PHYSICAL REVIEW B

VOLUME 22, NUMBER 10

15 NOVEMBER 1980

Energy-dependent electron-energy-loss spectroscopy: Application to the surface and
bulk electronic structure of MgO

Victor E. Henrich,* G. Dresselhaus,” and H. J. Zeiger
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173
(Received 23 May 1980)

The various effects that can occur when the primary electron energy, E,, is varied in a reflection-energy-loss
experiment are considered. For E, > 100 ¢V, the dominant effect is an increase of the electron mean free path with
increasing E,. By performing energy-loss measurements with 100 eV<E, <2000 eV, it is possible to
unambiguously separate bulk and surface features in loss spectra. That technique has been applied to the MgO (100)
surface, and both Mg intraionic and O-to-Mg interionic transitions have been studied. The former transitions are
found to agree well with the excited-state spectra of free Mg* ions, while the latter agree more closely with
itinerant-electron calculations of MgO. Intrinsic surface-state transitions are seen in both Mg?* and O-to-Mg
spectra. The Mg core-level surface-state spectra can be explained by Stark splitting of the surface Mg?* levels in the
intense electric fields at the crystal surface. The surface-state structure seen in O-to-Mg loss spectra agrees with
discrete variational Xa calculations of the MgO (100) surface and disagrees with linear combination of atomic
orbitals calculations of the same surface. A low-energy-loss peak, possibly associated with surface defects, is seen on
some surfaces; the exact nature of the surface defects involved is not yet clear.

I. INTRODUCTION

Ever since the pioneering work of Rudberg! in
1930 on reflection electron-energy-loss spectro-
scopy (ELS), experimentalists have varied the
energy of the incident (primary) electron beam,
E,, in order to assist in interpreting the spectra.
Since the energy-loss features in a secondary-
electron spectrum »n(E) are always located at the
same energy below E,, varying E, allows one to
separate loss features from other structures in
n(E), such as Auger peaks, whose kinetic energy
is independent of E, In fact, a common method
of obtaining energy-loss spectra free of Auger
peaks, and the method used in the work reported
here, is to apply a small modulation voltage to E,
with no modulation of the electron spectrometer,
and synchronously detect the output of the spectro-
meter. Another reason for varying E, is to sepa-
rate different types of transitions seen in the spec-
tra by means of the different energy dependences
of their transition probabilities. This effect is
generally strongest for E,< 100 eV, and it has
been used by several authors2™ to interpret the
origin of energy-loss peaks.

The energy dependence of the mean free path
X(E) of electrons in solids® can also be used to
separate surface and bulk transitions in energy-
loss spectra. This effect can be used most ef-
fectively for E,= 100 eV where other energy-de-
pendent effects are relatively small. One of the
first uses of A(E) for this purpose was by Powell
and Swan® to identify surface plasmons on alumin-
um. Many experimentalists have made qualitative
use of this effect since then.”

We have recently used the energy dependence of
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X(E) to study surface and bulk excitonic core-level
transitions in MgO; a brief report of some of that
work has been published previously.® In this paper
we report additional measurements of intraionic
core-level spectra as well as interionic (or inter-
band) spectra involving both Mg and Oions. The
surface and bulk transitions are separated by the
method described above, and the transitions are
then compared to both ionic and band models of
the electronic structure of MgO. In Sec. II we will
outline the theoretical considerations relevant to
energy-dependent electron-energy-loss spectro-
scopy.- The experimental methods that we have
used will be discussed in Sec. III. In Sec. IV the
method will be applied to core-level excitations

of the Mg™ ion in MgO, -and we will review the
model for the origin of the excitonic surface states
seen in these spectra. The energy-loss spectra for
interionic O-to-Mg transitions will be presented
and discussed in Sec. V. Section VI will consider
defect surface states on MgO.

II. THEORETICAL CONSIDERATIONS

Electron-energy-loss experiments on solids can
be performed by transmission of high-energy
electrons (10-100 keV) through thin samples®
(roughly 100~1000 &) or by reflection of lower-en-
ergy electrons (s2 keV) from thick samples. In
transmission the energy loss AE is always small
compared to E,, and the electrons generally under-
go only one scattering event. The scattering cross
section is then well described by®"

d’c m -1
PO 72na g 2(Ak®) Im(e(AE)> ’ ()
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where Ak is the momentum loss during scattering,
m is the electron mass, #n is the number of elec-
trons per volume participating in the loss process,
a, is the Bohr radius, and ¢ is the longitudinal
dielectric constant of the solid. There is no in-
teresting dependence of the loss spectrum on E,

in this regime, and E, need only be kept large
enough that the probability of multiple scattering
in the sample is low.

In the reflection mode, only electrons that have
been scattered back out of the sample are detected.
The electrons must thus undergo either large-
angle inelastic scattering or small-angle inelastic
scattering preceded or followed by large-angle
elastic diffraction. In addition, the assumptions
that AE< E, and Ak <k,, implicit in Eq. (1),° may
not be met for low incident-electron energies or
for loss processes involving atomic core levels.
When the presence of the surface is explicitly
taken into account,!® but the other assumptions
implicit in Eq. (1) are retained (e.g., validity of
the Born approximation), it is found that the loss
function is proportional to Im{-1/[¢(AE)+1]}. For
free-electron metals this shifts the plasma fre-
quency down to that of the surface plasmon. For
interband transitions, Im(-1/¢) and Im[-1/(e+1)]
generally differ only in small shifts of the energies
of the loss peaks. To determine the role of the
incident-electron energy in the energy-loss pro-
cess, the various aspects of the loss process will
be considered separately.

A. Electron-atom and electron-ion interactions

The incident-electron-energy dependence of
most low-energy inelastic scattering processes
in solids has not been investigated either experi-
mentally or theoretically. Inelastic scattering of
electrons by free atoms, ions, and molecules in
gases has been studied extensively, however, and
a comprehensive review is available in the books
by Massey and Burhop.'!’!? Since the same basic
interactions govern electron scattering in both
cases, we can get a good idea of the effects to be
expected in solids from the results obtained on
gases. This general approach has been used by
Powell'® in calculations of the mean free paths
of electrons in solids. The effects that cannot be
generalized from free-atom scattering are those
which result from the high density of atoms in
solids, such as collective excitations (plasmons)
and the dispersion produced by banding; those
must be considered separately.

The basic form of the excitation function (or
cross section), f(E,) vs E,, for intra-atomic ex-
citations is perhaps best illustrated for the case
of He atoms (see Fig. 4.21 of Ref. 11). Two gen-

eral types of curves are observed. Transitions
that are allowed by the optical (dipole) selection
rules have excitation functions that rise from zero
below the threshold energy for the excitation to a
maximum at three to four times the threshold en-
ergy and then fall relatively slowly at higher ener-
gies [f(E hpowea ~ In(E,)/E,]. The excitation func-
tions for optically forbidden transitions (which are
allowed in electron excitation, however) rise more
rapidly to a sharp peak at about twice the threshold
energy and then fall rapidly with increasing ener-
&Y [ (B orpiagen™ 1/E,]. Data are available on in-
elastic electron scattering from a large number

of other atoms'! and, while it can be more com-
plex in the vicinity of the threshold, particularly
for heavy atoms, the behavior of f(E,) above its
maximum almost always lies somewhere between
the two cases for He. Data-on interatomic excited
states in compound molecules by electron impact!2
also exhibit excitation functions similar to those
for atoms.

The above considerations have been applied to
energy-loss measurements on Ge and GaAs by
Ludeke and Koma.? They varied E, between 50
and 100 eV and attributed peaks whose amplitude .
increased with decreasing E, as arising from
dipole-forbidden transitions. Ritsko et al.® applied
similar considerations to energy-loss spectra from
tetrathiafulvalenium-tetracyanoquinodimethane
(TTF-TCNQ). Rubloff* has considered the effects
of selection rules on energy-loss spectra for a
variety of materials.

One interesting deviation from the normal
threshold behavior in electron-atom collisions has
been observed in some heavy atoms.* The Auger-
electron yields for the Ny ,0, ;O,,  transitions in
Au, Bi, and Pb are found to have apparent thresh-
olds that are 60-T0 eV higher than those to be ex-
pected from the energy differences between the
corresponding levels. Such a delayed threshold is
also seen in the x-ray absorption spectra of these
levels.!* The effect is believed to arise from the
large angular momentum of the 4f initial state and
the correspondingly large angular momentum of
the emitted electron. It should be readily apparent
in energy-dependent electron-energy-loss spectra
since the loss peaks corresponding to those transi-
tions would appear for larger incident-electron
energies than would other peaks in that region of
the loss spectrum.,

B. Plasmon-electron interactions

The coupling of electrons to bulk and surface
plasma oscillations in the energy region of interest
for reflection energy-loss measurements has been
treated theoretically by several authors.'®''® The
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results of the calculations show that the electrons
near the surface excite mainly surface plasmons,
while those deeper inside have a higher probability
of exciting bulk plasmons. As the electron energy
is increased, the greater range of the electrons
results in the creation of a smaller fraction of
surface plasmons compared to bulk plasmons.
(The actual calculations are more complex than
the above description implies,'® but the net result
is the same.) This effect has been observed by
numerous workers,” one of the first being Powell
and Swan® in reflection energy-loss measurements
on aluminum for 760 < E, < 2020 eV.

C. Diffraction

Since the electrons that are analyzed in a re-
flection energy-loss experiment have undergone
large-angle scattering, most of them have suf-
fered at least one elastic diffraction. For poly-
crystalline or amorphous samples or samples with
disordered surfaces (e.g., many single crystals
after cleaning by ion bombardment), diffraction
will play essentially no role, since any detection
geometry will see an average over many diffrac-
tion conditions. Crystals with nearly perfect
surfaces, however, exhibit strong electron dif-
fraction effects [e.g., distinct low-energy electron
diffraction (LEED) patterns], and these effects
can give different energy-loss spectra for differ-
ent spectrometer geometries or primary-electron
energies. For example, changes in the amplitude
of an energy-loss spectrum can occur when LEED
beams enter or leave the acceptance region of the
spectrometer. It is therefore difficult to compare
the amplitude of energy-loss spectra taken at
different primary energies. Relative amplitudes
within a single spectrum can still be compared,
however, if E, is fixed during each spectrum.
However, if the electron kinetic energy that is
analyzed is held constant and E, is varied, as is
sometimes done in order to eliminate Auger fea-
tures from the energy-loss spectra, spurious
structure can occur when diffracted beams enter
or leave the analyzer acceptance aperture.

D. Mean-free-path and surface-state effects

The sum of all energy-loss processes gives rise
to an energy-dependent total mean free path A(E)
for electrons in solids. This mean free path is
used in the usual manner to determine the intensity
I(z) of the incident beam at the site of the energy-
loss process:

I(z)_:loe'zsecﬂ/l(l‘?p)’ v (2)

where I, is the intensity of the incident beam at

the surface, z is the distance of the scattering
site below the surface, and 6 is the angle between
the direction of the electron beam in the sample
and the inward normal to the surface. A similar
expression is applied to the attenuation of scattered
electrons leaving the sample. Measurements of
A(E) have been made by several techniques on a
variety of materials, and Fig. 1 shows one com-
pilation of some of the data.® The mean free path
has a minimum in the vicinity of £E=20-100 eV
and increases roughly as VE for higher energies.
For energy-loss experiments performed with in-
cident electrons between 100 and 2000 eV, as in
the present work, A(E) can vary between 3-5 A
and 20-30 A. The effective depth sampled can
thus be changed from about 1 lattice constant for
E,~100 eV to 5-10 lattice constants for E,~2000
ev.

This ability to change the depth sampled makes
it possible to separate surface and bulk contribu-
tions to the energy-loss spectra. Electronic sur-
face states are usually localized to the first few
angstroms of the surface and will thus make a
stronger contribution to the spectra at low ener-
gies than at high energies. For example, assume
that the atoms in a layer of thickness d at the sur-
face of a sample have electronic properties differ-
ent from those of the bulk. For an electron beam
of energy E, and intensity I, incident normal to
the surface, the intensity at a distance z below the
surface I(z) is given by Eq. (2) with §=0°. If we
assume that the electrons scattered back out of
the sample also move normal to the surface and
that the primary and scattered electron energies
are close enough that we can use the same mean
free path for both, then the intensity of electrons
scattered at a depth 2z that get out of the sample
I'(z) is

I'(2)=C|M(E,) |?I,e 2 Ep? (3)
where C is a constant and M(E,) is the matrix ele-
ment giving the probability of electrons exciting
a particular transition. The total intensity I; due
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FIG. 1. Mean free path of electrons in various mate-
rials versus kinetic energy (after J. C. Tracy) (from
Ref. 5).
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where M(E,) is the matrix element for a surface-
state transition. The intensity I, due to the bulk
is

L=C|MyE) |1, f e M Epgy (5)
d

where MB(E‘,) is the corresponding bulk-matrix
element. The relative intensity of the surface and
bulk energy-loss features is thus

IM&(Ep)Iz (l—e'z"/“E”)) (6)
IMg(E)12  e2thEp *

7
15,—-:
IB

If we assume that Ms(Ep)zMB(EP) and take d=2 A
(top layer of atoms), then the amplitude of surface-
to-bulk loss features is found from Eq. (6) to de-
crease by an order of magnitude as A(Ep) varies
from 4 to 25 A.

In the energy-loss experiments reported in this
paper, the primary-electron energy E, was varied
between 100 and 2000 eV. Based on the consider-
ations given above, the largest contribution to the
energy dependence of features in the loss spectrum
would be expected to arise from changes in the
electron mean free path. We have interpreted our
data based on this premise, except where noted
otherwise.

III. EXPERIMENTAL METHODS

If meaningful comparisons are to be made be-
tween energy-loss spectra taken at different in-
cident-electron energies, no other parameters in
the experiment can change. In particular, the
energy profile of the incident-electron beam and
the resolution of the electron spectrometer must
be independent of energy. The latter criterion
can be fulfilled by electron spectrometers which
accelerate or retard the scattered electrons to
the same energy before analysis. We have used
a commercial double-pass cylindrical-mirror
electron spectrometer with spherical retarding
grids at the input.!” The spectrometer was run
in the retarding mode with a pass energy E,,, of
50 eV. This gave a spectrometer resolution of
about 0.4 eV, indepenent of the electron energy
being analyzed. The one parameter that varies
with electror energy in this type of spectrometer
is the area of the sample that is “seen” by the
spectrometer. This area varies as (Epu/E)"?,
where E is the electron energy being analyzed, so
the area decreases with increasing electron ener-
gy. This is only a problem when trying to compare
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the absolute amplitudes of loss spectra taken at
different incident energies, or when the energy
range of the loss spectrum is comparable to the
incident energy; neither of those cases will be
considered here.

The energy profile of the incident electron beam
is more difficult to control. Our spectra were
excited with the electron gun in, and coaxial with,
the spectrometer. This gun was a conventional
design utilizing a Wcathode with no additional en-
ergy selection. It was necessary to reduce the
cathode temperature at higher energies in order
to keep the energy profile of the beam as narrow
as at low energies (0.2 mA total filament emission
at E,=2000 eV, compared to 2.0 mA at 100 eV).
Even then it was impossible to get precisely the
same profile at all energies; the tail on the low-
energy side of the beam was broader at high ener-
gies than at low energies. We did, however, set
the full width at half maximum (FWHM) of the beam
to be the same at all energies (about 0.4 eV). In
this way the system resolution was independent of
energy, and the only effect of the broader tail at
high energies was to make it slightly more diffi-
cult to resolve loss features close to the elastic
peak. A modulation voltage of 0.4 eV peak to peak
was applied to the beam voltage rather than to the
spectrometer in order to eliminate Auger peaks
from the spectrum. The resultant system resolu-
tion was about 0.7 eV,

The energy-loss spectra were recorded as the
first derivative of the emitted electron distribu-
tion, dn(E)/dE, versus energy loss E,;. Peaks in
n(E) thus correspond to midpoints of negative
slopes in dn(E)/dE (or maximum negative slopes
or zero crossings, depending on the details of
peak.shape and background slope). We use the
first derivative of n(E) rather than the second
derivative, which is often used, to avoid spurious
features in the loss spectra.'® Unless noted, the
energy-loss spectra were taken with the incident
beam normal to the sample surface. Some spec-
tra were also taken with the incident beam at
grazing incidence in order to sample as little of
the bulk as possible; where no angle is specified
for grazing-incidence spectra, the electron beam
was incident within 2° or less of the surface plane.

The MgO samples used were (100) faces that
were cleaved from a single crystal in air, polished
with 0.5-um diamond paste to remove cleavage
steps, and etched for 30 sec in boiling H,PO,. Af-
ter mounting in the ultrahigh-vacuum system, they
were Ar-ion sputter-etched at 500 eV and then an-
nealed at about 1400 K for a few minutes by elec-
tron bombardment. The resulting surface yielded
excellent LEED patterns,'® which were slightly
better than those from vacuum-cleaved surfaces.
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FIG. 2. Schematic energy-level diagram for MgO.

Auger spectroscopy showed the surfaces to be
atomically clean. Energy-loss spectra obtained
from surfaces prepared in the above manner were
indistinguishable from those for vacuum-cleaved
surfaces, with the exception of one peak to be dis-
cussed in Sec. VI.

N A
IV. CORE-LEVEL ENERGY-LOSS SPECTRA

An approximate energy-level diagram for MgO,
based primarily on XPS measurements,?® is given
in Fig. 2. Figure 3 shows the energy-loss spec-
trum of MgO (100) for 0<E, <110 eV, taken with
E,=200 eV. For E > 50 eV, the structure arises
predominantly from intraionic transitions on Mg
ions, while the spectrum for E,<50 eV consists
of plasma losses, intraionic transition on O ions,
and interionic (O-to-Mg) transitions. We will
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FIG. 3. Electron-energy-loss spectrum, dn(E)/dE vs
E;, for MgO (100) with E,=200 eV. Arrows indicate
thresholds for excitation from the Mg® 2p and Mg® 2s
core levels.
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FIG. 4. Energy-loss spectra, dn(E)/dE vs E;, for
transitions from the Mg 2p core level in MgO for 100 eV
<E,<2000 eV.

discuss the Mg intraionic transitions in this
section and the plasmon and interionic excitations
in Sec. V.

A. Separation of surface and bulk transitions

Transitions from the Mg2p core level to empty
states above the Fermi level begin at E,= 51 eV
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FIG. 5. Peak-to-peak amplitude of peaks in energy-
loss spectra of Fig. 4 versus E,, normalized at E, =500
eV. Numbers labeling curves indicate loss energy in
ev.
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and extend to E,~80 eV.®2! Similar transitions
from the Mg2s core level to the same final states
begin at E;~93 eV. The widths of both the Mg 2p
and Mg 2s initial states (<0.3 eV) are smaller than
our resolution, so the structure observed for
transitions from those levels will be due to the
density of final states.

Figures-4(b)-4(f) show the energy-loss spectra
for Mg 2p-to-excited-state transitions for 120
< E, <2000 eV, normal incidence. Figure 4(a)
shows the loss spectrum taken at E,=120 eV and
grazing incidence. The loss energies of peaks in
n(E) are given in Fig. 4(d). The most striking
feature of these spectra is the large change in the
relative amplitudes of the peaks as a function of
primary-electron energy. The peaks at 51.3 and
56.0 eV are very large for E,=120 eV, both
normal and grazing incidence, and decrease with
increasing E, until they are merely shoulders at
E,=2000 eV. The 53.7- and 57.8-eV peaks, on the
contrary, are largest for £,=2000 eV and decrease
with decreasing E,; at E,=120 eV, grazing inci-
dence, the 53.7-eV peak has completely disap-
peared. The rest of the peaks, with the exception
of the one at 60.1 eV, remain roughly constant
for all values of E,.

These changes can be seen more clearly in Fig.
5, where the relative amplitude of the peaks [i.e.,
the peak-to-peak amplitdue in dn(E)/dE] is plotted
versus E,. No attempt was made to determine the
change in absolute amplitude of the peaks at dif-
ferent E, for the reasons discussed in Secs. II and
III above. Instead, the data were normalized to
the sum of the amplitudes of those peaks whose
relative amplitudes remained fairly constant for
different E,, The normalized amplitude of each
peak was then divided by its value at 500 eV to
generate the ordinate in Fig. 5. The average
mean free path for electrons of energy E,, taken
from the dashed curve in Fig. 1, is given along
the top of the figure. The data for E,=120 eV,
grazing incidence, cannot really be plotted on the
abscissa of Fig. 5, but since they represent a
very shallow penetration into the sample they
have been included at the left of the figure.

The three energy-loss peaks at 51.3, 56.0, and
60.9 eV arise from electronic transitions involving
~ surface ions. - The remaining features, except for
the 60.1-eV peak that will be discussed in Sec. IVB
below, vary in amplitude by a factor of 2 or less
for 120 < E,<2000 eV, indicating that they are of
bulk origin. The variation in amplitude with E, is
small enough to arise from differences in the en-
ergy dependence of the excitation probability for
the transitions (Sec. IIA). The disappearance of
the peaks at 53.7, 70.2, 74.5, and 77.5 eV at E,
=120 eV, grazing incidence, suggests that we are

no longer sampling bulk ions. The two peaks at
57.8 and 65.4 eV, which were identified as being

of bulk origin from the normal-incidence spectra,
do not disappear at grazing incidence. Since the
other bulk peaks have disappeared, however, we
assume that surface transitions exist that are
nearly degenerate with the bulk transitions at those
energies; this will be discussed in Sec. IV C below.

B. Origin of bulk transitions

We have previously discussed the origin of the
bulk transitions that involve the Mg 2p and Mg 2s
core levels in Refs. 8 and 21; we will only sum-
marize that work here for completeness. The
bulk energy-loss structure involving the Mg 2p
core level begins abruptly with the peak at E,
=53.7 eV and continues until £, ~80 eV. The next
bulk structure, due to transitions from the Mg 2s
core level, begins at E; =93.1 eV and continues
until E; ~120 eV. When the Mg 2s loss spectrum
is shifted 39.4 eV to lower loss energy, it is al-
most identical to the Mg 2p spectrum (with the
exception of one peak to be discussed in Sec. IVC
below), confirming that both spectra arise from
structure in the density of final states.

MgO is a highly ionic compound consisting of
Mg?* and O%" ions.? It is thus reasonable to com-
pare the energy-loss spectra with optical excita-
tion spectra for free Mg?* ions. This has been
done in Fig. 6, where the Mg 2p energy-loss spec-
trum is plotted in (a) and a histogram of the ob-
served optical transitions from the Mg 2p ground
state to excited states is plotted in (b). The tran-
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FIG. 6. (a) Energy-loss spectra, dn(E)/dE vs E;, for
excitations from the Mg 2p core level in MgO for E,=2000
eV; (b) observed Mg? free-ion spectrum from Ref. 23.
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sition energies in Fig. 6(b) are taken from Ref.
23, and the ordinate is proportional to the multi-
plicity of the excited states. The 53.7, 57.8, 65.4,
and 70.2 eV loss peaks lie very close to the 3s,
3p, 3d, and 4s levels, respectively, in the

Mg?* 2p - nl series in Fig. 6(b). Additional peaks
in the energy-loss spectrum are seen up to the
ionization limit of the free Mg?* ion, with no fur-
ther structure until the onset of the Mg 2s spec-
trum. It thus appears that the Mg?* ions in MgO
behave very nearly like free Mg®* ions.

Calculations of the electronic structure of MgO
have been made using the itinerant-electron (en-
ergy-band) formalism,?425 and we have also com-
pared our data to the conduction-band density of
states from one of those calculations.?* The cal-
culation changes the order of many of the excited
states relative to the free ion, and the resulting
conduction-band density of states is entirely dif-
ferent from the observed free-ion levels [Fig.
6(b)]. Our data are in poor agreement with the
band calculations, indicating that the localized
electron (ionic) limit yields a better description
of the electronic excitation spectrum on the Mg?*
ions in MgO.

The energy-loss peak at 60.1 eV, which only
exists for E,> 300 eV, does not fit the criteria
for either a bulk or a surface intraionic transi-
tion. The fact that its amplitude increases with
E, relative to single-bulk-loss features raises
the possibility that it might correspond to a multi-
ple- (presumably double) loss process. The low-
est-energy double-loss process in that energy
range involving only bulk transitions would be the
excitation of a Mg?* intraionic transition (53.7 eV)
and an interionic O-to-Mg transition (8.2 eV, see
Sec. V below), which would result in a loss ener-
gy near 61.9 eV. The observed energy loss could
be more closely approximated by the excitation of
one bulk and one surface transition, either a sur-
face Mg?* excitonic (51.3 eV) and a bulk interionic
(8.2 eV) transition, resulting in a loss at 59.5 eV,
or a bulk Mg?* transition (53.7 eV) and a surface
interionic transition (6.2 eV), resulting in E,
=59.9 eV. At the present time we do not have
enough information to definitively identify the
origin of that peak.

C. Stark-effect model of surface ionic levels

We have previously published an interpretation
of the origin of the surface features in the Mg 2p
and Mg 2s core-level energy-loss spectra of
MgO (100),% and we will only review it briefly
here. The success of the free-ion picture in in-
terpreting the bulk energy-loss spectra from those
levels suggests that an ionic description should
also be applicable to surface transitions. There

is a large change in Madelung potential at the
surface due to the termination of the crystal. This
potential should be approximately the same for
initial and final states of the Mg®* ion in an energy-
loss experiment and should therefore nearly cancel
out. There is in addition a large gradient in the
Madelung potential at the surface of an ionic in-
sulator, which would give rise to a strong electric
field that should produce a Stark mixing of ionic
states. We have applied a simple model of this
effect to calculate the Stark-split spectrum of
Mg?* surface ions.

In our model, we assume no relaxation or re-
construction of the surface so that all surface
ions have the same positions that they would have
in the bulk. We then assume that an average
electric field gs, normal to the surface, at the
position of a surface Mg®" ion produces a Stark
interaction term 3, , =-e& -T. We consider
only the contributions of the 3s, 3p, 3d, 4s, 4p,
4d, and 4f ionic levels, and we take their values
at zero electric field from the experimentally
determined bulk transitions. We then use a hydro-
genic model for the Stark shift and calculate the
position of the excited ionic levels as-a function
&.. (For a more detailed description of the pro-

S
cedure, se€ Ref. 8.)
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FIG. 7. Energy of Stark-split Mgz' excited states ver-
sus normalized surface electric field §’ (in atomic
units). Full lines represent m; =0 levels, dashed lines
are m;==1 levels, and dotted lines are m,; = +2 levels.
The m;=+3 level associated with 4f is not shown.
Squares are observed bulk peaks; dots and triangle are
observed surface peaks. The triangular point is inferred
to be an m; = +1 level in view of the selection rule dis-
cussed in the text.
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FIG. 8. Energy-loss spectra, dn(E)/dE vs E;, for
transitions from the Mg2p (solid curve) and Mg 2s
(dotted curve) core levels in MgO for F,=100 eV, normal
incidence.

The results of the calculation are given in Fig.
7, where &’ is the electric field expressed in
atomic units (a.u.). The experimentally determined
energies of the surface transitions (circles and
triangle) were then positioned in &’ to give the
best overall fit. This resulted in a value of &’
= 0.053 a.u., corresponding to a surface electric
field §,22.9 x10° V/cm. This is reasonably
close to the value of §,~1.9 %10 V/cm calcu-
lated for the Madelung electric field at the center
of a Mg?* ion on the unrelaxed (100) surface of
MgO.

The presence of strong electric fields at the
surface would be expected to drive some recon-
struction of the first atomic layer.?® Recently,
Martin and Bilz*” have performed shell-model
calculations of the structure of the MgO (100)
surface. They find that a surface in which the
Mg ions relax inward by 3.4% of the bulk inter-
ionic distance a, while the O ions do not relax
but polarize by about 3% of a, agrees with LEED
measurements®® of the structure of MgO (100).
The surface ions in that model?” are found to be
about 5% mo7e ionic than the bulk ions. That re-
sults in a 30% increase in the surface electric
field, compared to the 50% increase determined
from our Stark model.

Additional evidence for the Stark-effect model
of the surface states is given by the Mg 2s -to-
excited-state energy-loss spectra. Figure 8 shows
the 100-eV normal-incidence spectra for transi-
tions from the Mg 2p (solid line) and Mg 2s (dotted

line) core levels. The Mg 2s spectrum has been
shifted by 39.4 eV to align it with the Mg 2p spec-
trum. The two spectra are similar, indicating
transitions to the same excited states, except that
the second surface peak (at 56.0 eV in the Mg 2p
spectrum) is much smaller in the Mg 2s spectrum;
this is the peak represented by the triangle in
Fig. 7. Because the interaction of the Mg?* sur-
face ion with a normally incident electron beam
has cylindrical symmetry, the resulting transi-
tions should have Am, =0 (assuming small-angle
scattering) so that the (2s,m,=0)~ (nl,m,=x1)
transitions would be forbidden. The surface tran-
sition represented by the triangle in Fig. 7 is the
only one of the first five whose final state is m,
=1, so it should be allowed from the Mg 2p level
(m,=0, +1) but forbidden from the Mg 2s level
(m,=0), as observed. When the electron beam is
tipped away from normal incidence, the Am, =0
selection rule breaks down. We do, in fact, see
more than a tenfold increase in the relative am-
plitude of that peak in the Mg 2s spectrum when
the electron beam is moved toward grazing in-
cidence.

Although the experimental data are suggestive
of a surface Stark effect, conceptual difficulties
remain. For an effective charge of 3, a rough
hydrogenic value for the size of the Mg?* (n=3)
orbit is ~2.25 A. Since the distance between the
Mg?* and the O?- ions in MgO is only 2.1 A, there
would be a large overlap of the Mg?* (n=3) orbit
and the O*" charge cloud, suggesting the impor -
tance of banding. Nevertheless, as demonstrated
in Refs. 8 and 21, we have found the Mg core-
level excitonic states in MgO to be in poor agree-
ment with the conventional itinerant-electron band
picture of MgO. ‘

V. INTERIONIC TRANSITIONS AND
PLASMA LOSSES

For E, =50 eV, it is not possible to excite intra-
ionic transitions on the Mg ions. The spectra in
this region must arise from O intraionic transi-
tions, O-to-Mg interionic transitions, and the
excitation of plasma oscillations. The energy-
loss spectra for E; <30 eV are shown in Fig. 9;
the region 30<E, <50 eV exhibits only two rel-
atively weak features, and we will not consider
it here. Fugures 9(b)-(f) give the spectra for
E,=100 to 2000 eV normal incidence and Fig. 9(a)
gives the spectrum for E, =100 eV grazing in-
cidence. The peak-to-peak amplitudes of the
features in these spectra versus primary ener -
gy, normalized in the same way as for the core-
level energy-loss spectra, are plotted in Fig. 10.
Primary-electron-energy-dependent effects are
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FIG. 9. Energy-loss spectra, dn(E)/dE vs E;, for
MgO (100) for 100 eV <E,<2000eV.

not as striking here as in the Mg core-level spec-
tra, but there are three peaks whose amplitudes
change significantly with energy. The lowest-
energy peak, at 6.2 eV, is extremely strong at
low energies and at grazing incidence, decreasing
an order of magnitude by 2000 eV. We hence iden-
tify it as a surface transition. It could not be a
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FIG. 10. Peak-to-peak amplitude of peaks in energy-
loss spectra of Fig. 9 versus E,, normalized at E,=500
eV. Numbers labeling curves indicate loss energy in
ev.,

bulk transition in any event since its energy is
less than the 7.77-eV band gap in MgO.2° The
peak at 22.2 eV is relatively constant in amplitude
for 300 < E, <2000 eV, but it decreases by a fac-
tor of 4 on going to grazing incidence. This peak
has been identified as the bulk plasma oscillation
corresponding to collective oscillation of all of the
electrons in the O 2p valence band®*3°; its energy
is indeed close to the value of 22.7 eV calculated
in the free-electron approximation.

The peak at 8.2 eV in the 2000-eV spectrum
decreases in amplitude below E,=300 eV, virtual-
ly disappearing in the grazing incidence spectrum.
It corresponds to excitation of electrons from the
O 2p band to the Mg 3s levels, presumably from
peaks in the respective densities of states near
the band edges. (Its energy is close to the funda-
mental optical absorption edge at 7.77 eV.) Its
disappearance in surface-sensitive spectra, cou-
pled with the attendant increase in intensity of
the 6.2-eV peak, suggests that the lowest 3s states
on the surface Mg ions are shifted about 2 eV
toward larger binding energy relative to the bulk
ions. The data could also be explained by a de-
crease in the binding energy of the states near
the top of the O 2p valence band. However, the
fact that a 2-eV shift of the lowest-lying Mg final
states is also seen in the Mg core-level loss spec-
tra makes that explanation unlikely.

High-energy transmission-energy-loss measure-
ments on thin MgO samples have been made by
von Festenberg® and by Venghaus®’; the location
of our energy-loss peaks for E, <30 eV are in
agreement with theirs except that they do not ob-
serve the 6.2-eV surface loss peak. We cannot
make a more detailed comparison of our data with
theirs since we have measured dn(E)/dE rather
than n(E).

The location of peaks in our energy-loss spec-
trum for E,=2000 eV are compared with Im(-1/8)
computed by Roessler and Walker?® from their
ultraviolet reflectance measurements on MgO in
Fig. 11. The agreement in peak location is good
except, of course, for the surface loss peak at
6.2 eV. Calculations of the bulk band structure
of MgO have been made by Fong et al.®® and by
Pantelides ef al.?* The agreement between &,

8,, and Im(-1/8) from those calculations and the
data of Roessler and Walker is fairly good. We
thus conclude that the O-to-Mg energy-loss spec-
tra are in basic agreement with energy-band cal-
culations for MgO. This is in contrast to the Mg
core-level energy-loss excitation spectra, which
do not agree with itinerant-electron calculations
for the Mg conduction band. This difference no
doubt arises from the highly localized nature of
the excitonic core-level transitions as compared
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FIG. 11. Energy-loss function for MgO computed
from dielectric-constant measurements of Roessler and
Walker (Ref. 29). Arrows indicate location of energy-
loss peaks observed in this work.

to the more spatially diffuse O-to-Mg transitions
that involve initial and final states on two different
ions. The fact that the 6.2-eV surface loss peak
does not completely disappear for E,=2000 eV,
while the 51.3-eV surface-state peak does, is
consistent with the different degree of final-state
localization in the two cases.

The surface electronic structure of MgO has
been considered by two groups. Lee and Wong3?
have performed both Green’s function and linear
combination of atomic orbitals (LCAO) calcula-
tions of the surface energy-band structure of MgO.
For MgO (100), they find a surface-state band
that extends about 0.5 eV above the top of the bulk
O 2p valence band, while the Mg 3s surface band
lies entirely above the bulk conduction-band min-
imum (which occurs at I'). No direct transitions
involving surface states exist in their calculation
with energies less than 7.6 eV; the lowest-energy
indirect transition (from X in the O2p band to I
in the Mg 3s band) would be at about 7.3 €V. Their
calculation thus cannot account for the observed
loss peak at 6.2 eV.

Satoko et al.3* have performed discrete variation-
al Xo cluster calculations for both bulk and sur-
face MgO clusters. Using both (MgO,)®” and Mg O,
surface clusters, they find that a peak in the sur-
face density of states occurs 2 eV below the bottom
of the bulk Mg 3s conduction band, in agreement
with our data. In those calculations the 2-eV shift
results from a balance between a reduction in the
Madelung potential near the surface, differences
between cation-anion charge transfer for surface
and bulk ions, and polarization of the wave func-
tions of the surface ions due to the potential gra-
dient at the surface. The first and third of these
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are included in the Stark-effect description in
Sec. IV and in Ref. 8.

VI. DEFECT SURFACE STATES ON MgO

The above energy-loss spectra are seen on
vacuum-cleaved MgO (100) surfaces, on surfaces
that have been sputtered and annealed in vaccum,
and even on surfaces that have only been sput-
tered; the spectra are essentially independent of
surface preparation. This is not too surprising
in view of the extreme stability of the MgO (100)
surface.!’® There is one additional energy-loss
peak, however, that is very sensitive to surface
treatment. Figure 12 shows the energy-loss spec-
tra for a sample that was sputtered, annealed, and
then bombarded with 1000-eV electrons for about
30 min. The spectra for all primary energies
are essentially indistinguishable from those in
Fig. 9 for a surface that had not been subjected
to electron bombardment, except for the presence
of a large loss peak at about 2.3 eV. (The true
location of that peak may in fact be at a slightly
smaller loss energy than 2.3 eV due to interfer-
ence from the elastically reflected beam.) The
amplitude of the 2.3-eV loss peak as a function
of E, parallels that of the 6.2-eV loss peak, in-
dicating that it is of surface origin. (There is
an additional complication due to the slight broad-
ening of the elastic peak at large Ep mentioned
in Sec. III, but that is not enough to cause the ob-
served decrease in amplitude of the 2.3-eV peak.)
The surface nature of this loss peak can also be
demonstrated by its behavior upon exposure to
O,, as shown in Fig. 13 for E,=100 eV, normal

Mogo(IOO)
(after 1000-V electron
bombardment )
HO
E =100 eV

300 ev

500'eV

4

2000 eV

Y .
30 20 10 0
ENERGY LOSS (eV)

FIG. 12. Energy-loss spectra, dn(E)/dE, for MgO
(100) after 30-min exposure to 1000-eV electron beam.
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FIG. 13. Energy-loss spectra for electron-bombarded
MgO (a) before and (b) after exposure to 10°-langmuir
0;. E,=100 eV.

incidence. Exposure to 10° langmuir of O, pro-
duces no changes in the loss spectra except for
the virtual elimination of the 2.3-eV peak. The
amplitude of the low-energy-loss peak varies from
measurement to measurement, and it is sometimes
present on sputtered surfaces that have not been
exposed to electron bombardment.

The fact that the amplitude of the 2.3-eV transi-
tion depends in some manner on ion or electron
bombardment suggests that it may be associated
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with surface defects. Similar loss peaks have
been seen on TiO, (Ref. 35) and SrTiO, (Ref. 36)
and are associated with surface O vacancies. The
microscopic nature of the defect sites is thought
to be different in those two cases, however.

It is tempting to attribute the loss peak to a
simple surface F center, F;, consisting of one
electron trapped at a surface O vacancy,which
has been observed by spin-resonance techniques.®
Recent calculations by Kassim et al.,* however,
show that the transition energy of such a center
should be close to that of the bulk F* center, about
5 eV. Nelson and Hale* have observed a band at
2.1 eV in diffuse reflectance spectra from MgO
powders after y irradiation in vacuum, but that
state could have originated on crystal faces other
than (100).

Recent preliminary results*® on vacuum-cleaved
MgO (100) surfaces show that the low-energy-loss
peak is also present on some cleaved surfaces
that exhibit very good LEED patterns. The origin
of that loss peak is not clear at this time, and
additional work is currently underway.
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