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We consider the energy dependence of the Mn 3s and 3p multiplets from gas-phase atomic Mn and
crystalline MnF, and KMnF; over the range from x-ray photoelectron spectroscopy (XPS) energies
down to energies near threshold. First comparing atomic and solid-state spectra for these multiplets per-
mits concluding that the splittings in the compounds MnF,, MnO, and Cd, ;Mn, ,Te are highly atomic
in character, with no significant effects due to extra-atomic screening. Measuring the energy dependence
for atomic Mn, MnF,, and KMnF; then shows for both the 3s and 3p multiplets that there is a decrease
in the intensities of the higher-binding-energy quintet states relative to those of the corresponding septet
states as the excitation energy is lowered. This effect on the quintet:septet branching ratios is also found
to extend to rather high energies, with the ratios at the XPS limit of ~ 1400 eV above threshold being
approximately 25-30 % greater than those at ~200 eV above threshold. We show that this energy-
dependent final-state branching ratio is not due simply to spin-dependent dipole matrix elements as de-
rived from single-configuration Hartree-Fock calculations. We suggest that this effect is caused by the
sudden-to-adiabatic transition, which at lower energies favors the exchange-stabilized septet states that
are the ground states of the ions formed. However, two prior theoretical models for such sudden-to-
adiabatic intensity changes [Stohr, Jaeger, and Rehr, Phys. Rev. Lett. 51, 821 (1983) and Thomas, Phys.
Rev. Lett. 54, 182 (1985)] were not found to describe our results well, particularly in the extension of the
effect to higher energies. We consider qualitatively a configuration-interaction model with quintet-septet
interchannel coupling that may better describe these effects and form the basis for more quantitative cal-
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culations.

INTRODUCTION

Attempts to acquire a clear understanding of photoion-
ization processes in the near-threshold energy region
have attracted considerable attention during the past
several decades. Many-body and relativistic effects in-
herent in the physics of these processes make many as-
pects of these phenomena very difficult to treat at levels
of sufficient exactness, but there is nonetheless a consider-
able literature dealing with the energy dependence of
such phenomena as shakeup and shakeoff.! "!° In this pa-
per, we consider the detailed behavior of the relative in-
tensities of Mn 3s and Mn 3p outer-core multiplet
features as threshold is approached. Several aspects of
the behavior of these relative intensities will be found to
suggest a connection to the sudden-to-adiabatic transition
as excitation energy is decreased. We thus begin by
briefly reviewing some key prior studies which have at-
tempted to explain the near-threshold energy-dependent
responses for final-state phenomena such as core-level
shakeup or shakeoff satellites and outer-core-level multi-
plet splittings. We then consider briefly what is known
about the positions and relative intensities of the Mn 3s
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and Mn 3p multiplets for high excitation energies that
can be considered to be in the sudden limit. We then dis-
cuss new experimental results for the energy dependence
of outer-core-level multiplets from Mn?*-containing
compounds and gas-phase atomic Mn.

As a prelude to the discussion of the energy depen-
dence of shakeup, shakeoff, and multiplet processes, we
first discuss some of their fundamental similarities. Be-
cause we are dealing with photoionization, all final states
must be reached by a dipole photoabsorption process
which at the low energies considered here is an excellent
approximation.!”® The wave functions necessary for
describing many shakeup and shakeoff processes, as well
as certain multiplet processes, must be more accurate
than a single-configuration Hartree-Fock (HF) approach.
The most common method for generating more accurate
wave functions is that of configuration-interaction (CI),
and Manson? has discussed the use of such wave func-
tions for calculating photoexcitation cross sections (o) by
systematically varying the number of configurations in
the initial- and final-state wave functions employed. The
dominant configuration in the initial state is the HF
configuration, with usually slight perturbations to allow
for correlation effects coming from other configurations
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with smaller mixing coefficients. However, the final state
of the isolated ion contains a core hole which significantly
alters the orbitals of the remaining electrons via relaxa-
tion. To treat the photoemission process correctly, we
must in addition take into account that the final state
contains both a continuum photoelectron state and a core
hole. At higher energies, there is little coupling between
the ion and the photoelectron, and thus the calculation of
the ionic wave functions and the continuum orbitals can
be separated in evaluating o; this leads to the well-known
sudden approximation (SA) limit that has been used to
describe many types of fine structure in photoelectron
spectra! "?® and can be used to evaluate the final-state
ionic wave functions. But in the near-threshold energy
regime, the photoelectron-ion coupling becomes stronger
and the adiabatic limit is ultimately reached.

A. Shakeup and shakeoff in atoms

Historically, the first experimental studies attempting
to probe the question of near-threshold energy depen-
dence of satellite lines involved noble gases such as Ne
(Refs. 4 and 5) and Ar (Ref. 6). In these and later”® in-
vestigations, the goal was to identify and assign the satel-
lites associated with the main spectral features and to de-
scribe their behavior in the threshold region. In the
high-energy limit, the satellite intensities relative to the
main lines could be explained in a satisfactory manner us-
ing the sudden approximation. In this picture, an
effective positive charge suddenly appears, thus “shak-
ing” the other electrons in the system, and leading to an
excitation or further ionization of the ion. With the pre-
viously mentioned separation of photoelectron and shake-
up or shakeoff excitations, the latter are found to follow
monopole selection rules in which the probability for
such an excitation is given by the overlap of the initial-
and final-state wave functions for the (N —1) electrons of
the ion. However, for energies near threshold for which
the electron leaves the vicinity of the ion slowly and can
thus be influenced by the various ionic relaxation or even
decay processes, the interaction of the photoelectron with
the ion, including, perhaps, interchannel coupling effects
must be considered. For such energy dependence to be
calculated in fullest generality, the final-state N-electron
wave function must include configurations representing
all optically allowed final N-electron states, whether this
is by direct photoexcitation or some other process (e.g.,
autoionization). We will later suggest that interchannel
coupling may be needed to describe the energy depen-
dence of multiplet intensities seen in our study.

There have been numerous experimental and theoreti-
cal studies of atomic shakeup and shakeoff phenomena,
but controversy still persists over the interpretation of
some of these results.*"!> Even in the high-energy limit
where interchannel coupling can be neglected, CI calcula-
tions,” 0 as discussed in Ref. 11, were not able to accu-
rately predict relative intensities of the Ar 3s ! photo-
electron spectrum. One trend that is common to most
atomic studies and is particularly relevant to the topic of
this study centers on the gradual decrease in the shakeup
or shakeoff satellite intensities as threshold is approached
from the high-energy limit. Although exceptions to this
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trend do exist due to specific many-electron interactions
and resonances, we will in the following concentrate on
the simpler and limiting behavior of the majority of cases
studied to date.

This variation of shakeup and shakeoff satellite intensi-
ty with energy has been considered quantitatively by
Stohr, Jaeger, and Rehr!® and by Thomas.!” These au-
thors have used two rather different models which quali-
tatively agree in some respects, but predict very different
functional forms for the variation of satellite intensity as
energy is increased from threshold. Both models predict
a rapid convergence to the sudden limit that is also more
rapid as the energy separation (AE) between the main
line and a given satellite structure becomes smaller. And
conversely, the greater the splitting, the more gradual
will be the adiabatic-to-sudden convergence for a given
system. However, the model of Stohr, Jaeger, and Rehr!®
does not include time explicitly, but considers the
photoelectron-ion coupling for a given shakeup state to
involve an interference between “direct” and exchange”
excitations to reach a given final state. The two excita-
tions are: direct— core-to-photoelectron by dipole excita-
tion plus valence (a) to valence (b') by monopole excita-
tion and exchange—core-to-valence (b’) by dipole plus
valence (a) to photoelectron by monopole. With some
assumptions concerning relative matrix elements that
have subsequently been questioned by Thomas,!” they ar-
rive at an expression for the satellite relative intensity or
branching ratio (R) at a given photoelectron kinetic ener-
gy (E,;,) above threshold of the form

R=Rg,|1—(AE/E,; *?, (1)

where Rg, is the branching ratio in the sudden approxi-
mation limit, usually measured in practice with typical
x-ray photoelectron spectroscopy (XPS) excitation. Time
is thus implicitly included in the sense that the photoelec-
tron energy influences the relevant matrix elements and
overlaps involved. A more accurate treatment of the
same sort of direct-plus-exchange model has been con-
sidered subsequently by Armen et al.? in connection with
Ar 1s shakeup in Auger excitation; they include all
relevant matrix elements and overlaps, but this does not
yield a simple expression such as Eq. (1) that can be ap-
plied to other cases easily.

Thomas!” by contrast, has used a time-dependent ap-
proach that is very similar to that applied by Gadzuk and
Sunjic!® to the analysis of line shapes in core emission
from metals. This involves determining the time that is
required for the photoelectron to leave the system by di-
viding a characteristic dimension of the system (d) by its
classical velocity at energy E,;.. The final expression for
R in this case is

R =R, exp(—md?*AE*/2h*E,,,) , 2)
=Rg, exp(—d*AE?/15.32E,,,) , (3)

where m is the mass of the electron, d is in A, and ener-
gies are in eV. This model is found by Thomas! to agree
reasonably well with neon shakeoff intensities as mea-
sured by Carlson and- Krause. We comment further on
the agreement of both of these models with specific ex-
perimental data below.
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As noted above, Armen et al.® have attempted to un-
derstand the energy dependence of Ar 1s shakeup or
shakeoff features on approaching threshold by measuring
the satellites associated with the KL, ;L, ; Auger lines.
The threshold for excitation is the Ar 1s binding energy
of approximately 3206 eV. Their shakeup satellite inten-
sity showed very little energy dependence over the pho-
ton energy range of 5200-3250 eV, followed by an abrupt
intensity drop in the 3240-3220 eV range, or only 14-34
eV above threshold. For the shakeoff satellite, the de-
crease in intensity was found to be much more gradual,
beginning at higher photon energies of =3350 eV, or 150
eV above threshold. Thus, its behavior is notably
different from the shakeup peak. Armen et al.® and
Dyall'® have made quantitative predictions for the energy
dependence of both of these Ar satellites based on single-
configuration HF and full-CI calculations, respectively.
As noted before, the calculations of Armen et al. include
both direct and exchange terms, but in a more accurate
way than the model leading to Eq. (1). The energy depen-
dence of the shakeup intensities is poorly predicted by
both calculations at energies within approximately 35 eV
of threshold. In contrast to this poor agreement for the
shakeup data, the agreement in the shakeoff data was
much better for both the gradual decrease of the shakeoff
intensity as the photon energy (hv) is decreased near
threshold and the flatness of the curve in the higher-
energy regime.®!? Overall, these results are at least quali-
tatively consistent with both Egs. (1) and (2) in showing a
more gradual approach to the sudden limit for the
shakeoff effects in 1s excitation that are at a higher ener-
gy from the main line. As expected, the use of Auger sa-
tellites to monitor core-excitation shakeup and shakeoff
yields decreases in intensities for excited states on ap-
proaching threshold that are very similar to the effects
observed in core photoelectron spectra.

B. Multiplet-split levels

We now consider the case of most direct relevance to
this paper: the energy dependence of outer-core-level
multiplets in high-spin transition-metal atoms and solids.
These multiplets are well known and arise when a core
hole interacts with a partly filled valence electron
shell."?° This interaction was first interpreted in terms of
a strongly intra-atomic L-S term splitting in the final
state with the hole present. For the simplest case of emis-
sion from an ns level in a 3d atom, the L-S picture pre-
dicts a doublet with a separation proportional to
(2S +1)K (ns-3d), where S is the initial spin of the par-
tially filled 3d subshell and K (ns-3d) is the ns-3d ex-
change integral. It is the branching ratio of the resulting
doublet with which we will be concerned; this corre-
sponds to S —1/2 and S +1/2 final states.

For the case of principal experimental interest here,
Mn 3s emission from atomic Mn or Mn?™ in a S initial
state with § =3, a simple estimate of the splitting be-
tween °S and ’S using the 3s-3d exchange integral gives
an energy splitting of about 13 eV that is approximately a
factor of 2 greater than the experimental value of 6.5 eV
found in compounds containing Mn?*. It has been
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thought for some time that the basic origin of the re-
duced splitting is due to an enhanced degree of electron-
electron correlation in the low-spin final state that is not
properly included in a HF calculation. This conclusion is
based on atomic calculations including CI by Bagus,
Freeman, and Sasaki.?! An alternative viewpoint has
more recently been expressed by Veal and Paulikas, who
have emphasized extra-atomic screening phenomena to-
gether with multiplet splittings.??® But both older ex-
perimental studies on Mn compounds by Kowalczyk
et al.®® and more recent work on both atomic Mn and
other Mn compounds by Hermsmeier et al.,** provide
very strong support for the idea of highly intra-atomic
multiplet splittings modified by spin-specific correlation
effects, as embodied in the ideas of Bagus et al?!

We consider this controversy in some more detail be-
cause it serves to introduce some essential aspects of the
spectra whose branching ratios we will study. In describ-
ing 3s multiplet splittings for several transition-metal
compounds, Veal and Paulikas?*® argued for a strong in-
volvement of extra-atomic screening processes similar to
those considered in the case of N, on Ni(110).!® Thus,
they suppose ‘““screened” and ‘“‘unscreened” manifolds of
states within which multiplet splittings occur. The
screened manifold is further assumed to be associated
with extra-atomic charge transfer of a full screening elec-
tron into a bound Mn 3d orbital and/or more diffuse Mn
4s /4p orbitals. Empirical parameters for separation and
relative intensity of screened and unscreened peaks were
derived from deeper-level 2p core spectra, and the rela-
tive intensities within the two multiplets were corrected
by making use of the CI results of Bagus et al.?! Al-
though they obtain rather good agreement with experi-
ment for a series of compounds, their assumptions are not
fully self-consistent.”* The experimental evidence that
provides proof of the highly intra-atomic nature of these
particular splittings and the error of this model is shown
in Fig. 1. Here, we compare the Mn 3s multiplet mani-
folds for four distinct cases: atomic Mn(g), MnF,(s),
MnO(s), and Cd, ;Mn, ;Te(s), with the three solids being
listed in order of increasing covalency. It is immediately
obvious that the dominant doublet, i.e., the peaks labeled
’S and 3S(1), in all three solids has essentially the same
splitting as that of the atomic multiplet. It is also strik-
ing that even the two weaker peaks labeled as >S(2) and
5S(3) are essentially identical for Mn, MnF,, and MnO.
This strong similarity between atomic and solid-state
spectra thus suggests a common origin for the splittings
and weaker satellites. The Mn atom with its high-spin
[3d%4s?] configuration can neither make use of extra-
atomic relaxation (as it is not bound to anything) nor
rearrange itself as a pseudoscreened [3d%4s!]
configuration with the correct total final state required.?*
Thus it is impossible for this case to include any sort of
equivalent of the extra-atomic charge transfer considered
by Veal and Paulikas, and their model must be ruled out
for these cases and probably also others for which the
ionicity is sufficiently high. In a very recent paper by Oh,
Gweon, and Park,??® the effects of exchange splittings,
intrashell electron correlation, and final-state hole screen-
ing have been considered in a more rigorous theoretical
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model and compared with a more extensive set of solid-
state experimental data for compounds of varying ionici-
ty. This work agrees with our conclusions for highly ion-
ic systems, but goes on to point out that the degree to
which screening may distort the simple multiplet inter-
pretation increases with increasing covalency.

The results in Fig. 1 can also be compared with theory,
for which the vertical bars in Fig. 1(e) are taken from the
CI calculations of Bagus et al.?! The several S states [la-
beled arbitrarily S (1), >S(2), and >S(3)] are the result of
final-state configuration interaction between 3s'3p®3d°®
and 3s23p*3dS The 3S(1) state nearest 'S has the larg-
est admixture of the 3s!'3p®3d°(%S) configuration.
These theoretical predictions are also in excellent agree-
ment with experimental results for both the free atom
and solid-state ionic compounds, leaving little doubt as to
the correct approach for describing this process in the
sudden limit.

In analogy with the shakeup, shakeoff, and screening
features already discussed, multiplets are also final-state
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FIG. 1. Experimental Mn 3s spectra for (a) single-crystal
Cdy.3sMn, ;Te, (b) MnO(001), (c) polycrystalline MnF, (Ref. 36),
and (d) gas-phase atomic Mn are compared to (e) theoretical cal-
culations for emission from a free Mn?" ion including
configuration interaction (CI) effects (Ref. 21).
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effects for which the features at lower photoelectron
kinetic energies are associated with more highly excited
ionic states. Thus, they too might be expected to exhibit
an intensity decrease as the excitation energy is decreased
to a more adiabatic region near threshold. In studying
whatever sudden-to-adiabatic effects may be present, it is
important to avoid such many-electron complications as
resonant photoemission and interference by Auger transi-
tions. With these processes excluded, it would thus be
expected for Mn® or Mn?* that the ns — ep emission pro-
cess should yield only the ’S state in the adiabatic limit.
We will explore how this limit is approached and begin
by considering briefly some prior work on outer-shell
emission to provide some guidance.

The first experimental energy-dependent studies on a
multiplet of Mn® were reported by Bruhn et al?® and
Krause, Carlson, and Fahlman?® who monitored the Mn
4s photoelectron region. Krause, Carlson, and Fahl-
man?® plotted the 4s branching ratio over the energy
range 16 to 56 eV and found two points of interest: first,
the branching ratio (’S:>S) had a distinct dip in the
3p —3d resonance region and second, as the photon ener-
gy was decreased further, the intensity of the °S began to
decrease relative to the ’S intensity. But at photon ener-
gies of approximately 17 eV, i.e., about 10 eV above the
4s threshold, the branching ratio went through large os-
cillations. A plausible explanation for such behavior was
4s coupling with the 3d —nl Rydberg states. Thus, al-
though there are other effects which appear to complicate
the 4s branching ratio over this energy range, an indica-
tion remains that the relative intensity of the >$ state de-
creases relative to the ’S configuration near threshold.
This is thus consistent with, but not conclusive of, a link-
age to a continuous breakdown of the sudden approxima-
tion as threshold is approached.

We now turn to a much better candidate for this study:
Mn 3s emission. Unlike Mn 4s, which must pass through
various 3p and 3d resonance states when approaching
threshold, the 3s is a core level with a binding energy of
approximately 100 eV (see Table I). Thus, the relevant
photon energies are all well above the excitation thresh-
olds for these resonances. Since 3s shares the same prin-
cipal quantum number as 3d, their overlap will be the
largest and therefore display the greatest degree of split-
ting.

TABLE 1. Manganese 3s and 3p multiplet binding energies
(E,) and energy separations (AE).

Ionic state E, (eV) AE (eV)
3s: 'S 92.8 0
58(1) 99.3 6.5
5S(2) 113.7 20.9
58(3) 132.0 39.2
3p: P 57.3 0
SP(1) 60.4 3.1
SP(2) 63.9 6.6
SP(3) 67.8 10.5
SP(4) 75.0 17.7
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We have thus studied the energy dependence of Mn 3s
emission from both solid Mn compounds containing
high-spin Mn?" and atomic Mn. In the following sec-
tions we present these new data, considering first the en-
ergy dependence found in the branching ratio 3S:’S of the
Mn 3s multiplet. We also consider data for two 3p multi-
plet branching ratios, and show that it exhibits very simi-
lar behavior, even though its origins are more complex
and hence less certain. The solid-state data were ob-
tained from two rather ionic Mn?* compounds, single-
crystal KMnF; (110) and polycrystalline MnF,, over the
excitation energy range 200-1500 eV. Some results for
the more covalent but still high-spin Cd, ;Mng ;Te(111)
are also presented. The gas-phase data were obtained
from monatomic Mn® over the photon energy range 65 to
270 eV, and thus overlapped the solid-state data. For the
solids, only the branching ratios as a function of energy
were studied, while for atomic Mn, the 3s, 3p, and 3d an-
gular distributions (beta parameters), absolute partial
cross sections, and 3s and 3p branching ratios were also
obtained. However, the details of all but the energy
dependence of the branching ratios have been discussed
in a separate paper.?’

EXPERIMENT

The solid-state studies were carried out using both con-
ventional x-ray sources and a tunable synchrotron radia-
tion source provided by the SPEAR storage ring at the
Stanford Synchrotron Radiation Laboratory (SSRL).
The gas-phase data were collected at the Wisconsin Syn-
chrotron Radiation Center (SRC) using the Aladdin
storage ring. The studies using conventional x rays were
done in a VG ESCALABS spectrometer with nonmono-
chromatized radiation. Two primary excitation energies
were obtained from a twin anode source: Al Ka at
1486.7 eV and Mo M ¢ at 192.6 eV. The Al source used
the standard anode for the spectrometer. The Mo source
was developed for spin-polarized photoelectron-
diffraction studies®® and consisted of a specially designed
cap made from 99.97% Mo foil (0.005 in. thick) tightly
strapped with W wire directly to the Cu surface covering
one of the anode faces. In order to provide a high
transmissivity of these lower energy x rays, a carbon foil
window of 50 ug/cm? separated the source from the sam-
ple. The geometry of the chamber fixes the x-ray tube
axis at 48° with respect to the axis of the retarding entry
lens of a spherical sector analyzer that has been modified
to improve its electron optical characteristics and to add
a resistive-anode multichannel detector.”’ The sample
could be rotated on two axes so as to optimize intensity
and to average over photoelectron-diffraction effects in
emission from single-crystal samples, using procedures
described elsewhere.?%3°

For all of the experiments done at synchrotron radia-
tion facilities, a Grasshopper monochromator with either
a 9001/mm or 6001/mm grating was used to produce
monochromatized radiation in the energy range from 65
to 270 eV and with a bandpass of 0.5 A corresponding to
resolutions from =0.6 eV to =7 eV, respectively. The
upper photon energy limit is attributable to carbon edge
absorption from contamination on the optical elements of
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the monochromators. The radiation polarization at SRC
was determined to be 91% in the horizontal plane. At
SSRL the angle between the electric field vector and en-
try axis of the hemispherical sector analyzer of a VG
ADES400 was always 6=0°, but at SRC, three energy
dispersive analyzers (EDA’s) were used concurrently.
Each EDA was fixed 90° apart in 8, and mounted on a ro-
tatable disk perpendicular to the direction of the x-ray
flux. The rotation axis of this disk was concentric with
the radiation incidence direction, thus yielding any 6 an-
gle desired between polarization direction and EDA en-
try. This permitted choosing, for example, the magic an-
gle of 6=54.7°. Since the radiation is linearly polarized,
the first and the third EDA’s (180° apart) should receive
equivalent signals from a gas-phase sample. This ap-
paratus and its operation are described in more detail
elsewhere. 263!

The surfaces of the solid samples were polished with an
oil-based diamond polishing paste down to a particle size
0.5u. They were then cleaned in situ by Ar ion sputter-
ing. A vacuum in the mid 10~ ! Torr range was main-
tained throughout the solid-state experiments, except for
the SSRL study on MnF, where the pressure was a factor
of approximately 20 higher. Under these conditions the
surfaces were very stable and remained clean for a con-
siderable length of time. Because most of the samples
were insulators at room temperature, an electron flood
gun (HP 18623A) was used with a current in the 10? uA
range to suppress possible charging problems.

Since it was also desired in the gas-phase data to obtain
accurate absolute binding energies, the well-defined Mn
3d, Xe 4d, and Ne 2p lines were used for calibration. The
noble gases were introduced into the source volume
simultaneously with the Mn. A binding energy of 14.3
eV was found for Mn 3d, in good agreement with Refs.
26 and 32. The internal calibration of the 3s and 3p man-
ifolds to correct for any nonlinearities in the analyzer sys-
tem was done in three distinct ways. First, a peak in
question was accelerated to the energy position of the 3d
line, keeping the excitation energy constant and then us-
ing the fact that the acceleration potential is the binding
energy difference between this peak and the 3d peak.
Second, and simply the reverse of the first, the 3d peak
was retarded to the same energy position of the signal of
interest. And third, while the acceleration voltage was
held constant, the photon energy was increased so as to
“superimpose” the desired signal on the 3d peak. It was
found that these three procedures gave consistent results
within our experimental error.

The atomic Mn was produced from high-purity
granules heated to approximately 900°C in a resistively
heated Ta oven. The pressure in the source volume was
maintained within the mid 10™* Torr range while the
chamber was held in the 107° Torr range. A
differentially pumped 12 cm long quartz capillary passed
the radiation into the source volume while preventing
contamination of the monochromator and the synchro-
tron storage ring with Mn vapor and other by-products
from the heated system. Further details on this gas-phase
experimental setup have been discussed in Refs. 26 and
31.
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RESULTS AND DISCUSSION

A. Mn 3s results

Figure 2 shows solid-state data at two photon energies
for KMnF;, and it is obvious that there is a decrease in
the S intensity relative to the 'S when the excitation en-
ergy is decreased from 1487 to 193 eV. The two spectra
here have had a linear background subtracted from them,
but tests of other background subtraction procedures still
yield the same clear decrease. The decrease seen here
amounts to approximately 28% of the intensity ratio at
the high-energy limit.

In order to be sure that such an intensity change for a
solid specimen was inherent in the “atomic” photoioniza-
tion process and not some solid-state effect, we have in-
vestigated other possible causes such as crystal structure
and surface contaminants. First, for a single crystal, it is
well known that strong photoelectron-diffraction effects
can occur, and that these depend upon both kinetic ener-
gy and direction.’® In order to rule these out as the
source of the variation in branching ratio seen in Fig. 2,
two procedures were used: (1) The single crystal KMnF,
sample was studied at both the high and low energies as a
function of emission direction, and this should have ex-
posed the full plus/minus effects of diffraction on the
branching ratio. The “A” in Fig. 2 represents the full ex-
cursion of variations seen as a function of direction.
They are negligible at the high energy because the kinetic
energies are essentially identical. It is thus evident that
such effects are at least a factor of 2 less than the overall
intensity change observed between the two energies. (2)
A polycrystalline MnF, sample was used in the same type
of experiment to further average out single-crystal effects.
The MnF, branching ratios were found to be in good
agreement with those of the KMnF; crystal. This is a
good test due to the different crystal structures and the

KMnF, (O11)
Mn3s

hv=1486.7eV
7N

s
A /-

N\
“J

NORMALIZED INTENSITY

105 97 89 83
ELECTRON BINDING ENERGY (eV)

FIG. 2. The Mn 3s multiplet from KMnF;(110) obtained
with Al Ka and Mo M{ excitation energies. The quantity A
represents the upper limit of measured variations in the 3§ (1):’S
relative intensity due to angular-dependent diffraction effects for
the Mo M{-excited 3s multiplet. No variation with angle is
seen at the higher excitation energy. A is thus less than the
change due to excitation energy by a factor greater than 2.
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different chemical environments encountered by the
Mn2" ions in the two crystals. Thus, the two specimens
might exhibit different final-state screening contributions
to the branching ratio; no such effects were observed.
Therefore it seems certain that solid-state effects cannot
explain the observed energy dependence.

Since electrons have an energy-dependent mean free
path that varies roughly as A, «(E,; )'/?, the studies
with Mo M{ or synchrotron radiation and kinetic ener-
gies in the range of 105-111 eV were inherently more
surface sensitive than those with Al Ka excitation. For
the former case, surface structure and contamination
effects are thus of more concern. To check for these, Mn
3s branching ratios were monitored as a function of
takeoff angle, where surface sensitivity is maximized at
grazing angles.’® No significant variations in the branch-
ing ratios were observed. We also deliberately altered the
surface structure by sputtering without annealing and by
exposing the surface to O,. In both cases the ratio was
left unchanged unless severely unrealistic conditions were
imposed. Thus, the energy dependence is not a surface
effect.

In order to explore further whether this energy depen-
dence of the Mn 3s branching ratios is of purely atomic
character, Mn gas-phase studies using monochromatic
synchrotron radiation at eight energy steps between 113
and 270 eV were performed. Although such a gas-phase
study avoids the near-threshold secondary electron back-
ground problems which plague corresponding solid-state
experiments,'® a negative aspect of such spectra is that
the near-threshold spectral region can be rich in structure
and somewhat confused by a number of competing and
overlapping effects.?%33735 The two lowest photon ener-
gies at the bottom of the panel in Fig. 3 illustrate the
spectral complexity encountered in this energy region.
For the curve with 135 eV photon energy and at a rela-
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FIG. 3. Raw data and background-corrected data are
presented side-by-side for the Mn 3s multiplet from gas-phase
atomic Mn at various photon energies. The background sub-
tracted from the raw data was the corresponding spectrum from
another analyzer for which the polarization direction was per-
pendicular to the electron detection direction (6=90°); it should
thus contain only intensity contributions from radiationless de-
cays and secondary electrons.
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tive binding energy of approximately 16 eV (or 28 eV
kinetic energy), a Coster-Kronig (CK) peak results from
the initial photoionization of a 3p(f) electron (i.e., a 3p
spin-down electron) with subsequent 4s —3p and 3d — €l
rearrangements.>>3> Also, at a relative binding energy of
approximately 11 eV (or 33 eV kinetic energy), a broader
super Coster-Kronig (SCK) peak appears which origi-
nates from the emission of a 3p(a) electron (i.e., a 3p
spin-up electron) with subsequent 3d —3p and 3d —el
rearrangements.>® Finally, in the 114 eV photon energy
curve another small SCK peak appears (denoted as SCK’)
at approximately 3 eV relative energy (or 18 eV kinetic
energy) which originates from emission of a 3p(f3) elec-
tron with subsequent 3d —3p and 3d —e€l rearrange-
ments. This last feature (SCK') was overlooked in a prior
study of Malutzki and Schmidt,*? possibly due to its coin-
cidental overlap with photoelectron peaks.

From Fig. 3, it is clear that any attempt to extract
quantitative information from the near-threshold energy
region must include precisely subtracting out the under-
lying secondary electron background and any peaks due
to nonradiative decay. Such a precise subtraction is in
fact possible using the three-analyzer data acquisition set-
up discussed previously. Specifically, all branching ratio
data were collected at 6=0°, thereby yielding a maximum
response for s orbital emission into EDA’s 1 and 3, and
virtually no response for it in EDA 2. However, contri-
butions from radiationless decay processes and the
inelastically scattered electron intensity should be dis-
tributed in all three EDA’s equally. This provides a
unique method for removing these artifacts from the
desired 3s-associated spectrum by subtracting the spec-
trum from EDA 2 from that of EDA 1 or EDA 3. As
can be seen in the right panel of Fig. 3, this subtraction
process does indeed permit cleaning up the 3s doublet to
a very high degree. The small broad peaks at left and
right in the two bottom curves are probably artifacts of
the subtraction procedure, and could be due to the
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idiosyncrasies of the individual analyzers. Nonetheless
this procedure permits deriving Mn 3s branching ratios
for photon energies down to 113 eV, i.e., only =15 eV
above threshold.

Plotted side-by-side in Fig. 3 are thus the raw data and
the background-subtracted data for the photon energies
indicated. Three aspects of these data deserve comment.
First, there is a degradation of resolution as photon ener-
gy is increased. This decrease is indirectly due to the
carbon-contaminated optics of the monochromator; the
x-ray flux from the Grasshopper monochromator became
drastically attenuated in its high-energy region due to
carbon K-edge absorption and thus the normal process of
increasing the resolution by reducing the bandpass be-
came impractical. Second, the number of usable photon
energies used was limited by the need to avoid interfer-
ence effects between the desired signals and the undesired
signals such as Auger, CK, or SCK types of signals.
Third, the observation that forms the central theme of
this paper is that, as the photon energy used for the 3s
spectra is decreased to =114 eV, it is obvious even in the
raw data of Fig. 3(a) that the >S(1) peak has also de-
creased markedly in intensity relative to ’S. And the
background-substracted spectra of Fig. 3(b) make this
trend even more evident. Table II puts these results in
more quantitative terms, showing Mn 3s branching ratios
as a function of electron kinetic energy. The numbers in
this table were derived from the background-subtracted
spectra using a fitting program with mixed Gaussian-
Lorentzian peak shapes. An additional small adjustment
was made to each branching ratio to allow for phase-
space (final density-of-states) corrections; the intensity ra-
tio was multiplied by the square root of the inverted
kinetic energy ratio. Note that at higher energies, since
AE is only 6 eV, this correction has a small effect. And
at lower energies, since the >S peak is always at a lower
kinetic energy, its corrected relative intensity will go up;
thus, the ratios in Table II are if anything conservative

TABLE II. Manganese 3s and 3p multiplet branching ratios.

Mn 3s data Mn 3p data
'S Eyin (eV) ’S(1)/7S P Eyin (V) P(1)/’P *P(4)/'P
Solid state
MnF, 1387.4 0.621+0.03 1411.7 0.160+0.03 0.265+0.06
170.0 0.446+0.05 117.6 0.159+0.04
93.3 0.410+0.03
KMnF; 1387.4 0.537+0.04
170.0 0.432+0.07
93.3 0.420+0.04
Gas phase
Mn 170.7 0.448+0.05 100 0.106+0.03 0.153+0.02
150.7 0.441£0.03 90 0.096+0.03 0.151+0.02
130.7 0.411+0.03 75 0.096+0.03 0.149+0.02
94.7 0.444+0.02 60 0.095+0.03 0.12140.02
80.7 0.42110.02 50 0.096+0.02 0.108+0.02
75.7 0.430+0.02 40 0.091+0.02 0.087+0.02
35.7 0.44710.02 25 0.081+0.02 0.055+0.02
14.7 0.334+0.02 20 0.058+0.02 0.061+0.02
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estimates of the observed spectral decreases of °S as ener-
gy is decreased.

The solid-state data were handled in a similar fashion
and since these backgrounds are relatively well behaved
at the higher energies utilized, a linear background was
used in the fit. These results are also presented in Table
IT and an overall summary of all of our 3s branching ra-
tios is plotted in Fig. 4. (We have reanalyzed the XPS
data of Kowalczyk et al.® for MnF, and find a ratio of
0.5510.04 that is consistent with the average value of
0.58 for MnF, and KMnF; from Table II.) The abscissa
is the electron kinetic energy of the higher binding energy
multiplet, i.e., the ’S(1) for these 3s excitations. The
gradual decrease in the 3S(1):’S branching ratio is evi-
dent in the solid-state data over the 100 to 1387 eV range.
The gas-phase data at lower energies also overlay the
solid-state data well, and show a general downward trend
from the high-energy limit that finally drops off very rap-
idly near threshold. Thus, although it would be very
desirable to have atomic data at higher energies ap-
proaching the sudden limit so as to better define the pre-
cise energy dependence, we feel confident that the highest
energy point is a good representation of the XPS limit for
Mn?", and thus also probably for atomic Mn, especially
in view of the highly atomic character of the multiplets
seen in Fig. 1. The larger error for the higher photon en-
ergy spectra resulted from an inherent loss of resolution
due to the limitations of the monochromator. At approx-
imately 15 eV above the >S(1) threshold, the ratio drops
significantly, finally going to zero for energies below the
5S(1) threshold. Overall, the solid-state and gas-phase
data for emission from Mn?" and Mn° thus can be de-
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FIG. 4. The energy dependence of the Mn 3s branching ratio,
5S(1):7S, is shown from XPS energies down to approximately 15
eV above threshold. Results for both atomic Mn in the gas
phase and the Mn-containing solid compounds KMnF; and
MnF, are shown. Also shown are theoretical curves calculated
using the direct-plus-exchange model of Eq. (1) (D.+E.) (Ref.
16) and the time-dependent model of Eq. (2) (¢ dep.) (Ref. 17);
the parameters used in these calculations are given in the text.
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scribed very well by a single curve, although the precise
form of it over the long interval between 200 eV and 1350
eV can only be guessed; the normalized slope of the
line assumed 1is found to be [dR/dE,;,]1/Rga
=2.4X10"%/eV. The four points for KMnF, and MnF,
at lower energies of 93 and 171 eV are fully consistent
with a continuation of this smooth curve, with an average
normalized slope of 5.4X 10 */eV. The seven points for
atomic Mn between 36 and 171 eV yield a lower slope of
5.0X 107 3/eV, but are nonetheless consistent within our
error limits with the smooth curve shown. An indepen-
dent analysis of the same atomic Mn data?’ over the
36-151 eV range using a different fitting procedure and
weighting points according to their variable error esti-
mates yields a larger normalized slope of 2.3 X107 %/eV
that is in excellent agreement with the slope from 200 eV
to 1350 eV.

B. Mn 3p results

As mentioned above, emission from the Mn 3p core
level also will exhibit a multiplet structure that can be de-
scribed by different L-S term states in a manner analo-
gous to Mn 3s. However, the 3p, having an />0, will
have multiplets that are inherently more complex than
the 3s due to the added degree of freedom of coupling of
orbital angular momentum.!®"3¢ Beyond this, both
spin-orbit and crystal-field effects must be considered.
This added complexity is illustrated by the overlapping
multiplets for both atomic Mn and the compounds MnF,
and MnO shown in Fig. 5, but here again there is a rather
striking similarity of the atomic and solid-state results.
Although the more complex origins of these features re-
sult in a less accurate theoretical description to date for
the origins of the 3p manifold,>®3’ the theoretical calcula-
tions at the bottom of Fig. 5 nonetheless qualitatively
predict the correct form of the spectra, particularly if
spin-orbit and crystal-field effects are included as in the
work of Yamaguchi, Shibuya, and Sugano®’ (solid curve).
These theoretical curves are based on a simple multiplet
hole theory (MHT) and do not include any CI effects.
The magnitudes of the splittings calculated with the in-
clusion of spin-orbit and crystal-field effects are smaller
than those in experiment; this discrepancy may be due to
a slight error in an empirical adjustment of certain
Coulomb and exchange integrals in the model. Theory
predicts the spectrum to be composed of a single strong
P state and several °P states at higher binding energies,
in qualitative similarity to the case of 3s emission. It is
also evident from the solid-state data in Fig. 5 that the
multiplet features have been broadened relative to those
of the gas-phase data. We will focus on the two largest
branching ratios derived from such data: the >P(1):"P
and the >P(4):"P. The separation of the P(1) from the
7P of 3.1 eV is considerably less than that of the P (4) of
17.7 eV and thus one might expect the former ratio to
have an energy dependence more like that of the "P state.

An additional complication with 3p spectra is that the
3p orbital has a radial node and thus its various peaks
may exhibit Cooper minima, making their energy depen-
dence more difficult to analyze than the 3s. The presence
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of the Cooper minima at photon energies of 100-120 eV
are clearly evident in the individual absolute cross sec-
tions plotted in Fig. 6. From this plot it is clear that the
P and the >P(1) both have a Cooper minimum at the
same energy of about 95 eV, although for *P (1) it is less
pronounced. The position of the *P(4) Cooper minimum
is shifted to higher energy by almost exactly the 17.7 eV
difference between its kinetic energy and that of the ’P
(cf. Table I).

The behavior very near threshold is, however, difficult
to determine precisely due to interference from an under-
lying SCK transition at the lowest energy used for the
SP(4) of hv=95 eV. The presence of this same peak can
be seen in the 114 eV raw data for 3s emission of Fig. 3 at
~3 eV relative energy. Its lack of angular dependence
with respect to the polarization vector and its stability
relative to the excitation energy suggests an Auger-type
decay. Yin et al.*® have performed theoretical calcula-
tions for atomic Mn and found the presence of a SCK
transition (denoted here as SCK') in this energy region.
Schmidt et al.®® first experimentally confirmed its ex-
istence, and in the later work of Malutzki and Schmidt,>?
they evidently overlooked its presence due to an overlap
with the >P(4) peak. Background corrections could be
made to the intensity of the >P(4) signal, however, by

Mn3p P

|
- |
|

—(a) MnO(s)-(001)

hv =1486.7 eV SP(C / ﬁ‘l
- U
%) 5 SPE)Y
E B 5P.mu-f':'>r(""":)'h. 5P(3)l “l‘l‘ "HTT\‘
D. ™" .: | !nw,,l.'ull"l"" l ”I.“l
e ! ! : : l ii"f LI
< (b)Y MnE,(s) | | | [
> | weiaserev' 1k

i
e[ Retzs B ii
% w‘l.‘”li'\g.i, ll ,"' j:'\‘.
ik ! H | e
= b ERERHAS
ZL / !

i ! | I
@M@
S| weezoev | A0

““"”""""mhmuuduﬁvc“""h“"wﬂmuvl‘huﬂl \

|
" Yo
|
i

(d) Théory (No C1):

30 25 20 15 10 5 O -5 -10
RELATIVE BINDING ENERGY (eV)

FIG. 5. Experimental Mn 3p spectra for (a) MnO(001) (b)
polycrystalline MnF, (Ref. 36) and (c) gas-phase atomic Mn are
compared to one another and in (d) also to the multiplet hole
theory calculations of Refs. 36 and 37.
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FIG. 6. Individual absolute Mn 3p cross sections for atomic
Mn are presented for the three strongest multiplet peaks: 'P,
SP(1), and *P(4). A weak Cooper minimum is apparent in all
three, with a noticeable shift in the P(4) position to higher
photon energy.

subtracting the intensity of the SCK' peak for the 6=90°
signal at Av=114 eV. The final intensities were obtained
with the same Gaussian-Lorentzian fitting routine used
for 3s. Table II lists these energy-dependent branching
ratios (again with small corrections for the final density of
states) as a function of kinetic energy and Fig. 7 plots
them. The abscissa of Fig. 7 is electron kinetic energy
relative to the P(4) or P (1) threshold, as appropriate.
It should be mentioned that the falloff noted in the *P(4)
intensity begins at about the same energy as its Cooper
minimum, which is shifted by approximately 17 eV rela-
tive to that of the ’P peak. This may somewhat exag-
gerate the drop seen in the P (4):"P branching ratio near
threshold. However, the general decrease continues well
below the region of the two Cooper minima, and also
yields a very smooth curve in this region. The two curves
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FIG. 7. The energy dependences of the Mn 3p branching ra-
tios >P(1):’P and °P (4):"P are shown over the energy range from
the XPS regime down to approximately 20 eV above threshold.
Results are shown for both atomic Mn and polycrystalline
MnF,. Theoretical curves using the same models as presented
in Fig. 4 are also presented, with relevant parameters given in
the text.
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in Fig. 7 agree very well with the general shape of that
for 3s emission in Fig. 4, and for *P(4) there is again
good agreement between solid-state and atomic data.
Thus, we conclude that both the 3s and 3p spectra are
influenced by a similar decrease in the intensities of the
higher binding energy multiplets as threshold is ap-
proached, and that this decrease begins at very high ener-
gies of at least 200 eV above threshold. Considering
again the normalized effective slopes at higher energies
(in this case between 118 and 1412 eV), we find
[dR /dE,;,]/Rsy=2.6X10"* for P(4) and 2.9X10™*
for °P(1), values which are remarkably close to one
another and to that for 3S(1) of 2.4X 10~ %, especially in
view of the wide range of energy separations from the
septet reference peaks that is involved (17.7 eV, 3.1 eV,
and 6.5 eV, respectively). We now discuss some possible
theoretical explanations for these similar results for Mn
3s and 3p branching ratios.

C. Approximate theoretical models

We have previously noted that the two models yielding
Eqgs. (1) and (2) have been compared with prior shakeup
and shakeoff data (as well as energy-dependent data for
screening satellites'®) and have been found to predict
some, but not all of the experimental observations. It is
thus of interest to explore how well they describe the
variation of 3s and 3p branching ratios in Figs. 4 and 7.
Only three values are needed to do this: the sudden-limit
value Rg, for the branching ratio, which we take to be
the XPS values for each of the three ratios considered,
the excitation energy AE [which is from Table I equal to
6.5 eV for 3S(1), 3.1 eV for °P(1), and 17.7 eV for °P(4)]
and, for use in Eq. (2), the effective distance d traveled by
the photoelectron in leaving the system [which we have
taken to be either 1.8 A (the mean radius of the outer 4s
subshell in Mn, a choice consistent with that of Thomas
for neon'’) or 3.6 A (twice this distance or the mean 4s di-
ameter)]. The larger distance thus represents an approxi-
mate upper limit of the time necessary for the photoelec-
tron to leave the atom. Curves calculated with these two
equations and these two distances are shown in Figs. 4
and 7, where they are labeled as direct plus exchange
(D.+E.) for Eq. (1) and time-dependent (¢ dep.) for Eq.
(2). Considering first the 3s results in Fig. 4, we see that
the agreement with experiment is poor, especially for the
behavior at high energy, where only the time-dependent
3.6 A curve is consistent with the data between approxi-
mately 100 eV and the XPS limit; however, the latter
curve is not at all consistent with the behavior for ener-
gies less than approximately 100 eV. For the 3p results of
Fig. 7, all three theoretical curves for the SP(1):"P ratio
with smallest energy separation are in poor agreement
with experiment, i.e., theory predicts a sharp rise near
threshold and a quick convergence to the sudden limit.
It is only for the *P(4):"P ratio with the largest AE value
that a modest degree of agreement is seen for the time-
dependent 1.8 A model; adjusting this distance to slightly
below 1.8 A and/or reducing the effective AE should
yield better agreement with experiment. However, taking
account of the three P multiplet ratios considered here
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shows that neither model well describes our data. [In ad-
dition, although both models generally predict a sharp
onset of the transition to the sudden limit in the
N,/Ni(110) shakeup or screening satellite experiment,'®
the energy range considered is too limited to yield
equivalent results.] It is thus clear from this comparison
that better theoretical modeling is required to fully un-
derstand the shapes of these 3s and 3p branching ratios.

A further interesting point in our data is that the
overall form of the curves for all three branching ratios
studied is very similar, with nearly identical normalized
slopes in going from approximately 200 eV to the XPS
limit. This is not at all consistent with the ideas em-
bodied in Egs. (1) and (2), for which the separation of the
feature from the main line is a critical parameter in deter-
mining the rapidity of approach to the sudden limit. Al-
ternatively, it may suggest that it is the average septet-
quintet separation as calculated over the entire quintet
multiplet that is important, since both the *P(1) and
SP(4) seem to have the same behavior. This average
should be very nearly the same for both the >S and °P
manifolds and should yield a separation from the respec-
tive 'S and 'P mam lines of about 13 eV (the simplest Van
Vleck estimate),!®27 and this near equality may be a way
to understand this behavior. In fact, these numbers for
atomic Mn at hv=127 eV are found to be 11.9 eV for 3s
and 9.7 eV for 3p. Since it is likely that the >P manifold
with all of its correlation satellites extends over an energy
range of 30 eV or more that is approximately equal to
that of the 3s, some of the >P intensity at largest separa-
tions is probably overlapping the 3s region (Table I shows
that the separation between 'P and 'S is only 35.5 eV)
and thus not fully included in this average. Thus, the
true average separation for 3p may be closer to the 11.9
eV of the 3s multiplet. However, some rationale for using
this average energy in Eq. (2) is needed.

D. More accurate theoretical models

In trying to formulate a more accurate theoretical pic-
ture of these phenomena, the example of 3s emission al-
ready discussed in connection with Fig. 1 suggests that
we may need a more complex many-electron approach in-
volving configuration interaction to fully describe the en-
ergy dependence of the multiplet manifold. However, to
begin with the simplest possible explanation, we consider
the state dependence of the one-electron matrix elements
leading to the final S (1) and ’S peaks. This has been
done by first carrying out HF calculations for the initial
state of Mn?t and the fully relaxed ionic final states of
Mn3* with a 3s hole. Here, the initial-state was the HF
function for the [3s23p®3d°>] °S state of Mn?". For the
ionic final states, HF calculations were done for the
[35!3p%3d>] 5S and the [35'3p®3d>] 7S configurations of
Mn3". The next step was to calculate the continuum or-
bitals for each final state in the presence of the Coulomb
and exchange interactions of the fully relaxed Mn?* or-
bitals (one set for °S and one for ’S). This thus yields two
separate continuum orbitals, ep T for °S and €'p | for ’S.
The basic matrix elements calculated were then finally
(ep1|X|3s1) and {€'pl|X|3sl), where X is either the
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length or velocity form of the dipole operator. This pic-
ture thus involves separating out the 3s-to-photoelectron
excitation as the “‘active electron” in the problem (a pro-
cedure often used in the sudden approximation), and it
also assumes a weak (but nonzero) coupling between pho-
toelectron and ion core. In varying photoelectron energy
from low to high values, we can also pass from more sud-
den to more adiabatic regions of the excitation spectrum.

In discussing such matrix elements and photoelectron
spin, it is also important to note that the true N-electron
final state must involve the coupling of the ion core to the
continuum orbital so as to form the required °P final state
of the system that results from dipole excitation of °S.
This coupling via Clebsch-Gordan coefficients results in
final overall states of the following form:

Vi (°P)=|¢7(>S)ep1(°P),°P) , 4
W3 (°P)=—(1/7)""?|¢}(’S)ep 1 (*P),°P )
+(6/7)'21¢7(’S)e'p L(*P),°P) , (5

where W} and W7 are the final states for °S and 'S, re-
spectively, ep1 and ep| are the spin-up and spin-down
photoelectron, respectively, and certain Clebsch-Gordan
coefficients have been given definite values. It is thus
clear that the 3S state involves only the emission of a
spin-up electron, while the S involves a mixture of the
two, with probabilities of 6/7 for spin down and 1/7 for
spin up [yielding nonetheless a very high spin polariza-
tion of (6—1)/(6+1)=71.4% in the 'S peak]. This will
mix the two different one-electron matrix elements for .S,
and we show in Fig. 8 the appropriate averages over the
relevant one-electron matrix elements for the two ionic
states involved. These matrix elements were calculated in
both length (L) and velocity (V) forms and the agreement
between them shown in Fig. 8 is well within the accept-
able limits for the HF approximation. Also, it is clear
from this figure that any conclusions concerning the ener-
gy dependence of the branching ratio made with either
the L or V curves will be essentially identical. It is also
evident from these two pairs of curves that the difference
in the 38 and ’S matrix elements is very small (zero to
~5% at maximum) all the way to threshold, and that,
even if the small 6.5 eV difference in kinetic energy be-
tween € and €' is allowed for, there is still not a sufficient
difference to account for the observed changes of more
than 25% seen in Fig. 4.

This simple calculation of the threshold effect in a re-
laxed one-electron approach is clearly not sufficient, and
we now discuss a possible basis for the next level of calcu-
lations needed. This clearly should involve configuration
interaction of the type considered in Fig. 1, but we also
wish to include a coupling between the °S and 'S ionic
states so that intensity can shift between them. The latter
we will refer to as interchannel coupling. This coupling
will be most important when the channels involved are
nearly degenerate and/or when their relative cross sec-
tions change rapidly as a function of excitation energy.

We now consider an example of the overall interactions
involved for a Mn 3s manifold that we will label as before
by the ionic states 'S and °S. First we use the internal CI

12 435

configurations given by Bagus, Freeman, and Sasaki?! to
describe the ionic final states with some correlation in-
cluded:

¢7(38)=a,|3s'(25)3p5('$)3d°(°S),’S )
+a,135%(18)3p*'D)3d5%°D),%s )
+a,|3s%(38)3p*(*P)3d°(3P,),’S )
+a;[3s%(18)3p*(3P)3d(3P,),’S Y+ - -+, (6)

¢7(7S)=b,|35s'(25)3p%('S)3d(%S),"S )
+b,13s1(28)3p*(3P)3d(*P),’S)+ - - -, (7)

where the a;’s and b;’s are mixing coefficients and we in-
dicate the overall coupling of spin and orbital angular
momenta for each subshell or individual electron, as well
as the overall coupling of all electrons. We have here
shown only the configurations that Bagus, Freeman, and
Sasaki have found to be the most important contributors
to these ionic wave functions; they are listed in order of
importance in both cases. These functions can now be in-
corporated into coupled wave functions for the >S and 'S
states, respectively:

V}(°P)=C5|¢3(°S)ep(*P),°P)

+Cll¢7(S)ep(?P),°P) , ®)
W3 (°P)=C3|¢3(°S)ep(*P),°P)
+C3[¢7('S)e'p(*P),°P) , 9)
Q.10
Mn?*— Mn*'ep: FULLY RELAXED HF
009, 3s —=<p TRANSITION
008} *
= :\\
2 o.o7—\\\ :
= W\
wl \\\\
d 0.06 \\\\\."'f_‘:
= AN
L AN
E 0.05 \\\\\‘,:: .
= SV (L)
o I L NCHIERTY
b 003f
0.02f T S
001}

1 1 1 1 L !
O'OOO 54 109 163 218 272 326 38l

ELECTRON KINETIC ENERGY (eV)

FIG. 8. Hartree-Fock matrix elements for 3s —ep excitation
in the Coulomb-exchange potentials of fully relaxed Mn** ionic
final states appropriate to the 5S(1) and ’S multiplet features.
These have been evaluated using both the length (L) and veloci-
ty (V) forms of the dipole operator. The results are shown as a
function of energy above threshold.




12 436

where the C/’s are mixing coefficients and |e'—e|=AE,
the energy splitting between the two states. We here
omit explicit coupling of the various angular momenta to
produce the overall °P final states required by the dipole
transition [cf. Egs. (4) and (5)], but this is implicitly in-
cluded. Also, of the several possible states, only the two
at lowest energy that would correspond to the >S(1) and
S peaks in the spectra will be discussed. That is, if
C ; =1 then all the intensity would be in the >S peak and
if C2=1 then all the intensity would be in the ’S peak;
these would be the limits of the normal treatment with no
interchannel coupling. Put in terms of the experimental
observations, we propose that the energy dependence of
the branching ratio results from an energy dependence in
the mixing coefficients away from this limit in such a way
as to decrease the relative intensity of the S channel in
going from high energy to threshold. Whatever the inter-
channel mixing may be, it must still leave the relevant
ionic total energies unchanged, since the final observation
of the photoelectron is made after it has left the ion.

We conclude this discussion of theory by mentioning
one further aspect of interchannel coupling that could be
important. We have described in Egs. (8) and (9) an in-
terchannel coupling process which only mixes the >S and
’S states. To generalize this further, consideration should
also be given to coupling with the 3p and 3d channels.
Although we are concerned with photon energies well
above any point of resonance with these channels, inter-
channel coupling is still possible. Coupling to the 3d
channel may be more important, since the 3d photoion-
ization cross section, as calculated by Yeh and Lindau,*
shows a substantial increase over the 3s and the 3p cross
sections as the photon energy approaches the 3s thresh-
old. The 3p /3s cross section ratio is by contrast relative-
ly constant as the 3s threshold is approached. This there-
fore may suggest some degree of 3s-3d interchannel cou-
pling at lower energies.

We also note some very recent work that bears on the
CI+interchannel coupling effects considered here: A
theoretical study of 4s photoionization from Mn™* 4s
(Ref. 40) has also verified the importance of the various
forms of correlation discussed above. In addition, a
theoretical investigation of 3s photoionization from neu-
tral Mn atoms, including in an approximate way some of
these correlations,*! has led to preliminary results which
qualitatively agree with our experimental results, thereby
further confirming the role played by CI+interchannel
coupling.

We conclude on a comparative note by pointing out
that these near-threshold results for Mn 3s and Mn 3p
emission are very similar to prior work on shakeup or
shakeoff from atoms,*®!! shakeup and screening satel-
lites in molecules,'®*? and to some degree spin-orbit dou-
blets,*>*** in their tendency to show a decrease in the rela-
tive intensities of the lower-kinetic-energy features as
compared to the feature at highest kinetic energy that
corresponds to the ground state of the ion. There is
clearly a need for a more precise theory of such near-
threshold effects and their relationship to the sudden-to-
adiabatic transition.
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CONCLUSIONS

We have considered the excitation energy dependence
of the Mn 3s and Mn 3p spectral regions in emission from
both atomic Mn and several rather ionic Mn compounds
(MnF,, KMnF;, MnO, and Cd,;Mng ,;Te). The energy
range is from about 15 eV above threshold to above 1400
eV. The Mn 3s multiplet, which should be much less
affected by resonance transitions and other final-state
complexities than Mn 3p, 3d, or 4s emission, shows a de-
crease in the °S(1):’S branching ratio as energy is de-
creased. A significant 28% decrease in this branching ra-
tio is observed over the range from Av=1487 to 200 eV,
followed by a more abrupt drop at about 15 eV above
threshold. Two separate branching ratios in the Mn 3p
multiplet region [>P(1):’P and >P(4):"P] have also been
studied over the same energy interval, and they are found
to exhibit an almost identical form to the 3s data in ap-
proaching threshold, including again a significant drop
over the range hv=1487 to 200 eV.

We suggest that these effects are related to the sudden-
to-adiabatic transition, but neither of the models applied
before to describe the effects of this transition on satellite
behavior'®!7 is found to adequately agree with our data.
Nor are these effects due simply to changes in the
multiplet-specific one-electron matrix elements involved,
as we have verified by direct calculation. We have con-
sidered qualitatively a more general theoretical model for
such effects that includes both CI effects in the final-state
ionic wave functions and an interchannel coupling be-
tween different states of the ion-plus-photoelectron that
could act near threshold to shift intensity from the
lower-kinetic-energy quintet states of the ion to those as-
sociated with the septet ground state of the ion. Finally,
we suggest that there may be a common theoretical ori-
gin in the near-threshold reductions of the lower-kinetic-
energy features in complex core spectra consisting of a
main line plus “satellites” of some origin, whether these
be due to shakeup, shakeoff, multiplet splittings, spin-
orbit splittings, or screening satellites.
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