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Spin-resolved photoemission of valence-band satellites of Ni
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Spin-resolved photoemission spectra of 6-, 9-, and 13-eV satellites of the ferromagnetic Ni valence band are
reported. The spin polarization of the valence-band satellites and their photon energy dependence are inter-
preted by the multiplet configuration of 3d8 and 3d7 final states. This implies the localization of a photoexcited
final state reflecting the strong electron correlation in Ni.@S0163-1829~97!04211-2#
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I. INTRODUCTION

Core-level and valence-band photoemission spectra
strongly correlated electron systems often show sate
structures in addition to the main spectral features. One
the main reasons for the great interest in the satellites is
the analyses of binding energies and spectral profiles
important information on the electron-correlation effec
where a photoexcited hole plays a crucial role as a
charge and a test spin in the electron system.

So far, the electronic structure of ferromagnetic Ni h
been the subject of intensive studies for many years.1–15 In
Ni, 3d electrons are strongly correlated and the effect
Coulomb interaction between 3d electrons is of the sam
magnitude as twice that of the bandwidth.4 In the valence
band spectra of Ni, electron correlation effects appear a
reduction of the valence bandwidth compared with that
pected by a one-electron approximation and satellites wh
are observed up to 30 eV below the Fermi level.1–3 In the
valence-band satellites, most work has dealt with the 6
satellite, which corresponds to a two-hole bound state lo
ized at a Ni atom and reveals a resonant enhancement a
3p threshold.5–12The origin of the enhancement of the 6-e
satellite near the 3p threshold is now understood as bein
due to the interference between two photoelectron excita
processes; one is the direct 3d valence-electron excitation
~3p63d91hv→3p63d81el! and the other is the 3p core
electron excitation followed by theM2,3VV super Coster-
Kronig transition forming the two 3d holes in a same atomi
site ~3pp63d91hv→3p53d10→3p63d81el!.

If we assume on the basis of a simple atomic model th
3d hole exists in the minority-spin states of a ferromagne
Ni, the spin polarization of the 6-eV satellite was expected
take its maximum value at the 3p threshold.8 Experimen-
tally, it was found that the spin polarization of the 6-e
satellite takes its maximum value at the 3p threshold, in a
good agreement with the theoretical expectation.9 This ob-
servation was crucial evidence against alternative expla
tions for the origin of the resonance enhancement of the 6
550163-1829/97/55~11!/6678~4!/$10.00
of
te
of
at
e
,
st

s

e

a
-
h

V
l-
the

n

a
c
o

a-
V

satellite such that as due to the interband transition fr
s,p-like valence bands.10

In this paper, we present the spin-resolved photoemiss
of the valence-band satellites of a ferromagnetic Ni~110!
single crystal including the so-called 6-, 9-, and 13-eV sa
lites. We investigate their spin polarization in connecti
with the origin of the satellites.

II. EXPERIMENT

The spin-resolved photoemission experiments were
ried out at the Revolver undulator beamline BL-19A of t
Photon Factory, which is equipped with an angle-resolv
photoelectron spectrometer and a 100-keV Mott detector
the photoelectron-spin analysis. A Ni~110! single crystal was
shaped into a picture frame with each side to orient along
easy magnetization axis of^111& and was remanently mag
netized during the measurements. A clean Ni~110! surface
was obtained by repeated cycles of ion bombardment
annealing. The cleanliness of the sample surface
checked by low-energy electron diffraction and Auger ele
tron spectroscopy. The photoelectrons emitted normal to
sample surface were collected with the angle of incident li
of 20°. The energy resolution of the observed spin- a
angle-resolved photoemission spectra was about 0.4 eV a
excitation energy of 65 eV. A more detailed description
the experimental procedures was presented elsewhere.11

III. RESULTS AND DISCUSSION

Figure 1 shows majority- and minority-spin spectra of fe
romagnetic Ni at an excitation energy below the 3p threshold
~67 eV!. The photoelectron intensity of the majority-spin sa
ellite is larger than that of the minority-spin satellite, whic
causes the positive spin polarization of the 6-eV satellite13

The spin polarization is shown in Fig. 1~b!. In the majority-
spin spectrum a broad feature with weak peaks at 6.4 and
eV is observed, while a broad feature has a weak peak a
eV in the minority-spin spectrum. If we assume in a simp
atomic model that the spin momentum is conserved dur
6678 © 1997 The American Physical Society
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the photoemission process, the minority-spin spectrum o
consists of the spin triplet 3d8 final states, whereas both sp
singlet and triplet final 3d8 states contribute to the majority
spin spectrum.16 Vertical bars with symbols indicate the po
sitions of the 3d8 final states expected by a simple atom
model best fitted to the observed spectral features.17 To cal-
culate the term splitting energies, we adopted the Racah
rameters asB50.10 andC50.45 eV. The intense peak at 6
eV in the majority-spin satellite corresponds to the1G3d8

final state which dominantly contributes to the positive s
polarization of the 6-eV satellite.13 The weak peaks aroun
5.5 eV both in majority- and minority-spin spectra corr
spond to the1D3d8 and3P3d8 final states, respectively.

In the atomic model, a spectral feature corresponding
1S3d8 final state is to be observed at the binding ene
around 9 eV with a 100% spin polarization. However, t
spectral feature of the 9-eV satellite is not clearly observe
the majority-spin spectrum of Fig. 1 due to its small inte
sity, but the spin polarization reveals a hump at the bind
energy near 9 eV. Figure 2 shows the majority- a
minority-spin spectra obtained at excitation energy of 90
in an expanded scale. In the figure, we could observe
weak spectral feature at 9.4 eV only in the majority-sp
spectrum in agreement with the atomic model. The excita
energy of 90 eV was chosen not only to maximize the p
toelectron intensity to improve the accuracy of the spectr
but also to avoid the superposition ofM2,3VV Auger elec-
trons on the valence-band satellites. Since the norm
emission spectrum of Ni~110! corresponds to the band dis
persion along theG-K-X direction of the Brillouin zone,
spectral features that originated from thes-like (1 band are
expected to be observed around 9 eV in both majority-

FIG. 1. ~a! Majority- and minority-spin spectra of Ni~110! ob-
served at an excitation energy of 63 eV. Vertical bars correspon
the position of the 3d8 final-state configuration expected by a
atomic model.~b! Spin polarization of the Ni valence band. Th
statistical error is indicated by bars in the figure.
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minority-spin spectra at an excitation energy of 90 eV18

However, at the small angle of incident light~20°!, the vec-
tor potential parallel to the sample surface predominan
contributes to the photoelectron excitation and the norm
emission spectra of Ni~110! mainly consists of(4 bands.

19 In
addition, at an excitation energy of 90 eV the contribution
the s-like (1 band would be suppressed due to the sm
ionization cross section compared with thed-like (1 band
near the Fermi level. Thes-like (1 band has not been ob
served even in spin-integrated spectra.20 Hence the feature a
9.4 eV that we observed in the majority-spin spectra cor
sponds to the1S3d8 final state. The large spin polarization o
the 1S satellite is also consistent with the theoretic
expectations.21,22 In the above analysis, we have neglect
the possible contribution of the4F3d7 final state, since its
intensity is expected to be very small. Thus, the spec
profiles of the 6- and 9-eV satellites in the Ni valence ba
are likely to be interpreted by a simple atomic model due
the strong localization of the photoproduced valence ho
Our results support the recently observed spin-resolved p
toemission spectra of valence-band and core-level satel
of Ni, where a large intra-atomic electrostatic interaction b
tween valence electrons and photoproduced hole as we
inter-atomic hybridization cause the satellite structures.13–15

Recently, Tanaka and Jo23 calculated the spectral profil
of the valence-band satellites of Ni from the viewpoint of t
configuration interaction using the impurity Anderson mod
adopting atomic multiplets. In the model, the itinerant ch
acter of Ni 3d electrons is not treated explicitly but i
adopted as the hybridization between 3d states and othe
valence states. They reproduced not only the resonant
hancement of the 6-eV satellite near the 3p threshold but the
photon energy dependence of the spin polarization of

to

FIG. 2. Majority- and minority-spin spectra observed at an e
citation energy of 90 eV. The calculated position of the1S3d8 final
state is indicated by an arrow. The statistical error is indicated
bars in the figure.
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6-eV satellite, which shows a dip structure near thep
threshold.11,12 According to their calculation, the dip profil
is mainly due to the photon energy dependence of the1G
term which predominantly contributes to the 3d8 final state
with a positive spin polarization and does not necessa
manifest a Fano profile near the 3p threshold. The spin po
larization of other terms may show different photon ene
dependence, e.g.,3F term reveals a negative spin polariz
tion and a maximum around the 3p threshold.

In Fig. 3, we show the photon energy dependence of
spin polarization of a different part of the 6-eV satellit
Although each term of the 3d8 final state may consist o
many multiplets due to the multipole 3d-3d and 3d-3p in-
teractions, we represent the1G and3F terms as the spectra
features at the binding energies of 6.4 and 3.8 eV, resp
tively, which are expected by a simple atomic model. In sp
of the fact that the observed spin polarization includes la
statistical errors, it is obvious from the figure that the sp
polarization of1G and 3F terms show different photon en
ergy dependences. In the figure,1G term shows a larger spin
polarization than the3F term as expected by the atom
model and1G term shows a dip profile below the 3p thresh-
old, whereas3F term shows rather a peak near the 3p thresh-
old. This qualitatively manifests the different photon ener
dependences between1G and 3F terms expected by the
calculation.23

Recently, it was claimed that the resonant enhanceme
the 6-eV satellite at the 3p threshold could be describe
completely by a superposition of incoherentM2,3VV Auger

FIG. 3. Photon energy dependence of the spin polarization
the spectral features at the binding energy of 6.4 and 3.8 eV, w
corresponds to1G and3F terms in the final state, respectively. Th
thin lines connecting experimental results are drawn to separat
photon energy dependences of1G and 3F terms for the sake of
clarity and are not intended to show peak and dip structures ex
itly.
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electrons due to the strong delocalization of the photoexc
intermediate state.24 Our results indicate that the photon e
ergy dependence of the 6-eV satellite could be comparativ
well explained by the model adopting atomic multiple
where the photoexcited state is localized at a Ni atom and
resonance enhancement of the 6-eV satellite is describe
an interference between two photoexcitation processes.
calculation based on the same model could also reprod
the angular dependence of the 6-eV satellite of a polycr
talline Ni near the 3p threshold.25

It has been observed that a weak valence-band sate
exists around 13 eV below the Fermi level.26,27 The photo-
electron intensity of the 13-eV satellite reveals a sharp re
nance enhancement at the 3p threshold and a broad max
mum at a slightly larger photon energy~74 eV!. In the
atomic model, the satellite consists of doublet and qua
3d7 final states and2G and4P terms manifest at the binding
energy around 13 eV.28 The photon energy dependence im
plies the strong localization of the photoexcited 3p core hole
intermediate state which leads to the 3d7 final states. In the
present experiments, the photoelectron intensity of the 13
satellite was so small that the 13-eV satellite was only
servable at the 3p threshold and not around 74 eV where t
broad hump was observed in the previous spin-integra
experiments. Figure 4 shows the majority- and minority-s
spectra of the 13-eV satellite region observed at an excita
energy of 67 eV. In the figure, the spectral intensity of t
majority-spin state is much larger than that of the minori
spin spectrum. This implies that the spin polarization of t
13-eV satellite is enhanced at the 3p threshold. By subtract-
ing smooth backgrounds from majority- and minority-sp
spectra, the net spin polarization of the 13-eV satellite w
found to take a maximum value of 52615% at the spectra
feature of 13.2 eV.
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FIG. 4. Majority- and minority-spin spectra of the 13-eV sate
lite observed at the 3p threshold.
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IV. CONCLUSION

In conclusion, the spectral profiles of the spin-resolv
photoemission spectra of 6-, 9-, and 13-eV satellites of a
valence band can be interpreted by the atomic multiplet
the 3d7 and 3d8 final states. This applicability of the loca
ized model to the photoexcited state is maintained by
.
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strong electron correlation in Ni.
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