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Core-valence-valence (CVV) Auger spectra from Ta(100) taken in coincidence with bulk and
surface-shifted 4f, ~2 core-level emission are presented. These data are compared with self-

convolutions of calculations of the d-band densities of states for the surface and subsurface layers of
a nine-layer slab. Agreement of the bulk spectrum with the calculation is good; agreement for the
surface spectrum is very poor. These data are explained by proposing an interatomic surface to
bulk Auger decay mode for the surface core hole that is competitive with the conventional CVV de-

cay process.

Auger-electron emission is the dominant decay process
for shallow core holes in solids. Core-valence-valence
(CVV) spectra, wherein a valence electron fills the core
hole and a second valence electron is emitted, can some-
times be simply interpreted as the self-convolution of the
valence-band density of states (SCDOS), thus revealing
important information about the valence-band electronic
structure. ' We have employed the technique of Auger-
photoelectron coincidence spectroscopy ' (APECS) in
conjunction with the phenomenon of surface-shifted
core-level binding energies to study the CVV Auger
spectra of Ta(100) associated with surface and bulk core-
hole excitation, independently. In the simplest interpre-
tation, one would expect to observe diff'erences charac-
teristic of the di8'erent valence SCDOS at the surface and
in the bulk. Instead, we find evidence for a new type of
Auger decay, where the surface core hole hops into the
bulk before undergoing conventional CVV Auger decay.
We present calculations of the bulk and surface SCDOS
for comparison to the Auger spectra. We also calculate
the probability of this interatomic process, and find that
it is indeed competitive with the intra-atomic transition
rate. This additional decay mode, introduced to explain
the APEC data, also explains the anomalously large
width of the surface-shifted 4f line, first observed by
Spanjaard et a/. We discuss the importance of this new
decay mode to other spectroscopies and other materials.

In the APEC technique, two electron-energy analyzers
are focused on one x-ray- or uv-illuminated sample. One
analyzer is tuned to the energy of a core photoelectron
and the other is tuned to an appropriate Auger decay en-
ergy. An event is recorded only when electrons are re-
ceived in each analyzer simultaneously. This is interpret-

ed to mean that both electrons are associated with the
same photoexcitation-decay event. Soine experimental
details have been published; others will be provided in
another paper. Briefiy, the 80-eV light, from the Na-
tional Synchrotron Light Source uv ring, was mono-
chromatized by the U14 beamline Plane Grating Mono-
chromator. Commercial double-pass cylindrical mirror
analyzers7 were set to 60-eV pass energy. One, the photo-
electron analyzer, was fixed at either the surface-shifted
4f7/2 photoelectron energy (22.39-eV binding energy) or
the bulk 4f7r2 photoelectron energy (21.65-eV binding
energy). This analyzer identifies the initial core-hole site.
The total-energy resolution (electron plus photon) in this
system was 0.4 eV. This relatively high resolution is re-
quired so that the two core lines are well resolved. We
estimate that interference of the bulk line in the surface
APECS spectrum is less than 1%. The other, or Auger
analyzer, was swept through the CVV Auger-energy spec-
trum, 9.5-24.5-eV kinetic energy, with a total-energy
resolution of 1 eV. Each coincidence spectrum required
approximately two days of counting (about 1000 sweeps
of 64 channels at 1 s per channel dwell). The peak count
rate was near 0.2 Hz, with 1:1 true to accident ratio. Ac-
cidental coincidences have been subtracted from a11 spec-
tra.

Several argon sputter and subsequent Hash to 2800 K
cleaning sequences were required to initially clean the
sample and eliminate carbon and oxygen peaks from the
electron-stimulated Auger spectra and the valence-band
photoemission spectra. The sample was Hashed to 2800
K every hour during the bulk data acquisition run, and
every half-hour during the surface run. The chamber
base pressure was less than 7X10 "Torr. The valence-
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FIG. 1. %'ide ordinary photoemission scan through the Ta
4f core lines, the Ta N& 7 VV (4fSd Sd) Auger spectrum and the
valence-band (VB} region. The inset shows the 4f core lines in
more detail. S and 8 stand for surface and bulk, respectively.
The photon energy is 80 eV.

band spectrum and the 4f-surface core-level shift were
used as sensitive in situ monitors of cleanliness and com-
pared to previous results.

The layer-resolved density of states (LDOS) are from a
nine-layer Ta(100) slab calculated using the full-potential
linear augmented plane-wave (FLAPW) method. ' The
interlayer spacing of the surface was contracted by 14%,
near the calculated value of 13.5%." The changes in the
LDOS between the relaxed- and bulk-terminated surfaces
are noticeable, but not important to the conclusions of
this paper. Details and further results of this calculation
will be presented elsewhere. "

Figure 1 shows an ordinary photoemission spectrum
(subsequently called a singles spectrum) for the kinetic
energy range 0-80 eV taken at 80 eV photon energy. All
electron binding and kinetic energies are referenced to
the sample Fermi level. This kinetic-energy range in-

cludes the 4f photoelectrons and the N6 704,04,
(4f5d5d) Auger electrons, as well as various other
features. The inset shows the 0.74-eV 4f surface bulk
splitting. The lower kinetic energy peak in each of the
spin-orbit split lines is interpreted as emission from the
surface layer only; the higher kinetic-energy peak has un-
resolved contributions from the second and deeper lay-
ers. Figure 2 shows APECS data, also taken at 80-eV
photon energy. Figure 2(a) is the Auger spectrum taken
in coincidence with the bulk 4f7/2 line (photoelectron
analyzer at 58.3 eV). Figure 2(b) is the corresponding
surface spectrum (photoelectron analyzer at 57.6 eV).
Three significant el'ects are evident. First, much of the
large background under the singles Auger spectrum is re-
moved. This is because the APECS technique is more
surface sensitive than ordinary photoemission, and be-
cause all secondary electrons not directly associated with

4f hole decay are eliminated. Second, the secondary
electron distribution under the surface spectrum is small-
er than that under the bulk. This is because Auger elec-
trons created at the surface can more easily escape
without subsequent inelastic scattering, and will thus
have a higher ratio of primary to secondary emission. Fi-
nally, the energy threshold for Auger emission from the
surface is about 0.7-eV higher than the bulk threshold.
This occurs because the surface core level has an 0.74-eV
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FIG. 2. (a) Ta N7 VV Auger spectrum taken in coincidence
with the 4f7/2 bulk and (b) surface shifted core lines. The data
are open circles with error bars; the solid lines are a 1.0 eV full

width at half maximum digital smooth to these data. The
dashed lines are the assumed secondary electron background to
be subtracted in Fig. 3.

larger binding energy, and provides an extra 0.74 eV of
kinetic energy to the Auger electron.

A more detailed analysis requires that the inelastic
background be removed from the APECS data. A simple
approximation to the shape of this background is shown
as a dashed line in Fig. 2. The width and height of the
background are adjusted so that the remaining peak goes
smoothly to zero in the range below 15 eV, where no pri-
mary emission is expected. The shape, width, and height
of the background can be varied within reason, but the
essential features of the remaining peak do not change
significantly. The background subtracted data are shown
in Fig. 3. These data are compared with the appropriate
SCDOS; the top-layer SCDOS is compared to the surface
data, while an average of the second through fifth layers
is compared to the bulk data. ' These are shown as
dashed lines. It is immediately evident that the bulk data
are in reasonably good agreement with the theory; the
threshold region is reproduced very well, and the overall
width of the data is the same as that of the calculation.
There is some discrepancy near 17.5 eV; we assume that
this is due to a weak variation in matrix element across
the band. This generally good agreement is strong evi-
dence for the validity of the SCDOS description of CVV
Auger decay, and for our simple background subtraction.

The agreement between surface SCDOS and surface
data is much poorer. The threshold behavior is not
reproduced by the theory, and the overall width of the
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(e)— 4f emission is associated with bulk Auger emission. We
require, in order for this picture to explain the data, that
the interatomic rate be at least 40% of the intra-atomic
rate. The existence of interatomic transitions in elements
is a novel idea, and would generally be considered very
rare. In fact, the only previously documented interatom-
ic Auger transitions occur in ionic compounds, and these
occur primarily because shallow cation core holes have
no electrons available for intra-atomic decay. ' It is
therefore necessary to estimate the probability of such an
interatomic transition to check that it can, in fact, occur
at a rate significant on the scale of the intra-atomic tran-
sitions. We do so below.

Within the independent electron picture of convention-
al Auger decay, the decay rate (linewidths) can be written
as' (with fi=m =e = 1)
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FIG. 3. Background-subtracted data compared with self-
convolution of d-band density-of-states (SCDOS) theory. The
background subtracted data are open circles with error bars. In
(a) the bulk data are compared to an average of the second
through fifth layer SCDOS (dashed line). In (b) the surface data
are compared to the surface layer SCDOS (dashed line), and to
an average of the second layer and surface SCDOS in the ratio
0.5 (solid line).

X k 1 k 2 y1 ~21
(2a)

M„= k1 k 2 „1y21

X5(ei +el. sq~ )5(—e —el ~
),

where k, k' label the (occupied) valence electrons and Ic„
labels the outgoing Auger electron. The two-electron
direct Mz and exchange Mz matrix element contribu-
tions are given by'

, 1,. 2 1 „21
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data is much larger than that of the theory. In fact, the
surface data are slightly wider than the bulk data, while
the SCDOS for the surface is much narrower. Compar-
isons to earlier calculations by Krakauer' showed simi-
lar discrepancies. These data clearly show that, while
this simple layer-resolved SCDOS picture adequately de-
scribes the bulk spectrum, it is inadequate for a descrip-
tion of the surface spectrum, and some important physics
is still missing.

Note that the agreement between the surface theory
and surface data in Fig. 3(b) would be much improved if
there were some way to involve bulk valence electrons in
the decay of the surface 4f core hole. This would in-
crease the width of the surface Auger spectrum, and
round its threshold, exactly what is needed for better
agreement with the data. We illustrate this with the solid
line in Fig. 3(b); it represents a 50/50 mix of surface and
second layer SCDOS. The agreement between theory
and experiment is now comparable to that of the bulk
spectrum [Fig. 2(a)j.

This generally good agreement is maintained by
second-layer SCDOS/surface SCDOS ratios in the range
0.4—0.7. Our justification for adding the SCDOS is the
following: We propose that the surface core hole some-
times hops into the bulk before conventional CVV Auger
decay occurs. This process is then followed by ordinary
bulk CVV Auger decay. In this way the surface shifted

X k1 k 2 y1 ~21
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(2b)

1MH= k 1 yb 2 y, 1 @k. 2

X k 1+g 2 &s 1 Ck 2
1

(3)

where g is the core-electron wave function. The valence
wave functions Pz are obtained in the presence of the
core hole, while the Auger wave function l(~ is deter-
mined in the ground state of the system.

In a Coster-Kronig transition, one of the valence elec-
trons is replaced by a core electron with smaller binding
energy than the original core-level binding energy c, re-
sulting in a Gnal state that again contains a core hole.
Our proposed process is similar, but now the surface core
hole "hops" to an adjacent (and less tightly binding) bulk
site: An on-site valence electron fills the core hole and an
off-site core electron is excited into a previously unoccu-
pied valence state on a neighboring site, resulting in a
final state with a core hole on the neighboring site —a
process distinct from the direct transfer of the core hole
(or electron) from one site to another. The direct matrix
element contribution is
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Equation (3) can be obtained from Eq. (2a) by replacing
the Auger orbital it|„with an unoccupied valence orbital
4 and Pi, by the bulk core wave function yb, i.e., this
process is contained in the standard Auger decay, but
with the k, k' sums in Eq. (1) extended to include all oc-
cupied levels, including core states, and with the Auger-
electron k„sum extended to include all unoccupied
states. The exchange matrix elements, as well as those
corresponding to tunneling of the hole from one site to
another, are negligible since they involve the direct over-
lap of 4f7/Q orbitals on different sites.

The proposed mechanism clearly must be occurring
since it is not forbidden by symmetry or energy con-
siderations; the question is only if the decay rate is large
enough for this decay channel to be important. Conven-
tional wisdom has that in Auger decay the contributions
from electrons on other sites is small. If this is true, then
it is diScult at first to understand why our proposed
mechanism should be important. To address this point,
we consider the rates for Auger decay both on site (both
valence electrons on the atom with the core hole) and off
site (one valence electron on site, the other on a neighbor-
ing atom). Starting from Eq. (1) and assuming only a
weak energy dependence of the total matrix element

(Mz =M& —Mz ), we can write the on-site (I z ) and
off-site (I "„)Auger rates in terms of the averaged on-

(Mz ) and off-site (Mz }matrix elements and the LDOS:

I'„=2aM'„ fds„ f ds fds'g, (e)g, (s')p, (s~ )

X5(c+E'—s, —E„), (4)

I "„=27rM„"fdE„f ds f ds'go(s)g„(s')p„(s„)

X5(e+s' —s, —s„) . (5)

In these equations, g (c, ) is the occupied LDOS and p(E) is
the Auger-electron-continuum density of states. The on-
site rate I "„ is then given as an integral over a self-
convolution of the LDOS,

I a =2~M„c.~ Po c. w ego c. go ~, +c„—c

which is approximately proportional to the number of
valence electrons on the site (in the presence of the core
hole) squared. The off-site rate can be written similiarly:

I ~ =2~M~ f«~ V. (E~)f«go(e)g. ((s, +E~)—s) .

Estimates based on the results from the Ta(001) calcula-
tion give a ratio I "„jl„—10 . Thus, we find that stan-
dard off-site Auger contributions are small, in agreement
with normal expectations.

The enhancement of our proposed hopping term rela-
tive to normal Auger processes can be rationalized by
considering a similar analysis as above. The decay rate
via this channel can be obtained from the off-site Auger
rate, Eq. (5), by substituting the density of states for the
bulk core level for off-site valence LDOS
[g„(E'}~N,5(s' —E,"), N, is the degeneracy of the bulk

core level] and by replacing the Auger-continuum LDOS
by the unoccupied valence LDOS [p„(e)~g„(s)]:

I =2m.M N, fds'g„(s') fdsg (c, )5(c—s'+(E,"—E, ))

=2mMHN, f dago(s)g„(E+(E,"—e, )) . (8

This rate is proportional to an integral over a joint densi-

ty of states separated by the difference in binding energy
of the two core levels. Conservation of energy allows this
hopping only when c.,"—c, &0. The ratio of this hopping
rate to the off-site Auger rate is proportional to N, ( =8
for 4f7&2 levels) multiplied by valence density of states
factors. Note that a large enhancement comes just from
the large number of core electrons than can participate in
the process. These calculated factors for Ta(001) give ap-
proximately a two orders of magnitude increase in the
rate for the hopping process compared to the offsite
Auger terms.

These simple arguments show that the decay rate for
this process may be of the correct order of magnitude to
be important; all other off-site Auger contributions are
small. A quantitative determination of the decay rate re-
quires a more detailed calculation including matrix ele-
ment effects. To this end, the calculated wave functions
and LDOS from the Ta(001) film have been used to ex-
plicitly evaluate the hopping contribution to the surface
core linewidth. Specifically, Eq. (3) is evaluated for MH,
and then I H is evaluated from

I =2nfdE g. M 5H( qs+ qsEq )—5(c,—Eg } .
k, k', k~

Note that this equation is nearly identical to Eq. (1), with

Mz replacing M„, and MH known to be negligible. The
calculated value is I 8=0.05 eV. ' This is of similar
magnitude to the observed width of 0.12 eV for the bulk

4f7&2 line, indicating that this mode is indeed competi-
tive with the conventional CVV mode. We believe that
this extra decay channel for the surface core hole, togeth-
er with crystal-field splitting of the surface 4f line, also
explains the long-standing puzzle of why the surface
shifted 4f~&2 linewidth (0.22 eV) of Ta(001) is so much
wider than the bulk. Another very recently proposed
mechanism for increasing the surface core width is that
the valence electrons in the surface are more localized,
enhancing the 4f 5d overlap. In W-, this was shown to be
a 0.02-eV effect. ' In Ta we estimate that the effect is
somewhat smaller, approximately 0.01 eV.

This decay mode will be important in other selected
materials and spectroscopies. For this mode to be impor-
tant, one needs a high LDOS near the Fermi level [a large
integrand in Eq. (8)] and a large surface core-level shift
(large limits on the integral). For Ta(001) these condi-
tions are satisfied. They should also be satisfied for Hf,
which is reported to have a 0.34 eV shift of its surface 4f
core level to higher binding energy for the (0001) face. '

For metals to the right of Ta in the periodic table, the
surface core-level shift is of opposite sign, and this mode
should contribute to the first subsurface (bulk) linewidth.
For W, this contribution should be smaller than for Ta
since the W core-level shift and the bulk W LDOS near
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the Fermi level are each smaller than in Ta. In addition,
since the surface line should also have some crystal field
broadening, the increased width of the subsurface (bulk)
line due to the hopping mechanism may be difficult to
distinguish from the crystal field splitting of the surface
line.

This hopping process will also perturb the surface sen-
sitivity of Auger spectroscopy in a manner that cannot be
described by a single mean free path; if the surface core
level has a lower binding energy than the bulk level, then
Auger emission from the surface layer will be enhanced,
while if the surface level has a higher binding energy, sur-
face emission will be suppressed. This will change both
the Auger line shape and its secondary background from
what would, otherwise, be expected. This decay mode
may also have a dramatic effect on some exotic spectros-
copies, such as positron annihilation induced Auger spec-

troscopy' and ion stimulated electron emission, since
even though the initial core hole produced by these tech-
niques is probably localized to the surface layer, it may
move into the bulk before conventional Auger decay
occurs.
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