane, and so the matrix element M = even*even*odd=odd, or emission in the G-Y mirrorplane is not allowed. Keeping everything else the same and considering emission in theG-X mirror plane, we see that the initial state is still odd, the final state is still even (withrespect to the G-X plane now) and the dipole operator now odd. The matrix element isnow even and so emission is allowed.Figure 4.59 shows some normal state data of Bi2212 from Dessau et al. taken in ageometry similar to that shown in Fig. 4.58 [143]. Because of the superstructure in this

100material arising from a slight lattice mismatch between the BiO and CuO2 planes, the G-X and G-Y directions are not necessarily equivalent, and so data was taken along both theG-X and G-Y for both polarizations. This was achieved by taking the G-X and G-Y cutsand then rotating the sample by 90� and retaking the cuts but with the differentpolarizations. For both G-X and G-Y, there is less intensity if the electron emission is inthe mirror plane defined by the surface normal and the polarization direction, inagreement with the simple discussion based upon the symmetry of the states. Thisindicates that the initial state has odd symmetry with respect to the G-X and G-Y planes,i.e. this result to first order confirms that the orbital which makes up the band crossing EFalong G-X(Y) has significant dx2-y2 symmetry, in agreement with the predictions oftight-binding or band theory models of the electronic structure of the cuprates. The factthat one does not see strict selection rules indicates that states with a variety ofsymmetries may be present, and/or that the simple arguments used here are not sufficient.The fact that there is in general less intensity along G-Ythan G-X is consistent with thefact that the superstructure is along 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-EF features of theY123 system was carried out by Lindroos et al. using a combination of photoemissiondata and theory based on the one-step photoemission model and LDA-based wavefunctions [234]. Lindroos et al. also considered the simple geometry indicated in Fig.4.58, and thus took spectra along the G-S line (remember that G-X(Y) for Bi2212 mapsto G-S for Y123). Calculations were carried out for each of the six possible surfaceterminations in Y123 (see Fig. 4.32) and then compared to the experiment. The BaOlayer followed by the CuO2 plane was found to agree best with the experiment, and sowas presented in the paper (of course if there is only one termination on a surface, then atmost only half of the surfaces could have this termination). The data and theory are

101shown in Fig. 4.60. As in the case of Bi2212, the feature is much stronger when theemission direction is normal to the polarization direction.Before closing this section, we return to the question of the nondispersive spectraof figure 4.59d. These spectra look identical to the spectra that we always see when the(dispersive peak) is far enough below or above EF that it is no longer visible, and so it isvery tempting to consider these spectra to be just a background that the dispersive peaksits upon. Note that this is a very different type of background than we usually see inphotoemission. Typically this background is a result of electrons inelastically scatteredon their way out of the sample, and so these electrons show up at a lower kinetic energy(higher binding energy) than the primary photoelectron peak. The number of thesesecondary electrons is then proportional to the number of electrons (primaries orprimaries plus secondaries, depending primarily upon the kinetic energy) at higher kineticenergies. These spectra do not look like that, for there are no primary electrons at higherenergies. One possible explanation for this background is that it is due to elasticallyscattered electrons, that is, the weight came from the dispersive peak at a different kvalue. Other more exotic types of explanations center around the possibility that thenondispersive "background" is in fact intrinsic to the spectrum. Regardless of the originof this feature, the polarization results are still very important for they tell us that we canin effect deconvolute the dispersive peak from the nondispersive "background", simplyby subtracting the spectra of the two polarizations, or by subtracting a spectrum whichdoes not have the dispersive peak present. This type of background subtraction will beimportant for the discussion of the photoemission lineshape in the next section.10. Analysis of the quasi-particle line shapeAnother very controversial aspect of the angle-resolved photoemission spectra isthe lineshape of the low energy excitations [118, 124, 166, 167, 238-243]. The lineshapeof photoemission spectra has long been a good source of information. For example, the

102well-known Doniach-Sunjic lineshape of core level photoemission spectra gives us theinformation about the particle-hole excitations in a metallic system[244]; the lineshape ofvalence band photoemission spectra of transition-metal compounds (in particular thesatellite lineshape) lead to a better understanding of these materials as illustrated in theZanaan-Sawatzky-Allen (ZSA) scheme discussed earlier in Chapter III.The lineshape issue in the cuprate superconductors first surfaced when Olson etal. presented their beautiful high resolution angle-resolved photoemission spectra fromBi2Sr2CaCu2O8+d shown in Fig. 4.21. The data was analyzed by Olson et al. with anansatz as shown in Fig. 4.61 [124]. Within the framework of this ansatz, the lineshape ofthe experimental spectra is modeled with a series of Lorentians cut off by the Fermidistribution function on top of a large background. With this hypothesis, Olson et al.concluded that the width of the lorentzians, and hence the quasi-particle lifetime, isproportional to its energy referenced to the Fermi level [124]. This is in contrast to whatone would expect from a canonical Fermi liquid picture where the lifetime is expected tobe proportional to the square of the energy referenced to the Fermi level [120]. Thisresult is often quoted as a piece of supporting evidence for the marginal Fermi liquidhypothesis, which predicts lifetimes which vary linearly with energy [118]. More or lessthe same conclusion has been reached by Campuzano et al. for data from YBa2Cu3O7-dusing the same ansatz (see Fig. 4.62) [241].The above interpretation of the lineshape of the photoemission data has beenquestioned by a number of authors and has sparked a lively debate. There are concernsof the energy scale over which the fits were carried out, the background subtraction usedin the fits, the simple ansatz of using lorentzians to model the spectra, as well as manyothers. We will briefly review these issues issues here and point out some alternativeinterpretations and fits that have been carried out. Finally, we will discuss someexperiments done on model systems aimed at giving us an understanding of these lowenergy excitations in simpler systems that we understand well.

103The first issue, that of the energy scale of the features that have been fit, is ofcrucial importance if one is trying to use this data to address whether the cuprates areFermi liquids or not. This is because the imaginary part of the self-energy of a classicalFermi liquid only needs to vary quadratically over a small energy range near EF. Themagnitude of the energy range is to first order expected to be similar to the energy scaleof the relevant physics. The centroids of the features fit by Olson et al. range in energyfrom approximately -.3 eV to -.05 eV, or between 3600K and 600K [124]. Relative tothe energy scale of most of the processes that we are concerned with, this is very high.Next there is the issue of the background subtraction. There are a number ofpossible mechanisms for a background to exist, and it has been argued that thebackground was not properly removed by Olson et al. Olson et al. assumed that all of thebackground was due to inelastically scattered secondary electrons, which were subtractedin the standard way by assuming that the number of secondary electrons at any energy isproportional to the number of primaries at higher (kinetic) energies. A signal that thebackground subtraction used was not entirely self-consistent is evidenced by the fact thatthe amount of background subtraction required to do this appears to be unusually large.This is because to first order we would expect that in a given spectrum the ratio of theinelastically scattered electrons to the primary electrons at higher kinetic energies wouldbe roughly constant. Liu et al estimated this constant from the full valence band scans(figure 4.63a), and arrived at a value almost two orders of magnitude smaller than thatused in the fits to the near Fermi level states, that is, to first order it would appear that thebackground subtracted to obtain the spectra shown in figure 4.61 is approximately twoorders of magnitude larger than would be expected as a result of inelastic scattering of theprimary electrons [240].Liu et al. fit Olson et al�s data of Fig. 4.61 but used a more realistic lineshape thana lorentzian cut by a Fermi function [240]. They modelled the spectra as the spectralweight function A(k,w) =

1pIm G(k,w) where G(k,w) is the single particle Greens

104function. The expression for the Green’s function is G(k,w) = [w-ek - S(k,w)]-1 where ekis the free-particle excitation energy and S is the self energy. The self energy for Fermiliquid theory was assumed to be momentum independent and so was taken to beS(k,w)=aw+ibw2. The imaginary part of the self energy gives the damping and so for theFermi liquid case goes as w2 (assuming a spherical Fermi surface). For an imaginary partgoing as w2, 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) =

11-a(

b’w2(w-ek’)2+(b’w2)2)where we have made the scaling ek’=

ek1-aand b’=

b1-a. Essentially this is a lorentzian whichgoes to zero at EF due to the w2 term in the numerator. Only for ek=0 (at EF) is A(k,w) atrue lorentzian. Figure 4.63b shows theoretical spectra for one k-value for both the Fermiliquid (FL) and marginal Fermi liquid (MFL) [118] self energies. Both of these givephotoemission spectra (negative energies) which are asymmetric, with the MFL spectrahaving more weight away from the Fermi level. This asymmetric lineshape in general,and the weight at higher binding energies in particular, were some of the key points ofLiu et al’s paper, for they ascribed as intrinsic much of the high binding energy weightthat Olson et al. had subtracted from his spectra. Results of Liu et al’s fits to Olson’s dataof Fig. 4.61 are shown in Fig. 4.63c for both the FL and MFL cases. The quality of thefits for both the FL and MFL case were roughly equivalent, with the main problems beingexcessive 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 stillway 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 times too large for the FLand MFL cases, respectively. Liu et al. thus felt that neither lineshape fell off slowlyenough [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 besubtracted before such a fitting is done [143, 149]. The key results of the study were

105shown in Fig 4.59, which shows data along G-X(Y), as in Fig. 4.61, but this time withvariable polarizations. We observe that the dispersive peak is very sensitive to thepolarization of the incident light, while there is a �background� which extends up to EFwhich is essentially independent of the polarization of the light. This indicates that thedispersive peak and this background are distinct, and so this flat background should beremoved from the spectra before the lineshape of the quasiparticle or dispersive peak isfit. This will clearly improve the fits that Olson and Liu have attempted, as their majorproblem was in fitting the region near EF (particularly when the quasiparticle was farfrom EF so that the background contributed more strongly).It should be noted that the origin of this flat background which extends up to EF isnot yet known. It may be an extrinsic effect due to a poor quality sample: for instance, itmay be due to elestically scattered electrons. Arguments against this fact are that theBi2212/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 highquality surface is generally attributed to the fact that the crystal cleaves so nicely betweenthe pair of BiO planes, and is evidenced by the fact that the superconducting gap has sofar been convincingly observed only in Bi2212). If this background is intrinsic, it islikely due to an incoherent part of the spectrum.Anderson also argued that too much background was cut off 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 bestillustrated by replotting Olson’s data as shown in Fig. 4.64 [239]. He felt that the datacould be regarded as a changing of the peak position within a fixed envelope. This way,he concluded that the data actually supported the novel theoretical concept of charge andspin separation.Due to the above desire to obtain lifetime information from the photoemissionlineshapes, a fundamental question was raised: do we really know what the

106photoemission line shape should look like in systems usually regarded as good examplesof a Fermi liquid? Without this knowledge, the above discussion is premature. Fig. 4.65illustrates what the idealized photoemission spectra should look like if the canonicalFermi liquid picture is valid. Without the complications of finite angular resolution andthe inelastic background, the quasiparticle spectra of a Fermi liquid should be a deltafunction at the Fermi level and then a finite peak which broadens as it moves away fromthe Fermi level [238]. In addition to the quasiparticle part of the spectra, experimentaldata should also have a contribution from the incoherent background.The photoemission spectra obtained in reality is often quite different from theidealized 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 Fermiliquid (Cu metal is usually regarded as a Fermi liquid), we can see that the peak actuallybecomes sharper as it disperses away from the Fermi level. Contributing factors for thisare likely to be the combination of the parabolic band structure and the finite angularresolution of the experiment. Even after these are taken into account however, the highbinding energy features are still sharper. Tersoff and Kevan interpreted this in terms ofthe surface scattering (Umklapp) of electrons, which artificially broadens the states nearerEF [246]. This example shows that we have to be very careful in drawing conclusionsfrom the lineshape of photoemission spectra. Therefore, the focus of the lineshapediscussion has currently switched to the question of what is the ideal photoemissionlineshape near the Fermi level for the known Fermi liquids. The questions that should beasked are the following: What is the photoemission spectrum of a Fermi liquid? (thisincludes the influence of the periodic potential which in a way is different from thecanonical behavior of the original Fermi liquid picture which assumes that the periodicpotential is weak enough to be ignored). What are the roles of other parameters such asphonons and temperature? What is the appropriate way to handle the background issue?

107What is the role of the spectrometer (non-perfect transmission function, finite angularresolution and other practical problems)?Prior to these discussions, there were actually some nice studies touching theissue of the photoemission lineshape in the simple metallic system such as Al, Mg, andBe [247-249]. Even though these works were performed at room temperature, and withclearly worse energy resolution than what one could achieve with a state of the artspectrometer, some fundamental theoretical issues have been discussed [247-249]. Forexample, the simplest version of the final state effect on the line width has beenincorporated by considering the convolution of the photoelectron and photohole lifetimes.This was modeled in a simple expression: G=

Ghole2+(2RGelectron)2 . Here R is ratio ofthe slope (dE/dk) of the initial and the final state bands, and the first and the second termin the squre root representing the contribution to the total life time from hole and electronlifetimes [242, 247-249]. Only in the case where R is very small (the initial state is veryflat as compare to the final state) can one simply interpret the photoemission line width asthe quasiparticle lifetime. For ideal two dimensional material, R is zero so that G reflectsonly 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 lifetimedown to energy low enough for the problem here [242]. This is so because even thoughthe cuprate superconductors are highly two dimensional, they are not perfectly twodimensional.Overall, much more needs to be done about the issue of the quasi-particlelineshape for cuprates as well as ordinary simple metallic systems. One side benefit ofthe studies on high-temperature superconductors has been to focus our attention on thisimportant issue more sharply than ever before. To address the issue of whatphotoemission can really show, the most important step now is to perform careful high-resolution (both angular and energy resolution) photoemission studies on some model

108Fermi liquid system such as simple metals. Some preliminary efforts have been made tocarry out such experiments.A recent study by Claessen et al. shows that one obtains a picture similar to whatone would expect from a Fermi liquid picture from highly two dimensional TiTe2 [166].Fig. 4.67 shows a data set along the G-M direction, where the intensities are normalizedto the photon flux. Claesson et al. fit the data near q=14.75o using a method essentiallyidentical to that used by Liu et al on Bi2212 [240]. The advantage here was that thebackground in the spectra was very low, and the system is presumably a known Fermiliquid. The results of the fits are shown in Fig. 4.68, and are very good for the spectranear 14.75o. Fits based upon a marginal Fermi liquid lineshape did not agree as well.Claessen et al. took this to imply that the ARPES lineshape, if interpreted properly, doesreflect the nature of the interacting electron system. A different study on twodimensional NbSe2 gave a different result from what is expected in a Fermi liquid [167].A few simple arguments by Smith indicated, however, that one may have toconsider other effects before concluding that the ARPES lineshape is reflecting the natureof the interactions [242]. First, he pointed out that the magnitude of the parameter b�extracted from the fits was unphysically large, implying that the broadening from thetheory would be greater than w for w‡ 25 meV. Smith felt that this was a problem sincethe measured peak width was 45 meV. Second, he pointed out that the peak width willreflect the lifetime width of the photoelectron in addition to the lifetime of the photohole.The measured linewidth Gmeas in this case is expected to be related to the photoelectronlifetime width Ge and the hole lifetime width Gh through the band derivatives normal tothe surface,[242]Gmeas = Gh + Ge (vh^/ve^)where hvh^ = ¶Eh/¶k^ and hve^ = ¶Ee/¶k^. In the limit of a two dimensional material,¶Eh/¶k^ will go to zero, and the measured linewidth will be a reflection of the hole width.From the published band structure of TiTe2 , however, Smith argued that ¶Eh/¶k^ was

109not in fact small enough, and the measured linewidth would be dominated by thephotoelectron instead of the photohole, and no definitive conclusion regarding thevalidity or non-validity of Fermi-liquid theory can be drawn from the present data. Thisconcern of smith is compounded by the fact that a and b value obtained fromphotoemission will imply transport properties that are very different from what knowabout TiTe2. Clearly, this is a very active research area, both experimentally andtheoretically, and much more work needs to be done. There are other discussionsregarding the analysis of data from TiTe2 [243]. These discussions concentrate onaccuracy of keeping only the first term in the Taylor expansion of the self-energy. Moredetailed experiments and data analysis are underway to address these issues.11. Information of Fermi surface from other techniquesBesides photoemission, there are other experimental techniques that have beenused to investigate the Fermi surface of the cuprate superconductors. Among thesetechniques are positron annihilation and de Hass van Alfen experiments. Although theyhave not appeared to be able to provide as much detail as the photoemissionmeasurements, these experiments are important additions because they arecomplementary to the photoemission measurements. For example, these experiments donot suffer from the surface sensitivity problems that photoemission does. The reader canget some idea about these experiments from the proceedings of a recent workshop on theFermi surface of the high-temperature superconductors.[6] Most of the positronannihilation experiments were performed on untwinned single crystals of YBa2Cu3O7-d.These studies are most sensitive to the chain Fermi surface of the material, and theseFermi surfaces are quite consistent with those from band calculations. By comparingdata from Bi2212 with band theory calculations, an experiment suggested that there is aBi-O Fermi surface, as the band calculation has indicated [250]. This is different fromother results which indicated that the BiO band was above EF for all k

110[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 goldoverlayer experiment such as that done by Wells et al. [147].The de Hass van Alfen experiments were carried out in two different modes. Thefirst uses a very high pulsed magnetic field generated by an explosive device, and thesecond uses a relatively lower static magnetic field [251,252]. The general result of theseexperiments is that in YBCO they have observed a Fermi surface piece which isconsistent with the small chain derived piece of Fermi surface centered around the S(R)point (see Fig.4.20). This is important complementary information to the ARPES studies,as the ARPES studies have shown other pieces of Fermi surface but not this one (with theexception of one very preliminary study.[201]).12. State of affairs and implicationsA number of key experimental results have been obtained by angle-resolvedphotoemission 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 EF for p-types - may be related to the anomalous physical properties.Well below EF for n-types - may explain more normal properties.3) Fermi surface nesting.Nesting along the (p,p) direction is seen in Bi2212, Bi2201 and may be in YBCO.Appears strongest for Bi2212. Neutron data from La2-xSrxCuO4 implies a Fermi surface nesting also.

1114) Unusual line shapes near EF.Presently inconclusive, but opened up new area of active study.

112V. Photoemission Studies of the Superconducting StateThe successful detection and subsequent study of the superconducting energy gapby high resolution photoemission was one of the most important highlights in the historyof the application of photoelectron spectroscopy. This success was made possible by thedevelopment of high energy-resolution electron spectrometers, the relatively large size ofthe superconducting gap in the cuprates, and the relatively high superconductingtransition temperatures. The angle-resolved capabilities of photoemission meant that k-dependent effects of the superconducting gap could be mapped out - a currently uniquecapability. This capablity was especially useful in that it allowed the study of thesymmetry of the superconducting gap - one of the most fundamental issues related to themechanism of the superconductivity.A further important aspect of the study of the superconducting gap in Bi2212 wasthat it gave us greatly increased confidence that the information obtained fromphotoemission experiments on the cuprates were representative of the bulk electronicstructure. This concern was related to the surface sensitivity of the technique as well asthe known fragility of the cuprate superconductors. In addition, there were theoreticalpapers suggesting that the surface of the cuprate superconductors would not besuperconducting due to their short coherence lengths [253]. The successful detection ofthe superconducting gap in Bi2212 by high-resolution photoemission effectivelyaddressed this concern, and indicated that for Bi2212 at least, the photoemissionexperiments are truly probing the bulk electronic structure.So far, the detection of the superconducting gap in Bi2Sr2CaCu2O8+d has beenverified by several groups [123,124,147-152, 217, 218, 254-261]. However, the situationregarding the superconducting gap in YBa2Cu3O7-d is still controversial, with moststudies reporting a small or nonexistent gap [139,158-160]. In this chapter, we will

113summarize these results and discuss their implications on the mechanism ofsuperconductivity in the cuprate superconductors.A. Background: conventional theory and the superconducting gap of conventionalsuperconductorsWe start out this section with some background information aboutsuperconductivity based on the traditional BCS theory. Even though it is presentlyunclear how relevant BCS theory is to the cuprate superconductors, it serves as animportant reference point for which to compare experimental results. Much of thisdiscussion will be familiar to those familiar with tunneling spectroscopy of conventionalsuperconductors, as the experiments are both measuring very similar things (they bothmeasure the one-electron removal (or addition) spectrum, or spectral weight functionA(k,w)). Important differences come when we consider the angle-resolvedphotoemission case, in which we need to explicitly include the effects of the coherencefactors.In the BCS theory, a Fermi sea of quasi-particles is unstable against the phonon-mediated attractive interactions among the quasi-particles. As a consequence, the Fermisea collapses and the quasi-particles form singlet pairs. The singlet pairs areenergetically favored since their spatial wavefunctions are symmetric and wavefunctionoverlapping of the two particles is relatively large, preferred by the attractive pairinginteraction. A minimum amount of energy is required to create any excitations of thesystem, a crucial factor for the stability of these cooper pairs. The energy required tobreak one of these pairs is twice the gap energy, or 2D. Simple weak-coupling BCStheory predicts a simple relation between the size of the gap (at zero temperature) and theTc of the sample, of 2D(0)/kBTc = 3.52. However, some of the strongly coupled

114superconductors such as Pb or Hg are found to have ratios 2D/kBTc = 4.6 and 4.3,respectively.Figure 5.1a shows the expected effect of a BCS gap on a flat normal-state densityof states as measured by tunneling spectroscopy or the combination of angle-integratedphotoemission and inverse photoemission. Due to the opening of the gap there is adepletion of weight over a distance of 2D around the Fermi level (with the Fermi levelexactly in the center of the gap), and due to the sum rule on the spectral weight, themissing intensity piles up at energies beyond the gap in the form of a square-rootsingularity. (The total density of states gained in the singularity peak region is equal tothat lost in the energy gap region.) This behavior in conventional superconductors hasbeen extensively studied by tunneling spectroscopy [262-264], infrared reflectivity [265]and other more indirect measurements, and in most cases was found to fit the predictionsof BCS theory very well. The disagreements with BCS theory of the tunneling spectra ofthe strongly-coupled superconducors will be discussed in more detail in section C.The angle-resolved photoemission case is more complicated, as we need toconsider 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 willdenote ek. We then have the relation Ek =

D2+ek2 where Ek is the energy of thequasiparticle in the superconducting state and D is the superconducting gap. From thisexpression, we can see that only the states near the Fermi surface (ek £ D) have theirexcitation energy dramatically modified by the superconducting transition. This is thereason why we usually say that only the states near the Fermi level are important forsuperconductivity.The coherence factors enter in because the superconducting state quasiparticle canbe thought of as having mixed electron-like and hole-like character, with the coherencefactor uk2 descibing the amount of electron character and vk2 the amount of holecharacter. The magnitude of the coherence factors is determined by the relations

115uk2=0.5(1+ek/Ek).and vk2=0.5(1-ek/Ek). The effects are illustrated in figure 5.1b, whichshows a series of ideal (no broadening of any sort) angle-resolved photoemission andinverse photoemission spectra of the normal and superconducting state. Keeping in linewith the flat density of states of figure 5.1a, the normal state peak ek disperses linearlyacross the Fermi level, and since there is no broadening considered, it is illustrated as adelta function peak of weight one. For ek >> D, Ek = ek and uk2 = 1, so the normal andsuperconducting states are indistinguishable. As ek approaches EF the superconductingquasparticle energy Ek deviates more and more from ek, uk decreases and vk grows (i.e.the inverse photoemission spectrum picks up weight). When ek = 0 (the normal statepeak is at EF), Ek = D and uk2 = vk2 = 1/2. The behavior at further k values is obviouslysymmetric to that at earlier k values. It is clear that a summation (integration) of theangle-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(E)N(0) =

E(E2-D2)1/2; the high density ofstates in the superconducting pileup is a result of the fact that the dispersion relation ofthe superconducting state guasiparticle peak has zero slope for Ek = D (infinite slope inthe figure). In addition, integrating over all k’s cancels the effects of the coherencefactors, since the effect on the states with k > kF will offset the effect on the states with k< kF. The existence of the coherence factors has never been directly observed, though itsexistence is well accepted due to its manifestations in a wide variety of experimental datasuch as acoustic attenuation, nuclear-spin relaxation rates and electromagnetic absorption[266].Gap-like features have been observed in the cuprate superconductors by a numberof experimental techniques besides photoemission, including the relatively directtechniques of tunneling, IR reflectivity and Raman scattering (see for example the manyarticles published in refs 1-7). However, a consensus has not yet been reached as to thenature of the gap, including the lineshape, magnitude, symmetry, doping dependences,

116etc.. Much of the reason for this confusion has been due to materials problems, for asdiscussed in section IV-B, the crystal structure of the cuprate superconductors is veryfragile, particularly with regard to the formation of defects or of oxygen loss/diffusion.Indeed, reported values for the ratio 2D/kBTc range from 0 to as high as 18, with mostclustered between 3 and 8. The widespread use of high quality single-crystallinematerials has improved the situation somewhat, although difficulties still exist.Tunneling measurements must still make use of a contact electrode, which introducesmany new uncertainties, and IR reflectivity is hindered by the large anisotropy in thedielectric constant. Due to its short probing depth, photoemission also has potentialproblems. If the surface is unreconstructed and has no additional defects or oxygen loss,this should not be a problem. As we will discuss shortly this appears to be the case forBi2212, and indeed photoemission measurements on Bi2212 have contributed greatly toour understood of the nature of the superconducting excitations of the cupratesuperconductors [42, 267]. Surface problems are the most likely explanation as to whyefforts to consistently observe a gap in YBCO have failed. (studies have not yet beenreported 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, thisrelatively poor energy resolution is more than made up for by the fact that we may obtainthe additional k-resolved information by doing measurements in the angle-resolvedmode. As we will show, this has enabled photoemission to obtain a wealth ofinformation in a very unique and direct way, which is complementary to that obtained bythe other, more traditional probes of superconductivity.B. Angle-integrated photoemission from Bi2Sr2CaCu2O8+d

117The first unambiguous demonstration of the detection of the superconducting gapby high-energy resolution photoemission from a high-temperature superconductors (orany other superconductor) was the experiment performed by Imer et al. on single crystalsof Bi2Sr2CaCu2O8+d. The experiments were performed with an angle-integratedspectrometer and 21.2 eV photons produced by a helium discharge lamp. The totalenergy resolution was about 20 meV as determined by the Fermi edge of a Cu sampleplaced in good electrical and thermal contact with the superconductor. During the courseof one scan (approximately 3 hours), the samples were repeatedly recleaved every 20minutes 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). Asthe samples are cooled down below their transtion temperature, the leading edges of thephotoemission spectra are pulled back to higher binding energy, signalling the loss ofspectral weight near the Fermi level and the opening of the superconducting gap. Inaddition, a peak appeared just below (at higher binding energies) the leading edges in thesuperconducting spectra. This peak was interpreted as the singularity peak in the BCSfunction. Of course, the singularity is smeared out due to (among other things) the finiteenergy-resolution and the finite temperature. The lower panel depicts a model fitting ofresults expected from the BCS theory by first modeling the normal-state density of statesas a linearly increasing function which is then multiplied by a 105 K Fermi function andconvoluted with the experimental energy-resolution. The superconducting state densityof states was determined by multiplying the as-determined normal-state density of stateswith the usual BCS function and a 15 K Fermi function, and then convoluting with theexperimental energy resolution. The best agreement between the theoretical andexperimental curves was obtained for values of the gap parameter D = 30 – 5 meV,corresponding to a ratio 2D/kBTc = 8 – 1.4.

118There are two additional aspects to the data by Imer et al. that deserve attention.First is the linear background of the density of states below the superconducting gap.This linear background has been seen in many tunneling experiments,[268,269] and hasalso been discussed theoretically [118, 269, 270]. The second issue is that a finiteintensity of spectral weight remains in the gap, and cannot be attributed to experimentalenergy resolution. As we will see in the next section, angle-resolved measurements onthis same compound show that certain regions of the Brillouin zone have a very small orzero gap, while others have a large gap. This will cause an angle-integrated measurementto have a finite intensity up to very low energies, as observed by Imer et al.C. Angle-resolved photoemission from Bi2Sr2CaCu2O8+dSoon after Imer’s work, Olson et al. reported the first angle-resolvedphotoemission study of the superconducting state of Bi2Sr2CaCu2O8+d [123]. The majorresults of his study are reproduced in figure 5.3. The total energy resolution and angularresolution of Olson’s experiment was about 32 meV and – 1o, respectively. As thesample was cooled below the superconducting transition temperature, the photoemissionspectra showed clear and dramatic changes, particularly when the normal statequasiparticle peak was very near EF. As shown in Fig 5.1a for the angle-resolved case,the superconducting state spectrum taken at k = kF is the most relevant for determiningthe magnitude of the gap. For this reason, Olson et al. chose the spectra at 18� todetermine the magnitude of the superconducting gap in Bi2212 [123].Olson et al. determined the magnitude of the gap at 18� by the following fittingprocedure. First, the normal state spectrum was modeled as a lorentzian on a linearbackground cut by a Fermi function and convolved with the instrument responsefunctino. The fit shown in Fig 5.4 resulted. Following that, the lorentzian and the linear

119function were multiplied by a BCS density of states and a 20 K Fermi function, and thenconvolved with the instrument function (the lorentzian peak was not shifted). Olson et al.found that they could fit the edge well for a small range of values of the gap D, but thecalculated spectrum did not peak as high as the measured one. However, by reducing thevalue of the lorentzian width (argued to be physically reasonable procedure because therewill be less electron-electron scattering with a gap present), a good fit to the data could beobtained for D betwen the values of 22-26 meV. Results of the fit for D=24 meV(2D/kBTc = 7.0) are shown in Fig 5.4. Although the fit is quite good, one should keep inmind that an angle-integrated formalism was used for this fit, even though themeasurement was angle-resolved. This may be justified if the effective k-resolution(including sample flatness and electron scattering effects) is poor enough so that over theregion of interest (centered around kF) there will be enough k-integration to put us inscenario 5.1a instead of 5.1b. Almost at the same time, Manzke et al. also performed anangle-resolved photoemission study of the superconducting gap in the Bi2Sr2CaCu2O8+dcompound with high angular resolution and modest energy resolution. Based onempirical anguments, they concluded their data is consistent with a superconducting gapof 30 meV with a large error bar [151].At the time these experiments were being reported on, the magnitude of the gap inthe cuprates was a very controversial issue, with reported values of 2D/kBTc rangingfrom 0 to 11. The values reported from the photoemission experiments were consistentwith more recent values from other experiments and were taken very seriously. Thus thisdata was very important in helping build a consensus within the community that the gapin the cuprates was somewhere near 2D/kBTc = 5 - 8 for optimally doped samples.Olson et al. has also performed temperature dependent studies of thesuperconducting gap. Fig.5.5 gives shows the 15� degree spectrum of Fig 5.3a atdifferent temperatures [123]. The temperature dependence of the data is a piece of veryconvincing evidence that the effect we see in the photoemission data (the appearance of

120the "pile up" peak at -40 meV and the shift of the leading edge) is really due to theopening of the superconducting gap. In the 90K spectra, we do not see the "pile up"peak. However, it begins to show in the 80K spectra and is very visible in the 70 Kspectra. Furthermore, Olson et al. have performed temperature cycling of theirexperiment and found that their results were reproduceable. It appears that Olson et al.’ssamples were more stable in vacuum than those of Imer et al. Olson et al. reported thatthey can measure the sample for a long time while Imer et al. indicated that their sampleshowed signs of deterioration after 20 minutes[254].1. Anomalous spectral weight transferThe next important experimental work in the field was the observation of ananomalous spectral weight transfer in the superconducting state by Dessau et al. [257].This observation was made possible by a more detailed study of the experimental data.The experiments were again performed on Bi2Sr2CaCu2O8+d with a relatively highenergy resolution of 35 meV and angular resolution of–1o and –4o.Fig. 5.6 reproduces the experimental results by Dessau et al. [257] The insetshows the Brillouin zone locations where the measurements depicted in the figure weretaken, with the size of the circles indicating the angular resolution. Note that in this casethe angular resolution is poor enough that the spectra may essentially be interpreted in theangle-integrated framework of Fig 5.1a. Each set contains three spectra taken attemperatures above (100K), just below (80K) and well below (10K) the superconductingtransition temperature of the sample (91K). The experimental data show the generalfeatures involved in the opening of a superconducting gap from the BCS theory. Thespectral weight near the Fermi level is depleted and the pile up peak (which correspondsto the singularity in the BCS density of states) is observed. In addition to these generalfeatures, the data from the superconducting state show a number of features that are notpredicted by the simple weak coupling BCS theory. First of all, there was a clear

121depletion of the spectral weight near -90 meV (a dip structure) which opened up at thesuperconducting transition for the spectra taken along the G-

M direction. [257] Along G-X the dip is small or nonexistent. Secondly, there are some interesting changes in theoverall occupied spectral weight which occur as the sample is lowered through thetransition temperature. Along G-X there appears to be more weight transferred into thepileup than has been depleted from the gap region. Along G-

M the situation is reversed:there appears to be less weight transferred into the pileup than has been depleted from thegap plus dip regions. Finally, the magnitude of the superconducting energy gap asinferred from this data is larger along the G-

M direction than along the G-X direction, i.e.the gap is anisotropic in the kxy plane. The first two points will be discussed in thissection, beginning with the high binding energy dip. The gap anisotropy will bediscussed in the next section.We first concentrate our attention on the implication of the dip structure. As a matter offact, the dip structure is also apparent in some of the earlier data of Olson et al. fromBi2Sr2CaCu2O8+d, even though that data did not have enough statistics to positively identify it[150]. The results have also been reproduced to some degree by Hwu et al. [152], as shown inFig. 5.7. However, they have observed much less k-space dependence, and have hence observedthe condensate peak and dip at rather unusual locations in the Brillouin zone (see Fig 5.7). Inaddition, their normal state data shows much less k-space dependence than the earliermeasurements of Dessau et al. and Olson et al., and drastically disagrees with the predictions ofband theory [152]. Hence, although the detailed k-space dependences from this data should bequestioned, the data is still a very good verification of the existence of the dip in thesuperconducting state spectra.There is also strong evidence that this dip structure also exists in the tunneling spectra ofthe cuprates,[268, 271] as it must if the dip is intrinsic to the excitation spectra of thesuperconducting state. Since its initial observation by Dessau et al., the dip has also beenextensively addressed by the theoretical community [272-275]. The ideas behind a number of

122these works will also be addressed in this section. Before we do that however, it is important togo over the studies that have been carried out to try to determine if the dip is really intrinsic tothe superconducting state excitation spectra, or if it is simply a reflection of the detailed bandstructure of Bi2212.A paper by Dessau et al. presented two simple interpretations of the dip structure in theexperimental data [148]. Panels (b) and (c) of Fig. 5.8 show these two simple scenarios for thedip structure reproduced in panel (a). However, as explained in that paper, these simpleexplanations 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. There is aquite broad feature peaking below EF, and this feature still has appreciable spectral strength atEF. As the sample goes through the superconducting transition, the spectral weight near theFermi level is pushed away to form the pile-up peak, and the dip is formed as a valley betweenthe pileup peak and the broad normal state peak. Even though such an explanation is quiteplausible, it is not consistent with the experimental data. In this scenario, the intensity at thelowest point of the dip will always be greater than the intensity of the normal state curve at thatcorresponding energy. The experimental data clearly shows that the lowest point of the dip islower than the normal state spectra, that is, weight is being depleted from the normal state at thatenergy. Therefore, this scenario is unlikely to be able account for the dip structure in theexperimental data. As depicted in panel (c) of Fig. 5.8, the second scenario considers thepossibility that there may be two bands in close proximity to each other along the G-

M high-symmetry direction. In the normal state, these bands would superimpose (by coincidence) toform one resolvable feature. Below Tc, one or both of these bands may sharpen up (due forinstance to reduced electron-electron scattering and hence increased lifetimes) and so the dipwould appear between them. This explanation appears not consistent with experimentalobservation [148].Since that time, Dessau et al.�s detailed study of the near-EF band structure and Fermisurface of Bi2212 discussed in section IV-E-3 was carried out [142,143]. As discussed in that

123section, the general picture of the band-structure in the region of the

M point is that there are twoCuO2-derived bands, one just below EF and one just above EF. Therefore, one should perhapsadd a panel (d) to figure 5.8, where the effect of a band which is slightly above

EF in the normalstate contributes to the superconducting condensate peak through its coherence factor, while theband just below EF in the normal state contributes strongly to the spectral weight at bindingenergies 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 thisinformation due to the time-dependence of the spectra as reported by Shen et al. and reproducedin Fig. 5.9 [218]. This figure shows data taken at the

M point of a Tc = 88K Bi2212 sample at ameasurement temperature of 35K. Spectra are shown as a function of time since the cleave, withthe freshest spectra on the bottom. Gap magnitudes D are also reported for each spectrum, whichwere determined by the energy position of the midpoint of the leading edge relative to EF. Thereason for choosing this simple technique for determining the gap will be discussed more insection 2, but essentially come down to the fact there is as yet no established theory of thelineshape 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 arestrong functions of the time since the sample was cleaved. The lower four spectra were takenwithin 1 hour and 40 minutes and nineteen hours and thirty five minutes after the cleave. Boththe size of the gap and the strength of the dip were found to decay during this time period. Thesample was then warmed up to room temperature and allowed to sit in the vacuum chamber foralmost two weeks, at which point the sample was cooled back to 35K and the top two spectrawere measured. The size of the gap and the strength of the dip were found to have recovered to alarge degree, implying that the ageing was predominantly caused by the cryo-condensation(physisorption) of residual gases onto the sample surface. This necessitates that experiments becarried out as quickly as possible, and in as good a vacuum as possible. Also, the fact that thedip and the size of the gap are simultaneously affected by the physisorption is an indication that

124the dip is intimately related to the superconducting state. Interestingly, Dessau et al did not findvery dramatic changes in the normal state measurements depicted in Fig. 4.24-4.26, even thoughthese measurements took an entire week to complete [142]. This may indicate that the nomalstate spectra are much less sensitive to physisorption of gases and/or that much less gas freezesout 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 data was taken with the very good angular resolution of –1� over the first few hourson two freshly cleaved Bi2212 samples. Cut a shows some data from

M to X, cut b shows somedata parallel to this line but closer to the G point, and cut c shows data from G to

M. Note thatthe sample t4, used for cuts b and c, appears to have slightly different Fermi surface crossingsthan 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 ordissappears away from

M, consistent with the earlier observation in reference 257. In Fig. 5.10a,the dip exists for a range of angles near

M, but then disappears rather suddenly at the emissionangle 22/5. At this time the condensate peak gets more intense and maybe even a little wider,after which time intensity is rapidly lost due to the band crossing. The same type of behavior isseen in Fig. 5.10b, and has been reproduced on a number of samples. By taking the differentspectra in a different order on different samples, we have confirmed that the effects are not dueto the ageing of the sample surface.One possibility which is generally consistent with the present data is that the dip occursnear

M due to the fact that there are two CuO2-derived bands, one just below EF and one justabove EF. The band which is slightly above

EF in the normal state contributes to thesuperconducting �pileup� peak through its coherence factor, while the band just below EF in thenormal 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 tothe pileup instead of the weight beyond the dip. This would also explain why the dip is stronger

125and broader. Well beyond 22/6, both bands move far away from EF and so don�t contribute anyweight to the pileup.In addition to these effects, we should consider the possibility that the lifetime of theexcitations may be strongly energy dependent. For instance, theoretical studies have shown ononset to scattering that starts at 3D, and so the linewidths at energies below 3D may be very muchnarrower than those above 3D (the situation is more complicated when we consider ananisotropic or d-wave gap) [274, 275]. It is clear that more data of this type and more theoreticalinput is needed for a detailed understanding of the dip.Tunneling measurements on a wide variety of the cuprates clearly show a high binding-energy dip very reminiscent of that seen in the photoemission data [268, 271, 276]. Selectedresults from these studies are shown in Fig. 5.11.. It should be noted that due to difficulties inpreparing the tunneling barriers, reported results from tunneling studies of the cupratesuperconductors have varied tremendously. However, tunneling spectra generally regarded to beof high quality, including those presented in Fig. 5.11, typically show the dip structure. Amongthe key features that make these data stand out are very low zero-bias conductance, a strongpileup of intensity above the gap, and relatively symmetric behavior around zero bias.If it is indeed true that the dip structure seen in the photoemission and tunneling isan intrinsic feature of the superconducting excitations of the material, then this result isclearly different from the weak coupling BCS theory. The understanding of suchexperimental data might be a key to the understanding of high-temperaturesuperconductivity. However, since the mechanism of high-temperaturesuperconductivity is still unclear at this point, and the interpretation of the dip data is stillcontroversial,[272-275] it is very instructive to review a very similar situation in theconventional superconductors before we get down to specific interpretations of the dipdata.As we have stated earlier, in the conventional weak coupling BCS theory, onedoes not expect such a dip structure in the superconducting density of states. However,

126for some "bad actors" in the low Tc superconductors such as Pb and Hg, modulationstructures 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 inpanel (a) [263, 277]. Panel (b) of the figure gives a closer look at the region of interest.The dashed line is what one expects from a weak coupling BCS theory and the solid lineis the normalized experimental data. The deviation of the experimental data from theBCS 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 thatthere are two important hidden assumptions made in the weak coupling BCS theory.First, it regards the quasiparticles that form the cooper pairs as having an infinitelifetime. In a real system, of course, the quasiparticles have finite lifetimes. Second, theweak coupling theory is not retarded. In other words, it assumes that the attractiveinteraction between the two quasiparticles mediated by the phonons is instantaneous.This again is only an approximation because the phonon-mediated electron-electronattraction in a real system is retarded. Here is how the physics works: the first electron(or quasiparticle) polarizes the lattice, whose dynamic reponse to the electron is such thatit tries to overscreen it. A second electron is then attracted to the net positive charge leftbehind by the polarized lattice. This is how the two electrons involved experience theattractive interaction. It is obvious from the above discussion that this interaction isretarded, instead of instantaneous, for it takes time for the lattice to respond. It is thistime delay which gives rise to the energy structure in the tunnneling spectra.Recognizing the importance of these two approximations in the weak couplingBCS theory, Nambu and Eliashberg improved the weak coupling theory by including theeffects of the quasiparticle lifetime and retardation in the pairing interaction in the selfenergy calculation [278, 279]. McMillan and Rowell realized that one could invert thetunneling data using the Eliashburg equations and obtain the electron-phonon interactionspectrum a2F(w) from the high energy oscillations in the tunneling spectra [263]. Panel

127(c) of Fig. 5.12 shows the a2F(w) deduced from the tunnelling data, which compares veryfavorably to the Pb phonon spectrum F(w) as measured directly by neutron scatteringexperiments. This data is shown in panel (d) of Fig. 5.12. This truly impressiveagreement was historically one of the key experiments which solidified earlierspeculations that the electron-phonon interaction is the pairing mechanism responsible forsuperconductivity in conventional materials [277].Now we turn back to the interpretation of the data in Fig.5.6 which have attractedmuch attention in the theoretical community [272-275]. There are several interpretationsof the experimental data that heve been proposed. The first explanation, proposed byArnold, Mueller and Swihart [273], is a more or less conventional approach which isanalogous to the strong-coupling theory discussed in the last two paragraphs, althoughthey did not make any assumptions on the exact nature (i.e. electron-phonon) of theinteraction. In analyzing the data, Arnold et al. assumed that the experimental data near

M is representative of all locations in k-space. Hence, they treated the experimental dataas if it was k-space averaged. Based on this assumption, they obtained a bosonic densityof states that was dominated by a strong feature at a low energy of 10 meV and asuprisingly high coupling constant l of 8.67. This analysis is certainly an interestingapproach. However, it is not clear whether the starting point of such an approach isjustified. There is clear experimental evidence that the photoemission spectra taken atdifferent locations in k-space are very different, and thus the angle-resolvedphotoemission 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 itscompatibility with other normal and superconducting state properties of the cuprates.The second and third scenarios to explain the dip differ significantly from theconventional 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 thesuperconducting state as a consequence of interlayer tunnelling. In the normal state,

128there is a doubling of the calculated energy bands at general points in the 2-dimensionalzone due to the hopping matrix element connecting the two close CuO2 layers inBSCCO. Within his 2-dimensionally correlated non-Fermi liquid theory in which thecharge and spin of the electrons are seperated, this splitting should not be observable inthe normal state. (See Figs. 4.24-4.26 from which Dessau et al. have argued that the bandsplitting does exist in the normal state [142].) However, in the superconducting state, thecharge and the spin recombine, the interlayer coupling becomes possible, and so thedegeneracy of the two bands is lifted. Anderson thus ascribes the two features (the poleat -45 meV and the region beyond the dip) to quasiparticle poles belonging to odd andeven linear combinations of states at the same transverse k. The absence of the dip alongG-X is in this theory due to the fact that the band splitting is much smaller along thisdirection by symmetry. This scenario is very nice in that it can explain the observedanisotropy, although questions about the presence or absence of the coupling in thenormal state still need to be answered. In addition, the SIS tunneling data by Zasadzinskiet al. shows the existence a dip in the single Cu-O layer cuprate superconductorBi2Sr2CuO6, as shown in Fig. 5.11b [276]. If one believes that the dip seen inphotoemission and tunneling are the same, it would seem to rule out Anderson’shypothesis 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 weightfunction in the superconducting state consists of two peaks located at D and 3D. Thevalley between the two peaks resembles the dip structure observed in the experimentaldata along the G-

M direction. According to their theory, the dip is not observed along G-X because of increased smearing due to the much more rapid dispersion rate of the bandsalong that direction [274]. Only more experimental work and more detailed analysis ofthese experimental data may distinguish the correct interpretation of the experimentaldata from the others.

129Finally, Coffey and Coffey have postulated that the dip arises due to quasiparticledecay which acts as a correction to the weak coupling mean field treatment of thequasiparticle states [275]. According to this theory, an isotropic s-wave gap wouldproduce a dip starting at 4Do, while a d-wave order parameter would produce a dipstarting at 3Do. 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 thenon-conservation of the occupied spectral weight as the sample passes through thesuperconducting transition temperature. Along G-X, Dessau et al. found that the amountof weight transferred into the pileup peak is greater than the amount of weight transferredfrom the gap region (see Fig 5.6) [257]. Olson et al. found similar results [123]. AlongG-

M, Dessau et al. found the opposite behavior: less spectral weight was transferred intothe pileup than was depleted from the gap plus dip regions. These are very interestingresults, though experimental complications may play a roll in these effects and so must beconsidered. The most obvious of these complications is that the spectral weight in thenormal as well as the superconducting state is a sensitive function of the normalizationprocedure. For example, the normalization of the data used by Olson et al.in Fig. 5.3 isvery different from Dessau et al.’s normalization in Fig. 5.6. The experimental data inFig. 5.3 were normalized by the photon beam intensity, while the experimental data inFig. 5.6 were normalized so that the spectral intensity far away from the superconductinggap is the 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 a long cryostat, anytemperature changes will result in sample position changes so that the absolute intensitycalibration is lost. Other possible complications are final state or matrix element effectsand the possibility that spectral weight has been transferred to the unoccupied states.This last point is especially important since the sum rule that one expects to hold for a k-resolved experiment such as angle resolved photoemission extends over both the

130occupied and the unoccupied states. Thus any mechanism which transfers weight to orfrom the unoccupied states will have the effect of altering the weight in thephotoemission spectrum. One mechanism that may have an effect on the data is the actof the Fermi function cutting off a broadened (by for instance lifetime effects) peak. It isclear from the normal state dispersion studies discussed in chapter IV that as the "band"approaches and then crosses the Fermi level, the intensity of the feature weakens as ifbeing cut off by a Fermi function. The amount of weight cut off by the Fermi functioncould clearly be quite different in the normal and superconducting states. As discussed insubsection 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 alsotransfer weight between the occupied and unoccupied states.Dessau et al. argued that because their normal and superconducting state spectraoverlay on top of each other so well, their normalization procedure was reasonable [257].However, Anderson suggested that the spectra should be normalized so that theintegrated area under the spectra should be the same in the normal and superconductingstates. [272] For the spectra along G-X, this would imply that weight has beentransferred from a wide region of states at high energies (out to a few J, or a few tenths ofan eV) into the superconducting pileup. This would suggest that the system energy in thesuperconducting state is lower by the electronic energy, indicating an electronicmechanism of superconductivity. Although this suggestion is very interesting, it is clearthat many details need to be understood before we can positively arrive at such aconclusion.Hwu et al. also studied the amount of spectral weight transferred between thenormal and superconducting states [152]. They stated that the nonconservation of thespectral weight cannot be generalized to all spectra, as the area under their spectra in Fig.5.7 is conserved to within 2%. Two points should be made regarding this comment.First, it is expected that if there is a positive weight transfer at some angles and a negative

131weight transfer at others, then it is expected that there will be zero net weight transfer atothers. Secondly, the fact that they have observed much less k-space dependences arguesfor a general smearing of the k-space dependences in their data, so near-zero net weighttransfer would be expected for many more angles.2. k-dependence and symmetry of the superconducting gapIn this section we report the results of detailed studies of the variation of the gapsize throughout the two dimensional Brillouin zone of Bi2212. This ability of ARPESto directly measure the gap as a function of crystal momentum is currently unique. Thishas allowed ARPES experiments to obtain some breakthrough information beyondwhat can be learnt from other experimental techniques. The data allows us to makevery important inferences about such things as the k-dependence of the coupling matrixelements and the symmetry of the superconducting order parameter. This is crucialinformation that should help direct the development of a theory of the mechanism ofthe superconductivity.The conventional BCS theory has an s-wave order parameter, reflecting thespherically symmetric nature of the pair wave function. For the high-Tc cuprates,theoretical analysis on the crucial CuO2 plane with consideration of the strong on-siteCoulomb 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 itsderivatives lead to a d-wave order parameter or a mixed symmetry order parameter witha strong d-wave component. Very recently, motivated by the NMR data, this issue ofthe order parameter has been brought to the forefront of high-Tc research again [284,226]. The ability to measure the gap as a function of k is a particularly attractive and

132perhaps unique capability of ARPES, making it an exceptionally powerful tool for thestudy of the symmetry of the order parameter.The first experimental effort to address this issue 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 aconstant throughout the Brillouin zone, with a magnitude of approximately 18 meV. Thiswould imply that the superconducting order parameter was of the isotropic s-wave type.More recently, Wells et al. [217] and Dessau et al. [256, 257] presented experimental datathat showed that the gap was larger near the

M point than near the band crossing alongalong G-X(Y). Fig. 5.14 from Wells et al. shows superconducting state spectra taken attwo different angles along G-

M and at three angles along G-X(Y) [217]. This data is thefirst explicit demonstration of gap anisotropy in the a-b plane. The normalization of thecurves in this case is such that the leading edge or emission onset of the spectra can bemost readily compared. From this data we can see that the leading edge postion for thespectra taken along G-

M is located at higher binding energy than the leading edgeposition for spectra taken along G-X, suggesting that the superconducting gap is largeralong G-

M than along G-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 G-

M and (B) along G-X are shown in Fig 5.15. These k-space locations were chosen suchthat the normal state peak is at the Fermi level, and so the midpoint of the leading edge inthe normal state coincides with the Fermi level both at A and at B. These data were takenwith the very high angular resolution of –1� and an energy resolution of approximately30 meV. Very clear spectral changes are observed at A as the sample is cooled below Tc.The leading edge of the superconducting spectrum is pulled back to higher bindingenergy reflecting the opening of the superconducting energy gap. At the same time, a"pile-up" peak and a "dip" near -90 meV appear in the data. At B, only very minor

133changes with temperature are observed, the shift of the leading edge is undetectablewithin experimental uncertainty. The striking difference in data at the two k spacelocations 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 is important toaddress the possible reasons why these results are so different from the earlier results ofOlson et al. Perhaps the most likely explanation for the differences is that the quality ofthe sample used in Olson et al.�s experiment was much poorer. The samples studied byWells, Shen and Dessau had very sharp superconducting transition widths of less than2K, while the samples studied by Olson et al. had broader superconducting transition ofaround 20K. Also, the possibility of multiple domains or twinning exists for any onesample. Since the Wells-Shen-Dessau result of a large anisotropy has been reproducedon a very large number (> 20) of samples, this seems to be a robust result. On top of this,the general trend that a greater amount of anisotropy has been observed with themovement of time and sample quality implies that the anisotropic result is correct. Avery recent result from the group at Argonne National Laboratory reproduces the largegap anisotropy on two Bi2212 samples that showed a good amount of dispersion in thenormal state [261]. Another sample which was of such poor quality that it did not shownormal state dispersion showed an isotropic gap very similar to that reported by Olson etal. [261].Shen et al. discussed four aspects of experimental difficulties in quantifying thegap anisotropy [218]. (i) Finite energy resolution. This limits the precision of themeasurements. (ii) Energy calibration of the spectrometer. This is spectrometerdependent and it limits the accuracy of the gap value. For the data they reported, theuncertainty is about –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 momentumresolution of the experiment, and is probably a major factor preventing the experimentfrom determining whether a d-wave node exists. Furthermore, the surface flatness is

134sample dependent, causing a scatter in the experimental data. The method used by Shenet al. to characterize the surface flatness is to measure the divergence of a laser reflectionfrom the cleaved surface. This method shows that the surfaces of samples #1 and #3 areflatter than sample #2. (iv) Time dependence of the data, as was illustrated in Fig. 5.9.ARPES is a surface sensitive technique so that its spectra may change as the samplesurface ages.The theoretical diffculties mainly center about the fact that we do not have anadequate theory to describe the photoemission lineshape of either the normal orsuperconducting states. In BCS theory, the difference between the normal and thesuperconducting state ARPES spectrum is a shift of peak position from ek to �(ek2+D2)and a change of spectral weight by the coherence factor uk2. Obviously, this can notaccount for the -80 to -90 meV dip seen in the data near

M. Furthermore, due to finitemomentum resolution, the data exhibit aspects resembling angle-integratedphotoemission (AIPES) spectra that reflect the BCS density of states E/(E2-D2). This iswhy previous ARPES data were fitted by a BCS function to extract the superconductinggap size [123, 124, 150, 217]. Such a fit should be viewed as a crude approximation.For these reasons, and for greatly increased simplicity in carrying out andunderstanding the method of gap extraction, Shen et al. have chosen to call the gap theenergy 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 a gap of 12 meV(2D/kBTc = 3.6) and the spectrum at point B gives a gap of 0 to 0.5 meV. Of course theedge position will only reflect the gap size if the normal state peak is at the Fermi level(see Fig. 5.1).The measured k-dependence of the gap from three Bi2212 samples is displayed infigure 5.16, after Shen et al. [218]. Each spectrum is labeled with a letter, with the orderof the measurements corresponding to the alphabetic progression. The location of themeasurement relative to that of the measured Fermi surface is displayed in panel (a), and

135the magnitude of the gap for each measurement is displayed on the vertical axes of thegraphs of panel (b). The horizontal axis of panel b is the k-space function 0.5 * |coskxa-coskya|. On this scale, the simplest dx2-y2 gap function would be linear with a zerointercept. This allowed Shen et al. to highlight not only the very large gap anisotropyobserved 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.As shown in Fig 5.16, all samples showed a very large gap anisotropy with themaximum gap near the

M point and the minimum near G-X(Y). This is independent ofthe measuring sequence and so is not caused by the time dependence of the spectra. Themagnitude of the measured anisotropy is very large, ranging between a factor of roughly2 and 10, depending upon the sample. This is one to two orders of magnitude larger thanwhat is observed in conventional superconductors [286].In addition, the basic trend of the data is very similar to that expected by a dx2-y2order parameter. The most relevant aspect of the data for answering this question iswhether the gap actually goes to zero along G-Y (a node exists), or whether the gap justgets small there. The importance of this distinction is illustrated in Fig 5.17, whichschematically illustrates the expected k-dependence of the order parameter and gapmagnitude for a d-wave superconductor and an s-wave superconductor with large gapanisotropy. The important distinction is that the d-wave order parameter changes sign asa function of k while the s-wave order parameter does not. For this reason, the d-wavegap, which is proportional to the square of the order parameter, must go exactly to zero atspecific k-space locations. The s-wave gap has no such requirements, although it ofcourse 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 1and 3, while it is significantly greater than zero for sample 2. Shen et al. argued thatsamples 1 and 3 were higher quality and more representative than sample 2, particularlyin regard to sample flatness (determined by the sharpness of a laser beam reflected off of

136the cleaved sample surface) [218]. The idea was that the greater k-averaging imposed bythe non-flat surface could hide the region with a zero gap by averaging in other regionsnearby which have a finite gap.Later experiments by Dessau et al.[258] on flatter Bi2212 crystals and byMarshall et al.[287] on cleaved MBE-grown thin films of Bi2212 showed that indeed thegap along the G-X(Y) directions in Bi2212 samples is indeed very small, confirming theguess that Shen�s sample #2 was not representative. The data is shown in Fig 5.18,which is a compilation of 14 different Bi2212 samples by Dessau et al.[288]. The firstthree samples are from Shen�s original paper (only the freshest data is retained) [218].Normalized gaps (with the maximum gap for each sample equal to 1) are plotted againstthe dx2-y2 order parameter 0.5|coskxa-coskya|. This data implies that the gap near the G-X(Y) direction is, within the experimental error bar, essentially zero. Higher resolutionand better sample preparation methods will certainly be important in determining whetherthere is in fact a node in the gap function, but even then, we will never really know if thegap goes

exactly to zero, as it must for a d-wave superconductor. A final determinationof whether the gap is d-wave or anisotropic s-wave therefore must wait for experimentalevidence which is sensitive to the phase of the order parameter. This is very crucial andfundamental information, because the d-wave and anisotropic s-wave order parameterswill arise from a very different class of interactions.The interpretation of the anisotropic gap data with the d-wave theory is notunique. A recent study by Chakravarty et al. associates the gap anisotropy to theanisotropy of the interlayer tunneling matrix element. Fig. 5.19 reproduces their fit of thedata within the framework of the interlayer tunneling mechanism [297].At this point we would like to comment on a few of the details which may havesppeared to have been glossed over in the discussion of the gap symmetry from Shen�sexperiment [218]. The first is about the possibility that the measurements may have beenaffected by the BiO bands, with perhaps a different gap being associated with a different

137band or layer. This is not an issue for two reasons. First, because the normal state Fermisurface mapping done by Dessau et al on similar samples indicated that the BiO bands donot 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. Fromthis we would expect a smaller gap near

M instead of the experimentally observed largergap.The second issue is why there is such a large variation reported in the gap size at

M. The answer is that the variation is not random, but that it is observed to dependsensitively on the sample type. As discussed in section IV-E-9, the Bi2212 samples maybe annealed so as to give a range of oxygen content, and hence a different Tc. Thesamples annealed in an excess of oxygen have a lower Tc of near 78K, and areexperimentally found to have a relatively small gap of 12 meV near

M. Reduced samplesmay have a Tc as high as 90K, and have a larger gap of approximately 22 meV at

M. Asdepicted in Fig 5.16 and 5.18, both the higher and lower Tcsamples are found to have aminimum gap near 0 along the G-X(Y) direction.Recently, Kelley et al. have reported that they were able to determine thesymmetry of the order parameter in Bi2212 based upon the symmetry rules in angle-resolved photoemission [260]. They measured angle-resolved data for two differentphoton polarizations along both the G-X and the G-Y direction in Bi2212, and in both thenormal and superconducting states. The data from the superconducting state are shownin Fig 5.20. The key experimental point that Kelley et al. were trying to make is that a�condensate peak� was visible for orientations a,b, and d, but not c, and this effect mustbe related to the symmetry of the order parameter.Kelley et al. used the standard argument that the matrix element M=(e/mc)<yf(k)|A.p|yi(k)> must be invariant under symmetry operations and hence cantell one symmetry information about the initial state wavefunction |yi(k)> (see sectionIV-E-9). They compiled a table listing possible symmetries and whether an initial state

138of such symmetry would be observable for each of the four experimental geometries.They then compared the results of their experimental observations to this table. Thesuperconducting state matched the dxz+dyz and px+py symmetry states. Based on thedifferences between the normal and superconducting states, Kelley et al. inferred thattheir observations in the superconducting state reflected the symmetry of thesuperconducting order parameter, i.e. the order parameter must have either dxz+dyz orpx+py symmetry.As pointed out in a comment by Dessau et al.[], the type of analysis that Kelley etal. tried to use is flawed and leads to a result which is not even self-consistent. Further,Dessau et al. showed that Kelley et al.�s experimental observations can be explained in asimple and consistent way without provoking these unusual order parameters.and cannotbe used to determine the symmetry of the order parameter.Dessau et al.�s argument centered around the point that Kelley et al. attempted todetermine the symmetry of the pair state using a technique which can only determine thesymmetry of a single-particle state. This error lead Kelley et al. to a conclusion whichwas not even self-consistent. Dessau et al. proposed an alternative explanation for theirdata based upon two points. (1) All of the data comes from along the G-X(Y) directionswhere 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 superconductivityin the spectra of Fig 5.20 are so weak, with the result that the uncertainty in the data islarge. (2) An analysis based upon the strength of the �condensate peak� must takeaccount for the strength of the normal state quasiparticle peak, as the strength of theformer will track that of the latter. However, the weight above the background of thedispersive quasiparticle peak for orientation c is significantly weaker than that for all ofthe other orientations. This implies that the lack of a �condensate peak� for orientation cis expected and so is irrelevant to the symmetry issue.

139D. Results from YBa2Cu3O7In addition to the Bi2Sr2CaCu2O8+d studies, much effort has been directed tostudy the superconducting gap of YBa2Cu3O7-d. The situation here is much morecomplicated than in YBCO, and there is not yet an agreement within the communitywhether the gap actually exists, let alone what are the details of its lineshape or k-dependance. As discussed in chapter IV-E-5, most of the confusion centers around theissue of different possible surface terminations of YBCO and which of these, if any, arerepresentative of the bulk. The possibility of surface reconstruction leaving a non-superconducting phase near the surface goes a long way to explaining the lack of a cleargap.Most of the studies have reported the absence of a gap in YBCO, although a fewhave reported some prelimary evidence that a gap may exist in a few rare cleaves [160,300]. Fig. 5.21 shows the data taken by Tobin et al. from an untwinned single crystal ofYBa2Cu3O7-d [139]. It is clear that the leading edge of the spectrum from thesuperconducting state does not pull away from the Fermi level as determined by the Ptreference spectra, in contrast to the case found for Bi2Sr2CaCu2O8+d. This suggests thatthe sample surface studied either has no superconducting gap or a gap smaller than 5meV [139]. Recently, very detailed work by Liu et al. also reported a null result for thesuperconducting gap [158]. The most likely reason for the lack of a gap in thesemeasurements is that the surface of YBa2Cu3O7-d could reconstruct after breaking thestrong bonds fom cleaving, leaving a non-superconducting phase near the surface.Schroeder et al. measured the low temperature (10K) photoemission spectra of avariety of YBCO samples, and suggested that some samples, which had a very weak ornonexistent -1 eV peak, exhibited a superconducting gap [160]. Fig 5.21 showstemperature dependent data on their second �best� sample, and Fig 4.37 shows lowtemperature data of their best sample (#1) in comparison to a �poorer� sample (data atT>Tc was not available for their best sample). These spectra were taken at various

140locations along the G-X(Y) direction. Based upon the results of fitting to a BCS densityof 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 notvery 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 mayexplain the lack of a consistent gap in YBCO. This is the possibility that the chain statesmay not go superconducting, and the spectral weight from the chains may superimposeover the gap from the planes. Along the G-S direction, where there should be no chaincontribution to the near-EF states, the gap is likely to be small or even zero, in analogy tothe situation of an anisotropic gap observed in Bi2212 (note that the G-S direction inYBCO is equivalent to the G-X(Y) direction in Bi2212). Perhaps careful studies doneaway from the high symmetry directions would be able to detect a gap in YBCO.E. Comparison to superconducting state measurements by other techniquesFor the conventional superconductors, the BCS theory was developed andaccepted on the basis of many experimental facts: the isotope effect, tunnellingexperiments, IR reflectivity, the Meissner effect, the NMR relaxation rate and Knightshift, the penetration of the electromagnetic wave, ultrasonic attenuation, magnetic fluxquantization and others [266, 289]. For the high-temperature superconductors, due to themore complex nature of the materials, it is even more important to look at the overallpicture from many experiments.No measurement technique can be expected to convey all the information neededto understand the exciting and complex phenomena displayed by the high temperaturesuperconductors. However, by a combination of experimental techniques, the strengthsand weaknesses of each technique can be offset, and the true physical behavior can be

141more readily uncovered. We have shown how tunneling and photoemission havecombined to prove the existence of the high binding energy dip as intrinsic to thesuperconducting excitations, and how they can be used to steer theories of the mechanismof the superconductivity.The finding of the anisotropic nature of the superconducting gap may help toaccount for the excitations observed by a variety of experimental techniques which aresmaller than the "BCS gap", as well as the spread of the gap size obtained by differentmeasurement techniques. There is strong evidence from many experiments that thesuperconducting gap of YBCO and Bi2212 is very anisotropic. First, we have themicrowave penetration depth measurements from YBCO by several groups 219,220,290.All these measurements suggested that the London penetration depth of thesuperconductor has a power law behavior at energies well below the "BCS gap". Inparticular, the earlier work by Anlage et al. was interpreted to have two gaps, with thesmaller gap well below the BCS value [290]. The details of the experiment are stillcontroversial at present. Ma et al. reported that the temperature dependence of thepenetration depth is T2 [220] while Hardy et al. reported that the temperature dependenceof the penetration depth is T [219]. The linear temperature dependence of the penetrationdepth is required if the superconductor is to have line nodes in the gap. Second, we havethe angle-resolved photoemission data as discussed above. Although the photoemissiondata has relatively poor energy resolution, it�s unique contribution to the understanding ofthe gap anisotropy lies in the fact that it provides direct and specific k information of thegap anisotropy. Third, we have the electronic Raman experiments [291]. Theseexperiments show low energy electronic excitations well below the BCS gap value. Withdifferent polarizations of the laser light, the on-set of the low energy excitation is verydifferent, suggesting a very anisotropic superconducting gap. A recent paper reportedthat the polarization dependence of the superconducting gap is consistent with the dx2-y2order parameter [223].

142In addition to these experiments that reveal direct information about thesuperconducting gap, there are several important experiments that are indirectly relatedwith the gap anisotropy issue. Historically, one of the most important experimentsindicating the gap anisotropy is NMR. Both the knight shift and anisotropy of the nuclearrelaxation rate between copper and oxygen have been interpreted to be consistent with ad-wave order parameter [284]. If this interpretation is true, then the superconducting gapof YBCO will be very anisotropic. In addition, we have the IR reflectivitymeasurements. Recent data from that field is that these superconductors have a p-wavepairing state [292]. While this interpretation is controversial, the data neverthelessstrongly points towards an anisotropic gap.Finally, we have the recent YBCO-Pb dc SQUID experiment conducted byWollman et al. [221]. SNS Josephson Junctions were fabricated on the a and b faces of asingle crystal of YBCO. A dx2-y2 order parameter would be expected to give anadditional phase shift of p, while an s-wave order parameter should not give an additionalphase shift. Although not conclusive, the authors stated that the data as a whole stronglypoints to a d-wave picture. The beauty of this experiment is that because it is sensitive tothe phase of the order parameter, a d-wave gap is in principle distinguishable from a veryanisotropic s-wave gap.In contrast to the above experiments, there are several experiments which implyan isotropic gap. The first is a neutron scattering experiment by Mason et al. [293]. Thisexperiment suggested that while there are excitations well below the BCS gap, the q-dependence of the excitations are not consistent with the dx2-y2 proposal if the material isclean. In the presence of impurities (which is very likely in the neutron experimentsbecause of the large crystals required), the authors indicated that they could not make astrong statement. This interpretation of the neutron data was challenged by Scalapino etal. who claimed that the q-dependence of the data is actually consistent with the d-wavescenario [294]. Secondly, there are the tunnelling experiments. The tunnelling

143community is divided in this field. On the one hand, some STM tunnelling data from theTokyo group showed a very clean gap in both YBCO and Bi2212 [295, 296]. Fig. 5.22reproduces 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 here is that since the STM tip is so localized, the momentum resolutionis lost due to the uncertainty principle. The counter argument here is that the k-spaceaverage could be strongly weighted in a certain direction away from the gap node. Onthe other hand, there are both junction and STM experiments from Bi2212 [222, 271] andYBCO [198] revealing excitations inside the BCS gap. What is even more confusing isthe fact that many of these experiments which do not see the clean gap were carried outon what appear to be better characterized and more carefully prepared surfaces. Forinstance, while the STM measuremants of Edwards et al. were performed on singlecrystals cleaved in UHV at low temperature[198], Nantoh et al. studied films which weretransported in air and received no further treatment [295].

VI. Summary and Concluding RemarksPhotoelectron spectroscopy has played a crucial role in helping us to understandthe electronic structure of transition-metal oxides. In this review, we have concentratedon the Mott insulators and high-temperature superconductors. Even though these classesof compounds have extremely different ground state properties (large gap insulatorversus superconductors!), they are clearly related since the high temperaturesuperconductors have sister compounds that are Mott insulators.For the Mott insulators, (Section III) photoemission is sensitive to the fourimportant aspects of the electronic structure, namely the large Coulomb interaction

144energy U involved in the polar type of charge fluctuation dindjn « din+1djn-1, the chargetransfer energy D in the transfer type of charge fluctuation dn « dn

L , the energydispersion due to the wave function overlap, and the magnetic exchange splittings.The large U is the main reason why these compounds are large gap insulators athalf 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 magneticmoment than the experimental data. The large U is the prime reason why thesecompounds have attracted so much attention over the last half century. The chargetransfer is a direct consequence of the fact that these oxides are not purily ionic, but thatthere is large hybridization involved. The consideration of charge transfer is crucial forinterpreting the photoemission data from copper and nickel compounds.Resonance photoemission shows that only the satellite exhibits a strong resonanceat the cation absorption edge, while the main band near the valence band maximumshows an anti-resonance. This suggests that the satellite has the dn-1 configuration whilethe main band near the valence band maximum has the dn

L configuration. Hence, theinsulating gap is more directly influenced by the charge transfer energy D. Therefore, thecopper and nickel compounds are often called charge transfer insulators. (In most of thepaper, we simply called them Mott insulators for historical reasons) The charge transferinsulator picture also helps to explain the trend of magnetic interactions in these mono-oxides [25].The relative role of U and D is summarized by ZSA [22]. When D<U, chargetransfer fluctuations dominate the low energy excitations. Where D> U, the material is atraditional Mott insulator with polar charge fluctuations dominating the low energyexcitations. The general trend is that the charge transfer energy is most important in thecopper compounds, and its role decrease as one goes to compounds with less d electrons.CuO and NiO are charge transfer insulators (D<U) , while V2O3 (and thus presumablyTi2O3) and ScO are Mott insulators (D>U). CoO, FeO, MnO and CrO (hypothetical) are

145in the intermedia regime (D~U). We note that for the earlier TMO�s this simple picturehas been recently challenged by Park et al. [60]. They stressed the importance of themetal-oxygen hybridization energy T, and estimated that U, D, and T are all ofcomparable magnitude for the early TMO�s. If they are correct in this, then there arereally no �true� Mott-Hubbard insulators.The energy dispersion is a direct consequence of the wavefunction overlapping,and is particularly important for the ligand bands. We can see that the energy dispersionfor 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 effectsalso. For example, the energy dispersion of the oxygen bands are essential to theconvergence of the so-called self-interaction-correction (SIC) calculations [111]. Theenergy dispersion is particularly important for the charge transfer insulators. In theseinsulators, the low energy excitations are dominated by the charge transfer fluctuationsinvolving not only the less dispersive d bands but also the very dispersive oxygen bands.For example, the recent angle-resolved photoemission studies from insulating YBCO6.35clearly showed that it is essential to consider the energy dispersion in order to have acomplete understanding of this compound [153].The magnetic interactions are also important for a complete understanding of theelectronic structure. We see that the Ni3s core level splits into at least four features. Onehas 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 orderof several electron volts. In addition, we also see that the consideration of theantiferromagnetic order is essential to understand the angle-resolved valence bandphotoemission data. Here one should note that there were two types of definition of D,with one including and the other excluding the exchange contribution. One should be

146careful about the two different definitions and this issue is explicitly discussed recently.[301, 302]The four aspects of the electronic structure discussed above are all important for acomplete understanding of the electronic structure of these oxides. It is not clear whetherone can use the perturbation approach to this problem because they each could be of thesame order of magnitude (perhaps with the exception of U). For example, in the case ofNiO, we have U~8 eV, D~4 eV, the energy dispersion for the oxygen band could be about4 eV, and the magnetic multiplet splitting is about 2 to 3 eV. These aspects make a fulltheoretical calculation of the electronic structure of these compounds a very difficult task.For the high-temperature superconductors, we surveyed both angle-integrated andangle-resolved measurements. The angle-integrated data were most often compared withcluster or impurity model calculations. This approach has many similarities to that of theMott insulators discussed in the last section. These experiments showed that the strongcorrelation features such as the high energy satellite persist into the superconductingstate. This shows that the large Coulomb interaction U is not significantly screened, andmust be important for a complete understanding of the electronic structure of the high-temperature superconductors.We have also spent some time discussing the tricky issues in the preparation ofgood sample surfaces for photoemission experiments. There is now a general consensusthat only the results that have been reproduced in single crystalline samples should betrusted. However, this is not a sufficent condition. Many of the results from singlecrystals (such as the early angle-resolved photoemission data from YBCO6.9 at roomtemperature) could be problematic. Therefore, one has to judge the photoemission datavery critically. It appears that the best angle-resolved photoemission data are thoseobtained from high quality single crystals for which a known high quality cleavage planeexists. The samples should be characterized by as many other means as possible, such as

147the sharpness of the superconducting transition, LEED, the width of the x-ray lines, andthe flatness of the cleaved surface.For the most part, we concentrated on the recent angle-resolved photoemissionresults (Sec. IV.E and Sec V). In the normal state, these experiments addressed the issueof the Fermi surfaces and the excitations near the Fermi level. Despite the compellingevidence of correlation effects, angle-resolved photoemission clearly demonstrated theexistence of the Fermi surfaces. Furthermore, the measured Fermi surfaces havesimilarities to theoretical Fermi surfaces calculated by band theory. In particular, itappears that the highly metallic cuprates probably obey Luttinger�s counting theorem,which requires that the Fermi surface of the interacting electron system encloses the samevolume as the Fermi surface of the non-interacting system. This was a very significantcontribution to the understanding of the electronic structure of the cupratesuperconductors.Also very significant are the connections between the electronic structure and theother physical properties of the cuprates, including the superconductivity. Theseconnections arose out of a wide range of very careful and detailed measurements on avariety of the cuprate superconductors. Key features in the electronic structure whichexisted for a wide range of the cuprates were uncovered, and the details of these featureswere compared and contrasted. These key features are (1) very flat bands in CuO2 bandstructure which have saddle point behavior. These flat bands are very near EF for the p-type cuprates studied so far (Bi2212, Bi2201, Y123 and Y124) and so will have asignificant effect on the physical properties, including possibly the temperaturedependence of the resistivity, the isotope effect, the Hall effect, and the symmetry of thesuperconducting gap. On the other hand, these flat bands appear significantly below (~300 meV) EF 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. Inparticular, a very strong nesting vector near (p,p) has been observed in Bi2212. The

148effects of this nesting on the electron scattering, susceptibility, and symmetry of the orderparameter have been discussed.The contribution photoemission has made to our understanding of thesuperconducting state of the high-Tc˚superconductors has been equally valuable. Thesuperconducting gap has been observed in Bi2212 in both the angle-integrated and angle-resolved modes, and has been studied by quite a few groups. The superconducting gapsizes obtained by various photoemission groups are remarkably consistent with eachother, and are consistent with those obtained by most other methods (typically 20-25meV for Tc= 85K-90K samples). The gap has not been reproducibly observed inYBCO, presumably due to surface problems. There have not as yet been any reportedattempts at measurements on other samples. This has to do with both the availability ofhigh quality samples and the available instrumentation; the gap in many of the lower-Tccuprates is so small that not very much could be learned from them with the presentlyattainable energy resolution.Although photoemission was only very recently applied to the study of thesuperconducting gaps, its power has become immediately obvious, particularly becauseof its unique ability to directly measure the momentum dependence of the gap. Whileother classical measurements of measurement such as tunneling and infrared reflectivityhave better energy resolution, they do not have the capability of measuring themomentum dependence, and have in addition been hindered by many practical problemssuch as the difficulty in making a good contact for tunneling and by the large anisotropyof the dielectric constant for the IR reflectivity measurements.While early measurements indicated that the superconducting gap was essentiallyisotropic in k-space, favoring an s-wave pairing state[150], later measurements showedsignificant anisotropy, with the gap a maximum near the

M point of the Brillouin zoneand minimum along the G-X(Y) zone diagonal [217, 257]. Shen et al.�s study showedthat the gap minimum in some samples (those independently determined to be of the

149highest quality) was, within the experimental uncertainty (a few meV), essentially zero[218]. Because the location of the gap minimum (along the G-X(Y) diagonal) wasexactly where the node in a dx2-y2-wave gap (the most likely symmetry of a d-wave gap)should be, a tremendous amount of excitement was generated. Since that time,experiments of many different types were carried out aimed at probing the symmetry ofthe gap, including tunneling [222, 276, 295, 296], Raman spectroscopy [223], microwavepenetration [206, 219, 220], infrared transmission [224] and Josephson Junctionmeasurements [221], among others. The majority of these concluded that the gap wasindeed 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 so it isnot 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, asthe 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-wavegap can take advantage of a repulsive interaction.In addtion to measurements of the symmetry of the gap, photoemission hasrevealed some anomalous spectral weight transfer which occurs at the superconductingtransition in Bi2212 [257]. For the spectra near

M (where the gap is large), a dipstructure appears near -90 meV in the spectra recorded in the superconducting state. Thisis a very high energy scale when compared to the gap energy (near 20-25 meV), and isnot expected to occur in a simple BCS type of pairing theory, where spectral weight isonly depleted from states with an energy lower than the gap. Spectra taken just above Tcdo not show any sign of the dip. This effect has also been observed in tunnelingspectroscopy for a wide range of the cuprates, and the energy of the dip is observed toscale with Tc [276]. This dip 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

150over this feature was historical, as analogous high energy oscillations in the tunnelingspectra of some of the strong coupling superconductors proved to be critical informationin determining that the electron-phonon coupling was the driving force behind thesuperconductivity in conventional superconductors. It is possible that the dip in thecuprates may also hold an imporant clue to our understanding of the mechanism ofsuperconductivity.Finally, we point out that there are very interesting connections between thedifferent measurements and the results on different sample types. Much of the interest inpairing mechanisms of d-wave symmetry stems from the realization that there is a largeon-site Coulomb energy U between the electrons in transition metal oxides in general(see section III). The observation that the high binding energy satellite persists into thesuperconducting state implies that this Coulomb U will have to be overcome if theelectrons are to be paired in a classical way. Going to higher momentum channels suchas in the d-wave case is a very effective way of overcoming this U, as there is a node atthe 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 Tc presently observedfor an n-type cuprate is ~25K, and most indications are that the gap in the n-types is quiteisotropic [206]. We point out that the electronic structure of the p- and n-type cuprates isvery different, particularly in regards to the presence/absence of the flat bands at EF, andsuggest that this may be responsible for the differences in gap symmetry. Sometheoretical work by Dickinson and Doniach supports this proposition [172]. They showedthat a d-wave gap may be stabilized by a k-space anisotropy in the contribution to N(EF),with a larger gap in the region of high state density due to the energy gain from gappingmany states. This is precisely what has been observed in the ARPES measurements ofthe SC state of Bi2212 - D(k) is maximum near

M and minimum near the crossing along

151G-X(Y) [218, 288]. In NCCO, a strongly anisotropic or d-wave gap may not be favoredsince the flat bands are well below EF.Looking towards the future, we believe that ARPES will continue to play a keyrole in ths study of high-Tcsuperconductivity. The energy and momentum resolution ofthe experiments will certainly improve. In Fig 6.1 we show a gas phase spectrum takenin our lab from a Xe 5p3/2 core level taken with a new very high energy resolutionspectrometer built by Scienta Instruments AB. As shown in the figure, the line has aFWHM of 6.1 meV. Similar equipment using a higher resolution Helium lamp haveproduced spectra with a FWHM of 4.3 meV [303]. This is better than a factor of fiveimprovement over most of the high resolution studies reviewed here. We are veryoptimistic about the impacts this new generation of instrumentation will have on thephotoemission community.

152VII. Addendum:In the process of reviewing this paper, we noticed several recent developmentswhich we summarize in the following paragraphs.The superconducting gap anisotropy in the a-b plane is now confirmed by severalgroups.[304, 305, 306] The superconducting gap is smallest in the vicinity of the (p/a,p/a) direction, and it reaches a maximum as one moves away from it. Whether the gapreaches zero along (p/a, p/a) is still an unsettled issue, due to reasons similar to thosediscussed earlier. At this time, much more work is need to sort out more detailed issuessuch as whether the node line is slightly off the (p/a, p/a) direction,[304] the temperaturedependence of the gap anisotropy,[305] and impurity scattering effects on the gapanisotropy.[306, 307]There is a detailed Fermi surface mapping by Aebi et al. of Bi2212.[309] Theexperiment was carried out in a different way than those discussed in this paper. In theirmeasurement, Aebi et al. fixed the energy window at energies near the Fermi level andscanned the detector angle. This approach allows them to survey the Brillouin zone inmore detail than those measurements discussed earler, although with a loss of som energyinformation. Their results confirmed the flat bands near Fermi level in an extended k-space region. However, the Fermi surface obtained in this way is slightly different fromthose by Dessau et al. Aebi et al. interpreted their data as evidence of seeing the shortrange antiferromagnetic spin fluctuations. This interpretation is controversial and hasbeen challenged by Chakravarty who pointed out that one should not see folded backbands in materials with extremely short spin-spin correlation lengths and without astaggered magnetization.[310]There are active theoretical works simulating angle resolved photoemission datausing Monte Carlo methods, as well as calculating the dispersion relationship using the t-J model.[311-316] These simulations are carried out on clusters with intermediate

153Coulomb interaction U strength. (e.g. U = 8t) These theoretical calculations reproducedmany aspects of the experimental data from both the metallic and insulating regime. Inthe insulating regime, recent experimental data by Wells et al. serves as a good test casefor theoretical calculations.[317] Wells et al. found that the spectral behavior along the(0, 0) to (p/a, p/a) line predicted by the Monte Carlo as well as t-J model calculation isvery similar to those found experimentally, while the spectral behavior along (0, 0) to(p/a, 0) line does not agree with the experiment. A potentially very siginficant finding isthat these simulations give very flat bands near the Fermi level in the vicinity of (p/a, 0).This finding is very consistent with the flat bands observed in angle-resolvedphotoemission experiments, and is very suggestive that the flat bands observed in theexperiments are manefestations of many-body effects in these materials.

154VIII Acknowledgements We have benefitted greatly from collaborations and discussions with manywonderful people, including B.O. Wells, W.E. Spicer, A. Fujimori, J.W. 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 aDOE Distinguished Postdoctoral Research fellowship, and Z.X.S. acknowledges supportfrom the Alfred P. Sloan Foundation. Most of our research was carried out at theStanford Synchrotron Radiation Laboratory (SSRL) which is operated by the DOE Officeof Basic Energy Sciences, Division of Chemical Sciences. The Office’s Division ofMaterials Science has provided funding for this research. The Stanford work was alsosupported by NSF grants DMR8913478 and DMR9121288, and the NSF grant throughthe Center of Material Research, and by the Joint Services Electronics Project (JSEP).

155IX. References1.�Proceedings of the International Conference on Materials and Mechanisms ofSuperconductivity High Temperature Superconductors II�, Editors R.N. Shelton,W.A. Harrison and N.E. Phillips, Elsevier Science Publishers, North Holland(1989)2.�High Temperature Superconductivity,� a special issue of Physics Today, 44, no.6, (1991) 223."Properties of High Tc Superconductors," a special issue of the MRS Bulletin,Vol. XV, No. 6 (1990)4."Physical Properties of High Temperature Superconductors II," Ed. D.M.Ginsberg, World Scientific, Singapore (1990)5.�Physics of High-Tc Superconductors�, J.C. Phillips, Academic Press, Inc.Boston(1989)6.�Fermiology of High-Tc Superconductors,� a special issue of Journal of Physicsand Chemistry of Solids, 52, no 11/12 (1991); ibid 53, no 12 (1992); ibid (1993)7.�High Temperature Superconductivity� Ed. J. Ashkenazi, S.E. Barnes, F. Zuo,G.C. Vezzoli and B.M. Klein, Plenum Press, New York (1991)8.P.W. Anderson, J. of Modern Physics9.K. Levin, Ju H. Kim, J.P. Lu and Qimiao Si, Submitted to Review of ModernPhysics10.W.E. Pickett, Review of Modern Physics 61, (1989) 43311W.E. Pickett, H. Krakauer, R.E. Cohen and D.J. Singh, Science 255, no.5040(1992) 46.12."Strong Correlation and Superconductivity," Eds. H. Fukuyama, S. Maekawa, andA.P. Malozemoff, Springer-Verlag, Berlin (1989)13.J.G. Bednorz & K.A. M�ller, Reviews of Modern Physics 60, (1988) 58514.P.A.P. Lindberg, Z.-X. Shen, W.E. Spicer, and I. Lindau, Surface Science Reports11, Nos 1-4 (1990)15.J.B. Goodenough, MRS Bulletin, Vol XV, No 5, 23 (1990)16.J.H. de Boer and E.J. W. Verwey, Proc. Phys. Soc. A49 (1937) 5917. R.E. Peierls, Z. Phys. 53 (1929) 255; Annln der Phys., 13 (1932) 905; �QuantumTheory of Solids� Clarendon Press, Oxford (1955)18.N.F. Mott, Proc. Phys. Soc. (London) A62 (1949) 416; �Metal InsulatorTransitions�, Taylor and Francis, Ltd., London (1974)

15619.J. Hubbard, Proc. Royal Society (London) A277 (1964) 237; Ibid A281 (1964)40120.P.W. Anderson, Phys. Rev 115, (1959) 221.P.W. Anderson, Solid St. Phys. Adv. 14 (1963) 9922.J. Zaanen, G.A. Sawatzky and J.W. Allen, Phys. Rev. Lett. 55, (1985) 418.23.H. Eskes, L.H. Tjeng and G.A. Sawatzky, Phys. Rev B 41 (1990) 288.24.O. Gunnarsson, O. Jepsen, Z.-X. Shen, Physical Review B 42 (1990) 8707.25.J. Zaanen, G.A. Sawatzky, Canadian Journal of Physics 65, (1987) 1262.26.Narrow-band phenomena--influence of elections with both band and localizedcharacter / edited by J.C. Fuggle, G.A. Sawatzky, andJ.W. Allen. New York :Plenum Press, (1988).27.J.W. Allen and C.G. Olson in "Properties of High Tc Superconductors," a specialissue of the MRS Bulletin, 15, No. 6 (1990) 3428.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. Veal, J.Z. Liu, A.P. Paulikas, Advancesin Superconductivity II. Proceedings of the 2nd International Symposium onSuperconductivity (ISS ’89), Eds. T. Ishiguro and K. Kajimura, Springer-Verlag,Tokyo (1990) 46532Z.-X. Shen, P.A.P. Lindberg,W.E. Spicer, I. Lindau, J.W. Allen, AIP ConferenceProceedings, No 182 (1988) 33033.H.M. Meyer III and J.H Weaver, in "Physical Properties of High TemperatureSuperconductors II," Ed. D.M. Ginsberg, World Scientific, Singapore (1990) 36934.A. Fujimori in "Strong Correlation and Superconductivity," Eds. H. Fukuyama, S.Maekawa, and A.P. Malozemoff, Springer-Verlag, Berlin (1989) 300 35.T. Takahashi in "Strong Correlation and Superconductivity," Eds. H. Fukuyama,S. Maekawa, and A.P. Malozemoff, Springer-Verlag, Berlin (1989) 31136.Journal of Electron Spectroscopy, edited by ___ Loeser, Veal, etc.37.J. Feuerbacher, J. Phys. C 9 (1976) 16938.F.J. Himpsel, Adv. In Physics, 32 (1983) 139.S. H�fner, p. 173 in �Photoemission in Solids II� L.Ley and M. Cardona, eds.Springer Verlag, Berlin, 1979; R. Courths and S. H�fner, Physics Reports 112(1984) 5440.N.V. Smith and F.J. Himpsel, in �Handbook on Synchrotron Radiation�, Vol 1,Ed. E.E. Koch, North Holland (1983) 90541.H.J. Levinson, F. Greuter and E.W. Plummer, Phys. Rev. B 27 (1983) 72742.P.W. Anderson and J.R. Schrieffer, in �Physics Today,� 44 No 6 (1991) 54

15743.I. Lindau and W.E. Spicer, in Synchrotron Radiation Research, Eds. H. Winickand S. Doniach, Plenum Press, New York (1980) 15944.G. Margaritondo and J.H. Weaver, Methods of Experimental Physics, 22 (1985)12745.�Photoemission in Solids I� M. Cardona and L. Ley, eds. Springer Verlag, Berlin,1978; �Photoemission in Solids II� L.Ley and M. Cardona, eds. Springer Verlag,Berlin, 1979.46."Handbook on Synchrotron Radiation, Vol 2," Ed. G.V. Marr, North Holland,Amsterdam (1987)47.W.E. Spicer, in "Optical Properties of Solids- New Developments," Ed. B.O.Seraphin, North-Holland Publishing Co., Amsterdam (1976) 63148.W.E. Spicer in �Optical Properties of Solids - New Developments� Ed. B.O.Seraphin, North Holland Publishing Co., Amsterdam (1976) 63149I. Lindau and W.E. Spicer, J. Electron Spectrosc. Relat. Phenom. 3 (1974) 40950.G.W. Gobeli, F.G. Allen and E.O. Kane, Phys. Rev. Letters 12 (1964) 9451.J. Hermanson, Solid State Comm. 22 (1977) 952L.C. Davis, Phys. Rev. 124, 1866 (1961); L.C. Davis, J. Appl. Phys. 59, R25(1986)53.U. Fano, Phys. Rev. 124, 1866 (1961)54.S.T. Manson in �Photoemission in Solids I� Ed. M. Cardona and L. Ley,Springer-Verlag, Berlin (1978)13555.J. B. Pendry, Surf. Sci. 57 (1976) 67956.C.-O. Almbladh and L. Hedin in "Handbook on Synchrotron Radiation Vol 1a"Ed. E.E. Koch, North Holland, Amsterdam (1983) 60757.J.B. Torrance, Y. Tokura, A.I. Nazzal, A. Bezinge, T.C. Huang, S.S.P. Parkin,Phys. Rev. Letters 61(1988)112758.B. Brandow, Advances In Physics 26 (1977) 65159."The Physics of Amorphous Solids," R. Zallen, John Wiley, New York (1983)60.J.H. Park, L.H. Tjeng, J.W. Allen, R.Claessen, C.T. Chen, P. Metcalf and H.R.Harrison, Phys. Rev. Lett. (submitted)61.P. Steiner, S. H�ffner, A. Jungman, V. Kinsinger, and I. Sander, Z. Phys. B-Condense Matt. 74, (1989) 17362.W.Y. Ching, Y.N. Xu and K.W. Wong, Phys. Rev. B40, (1989) 768463.S. H�ffner, Solid State Comm. 47 (1983) 94364D.C. Frost, A. Ishitani and C.A. McDowell, Molecular Physics 24 (1972) 86165T.H. Fleisch and G.J. Mains, Applications of Surface Science 10 (1982) 51\

15866.Z.-X. Shen, R.S. List, D.S. Dessau, F. Parmigiani, A.J. Arko, R. Bartlett, B.O.Wells, I. Lindau, W.E. Spicer, Physical Review B 42, (1990) 808167.J. Ghijsen, L.H. Tjeng, J. van Elp, H. Eskes, J. Westerink, G.A. Sawatzky, andM.T. Czyzyk, Phys. Rev. B 38, 11322 (1988)68.J. Ghijsen, L.H. Tjeng, H. Eskes, G.A. Sawatzky and R.L. Johnson, PhysicalReview B 42, 2268 (1990)69.H. Eskes, L.H. Tjeng, and G.A. Sawatzky, Proceedings NEC Symposiumon"Mechanism of high Tc superconductivity" Hakone, Tokyo, Japan 24-27, Oct.198870.K. Karlsson, O. Gunnarsson, O. Jepsen, Journal of Physics: Condensed Matter 4(1992) 895; Ibid 4 (1992) 2801.71 M.A. Van Veenendahl, H. Eskes and G.A. Sawatzky Phys. Rev. B. 47 (1993)1146272.B.X. Yang, T.R. Thurston, J.M. Tranquada, G. Shirane, Physical Review B 39,(1989) 4343.73.P. Marksteiner, P. Blaha and K. Schwarz Z. Phys. B - Cond. Matt. 64, 119 (1986)74.B. Brandow, Journal of Solid State Chemistry 88 (1990) 2875.L.H. Tjeng, C.T. Chen, J. Ghijsen, P. Rudolf, F. Sette, Physical Review Letters67, (1991) 501.76M.F. L�pez, A. H�hr, C. Laubschat, M. Domke and G. Kaindl, Europhys. Lett.,20 (1992) 35777L.H. Tjeng, Europhys. Lett. 23, (1993) 53578M.F. Lopez, C. Laubschat and G. Kaindl, Europhys. Lett. 23, (1993) 53879.K. Terakura, T. Oguchi, A.R. Williams and J. K�bler, Phys. Rev B 30 (1984)473480.K. Terakura, A.R. Williams, T. Oguchi and J. K�bler, Phys. Rev. Lett. 52 (1984)183081.�Symmetry and Spectroscopy, an Introduction to Vibrational and ElectronicSpectroscopy,� D.C. harris and M.D. Bertolucci, Dover Publications, New York(1978)82.J.C. Slater, Phys. Rev. 82, (1951) 53883.R.J. Powell and W.E. Spicer, Physical Review B 2, (1970) 218284.G.A. Sawatzky and J.W. Allen, Physical Review Letters 53, (1984) 233985.D.E. Eastman and J.L. Freeouf, Phys. Rev. Lett. 34, (1975) 39586. S.-J. Oh, J.W. Allen, I. Lindau and J.C. Mikkelsen, Jr., Phys. Rev. B 26, 4845(1982)

15987.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. van der Laan, J. Zaanen, G.A. Sawatzky, R. Karnatak, J.-M. Esteva, Phys.Rev. B 33 (1986) 425390.V.I. Anisimov, I.V. Solovyey, M.A. Korotin, M.T. Czyzyk and G.A. Sawatzky,Phys. Rev. B (submitted)91.Z.-X. Shen, J.W. Allen, P.A.P. Lindberg, D.S. Dessau, B.O. Wells, A. Borg, W.Ellis, J.S. Kang, S.-J. Oh, I. Lindau, W.E. Spicer, Phys. Rev. B 42, 1817 (1990)92.J. van Elp, J.L. Wieland, H. Eskes, P. Kuiper, G.A. Sawatzky, F.M.F. de Groot,T.S. Turner, Physical Review B 44 (1991) 609093.A. Fujimori, N. Kimizuka, T. Akahane, S. Kimura, F. Minami, K. Siratori, M.Taniguchi, S. Ogawa, S.Suga, Physical Review B 42 (1990) 758094.A. Fujimori, N. Kimizuka, M. Taniguchi and S. Suga, Physical Review B 36,6691 (1987)95J. van Elp, R.H. Potze, H. Eskes, R. Berger and G.A. Sawatzky Physical ReviewB 44 (1991) 153096.A.E. Bocquet, T. Mizokawa, T.Saitoh, H. Namatame, A. Fujimori, PhysicalReview B46 (1992) 377197.P.S. Bagus, G. Pacchioni and F. Parmigiani, Chemical Physics Letters 207, (1993)56998.B. Hermsmeier, J. Osterwalder, D.J. Friedman and C.S. Fadley, Phys. Rev. Lett.62, 478 (1989)99R.J. Lad and V.E. Henrich, Phys. Rev. B 38, 10860 (1988)100S.-J. Oh, G.-H. Gweon; J.-G. Park, Physical Review Letters 68 (1992) 2850101.G. Lee and S.-J. Oh, Physical Review B 43, 14674 (1991);102.Z.-X. Shen, C.K. Shih, O.Jepsen, W.E. Spicer, I. Lindau and J.W. Allen, Phys.Rev. Lett. 64, 2442 (1990);103Z.-X. Shen, R.S. List, 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. Shih et al. PRL submitted105.H. Kuhlenbeck, H.B. Saalfeld, U. Buskotte, M. Neumann, H.-J. Freund, E.W.Plummer, Physical Review B 39 (1989) 3475106.T. Rogelet, S. Soderholm, M. Qvarford, N.L. Saini, U.O. Karlsson, I. Lindau,S.A. Flodstrom, Solid State Communications 85 (1993) 657

160107.J. K�bler and A.R. Williams, J. of Magnetism and Magnetic Mater. 54-57 (1986)603108.N.B. Brookes, D.S.-L. Law, D.R. Warburton, P.L. Wincott, G. Thornton, Journalof Physics: Condensed Matter 1, 4267 (1989)109.Z.-X. Shen, unpublished MnO data. The Mn 3s core level splitting was alsomeasured, and determined to be 6 eV.110.J. Zaanen, G.A. Sawatzky, Progress of Theoretical Physics Supplement, No.101(1990) 231111.A. Svane, O. Gunnarsson, Phys. Rev. Lett. 65,1148 (1190)112.M.R. Norman, Physical Review Letters 64, 1162 (1990)113.M. Norman and A.J. Freeman, (unpublished)114.V.I. Anisimov, J. Zaanen, O.K. Andersen, Physical Review B 44, (1991) 943115J. van Elp, H. Eskes, P. Kuiper, G.A. Sawatzky, Physical Review B 45, (1992)1612.116. J.M. 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)8885.117.B. Battlog, Physics Today 44 no. 6 (1991) 44118.C.M. Varma, P.B. Littlewood, S. Schmitt-Rink, E. Abrahams, A.E. Ruckenstein,Phys. Rev. Lett. 63 (1989) 1996119.R.B. Laughlin, Science 242 (1988) 525120.See �The Theory of Quantum Liquids,� D. Pines and P. Nozieres, W.A.Benjamin, New York (1964)121.J.M. Luttinger, Phys. Rev. 119 (1960) 1153122.P.W. Anderson, Phys. Rev. B 42 (1990) 2624123.C.G. Olson, R. Liu, A.-B. Yang, D.W. Lynch, A.J. Arko, R.S. List, B.W. Veal,Y.C. Chang, P.Z. Jiang, A.P. Paulikas, Science 245 (1989) 731124C.G. Olson, R. Liu, D.W. Lynch, R.S. List, A.J. Arko, B.W. Veal, Y.C. Chang,P.Z. Jiang, A.P. Paulikas, Physical Review B 42, (1990) 381125J. Fink, N. Nucker, H.A. Romberg, J.C. Fuggle, IBM Journal of Research andDevelopment 33, (1989) 372126.A. Fujimori, E. Takayama-Muromachi, Y. Uchida and B. Okai, Physical ReviewB 35 (1987) 8814127.Z.-X. Shen, J.W. Allen, J.J. Yeh, J.-S. Kang, W.Ellis, W.E. Spicer, I Lindau, M.B.Maple, Y.D. Dalichauch, M.S. Torikachvili, J.Z. Sun and T.H. Geballe, Phys.Rev. B 36, 8414 (1987)

161128.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. Veal, J.Z. Liu, A.P. Paulikas, K.Vandervoort, H. Claus, J.C. Campuzanno, J.E. Schirber and N.D. Shinn, Phys.Rev. B 40, (1989) 2268129.R.S. List, A.J. Arko, R.J. Bartlett, C.G. Olson, A.-B. Yang, R. Liu, C. Gu, B.W.Veal, Y. Chang, P.Z. Jiang, K. Vandervoort, A.P. Paulikas and J.C. Campuzanno,Physica C 159, (1989) 439130.O. Gunnarsson, J.W. 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. Wells, D.S.Dessau, A. Borg, I. Lindau, and W.E. Spicer, Phys. Rev. B 41, (1990) 4811131.J.C. Fuggle, P.J.W. Weijs, R. Schoorl, G.A. Sawatzky, J. Fink, N. N�cker, P.J.Durham and W.M. Temmerman, Phys. Rev. B 37 (1988) 123132.K.C. Hass, in Solid State Physics, edited by H. Ehrenreich and D. Turnbull,Academic, New York 42 (1989) 213133.G.A. Sawatzky, Earlier and Recent Aspects of Superconductivity. Lectures fromthe International School., Eds. J.G. Bednorz and K.A. M�ller, Springer-Verlag,Berlin (1990) 345134.A.K. McMahan, R.M. Martin and S. Satpathy Phys. Rev. B 38 (1988) 6650135.E.B. Stechel and D.R. Jennison, Phys. Rev. B 38 (1988) 4632136.M.S. Hybertson, M. Schl�ter and N.E. Christensen, Phys. Rev. B 39 (1989) 9028137.M.S. Hybertsen, E.B. Stechel, M. Schl�ter, D.R. Jennison, Physical Review B 41,(1990) 11068138.F.C. Zhang and T.M. Rice, Phys. Rev.B 37, (1988) 3759139.J.G. Tobin, C.G. Olson, C. Gu, J.Z. Liu, F.R. Solal, M.J. Fluss, R.H. Howell, J.C.O�Brien, H.B. Radowski and P.A. Sterne, Phys. Rev. B 45 (1992) 5563140T. Takahashi, H. Matsuyama, H. Katayama-Yoshida, Y. Okabe, S. Hosoya, K.Seki, H. Fujimoto, M. Sata, H. Inokuchi, Nature 334 (1988) 691141T. Takahashi, H. Matsuyama, H. Katayama-Yoshida, Y. Okabe, S. Hosoya, K.Seki, H. Fujimoto, M. Sato, H. Inokuchi, Physical Review B 39 (1989) 6636142D.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. SpicerPhysical Review Letters 71, (1993) 2781143D.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

162Angle-Resolved Photoemission Measurements of Bi2Sr2CaCu2O8+d: (i) NormalState (To be submitted to Physical Review B)144G. Mante, R. Claessen, T. Buslaps, S. Harm, R. Manzke, M. Skibowski, and J.Fink, Z. Phys. B 80 (1990) 181145R. Claessen, R. Manzke, H. Carstensen, B. Burandt, T. Buslaps, M. Skibowskiand J. Fink, Physical Review B 39 (1989) 7316146R.J. Kelley, Jian Ma, M. Onellion, M. Marsi, P. Alm�ras, H. Berger, and G.Margaritondo, Phys. Rev. B 48 (1993) 3534147B.O. Wells, 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 Bi2Sr2CaCu2O8-- Metallicity of the Bi-O layer, Phys. Rev. Lett. 65 (1990) 3056148D.S. Dessau, Z.-X. Shen, B.O. Wells, D.M. King, W.E. Spicer, A.J. Arko, L.W.Lombardo, D.B. Mitzi, and A. Kapitulnik Nature of the high-binding-energy dipin the low-temperature photoemission spectra of Bi2Sr2CaCu2O8+d PhysicalReview B 45, (1992) 5095149D.S. Dessau, Ph.D. thesis, Stanford University, Stanford, CA (1992)150C.G. Olson, R. Liu, D.W. Lynch, R.S. List, A.J. Arko, B.W. Veal, Y.C. Chang,P.Z. Jiang, A.P. Paulikas, Solid State Communications 76 (1990) 411151.R. Manzke, T. Buslaps, R. Claessen, M. Skibowski, J. Fink, Physica C 162-164,(1989) 1381152Y. Hwu, L. Lozzi, M. Marsi, S. La Rosa, M. Winokur, P. Davis, M. Onellion, H.Berger, F. Gozzo, F. Levy, and G. Margaritondo, Phys. Rev. Lett. 67, 2573 (1991)153R. Liu, B.W. Veal, A.P. Paulikas, J.W. Downey, H. Shi, C.G.Olson, C. Gu, A.J.Arko and J. Joyce, Phys. Rev. B 45 (1992) 5614154R. Claessen, G. Mante, A. Huss, R. Manzke, M. Skibowski, T. Wolf, J. Fink,Physical Review B 44 (1991) 2399155J.C. Campuzano, K. Gofron, R. Liu, H. Ding, B.W. Veal and B. Dabrowski, J.Phys. Chem. Solids 53 (1992) 1577156K. Gofron, J.C. Campuzano, H. Ding, C. Gu, R. Liu, B. Dabrowski, B.W. Veal,W. Cramer and G. Jennings, J. Phys. Chem. Solids (1993)157C. Gu, B.W. Veal, 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)158R. Liu, B.W. Veal, A.P. Paulikas, J.W. 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

163159G. Mante, R. Claessen, A. Huss, R. Manzke, M. Skibowski, T. Wolf, M. Knupfer,J. Fink, Physical Review B 44 (1991) 9500160N. Schroeder, R. B�ttner, S. Ratz, E. Dietz, U. Gerhardt, Th. Wolf, Phys. Rev. B47 (1993) 5287161D.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 andElectronic Structure of Nd2-xCexCuO4, Physical Review Letters 70 (1993) 3159162R.O. Anderson, R. Claessen, J.W. 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) 3163163Y. Sakisaka, T. Maruyama, Y. Morikawa, H. Kato, K. Edamoto, M. Okusawa,Y.Aiura, H. Yanashima, T. Terashima, Y. Bando and K. Iijima, Physical Review B42 (1990) 4189164E.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)10482.165D.M. King et al. (unpublished)166R. Claessen, R.O. Anderson, J.W. Allen, C.G. Olson, C. Janowitz, W.P. Ellis, S.Harm, M. Kalning, R. Manzke, M. Skibowski, Physical Review Letters 69 (1992)808167Y. Hwu, L. Lozzi, S. La Rosa, M. Onellion, P. Almeras, F. Gozzo, F. Levy, H.Berger, G. Margaritondo, Physical Review B 45 (1992) 5438168Z.-X. Shen, D.S. Dessau, B.O. Wells, C.G. Olson, D.B. Mitzi, Lou Lombardo,R.S. List and A. J. Arko, Physical Review B 44 (1991) 12098169T. Kusunoki, T. Takahashi, S. Sato, H. Katayama-Yoshida, K. Kamiya, H.Inokuchi, Physica C 185 (1991) 1045170J.W. 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 ReviewLetters 64 (1990) 595171W.A. Harrison in �Novel Mechanisms of Superconductivity� Eds S.A. Wolf andV.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)173S. Massidda, N. Hamada, Jaejun Yu, A.J. Freeman, Physica C 157 (1989) 571174S. Massidda, J. Yu, A.J. Freeman, Physica C 152 (1988) 251175.P.W. Anderson, Phys. Rev. Lett. 67 (1991) 660

164176.W.E. Pickett, R.E. Cohen and H. Krakauer, Phys. Rev. B 42 (1990) 8764177.S. Massidda, J. Yu, K.T. park and A.J. Freeman, Physica C 176 (1991) 159178O.K. Anderson, A.I. Liechtenstein, O. Rodriquez, I.I. Mazin, O. Jepsen, V.P.Antropov, O. Gunnarsson and S. Gopalan, Physica C 185-189 (1991) 147179S.V. Meshkov, S.N. Molotkov, S.S. Nazin, I.S. Smirnova, V.V. Tatarskii, PhysicaC 161 (1989) 497180P.A.P. Lindberg, Z.-X. Shen, D.S. Dessau, B.O. Wells, D.B. Mitzi, I. Lindau,W.E. Spicer and A. Kapitulnik, Phys. Rev. B 40 (1989) 5169181T. Watanabe, T. Takahashi, S. Suzuki, S. Sato, H. Katayama-Yoshida, A.Yamanaka, F. Minami, S. Takekawa, Physica C 176 (1991) 274182J. Ruvalds C.T. Rieck and A. Virosztek (unpublished)183M.Tanaka, T. Takahashi, H. Katayama-Yoshida, S. Yamazaki, M. Fujinami, Y.Okabe, W. Mizutani, M. Ono, K. Kajimura, Nature 339 (1989) 691184T. Hasegawa and K. Kitazawa, Japanese Journal of Applied Physics, 29 (1990)L434185C.C. Torardi, D. Jung, D.B. Kang, J. Ren, M.H. Whangbo, in High TemperatureSuperconductors: Relationships between Properties, Structure, and Solid-StateChemistry. Eds. J.D. Jorgensen, K. Kitazawa, J.-M. Tarascon, M.S. Thompson,J.B.,orrance, Pittsburgh, PA, USA: Mater. Res. Soc, 1989. p. 295186J . Ren, D. Jung, M.-H. Whangbo, J.-M. Tarascon, Y. Le Page, W.R. McKinnon,and C.C. Torardi, Physica C 158 (1989) 501187W. Wei, M. Nantoh, H. Ikuta, T. Hasegawa and K. Kitazawa, Physica C 185-189(1991) 863.188P.W. Anderson (unpublished)189D.B. Mitzi, L.W. Lombardo, A. Kapitulnik, S.S. Laderman, R.D. Jacowitz,Physical Review B 41 (1990) 6564190C.C. Tsuei, C.C. Chi, D.M. Newns, P.C. Pattnaik, M. Daumling, PhysicalReview Letters 69 (1992) 2134191A. Carrington, A.P. Mackenzie, C.T. Lin, J.R. Cooper, Physical Review Letters69 (1992) 2855192J.D. Jorgensen, B.W. Veal, A.P. Paulikas, L.J. Nowicki, G.W. Crabtree, H. Clausand W.K. Kwok, Phys. Rev. B 41, (1990) 1863193C. Calandra, F. Manghi and T. Minerva, Phys. Rev. B 46 (1992) 3600194H.W. Zandbergen, Physica C 194 (1992) 287195K. Ogawa, J. Fujiwara, H. Takei and H. Asaoka, Physica C 190 (1991) 39

165196D.E. Fowler, C.R. Brundle, J. Lerczak and F. Holtzberg, J. Electron Spectrosc.Reat. Phen. 52(1990) 323197M. Lindroos, A. Bansil, K. Gofron, J.C. Campuzanno, H. Ding, R. Liu and B.W.Veal, Physica C 212 (1993) 347198H. L. Edwards, J.T. Markert and A.L. De Lozanne, Phys. Rev. Letters 69 (1992)2967199S. Tanaka, T. Nakamura, M. Liyama, N. Yoshida, S. Takano, F. Shoji and K.Oura, Appl. Phys. Letters 59 (1991) 3637200N.G. Stoffel, Y. Chang, M.K. Kelly, L. Dottl, M. Onellion, P.A. Morris, W.A.Bonner, G. Margaritondo, Physical Review B 37 (1988) 7952201J.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, PhysicalReview Letters 64 (1990) 2308202A.A. Abrikosov, J.C. Campuzano and K. Gofron, Physica C 214 (1993) 73203C.C. Tsuei, A. Gupta, G. Koren, Physica C 161 (1989) 415204Y. Hidaka and M. Suzuki, Nature 338 (1989) 635205S.J. Hagen, J.L. Peng, Z.Y. Li, R.L. Greene, Physical Review B 43 (1991) 13606206D.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) 85207Jaejun Yu and A.J. Freeman, Journal of the Physics and Chemistry of Solids 52(1991) 1351.208J.L. Peng, Z.Y. Li, R.L. Greene, Physica C 177 (1991) 79209P.A. Lee and N. Read, Physical Review Letters 58 (1987) 2691210J. Labb� and J. Bok, Europhys. Lett. 3 (1987) 1225211D.M. Newns, P.C. Pattnaik, C.C. Tsuei, Physical Review B 43 (1991) 3075212R.S. Markiewicz, Int. J. Mod. Phys. B 5 (1991) 2037213M. Gurvitch and A.T. Fiory, Physical Review Letters 59 (1987) 1337214C.C. Tsuei, C.C. Chi, D.M. Newns, P.C. Pattnaik, M. Daumling, Physical ReviewLetters 69 (1992) 2134215R.S. Markiewicz, Physica C 153-155 (1988) 1181216P.C. Hammel, M. Takigawa, R.H. Heffner, Z. Fisk, K.C. Ott, Physical ReviewLetters 63 (1989) 1992217B.O. Wells, Z.-X. Shen, D.S. Dessau, W.E. Spicer, D.B. Mitzi, A. Kapitulnik andA. J. Arko, Physical Review B 46 (1992) 11830

166218Z.-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 .219W.N. Hardy, D.A. Bonn, D.C. Morgan, Ruixing Liang; Kuan Zhang, PhysicalReview Letters 70 (1993) 3999220Zhengxiang 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)221D.A. Wollman, D.J. Van Harlingen, W.C. Lee, D.M. Ginsberg and A.J. Leggett,Physical Review Letters (1993)222D. Mandrus, J. Hartge, C. Kendziora, L. Mihaly, L. Forro, Europhysics Letters 22(1993) 199223T.P. Devereaux, D. Einzel, B. Stadlober, R. Hackl, D. Leach and J.J. Neumeier(unpublished)224D. Mandrus, M.C. Martin, C. Kendziora, D. Koller, L. Forro, L. Milhaly,Physical Review Letters 70 (1993) 2629225N.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)961226P. Monthoux and D. Pines, Phys. Rev. Lett. 67 (1991) 3448;Phys. Rev. Lett. 69(1992) 961227M.S. Hybertsen, E.B. Stechel, W.M.C. Foulkes and M. Schl�ter, Phys. Rev. B 45(1990) 10032228C.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) 104229M.A. van Veenendaal, R. Schlatmann, G.A. Sawatzky, W.A. Groen, PhysicalReview B 47 (1993) 446230R. Itti, F. Munakata, K. Ikeda, H. Yamauchi, N. Koshizuka, S. Tanaka, PhysicalReview B 43 (1991) 6249231Y Shichi, Y. Inoue, F. Munakata and M Yamanaka, Phys. Rev. B 42 (1990) 939232T. Takahashi, S. Suzuki, T. Kusunoki, S. Sato, H. Katayama-Yoshida, A.Yamanaka, F. Minami, S. Takekawa, Physica C 185-189 (1991) 1057233D.M. King et al. unpublished data on NdCeCuO at low doping234M. Lindroos, A. Bansil, K. Gofron, J.C. Campuzano, H. Ding, R. Liu, B.W. Veal,Physica C 212 (1993) 347.

167235G.W. Gobeli, F.G. Allen and E.O. Kane, Physical Review Letters 12 (1964) 94236E. Dietz, H. Becker and U. Gerhardt, Physical Review Letters 36 (1976) 1397237J. Hermanson, Solid State Comm. 22 (1977) 9238G.A. Sawatzky, Nature 342 (1989) 480239P.W. Anderson and Y. Ren, in Los Alamos Symposium - 1989, HighTemperature Superconductivity Proceedings, Eds. K.S. Bedell, D. Coffey, D.E.Meltzer, D. Pines, J.R. Schrieffer, Redwood City, CA, USA: Addison-Wesley(1990) p. 3240L.Z. Liu, R.O. Anderson, J.W. Allen, Journal of the Physics and Chemistry ofSolids 52 (1991) 1473241J.C. Campuzano, G. Jennings, A.J. Arko, R.S. List, B.W. Veal, R. Benedek,Journal of the Physics and Chemistry of Solids 52 (1991) 1411242N.V. Smith, P. Thiry, Y. Petroff, Physical Review B 47 (1993) 15476243K. Matho, unpublished.244S. Doniach and M. Sunjic, J. Phys. C. Solid State Physics 3 (1970) 285245S.D. Kevan, Phys. Rev. Letters 50 (1983) 526246J. Tersoff and S.D. Kevan, Phys. Rev. B 28 (1983) 4267247J.B. Pendry, in �Photoemission and the Electronic Properties of Surfaces,� Eds. B.Feuerbacher, B. Fitton and R.F. Willis (Wiley, New York, 1978) 87248J.A. Knapp, F.J. Himpsel and D.E. Eastman, Phys. Rev. B 19 (1979) 4952249P. Thiry, D. Chandresis, J. Lecante, C. Guillot, R. Pinchaux and Y. Petroff, Phys.Rev. Lett 43 (1979) 82250L.P. Chan, D.R. Harshman, K.G. Lynn, S. Massidda, D.B. Mitzi, Physical ReviewLetters 67 (1991) 1350251G. Kido, K. Komorita, H. Katayama-Yoshida and T. Takahashi, J. Phys. Chem.Solids 52 (1991) 1465252C.M. Fowler, B.L. Freeman, W.L. Hults, J.C. King, F.M. Mueller, J.L. Smith,Physical Review Letters 68 (1992) 534253G. Deutscher and K.A. Muller, Phys. Rev. Lett 59 (1987) 1745254J.-M. Imer, F. Patthey, B. Dardel, W.-D. Schneider, Y. Baer, Y. Petroff and A.Zettl, Phys. Rev. Lett. 62 (1989) 336255Y. Chang, Ming Tang, R. Zanoni, M. Onellion, R. Joynt, D.L. Huber, G.Margaritono, P.A. Morris, W.A. Bonner, J.M. Tarascon and N. Stoffel, Phys. Rev.B 39 (1989) 4740

168256D.S. Dessau, Z.-X. Shen, B.O. Wells, W.E. Spicer, A.J. Arko, Proceedings of theWorkshop on Fermiology of High-Tc Superconductors Journal of Physics andChemistry of Solids 52, No. 11/12, 1401 (1991).257D.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).258D.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)259C.T. Simmons, 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) 271260R.J. Kelley, Jian Ma, G. Margaritondo and M. Onellion, Phys. Rev. Lett. 71(1993) 4051261J.C. Campuzano, private communication262I Giaver, Phys. Rev. Lett. 5 (1960) 464263W.L. McMillan and J.M. Rowell in chapter 11 of �Superconductivity,� Ed R.D.Parks, Marcel Decker: New York, (1969)264�Principles of Electron Tunneling Spectroscopy,� E.L. Wolf, Oxford UniversityPress: London, (1985)265R.E. Glover and M.Tinkham, Phys. Rev. 104 (1956) 844; 108 (1957) 1427266See chapter 3 in �Theory of Superconductivity,� J.R. Schrieffer, Addison WesleyPublishing: Redwood City, CA (1964)267Physics Today 46 no. 5 (1993) 17268M. Gurvitch, J.M. Valles, Jr., A.M. Cucolo, R.C. Dynes, J.P. Garno, L.F.Schneemeyer and J.V. Waszczak, Phys. Rev. Lett. 63 (1989) 1008269J.R. Kirtley and D.J. Scalapino, Phys. Rev. Lett. 65 (1990) 798270P.W. Anderson and Z.Zou, Phys. Rev. Lett. 60 (1988) 132271D. Mandrus, L. Forro, D. Koller, L. Mihaly, Nature 351 (1991) 460272P.W. Anderson, Phys. Rev. Lett. 67 (1991) 660273G.B. Arnold, F.M. Mueller and J.C. Swihart, Phys. Rev. Lett. 67 (1991) 2569274P.B. Littlewood, C.M. Varma, Physical Review B 46 (1992) 405275D. Coffey, L. Coffey, Physical Review Letters 70 (1993) 1529276J.F. Zasadzinski, N. Tralshawala, P. Romano, Q. Huang, Jun Chen, K.E. Gray,Journal of the Physics and Chemistry of Solids 53 (1992) 1635

169277John Bardeen, Nobel Prize Lecture, in �Theory of Superconductivity,� J.R.Schrieffer, Addison-Wesley Publishing, Redwood City, CA (1983) and referencestherein.278Y. Nambu, Phys. Rev. 117 (1960) 648279G.M. Eliashburg, Soviet Phys. - JETP 11 (1960) 696280A.E. Ruckenstein, P.J. Hirschfeld and J. Appel, Phys. Rev. B 36 (1987) 857281G. Kotliar and J. Liu, Phys. Rev. B 38 (1988) 5142282J.R. Schrieffer, X.-G. Wen and S.-C. Zhang, Phys. Rev. Lett. 60 (1988) 944283G.J. Chen, R. Joynt and F.C. Zhang, Phys. Rev. B 42 (1990) 2662284N. Bulut and D.J. Scalapino, Phys. Rev. Lett. 68 (1992) 706285D.S. Rokhsar, Physical Review Letters 70 (1993) 493286A.G. Sheplev, Sov. Phys. Usp. 11 (1969) 690. The heavy fermionsuperconductors may also have a very large gap anisotropy.287D. Marshall et al. (unpublished)288D.S. Dessau, Z.-X. Shen and D. Marshall, Physical Review Letters 71 (1993)289�Introduction to Superconductivity� M. Tinkham, R.E. Krieger Publishing,Malabar, FL (1975)290S.M. Anlage, B.W. Langley, G. Deutscher, J. Halbritter, M.R. Beasley, PhysicalReview B 44 (1991) 9764291T. Staufer, R. Nemetschek, R. Hackl, P. Muller, H. Veith, Physical ReviewLetters 68 (1992) 1069292D Tanner et al. (unpublished)293T.E. Mason, G. Aeppli, S.M. Hayden, A.P. Ramirez and H.A. Mook, PhysicalReview Letters 71 (1993) 919294D.J. Scalapino (unpublished)295M. Nantoh, T. Hasegawa, W. Yamaguchi, A. Takagi, and K. Kitazawa, Submittedto J. Appl. Phys.296T. Hasegawa, M. Nantoh, H. Ikuta and K. Kitazawa, Physica C 185, 1743 (1991)297S. Chakravarty, A. Sudbo, P.W. Anderson, S. Strong, Science 261 (1993) 337298G.D. Mahan (unpublished)299B. Brandow, J. Phys. Chem. Solids (1993)300J.C. Campuzano et al., Bull. Am. Phys. Soc. 36 (1991) 1028301Bocquet et al., Solid State Commun. 83, 11 (1992)302A. Fujimori et al., J. Electron Spectrosc. Relat. Phenom. 62, 141 (1993)303N. M�rtensson, P. Baltzer, P.A. Br�hwiler, J.-O. Forsell, A. Nilsson, A. Stenborgand B. Wannberg, (unpublished)

170304J.C. Campuzano, private communication305T. Yokoya, T. Takahashi, T. Mochiku and K. Kadowaki, preprint306J. Ma, C. Quitmann, R.J. Kelley, H. Berger, G. Margaritondo, and M. Onellion,preprint307M. Norman, preprint308D.S. Dessau, P. Dickson, S. Doniach, Z.X. Shen and B.O. Wells, Phys. Rev. Lett.(1994)309P. Aebi, J. Osterwalder, P. Schwaller, L. Schlapbach, M. Shimoda, T. Mochiku,and K. Kadowaki, Phys. Rev. Lett. 72, 2757 (1994)310S. Charkravarty, preprint311G. Dopf, J. Wagner, P. Dieterich, A. Muramatsu, and W. Hanke, Phys. Rev. Lett.68, 2082 (1992)312N. Bulut, D.J. Scalapino, and S.R. White, Phys. Rev. Lett. 72, 705 (1994)313N. Bulut, D.J. Scalapino, and S.R. White, preprint314N. Bulut, D.J. Scalapino, and S.R. White, preprint315E. Dagotto, A. Nazarenko, and M. Boninsegni, preprint316Liu and Manosaki317B.O. Wells et al., preprint

171Table I: Selected examples of transition-metal oxides with various ground state electricand magnetic properties.Mott-Hubbard insulators: Cr2O3, a-Fe2O3, NiO, CoO, MnO, La2CuO4, YBa2Cu3O6Large band gap insulators:Cr2O3, a-Fe2O3Semiconductors:V2O5, Cu2O, VO2*, V2O3*, Fe3O4*, Ti2O3*MetalCrO2High-Tc Superconductors:La2-xSrxCuO4, YBa2Cu3O7Antiferromagnetic:NiO, CoO, La2CuO4, a-Fe2O3, Cr2O3, YBa2Cu3O6Ferrimagnetic:g-Fe2O3, Natural Fe3O4Ferromagnetic:CrO2, K2CuF4*Semiconductors via Mott transition

172Figure 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 carriesnegligible 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 isobserved at the band energy in each spectrum, but disappears when the bandcrosses throgh the Fermi level to the unoccupied states.Fig. 2.6 Schematic for the resonance photoemission process for 3d transition metalcompounds.Fig. 2.7 Illustration of two additional modes of photoemission spectroscopy. a) CFS orConstant Final State, and b) CIS or Constant Initial State.Fig.3.1 Schematic model of N hydrogen atoms arranged closely together in a solid chain,from ref 59.Fig. 3.2 A classification scheme based upon calculations by Zaanen, Sawatzky and Allen(ZSA) (ref 22). The diagram is calculated for W=3 and V=1 eV. Region A is theclassical Mott-Hubbard regime, where the gap is proportional to the Coulomb U.Region B is the charge transfer insulator regime.Fig.3.3 Monoclinic crystal structure of CuO, from ref 72.Fig.3.4 Cubic crystal structure of Cu2O, from ref 73.Fig.3.5 Comparison between the weighted density of states from one-electron bandcalculations and that angle-integrated photoemission data The agreement forCu2O (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. The initial state is a linearcombination of configurations with the hole either on the Cu site (d9) or on the Osite (d10

L ). The three possible final states are d8, d9

L , and d10

L 2.Fig.3.7 Cu 3p to Cu 3d resonance photoemission data of CuO together with thetheoretical calculations based on Fano’s theory of resonance photoemission (solidlines 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 Cu2O and CuO, from ref 67.Fig.3.10 Valence bands of CuO a) Cu 3d partial DOS, from LDA band structurecalculations; (b) experimental valence band data; (c) Cu 3d spectral weight using

173a CuO4 cluster (d) experimental valence band photoemission spectra at the Cu 3presonance, after ref 69.Fig.3.11 Comparison between an ab intio Anderson impurity model calculation and theXPS data for 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 ML6 transition-metal complexes treated in cluster model calculations, from ref81. In NiO, the 2eg* orbitals are each half full, as shown.Fig.3.14 Result of a recent sophisticated local-spin density functional approximation(LSDA) calculation of NiO. Fig.3.15 Schematic illustration of bands in NiO, from ref 79.Fig.3.16 Earlier angle-integrated photoemission spectra from single crystal NiO, from ref85.Fig.3.17 a) Angle-integrated EDCs from a NiO single crystal at photon energies near theNi 3p threshould of 66 eV; b) The Fano lineshape of resonance seen in CISspectra, from ref 86.Fig.3.18 CI model calculation of NiO in comparison with experimental photoemissiondata, 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 3s core level XPS data, from ref 97.Fig.3.22 Normal emission data from NiO with photon energies ranging from 13 to 35eV, after Shen et al. [103].Fig.3.23 Off-normal emission data along NiO (100) direction with 70o photon incidentangle, after Shen et al. [103].Fig.3.24 Off-normal emission spectra along NiO (100) direction with 30o photonincident angle, after Shen et al. [103].Fig.3.25 Energy versus momentum relation from data in Fig.3.23, after Shen et al. [103].Fig.3.26 Energy versus momentum relation from data in Fig.3.24, after Shen et al. [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 d7 valence band satellite,after Shen et al. [103].Fig.3.29 Angle resolved photoemission data of NiO by Shih et al. [104] Five distinctfeatures 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]

174Fig.3.31 Normal emission angle-resolved photoemission data MnO, after Shen et al.[109].Fig. 4.1 The crystal structure of YBCO.Fig. 4.2 The crystal 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 theFermi level is reduced 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 etal.[125].Fig. 4.6 Data and theory from Fujimori et al. proposing the existence of a 3d8 valenceband satellite in the cuprates [126].Fig. 4.7 Resonance photoemission data from Shen et al. confirming the existence of the3d8˚satellite in La-Sr-Cu-O. a) EDC�s for a variety of photon energies and b)CIS�s for a variety of initial state energies are shown. Feature D at -12.4 eVresonates 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 cuprates in the cluster model language, assummarized by Fuggle et al [131].Fig. 4.12 Low temperature angle integrated photoemission spectra of YBCO from Arkoet al. (lines) A comparison to a density of states as calculated by band theory andweighted by the photoionization cross sections (dashed lines) [128]Fig. 4.13 Brillouin zone notations for a) a CuO2 plane b) La-Sr-Cu-O and Nd-Ce-Cu-Oc) Bi2212 and d) YBCO. In all cases, the Cu-O bonds in the CuO2 plane areparallel to the sides of the page.Fig. 4.14 Tight binding calculation of the electronic structure of a half-filled CuO2 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 CuO2 plane by Dickinsonet al. which includes the effect of next-nearest neighbor coupling, which bucklesthe Fermi surface [172].Fig. 4.16 LDA calculation of band structure and Fermi surface of NdCeCuO, afterMassidda et al. [173].Fig. 4.17 LDA calculation of band structure and Fermi surface of Bi2212, after Massiddaet al. [174].

175Fig 4.18 LDA calculation of band structure and Fermi surface of Bi2212 along the G-

M-Z direction, by Massida et al. [174]. The interaction of the BiO states with theCuO2 states was ignored for this calculation.Fig 4.19 The full LDA calculation of the band structure and Fermi surface of Bi2212along the G-

M-Z direction, by Massida et al., including the interactions of the BiOstates with the CuO2 states [174].Fig. 4.20 An LDA calculation of a) the band structure at kz = 0 and b) at kz = p/c, andb) the Fermi surface of YBCO by Pickett et al. [176]. The kz smearing of theFermi surface is indicated by shading of the crossings.Fig. 4.21 a) Normal state ARPES data of Bi2212 parallel to the G-Y high symmetrydirection (cut �a� of panel b) by Olson et al [124]. b) Location of cuts through theBrillouin zone of Bi2212, shown relative to the Fermi surface calculated byMassidda et al. [174].Fig 4.22 Cuts through the Bi2212 Brillouin zone, by Olson et al. [124]. Locations are asindicated by cuts �b� and �c� in Fig. 4.21b.Fig 4.23 A �crud� test by Wells et al. to determine whether any of the states had surface,or BiO character [147].Fig 4.24 A selection of cuts taken at 100K on a Bi2212 sample by Dessau et al. [142].Exact k-space locations of the spectra taken are shown in Fig. 4.25a.Fig 4.25 a) A summary of the results of Dessau et al.�s study of Bi2212 [142]. Eachcircle indicates the location of a spectrum, with the size of the circle indicating thek-resolution. Filled circles correspond to Fermi surface crossings and stripedcircles to locations where the band energy is indistinguishable from EF. b) Theexperimental Fermi surface obtained by reflecting the crossing points (darkcircles) of a) around the high symmetry directions. A nesting vector Q near (p,p)is shown.Fig 4.26 Experimental E vs. k relationship along various high symmetry directions ofBi2212, after Dessau et al.(points) [142]. The lines illustrate a simple scenariocompatible with the data.Fig. 4.27 The construction for producing both the "real" and "ghost" Fermi surfaceswithin Anderson’s RVB theory [188].Fig. 4.28 A random dot picture of the Fermi surface of Bi2212 using a strong weightingfactor which favors colinearity of the spinon and holon, after Anderson [189].The "real" Fermi surface in this case is the one which encloses the G point.Fig 4.29 A cut a) along G-X and b) along G-

M from a Bi2201 single crystal by King etal.[165]. The photon energy was 21.2 eV.

176Fig 4.30 The measured Fermi surface of Bi2201, after King et al. [165].Fig 4.31 The measured E vs. k along the high symmetry directions of Bi2201, after Kinget al [165].Fig 4.32 The unit cell of YBCO showing the different possible cleavage plains, afterSchroeder et al. [160] The letters a,b and c refer to cleavages between the Y andCuO2 layers, the CuO2 and the BaO layers, and the BaO and CuO layersrespectively. This leaves a possibility of six faces.Fig. 4.33 The valence band of untwinned single crystals of YBCO6.9 taken by Tobin etal. at a photon energy of 24 eVand a temperature of 20K [139].Fig 4.34 The photon energy dependence of the spectral features near the X(Y) points of atwinned crystal, from Tobin et al. [139].Fig 4.35 Data on a single crystal of YBCO6.9 by Tobin et al. [139] showing thedispersion of the -1 eV peak a) near the S point and b) near the X point.Fig 4.36 E vs. k relationship for the -1 eV peak in YBCO6.9 near the X(Y) point, afterTobin et al. [139].Fig 4.37 EDC�s of two different YBCO samples, after Schroeder et al. [160]. The fullvalence bands are shown on the left and the near-EF spectra on the right. Thesample which does not have an intense -1 eV peak has more weight in the near-EFpeak.Fig 4.38 Data from Campuzanno et al. showing the -1 eV peak in Y124 [155].Fig. 4.39 ARPES data from untwinned YBCO6.9 by Tobin et al [139]. Panels a throughe correspond to cuts i through iv of figure 4.37a, respectively.Fig 4.40 a) Locations in the Brillouin zone where Tobin et al. collected their data (lines)[139]. Fermi surface crossings are indicated by a circle whose size indicates thesystem resolution. b) The Fermi surface crossings of a) folded into the reducedzone scheme and compared with the band theory calculations of Picket et al [176].Fig. 4.41 ARPES data from twinned single crystals of YBCO6.9 by Liu et al. [158] Datawere taken with a photon energy of 21.2 eV and a temperature of 20K.Fig 4.42 ARPES data from YBCO6.9 throughout the Brillouin zone, taken with a photonenergy of 21.2 ev, after Liu et al. [158].Fig 4.43 The experimental Fermi surfaceof YBCO6.9, as determined by Liu et al. [158]The data is shown in comparison to a band theory Fermi surface from Pickett etal. [176].Fig 4.44 A reinterpretation of the experimental Fermi surface of YBCO6.9, obtainedusing Liu et al.�s data [158]. The error bars show specific crossing points, and the

177shaded region shows the general k-space location where Fermi surface crossingsmay exist.Fig 4.45 The near-EF feature in Y124 along the G-Y high symmetry direction, takenwith a photon energy of 28 eV, after Gofron et al. [156].Fig 4.46 The experimental E vs. k relationship for Y124 along the G-Y high symmetrydirection, 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 al. [161]. b) ARPES data from NCCO forx=0.15 from Anderson et al. [162].Fig 4.48 Experimental Fermi surface of NCCO compared with results from LDAcalculations 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 al. [161].Fig 4.50 E vs. k relationship (points) for (a) Bi2212 from Dessau et al. [142], (b) Bi2201from King et al. [165] and (c) Y123 from Liu et al. [158] and Gofron et. al. [156](d) Y124 from Gofron et al. [156] and (e) NdCeCuO from King et al. [161].Dashed lines are a simple E vs. k relationship which are consistent with theBi2212 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 al. [165], and NdCeCuO from King et al. [161], ascompiled by King et al. [165]. Note that the nesting vector in Bi2212 is closer tothe Bragg condition than in Bi2201.Fig. 4.52 Angle resolved photoemission data from two different oxygen concentrationsof Bi2212, taken at four distinct Brillouin zone locations, after Shen et al. [168].The 12atm O2 annealed spectra are semi-ridgidly shifted to lower binding energybecause of the increase in hole concentration.Fig 4.53 XPS valence band data from a series of Bi2Sr2Ca1-xYxCu2O8+d samples, aftervan Veenendaal et al. [229]. The full valence band is shown in (a), and a blowupof the near-EF region is shown in (b).Fig 4.54 A summary of a doping study of the Bi2Sr2Ca1-xYxCu2O8+d system, after vanVeenendaal et al. [229]. The shifts needed to match the leading edges of themajor core lines and the valence band are plotted.Fig 4.55 Angle-resolved photoemission data from YBa2Cu3Ox taken along the G-Sdirection for samples with an oxygen content of x=6.9, 6.7, 6.5, 6.4 and 6.35, afterLiu et al. [153].

178Fig 4.56 Angle-resolved photoemission data from YBa2Cu3Ox along the G-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 Nd2-xCexCuO4 after King et al.[161].Fig 4.58 The simplest geometry for discussing the polarization effects in Bi2212. Aninitial state with dx2-y2 symmetry is shown.Fig 4.59 Normal state data from Bi2212 along the G-X and G-Y directions for lightpolarized 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 featurealong the G-S direction of Y123, after Lindroos et al. [234].Fig 4.61 Lineshape analysis of the near-EF peak in normal state Bi2212, along the G-Ydirection by Olson et al. [124] Lorentzian widths (and hence inverse lifetimes)were determined to vary as (E-EF).Fig 4.62 Lineshape fits to the near-EF peak in YBCO along the G-S direction byCampuzano et al. [241]. The widths were found to vary linearly with the distancefrom EF.Fig 4.63 a) A full valence band spectrum of Bi2212 (dots) plus a spectrum attained byremoving a background proportional to the intensity at higher energies. b)Theoretical spectra for the FL and MFL self energies. c) Fits to the data of figure4.23a using the FL and MFL self energies. (all from Liu et al. [240])Fig 4.64 An ansatz by Anderson in which the near-EF spectra of Bi2212 could bemodeled as a changing of the peak position within a fixed envelope [239].Fig 4.65 Illustration of an idealized photoemission spectrum if the Fermi liquid picture isvalid, after Sawatzky et al. [238]Fig 4.66 a) Experimental EDC�s for the Cu (111) sp surface state. b) Energy dispersionrelation for the surface state. Both from Kevan et al. [245].Fig 4.67 Angle-resolved photoemission spectra of 1T-TiTe2 taken along the G-Mdirection, 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 spectra are normalized to thesame size, and, except for th elower four spectra, did not have a backgroundsubtracted.Fig 5.1 The effect of a BCS gap on a flat normal-state density of states for (a) the k-integrated case and (b) the k-resolved case.

179Fig 5.2 (a) and (b) High resolution angle-integrated photoemission experiments atT>Tcand T<Tc for two Bi2212 samples, after Imer et al. [254]. (c) A modelcalculation of the density of states with a BCS gap equal to 30 meV applied forthe 15K spectra.Fig 5.3 An angle-resolved photoemission measurement of the superconducting gap ofBi2212 by Olson et al [123]. The dark lines in (a) are superconducting state datawhile the light lines are normal state data. Experimental locations in the Brillouinzone are shown in (b).Fig 5.4 Fit to the 18� data of Fig 5.3a using an angle-integrated BCS approach, for a gapvalue of 24 meV (after Olson et al. [123]).Fig 5.5 Temperature dependent measurements of the 15� spectrum of Fig 5.4a, afterOlson et al. [123]Fig 5.6 Temperature dependent measurements from two large regions of the Brillouinzone of Bi2212. after Dessau et al. [257] Note the depletion of spectral weightfrom -90 meV as the sample goes superconducting (G-

M data only) InsetBrillouin zone locations where the data was taken.Fig 5.7 High resolution angle-resolved photoemission data of Bi2212 taken in the normalstate (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, isable 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 samplewas first warmed up to room temperature. This was found to regenerate thesample surface, presumably due to the act of blowing off physisorbed gasses.Fig 5.10 High energy and angular resolution superconducting state data from two Bi2212samples, after Dessau et al. [258] All spectra were taken within a few hours afterthe cleave, so that they were only minimally affected by the physisorption of gas.Fig 5.11 Results of SIS tunneling studies from a) Bi2212 by Mandrus et al. [271] and b)Bi2201 by Zasadzinski et al. [276]. A dip similar to that seen in thephotoemission experiments is observed for both these spectra, as well as in manyother tunneling spectra.Fig 5.12 (a) Tunneling spectra of the strong-coupling superconductor Pb. Note theoscillations at high binding energy. (b) A blowup of the region of interest. Thesolid line is the experimental data and the dashed line the prediction of weak-coupling BCS theory. (c) The electron-phonon interaction spectrum a2(w)F(w)

180obtained by an inversion of the tunneling data using Eliashburg theory. (d) Thephonon spectrum F(w) as determined by neutron scattering. All compiled byBardeen [277].Fig 5.13 k-space locations where Olson et al. measured the magnitude of the gap inBi2212 [150]. Fitting studies implied that all points led to a gap of magnitudeapproximately 18 meV.Fig 5.14 Superconducting state spectra from Bi2212 taken at two different angles alongG-

M and at three angles along G-X(Y), after Wells et al. [217].Fig 5.15 Normal and superconducting state spectra from Bi2212 taken near the Fermisurface crossings (A) along G-

M and (B) along G-X(Y), after Shen et al. [218].The effect of the gap is very 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. forthree different Bi2212 samples [218]. The shaded area corresponds to k-spacelocations where the bands are very close to EF. (b) Gap size vs. 0.5|coskxa-coskya| for the three samples. The straight lines are predictions of the dx2-y2 orderparameter.Fig 5.17 An illustration of the expected k-dependence of the order parameter and gapmagnitude for a d-wave superconductor and an s-wave superconductor with largegap anisotropy, plotted in one dimension for simplicity. The d-wave gap, whichis proportional to the square of the order parameter, must go exactly to zero atspecific k-space locations.Fig 5.18 Data from Dessau et al. showing the normalized gap magnitude (maximum = 1)plotted vs. the dx2-y2 order parameter 0.5|coskxa-coskya| for 14 different Bi2212samples [288]. The first three samples are identical to those published by Shen etal. [218] and reproduced in Fig. 5.16. The vast majority of the samples show avery small gap along the G-X(Y) direction of less than 15% of the maximum gap.Fig 5.19 Anisotropic s-wave gap Dk in eV as a functino of kxa and kya, after Chakravartyet al. [297].Fig 5.20 Data from Kelley et al. showing low temperature spectra of Bi2212 along the G-X and G-Y directions for a variety of polarizations, as indicated in the figure[260].Fig 5.21 Temperature dependent data from Tobin et al. searching for the existence of asuperconducting gap in an untwinned single crystal of YBCO [139].Fig 5.22 Temperature dependant measurements on a YBCO sample with a very smallamount of weight in the -1 eV peak, after Schroeder et al. [160] The solid line is

181a fit to the low temperature data using a BCS density of states with a gap of 24meV.Fig. 5.23 STM tunneling data on the 001 surface of epitaxially grown thin films ofYBCO, after Nantoh et al. [295].Fig 6.1 A Xe 5p3/2 core level as an example of the very high resolution that will be usedin experiments in the near future.