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We report the observation of two resonance channels in the 2p resonant photoemission of ferromag-
netic nickel using circularly polarized soft x rays. By identifying the local 3d® and 3d” configurations in
the valence-band photoemission spectra, we are able to assign structures in 2p core-level-absorption and
magnetic-circular-dichroism spectra to many-body 2p°3d'° and 2p°3d° configurations as well as to a
critical point in the band structure. The Ni data provide a critical test for theoretical models of x-ray ab-
sorption and magnetic-circular-dichroism spectroscopy of transition-metal magnetic materials. This
work also demonstrates the unique possibilities provided by circularly polarized light for separating the
Auger process from the resonant-photoemission process and unraveling the electronic structure.

Circularly polarized core-level photoabsorption and
photoemission of magnetic systems have recently attract-
ed much attention, both e:xperimentallyl and theoretical-
ly.273 This type of spectroscopy has been demonstrated
to provide valuable information on the electronic and
magnetic structure of matter, and is expected to become,
in the near future, a well established technique for study-
ing magnetism and magnetic materials. The influence of
the strong interplay between the band-structure and elec-
tron correlation effects on the x-ray-absorption (XAS)
and magnetic-circular-dichroism (MCD) spectra of me-
tallic magnetic transition metals, however, is still not well
understood. In particular, a recent soft-x-ray MCD mea-
surement, reporting absorption features near the
L, 5(2p,,,3,,—3d) white lines of Ni, has provoked dis-
cussions on this issue.® > Figure 1 reproduces these XAS
and MCD spectra of Ni, showing the intense L, ; white
lines, together with their fine structures. Interestingly,
among these fine structures, the peaks 4, A’ observed in
the XAS spectrum show nearly no MCD, while the peaks
B, B’, which are imperceptible in the XAS spectrum, ap-
pear as distinct shoulders in the MCD spectrum.>

A recent relativistic tight-binding band-structure calcu-
lation® has pointed out that although the independent
particle picture can reproduce both the XAS and MCD
intensity of the white lines and peaks A, A4’, it fails to ex-
plain the appearance of peaks B, B’. On the other hand, a
configuration-interaction analysis,*> based on the Ander-
son impurity model including atomic multiplet structure,
is able to explain peaks B,B’, but cannot account for the
observed XAS intensity or the disappearance of the
MCD in peaks 4,A4’. It is not clear how to interpret
these XAS and MCD fine structures, and a clarification is
required because of the implications for the theoretical
modeling and, subsequently, for the calculated (near)
ground-state properties such as the magnitude of local
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moments and their interactions. In a band-structure cal-
culation, for instance, local magnetic moments and MCD
effects are due to the exchange splitting, while in the An-
derson impurity model they originate from local atomic
multiplet effects (which gives the Hund’s rule for the
ground state). This study on elemental Ni might be
viewed as a critical test case for theories describing XAS
and MCD spectroscopies of the technologically relevant
class of transition-metal magnetic materials.

In this paper we report the unique use of magnetic-
circular polarization in our resonant photoemission study

T T 1T 7T T 1T 17T T T T 7T T T 1T 7T T
100 I | T ]
— ]
2 3 .
g - -
5 i 4
4 501 4
—
\Q/ r -
= L ]
<< o -
> L 4
0k ]
"
= oL .
=
o]
S
[
S —10 |- -
a
(&)
=
B R I B B B
~10 0 10 20 30

RELATIVE PHOTON ENERGY (eV)

Fig. 1. L,; edge x-ray-absorption spectra of Ni: total ab-
sorption (top) and magnetic-circular dichroism (bottom). Fine
structures labeled 4, 4’ and B, B’ are discussed in the text.
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on nickel with photon energies near the L; white line.
The purpose of this paper is to identify the origin of the
observed XAS and MCD fine structures; to appraise the
different views on the relative importance of local corre-
lation and transitional-symmetry effects in XAS and
MCD spectra; and to demonstrate the capability of
magnetic-circular polarization to separate the Auger pro-
cess from the resonant-photoemission process and unrav-
el the electronic structure of magnetic materials. The
data show two deexcitation channels in the 2p resonant
photoemission process, thereby identifying the local
2p33d'° and 2p°3d°® configurations in the XAS and MCD
spectra, and the 3d® and 3d’ configurations in the
valence-band photoemission spectra. Peaks, B,B’ in the
MCD spectrum can be assigned to local many-body
effects, and a large portion of the intensity of peaks 4, A4’
in the XAS spectrum can be attributed to a critical point
in the band structure. Identification of these photoab-
sorption and photoemission final states would not be pos-
sible using unpolarized light, which underscores the value
of magnetic circularly polarized spectroscopies.

The experiments were performed at the AT&T Bell La-
boratories Dragon beamline at the National Synchrotron
Light Source.® The beamline optical arrangement in the
circular mode has been described previously.® The photo-
electrons were detected with a hemispherical analyzer
equipped with multichannel detection. The photon ener-
gy resolution and electron kinetic energy resolution were
both set at 0.8 eV. The degree of circular polarization
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was set at 77% to optimize the circular dichroism signal-
to-noise ratio.® The measurements were carried out on a
thin Ni film (=10 monolayers) evaporated onto a clean
and well ordered Cu(100) surface. A thin film was used
instead of a bulk Ni sample because of the easier magneti-
zation and less stray magnetic field. The XAS, MCD,
Auger, 2p core-level, and (2p resonant) valence-band pho-
toemission spectra were all found to be identical to those
of thicker Ni films and of bulk Ni. The 10-ML film
thickness is sufficient to conceal all photoemission signal
from the underlying Cu substrate. The light was at graz-
ing incidence along the [010] surface plane direction and
a remnant magnetic field was established in the Ni film
along the same [010] surface direction by using an in situ
pulsed electromagnet. The magnetic circular polarized
photoemission spectra were obtained using the four possi-
ble combinations of light helicity (right/left) and sample
magnetization direction (parallel/antiparallel to the light
incidence) in order to exclude any systematic errors. The
entire measurements took about two weeks; and, for
every 24 h, a fresh Ni film was made to ensure sample
surface cleanliness. The measurements were carried out
at room temperature.

Figure 2(a) shows the valence-band photoemission
spectra with photon energies in the vicinity of the Ni L,
white line. The solid (dashed) lines represent spectra with
the spin direction of the incident photons parallel (anti-
parallel) to that of the majority 3d electrons. Figure 2(b)
shows the differences of the spectra shown in Fig. 2(a)
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FIG. 2. Valence-band photoemission spectra of Ni taken with photon energies in the vicinity of the Ni L; (2p;,, — 3d) absorption
edge: (a) solid (dashed) lines are spectra taken with the spin directions of the photons parallel 11 (antiparallel 1!) to that of the ma-
Jority 3d electrons; (b) the difference between the antiparallel 1| and parallel T 1 spectra shown in (a). The photon energies indicated
are relative to the Ni L; white line at 852.7 eV. A4 and B indicate the energies of the XAS and MCD fine structures shown in Fig. 1.
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taken at the same photon energy (the solid curve sub-
tracted form the dashed curve), i.e., the magnetic-circular
polarization dependence of the photoemission intensity.
The photon energies selected are indicated relative to the
Ni L; white at 852.7 eV. The off-resonant spectra are
taken at 12 eV below the white line (Ahv=—12 eV),
showing a main peak near the Fermi level [see Fig. 2(a)]
with nearly no polarization dependence [see Fig. 2(b)].
Raising the photon energy towards the white line, the
much discussed 6-eV satellite’ becomes visible in both the
normal [Fig. 2(a)] and difference [Fig. 2(b)] spectra, and
its intensity increases, reaching a maximum at the white
line (Ahv=0 eV), and then decreases at higher photon
energies. For energies several eV above the white line,
the normal and difference spectra are dominated by a
L;VV Auger-like feature. The resonance in the photo-
emission intensity at the white line is 80 times larger than
the off-resonant signal and 4 times larger than the L, V¥V
Auger. For the intensity difference, these numbers are
even larger as the off-resonant spectrum shows almost no
polarization dependence and the Auger feature looses its
polarization dependence at 8 eV above the white line.

The presence of satellites in the valence-band and 2p
core-level photoemission spectra of Ni, which is similar
to the CuO case and which cannot be explained by band
theory, suggests the importance of electron correlation
effects The fact that the high-energy satellite and not the
low-energy main peak of the valence-band photoemission
spectra resonates at the L, edge, suggests that as far as
the high-energy spectroscopy is concerned, a local many-
body configuration-interaction scheme, such as that in
CuO,? can be applied for Ni, where one Ni ion is dis-
tinguished as an impurity and is surrounded by 4s and
neighboring 3d orbitals, analogous to a Cu ion and O 2p
ligands in CuO.® The fact that the line shape of the Ni
resonance has an atomic-like d® multiplet structure, simi-
lar to that of the CuO resonance® and the 2p;,
photoelectron-coincident Auger spectrum of Cu and Ni,’
strongly indicates that the deexcitation channel consists
of a photoabsorption process followed by a nonradiative
decay of the type

2p®3d°+hv—2p33d1°—2p®3di+e,

(where e; denotes the photoelectron), consistent with the
results from the 3p resonance (spin-resolved) valence-
band photoemission on the 6-eV satellite of Ni.” These
findings give evidence that the white lines observed in the
total XAS and MCD spectra, can be assigned to the
2p>3d'° configuration, and that the ground state contains
mainly the 3d° configuration. Configuration-interaction
calculation within the Anderson impurity framework in-
cluding atomic multiplet structure give results consistent
with these assignments.!%!!

It is interesting to note that the photoemission intensi-
ty difference at the white line resonance is proportional to
the dichroism in the photoabsorption intensity, i.e., to the
difference in the number of 2p core holes created with the
two different light polarizations. When normalized to the
absorption cross section, the photoemission spectra have
only minor line shape differences for the two polariza-
tions, suggesting that the nonradiative decay process is
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insensitive to the magnetic state of the intermediate state.
Such insensitivity can also be inferred from the fact that
whenever the photoabsorption has negligible dichroism,
as when the photon energies are 8 eV or higher above the
white line, the Auger also has a negligible polarization
dependence. A theoretical explanation of these results is
given elsewhere.!? Similar observations have been made
in spin-polarized Auger studies of Ni, where the spin-
polarized differences are attributed to differences in the
spin-dependent cross section for the resonating
2p©3d°—2p33d'° electron impact excitation, after which
an autoionization decay takes place.!3

To search for possible photoemission resonances at
higher photon energies, e.g., in the vicinity of peaks 4 or
B in Fig. 1, one has to separate the L, V¥V Auger-like in-
tensity from the resonating photoemission spectra. It is
important to realize that the Auger line shape depends
strongly on the excitation energy,'* especially for energies
near the ionization threshold. In fact, such dependence
could give information concerning the states in the core-
level x-ray photoemission spectrum. Therefore, when
raising the photon energy further away from the white
line, one should not only look for spectral changes at
given binding energies (photoemission resonances) but
also at given kinetic energies (Auger energy dependence).
It can be shown that such spectral changes for the unpo-
larized spectra appear mostly at fixed kinetic energies, be-
cause the Auger intensity overwhelms the photoemission
spectra [Fig. 2(a)]. It is therefore impossible to identify
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FIG. 3. Comparison between the difference spectra shown in
Fig. 2(b) (dots) and the Auger reference spectrum discussed in
the text (solid lines). 4 and B indicate the energies of the XAS
and MCD fine structures shown in Fig. 1.
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photoemission resonance features in the unpolarized
spectra for photon energies several eV above the white
line. In the case of the difference spectra [Fig. 2(b)], on
the other hand, the Auger intensity is smaller and van-
ishes rapidly with increasing photon energy, allowing res-
onance features to become more visible. To facilitate the
extraction of the resonance features, we compare the
difference spectra with a reference spectrum, which
serves as an ansatz for the near ionization threshold
Auger spectrum. The obvious choice for this reference is
the photoemission difference spectrum at the L; white
line [Fig. 2(b)], which is almost pure 3d?® in character, as
discussed above. Figure 3 shows the comparison of the
difference spectra with the reference spectrum, which has
been shifted to keep the same kinetic energy, and normal-
ized to make the peak heights equal. The results show
that the line shapes of the reference spectrum and the
difference spectra are essentially the same for photon en-
ergies up to 2 eV above the white line, revealing that the
Auger spectrum is primarily 3d8 in character very close
to the ionization threshold. At photon energies near
peak B of the MCD spectrum (Ahv=3-5 eV), a distinct
line shape discrepancy can be observed at =12 eV bind-
ing energy. At higher photon energies (Ahv>5.5 eV),
including peak A of the XAS spectrum, the intensities of
the difference spectra vanish and, consequently, the line
shape discrepancy is negligible. In addition, a small line
shape discrepancy can be seen at about 2—8 eV binding
energies for the photon energies 2—6 eV above the white
line. Line shape discrepancies at given kinetic energies
cannot be easily distinguished.

The binding energies of the large line shape discrepan-
cy correspond quite well with that of a 3d’-like satellite
peak assigned in the photoemission spectrum,'>!® and its
energy separation with 3d8%like 6-eV satellite matches
that of the 3d’- and 3d5-like final states observed in the
2p;,, photoelectron-coincident Auger of Ni’ This
strongly suggests that the deexcitation channel in the res-
onant process involves a photoabsorption and a nonradia-
tive decay process of the type

2p®3d8+hv—2p33d°—2p®3d +e, .

Therefore peak B should be attributed to a 2p°3d°
configuration in the absorption final state, implying the
presence of some 3d? configuration in the ground state.
The small line shape discrepancy at 2—8 eV binding ener-
gies can be attributed to resonating 3d® photoemission
final states, reached via the 2p°3d '© XAS states which are
hybridized with the predominant 2p>3d° configuration of
peak B. Figure 4 summarizes the (net) resonance effects
at the L; white line an in the vicinity of peak B, where,
for the latter, the reference spectrum has been subtracted
from the photoemission difference spectrum. Figure 4
also shows the close relationship between the MCD spec-
trum and the photon energy dependence of the intensities
of these valence-band configurations. The results of very
recent configuration-interaction calculations'®!! are in
good agreement with both the XAS, MCD, and circular-
ly polarized resonant photoemission data. Depending on
the parameters chosen, the 3d 8 3d°, and 3d'° weights in
the ground state have been calculated to be 21, 61, and
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FIG. 4. Upper panel: Magnetic circularly polarized
resonant-photoemission spectra at the L; white line and at peak
B of the MCD spectrum shown in Fig. 1. Lower panel: MCD
spectrum together with the photon energy dependence of the in-
tensities of the resonating 3d® (V) and 3d’ (O) valence-band
photoemission features.

18% ({ny;)=8.97)," or 16, 49, and 35%
({ny)=9.19),"" respectively. In a band-structure pic-
ture, where the on-site d-d Coulomb interaction is
effectively zero, the weights are different and are given by
the broader binomial (statistical) distribution func-
tion.!”!® The 3F or Hund’s rule component is the most
important in the 3d® configuration, and the spin and or-
bital magnetic moments are 0.51 and 0.07u,'® or 0.5 and
0.05up,!! respectively. We note, however, that the An-
derson impurity model gives, for peak A, either a XAS
intensity too low to account for the measured value, or a
MCD intensity so significant that it can be easily detect-
ed.*® Within the impurity model, both the 4, 4’ and B,
B’ peaks belong to the 2p°3d® multiplet. Considering the
fact that a band-structure analysis® gives sufficient XAS
intensity without any MCD for peaks 4, A’, we infer
that a large portion of the A4, 4’ intensities should be at-
tributed to a critical point in the band structure. It
would be interesting to calculate the spectra, for instance,
from an Anderson impurity model which incorporates
such critical points or from a multisite cluster model.

In conclusion, we have utilized circularly polarized soft
X rays to separate the Auger process from the resonant-
photoemission process, and identified the character of the
states in the valence-band photoemission spectrum of fer-
romagnetic Ni. From this we are able to identify the
characters of the states in the L; x-ray-absorption and
magnetic-circular-dichroism spectra, thereby demonstrat-
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ing the importance of both electron correlation and
band-structure effects in the interpretation of these spec-
tra. Incorporation of both effects in theoretical calcula-
tions will be required to understand the electronic struc-
ture of transition-metal magnetic compounds, alloys, thin
films, and multilayers, where configuration-interaction,
atomic multiplet, and band formation effects are compa-
rable. Finally, the experimental results give hope for a
combined circular-polarized/spin-polarized soft x-ray
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resonant-photoemission experiment, which could provide
information on the electronic structure of antiferromag-
netic and magnetically disordered narrow band materials.
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