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Autoionization emission by electron impact in the 3d transition-metal series 2,sc to 29cu
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Autoionization emission associated with direct recombination of the resonant 3@~3d transitions
have been examined for all the 3d transition-metal elements from 2~Sc to 29Cu. Two characteristic
trends with atomic number Z are observed which correlate with those previously reported in the
3p-electron energy-loss spectra. Firstly, the intensity of this emission decreases with increasing Z.
Secondly, the separation of the emission peak from the 3p threshold is large (-10 eV) toward the
beginning of the series (2&Sc through z&Cr) and abruptly drops to a few electron volts near the middle

of the series (»Mn, 26Fe). This latter reduction in peak separation causes the autoionization and

(M2 3 VV) Auger emission to merge into a single spectral feature. We show for»Mn (and»Ti) that
the two contributions can be separately identified by means of oxygen-dosing experiments. Oxida-
tion dramatically shifts the Auger emission to lower energy leaving the autoionization emission as a
separate peak pinned above the 3p threshold. These measurements shed light on the spectral details
in the 3p line shapes of the autoionization and the electron-energy-loss spectra. We report angle-
resolved measurements for Cr which show different angular dependences of the emission and ab-

sorption processes.

I. INTRODUCTION

Electron spectroscopic investigations of narrow-band
systems such as the 3d transition metals pose two signifi-
cant challenges: an understanding of the materials prop-
erties and an understanding of the interactions of the ma-
terial with the probe. In the present study and in our re-
cent related publication, ' we focus on the latter, espe-
cially as it pertains to effects associated with the 3p —+3d
transition. Interest in the energy-absorption process,
represented in atomic-configuration notation as

3p 63dN~ 3p 53d N + 1

stems from the observation of a curious coexistence of
discrete and continuum features in inelastic electron
scattering and photoabsorption experiments, as outlined in
Refs. 4 and 5. The associated electron-emission process is
summarized as

3p53dN+ 1~3p 63dN —1 +&f

where ef denotes the electron emitted into a continuum
state, which occurs predominantly with l =3 character.
Interest in this latter step is due to the observation that
the direct recombination denoted in Eq. (2) can serve as a
basis for resonant photoemission enhancements of the 3d
band. 6 Such effects are observed to be excited by syn-
chrotron radiation as the energy is varied in the vicinity of
the 3p binding energy. ' We have previously demonstrat-
ed the existence of the electron-stimulated analog of this
resonant electron-emission process for select 3d sys-
tems. ' In the present work we present results for all the
3d transition metals from 2~Sc through z9Cu.

Early work on inelastic electron scattering of the 3d
transition metals by means of transmission electron-
energy-loss spectroscopy indicated complex spectral

characteristics associated with the 3p~3d transition, in-
cluding variable spectral widths, structures, and intensi-
ties. The low-atomic-number elements 2~Sc through 24Cr
exhibit spectra that span tens of electron volts. The main
spectral peak is also —10 eV removed from the threshold
energy of the 3p binding energy, and subsidiary structures
such as shoulders appear. The elements z5Mn through
29Cu have increasingly less intensity in these spectra, rela-
tive to those of the neighboring plasma-type excitations at
lower energy loss. The spectra for 26Mn through z9Cu are
broad, but not as broad as for the lower-Z transition ele-
ments, and exhibit a clear asymmetry in line shape with
shallower falloff at higher energy-loss values than at low.
The main spectral peak is within a few electron volts of
threshold, contrary to that for the low-Z elements.

A rudimentary explanation of these spectral trends was
presented within an atomic model proposed by Davis and
Feldkamp. They considered the atomic multiplet terms
associated with the 3p 3d +' configurations and the
Fano-type interference' between these discrete p~d exci-
tations and the continuum d +of excitations. For—low-Z
elements low-spin coupling was invoked, which gave a
very broad distribution of multiplet terms for Cr. For
higher-Z values high-spin coupling was invoked, in ac-
cord with magnetic observations. The distribution of
multiplet terms was sufficiently narrow that they merged
into a single peak. The result is the dominance of the
Fano asymmetry at high Z, as first recognized by Dietz
et al. " For the rare-earth elements and the correspond-
ing 4d' 4f ~4d 4f +' transitions, Dehmer et al. '2

have, to a greater extent, convincingly demonstrated the
importance of an atomic-multiplet treatment coupled to
the discrete-continuum interference effect. This is not
surprising, since localized frameworks are much more
commonly associated with rare-earth than with
transition-metal systems.
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Fr'om resonant photoemission of the 3d metals, the pic-
ture that is beginning to emerge is quite analogous to the
behavior outlined above. There appears to be a Z depen-
dence to the intensity of the emission at resonance.
The resonance also is very broad, and "delayed" or re-
moved from the threshold at low Z, ' and narrower, less

delayed, and dominated by characteristic Pano-type in-
terference at tugh Z. ' *' (In addition, for Ni and Cu,
two-hole satellites quite clearly play an important role in
thc photoemission spectra as well. ll Is}

In contrast to these complexities the 3s levels give rise
to simple and Z-independent behavior. The 3s-electron
energy-loss spectrum has a symmetric peak positioned at
the threshold, whose width reflects analyzer-resolution
and core-hole lifetime effects. No interesting resonant
photoemission enhancement effects have been reported.

The organization of the present paper is as follows.
Section II contains experimental details. Results for
electron-stimulated autoionization emission, M& 3 VV
Auger emission, and the 3p- and 3s-electron energy-loss
spectra for the elements Sc through Cu appear in Sec. III.
Detailed comparison of the 3p-electron energy-loss spec-
tral and autoionization-emission line shapes for Cr appear
in Sec. III 8. We focus on Cr because the detailed differ-
ences between these rather similar spectral line shapes are
greatest for Cr. ' The differences are shown to arise from
the strong angular dependences of the absorption and
emission processes. In Sec. III C oxidation of Mn results
are presented. Mn represents a case where the M2 3VV
Auger' and autoionlzation emission spectra merge into one
peak. The results demonstrate that chemical means exist
to decompose the two physically distinct contributions.
This serves as a contrast to the physical decomposition
possible for magnetic systems by spin-polarization analy-
ses, as in the Fe-based glass study by Landolt and Mauri'
that we recently commented on. Ti oxidation results also
appear in Sec. III C for comparison to the Mn results. In
Sec. IV we conclude with a discussion of interesting ex-
perimental and theoretical extensions of the present work.
In particular, the need for accurate multiplet-term calcu-
lations and experiments related to the resonant photoemis-
sion behavior of Ni.

II. EXPERIMENTAL

Polycrystalllllc salnplcs of 21SC to 29Cu were prepared
by mechanical polishing down to 500 A A1203 grit.
Typically, the sample size was 3X 3 X 1 mm. After instal-
lation in a stainless-steel ultrahigh-vacuum system with a
base pressure of 4. 10 " Torr, equipped with a double-
pass cylindrical mirror analyzer (CMA), the samples were
routinely sputter-anneal cleaned. The sputtering was
achieved with 0.5—3-keV Ar+-ion bombardment at a
pl'cssul'c of 6.10 TQIT RI'gon llavlllg ion beam clllTcIlts
on the order of 5 —10 pA/cm. The samples were mount-
ed on Ta strip heaters, which could be resistively heated to
temperatures of order 1000'C. Simultaneous bombard-
ment and annealing (600—800'C) was used to remove
particularly troublesome trace contaminants that segre-
gate to the surface from the bulk. In all cases all major
contaminants (C, S, 0, and N) were removed to less than

1 —2 at. %, as determined by Auger scans taken both im-
Inediately prior to and after the spectra presented here.

The double-pass CMA was operated in the variable
pass-energy mode with resolution 4E/E-0. 6%. The
primary beam energy of the coaxial electron gun was
varied from 0.22 to 2 keV for the various spectra report-
ed. Electron-energy-loss spectroscopy (ELS) data were all
taken with primary beam energies from 220—225 CV.
Broad survey scan widths of 200 eV below the primary
beam energy permitted observation of not only the
plasmon and M-shell core-level losses, but also the low-
energy-emission region where both the MVV Auger tran-
sitions and autoionization emission occur (as in Fig. 5).
Separate high-quality emission spectra were subsequently
taken in energy windows of 20—70 or 25 —125 eV at a
primary beam energy of 2 keVw, ith data acquisition
times of 10—15 min.

Oxygen-dosing experiments for Ti and Mn were per-
formed by shutting off the electron beam and electron
multiplier and exposing the surface to Gz pressures of
1.10 7 to 2. 10 Torr for appropriate times. Data-
acquisition time for these latter experiments was only 4
Inn pel dose.

Angle-resolved data for Cr were taken separately in a
Vacuum Generators ADRS-400 system equipped with a
Vista Electronics AA01 spectrometer control unit. This
arrangement helped preserve the electron-multiplier life,
since the hemispherical analyzer is operated at high
transmission in the variable pass-energy mode, with the
grid at ground potential. The acceptance cone of the ener-

gy analyzer is =4. The control unit was computer
ramped with a typical spectrum consisting of 15 sweeps of
128 points at 0.25 sec/point. The chamber pressure dur-

ing measurement was 7&10 Torr. For the angle-
resolved Ineasurements a single crystal of Cr was used, cut
with a surface normal =10' from [111].This orientation
yielded a maximum surface area given the physical di-
mensions of the available starting crystal. The cleaning
procedure, similar to that used above, consisted of Ar+-
ion bombardment (1 keV at —10 pA/cm beam current)
for 30 min followed by electron-beam heating (from
behind the measuring surface) to =900 C for 10 min. A
sharp low-energy electron diffraction (LEED) pattern was

obtained which confirmed a clean, well-ordered tilted
[111]surface. Although no attempt was made to monitor
the C or 0 Auger peaks, it was found that a strong

Mz 3VV Auger tr'ansition only accompanied a relatively
clean surface. The measurement geometry is shown in the
inset of Fig. 7 with the energy analyzer rotatable in the
x-y plane. The electron-beam energy was 300 CV for ELS
measurements and 3 keV for the emission measurements.

A. Emission and loss spectra

Figure 1 contains schematic representations within the
band framework of the autoionization and related Auger
processes. Comparison of the two processes provides
guidelines as to where to search for autoionization emis-
sion relative to where the well-known M2 IVV Auger
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Figure 4 shows the corresponding M-shell core-level
loss spectra. As for the emission spectra, the Sc through
Cr spectra group into one class with high intensities and
strongly delayed onsets, compared to the higher-Z ele-
ments. Note that, in Fig. 4, the energy-loss scale increases
to the left. The delay of the 3p spectral onset causes the
absorption features to appear to the left of the 3p thresh-
old or to higher energy-loss values. The weak 3s core-
level losses are denoted by solid circles when they are
within the scan range. These losses are symmetric, and
positioned at threshold, unlike the interesting 3p features.
One must conclude that the configuration-interaction cou-
pling that gives rise to the characteristic Fano line shapes
is either absent for the 3s states, or that the interference
between discrete and continuum channels is totally in
phase, giving rise to the symmetric line-shape case. The
electron-energy-loss spectra in Fig. 4 are in good agree-
ment with the previous results of Ref. 9.

In Fig. 5 the emission and absorption spectra, as in
Figs. 2 and 4, respectively, are displayed on a common
scale. Figure 5 displays comparisons of the two processes
and Z-dependent trends, and was used to normalize the
spectra of Figs. 2 and 4. The spectra of Fig. 5 were taken
by adjusting the primary electron beam to an energy just
above that of the right-hand scale of the plot. By lower-
ing the primary beam energy in this manner, the loss spec-
trum appears just to the right of the emission spectrum.
The spectra are normalized to the plasmon-loss features,
labeled a, as in the early transmission ELS work of Ref.
9. The 3p core-level losses, labeled b, appear at higher
values of energy loss. The vertical ticks represent the 3p
thresholds based on the x-ray photoemission spectroscopy
(XPS) binding energies, and are positioned with respect to
the primary (zero-loss) energy. The minor feature below
the prominent M23 loss is the weak M& (3s) loss. In
describing the emission features in Fig. 5, we switch from

I
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FIG. 5. Electron-energy-loss spectra of the 3d transition-
metal series (»Sc to»Cu) taken with a low primary energy of
E~ =225 eV: a, plasmon region; b, M23 core-level energy-loss
region; c, autoionization emission region, and d, M& 3VV Auger
emission region. The vertical ticks indicate the M2 3 thresholds.

the energy-loss scale to the kinetic energy scale. The ver-
tical ticks here represent the 3p threshold with respect to
the kinetic energy scale, adjusted for the analyzer work
function, as in Fig. 2. The Mz 3 VV Auger emission, la-
beled d, appears below the 3p threshold, while the ef
emission, labeled c, appears above it. The intensity and
delayed onset trends with Z can be observed in the loss
and emission here, without concern that unspecified nor-
malization procedures can influence the conclusions
drawn.
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B. Angle-resolved emission and loss spectra for Cr

We have previously presented' a detailed comparison of
the ef emission and 3p-electron energy-loss spectra line
shapes for our V and Cr samples, as well as a comparison
of the corresponding data for Fe with existing literature.
As we noted then, there is general agreement between
thresholds, peak positions, and, most importantly, for V
and Cr, there is general agreement between peak intensi-
ties. This highlights the corollary nature of the processes
as outlined in Eqs. (I) and (2). What we focus on present-
ly is the detailed differences which were especially visible
from the Cr comparison. In particular, the loss spectrum
exhibited a shoulder -7 eV further from the threshold
than the main peak, while no such corresponding feature
was discernible in the otherwise very similar emission
spectrum. Since it has been predicted on theoretical
grounds from He-gas electron-energy-loss studies, that
such a condition can arise from differing angular depen-
dences of the loss and emission spectra, we examined this
point to understand the discrepancy. In Fig. 6 we show
the angle-resolved M&3 loss spectra for single-crystal
chromium using the geometry shown in Fig. 7(c). The an-
gles relative to the sample normal and electron-beam
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FIG. 6. Angle-resolved spectra of Cr M23 core-level energy
loss, E~=300 eV. (a) M23 core-level energy loss (raw data),
with arbitrary straight-line background (dashed curve) subtract-
ed and expanded in (b), showing 7-eV splitting believed to be as-
sociated with different multiplet terms.

direction are indicated for each curve. Note that the data
were taken on a surface sputtered for 20 min without an-
nealing. However, the sample was subsequently annealed
and the spectra taken again at angles g=20 and 5' with
all features reproducing exactly The d. ashed lines in Fig.
6(a) are subtracted from the data in Fig. 6(b) to emphasize
structure in the spectra and to crudely eliminate back-
ground. We note that 7-eV splitting, believed to be associ-
ated with different multiplet terms of the p d +' config-
uration, as outlined in the Introduction, and we also note
the distinct dependence on P. (The dependence of the
spectral features on P was tested by rotating the sample
normal by —45, without observing a change in the spec-
tra at /=63' and tP=72 6')..

In Fig. 7 we show the angle-resolved results for the
emission region including the M23VV Auger transition
[Fig. 7(a)]. An arbitrary straight-line background was
subtracted from the ef emission, and the results are
shown in Fig. 7(b) where the energy axis has been reversed
in direction and expanded for direct comparison to the
M2 3 loss spectra of Fig. 6(b). A detailed comparison of
the loss and emission spectra again shows striking similar-
ities. Most importantly, the apparent multiplet structure
of the ELS data is observable and reflected in the emission
region as well, indicating the similar nature of the two
processes. It is of interest to note that Barth et al. also
observed this splitting in their Cr-metal absorption, and
yield cross sections taken as a function of photon energy
above the 3p threshold. This same group has performed
related studies of transition-metal vapors' as well.

C. Oxygen-induced changes in the emission spectra
of Mn and Ti

For the cases of Fe and Mn the ef emission is not clear-
ly resolved from the high-energy side of the M23VV
Auger emission. The two processes, however, can be
physically separated for magnetic materials by means of
spin-polarization analysis. This was pointed out in our

30 40 50 60 70 70 60 40
ELECTRON ENERGY (eVj

FIG. 7. Angle-resolved emission spectra of Cr showing (a)
3f2 3 VV Auger and autoionization emission regions with arbi-
trary straight-line background (dashed curve) subtracted, and (b)

ef the emission region reversed. Note correspondence of multi-
plet structure with angle-resolved ELS of Fig. 4. The inset (c)
shows the scattering geometry with electron beam 45' from sam-
ple surface, where g is the angle from electron beam to detector,
and g is the angle from sample normal to detector.

50

Comment on such an experiment by Landolt and Mauri'
on an Fe-based glass. A simple explanation is that in po-
larization analysis the Auger emission can shift away
from the ef emission by several electron volts since the
bottom of the d band is strongly polarized and its emis-
sion occurs at lower kinetic energy. The ef emission,
however, is pinned to being above the 3p threshold.
Hence, the two emissions separate energetically. We now
demonstrate that a chemical method to separate the two
contributions exists as well. Oxidation can redistribute
the d-band structure such that the Auger emission is
shifted down in kinetic energy by as much as 10—15 eV.
Again, the ef emission is pinned to the 3p binding energy,
which also shifts upon oxidation, but only by ( 1 —2 eV,
and to higher energies. In addition, since the Z depen-
dence of the ef emission intensity is presumably related to
the d-band filling, oxidation depopulates the d band,
which should act to enhance the ef emission.

Oxygen-dosing results for Ti and Mn are shown in
Figs. 8(a) and 8(b), respectively. Ti represents an example
where the M23VV and ef emissions are well separated
even before oxidation. After oxidation only the ef emis-
sion is prominent. This is because the metallic M23VV
Auger signal is removed, and the oxide Auger signal
presumably grows at such at low kinetic energy that it is
not visible. Bertel et a/. have seen similar results in
derivative-mode experiments, and identified the oxide as
Ti02.

In Fig. 8(b) the more complex oxidation behavior of Mn
is shown. Before oxidation the Auger and ef emissions
are merged into one feature. After oxidation the Auger
features distribute throughout the lower-energy region of
the spectrum, while the single autoionization emission
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FIG. 8. Oxidation series for (a) 22Ti and (b) 25Mn. For Ti the

M2 3 VV Auger transition is centered at 25.5 eV, and the Ef
emission at 38.5 eV. Note that the Auger signal disappears rap-
idly upon oxygen dosing, while the Ef sharpens up and shifts
down to 36 eV. For Mn the M23VVAuger transition at 38 eV
attenuates and shifts to 32 eV upon oxygen dosing, while the ef
emission grows abruptly and becomes centered at 43 eV. The
low-energy shoulder at 24.S eV which appears at 100 L exposure
(1 L=1 langmuir=10 Torr sec) is presumably the interatomic
Auger contribution from the oxygen 2p-1ike states.

feature remains pinned above the 3p binding energy. For
Mn it appears that different oxides form as a function of
02 dosage, while for Ti the maximal-valency oxide is
formed directly. These experiments represent yet another
example of the reality and importance of the electron-
stimulated autoionization emission process in these ma-
terials.

IV. DISCUSSION

In this work we have presented the first thorough sur-
vey of electron-stimulated autoionization emission in the
3d transition metals. An awareness of this process is of
general value since the same process occurs in the other
transition-metal series and in f-band systems. ' ' ' '

Also, an appreciation of the inter-relationship of electron-
and photon-stimulated emission and absorption experi-
ments makes comparisons to the expanding field of
synchrotron-radiation photoemission interesting. Below
we discuss two areas —-one theoretical, one
experimental —where new insights can be obtained by fu-
ture research.

New theoretical investigations would be of value in
understanding the striking similarities in the emission and
absorption spectral line shapes. We use the analogy with
the core-valence-valence Auger problem. In that case, the
line shape often resembles a convolution of the core-level

line shape with the valence band folded into itself. For
the autoionization emission line shape, to first approxima-
tion, a convolution of initial and final states would be
represented by the 3p loss spectrum and valence band,
respectively. Since the d bandwidth is small compared
with the loss spectrum, which is presumably dominated
by multiplet splittings, the valence band represents an
unimportant smearing function, and the loss spectral line
shape is preserved in the emission spectrum. This is
essentially the conclusion reached by Davis and Feld-
kamp.

Reliable values of the atomic multiplet terms for the 3d
metals, in order to further test the applicability of the
atomic model, are lacking. Also, correct term assign-
ments are needed to properly interpret spin-polarization
data, such as in Ref. 17, as well as resonant photoemission
cross-section results.

An area of future experimental interest concerns the re-
lationship for Ni between the electron-stimulated autoion-
ization emission and the resonant photoemission cross
section of the valence-band region. It is well known that
the 6-eV two-hole satellite in Ni goes through a strong
Pano-type resonance upon sweeping the photon energy in
the vicinity of the 3p binding energy. '"' The "main
line, "or conventional one-hole photoemission spectrum of
the d band of Ni, shows a weaker antiresonance in the
same region. ' ' The mechanisms for these effects should
be due to two-hole Auger emission interference for the
satellite and one-hole autoionization emission for the main
line. The prediction is that the electron-stimulated emis-
sion spectrum should show a weak antiresonance, or nega-
tive dip, at energies above those for the M23VV Auger
emission. In conventional emission spectroscopy such an
effect would be difficult to separate from background
characterization effect. This would explain our inability
to make the identification. However, spin-polarization
analysis may be a very powerful tool here, because the
background would essentially be automatically eliminated,
since it is uniformly polarized.

In the present work we surveyed the autoionization
emission process associated with the resonant 3p —+3d
transitions. We examined Z-dependent trends in spectral
shape and intensity. We also examined the angular depen-
dences of the emission and absorption processes in Cr, and
we found striking, detailed similarities. We demonstrated
for the case of Mn, where the autoionization emission
merges with the M23VV Auger emission, that chemical
means exist—by oxygen-dosing experiments to separate
the component contributions. We discussed the need for
accurate multiplet-term calculations for the 3p 3d +'
configurations. Finally, we proposed an interesting spin-
polarization experiment for Ni that would demonstrate
the close relationship between electron- and photon-
stimulated emission experiments.
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