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Electron spectroscopy of strongly correlated systems 
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Invited paper. 

An overview is given of current electron spectroscopy studies of the single-particle electronic structure of strongly 
correlated systems. Specific topics include (i) the Ce 4f spectrum of CeCu,Si,, (ii) the 5f spectrum of Y,_,U,Pd,, and (iii) 
the doped metallic state of high-temperature superconductor materials, for which it is argued that in the Luttinger liquid 
scenario, the Fermi energy of the metal should lie in the parent insulator’s gap, as observed experimentally. 

1. Introduction 

This paper presents an overview of current 
photoemission and inverse photoemission studies 
of the single-particle electronic structure of 
strongly correlated systems. Strongly correlated 
systems are found in the group of materials 
where the valence and conduction bandwidths 
are less than the magnitude of Coulomb interac- 
tions between electrons in these states [l]. In the 
main, this situation occurs for the 3d electrons of 
transition metal compounds, the 4f electrons of 
rare earth elements and compounds, and the 5f 
electrons of actinide elements and compounds. 
Implicit in the idea of a strongly correlated sys- 
tem is that many-body effects are essential in a 
description of the electronic structure. In this 
case, it is important to have in mind a definition 
of the single-particle electronic structure that is 
sufficiently general to include these effects. The 
appropriate definition is the spectrum to remove 
and add an electron, i.e., the electron ionization 
and affinity spectra. The theoretical response 
function is known as the single-particle Green’s 
function G. No mathematics is required to ap- 
preciate that in a system of non-interacting elec- 
trons in a solid this spectrum is exactly the 
one-electron spectrum of a traditional band de- 
scription. For a system of interacting electrons, 
the spectrum is more complex, with broadened, 
shifted or entirely new peaks. 

The principle experimental techniques for de- 
termining the single particle electronic structure 
are photoemission spectroscopy (PES) and in- 
verse photoemission spectroscopy (IPES), for 
measuring the ionization and affinity spectra, 
respectively. When IPES is performed at X-ray 
energies, it is generally called Bremsstrahlung 
isochromat spectroscopy (BIS). These spectro- 
scopies produce final states with one extra hole 
or electron via photon absorption and electron 
emission, or electron injection and photon emis- 
sion, respectively. In making the connection to 
the theoretical response function it is necessary 
to assume that the sudden approximation holds 
for the photon event, i.e., that the outgoing or 
incoming electron in PES or BIS, respectively, 
has enough kinetic energy that its interaction 
with the system after or before the photon event 
is negligible. Then the photon event can be 
characterized by a cross section c. In angle- 
resolved photoemission spectroscopy (ARPES) 
electrons are collected in a well-defined direction 
relative to an oriented single crystal surface, 
which allows the selection of electrons of a par- 
ticular crystal momentum k. IPES can also be 
performed in the angle-resolved mode. 

The emission from a particular kind of elec- 
tronic state ‘i’ can often be identified because its 
cross section has a particular photon energy (hv) 
dependence a,(hv). Nearly all PES measure- 
ments have utilized this dependence to enhance, 
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and sometimes to extract the spectral features 
associated with the narrow band electrons of 
interest. For Ce 4f, U 5f and Cu or Ni 3d states, 
the cross section has a resonance for hv near the 
Ce 4d, U 5d and Cu or Ni 3p, absorption edges, 
around 120, 100 and 7OeV, respectively, involv- 
ing a mechanism described elsewhere [2,3]. Ex- 
ploiting these resonances is known as resonant 
photoemission spectroscopy (RESPES) [3] and is 
performed with synchrotron radiation. Recent 
claims [4] that RESPES provides misleading re- 
sults for uranium systems appear to have been 
refuted entirely [5]. 

The remainder of this paper discusses, in turn, 
current work for rare earths, actinides and Cu-0 
high-temperature superconductor (HTSC) ma- 
terials. For the most part, the paper focuses on 
developments not discussed in an overview paper 
on heavy-fermion spectroscopy written for the 
1988 ICCF6 conference [6], although there is 
some overlap. The rare earth section of the 
paper is a shortened version of the discussion in 
a more recent review [7] written for a 1989 
conference on synchrotron spectroscopy, and is 
included here for completeness. The present 
paper differs from both of the previous over- 
views by including new BIS data for Y ,_xU,Pd,, 
and a discussion of the metallic state of HTSC 
materials. 

2. Rare earth systems 

2.1. Anderson impurity Hamiltonian 

For cerium and ytterbium materials, a coher- 
ent account of both the 4f PES/BIS spectra and 
certain ground-state properties has been ob- 
tained using the degenerate impurity Anderson 
Hamiltonian [2,3,8-111. This Hamiltonian is a 
model for an N,-fold degenerate local orbital, 
denoted here as f, hybridized to a band. It 
contains several charge fluctuation energy scales, 
CJ,,, or and pNfV2, which are, respectively, the 
Coulomb repulsion between two f electrons, the 
f binding energy relative to the Fermi level E,, 

and the hybridization width involving hybridiza- 
tion matrix element V of the f state to the 
conduction electrons having density of states p. 
Other energy scales for the f electrons can also 
be included in the model, such as spin-orbit, or 
crystal field splitting of the f degeneracy. This 
model has an emergent energy scale, k,T, which 
characterizes spin fluctuations and its inverse is 
proportional to the T-linear specific coefficient y 
and the DC magnetic susceptibility x(O). T, is 
called the Kondo temperature, and also controls 
the width and weight of a Fermi-level peak, the 
Kondo resonance, in the BIS/PES spectrum. 
Small T, means small weight in the resonance, a 
large value of y, and a large value of x(O). 

Other 4f energy scales included in the model, 
such as spin-orbit or crystal field splittings, pro- 
duce additional structure on both the PES and 
BIS sides of the Kondo resonance, and provide 
additional weight near E, relative to that which 
would occur for the same T,. These details of 
the resonance are observed for both Ce [12] and 
Yb [ll] materials. In principle, the resonance 
should also show structure associated with lattice 
effects neglected in the impurity approach. A 
theoretical attack on this problem [13, 141 is to 
calculate the band structure in the local density 
approximation (LDA), to replace the LDA 
phase shifts for the f electrons by phase shifts 
appropriate to the Kondo resonance, and then to 
calculate a renormalized band structure. This 
approach has been applied to deHaas-van Al- 
phen data, but the renormalized band structure 
has yet to be observed in PES or IPES. 

It has also been possible to obtain a good 
description [2,9] of the spectra obtained in X-ray 
photoemission spectroscopy (XPS) of cerium 3d- 
core levels, by augmenting the impurity Ander- 
son Hamiltonian with an interaction term of 
magnitude U,, which increases the binding ener- 
gy q in the presence of a core hole. It is found 
that the 4f PES/BIS spectra and the 3d XPS 
spectra can be described with very similar values 
of Hamiltonian charge fluctuation parameters, 
and that the low-energy properties calculated 
with these parameters are in reasonable agree- 
ment with experiment if T, is not exceptionally 
small. 
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2.2. Origin of heavy-fermion behavior in 
CeCu,Si, 

Current efforts for 4f electrons are directed at 
finding the quantitative limits of the impurity 
approach by making the model as realistic as 
possible. One step in this direction is to use an 
energy dependent V(E) calculated within the 
LDA explicitly for the material under study. A 
realistic V(E) is especially important for obtain- 
ing good fits to PES spectra, and also provides 
insight into the electronic structure origin of the 
ground state properties of interest. In fitting 
spectra, it is found that scaling the magnitude of 
V(E) is necessary to obtain good fits, or in some 
cases, to reproduce the magnetic susceptibility. 
Also, the values of or and U,, are taken as 
adjustable. However, it should be pointed out in 
passing that the LDA and related techniques can 
be used to calculate these two energy parame- 
ters, essentially from first principles [15, 16, 171. 
Thus the combination of the many-body model 
and LDA calculations provides the possibility of 
a predictive, microscopic many-body theory of 
both the spectral and ground state properties of 
the 4f electrons at the level of the impurity 
model. 

CeCu,Si,, the original heavy-fermion super- 
conductor material [18, 191, has been studied 
recently using a calculated V(E). Details of the 
calculation, and the fitting of spectra are given 
elsewhere [17,20]. Figure 1 shows that struc- 
ture in the partial densities of state of the Cu 
d electrons and of the Si p electrons are reflected 
in IV(E)I”. For -6eV G E d -3 eV, coupling to 
the Cu d states dominates. Coupling to the Si 
p-states dominates the region near E,, so it is 
most important in determining ground state 
properties, whereas Ce 4f spectral features are 
determined by both. The data points in panels 
(a) through (c) of fig. 2 show the experimental 4f 
BIS, 4f PES and 3d XPS spectra, and the solid 
lines the corresponding theoretical spectra, 
which have been broadened to simulate the ex- 
perimental resolution. The PES spectrum was 
extracted from the RESPES data of ref. [21] by 
methods described in ref. [2]. In general the 
theory provides a very good description of the 
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Fig. 1. LDA results for CeCu,!&. Top panel: the square of 
the magnitude of the 4f band states hybridization matrix 
element of the impurity Anderson model. Middle and bottom 
panels: the projected Cu 3d and Si 3p densities of states, 
respectively, broadened by a Lorentzian with the full width 
0.14 eV. 

experimental data. For the 3d spectrum the ex- 
cellent fit of the least binding energy spin-orbit 
component is not maintained in the higher-ener- 
gy component because the theory does not in- 
clude inelastic loss features present for binding 
energies greater than 890 eV. The model parame- 
ters for the fits are E = -2.4eV, Ur, = 7.27eV 
and U,, = 11.5 eV. In addition it has been neces- 
sary to reduce the magnitude of the theory V(E) 
by a factor 0.67. The source of this renormaliza- 
tion is unknown, but a possible reason is that the 
LDA has an unphysical interaction of the f elec- 
tron with itself, which would give 4f wavefunc- 
tions that are too extended. 

Both the BIS and PES spectra show very little 
weight in the Kondo resonance, reflecting the 
fact that the ground-state composition, 1.1% 4f”, 
95.6% 4f’, and 3.3% 4f2, is near integer valence, 
and TK is very small. It appears generally to be 
the case [2] that small T,, and hence heavy- 
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Fig. 2. Comparison of the spectrum calculated using the 

impurity Anderson model (solid lines) with the experimental 

spectrum (dots) for (a) 4f BIS, (b) 4f PES and (c) Ce 3d XPS 

in CeCu,Si,. The 4f PES spectrum was extracted from the 

data in ref. [21]. 

fermion behavior, results when hybridization 
near E, is to s/p states rather than to d states. 
The spectra of fig. 2 have been calculated in a 
model which includes only spin-orbit splitting of 
the 4f’ state. To calculate x(O) it is very im- 
portant to include also the crystal field splitting 
[22], and this has been done to lowest order in 
the inverse degeneracy theory 191. For the V(E) 
determined spectroscopically, the resulting x(O) 
is larger than the experimental one by 3 to 4 
orders of magnitude. To obtain the experimental 
value it is necessary to increase the spectroscopic 
V(E) by a factor of about 1.2. That a relatively 

small correction in V(E) is required to remove 
such a large discrepancy in x(O) is because T, 

depends exponentially on the model parameters 
in the heavy-fermion (small TK) regime of the 
model. It has been found that, although V(E) 

varies considerably for different f orbitals, the 
neglect of this dependence is not the origin of 
the need for renormalization. [23] A possible 
explanation discussed in detail elsewhere [24] is 
that the Coulomb interaction between the f elec- 
trons and the conduction electrons, which is not 
included explicitly in the model, causes V(E) to 
be different for spectroscopic and thermody- 
namic properties. In the current theory of this 
effect, it is large only for materials with very 
small T,. 

3. Uranium systems 

3.1. Introduction 

In general, the 5f spectra of metallic uranium 
materials [3,25] do not resemble the 4f spectra 
of rare earth materials, especially in having large 
amounts of weight around E,. This is true even 
for heavy-fermion materials, which, in the im- 
purity Anderson model, would have small T, 

and therefore small weight at E,. One approach 
to interpreting uranium spectra has been to com- 
pare with LDA calculations, as summarized 
elsewhere [3,6]. Another approach is to study 
the effects of diluting the uranium with a chemi- 
cally similar element lacking 5f electrons, such as 
yttrium. The goal is to distinguish single site 
from lattice effects in at least the large energy 
scale features of the 5f spectra, with the hope of 
deciding whether an Anderson impurity model 
could serve as a useful starting point for a 
theoretical description. Various dilution studies 
are described in ref. [6]. In general the spectra 
obtained in PES and BIS have been entirely, or 
nearly independent of x. 

3.2. Dilution studies of Y,_,UxPd, 

The dilution system Y ,_*.U,Pd, is interesting 
because it does not follow the trends just de- 
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scribed. The x = 1 compound is unusual in that 
the PES/BIS spectrum shows a gap around E,. 
The usual interpretation [26-281 is that the PES 
and BIS spectra consist of 5f2 + 5f’ and 5f’+ 5f3 
transitions, respectively, and that the gap mea- 
sures U,,. As reported recently [29], the 5f PES 
spectrum, deduced using RESPES, changes sig- 
nificantly with dilution. As shown in fig. 3, the 
spectrum narrows and moves toward E, as x 
decreases from 1 to 0.1. A large fraction of the 
shift occurs for x between 0.1 and 0.5, and so the 
shift does not seem to be especially correlated 
with a crystal structure change that takes place 
between x = 0.5 and x = 0.9. A figure from ref. 
[29] shows that the spectrum for x = 0.02 is 
essentially identical to that for x = 0.1 within 
experimental uncertainty due to noise and res- 
olution. An interpretation advanced for this re- 
sult within the usual model for UPd, is that U4+, 
i.e. 5f2, is replaced by Y3+. The number of 
conduction electrons per unit cell will then de- 
crease by 1 as x changes from 1 to 0. Band 
calculations for YPd, [30] indicate that the den- 

sity of conduction electron states within the in- 
terval of about 1.0 eV above and below E, is 
roughly 1.0 electrons/eV-unit cell, implying that 
E, will decrease by about 1 eV as x changes from 
1 to 0, as observed. Consistent with this interpre- 
tation is that the Pd 4d valence band emission 
shifts toward E, by a comparable amount. 

Subsequent core level XPS and BIS studies 
have been made [31]. The new data are generally 
consistent with the idea of a shifting E,, but also 
suggest that a more detailed picture will be 
required, e.g., for the charge transfer in the 
alloy, and for the U 5f electronic structure. It is 
found, e.g., that the Pd and Y 3d core levels 
shift toward E,, but by different amounts of 
about 1.1 and 0.7 eV, respectively, while the U 4f 
core levels display a more complex behavior 
which will be reported elsewhere [31]. Figure 3 
shows the BIS spectrum for various x. Spectra 
for x = 0.9 and x = 0.3 fit smoothly in the se- 
quence, but are not shown for clarity. Antibond- 
ing states of mixed Y/U 5d and Pd 4d character 
[30,32] make a substantial contribution to the 
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Fig. 3. PESiBIS spectra for U,Y,_,Pd,. Below E,: the uranium 5f spectral weight for x = 0.1, 0.5, 0.9 and 1.0 determined using 
RESPES. A figure in ref. (291 shows that the PES spectrum for x = 0.02 is essentially identical to that for x = 0.1 within 

experimental uncertainty. Above E,: hv = 1486.6 eV BIS data for x = 1.0, 0.5, 0.3, 0.1, and 0. Spectra for x = 0.9 and 0.03 are 

not shown for clarity, but fit smoothly in the progression. 
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total spectrum, as shown by the data for x = 0. 
Data analysis to extract the U 5f BIS spectrum is 

now in progress, and it is planned to attempt a fit 
of the U 5f and 4f spectra using the impurity 
Anderson model. In such a model, it is expected 

that T, will change as the separation between 

the 5f peak and E, changes, and as the hybridi- 
zation strength V changes. Thus the transport 

and other ground state properties are expected 
to vary strongly with X, and it is hoped to 

correlate the spectroscopic results with the re- 

sults of transport measurements now in progress 
in M.B. Maple’s laboratory at the University of 
California at San Diego. 

4. Metallic state of the high-temperature 
superconductor Cu-0 materials 

4.1. Introduction 

The normal metallic state of the Cu-0 high- 
temperature superconductor (HTSC) materials is 
achieved by doping parent insulating antifer- 
romagnetic (AF) materials. It is generally agreed 
that a Coulomb interaction U between Cu 3d 

electrons on the same site is essential in produc- 
ing the insulating state of the parent materials, 
which are predicted by band theory to be metals. 
The simplest theoretical paradigm for this corre- 
lated insulator state is that of the one-band 
Hubbard model at half filling, and the ex- 

perimental paradigm is NiO [33-351. Current 
issues are the description of the electronic struc- 

ture of such insulators, and the nature of the 
metal produced by doping them away from half 
filling. The following discussion describes work 
directed at these issues for the HTSC materials 
and for NiO. 

4.2. The insulator spectrum 

The data points of fig. 4, taken from refs. 
[36,37] show angle-integrated RESPES spectra 
for the electron-doped system [38,39] 
Nd,_,Ce,CuO,, for x = 0 and 0.15. The main 
features of the x = 0 insulator spectrum are typi- 
cal for other HTSC materials. There is a large 

weakly structured ‘main band’ and weaker ‘satel- 

lite’ features between -8 and - 16 eV. The sharp 
increase with hv in the intensity of the satellite 

features shows that they have Cu 3d character. 
Band theory predicts no 3d weight in this energy 
range. 

The top solid line of fig. 4 shows the Cu 3d 
spectrum calculated for Nd,CuO, in an impurity 

Anderson model [36] for the correlated 3d elec- 
trons of a single Cu site, hybridized to the 0 2p 

bands. The impurity ground state is a linear 
combination of 3d” and 3d”‘L-’ configurations. 

L-’ means a hole, having d symmetry around a 
Cu site, in an otherwise full 0 2p band. The low 
binding energy states of the electron removal 
spectrum are mainly linear combinations of 
3d’L-’ and 3d”‘L-‘, while the higher lying ‘satel- 

lite’ states are mainly of 3d8 type. The dashed 

lines show the atomic 3d8 multiplets, which lie at 
higher binding energy due to the large U. The 
hybridization with the low-lying states pushes 3dX 
weight to even higher binding energy and also 
mixes it into the low-lying states. As found in 
earlier work [40,41], in the ‘A,, symmetry, the 
hybridization can push out a bound state, the 
‘local singlet’, above the valence band, which is 
the peak at lowest binding energy. The calcula- 
tion agrees well with experiment in the satellite 
region, and has the same general features as the 

main band, but the weight of the local singlet is 
much larger than in experiment. 

How good is the impurity description of the 
single particle electronic structure of the in- 
sulator? On the positive side, it serves to show 
the correlated character of the insulator. It also 
shows that the band gap is actually of charge 
transfer type [42,43], which is important in giv- 
ing meaning to a one-band Hubbard model ap- 
plied to the system [42,44,45]. However, recent 
ARPES experiments for NiO strongly suggest 
that lattice effects neglected in the impurity de- 
scription of the insulator can be observed [46]. 
The main band features show strong dependen- 
ces on emission angle, and on the photon energy 
and polarization. Features of oxygen 2p charac- 
ter are in good agreement with the results of a 
band calculation, including the effect of AF 
order. Also the peaks with the smallest binding 
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energies, which correspond to 3d bands in the 
LDA, and to the 3dsL-’ and 3d9Lm2 final states 
in the impurity model, display measureable dis- 
persion, of order a few tenths of an eV. For the 
HTSC materials, ARPES studies of the main 
band also suggest the importance of lattice ef- 
fects [47,48]. These studies were done in the 
metallic state, but, as emphasized in section 4.3, 
doping often has little effect on the main band. 
The band structures of the HTSC materials are 
so complex that the extent of agreement with the 
ARPES data is difficult to judge, and in any case 
there is currently no theory which describes both 
the satellite and the lattice aspects of the in- 
sulator spectrum. A point often overlooked is 
that for the wavefunction implied by band 
theory, the least binding energy parts of the PES 
spectrum of NiO and the copper oxide supercon- 
ductors should resonant strongly rather than 
weakly, because the 3d content is very large 
]3,49j. 

4.3. The near-E, states of the metal 

A result of great importance shown by current 
data is that the chemical potential of the doped 
metal lies in the insulator gap. With doping, it 
does not move into states already present in the 
insulator, and does not jump across the gap if 
the doping is changed from holes to electrons 
[37]. This result makes it unlikely that the E, 
states of the metal are literally and simply the 
local singlet predicted for the insulator. Figure 
4 shows PES data from ref. [37] for 
Nd,-,Ce,CuO, for the metallic state with x = 
0.15. The main-band features are essentially un- 
changed from those of the insulator, although 
the satellite is somewhat weaker. As highlighted 
in the inset, E, lies in the insulator gap, as does 
the emission in the first 0.5 eV below E,. Early 
PES data [50] show that the same occurs for the 
hole doped system La2_XSrXCu04, and that E, is 
roughly the same for the two systems. Other 
workers have also noted and discussed this as- 
pect of the near-E, emission in Nd,_XCe,CuO, 
[.51,52] and Bi,Sr,Ca,_,Y,Cu,O, [53,54]. 

The discussion of ref. [37] emphasizes the 
simultaneous consideration of hole and electron 
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Fig. 4. Top curve: Calculated off-resonance Nd,CuO, Cu 3d 

PES spectrum in the Anderson impurity model. Other 

curves: valence band RESPES spectra for ceramic samples of 

Ndz_,Ce,CuO,_Y, with x = 0 (solid) and x = 0.15 (dotted). 

The data curves have a common vertical scale, but are offset 

for clarity. 

doping, and gives arguments that the gap filling 
must be derived by transfer of weight from both 
the valence and conduction bands. It is pointed 
out that the similar values of E, for hole and 
electron doping would be implied if the metals 
have a Fermi surface obeying the Luttinger 
counting theorem [55]. This theorem states that 
the volume enclosed by the Fermi surface is 
unchanged as Coulomb interactions are turned 
on, so long as the symmetry of the ground state 
remains the same. Direct evidence for the count- 
ing theorem has been provided by high-resolu- 
tion ARPES studies of the normal state [56-581. 
These studies find that the near-E, emission for 
Bi,Sr,CaCu,O, disperses with k, and has E, 
crossings nearly consistent with the Fermi sur- 
face predicted in band theory. Earlier lower 
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resolution work also indicated Fermi-level cros- 
sings [48]. The near-E, emission in 

Nd,&e O,,sCuO, appears to be k-dependent 
[59], although E, crossings have not been iden- 
tified. The Fermi surface aspects of the gap 
states argue against donor-acceptor type impuri- 
ty states as a primary mechanism. However, 
impurity and disorder effects cannot be entirely 
dismissed, as shown by the finding of gap 
states in insulating Li,Ni, ,O 1601 and 

Nd,.&e,.&uO, ]5I]. - ’ ” 
Although the observation of the Luttinger vol- 

ume is consistent with a Fermi liquid, as assumed 
by most ARPES workers cited here, it is also 
consistent with the marginal Fermi liquid [61] 
and the Luttinger liquid [62]. The latter is an 
elegant scenario in which there is a Fermi surface 
that obeys the Luttinger counting theorem, but 
where there is otherwise not a Fermi liquid 
because the electron is a composite of indepen- 
dent charge and spin excitations called holons 
and spinons. The electron removal lineshape is 
expected to differ from that of the Fermi liquid 
because it reflects the dynamics of the holon and 
spinon produced when the electron is removed. 
The analysis of experimental lineshapes entails 
technical issues beyond the scope of the discus- 
sion here. 

I conclude with an argument that the Luttinger 
liquid scenario leads to the occurrence of E, in 
the insulator gap. From a spectroscopic view- 
point, the metal appears to be formed by trans- 
ferring a small amount of the insulator’s single- 
particle spectral weight to low-lying intrinsic 
excitations. In the insulator the electronic excita- 
tions at the ground state are the magnons, which 
do not couple to single-particle spectral weight. 
But in the metal the spin degrees of freedom 
take the form of spinons, which have the 
energetics of the insulator magnons, but are 
fermions. I propose to think of the near-E, 
emission as a ‘hybridization’ of insulator single- 
spectral spectral weight to the low-lying spin 
degrees of freedom, made possible by the change 
from magnons in the insulator to spinons in the 
metal, a profound change in statistics, but not 
energetics. The resulting weight and metal E, 
should lie in the insulator gap, but with most of 

the weight remaining at higher energies charac- 
teristic of the insulator, as observed. 
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