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Spin-resolved 3p and 3s core-level photoemission spectra of ferromagnetic nickel
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We have measured the spin-resolved 3p and 3s core-level photoemission spectra of ferromagnetic Ni in the
whole region of the main peak and the satellites with reliable statistics. The observed spin-polarization spec-
trum for the 3p core excitation has revealed an overestimation of the 3p-3d interaction in a recent theoretical
calculation. It is found that the 3s photoemission spectrum is strongly modified by the hybridization between
the 353d° and 353d'° states and the spin polarization results from the exchange interaction between the 3s and

3d electrons in the 35s3d° component.

Core-level photoemission spectra provide us with infor-
mation on the electronic structure of the ground state as well
as the final state. The core-level spectra in such materials
with 3d, 4f, or 5f outer shells often show multiplet and/or
satellite structures, which indicate the large contribution of
intra-atomic electrostatic interaction between the core hole
and the valence electrons as well as interatomic hybridiza-
tion. So far, many theoretical studies have revealed various
mechanisms of the many-electron effects in the spectral fea-
tures. However, a proper interpretation of the complicated
spectral structure is not always straightforward. One obtains
more information on electronic states by means of resonant
photoemission spectroscopy by tuning the photon energy
near the deeper core excitation threshold.”? In many cases,
however, a distinction between a coherent resonant photo-
emission and an incoherent Auger decay is rather difficult.’ It
has been considered that the analysis of the photoelectron
spin is one of the direct ways to clarify the origin of the
satellite structures. Recently, Thole and van der Laan
achieved theoretical calculations for the spin- and x-ray po-
larization dependences of photoemission in a local model.*
They have shown that the magnetic dichroism in the spin-
resolved photoemission gives information not only on the
core hole spin but also on the spin and orbital moments of
the valence electrons.

So far, the electron-spin dependence of the interaction be-
tween the core hole and the valence electrons has been dis-
cussed by spin-resolved photoemission spectroscopy
(SRPES) in a few ferromagnetic materials.”~’ Ni is one of
the typical itinerant ferromagnets and its electronic structures
have been studied by means of high-energy spectroscopies
such as x-ray-absorption spectroscos)y (XAS) and x-ray pho-
toemission spectroscopy (XPS).2~!° The satellite structures
observed in XAS and XPS of Ni are considered to originate
from the strong electron correlation effect. Recent studies of
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magnetic circular dichroism in XAS of Ni suggest the no-
ticeable contribution of the 3d® character in the ground state.
In this paper, we report remarkable spin polarizations in the
Ni 3p and 3s spectra and discuss the electronic structure of
Ni.

SRPES measurement was carried out at the Revolver un-
dulator beamline BL-19B of the Photon Factory, National
Laboratory for High Energy Physics.!' This beamline is
equipped with a varied space plane grating monochromater
and a spin- and angle-resolved photoelectron spectrometer.
The electron spectrometer consists of a Jost-type electron
energy analyzer'>? and a low-energy-electron-diffraction
(LEED) spin detector.®> The instrumental energy resolution
was set to about 1.2 eV full width at half maximum
(FWHM). The pressure of the analyzer chamber during the
measurement was better than 2.5 10~ 1% Torr. The efficiency
of the spin analysis (figure of merit) was increased to
~2X10~* by measuring the intensity of both (2,1) and (2,0)
spots. A Ni(110) single crystal was shaped into a picture
frame, with each frame being oriented along the easy mag-
netization axis of (111). A clean surface was prepared by
Ne* bombardment followed by annealing and its quality was
checked by LEED and Auger-electron spectroscopy. The
photoelectrons emitted from the surface were collected
within an acceptance angle of =4° from the surface normal
n. The direction of the incident light was about 45° from n
and the E vector was perpendicular to the (111) direction
(p-polarized light). The magnetization M was perpendicular
to both E and n. The magnetic linear dichroism in angular
distribution of the 3p photoemission intensity for reversing
M (Refs. 14 and 15) was measured with the excitation en-
ergy (hv) of 250 eV and found to be negligible in the
present configuration.

Figure 1(a) shows the spin-integrated Ni 3p photoemis-
sion spectrum measured for Av=175 eV. The spectrum
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FIG. 1. SRPES spectra of Ni 3p core level measured for the
excitation photon energy (hv) of 175 eV. (a) Spin-integrated pho-
toelectron intensity (full circles) compared with an available calcu-
lation [dashed curve (Ref. 14)], (b) spin polarization shown with the
error bars, (c) spin-resolved partial intensities where the errors are
within the triangles, and (d) difference spectrum between the
spin-up and -down spectra (open circles) and calculated spin-
polarization spectrum [dashed curve (Ref. 14)]. The typical error
bar is indicated in the figure. The inset shows the comparison where
the energy scale of the calculated spectrum is reduced by 20%.

shows an asymmetric main peak (labeled A in the figure)
accompanied with a shoulder structure A’ on the larger
binding-energy side and the satellite structures B and C
separated from the main peak by 6 and 12 eV, respectively.
The dashed line in the figure is a result of a theoretical cal-
culation based on the impurity Anderson model.'® According
to the calculation, the main peak has primarily 3p>3d'° char-
acter and the satellite structures have mainly 3p>3d° charac-
ter. Because of the large 3p-3d electrostatic intetaction, the
3p°3d°® final state splits into three peaks A’, B, and C,
which are assigned as 3F+!D, 3P+3D, and P+ !F states,
respectively. The calculation qualitatively reproduces the ex-
perimentally observed satellite structures. However, the ob-
served separation between the main and satellite peaks (B
and C) is much smaller than the calculated one. Such a dis-
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crepancy was already pointed out in resonant photoemission
near the 2p core excitation threshold (2p RPES).!"!8 It was
also pointed out that the calculation with one set of param-
eters could not consistently reproduce all the resonant behav-
ior of the valence-band, 3p, and 3s photoemission.

Figure 1(b) shows the spin polarization of the measured
photoelectron spectrum. The spin polarization of the Ni 3p
main peak has already been reported;>'® the obvious spin
dependence of the satellite peaks is reported here. The spin
polarization shows dip structures for A and B, whereas it
shows a positive peak near A’. Figure 1(c) shows the spin-
resolved partial intensities /; and /| obtained from the inte-
gral intensity / and the spin polarization P according to the
relations 7, =1(1+P)/2 and I =I(1— P)/2. At each binding
energy the intensities are proportional to the number of elec-
trons with the spin parallel (/;) and antiparallel (/) to the
majority-spin direction. In order to compare our spectrum
with the calculation,'® we have extracted the net 3p compo-
nent of /; and /| by subtracting smooth backgrounds from
each spectrum. The difference spectrum I;—1, thus esti-
mated is shown in Fig. 1(d) in comparison with the calcu-
lated spectrum. The ordinate of Fig. 1(d) is the same as those
of Figs. 1(a) and 1(c). If the calculated spectrum is normal-
ized at the main peak A in the spin-integrated spectrum, the
reduction factor for the calculation'® is about 3. But this fac-
tor is estimated to be ~3 if we compare the result with
another calculation based on the impurity Anderson model.?
Part of this factor would be explained by the different value
of the spectral half-widths between the experimental and the
theoretical spectra. Even though we consider the experimen-
tal energy resolution, the experimental value is still too
small. In the case of the magnetic circular dichroism in the
Ni 3p photoemission intensity,?! the measured dichroism
was about 2.5 times larger than the calculated one. The dis-
crepancy was ascribed to the influence of the surface, where
the orbital moment might be strongly enhanced in the ground
state. Then the enlarged effective spin-orbit coupling would
more strongly mix the spin-up and -down 3d states, making
the difference between /; and /| much reduced on the sur-
face. The considerable surface sensitivity was found at ki-
netic energies of several tens of eV.?2

The spectral features of the spin polarization shown in
Fig. 1(d) are qualitatively reproduced by the calculation,'®
where the main peak and the >P+3D satellite have the nega-
tive polarization and the 'P+!F satellite has the positive
polarization. This is consistent with the interpretation that B
and C correspond to the spin-triplet and the spin-singlet pre-
dominated final states, respectively. As for the spin polariza-
tion of the main peak A, an appreciable hybridization of
some spin-triplet components of the 3p334° state can ex-
plain the remarkably negative spin polarization of this
mainly 3p>3d'° final state. This is possible because the trip-
lets are energetically closer to the 3p>3d'° state than the
singlets.

In Fig. 1(d), one recognizes again a noticeable difference
of the energy between the experimental and the calculated
spectra. If one reduces the energy spread of the calculation
by 20%, the calculated result agrees better with the experi-
mental spectrum, as demonstrated in the inset in Fig. 1(d). It
is known that the calculated spectrum is drastically modified,
depending upon the magnitude of the parameters dominating
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FIG. 2. Ni 3s spectra measured for hv=240 eV with error bars
as in Fig. 1. (a) Total intensity (full circles) compared with an
available calculation [dashed curve (Ref. 17)]; (b) spin polarization;
(c) spin-resolved partial intensities; and (d) spin-integrated photo-
emission (solid curve), spin-resolved partial intensities (dashed
curves), and difference between the spin-up and -down spectra
(open circles), all obtained after subtracting integral backgrounds.

in the final state, such as the core hole potential acting on 3d
electrons and the hybridization between the 3d and
conduction-band states.?>?* In other words, the spin-resolved
photoemission enables us to obtain much detailed informa-
tion about the electrostatic interaction between the 3p hole
and the valence electrons as well as the hybridization.
Figure 2(a) shows the spin-integrated spectrum of the Ni
3s photoemission, where the experimental result (full
circles) is compared with the calculated spectrum (dashed
curve).!” The observed spectrum consists of a main peak at
110 eV and a satellite at about 6 eV higher binding energy.
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The observed spectral shape in the satellite region is consid-
erably broader than the calculation. Figure 2(b) shows the
observed spin polarization. The spin polarization decreases,
relative to the value of the background around the main peak
and shows a peak around the 6-eV satellite. Figure 2(c)
shows the spin-resolved partial intensities. In order to exam-
ine the spectrum in more detail, we obtained the net 3s com-
ponent of /; and /| in the same manner as in the case of 3p
spectrum. They are presented in Fig. 2(d). One clearly sees
that the main peak has a predominantly negative spin polar-
ization and the 6-eV satellite has a positive spin polarization.
If the main peak is resulting from a pure 3s3d'° state, no
spin polarization is expected. Hence, the negative spin polar-
ization of the main peak strongly suggests an appreciable
hybridization of the spin-triplet component of the 3s3d°
state. The most probable explanation is that the 6-eV satellite
is mainly resulting from the 3s3d° state and has more D
component than the >D component, where the D compo-
nent is energetically closer to the 35340 state. Then the
main peak has more >D component than the !D component
due to the configuration interaction mixing. We therefore
have an interpretation of the Ni 3s photoemission where the
total spectral shape of the doublet structure is dominated by
the hybridization between the 3s3d'° and 3s53d° states but
its spin polarization is governed by the exchange splitting of
the 3s3d° states. The recent calculation based on the impu-
rity Anderson model with full multiplets strongly supports
this interpretation.?’

In the 2p RPES in Ni, the enhancement of the 3s photo-
emission was observed only for the satellite.® Hence it was
interpreted that the doublet structure of Ni 3s photoemission
is not due to the exchange interaction but due to the mixing
between the 353d'° and 3s53d” states, as is assigned in the
calculated spectrum in Fig. 2(a). If the main peak has appre-
ciable character of the 3s3d° component, it may interfere
with the Auger decay of the 2p core hole (represented as
2p°3d°—353d°+€l) and will show resonant enhance-
ment. The negligible resonance of the main peak in spite of
the mixing of the 3s3d° component, however, suggests the
following possibilities. One possibility is that the hybridiza-
tion of the 3s3d° is still not predominant in the main peak
and the resonance enhancement of the 3s photoemission in
the 2p RPES is much weaker than in the case of the satellite.
The second one is that the incoherent Auger peak which
moves linearly with Av is still far away from the main 3s
peak for the resonance excitation due to some possible en-
ergy deviation mechanism in the Auger decay process. The
third possibility is the multiplet dependence of the Auger
decay probability. For example, not all of the 3p°3d° final-
state components show resonance enhancement in 2p
RPES.!® Namely, the 3F+1D component resonates only a
little. In this way, the 3D component of the 3s3d° state
hybridized in the main peak might not be much enhanced for
2ps, RPES.

In summary, we have measured the complete spin polar-
ization of the 3p and 3s core-level photoemission of ferro-
magnetic Ni. Clear spin polarization is found not only for the
main peak but also for satellite structures. The spin polariza-
tion of the Ni 3p photoemission is qualitatively consistent
with a recent theoretical calculation, but the 3p-3d interac-
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tion is overestimated in the calculation. The 3s photoemis-
sion has shown negative polarization for the main peak and
positive spin polarization for the satellite, in contrast to the
recent model on the 2p core resonant photoemission. We
propose an interpretation that the hybridization between the
3s3d° and 3534 provides the double photoemission peaks,
whereas the spin polarization comes from the exchange split-
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ting of the 353d° component in both the main and satellite
photoemission peaks. The result of the 2p resonant photo-
emission is consistent with this interpretation.
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