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Nondipole channels in the electron-energy-loss structure near the 3s edge of copper
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Electron transitions near the 35 edge of copper are investigated with electron-energy-loss spec-

troscopy and compared with real-space multiple-scattering calculations.

Calculating the general-

ized oscillator strength illustrates the importance of dipole-forbidden transitions in the near-edge
region and shows the feasibility of making detailed comparisons between theory and electron-
energy-loss measurements without resorting to the dipole approximation.

There continues to be wide-ranging interest in probing
unoccupied electronic states using electron and photon
primary sources. Excitation of core electrons has, in par-
ticular, attracted considerable attention, leading to the
development of techmiques such as extended x-ray-
absorption fine structure' and the electronic analogue,
extended-energy-loss fine structure,” which are used for
probing the local structure of the excited atom. Excita-
tion of inner-shell electrons can also be used 1o investigate
the role of the core-hole potential® in the excitation pro-
cess and other more complex final-state effects, such as
the influence of multiplet structure.® In all of these stud-
ies the calculation of the underlying single-particle excita-
tion spectrum is of paramount importance either for the
direct interpretation of the excitation spectrum, or for as-
sessing the requirements of a more refined theory.

In this Rapid Communication we present measure-
ments of the electron-energy-loss spectrum near the Cu 35
edge and accompanying calculations using a real-space
multiple-scattering formalism that make no presumption
concerning the validity of dipole selection rules. In fact,
calculations of the generalized oscillator strength (GOS)
show that different core edges behave quite differently
with regard to dipole selection rules, Near some edges,
the dipole-allowed transitions dominate even al large
momentum transfer, while for others, dipole-forbidden
transitions appear even at small momentum transfer. Our
calculations are the first to show the feasibility of making
detailed comparisons between theory and  electron-
energy-loss measurements including the multiple scatter-
ing of the ejected core electron and without resorting to
the dipole approximation. This work thus extends the ap-
plicability of the approach used so successfully to calcu-
late the near-edge x-ray-absorption fine structure™® and
complements the recent work using an analogous ap-
proach to calculate x-ray bremsstrahlung isochromat fine
structure. ™ Furthermore, the approach presented here
may be employed in more general theories that also in-
corporate the dynamical scattering of the transmitted fast
electrons.*

The measurements were performed in an ultrahigh-
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vacuum (UHY) apparatus with a total pressure of 10 ™%
Pa range. A copper single-crystal surface was oriented
with the x-ray Laue method and cl:ctro'pollshﬂd The sur-
face was cleaned in UHY by etching with Ar* and heated
to 900 K until no traces of O, C, and Ar were detectable
by Auger-electron spectroscopy. Surfaces so prepared
delivered sharp low-energy electron diffraction (LEED)
patterns. Spectra were recorded with a Riber Mac-2 en-
ergy analyzer operating with a constant energy resolution
of 0.4 eV, Experimental details are described elsewhere. n
The data acquisition time was several hours.

To calculate the transition probability per unit time, W,
including the various excitation channels, we apply the
Fermi “golden rule:”
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where the subscript “inc” denotes quantities for the initial
stale of the primary electron, i for the initial core state, f
for the final state of the primary electron after inelastic
scattering, and s for the scattering state of the photoelec-
tron. Without allowing for exchange,'"'? the matrix cle-
ments are given by
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where Fir,r;) is an unscreened Coulomb potential,
Vir,r:) =1/|r, —rz|, and the charge ¢ has been set to
unity.

Taking plane waves for the initial and final states of
the primary electron (the Born approximation), wine
=explikinc: £}, wr=explik; r), and writing (1)} in the
form

W--%Im{f.inclVG*'Hf.s}. (3)

where G * is the Green's function (at energy E) of the
scattering photoelectron, the transition rate for momen-
turm traml‘er q=ky—ki,: of the primary beam can be
written as*®
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where the collective angular momentum index L=1{/m),
k=(2mE, )"/ is the wave vector of the photoelectron,
1P+ are matrix elements of the scattering path operator ©
which sums all paths that begin and end at the site of the
excited atom in angular momentum states L and L', re-
spectively, the matrix elements M, . are given by

M= [ dey? e Ty () (s)

with w,(r) =R, (r:E )Y, (F), wi (r) =Ry (r:E,) ¥, (F), and
Ry(r;E,) is the regular solution at energy E; of the radial
Schridinger equation for the muffin-tin potential of the
excited atom. In spherical coordinates, r=1{(r 8,¢), so
that £=1(8,4). Finally, 1"(E.) is the reflection coefficient
of the Lth partial wave at energy E; given in terms of the
phase shifts 8,(E,) by

(P(E,) =L (' Ed— 1) (6)

In terms of the transition rate per unit time W, the
differential cross section, Le., the transition rate per unit
time per unit energy is given by
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where 01 is the solid angle of ky, finc is the current densi-
ty of the primary beam, and duvy is the differential phase-
space element around k.,

In almost every case, the primary electron undergocs
elastic backscattering (either before or after inelastic
scattering) to emerge from the solid, so we consider one
inelastic event and one or more elastic events. Thus, we
have incident primary electrons from every direction with
respect to the site of the inelastic event, so the directions
kinc and ky are not fixed. We must therefore integrate
over all incident directions or, because scattering depends
only upon the momentum transfer, over all possible direc-
tions of g. Since

g lempd. +kf = 2kinck f cosBing L
and
qdg =kinckysinBinc, r dfinc.y , o

where 8.7 is the angle between ki and ks, then using
(9) and the fact that d €y =sinBin: y ddincdbinc g, (7) be-
comes

do’ 2 gdgq 2
(10)
Note from (4) and (5) that W=WI{q) depends on the

orientation of q with respect to the sample, and that for
given directions Ki,. and ks of the primary beam in an
angle-resolved experiment, § and ¢ change with the ener-
gy loss AE =E;,.—E;. However, for a narrow energy
range (in the near-edge region), AE may be considered to
be constant.

From (4) and (10} we see that the differential cross sec-
tion is proportional to g =3, Thus, Gemin. the minimum
momentum transfer for a given energy loss, gives the most
important contribution, and the quantity to compare with

experiment is
J'd'ﬂ- ﬁmeqdﬂi“-_qudﬂ ; (11}
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where d 1, is the solid angle of q.

The quantities needed for the calculation are tff-,
Ry(riE;), M;;, and the phase shifts of the [th partial
wave at energy E,, §(E,). Phasc shifts, wave functions,
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FIG. 1. Generalized oscillator strength as a function of ener-
gy, E,. for 35 excitations in copper. Plots labeled 5, p, 4. and
show contributions to different final-state svmmetries summed
up to the total GOS at three different momentum transfers g.
The top panel represents the dipole case.



and matrix elements are produced with a program that
solves the Schridinger equation for a muffin-tin potential.
Phase shiflts and matrix elements are then used as input to
a modified version of 1ICXANES (Ref. &) to caleulate the
elements of the ¥ matrix.

We first calculate the quantity (AE/g?)|M; ;(g)F,
which is proportional to the GOS. Figure 1 shows the
GOS for the ionization of a Cu 35 core level for final
states of /=0,1,2.3 for g=10"% 1.5, and 3.0 au
[q{a.u.)—Jz.thanmi-0,5294 (A", 1 hartree =27.2
eV]. The momentum transfer q is fixed in the z direction.
We have chosen the 35 edge because the delocalized
scattering picture is appropriate, as well as the necessity
of integrating over a range of g to achieve agreement with
experiment. For the 2p edge, the integration over g has
almost no effect vpon the primary features in the near-
edge structure, while for the 3p edge, other electronic
]
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Thus, the minimum for  final states is due to the extinc-
tion of the radial integral when the nodes of the Bessel
function with g and those of the final-state wave function
with E,; move through the overlap region of the core wave
function.

The comparison between measured and calculated
energy-loss structure near the Cu 35 edge 1s shown in Fig.
2, including a comparison with a calculation based upon
the dipole approximation, i.e., where the exponential in
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FIG. 2. Eleciron-energy-loss  spectrum  obtained from

Cul001) around loss energies of 120-160 eV, representing the
1x excitation, compared with theoretical cross sections calculat-
ed with the dipale approximation (14), labeled theory (dipale),
and with contributions from all angular momenta, labeled
theory (total).

Eﬁmtl% (e.p., relaxation) disturb the simple scattering pic-
ture.

Figure 1 shows that dipole-allowed transitions are
strongest for small g, but that dipole-forbidden transitions
can be of the same strength or greater for larger values of
g. In fact, only for small g is the GOS dominated by the
3s-to-p tramsition, with dipole-forbidden transitions
becoming increasingly dominant for g=1.5 a.u. and
g=3.0 au. MNote also the presense of the characteristic
minimum for transitions to /=2 final states. To under-
stand this, we begin with (5), invoke
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to obtain for the matrix elements M ; the expression
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|
the matrix element is expanded as

(14)

Primary electrons of 2060 eV were used, and a cubic
spline has been subtracted to eliminate the background of
secondary electrons. A cluster representative of the bulk
produced better agreement with experiment than calcula-
tions using clusters representative of the Cu{001) surface,
indicating that a substantial part of the information origi-
nates at least from the second layer. The total cross sec-
tion was calculated by integrating from g g, =0.36 a.u. to
q=6 au. and over d1l,. MNote first that there are dis-
crepancies between the calculation based upon the dipole
approximation and the measured spectrum in both the rel-
ative intensities and positions of the peaks. However, the
common features between measured and calculated spec-
tra based upon the actual matrix element (5) are in excel-
lent agreement with regard to relative energy positions,
though the measured relative intensities are not as well
reproduced. This could be due to contributions from other
edges (3p,3d) in this region. The central point, however,
is that because the energy profile GOS is strongly energy
dependent (Fig. 1), and shows pronounced contributions
from dipole-forbidden transitions, an integration over the
absolute value of the momenium transfer for the compu-
tation of the cross section is crucial for meanmingful com-
parisons between measured and calculated spectra. Ina
separate publication'” we will provide similar comparisons
near other Cu edges to place the results obtained here into
a wider context.

eV T=1+igr.
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