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The localized character of the 3d electrons in the antiferromagnetic oxides NiO(100) and CoO(100)
has been studied with electron energy-loss spectroscopy at primary energies between 20 and 1200 eV.
The spectra of both charge-transfer compounds exhibit weak but sharp loss structures within the insulat-

ing gap region due to crystal-field excitations of the 3d" configuration (d "~d" ). These parity forbid-

den d -d excitations are strongly enhanced at low primary energies due to exchange scattering. Their ob-
served loss intensity depends on the momentum transfer at the scattering process as is shown by angle-

dependent measurements. At NiO(100) a surface d state is found that is due to the lower symmetry of
the ligand field at the surface. The measurements demonstrate the existence of spin-forbidden exchange
excitations A2g ~('Eg, 'T&g) in NiO(100) and reveal their excitation energies. A resonant enhancement
of all intra-atomic d-d transitions in NiO(100) is found at the Ni 3s excitation threshold. Temperature-
dependent measurements up to the Neel point show only little influence of the antiferromagnetic order-

ing on the EELS spectra of NiO(100). The different shapes of the absorption edges due to interatomic
d -d transitions across the insulating gaps of NiO(100) and CoO(100) are discussed.

I. INTRODUCTION

The occurrence of localized 3d electrons in transition-
metal (TM) compounds and the nature of the insulating

gap in systems such as NiO have been subjects of many
experimental and theoretical studies. ' In the Mott-
Hubbard picture ' it is the strong Coulomb interaction
between the 3d electrons that leads to an energy splitting
of the d" and d"+' states of several eV. As a result the
metal 31 electrons are localized and charge fiuctuations
such as d "1"~d"+'1" ' between adjacent transition-
metal sites should determine the gap width. For NiO
this picture would lead to a gap width of =10 eV, which
is a value much larger than the experimental values (3.2
eV) derived from optical-absorption and electron
energy-loss spectroscopy (EELS) measurements. '0 Better
agreement between theory and experiment is achieved
when additionally charge transfer between the ligand 2p
states and the metal 3d states is taken into account. In
the charge-transfer model a d electron is transferred be-
tween two TM sites and, as a result of the large change in
the local 3d charge density, the 1 hole is screened by a
p~d charge transfer. In this picture, it is the process
d "d"~d"+'d "L (L denotes a ligand hole} that deter-
mines the gap width. In both the Mott-Hubbard picture
and the charge-transfer picture interatomic transitions
are involved in the gap transitions.

However, attempts have also been made to explain the
insulating gap of NiO in a delocalized band picture with
only one Ni ion involved" and it is still a point under dis-
cussion whether the low-energy transitions just across the
gap are due to excitations involving only one Ni ion or
two Ni ions. Another question is, how the two-site tran-
sitions can cause the strong rise in intensity at the absorp-
tion edge observed in optical-absorption spectroscopy. '

For clarifying these questions EELS on NiO and CoO
can provide new information about the mechanisms.

Because of localized electrons in only partially filled 3d
shells in NiO and CoO it is also possible to excite low-
energy intrtt tttomic -transitions between 1" levels. These
d" states are energetically split by the cubic crystal field
and the ligand field. In optical-absorption measurements
on NiO (Ref. 13,14) and CoO (Ref. 15) the more or less
atomiclike transitions between d" states appear as very
weak features because the excitations d "~d"' are for-
bidden by parity selection rules. Some transitions are ad-
ditionally forbidden by spin selection rules and cannot-
in the absence of spin-orbit interaction —be excited
directly with photons. With EELS, however, all states of
the d"' configuration can be reached and a determina-
tion of excitation energies of transitions changing the
multiplicity is possible.

EELS experiments on rare-earth materials show —in
analogy to d dtransitions —-dipole forbidden transitions
between localized 4f levels. ' ' These excitations ap-
pear as sharp structures in the spectra. Some of these f-f
transitions show a strong dependence on primary energy
and scattering geometry, which is presumably due to
electron exchange scattering. For the spin-forbidden d-d
transitions in NiO and CoO that cannot be excited by
direct scattering it is also to be expected that electron ex-
change scattering contributes to the observed loss intensi-
ty in EELS and shows similarities to experiments on
rare-earth compounds.

It has been supposed that the intensity of triplet-singlet
d-d transitions in NiO depends on the antiferromagnetic
ordering of the magnetic moments' ' but an investiga-
tion of d-d transitions up and below the Neel temperature
has not yet been reported.

In this paper, we present an EELS study of UHV-
cleaved NiO(100} and CoO(100). Both oxides consist of
TM ions with partially filled 3d shells octahedrally sur-
rounded by oxygen ions and both exhibit antiferromag-
netic ordering of the local magnetic moments below their
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Neel temperature. The aim of this paper is to clarify the
nature of the low-energy excitations just across the gap,
to point out the role of exchange interaction for the
intra-atomic d-d excitations within the gap and to reveal
the influence of the antiferromagnetism on the transition
rates.

II. EXPERIMENT
A

1200eV ~l

F
Nio(IQQ)

For the EELS measurements we used a Pierce-type
electron gun and a simulated hemispherical spectrome-
ter with a four element electron lens. Both components
can be rotated around the sample and allow angular-
dependent studies with an angular resolution of about 5'.
For EELS the primary electron beam was directed onto
the sample surface 45' off normal and the acceptance an-
gle was varied. The total experimental energy resolution
of the system is 250 meV at a constant pass energy of 30
eV. Since the preparation of stoichiometric single crys-
talline thin films of NiO and CoO without defect states is
a difficult task and the electronic structure in thin films

may differ from that in solids, we used for this experi-
ment solid single crystalline samples grown by the Ver-
neuil method. NiO(100) and CoO(100) surfaces were
prepared by cleaving the crystals in the UHV chamber at
a pressure of 5X10 Pa. At this pressure also the mea-
surements were carried out. After the cleavage the sam-
ples were about 1 mm thick and 10 mm in diameter.
They could be cooled down to 100 K or heated to 600 K.
The conductivity of most of the NiO samples was
sufhcient to obtain EELS spectra undistorted by a charg-
ing of the sample surface at room temperature (current
density of the primary electron beam: 0.02 JLtA/ mm2 at
20 eV, spot diameter: 3 mm). CoO crystals at analogous
conditions had to be heated to 370 K to prevent sample
charging. The samples were additionally characterized by
Auger electron spectroscopy and bremsstrahlung iso-
chromat spectroscopy (BIS) measurements.

III. INTERATOMIC TRANSITIONS IN NiO(100)
AND COO(100)

EELS spectra of NiO(100) and CoO(100) measured at
different primary energies are shown in Fig. 1. In all
6gures the position of the elastic peak is indicated by a
vertical line. The loss spectrum of NiO(100) exhibits at
E =1200 eV beside the elastic peak a region up to about
3.1 eV with very low loss intensity that characterizes the
insulating gap. The following steep rise to feature B at 5.0
eV indicates dipole allowed transitions. Now, the 6rst
afBnity level seen in BIS is a d state at 3.9 eV and the
highest occupied states are also of d character (d',
d l. ). This would suggest that d-d transitions are
causing the steep onset, but it is not plausible to explain
the strong intensity of feature B simply by d-d transitions
because they are forbidden by dipole selection rules. A1-

though hybridization of Ni 3d states with 0 2p states in
the ground state of a NiO cluster must be taken into ac-
count for an explanation, it seems that the direct weaken-
ing of the dipole selection rules herewith is only marginal,
because intra-atomic d-d excitations of the same ground
state —which should as we11 be influenced by this
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FIG. 1. Dependence of the loss features of NiO(100) and
CoO(100) on the primary energy. The spectra were recorded in

specular scattering geometry. Zero intensity is for each spec-
trum indicated by the bottom of the high-energy side of the elas-
tic peak.

hybridization —are suppressed by dipole selection rules
and are only barely visible at high primary energies (see
Sec. IV). If, however, a d electron is removed from one
Ni ion and transferred to an adjacent Ni ion, the large
change in the local 3d charge density is accompanied by
strong relaxation processes which result in a screening of
the d hole by a charge transfer from the local ligand 2p
orbitals to the metal 3d orbitals. These relaxation effects
are the reason for strong satellite structures on photo-
emission spectroscopy (PES) on highly correlated materi-
als. It seems that this relaxation leads to a mixing of p-
and d-wave functions and that, therefore, in a slow exper-
iment such as EELS, transitions between d states of adja-
cent Ni ions can be observed as intense features in the
loss spectra. Calculations of the 6rst ionization state in
NiO indeed reveal a mixed p and d character for the hole
in the photoionized state. Interatomic transitions from
the unscreened d states at about 8-eV binding energy
to the d -final state are not observed in the EELS spectra.

The ground state of Ni + in NiO has A2 symmetry
with an electronic configuration [(t2g1') (eg't) (tzgJ) j
(Fig. 2). In cluster calculations of electron removal states
by Fujimori and Minami the T, state has been found
as the first ionization state with the largest spectral
weight, whereas calculations of van Elp et al. reveal the
F. state as the first electron removal level. In their ca1-

culations, however, also the T&g state at about 0.5 eV
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FIG. 2. Schematic diagram of the splitting of the d' states of
Ni + in spherical and cubic symmetry due to Hunds-rule ex-

change (J,N) and ligand field contributions (10Dq) in NiO (Ref.
4). Co + in CoO has one less (t2~$) electron than Ni + in NiO.

higher binding energy has the largest removal spectral
weight. Because in interatomic d-d transitions leading to
the Es removal state a change of the d-electron spin
must occur upon electron addition to the minority spin ez
states, these transitions are expected to be weak. Thus,
from the viewpoint of localized d electrons the interatom-
ic transitions just across the insulating gap mainly hap-
pen via the transfer of minority spin tzz electrons of one
Ni site into the minority spin es states of an adjacent site.

As a consequence of this two-site process one would
expect that feature B is absent in diluted octahedral Ni-0
systems. In fact, this is observed by optical absorption on
Ni-doped MgO crystals. Since the Ni + ion is isolated
in the MgO matrix without a neighboring Ni + ion, only
the bandlike transition 0 2p~Ni 3d can be excited as a
low-energy excitation across the insulating gap. This ex-
citation is observed in Ni:MgO at b,E=6.28 eV, a value
close to that of stoichiometric NiO. The strong absorp-
tion edge that is seen in NiO =2 eV below the 2p-+3d
excitation energy and which should be due to the inter-
atomic d-d transitions between adjacent Ni + ions, is not
found in the Ni:MgO system and, thus, this result sup-
ports our two-site transition model.

The interpretation that a two-site process is causing
the strong loss intensity just above the insulating gap is
further supported by the different resonant behavior of
features A, B, and C at the Ni 3s excitation threshold at
E =102 eV: Analogous to the mechanisms explained in
Sec. IV leading to the enhanced excitation probability of
the intra-atomic 1-d transitions (feature A) at the thresh-
old, also the p-d transitions (feature C} are resonantly
enhanced at the threshold. Feature 8, however —as ex-
pected for a two-site process —does not show a resonance
at this energy.

According to calculations of optical properties of NiO
(Ref. 27) features C, D, and E have been assigned to exci-
tations of 0 2p electrons. Peak C at 7.0-eV loss energy is

caused by 0 2p~Ni 3d transitions, feature D at 13.5 eV
is due to 0 2p ~Ni 4s and feature E at 18 eU is due to 0
2p —+Ni 4p transitions. Peak F at 21.5 eV, the most in-

tense feature at E =1200 eV, is nearly completely miss-

ing at E =102 eV. We assign loss peak F to the bulk
plasmon excitation since its intensity decreases with a re-
duced bulk sensitivity of the measurement at lower pri-
mary energy (Fig. 1} or at grazing scattering geometry
(not shown here). A similar behavior of plasmon losses is
found on rare-earth oxides. ' ' From the dielectric loss
function Im —1 le(q, co) of NiO (Ref. 29) the possible plas-
ma oscillation also can be inferred at hE =22 eV.

Within the gap region of NiO(100) (Fig. 1) only a very
weak feature ( A) is to be seen at Ez =1200 eV while this
and other weak peaks become more visible at lower pri-
mary energy. As will be discussed in Sec. IV, these weak
structures are caused by intra-atomic d-d excitations.

The EELS spectra of CoO(100) (Fig. 1), taken at 370
K, exhibit —in analogy to NiO(100) —at high primary
energy a gap region with weak features ( A } caused by
intra-atomic d-1 transitions and the intense structure C
due to 0 2p —+Co 3d transitions at 8.7 eV. BIS measure-
ments on CoO(100) show very similar structures and peak
positions compared to NiO(100) but a broader d final-
state peak due to its larger multiplet splitting. The first
affinity level A2s is calculated at 2.8 eV. The energy
position of the first d I. ionization state of CoO seen in
x-ray photoemission spectroscopy (XPS) (Ref. 30) is com-
parable to the position of the analogous state of NiO.

While the features above 12-eV loss energy in EELS
are nearly identical for NiO(100) and CoO(100}, it is at
first sight surprising that the absorption edge is different.
The much broader onset of the absorption edge in
CoO(100) starts at 2.5 eV and has also been observed by
optical-absorption measurements. The major difference
compared to the EELS curves of NiO(100) is that feature
8 is only barely visible at 6.3 eV for CoO(100). This is
due to the much weaker probability of charge-transfer
transitions in CoO. The ground state of Co2+ in CoO has
"T,

~ symmetry with an electronic configuration

[(t2 t') (es f ) (t2 l) ] (Fig. 2) and the first electron addi-
tion state is of minority spin t2~ character. Since the first
electron removal state is of intermediate spin character
( T&s },interatomic transitions of d electrons between two
Co sites would involve the excitation of majority spin e~
electrons into minority spin t2~ states. The transition
rates for these processes are expected to be weak at high
primary energy, even if the two Co sites are antifer-
romagnetically coupled. Transitions of minority spin t2~
electrons from one Co ion resulting in the T2 state into
the empty minority spin t2~ states of an adjacent Co ion,
however, are not forbidden by spin selection rules. The
removal spectral weight in XPS is also the highest for the

Tz~ state, which is at about 0.2 eV higher binding energy
as the T&z state. But nevertheless, these excitations do
not lead to an intense feature in the EELS spectra. One
reason for the weakness of the charge-transfer transitions
in the spectra of CoO lies in the weaker mixing of p- and
d-wave functions that appears with relaxation effects ac-
companying the intersite d-1 transitions. Calculations of
photoionized states ' reveal that the mixing of ligand p-
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hole states into d-hole states is weaker in CoO as corn-
pared to NiO. Due to the larger multiplet splitting of the
d final state the charge-transfer loss feature in CoO must
additionally be broader, which is another reason for the
less pronounced absorption edge in CoO. When the pri-
mary energy is lowered to E =100 eV, the loss intensity
of the charge-transfer transition between 2.5 and 8 eV is
increased, which supports our assumption that relaxation
processes are involved in the two-site transitions.

IV. INTRA-ATOMIC d dE-XCITATIONS IN NiO(100)

In this section, the loss structures within the gap re-
gion of NiO(100) are discussed. The experimental condi-
tions have been varied in different ways to clarify if the
loss structures are due to bulk or surface excitations and
to reveal experimentally the influence of exchange in-
teraction in the scattering process. Furthermore, the
effect of the antiferromagnetic ordering on the d-d transi-
tion rates has been investigated. Figure 1 shows weak
loss structures within the gap region of NiO(100}, whose
intensities are (relative to the intensity of the dipole al-
lowed transition B) strongly enhanced with decreased pri-
mary energy. In Fig. 3, the gap structures of NiO(100)
excited with low primary energies and measured in spec-
ular scattering geometry are shown with higher resolu-
tion. Their intensities (relative to feature B}increase with
decreasing primary energy E and the 0.60-eV loss peak
shows the strongest dependence. At E =102 eV all loss
structures are resonantly enhanced. Even with high reso-
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FIG. 3. Dependence of the gap structures of NiO(100) on the
primary energy. The spectra were recorded in specular scatter-
ing geometry and show the gap intensity relative to the intensity
of feature 8 (Fig. 1). Zero intensity is for each spectrum indicat-
ed by the bottom of the high-energy side of the elastic peak.

lution some of these gap features are no longer visible at
primary energies of 1200 eV. '

These gap structures (with the exception of the 0.60-eV
loss) are caused by intra at-omic bulk excitations of elec-
trons of the 3d configuration of one Ni + ion. Because
of the different orientation of the d orbitals in the cubic
lattice, the fivefold degenerate d orbitals of a free ion are
split by the octahedral crystal field into threefold degen-
erate t2& orbitals and twofold degenerate e orbitals. The
energy splitting arises from an electrostatic term caused
by the charges of the surrounding ligands and from a
strong covalent term due to different overlapping of met-
al d-wave functions with ligand p-wave functions.
Upon excitation of these intra-atomic d-d transitions the
change in the local charge density at the Ni site is small
and, therefore, relaxation effects are negligible, which is
in contrast to the case of interatomic d-d transitions.
This allows the study of parity forbidden intra-atomic d-d
transitions from the ground state with A 2~ symmetry to
excited triplet and singlet states. Some of these excita-
tions have previously been observed by optical absorp-
tion' ' and by EELS experiments on polycrystalline
samples, polished crystals, and thin films of NiO.

A. In8uence of the primary energy

The loss peak at 0.60 eV has not been observed in opti-
cal absorption' ' and it cannot be seen in the EELS
curves of Cox and Williams. It has also been found in
thin NiO(100) films by Freitag et al. , who attributed
the loss peak to a surface state. As has been suggested
previously, ' the occurrence of the 0.60-eV peak on
cleaved NiO(100) crystals is also due to the excitation of a
surface state. EELS measurements at E =50 eV reveal
directly after the cleavage of the crystal an intense loss
peak at 0.60 eV; its intensity is strongly reduced within
several hours at a current density of the primary beam
lower than 0.2 pA/mm . The surface peak at 0.60 eV
remains visible, however, several days at these conditions.
At higher current densities the surface peak vanishes
completely whereas the other bulk structures inside the

gap remain nearly unchanged. When the surface sensi-
tivity of the experiment is altered by using different
scattering geometries, a drastic change in intensity of the
surface peak can be observed (Fig. 4, E =102 eV). The
very strong enhancement of the scattering cross section
for the surface transition at low primary energies and its
vanishing cross section at high primary energies' is a
clear indication of a parity forbidden process. This sug-
gests that the surface state is of d character. Defect
states are not causing the 0.60-eV peak since it is absent
in samples sputtered with Ar+ ions (500 eV), which usu-

ally have a higher defect concentration at the surface.
Cluster calculations of d-d excitation energies in
NiO(100) (Ref. 35) show that the lower symmetry of the
crystal field at the surface (C~, ) leads to a partial lifting
of the degeneration of the T2 excited bulk state. At the
surface the T2 state, which is found experimentally at
1.12 eV, splits into the E component calculated at 0.62
eV and the 82 component calculated at 0.98 eV. We,
therefore, attribute the 0.60 eV loss peak to the transition
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FIG. 4. Dependence of the gap structures of NiO(100) on the
scattering angle. The spectra were recorded specularly with 90'
scattering angle relative to the primary direction or with 125'
scattering angle in off-specular geometry. At E~ = 102 eV an ad-
ditional curve with 65' scattering angle is inserted.

A2 ~ E at the surface. Further support of the surface
character of the 0.60-eV peak is obtained by adsorption
measurements: When NO molecules are adsorbed at the
(100) surface of a thin film of NiO the stronger ligand
field component normal to the surface shifts the E com-
ponent to higher energies.

Whereas the visibility of the E surface component is
strongly dependent on the surface sensitivity of the mea-
surement (Fig. 4), there appears no analogous change in
intensity of the 1.12-eV loss peak, which should be a su-
perposition of the T2 bulk loss and Bz surface loss
component. Therefore, transitions to the Bz surface
state seem to have much weaker excitation probabilities
than transitions to the E state. This finding is in agree-
ment with the experimental results of Freitag et al.
However, when the E surface state is reduced after pro-
longed electron irradiation or by sputtering of the sam-
ple, the intensity of the 1.12-eV loss is also slightly de-
creased. This can be the consequence of the reduction of
the B2 surface loss component. The calculated splitting
of the T&~ bulk state at the surface into the A z and E
states could not be observed in this EELS experiment.

One EELS spectrum measured at grazing exit of the
scattered electrons additionally showed a weak loss peak
at 2.1 eV. At this energy position previous optical-
absorption spectra' ' exhibit a shoulder that remained

TABLE I. Ground state and 6nal states of intra-atomic d-d
transitions in NiO(100). Their corresponding excitation ener-
gies have been measured with this EELS experiment and optical
absorption (Refs. 13 and 14) or have been calculated (Refs. 25,
24, and 35). Energies are in eV.

Symmetry EELS Opt. Abs. Theory

A2g
3E
3

T2g
1E

Tlg

2g

Tlg

T)g

0
0.60
1.12
1.60
1.70

2.75
2.9
3.1

1.13
1.75
1.95
3.25
2.75
2.95
3.52

1.08
1.73
1.88

2.73
2.95
3.26

1.22
1.68
1.98
2.64
3.00
3.37
3.49

1.12
1.92
1.88
3.10
3.03
3.23
3.60

0.62
1.00

1.81

unexplained. We assume that this peak is due to defect
states because this peak is also present in EELS spectra of
sputter-annealed samples.

A compilation of experimental and theoretical data for
d-d transition energies for NiO(100) is given in Table I.
The data of Fujimori and Minami and van Elp et al.
have been obtained from parameters of calculated PES
curves and the data of Freitag et al. are taken from ab
initio configuration interaction cluster calculations. A
comparison of measured d-d transition energies from op-
tical absorption' ' with our values and those from EELS
on sin~le crystalsi '3 shows that the transitions

A2~ ~ T2g, 'Eg are observed at lower excitation energies
with EELS.

As can be inferred from Fi . 3 and our previous high-
energy EELS measurements, 0 the scattering cross sec-
tions of individual d-d transitions depend in specular
scattering geometry differently on the primary energy.
Since d-d transitions are in centrosymmetric environ-
ments forbidden by the parity selection rule as electric-
dipole transitions, their scattering cross section is very
weak for photons and for electrons of high primary ener-

gy. If observed with photons, the intensity of d-d transi-
tions mainly arises from electric-dipole transitions that
become allowed by the presence of odd-parity fields
caused by nuclear displacements in the cubic lattice and
by lattice vibrations, which slightly release the parity
selection rule. With electrons of low energy, d-d transi-
tions can additionally be excited by electron exchange.

Compared to the parity forbidden triplet-triplet d-d
transitions, which can be excited by direct scattering as
well as by exchange scattering, the triplet-singlet d-d
transitions are additionally forbidden by spin selection
rules and cannot be excited by dipole scattering, since the
dipole operator has in the absence of spin-orbit coupling
no matrix elements between states of different spin multi-
plicities. Therefore, we expect that effects of exchange
scattering in EELS measurements with unpolarized pri-
mary electrons should be visible best for multiplicity
changing transitions.

The strong dependence on the primary energy of the
probability for electron exchange scattering is used for
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the 1.60-eV loss feature to clarify its attribution either to
the A2g —+ T2~ or to the A2g~'Eg transition because
the calculated energies for the triplet-triplet and triplet-
singlet excitations do not coincide (see Table I). Our
EELS spectra exhibit at E =102 eV a peak at 1.60 eV
and a shoulder at 1.70 eV. Therefore, this loss complex is
due to at least two excitation channels. The peak posi-
tion is shifted to 1.70 eV at primary energies of 500 and
1200 eV and the shoulder disappears. ' We explain this
by the strong decrease of the excitation channel at 1.60
eV with increasing primary energy and we attribute the
1.60-eV loss to the A2g~'Eg transition excited by ex-

change scattering. We emphasize that in analogy to this
the very strong dependence of exchange scattering on the
primary energy has been reported previously for an ex-
change f-f transition in a rare-earth oxide. '

The strong enhancement of the d-d loss intensity with
decreasing primary energy (Figs. 1 and 3) also explains
why Kemp, Davies, and Cox found such discrepancies
in a comparison of the d-d loss peak intensities of CoO,
NiO, and other oxides measured by optical absorption
and with EELS at E =20eV.

Our measurements suggest that exchange scattering of
localized 3d electrons in NiO plays an important role
even at primary energies much higher than the loss ener-

gy. Opposite to exchange scattering on simple atoms
such as He, where the scattering cross section becomes
largest when primary energy E and loss energy AE are
nearly equal and where the cross section is negligible for
E&IEE ~10, the hybridization of the localized states
with bandlike states can lead in solids to a different
dependence of these exchange processes on the primary
energy. It seems, however, that exchange scattering of
localized low-energy electrons in NiO and CoO plays an
important role even at primary energies with

E~lbE =50. Similar results can be obtained from spin-
forbidden f-f transitions in Yb203 (Ref. 18) and in gadol-
inium, where in a similar EELS experiment f ftransi--
tions are observed with high intensity at E = 120 eV. '

The only inelastic scattering channel within the gap of
NiO(100) that still grows in intensity even at very low pri-
mary energies, is the excitation of the surface d-d transi-
tion at 0.60 eV (Fig. 3). While this transition is not ob-
servable at E =1200 eV (Ref. 10) due to the low surface
sensitivity and the low scattering cross section, it leads to
the most intense loss feature in the gap at low primary
energy. At E =8 eV (not shown here) it shows twice the
intensity as at E =20 eV although the penetration depth
of the electrons into the bulk is higher. Hence it follows
that the increase of the scattering cross section is so in-
tense that the expected decrease of loss intensity due to
the 1ower surface sensitivity is compensated. This surface
d-d excitation exhibits a behavior that is found in ex-
change scattering on atoms or in the excitation of bulk
states with very low hybridization.

In Fig. 3, all gap structures appear enhanced at
E = 102 eV. A careful analysis shows a resonant
enhancement of all d-d excitations between E =100 eV
and E =105 eV with the maximum at 103 eV (Ref. 38)
due to a process at the Ni 3s threshold similar to those

observed by appearance potential spectroscopy on rare-
earth compounds. When the primary energy is just
suScient to excite a Ni 3s electron, both primary and ex-
cited core electron can intermediately be captured in a 3d
state (3s 3d +e ~3s'3d' ). This intermediate state
can decay (3s'3d' ~3s 3d '+e ) via Super Coster
Kronig transitions into an excited 3d * state with emis-
sion of an electron with energy E~ —b, (b, is the d-d exci-
tation energy). Since the same excited 3d" state can also
be reached by exchange scattering with energy loss 6 of
the scattered electron, both excitation channels can inter-
fere and enhance the d-d transition probability. In the
EELS experiment the excitation threshold is lowered
several eV due to the strong interaction between the core
hole and the captured electron in a d state. In PES on
NiO(100) the occurrence of a resonance some eV below
the atomic Ni 3s excitation threshold has also been ob-
served.

B. Influence of the scattering geometry

Another way of probing the influence of direct and ex-
change scattering mechanisms on the d-d transition rates
is the variation of the scattering geometry. Figure 4 re-
veals the drastic influence of the scattering angle of the
electrons on the EELS curves. The scattering angle is
defined as the angle between the direction of the analyzed
scattered beam and the direction of the primary beam,
which is kept constant at 45' off the surface normal.

Whereas the change in the surface sensitivity with
different scattering angles at fixed primary energy is the
decisive factor for the observed intensity changes of the
surface peak at 0.60 eV, it is primarily the scattering
angle-dependent excitation cross section that causes the
observed intensity of bulk d-d transitions. At lower pri-
mary energies the intensity of the 1.60-eV peak, attribut-
ed to the A2 ~'E transition, is raised against the
1.12-eV peak ( A2g~ T2 ) at higher scattering angles.
A strong intensity enhancement at increased scattering
angles also occurs at low primary energies at the 2.75-eV
loss, which is only weakly visible in specular geometry.
This loss is attributed to the A2g 'T28 transition. No
dependence on the scattering angle has been found for
the loss intensity of the A2 ~ T, transitions at 1.70
and 2.9 eV.

EELS spectra at E =102 eV that were taken at a con-
stant off-specular scattering angle but with different in-
cident angles of the primary electrons (not shown here)
show similar relative intensities of the bulk peaks al-
though the difference between the exit angle of the scat-
tered electrons and the angle of the specularly reflected
electrons is changed. This would support the interpreta-
tion of Matthew et al. ' that one observes with EELS in
reflection geometry not only inelastic losses with low-
momentum transfer preceded or followed by high angle
elastic scattering, but also large angle inelastic scattering
for electron exchange processes. Since the scattering
cross sections of dipole allowed excitations and exchange
excitations depend differently on the scattering angle, ex-
change processes are better observable in off-specular
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scattering geometry. ' Whereas the cross section for di-
pole excitations peaks sharply in specular geometry be-
cause of the low-momentum transfer involved in dipole
transitions, the intensity of exchange excitations of local-
ized low-energy states in solids is spread out over a wider
angular range due to the higher-momentum transfer.

Therefore, the strong increase of the 1.60-eV peak at
larger scattering angles additionally supports its interpre-
tation as the spin-forbidden Azg~'Eg transition. Also
the analogous behavior of the 2.75-eV peak at difFerent
scattering angles is an indication of the A2g~'T2g
spin-forbidden process. At E =1200 eV we found that
the intensity of the Azg~ T2g transition is not in-
creased at higher scattering angles. This is due to the
vanishing exchange contribution to this transition at
higher primary energies.

C. InSuence of the antiferromagnetic ordering

NiO is antiferromagnetic below the Neel temperature
of 523 K. ' The magnetic moments are oriented parallel
within one (111) plane and point into the antiparallel
direction within the adjacent (111)plane. Due to the su-
perexchange interaction of the d electrons in neighboring
(111) planes, the simple cubic lattice of NiO is rhom-
bohedrally distorted below the Neel temperature. In cal-
culations of the band structure of NiO the inclusion of
antiferromagnetic ordering is essential for the appearance
and the nature of the insulating gap, ' whereas EELS
measurements at room temperature and at the Neel tem-
perature reveal no changes for the transition across the
insulating gap. '

In Fig. 5, a comparison of an EELS spectrum of
NiO(100) taken at room temperature, where the long-
range magnetic ordering exists nearly completely, and a
spectrum taken just above the temperature of the Neel
point is given. At 525 K the intensities of the bulk exci-
tations within the insulating gap are lowered and the
peaks are broadened. After cooling down to room tem-
perature the intensities of the bulk loss peaks appear ex-
actly as before the heating. The strong decrease of the

NiO(100)
525K .

~ Ipel

102eV
300K

102eV

I

1 2 3
Loss Energy(eV)

FICx. 5. Dependence of the gap structures of NiO(100) on the
temperature. The spectra were recorded at room temperature
and just above the Neel temperature.

surface peak at 525 K is, however, an irreversible change.
After cooling to room temperature its intensity remains
very weak.

Since an explanation of this effect by adsorption of
molecules on the sample surface during the measurement
can be ruled out and since a decomposition of the sample
at the Neel temperature would produce defect states
within the gap, which are not observed, we assume that
the decrease of the surface peak at the Neel point is
caused by a change of the electronic structure at the sur-
face. This intensity reduction of the surface peak has not
been observed when NiO(100) satnples were heated
several days only to 380 K, whereas at 525 K the intensi-
ty is reduced within several hours. The exact tempera-
ture of the appearance of the observed surface change
cannot be given at present and, therefore, the possible
inhuence of the antiferromagnetic ordering cannot be es-
timated.

The weak visibility of the spin-forbidden transition
A 2g ~ Eg even in optical spectroscopy has been attri-

buted to the antiferromagnetic ordering in NiO. ' ' In
optical absorption of MgO:Ni samples one observes an
increasing intensity ratio of the A zs ~ 'Es to the

A 2g ~ T2g transitions with higher Ni concentration,
which is probably due to the higher degree of magnetic
coupling. ' A similar enhancement of the triplet-singlet
excitations with higher Ni doping has been proposed by
gird

However, in our EELS spectra of undoped NiO(100)
no change of the 1.60-eV loss peak shape (except for a
broadening) appears by raising the sample temperature to
the Neel point, so that there seems to be only little
inhuence of the antiferromagnetism on the relative transi-
tion rates of the different excitation channels. We em-
phasize that our measurements have been taken at
E = 102 eV, where d-d transitions are resonantly
enhanced. Even with EELS on resonance, the loss spec-
tra are apparently not influenced by the long-range mag-
netic ordering of the magnetic moments in NiO. Some
mechanisms like short-range magnetic ordering that still
persists above the Neel point would explain this. From
spin-polarized diffraction measurements at antiferromag-
netic MnO a short-range magnetic order is inferred up to
4.5 times the Neel temperature. EELS measurements
over a more extended temperature interval would, there-
fore, be highly desirable.

V. INTRA-ATOMIC d-d TRANSITIONS IN CoO(100)

All EELS spectra on cleaved CoO(100) have been mea-
sured at 370 K to avoid a charging of the surface. This
temperature is well above the Neel temperature Tz =289
K of CoO. ' In CoO the F ground-state of the free
Co + ion is split into states with Tlg T2g and
symmetry. The ground state of Co + in CoO with the
electronic con6guration [(tg g) (esp) (2&i) ] (Fig. 2) has
TIg symmetry.

In Fig. 1, the loss features due to transitions to excited
quartet and doublet levels within the insulating gap of
CoO(100) are shown. Figure 6 shows these structures
with higher resolution. The intensities of the two peaks
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FIG. 6. Dependence of the gap structures of CoO(100) on the
primary energy. The spectra were recorded in specular scatter-
ing geometry and show the gap intensity normalized to the in-

tensity of feature C in CoO(100) at the corresponding primary
energy (Fig. 1). Zero intensity is for each spectrum indicated by
the bottom of the high energy side of the elastic peak.

FIG. 7. Dependence of the gap structures of CoO(100) on the
scattering angle. The spectra were recorded specularly with 90'
scattering angle relative to the primary direction or with 125'

scattering angle in off-specular geometry.

at 0.85 and 2.05 eV are normalized to the intensity of the
dipole allowed feature C at the corresponding primary
energy. Both gap structures depend similarly on the pri-
mary energy as the corresponding bulk d-d transitions in
NiO(100) do: At high primary energy the gap structures
are very weak and their intensities increase strongly at
lower primary energies. At E =1200 eV the peak posi-
tion of the second feature is shifted to 2.25 eV. Analo-
gous structures within the gap of CoO have also been
found previously by optical absorption' and EELS on
polycrystalline samples.

The peak at 0.85 eV is attributed to the transition

T]g ~ T2g The 2.05-eV peak is composed of several un-

resolved structures: Whereas the spin-forbidden quartet-
doublet excitation T& ~ T, can only be seen as a weak
shoulder at 2.04 eV in optical measurements at the tem-
perature of liquid nitrogen and is not visible at room tern-
perature due to the broadening of the lines, ' it 1eads in
EELS at low primary energies to a pronounced loss
feature at 2.05 eV due to exchange scattering. The tran-
sition T, ~ T, which has been observed at 2.3 eV
with photons is in EELS better visible at high primary
energy because the scattering cross section of the
quartet-doublet exchange transition falls oiT' rapidly at
higher primary energies. This leads to the observed shift
in the mean peak position of the overlapping loss
features. Further con6rmation of the strong exchange

scattering contribution to the T, ~ T&g transition is
the enhanced peak intensity at higher scattering angles in
off-specular scattering geometry (Fig. 7). As in the case
of NiO(100}, excitations involving a change in the spin
multiplicity are better observable at higher scattering an-
gles.

The broad and weak feature at about 3.2-eV loss ener-

gy could be due to the transition T, ~ A2 . This tran-
sition is expected to be weak since it is a two-electron ex-
citation t2ge ~tzge . The 3.2-eV feature can be ob-
served directly after the cleavage of the CoO crystal. It
is, however, very difficult to make a reliable assignment
of this feature because the EELS data of some CoO(100)
samples exhibited changes during the measurements that
resulted in a strong peak at 3 eV. If this electron-beam-
induced 3-eV feature is due to the presence of defect
states created by the measurements or due to the forma-
tion of Co304, as might be inferred from our HIS data, is
open at present.

EELS measurements could not be performed below the
Neel temperature of CoO. According to the results on
NiO(100) we expect that the influence of antiferromag-
netic ordering is also weak in CoO. Such distinct indica-
tions of the existence of a surface d state, which have
been found at NiO(100), cannot be found at CoO(100). A
comparison of our experimenta1 values with the theoreti-
cal predictions for d-d transition energies in CoO (Ref.
30}is given in Table II.
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TABLE II. Ground state and final states of intra-atomic d-d
transitions in CoO(100) ~ Their corresponding excitation energies
have been measured with this EELS experiment and optical ab-
sorption (Ref. 15) or have been calculated (Ref. 30). Energies are
in eV.

Symmetry

T]g
~E

T2g

T/g

2g

T/g
4

A2g

EELS

0.85
2.05

2.25
3.2 '?

Opt. Abs.

0.9-1.04
2.04
2.06
2.3
2.15

Theory

0
0.73
1.07
1.92
2.46
2.68
3.06

VI. CONCLUSIONS

W'e have shown the strong influence of the primary en-

ergy and the scattering geometry on the EELS spectra of
NiO(100) and CoO(100). The observed excitations involv-

ing 3d electrons can be well interpreted in a localized pic-
ture of the 3d states. As the cause of the strong loss in-

tensity just above the insulating gap of NiO we found in-
teratomic d-d transitions between adjacent TM ions that
involve strong relaxation efFects due to the large change
in the local charge density of the d orbitals. For the
intra-atomic d-d crystal-field excitations relaxation effects
are negligible and consequently the parity forbidden d-d
transitions are observed at high primary energies only as

very weak structures within the insulating gap of both
oxides. With EELS at low energies the forbidden d-d
transitions appear strongly enhanced because of electron
exchange scattering. Exchange scattering plays a dom-
inant role for triplet-singlet transitions in NiO(100) and
quartet-doublet transitions in CoO(100); it is suggested
that large angle inelastic scattering contributes strongly
to the observed excitations. On NiO(100) a surface state
has been found that is identified as a d state. The excita-
tion probability of the surface d-d transition in NiO(100)
depends most strongly on the primary energy. The inten-
sity increases steadily when the primary energy ap-
proaches the loss energy. When the primary energy
reaches the Ni 3s excitation threshold in NiO, the intensi-
ty of the forbidden d-d transitions is resonantly enhanced.
Triplet-triplet and triplet-singlet excitations in NiO(100)
are not differently influenced by the antiferromagnetic or-
dering. Due to the localized character of the exchange
excitations in both oxides we would expect strong spin-
dependent effects in scattering primarily spin-polarized
electrons.
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