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Photoelectron angular distribution patterns from a single-crystal Cu(001) surface have produced dips,
or ‘“silhouettes,” in the low-energy, electron angular distribution measured around normal emission—a
forward-scattering geometry that at higher energy produces a peak, or enhancement, in electron intensi-
ty. We have measured isoenergetic / =1 and / =2,0 photoelectrons that give different angular distribu-
tion patterns. These differences, and the low-energy electron intensity attenuation, are consistent with
an electron scattering model that relies on the orbital angular momentum final-state dependence of the

diffracting electron.

Beginning with the prediction that localized electron
emission from ordered samples underwent geometry-
dependent diffraction,’ electron angular distribution pat-
terns (ADP’s) measured from solid-state samples have
been used as an atomic-resolution structural probe. Ex-
perimental photoelectron and Auger electron diffraction
provide the most precise and accurate structural informa-
tion when they are compared®> to quantum scattering
models of the electron emission. However, these electron
scattering models came into question when isoenergetic
Auger electrons and photoelectrons from single-crystal
Cu produced different ADP’s (Ref. 4)—a surpising result
since a simple scattering model would have predicted the
two patterns to be similar. In that work, low-energy pho-
toelectron ADP’s revealed a peak in the emission intensi-
ty where there was a known forward-scattering condi-
tion, yet an Auger electron ADP at the same energy re-
vealed a dip in the electron intensity.

After this experimental result was observed, theoretical
reports®’ attributed the difference between Auger elec-
tron and photoelectron ADP’s to differences in the orbit-
al angular momentum (/) of the emitted electron wave. It
was asserted that higher / emitted waves, like the
predominantly / =3 Cu M, M, M, s Auger electron,
experienced a greater centrifugal barrier on the emitting
atom, leading to a phase lag of this wave compared to a
lower / electron wave at the same energy. This additional
phase pushes the otherwise constructive interference
condition—Ileading to a peak in the forward electron
scattering direction—into a destructive-interference
condition—an intensity dip. This interpretation extends
earlier quantum scattering models of electron diffraction®
by including the effect of the source wave angular
momentum. It demonstrates that the ballistic-electron
propagation models, which were created to explain
Auger electron scattering silhouettes, are not necessary.’
The quantum scattering model of electron forward
scattering predicts silhouettes in the Auger electron ADP
at low energy, high /, and short interatomic scattering
distances.

At the same time, Klebanoff and Van Campen!® ob-
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served differences in photoelectron forward-scattering in-
tensities measured at different energies and attributed
these intensity changes to the electron angular momen-
tum final state. The Auger electron and photoelectron
source-wave dependence suggests that any emitted local-
ized electron, regardless of its orbital angular momentum
/, should produce a dip in the electron ADP at some en-
ergy. Here we report photoelectron forward-scattering
silhouettes that confirm the solid-state electron propaga-
tion model of Barton and Terminello® and others.%’

Photoemission selection rules {A/=x=1) place greater
limitations on possible / emission channels than the
Auger emission process. Performing the photoemission
experiments with synchrotron radiation allows tuning the
electron kinetic energy to identify the energy dependence
of the silhouetting and enables an isoenergetic compar-
ison between /=1 (Cu 3s) and / =0,2 (Cu 3p) photoemis-
sion ADP’s. Together, photoemission selection rules and
variable electron energy give a more direct and unambi-
guous evaluation of our understanding of electron
scattering at low energies. Our experiment identifies the
angular-momentum-dependent, low-energy bound for us-
ing forward-scattering peaks in electron ADP’s as a
solid-state structural tool.

We measured electron angular distributions from a
clean'! Cu(001) sample using a display-type, electron en-
ergy analyzer.!? This device preserves the angular trajec-
tories of electrons emitted from a solid sample while
simultaneously it serves as an energy filter. The fixed-
energy, angle-dependent electron distributions were digi-
tized and stored for later evaluation. We measured the
Cu M, M, sM, s Auger electron and Cu 3s and 3p pho-
toelectron ADP’s at low kinetic energy using the mono-
chromatic synchrotron radiation produced at BL-U8 at
the National Synchrotron Light Source.!> This 6M
toroidal grating monochromator selected the photons re-
quired to eject Cu 3s (binding energy, 122 eV) and Cu 3p
(binding energy, 75, 77 eV) electrons at low kinetic ener-
gies.

For each ADP an isoenergetic background (.e.,
without any spectroscopic features), was collected by
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moving the photon energy to place the photopeak outside
the analyzer energy window. These background electron
intensity patterns divided the photopeak ADP’s as an
analyzer-throughput and a photon-flux normalization.
Once normalized to the empirical background, the pat-
terns displayed a clear fourfold symmetric electron inten-
sity distribution that was partly affected by a
prediffraction, atomiclike photoemission final-state am-
plitude. These are electron intensity anisotropies not re-
lated to structure but are caused by photoemission selec-
tion rules and are manifested as an angle-dependent in-
tensity that is present before diffraction takes place. To
eliminate the final-state photoemission effects, improve
the signal to noise ratio, and isolate the electron
diffraction inherent in the ADP’s, we symmetry averaged
the data. Many different forward-scattering trajectories
within the near-surface region of our Cu(001) sample
could lead to intriguing peak or dip patterns depending
on the interatomic distance. We have chosen to display
only an emission cone of 57° centered about the surface
normal, even though an angular pattern of 84° acceptance
was measured. By measuring near-normal emission
ADP’s we minimized the effects of refraction on the in-
terpretation and isolated one near-surface forward-
scattering direction. The Cu 3s and 3p electron ADP’s
that we measured at several energies are shown in Fig. 1
compared with the Cu M, M, sM,s Auger electron
ADP. For each image, the full range of electron intensity
was scaled to the gray scale shown.

The Cu M, M, sM, s Auger electron ADP and the
44-eV Cu 3p photopeak display the same structure in this
measurement as was observed in our earlier report.* The
3p photopeak that was coincident with the Cu Auger
electron emission (isoenergetic) displayed a strong for-
ward peak as does the 44-eV pattern shown; we have
displayed the 44-eV peak to better isolate the kinetic en-
ergy at which a dip in the normal-emission electron ADP
appears. Directly below the two images are the Cu 3s
and 3p photoelectron angular distributions that were
measured at lower energies.

The Cu 3s photoemission has the simplest angular
momentum final state (/ =1 only) of the three we have
measured (Cu 3p, [=0,2; and Cu M,; M,sM,,
predominantly / =3). From Fig. 1 it is apparent that the
normal emission peak in electron intensity persists down
to 24 eV for the Cu 3s. Throughout this series the inten-
sity of the forward peak diminishes, and between 24 and
19 eV the constructive interference condition becomes
destructive thereby leading to a dip in the normal emis-
sion ADP at an energy lower than that observed for a
predominantly / =3 Auger electron. Even at a Kkinetic
energy of 14 eV (not shown) the Cu 3s electron ADP still
shows a dip. This correlates well with the prediction
offered by Barton and Terminello® that for some fixed
near-surface scattering geometry any / emitted electron
will show a dip at a low enough kinetic energy. We have
identified this condition for the /=1 wave at normal
emission (R =3.51 A) from Cu(001).

The Cu 3p emission case is more complex to interpret
because the final state for 3p emission is a combination of
=0 and 2.'* Goldberg, Fadley, and Kono'> have pub-
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lished a compilation of energy-dependent radial matrix
element calculations for Cu and several other elements.
This helpful tabulation of branching ratios and cross sec-
tions lists that at 40 eV above threshold, the Cu 3p initial
state populates both channels of the / =0 and 2 final
states, but a clear preference for the / =2 state is indicat-
ed.

The electron ADP for Cu 3p at 44 eV displays a peak
in the normal emission direction thus indicating that con-
structive interference still dominates—even for the
mixed / =0 and 2 diffraction wave. However, a dip has
begun to form at 39 eV in this forward-scattering direc-
tion. Qualitatively, the energy at which this mixed / wave
(even though dominated by the / =2 wave) starts to de-

FIG. 1. The angular distribution patterns for Cu 3s and 3p
photoelectrons and M, ;M,sM,s Auger electrons measured
from the Cu(001) surface. Each image has normal emission in
the center and is 57° wide. The top panel shows the
M, M, sM,s Auger electron ADP measured at 56 eV com-
pared to a 44-eV Cu 3p photoelectron angular distribution. The
two columns of images below the top panel are (on the left) the
Cu 3s and (on the right) the Cu 3p photoelectron ADP’s mea-
sured at 36, 29, and 19 eV (from top to bottom). The onset of
putative electron scattering that leads to a normal emission dip
in the electron intensity varies according to the scattering elec-
trons angular momentum (/ =1 for the 3s, and a mixture of O
and 2 for the 3p). The lower the /, the lower the energy at
which the dip appears.
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structively interfere is between 44 and 39 eV, and be-
tween 39 and 29 eV, the dip in normal emission varies lit-
tle. We can attribute the small changes in our 3p mea-
surements between 39 and 24 eV to the gradual shift in
the orbital angular momentum population ratio from
mainly / =2 to / =0.!> As the Cu 3p emission increasing-
ly populates the / =0 channel with lowering energy, the
total emitted wave experiences a phase-change owing to
the interference between the / =2 and O channels,!* thus
countering the putative effects of lowering energy.
Therefore, at 19 eV we see a peak reappear in the Cu 3p
normal emission, where at slightly higher energy these
were the beginnings of a dip in the electron intensity.
The Cu 3p photoelectron wave at 19 eV still has not
reached the destructive interference condition that the
isoenergetic Cu 3s, /=1 wave attained. While, the
branching ratio changes described in the work of Gold-
berg, Fadley, and Kono'> support our observations, fur-
ther detailed theoretical calculations of the ADP’s will be
needed for a more quantitative interpretation.

Several points are apparent from these measurements:
first, there is a clear difference in the low-energy electron
ADP measured at the same kinetic energy for different /
waves. The photoemission final-state selection rules are
restrictive enough to ensure that different final-state an-
gular momentum photoelectron ADP’s can be compared
directly in this isoenergetic study. This phenomenon was
predicted recently,’ but this is the first isoenergetic mea-
surement that allows us to state there is a clear difference
in electron ADP intensities for differing angular-
momentum photoemission source waves.

Second, we have observed that at low enough kinetic
energies, a photoelectron forward-scattering condition in
an ordered lattice gives rise to a silhouette in the electron
ADP. These scattering conditions would otherwise give
a peak in intensity, and do so for localized electron emis-
sion at higher kinetic energies. The onset of
silhouetting—destructive interference— can be deter-
mined by the I, R, k (electron energy), and Z (atomic
number) of the scattering system.® In general the smaller
the k and R, and the larger the [, the more likely a des-
tructive interference condition occurs thereby resulting in
a dip, or silhouette, in the electron ADP. Determining
the exact energy at which the onset occurs is obfuscated
by the uncertainty in the inner potential; the electron
scattering energy within the crystal is actually higher
than we can measure outside the sample by 10-15 eV.!¢
Nonetheless, our experimental observation of a forward
scattering dip in the electron ADP for 3s Cu (001) photo-
emission gives us a useful lower bound for predicting the
occurrence of destructive photoelectron forward scatter-
ing.

Electron backscattering as a possible cause of electron
intensity attenuation must also be considered, especially
because at kinetic energies below 100 eV, electron back-
scattering can be up to 40—50 % of forward-scattering in-
tensities.® Nominally, if backscattering were the cause of
the dips in our low kinetic energy ADP’s, then it should
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be present in both the 3s and 3p ADP’s at the same kinet-
ic energy. An intensity attenuation owing to an I-
dependent backscattering contribution is invalid here,'*
because the electron scattering factors are computed
from a manifold of partial waves and are identical for
different / emission waves at the same kinetic energy.*~’
However, if there is a quantitative difference in phase
(=) for different / waves, then an otherwise construc-
tive backscattering condition could become a destructive
one. This is the same reason why a forward-scattering
peak turns into a dip for higher / isoenergetic scattering
waves. Thus, the origin of the electron intensity attenua-
tion must originate at the emission point and can be attri-
buted to the source wave orbital angular momentum. In
fact, our observations are well described by quantum
scattering calculations that include multiple scattering
and take into account all aspects of electron scattering.®
However, more detailed theoretical work is needed to
quantify the contribution of forward scattering or back-
scattering on the low-kinetic-energy, normal-emission
photoemission intensity.

The issue of multiple chain scattering that leads to de-
focusing at higher kinetic energies can be neglected in
our experiment. Again, if there were some scattering
process at the root of the electron attenuation, it should
have been observable in both the Cu 3s and 3p ADP’s at
the same energy. With regard to multiple-scattering con-
tributions to the electron attenuation, the effect of des-
tructive interference that we see has been predicted to be
due to a single-scattering process.” Also, it is unlikely
that multiple chain scattering could be responsible for
our observations because of the limited electron mean
free path at our kinetic energies.

Our results clarify some of the recent misinterpreta-
tions of electron ADP’s, particularly those of low-energy
Auger electrons.’ Using the well-defined orbital angular
momentum of the photoemission final state, we have iso-
lated an instance where an / =1 photoelectron gave a
silhouette in a forward-scattering condition that at higher
energies consistently gave a peak. Quantitative state-
ments for the Cu 3p electrons will need more study be-
cause of the / =2 and 0 wave mixing, but our observa-
tions are consistent with /-dependent scattering model
predictions. Only with accurate and precise methods of
modeling electron ADP’s from solid systems can im-
proved atomic structural information be obtained.
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Cu Auger

FIG. 1. The angular distribution patterns for Cu 3s and 3p
photoelectrons and M, M, M, s Auger electrons measured
from the Cu(001) surface. Each image has normal emission in
the center and is 57° wide. The top panel shows the
M, M, M, Auger electron ADP measured at 56 ¢V com-
pared to a 44-eV Cu 3p photoelectron angular distribution. The
two columns of images below the top panel are (on the left) the
Cu 3s and (on the right) the Cu 3p photoelectron ADP’s mea-
sured at 36, 29, and 19 eV (from top to bottom). The onset of
putative electron scattering that leads to a normal emission dip
in the electron intensity varies according to the scattering elec-
trons angular momentum (/ =1 for the 3s, and a mixture of 0
and 2 for the 3p). The lower the /, the lower the energy at
which the dip appears.



