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Measurements of the LzB3VV ;V=valence) Auger spectrum of aluminum and the M4,61/? 
Auger spectrum of silver cannot be simply related to the valence-band density of states. 
The data for A1 indicate a strong energy variation of the transition probability For sil- 
ver, the position and shape of the Auger spectrum are associated with multiplet splitting 
of localized double-d-hole final states 

Lander1 suggested in 1953 that valence-band 
density-of-states information could be derived 
from Auger-electron energy distributions (ex- 
cited by electron impact) ,  but i t  is only recently 
that at tempts have been made to  analyze experi-  
mental Auger spec t ra  with this objective.' Im- 
plicit in Lander 's  suggestion is the assumption, 
common to a l l  f o r m s  of valence-band spectros-  
copy involving removal of valence electrons,  
that localized hole s t a t e s  do not cause appreci-  
able perturbations i n  the observed spectra l  d i s -  
t r i b u t i o n ~ . ~  In addition, i t  is usually4 assumed 
that the relevant transit ion probabilities a r e  not 
a strong function of energy a c r o s s  the band. 

We repor t  here  measurements  (with = 0 . 2  eV 
resolution) of the L, ,VV Auger spectrum of 
aluminum and the 144,VV Auger spectrum of s i l -  
v e r  (V =valence). Analyses of the spec t ra  show 
a significant energy dependence of the transition 
probability fo r  A1 and the formation of atomic- 
like double-d-hole final s ta tes  in  the valence 
band for  Ag. The existence of such localized 
hole s ta tes  that could per turb  x-ray spectra5 o r  
uv photoemission energy distributions"as been 
p ~ s t u l a t e d , ~  but th is  i s  believed to be the f i r s t  
direct  experimental  evidence fo r  the presence of 
such states. '  

In the absence of perturbations caused by ini- 
tial- o r  final-state  effect^,^ the Auger-electron 
intensity distribution for an X V V  transition would 
be given by1* 

In this equation, 5 represents  electron energy in 
the valence band (6 = 0 at the F e r m i  level, 5 = 6, 
a t  the bottom of the band), 2A i s  the energy dif- 

ference of the two valence electrons involved in 
the Auger transit ion,  and g(C) i s  proportional to 
the  density of s ta tes  t imes  the square  root of the 
spatially integrated square  of the transition ma-  
t r i x  element. The Auger-electron energy dis-  
tribution would thus be expected to  have a width 
of 25,, and to be superimposed on the continuous 
secondary-electron energy distribution with max- 
imum energy equal to the binding energy Ex of 
an  electron in the inner shell  X.9 

Initial ionizations in the evaporated samples  
were  created by 1.1-keV electrons,  and electron 
energy analysis was performed with a Kuyatt- 
Simpson analyzer system.l0 Figure  l ( a )  shows 
the measured energy distribution for  the  L,,VV 
Auger transition of Al; in this case ,  the maxi- 
mum energy of the Auger s t ruc tu re  is close'' 
t o  the L,-electron binding energy.'2*1s The Au- 
ger  s t ructure  is superimposed on a smooth s e c -  
ondary-electron background, represented ap- 
proximately by the dashed line in Fig. l ( a ) .  The 
difference between the experimental data  and 
this a rb i t r a ry  background i s  compared in  Fig. 
1 (c) with a self-convolution of the A1 density of 
s t a t e s ,  N ( E )  * N(E),  a s  represented by Eq. (1). 
We have he re  used the density of s ta tes  calculat- 
ed by Koyama and Smith,14 shown in  Fig. l (b ) ,  
which i s  in  close agreement with the resul ts  of 
other  calculation^.^*'^ The low-energy peak in 
the experimental  curve of Fig. 1 (c) i s  believed 
due to  plasmon excitations by the emerging Au- 
ger  electrons," and an approximate correction 
f o r  such scattering is indicated by the long- 
dashed line. It i s  c l ea r  that the experimental 
Auger distribution has  approximately the same  
width a s  N(E) * N ( E ) ,  but the peak in the experi-  
mental curve is at a much higher energy [ r e -  
gardless  of the mode of background estimation 
in  Fig. l ( a ) l  than that in the N ( E )  *N(E)  curve. 
This  difference can be  ascr ibed to a s t rong en- 
ergy dependence of the Auger-transition matr ix  
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FIG. 1 (a) L,, ,VV Auger spectrun? of aluminum. 
Dashed line, assumed smooth backgrouacl of secondary 
electrons. Vertical bars ,  L,- and . ~ ~ - s ~ ~ b s h e l l  binding 
energies. Ordinate scale, recorded number of counts 
per cha~nlel in a multichannel analyzer (b) A1 density 
of states S ( E )  calculated by Koyama and Smith (Ref. 14) 
(c) Comparison of a self-convolution of the theoretical 
density of states, N (E)  * N ( E )  (short-dashed line), with 
the difference between the experimental data and the as- 
sumed background of (a) (solid line).  Long-dashed line, 
approximate correction of the expermental curve for 
inelastic scattering. 

elements4; in  essence,  transit ions involvingp- 
like s ta tes  near  the top of the band a r e  strongly 
enhanced compared to the s-l ike s ta tes  at the 
bottom of the band. 

The M,,VV Auger spectrum of s i lver  i s  shown 
in Fig. 2(a) from which the following observa- 
tions can be made. The main s t ructure  i s  d is-  
placed substantially from the M4-subshell bind- 
ing energy1' of 373.2 * 0.5 e ~ . "  The separation 
of the major peaks (at 351.7 and 357.7 eV) and 
the subsidiary s t ructure  (on the low-energy side 
of the main peaks a t  348.7 and = 3 54.5 eV, and 
on the high-energy side of the main peaks at 
= 353.5 and = 359.5 eV, respectively) corresponds 
closely to the M4-1L15 binding-energy difference 
of 6.1 eV.12 Separate energy-loss experiments 
showed that neither the weak peak at 348.7 eV 
nor the shape of the distribution between 340 
and 350 eV could be attributed to inelastic scat -  
tering.  The spectrum thus consis ts ,  in large 
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FIG. 2 .  (a) hi,. ,VV Auger spectrum of silver. Verti- 
cal bars ,  M4- and ~l?~-subshell binding energies. (b) X- 
ray photoelectron spectrum X ( E )  of valence-band elec- 
trons of silver m a s u r e d  by Hdfner et a l .  (Ref. 20). 
(c)  Self-convolution of the Ag x-ray photoelectron spec- 
trum shown in (b), X ( E )  * A@), plotted a s  n f~mction of 
energy with respect to the Fermi level.  The curve has 
been aligned so  that the zero of the energy scale corrcs-  
ponds with the lit4-subshell binding energy in (a). 

pa r t ,  of two regions associated with 1W4- o r  M,- 
subshell  ionizations, each containing one s t rong 
and two weaker components of sha rp  s t ructure  
superimposed on a weak background extending 
to about 365 eV and a background decreasing 
with electron energy below 350 eV. Finally. the 
shape of the M ,  ,VV Auger spectrum for  Ag is 
very  s imi la r  to the shape of the III, ,N4, ,N4s, Au- 
ger  spect ra  for  solid Cd, In. Sb, and Te ,  a s  
noted by Aksela," even though the 4d electrons 
(in their  ground s ta te)  a r e  evolving from band 
s ta tes  in Ag to atomiclike core  s ta tes  for  Z 3 49 
( 1 4 . 1 ~  

The average width of the 4d band in Ag is be- 
lieved theoretically'8n1q and experimentally20 to 
be about 3 eV, with the top of the 4d band located 
about 4 eV below the F e r m i  level. ~ G f n e r  ef al.zo 
found that their  x-ray photoelectron spectrum 
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for  Ag was in reasonable agreement with a den- 
si ty-of-states curve derived from Snow's cal-  
culationIg; the experimental spectrum X(E)  i s  
shown in Fig. 2(b). A self-convolution of the 
photoelectron spectrum,  X(E)  * X ( E ) ,  is shown 
in  Fig. 2(c) aligned with respect to the &I4-sub- 
shell  binding energy, according to Eq. (1). The 
peak in  X(E)  *X(E)  i s  located at an energy 4.3 
eV higher than the most intense component of 
the experimental spectrum associated with M,- 
subshell  ionization; in addition, the full width a t  
half -maximum (FWHM) of the peak in  X(&) *X(E)  
is about 4.4 eV, whereas the FWHM of the ex- 
perimental  peak at 357.7 eV is about 1 .5  eV. 
These differences might be considered a s  being 
due to  e r r o r s  in the M4- and M,-subshell binding 
energies  and to energy-dependent transit ion 
probabilities. These  explanations a r e  inadequate, 
a s  the binding energies a r e  believed known'2n11 
to within 0.5 eV, and a s  matrix-element var ia-  
tions could not then be  responsible for the more  
intense s t ructure  o r  the intensity on the low-en- 
ergy side of the main peaks [e. g.. between 340 
and 350 eV in  Fig. 2(a)]. We therefore conclude 
that the M ,  ,VV Auger spectrum of Ag is incon- 
sistent with the description on which Eq. (1) is 
based. 

We consider now the effects of the initial- o r  
final-state holes on the observed Ag spectrum. 
Additional measurements  of analogous Auger 
transit ions for Cu and Au and a comparison with 
x-ray emission spec t ra  indicate that there  does 
not appear to  be any significant relaxation of the 
valence band during the lifetime of the initial 
co re  hole.21 The shape and position of the Ag 
144, ,TrV Auger spectrum can, however, be in- 
terpre ted on a quasiatomic model, with double 
d holes localized on the emitting Ag atoms. The 
position of the Ag M , , V V  Auger s t ructure  i s  con- 
sistent with the increased binding energy of a 4d 
electron in Agt (estimated to  be - 11 eV from 
x-ray photoelectron spectra  fo r  cd).17 The prom- 
inent s t ructure  in Fig.  2(a) appears  to  be due to  
multiplet splitting of the 4d85s configurationlZ2 
while the quasicontinuous intensity a t  lower in- 
tensit ies (e.g., between 340 and 350 eV) is be- 
lieved due to excited final s t a t e s  (e.g., having 
the 4d851, configuration).'"he present resul ts  
for  Ag thus appear to  be direct  evidence for  the 
atomiclike final s ta tes  postulated by Friedel7 
and discussed by Par ra t t5  and Spicer,  Phil l ips,  
and Doniach-n relation to  x-ray and photoelec- 
t ron spectra .  It should be noted that if final- 

s ta te  holes were  significant for Al, the peak in 
the N ( E )  * N @ )  curve of Fig. 1 (c) would be shift- 
ed to lower energies ,  creating a g rea te r  d is-  
crepancy with the experimental curve. 

The present  resul ts  have a number of implica- 
tions which will be  discussed in m o r e  detail  e lse-  
where." 

(1) Auger spec t ra  of the type measured he re  
a r e  not necessari ly simply related to  the density 
of s ta tes .  Even for  a nearly f ree-e lect ron metal  
such a s  Al, an  energy-dependent transition prob- 
ability dominated N(E) in the  observed Auger 
spect rum;  comparisons of data fo r  a mater ia l  
obtained with different probes may not suffice 
to determine N(Is').4 The XVV Auger spectrum 
for  a d-band metal ,  such a s  Ag, appears  to  r e -  
f lect  a density of final s t a t e s  m o r e  than the 
ground-state density of s ta tes .  In general ,  it 
would be expected that valence-band holes would 
be  more  localized in  d-band metals  such a s  Ag 
than in  f ree-e lect ron metals such a s  Al.7 

(2) Auger-electron spec t ra  of surface atoms 
and complexes measured with slow-ion excita- 
tion'' may be expected to  show s imi la r  effects 
to those observed here.  

(3)  Single-hole final-state effects may be ob- 
servable  in soft-x-ray emission and photoemis- 
sion experiments in d-band The anom- 
alously narrow x-ray photoelectron spectrum ob- 
tained by ~ G f n e r  et ~ 1 . ~ ~  fo r  Ni may be evidence 
fo r  such an effect, although the re  a r e  other pos- 
sible explanations fo r  this result .  

(4) "Chemical shifts" i n  Auger spectroscopy 
can be much l a rge r  than in,  fo r  example, x-ray 
photoelectron spectroscopy. The peak in the A1 
L,@,VV transit ion for A1,0, occurs  a t  55 eV [com- 
pared to 70 eV in  Fig. l(a)],', even though the 
binding energy of the A1 L , ,  electrons increases  
with oxidation.13 Smaller chemical shifts ,  s imi-  
l a r  to those found in x-ray photoelectron spec- 
troscopy, would be expected fo r  elements like 
Ag which have quasiatomic Auger spec t ra  that 
would be expected to  be  relatively insensitive 
to  chemical environment. 

(5) The more  intense Auger transit ions of in- 
t e r e s t  for  surface analysis a r e  often of the XVV 
type. Simple formulas  for  the calculation of Au- 
ger-electron energies and tabulations based on 
such formulas cannot be expected routinely to  
give reliable resul ts  (say,  to bet ter  than 1 5  eV). 
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