
PHYSICAL REVIEW A VOLUME 40, NUMBER 9 NOVEMBER 1, 1989

Electron-excited 4d = 4f Ba resonances in YBazCu3Q7 —5..
Selection rules at intermediate electron energy
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Observations of electron-excited 4d' 4f ~4d 4f ' giant resonances of Ba in the high-T, super-
conductor YBazCu307 q are compared with previous work on the corresponding La transition in
various environments. Breakdown of dipole selection rules is observed even at electron primary en-
ergies of a few keV, but for low-angle scattering it is possible to rationalize the results in terms of
symmetry-related selection and intensity rules appropriate to intermediate coupling. This interpre-
tation is supported by atomic Hartree-Fock calculations of the final-state multiplets.

It has 1ong been known that electron excitation of
atoms and quasiatomic systems does not follow the strict
dipole selection rule of photon excitation, and giant reso-
nances involving 4d~4f excitations in the elemental
range Ba—Yb provide a particularly interesting test of the
applicability of generalized selection rules. Netzer,
Strasser, and Matthew used electron-energy-loss spec-
troscopy (EELS) to show that 4d' 4f ~4d (4f', ef ')
transitions in La were quasiatomic in character and in-
sensitive to environment. The number of multiplets ex-
cited below the main P dipole resonance steadily in-
creased as the primary energy decreased from 2 keV, at
which only a few optically forbidden transitions are ob-
served, to 300 eV, at which a large number of 4d 4f '

states appear. These observations were confirmed by
Moser et al. and Onsgaard, Jansson, and Andersen,
while Strasser et al. followed the effect through the
rare-earth series. Electron excitation of the similar giant
resonance transition in Ba has received little attention,
but is of interest due to the fact that the giant resonance
phenomenon in Ba is known to be highly sensitive to the
ionic state. Although extensive photoabsorption studies
of Ba have resulted in a fairly complete description of
4d nf ' states with J = l, odd parity, there have been no
resolved observations of states of different symmetry in
these configurations. A comprehensive account of the
4d 4f ' configuration would be of particular interest,
since theoretical investigations of neighboring Cs have
shown the presence of radical orbital term dependence.

The present study of the giant resonances in EELS of
Ba in the high-T, superconducting system YBa2Cu307
is intended primarily to address the above issues. Since
we focus on a localized phenomenon dominated by the
core hole potential at the Ba site, we do not expect to un-
cover any information directly relevant to the mechanism
of high-temperature superconductivity. Our analysis

does, however, provide some insight into the valency of
Ba in this compound (it is close to +2), which may be
relevant to speculations regarding the effect of the Ba
ionic polarizability upon the superconducting transition
temperature.

The experimental setup has been described in a previ-
ous EELS study of the lower-energy excitations (E (50
eV) of high-T, superconductors. The YBa2Cu307
sample had a transition temperature onset at 90 K and
transition width of a few degrees, though these properties
were not crucial to the study presented here. EELS spec-
tra were recorded on a VG ADES 400 electron spectrom-
eter with hemispherical analyzer (resolution 0.3 —0.4 eV),
and the samples were cleaned by scraping in UHV with a
corundum file.

Figure 1 shows the EELS spectrum of Ba in
YBazCu307 &

for a wide range of primary energies. At
low primary energies a cluster of relatively sharp peaks in
the loss spectrum is observed between 90 and 100 eV; as
the primary energy increases, the excitation strength in
this region of energy loss becomes concentrated in two
features, at -95 and 98 eV. As we show below, the
sharp peaks can be attributed to states of the 4d 4f '

configuration (closed subshells not indicated), all of
which —with the notable exception of 'P; —are highly
localized states whose characteristics are insensitive to
the chemical environment of the Ba atom. The
4d 4f ' 'P; state, on the other hand, is a Rydberg state in
the free Ba atom, due to the strong repulsive dipole ex-
change potential in the 4d ef' 'P'i channel. The repul-
sive potential gives rise to a continuum-shape resonance,
in which most of the dipole oscillator strength is concen-
trated. This "giant" resonance corresponds to the broad
peak at 105-eV loss energy. The giant resonance has a
highly locahzed component, similar to the 4d 4f ' non-
P; states, which is not sensitive to the Ba environment.
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f„(K)=2E„K g ((g„(exp(iK.r, )(@o)[ (2)

where the sum runs over all target electrons. Equation
(1) is just an integration over all scattering angles; the
variable ln(K ) is convenient for graphical purposes. We
now consider the high-energy spectrum in terms of ele-

parameters of the atomic Hamiltonian or the linewidths.
These results certainly suggest that excitation at low pri-
mary energies is entirely nonselective, and that all 4d 4f '

states except for 'P; are present in the cluster.
As the primary energy E increases, the excitation

strength in this region of the spectrum is dominated by
two features at 95 and 98 eV. We treat these features
along the lines used by Netzer, Strasser, and Matthew in
the analysis of EELS of La. When the primary energy E
is more than —10 times the energy loss, it is reasonable
to describe the inelastic collision by the first Born ap-
proximation. We have found it useful to discuss this ap-
proximation in terms of the generalized oscillator
strength, using a representation developed rather elegant-
ly in the review by Inokuti. ' The integrated cross sec-
tion o'„ for the transition fo~P„excited by an incident
electron of energy E~ is (in a.u. )

tin(K )]
=2~ max

o„= I, d ln(K )f„(IC) 2E„, (1)
E~ [l (K

where K=kf —k,- is the momentum transferred to the
electron in the collision, E„ is the excitation energy, and
the generalized oscillator strength f„(K) is given by

mentary properties of the generalized oscillator strength.
The generalized oscillator strength clearly vanishes for

spin-changing transitions, and also for those transitions
in which the angular momentum and parity of the target
do not change in step. Consider the expansion

oo

exp(iK r )= g (2L +1)i jL(Kr )Pi(cos(K. r, )) .
L=0

If fo is a 'S state, the excitation of a 'L state is mediated
by the terms proportional to PI (cos(K r )); these trans-
form as ( —1) under inversion of the coordinates of the
target electrons. The parity of the final state produced by
this excitation must thus be (

—1) that of Po. For
4d'o4f ~4d94f ' transitions, the final state necessarily
has odd parity, as dictated by the electronic
configuration. It is therefore restricted to be of Pl I'3,
or 'H5 symmetry (corresponding respectively to dipole,
octupole, and, for want of a better word, 2 -pole transi-
tions). Goddard et a/. ' have shown that in the particu-
lar case of axial collisions, the same selection rule derives
from basic symmetry arguments and thus does depend
upon the applicability of the Born approximation. The
4d 4f ' eigenstates are not characterized by pure LS cou-
pling, so this selection rule must be interpreted as re-
stricting the final-state angular momentum J to be odd,
with the relative intensity of the transition being propor-
tional to the weight of the 'J component of the eigenfunc-
tion.

We have computed the generalized oscillator strengths
for multipole transitions to the localized 4d 4f ' states,
using Hartree-Fock configuration average orbitals for
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FIG. 2. Generalized oscillator strengths for transitions to the 'D& (dipole, long dash), 'F& (octupole, short dash), and 'H& (2 -pole,
solid line) states, as a function of ln(K ), with K in atomic units. The left vertical axis gives f„(K)/2E„[Eq. (2)] in atomic units. The
relative cross sections for these transitions are proportional to the areas under their respective curves between the limits ln(K );„
and [ln(K )],„. These limits are represented as functions of the collision energy E~ (right vertical axis) by the dotted curves; note
that the areas under the curves are effectively independent of [in(K')],„ for [In(K )],„&5, so that the upper range of integration
need not be explicitly represented. Arrows indicate the range of integration for Ep 2 keV, at which the integrated 'D

&
cross section

is ——' that of 'F3.
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Ba + generated by the Froese-Fischer code, ' and
intermediate-coupling coefficients from the Cowan code,
as described above. Figure 2 depicts the results for the
D;, 'F3, and 'H& states, which have the strongest transi-

tions for J = 1, 3, and 5, respectively. The generalized os-
cillator strengths all decrease rapidly as ln(K )~ ~; as
ln(K )~ —~, the dipole strength tends to a constant
value, whereas the higher multipole strengths vanish.
From Eq. (1) it is seen that the relative excitation cross
section for a given transition is simply proportional to the
area under its curve in this representation. The range of
integration can be inferred from the values of [ln(K )]
and [ln(K )],„that are shown as functions of E .

Several straightforward observations may be made
from this figure. First of all, for E larger than —1 keV
the ratio of octupole of 2 -pole intensities is independent
of E (since there is no further accumulation of area), and
is approximately equal to 10. There is no energy at
which the integrated 2 -pole cross section exceeds that of
the octupole. Secondly, the dipole strength eventu-
ally dominates the octupole with increasing E, since its
area increases as —[ln(K )],„. However, since

[ —ln(K )];„—ln(2E ) —1n(E„) for large E, this domi-
nance occurs at very high energies: at E —80 MeV, ac-
cording to this calculation. At E =2 keV the integrated
octupole strength is about four times that of the dipole,
as can be estimated visually from the figure. Finally, the
relative intensities of dipole and octupole excitation de-
pend critically upon intermediate coupling. The D;
state in our approximation has only a 0.25% admixture
of 'P, symmetry, and a correspondingly low dipole oscil-
lator strength f -0.02; if this admixture were to increase
by a factor of 5, dipole excitation would always be dom-
inant.

In EELS experiments of the type described in this pa-
per, the detected electrons have been backscattered from
the sample, and have therefore experienced at least one
large-angle elastic collision in addition to the primary in-
elastic collision. We shall assume that this multiple
scattering averages out of the effect of different angular
distributions for the different multipole transitions, and
therefore renders the EELS yield proportional to the in-
tegrated cross section. The inset of the 2-keV spectrum
of Fig. 1(b) shows the EELS spectrum as computed from
the Born approximation described above, assuming the
yield to be proportional to the integrated cross section,
and imposing the same 1-eV Gaussian widths upon each
peak. It so happens that the D3 state, which can be ex-
cited by an octupole transition via a small (16%) admix-
ture of 'F3, lies within 0.5 eV of the D& state, as does a
J =5 state. The peak at 95 eV is thus a blend of dipole,
octupole, and 2 -pole features. The main peak at 98 eV is
associated with the 'F3 state. The three states with J =5

are better characterized by jj than by L,S coupling, and
the weight of the 'H~ component is spread fairly evenly
among them (42%, 35%, and 23%).

The 4d EELS spectrum of La at E above 1 keV exhib-
its two sharp peaks similar to those observed here; the
selection rules above were invoked by Netzer, Strasser,
and Matthew to associate the higher-energy peak with a
4d 4f ' 'F3 state, and the lower with a blend of transi-
tions to the 'H& and D& states. Intermediate-coupling
calculations on La (Ref. 3) reveal near degeneracy of a
J =3 and a J =5 state with the D

&
state, so it is very

likely that the lower peak also contains an octupole
feature, as is the case in Ba. The additional small
features observed by Netzer, Strasser, and Matthew and
by Moser et al. are in good correspondence with the
pattern presented here.

The general picture of the evolution of intensities of
the 41' 4f ~4d (4f ', ef ') transitions can be summa-
rized as follows. For E &&E„ the Born approximation
allows the excitation of all odd values of J. The bulk of
the dipole excitation strength is concentrated in the
4d ef ' shape resonance. In the discrete spectrum, dipole
and octupole transitions are of comparable intensity up
to very high energies; 2 -pole excitation is weaker, but
easily discernable. The detailed distribution of intensity
is governed by intermediate coupling; as a rule, the valid-
ity of L,S coupling decreases with increasing J, so that the
multipole excitation strength gets distributed among an
increasing number of states. As E decreases, the scatter-
ing becomes less dominated by the lowest-order Born in-
teraction, and excitation of even values of J will become
allowed. Finally, as E approaches threshold the Born
approximation fails entirely. Transitions to all states be-
come possible, with a pattern of relative intensity which
is dificult to predict by first-principles calculations, but
which follows approximately the statistical weight of the
final state.

In summary we have shown that quasiatomic
4d' 4f ~4d (4f ', ef ') resonances are observed in EELS
of Ba in YBa2Cu307 & with properties very similar to the
corresponding transition in La metal. Remarkably we
have been able to use data from a highly complex solid to
help illuminate the step-by-step breakdown of selection
rules for inelastic scattering of electrons by atoms. This
is an unusual application of a high-T, superconductor.
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