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The photon energy dependences of the valence-band photoemission spectra of the Mott
insulator NiO, the Pauli paramagnetic metal NiTe, the diamagnetic metal NiSb, and the

semiconductor Cu20 have been measured in the vicinity of the transition-metal 3p thresh-

old. Resonant satellites similar to those of Ni and Cu metal were found in all of these com-

pounds. The resonance behaviors of the satellites and the main 3d emissions are also simi-

lar to those of the metals. From these data it is concluded that {1)the satellites and the res-

onance behaviors are in the first approximation of an atomic origin, (2} the Pano line

shapes in the constant initial-state spectra of Ni and its compounds arise from the super-

Coster-Kronig interaction between a discrete state 3p'3d" +' and continuum states

3p 3d" 'el following the 3p~3d photoabsorption, (3) initial-state configuration mixing

contributes significantly to the Ni "6-eV" satellite, and {4}the Ni metal main 3d band

resonates strongly due to a 3d'4s final state. Different interpretations of the Ni "6-eV" sa-

tellite are critically assessed in the light of these findings, and it is argued that these con-

clusions imply an appreciable amount of polar fluctuation to the 3d'4s' configuration in

the Ni metal many-body ground state. The importance of Hund's-rule coupling for the fer-

romagnetism of Ni is also discussed in view of different interpretations of the Ni satellite.

I. INTRODUCTION

& problem which is not yet fully resolved but is
central to a complete understanding of the electron-
ic structure of transition metals is the extent to
which correlation effects reduce polar fluctuations,
i.e., fluctuations in the number of d-shell electrons

on an atom, below the value predicted by a
Hartree-Pock or other one-electron theory. ' The
distribution of valence states d' in an uncorrelated

wave function follows a binomial law, ' from
which one finds, for example, that in a half-filled d
band the fractional number of d" are 0.246 (d ),
0.205 (d,d ), 0.117 (d,d ), 0.044 (d2, d ), and less

than 0.01 (d,d', d,d' ). If the Coulomb repulsion

between two electrons on a site is comparable to or
larger than the single-particle bandwidth, the oc-
currence of valence states far from the average

number of electrons is suppressed, extreme exam-

ples being the mixed- or single-valent rare-earth ma-
terials in which the number of 4f" valence states is
only two or one, respectively, and the single-valent
transition-metal oxides. The number of highly
probable valence states is also greatly suppressed,
even in an uncorrelated wave function, if the band
is nearly filled. For example, if the average number
of d electrons is 9.4, as for nickel, the uncorrelated
valence-state distribution is 0.538 (d' ), 0.344 (d ),
0.099 (d ), 0.017 (d ), and less than 0.002 (d —d ).
Thus in nickel the question of primary quantitative
importance is the extent of correlation suppression
of the d configuration in the ground state.

It is relevant that the width of the valence-band
photoemission spectrum of nickel is about 30%
smaller than predicted by band-structure calcula-
tions and that there is a satellite structure at about 6
eV below the Fermi level which does not correspond
to any feature in the calculated band structure.
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Although much progress toward understanding this
"6-eV" satellite has been made through various ex-
perimental and theoretical studies, there remain
unanswered questions and divergences of models.
In this paper we report resonance photoemission
studies of the valence-band and satellite structures
of several nickel and copper compounds, and we as-
sess critically various models for the nickel 6-eV sa-
tellite in the light of the experimental results. We
also point out certain inferences that can be drawn
concerning polar fluctuations and the origin. of fer-
romagnetism in the nickel ground state, depending
on the interpretation of the satellite. The remainder
of the introduction summarizes previous work on
the satellite, and poses the questions to be discussed.

The nickel 6-eV satellite has received much atten-
tion recently, ' motivated by the discovery that it
shows a Fano-type resonant enhancement in intensi-

ty when the incident photon energy is close to that
of the Ni 3p binding energy. (See Fig. 1.) Guillot
et al. interpreted this satellite and its resonance
behavior in terms of an atomic configuration in-

teraction picture, in which it was argued that the
ground state of nickel can be thought of as being in
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FIG. 1. (a) Energy-distribution curves (EDC's) for the
valence band of Ni(100) excited by s-polarized photons
with energies close to the 3p threshold. The peaks 3 and
B represent the main 3d emissions and C represents the
6-eV satellite. MMM marks M23VV Auger emission
(from Ref. 8). (b) Areas under the EDC structures of (a)
vs photon energy. Curve A gives the contribution for
Eq & 1 eV, curve B for 1 eV &Eq &4 eV and curve C for
EI, & 4 eV; curve MMM shows the area under the M23 VV

Auger emission. The scales are all comparable. For
comparison, the absorption spectrum p is included (from
Ref. 8). Note the strong Pano-type enhancement of the
6-eV satellite (curve C) and the strong antiresonance of
the main 3d emissions (curves A and B).

a coherent superposition of 3d 4s and 3d' configu-
rations and upon 3d photoemission the 3d 4s con-

figuration gives the satellite with a 3d 4s final state.
The satellite can display a Fano resonance near the

3p threshold by the photoabsorption process

3p 3d 4s+hv —+3p 3d' 4s,

followed by a super-Coster-Kronig decay into a
continuum

3p 3d' 4s~3p 3d 4s+El .

Penn, on the other hand, considered an itinerant d
band with intra-atomic Coulomb correlations
described by the degenerate Hubbard Hamiltonian,
and showed that the d-hole spectral density has con-
tributions from the two-hole virtual bound states
arising from multiple scattering of d holes due to
the Coulomb interactions. The two-hole bound
state then gives rise to the 6-eV satellite of Ni, and
can resonate coherently at the Ni 3p edge (-67 eV)

by the super-Coster-Kronig Auger decay following
photoexcitation of 3p electrons to empty 3d states.
In a related calculation, including multiplet split-
tings, Liebsch' suggested that for an almost filled d
band, the two-hole bound state can be thought of as
the remnant of the atomic d multiplets.
Martensson and Johansson" afterwards estimated
the binding energy of the 'G multiplet component
of the d configuration to be about 5.8 eV from the
Fermi level. Recently a spin-polarized photoemis-
sion experiment' has been performed on Ni metal
following the suggestion that the resonant two-hole
bound state should be highly spin polarized, ' and
evidence was found that the 6-eV satellite is indeed

spin polarized near resonance (hv = -67 eV).
Both the models of Guillot et al. and Penn re-

quire the existence of d holes in the initial state to
explain the occurrence of the satellite and its reso-
nance behavior. However, contrary to these expec-
tations, Iwan et al. ' observed in Cu metal (3d'
ground-state configuration) a satellite structure
which shows a resonant enhancement at the Cu3p
edge (-77 eV). Consequently they proposed a
quasiatomic shakeup mechanism involving two
correlated 3d holes plus a low-lying excited 4s elec-
tron (3d 4s final-state configuration) to be respon-
sible for the satellite. Off resonance, this shakeup
satellite is excited by the process

3p 3d' 4s+hv~3p 3d 4s +el .

At resonance, the excitation of the 3p hole and sub-

sequent Auger decay creates a two-hole final state
with the same configuration



RESONANT VALENCE-BAND SATELLITES AND POLAR. . . 4847

3p63di04s+hv 3p 3d' 4s 3p 3d 4s +el,
resulting in a Fano-type resonance. Similar reso-
nant satellites are observed for Ga and GaP (Ref.
15) (3d' ground state), and they have been inter-

preted with the same model. One of the criticisms
of this model is that the resonance of the satellite is
rather sharp compared to the width of the Cu s-p

band, and a possible mechanism to explain this was

proposed by Davis and Feldkamp. ' They con-
sidered a simple itinerant s-p band, but included in-

teraction terms due to the potentials of the two-hole
final state (3d configuration) and the core-hole
after photoabsorption, analogous to the x-ray edge
problem. By numerical calculations they found a
resonant satellite with a rather sharp resonance
width, which persists for photon energies well. above
resonance. This can be interpreted as due to the
singular transition probability to levels near the Fer-
mi energy, as shown by Girvin and Penn's analytic
calculations. '7 The atomic nature of the satellite in

Cu metal has been supported by the experiment on
Cu vapors, ' which shows essentially the same satel-
lites and resonance behaviors.

These interpretations of satellites as many-body
effects were questioned by Kanski et al. ' in the
case of Ni. They calculated photoelectron energy
distributions of Ni(100), and found a strong reso-

nance due to interband transitions at 5-eV binding

energy. They proposed, therefore, that the 6-eV sa-
tellite resonance is merely a conventional interband
transition effect arising from an enhancement in the
one-dimensional joint density of states. Still anoth-
er interpretation was put forward by Dietz et al.,
who suggested that the resonant enhancement of the
Ni 6-eV satellite at the 3p edge is mainly due to the
overlap with the incoherent Mz3 VV Auger emission
following 3p —+3d photoabsorption.

The essential differences that distinguish these
models can be summarized by the following ques-
tions.

(1) Is the photoabsorption process responsible for
the resonance at the threshold 3p ~3d, ' or
3p 4z 714, 15

(2) Does the existence of a satellite and its reso-
nance depend in an essential way on the valence-
band electronic structure (metal or insulator), or are
they basically of an atomic origin'7

(3) Is the overlap of incoherent Auger emissions

mainly responsible for the resonant enhancement of
the satellite at the 3p edge' ?

(4) Is the satellite a final-state shakeup effect, or
does it represent ground-state mixing?

As reported in this paper, by studying the

valence-band photoemission of several Ni and Cu
compounds, we will try to answer these questions
and thus understand better the origin of the Ni 6-eV
satellite and its resonance behavior. In particular,
we will show that the strong resonance which also
occurs for the main band emission of Ni implies the
presence of 3d ~3d spectral weight in the main
band. This raises a question about the final state of
the 6-eV satellite, because if it is a two-hole bound
state relative to the resonating part of the main

band then the satellite has a 3d 4s final state,
whereas some models assume a 3d 4s final state for
the satellite. ~e will also argue that the satellite for
the most part represents ground-state configuration
mixing, so that the interpretation of the satellite has
important implications for the ground state of nick-
el metal and its ferromagnetism.

The remainder of this paper is organized as fol-
lows. Section II describes the samples and experi-
mental procedures. In Sec. III the experimental
data are presented and interpreted to answer the
questions raised above. In Sec. IV we discuss
whether the satellite is a final-state shakeup effect
or an initial-state effect. In Sec. V possible interpre-
tations of the Ni 6-eV satellite and the related
theoretical and experimental results are discussed
critically in the light of our new data and observa-
tions. In Sec. VI we discuss implications of our
findings and the different interpretations of the 6-
eV satellite for polar fiuctuations in the ground
state of nickel and the role of Hund's-rule coupling
for its ferromagnetism. Finally Sec. VII summa-
rizes the major conclusions of this work.

II. EXPERIMENTAL

The compounds we have studied are NiO, NiTe,
NiSb, and cuprous copper oxide Cu20. NiD is an
antiferromagnetic Mott-Hubbard insulator at room
temperature with a filled 02p band and a
Ni +(3d ) ionic configuration having localized
Ni3d electrons. ' NiTe is a paramagnetic metal
with an almost filled Ni3d band having itinerant
Ni 3d electrons. NiSb is also a metal with an al-
most filled itinerant Ni 3d band, but is diamagnetic.
It is believed that these metallic compounds have
fewer d holes in the ground state than Ni metal.
Cu20 is a semiconductor with filled 02p and Cu 3d
shells (3d' configuration). This set of com-
pounds enables us to study the effects on the satel-
lites and their resonance behaviors of (1) the num-

ber of 3d holes in the initial state, and (2) the
valence-band electronic structure and the degree of
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localization of 3d electrons, and thus to assess criti-
cally the various models proposed for the Ni 6-eV
satellite.

The experiments were performed at the 4'
branches of beam lines I and III (Refs. 24 and 25) at
the Stanford Synchrotron Radiation Laboratory us-

ing a vacuum chamber with a base pressure of less
than 2&10 ' Torr. A commercial double-pass
cylindrical mirror analyzer (CMA) was used as an

electron-energy analyzer. This CMA has an energy
resolution of 1 6% r. elative to the analyzer pass en-

ergy which normally was kept at 25 eV in the mea-
surement to be presented. The resulting 0.4-eV
resolution is the dominant contribution to the total
resolution for the range of photon energies em-

ployed.
A clean surface of NiO was prepared by cleaving

a single crystal (NaC1 structure) in situ along the
(100) plane. This surface is fairly inert and stayed
clean for at least —8 h under the vacuum condi-
tions quoted above. No appreciable charging effect
was detected during the measurement. The
polycrystalline NiTe and NiSb crystals were frac-
tured in situ to obtain clean surfaces. The Cu20
film was prepared by heating a clean Cu sample
(&500'C) in the presence of oxygen gas ( —10
Torr), and its photoemission spectra were compared
with published x-ray photoelectron spectroscopy
(XPS) data ' to ensure that Cu20 had been ob-
tained.

We have made two types of photoelectron spec-
troscopy measurements. One was the conventional
electron-energy-distribution curve (EDC) with fixed
photon energy, and the other consisted of scanning
both the incident photon energy and the kinetic en-

ergy of the collected electrons so as to keep hv-EI,
constant, thus producing constant-initial-state spec-
tra (CIS).

III. EXPERIMENTAL INTERPRETATIONS
AND DISCUSSIONS

Figure 2 shows the EDC's of the NiO valence
band for various incident photon energies. The
spectrum at hv = 150 eV is essentially the same as
the published XPS data by Hiifner and Wertheim,
but has better resolution of the peaks. The double
peaks near the Fermi level (labeled A) are due to the
Ni 3d electron emission, and can be well described
by the 3d final-state multiplets calculated from
ligand-field theory. This confirms the localized
nature of the Ni3d electrons in NiO. 02p states
give a small peak 8, while peak C has been inter-
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FIG. 2. Electron-energy-distribution curves (EDC's)
for the valence band of NiO(100) at various incident pho-
ton energies. The binding energy is measured from the
top of the valence band.

preted as a multielectron satellite. ' ' This satel-
lite is generally attributed to a monopole charge-
transfer transition from the 02p level to the Ni 3d
level (02peg —+Ni3deg) accompanying Ni3d pho-
toionization. Hence the final state of this satellite
peak is (Ni 3d '02p ), where * denotes an excited
state. Similar satellites also appear in the XPS
core-level spectra of NiO, and other transition
metal oxides's spectra as well. As we change the
photon energy in the vicinity of the Ni 3p binding
energy (-67 eV), it is clear from the figure that the
satellite peak C grows in intensity (resonant
enhancement) while the main Ni 3d band emission
(peak A) goes through some kind of an "antireso-
nance" (interference dip).

The CIS spectra of Fig. 3 show this more clearly.
Figures 3(a) —3(c) correspond to peaks A (main 3d
emission), 8 (02p), and C (satellite), respectively.
Comparing with Fig. 1 for the Ni metal case, we
find surprising similarities —i.e., a Fano-type
resonant enhancement of the satellite and a charac-
teristic interference dip of the main band —in spite
of the quite different electronic structures of Ni
(metal with itinerant 3d electrons) and NiO (insula-
tor with localized 3d electrons). This suggests that
the satellite and its resonance behavior are mainly
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of an atomic origin with little band-structure effect,
which contradicts the model of Kanski et al. ' that
the resonance arises from a conventional interband
transition. The CIS's of the main 3d bands and the
satellites can be fit by Fano line shapes with com-
parable parameters for both Ni metal and NiO.
The CIS of the 02p peak in Fig. 3(b) has only a
weak structure near the Ni3@ edge, which we be-

lieve is due to some inseparable overlap with the sa-
tellite structure and also to some inelastically scat-
tered electrons from the Ni 3d main band emissions.
This nonresonance of the peak B confirms the as-

signment of this peak as due to 02p emission, and
implies that the interatomic Auger interaction be-

tween 02p and Ni 3d electrons does not contribute
significantly to the resonance behaviors. We also
note here that no M23 VV Auger emission could be
detected in the NiO valence band near the resonant
photon energy, in contrast to the Ni metal case.
This argues against the model by Dietz et al. , who
suggested that the resonant enhancement of the sa-
tellite is mainly due to the overlap with the Auger
emission. The fact that M/3 VV Auger emission is
present in metals and absent in insulators near the
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FIG. 3. Constant initial-state spectra (CIS) of various

peaks in the NiO valence-band photoemission of Fig. 2.
(a) Main Ni 3d emission (peak A). (b) 02p (peak 8). (c)
Charge-transfer satellite (peak C).
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FIG. 4. (a) EDC's for the valence-band photoemission
of NiTe at three different incident photon energies. (b)
CIS's of the main 3d peak and the satellite in the vicinity
of the Ni 3p threshold (hv equal to -67 eV).

resonant photon energy seems to be generally true
for all the transition-metal compounds. i'

The EDC's of NiTe at hv =110, and 63 eV (off
resonance) and at hv=66 eV (on resonance) are
shown in Fig. 4(a). We see again a resonant satellite
B at about 7 eV below the Ni 3d main peak A. The
resonances of this satellite and the main band
shown in Fig. 4(b) are weaker than those of Ni and
NiO, but the qualitative features are again quite
similar. From these data, we can conclude that the
occurrence of satellites and the resonance behaviors
of valence-band structures are not much dependent
upon valence-band electronic properties (whether it
is a metal or an insulator, whether 3d electrons are
itinerant or localized), so in the first approximation
they can be thought to have an atomic origin. The
EDC's and CIS's of NiSb shown in Fig. 5 are simi-
lar to those of NiTe, which supports this con-
clusion.

The other important question of whether the
photoabsorption process 3p~3d or 3p~4s is re-
sponsible for the resonance behaviors can be
answered by the data on CuzO (3d' ground-state
configuration) in Fig. 6. The EDC s in Fig. 6(a)
show a satellite at -12 eV below the main 3d peak,



OH, ALLEN, LINDAU, AND MIKKELSEN

(a) PES

NiSb
~ ~

~ ~

hv=11Q eV B

hv= 66eY
~ a

~ ~

hv= 64eV r ~

{b) cps

BINDING ENERGY (eY)

I I I I
I

1 j I I

MAIN 3d

I I I I
(

~ I I I

SAT ELL I TE
1000—2000— ~ ~

~4
~~\

r"
s'++

)ps '~e~
J

g
g 1000—
O

gc 500—

'$0 ~
~ ~

~o+

4
p

te Ct s'4 4 ~

I

60 70 80
PHOTON ENERGY (eV)

0 I s s

60 70 80
PHOTON ENERGY (eV)

(a) PES
7

t

I I I I

L

$ j I 1

[
f I

CU20

(b) Cl S

~ ~

~ P ~
I I II

hv= 150 eV B

~ ~

»= 77eV
p~SV

hv= 72 eV

~Sa.~~~
. , I. . .

20 10
Y

BINDING ENERGY (eV)

3000—

i s

i

I I I

MAIN 3d

I I
)

I I I

750 SATELLITE

~ 2000

1000

~p\0
~~+

~y A
~ ~

~ o~s+~V,
'~vf'

500

250

~
~ ~

We+,

P

I

76 80 84
PHOTON ENERGY (eV)

0, s a s I I I I

76 80 84
PHOTON ENERGY (eV)

FIG. 6. (a) EDC's of the valence-band photoemission
of Cu20 at three different incident photon energies. (b)
CIS's of the main 3d peak and the satellite in the vicinity
of the Cu 3p threshold (hv equal to -77 eV).

FIG. 5. (a) EDC's for the valence-band photoemission
of NiSb at three different incident photon energies. (b)
CIS's of the main 3d peak and the satellite in the vicinity

of the Ni 3p threshold.

which is resonantly enhanced at the Cu 3p threshold
(-77 eV). The CIS's of the main peak and the sa-
tellite are shown in Fig. 6(b). These data are similar
to the published data on Cu metal by Iwan et al., '

again suggesting an atomic effect. But here we see
two major differences from the case of Ni. First,
the intensity of the satellite compared to that of the
main peak and its resonance at the 3p edge are
much weaker than in the case of Ni and its com-
pounds. Second, the main 3d emission shows only a
very weak and broad resonance at the 3p threshold,
in contrast to the case of Ni and its compounds.
Hence, it can be concluded that the initial 3d hole is
necessary for a strong resonance effect, and conse-
quently that 3p~3d photoabsorption is mainly re-
sponsible for the strong resonance behaviors of Ni
and its compounds. The dominant decay mechan-
ism of this intermediate state is the super-Coster-
Kronig Auger transition involving two 3d elec-
trons. ' The Pano line shapes in the CIS's there-
fore arise from the interference between a discrete
state 3p 3d"+ and continuum states 3p 3d" el,
where 3p 3d" is the ground-state configuration and
e/ represents a continuum photoelectron.

From the strong resonance (interference dip) in
the main 3d emission of Ni metal and the fact that
the intermediate and final states must differ by two
3d electrons, we deduce that the Ni main band has
strong contributions from a 3d 4s initial state
(3d 4s final state). This is in contrast to the cases
of Cu and Cu20, whose main band emissions can-
not resonate strongly because 3p —+3d photoabsorp-
tion is not possible for the 3p 3d' initial-state con-
figuration. The above-mentioned fact that the reso-
nances of satellites and main 3d bands are weaker
for NiTe and NiSb compared with Ni metal can
also be explained by the smaller number of d holes
in these compounds. This conclusion that the 3ds4s
final state contributes strongly to the Ni metal main
band photoemission has an important i~plication
for the interpretation of the 6-eV satellite, as dis-
cussed later in Sec. V.

We have used, so far, a localized picture to
describe the satellite and its resonance behavior, al-
though 3d electrons in Ni form a band. This is jus-
tified because the intermediate state 3p 3d" +' is
probably localized due to the strong core-hole
Coulomb potential, and the subsequent super-
Coster-Kronig Auger process is also local. It ap-
pears that we can use the localized description for
the final state of the satellite as well, although the
main band photoemission of Ni shows a bandlike
dispersion. ' One justification is the angle-resolved
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photoemission data by Eberhardt and Plummer,
which shows no dispersion for the Ni 6-eV satellite.
We can also find an analogous situation in the
M/3 VV Auger spectra of Cu and Zn, where in spite
of the bandlike properties of 3d electrons, the two-
hole final states of the MzsVV Auger spectra are
quite atomiclike. This has been understood by the
theoretical work of Sawatzky and Cini, in which
they showed that if the electron correlation energy
between 3d electrons is larger than or comparable to
the conduction bandwidth, then the strong "on-site"
correlation effects cause the two final-state d holes
to remain localized on one atom, and therefore we
see corresponding Auger spectral weights in atomic-
like final states. A similar situation may also apply
to the Ni 6-eV satellite.

IV. FINAL-STATE SHAKEUP VERSUS
INITIAL-STATE CONFIGURATION MIXING

We now address the important question of
whether these photoemission satellites are final-
state shakeup structures or whether they represent
initial ground-state mixing of different configura-
tions. To begin, it is necessary to define the terms
"initial-state effect" and "final-state effect" more
precisely. We note first that the distinction is
meaningful only in the context of a specific choice
of single-particle basis, because in general the degree
of configuration interaction required to represent a
particular many-body state depends strongly on the
single-particle basis utilized. The physical question
of interest determines the basis in which the ques-
tion is posed. For example, to discuss valence ef-
fects in a solid, in which we are interested in this
paper, a localized (Wannier) basis is appropriate
rather than an extended (Bloch) basis.

Now let us consider the case of atomic Cu. The
ground-state many-body wave function can be well
described by a single Slater determinant ~%'p)
(

~

3d' 4s ) in this case) in a suitably chosen basis set
of single-particle eigenstates (e.g., Hartree-Fock
wave functions}. The final eigenstate after pho-
toionization of a 3d electron will be given by, in the
same basis set,

iM) =
i
3d 4s)+@i i

3d 4s )+
where the ellipsis denotes other configurations
which we neglect here. The coefficient of the
3d 4s configuration ei may be nonzero (even
though it is usually small) either because of the
change of the final-state single-particle orbital wave
functions due to the potential of a hole created by

photoionization (orbital relaxation effect}, or be-
cause of the configuration interaction in the final
state due to the residual Coulomb interaction.
These two effects are in fact basically of the same
nature, since the change of the final-state single-
particle eigenfunctions is just an attempt to get the
optimum single Slater determinant with minimum
residual Coulomb interaction. In a similar way, the
final state corresponding to the satellite is

i
S ) =pi i

3d'4s ) + i
3d'4s') .

Usually,
(

e'i
(

and
~

eq
~

are of similar magnitude.
(They are equal if we have only two configurations. )

The intensity of the satellite in the sudden approxi-
mation is given by the overlap ((S ~d ~'Pp)

~=
~
e2

~

which may be nonzero, where d is the des-
truction operator for the 3d electron and

~
+p) is

the ground-state wave function (
~

3d' 4s ) ). There-
fore, we see that even though the ground-state wave
function is well described by a single Slater deter-
minant, we can have in photoemission a satellite
due to an apparent two-particle excitation because
of the Coulomb interaction in the final state. We
call this a firial-state effect, and the occurrence or
the intensity of the satellite in this case does not re-
flect the ground-state configuration of the system.

On the other hand, there are cases when the
initial-state configuration mixing is responsible for
the satellite. Suppose we have two lowest-energy
configurations that are very close to each other in
energy and have non-negligible interaction matrix
elements between them. Then the configuration in-
teraction in the ground state is important, and we
should write the ground-state wave function as (in
this hypothetical Cu atom case)

~
%p) =a

~

3d'P4s)+b
~

3d 4s ) .

The photoemission spectrum will show a "satellite"
with the 3d 4s configuration, and its intensity will
be

~

b
~

in the absence of the final-state effect,
which gives directly the amount of the 3d94s2 con-
figuration mixing in the ground state. This satellite
is then said to arise from an initial-state effect, and
its occurrence or its intensity gives information
about the ground state of the system, analogous to
the two-valence spectra of mixed-valent rare-earth
materials. Usually both initial- and final-state ef-
fects are present, and the intensity of the satellite in
that case is given by ~aez+b

~

. A more detailed
discussion on this point can be found in Ref. 36.

The satellites in the spectra of Cu vapors and Cu
metal are probably due mostly to the final-state ef-
fect since: (1) the lowest 3d 4s configuration of
the Cu atom is energetically 1.39 eV above the
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3d' 4s ground-state configuration, which suggests
that the initial-state configuration mixing is not ap-
preciable; and (2) the intensity of the satellite is
weak (10—15% of the main peak intensity at reso-
nance, less than 3% off resonance), and it does not
vary much from Cu vapor to Cu metal (not much
influence from different initial states).

The satellites in Ni and its metallic compounds,
however, are expected to be different. In atomic Ni
the configurations 3d 4s and 3d 4s are quite close
to each other in energy (0.025 eV between lowest
multiplets according to Moore's atomic table' s), and
the energy of the 3d' state is not much greater. In
addition, the 3d wave functions of Ni are more
spread-out than those of Cu, which gives stronger
interactions between these configurations. There-
fore we expect stronger mixing of various configu-
rations in the ground state of Ni metal and its
metallic compounds, which can give rise to the sa-
tellite structure. This contention is further support-
ed by the facts that the intensities of the satellites in
Ni compounds are generally stronger than that of
Cu, and that among Ni and its compounds the sa-
tellite in Ni metal is stronger than those of NiSb
and NiTe, which can be explained by the initial-
state effect because these compounds are expected
to have a smaller number of d holes than Ni metal
in the ground state. These considerations argue
strongly that initial-state contributions dominate in
the 6-eV satellite of Ni metal, although there should
be inevitably some contributions from the final-
state effect as well.

In fact, existing theoretical models of the Ni sa-
tellite are initial state models in a Wannier basis.
Consider, for example, the numerical calculation of
Davis and Feldkamp for a more than half-filled,
fully spin-polarized, s-barid Hubbard model. In the
Bloch basis the ground state is a single Slater deter-
minant, because the filled majority-spin band
prevents the Coulomb term from causing any
scattering. However, the states obtained by remov-

ing a majority-spin electron must be described by
configuration interaction because the Coulomb term
causes scattering between up- and down-spin elec-
trons when the majority-spin band is not full. It is
found that the majority-spin spectral weight is split
by the Coulomb interaction into a main band and a
satellite, and the satellite appears as a final-state ef-
fect in the Bloch basis. In the Wannier basis, on the
other hand, the ground state is represented by a
linear combination of Slater determinants, each of
which has some doubly occupied sites and some
singly occupied majority-spin sites. In this basis the

splitting of the spectral weight for removing a
majority-spin electron is seen to correspond to
whether the electron is removed from a singly occu-
pied or a doubly occupied site. From this point of
view, it is expected that for the Coulomb interaction
U large compared to the single-particle bandwidth,
the splitting is given by U and the division of spec-
tral weight corresponds merely to the numbers of
the two kinds of sites, an expectation fully con-
firmed by the large-U numerical results of Davis
and Feldkamp. For smaller U comparable to the
bandwidth, the purity of the labeling of the spectral
weight according to valence will diminish, the split-
ting will not be —U, but will also depend on the
bandwidth, and the weights will not correspond to
the number of sites. Similar considerations apply to
the Penn model, although not in such a simple
form because the model has orbital degeneracy and
employs a t-matrix approximation, the precise
meaning of which is difficult to assess for the ques-

tions posed here.

V. INTERPRETATION OF THE Ni
6-eV SATELLITE

Since we have argued that the 6-eV satellite of Ni
metal is dominantly due to the initial-state effect, it
is even more interesting to understand its nature,
because it tells something about the ground state of
Ni metal. In this section we point out that two in-
terpretations of the Ni 6-eV satellite which are
widely taken to be equivalent are in fact quite dis-
tinct, and discuss critically various theoretical and
experimental results trying to decide which of the
two models is correct.

Penn, based on the degenerate Hubbard Hamil-
tonian model of Ni d bands, assigned the satellite as
arising from the two-hole virtual bound state. The
satellite has a higher binding energy than the main
band because of the intra-atomic Coulomb repul-
sion between two holes on the same atom. If we
follow this interpretation, and if, as discussed
above, the purity of spectral weight labeling accord-
ing to valence is not completely lost, we should as-
sign the satellite to the 3d 4s final-state configura-
tion, since the resonance of the one-hole spectrum
(main band) of Ni must be due to the 3d 4s final-
state configuration, as discussed in Sec. III. In fact,
Mott suggested the possibility of exciting the
3d 4s final state in photoemission from the 3d 4s
configuration in the ground state of Ni some time
ago.



26 RESONANT VALENCE-BAND SATELLITES AND POLAR. . . 48S3

However, the degenerate Hubbard Hamiltonian
Penn used is oversimplified for describing the d
band of Ni in that, among other things, it does not
include multiplet splittings of the 3d configura-
tion. If multiplet splittings are included, as in
l.iebsch's calculation of the d-hole self-energy, ' the
3d configuration would have a range of binding

energies, and it is possible that some of the 3ds
multiplets with lower energy (e.g., F ) contribute to
the main 3d band, while others with higher energy
(e.g., '6) are pushed out of the main band and re-

tain atomic character to give the satellite. In this
model the energy difference between the main band
and the satellite final states is not due to a differing
number of d holes, but to the multiplet structures of
the 3d configuration. The correlation energy U re-

sponsible for the energy separation between the
main and the satellite emissions is determined by
the Slater integrals F' ' and F' ' in this case, rather
than F' ' as would be the case with differing num-

bers of d electrons (Penn's model). It should be
noted that if the 3d multiplets can actually be
identified in the spectrum, as claimed by some au-

thors, ' '" then the valence purity of the satellite
must be quite good. On the other hand, fits of
two-hole models to the spectrum are found to be
good in the regime where the splitting is not equal
to U, implying, as discussed above, that the valence

purity may not be particularly good. However, the
fact that the Ni 6-eV satellite shows no dispersion
in the angle-resolved photoemission spectra sug-

gests that the purity of spectral weight labeling ac-

cording to valence is not completely lost and that it
is meaningful to discuss atomic final-state configu-
ration for the satellite.

This distinction between these two models, i.e.,
the model that the main band has a 3d 4s final state
while the satellite is a two-hole bound state with a
3d 4s final-state configuration, or that both the
main band and the satellite have 3d'4s final states
but originating from different multiplets, has not
been pointed out previously, because most models

for the satellite have implicitly assumed that the
main band spectral weight is largely from the
d' ~d transition. ' However as pointed out in

Sec. III, the Ni metal main band also has strong
contributions from 3d -+3d spectral weight, and
therefore these two models are in fact quite distinct.
It is important to understand the nature of the 6-eV
satellite since it has some bearing on the ground
state, but unfortunately it seems difficult at present
to decide which of them is correct, as we will now
discuss.

We can try to estimate the energy separations be-
tween the 3d and 3d configurations, or among
various multiplets of the 3d' state, and compare
with the experimental value of 6 eV. Recently,
Martensson and Johansson" applied their method
of calculating core-level binding energies in metals '

to the Ni valence-band 3d state, and estimated that
the binding energy of the '6 multiplet component
of the 3d 4s state is about 5.8 eV from the Fermi
level. The F multiplet is estimated to have -3.0-
eV binding energy, which is within the main 3d
emissions. Their method is based on the assump-
tion that the photoionized atomic site is totally
screened by a lowest-lying valence electron to give a
neutral configuration. (Note that our prior discus-
sion has assumed unscreened singly ionized 3d con-
figurations in the final state and perfectly screened
3d configurations in the ground state. ) Although
this gives quite good estimates of core-level binding
energies, ' screening of the valence hole may be dif-
ferent than for a core hole, which is cause for cau-
tion. If, on the other hand, we compare peak posi-
tions of the unscreened valence hole (Ni+ ion), the
separation between the main peak and the satellite
should be the energy difference between 3d 4s
(main band) and 3d 4s (satellite) configurations.
Although Moore's atomic table does not list the
energies of these configurations, it does list the
separation between the 3d and 3d 4s configura-
tions (Ni2+) as 6.5 —9.3 eV, depending on multiplet
energies. Since another 4s electron will make this
value smaller through atomic screening and the
more effective metallic screening would probably
make it even smaller, it will be close to the experi-
mental value of 6 eV. We note, however, that
Martensson and Johansson" estimated the binding
energies of the 3d multiplet to be about 10—18 eV
from the Fermi level. These higher values come
mainly from the fact that the screening charge to
make the site neutral is 4s 4p, and the 4p level is
-7 eV higher than the 4s level in the atomic 3d
configuration. This may be an overestimation, be-
cause 4p levels form a band with 4s levels in the
metal, and their energies are probably comparable.
At any rate, since at present a complete understand-
ing of the valence-hole screening process is lacking,
it seems difficult to give a convincing argument one
way or the other.

We can also try to compare the line shape of the
Ni 6-eV satellite at resonance with the calculated
line shapes of the 3d or 3d configurations. Iwan
et al. ' fit the Cu metal satellite line shape (which
has a 3d final state) with atomic 3d multiplet
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structure of the I.q3M45M45 Auger spectrum calcu-
lated by Antonides et al. [Fig. 7(a)]. We can fit
the line shape of the NiO satellite (which also has a
3d final-state configuration) at resonance with the
same 3d multiplet structures [Fig. 7(b)], but the en-

ergy separations between multiplets in this case are
a little smaller than in the case of Cu, because Ni
has one less nuclear charge than Cu. The case of
the Ni metal satellite, however, is not so clear-cut.
Iwan et al. ' extracted the line shape of the Ni sa-
tellite assuming the structure at 2 —3 eV from the
Fermi level is a part of the satellite structure
[dashed line in Fig. 7(c)]. We can try to fit this line
shape with the 3d multiplet structures, assigning
'6 to the 6-eV satellite and F to the peak at 2 —3
eV from the Fermi level. However, this structure at
2 —3 eV is within the main 3d emission and may be
simply due to the peak of the 3d density of itinerant
states. Further, the separation between the I' and
'6 multiplets is larger than the corresponding
separation of the Cu 3d multiplets, which is oppo-
site to what we expect. Shown in Fig. 7(c) in solid

8 6 4 2 0
i I I I I I

(a) Cu hv= 75 eV

line is the line shape of the Ni 6-eV satellite which
can be extracted assuming that the structure at 2—3
eV from the Fermi level is part of the main band.
This is quite different from the 3d multiplet struc-
tures. In this connection, it would be very useful to
know the theoretical line shape of the 3d final state
at resonance, but to our knowledge it has not been
calculated.

Recent spin-polarized photoemission data by
Clauberg et al. ' are, in our opinion, also not con-
clusive on this point. They reported that the Ni 6-
eV satellite is 57+15%%uo spin-polarized near reso-
nance (hv=67 eV), which they claimed is in good
agreement with the theoretical prediction by Feld-
kamp and Davis. ' However, the peak of which
they measured spin polarization is usually attribut-
ed to the 'G component of the 3d 4s configura-
tion' " which should show 100% spin polariza-
tion, whereas the theoretical prediction of 60% by
Feldkamp and Davis' is an average value over all
the multiplets of the 3d configuration. The fact
that the satellite is spin polarized does not by itself
rule out the 3d 4s assignment to the satellite, be-
cause we expect some spin polarization for the
3d 4s final state as well. It is also not clear that
we can safely neglect the interaction with magnons
carrying spin moments in a high-energy probe such
as photoemission.

3d G D F

(b) Ni0 hv =66 eV
~

3d G D F

(c) Ni hv =66 eV
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FIG. 7. Line shapes of satellites at resonance and their
fit with the atomic 3d multiplet calculations. (a) Cu
metal (from Ref. 14). (b) NiO. (c) Ni metal (solid line is
from Ref. 8 assuming the peak at 2 —3 eV from the Fer-
mi level is part of the main band, and dashed line is from
Ref. 14 including the peak at 2 —3 eV as a part of the sa-
tellite structure. )

VI. POLAR FLUCTUATIONS
AND FERROMAGNETISM

IN THE GROUND STATE OF Ni

The extent of polar fluctuations is particularly
important in nickel for assessing assertions by Van
Vleck and Slater that intra-atomic Hund's-rule

coupling is crucial in stabilizing the ferromagnetic
ground state. ' For this mechanism to be operative,
two circumstances are certainly required. First,
there must be an appreciable fraction of d configu-
rations admixed into the many-body ground state,
i.e., the electron correlation effect should not
suppress too strongly the extent of polar fluctua-
tions into d configurations below the value of
9.9% (Ref. 2) in an uncorrelated wave function.
Second, the d singlet cannot be admixed to the
same extent as the triplet.

Regarding the first criterion, the suppression of
d configurations in the ground state depends on
the ratio of the mixing matrix element, which is of
order of the d-band width, to the polar fluctuation
energy d —+d . Herring, ' and others~' have ar-
gued that the Coulomb repulsion between two 3d
holes is substantially reduced from the Slater in-
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tegral F (3d, 3d ) by the screening effect of the 4s-4p
electrons. Depending on whether the photoemission
final state is perfectly screened or not, the energy of
a screened polar fluctuation 3d 4s ~3d 4s is equal
to or less than the energy below the Fermi level in
the photoemission spectrum at which the 3d ~3d
spectral weight occurs. Therefore the fact that the
nickel main band contains some 3d ~3d spectral
weight shows the importance of s-p screening, and
implies that the fraction of d' configurations in the
ground state should not be much reduced below the
uncorrelated value of 9.9%.

Regarding the second criterion, the two different
interpretations of the Ni satellite discussed in Sec. V
have different implications. If the satellite is due to
the 'G component of the 3d 4s configuration and
the I' component is in the main band, then it is en-
ergetically favorable for the mixing of the triplet
state into the ground state to be greater than that of
the singlet. However, if the satellite locates the en-

ergy of the d ~d spectral weight, it follows that
all the components of the d —+d spectral weight,
i.e., all the multiplets of the 3d 4s final states, are
part of the main band and hence that the mixing of
the triplet and singlet states into the ground state
can be nearly equal.

To summarize, the contribution of some d ~d
spectral weight to the main band is inferred from
the strong main band resonance for photon energies
at the 3p —+3d absorption edge, and this in turn im-
plies d configurations are not excluded from the
ground state. Thus d ~d spectral weight is ex-
pected at some energy in the valence band. If the
d ~d and d ~d spectral weights have the ener-
gies estimated by Martensson and Johansson, " then
Hund s-rule coupling is probably important in nick-
el. If, on the other hand, the satellite marks the
d ~d spectral weight, then the Hund's-rule ener-

gy is probably overwhelmed by some combination
of screening and the single-particle bandwidth.
Thus there is strong motivation to remove the am-
biguities in the interpretation of the satellite.

VII. SUMMARY

We have shown by studying resonant satellites of
various Ni and Cu compounds that:

(1) These satellites and their resonance behaviors
are not much dependent upon valence-band elec-
tronic properties, and hence are mainly of an atom-
ic origin;

(2) strong resonances of the satellites and the
main bands of Ni and its compounds are due to the

photoabsorption process 3p —+3d followed by a
super-Coster-Kronig Auger decay involving two 3d
electrons;

(3) the overlap with incoherent Auger emissions
is not primarily responsible for the resonant
enhancement;

(4) the satellites in the photoemission of Cu va-

pors and metals are probably due to final-state
shakeup effects, whereas the initial-state
configuration-mixing effect contributes to the Ni
metal 6-eV satellite; and

(5) the strong Ni metal main 3d band resonance is
due to the 3d 4s final state (3d 4s initial state).

Based on these observations, we discussed two alter-
native interpretations of the origin of the Ni 6-eV
satellite; one being a two-hole bound-state model in
which the satellite with the 3d 4s final state is
separated from the main band by the hole-hole
correlation energy; and the other mechanism in
which both the main band and the satellite have
3d 4s final states but are separated from each other
by multiplet splittings. We argued that it is diffi-
cult to decide which model is correct from energy
estimates without a complete understanding of the
screening process, and that neither the line-shape
analysis nor the spin-polarized photoemission data
is conclusive in this respect. We also argued that
the fact we have d —+d spectral weight in the
main band emission of Ni metal implies that polar
fluctuation into 3d configurations is not strongly
suppressed in the ground state, and then pointed out
that depending on the interpretation of the satellite,
one draws different conclusions about the impor-
tance of Hund's-rule coupling for ferromagnetism
in nickel.

Note added in proof Dr. L. C. D. avis pointed out
that the spin-orbit interaction will reduce the 6
spin polarization below 100% (private communica-
tion).
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