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The structures in the electron-energy-loss spectra for the long-lived 3p, 3d, and 4s core excitations
in clean zirconium are accounted for by the unoccupied density of states. Transitions to final states
with different angular momenta are observed. The short-lived 4p excitations can only be understood
in terms of an atomic theory given by Fano that treats excitation and relaxation processes simul-
taneously. It is concluded that the spatial overlap of the atomic wave function of different initial
states with those of the 4d-projected final states are responsible for these observations.

INTRODUCTION

A primary electron interacting with an atom can lose
energy by exciting a core electron of the target. The
final-state energy is shared by the two electrons subject to
the conservation of energy and momentum. The lifetime
of the core-hole state thus created is of general interest.
If it is long compared to the excitation process, the
inner-shell ionization and the Auger decay process may
be separately treated. Then, a two-step model is applied
dealing independently with the ionization and subsequent
Auger transition.! If, on the other hand, the core-hole
state has a short life time due to fast decay channels, i.e.,
super-Coster-Kronig (sCK) processes, then the two-step
model is no longer justified; the primary ionization and
the “subsequent” decay must be handled simultaneously.?
In the case of a long-lived core-hole state, if one of the
electrons is left just above the Fermi level, E, the excita-
tion spectrum is expected to be determined by the partial
density of empty states weighted by the matrix elements
describing the transition. The subsequent Auger transi-
tion involving the valence band then has a spectral shape
which can be derived from the density of occupied states
left behind with two more or less interacting holes.

A marked deviation from this behavior was observed
for the excitations of 3p and 4p electrons in 3d and 4d
transition metals, respectiv<aly.3‘5 For these short-lived
excitations the two-step model breaks down. Further,
the large Coulomb interaction between the np core hole
and the nd excited electrons leads to a localization of
these transitions and, therefore, a description of the exci-
tation spectra in terms of independent electrons fails.

In a previous communication® the broad features per-
taining to the 4p-excitation spectra of zirconium mea-
sured in electron-energy-loss spectroscopy have been ac-
counted for using an atomic theory. The measured spec-
tra were well reproduced by considering the excitation
and relaxation processes simultaneously and assuming
that the atomic final-state multiplets were broadened by
an asymmetric distribution obtained from a theory
developed by Fano.’

In the present work a more accurate calculation of the
4p-4d transitions were performed taking into account not
only dipole but also monopole and quadrupole transitions
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and considering the interaction between final-state multi-
plets which were previously neglected. In the experi-
ment, as the primary energy is lowered the smallest possi-
ble momentum transfer in the scattering process is shifted
to higher values; consequently, dipole-forbidden transi-
tions become relevant.

Also presented are analogous data obtained at the 4s,
3p, and 3d edges for which the lifetime of the core state is
relatively long. Hence, they can be explained by the tran-
sitions to final states above E, mainly composed of unoc-
cupied 4d states.

In the following sections, first the Fano theory for in-
teracting discrete and continuum states is recapitulated
since this formalism makes possible a coherent treatment
of the excitation and relaxation events, and the approxi-
mations made are discussed. Subsequently, experimental
details are outlined, and the next section is devoted to the
results and their discussion. The final section contains
the conclusions.

THEORY

The theory of Fano’ considers an atomic system with a
set of discrete states |¢,)...|d,) which experience
configuration interaction with a set of states |i/z.) be-
longing to a continuous spectrum. The portion of the en-
ergy matrix corresponding to these states is given by

(¢,|H|$,,)=E,S5,, , (D
<¢E‘lﬂl¢n>:VE'n > (2)
(Y- H|Yg ) =E'S(E"—E') . (3)

The § factors in (1) and (3) imply that the submatrix be-
longing to the subsets of states ¢, ) and |5 ) has previ-
ously been diagonalized. The wave functions of the
discrete states are dimensionless, while those of the con-
tinuum are normalized per unit energy and have dimen-
sion of one over the square root of energy. The discrete
energy levels E, lie within the continuous range of values
E’. Each value E within the range of E' is an eigenvalue
of the matrix (1,2,3). The diagonalization of this matrix
leads to the determination of the eigenvector:

W)= a,l¢,)+ [dEbplvp) , @)
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where a, and by are functions of E and are determined
as solutions of the system of equations pertaining to the
matrix (1,2,3). Carrying out the calculation, the transi-
tion matrix element of the transition operator T between
the initial state |i ) and the energy eigenstate |¥ ) can be
written as:’

tanA,
(We|T)i)= 217 (@,|T1i)—(¢glT|i) |cosA ,
n nE
(5)
where
|®,)=14,)+P [ dE’ Ve g (6)
n n E__El E' ’
pees Vel o )
tanA= zn"E—En —-%tan n s

and P indicates the principal part of the integral.

In the present work calculations of the 4p-4d transi-
tions in Zr were carried out using Eq. (5) with the follow-
ing approximations. (1) the second term in Eq. (6) was
neglected as it was assumed to be small. (2) the transition
matrix element to the continuum states was taken to be
constant, Yz |T|i)=B. (3) the matrix elements Vg
representing the amount of mixing of the discrete states
and the continuum were taken to be proportional to the
matrix elements of the transition to the discrete states,
ie.,

VnE= VEn =a<¢n |I|l> H
supposing that the main contribution is the normaliza-

tion constant of the wave function |¢, ).
Introducing these approximations Eq. (5) becomes

2 Tli 2 )2 —-1/2
WelTl = | |32 ';"’_"‘g")' ]Hl
X zEfEn<¢n|11i>2+B . 8)

In Zr the discrete states |¢, ) were represented by the
4p%4d>—4pS4d> final-state multiplets which decay by a
sCK transition to 4p®d' under emission of an electron.
This state belongs to a continuum giving rise to the
configuration interaction between the discrete states and
the continuum. The energies and the wave functions of
the initial and the final states were calculated using an
atomic multiconfigurational Dirac-Fock (MCDF) pro-
gram® using a jj coupling scheme. The total angular
momentum of the initial state was chosen according to
Hund’s rules. The package was adapted to allow the di-
agonalization of the energy matrix for 200 multiplet com-
ponents. The matrix elements (¢,|T|i) were calculated
using the subroutine MCT of the MCDF program. This
routine computes the coefficients d% (T, T") of the matrix

element of the single-particle tensor operator
(al[{¥]p)?
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(TM|FPIT'M') =(J'kJ,M|J'"M',kq )
X < T“Flk)”T;>
=(J'kJ,M|J'M’, kq )
X 3 dk (T, T){a|f*|b),
a<b
)

where F'=3 #}(i) is an n-electron irreducible tensor
operator of rank k,|TM ) and |T’M’) are configuration
state functions obtained by coupling of n electrons. For
the dipole operator D one has:'°

jb lja
-1 0 1

2 2

XV2j,+1 [ r(P,P,+0,0,)dr (10

+1/2

(a||D||b)=(—1)"

with j, and j, the total angular momentum, P,, Q, and
P,, Q, the large and small components of the relativistic
wave function of |a ) and |b ), respectively, and the term
in parenthesis a Wigner 3j symbol.

The parameters a and 8 in Eq. (8) were adjusted to give
the best fit with the experimental data. Because of the
great oscillations occurring between the different reso-
nances, i.e., when E=E,, a smoothing of the calculated
spectrum was achieved by broadening the calculated
curve by a Gaussian function with variable width.

In the case of monopole and quadrupole transitions the
matrix elements were calculated neglecting the third term
in Eq. (9). This approximation resulted to be feasible
from the comparison of dipole matrix elements computed
with and without Eq. (10).

EXPERIMENTAL

Electron-energy-loss spectroscopy (EELS) measure-
ments were performed in an ultra-high-vacuum system
with a total pressure of 107® Pa. An electron gun pro-
duced a monoenergetic electron beam with a current of 5
uA. The energy of the backscattered electrons was ana-
lyzed using a Riber Mac 2 energy analyzer. In this type
of analyzer the energy analysis of the electrons focused
by an input lens is obtained by combining a two-grid re-
tarding stage with a dispersive energy filter. The energy
resolution is constant over the whole energy range and
was chosen between 0.40 and 0.75 eV depending on the
available signal intensity. The electron current was
detected using a channel electron multiplier operating in
analog mode. The output signal was fed, after
amplification 10° times, to a voltage-to-frequency con-
verter and to a counter. Data collection and sweeping
the energy analyzer were controlled by a PDP 11 micro-
computer.

Clean Zr surfaces were prepared by Ar™ sputtering,
provided by a hybrid gun,!' until carbon and oxygen
Auger signals were below the limit of detectability. The
measurements were performed under continuous Ar”
bombardment in order to prevent the contamination of
the reactive surface.
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RESULTS AND DISCUSSION

In an independent-electron approximation and provid-
ed that the two-step model applies, the EELS spectra of
np edges (n=2,3,4) of Zr should show the structures of
the density-of-states (DOS) above E, in particular the 4d
partial DOS considering that the dipole transitions pro-
vide the dominant part of the excitations. The DOS of
metallic Zr calculated and measured with Bremsstrah-
lung Isochromat Spectroscopy (BIS) extends over a width
of ~7 eV with two main structures appearing 1 and 5 eV
above Ep.'>13 Since the major contribution to the total
unoccupied DOS near E is thought to originate from
the 4d states, it is expected that the np edges of Zr exhibit
structures dictated by those of the d states. This is
confirmed by calculations of the L; x-ray-absorption edge
by Miiller et al.'* They showed that the expected shape
of the 2p;,, absorption spectrum for Zr should exhibit a
width of about 7 eV and be composed of two ill-separated
peaks.

The binding energy of Zr 2p electrons exceeds 2200 eV.
In order to obtain acceptable signal intensities in EELS,
one should excite the 2p levels with electrons of energies
above 3000 eV. This was not possible under the present
experimental conditions. On the other hand, the 3p;,,
and 3p,,, electrons, with binding energies of 329.9 and
3455 eV, respectively,15 are well suited for such an
analysis. Figure 1 (top) illustrates the 3p-4d transitions of
Zr measured in EELS with primary energies of 650 and
2300 eV. The two similar peaks appearing at 331.3 and
344.5 eV represent the excitations of the 3p,,, and 3p, ,
electrons, respectively. For the lower primary energy the
dipole approximation loses its validity, allowing mul-
tipole transitions to occur with increasing probability.
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FIG. 1. EELS spectra of Zr obtained with a primary energy
of 650 and 2300 eV (top). The calculated spectrum (smooth
curve) is obtained by broadening with a Gaussian function the
calculated 4d partial DOS (bottom).
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However, the two curves measured with different pri-
mary energies show no significant differences. The 3p-4d
transitions which are dominant at a primary energy of
2300 eV still remain strong at lower energies because of
the large d DOS compared to the contribution of the oth-
er angular momentum components near Ep.

Multiple-scattering cluster calculations were also per-
formed for the different angular-momentum components
of the unoccupied density of states in zirconium, using an
extended version of the ICXANES (Ref. 16) program. The
result for the unoccupied part of the d band is also shown
in Fig. 1. The bottom part contains the ‘“raw” data; the
smooth curve is obtained after a broadening by a Gauss-
ian function. A value of 2 eV was chosen as full width at
half maximum for the best fit with the measurements.
Since the resolution of the spectrometer was 0.7 eV, the
broadening of these transitions is mainly due to the limit-
ed lifetime of the 3p hole. In fact, in x-ray photo-
emission spectroscopy (XPS) spectra the width of the 3p
lines is about 5 eV.!” For this reason all the structures
appearing in the calculated d DOS and measured in BIS
(Refs. 12 and 13) are not discernible in this case.

The calculated d DOS as presented in Fig. 1, accounts
well for the shape of the 3p-4d transitions in Zr. It was
communicated earlier® that the 4p-4d excitations, on the
contrary, behave unexpectedly. This is evident from Fig.
2 (upper curve) where the 4p-4d transitions are shown,
measured with a primary energy of 2000 eV. The broad
loss feature between 26 and 46 eV is assigned to the 4p-4d
excitation spectrum. The width of this emission exceeds
that of the 3p-4d transitions by a factor of about 3. In
this case, the 4p hole decays via the fast 4p4d4d sCK
transition and the two-step model is not applicable any

1 T I | 1 ] T
Experiment Zr
.-g Ep=2000 eV
[
3
o
'E, Theory
>
5| Atom
a omic
E Multiplets
—
Z
—
AL
YN S T BN R S

60 50 40 30 20
ENERGY LOSS (eV)

FIG. 2. EELS spectrum (upper curve) and calculated curve
using the final-state multiplets of the 4p°4d?—4p>4d* transition
broadened by Fano resonances (lower curve) of Zr. The vertical
bars show the energy and dipole oscillator strength of the multi-
plets for a Zr atom.
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more. Further, owing to the large Coulomb interaction
between the 4p hole and the excited 4d electrons, the
independent-electron description breaks down. There-
fore, the 4p-4d transitions resemble those of an isolated
atom, and the structure of the loss spectrum arises from
the 4p®4d?—4p>4d* excitation multiplets (Fig. 2, vertical
bars), broadened by Fano resonances that take into ac-
count the relaxation of the excited state. In the calcula-
tions, a 4p®4d?5s* configuration was taken for the initial
state according to the occupation of the orbitals for a Zr
atom, and a total angular momentum J; =2 was assumed
for the ground state following Hund’s rule. For the final
state the total angular momentum J, was set J,=J;,J;£1
in agreement with the dipole selection rules. The matrix
elements were obtained from Egs. (9) and (10). Figure 2
(lower curve) shows the calculated 4p-4d transitions ob-
tained after broadening the multiplet components by
Fano resonances using Eq. (8). The agreement between
the measured and the calculated curves is good, support-
ing the atomic character of the 4p-4d transitions in Zr
and the strength of the Fano theory for treating the dy-
namics of interacting excitation and relaxation processes.

In order to shed light on the time scale of the relaxa-
tion processes via which an np hole decays involving the
4d electrons, radial wave functions of the 2p, 3p, 4p, and
4d electrons were calculated for a Zr atom. The results
are exposed in Fig. 3 as a function of the radial distance
given in units of the Bohr radius. While the 2p and 3p
wave functions are mainly limited to distances below 1
a.u. from the nucleus, the main part of the 4p and 4d
wave functions are spread over a width of more than 2
a.u. The pronounced overlap of the 4p and 4d wave func-
tions favors a strong exchange interaction between the 4p
hole and the 4d electrons. This interaction is responsible
for the splitting of the 4d° state in its multiplets since the
occupied 4d band of Zr is quite narrow in the ground
state and an additional electron acts as a strong perturba-
tion. Furthermore, it favors the fast decay of the 4p hole
via a 4p4d4d sCK transition.

The 4p excitation spectra of Zr measured in EELS with
different primary energies are shown in Fig. 4. A large
energy interval is displayed in the figure such that it in-
cludes a structure appearing between 52 and 63 eV which
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FIG. 3. Radial wave functions of the 2p (dash-dotted), 3p
(dashed), 4p (solid) and 4d (dotted curve) electrons calculated
for a Zr atom.
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FIG. 4. EELS spectra of Zr taken with different primary
electron energies in the energy region of the 4s and 4p excita-
tions.

is related to the excitations of the 4s electrons. The low-
energy-loss side of this peak becomes sharper with de-
creasing primary energy. This can be explained by the
decreasing validity of the dipole approximation as the
minimum momentum transfer increases while the excita-
tion energy is lowered. Therefore the 4s-4d transitions
occur with greater probability leading to a sharper struc-
ture of the low-energy side of the absorption edge since
the d DOS is dominant at and near E.. The 4p-4d excita-
tions appear between 27 and 47 eV. The curve measured
with E,=2000 eV was compared in Fig. 2 with the Fano
broadened final-state multiplets calculated by applying
the dipole selection rule. For decreasing primary energy
a shoulder appears on the low-energy-loss side of the
transition which develops to a distinct peak at 29.4 eV in
the spectrum measured with a primary energy E, =170
eV. The minimum momentum transfer for an energy loss
of 30 eV is 0.17 A~ ! for E,=2000 eV and 0.62 A~ for
E,=170 eV." Since the excitation probability favors
transitions with a low momentum transfer,!® the
minimum momentum transfer is of great importance. As
this quantity increases markedly for decreasing primary
energy between 2000 and 170 eV, the probability of mul-
tipole transitions, in particular monopole and quadrupole
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transitions, becomes relevant, too. The peak appearing at
29.4 eV can be related to the 4p®4d>—4p34d° final-state
multiplets with a total angular momentum J,=J; 12, i.e.,
Jy=0,4.

Figure 5 illustrates the EELS spectrum (upper curve)
measured with 170 eV primary energy and the calculated
curve using the final-state multiplets of the
4p®4d*—4p°4d> transitions broadened by Fano reso-
nances (lower curve). Here, the vertical bars show the
final-state multiplets for a Zr atom with total angular
momentum J,=J;, J;£1, J;£2=0,1,2,34, i.e., consider-
ing dipole, monopole, and quadrupole transitions. The
weighting factors of the different transitions were taken
as additional fitting parameters. Still, it should be em-
phasized that neither the energy positions of the multi-
plets nor those of the calculated curves were adjusted to
fit the measured spectra throughout this work. The
overall shape of the transitions is well reproduced by the
calculation whereas the maxima of the peaks appear
shifted by a few eV.

The general agreement of the two curves and even
more significantly the possibility to account for the ap-
pearance of the peak on the low-energy-loss side of the
4p-4d excitations by dipole-forbidden transitions,
confirms the validity of the atomic picture for these exci-
tations in Zr. In a noninteracting-electron model the
growth of the structure at 29.4 eV with decreasing pri-
mary energy cannot be explained. Since the 4p-4d transi-
tions are dipole allowed and the 4d DOS has its max-
imum near E; and is dominant relative to the other angu-
lar momentum components, a structure appearing at
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FIG. 5. EELS spectrum (upper curve) and calculated curve
using the final-state multiplets of the 4p%4d?—4p°4d? transition
broadened by Fano resonances (lower curve) of Zr. The vertical
bars show the final-state multiplets for a Zr atom with total an-
gular momentum J,=J;,J,+1,J,£2=0,1,2,3,4.
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lower energies cannot be attributed to monopole and
quadrupole transitions. Such a structure can only appear
if transitions not allowed by the dipole selection rules
into states just above Ep become possible for low
primary-electron energies, as it is the case for the 4s exci-
tations.

The interplay between different excitation channels as
the minimum momentum transfer is varied, occurs also
for the 3d edge. The EELS spectrum measured with
three different primary energies showing the 3d excita-
tions of Zr is displayed in Fig. 6. In these three spectra
the onset of the edge is situated at ~178 eV and a rela-
tive peak at ~187 eV is present, with a shoulder between
them. The loss spectrum consists of the sum of the con-
tributions of both the 3ds,, and the 3d;,, electrons
which have binding energies of 178.8 and 181.0 eV, re-
spectively.” In the measured spectra, the two com-
ponents are not separated. The height of the first steep
increase at the beginning of the edge is a measure of the
transition probability to states just above E.. A compar-
ison of this height with the intensity of the peak at 187
eV shows that the transition probability to states near Ep
increases with decreasing primary energy, i.e., with in-
creasing intensity of the dipole-forbidden transitions.
Therefore, the structure at low-energy loss can be attri-
buted to the 3d-4d transitions. In the spectrum measured
with E, =480 eV the 3d5,, (at ~180 eV) and the 3d;,,
(at ~ 182 eV) transitions are separated while for higher
primary energies the 3d;/,-4d excitations, having a lower
intensity, disappear in the larger peak. Accordingly, the
shoulder around 182 eV originates from the 3d;,, contri-
bution.

The structure at ~187 eV can be related to a dipole-
allowed excitations into empty f or p states above Ep. In
order to investigate this possibility a cluster calculation
has been performed which shows that the f DOS for Zr
has a maximum at about 35 eV above E; and the p DOS

T T 1T 7 I T
—u\, Ep=14806V
=
C
=]
o 1200 eV
| =
o
- 2000 eV
>—
|.—
—
7))
pd
]
,_
Z . )
- Zirconium
| 1 | 1 ] ]

190 185 180 175
ENERGY LOSS (eV)

FIG. 6. EELS measured with primary electron energies of
2000, 1200, and 480 eV showing the 3d excitations in Zr.
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at ~20 eV. Therefore, it is not clear which transition ac-
counts for the peak appearing ~9 eV above Ep. This
peak increases markedly upon oxidation of the Zr surface
but even this additional information did not bring any
further insight into the nature of this structure.

CONCLUSIONS

Excitations of different core electrons were studied for
Zr by means of EELS. The 3p excitation spectra can be
explained by the gross shape of the unoccupied part of
the 4d DOS. Yet, fine structures appearing in the calcu-
lated DOS do not appear in the loss spectra because of
the broadening due to the limited lifetime of the core
hole. The fact that the spectrum of the 3p excitations
does not change with different primary energies, i.e., with
different minimum momentum transfer, can be related to
the dominant 4d character of the DOS above Ep, which
gives the principal contribution to the spectrum even if
quadrupole and monopole transitions become relevant at
higher momentum transfer.

The 3d edges behave similarly for different primary en-
ergies. The low-energy side of the spectrum can be relat-
ed to the 3d-4d transitions because this part becomes
more pronounced with decreasing primary energy, i.e.,
with increasing probability of monopole transitions. In
this case, an interpretation in terms of the one-electron
band structure accounts well for the measured features.
An open question is the nature of the marked structure
appearing about 9 eV above the edge which cannot be re-
lated to any angular momentum component. One should
invoke an explanation based on many-body effects and/or
a multiple-scattering channel for the excited electrons.
An atomic calculation was not performed for this edge
since the interaction of the 3d hole with the excited 4d
electrons is not expected to be sufficiently strong to justi-
fy the application of an atomic model.

In contrast, the 4p edges differ markedly from the ex-
pected behavior. The structures related to the 4p-4d
transitions exhibit a width of ~18 eV which is several
times the width measured for the 3p edges or the width of
the empty 4d states. Following the work of Dietz et al.3
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for the 3p-3d excitations in the 3d transition metals, the
shape of the 4p-4d transitions in Zr can be explained by
an atomic model considering the resonant interaction of
the excitations to discrete levels and one or several con-
tinua and the decay channels. The formalism of such an
interaction was given by Fano.” The applicability of an
atomic model in these solids can be related to the strong
interaction between the 4p core hole and the excited 4d
electrons due to the large spatial overlap of the wave
functions. The overall agreement between theory and ex-
periment is good and, in particular, it is possible to ac-
count for the unexpectedly large width of the measured
transition spectra. An additional confirmation of the va-
lidity of the theory is given by the appearance of a shoul-
der at the low-energy-loss side of the 4p-4d transitions of
Zr when the primary energy is low. This shoulder can be
explained by final-state-multiplet components that can be
excited by quadrupole or monopole transitions which be-
come important for high momentum transfer, i.e., for low
primary energy.

Although the agreement between experiment and
atomic calculation is good, the theory remains a crude
approximation since solid-state effects have been com-
pletely neglected. So far, solid-state theories successfully
account for excitation and relaxation processes in the
limiting case when they occur on a different time scale,
i.e., when they are separable. A solid-state theory which
takes into account the fast decay of the excited states and
consequently its interaction with other excitation chan-
nels with the same final state in a solid (as in the Fano
theory for atoms) would bring a better understanding of
the nature of the 4p-4d transitions in Zr and other 4d
transition metals. Analogous problems in the relaxation
spectra, e.g., sCK transitions, await the development of
such theories.
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