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Fine structure in the N;¥V Auger spectrum from a W(100) surface has been observed
and attributed to emission from a surface state, and from three peaks in the bulk density

of states.

Recent theoretical work by Forstmann and co-
workers! has proposed the existence of surface
states on d-band metals. On the (100) surface of
tungsten the presence of a surface state 0.4 eV
below the Fermi level (E ) has been demonstrated
by total-energy analysis of field-emitted elec-
trons,? and more recently by photoelectron-ener-
gy distributions.>® The distinguishing feature of
this state is its sensitivity to the presence of ad-
sorbates on the surface. For example, itis al-
most completely eliminated by an exposure of
0.3 L (1 L=107% Torr sec) to hydrogen. Taking
the sticking coefficient as 0.234 this corresponds
to only 2.5x10' molecules cm 2, or half a mono-
layer of dissociatively chemisorbed hydrogen.
The purpose of this Letter is to report fine struc-
ture in the N,VV Auger spectrum from a W(100)
surface which can be attributed to emission from
a surface state in addition to emission from
prominent features in the bulk density of states
(DOS).

The experiments were performed in a Vacuum
Generators four-grid, low-energy electron-dif-
fraction, Auger apparatus equipped with a side
electron gun and a Riber quadrupole mass spec-
trometer. The residual gas consisted almost ex-
clusively of hydrogen at a base pressure of 3
x1071° Torr (corrected for ionization-gauge sen-
sitivity). Auger emission was excited by a finely
focused 700-eV electron beam from the side gun
at ~30° incidence. The crystal was in the form
of a thin ribbon and was cleaned in sifu by flash-
ing in the presence of oxygen for many hours.
Prior to recording the Auger spectra by the nor-
mal ac modulation technique the crystal was
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flashed clean at 2500 K and cooled to <400 K in
30 sec.

Although the secondary-electron spectrum of
tungsten revealed several peaks in the low-ener-
gy range (~60 eV) which may be conceivably due
to Auger emission of the core-VV type,° only the
strong N,VV emission centered at ~22 eV con-
tained fine structure when the modulation voltage
was reduced to 1 V peak to peak. This fine struc-
ture was not resolved at, for example, 3 V peak
to peak. As a result of the large secondary-elec-
tron cascade in this region, features in the spec-
trum could not be seen in the N(E) trace. In-
stead, all spectra were recorded in the more
usual differentiated form, viz., N/E) versus E.
The N,VV spectrum shows a maximum positive
excursion at 13 eV and six resolvable inflexions
during its negative excursion corresponding to
peaks in the emission at 25.5, 23.3, 21.5, 20.2,
18.7, and ~17 eV. The 25.5-eV emission is iden-
tified as originating from a surface state (labeled
S) and accordingly designated N,SS, on the basis
of its behavior with small exposures of hydrogen.
Thus, Fig. 1 shows that an exposure of 0.18 L al-
most completely attenuated this emission which
was then essentially eliminated when the expo-
sure was increased to 0.48 L.

With S at — 0.4 eV from the previously cited
studies,®™® the emission edge corresponding to
both the up and down electrons originating from
E ; occurs at 26.3 eV and the total emission width
is estimated to be ~15 eV. This emission edge
is slightly lower than the 28.4 eV which was cal-
culated using an N, binding energy of 32.5 eV’ and
a measured analyzer work function of 4.1 eV.
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FIG. 1. Ng VV Auger spectra recorded in the deriva-
tive mode [N’ (E) versus E] for a clean W(100) surface
and with increasing exposure to hydrogen (1 L = 108
Torr sec).

The remaining five approximately evenly spaced
features in the spectrum of clean W(100) are at-
tributed to emission from structure in the DOS in
the manner originally proposed by Lander.? In
the absence of initial- and final-state effects or a
dependence of transition probability on band en-
ergy, such core-VV Auger spectra should be giv-
en simply by the derivative of the self-convolu-
tion of the DOS, which may then be broadened by
lifetime or instrumental effects. A best fit with
the position of these features in the spectrum is
obtained from three approximately equally spaced
peaks in the DOS at —1.5, —3.1, and —4.5 eV,
which are designated V,, V,, and V,, respective-
ly (Table I).

The experimental spectrum for clean W(100)
may be compared with that expected from the
theoretical bulk DOS computed by Mattheiss® with
a V,(») potential which shows three peaks in the
DOS at —=1.5, -3.2, and —4.6 eV in close agree-
ment with the present estimates. Furthermore,
the computed DOS shows that the two peaks cor-
responding to V, and V, are sharp (full width at
half-maximum, 0.6 eV) leading to conspicuous
V,'*V,, V,'*V,, and V,’*V, features, whereas
the V,'*V,, V,"*V,, and V,’*V, features are
broadened by the V, level (full width at half-maxi-
mum, 1.3 eV). This trend is in agreement with
the observed spectrum where the higher-energy
features are more conspicuous than those at low-
er energies.

TABLE I. Comparison of calculated and observed
features of the N;VV Auger spectrum.

Calculated? Observed
Transition (eV) eV)
N,SS 25.5 Reference®
NV, V4 23.3 23.3
NqV |V, 21.7 21.5
NoV\V, 20.3
2
NV Vo 20.1 20
NqV,Vs 18.7 18.7
N{V3Vs 17.3 ~17

3For Sat - 0.4, V,at -1.5, V,at —3.1, and V; at
—-4.5eV,

YThe N,SS emission at 25.5 eV was taken as a refer-
ence from which the other transitions were calculated.

The theoretical self-convolution of the DOS did
not show the large positive excursion that was
exhibited by the experimental curve at 13 eV
which consequently must be attributed to in-
creased emission from the bottom of the band.
This may arise as a result of a modification of
the bulk DOS at the surface, or alternatively as
a result of enhanced emission from the s-like
states near the bottom of the band as has been
proposed for aluminum.!® The total width of the
spectrum (~15 eV) is also in good agreement with
the value of 13.6 eV that was obtained from the
theoretical DOS. When compared with Mattheiss’s
bulk DOS this portion of the W(100) Auger spec-
trum shows satisfactory agreement with the cri-
teria of (1) ¢ threshold, (2) linewidth, (3) 2E
peak shift, and (4) two-peak multiplication, as
proposed by Sickafus.!! The associated Auger
emission involving the N, core level at —34.5 eV~
produced a very weak emission at 27.5 eV. Al-
though this NgVV transition should be almost as
strong as the N,VV transition on the basis of rel-
ative populations,’? it is suggested here that its
low intensity is due to a depopulation of the N
hole by an NgN,V Coster-Kronig transition. In
addition to eliminating the N,SS emission, hydro-
gen adsorption also produced changes in the
N,VV part of the spectrum (Fig. 1). Integration
of the N'(E) traces showed that the energy distri-
bution curve, N(E), developed a broad region of
enhanced emission at 13-21 eV, which may be
attributed to an increase in the DOS between
—-2.5and -6.2 eV. The N/E) curves indicate
that in this region a peak in the emission at ~18
eV developed which may be due to a new adsor-
bate-induced level at — 4.2 eV if both the up and
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down electrons originate from this level.

The fine structure in the N,VV Auger spectrum
of W(100) has been interpreted as arising from
emission from a valence band with three promi-
nent peaks in the bulk DOS and a surface state
which does not interact with the bulk states, i.e.,
Auger transitions of the type N,SV are not im-
portant. Whereas previous observations of the
surface state by the one-electron photoemission
and field-emission processes were based on its
sensitivity to adsorbates, the two-electron Auger
process has demonstrated more directly that S
is a localized state. Although the emissions at
21.5 and 23.3 eV were attenuated by the same low
exposures to hydrogen that attenuated the N,SS
emission at 25.5 eV, the possibility of these
emissions being dominated by processes involv-
ing both S and V levels was rejected for the fol-
lowing reasons. (1) Although increasing hydro-
gen exposure should attenuate an N,SV emission
more slowly than the N,SS emission, the 21.5-
and 23.3-eV emissions are still conspicuous
when S has effectively been eliminated with ex-
posures in excess of ~0.3 L. (2) The equivalent
N,VV spectrum from a clean W(110) surface,
which does not exhibit a surface state, was very
similar to that of a W(100) surface with the ex-
ception that the 25.5-eV emission was absent.
The 21.5- and 23.3-eV emissions were as con-
spicuous as those observed from W(100) surface
indicating that they are probably of a common
origin. With the exception of the localized sur-
face state on the W(100) surface the valence bands
of the W(100) and W(110) surfaces seem to be
similar to each other and to the bulk valence
band. Although recent electron-energy-loss
spectroscopy studies'®'!* have suggested differ-
ences in valance bands at the two surfaces, a re-
examination of the W(100) surface in this labora-
tory has shown a similar loss spectrum to that
reported for the W(110) surface provided that the
incident electron beam is at normal incidence.

Recent high-resolution studies of Auger transi-
tions involving the valence band of conductors
have proposed that the additional fine structure,
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which cannot be explained on a pure jj coupling
scheme, arises from multiplet splitting of an
atomiclike final state!?!5718, The present results
for tungsten suggest that the pertinent features of
the N,VV spectrum can be adequately accounted
for by a simple bulk DOS and a surface state
model with an increase in emission towards the
bottom of the band, without recourseé to final-
state effects. The sensitivity of the fine struc-
ture to the presence of adsorbates on the surface
should argue against an atomiclike final state,
which instead appears to reflect more the role of
the band in the emission of N,VV Auger electrons
from tungsten.
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