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Auger Electron Angular Distributions from Surfaces: 
Direct Comparison with Isoenergetic Photoelectrons 
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Angular distribution patterns of Auger electrons and of photoelectrons from a Cu 
(001) surface were measured at the same electron kinetic energy. These measurements 
reveal that the low kinetic energy angular distributions for Cu Auger electrons and Cu 
3p,,, photoelectrons differ substantially. This direct comparison between the photo- 
electron and Auger electron angular distributions demonstrates that, in some circum- 
stances, the Auger process produces a complicated source wave whose nature must be 
explored before Auger angular distributions can be used for surface structure analysis. 

D U R I N G  THE PAST FEW YEARS Au- 
ger electron and photoelectron dif- 
fraction have become widely ac- 

cepted and popular techniques for 
determining structures at single-crystal in- 
terfaces-particularly at surfaces (1). Inter- 
pretation of the angular- and energy-depen- 
dent electron emission data collected for 
these studies has been predicated on quan- 
tum self-interference of an ejected electron 
wave that can scatter from nearby atoms. 
However, Frank et a l .  (2) reported unex- 
pected Auger electron angular distributions 
that, they argue, could not be explained 
within the conventional electron-scattering 
formalism. They proposed a controversial 
physical model to explain their results. Sub- 
sequently, numerous commentators ( S 6 )  
argued that the model proposed by Frank et 
a l .  cannot explain a large body of existing 
experimental results extending back to the 
1940s, and they offered alternative explana- 
tions that depend on existing electron-scat- 
tering theory. In this report we present 
empirical evidence that the original model of 
Frank et a l .  cannot be correct and that also 
conflicts with the alternatives presented by 
the commentators. 

From the single-crystal solids used in their 
study, Frank et a l .  observe Auger electron 
angular distributions with a great deal of 
structure and-wing to the known short 
escape depth of electrons in solids-ne 
might expect to extract considerable infor- 
mation about the crystalline surface from 
these measurements. Indeed, previous work 
(1) would suggest that the largest contribu- 
tion to the observed angular variation for 
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Auger electron emission from atoms below 
the surface would be "forward scattering," 
the modulation of the electron intensity due 
to interference between an atomic-like elec- 
tron wave and portions of that same wave 
that scatter ("focus") in passing through 
atoms on the path to the detector. To the 
extent that forward-scattering predomi- 
nates, one expects increased intensity when- 
ever atoms lie between the emitter and the 
detector. By working back from the points 
of high intensity, one obtains information 
on the positions of atoms surrounding the 
emitter. Surprisingly, for samples with 
known crystal structures, Frank et a l .  ob- 
served dips along interatomic axes. 

To explain their unexpected results, Frank 
et a l .  devised a new model for electron 
propagation in a solid. The observed dips 
were attributed to "shadowing," a classical 
attenuation of electron intensity caused by 
putative inhomogeneous inelastic electron 
scattering. Rejecting this as a sudden denial 
of quantum mechanics, several commenta- 
tors offered to explain the observed shadows 
with electron-scattering models that remain 
consistent with earlier observations of elec- 
tron emission from solids. These include 
complex multiple electron scattering (4) ,  
strong energy dependence of Auger electron 
angular distributions at low emission ener- 
gies (5 ) ,  fonvard-scattering phase shifts near 
7~ leading to destructive interference, and 
even sample misalignment (3). We show 
that the dips observed by Frank et a l .  are real 
and that they are not caused by any of these 
purported effects. 

Our study compares the M2M4,,M4,, and 
M,M4,,M4,, Auger electron angular distri- 
bution patterns (ADPs) to the same patterns 
for 3p photoelectrons from a clean Cu (001) 
crystal face. We use the same electron kinetic 
energies for both the primary photoelectron 
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Fig. 1. A schematic that describes the Cu 3p 
photopeak and Auger electron kinetic energy 
positions used in this experiment. For point A the 
Cu 3p3,, photopeak is at 5 1.8 eV. For point B the 
Cu 3p3,, is at 56.6 eV, thus coinciding with the 
M3M4,,M4,, Auger peak. For point C the photo- 
peak is at 65  eV. Features D and E are the 
M3M4,,M4,, and M2M4,,M4,, Cu Auger transi- 
tions taken at 100-eV photon energy (dots are 
actual data points and the line is provided to  guide 
the eye). A measurement at point F has no  Auger 
or  photoelectron present and serves as a back- 
ground (9). 

emission and the secondary Auger emission 
to identify whether any of the scattering 
effects cited above or "electron shadowing" 
are responsible for the phenomenon ob- 
served by Frank et a l .  

Multiple-angle electron emission patterns 
were measured with an ellipsoidal mirror 
analyzer (7) operating as an electron energy 
band-pass filter while simultaneously pre- 
serving the angular distribution of the elec- 
trons ejected from the Cu sample. When 
used with monochromatized synchrotron 
radiation provided by beam line U8B at the 
National Synchrotron Light Source ( 8 ) ,  we 
can place a photopeak at almost any relevant 
lunetic energy. This experimental setup al- 
lows us to make a direct comparison of an 
Auger and photoelectron angular distribu- 
tion pattern at the same kinetic energy. 
Images were recorded with a video camera- 
digital histogramming system that permits 
optical thresholding and single-electron 
counting across the 80" acceptance cone (9). 

The angle-integrated electron energy dis- 
tribution curve obtained from a clean Cu 
(001) surface in Fig. 1 shows the energy 
position of the Cu M2M4,,M4,, and 
M3M4,,M4,, Auger electrons that are the 
focus of this study. Above that curve, the Cu 
3p spin-orbit split photoelectron peak is 
shown schematically at three different ener- 
gy positions relative to the constant-energy 
Auger electrons. Photoelectron angular dis- 
tributions were measured at each of these 
three points indicated in Fig. 1. This placed 
the Cu 3p3,, photopeak at a kinetic energy 
lower than, the same energy as, and an 
energy higher than the Cu Auger peaks. The 
Cu M2M4,5M4,5 and M3M4,~M4,~  Auger 
electron angular distributions were mea- 
sured (without the Cu 3p, or any other 
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photoelectron fka~tr ,  in coinadence), thus 
permitting the comparison of the Auger 
clccnon and Cu core photoelectron ADPs at 
the same kinetic energy. The additional mca- 
suremcnts allowed us to investigate the ki- 
netic encrgy dependence of the Cu 3p and 
Auger electron angular distribution and 
draw conclusions rrgarding its importance. 
All Cu 3p, and Auger electron ADPs takcn 
under each of the conditions illustrated in 
Fig. 1 are Shawn in Fig. 2. 

We first addnxed whether the Auger 
electron dips along interatomic axes were 
reproduabk in Cu (001). All ofthe atoms 
inourCu(001)cryJtalbdowthehtwo 
hyershaveanatomdirralyabovethcm;the 
model of Frank et al. would predict a dip in 
Auger electron intensity n o d  to the ays- 
tal surface. The pattern of elecnon emission 
at 56.6 eV fiom a dean Cu (001) surface 
illuminated by a lOOIV photon is shown in 
Fig. 2D. This encrgy corresponds to the Cu 
M3M4,5M4s Aupr electron peak, and a dip 
is obmved. Thls result demonstrates that 
the dips obsaved by Frank et al. arc not 

unique to their instrument, their sample, 
nor to the electron stimulation of the Auger 
electron current. However, our measure- 
ments do not substantiate their d for 
clccnon propagation as we show bebw. 

w e  thcn studied whether the OM 
dip in the Auger electron emission pattcms 
signal a breakdown in the existing models of 
electron scamxing. One of the ideas implied 
or s t a d  by the commentators ad above is 
that the latticescam+ ammbution of the 
Auger ekcnon and phdcaron'an* 
distributions should be identical i f d  
atthesameelcaronkincticencrgy:Eiihucof 
any scamring model for Auger electron 
distributions would imply its Mlure for 
photoelectrons as well. The Cu 3p photo- 
electron angular distribution at 56.6 eV 
shows no dip (Fig. 2B). As illustratad in the 
inset to Fig. 2, a simple forward-scattering 
model would predict a peak in the nonnal 
emission direction. This peak is observed in 
the cqa imn ta l  d t s  for photoclcctrons 
atthesamcenergywhcrctheAugeremis- 
sion shows no peak. This d t  damn- 

strates that the dips observed by Frank et al. 
arc not c a d  by a complex multiple-scat- 
~ ~ n o r b y a n u n * s n o n g  
ckcnonphascshifl,norbyanyLindof 
novel vlisotropic indastic electron scatter- 
ing cross d o n .  In fact, the dips arc not 
c a d  by any scamring dkt at all: the 
Auger and photoelectrons have the same 
cncrgyandscatterfiomthesamcCuatomp 
but have di&cnt angular distributions. 

F~wcaskwhetherdKseresultsare 
specific to a particular tkcnon kinetic ener- 
gy. WehavealsomcasurcdtheCu 3p pho- 
topeak at 51.8 eV (below the Cu Auger 
peaks) and at 65 eV (above the Cu Auga 
peaks) (Fig. 2, A and C). Both ofthese cases 
show qualitatively similar images: the nor- 
mal anission peak is predicted by a simple 
e l m  forward-scam+ d and it is 
insensitive to energy. It has been argued (4, 
5) that forward-scatt* mod& are inap 
propriatc for the low kinetic energies at 
which our photoelectron ADPs are mea- 
sured. However, a simplified, gmmcmical, 
forward-scattering model that would predict 

~.2kirm%eJ(AtoC)arctheCu3p,dpkvlgkphaodatFur inthcscimapwhactheCu3p~p~tmnshdamvrimumminrmsity.llK 
M ~ p ~ m m s m c v u r c d u p o i n c s A , B , d C M W i n F i g . l .  scaknarttoimagcsBandCis 
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an electron intensity peak along interatomic 
axes describes qualitatively the observed 
photoelectron nbrma~ emission intensity. 
Indeed, the Cu 3p photoelectron ADP at 
56.6 eV is well described by a comprehen- 
sive multiple-scattering, spherical-wave sim- 
ulation of the electron distribution (10). 
Similarly, the Auger electron ADP at 59 eV 
(Fig. 2 ~ )  shows an angular distribution 
nearly identical to the 56.6-eV image (Fig. 
2D): the physical origin of the dip is not 
extraordinarily sensitive to electron energy. 

What causes the dip in intensity along 
normal emission in the M2,,M4,,M4,, Cu 
Auger electron ADPs and-from the mea- 
surements of Frank et a/. (2)-along inter- 
atomic axes in general? Any physical model 
must account for all electron angular distri- 
bution measurements from crystalline sam- 
ples. To summarize, the interatomic axis, 
electron intensity dips are: 

1) Observed in several different materi- 
als: Cu M2,,M4,,M4,, [(I  1) and this work], 

CVV (2), and Ni M2,3M4,5M4,5 (I1). 
2) Observed for Auger transitions con- 

sidered to be "quasi-atomic" based upon 
their energies and linewidths (12, 13). 

3) Not observed in all materials nor all 
Auger transitions in materials where it is 
observed: Al LVV (11) and Cu LVV (14). 

\ ,  \ ,  

4) Not observed in photoemission under 
identical conditions where they are observed 
in Auger emission (this work) 

5) Not observed for atoms on top of 
surfaces (2, 11). 

6) Not predicted by quantum-scattering 
models using s-wave continuum waves (15). 

7) predicted by quantum-scattering 
models in which higher (1 = 3) angular 
momentum continuum waves are used ( 16). 

Our work here eliminates any explanation , 
based upon an electron-scattering effect 
alone. Note, however, that some (16) scat- 
tering models do predict the interatomic 
"dips" seen in Auger electron emission, even 
if these models are too complex to provide a 
clear physical explanation. It seems that the 
diffraction initial state (Auger final state 
neglecting scattering) must play a role: ei- 
ther this initial state is not atomic, involving 
coherent emission from several atoms be- 
cause of the participation of valence levels in 
the Auger relaxation transition, or this initial 
state isatomic but some mechanism exists 
for destructive interference between its an- 
gular momentum components. 

The material and transition dependence of 
the phenomenon can be explained if it only 
occurs for Auger transitions involving d 
orbital angular momentum levels or (more 
generally) h a d y  delocalized valence electron 
levels that may participate in chemical 
bonds. The "quasi-atomic" nature of the 
Auger transitions and the partial success of 
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possibility that some strong, inherent emis- 
sion anisotropy exists in the Auger electron 
intensity. Note that even if the Auger tran- 
sition populates all magnetic sublevels 
equally in an atomic-like continuum wave 
and hence has isotropic emission intensity, 
each sublevel certainly has anisotropic 
phase. 

What are the implications of our results 
for the use of Auger electrons for determin- 
ing the structure of surfaces? The dips ob- 
served by Frank et al. are real: simple exten- 
sions of the scattering models successful for 
photoelectrons but which ignore the Auger 
transition details will not be useful for ana- 
lyzing Auger angular distributions from 
some systems. However, these dips are not 
observed for all Auger transitions nor even 
all Auger transitions in the same material. 
The classical "shadowing" model used by 
Frank et al. cannot be used even as a simple 
heuristic, because it attributes the electron 
intensity attenuation, or dips, along inter- 
atomic axes that they observe to a scattering 
effect. Through our Auger electron and pho- 
toelectron comparison, we have shown that 
scattering effects are not responsible for the 
observed differences. Until the physical ori- 
gin of this phenomenon is understood in 
detail and its sensitivity to nonstructural 
variables in the emission process checked, 
structures proposed solely from the analysis 
of Auger electron ADPs-such as the ex- 
traordinary atop adsorption of Ag atoms on 
Ag monolayers on Pt reported by Frank et 
a / .  (17)-should be independently verified. 
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Evidence for an Inter-Organismic Heme Biosynthetic 
Pathway in Symbiotic Soybean Root Nodules 

The successful symbiosis of soybean with Bradyrhizobium japonicum depends on their 
complex interactions, culminating in the development and maintenance of root 
nodules. A B .  japonicum mutant defective in heme synthesis in culture was able to 
produce heme as a result of its symbiotic association with the soybean host. The 
bacterial mutant was incapable of synthesizing the committed heme precursor 6 - m i -  
nolevulinic acid (ALA), but nodule plant cells formed ALA from glutamate. In 
addition, exogenous ALA was taken up by isolated nodule bacteria of the parent strain 
and of the mutant. It is proposed that bacterial heme found in nodules can be 
synthesized from plant ALA, hence segments of a single metabolic pathway are 
spatially separated into two organisms. 

B R A D Y R H I Z O R I C M  J A I ~ O N I C C W  IS THE organ called a root nodule. It has been 
bacterial endosymbiont of soybean suggested that the heme prosthetic group of 
(Glycine max) that functions as a ni- leghemoglobin, a plant protein abundant in 

trogen-fixing organelle within cells of a plant nodules, is a bacterial product (I) ,  but the 
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