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In electron energy-loss spectroscopy, the excitation of low energy transitions, such as the crystal-field
transitions in 3d transition-metal oxides, takes place via two scattering mechanism, namely, direct scattering
and exchange scattering. The angular cross sections of both scattering mechanisms have been investigated by
angular resolved electron energy-loss spectroscopy by comparing the angular intensity distributions of the
crystal-field transitions on MnO and NiO. In MnO, the spin-forbidden sextet quartet are excited only by
electron exchange scattering with nonuniform cross sections, resulting in nearly isotropic angular intensity
distributions for extended energy-loss ranges. In NiO, the excitation of the spin-allowed triplet-triplet transi-
tions is also possible by direct scattering for which the forward scattering is additionally modulated by the
reciprocal surface lattice. The angular intensity distributions for extended energy-loss ranges in NiO display a
large low-energy electron diffraction-like anisotropy from direct scattering on a broad exchange-scattering
background.
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I. INTRODUCTION

Transition-metal �TM� compounds represent a class of
materials of great interest due to their exceptional properties,
related to the electronic structure of these strongly correlated
systems, as, e.g., the large magnetoresistance in the manga-
nites or the superconductivity of the cuprates.1 In the special
case of the 3d TM compounds, the 3d TM �mon�oxides, such
as NiO, CoO, and MnO, represent systems, where the local-
ized 3d electrons can be described in a simple atomiclike
picture, namely, by crystal-field �CF� model of Bethe.2

Within this approach, the solid around the TM ions is ap-
proximated by the potential of the adjacent oxygen ligands,
which are treated as point charges. Due to the breaking of the
symmetry by the crystal field, the one-particle as well as the
n-particle eigenfunctions of a given 3dn multiplet split into
the irreducible representations of the actual point symmetry
�in the case of the 3d TM monoxides with rock salt structure,
Oh symmetry for bulk coordinated TM ions, C4v symmetry
for surface coordinated TM ions�. These 3dn-3dn CF transi-
tions are especially suited for exploring spin-allowed and
spin-forbidden transitions.

CF transitions have been investigated by a large variety of
experimental techniques as, e.g., by optical-absorption
spectroscopy,3–5 by electron energy-loss spectroscopy
�EELS�,6–16 and recently by resonant or nonresonant inelastic
x-ray scattering �RIXS, NIXS�.17–20

Although in optical-absorption spectroscopy, the d-d tran-
sitions are forbidden by parity selection rules �even symme-
try of initial and final states, odd symmetry of the dipole
operator� as well as by spin selection rules �as, e.g., for the
�S=−1 transitions in NiO, CoO, and MnO�; the optical spec-
tra however exhibit distinct structures. Parity selection rules
can be partially lifted by lattice distortions �Jahn Teller ef-
fect, Van-Vleck mechanism� and/or by contributions of mul-
tipoles of higher order. Spin selection rules can be relaxed
by, e.g., spin-orbit coupling. Nevertheless, the CF intensities,

as observed by optical absorption, are small compared to the
intensities beyond the optical gap.3–5

In contrast to optical-absorption spectra, EELS spectra of
these compounds exhibit very strong CF intensities due to
the different scattering mechanisms of the probing electrons.
Especially from the numerous spin polarized EELS
�CSPEELS� investigations by Fromme et al.,6–11,21 it is
known, that the excitation of the d-d transitions takes place
by two scattering mechanisms: First, direct �dipole� scatter-
ing acts as a long-range interaction, and only spin-allowed
transitions with �S=0 can be excited. Second, electron ex-
change scattering acts as a short-range interaction at the local
3d TM site, and due to the exchange of the primary electron
and a target electron, spin selection rules are no longer re-
stricted to the target electrons. Spin-forbidden transitions
with �S�0 can be excited if both, the spin of the primary/
scattered electron and the spin of the target, are taken into
account. For example, the 3d5 configuration of MnO pro-
vides only spin-forbidden sextet-quartet transitions because
of the high spin ground state, and therefore, these transitions
are displayed mainly in the spin-flip part of the CSPEELS
spectrum �cf. Fig. 4 of Ref. 6�.

With respect to the angular distributions of the scattering
cross sections, the CSPEELS investigations by Fromme
et al.21 gave evidence that exchange scattering is angularly
wide spread, whereas direct scattering is sharply peaked
around specular scattering geometry.7,21 Due to the com-
plexity of the method, the investigations of scattering cross
sections by CSPEELS were restricted to a small angular
range around specular scattering geometry.

In angular resolved EELS �AREELS� experiments on
NiO�001�,12,13 the angular intensity distributions of the CF
transitions were investigated within the whole 2� hemi-
sphere above the surface of the sample. The results were in
full accordance to the CSPEELS experiments, but due to the
wider angular range, the AREELS experiments provided ad-
ditional information. With respect to direct scattering, the
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angular intensity distributions of the spin-allowed triplet-
triplet transitions �excited by both, exchange scattering as
well as direct scattering� gave evidence that the specular di-
rection just represents a special case of a more general scat-
tering geometry, namely, low-energy electron diffraction
�LEED�-like scattering. For example, on the �100� symmetry
axis, the intensity distribution of the 1.6 eV loss in NiO
�3A2g→ 3T1g� exhibits maxima along the �00� reflection
�specular direction� and along the �11� reflection �cf. Fig. 4 in
Ref. 12�. In contrast, the intensity distributions of the triplet-
singlet transitions, which are excited by electron exchange
scattering exclusively, did not show such LEED-like inten-
sity contributions and each triplet-singlet transition displayed
an individual exchange-scattering cross section.

In this study, the cross sections of direct and exchange
scatterings are investigated by comparing the polar intensity
distributions of the 3d-3d CF transitions in NiO and MnO
along the �100� and �110� symmetry directions in the full
angular range. In a first attempt, the cross sections have been
investigated for extended energy-loss ranges �i.e., several
transitions contribute to the overall cross sections� in order to
find out the main differences between both scattering mecha-
nism.

Despite the general interest in the angular features of both
scattering mechanisms as, e.g., for a comparison of spectral
intensities with calculated oscillator strengths, a detailed
knowledge of especially the exchange-scattering mechanism
may provide useful information with regard to future appli-
cations in technology as, e.g., in spin electronic devices. In
such a device, the logical bit may be represented by the spin
of a single electron, and a loss of information by a spin flip
due to the exchange of the “storage” electron with an elec-
tron from, e.g., the driving current, must not take place.

II. EXPERIMENT

The experimental setup was described in detail in Refs.
12, 13, and 22. The experiments were performed with a VG
ESCA Mk II spectrometer, which is designed for angular
resolved photoelectron spectroscopies such as x-ray photo-
electron diffraction �XPD� and angle-resolved ultraviolet
photoemission spectroscopy �ARUPS�. The sample can be
rotated by a two-axes manipulator �polar angle �, azimuthal
angle ��, so that the electron analyzer can detect the whole
2� hemisphere above the surface of the sample. For the
present AREELS investigations, the sample was tilted in the
scattering plane �spanned by the surface normal of the
sample and the entrance axis of the analyzer� along the �100�
and �110� directions of the epitaxially grown NiO/Ag�001�
and MnO/Ag�001� samples. The electron gun �thermal elec-
tron source, full width at half maximum �FWHM�
�230 meV� is mounted on a goniometer and can be tilted
within the scattering plane to vary the scattering angle � �in
the present case, � was fixed at 123°�. The setup is shown in
Fig. 1.

The NiO/Ag�001� and MnO/Ag�001� samples were pre-
pared following the recipes described Refs. 12, 13, and 22.
Briefly, Ni or Mn was evaporated from rods by a modified
e−-beam evaporator by Oxford Applied Research within an

appropriate oxygen atmosphere. The growth rate was of the
order of 1 monolayer per minute. For the samples used in
this study, the thickness of the TMO films exceeded the
probing depth in XPS, i.e., no 3d core-level intensities from
the Ag substrate were detected. With respect to the enhanced
surface sensitivity in EELS �for primary energies in the
range of 30 eV, the kinetic energies of the investigated
energy-loss ranges are close to the minimum of the so-called
“universal curve” of the electron mean-free path�, the
samples therefore represented semi-infinite single crystals.

III. RESULTS AND DISCUSSION

Figure 2 shows the EELS spectra of NiO and MnO for
arbitrary scattering geometries away from scattering through
a surface reciprocal-lattice vector, i.e., in order to reduce the
tails of the elastic intensity, the transfer of momentum
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FIG. 1. Experimental setup as described in the text.
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q2= �ks−k0�2�2·E0 · �1−�E / �2E0�−�1−�E /E0 cos �� does
not match with a reciprocal �surface� lattice vector within the
whole energy-loss range �E �for the influence of the scatter-
ing geometry, cf. Figure 3 in Ref. 12�. Both spectra exhibit
all prominent loss structures which are known for NiO and
MnO. Tables I and II give a survey of the peak assignment as
proposed by various authors �in both cases, there are slight
differences with respect to the observed energies as well as
with respect to the interpretation of the peaks�.

For NiO, the CF transitions are classified as bulk �Oh
coordination of the Ni ion� and surface related transitions
�C4v coordination� because here, surface states are well
known. They have been identified by their response to the
presence of adsorbates14 as well as by their varying spectral
weight for different thicknesses of epitaxially grown NiO
films.13 For MnO, the CF transitions are assigned only to the
bulk related states because �to our knowledge� surface states
have not been reported so far �from quantum chemical
ab initio calculations it is known that in MnO, surface and
bulk states differ only by few meV,23 and therefore, a sepa-

ration of surface and bulk states would be possible only by
enhanced resolutions�.

From Fig. 2 it is also evident, that the investigation of the
angular cross sections of the individual CF transitions of
MnO as, e.g., performed for NiO,12,13 is much more difficult
or even impossible by resolutions in the range of 230 meV
�as presented here�, because the loss structures exhibit a
strong overlap. In order to investigate exchange scattering
and direct scattering by comparing the angular intensity dis-
tributions of NiO and MnO, we therefore have to rely �at
least for a first approach� on combined energy-loss ranges,
i.e., the angular intensity is recorded for extended energy-
loss ranges, containing several CF transitions. This proce-
dure is based on the following ideas.

�i� According to the data in Tables I and II, there is no
need to know exactly what kind of transition is assigned to a
particular energy loss. For NiO, one knows that both, spin-
allowed triplet-triplet transitions as well as spin-forbidden
triplet-singlet transitions, contribute to the overall intensity
of each energy-loss range. Therefore, the angular intensity

TABLE I. d-d excitation energies �in eV� for MnO.

Transition
6A1g�G�→ Optical Optical Optical EELS EELS �CSP� EELS LFTa EELS

4T1g�G� 2.03 1.97 2.03 2.0 2.2 2.13 2.01 2.16 �A�
4T2g�G� 2.58 2.51 2.55 - - 2.4 2.56 2.86 �B�
4Eg / 4A1g�G� 2.95 2.94 2.97 2.9 2.8 2.82 2.95 3.25 �C�
4T2g�D� - 3.21 3.29 3.4 3.4 3.31 3.50 3.50 �D�
4Eg�D� - 3.46 3.48 - - 3.82 3.69 3.83 �E�
4T1g�P� - - - - 4.6 4.57 4.20 4.63 �F�
4A2g�F� - - - - - 5.08 - 5.13 �G�
4T1g�F� - - - - - 5.38 - -

Reference 3 4 24 16 15 6 25 23

aLFT: ligand field theory.

TABLE II. d-d excitation energies �in eV� for NiO.

Transition
�Bulk�
3A2g→

Transition
�Surface�

3B1→ EELS
Calculated

�VCIa, MC-CEPAb�
Calculated
�R matrix� EELS Optical CSPEELS

1E 0.6 �A� 0.54–0.65 - - - 0.6
3B2 1.1 �B� 0.86–1.00 - - - 1.1

3T2g 1.1 �B� 0.86–1.00 1.05 1.05–1.07 1.13 1.1
3A2 1.1 �B� 1.11–1.30 - - - 1.3

1Eg 1.6 �C� - 1.60 1.66–1.70 1.75 1.6
3T1g 1.6 �C� 1.50–1.81 1.70 1.79–1.84 1.95 1.6

1E 2.1 �D� - - - 2.15 2.1
1T2g 2.7 �E� - 2.70 - 2.75 2.7
1A1g 2.7 �E� - 2.80 - 3.25 -
3T1g - - 3.13 2.90–3.00 2.95 -
1T1g 3.5 �F� - 3.28 - 3.52 -

Reference 13 14 26 27 5 8

aVCI: valence configuration interaction.
bMC-CEPA: multiconfiguration coupled electron pair approximation.
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distributions display a superposition of direct and exchange-
scattering cross sections. For MnO, one knows that only
spin-forbidden sextet-quartet transitions contribute to the
overall intensity of each energy-loss range. Therefore, the
angular intensity distributions just display a superposition of
exchange-scattering cross sections.

�ii� If, according to the results of spin polarized CSPEELS
and angular resolved AREELS investigations, exchange scat-
tering exhibits nonuniform cross sections that are distributed
over a wide angular range, then, the overall exchange-
scattering cross section of several transitions should average
to a smooth isotropic overall distribution �with the degree of
anisotropy depending on the number of transitions and the
relative strength of each cross section�.

�iii� If, according to the results from the AREELS inves-
tigations, direct scattering is denoted to provide a uniform
LEED-like cross section, independent on the particular tran-
sition, then all direct-scattering contributions of the spin-
allowed transitions within a combined energy-loss range are
expected to add to a common LEED-like intensity distribu-
tion.

�iv� For MnO, as a pure exchange-scattering system �only
sextet-quartet transitions�, the angular intensity distributions
are therefore expected to exhibit smooth angular shapes. In
contrast, for NiO, representing a direct �triplet-triplet transi-
tions� as well as a exchange-scattering system �triplet-singlet
transitions and triplet-triplet transitions�, a LEED-like inten-
sity distribution from direct scattering upon a smooth
exchange-scattering “background” is expected.

Figures 3 and 4 show the scattering distributions for MnO
and NiO. In the EELS spectra of the left column of each
figure, it is shown how the loss intensities contribute to the
angular intensity distributions along the �100� symmetry axis
�middle column� and the �110� axis �right column�, respec-
tively. For the LEED scattering of the elastic electrons �upper
row�, the overall intensity of the elastic peak at �E=0 was
recorded �the shaded area in the EELS spectrum on the left
corresponds to the FWHM of about 230 meV. The red
dashed lines represent the LEED spots for �=123° and
�k0� / �Å�=0.512�E0�eV�, E0=30 eV�. For the scattering of
the CF transitions �middle row and lower row�, the intensity
was determined by a linear background subtraction.

For MnO, the inelastic scattering of the CF transitions just
displays the cross sections of electron exchange because only
spin-forbidden sextet-quartet transitions contribute to the
overall intensities of the selected energy-loss ranges.

The angular intensity distributions of the elastically scat-
tered electrons in Figs. 3�b� and 3�c� exhibit sharp LEED
reflections with no background intensities, indicating that
MnO/Ag�001� forms a well-ordered epitaxial layer, but com-
pared to NiO �see below� and the clean Ag�001� substrate
�not shown�, the peak widths are slightly enhanced due to the
large lattice mismatch of about 9%.

For the energy-loss range from �1.6 eV to about
�4.2 eV �Fig. 3�d��, six exchange-scattering cross sections
�6A1g→ 4T1g, 2 · 4T2g, 2 · 4Eg, 4A1g, cf. Table I� contribute to
the angular intensity distributions in Figs. 3�e� and 3�f�. The
polar intensity plots exhibit nearly no angular anisotropies,
and in both cases, the overall shape of the scattering distri-
butions is quite similar to the blue dotted lines. Since these

lines represent the angular intensity distribution of the elastic
electrons as scattered at the surface of a polycrystalline Ag
film grown on a glass substrate, they display the angular
transmission of the setup without any intrinsic angular ef-
fects caused by the sample. Therefore, the observation of
very weak anisotropies in Figs. 3�e� and 3�f� gives evidence
that �ii� is valid due to the large number of contributing CF
transitions. Although these polar intensity plots do not pro-
vide any detailed information of the individual exchange
cross sections, the resemblance of the overall intensity dis-
tributions and the angular transmission of the setup show that
the contributing CF transitions do not exhibit uniform cross
sections. Otherwise, common features would cause larger
anisotropies.

The situation is slightly different for the energy-loss range
from �4.2 to �5.6 eV in Fig. 3�g�. According to Table I,
only three CF transitions �6A1g→ 4A2g ,2 · 4T1g� contribute to
the exchange cross sections in Figs. 3�h� and 3�i� and in
contrast to the preceding case, the angular anisotropies are
now clearly enhanced. Especially along the �110� axis, the
scattering distribution displays individual structures that are
�as expected for exchange scattering� extended over a broad
angular range.

At this stage, the most important information, which is
provided by the inelastic polar intensity plots, is that the
combined exchange cross sections do not exhibit distinct
maxima along the LEED directions.

For NiO, the combined scattering intensities of the spin-
allowed triplet-triplet transitions and the spin-forbidden
triplet-singlet transitions display both the cross sections of
direct scattering as well as the cross section of exchange
scattering.

The scattering of the elastic electrons in Figs. 4�b� and
4�c� exhibits sharp LEED reflections without any back-
ground intensities, i.e., NiO/Ag�001� also forms a well-
ordered epitaxial layer �compared to MnO, the peak widths
are clearly reduced, indicating that the average domain size
for NiO/Ag�001� is larger than for MnO/Ag�001�, cf. lattice
mismatch NiO/Ag�001�: 2% vs MnO/Ag�001�: 9%�.

According to Table II, two direct as well as three
exchange-scattering cross sections �3A2g→ 3T2g , 3T1g , 1Eg�
contribute to the energy-loss range from �0.8 to �2.0 eV in
Fig. 4�d�. The corresponding polar intensity distributions
along the �100� and �110� axes in Figs. 4�e� and 4�f� are now
formed by two contributions: First, similar to MnO, there is
a broad angular “background.” Second, in contrast to MnO,
the intensities are additionally sharply peaked, similar to the
scattering of the elastic electrons. For both axes, there is a
strong intensity along the �00� LEED spot, representing the
forward scattering, as reported in Ref. 7. In addition, the
intensity distribution along the �100� axis �Fig. 4�e�� also
exhibits a sharp peak along the �11� spot, while the intensity
distribution along the �110� axis displays a peak along the
�10� spot �and, to some restriction, it also displays a diffuse

peak along the �1̄0� spot�. If, according to the results for
MnO, the broad background intensities are assigned to the
contributions from the exchange scattering of the
3A2g→ 3T2g , 3T1g , 1Eg transitions, then the LEED-like scat-
tering has to be assigned to the superposition of the direct-
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scattering contributions of the 3A2g→ 3T2g , 3T1g transitions.
This interpretation is then also in accordance to the results

for the remaining part of the NiO spectrum, namely, the
energy-loss range from �2.5 to �4.2 eV �Fig. 4�g��. Now,
the excitation of the 3A2g→ 3T1g , 1T2g , 1T1g , 1A1g transi-
tions mainly takes place by electron exchange �one direct-
scattering channel vs four exchange-scattering channels�, and
therefore, the LEED-like contributions from direct scattering
are expected to be smaller as in the preceding case. Indeed,
for both axes, the scattering distributions in Figs. 4�h� and
4�i� mainly exhibit broad angular features, as characteristic
for the exchange-scattering cross sections, even with distinct
minima along the LEED directions. Nevertheless, there is

still a small, sharp contribution of a LEED-like �00� spot
along the �100� axis, resulting from the direct scattering of
the 3A2g→ 3T1g transition, as depicted in the inset of Fig.
4�h�. This �00�-like spot has no counterpart along the �110�
axis in Fig. 4�i�.

The comparison of the angular intensity distributions of
the CF transitions on epitaxial NiO and MnO films over a
wide angular range provided useful information about some
general characteristics of the scattering mechanisms involved
in the excitation of these d-d transitions, namely, direct and
exchange scatterings.

Although these experiments do not provide detailed infor-
mation about the individual exchange-scattering cross sec-
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tions �because only combined cross sections were investi-
gated�, the results give some evidence that direct scattering
displays uniform LEED-like cross sections, i.e., the dipole-
like forward scattering is additionally modulated by the re-
ciprocal lattice.

In a next step, it would be interesting to investigate the
individual exchange-scattering cross sections on MnO in de-
tail by full hemispherical intensity maps, similar to the case
of NiO in Refs. 12 and 13, but to our present knowledge,
such an attempt is not expected to be successful. In contrast
to NiO, the separation of surface and bulk states on MnO is
often in the range of only a few meV �Ref. 23� and therefore,
even experiments with enhanced energy resolution would
hardly provide information beyond those of the present

study. Of course, it would be possible to reduce the number
of the transitions that contribute to a given energy-loss range,
but at least, the corresponding angular intensity distribution
would display rather a superposition of two or three
exchange-scattering cross sections than the cross section of
an individual transition. Details about surface states on MnO
will be presented in a later study.23

IV. SUMMARY

The cross sections of direct scattering and electron ex-
change scattering have been investigated with angular re-
solved EELS spectroscopy by comparing the angular inten-
sity distributions of the CF transitions on NiO and MnO over
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�110� axis. �d� First group of CF transitions of NiO, ranging from 0.8 to 2.0 eV. �e� Polar intensity distributions of energy-loss range from
�d� along �100�. �f� Same as �e� along the �110� axis; �g� Second group of CF transitions of NiO, ranging from 2.5 to 4.2 eV. �h� Same as �e�
for energy-loss range from �g�. �i� Same as �f� for energy-loss range from �g�.
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the full angular range, at least for the main symmetry axes
along �100� and �110�, respectively.

For MnO, the excitation of the spin-forbidden sextet-
quartet transitions takes place only by electron exchange
scattering, and therefore, the angular intensity distributions,
taken for extended energy-loss ranges, directly display the
combined cross sections for electron exchange. Depending
on the number of the transitions, which contribute to the
overall intensity, the combined exchange cross sections dis-
play broad angular features or average to a smooth, nearly
isotropic intensity distribution, i.e., the individual exchange
cross sections do not provide common angular characteris-
tics.

For NiO, the excitation of the spin-allowed triplet-triplet
transitions takes place by direct as well as by electron ex-
change scatterings, while the spin-forbidden triplet-singlet
transitions are excited only by electron exchange. Similar to
MnO, the angular intensity distributions display a broad
angular background, as related to the exchange scattering,
but in addition, the intensity distributions also display a
LEED-like scattering contribution, which can be assigned to
the contributions from direct scattering.

In order to prove the validity of these results, future in-
vestigations on other TM oxides, as, e.g., CoO, are required.
For CoO, the situation is similar to NiO: The quartet-quartet
transitions are excited by direct as well as electron exchange
scatterings, while the quartet-doublet transitions are excited

only by electron exchange. Therefore, the scattering distribu-
tions of the CF transitions on CoO are expected to provide
the same angular features as in the case of NiO, i.e., a
LEED-like intensity distribution from direct scattering upon
a broad angular background from exchange scattering should
be observed.

For a detailed investigation of the angular characteristics
of exchange-scattering cross sections as, e.g., with respect to
the dependence on the final-state symmetry, MnO would rep-
resent an ideal prototype system because exchange scattering
is displayed directly by the experimental intensity distribu-
tions, i.e., there is no impact by contributions from direct
scattering as in the case of NiO or CoO. Unfortunately, MnO
represents also a system for which bulk states and surface
states differ only by a few meV, and therefore, AREELS
investigations of the individual CF transitions on MnO, as
reported for NiO in Refs. 12 and 13, are hardly possible.
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