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For momentum transfers of order 6 A~ nondipole transitions can make the same contribution to

inner-shell energy-loss spectra as dipole transitions.

Nondipole transitions are particularly

significant when there is a high density of dipole-forbidden states in the near-threshold region. We
have studied the near-threshold region in the excitation of molybdenum 3d and the excitations of 2p
electrons in TiO, and SiC as a function of scattering wave vector g. At large ¢ dipole-forbidden
monopole transitions become visible as a sharp peak on the M, 5 threshold for molybdenum corre-
sponding to 3d —4d transitions or as a change in the L, ; peaks intensity ratio in the cases of titani-
um and silicon. Experimental results are confirmed by calculations.

I. INTRODUCTION

While many calculations and measurements are avail-
able for the excitation of various atomic subshells by fast
electrons in the optical limit, usually not much attention
is paid to the dependence on momentum transfer in these
processes. For higher momentum transfer the optical
limit is no longer valid and nondipole transitions become
more important. Only a few measurements exist in this
field, due to the relatively small transition probability of
the dipole-forbidden transitions, and due to experimental
problems. They are mainly based upon inelastic electron
scattering of fast electrons and electron-energy-loss spec-
troscopy (EELS).

Grunes and Leapman' used a modified electron micro-
scope to measure electron-energy-loss spectra in the re-
gion of the 3s subshell excitation and recorded M1 edges
for the transition metals Ti, Cr, Fe, and Ni at different
momentum transfers. They observed a dependence on
the momentum transfer for all elements which they attri-
buted to the optical forbidden quadrupole 3s — 3d transi-
tions. Meixner et al.? have reported similar results for
Ni for momentum transfers up to 4.5 A ~! using a 200-
keV electron spectrometer. Similar high-energy electron
scattering experiments have been used to examine non-
dipole effects in the low loss region of tetracyanoquinodi-
methane (TCNQ),? to attempt to test possible changes in
the shape of the Mg L,; edge caused by many-body
effects,* and to study dipole-forbidden excitons in LiF. 3

The Ni M, edge has also been investigated by Cazaux
and Nassiopoulos® by low-energy reflection energy-loss
spectroscopy and they demonstrated that nondipole tran-
sitions become more significant as the primary energy is
reduced from 2.5 to 0.5 kV. Strasser et al.” examined
N, 5 edges of rare-earth metals at low incident electron
energies (470 to 1600 eV) in reflection and found it
reasonable to explain the appearance of new peak struc-
tures with the excitation of nondipole transitions. They
also investigated the appearance of dipole-forbidden mul-
tiplets in M, 5 edge of the rare earth.® Reflection EELS
was used by Ohno’® to study the primary energy depen-
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dence of the momentum transfer for layered transition-
metal dichalcogenides. He attributed a change in peak
intensity ratios with increasing momentum transfer as an
indication that the dipole selection rule had broken
down.

Reflection EELS experiments are very different from
transmission microscope measurements as the spectra are
often recorded using a cylindrical mirror analyzer (CMA)
that accepts a cone of inelastically scattered electrons.
The electron beam in some cases is coaxial with the
CMA, in which case the angle of the specimen with
respect to both the beam and detector is changed by tilt-
ing the specimen. In other cases the beam is directed at
the specimen at grazing incidence or a small angle.!® As
similar experimental systems have been used to measure
electron extended fine structure, which is then analyzed
in the same way as extended x-ray-absorption fine-
structure spectroscopy (EXAFS) (Ref. 11) it has become
important to establish whether nondipole transitions
make a significant contribution to the observed spectra.
Those who use the extended fine structure for analysis of
radial distribution functions would argue that nondipole
transitions are not significant.!> There is some theoreti-
cal work to support this as the electrons are reflected
mainly by multiple elastic scattering, while the inelastic
scattering is still small.’>!* As any experiments with
low-energy electrons in reflection must involve multiple
scattering, these measurements cannot be used to provide
unambiguous evidence of nondipole effects.

Another approach to exploring the nondipole limit has
been reported by Marchetti and Franck.' They used
coincidence techniques to record spectra of 70- and 62-
keV x rays inelastically scattered from the K shell of
ccopllaer. Momentum transfers g covered a range of 29-61
AT

Calculations of ionization cross sections for inelastical-
ly scattered fast electrons which include the behavior as a
function of different momentum transfer have been car-
ried out by Leapman et al.!® In later work Rez!” calcu-
lated the contributions to the oscillator strength from
both dipole-allowed and dipole-forbidden transitions as a
function of momentum transfer. De Crescenzi et al.!®
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have also presented results of calculations showing dipole
and nondipole components of low-energy EEL spectra
for Si K.

One of the purposes of the present work is to establish
the importance of taking into account the dipole-
forbidden transitions for interpreting electron-energy-loss
spectra. Therefore EEL spectra were recorded at various
momentum transfers. Our calculations suggest that
monopole transitions are more important than quadru-
pole transitions. Nondipole effects should be particularly
noticeable in those cases where there is a high density of
dipole-forbidden states just above the Fermi level. Exam-
ples are 3d shell excitation to empty 4d states in second-
row transition elements and 2p excitation to states of p
symmetry in elements where a strong L, ; edge is observ-
able. Therefore we examined the M, 5 edge of molybde-
num oxide to see if we could detect the dipole-forbidden
3d —4d transition. We also analyzed the L, ; edges of ti-
tanium in TiO, and the silicon L, ; edges in silicon car-
bide to see if the changes in fine-structure peak ratios
with momentum transfer could be related to possible
monopole transitions.

II. THEORY

Inelastic scattering of fast incident electrons on atoms
can be described within the first Born approximation,
where the atomic potential acts as a weak perturbation
and both the incident and the scattered electron are treat-
ed as plane waves. The inelastic scattering cross section
for excitation of a core electron initial state |i ) to a final
state |f) by incident fast electrons of velocity v can be
written in the single-particle model as'®

|{flexpliq-r)|i)|%dq ,

3e4 dmax
16me f ! 2.1)
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where q denotes the momentum transfer, r the position

vector of the electron undergoing the transition, and q,,,
and q,;, are the limits allowed by the scattering kinemat-
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ics. The final state |f) in Eq. (2.1) is a discrete state like
an unfilled bound state or an unbound continuum wave
function. Since a single electron wave function for the in-
itial and final states is assumed, many-body effects such as
electron-electron correlation or core hole relaxation are
not taken into account. '*2°

A quantity closely related to the cross section is the
generalized oscillator strength?' (GOS) (df/dE)(q,E),
where E is the energy transfer or energy loss. Equation
(2.1) can be rewritten as

d20‘"1 477‘64 1 dfnl
= ——(q,E 2.2
dEdq(q’ mo’E q dE (q,E) (2.2)
with
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where m denotes the rest mass of the incident electron
and n and [ refer to the initial-state principal and angular
momentum quantum numbers, respectively. The final
state is described by the € and the angular momentum /’.
A Hartree-Slater central field model is used for calculat-
ing the GOS. The double differential cross section with
respect to energy loss E and solid state () can be written
as

do 4
dEdq (P~
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where a is the Bohr radius. The momentum transfer q
is related to the scattering angle 6 and the electron wave
vector k in the case of inelastic scattering is given ap-
proximately by the expression

ql=k%6*+6%), (2.5)

where 6 is the characteristic angle 6; =E /myv? corre-

sponding to an energy loss E. For relatively small g the
exponential in Eq. (2.4) can be expanded as

)

2
(2.6)

with €, as a unit vector in the direction of q. The first term in the matrix element of Eq. (2.6) does not contribute be-
cause the initial- and final-state wave functions are orthogonal. Dipole transitions with a change in angular momentum
Al ==1 (or Al =+1 if ] =0) are described by the second terim. This is the only term which gives a finite contribution
to the cross section or GOS in the limit q—O0 or g <<r_" !, where r, is the radius of the core orbital. In this limit we ex-
pect a complete correspondence between energy loss and photoabsorption spectra.?! At nonzero g, higher-order terms
can no longer be neglected. The third term in Eq. (2.6) becomes important and gives rise to monopole (A/ =0) and
quadrupole (Al ==+2) transitions.

The GOS of Eq. (2.3) is a fundamental property of the atom and reflects the full momentum transfer dependence of
the cross section. It is therefore sufficient to concentrate on calculations of the GOS. If the initial and final states are
expressed as products of radial wave functions ®(r) and spherical harmonics the matrix element of the generalized os-
cillator strength [Eq. (2.3)] can be expanded as
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where ({}}) are Wigner 3-j coefficients. At nonzero g all
possible final-state angular momenta may give a contribu-
tion to the GOS. The g dependence was calculated for
different final-state angular momenta (channels) of the
GOS for a given initial state. These calculations were
carried out for molybdenum M, s with a d (I =2) initial
state and for titanium L,; and silicon L,; with a p
(I =1) initial state.

III. EXPERIMENTAL METHOD

To record energy-loss spectra we used a Gatan 607
energy-loss spectrometer attached to a Philips 400T
transmission electron microscope. Electrons of 120 keV
were focused on thin areas of the specimen, which were
of the order of 8000 nm?. The microscope was operated
with a diffraction pattern visible on the viewing screen
which meant that the object point for the spectrometer
was a specimen image at the strongly excited projector
lens. Different scattering angles could be selected by ei-
ther tilting the incident beam or moving the diffraction
pattern across the spectrometer entrance aperture using
the diffraction alignment coils. We found that these two
different methods gave identical spectra when the same
scattering angle was selected. We used a 2-mm spectrom-
eter entrance aperture which corresponds to a range of
scattering angles of 10 mrad. Under these conditions the
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spectrum had an energy resolution of between 1.2 and 1.4
eV. The spectra were collected by single electron count-
ing using a scintillator-photomultiplier combination. The
photomultiplier pulses were converted to TTL pulses
which were counted on a scaler card interfaced to an
LSI-11/73 computer. The computer controlled the ramp
which changed the energy selected by the spectrometer
and was also used for display and manipulation of data.
The spectra from silicon carbide were taken using a field
emission P 400 transmission electron microscope. The
microscope was operated in the same way as the P 400 T
but this time the energy resolution was 0.8 eV and the
area selected 7.5 nm”. The spectrometer was equipped
with a parallel recording system which was interfaced to
the DEC 11/73 acquisition computer. The calibration of
scattering angle for both microscopes was carried out by
taking photographic plates of the diffraction pattern.

In all cases it was important to use only thin areas
where multiple scattering could be minimized. The speci-
men thickness could be estimated from the appearance of
diffraction patterns and also from the ratio of the total
energy-loss intensity to the zero-loss peak which gives a
thickness in terms of the total inelastic mean free path. It
is still conceivable that some intensity in the high g re-
gion could arise from a combination of small angle inelas-
tic scattering and large angle elastic or phonon scatter-
ing. This would not create nondipole features in the
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FIG. 1. Energy-loss spectra of molybdenum M measured from the compound MoO; at various momentum transfers. The feature
at 532 eV is thoe oxygen K edge. (a) is recorded with electrons of the undeflected beam, spectra (b) and (c) for momentum transfers of
3.32 and 6.64 A ~!, respectively. Spectrum (d) is recorded in image mode (scattering angles up to 100 mrad).
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spectrum but would only add a background term making
the nondipole excitations harder to detect.

The molybdenum sample was prepared by burning
molybdenum wire in atmosphere which produced MoO;
smoke. Particles of MoO; were deposited on holey car-
bon film on 3-mm microscope grids. The particle size
was of the order of 10 um across and the particles had a
thickness of about 26% of the total inelastic mean free
path. Rutile specimens were prepared by crushing single
crystals, floating off particles in acetone, and depositing
them on 3-mm copper grids. The grain size was between
10 and 20 pm across and a few hundred A thick. The
SiC sample was made from a ceramic composite which
contained B-SiC whiskers and an Al,O; matrix. The
composite was hot pressed, sintered, and a thin section
was cut with a diamond wafering blade. This section was
mechanically ground to a thickness of 100 um and
mechanically dimpled to 10 um. Then it was ion milled
in an iodine ion mill and put into a liquid-nitrogen-cooled
specimen stage. The diameter of the particles was about
100 nm and the thickness a few hundred A.

IV. RESULTS AND DISCUSSION

A. Molybdenum M, s edge

A typical energy-loss spectrum of the molybdenum M
edge recorded in diffraction mode without angular
deflection is displayed in Fig. 1(a). The two prominent
M and M, peaks result from dipole-allowed transitions
of 3p electrons to unfilled 4d states and the structure at
532 eV is the oxygen K edge. The threshold for M, s
transitions is at 227 eV, but the optically preferred
3d —4f transitions are suppressed at threshold due to the
centrifugal potential. Therefore the M, s edge has a de-
layed maximum 80 eV beyond threshold. !¢

Figure 1(b) shows a spectrum recorded with electrons
inelastically scattered to an angle of 22 mrad which cor-
responds to a momentum transfer of 3.32 A ~!. At the
M, s threshold at 227 eV a peak is clearly visible which is
attributed to the dipole-forbidden 3d —4d transition, a
monopole transition. Furthermore, the dipole M, and
M edges are still apparent, though diminished in intensi-
ty compared to the spectrum recorded with forward scat-
tered electrons depicted in Fig. 1(a). In Fig. 1(c) the
scattering angle is increased to 44 mrad, i.e., ¢ =6.64
A Tl The feature at threshold is still visible, but the M 3
and M, peaks have vanished.

An explanation for this behavior is given by a compar-
ison with the computed GOS of the M, 5 edge (3d initial
state) which is displayed for separate channels of the
GOS in Fig. 2. The diagram shows the ¢ dependence of
channels with different final states of angular momentum
I’. We see that the monopole transition 3d —4d (I'=2)
increases significantly with ¢, while the dipole-allowed
3d —4d transition decreases with ¢, having as g —0 the
same small value as the monopole transition. The largest
contribution to the generalized oscillator strength at
threshold comes as ¢-—0 from the dipole d —p transi-
tion. The peak observed at large g at the M 4,5 threshold
is the result of the increase in oscillator strength for the d
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FIG. 2. Calculations of different channels of the generalized
oscillator strength (GOS) for the M, s edge of molybdenum at
threshold showing the dependence on momentum transfer.

channel. With increasing g the dipole M, and M transi-
tions become less pronounced in relation to the stronger
monopole transitions. According to Eq. (2.6) the cross
section is approximately given by the square of the ma-
trix element divided by ¢* The monopole cross section
should therefore have no g dependence, while the dipole
term falls off as 1/¢2.

The spectrum in Fig. 1(d) is recorded in the same ener-
gy range showing the molybdenum M and the oxygen K
edge, but this time with an image on the microscope
viewing screen. In this mode up to 100 mrad inelastically
scattered electrons are collected by the spectrometer.
Electrons of large momentum transfer may be observed
in the energy-loss spectrum, which can be seen as a small
peak at the M, 5 threshold.

B. Titanium L, ; edge

We also investigated the Ti L, ; edge in the energy-loss
spectrum of rutile (TiO,). The energy-loss spectrum
showing the background subtracted Ti L, ; and oxygen K
edges is given in Fig. 3. The background below the edges
was determined by fitting the inverse power law AE ~7,
where E is the energy loss and A4 and r are constants, to
the spectrum before the ionization threshold and extrapo-
lating this function over a certain energy range. The L,
and L, peaks contain fine structure which has been ex-
plained by Tsutsami et al.?? and Grunes et al.? using a
molecular-orbital picture as due to crystal-field splitting,
a solid-state effect. A subsplitting of 2.5 eV was mea-
sured by Grunes et al.?* In the molecular-orbital picture
it is assumed that each Ti atom is surrounded by six oxy-
gen atoms forming a (TiO¢)®~ cluster which represents
the environment around Ti in TiO,. A molecular-orbital
energy-level diagram (Fig. 4) can be deduced from sym-
metry considerations alone, though the exact energy lev-
els depend on the interactions between the various orbit-
als. We see in the figure that the 7 and o bonding orbit-
als coming mainly from oxygen 2p states are completely
filled by valence electrons. The antibonding orbitals 27,,
and 3e, remain unfilled. These are the final states of the
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FIG. 3. Alignment of fine-structure peaks in the titanium
L, ; and oxygen K edges recorded with EELS.

L, ; transitions and contain mostly Ti d states but are
mixed with a small contribution of p-like states. It has
been observed? that these are also the final states for the
oxygen K transition (ls—p states around O atom), be-
cause the same difference in energy for the subsplitting
was found in the oxygen K edge as in the L, and L,
peaks (Fig. 3).

The calculation of the GOS for a 2p excitation of ti-
tanium is presented in Fig. 5 showing the variation of the
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FIG. 4. Molecular-orbital energy-level diagram for a
(TiOg)®~ cluster representing the environment of Ti in TiO
6 2

(Ref. 16). Solid circles indicate filled bound states and open cir-
cles unfilled molecular orbitals.
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FIG. 5. Generalized oscillator strength components for an

initial 2p state in titanium showing dependence on momentum
transfer.

components with g for different final states. For forward
scattering, i.e., small momentum transfer, the p —d tran-
sitions dominate. With increasing g, i.e., scattering angle,
the monopole p —p transition becomes more important.
The ratio of the 3e, to 2¢,, subpeak heights for the oxy-
gen K shell is lower than the corresponding ratio for
these same subpeaks on the Ti L, ; edge. We might ex-
pect that the ratio of the two subpeaks in Ti L, and L,
decreases as g is increased and the p —p transitions be-
come more significant. Spectra of the Ti L, ; edge were
measured for various scattering angles. The momentum
transfers and corresponding results are listed in Table I
as well as the intensity ratios of the L; and L, subpeaks.
There is a trend for the ratio to decrease with increasing
momentum transfer as shown in the diagram of Fig. 6.
The errors are in the range of 2—6 % and arise mainly
from counting rate errors. The background subtraction

error is negligible because of the relatively small extrapo-
lation range of 15 eV.

C. Silicon L, ; edge

The last element analyzed was silicon in f-silicon car-
bide which has a hexagonal structure. The energy-loss
spectrum of the L, ; edge at 100 eV is shown in Fig. 7
(solid line) recorded from the undeflected beam. The
spin-orbit splitting is only 0.6 eV and is therefore not

TABLE I. Intensity ratios of 3e, to 2t,, subpeaks in titanium
L, and L, edges for different momentum transfers q.

g/A ! 3e, /2t5, (L;) 3e, /2t,, (L)
0.3 1.46:£0.02 1.2140.01
4.1 1.50:£0.05 1.21£0.02
5.2 1.41£0.03 1.10+£0.01
7.0 1.37+0.06 1.2340.04
8.8 1.4310.06 1.09+0.03

10.8 1.28:+0.08 1.05+0.05
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FIG. 6. Ratios of the titanium L, (triangles) and L, (circles)
subpeaks 3e, to 2t,, for different momentum transfers.

resolvable. The L, ; edge is followed by near-edge fine
structure and the L, edge at 149 eV.

At small scattering angles the near-threshold region of
the L, ; edge arises mainly from 2p — s transitions which
correspond to the peak seen in the background subtract-
ed spectrum in Fig. 7 (solid line). The delayed maximum
comes from d-like final states and Fig. 8 shows how non-
dipole p —p transitions become important in the near-
threshold region as g is increased. With increasing
scattering angle a shoulder on the higher-energy side of
the threshold peak emerges and becomes higher than the
other peak as shown in the spectrum displayed as a
dashed line in Fig. 7.

The results can be interpreted in terms of the projected
densities of states (DOS) for SiC. A calculation of the
projected density of states for cubic SiC shows that the s
density of states peaks near threshold and the p density-
of-states peak is about 3 eV above threshold.?* It is likely
that the projected densities of states for hexagonal SiC
are similar. As g is increased the peak due to the p DOS
becomes more apparent and the s DOS peak diminishes.
This result shows how nondipole transitions might pro-
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FIG. 7. Energy-loss spectra of the silicon L, ; edge measured
with forward scattered electrons (solid line) and for g =5.2 A
(dashed line).
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FIG. 8. Generalized oscillator strength components for an
initial 2p state in silicon showing dependence on momentum
transfer.

vide a way to determine the symmetry of different contri-
butions to low-lying conduction bands.

V. CONCLUSION

Nondipole transitions can make substantial contribu-
tions to electrons-energy-loss spectra for g =6 Al
which corresponds to about 30 mrad in a transmission
electron microscope operating at 120 keV. Calculation
show that the monopole term is the most significant as g
is increased. The effects are particularly important when
transitions to unfilled states above the Fermi level are di-
pole forbidden but allowed by a monopole selection rule.
A good example is excitation of 3d electrons to empty 4d
states in second-row transition elements. We showed the
appearance of a peak at threshold whose size increased
with increasing ¢ which we attribute to transitions to the
4d band.

In other cases the monopole selection can be used to
enhance final states of different symmetry. We showed a
change in the ratio of subpeak heights in the Ti L, ; edge
from a spectrum of TiO,, which can be related to the p
density of states. We also presented results on enhance-
ment of the p DOS contribution to the Si L, ; edge from
SiC as g was increased. In selected cases nondipole tran-
sitions can therefore be used to probe contributions from
states of different symmetries in low-lying conduction
bands or antibonding orbitals. It might even be possible
to derive quantitative measures of the symmetry contri-
butions by using the results of calculations of the general-
ized oscillator strength as a function of q.
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