
PHYSICAL REVIEW A SEPTEMBER 1999VOLUME 60, NUMBER 3
Ka and Kb x-ray emission spectra of metallic scandium

Dimitrios F. Anagnostopoulos,1,* Ruth Sharon,2 Detlev Gotta,1 and Moshe Deutsch2,†
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The Ka and Kb spectra from metallic scandium, the first of the 3d transition elements, were measured
using a high-resolution curved crystal spectrometer. The spectrometer resolution was determined employing a
narrow emission line from pionic neon. The parameters of the resolution-corrected spectrum are extracted and
compared to previous studies and theory. Fits toab initio relativistic Dirac-Fock calculated spectra show that
theKa spectrum can be accounted for using an isolated-atom model with diagram,3d- and3p- spectator hole
transitions. TheKb spectrum, however, cannot be fitted by such isolated-atom multiplets and may require
employing nonlocalized bonding orbitals.@S1050-2947~99!04709-5#

PACS number~s!: 32.30.Rj, 32.80.Hd, 31.30.Jv
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I. INTRODUCTION

High-resolution x-ray fluorescence spectroscopy is one
the most powerful tools for chemical-state analysis of n
materials. The structure of satellite lines is highly sensitive
differences in chemical bonding up to the third row in t
Periodic Table of elements and this fact is extensively u
for chemical-state characterization on solid materials@1#.
The x-ray emission spectra of the 3d transition metals ex-
hibit several peculiar characteristics, not observed in ot
elements. The most prominent of these is skewed
shapes, the origin of which is still under investigation a
debate @2,3#. Several mechanisms such as shake-off a
shake-up@4#, conduction-band collective excitations@5#, ex-
change@6#, and final-state interactions@7# were suggested to
account for this effect. In a recent study we have combin
precision line-shape measurements andab initio relativistic
Dirac-Fock calculations to show that the skewed line sha
of the CuKa andKb spectra can be fully accounted for b
assuming contributions from the diagram and3d-spectator
transitions only@3# ~in the following, an underline denote
hole states!. Measurements on other transition metals a
however, indispensable for supporting this interpretation
for establishingZ-dependent trends in this behavior for th
3d elements. Scandium, having a single 3d electron in its
nominal @Ar#3d14s2 ground-state configuration, is the fir
3d transition metal. This position renders it of special inte
est in elucidating trends in the relative importance of
3d-spectator transitions across the group.

Other related issues are the origins of theKa9 andKb9
satellite lines on the high-energy side of the correspond
Ka1 and Kb1,3 lines. Scott@8# carried out nonrelativistic
Hartree-Fock calculations of the3p-spectator 1s3p
˜2p3p transition multiplet. Based on the good ener
alignment of the strongest line of the calculated multip
with the measuredKa9 line positions@9# for atomic numbers
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Z519–23, he assigned this satellite to the3p-spectator tran-
sition, as originally suggested by Druyvesteyn@4# and sup-
ported by the early measurements of Parratt@9#. More re-
cently, Kawaiet al. @10# studied experimentally theKa9 and
Kb9 satellites in Sc and its compounds. They conclude t
while Ka9 originates from anatomic 3p-spectator1s3p
˜2p3p transition, theKb9 satellite most likely results from
a 3p-spectator transition of a 3p electron coming from the
antibonding molecular orbital formed between the 3p orbital
of the active Sc atom and those of adjacent Sc atoms.

Well-resolved measurements of the scandiumKa1,2 and
Kb1,3 spectra were published only twice, to the best of o
knowledge. The first of these, the early study of Parratt@9#,
concentrated on theKa9 satellite of Sc, and employed a
insulator, Sc2O3, rather than metallic Sc. As shown in th
second study, Kawaiet al. @10#, the valence state of the atom
has a profound effect on the line shapes and related pa
eters of the spectrum such as width, position, relative int
sity, and asymmetry. However, even the very detailed st
of Kawai et al. investigated mostly the dependence of t
spectra on the chemical state of Sc, by intercomparing
spectra obtained from the metal and several scandium c
pounds. Although the origins of the spectra of elemental
were discussed, no attempt was made in that study to re
duce the line shape theoretically and determine the con
uting atomic processes. The collective, solid-state contrib
tions to the satellites accompanying the diagram transi
were, however, addressed in that study by discre
variational~DV! Xa molecular structure calculations.

The present study focuses on the atomic origins of
spectral line shapes, and tries to identify the contribut
transitions based on relativistic Dirac-Fockab initio calcula-
tions. It is important to note that our calculations are atom
rather than molecular or band-structure ones, assuming
plicitly an isolated-atom model for the emitting scandium
Agreement of the calculations with the measurements sho
imply, therefore, that the emission process of these spect
an atomic and not a collective solid-state process. Un
previous studies, our measurements were done by the s
spectrometer for both theKa andKb spectra. More impor-
tantly, the resolution of our spectrometer was characteri

a,
2018 ©1999 The American Physical Society
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PRA 60 2019Ka AND Kb X-RAY EMISSION SPECTRA OF . . .
and determined independently by using extremely nar
emission lines originating in pionic atom transitions@11# at
energies close to that of the Sc spectra. The indepen
determination of the resolution allows a reliable determi
tion of the basic parameters of the emission lines, such
widths, asymmetry indices, etc. We have also carried
detailed fits of the calculated spectra to the measured on
determine the processes underlying the lineshape, asse
their relative contributions. The fits reveal that theKa spec-
trum can be accounted for well assuming transitions withi
single, isolated atom. A large contribution from3d-spectator
transitions is found, similar to that found for Cu. Our resu
support anatomic3p-spectator origin for both theKa9 and
Kb9 satellites. TheKb spectrum, by contrast, cannot be a
counted for within the isolated-atom approximation, a
probably originates in transitions involving molecular orb
als, supporting the conclusion of Kawaiet al. @10#.

II. EXPERIMENT

A. Setup

For the measurement of the x rays a Johann-type re
tion crystal spectrometer was used, which has been desi
to investigate x rays in the few-keV range emitted from e
otic atoms@11,12#. The spectrometer is shown in Fig. 1 an
described in detail elsewhere@13#. The use of focusing Bragg
crystals increases considerably the spectrometer’s efficie
and for extended x-ray sources in combination with positi
sensitive detectors, placed on the Rowland circle, allows
simultaneous recording of the spectra over finite energy
tervals @14#. Intervals of 23 and 33 eV could be recorde
simultaneously near theKa1,2 andKb1,3 lines, respectively,
without rotating the analyzer.

The scandium atoms were excited by means of eithe
tungsten- or a chromium-anode sealed x-ray tube installe

FIG. 1. Setup of the spectrometer with x-ray tube, fluoresce
target, Bragg crystal, and CCD x-ray detector.
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front of the 50-mm Mylar window of a chamber containing
the Sc fluorescence target. The x-ray beam from the tube
collimated perpendicular to the target-crystal line of sig
The metallic 30 mm320 mm scandium target, mounted o
an aluminum plate, was oriented at 45° to this line.

A spherically bent silicon 220 crystal analyzer was e
ployed in the scandiumKa andKb measurements. The S
Ka1 andKb1,3 transition energies of 4090.6 eV and 4460
eV, respectively@15#, correspond to Bragg angles of 52.12
and 46.37°. The analyzer crystal, 0.3 mm thick, had a cir
lar shape of 95 mm in diameter, and it was glued onto a g
lens, which created a spherical bending to a radius of 298
mm. The crystal and its support were installed on a rot
table connencted to a high-precision angular encoder, all
ing us to measure relative rotations with an accuracy
60.39. To avoid absorption losses, the whole spectrome
from the Sc target to the charge-coupled device~CCD! de-
tector’s window, including the crystal, was kept in vacuu
Metal bellows allowed for changes in the Bragg angle with
a range of;10° without breaking vacuum.

The partial focusing perpendicular to the dispersion pla
provided by the spherical bending allowed for the use o
CCD as a two-dimensional position-sensitive x-ray detec
@16#. The detector was placed in the focal position at t
Rowland circle perpendicular to the direction of the Brag
reflected photons. The total sensitive area of the detector
17352 mm2 (width3height), consisting of a vertical arra
of two CCD chips separated by a 6-mm gap and havin
pixel size of 22.5mm322.5mm. For the presentation of th
measured spectra, five CCD pixels were binned togethe
form a single detector channel, of 112.5mm total width. Due
to the finite vertical extension of target and crystal, the tw
dimensional photon distribution in the detector plane w
extended over more than the total detector height. The o
lap of the reflected radiation cone and the sensitive are
the CCD was about 65%. The reflection image had a pa
bolic shape, within the height of the detector, originati
from the intersection of the crystal-reflected photon cone
the detector’s plane. Using the known geometry of the
trajectories from the source to a given pixel on the detec
the parabolic image on the CCD was transformed to
straight line, perpendicular to the dispersion plane, and s
sequently projected onto the dispersion plane, yielding
spectrum vsx, the position along the detector in the dispe
sion plane@13#. As each of the two spectral ranges was me
sured without rotating the analyzer, the length scalex on the
CCD in the dispersion plane was converted into a relat
energy scaleE using the linear dispersiondE/dx. The varia-
tion of the dispersion withx ~i.e., with energy! has been
incorporated into our analysis.

The absolute energy scale was fixed by assigning to
peak position of either theKa1 or theKb1,3 line the litera-
ture value@15#, which is known to60.4 eV. This is, then,
theabsoluteenergy scale accuracy of our measurements.
relative accuracy is, however, determined by the positio
accuracy of the CCD pixels and the accuracy with which
linear dispersiondE/dx is known.dE/dx is determined by
the angular dispersion discussed in the next section and
function of the crystal’s radius of curvature, the crysta
detector distance, the energyE, and the crystal characteristic
~Bragg-plane repeat distance and the order of reflection!. The
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FIG. 2. The p2Ne(6̃ 5) x-ray emission
spectrum, as measured with the present spectr
eter. A fit with a Gaussian resolution function t
the individual emission lines is also shown~line!.
The (6h˜5g) line was used to determine th
resolution of the spectrometer in this energ
range, which is near that of the ScKa and Kb
spectra.
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uncertainty in the linear dispersion is determined by
60.5 mm uncertainty in the detector-crystal distance and
60.4 eV uncertainty in the absolute energy, and is cal
lated to be60.06%. With our measurements’ statistics t
uncertainty in the determination of the position on the CC
was about one-tenth of the pixel size (22.5mm). This results
in few ppm accuracy in therelative energy,dE/E, determi-
nation. For example, for the ScKa1,2 spectrum, the posi-
tional uncertainty of;3.3 mm translates into a relative en
ergy accuracy ofdE/E'1 ppm. A more detailed analysis i
outside the scope of this paper, and is given elsewhere@13#.

B. Response function

The response function of the spectrometer was de
mined from the x-ray emission spectrum of the (6h˜5g)
transition in pionic20Ne, whose natural width is negligibly
small. The measurement was performed in thepE5 area at
the Paul-Scherrer-Institute. The energy of the 6h˜5g tran-
sition of p 20Ne, 4509.89 eV@17#, is close to the energies o
the Sc lines addressed here. The corresponding Bragg a
is 45.72° and the spectrometer’s angular dispersion
DE/Du521.33 meV/sec. Two different Si~220! crystals
were used in this experiment, denoted ‘‘A’’ and ‘‘B.’’ Th
pNe(6̃ 5) spectrum, measured using crystal B, is shown
Fig. 2. The line shape of thep20Ne(6h˜5g) transition is
described well by a single Gaussian resolution function w
full width at half maximum~FWHM! of (2962)9 for crystal
A and (2662)9 for crystal B.

The rocking curve width of the Si 220 reflection was c
culated to be 12.639 @18#. The natural width of the pionic
transition is 12 meV, corresponding to only 0.569, and thus
negligible in comparison with the crystal’s rocking curv
width and also with the geometrical aberrations originat
from the bent crystal setup. The geometrical broadenin
dominated by the horizontal extension of the crystal. T
aberration originating in the crystal’s vertical extension
reduced considerably by the application of the curvature c
rection, discussed above. Simulating the experiment wit
Monte Carlo ray-tracing code yields for the width of th
e
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response function 229 ~FWHM!, in reasonable agreemen
with the measurements. The additional broadening of
measured values is attributed to crystal imperfections, be
ing, and surface distortions. While the rocking curve widt
are calculated to be 14.39 and 12.99 for the scandiumKa1
andKb1,3 lines, respectively@18#, the Monte Carlo simula-
tions show that over the angular range employed here, f
45° to 53°, thetotal resolution width varies by less than 19.
Thus, we consider the width of the response function to
constant for the range of angles employed in our meas
ments.

III. ATOMIC STRUCTURE CALCULATIONS

A. Introduction

The relativistic Dirac-Fock~DF! code GRASP of Dyall
et al. @19# was employed for theab initio calculations,
supplemented by programs written in our laboratory. W
have considered transitions involving up to two-vacan
states, of the forms1s˜np and 1s3l˜np3l where n
52,3 for Ka andKb, respectively, andl 5p or d. The first
set of transitions is composed of the so-called diagram li
while the second is composed of the3l -spectator vacancy
satellites. The specific configurations employed for the d
gram and satellite lines are discussed in Sec. IV.

B. Energy calculations

Previous studies@3,20# indicate that the excited atoms un
dergo rearrangement and a full relaxation before the x-
emission occurs, at least far above the excitation thresh
which is the case in this study@21#. To reproduce this situa
tion in the calculations we have generated in all cases
initial- and final-state wave functions and correspond
eigenenergies in two separate single-configuration r
where the wave functions and energies ofall orbitals were
allowed to vary.

The input to the code specifies the electronic occupa
numbers of each shell in nonrelativistic notation, which a
then expanded by the program to give all the correspond
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PRA 60 2021Ka AND Kb X-RAY EMISSION SPECTRA OF . . .
relativistic configurations, taking into account all possib
couplings between the electrons in the open shells. The r
tivistic calculation is carried out in thej j coupling scheme
and the results transformed back into the intermediate c
pling scheme. The fully split array of the energy levels
calculated for the given configuration. Once the energy le
array of the initial and final states is obtained, the transit
energies are computed by taking the difference between
propriate pairs of energy levels, one from the initial-sta
array and one from the final-state array, as allowed by
electric dipole selection rules. This procedure yields the
ergies of all the lines of a multiplet resulting from transitio
between states having specific initial and final electron oc
pations.

C. Line strength calculations

The GRASP code includes a facility for calculating th
transition probabilities within a multiplet. This, however,
possible only when the wave functions of the initial and fin
states are orthogonal. In our case they are not, since
were generated in separate runs. We have used therefore
figuration interaction calculations to obtain the various tra
sition probabilities using once the wave functions of the i
tial state and, again, those of the final state. We find that
each multiplet studied here the two values for each line
within ;10% of each other, for all lines having a significa
intensity. Thus, in the fits and figures of this study we u
line strengths calculated from the initial state wave functio
We have verified that the use of final-state wave function
calculate the line strengths has only a marginal effect on
various figures and plots presented here and no influenc
all on our final conclusions.

D. Theoretical fits

A calculated multiplet is a ‘‘stick diagram,’’ consisting o
a number of lines, each having a calculated height and
ergy, but a zero width. To fit the measured spectrum, e
calculated line is represented by a Lorentzian and the s
trum is fitted by the following expression:

I c~E!5Fc01d0E1 (
m51

M

am

3(
l 51

L

blm /$11@2~E2Elm2Dm!/G lm#2%G ^ G~E!,

~1!

wherec0 ,d0 define a linear background and(m,l sums over
the different multiplets~m! and the lines within each multip
let (l ). am andDm are the relative intensity of each multiple
and the overall shift of its energy scale relative to the m
sured one, respectively. Both of these are common to
lines within a given multiplet. The shiftDm is required since
the DF calculations are accurate to no better than a few
@19# in absolute energy.G lm are the full widths of the Lorent-
zians, representing the natural width of each line. To k
the number of fit variables manageable, all lines within
multiplet which lie below the midpoint between theKa1 and
Ka2 lines were assigned a common width,Gm2, as were
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those lying above the midpoint,Gm1. The only exception was
the 1s3p˜2p3p multiplet, where a clear division of the
lines between the two ‘‘parents’’Ka1 and Ka2 was not
possible, and hence a common width was used for all
lines.Elm andblm are the calculated energy and intensity
each line within the multiplet. The calculated model spe
trum is convoluted (̂ ) by a unity-normalized Gaussian
G(E)5(Aln 16/p/w)exp$2@(E2Elm)Aln 16/w#2%, of full
width at half maximumw, representing the instrumenta
resolution. For each multiplet the four paramete
am , Dm , Gm1, andGm2 were allowed to vary in the fit.c0 ,
d0, andw could also be varied in the fit, when needed. F
theKb1,3 spectrum an identical fit procedure was employe
except that a single widthGm was used for all lines of a
multiplet, be it a diagram or a spectator one, for reas
discussed below.

IV. RESULTS AND DISCUSSION

A. Basic properties

To make a connection with previous studies of Sc as w
as studies of other 3d transition metals, we now proceed t
determine the basic properties of the measured spectra,
compare them with previously measured and calculated
ues. This is of particular interest, since our resolution is
termined independently, and its effect on the spectra
moved before calculating the parameters presented in
tables below.

1. Ka1,2 spectrum

Two independent sets of measurements were carried
for the ScKa spectrum. In the first, run I, a W-anode x-ra
tube and crystal A were used. The most intense line of
primary radiation is the WLa1 at 8396 eV@15#, well above
the ScK edge at 4492 eV@22#. The second measurement, ru
II, employed a Cr-anode x-ray tube and crystal B. The m
intense lines here are the CrKa1,2 at 5414 eV@15#, about
20% higher than the ScK edge.

We first discuss the results obtained in run I. Three se
rate measurements of the spectrum were performed to en
reproducibility. The measured spectra were corrected as
tailed above, summed, and converted to the proper en
scale. The total measurement statistics are indicated by
error bars in Fig. 3. To obtain the various quantities defin
the raw spectrum, the discrete measured points were fitte
a sum of Voigt functions~VF!, and the quantities derived
from the fitted curve. The Voigt function, a convolution of
Lorentzian and a Gaussian, represents best the experim
situation where the Gaussian is the instrumental resolu
function and the Lorentzian is the intrinsic line shape o
single transition line. Six VF’s were required to obtain th
best fit, three each for theKa1 and theKa2 lines. These
VF’s also correspond loosely to the three multiplets, listed
Table I, which contribute to each of the two lines. The fu
width at half maximum of the Gaussian was fixed in the fit
w50.45 eV, as derived from the angular width of the pion
transition measurement, discussed above, and the dispe
DE/Du515.43 meV/sec, corresponding to the Bragg an
of the Ka1 transition. The measured raw data~points! are
shown in Fig. 3, along with the six-VF fit~lines!. The residu-
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2022 PRA 60ANAGNOSTOPOULOS, SHARON, GOTTA, AND DEUTSCH
als in the lower panel are well below the63s levels~lines!
of the measurementeverywhere, demonstrating the high
quality of the fit. Heres is one standard deviation due to th
counting statistics. The fit parameters and their approxim
correspondence to specific transitions are summarize
Table I. The fit yields a value for thereducedx2 equal to
1.32, which is close to exhausting the measurements’ a
racy atx251. Since the basis for the six VF’s fit is pure
phenomenological, one should not attach too much phys

FIG. 3. TheKa1,2 spectrum fitted by six Voigt functions~a! and
the fit residuals~b!. The individual Voigt functions in~a! are also
shown. The lines in~b! denote the63s level of the spectrum,
wheres is one standard deviation in each point due to count
statistics.
te
in

u-

al

significance to the specific values obtained for the widt
positions, etc., of the individual Lorentzians, although the
numbers seem, in general, reasonable. The more physi
motivated fit, based onab initio atomic structure calcula
tions, presented below, will allow doing so with a high
level of confidence. A fit with more than six VF’s was als
attempted, but the reduction obtained in thex2 was only
marginal.

Using the six-VF representations, we have calculated
various properties of the spectrum, and summarized them
Table II, along with previous experimental values@23#. As
can be observed, the agreement between ourKa1 FWHM
value and the width derived by Kawaiet al. @10# from his
measurements and by Pessa@24# from Parrat’s measurement
@9# is reasonable. In the case of theKa2 transition the
FWHM derived by Pessa@24# is smaller than the our value
and the value of Kawaiet al. This may be due to overcor
rection for resolution broadening in Ref.@24#. As the mea-
sured lines includes satellite contributions, they should
pear broader in the experiment than the lifetime wid
calculated for the pure diagram transition. Indeed, both
width and the width of Kawaiet al. are significantly larger
than the 1.03–1.09 eV obtained from the theoretical le
widths calculations listed in Table VI, below. This is di
cussed further in conjunction with theab initio fits below.

The asymmetry index of an x-ray emission line has be
defined by Allison@25# as the ratio of the part of the FWHM
lying to the low-energy side of the maximum ordinate to th
on the high-energy side. While this is still the most com
monly used definition for the asymmetry index@26,27#,
variations on this definition have also been used, differing
the way the peak position is determined. Following Kaw
et al. @10# a general asymmetry indexAh may be defined as

Ah5
~ low-E side!

~high-E side!
5

f /21xh

f /22xh
, ~2!

wheref is the full width at half maximum,xh5ah2b, ah is
the nominal ‘‘center’’ determined as the half-width point
abscissa, when this width is taken ath% of the peak’s
height, andb5a50 is the ‘‘center’’ position at 50% of the

g

s

imum
s

TABLE I. Relative energy positionsEi , widthsWi , peak intensitiesI i , and relative integrated intensitie
I int obtained for the individual Voigt functions from a fit of the measuredKa1,2 spectrum by a sum of six
Voigt functions, as discussed in the text. The Gaussian resolution function had a full width at half max
of 0.45 eV. The zero energy is the ScKa1 peak energy, 4090.6 eV@15#. The numbers in parenthese
correspond to one standard deviation due to the counting statistics. Thereducedx2 value obtained for the fit
is also shown.

Line Transition Designation Ei (eV) Wi (eV) I i (counts) I int (%)

Ka1

a11 1s˜2p3/2 Diagram Ka1 0.000~4! 1.227~12! 8339~46! 50
a12 1s3p˜2p3/23p Ka9 2.815~40! 2.108~94! 383~10! 5
a13 1s3d˜2p3/23d 21.203(50) 1.82~16! 594~37! 5

Ka2

a21 1s˜2p1/2 Diagram Ka2 24.787(7) 1.552~21! 4245~31! 32
a22 1s3p˜2p1/23p 22.616(77) 2.93~43! 432~23! 6
a23 1s3d˜2p1/23d 26.74(17) 3.66~96! 108~8! 2

Reducedx2 1.32
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TABLE II. Full widths at half maximum~FWHM!, indices of asymmetryAh , energy differences, and peak and integrated intensity ra
for the Ka doublet, as derived from the fit of the spectrum using six Voigt functions~see text!. Numbers in brackets are one-standar
deviation uncertainties in the last figure.Ka1,2

0 denote the energy positions and intensities of theKa1,2 peaks. Previous measurements a
theoretical values are also shown.

Source Ka1 Ka2 Energy differences~eV! Intensity ratios~%!

Peak Integrated
FWHM ~eV! A100 A90 FWHM ~eV! A100 Ka1

0-Ka2
0 Ka9-Ka1

0 Ka2
0/Ka1

0 Ka9/Ka1

This work
Run I 1.332~16! 1.113~17! 1.082~7! 1.744~28! 0.884~16! 4.784~8! 2.809~34! 52.1~5!f 6.3~5!h

50.9~5!g

Run II 1.389~95! 1.133~53! 1.122~49! 1.770~75! 0.910~25! 4.772~13! 2.95~10! 49.3~3.0!f 6.9~7!h

Kawai et al.a 1.446~12! 1.175~20! 1.779~40! 4.768~15!

Parrattb 1.28 1.51 3.0 1.4
Beardenc 4.5
Scottd 2.8
Salem and Wimmere 50.7~1.0!

aReference@10#. The asymmetry given in the original paper is a misprint.
bReference@9#. Widths as calculated from Parratt’s data by Pessa@24#.
cReference@15#.
dReference@8#.
eReference@30#.
fRatio of the peak intensities,Ka2

0/Ka1
0 of the full fit to the data.

gRatio of the peak intensities,Ka21
0 /Ka11

0 , of the Lorentzians representing the ‘‘diagram’’ lines.
hThe integratedKa1 intensity is assumed to be the 2/3 of the totalKa intensity.
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full height. Forh5100,a100 is the position of the peak an
the corresponding index of asymmetry,A100, is the conven-
tional one defined by Allison@25#. Whenxh>0, which oc-
curs whenah is on the high-energy side ofb, Ah>1 while
xh,0 yieldsAh,1 .

The asymmetry indices obtained for theKa1 and Ka2
lines are given in Table II.A90 allows a direct comparison
with the values of Kawaiet al. @10#, the only ones published
for scandium. Our indices are greater than unity forKa1 but
smaller than unity forKa2. The Ka1 value is significantly
lower than that of Kawaiet al. However, this value is very
sensitive to the shape and width of the experimental res
tion function. While ourA90 is obtained from the resolution
corrected spectrum, that of Kawaiet al. was not. Our raw,
resolution-uncorrected data yields, forKa1, A9051.14, less
than two standard deviations from the value of Kawai’set al.

TheAh,1 of Ka2 is mainly due to the large contributio
to the intensity on the high-energy side of this line from t
low-energy wing of the strongKa1 line. This distortion ef-
fectively prevents the extraction of an intrinsic asymme
parameter for theKa2 line. By the same token, the corre
sponding increase in the intensity of the low-energy wing
the Ka1 line due to contributions from theKa2 line prob-
ably increases the asymmetry parameter derived forKa1
from the measured spectrum beyond its intrinsic value.

Turning now to the measured lines’peakpositions,Ka1
0

and Ka2
0, we note thatKa1

0 is found to be (20.007
60.004) eV lower than the centroid of theKa11 component,
representing the diagram transition. This point is of imp
tance when correlating the peak position with the diagr
transition’s energy. The spin doublet splittingKa1

0-Ka2
0 was

found to be (4.78460.008) eV. Kawai et al. obtained
(4.76860.015) eV, determining the position of th
u-

f

-

Ka1(Ka2) line from the center point at 90% intensity of th
correspondingKa1(Ka2) complex. Following the method o
Kawai et al. method we find (4.77960.013) eV, in good
agreement with Kawaiet al. Photoelectron spectroscop
measurements yield a 2p spin doublet splitting of (4.93
60.1) eV for metallic Sc@28,29#, again, in good agreemen
with our value. Bearden’s@15# lower value of 4.5 eV might
have been obtained on a nonmetallic sample, as done
Parratt@9#, who employed Sc2O3 rather than metallic Sc in
his measurements. TheKa1

0-Ka2
0 splitting is sensitive to the

valence state of the atom and the value of (4.3360.01) eV
obtained by Kawaiet al. for Sc2O3 @10# is indeed closer to
Bearden’s value than to those of the pure metal.

The integrated intensity ratioI int(Ka2)/I int(Ka1) is, in
principle, a highly important measurable. It yields the re
tive Ka2 /Ka1 transition probability, a quantity calculated i
and used to test many theoretical models. However, its
termination from the spectrum measured here is not feas
due to the partial overlap between theKa1 and Ka2 lines.
Nevertheless, it is possible to determine thepeak intensity
ratio I (Ka2

0)/I (Ka1
0) from the six-Lorentzian fit to our data

This yields (52.160.5)%, which agrees with Salem an
Wimmer’s @30# (50.761)%. Salem and Wimmer’s value
was, however, calculated after correcting each measu
peak value for the contribution from the underlying tail
the adjacent line. This corresponds in our fit to the pe
intensity ratio I (Ka21

0 )/I (Ka11
0 ) of the Lorentzians repre

senting the ‘‘diagram’’ lines. Indeed, our fit yield
I (Ka21

0 )/I (Ka11
0 )5(50.960.5)%, in excellent agreemen

with Salem and Wimmer.
Since the Ka9 satellite does not appear as a we

separated line, the uncertainties in the determination of
parameters from the measured data are larger than thos
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the Ka lines. The Ka9-Ka1
0 energy separation of 2.80

60.034 eV from our fit is slightly smaller than the 3 e
measured by Parratt, and is in very good agreement with
Hartree-Fock calculations of Scott@8# which yields a 2.8 eV
separation for the main component of the correspond
3p-spectator multiplet. OurI int(Ka9)/I int(Ka1) integrated
intensity ratio of (6.360.5)% ~see Table II! is more than
fourfold larger than Parratt’s value@9#. This large discrep-
ancy is partly due to the different method of determination
this quantity. However, Parratt’s use of Sc2O3 rather than the
metallic Sc used here should contribute considerably to
difference. As observed in Fig. 1 of Ref.@10#, theKa9 fea-
ture is more prominent in metallic Sc than in any of
compounds. This happens because in the case of Sc2O3 the
Sc 3p electrons form molecular orbitals with the O 2s elec-
trons @10#. Thus, once a3p spectator hole is created, it i
more likely to be depopulated faster in Sc2O3, where nearby
ligand electron are available, than in metallic Sc where
3p orbitals are less delocalized and no such electrons
easily available.

Finally, we discuss the results obtained in run II. T
spectrum was fitted with six VF’s, in which the FWHM o
the Gaussian instrumental resolution width was fixed at 0
eV, according to the measured resolution of the B crys
The fit yields ax2 of 0.9. The various quantities extracte
from the spectrum are summarized in Table II. The hig
uncertainties obtained here, relative to those of run I, are
to the poorer counting statistics. The results obtained in
two runs are seen to be within one standard deviation fr
each other, and thus, run II supports all the results and c
clusions of run I.

2. Kb1,3 spectrum

The scandiumKb1,3 spectrum was measured using C
anode x-ray tube excitation and the B crystal. It is shown
Fig. 4, along with a fit to a sum of Voigt functions as do
for the Ka1,2 spectrum. The lines of this spectrum overl
considerably more than those of theKa1,2 one. Six VF were
sufficient to fit the spectrum very well (x251.15). The fit
employed, as discussed above, a Gaussian resolution of
eV ~FWHM! obtained from thepNe(6h˜5g) transition for
this energy. The dispersion at the Bragg angle correspon
to the Kb1,3 peak wasDE/Du522.136 meV/sec. The pa
rameters defining the six VF’s, and the corresponding tr
sitions, are listed in Table III.

In contrast to theKa1,2 spectrum, where the fitted indi
vidual VF’s could be correlated roughly with the variou
electronic transitions, those of theKb1,3 spectrum cannot
and are, therefore, purely phenomenological. There are
two probable exceptions. One is the dominantKbA line. Its
width is 1.0460.04 eV, while the expected spin doubl
Kb1-Kb3 energy splitting is less than 0.5 eV in atomic S
@15,29,31#. Thus, theKbA line can be cautiously attribute
to the ‘‘diagram’’ Kb1,3 transitions. The other exception
the KbF line, which clearly corresponds to theKb9 feature.

The widths, asymmetries, etc., derived from the spectr
are listed in Table IV. They have been extracted both dire
from the measured raw spectrum, and from the resolu
corrected spectrum, using the six VF representation of Fig
In contrast to theKa1,2 spectrum, the diagram line overla
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does not allow to extract here meaningful ‘‘lifetime’’ width
that can be compared directly with calculated lifetime widt
of individual transition lines. This is done below for the fi
of the ab initio calculated spectrum. We note, however, th
our raw FWHM width is in good agreement with that o
Kawai et al. @10# ~uncorrected! value. The resolution-
corrected value is, however, significantly lower.

The A100 values obtained with and without the resolutio
correction differ significantly, as expected, demonstrating
importance of the experimental resolution correction, es
cially for strongly asymmetric lines, as is the present o
For the ScA100 index no other experimental determination
available in the literature, to the best of our knowledg
However, for the neighboring elements, titanium (Z522)
and vanadium (Z523), theKb1,3 ~raw! A100 index is 1.73
and 1.50, respectively@26#, while for scandium (Z521) we
obtain 1.98. it is not clear whether these differences refl
intrinsic differences in the emission process or the atom
structure among these elements or are just artifacts du
different experimental procedures and data analysis meth
metal and nonmetal target differences, etc. The differe
between theA66 indices obtained from the raw and the co
rected spectra is significantly lower than forA100 since the
upper part of the emission line is more symmetric and th
less sensitive to distortions caused by, e.g., finite experim
tal resolution. OurA66 values are, again, in good agreeme
with those of Kawaiet al.

Finally, theKb9-Kb1,3
0 splitting and the integrated inten

sity ratio I int(Kb9)/I int(Kb1,3) are also listed in Table IV.

FIG. 4. TheKb1,3 spectrum fitted by 6 Voigt functions~a! and
the fit residuals~b!. The individual Voigt functions in~a! are also
shown. The lines in~b! denote the63s level of the spectrum,
wheres is one standard deviation in each point due to count
statistics.
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TABLE III. Relative energy positionsEi , widths Wi , peak intensitiesI i , and relative integrated inten
sitiesI int obtained for the individual Voigt functions from a fit of the measuredKb1,3 spectrum by a sum of
six Voigt functions, as discussed in the text. The Gaussian resolution full width at half maximum used
fit was 0.57 eV. The zero-energy position is the energy of the ScKb1,3 peak, 4460.5 eV@15#. Numbers in
parentheses correspond to one standard deviation uncertainties in the last digit due to counting statis
reducedx2 value obtained for the fit is also shown.

Line Transition Designation Ei (eV) Wi (eV) I i (counts) I int (%)

bA 1s˜3p1/2,3/2 DiagramKb1,3 0.00~1! 1.04~4! 2809~43! 28
bB 20.93(2) 1.85~10! 1639~36! 30
bC 22.59(3) 3.60~14! 704~14! 24
bD 28.30(11) 16.49~72! 120~2! 14
bE 213.58(12) 2.20~60! 48~5! 1
bF 1s3p˜3p3p Kb9 3.58~10! 2.99~46! 115~6! 3

Reducedx2 1.15
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Unfortunately, to the best of our knowledge, no other m
sured values are available for these quantities. We note, h
ever, that the obtained value of (3.560.5)% for the inte-
grated intensity ratioI int(Kb9)/I int(Kb1,3) is very close to
the value of (4.260.5)% obtained for the
I int(Ka9)/I int(Ka1,2) integrated intensity ratio@see last col-
umn in Table II, withI int(Ka1,2)'(3/2)I int(Ka1)].

B. Comparison with theory

1. Ka1,2 spectrum

a. Calculated multiplets.As in previous studies@3#, we
carried outab initio relativistic Dirac-Fock calculations fo
transitions between selected initial- and final-state electro
configurations. All calculations were done assuming full
laxation between the excitation~i.e., the 1s electron ejection!
and deexcitation~the filling of the1s hole by a higher-shel
electron and the emission of an x ray! processes, as detaile
above. The electronic configuration of the neutral scand
atom is nominally@Ar#3d14s2 ~denoted below byg1). How-
ever, the 3d and 4s are valence shells and have small ene
separations~a fraction of 1 eV@32#!, so that the probability
of having the outer three electrons distributed differen
from the nominal within these shells may not be negligiblea
priori . Hence, we carried out calculations, for both the d
gram and satellite lines, assuming several different grou
state configurations of the outer electrons. Only one-
two-electron transitions~i.e., diagram and one-spectator tra
-
w-

ic
-

m

y

-
d-
d

sitions! were considered, as was the case for Cu@3#. As we
show below, these were sufficient to account for the l
shapes of theKa spectrum, and invoking lower-probability
three-electron transitions was not required.

The calculated ‘‘stick diagrams’’ of the various calculate
transition multiplets are given in Fig. 5, marked with th
corresponding outer electron configurations, for the diagr
the3d- and the3p-spectator transitions. The measured sp
trum and a ‘‘stick diagram’’ derived from the phenomen
logical six-VF fit discussed above are also shown. Frame~c!
shows the diagram transitions for the nominalg1 ground
state configuration, with a single1s hole in the initial state
and a single2p hole in the final state. The general alignme
of the measured and calculated spectra is good, given
1–2 eV absolute energy accuracy of the calculations. T
large number of lines, 36 in all, is due to the fact that the
are two open shells (1s or 2p plus 3d1). The general shape
of the calculated spectrum closely follows the measured
and, although shifted, that of the phenomenological spect
in ~b!. Removing one or both 4s electrons~d!, ~e! leaves the
calculated spectrum virtually unchanged in both over
shape and energy position, as was also observed for Cu@3#.
Even more drastic changes, like pulling one 4s electron into
the 3d shell and removing the other~f! have only little in-
fluence on the spectral shape. The3d-spectator spectrum~g!
is, however, considerably different; there are now two lin
only, and the spectrum is slightly (;2 eV) downshifted
relative to the measured peaks. Finally,~h! and ~i! show the
igt
.

TABLE IV. Full widths at half maximum~FWHM!, indices of asymmetryAh , energy differences, and
integrated intensity ratios for theKb doublet, as derived from the fit of the spectrum using six Vo
functions~see text!. Numbers in parentheses are one-standard-deviation uncertainties in the last figureKb1,3

0

denotes the energy position of theKb1,3 peak. Previous measurements are also shown.

Kb1,3 Energy Integrated
difference~eV! intensity ratio~%!

Source FWHM~eV! A100 A66 Kb9-Kb1,3
0 Kb9/Kb1,3

This work
Resolution-corrected spectrum 2.15~6! 2.38~12! 1.38~5! 3.64~10! 3.5~5!

Raw data 2.45 1.98 1.34
Kawai et al. 2.438~25! 1.398~24!

aReference@10#.
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3p-spectator transitions assuming the nomin
g1(@Ar#3d14s2) and the@Ar#3d04s2 ~denotedg2) ground
states, respectively. For the nominal ground stateg1 the
strongest lines of the calculated3p-spectator multiplet~h!
are well aligned with the measuredKa9 feature, and it has
the right shape: strong lines near 4093 eV and a broad
low background over the rest of the range. This suppo
therefore, the assignment ofKa9 to this transition, originally
proposed by Druyvesteyn@4# as early as 1928, and supporte
by Parratt’s measurements@9#, the Hartree-Fock calculation
of Scott @8#, and the study of Kawaiet al. @10#. The
3p-spectator for the 3d-depleted ground stateg2 ~i! is less
well aligned with Ka9, although the strongest line is sti
within ;2.5 eV of it.

b. Theoretical fits.The minimal set of multiplets that ca
possibly contribute to theKa spectrum includes the diagram
transitions and, because of the clear identification of theKa9
feature, the3p-spectator one. A fit employing these two mu
tiplets for the nominal atomic electron configuration, name
~c! and ~h! in Fig. 5, is shown in Fig. 6, and the paramete
obtained in the fit listed in Table V under ‘‘Fit A.’’ The poo
quality of the fit, indicated by the large fit residuals in Fi
6~b!, shows that a diagram and a3p-spectator transition are
insufficient to explain the line shape. Attempts to use
same combination with other ‘‘diagram’’ transition
namely, ~d!, ~e!, and ~f! in Fig. 5, yield almost identica

FIG. 5. TheKa1,2 measured spectrum~a!, phenomenological fit
of Fig. 3 ~b!, and ab initio calculated multiplets~c!–~i! for the
indicated electronic configurations and transitions. In all frames,
height of individual lines represents theintegratedintensity of that
transition, normalized to the most intense line of the multiplet.
l

nd
s,

,

e

results. It is clear, therefore, that contributions from ad
tional multiplets must be included. Note that even for th
poor fit a;14% contribution by the3p-spectator transition
is indicated. The more loosely bound3d spectator, which
should have a higher excitation probability, should contr
ute significantly more to the spectrum. Thus, a fit includi
multiplets ~c!, ~g!, and ~h! in Fig. 5 was carried out, with
results shown in Fig. 7, and parameters listed in Table
under ‘‘Fit B.’’ Although discrepancies still exist@see Fig.
7~b!#, this combination yields a considerably better fit to t
measured spectrum than the previous choice. In fact,
tempts to improve the fit by including the same three tran
tions, but using different ‘‘diagram’’ transitions@e.g.,~d! or
~e!#, resulted in worse fits than that shown in Fig. 7.

Computationally, the ‘‘two-lines-only’’ structure of the
3d-spectator multiplet is a decisive factor in obtaining
good fit to the sharp measured peaks in Fig. 7. A sim
two-line diagram multiplet is also obtained if a ground-sta
configuration@Ar#3d04s2, or even@Ar#3d04s0, is assumed.
Given such a ground-state configuration, would it be poss
to obtain a good fit using only that diagram and t
3p-spectator multiplet? Note that on physical grounds suc
ground state will not be entirely unreasonable, since while
an isolated atom the 3d orbital is reasonably sharp, in th
solid-state-bound atom the 3d orbital is more diffuse and
molecular like @10,33#. To answer this question a new fi
using multiplet~g! as the ground stateg2 and ~i! as the cor-
responding3p-spectator multiplet, was carried out with th
results shown in Fig. 8, and the fit parameters listed in Ta

e

FIG. 6. Fit of the measuredKa1,2 spectrum by the nomina
diagram multiplet~c! and3p-spectator multiplet~h! in Fig. 5. The
individual multiplet contributions are shown in~a!. The residuals
and 63s levels are shown in~b!. The fit parameters are listed i
Table V under ‘‘Fit A.’’
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TABLE V. Fit results for theKa scandium spectrum.g1 and g2 denote the ground-state electron
configurations@Ar#3d14s2 and@Ar#3d04s2, respectively.D, G, am , andI int denote the shift, width, ampli-
tude, and integrated intensity of each multiplet~see text!. For multiplets that were divided into two parts, tw
widths are listed.uC1DEu ~whereE is in eV! is the background andw is the full width at half maximum of
the Gaussian representing the instrumental resolution function. Reducedx2 of the fits are also shown.

Parameters Ground Transitions Fit A Fit B Fit C
state ~Fig. 6! ~Fig. 7! ~Fig. 8!

D (eV) g1 1s˜2p 0.65~2! 0.43~1!

g2 1s˜2p 1.87~1!

g1 1s3d˜2p3d 2.02~1!

g1 1s3p˜2p3p 0.80~1! 0.80~1!

g2 1s3p˜2p3p 0.06~5!

G (eV) g1 1s˜2p3/2 0.94~2! 1.06~2!

g1 1s˜2p1/2 1.14~2! 1.06~2!

g2 1s˜2p3/2 1.08~2!

g2 1s˜2p1/2 1.39~2!

g1 1s3d˜2p3/23d 0.80~2!

g1 1s3d˜2p1/23d 1.30~4!

g1 1s3p˜2p3p 1.18~8! 1.15~4!

g2 1s3p˜2p3/23p 1.69~4!

g2 1s3p˜2p1/23p 1.60~8!

am (counts) g1 1s˜2p 2662~36! 1397~17!

g2 1s˜2p 17 413~200!
g1 1s3d˜2p3d 12 294~183!
g1 1s3p˜2p3p 69~4! 78~2!

g2 1s3p˜2p3p 1160~23!

C 210 873(16) 213 732(3) 27789(4)
D 2.65~1! 3.35~1! 1.90~1!

w (eV) 0.45 0.45 0.45

I int (%) g1 1s˜2p 86 47
g2 1s˜2p 65
g1 1s3d˜2p3d 38
g1 1s3p˜2p3p 14 15
g2 1s3p˜2p3p 35

Reducedx2 27.85 7.35 11.97
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V under ‘‘Fit C.’’ While now the ‘‘bump’’ at 4083 eV does
not appear, the overall quality of the fit is clearly inferior
fit B in Fig. 7, as observed by inspection of the correspo
ing fits and residuals. The basic problem here is that
removal of the 3d electron reduces slightly, but significantl
the 2p1/2-2p3/2 spin doublet splitting, making it smaller tha
the observedKa1-Ka2 energy separation.

The discussion so far was based on an eye inspectio
the figures showing the various fits. The reducedx2 values in
Table V quantify the relative quality of each fit. For fit A
which includes the diagram plus the3p-spectator transitions
only, with the nominalg1(@Ar#3d14s2) ground state, ax2

'28 is obtained. Using different ground state electron c
figurations, namely,@Ar#3d14s1 and @Ar#3d14s0, yields
similar values. Fit C, employing theg2(@Ar#3d04s2) ground
state and the corresponding3p spectator only, reducesx2 to
;12, less than half of fit A. While this is a significant im
provement, the fit is still not good, as discussed above.
-
e

of

-

e-

turning now to the nominal electron configuration, and ad
ing the 3d-spectator transition~fit B!, results in a further
reduction tox257.35. The conclusion emerging from bo
the x2 values and the inspection of Figs. 6–8 is that t
inclusion of the3d spectator is mandatory to obtain a goo
fit, and that the use of the nominal ground stateg1 and the
three transitions, the diagram and the3p and3d spectators,
are sufficient to account well, quantitatively, for the me
sured line shapes of theKa spectrum.

c. Spectral characteristics obtained from the fit.We now
discuss the parameters obtained from the best fit, fit B
Table V, and compare them, where relevant, with oth
available data.

The natural widths obtained are listed in Table VI, alo
with several previous theoretical and semiempirical valu
As a separation of the measured spectra into individual m
tiplet contributions was not attempted in any of the previo
measurements, experimentally derived widths, which bel
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to the composite lines, were not included in the table. T
agreement of the theoretical widths with those obtained fr
fit B is excellent:&4%. By contrast, the linewidths derive
from the resolution-corrected spectrum,before the removal
of the spectator contributions, in Table II overestimate s
nificantly the theoretical and spectator-removed widths
Table VI. This demonstrates the importance of properly
moving the contributions of the spectator transitions to
line shape for obtaining a meaningful comparison with th
oretical calculations. Note also that the widths obtained fr
the two other fits in Table V are in a much worse agreem
with theory. This supports further the conclusion above t
the inclusion of the3d spectator is mandatory to account f
the shape of theKa spectrum.

The integrated intensities obtained from fit B indicate th
the 3d spectator’s contribution is about equal to that of t
diagram line:;38% of the total intensity of theKa1,2 lines.
While this is higher than the 30% obtained for Cu@3#, such
an increase is not unreasonable in view of the lower ato
number of Sc and the concomitantly lower 3d binding en-
ergy, only 0.8 eV as compared to 2.8 eV in Cu@32#. A large
increase is also observed in the3p-spectator intensity: 15%
in Sc vs 0.5% in Cu@3#, presumably for the same reaso
This value for Sc greatly exceeds the 1.4% estimate of P
ratt @9# for the correspondingKa9 feature. The true differ-
ence is even larger, since Parratt’s value is relative to
Ka1 line, while the present value is a percentage out of
total Ka1,2 line spectrum. Parratt’s estimate, however, w

FIG. 7. Fit of the measuredKa1,2 spectrum by the nomina
diagram multiplet ~c!, 3p-spectator multiplet ~h!, and the
3d-spectator multiplet~g! in Fig. 5. The individual multiplet con-
tributions are shown in~a!. The residuals and63s levels are
shown in~b!. The fit parameters are listed in Table V under ‘‘F
B.’’
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calculated by taking the excess intensity in theKa9 feature
over the smoothly falling wing of the diagram line. Th
leaves out almost all of the intensity of the multiplet, whic
lies mostly under theKa1 andKa2 peaks, as shown in Fig

FIG. 8. Fit of the measuredKa1,2 spectrum by the3d-spectator
multiplet ~g! and the3p-spectator multiplet~i! in Fig. 5. The indi-
vidual multiplet contributions are shown in~a!. The residuals and
63s levels are shown in~b!. The fit parameters are listed in Tab
V under ‘‘Fit C.’’

TABLE VI. Full widths at half maximum, in eV, obtained from
the best fit of the theoretical DF-calculated spectra to the meas
one~‘‘present’’! and several theoretical and semiempirical calcu
tions.

FWHM ~eV!

Source Ka1 Ka2 Kb1 Kb3

Present
Best theoretical fit 1.06~2! 1.06~2! 2.8~12! 2.8~12!

Theoretical
McGuirea 1.09 1.09 0.971
Chen and co-workersb 1.08 1.082 1.082
Crasemann and Chenc 1.028 1.026 0.850 0.859
Semiempirical
Krause and Oliverd 1.05 1.06
Perkinset al.e 1.03 1.03 0.85 0.86

aK-level width from Ref.@41#, L- andM-level widths linearly inter-
polated from Refs.@42# and @43#, respectively.
bK-, L-, andM-level widths linearly interpolated from Refs.@44#,
@45#, and@46#, respectively.
cK-, L-, andM-level widths from Ref.@35#.
dFrom Ref.@47#.
eFrom Ref.@48#.
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7. The same holds for the phenomenological six-VF fit d
cussed above, even though the value derived there is so
what closer to the present 15% value.

The Ka1-Ka2 spin doublet splitting, obtained from ou
DF calculations and measurements, as well as those f
several other theoretical and experimental sources, are s
marized in Table VII. The agreement between the pres
measurement and that of Kawaiet al. @10# for metallic scan-
dium is very good, while the compounds studied by them
show smaller splittings. Bearden’s 4.55 eV is lower than
values and those of Kawaiet al. for metallic Sc, and thus
seems to have been measured also on a compound, pos
an oxide, as were Parratt’s measurements@9#. The DF calcu-
lations show a decreasing trend in the splitting with decre
ing 3d shell population. The@Ar#3d14s2 fine structure split-
ting value is in excellent agreement with the measu
metallic sample value, while that of@Ar#3d04s2 is lower and
very close to the splittings observed by Kawaiet al. in the
compounds. These correspondences seem to indicate th
the metallic Sc the single 3d electron of the nominal Sc
configuration is atomically localized, while for the com
pounds the 3d atomic level is depopulated, the 3d electron
going presumably into the molecular bonding orbitals. Fr
a comparison of the measuredKa1 chemical shift with
DV-Xa molecular structure calculations Kawaiet al. @10#
conclude similarly that the formation of the chemical bo
depopulates the 3d shell.

Finally, the contribution of3s-spectator transitions ar
negligible for the spectra discussed in this work, as was a
found for Cu@3#. This is due to the lower cross section f
the formation of a vacancy in these more strongly bou
shells, the lower number of electrons in thes shell as com-
pared to thep shell, and, more significantly, the stron
Coster-Kronig transitions which depopulate such vacan
very fast@34#, as demonstrated by the large natural width
the 3s level, 4.59 eV, as compared with the much narrow
widths, 0.23 eV, of the 3p levels @35#.

2. Kb1,3 spectrum

a. Calculated multiplets.DF calculations, identical with
those discussed above forKa1,2 except for the obvious re

TABLE VII. Measured and theoreticalKa1-Ka2 spin doublet
splitting, in eV. The theoretical ‘‘Present’’ values were calculat
using multiplets~c! and ~g! in Fig. 5 and a Lorentzian lifetime
width of 1.06 eV~Table VI! for all transitions.

Source EKa1
-EKa2

(eV)

Theoretical
Present DF:@Ar#3d14s2 4.86
@Ar#3d04s2 4.50
Kuhn and Scotta 4.46
Measured
Present~metal! 4.87~1!

Kawai et al.b ~metal! 4.77~1!

Kawai et al.b ~compounds! 4.33–4.48
Beardenc 4.55

aReference@49#. This value is the splitting of the strongest lines
the calculated multiplet.
bReference@10#.
cReference@15#.
-
e-

m
m-
nt

ll
r

ibly

s-

d

for

o

d

s
f
r

placement of the active 2p electron with the 3p one, were
carried out for theKb1,3 spectrum as well. The calculate
‘‘stick diagram’’ multiplets are shown in Fig. 9, along wit
the measured spectrum and the phenomenological six-VF
The general alignment of the diagram multiplets~c!–~f! with
the measured spectrum is inferior to that of theKa1,2 spec-
trum, although still within the few-eV accuracy limit of th
ab initio DF calculations. The conclusions on the relati
unimportance of the 4s shell population and the strong in
fluence of the removal of the 3d electron on the spectra
shape, obtained above forKa1,2, hold true here as well, a
observed in frames ~c!–~g!. The positions of the
3p-spectator multiplets~h!–~i! on the high-energy side of th
strongest lines in the corresponding ‘‘diagram’’ multiple
~c!–~g! correspond very well with the position of theKb9
feature~at ;4464 eV) relative to theKb1,3 peak, supporting
a suggested@10# assignment ofKb9 to this transition.

A careful examination of the diagram multiplets~c!–~f!
reveals that the splitting of two line groups, e.g., those
;4460 eV and;4462 eV in~c!, is larger than is possible to
accommodate within the rather narrow width of the me
sured line. This is a first sign for a possible inadequacy of
isolated-atom model for describing theKb1,3 spectrum, as
discussed in the next section.

b. Theoretical fits. The diagram transitions giving rise t
the Ka1,2 spectrum,1s˜2p, involve inner atomic shells

FIG. 9. TheKb1,3 measured spectrum~a!, phenomenological fit
of Fig. 4~b!, andab initio calculated multiplets~c!–~i! for the indi-
cated electronic configurations and transitions. In all frames,
height of individual lines represents theintegratedintensity of that
transition, normalized to the most intense line of the multiplet.
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only. This is not true for theKb1,3 spectrum, which origi-
nates in1s˜3p transitions, i.e., involves then53 valence
shell. Thus, the independent-atom approach adopted in
DF calculations and fits, and shown above to account w
for the details of theKa1,2 spectrum, is not guaranteed
work for the Kb1,3 spectrum. Indeed, even a partial agre
ment may not be obtainable, as the 3d and 3p orbitals are
expected to be delocalized to some extent and assume a
lecular or even a collective, solid-state, nature rather than
isolated atomic one. This conclusion is supported by the
tailed study of Kawaiet al. @10#. Regardless of these result
and wishing to test their validity for metallic Sc, we hav
attempted to fit the measuredKb1,3 spectrum in a way simi-
lar to that of theKa1,2 spectrum, namely, using the singl
atom model discussed above, with several combination
the calculated multiplets.

The Kb1,3 fit corresponding to fit B ofKa1,2 above, i.e.,
using the nominal@Ar#3d14s2 ground state configurationg1
and including the diagram, the3p- and the3d-spectator
multiplets are shown in Fig. 10, and the corresponding
rameter values are given in Table VIII. Considering the la
of resolved structure in the measured spectrum, we trie
minimize the number of free parameters in the fit to av
cross correlations. Hence, a fixed resolution width ofw
50.57 eV, obtained from the exotic atom transition me
surements above, was used, and equal widths were ass
for all lines of each multiplet, including the diagram one. A
seen in the figure, the fitted spectrum is rather close in sh

FIG. 10. Fit of the measuredKb1,3 spectrum by the nomina
diagram multiplet ~c!, the 3p-spectator multiplet~h!, and the
3d-spectator multiplet~g! in Fig. 9. This fit corresponds to the be
fit, fit B, for the Ka1,2 spectrum, shown in Fig. 7. Note the consi
erably lower fit quality, indicating the breakdown of the single-ato
model.
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to the measured one. A more detailed examination, howe
and in particular the difference plot in frame~b!, reveals
serious discrepancies, especially near the peak and alon
low-energy tail of the measured line. These deviations re
from several features in the calculated multiplets, which
now discuss. Note first the large splitting, mentioned abo
and the roughly equal intensities of the two line groups of
calculated diagram spectrum at;4460 eV and;4462 eV in
Fig. 9~c!. This results in a multiplet structure which is sig
nificantly broader than the narrow upper part of the measu
Kb1,3 line, and thus cannot be fitted to it, regardless of
Lorentzian width parameter adopted for the multiplet. Th
diagram multiplet is reduced, therefore, in intensity, wh
the much more narrowly spaced3d-spectator multiplet@Fig.
9~g!#, which is able to reproduce the narrow upper part of
measured lineshape better, gains considerably in inten
The line and intensity distribution in the two multiplets d
not allow, however, a faithful reproduction of the measur
Kb line shape, and a too low peak energy results for
fitted line shape, along with large deviations almost eve
where, as observed in Fig. 10~b!. As shown in Table VIII,
these deviations are also reflected in the largex2'21, three-
fold that obtained in fit B ofKa1,2, an anomalous 2.8 eV
natural width for the diagram lines, threefold the width ca
culated theoretically and semiempirically for both theKb1
and Kb3 lines in Table VI, and an inverted dia
gram/3d-spectator integrated intensity ratio of 0.57, whi
should be compared with the*1 obtained forKa1,2 in Table
V. An extensive search was carried out to find a better-fitt
combination by allowing different widths for different lin

TABLE VIII. Fit results for theKb1,3 scandium spectrum, for
the ground-state electronic configuration@Ar#3d14s2. D, G, am ,
and I int denote the shift, width, amplitude, and integrated intens
of each multiplet~see text!. uC1DEu ~where E is in eV! is the
background andw is the full width at half maximum of the Gauss
ian representing the instrumental resolution function. Reducedx2 of
the fits are also shown.

Parameters Transitions Fit

D (eV) 1s˜3p 22.38(12)
1s3d˜3p3d 22.50(4)
1s3p˜3p3p 23.30(96)

G (eV) 1s˜3p 2.80~12!

1s3d˜3p3d 1.75~8!

1s3p˜3p3p 3.08~90!

am (counts) 1s˜3p 2100~96!

1s3d˜3p3d 55 430~1500!
1s3p˜3p3p 39~10!

C 1.58~2.58!
D 0.0~1!

w (eV) 0.57

I int (%) 1s˜3p 35
1s3d˜3p3d 61
1s3p˜3p3p 4

Reducedx2 20.85
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TABLE IX. Radiative AugerK-MM maximal transition energies, in eV, relative to theKb1,3 peak
energy.

KMiM j M1M1 M1M2,3 M2,3M2,3 M1M4,5 M2,3M4,5

E(KMiM j )-E(Kb1,3) 286.9 267.4 to 258.0 242.7 to 238.2 223.7 21.5
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groups within a multiplet, using the other electronic groun
state configurations given in Fig. 9, and several not lis
there, for the diagram and spectator multiplets, etc. N
improved the reducedx2 values. For example, using theg2
ground-state in Fig. 9~g! and the corresponding 3p spectator
in Fig. 9~i! results in the same largex2'21. Other combina-
tions results in even largerx2 values.

The measured intensity in the range from 4445 to 44
eV is observed in Fig. 10 to be consistently higher than
theoretical fit for theg1 ground-state configuration. By con
trast, the@Ar#3d24s0 configuration,~f! in Fig. 9, shows sev-
eral lines in this range, not observed for the other grou
states,~c!–~e!, including g1. This is in agreement with the
study of Pessaet al. @36# of Ti (Z522), where thed2 elec-
trons of the ground-state configuration,@Ar#3d24s2, yield
similar transition lines on the low-energy side of theKb
spectrum. These were shown there to account qualitativ
if not quantitatively, for the low-energy tail observed for th
Ti Kb line. The existence of such a tail in Sc could
constructed, therefore, as supporting the domination o
similar d2-electron ground-state configuration in Sc as we
Indeed, Papaconstantopoulos@33# calculates the outer thre
electrons to be redistributed in the band structure of meta
Sc as 0.71:0.53:1.76 between thes-, p-, and d-like states,
respectively, i.e., almost twod-like electrons. Nevertheless
attempts to use the correspondingatomicconfiguration~f! as
the nominal ground-state in the fits resulted in worse fits t
that presented in Fig. 10. It is likely that fits employing ban
structure calculations~which are outside the scope of th
paper!, rather than isolated-atom ones, will be more succe
ful in accounting for the low-energy tail of the measuredKb
spectrum.

We have also looked into the possibility of assigning t
deviations in the range from 4445 to 4455 eV to radiat
Auger ~RA! transitions@37#. In the RA effect the exces
energy of the atom following a1s˜3p diagram transition is
shared between an Auger electron ejected from a higher s
and the emitted x ray photon. This reduces the photon’s
ergy by at least the binding energyEB of the ejected Auger
electron. The maximal photon energy,Em , for this effect in
our case would therefore beEm5EKb2EB . Only the
K-MM RA transitions need to be considered in the ene
range of this study, and the corresponding shifts of the m
mal energy below theKb1,3 peak,DE(KMiM j ), can be cal-
culated from@38#

DE~KMiM j !5E~Ka1!2E~Kb1,3!1E~L3MiM j !, ~3!

where the three terms on the right-hand side are the ene
of the x-ray Ka1 and Kb1,3 lines and the AugerL3MiM j
line, respectively. Using Bearden’s@15# E(Ka1)
54090.6 eV andE(Kb1,3)54460.5 eV, and Auger energie
from Larkins @39#, we obtain the RA maximum energie
listed in Table IX. Note that since the 3d shell is populated
-
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in Sc, RA transitions involvingM4,5 can occur. Indeed, the
table demonstrates that the only RA transition that can p
sibly contribute in the region under consideration213.5 to
23 eV belowE(Kb1,3) is theKM2,3M4,5 one. However, the
total intensity expected for theKMM transitions is only
;3% of theKb1,3 line intensity @38,40#, much too low to
account for the discrepancies observed. Moreover, the
intensity goes to a maximum very close toDE(KMiM j ) and
then decays towards lower energies~see, for example, the
lower curve in the inset to Fig. 4 of@38#!. For theKM2,3M4,5
RA transition, which peaks 1.5 eV below theKb1,3 peak,
very little intensity will be left at, say, 5–10 eV below th
peak, where the differences between the fitted and the m
sured spectra in Fig. 10~b! are still considerable. It seems
therefore, that the RA effect cannot account for the discr
ancies between the fitted and measuredKb1,3 spectra.

The discussion above leads to the conclusion that
though the fit presented in Fig. 10 is the best among
many attempted, it is still insufficient to account for the me
suredKb1,3 line shape quantitatively. This implies that th
Kb1,3 spectrum cannot be regarded as an isolated-atom s
trum, at least within the single-configuration calculatio
employed here. The possibility that a multiconfigurationalab
initio DF calculation, still within the single-atom approxima
tion, may be able to account for the spectral shape canno
ruled out. However, in view of the conclusion emerging fro
the detailed study of Kawaiet al., that the 3p orbital is not
fully localized atomically and participates in the collectiv
bonding of the atoms in the solid state, it is much more like
that accounting for theKb1,3 spectrum requires employin
molecular orbitals and/or taking into account band-struct
effects.

V. CONCLUSION

The study presented above explored the line shapes o
Ka1,2 andKb1,3 spectra of the first 3d transition metal. We
have measured both scandium spectra with a Johann-
single-crystal spectrometer, the resolution function of wh
was determined independently using an intrinsically ve
narrow pionic atom transition. The parameters~widths,
asymmetries, etc.! obtained from the measured spectra, us
a phenomenological fit by Voigt functions, agree well wi
previous measurements performed with double-crystal sp
trometers. The transitions contributing to the line shape w
identified using ab initio relativistic Dirac-Fock atomic-
structure calculations. Fits of various combinations of t
calculated multiplets to theKa spectrum show this spectrum
to originate in single-atom transitions and to include con
butions from the diagram and the3p- and3d-spectator tran-
sitions, as found previously for Cu. The contributions fro
the diagram and the3d spectator are found to be rough
equal, while that of the3p spectator is about threefold lowe
The fit allowed to obtain natural widths for theKa1,2 lines,
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which are in excellent agreement with theory. Althou
identified long ago to originate in the3p-spectator transition
the experimentally observedKa9 feature is found here to b
just a small part of the total contribution of that transition
the spectrum.

By contrast to theKa results, the line shape of theKb
spectrum could not be accounted for by multiplets calcula
assuming single-atom transitions. It seems probable that
spectrum originates in transitions involving the solid’s ba
structure, as suggested and shown in the study of Ka
et al., based on trends in the chemical-state dependenc
the Kb spectra of scandium compounds. TheKb9 satellite
may also originate in such a transition, as suggested
Kawai et al., although its good alignment with the calculate
3p-spectator transition indicates that an alternative ass
ment to an atomic3p-spectator transition, similar to tha
confirmed for theKa9 satellite, may also be possible.

Similar studies of the emission spectra of neighboring
ements would be required to elucidate the relative imp
tance of molecular bonding and band-structure effects in
ev
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termining the spectral shape of x-ray emission lines in
early 3d transition elements. In particular, near-thresho
photoexcitation, now possible at powerful synchrotr
sources, allows selective excitation of specific transitio
Such studies should allow a better assessment of the diffe
processes contributing to the spectra and their variation w
Z across the 3d transition elements.
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