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In the light of recent advances in understanding the Auger process, the local electronic
structural origins of selected core-valence-valence (XVV) Auger line shapes are analyzed for
a transition-metal silicide prototype, V3Si. We report for clean p(1X1)-V;Si(100) Auger
spectra that include the region of the vanadium M, ; ¥V and M V¥V and the SiL,;VV tran-
sitions. We compare the measured line shapes to spectra we generated based on the
muffin-tin local density of states (DOS) calculated self-consistently by Klein et al. Good
agreement in both the Sipp(L,3M,3M,3) and the Vdd(M,:M,sM,s) peak positions be-
tween experiment and calculation verified that the final-state hole-hole repulsion for Si (Up,)
and V (Uy,) are both ~0 eV. Also, the SiL,;VV spectrum resembles that of elemental Si in
that the line shape is predominantly a self-fold of the Si3p DOS. However, an unexpected
result is that the V spectral region above the M, ;VV threshold possesses a broad (~ 30-eV-
wide) intense feature that is not amenable to conventional interpretation in terms of the
M, VV transition or M, ;VV double-ionization or plasmon-gain satellites. We attribute this
observation to the presence of Fano autoionization emission associated with deexcitation of
the resonant 3p—3d transition. Supporting evidence comes from a comparison of our
x-ray- and electron-stimulated Auger spectra, and to the line shape of the 3p loss spectrum.
In addition, oxygen-dosing Auger and x-ray photoelectron spectroscopy experiments
(0—20 L) (1 langmuir = 1 L = 10~° Torr sec) indicate dramatic SiL,3;VV line-shape
changes associated with oxidation, similar to that observed previously for Pd,Si. The initial
oxidation rate is ~ 10? faster than that for elemental Si. We hypothesize that the dissocia-
tion of O, is a rate-determining step in the oxidation of elemental Si, but is rapid at
transition-metal sites in the silicides. Atomic oxygen then rapidly spills over to the neigh-

boring silicon sites where oxidation subsequently occurs.

I. INTRODUCTION

The recent progress in understanding the local
electronic structural information contained in core-
valence-valence (XVV) Auger transitions of both sil-
icon"? and the transition metals>* enables one to at-
tempt fundamental Auger studies of more complex
systems. We have chosen V;Si as a prototype for
such a study due to the availability of high-quality
single crystals and state-of-the-art band-structure
calculations.’~” Intense theoretical® and experimen-
tal® interest in V3Si stems from its very interesting
superconductive and related normal-state properties,
which are governed by electronic states near the Fer-
mi energy Er. Comparisons of band calculations to
experiments that probe not only the region near Ep,
but the entire band structure, have also been made,
i.e., x-ray photoelectron spectroscopy'® (XPS), soft
x-ray emission spectroscopy,'! and angle-resolved ul-
traviolet photoelectron spectroscopy (ARUPS).!?
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The present comparison to Auger electron spectros-
copy falls in this latter category. In particular, the
region of the MVV Auger transitions of vanadium
and the L, ;VV of silicon are examined and com-
pared to self-folds of local densities of states (DOS)
obtained from the band-structure calculations of
Klein et al.’ Final-state hole-hole repulsion energies
for the silicon p band (Up,) and vanadium d band
(Uyy) are extracted and found to be ~0 eV. The
spectral region of vanadium above the M,;VV
threshold presents the greatest challenge, in that it is
not amenable to a simple band-structure interpreta-
tion, but indicates the existence of many-body ef-
fects associated with electron-stimulated Fano au-
toionization emission associated with coupling to
vanadium 3p core-level excitations. We also find
that the initial oxidation properties radically differ
from those of elemental silicon.!>'* Oxygen dosing
(0—20 L) (1 L=1 langmuir=10~° Torrsec) of the
p(1 X 1)—V,;8i(100) indicates rapid oxidation of the
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silicon sites, which is consistent with an earlier
study'>!® of another transition-metal (TM) silicide
Pd,Si. Dissociative adsorption of O, at the TM site,
followed by rapid spillover and oxidation of the Si
site, is postulated.

The outline of the remainder of the paper is as
follows. Section II contains experimental and calcu-
lational details, including cleaning procedures, and a
description of a p(2XX 1) reconstruction observed in
the course of the study. In Sec. III the Auger spec-
tra of the V M, ;VV, M, VV, and Si L, ; V'V regions
are presented with the results for the removal of
losses. Calculated self-folds for the three Auger
transitions are introduced and compared to experi-
ment. A variety of possible many-body influences
are evaluated for the challenging M VV-M,;VV
gain region. Oxygen-dosing results are then present-
ed and discussed. Finally, the main results are sum-
marized in Sec. IV.

II. METHODS

A. Experimental procedures

The experiments were performed in a bakeable
stainless-steel UHV system (base pressure 2 1071°
Torr) equipped with 4-grid low-energy electron dif-
fraction (LEED) optics, residual gas analyzer, x-ray
source, and double-pass cylindrical-mirror analyzer
(CMA) with coaxial electron gun, as described previ-
ously.’>1¢  Undifferentiated Auger spectra for the
line-shape analyses were taken typically with a 2-
keV primary energy, ~ 10-uA beam current, and no
modulation voltage applied to the outer cylinder, but
half-cycle blanking of the electron-gun emission and
“analog pulse counting” using a lock-in amplifier.
The amplifier output was digitized and stored on
disk for subsequent analysis. Electron-energy-loss
spectroscopy (EELS) data taken for background
correction of the Auger spectra utilized 90-, 230-,
and 500-eV primary-beam energies. XPS measure-
ments were taken with a MgKa source to obtain
core-level binding energies for the Si and V 2p levels.
The V;Si single crystal (5X4X 1 mm?®) was mounted
-to a tantalum heater backing by Ta straps which
could be resistively heated to 1500°C. A Chromel-
Alumel thermocouple was placed under one of the
Ta straps in close thermal contact with the crystal.
The sample temperature was additionally measured
by an optical pyrometer, viewed through a quartz
window at normal incidence.

B. Sample and surface preparations

The V3Si(100) crystal was prepared by Dr. A. J.
Arko of the Argonne National Laboratory. A

floating-zone method was used, and the crystal was
mechanically polished and etched in aqua regia.
Similar such crystals have been used in de
Haas—van Alphen and ARUPS studies.'?

The optimal cleaning procedure was carefully
studied to eliminate trace-oxygen contamination,
which is not readily detected by Auger analysis due
to overlap of the KVV transition at 506 eV (°*°0)
with the %V L,VV transition. Such trace oxygen
could obscure the Si L, ; V'V line-shape analysis, due
to formation of Si oxide.!” First, repeated Art-ion
sputtering at 500 eV followed by prolonged anneal-
ing (<8 h) at 750°C was used. This cleaning pro-
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FIG. 1. Auger derivative spectra taken at 0.5-eV
peak-peak modulation, for two different cleaning pro-
cedures: (a) 500-eV ion bombardment and 750°C anneal;
note asymmetry of V L3 V'V signal due to oxygen KVV in-
terference. (b) Same region scanned after 1300°C in
1X 10~ Torr hydrogen with 750°C anneal. (c) Difference
plot of curves (a) and (b) showing a small residual oxygen
signal present after “‘standard” cleaning procedure.
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cedure ensured a sharp p(1Xx 1) LEED pattern with
no detectable p(2X 1) reconstruction spots, as will
be discussed in Sec. IIC. The major impurities were
removed by this cleaning method, although trace
amounts of oxygen were believed present. High-
resolution differentiated Auger spectra (0.5-eV
peak-to-peak modulation) of this ‘“clean” V;Si re-
vealed a high-energy shoulder which was assumed to
be submonolayer oxygen contamination. [See Fig.
1(a).] To remove this trace-oxygen impurity a new
cleaning procedure was adopted. The sample was
flashed to 1300°C in 1X 10~ Torr hydrogen for 5
min, then annealed for several hours at 750°C to
produce a sharp p (1 1) LEED pattern. The results
of this cleaning procedure are detailed in Fig. 1(b).
Panel (c) of Fig. 1 is the (a)-(b) difference plot,
which reveals that a small residual oxygen signal
[~0.06 monolayer (ML)] was present before hydro-
gen flashing. This latter cleaning procedure resulted
in a clean V;Si surface free of oxygen to within 0.01
ML.

The oxygen dosing was begun after a clean sur-
face was obtained as described above. The O, pres-
sure for dosing was 1 10~7 Torr. After each dose
the electron beam was turned “on” and an Auger,
XPS, or EELS scan was recorded. An interesting
effect was found in the XPS study of the V 2p core
level. Rapid V oxidation occurred when the oxygen
dosing was performed with the electron beam turned
“on” but was not observed with it “off”. The infer-
ence is that electron-beam-induced oxidation of the
V sites was occurring. This effect was not observed
in the case of the oxidation of the Si sites, the elec-
tron beam always being “off” during the O,-dosing
period.

C. Characterization of the p(2x 1) LEED
reconstruction

Heating of the clean p(1X 1)-V3Si(100) crystal to
temperatures in excess of 800°C resulted in recon-
struction with a single-domain p (2 1) LEED pat-
tern. The ratio of vanadium (31 eV) to silicon (92
eV) peak-to-peak heights would decrease 8.6% from
0.95 for the p(1x1) to 0.87 for the p(2X 1), sugges-
tive of vanadium depletion driving the reconstruc-
tion. Since the A-15 unit cell®® of V,Si consists of
silicons at bcc locations and linear chains of two
vanadiums on each face in all three perpendicular
directions [Fig. 2(a)], it is possible to develop a sim-
ple reconstruction model for the p (2 1) and calcu-
late the Auger vanadium-to-silicon ratio for com-
parison to experiment. Since the x and y vanadium
chains lie in the surface plane they should be present
equally on the surface, due to the existence of steps.
Hence any reconstruction involving these chains
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FIG. 2. p(2X1) reconstruction model for V;Si(100).
(a) V3Si unit cell; solid circles are silicon and open circles
are vanadium atoms. (b) Representation of unreconstruct-
ed (100) face. (c) Representation of p(2X 1) reconstruc-
tion model; note depletion of surface vanadium atoms.

would not tend to give rise to a single-domain
p(2X 1) pattern, as observed, but would consist of a
p(2X1) + p(1X2) superposition. Thus presumably
the V chains perpendicular to the surface are in-
volved. A simple one-layer reconstruction model for
the p(2X1)-V;Si(100) would involve missing V
atoms at the termination of alternating z-axis chains,
as shown in Fig. 2.

To test this model we calculated the 3'V-to-"2Si
Auger ratio and compared it to experiment. Consid-
er that the ratio (§z) of intensity of Auger electrons
at a given energy (E) from an alloy to that from the
pure metal is given by'®

3 Xhexp(—z2" /Agcosh)

n=1

gE: P ) (1)
£ exp(—z} /Agcos)

n=1
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where f=(a%/a)?, Xf, is the concentration of the
ith component in-layer n, Ag is the escape depth of
an electron at energy E, 6 is the angle of collection
(43° for CMA), and z, represents the perpendicular
distance from the surface of layer n. Wxth the use
of the lattice constants a®y=4.722 A, aV=3.0399
A, and aS=5. 53035 A, and escape depths for the
vanadium of 8.0 A and silicon of 5.5 A, the sums in
Eq. (1) are calculated (terminating after four lattice
constants into the bulk because of the small escape
depths involved). The measured quantities are the
normalized peak ratios

—1
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where E and E’ refer to the *'V and °?Si Auger tran-
sitions, respectively. The resultant ratio change for
the proposed p(1X1)-to-p(2X1) reconstruction
model is 8.8%, in close agreement with the experi-
mental value of 8.6%. This supports the simple
one-layer reconstruction model of Fig. 2(b), which
involves vacancies on alternating rows of the top-
most z-chain V sites. It would be quite interesting
to see how well this model would stand up to more
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D. Method of Auger self-fold calculation

The Auger self-fold calculation was performed
utilizing the angular momentum decomposed local
DOS for V;Si from Klein et al.’> A transition densi-
ty function N' is generated as follows:

N’(E):NL(E)+(1L'NL'(E), (3)

where ;. weighs the L' band relative to the L band
(L,L'=s, p, or d), where V s,p,d and Si s,p contribu-
tions are retained, and LL'=ss, pp, dd, sp, or pd.
The N'(E) was first Gaussian broadened (0.7 eV) to
simulate realistic cumulative analyzer resolution,
core-hole lifetime, and spin-orbit splitting effects, as
was done previously.!”” Finally the Auger self-fold

ls20

« [ N(E+eN'(E—ede, )

where the limits of integration are from the Fermi
energy Er=0to E,if 0<E <Egp/2,and 0 to Ey —E,
if Eg/2 <E < Ep, where Ep is the binding energy of
the bottom of the occupied valence band.

E. Loss-correction method

direct surface-structural studies of p(2Xx1)- Although loss-correction procedures are well do-
V,Si(100). cumented,?! ~2* we present our analysis here for the
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FIG. 3. Auger spectrum of clean p (1X1)-V;8i(100). (a) Raw data uncorrected for losses. (b) Loss background [(a)-(c)]
generated using EELS data shown in inset. (c) Loss-corrected Auger spectra showing V. MVV and Si L, 3 V'V regions.
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FIG. 4. Calculated Auger self-folds comparison to loss-corrected experimental data of Fig. 3. (a) Self-folds of the local
densities of states for V3Si. On the left, the M, ; V'V of vanadium dominated by dd self-fold (dotted curve). In the middle,
the M VV of vanadium given by the pure ss self-fold. On the right, the L,3VV of silicon given by the pure pp (dotted
curve) and 20% s character included (solid curve). (b) The experimental line shapes taken from Fig. 3.

record, since we have not done so before. For each
energy E, starting from the largest value, a corrected
spectral intensity I, for all E' < E is found from the
expression

I.(E")=I(E")—(1-f)I(E)L(E—E"), (5)

where I is initially the measured spectrum, L is the
loss function, where the zero-loss energy is posi-
tioned at E, and f is an empirical constant, indepen-
dent of E, to take into account that loss generation
is not identical in EELS and Auger processes, due,
for instance, to intrinsic losses, etc. The I and L
spectra are, in general, corrected for the analyzer-
transmission function before generating I.. The loss
function is normalized to unit area under the elastic
peak, and then the elastic peak is removed to yield
L. This procedure is quite similar to that of Mad-
den and Houston?? except that we do not deconvo-
lute out the width of the elastic peak from the
Auger spectrum. Note that our procedure is fast in
that no iterations are necessary, as is required by the
van Cittert’s technique used in Ref. 22.

III. RESULTS

A. Loss correction of XV'V Auger spectra
of V3Sl

Figure 3(a) shows a raw Auger spectrum that in-
cludes the V. M, V¥V, M, VV, and Si L, ;VV regions
from left to right. The inset shows the electron-loss
spectrum used to subtract the losses. The loss back-
ground stripped from the Auger spectrum of curve
(a) is shown in curve (b), and the loss-corrected
Auger spectrum appears in curve (c). Notice that
the loss removal has not shifted peak positions but
has reduced the low-energy shoulder of the Si
L,;VV (75—85 eV) and has modified the high-
energy side of the 50—70-eV region.

B. The V M, ;VV transition

Results of Auger self-fold calculations for the
transitions of interest are shown in Fig. 4(a), along
with the experimental results from Fig. 3(c) repro-
duced below them. Core-level threshold energies are



6654 G. ZAJAC, J. ZAK, AND S. D. BADER 27

indicated based on XPS binding energies shifted by
¢4, our analyzer work function, so that we can re-
tain the experimental electron-energy scale. Com-
parison of the experimental and calculated V
M, 3 VV transitions, shown at the left of Fig. 4, indi-
cates that a pure dd self-fold (dotted calculation)
provides the dominant contribution to the line
shape. This is in good agreement with the results
for copper where the M, ; V'V line is d-like according
to the calculated Auger matrix elements.?* In
copper the dd Auger decay for the M, ; level is of
much higher probability than the ds and ss decays.
One expects a similar situation to exist in vanadium
and the agreement of the theoretical dd fold with ex-
perimental M, 3 line shape is indeed very good (see
Fig. 4). Note that calculated heights are normalized
approximately to the experimental ones in Fig. 4.
The agreement in peak positions between the
M, 3 VV experiment and calculation implies that the
hole-hole repulsion Uy is ~0 eV. This is in agree-
ment with previously published results.”> The asym-
metry that appears on the low-energy side of the
M, 3 VV experimental spectrum can be accounted for
by inclusion of some pd character to the transition,
as is shown in Fig. 4. The , value of 5 seems large,
but the d-character weighting within the muffin-tin
spheres about the V sites is so much greater than ei-

ther s or p character, that the pd term is still just a
shoulder superimposed on the dominant dd term in
Fig. 4. Alternately, the experimental low-energy
asymmetry may be due, in part, to electron-hole pair
production,”?® as would be expected for a high
DOS material, and is evident in the Doniach-Sunjic
asymmetry®’ of the core-level XPS peaks. Finally,
shortcomings of the loss-correction procedure for
such low kinetic energy electrons, due to the true
secondary electrons, will influence this spectral re-
gion.
C. The Si L, 3 VV transition

The Si L, ; V'V transition (to the right in Fig. 4) is
seen to be dominated by a pp self-fold, as in elemen-
tal Si.2 By contrast, in Pd,Si, where the Si 3s band is
localized,'’ it was found that there is considerable s
participation in this transition (a, * ~1). In V.S
the Si3s band is unhybridized and split off below
the V-derived bands’; hence, by analogy to Pd,Si a
considerable s contribution was expected. This tran-
sition appears intermediate between those observed
for elemental Si (o' ~0) and Pd,Si in that there is a

significant, though small (a; 3S‘~0.2), sp low-energy
shoulder, as is shown in Fig. 4. The origin of the 3-
eV positional discrepancy between experiment and
the calculated sp shoulder in Fig. 4 is not well un-
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FIG. 5. Experimental MVV Auger transitions for elemental (a) vanadium and (b) chromium; inset shows calculated
valence bands from Ref. 32. The M, and M, ; thresholds are indicated.
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derstood, but may, at least in part, be due to an un-
derestimate of the Si3s binding energy in the Klein
et al. calculation’ (~1 eV), as has been suggested
previously based on a photoemission comparison'?
to the calculated DOS. Finally, the agreement in
peak positions between experiment and calculation
implies a value of Uy, ~0 eV, as was the case for
elemental Si (Refs. 1 and 2) and Pd,Si (Ref. 15).

D. The V spectral region between 35—65 eV

The MVV region of V (Fig. 4, center) is the source
of the greatest challenge to our understanding of the
Auger process. We present our evaluation of
numerous effects indicating, as we shall see, the
breakdown of single-particle theory by many-body
effects.

1. Unsuccessful attempts at an M | V'V analysis

The single asymmetric feature of Fig. 4 has an
unusually broad basewidth of ~30 eV, and ter-
minates near the M, threshold. Thus we start by at-
tempting to treat this feature as an M, V'V transition.
The best attempt to fit the line shape to single-
particle theory then involves a self-fold of the V s
DOS, as shown in Fig. 4. However, the experimen-
tal peak is 6 eV lower in energy than the calculated
ss peak. We found that the use of the Cini theory?®
to calculate the renormalization of the single-
particle result due to a two-hole final-state repulsive
interaction Uy, of 6 eV brings the calculated line
shape into quantitative agreement with experiment.
However, this is misleading since a 6-eV Uy is un-
justifiable. The atomic Uy is 6.8 eV for bare holes,
based on Mann’s calculations®; if one includes
intra-atomic relaxation and solid-state screening ef-
fects one would expect a much smaller value of Ug.
It is plausible that Ug > 0, since the d screening elec-
trons of V may be ineffective in fully screening s
holes from each other, much in the same manner
that the s screening electrons of Cu do not fully
screen the d holes from each other. (In Cu the bare
atomic value of Uy, is ~28 eV, while the solid-state
value is ~8 eV).*® However, U, should be much
smaller than 6 eV and cannot explain the 6-e¢V shift
between the experimental and theoretical curves in
the 35—65-eV region of Fig. 4. Thus we eliminate
the two-hole interaction as being central to under-
standing this spectral region.

Also, we note that the ss assumption is severe in
that some d involvement is expected. It has been
shown that dd and sd terms dominate the M VV
transitions of Cu (Ref. 4) and Ni (Ref. 31). Also, for
these latter elements the M VV spectral intensity is
minor (~10~") compared to that of the M,;VV
transition. The reason that a self-fold of the V s

DOS yielded the experimental basewidth can be
found in the Klein et al. calculations.” The Si3s
contribution at 7.7-eV binding energy is radially ex-
tended, spills over into the V muffin-tin spheres, and
adds spectral weight to the bottom of V s DOS. For
elemental V the s DOS is narrower’?; thus if this
spectral region is due to an ss dominated M, VV
transition, it should be correspondingly sharper in V
than in V;Si. Figure 5 shows the elemental V Auger
spectrum we measured to check this point. (There is
an arbitrary spline background®® removed from the
data, and the inset shows the V DOS calculated by
Moruzzi et al.**) Note that the experimental spec-
tral region is much greater than twice the calculated
M, VV bandwidth. Similar information is displayed
also for elemental Cr in Fig. 5. Thus we conclude
that the broad basewidth we report is a general
property, at least in this part of the Periodic Table,
and that an ss-dominated M V'V transition is not the
cause.

2. Unsuccessful attempts at M, ; VV
hypersatellite analyses

Another possible explanation of the unusual broad
feature of the transition in question is to assume
that it may be dominated by a high-energy M, ;VV

Ep
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FIG. 6. MVV Auger spectra of elemental vanadium for
indicated primary energies. (a) Raw spectra; (b) enlarge-
ments with arbitrary splined background [shown in (a)]
removed. The vertical bar labeled “loss” for the 62-eV
primary beam is the M, ; core loss feature.
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FIG. 7. Plasmon-gain satellites. (a) Experimental spectra; (b) calculated gain satellite by utilizing EELS spectra of Fig.
12 for M, 3VV of V;Si(100); (c) 20-L O, experimental spectra; (d) calculated gain satellite of 20-L O, spectra.

satellite. Two types of such hypersatellites have
been discussed in the literature: (a) a doubly ionized
initial state,>>** and (b) a plasmon-gain satellite.>*3¢
We rule out an M, 3M, ; doubly ionized initial-state
basis for the postulated M, ; V'V satellite because the
direct production cross section for this initial state is
small, and an Auger production due to L or
MM, ;M, ; transitions would predict that the sa-
tellite would vanish when the primary-beam energy
E, drops below the intial-state ionization threshold
Ep or Ey,. We see in Fig. 6 that the satellite in the

elemental vanadium spectrum is still prominent for
E, <EM1 << E;. Furthermore, energetically we ex-

pect this satellite to appear at <6 eV energy gain,
based on the difference in E), , of V and Cr.»

We now consider a plasmon-gain mechanism as a
basis for an M, ; V'V satellite in the M V'V spectral
region. To test the plasmon-gain hypothesis we gen-
erated such a satellite from the M, ;VV and EELS
data by inverting the loss-subtraction procedure out-
lined in Sec. IIE. The calculated and measured gain
satellites appear in Figs. 7(a) and 7(b), respectively.
The agreement in peak position and width is quite
good. [Note that the discontinuity in Fig. 7(b)
occurs where the data were set to zero, before convo-
luting in the gain features.] To further extend the
methodology, as shown in Figs. 7(c) and 7(d), we ap-
plied this model to an oxidized surface, whose char-
acterization is given in Sec. IIIE. [Note that the
Auger data in Figs. 7(a) and 7(c) are loss and

analyzer transmission function corrected spectra
from Fig. 10. The EELS data used appears in Fig.
12.] The agreement between experiment and calcu-
lation here is unsatisfactory (even though possible
interference from cross transitions®’ due to maximal
valency of V complicates the situation). Thus we
give additional consideration to plasmon coupling
before ruling it out.

A plasmon-gain mechanism implies a rapid
Auger process>>3%3® otherwise plasmons would pro-
pagate or decay away from the site of interest before
coupling to the Auger electron could take place.
The MVV transitions are expected to be rapid, since
super Coster-Kronig (MMM) channels are involved.
Kowalczyk* measured the widths (inverse lifetimes)
of the elemental V M; and M, ; XPS core levels and
found 2.6 and 1.2 eV full width at half maximum
(FWHM), respectively, after removal of analyzer
broadening. The relatively narrow M,; width
seems to preclude the dynamical criterion. It is of
interest to note that Watts>® has discussed the possi-
bility of differentiating between two types of
plasmon-gain couplings. The conventional dynami-
cal process®®*® considered above involves coupling
to a plasmon created by the initial core hole, while
the energetic primary particle independently creates
a plasmon sea and core holes in the second
(Jenkins-Chung®) process. Since x-rays are ineffec-
tive in directly exciting a plasmon sea, Watts*® sug-
gested that this latter process would be discriminat-
ed against in x-ray versus electron-stimulated Auger
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FIG. 8. X-ray (MgK,) excited (a) vs electron (2 keV),
(b) Auger spectra of V3Si(100). The e~ excited spectrum
is that of Fig. 4 corrected for the analyzer transmission
function, while the x-ray excited spectrum also has a
smooth spline background function removed.

experiments, although to our knowledge this has
never been followed up. Figure 8 shows the first
such comparison, where there is a striking difference
between the spectra. The x-ray-excited Auger spec-
trum contains only the expected M, ; V¥V and M, V'V
transitions and not the anomalously broad feature
observed so clearly upon electron excitation. How-
ever, in the Sec. III D 3 we will present a more plau-
sible and convincing explanation of the dramatic
difference.

3. Autoionization emission explanation

Thus far we have established that there is a broad
(~30 eV wide) and intense high-energy satellite
above the vanadium M,3;VV Auger transition of
V3Si(100). This feature is general in nature in that it
is also present in elemental vanadium and, with

somewhat reduced intensity, in Cr, as is shown in
Fig. 5. There is also a degree of chemical sensitivity
in that the satellite is somewhat enhanced upon oxi-
dation (see Fig. 7). Most importantly, the satellite is
electron but not x-ray stimulated (see Fig. 8). We
have explored the applicability of conventional in-
terpretations, which involve the M| VV Auger tran-
sition and M, ; V'V double-ionization and plasmon-
gain origins. We conclude that none of these possi-
bilities provide satisfactory explanations of our ob-
servations.

We propose that this M, ; V'V gain satellite is due
to Fano autoionization emission.*>*! This process
involves the following: First, an M, 3 (3p) core hole
is created by promotion of a 3p electron to an un-
filled M, s level (denoted d*) above the Fermi level
(not by removing the 3p electron from the solid, as
occurs upon x-ray irradiation). Subsequently, the 3p
hole decays by being filled with the d* electron and
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FIG. 9. Comparison of resonant (3p—3d) V M,;
EELS absorption spectrum of V3Si (E,=232 eV) (upper
curve) to the autoionization emission spectrum (lower
curve) (taken from central region of Fig. 4). The EELS
line is shifted with respect to the emission spectra 4 eV to
smaller energies to account for the analyzer work func-
tion. The M, absorption threshold is also indicated in the
EELS spectrum.
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FIG. 10. Oxygen-dosing V3Si Auger results. Note
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emitting a d electron (or vice versa) to conserve ener-
gy. The width of the feature in question is due to
the interference of p-—d* with energetically
equivalent d —€f channels, where €f denotes contin-
uum f states that are projected out of the plane-
wave-like states well above Ep. Configuration in-
teraction between p—d* and d —€f channels causes
the d* states above Ep to lose the narrow, quasi-
discrete character they possess in the ground state
(absence of 3p hole) and take on broad continuum
character of autoionization levels.*>*3 The process
can be summarized as

3p6d"(—;3p5d"d* (—2;3p6d"_1+ef, (6)
where the first step involves absorption of energy

from the primary electron beam, and the second step
involves autoionization emission of the €f electron.

To test this proposal we expect the (€f emission)
feature we observe above the M, ; ¥V Auger thresh-
old to be similar in intensity and line shape to that
of the M, ; core-level loss spectrum. Comparison of
the two processes is shown in Fig. 9, where the
primary-beam energy was reduced to 232 €V in or-
der to conveniently collect absorption and emission
spectra in a single 200-eV scan. The emission
threshold has been corrected for the analyzer work
function, i.e., Epreshold =Ecore — P (4.0 €V). Note
that both spectra peak at ~13 eV above the M, 3
threshold. Rigorous identity between the two spec-
tra is not expected since finite collection angles are
necessarily employed, approximate (proportional to
E) transmission function corrections are used, etc.*!
Comparisons that are similarly gratifying for ele-
mental V, Cr, Ni, and Cu have been obtained and
will be reported elsewhere.* It is of value to note
that intensity trends with position in the Periodic
Table, and upon oxidation, mentioned at the begin-
ning of this section, can be readily understood
within the present framework, since it is well known
from the classic work of Robins and Swan*’ that the
intensity and the width of the M, ; loss spectrum
(near-edge structure) increase with the number of d
holes. Therefore, the autoionization emission should
be more intense in the beginning of the 3d
transition-metal series than at the end where there
are fewer d holes. Correspondingly, it should also
be more intense for oxidized V compared to clean V,
as is observed (Fig. 10).

E. Oxygen-dosing effects

Oxygen dosing the clean p(1X1)-V;Si(100) leads
to dramatic line-shape changes in the L, 3 V'V of sil-
icon and the M, ;VV of vanadium (Fig. 10). The
clean (0-L dose) spectrum (Fig. 10) is the equivalent
of the spectrum used for the Auger analysis (Fig. 3).
The Si L, ;VV transition undergoes major redistri-
bution by 4 L, which is drastically different from
the case of elemental Si where doses are 10? times
larger for equivalent changes in line shape.*® Com-
parison to published Auger spectra of the Si L, ;VV
in SiO, (Ref. 17) allows identification of spectral
features attributable to SiO, at 60 and 75 eV, while
the shoulder at 85 eV corresponds to a small residu-
al unoxidized subsurface silicon signal. Since the es-
cape depth at 85—-90 eV is ~5 A, this indicates
there exists ~1—2 ML of SiO,-like species on the
surface after a 20-L O, exposure. Additionally, the
M, 3 VV transition shifts to lower energy and consid-
erably broadens. All major changes occur by 8—12-
L exposures.

To further elucidate the rapid oxidation of the Si
sites, XPS was used to monitor the 2p core levels of



27 LINE-SHAPE ANALYSES OF XVV AUGER SPECTRA OF . .. 6659

(la) LA L I!__lg'ev__ll

3
-

=
w
&
- N T T
a (b) I
3
=22 v =]
- l3e\r; -
x8 \\I
[ D T
80 60 40 20 0

ENERGY LOSS (eV)

FIG. 12. Electron-energy-loss spectra for (a) clean V;Si
and (b) 20-L O,, taken at a primary-beam energy of 500
eV.

both the Si and V (Fig. 11). The binding energy of
the Si2p emission of clean V,;Si is found to be
98.5+0.2 eV, in excellent agreement with that re-
ported in Ref. 7. The high binding-energy peak at
103.0 eV that develops by 20-L O, exposure corre-
sponds to a SiO,-like species, based on the 4.5-eV
chemical shift. (In elemental Si the 2p binding ener-
gy is 99.2 eV, and it shifts 4.2—103.4 eV in Si0,.'%)
Similarly the V2p;,, binding energy in V,;Si is
511.2£0.2 eV (elemental V 2p;, is 511.95 eV (Refs.
12 and 47) and also shows rapid oxidation by 20 L,
at which point further Si oxidation may be diffusion
limited and, thus, V is attacked. (As was pointed
out in Sec. II B, the V sites could be oxidized more
readily if an electron beam were left on during the
0, dosing.) Note also in Fig. 11 that the clean V 2p
emission is highly asymmetric in the Doniach-Sunjic
sense, as is expected due to electron-hole-pair pro-
duction in a high-DOS material. Finally, the oxy-

gen s emission overlaps with the V 2p loss satellite,
in Fig. 11; thus XPS is not as sensitive a probe of O
contamination as the Auger analysis presented in
Sec. IIB and Fig. 1. Loss spectra for the O,-dosed
surface are shown in Fig. 12.

The rapid Si oxidation is believed to be due to dis-
sociation of the O, molecule at the vanadium sites,
followed by spillover to the Si sites, where rapid oxi-
dation occurs. The implication is that the rate-
determining step in the oxidation of elemental Si is
O, dissociation. Here it is of interest to note that
Garner et al.'* reported that steps or hot filaments
accelerate the oxidation of elemental Si. Hot fila-
ments presumably excite the O, molecule to a
metastable state that facilitates subsequent dissocia-
tive adsorption, while steps might provide active
sites for dissociation. Indeed, rapid oxidation of ele-
mental Si, due to atomic O-beam impingement on
the surface, was observed long ago.*® Rossi et al.*
have recently reported enhanced Si-oxidation rates
due to submonolayer Ag coating of Si surfaces prior
to O, dosing. This is presumably identical to the ef-
fect reported herein, and previously for the initial Si
oxidation of Pd,Si.!>'® V, Ag, and Pd, and all tran-
sition metals readily dissociatively chemisorb the O,
molecule at room temperature.

IV. SUMMARY OF CONCLUSIONS

The line shapes of Auger transitions of V3Si in
the Si L,;VV, and V M, ;VV, and M, VV regions
were analyzed utilizing angular momentum decom-
posed local DOS calculations of Klein et al.’> The Si
L,;VV and V M, ;VV transitions were dominated
by pp and dd contributions, respectively, with hole-
hole repulsion energies ~0 eV in both cases. This
indicates that these two-hole Auger final states are
fully screened, as expected. Low-energy shoulders
associated with each of these transitions may con-
tain sp and pd character, respectively. It is usually
believed that for s-p band materials, such as Si, the
core-valence-valence Auger line shapes can be un-
derstood in terms of unperturbed valence-band den-
sities of states. On the other hand, d-band metals
have Auger line shapes that do not resemble the
valence-band density of states. V;Si is an example
of a material where the band structure is given by
both s-p and d orbitals. Our results show that the
Auger line shapes of this material are quite well
described by the valence-band density of states, the
Si L, 3VV line by the pp fold (as in elemental Si),
and the V.M, 3 V'V line by the dd fold. The case for
the V spectral region above the M, ;VV threshold
presented a totally different problem, in that even
qualitative description of the main characteristics
(peak width, position, and intensity) is a challenge.
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FIG. 11. XPS oxygen-dosing V,Si results. (a) Si2p and (b) V2p. Note oxygen appears in the loss region of the V2p

emission. The vanadium 2p;,, binding energy is 511.2+0.2 V.

We conclude that this spectral region is not amen-
able to band-structure interpretation, but that it con-
tains an autoionization emission associated with
coupling to 3p core-level excitations of vanadium.
This finding should stimulate renewed interest in the
MVV spectra of all the 3d transition metals.

Finally, oxygen-dosing experiments of V3Si show
dramatic Si initial oxidation rates relative to those
for elemental Si.*® It is believed that O, dissocia-
tively chemisorbs readily on all transition-metal sili-
cide TM sites at room temperature, and that then
rapid O spillover to Si sites occurs, where oxidative
attack ensues. Comparison to previous studies, espe-
cially for palladium silicide,'>'® supports these
ideas.

While we have observed that great progress can be
made in understanding the electronic structural ori-
gin of even the most challenging Auger features for
the complex prototype we have chosen to investi-
gate, further work, both experimental and theoreti-
cal in nature, would be welcomed.
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