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The Ta N7VV Auger spectrum of TaC(111) has been measured in coincidence with photoemission
from the bulk and surface shifted Ta 4f7,, core levels. Good agreement is found between the surface
Auger spectrum and a self-convolution of the density of states (SCDOS) at surface Ta sites determined
by a first-principles calculation. The bulk spectrum disagrees with the bulk SCDOS but is well de-
scribed by an incoherent sum of the bulk SCDOS and the surface spectrum. A novel off-site Auger de-
cay mechanism, first observed on Ta(100), accounts for these observations.

PACS numbers: 82.80.Pv, 73.20.—r, 79.20.Fv

Core-level binding energy shifts have been widely used
to characterize the properties of solid surfaces [1]. Physi-
cal attributes ranging from chemical state and geometric
structure to electronic relaxation energies and screening
effects have been inferred from the magnitude and sign of
surface core-level shifts (SCS) [1]. In particular, the un-
derstanding of the refractory metals Hf, Ta, W, and their
carbides, which exhibit well-defined SCS of their narrow
4f levels on low index surfaces, has benefited greatly from
this technique [2]. However, most surface properties are
governed by the local valence band configuration. The
ability to study the valence levels of a solid’s first atomic
layer would greatly enhance the fundamental understand-
ing of these properties. Unfortunately a means of direct-
ly probing the local electronic structure of a surface atom
has been lacking. Analyzing the line shape of x-ray emis-
sion [3] or core-valence-valence (CV'V') Auger spectra [4]
is a promising technique since the spectra are determined
by the local electronic structure at the site of the core
hole. However, SCS are too small for the spectrum from
each site to be resolved by conventional techniques [5S].

In this Letter, we describe a means of overcoming these
limitations using Auger-photoelectron coincidence spec-
troscopy (APECS) [6,7]. By demanding coincidence be-
tween emission from the Ta N;VV Auger transition and
the surface shifted Ta 4f7/; core level of TaC(111), we
have isolated the contribution to the Auger spectrum
originating from the first atomic layer and found that it is
significantly different from the bulk spectrum. The line
shape of the coincidence Auger spectrum was well de-
scribed by a self-convolution of the valence band density
of states (SCDOS) from the surface layer of a TaC(111)
slab calculation [8,9]. These results indicate correlation
effects are small for this surface and that APECS may be
used to monitor atoms at solid surfaces as they are
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modified by either chemical or physical means. The
Auger spectrum obtained in coincidence with the bulk
(i.e., second and deeper layers) Ta 4/, core level shows
evidence of a novel off-site Auger transition whereby a
core hole in the second Ta layer first hops to a surface Ta
site before decaying. This observation and similar results
obtained earlier for Ta(100) [10] indicate that such hole
hopping is a general phenomenon and that off-site Auger
transitions cannot a priori be dismissed as negligible for
covalently bonded systems.

The APECS experiments were performed in an ul-
trahigh vacuum chamber described in detail elsewhere
[7]. Briefly, two electron energy analyzers [11] are fo-
cused on a sample which was illuminated with synchro-
tron radiation dispersed by the U14 plane grating mono-
chromator [12] of the VUV ring at the National Syn-
chrotron Light Source. Coincidence Auger spectra were
acquired by scanning one analyzer (the Auger analyzer)
through the kinetic energy region corresponding to the Ta
Ne.7VV Auger electron spectrum of TaC(111) while the
second analyzer (the photoemission analyzer) remained
fixed at a kinetic energy corresponding to either the bulk
or surface shifted Ta 4f7/, core level. All kinetic energies
are referenced to the Fermi level. The overall experimen-
tal resolution (electron plus photon) in each spectrum
was 0.4 eV. We estimate that the cross talk between bulk
and surface shifted core-level components in the photo-
emission channel was less than 5% [13]. When electrons
were detected in both analyzers within 20 ns of each oth-
er, a coincidence event was recorded. These spectra in-
clude signals from both correlated (true) and uncorrelat-
ed (accidental) coincidence events. The accidental count
rate was determined from a delayed coincidence spectrum
[7]. At the same time we acquired a conventional, non-
coincidence (singles) spectrum of the Auger energy re-

2247



VOLUME 68, NUMBER 14 PHYSICAL REVIEW LETTERS 6 APRIL 1992
4.5 500E ' l l (@) ' B

= TaC(111) 2

5 30£ / Ne, 7'V Auger hocgoot £ a0 § {g }{ﬁ #{%ﬁ Surface

5 \ At ; 300

— 5 =4

215 1 5 200

z ( \x VB \ 2

3 ] N 1 2100

g 0= — S

0 90
Kmetxc Energy [eV]

FIG. 1. Wide-scan photoemission spectrum from TaC(111)
excited by 80-eV radiation. The Ta 4f7; and 4f5/; core levels
are expanded in the inset. Bulk and surface components are
identified as B and S, respectively. The Ta NesVV (4f5d5d)
Auger spectral region is indicated by the bracket.

gion. The TaC(111) sample has been used in a number
of previous studies [14-16]. A single 10-min sputter fol-
lowed by repeated flashes to 2000°C produced a clean,
well-ordered, stoichiometric surface region. We restrict-
ed the duration of our data acquisition between cleaning
cycles to 20 min to ensure minimal surface contamina-
tion. The final coincidence spectrum represents the sum
of approximately 100 individual spectra, each verified as
free from statistical anomalies before addition.

TaC(111) was chosen for this study since it exhibits a
well-resolved surface shifted Ta 4f core level originating
from its terminal Ta layer [15,16] and the reduced car-
bon coordination at the surface is expected to strongly
affect the valence levels of the outer Ta atoms. Figure |
shows a wide-energy-scan photoemission spectrum from
the TaC(111) surface excited by 80-eV photons. In the
kinetic energy range between 55 and 60 eV, enlarged in
the inset, the Ta 4f7; (56.65 eV) and 4fs;; (54.7 eV)
spin-orbit-split doublet is seen. Accompanying each line
is a surface component shifted 0.6 eV towards Er. The
two broad features centered near 21- and 17-eV kinetic
energy are identified as the Ta N¢7VV Auger electron
spectrum.

In Figs. 2(a) and 2(b) we present Ta N;VV Auger
spectra obtained in coincidence with the surface and bulk
Ta 4f7,, core levels, respectively. Comparing the two
coincidence spectra, we immediately observe that their
line shapes are significantly different. Since the line
shape of a CVV Auger transition is related to the valence
band density of states at the site of the core hole, we con-
clude that the local electronic structure of the first atom-
ic layer of TaC(111) is significantly different from that
of the bulk.

Since the Ta valence band is dominated by a single an-
gular momentum component (5d4), and the bandwidth is
large (7 €V) so that electron correlations should be small,
the CVV Auger line shape may be approximated by the
SCDOS at the Ta sites [5,10,17]. To extract the primary
contributions to the coincidence spectra of Fig. 2 an ap-
proximate [18,19] inelastic secondary electron contribu-
tion (solid curve) was subtracted from the raw coin-
cidence data yielding the primary Auger spectra present-
ed in Fig. 3. These spectra are compared to the electron-
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FIG. 2. Ta N;VV Auger spectra obtained in coincidence
with the (a) surface and (b) bulk Ta 4f7; core levels. The
dashed curves represent digital smoothing of the coincidence
data. The solid lines represent approximate secondary electron
contributions to each spectrum (see text).

ic structure of a thirteen-layer Ta terminated TaC(111)
slab calculated [8] within the full-potential linear aug-
mented-plane-wave framework [9]. From the DOS at the
Ta sites for each layer, the SCDOS were computed. The
solid curve in Fig. 3(a) is the SCDOS of the 5d levels for
the first-layer Ta atoms. We find excellent agreement be-
tween the theoretical calculation and the experimental
data. The 21.5- and 17-eV experimental peaks are well
reproduced in energy, relative intensity, and width. Even
the weak features at 13- and 11-eV kinetic energy appear
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FIG. 3. Primary (a) surface and (b) bulk N7V'V Auger spec-
tra obtained by subtracting the solid curve from the data in Fig.
2. The solid curve in (a) is the SCDOS from the first Ta layer.
The dashed curve in (b) is a weighted sum of the SCDOS from
second and deeper layers. The solid curve in (b) is the average
of the experimental surface Auger spectrum and the SCDOS
from second and deeper layers.
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in both curves. The only disagreement occurs near 16 eV
where a shoulder seen in the data is absent in the calcula-
tion. This small feature may be due to matrix element
effects not considered here. The excellent agreement ob-
tained here implies that APECS can be used to probe the
electronic structure of a single atomic layer in a solid [20]
and supports the assertion [15,16] that the TaC(111) sur-
face is Ta terminated.

In Fig. 3(b) we compare the SCDOS from the second
layer and deeper Ta sites (dashed curve) to the APECS
spectrum taken in coincidence with the bulk Ta 4f7/, core
level. Here there is rather poor agreement between the
experimental spectrum and the theoretical prediction
near 21, 16, and 13.5 eV. It is unlikely that these
discrepancies are the result of deficiencies in our electron-
ic structure calculations [8] as they are consistent with
several previous theoretical studies [21,22] of bulk TaC
and have successfully predicted the surface Auger spec-
trum. The most probable explanation is the presence of
an additional, significant decay channel for a subsurface
core hole which has not yet been considered.

A likely candidate for this decay mode is suggested by
the differences between the data and the dashed curve.
Note that the additional spectral weight above 19 eV
occurs where strong emission is seen in the surface Auger
spectrum. This observation can be explained if core holes
created in subsurface Ta atoms can undergo Auger decay
via emission of valence electrons from surface Ta atoms.
Figure 4 schematically illustrates two ways that this may
occur. Panel (b) is an off-site Auger decay. Here a sub-
surface valence electron fills the Ta core hole, ejecting a
valence electron from a surface Ta site. Assuming simi-
lar electron densities at surface and bulk sites, the ratio of
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FIG. 4. Possible decay modes of a subsurface core hole
which involve surface valence electrons. The shaded rectangles
represent the valence band and the horizontal lines the Ta 4f7/
core levels. S denotes surface; S—1 denotes subsurface. (a)
The Auger initial state with a core hole in the subsurface site.
(b) Conventional interatomic Auger decay. (c) Hole hopping
leading to (d) surface on-site Auger decay.

the transition rate for this process to that of an on-site
Auger process, '4/T, is given by the ratio of off-site to
on-site Auger matrix elements: M%5/M4 [10,23]. Similar
to the elemental Ta case [10], we estimate this ratio to be
approximately 10 ~2 indicating that this process does not
occur at a rate which is sufficient to account for the extra
emission we observe. A lower electron density and small-
er matrix elements [8] make off-site transitions involving
the C atoms even less likely.

An alternative, energetically allowed off-site Auger
process, originally proposed [10] to explain coincidence
data from Ta(100), is schematically represented in Figs.
4(c) and 4(d). Here the core hole in the subsurface Ta
417/, level hops to the surface core level (exciting an
electron-hole pair) [panel (c)] and then decays by a sur-
face on-site Auger decay [panel (d)]. There are two
paths by which this core hole can hop. Direct hopping,
given by the dashed arrows in panel (c), involves the
overlap of 4f wave functions on neighboring sites and
hence occurs at a negligible rate [10]. In the second
route, indicated by the solid arrows in panel (c), the sub-
surface core hole is filled by a subsurface valence elec-
tron, and the excess energy is dissipated by the excitation
of the neighboring surface 4/, core electron to an unoc-
cupied state just above the Fermi level. The transition
rate for this process is given by [10]

[4 & MuN. [ deg, (g, (e+ (e —e2)),

where My is the hopping matrix element [23], N, is the
degeneracy of the 4/ core level, g, (g,) is the occupied
(unoccupied) density of states at the core hole (neighbor-
ing) site, and e? (e!) is the binding energy of the respec-
tive core holes.

The rate of this process, I'fj, is much greater than I'}
for several reasons: The matrix element [23] involves the
overlap of 4f and 5d wave functions at the same site; the
joint. density-of-states factor is large for TaC(111); and
the large degeneracy of the core level (V. =8) enhances
this process by almost a factor of 10. We estimate the
rate for this process to be the same order of magnitude as
the on-site Auger decay rate. As a result, there will be a
contribution to the subsurface Auger spectrum which has
the shape of the surface Auger spectrum. The solid curve
in Fig. 3(b) is an incoherent sum of the experimental sur-
face spectrum and the subsurface Ta 54 SCDOS, each
given equal weight. Clearly, this curve shows signifi-
cantly better agreement with the data than does the bulk
curve alone. The threshold region is well reproduced and
the 13.5-eV feature is now consistent with the data. The
small discrepancy near 16 eV is most likely the bulk ana-
log of the slight disagreement found for the surface spec-
trum. From this semiquantitative account of the bulk
spectrum, we conclude that the probabilities of off-site
and on-site Auger decay can be of the same order of
magnitude for covalent systems.

The existence of off-site transitions will impact conven-
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tional Auger spectroscopy in several ways. With hole
hopping, the singles Auger spectrum will be more (less)
surface sensitive than an exponentially decreasing sum of
contributions from successively deeper layers if the sub-
surface (surface) core level is more tightly bound than
the surface (subsurface) core [cf. Ta(100)] [10]. The
off-site Auger transition also provides an additional decay
channel for the deeper core hole that manifests itself as a
greater lifetime broadening of this core level as observed
for Ta(100) [10]. In a recent study of alkali metal over-
layers on Be, there was evidence in the line shape of the
overlayer CVV Auger spectrum suggesting the participa-
tion of substrate electrons [24]. More generally, off-site
Auger processes may play an important role in other
physical phenomena. Recently, there has been an in-
creased interest in the participation of hot carriers
[25,26] in the stimulated desorption process. Since the
core hole hopping mechanism excites electron hole pairs,
it may have a significant influence on desorption yields
associated with core photoexcitation [27].
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FIG. 4. Possible decay modes of a subsurface core hole
which involve surface valence electrons. The shaded rectangles
represent the valence band and the horizontal lines the Ta 4/7
core levels. S denotes surface; S—1 denotes subsurface. (a)
The Auger initial state with a core hole in the subsurface site.
(b) Conventional interatomic Auger decay. (c) Hole hopping
leading to (d) surface on-site Auger decay.



