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The oxygen K edge XANES (X-ray Absorption Near Edge Structure) of stoichiometric
Ni0 has been measured, by partial electron yield, at the "Grasshopper" line of the Fra-
scati synchrotron radiation facility. The main features of the spectrum in the multiple
scattering region over the 50 eV energy range beyond threshold are well predicted by
the full multiple scattering one-electron theory. The interpretation of fine details
of the spectrum requires a many body picture, in fact the results are in agreement with
a description of Ni0 as an intermediate valence system where the charge transfer gap
is smaller than the Hubbard correlation.

In the last few years much interest has focused on the investigation of multielec-

(1)

tron excitations in core levels spectroscopies’ . The multielectron excitations in a

correlated electronic system like Ni0 has been object of extensive experimental investi- . .

2)

gation via core level X-ray photoemission spectrocopy XPS( valence band photoemis- .



(2,4-6) (7,8) .(4,5)

sion , resonant photoemission , bremsstranlung isochromat spectroscopy BIS
and angular resolved photoemission(g). Band structure theoretical approaches to Ni0 -elec

tronic structure have found no(]o_]Z) or only 0.3 ev(]3) gap within the 3d valence band,

(]4’4’5). The role of electron cor-

relation in Ni0 has been pointed out since the work of Mott(]S). A recent approach using

(16)

in contrast with evidence of an optical gap of 4.3 eV

the formalism of configuration interactions
(4,5)

has been shown to account for the va-
lence band photoemission and BIS data
Here we investigate the electronic structure of Ni0 via XANES. It can be shown that

the inner shell absorption cross section can be separated into an atomic-like part and

a part arising from multiple scattering of the photoelectron by neighboring atoms(1]’182
XANES is actually used to obtain information on the geometrical atomic arrangement of
(17,19)
.. (20,21) . s . . , N
selected sites . The single particle picture for the main features of the XANES

spectrum of meta]s(22’23), moﬂecu]es(]g), and molecular compounds(lg) is well estab-

neighbor atoms from the unoccupied electronic states of se]ected symmetry at

lished. On the other hand, in correlated electronic system, Tike valence fluctuating
compounds, where the ground state is described by mixing of atomic-like configurations,
the XANES spectra at threshold show a splitting of localized atomic-like resonarices due
to multielectron configurations and provide a measure of ground state proper-

tie$(20’24’25).

We have measured the high resolution oxygen K-XANES spectra of Ni0 and compared
it with the one-electron full multiple scattering theory(26’27). We show that the high
resolution XANES data of stoichiometric NiO is well predicted by one-electron fuf] mul-
tiple scattering theory.

The role of the configuration interaction due to the large e]ecfronic correlation
effects in Ni0 gives rise to extra features in the oxygen K edge spectrum. We have iden-
tified these features and the results are discussed in the frame of a simple model for
NiO. Ni0 is described as an intermediate-valence system, as first proposed by Fujimo-
ri and Minami(]ﬁ), with a large hybridizatﬁon(4_6’]6’28_30) between the localized  3d
states (the width of the 3d bands can be neglected,in fact, it is only about 0.5 ev(l3))

and the oxygen 2p valence band (the dispersional bandwidth of the oxygen band is about
(9)

3.5 eV and . therefore cannot be neglected). In a simple model for Ni0 we consider lo-
calized 3d" states at the Ni sites with large d-d Coulomb interaction U (U has been
found to be between 5 eV and 10 eV(5’28’30). The charge transfer energy needed to create

a-hole in the oxygen 2p valence band (which can be called L extending the meaning of
the notation proposed by Fujimori in the framework of the ligand field theory for a clu-
ster model, where the width of the oxygen 2p band is neglected) and to promote an elec-

tron in the 3d states is assumed to be &E =5 eV(ZS) or 4.6 eV(30). This can be consi~-



dered the energy separation between the configuration 3d8 and. the mean.-energy of the
broad 3d?£ configuration in the ground state in a many-body language. Because of Ni(3d)-
-0(2p) hybridization the mixing parameter v between the two configurations is non zero,
v = 1,75 eV as found experimenta]]y(30), and thre ground state is described as ,ﬂ% =
al3d8>-+ bl3d9L> . The hybridization mixing parameter v determines the intermediate va-
lence (i.e. b is not zero), in fact if v were zero the 3d?g configuration will be wunoc-
cupied in the ground state and the system will be an integer valent 3d8 system. This
type of electronic structure, where U> 0E,, is common to a class of materials suéh as

CeOZ, which we call "interatomic-intermediate-valence (IIV) systemsf(B]’BZ).

EXPERIMENTAL

Experiments were performed at the Frascati National Laboratories usiné the storaée
ring Adone operated at 1.5 GeV. We used the Grasshopper grazing incidence monochromator,
equipped with a 1200 Tine/mm holographic grating, and variable slits from 15 to 400 wum.
We obtained an energy resolution AE = 1.5 eV operating with 15 um slits at 530 6V The
Tight emerging from the monochromator was refocused on the sample by a 2° grazihdninci—
dence toroidal mirror. The radiation incidence angTe on the sample surface was 45°. The
spot size was about 2x2 mm.

The emitted electrons were detected by use of a two-stage cylindrical mirror: ana-
Tyser (CMA). The axis of the detector was normal to the incident radiation. The surface
XANES spectra(33’34) were measured by the partial electron yield method where the CMA
was operated in a constant final state (CFS) mode selecting out electrons at 2 eV) (ma-
ximum of secondary electron energy distribution). _

Nickel oxide Ni0 was grown on a nickel metal surface kept at the temperature of
950°C in a high partial pressure of oxygen about 152 Torr. In this condition the growth
of the oxide layer is stoichiometric. We have found in our conditions.that the thickness
of the oxide layer grows according with the parabolic rate growth of NiO,].38x10—9
(g.cm -sec-z). This 1is consistent with both graviometric and electron microscopy measu-
rements. X-ray diffraction, Auger spectroscopy and EXAFS spectra at the Ni K-edge were

used to check the purity and stoichiometry of the Ni0 oxide layer.

RESULTS AND DISCUSSION

a) One-electron excitations

Fig. 1 shows the experimental oxygen K-edge XANES of Ni0 layer on nichel. Because
we collect secondary electrons at very Tow kinetic energy,with a very long escape depth,

our data have to be considered giving bulk Ni0 properties. The oxide layers were thick H



enough (d > 5000 R) that no electron emission from the substrate was observed.

c
(30,36)" The

spectrum in Fig. 1 shows peaks predicted by the theory which were not resolved in the

Our data are in good agreement with electron-energy loss experiments

XANES spectrum reported in ref.(26).
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Fig. 1 - Oxygen K-XANES of Ni0 measured by Fig. 2 - Theoretical oxygen K-XANES of
electron partial yield at a constant final Ni0 calculated by Norman et a].(36)c0ﬂ
state E¥ = 2 eV. pared with the experimental spectrum
where the energy scale has been com-
pressed by a factor CF = 1.1.
The experimental XANES spectrum is compared in Fig. 2 with the theoretical XANES
of Ni0 calculated by Norman et al.(26) using the one particle full multiple scattering

theory for a cluster around the central oxygen atom formed by ten neighbor atoms. The
agreement between the theory and experimental data is quite good, showing that comparing
good-quality XANES data with full multiple-scattering XANES theory leaves no place for
speculations about the role of multiple scattering in XANES.

In Fig. 2 we have aligned the first peak a and we have compressed the theoretical
spectrum to obtain a good alignement between the theoretical and experimental spectra
using a compression factor for the experimental energy scale. The need of this type of
correction (first observed by Grunes(37)) in ‘the comparison between the experimental
XANES spectra and XANES theory is due to the energy-dependent exchange correlation
between the photoelectron and the valence electrons, which was not taken into acount
in the XANES calculations.

The agreement between the theoretical and experimental spectrum shows that the fea-

tures a,c,d and e can be assigned unambigously to one-electron excitations. These states



are due to multiple-scattering resonances of the p-photoelectron in the continuum, i.e.
the maxima of the local density of states at the oxygen site of p-type, selected by the
dipole selection rule (41 = +1)

Feature ¢ is at the threshold of the p conduction band. This is demonstrated in

Fig. 3 where the Ni0 spectrum is compared with Mg0 spectrum measured using energy loss

spectroscopy by Co111ex(36).MgO has
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but there are not unoccupied d-sta-
tes at threshold. A1l the multiple Nio
scattering peaks determined. by the
same local atomic arrangement are
observed in both spectra. The lack

of peak A in Mg0 demonstrates that

XANES

peak: A in NiQ is due to transitions

to the unoccupied states due to the . :
mixing of 0-2p orbitals with Ni-3d 0= ' :
orbitals. ¢ \\\\\\n_—
The absorption edge in NiO can /7 ///[e o
be determined experimentally by kno o
o
d

wing that the binding energy E({1s)

XANES

of the 0-Ts level is at Ep(1s) =530 — ! ! | Lo
(3) 530 540 550 560
eV'"'. In the one-electron scheme
s . NERGY {eV,
the photoionization absorption thre ENERGY (el
shold is predicted to be at Ey = Fig. 3 - Comparison between the oxygen K-

= E,(1s) + E(gap) = 534 eV, where

E(gap) is the gap energy 4.3 eV mea
(4)

XANES of Ni0 and Mg0. In the Mg0 spectrum
there are no unoccupied d states, therefore
the first absorption feature has been aligned
with peak C of NiO.

sured using BIS'"'. Therefore,using
this one-electron scheme the peak a in the oxygen K-XANES at 532 eV 1is a bound state
with a 2 eV binding energy. Because of the current controversy on the assignement of
the 4.3 eV gap an alternative extimate of E_can be obtained. Where the 4.3 eV gap is

(13) °
as the function from the 0(2p) at ~- 2 eV

interpreted in the one-electron picture
to Ni(3d) unoccupied band, the absorption threshold is predicted to be at » 532 eV.
A more detailed discussion of this point comparing the different final stateé of differ-
ent spectroscopies will be published later.

In conclusion the one-electron interpretation of the XANES of NiO, together with

(9)

b

the dispersion of the 0(2p) valence bands probed by angle-resolved photoemission

shows that a set of states of NiO can be well described by one-electron theory: the oc-



cupied 0(2p) bands and the p-like high-energy conduction bands. The one-electron scheme
cannot account for features b and f in the XANES spectrum, which will be discussed -in
Sect. b.

b) Multielectron configuration interaction .

Important many body effects in the XANES appear when the electronic structure of
the studied system exhibits configuration interaction in the initial state. In fact the
core hole is screened not only by the passive electrons, as in core level photoemission
(XPS), but also by the excited photoelectron, therefore final charge transfer state "sha
ke up" (or final state configuration interaction) are usually quenched in XANES(32’38’3%
Moreover, at the oxygen K-edge the oxygen core hole is generally well screened by oxygen
2p valence band electrons. Therefore the 0 K-XANES is a good local probe of initial-sta-
te properties and it should be consistent with BIS data.

In an intermediate valent system like Ni0 the ground state is described in a many
body language as a mixture of two configurations |3d8> and |3d?£> therefore in the
final state with a core hole in the oxygen is level 0(1s) (or h) and one photoelectron
in an unoccupied state, two possible final-state configurations for each one-electron
excitation could be excited corresponding to the two configurations of the passive Va-
Tence electrons.

At threshold the lowest energy-allowed final-state-configuration is |N1(3d9)~0(l§)>
and it is assigned to peak a in Fig. 2. The symmetry of the p-Tike states at the oxygen
site in the frame of ligand field theory for a octahedral cluster ONi_ is T, symmetry,

(5) 6 lu
W The peak a final state can

be reached with a transition from the ground state configuration:

therefore the ligand hole L can be also indicated by T

v = a‘!O(lsza T,

L Omid®y> + blois?,T S)Ni (3d°)>
u 1u

to the final ‘state

00l ],T 6

ot 9
Is T, INi(3dT).

This is the lowest-energy fully relaxed configuration where the excited photoelec-
tron neutralizes the ligand hole. This final state is similar to the final state of char
ge-transfer excitation at the optical band-gap d?& where the hole in the 0{2p)states has
been transferred to the core 0(1s) level.

In one electron language this is the transition to the first unoccupied state which
is dipole allowed because of strong Ni(3d) and 0(2p) hybridization. This is demonstrated

by the strong oscillator strenght for peak a predicted by a full multiple scattering



calculation  which gives the p-component. of the local density of states at the oxygen
site.

At high energies the final state excited multielectron configurations are those
with the core hole 0(1§}) and one extra electron in each of the p maxima of the local
density of states called here c*, at the oxygen site determined by the:intermediate va-

lence state,
i o0s', 1 Oi(ad®)er!

i) ol1s', T, i aa)er!

This effect determiries the presence of an extra feature for each one-electron tran-
sition to each c*. We interpret the experimental features b and f in the Ni0 XANES spec-
trum, not accounted by the full multiple scattering theory, as due to this many body
effect. . '

The difference in energy between the two final state configurations is expécted

2:1/2

to be AE = (c“bEf2 + 4T7) where T is the off-diagonal element of the final state Ha-

miltonian which determines the mixing between the final state configurations and 6E¥=

li> >
—T"‘—:r‘\ [ tlof1s,e*h)
4E 6E‘Un "Qo
K . [du]ﬂ(l st

[¢* Joqrs')

0 S

O0E=4eV

T

g -aldy  «oldL

Fig. 4 - Scheme of multielectron configurations |d8> and ld9g>
in the ground state [i> and in the final state |f> in X-ray ab-
sorption. The arrows indicate direct transitions.



= OF - Uo- Qo where OF is the initial state separation of the d8 and dgk‘ionic configu-
rations: U0 = Udc* - Upc*’ where l%z and U;é are the Coulomb repulsion between c* and
0(2p) of Ni(3d) electrons and Q, = Q ew + Qyy,> where Q  +Q, are the Coulomb attrac-
tion between the-ligand hole and the photoelectron and between Ni(3d) and 0(1s) elec-
trons, respectively.

The actual energy separation depends on many parameters which change for each state
c* and therefore the mixing between the two configurations and their relative intensi-
ties also varies. We assign the pair of peaks c and b, and the pair of peaks e and f
to the transitions associated with the mixing of configurations i) and i) as described

in Fig. 4.

CONCLUSION

In this work one-electron full-multiple-scattering theory has been shown to de-
scribe well the NiQ XANES spectrum. The multielectron configuration interaction in the
inifia] state of Ni0 is detected by extra multielectron features in the XANES spectrum.
XANES is shown to be a new probe of localized states at the oxygen site, where in com-
pafison other spectroscopies 1ike BIS probe the unoccupied states, averaging over all

sites of the material, and Ni(3d) XPS probes the states at the Ni site.
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