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Abstract

It has recently been shown that spin-resolved valence band photoemission spectra can be obtained from macroscopically
non-magnetic transition metal materials. This is achieved by combining circularly polarized soft X-rays, electron spin
detection and 2p3/2 (L 3) resonant photoemission.

These experiments have been performed at the European Synchrotron Radiation Facility (ESRF) by combining a helical
undulator, HELIOS I, a ‘Dragon’ spherical grating monochromator and the New York University (NYU) spin-resolved
spectrometer, specifically designed for soft-X-ray photoemission experiments.

Examples will be given of applications to antiferromagnetic materials (e.g. CuO) and paramagnets (e.g. nickel metal above
its Curie temperature).q 1998 Elsevier Science B.V. All rights reserved
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1. Introduction

The purpose of this paper is to show that it is
possible to obtain the spin-resolved valence band of
macroscopically non-magnetic transition metal
materials (antiferromagnets, paramagnets and
materials with disordered magnetic structure). This
can be achieved by using circularly polarized radia-
tion, electron spin detection and by doing the photo-
emission at a photon energy at resonance with spin-
orbit split core levels.

This is illustrated by two examples: nickel metal

and copper oxide (CuO). The angle resolved photo-
emission data on these two materials show that the
valence bands are shifted compared with a one
electron calculation: in addition structures appear
(around 6 eV for Ni and 12 eV for CuO) that are not
predicted by the one electron calculation. These struc-
tures, called ‘satellites’, are the result of many-body
effects and are well understood. They are two hole
bound states corresponding to 3d8 final states
(singlets1S, 1D, 1G and triplets3P, 3F): It has been
shown in the past that these satellites show very strong
enhancement (giant resonance) when the photon
energy is tuned near the 2p levels (hu = 931.5 eV
for Cu andhu = 852.7 eV for Ni), allowing a detailed
study of the various multiplets. In this paper, we pre-
sent results obtained on Ni above its Curie tempera-
ture (Tc) and in the case of CuO we show that the top
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of the valence band is of pure singlet character,
supporting the existence of Zhang–Rice singlets in
high-Tc cuprates.

2. Experimental aspects

The experiments were performed using the helical
undulator [1] Dragon beam line ID12B [2], together
with the New York University’s spin resolved elec-
tron spectrometer specifically designed for soft-X-ray
photoemission experiments [3]. The overall mono-
chromator and electron analyser resolution was set
at 1.5 eV. The degree of the circular polarization at
the Ni and Cu L3 photoabsorption white lines was
,0.85 and the detector’s spin sensitivity (Sherman

function) was 0.07. The angular acceptance of the
analyser was6 4.58. The experimental geometry is
shown in Fig. 1. The spectra were recorded with the
four possible combinations of light helicity (j+/j−)
and spin detector channels (e↑ /e ↓ , measured
simultaneously), in order to exclude any systematic
errors.

3. Local electronic and magnetic structure of Ni
below and aboveTc

Despite a large body of experimental data, a com-
plete description of finite temperature magnetism
remains controversial, with some recent results on
Ni supporting a Stoner-like behaviour [4], fluctuating

Fig. 1. The upper panel shows the experimental geometry and the insert the relevant resonant photoemission transition. The lower panel shows
the absorption spectra for Ni taken with left and right circularly polarized and the corresponding dichroism spectrum, given by the difference
between the spectra taken with left and right circularly polarized.
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band theory [5], or suggesting even more complex
behaviour [6], and as far as the electronic structure
is concerned, most of this discussion can be reduced to
the question as to whether or not the atomic Hund’s
rule correlations have survived the strong band
formation. Such local exchange interactions, together
with the suppression of charge fluctuations due to
Coulomb interactions, may account for the failure of
mean-field theories to calculateTc properly and may
give a plausible explanation for the retention of local

moments and short range magnetic order aboveTc in
late transition metals [7].

To provide a better insight in these phenomena, we
have investigated the local electronic structure of Ni
and its temperature dependence, with special
emphasis on the spin polarization of the atomic-like
3d orbitals. For this we have used the spin-resolved
circularly-polarized 2p (L3) resonant photoemission
technique, a newly developed spectroscopic tool
with the unique property that it is capable of measur-
ing the local 3d spin polarization independent of the
orientation of the local moment, which is a necessary
condition to study local moments aboveTc.

A thick (,100 Å) Ni film was grown epitaxially
in-situ on a Cu(001) surface, yielding L2,3 X-ray
absorption and spin-unpolarized photoemission spec-
tra identical to those measured previously (Figs 1 and
2) [8]. No Cu signal could be observed in the spectra
during all measurements below and above the Curie
temperature of Ni (Tc = 627 K) indicating good
sample quality. The sample geometry is shown in
Fig. 1, withc = F = 458 and normal emission.

The measurements were first performed at room
temperature, i.e. belowTc (T = 295 K = 0.47Tc). In
order to obtain an accurate comparison between the
spectra taken below and aboveTc, as discussed later,
we purposely demagnetized the room-temperature Ni
film. The demagnetized state was determined by the
reduction of the dichroic effect in the L2,3 X-ray
absorption spectrum Fig. 1) to a few percent of its
fully magnetized value [9].

The thick solid line in Fig. 2a shows the valence
band photoemission spectra with photon energy tuned
at the Ni 2p3/2 (L 3) white line. This is the sum of the
spectra taken with parallel (j+« ↑ + j−« ↓ ) and anti-
parallel (j+« ↓ + j−« ↑ ) alignment of the photon and
electron spin. The spectrum reveals primarily the Ni
3d8 final states [8], and the peak at 6 eV binding
energy is the much discussed satellite of atomic-like
1G character [8,10–15].

More important is to investigate the degree of spin
polarization defined as the ratio between the differ-
ence vs the sum of the spectra taken with parallel and
antiparallel alignment of the photon and electron
spins. The result is presented in Fig. 2b, after taking
into account the spin detector sensitivity, the degree of
circular polarization and the experimental geometry.
We observe that this polarization is very large, up to

Fig. 2. Spin resolved circular polarized 2p3/2 (L 3) resonant valence
band photoemission spectrum of Ni. Panel (a) shows the spin inte-
grated spectrum (solid line) together with the break down in terms
of singlets (K) and triplets (L). Panel (b) depicts the spin polariza-
tion below the Curie temperature (0.49Tc) and panel (c) above the
Curie temperature (1.04Tc). The inset shows the experimental
geometry.
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about 40%, which is quite remarkable in view of the
fact that we are studying a demagnetized Ni film.

It is evident that without the use of circularly polar-
ized light one would not measure a net spin polariza-
tion from a non-magnetized sample since the spin
resolved signals from magnetically opposite Ni sites
would cancel each other. Yet, it is important to realize
that circularly polarized light can only be very effec-
tive if a strong spin-orbit splitting is present in the
atomic subshell under study, because then angular
momenta will govern the selection rules [16]. Conse-
quently, direct (non-resonant) photoemission on 3d
transition metals would produce little spin signal,
because the spin-orbit interaction (of order 0.1 eV)
is negligible compared with other interactions like
crystal fields and hybridization (of order 1 eV). To
resolve this problem we made use of the 2p3/2 (L 3)
resonance condition (Fig. 1) [8] in our photoemission
work: when the photon energy is near the Ni 2p (L2,3)
absorption edges, the photoemission consists not only
of the direct channel (3d9 + hu → 3d8 + e) but also, and
in fact overwhelmingly, of the de-excitation channel
in which a photoabsorption process is followed by a
non-radiative Auger decay (2p63d9 + hu → 2p53d10 →
2p63d8 + e). With the presence of the 2p core level in
the intermediate state we now have the opportunity to
take advantage of the large 2p spin-orbit splitting (of
order 20 eV, Fig. 1) and the strong L2,3 magnetic
circular dichroism (Fig. 1) [9]. This forms the main
principle of our technique: tuning into one of the two
well separated spin-orbit split 2p white lines, circular
polarized light produces a spin-polarized 2p core hole,
allowing the subsequent Auger decay to produce
photoelectrons which are also spin-polarized (with a
polarization depending on the final state). The fact
that the photoelectron carries information concerning
the local moment in the ground state is essential, since
the probability and degree of spin-polarization with
which the core-hole is created depends on the spin and
multiplet character of the valence hole in the ground
state, and since the core excited electron is a partici-
pator in the Auger decay process. The resulting degree
of spin polarization of the photoelectron is determined
by selection rules, and details are given elsewhere [17].

Analysis of the data reveals that the peak assigned
as the 3d8 1G-like state has a degree of polarization of
about + 40%. This compares very well with an
analysis of the selection rules [17] for a 3d9 initial

state configuration, in which the polarization is
found to be+5/12 (+42%) for the 1S, 1D, 1G and
−1/3 p 5/12 (−14%) for the 3P, 3F 3d8 final states
(neglecting the small 3d spin-orbit interaction). The
data therefore show that for 6 eV and higher binding
energies only singlet states are present, and that for
lower binding energies both singlet and triplet states
are present since the polarization is much reduced but
not negative.

Fig. 2a shows a break down of the experimental 3d8

final states in terms of singlets and triplets, using the
above mentioned selection rules and the facts that the
measured total intensity is the sum of the two contri-
butions (I tot = I s + I t) and that the measured total
polarization is a weighted sum of the singlet and
triplet polarization (Ptot = (Ps p I s + Pt p I t)/I tot). The
results demonstrate clearly that this type of experi-
ment can unravel the different multiplet or spin states
of the valence band of transition metal materials. For
Ni we can establish that the singlets are located at
much higher binding energies than the triplets and
that the triplets extend all the way to the Fermi energy,
providing support to the suggestions presented in
early spin unpolarized Auger studies [18,19]. Our
data indicate that the on-site Coulomb and exchange
matrix elements, and in particular, the Hund’s rule
still play an important role in determining the
energetics of the valence band states of Ni despite
the strong band formation. Moreover, our data suggest
strongly that the ground state has a considerable triplet
3d8 character since these extend to the Fermi energy.

The study has also extended the measurements
above Tc (T = 653 K = 1.04Tc). The sum of the
high temperature spectra taken with parallel and
anti-parallel alignment of the photon spin and electron
spin is identical to that of the room temperature spec-
tra shown in Fig. 2a. More informative is to look at the
spin polarization of the high temperature spectra,
which is depicted in Fig. 2c. It is quite striking that
the line shape of the polarization function is very
similar to that at low temperatures as shown before
in Fig. 2b. This is also true for the magnitude of the
polarization function, with values up to 40%. These
high temperature results, maybe more so than the
room temperature results on the demagnetized
sample, clearly demonstrate that this technique is a
powerful tool to obtain strong spin-polarized signals
from the valence band of transition metal materials
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which are magnetically disordered and have no net
macroscopic magnetization. Moreover, these results
show that the observed polarization in this experiment
does not depend on the orientation of the local
moment, but only on the magnitude of the local
moment, making it an ideal tool for studying local
moments in itinerant ferromagnets aboveTc.

The lack of change in the local 3d polarization in
going throughTc indicates also that at high tempera-
tures the singlets are located at much higher energies
than the triplets and that these triplets extend all the
way to the Fermi energy. The latter implies that the
ground state has a considerable high spin 3d8 charac-
ter, or in other words, that local moments of 3d char-
acter are still present aboveTc. This result shows
clearly one of the shortcomings of mean-field theory
[20], which predicts the disappearance of local
moments aboveTc. More interestingly, our data may
provide an insight as to why such theories fail to
calculateTc properly [7]. A consequence of the one-
electron approximation is that charge fluctuations are
purely statistically distributed since they do not cost
extra energy. They are also independent of spin for a
non-magnetic system. Our spectra indicate, however,
that such a condition is met only for the (low lying)
triplets and that charge fluctuations involving singlets
are quite energetic, up to 6–9 eV for the1G, 1S-like
states. It is this neglect of the Hund’s first rule (triplets
lower in energy than singlets) and Coulomb correla-
tions (high energy singlet 3d8 satellites) that causes
mean-field theories to underestimate the gain in
potential energy by keeping the 3d electrons localized
relative to the gain in kinetic energy by allowing those
electrons to form a band. This underestimation is
much more serious in the non-magnetic than in the
ferromagnetic case, since in the latter a strong
reduction of charge fluctuations can be achieved due
to the fact that electrons can move primarily in one of
the two spin bands and not in both. Consequently, the
energy difference between a non-magnetic and
magnetic state is overestimated in mean-field theories,
resulting in a too high prediction ofTc.

4. Direct observation of Zhang–Rice singlets in CuO

CuO is often seen as a model compound for high-Tc

cuprates, since in comparing it with the insulating

parent compounds of the superconductors, the magni-
tude of the insulating gap, the antiferromagnetic
superexchange interactions, the basic structural unit
(CuO4), the Cu–O distances, as well as the Cu valence
appear to be quite similar. Therefore the characteris-
tics of the first ionization states in CuO (two hole final
state in photoemission) may be representative for the
behaviour of the doped holes in cuprates (ground
state) [23].

The angle between the electron emission direction
and the light beam was set at 908 (c = 908) and the spin
detector was set to measure the degree of the electron
spin polarization in the direction along the light beam
in order to obtain complete parallel and anti-parallel
alignment of the photon spin and electron spin. The
CuO sample was prepared in-situ by high-pressure
(2–10 mbar O2) and high-temperature (4008C)

Fig. 3. Spin-resolved circularly polarized 2p3/2 (L 3) resonant
valence band photoemission spectrum of CuO. The thick solid
line in the top panel is the sum of two spectra, one taken with
parallel and the other with antiparallel alignment of the photon
spin and electron spin. The thin line with open circles is the spin
polarization, calculated as the ratio between the difference and sum
spectrum. The zero check measurement as described in the text
verifies a correct experimental setup.
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oxidation of polycrystalline Cu as described in earlier
studies [20–22], yielding unpolarized spectra identi-
cal to those measured previously. The measurements
were carried out at room temperature.

The top panel of Fig. 3 shows the valence band
photoemission spectra of CuO with photon energy
tuned at the Cu 2p3/2 (L 3) white line (hu =
931.5 eV). The thick solid line is the sum of the spec-
tra taken with parallel (j+« ↑ + j−« ↓ ) and anti-parallel
(j+« ↑ + j−« ↓ ) alignment of the photon spin and
electron spin. Aside from a slightly poorer energy
resolution, it is identical to the unpolarized 2p reso-
nant photoemission spectrum in an earlier work [20].
The spectrum reveals primarily the Cu 3d8 final states,
and the peaks at 16.2 and 12.5 eV binding energy are
states derived from the typical atomic-like1S and1G
states, respectively, as explained before [3,21,22].
The thin line with open circles is the difference
between the spectra taken with parallel and anti-
parallel alignment of the photon and electron spins.
After taking into account the spin detector sensitivity
and the degree of circular polarization, we observe
that this difference is very large, up to 41% of the
sum spectrum, which is quite remarkable since we
are studying a system with randomly oriented local
moments. To verify that this observation is not flawed
by instrumental errors, we have performed a zero
check experiment. We repeated the measurements
under identical conditions with the carbon target
replacing in-situ the gold target of the spin detector.
Since the carbon target is not sensitive to the spin of
the electron being analysed, any difference signal
detected can be ascribed to instrumental asymmetries.
As shown in Fig. 3, we measured a difference spec-
trum which is zero, proving that the experiment has
been set up correctly and that the above mentioned
spin-resolved signals are real.

Fig. 3 also shows that the difference spectrum has a
different lineshape from the sum spectrum. For further
analysis, we represent in the bottom panel of Fig. 3 the
data in terms of the degree of spin polarization defined
as the ratio between the difference and the sum spec-
trum. The states assigned as1S and1G-like have a
polarization of about+35% and+41%, respectively,
and this compares very well with an analysis of the
selection rules in which the polarization for a 3d9 ion,
neglecting the small 3d spin-orbit interaction, is found
to be +5/12 (+42%) for the singlet and−1/3 p 5/12

(−14%) for the triplet final states. While for 12 eV and
higher binding energies only singlet states are present,
between 1 and 12 eV the polarization is much reduced
but not negative, indicating the presence of both
singlet and triplet states as proposed in earlier studies
[3,19,20]. Quite remarkable is that the polarization is
high again for states located at the top of the valence
band, suggesting strongly that they are singlets, i.e.
the Zhang–Rice singlets in cuprates. With a value of
+35%, one is tempted to make a comparison with the
polarization of the high energy1S state (also+ 35%)
and suggest a common origin. In fact, model calcula-
tions [22,23] showed that both the first ionization state
and the high energy1S state belong to the1A1 irre-
ducible representation of the D4h point group, and that
the first ionization state, which is mainly 3d9L like,
acquires some (,7%) 3d8 character which is now
being probed in this resonant photoemission experi-
ment (L denotes an oxygen ligand hole). The calcula-
tions [22,23] also showed that it is the strongly non-
cubic environment, present in all cuprates, that makes
the first ionization state a singlet. In CuO, the stability
of this singlet with respect to other states can be esti-
mated from the width of the high polarization region,
which is about 1 eV.

Fig. 4 shows a breakdown of the 3d8 final states in

Fig. 4. A breakdown of the spin-resolved circularly polarized 2p3/2

(L 3) resonant valence band photoemission spectrum of CuO in
terms of singlets and triplets. The inset shows that the top of the
valence band consists of singlets only.
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terms of singlets and triplets, using the above men-
tioned selection rules. The results demonstrate clearly
that this type of experiment can unravel the different
spin states of the valence band of transition metal
materials. A quantitative analysis that includes
Auger matrix elements could provide a much more
accurate modelling of the complicated electronic
structure of such strongly correlated systems. In our
case, a qualitative analysis is more than sufficient to
establish that the first 1 eV of the valence band con-
sists of singlets only, as can be seen from the inset of
Fig. 4. While much theoretical work has been carried
out in the past [23–25], our study provides the direct
experimental support for a meaningful identification
of Zhang–Rice singlets in cuprates.

In summary, we demonstrate the feasibility of spin-
resolved valence band photoemission on macro-
scopically non-magnetic transition metal materials,
i.e. antiferromagnets, paramagnets and materials
with disordered magnetic structure, and show that a
very high degree of spin polarization can be obtained.
The combined use of circularly polarized light, elec-
tron spin detection and 2p3/2 (L 3) resonance condition
is essential. We have been able to observe a strong
spin polarization in the valence band of Ni [26], not
only below but also aboveTc. Identification of the
separate local singlet and triplet 3d8 states provide
support for the relevance of Hund’s rule in the forma-
tion of the magnetic state in band-like late transition
metals. Upon crossingTc, the high spin 3d8 states
continue to dominate at very low energies, indicating
that local moments and short-range magnetic order
persist aboveTc. We have also been able to unravel
the different spin states in the single particle excita-
tion spectrum of CuO [17] and show that the top of the
valence band is of pure singlet character, which pro-
vides strong support for the existence and stability of
Zhang–Rice singlets in high-Tc cuprates.
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