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Photoemission intensities at the 3p threshold resonance of NiO and Ni
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We report photoemission spectra and intensity profiles of the 3d emission and the

resonant valence-band satellites in NiO and Ni. Ni in Ni metal is in a 3d configuration,
but Ni in NiO is in a 3d configuration. NiO gives an opportunity to study the effect of a
larger number of holes in the d configuration: For NiO we find a very strong resonant sa-

tellite at 9.2 eV and a weak satellite at -22 eV below the main 3d peak. The intensity of
the 9.2-eV satellite is about twice that of the 6.2-eV satellite in Ni, which reflects the in-

creased number of empty 3d states of NiO as compared with Ni. The intensity profile of
the main 3d emission in NiO shows a strong (30%) dip at the resonance threshold, the ener-

gy of which corresponds to the main absorption threshold as measured with the constant-

final-energy spectroscopy technique and to the binding energy of the 3p core levels as deter-

mined by x-ray photoelectron spectroscopy. Our interpretation is incomplete because of the

clouded theoretical picture of NiO, but the results for Ni and NiO agree qualitatively with

recent calculations indicating that similar processes are involved in both cases. The strong
increase of 3 eV in the satellite-main line separation energy could be due to the strong locali-

zation of the 3d electrons in NiO, which should lead to an increase in the effective Coulomb

interaction.

I. INTRODUCTION

Resonant photoemission has attracted consider-
able interest since it was first observed on Ni. '

Resonant satellites have now been found in
numerous elements and compounds. ' The
strong intensity enhancement at resonance is due to
the interference of two excitation channels leading
to the same final state. One channel involves the ex-
citation of a core-level electron followed by a
coherent (Auger-type) decay leaving two more or
less correlated holes on one site. The same final
state can be obtained by a shakeup process, as
schematically shown in Fig. 1. With respect to the
3d-band satellites, Cu and Ni represent two qualita-
tively different systems.

In Cu both channels must involve states of the
n =4 shell (4s,p, d) because of the 3d' initial-state
configuration. At resonance, sharp satellites are ob-

served showing typical multiplet structure of a 3d
final-state configuration. Important parameters
such as the effective Coulomb interaction between
the two holes can be readily obtained. Far from
resonance the intensity gradually vanishes because
of the weaker 3d-4s,p interaction.

In Ni, however, the proposed satellite' consists of
an intra-d-subshell transition. It has a higher excita-
tion probability because of the stronger intra-d-band

interactions and, consequently, the satellite shows
considerable intensity far from resonance [e.g., at x-
ray photelectron spectroscopy (XPS) energies]. At
the resonance threshold, a 3p-31 transition followed
by a 3p 3d 3d super Coster-Kronig (sCK) decay can
lead to a strong enhancement of the satellite state
because of the high density of empty 3d states just
above the Fermi level. Indeed, at resonance the Ni
satellite at 6.2 eV from the 3d maximum is the most
intense example studied so far. For Pd, which has a
much lower 4d hole concentration, the satellite is
considerably weaker.

In order to investigate a system far removed from
Cu and also very different froin Ni metal, we there-
fore decided to measure the resonant behavior of
NiO. For a 3d initial state [r2s (Ref. 6), es (Ref. 2)]
there are two empty d states per Ni atom as com-
pared to less than one d hole in Ni." If indeed the
resonance in the open 3d-subshell elements is due to
a 3p —+3d transition (as compared to possible
3p~4s, p, d transitions), we expect the strength of
the resonant enhancement to refiect the number of
empty d states. Furthermore, it is interesting to see
the effects of changing the d occupancy on both the
multiplet splitting and the energy separation of the
satellites, since they are believed to be mainly atomic
in origin. The interpretation of the resonance in
NiO reveals the necessity of a better description of
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Figure 2 shows how energy positions could be deter-
mined by reducing the photon intensity drastically
and extrapolating the energy positions to zero inten-
sity. A second approach yielding the same value
consisted in slightly heating the crystal to
T & 200'C, therefore increasing the bulk conductivi-
ty. Higher temperatures lead to surface reduc-
tion, ' ' which is readily observed, as photoemission
in the energy gap appears. A Ni(100) single crystal
was measured for comparison. The latter was
cleaned by low-energy argon bombardment followed
by annealing.

III. RESULTS AND DISCUSSION

FIG. 1. Schematic representation of the photoioniza-
tion processes expected for Cu (3d', left side) and Ni
(3d" ', right side). a shows the occupied density of ini-
tial states below E~ and a sketch of a valence-band spec-
trum as measured with photoemission at resonance above
E~. b, continuum 3d photoemission leading to a bandlike
final state (dispersive). c, continuum 3d photoemission
accompanied with a 3d~4sp shakeup transition. The lo-
calized (nondispersive) final state shows multiplet splitting
of an atomic 3d' configuration and is screened by the 4sp
electron in a possibly excitonic state. d, resonant channel
consisting of a 3p~4sp threshold absorption followed by
a 3p 3d 3d super Coster-Kronig decay leading to the same
final state as in c. a', b', c', and d' depict analogous pro-
cesses for Ni. The only significant difference is the 3d
character of the photoabsorption and shakeup final state.
b' describes a bandlike final state while c' gives a two-hole
state where the two holes are localized on one atom and
interact with the effective Coulomb interaction (see Ref.
10).

Figure 3 shows the partial photoelectron yield
spectra for Ni and NiO as determined by the low-
energy constant-final-state energy spectroscopy
(CFS) technique. In most cases this is equivalent'
to a photon absorption measurement. The absorp-

'

tion experiments were made by Brown et al. ' and
are virtually identical. The CFS data shown in Fig.
3 are raw data not corrected for the light-intensity
variation and a gradual decay of the stored beam
current ( &2%). The photocurrent of a Au diode is
shown for comparison. For Ni the half-height for
the lower threshold is at 65.75+0. 1 eV (width —1.2
eV). This agrees very well with the 3@3&2 binding
energy as determined by XPS,' Eb ——65.75 eV. The

Charging in NiO

the nature of the leading valence-band peaks, hither-
to interpreted as crystal-field-split 3d" ' multiplets
in transition-metal compounds.

II. EXPERIMENTS

The experiments were made using synchrotron ra-
diation from the electron storage ring Tantalus I at
the University of Wisconsin. The photoelectron en-

ergy was measured with a double-stage cylindrical
mirror analyzer in the angle-averaging mode. Its
axis was normal to the incident light and in the po-
larization plane. The sample was in a p-polarization
configuration with the polar angle 8;„, of the light
being 45' along a [100] azimuth. Total experi-
mental resolution was ~E 0.4 eV and the working
pressure was p & 2&(10 ' Torr.

NiO crystals were cleaved in situ showing mirror-
like (100) planes. Charging up to -5 V was ob-
served in the NiO energy distribution curves (EDC).

l

-2 E-6 -4 F
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FIG. 2. Position of the leading edge (half-height) of the
d-band peak as a function of light intensity due to charg-
ing of NiO. a, normal emission, p-polarized light, h v=22
eV. b, normal emission, s-polarized light, h v=33 eV. c,
same as b but at an elevated temperature, T=200'C. The
extrapolation to zero intensity gives E;=0.7 eV for un-

charged NiO.
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FIG. 3. Constant-final-state energy spectra for Ni

(EJ——10 eV) and NiO {Ey——2 eV, T=200'C). The
photon-energy resolution was A,E=0.05 and 0.07 eV,
respectively. The increase at threshold amounted to 587o
(Ni) and 43% (NiO) of the intensity below threshold. The
lowest curve is a photoyield measurement for this mono-

chromator as measured with a Au diode on a comparable
scale. The numbers give the energy position of the half-

height of the main threshold and the vertical lines give the
position of additional structures in the absorption profiles
as described in the text. (Note the nonlinear energy scale. )

second structure at -2-eV higher binding energy is
attributed to the excitation of the 3p»z core level.
Published values of the spin-orbit (SO) splitting are
hE„=1.4 and 1.7 eV. ' For Ni metal the final
state of the photoabsorption is 3p'3d' . As the 3d
band is full, the 3p 3d' state shows only the spin-
orbit splitting of the 3p core levels.

For NiO the initial state of the photoabsorption is

3p 3d, and the final states expected close to the
threshold are 3p 3d and 3p 3d 4s'. A recent
study' on Cu dihalides (3d ) suggests that the final
states expected after 3p photoionization are p 3d"
and p 3d"+'L. Here L means a hole in the ligand
valence orbitals and the n+1 stems from the so-
called ligand-to-metal 3d charge transfer. There-
fore, for NiO (3d ), the 3p 3d 4s' final state might
have a 3p 3d L4s' component. However, the ener-

gy of the p 3d L4s' configuration is estimated to
have a 6 eV to 10 eV higher excitation energy
[E(4s')+E(02p), see below] than the 3p 3d con-
figuration that is reached at threshold. Thus the
3p 3d L4s' final state is not considered at thresh-
old. This important assumption is also supported by
extensive absorption measurements on transition-
metal dihalides. ' They show that the near-edge ab- '

sorption structures are virtually independent of the
halogens Br, Cl, and F but vary systematically with
the occupation of the 3d subshell of Cr, Mn, Fe, Co,
and Ni. This rich structure is therefore interpreted
in NiO to be due to the multiplet interaction of the
3p hole with the empty 3d states in the photoabsorp-
tion final states 3p 3d and 3p 3d 4s'. The photo-
absorption curve of NiO is shown in Fig. 3. The
half-height of the main threshold for NiO occurs at
EN;o ——65.65+0.1 eV (width -0.9 eV). This is al-
most the same threshold energy as in Ni metal. As
XPS measurements on NiO (Refs. 19 and 20) show
little or no chemical shift in the 3p core-level bind-

ing energies with respect to the metal, it is tempt-
ing ' to place the final state of the photoabsorption
process at threshold close to the Fermi level EF.
Therefore, we assume that the first sharp feature is
due to a 3p~3d transition. Multiplet splitting of
the 3p 3d configuration can then account for most
of its structure. Contrary to an early assignment'
the very-low-intensity band observed below the main
threshold is probably not part of the 3p 3d multi-
plet as it is not observed in absorption spectra of Ni
atoms which also mostly have a 3d ground-state
electron configuration. The second strong max-
imum at h v=70 eV can then be due to the threshold
for 3p —+4s band electron transitions. The remain-
ing weak structure at h v=75 eV has been attributed
previously to band-structure effects. ' The place-
ment of the empty 4s level at approximately 3 eV
above Ez agrees with an observed 3.8-eV photoab-
sorption threshold (energy gap, for 3ds~3d 4s'
transitions) and our topmost photoemission peak
(due to a 3d photoemission final state) at the
inital-state energy E; =1.4 eV in the valence-band
spectra of NiO. The fact that discrete 3d ~3d *

absorption peaks (the asterisk denotes an excited
state) are observed below that threshold may indi-
cate that empty 3d states (namely the empty local-
ized minority-spin es states ) are available close to
E~. A similar interpretation can be applied to a re-
cent electron-energy-loss study. There the 3p
core-level ionization loss for NiO was observed to
have the same energy as for Ni metal. For NiO
however, a second energy-loss peak was found with
a 2.9-eV-higher loss energy. As electrons have prop-
erties of a "white-light" source the simultaneous
excitation of 3p —+3d and 3@~4s transitions can ex-
plain the occurrence of two 3p core-level ionization
loss peaks.

Figure 4 shows selected valence-band (VB) spectra
of NiO taken at photon energies close to the reso-
nance. Two sharp peaks at E; =1.4 and 3.0 eV are
the leading structures in the VB. They show no
(&0.3 eV) dispersion in normal-emission experi-
ments, as expected for localized final states. The
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FIG. 4. Selected valence-band spectra of NiO at pho-
ton energies close to the resonance. The symbols and the
letters A,B,C give the width and position of the regions,
whose integrated intensity is plotted as a function of h v in
Fig. 6.

photon-energy dependence of their cross section
clearly shows their d character as compared with the
lower-lying structures which are identified as
02p —derived bands. This has led to the interpreta-
tion that the topmost structures are due to crystal-
field —split 3d multiplets. In general, good agree-
ment has been reported between calculated and
measured spectra of 3d" ' multiplets (n =initial 3d
occupation in an ionic model} for the transition-
metal oxides and dichlorides of Mn, Fe, Co, and Ni.
For NiO this implies that the main 3d emission is
due to a 3d ionic final state. For the case of com-
paring our results with other measurements, all oth-
er peaks are given relative to the topmost peak (E„}.
Angle-resolved normal-emission measurements show
a strong dispersion of the 02p bands within 1.6 eV
&E, & 5.3 eV.~7 The structures at E,=1.6, 3.2, and
5.2 eV are therefore attributed to critical points of
the 02@bands. The peak at E,=19.2 eV is the 02s
level. This behavior (nondispersive d states versus
dispersive oxygen bands} agrees with the hybrid
model proposed for the electronic structure of
NiO. Furthermore, the values for the critical
points of the 02p bands correspond well with those
expected from a recent band-structure calculation
(2.0, 3.0, and 5.2 eV). The remaining structures at
-7 and -9 eV are attributed to satellites. All ener-
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FIG. 5. Valence-band spectra and difference spectra of
Ni and NiO for photon energies below and above the
main absorption threshold. Note that the difference
curves are shown with the same intensity scale being
offset. Energy values given denote the separation of the
maximum enhanced intensity from the leading 3d
emission-peak position.

gies given agree well with XPS measurements,
where, however, the 02p —derived bands are not ob-
served (very weak cross section) and only one satel-
lite is resolved at E, 7—8 eV. At resonance
(Iiv-67 eV) a drastic enhancement is observed
below the main 3d emission. Far above the reso-
nance, the increasing 3d cross section and the de-
creasing 02p cross section produce spectra similar
to previously published XPS spectra.

The location of the resonant satellites is best seen
in a difference curve of EDC's above and below res-
onance. These are compared with Ni and Ni0 in
Fig. 5. We find strong satellites at. &EN; ——6.2 eV
and at ~&~;o——9.2 eV, and weaker ones at roughly
12.8+I eV and 22+1 eV, respectively, from the
main 3d maxima. Figure 5 illustrates the following:
(i) With respect to the 3d main emission the reso-
nance in Ni0 is considerably stronger than in Ni.
This is expected because of the increased number of
empty 3d holes per Ni atom and therefore supports
the involvement of a local 3p~3d transition at reso-
nance. (ii) Close to the resonance the intensity of
the 3d emission is reduced in both Ni and NiO, thus
giving a negative peak in the difference spectrum.
This obscures possible structure on the low-binding-
energy side of the resonant satellites. (iii) The in-
crease (3 eV) in satelhte-main line separation energy
(hE) for NiO is probably the largest observed so far
in resonance experiments on one atom in different
environments. In the case of Ni and NiO this shift
cannot be mainly caused by a shift in energy of the
shakeup final state as in the case of Ga, GaP, or in
the case of Cu, Cu20, because final states were
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shown to be at EF. The latter reports ' also showed
a decrease in the effective Coulomb interaction
(which contains screening effects) for the 31' satel-
lite final state in the insulating compounds. There-
fore, the increase in hEN;o is probably not due to
screening effects. Because both Ni and NiO have
empty d states, the modd proposed by Penn'
should apply in both materials. It predicts that an
increase in the intra-atomic Coulomb interaction U
moves the satellite state to higher binding energy
and removes more weight from the main 1-band
emission. This could account for our results, at
least qualitatively, if we assume that the strong lo-
calization i of the 1 states in going from Ni to NiO
causes an increase in U. However, a more detailed
comparison should also account for the (unresolved)
multiplet splitting of the different localized final
states involved for the satellite (31 in NiO vs 31 in
Ni metal}.

An elegant method of examining the intensity dis-
tribution at the resonance is to measure constant
initial-state-energy spectroscopy (CIS} curves. For
NiO this is difficult because of the intensity-
dependent charging. In this work series of EDC's
were normalized to the electron-beam current in the
storage ring and to accumulation time. CIS's were
assembled from the series of EDC's by plotting the
intensity of the corresponding energy region in each
EDC. As the series of EDC's for NiO extended
over more than one injected electron beam in the
storage ring, a scaling factor had to be determined
for each new beam to make adjoining portions of the
CIS join smoothly. The scaling factor was deter-
mined by comparing the intensity of control mea-
surements taken at a given photon energy. These
yield variations are a common problem and are
probably due to the exact position and the shape of
the electron beam in the storage ring. We neglected
the smooth variation of the monochromator
transmission (see Fig. 3) because it does not intro-
duce any sharp structure. The set of EDC's shown
in Fig. 4 was normalized like this. The intensities of
the indicated regions (A,B,C) are then plotted versus
photon energy in Fig. 6. Apart from a generally de-
creasing intensity, the distributions for the regions
B and C resemble the CFS for NiO shown in Fig. 3.
The threshold for the satellite resonance coincides
with the CFS threshold. Using the same energy ar-
gument as before we see that the resonant satellite
intensity is due to the decay of a 3p 319 state:
hv+3p 3d ~3@ 3d ~3@ 3d +e . Therefore we
do not believe that the satellite state contains a
ligand-to-metal (31) charge transfer (3p 31sl, ) in
our photon-energy range hv&80 eV. In addition,
the charge-transfer final state could be identified
with the direct emission from the ligand valence
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FIG. 6. Integrated intensities of the regions A,B,C in-
dicated in Fig. 4 for NiO as a function of photon energy.
Region A is centered on the 3d maximum, region B is cen-
tered 9.2 eV below that, where the resonant intensity in-
crease is maximal, and region C lies -5.5 eV below re-
gion B and therefore shows roughly the general enhance-
ment due to core-hole decay electrons.

bands (02p} which have a lower binding energy
than the observed resonant satellites. Similar results
were recently found for CuO. Furthermore, a re-
cently proposed' model to explain XPS results for
Cu dihalides assumes that it is the main 3d emission
rather than the satellite which should represent a
charge-transfer final state. We therefore conclude
that the valence-band satellite in NiO is not due to a
ligand-to-metal (31) charge transfer as proposed ear-
lier.

However, if the resonant enhancement identifies
the NiO satelhte with an atomiclike 31 final state,
then the usual interpretation of the 31 main. emis-
sion as a localized 3d multiplet must be questioned.
The CIS for the topmost peak (Fig. 6, curve A}
shows a large dip in intensity right at threshold, fol-
lowed (possibly) by a weak enhancement. Clearly
this behavior at resonance does not correspond to
the expected increase for a 31 final state. Similar
results have led Davis ' to calculate the resonant in-
tensities for a parametrized model' for the VB of
transition metal compounds. In this model the
amount of mixing in the initial two-hole states 1
and d L determines whether the resonant enhance-
ment is observed in the main lines or at higher bind-
ing energies. This depends on which of the VB
features contains the most 3d L characters as op-
posed to the nonresonant 3d L and 3d L final
states. For reasonable parameters these calculations
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reproduce the resonant behavior observed in NiO
quite well. However, it has yet to be established
how well the nonresonant final states correspond to
the rich structures in the direct VB emission (includ-
ing dispersive bands) of different transition-metal
compounds. Further work is therefore necessary to
firmly establish any one of the interpretations given
so far for the VB spectra of NiO.

CIS curves for Ni metal, similar to those for NiO,
are shown in Fig. 7 and agree well with earlier re-
sults. The observed dip in the 3d emission at
threshold is roughly half as big as in NiO. Intensity
profiles of the 3d emission have recently been calcu-
lated for Ni and agree well with our results. This
agreement includes the fact that the minimum of
the 3d emission occurs at lower hv than the max-
imum in the satellite emission for both NiO and Ni.

For Ni the same difference in the resonant
behavior as for NiO is observed between the primary
VB emission and the satellites. While the 6-eV sa-
tellite has previously been attributed to an atomic-
like 3d configuration, the primary emission was
considered to represent a bandlike state where the
two 3d holes are not localized on the same atom and
do not interact. This corresponds with the fact that
angle-resolved photoemission studies on Ni metal
show dispersive bands, which allow a detailed com-
parison with band-structure calculations. A similar
final-state description is not easily transferable to
NiO because there the 3d states are rather localized.

IV. SUMMARY

We have studied the resonant valence-band satel-
lites in NiO and Ni using photemission with syn-
chrotron radiation. At the Ni3p photoabsorption
threshold of NiO we observe a very strong enhance-
ment of a satellite located approximately 9 eV below
the leading 3d peak. The satellite at resonance is
much stronger ( &2X ) than in Ni metal, which is
expected because of the increased number of empty
3d states available for the 3p excitations. For both
materials an additional weak satellite with consider-
ably large separation energy is found. Direct recom-
bination effects produce a strong minimum in the 3d
emission at the 3p threshold and show at most a
weak enhancement at higher photon energies. For
NiO, however, this may necessitate a reinterpreta-
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FIG. 7. Integrated intensities of 0.6-eV-wide regions as
a function of hv for Ni. The regions are centered: A at
the 3d-band maximum, 8 at the resonant satellite, 6.1 eV
below A, and C, 16.8 eV below A. The intensity from C
then shows roughly the general background enhancement
due to core-hole decay electrons. However, the weak
maximum at hv-75 eV is due to contributions from the
direct nonresonant 3p 3d 3d Auger emission.

tion of the VB spectra. The observed intensity pro-
files for both the satellites and the 3d primary emis-
sions compare well with recent calculations. Our re-
sults therefore strongly support the proposed model
for the resonance in systems with open 3d states.
The large difference (3 eV) in the satellite separation
energy between Ni and NiO may be due to an in-
creased Coulomb interaction because of the strong
localization of the 3d states in NiO.
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