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The nonradiative decay of 4d hole states in CsF, BaF,, and LaF; was investigated by photoelectron
spectroscopy with synchrotron radiation. The N, 50,30, ; Auger peak is resonantly enhanced around
an energy region of 4d excitation of cations. Constant-final-state spectra with the final state at this
Auger peak agree well in shape and in energy with respective absorption features. Intensities of 55 and
5p electrons of cations are also resonantly enhanced around the absorption features, while the valence
band does not show any enhancement except for LaF;. The spectral shape of constant-initial-state (CIS)
spectra with initial states at S5s and 5p levels is different from the absorption features. In particular, in-
tensities of both CIS spectra decrease rapidly relative to their corresponding total photoelectric yield
spectra in the higher-energy region. From these results, we propose that 4d hole states decay predom-
inantly through the N, 50,30, ; Auger process and the direct-recombination processes are suppressed
in the higher-energy region. It was also found that the photoemission branching ratio of 5p,,, to 5p;,,
levels of BaF, and LaF; changes drastically at excitation photon energy of the 3D, state. It is attributed
to a difference in the p-d interaction between the 5p,,, and 5p;,, hole states at the photoemission final
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state.

I. INTRODUCTION

There have been many studies on the absorption spec-
tra of rare earths and Xe-like ions in the energy region of
4d excitation.!”'* The absorption spectra show weak
lines with widths of several tenths of an eV and giant
peaks with widths ranging from 15 to 70 eV. The former
for rare earths has been attributed to multiplet structures
due to the 4d°4f" *! states within an atomic picture (z is
the number of 4f electrons in the ground state), while the
latter is explained in terms of configuration interactions
between 4d°4f"*! multiplet states and the continu-
um.”~'7 On the other hand, the absorption spectra of
Xe-like ions such as Cs* and Ba?" have been interpreted
in terms of the effective potential for f orbits, which has a
double-well structure.!>'®!° An inner well is separated
from the outer one by a potential barrier. Along the
isoelectronic sequence, the inner well becomes deeper and
deeper as nuclear charge increases and leads to sudden
collapse of the 4f orbit from the outer into the inner well.
Thus the giant absorption peaks are interpreted in terms
of delayed onsets of 4d-f transitions within an atomic
picture. However, experimental studies on various states
of barium!'>~'* and theoretical study on some cerium
compounds?® show that sharp lines and giant peaks are
sensitive to the valency and the crystal structure. Thus
absorption structures are not completely interpreted
within an atomic picture, and should be explained by tak-
ing account of the delocalization of 4d°4f"*! excited
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states in compounds.

The purpose of the present study is to investigate decay
processes of the 4d°nf! (n>4) excited states in the
isoelectronic sequence from Cst to La’>" by means of
photoelectron spectroscopy. The investigation of nonra-
diative decay processes of 4d°4f"*! states in rare earths
has been extensively performed as a function of photon
energies using the technique of resonant photoemis-
sion.?"?2 These studies show that such excited states de-
cay nonradiatively through ordinary Auger processes and
direct-recombination processes between a 4d hole and an
excited 4f electron transferring the energy to an electron
in the core level or the valence band. However, although
much attention has been directed at the energy positions
and density of states of the 4f level, the localization of
the 4d°f" ! excited states has scarcely been investigated.
We choose the isoelectronic sequence of Cs, Ba, and La
fluorides as samples to study systematic change of decay
processes depending on the variation of the potential bar-
rier. We measured the energy distribution curves
(EDC’s) of photoelectrons as well as constant-initial-state
(CIS) spectra with initial states at the valence band and
some core levels of cations and also measured constant-
final-state (CFS) spectra with final states corresponding to
the kinetic energy of the Auger electrons.

II. EXPERIMENTAL PROCEDURE

obtained with an
spectrometer. Syn-

Photoelectron spectra were
ultrahigh-vacuum photoelectron
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chrotron radiation from an electron-storage ring at the
Institute for Solid State Physics of the University of Tok-
yo was used as a light source, and monochromatized with
a 2-m grazing-incidence monochromator of a modified
Rowland-mount type. The spectral width was about 0.18
eV at the photon energy of 90 eV with 100-um entrance
and 50-um exit slits and a 1200-groove/mm grating. En-
ergy distribution of photoelectrons was measured with a
double-stage electrostatic energy analyzer of a cylindrical
mirror type. The analyzer resolution was constant with a
full width at half maximum of 0.4 eV.

Since charging of samples can result in shift and
broadening of structures in the photoelectron spectrum,
very thin films of CsF, BaF,, and LaF; were prepared in
situ by evaporation onto gold substrates. The thickness
of samples was estimated to be about 100 A with an
oscillating-quartz thickness gauge.

The base pressure in a sample chamber was about
3X 1078 Pa and rose to the 10 °Pa range during eva-
poration. The pressure in an analyzer chamber was
about 4X 107 Pa during measurements. The spectral
distribution of incident radiation was determined from a
photoelectric yield spectrum of gold.

In the case of CIS measurements the retarding poten-
tial between samples and electron-energy analyzer was
synchronously swept with the photon-energy scan of the
monochromator. Also, CIS spectra were constructed
from a set of photoelectron spectra excited at different
photon energies. Good agreement was obtained in both
CIS spectra.

ITII. RESULTS

Figure 1 shows a set of EDC’s for CsF which were ob-
tained with various photon energies around Cs 4d excita-
tion energy. Excitation photon energies (hv) are indicat-
ed on the right-hand side of each spectrum. Binding en-
ergies are given relative to the top of the valence band.
Ordinates are proportional to the number of photoelec-
trons per photon flux. EDC’s of CsF have been measured
by Poole et al.®> and Smith and Pong?® with helium- and
hydrogen-discharge sources. The shape and width of the
valence band and Cs 5p region are similar to those ob-
tained by Poole et al., but the intensity ratio of the 5p;
to 5p,,, levels is different from the spectrum measured
with an excitation energy of 23.1 eV by Smith and
Pong.?® In Fig. 1 the valence band as well as Cs 5p; 72,1725
Cs Ss, and F 2s core levels are clearly seen. These are la-
beled for the spectrum taken at Av=110 eV. The mea-
sured binding energies for various states relative to the
top of the valence band are listed in Table I. Two broad
features labeled 4 and B for the spectrum taken at
hv=110 eV are Cs-derived Auger transitions. The two
arrows in each spectrum in Fig. 1 indicate positions of
constant kinetic energies, respectively. Kinetic energies
of the Auger electrons are also listed in Table I. These
two Auger peaks show drastic change in intensity as the
photon energy is changed around the Cs 4d threshold.
The Cs 5p and 5s levels are also enhanced, while the
valence band, which has mainly F 2p character, and F 2s
level do not show any enhancement. These phenomena
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FIG. 1. Set of EDC’s for CsF excited with photon energies
around the Cs 4d excitation energy. The excitation photon en-
ergies (hv) are indicated on the right-hand side of each spec-
trum. Binding energies are given relative to the top of the
valence band. Intensities are normalized to the incident photon
flux. Two arrows indicate positions of constant kinetic energies.

are more visual in CIS spectra with initial states at the
peak of the valence band and Cs core levels and the CFS
spectrum with the final state corresponding to the kinetic
energy of Auger electron peak 4. These are shown in
Fig. 2 together with the total photoelectric yield (TY)
spectrum.

As seen in Fig. 2 the TY spectrum of CsF shows many
peaks and shoulders A4 -K. General features of struc-
tures and their energy positions in the present TY spec-
trum agree well with those in the Cs N, s absorption
spectrum of CsF measured by Cardona et al.!! The CFS
spectrum also shows peaks and shoulders labeled 4 -K.
These energy positions agree well with peaks and shoul-

TABLE 1. Binding energies of valence-band and core levels
as well as the kinetic energies of Auger electrons observed in the
spectra taken at hv=115.0, 120.5, and 130.0 eV for CsF, BaF,,
and LaF;, respectively. Energies are given in eV relative to the
top of the valence band. R represents the cation.

CsF BaF, LaF,
R 44, ,, 73.9 87.2 102.0
R 44, 71.4 84.5 99.2
F 2s 23.7 24.0
R Ss 19.9 31.0
R Sp, ) 8.2 11.2 15.8
R 5p3, 7.2 9.5 13.2
VB peak 24 22 22
Auger feature A4 50.8 59.5 64.0
Auger feature B 60.6 71.3 83.6
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FIG. 2. Valence-band (VB) CIS, Cs 5p,,;, CIS, Cs 5s CIS,
CFS, and TY spectra of CsF.

ders 4 -K in the TY spectrum. The 5p,,, CIS spectrum
(CIS spectrum with the initial state at the peak of the Cs
5p,,, level) shows peaks and shoulders, but structures
above 90 eV locate at different energy positions from
those in the CFS and TY spectra. The 5p,,, CIS spec-
trum coincides well in shape and in energy with the 5p; /,
CIS spectrum (not shown). The 5s CIS spectrum also
shows peaks at the same energy in the 5p,,, CIS spec-
trum, but its intensity distribution is different from the
5p,,, CIS spectrum. The intensity distributions of struc-
tures in the CFS and TY spectra agree with each other,
while the shape of the 5s and 5p;,, CIS spectra is much
different from that of the CFS and TY spectra. The VB
CIS spectrum (CIS spectrum with the initial state at the
peak of the valence band) of CsF shows no enhancement
and its intensity decreases monotonously with increasing
photon energy.

Figure 3 shows a set of EDC’s for BaF, with various
photon energies around the Ba 4d threshold. In addition
to the valence band, Ba 5p;,, |, core levels are clearly
seen, but unfortunately Ba 5s and F 2s levels overlap with
each other. Two broad peaks labeled 4 and B in the
spectrum taken at 125 eV are Ba-derived Auger transi-
tions. The arrows in each spectrum in Fig. 3 indicate po-
sitions of constant kinetic energies, respectively. The
measured binding energies for various states and kinetic
energies of Auger electrons are listed in Table I. The in-
tensity of the valence band decreases monotonously with
increasing photon energy, while the two Auger peaks and
Ba 5p,,, and 5p;,, core levels show drastic change in in-
tensity and in shape as the photon energy is tuned
through the absorption features shown at the bottom of
Fig. 4.

Figure 4 shows CIS spectra with initial states at the
peak of the valence band, Ba 5p;,,, and Ba 5p, ,, levels,

3223
T T T 1 T T T
BaF,
A
~ BaSs hv(eV)
NN B F2s BaSpVB 125
1 N—
\\V,’f'\a,_
. \
N PN
.‘\ \\/; ' ‘-‘:‘\ I
.‘"\. ! 1 - :'\J:.*_'QOO

1‘:1\‘\-—1-\/'?‘&/,1 CL95

Y

5 -\,'\//\?\_j‘""\

L 942
—N

INTENSITY (arb. units)

\ TN S04
N 85

L L 1 1 1 1 1 I

60 40 20 0
RELATIVE BINDING ENERGY (eV)

FIG. 3. Set of EDC’s for BaF, excited with photon energies
around the Ba 4d excitation energy. The excitation photon en-
ergies (hv) are indicated on the right-hand side of each spec-
trum. Binding energies are given relative to the top of the
valence band. Intensities are normalized to the incident photon
flux. Two arrows indicate positions of constant kinetic energies.

the CFS spectrum with the final state corresponding to
the kinetic energy of the Auger peak A, and the TY spec-
trum of BaF,. Since the Ba 5s and F 2s levels overlap,
the Ba 5s CIS spectrum was not measured. The TY spec-
trum shows two weak peaks and several intense struc-
tures on their high-energy side. Energy positions of
structures in the present TY spectrum agree well with
those obtained in the Ba N, s absorption spectrum of
BaF, measured by Miyahara e al.'* In these structures

\”\_\\‘Nﬁ- Ba Fz
oS
0 - ; -
) A
c e e
3l — S A
o ~—
Jlo— : P iy,
> P -,
| i — 333".5 cis
I72) : Fany S
Z|o— e
l-l._J J T
; CFS ™,
z R Ef GH e
0— TY
B D/
A LS
0= L

30 100 10 120 130
PHOTON ENERGY (eV)

FIG. 4. Valence-band (VB) CIS, Ba 5p;,, CIS, Ba 5p,,, CIS,
CFS, and TY spectra of BaF,.
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weak peaks 4 and B correspond to quasiatomic transi-
tions for Ba?t from the ground state 4d'° ('S,) to the ex-
cited states 4d°4f' (3P, and 3D, respectively).!* Ac-
cording to Connerade and Mansfield,?’ the 4d —5f tran-
sitions possess significant oscillator strength and thus
structures above 105 eV in the TY spectrum are associat-
ed with the 4d —nf (!P|) transitions (n >5) as well as
the 4d —4f ('P,) transition. As seen in Fig. 4 the CFS
spectrum of BaF, shows enchancement at respective ab-
sorption features, and the TY and CFS spectra closely
resemble each other in shape. Ba 5p,,, and 5p,,, CIS
spectra show resonant behavior, but the intensity distri-
butions of both CIS spectra are different from each other,
especially, at the excitation photon energy of the D,
state, that is, the 5p, ,, CIS spectrum is more intense than
the 5p;,, CIS spectrum as seen in Fig. 3. Moreover,
both of the 5p CIS spectra are different in shape from the
CFS and TY spectra, and the position of the main peak E
in the 5p CIS spectra is observed at the slightly lower-
energy position than that in the TY spectrum. The VB
CIS spectrum shows no enhancement around the Ba 4d
threshold as shown in Fig. 4.

Figure 5 shows a set of EDC’s for LaF; with various
photon energies around the La 4d threshold. The valence
band as well as the La 5p;, 1,5, F 25, and La 5s core lev-
els are clearly seen. Two broad peaks A and B are La-
derived Auger transitions, and arrows indicate positions
of constant kinetic energies of these Auger peaks at
different excitation energies. The two Auger peaks show
drastic change in intensity and in shape as photon energy
is tuned through the absorption features shown at the
bottom of Fig. 6. The La Ss, La 5p,,,,and La 5p;,, core
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FIG. 5. Set of EDC’s for LaF; excited with photon energies
around the La 4d excitation energy. The excitation photon en-
ergies (hv) are indicated on the right-hand side of each spec-
trum. Binding energies are given relative to the top of the
valence band. Intensities are normalized to the incident photon
flux. Two arrows indicate positions of constant kinetic energies.
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FIG. 6. Valance-band (VB) CIS, La 5p,,, CIS, La 5s CIS,
CFS, and TY spectra of LaF;.

levels also show resonant enhancement at La 4d excita-
tion, and the photoemission branching ratio of La 5p;,,
to 5p, ,, levels changes drastically at an excitation photon
energy of 101.8 eV. This energy corresponds to the D,
excitation. These phenomena have been observed in
LaF; by Miller and Chiang?® and in LaBg by Aono
et al.?* The change in the kinetic energy of the Auger
electron near the ionization threshold has been interpret-
ed in terms of postcollision interaction and the change of
the shape of Auger peak A4 at ’D, excitation energy has
been interpreted in terms of formation of the 'P and p
Auger final states.”> However, the change of the photo-
emission branching ratio of La 5p;,, to 5p; ,, levels is still
an open question.

Figure 6 shows CIS spectra with initial states at the
peak of the valence band, and La 5s and 5p, , levels, the
CFS spectrum with the final state corresponding to the
kinetic energy of the Auger electron peak 4 in Fig. 5,
and the TY spectrum of LaF;. Energy positions of struc-
tures in the present TY spectrum agree with those ob-
served in the N,s absorption spectrum measured by
Suzuki, Ishii, and Sagawa.7 However, there are some
differences between them in intensity distribution at a
higher-energy shoulder around 122 eV. The TY spec-
trum shows two weak peaks (4 and B) and a giant peak
(C). These peaks 4, B, and C correspond to quasiatomic
transitions for La’" from the ground state to the 4d°4f"
excited states *P,, °D,, and 'P;, respectively. The CFS
spectrum also shows the peaks corresponding to 3D, and
1P, states, but the P, peak is obscure because of overlap-
ping of the La 5s peak at hv=95.5 eV. Except for this
peak, the positions and the intensity distribution of the
peaks in the CFS spectrum agree well with those in the
TY spectrum. The 5p,,, CIS spectrum shows enhance-
ment as the photon energy is tuned though the absorp-
tion features, but positions of peaks are slightly different
from those observed in the TY spectrum. For instance,
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the peak C in the TY spectrum locates at 117.8 eV, while
that in the La 5p,,, CIS spectrum is 117.3 eV. More-
over, the intensity distribution of the 5p, , CIS spectrum
is quite different from that of the TY spectrum, especially
at the 3D, excitation energy. The VB CIS spectrum of
LaF; shows a broad peak at about 117 eV in contrast to
the cases of CsF and BaF,.

IV. DISCUSSION
A. Direct-recombination processes

As seen in Figs. 1-6, the enhancement of Ss and 5p lev-
els of cations is clearly observed for all samples investi-
gated here (the Ba 5s level is not clear due to the overlap
with the F 2s level) as the photon energy is tuned through
the absorption features. This enhancement can be inter-
preted in terms of the nonradiative decay of 4d-hole
states of cations, where a 4d hole and an excited electron
recombine directly with the energy transferred to a Ss
electron or a 5p electron of cation. Here, we call these
direct-recombination processes the “N, ;O process” or
“N, 50,3 process”, where N, s denotes initial 4d-hole
states and O, and O, ; denote final hole states. The final
state of these decay processes has a hole in the 5s or 5p
level and an electron in the continuum. Since these
configurations are the same as those of the direct pho-
toexcitations from the 5s level or the 5p level, the decay
of 4d-hole states through the N, ;O, or N, 5O, ; process
is observed as the resonant enhancement of the 5s level or
the 5p level.

Theoretical absorption spectra for Xe-like ions in the
region of 4d excitation have been calculated with use of a
term-dependent Hartree-Fock technique and relativistic
random-phase approximation.'®!* For neutral Xe, the
shape resonance in the 'P channel leads to a giant peak in
the spectrum above the 4d threshold. As this shape reso-
nance gradually moves below the ionization limits with
increasing nuclear charge, interactions with nf levels are
enhanced, resulting in the hybridization of nf wave func-
tions and relatively large oscillator strength for the
discrete 4d —nf 'P transitions.'®* Thus the 4d —nf 'P
transitions may correspond to structures up to 95 eV in
CsF and to about 110 eV in BaF,, though the spectral
feature of the BaF, and Ba’* free ions'’ is entirely
different from each other. This difference may be caused
by the difference between solid and free ion samples. In
the case of LaF,, the 4d —4f 'P transition appears at
about 118 eV and transitions to higher nf levels (n 25)
may situate above 120 eV.

It is noticed that the energy region of the enhancement
of 5s and 5p CIS spectra roughly coincides with the re-
gion where giant peaks are observed in the TY spectra.
However, the degree of the enhancement of CIS spectra
is suppressed in the energy region above the first giant
peak (peaks H, E, and C for CsF, BaF, and LaF;, respec-
tively), and the enhanced region seems to become nar-
rower with going from CsF to LaF;. These observations
suggest that the 4d°f! excited states in CsF and BaF, can
decay through the N, 0, and N, sO,; processes even
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though they are higher nf states (n 25). In the case of
LaF;, however, higher nf states decay scarcely through
the direct-recombination processes and decay mainly
through the Auger processes. These results may relate
the collapse of the potential barrier along the isoelectron-
ic sequence.

The main peak in the CIS spectra is observed on the
lower-energy side (0.5-0.8 eV) than that observed in
respective TY spectra. Similar energy shift has been ob-
served in the N, 5 emission spectra of LaBg, where the ra-
diative decay from the 4d°4f! (°P,, 3D,, and 'P,) excited
states to the ground state is clearly observed.?® The P,
and ’D, emission lines in the N 4,5 emission spectrum are
located at the same energy positions as those observed in
the absorption spectrum, while the P, emission peak is
observed at about 0.5 eV below the absorption peak.
These results agree well with the present CIS spectra of
BaF, and LaF, and suggest that an electron excited from
the 4d level to the 'P, (4d%5f!) state of higher-energy
states decays scarcely through the direct-recombination
process both radiatively and nonradiatively. In other
words, a 4f electron excited below energy states of the

!P, absorption peak interacts strongly with a 4d hole and
easily causes the direct-recombination decay, while the
4d-f interaction is not so strong to a 4f electron excited
above the absorption peak C and causes autoionization to
the continuum.

It is worthwhile to note that the VB CIS spectrum of
LaF, shows enhancement around the 'P, excitation ener-
gy, but those of CsF and BaF, show no enhancement.
These results indicate that there is no interaction between
valence states and 4d excited states in CsF and BaF,, but
valence states of LaF; interact with 4d°4f ! excited states
to some extent. Thus valence states, which are mainly
composed of F 2p character, may localize tightly around
the F~ ion in CsF and BaF,, while valence states of LaF;
may extend to the vicinity of the La** ion.

B. Auger decay processes

As seen in Figs. 1, 3, and 5, two Auger peaks are ob-
served for CsF, BaF,, and LaF;. Their kinetic energies
increase systematically with increasing atomic number of
the cation. Thus these Auger peaks may originate from
the same transitions in the cation site among CsF, BaF,,
and LaF;. Auger peaks corresponding to the present
ones have been observed for LaF; (Ref. 23) and LaBg. 2
Aono et al.?* have stated that features 4 and B are de-
rived from La N, O,V and N, O, 3V Auger transitions,
respectively, because the valence band of LaBg extends
widely in the crystal. In the case of LaF;, however, Mill-
er and Chiang have attributed feature A in Fig 5 to the
N,50,0,; Auger transition, because LaF3 1s 1omc and
the valence electrons locate around the F~ 3 How-
ever, it is noticed that the Kkinetic encrgy of the
N, 50,0, Auger should be less than 55 eV for LaF,
from measurements of kinetic energies of Auger electrons
and binding energies of core levels concerned. This value
does not include correlation energy of the remaining two
holes in the final state of the Auger transition. On the
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other hand, the measured kinetic energy (relative to the
top of the valence band) of feature A is about 64 eV.
Thus we think that feature A4 corresponds to the
N, 50,30, ; Auger transition.

The other Auger feature B is always less intense than
feature A, but it is somewhat intense in LaF; compared
with the cases of CsF and BaF,. This may correspond to
the observations in which the VB CIS spectrum of LaF;
shows enhancement in contrast to the cases of CsF and
BaF, as mentioned in the preceding section. This result
implies that the overlap between wave functions of the
4d-hole state and the valence band is somewhat larger in
LaF; than those in CsF and BaF,. In other words the
valence states of LaF; delocalize compared with those of
CsF and BaF,. We have investigated nonradiative decay
processes of core excitons in alkali halides?® 3! and mag-
nesium halides.?? These substances, NaF and MgF,, show
dip or no enhancement in the VB CIS spectra due to the
direct-recombination process of the 2p core exciton as the
excitation photon energy is tuned through the excitation
energy of the core exciton, but the L, ; V'V Auger transi-
tion is clearly observed. These phenomena may apply in
the present case. Thus we attribute feature B to the
N, 50,3V Auger transition even though the enhance-
ment of the valence-band spectra is not observed for CsF
and BaF,.

The 4d-hole states created by photoabsorption decay
through the N, 50,30, ; and N, 50, ;¥ Auger processes
which show enhancement in CFS spectra with the final
states corresponding to the kinetic energy of each Auger
electron. We call these Auger decay processes the
“N4 50,30, ; process” or “N,sO,;V process.” The
final state of the N, 50, ;0, ; process involves two holes
in the 5p level and an electron in the continuum. We
have observed that the kinetic energy of the Auger elec-
tron, which is caused by the decay of the core exciton
through the Auger process, is slightly larger than that of
the ordinary Auger electron measured at excitation pho-
ton energy far above the threshold.?’ ~** The reason for
this energy gain has been attributed to the formation of a
bound state involving two holes in the valence band and
an electron which formed a core exciton.

In the cases of CsF and BaF,, the kinetic energy of the
N,4s0,30,; Auger electron is essentially constant
within the resolution of the electron-energy analyzer (0.4
eV) in the entire excitation energy region measured here.
However, the N, 50, ;0, ; Auger peak of LaF; shifts to
lower and higher energies at excitation energies of 'P,
and 3D, states, respectively, compared with the case of
the other excitation energies. Moreover, its shape
changes at the 3D, excitation. Since the *D, state locates
below the 4d ionization threshold, an excited 4f electron
may still be bound during the N,;0,;0,; process.
Thus an excited 4f electron may couple with two holes in
the 5p level and form a bound state so that the system be-
comes stable when the Auger transition occurs. This
coupling produces an upward shift of the kinetic energy
of the Auger electron at the D, excitation.

The 'P, state situates far above the 4d threshold and
can easily autoionize to the continuum. When the
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N450,30,; Auger transition occurs in this cir-
cumstance, the remaining two holes in the 5p level
strongly attract an ejected Auger electron and a free elec-
tron decoupled with a 4d hole may not participate in the
shielding against the attractive force produced by the two
holes. Therefore the Auger electron at the P, excitation
has a smaller kinetic energy than that observed with the
other excitation energy. The change in Auger shape in
LaF; as photon energy increases from 118 to 130 eV is
mainly due to changes in the 4ds,,-4d;,, photoemission
branching ratio as suggested by Miller and Chiang.?*

In the cases of CsF and BaF,, the overlap of the 4f or-
bit with the 44 orbit is not so excellent compared with
that in LaF;, because the centrifugal potential barrier
separating inner and outer wells for nf (n =4,5,...) or-
bits is not so high.'®!® Thus the 4d°4f' states in CsF
and BaF, produced by photoabsorption delocalize com-
pared with that in LaF; so that the kinetic energy and the
shape of the N, 50, ;0, ; Auger transition do not change
in the entire excitation energy region measured here.

It is noted that the CFS spectra with the final state cor-
responding to the kinetic energy of the N, 50,0, ;
Auger electron agree well in shape and in energy position
of their structures with the respective TY spectra. On
the other hand, the CIS spectra are different in shape
from the respective TY spectra. This implies that 4d ex-
cited states decay dominantly through the N, 50,0, ;
process and the decay probability of this process is al-
most constant in the energy region concerned here.

C. Change of branching ratio
of 5p;,, to 5p, , levels in BaF, and LaF,

Figure 7 shows a set of EDC’s for LaFj in the region of
5p levels and valence band in more detail. Ordinates are
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FIG. 7. Set of EDC’s for LaF; excited with photon energies
around the La 4d excitation energy. The excitation photon en-
ergies (hv) are indicated on the right-hand side of each spec-
trum. Binding energies are given relative to the top of the
valence band. Intensities are normalized to the incident photon
flux. Dashed lines denote the background.
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proportional to the number of photoelectrons per photon
flux. Intensities of 5p,,, and S5p;,, peaks show drastic
change and their ratio also changes drastically at the ex-
citation energy of the 3D, state (101.8 eV). On the other
hand, the photoemission branching ratio of 5p;,, to 5p,,,
levels is almost constant at excitation energies of the *P,
(942 eV) and 'P, (117 eV) states. These changes in
branching ratio are more visual in Fig. 8. Figure 8 shows
the excitation energy dependence of photoemission
branching ratios of 5p;,, to 5p,,, levels in BaF, and
LaF;. Closed and open circles represent the ratios for
BaF, and LaF;, respectively. Arrows in this figure
denote the excitation energies of the D, state of BaF,
and LaF;. These branching ratios are obtained from the
peak intensity of 5p, ,, and 5p;,, levels after subtracting
the backzround from the spectra as shown by dashed
lines in Fig. 7. As shown in Fig. 8, the photoemission
branching ratio of 5p;,, to 5p, , levels changes drastical-
ly and deviates from a statistical value as the photon en-
ergy is across the excitation energy of the *D, state. For
example, the ratio of the Ba 5p;,, to 5p; , levels is about
1.7 at an excitation photon energy of 90 eV, while at the
3D, excitation energy it is about 0.93. In the case of
LaF;, the ratio is 0.27 at the D, excitation energy and
ranges from 1.3 to 1.8 at the other excitation energies.
Although the N, 50, ;V Auger peak locates near the 5p
peak of LaF; at the excitation energy of the >D, state, the
Auger peak in BaF, locates far from the 5p peak at the
3D1 excitation energy. Moreover, the intensity of this
Auger peak is weak at the >D, excitation energy. Thus
the anomaly of the branching ratio is not due to the over-
lap of the Auger peak and is essentially caused by the de-
cay process of the *D, state.

Let us see the line shape of 5p; , and 5p, ,, CIS spectra
of LaFj in detail at excitation photon energies around *P,
and 3D, states. These are shown in Fig. 9 together with
the TY spectrum. It is noticed that the intensity ratios of
the *P, and D, peaks are different between the 5p; , and
5p,,, CIS spectra. Moreover, line shape of the D, peak
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FIG. 8. Excitation photon-energy dependence of photoemis-
sion branching ratios of 5p;,, to 5p,,, levels in BaF, and LaF;.
Closed and open circles represent the ratios for BaF, and LaF;,
respectively. Arrows denote excitation energies of the D, state
of BaF, and LaF,. Horizontal dashed line denotes expected
branching ratio from statistical degeneracy.
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FIG.9. La 5p;,, CIS, La 5p, , CIS, and TY spectra of LaF;.

in the CIS spectra shows Fano-resonance behavior,
whereas the *P, peak has almost symmetrical shape.
These results suggest that the 3D, state interacts strongly
with the continuum when a 4d hole annihilates through
N, 50, and N, ;05 processes, and this interaction may
cause the change of the branching ratio. On the other
hand, the *P, state seems to interact scarcely with the
continuum compared with the D, state, and the branch-
ing ratio of the 5p;,, and 5p,,, levels is kept almost the
same value at the excitation photon energy far from the
4d threshold.

Anomalous behavior of the branching ratio has been
observed in many samples and explained by the “final-
state model.”** 740 In this model it is assumed that both
spin-orbit components have the same photoionization
cross section per electron for excitation to a given final
state. Thus the abrupt change in absorption coefficient in
the energy region comparable to the spin-orbit splitting
causes the change of the branching ratio as the excitation
photon energy is tuned through the sharp absorption
structure, because the initial core levels in question are
separated by the spin-orbit interaction. If this is the case,
the branching ratio should change at the excitation pho-
ton energy of the 3PI state, too. However, it seems to be
almost constant at that energy. Thus the present results
cannot be explained by the final-state model.

The other mechanism of the change of the branching
ratio of the spin-orbit pair has been observed in absorp-
tion spectra of the exciton for ionic crystals.’*#!~#* For
example, Na L, ; absorption spectra of sodium halides
show two peaks corresponding to the L, and L; core ex-
citons, and branching ratios of L; to L, exciton peaks
range from 0.15 to 0.3 although the expected value from
the statistical degeneracy of L, and L; is 2. This
difference has been explained by Onodera and Toyo-
zawa® with an intermediate coupling scheme. If the
spin-orbit splitting of the Na 2p level and the energy of
the exchange interaction between an electron and a hole
which form the exciton are comparable, the branching
ratio of the Ly to L, core excitons should deviate from
the expected value. In the present case, however, the sit-
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uation is more complicated than the case of excitons, be-
cause the system involves the decay of the D, state
through the N, 50, ; process.

LaGraffe, Dowben, and Onellion*® have observed the
magnetic ordering of thin Tb overlayers by measuring the
Tb Sp;,, to S5p,,, branching ratio above and below the
Tb Curie temperature. According to LaGraffe, Dowben,
and Onellion the eigenfunctions of the p;,, level,
m; =13 are of well-defined spin character, while the p,
and p;,,, m; == eigenfunctions are of mixed spin char-
acter. As a result of these differences in the 5p initial
state, there are differences, in the final state, in the in-
teraction between Sd valence states and S5p core levels.
This 5d-5p coupling causes a change in the light polariza-
tion as a result of the changing symmetry selection rules
in photoemission.* This occurs even without alignment
of the spatial coordinate system with the magnetic coor-
dinate system. A similar result has been found for Gd
overlayers on Cu(100).4”-48

Because of the symmetry restrictions upon the final
state, the ion left after a photoemission event must have a
symmetry similar to the orbit from which the photoelec-
tron was ejected. The total symmetry requirement is
satisfied by coupling with the wave function of the outgo-
ing electron. This symmetry restriction requires that
photoemission from the 5p level can yield an s-like and a
d-like wave, but the symmetry of the resulting ion must
be D, in the present case, because the Sp CIS spectra
show the resonant behavior at the excitation photon ener-
gy of the 3D, state as mentioned above. This suggests
that the outgoing wave is d-like, and a 5p,,, hole and a
dy, electron may produce 3D, state coupling with each
other in the final state. This coupling causes unusual
anomaly of the photoemission branching ratio of 5p;,, to
5p,,; levels in BaF, and LaF; as the excitation photon
energy is tuned through the excitation energy of the D,
(4d%4f") state.

Recently Ogasawara, Thole, and Kotani*® have calcu-
lated the photoemission branching ratio of La 5p;,, to
5P, levels including the N, 50O, ; process with an atom-
ic picture. Their results show that the branching ratio is
very sensitive to the excitation photon energy and the La
5p,,, peak becomes more intense than the 5p;,, at the
excitation energy of the 3D state, whereas it keeps almost
the same value as a statistical value at 'P and *P excita-
tions. These calculated results explain our experimental
results well. The difference between the branching ratios
in BaF, and LaF; may be caused by the difference in the
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degree of mixing between d states and other states at
high-energy continuum in both materials. However, fur-
ther theoretical investigations are desired to interpret
quantitatively the difference between the branching ratios
in BaF, and LaF;.

V. CONCLUSION

The nonradiative decay of 4d hole states in CsF, BaF,,
and LaF,; are investigated by measuring EDC’s of photo-
electrons as well as CIS spectra with initial states at the
valence band and some core levels and CFS spectra with
final states corresponding to the kinetic energy of Auger
electrons. It is observed that the N,0,;0,; Auger
peak is resonantly enhanced around the energy region of
4d excitation of cations. The CFS spectra with the final
state at this Auger electron are in good agreement in
shape and in energy with respective absorption features.
Intensities of 5s and 5p electrons of cations are also reso-
nantly enhanced due to the direct-recombination process-
es between a 4d hole and an excited electron transferring
the energy to an electron in the 5s level or the Sp level,
while the valence band does not show any enhancement
except for LaF;. The spectral shape of the 5s and 5p CIS
spectra is different from the absorption features. Espe-
cially, the intensity of the CIS spectra in the higher-
energy region decreases rapidly with increasing photon
energy compared with respective TY spectra. From
these results, the 4d-hole states decay dominantly
through the N,;0,;0,; process and the direct-
recombination processes are suppressed in the energy re-
gion above the first giant absorption feature. The valence
states of CsF and BaF, localize around the F™ ion so that
valence-band CIS spectra cannot enhance due to the
direct-recombination prcoess of 4d-hole states, while that
of LaF, is delocalized. It is also found that the photo-
emission branching ratio of 5p;,, to 5p,,, levels of BaF,
and LaF,; changes drastically as the excitation photon en-
ergy is tuned across the excitation energy of the D,
state. It is attributed to the difference in the p-d interac-
tion between 5p, , and 5p;,, hole states at the final state
of photoemission.
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