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Ka and KB x-ray emission spectra of metallic scandium
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The Ka and KB spectra from metallic scandium, the first of thd 8ansition 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. Fitalidnitio relativistic Dirac-Fock calculated spectra show that
the Ka spectrum can be accounted for using an isolated-atom model with diagdarmand3p- spectator hole
transitions. TheK 8 spectrum, however, cannot be fitted by such isolated-atom multi_plets and may require
employing nonlocalized bonding orbita[$$1050-294®9)04709-5

PACS numbgs): 32.30.Rj, 32.80.Hd, 31.30.Jv

. INTRODUCTION Z=19-23, he assigned this satellite to 8-spectator tran-
sition, as originally suggested by Druyvestgyl} and sup-

High-resolution x-ray fluorescence spectroscopy is one oported by the early measurements of Parf@jt More re-
the most powerful tools for chemical-state analysis of newgently, Kawaiet al.[10] studied experimentally th€a” and
materials. The structure of satellite lines is highly sensitive tK B” satellites in Sc and its compounds. They conclude that
differences in chemical bonding up to the third row in thehile Ka” originates from anatomic 3p-spectator1s3p
Periodic Table of elements and this fact is extensively used., 2p3p transition, thek 8” satellite most likely results from
for chemical-state characterization on solid materfds 5 3p-spectator transition of af8electron coming from the
The x-ray emission spectra of thel 3ransition metals ex-  antibonding molecular orbital formed between the @bital
hibit several peculiar characteristics, not observed in othepf the active Sc atom and those of adjacent Sc atoms.
elements. The most prominent of these is skewed line \yell-resolved measurements of the scandikia, , and
shapes, the origin of which is_ still under investigation andKﬂL3 spectra were published only twice, to the best of our
debate[2,3]. Several mechanisms such as shake-off angnowledge. The first of these, the early study of Paifigit
shake-uf{4], conduction-band collective excitatiofs], ex-  concentrated on th&a” satellite of Sc, and employed an
changef6], and final-state interaction¥] were suggested 10 jnsylator, Sg0s, rather than metallic Sc. As shown in the
account for this effect. In a recent study we have combinedecond study, Kawait al.[10], the valence state of the atom
precision line-shape measurements aidinitio relativistic a5 a profound effect on the line shapes and related param-
Dirac-Fock calculations to show that the skewed line shapegters of the spectrum such as width, position, relative inten-
of the CuKa andK g spectra can be fully accounted for by sijty, and asymmetry. However, even the very detailed study
assuming contributions from the diagram aBd-spectator of Kawai et al. investigated mostly the dependence of the
transitions only[3] (in the following, an underline denotes spectra on the chemical state of Sc, by intercomparing the
hole states Measurements on other transition metals arespectra obtained from the metal and several scandium com-
however, indispensable for supporting this interpretation angyounds. Although the origins of the spectra of elemental Sc
for establishingZ-dependent trends in this behavior for the were discussed, no attempt was made in that study to repro-
3d elements. Scandium, having a singld 8lectron in its  duce the line shape theoretically and determine the contrib-
nominal[ Ar]3d'4s® ground-state configuration, is the first uting atomic processes. The collective, solid-state contribu-
3d transition metal. This position renders it of special inter-tions to the satellites accompanying the diagram transition
est in elucidating trends in the relative importance of thewere, however, addressed in that study by discrete-
3d-spectator transitions across the group. variational(DV) Xa molecular structure calculations.

Other related issues are the origins of te” andKg” The present study focuses on the atomic origins of the
satellite lines on the high-energy side of the correspondingpectral line shapes, and tries to identify the contributing
Ka; and KBy 5 lines. Scott[8] carried out nonrelativistic  transitions based on relativistic Dirac-Foak initio calcula-
Hartree-Fock calculations of the3p-spectator 1s3p tions. It is important to note that our calculations are atomic,
—2p3p transition multiplet. Based on the good energyrather than molecular or band-structure ones, assuming im-
alignment of the strongest line of the calculated multipletplicitly an isolated-atom model for the emitting scandium.
with the measure«” line positionq 9] for atomic numbers  Agreement of the calculations with the measurements should

imply, therefore, that the emission process of these spectra is
an atomic and not a collective solid-state process. Unlike
*Present address: University of loannina, GR-45110 loanninaprevious studies, our measurements were done by the same
Greece. Electronic address: danagno@nrt.cs.uoi.gr spectrometer for both th€« and K3 spectra. More impor-
"Electronic address: deutsch@alon.cc.biu.ac.il tantly, the resolution of our spectrometer was characterized
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front of the 50um Mylar window of a chamber containing
the Sc fluorescence target. The x-ray beam from the tube was
collimated perpendicular to the target-crystal line of sight.
The metallic 30 mnx20 mm scandium target, mounted on
an aluminum plate, was oriented at 45° to this line.

A spherically bent silicon 220 crystal analyzer was em-
ployed in the scandiurKa and KB measurements. The Sc
Ka; andK g, 3 transition energies of 4090.6 eV and 4460.5
eV, respectivelyf15], correspond to Bragg angles of 52.12°
and 46.37°. The analyzer crystal, 0.3 mm thick, had a circu-
lar shape of 95 mm in diameter, and it was glued onto a glass
lens, which created a spherical bending to a radius of 2985.4
mm. The crystal and its support were installed on a rotary
. | table connencted to a high-precision angular encoder, allow-

100 cm ing us to measure relative rotations with an accuracy of
+0.3'. To avoid absorption losses, the whole spectrometer,
from the Sc target to the charge-coupled deWiCED) de-
tector’'s window, including the crystal, was kept in vacuum.
Metal bellows allowed for changes in the Bragg angle within
a range of~10° without breaking vacuum.

The partial focusing perpendicular to the dispersion plane
provided by the spherical bending allowed for the use of a

FIG. 1. Setup of the spectrometer with x-ray tube, fluorescenc&CD as a two-dimensional position-sensitive x-ray detector
target, Bragg crystal, and CCD x-ray detector. [16]. The detector was placed in the focal position at the
Rowland circle perpendicular to the direction of the Bragg-

and determined independently by using extremely narroV\;eflected photons. The total sensitive area of the detector was

emission lines originating in pionic atom transitiofid] at ~ +/<92 mn? (width> height), consisting of a vertical array
energies close to that of the Sc spectra. The independeff WO CCD chips separated by a 6-mm gap and having a
determination of the resolution allows a reliable determinalPx€! Size of 22.5umx22.5 um. For the presentation of the
tion of the basic parameters of the emission lines, such dg€asured spectra, five CCD pixels were binned together to
widths, asymmetry indices, etc. We have also carried oufo™ @ Single detector channel, of 112:n total width. Due
detailed fits of the calculated spectra to the measured ones {9 the finite vertical extension of target and crystal, the two-
determine the processes underlying the lineshape, assessfif’€nsional photon distribution in the detector plane was
their relative contributions. The fits reveal that tke spec- €Xtended over more than the total detector height. The over-

trum can be accounted for well assuming transitions within 2P Of the reflected radioation cone and the sensitive area of
single, isolated atom. A large contribution fr@d-spectator € CCD was about 65%. The reflection image had a para-

transitions is found, similar to that found for Cu. Our resultsPlic shape, within the height of the detector, originating

support anatomic 3p-spectator origin for both thi " and from the intersection of the crystal-reflected photon cone and
KB satellites. The< 8 spectrum, by contrast, cannot be ac- the_ dete_ctors plane. Using the kn_own geometry of the ray
counted for within the isolated-atom approximation, andtrajectories from the source to a given pixel on the detector,

probably originates in transitions involving molecular orbit- the .para.bollc image on the CCD. was. fransformed 1o a
als, supporting the conclusion of Kaweii al. [10]. straight line, p_erpend|cular to the dlspersmn plang, and sub-
sequently projected onto the dispersion plane, yielding the
spectrum v, the position along the detector in the disper-
Il. EXPERIMENT sion plang 13]. As each of the two spectral ranges was mea-
sured without rotating the analyzer, the length scate the
CCD in the dispersion plane was converted into a relative
For the measurement of the x rays a Johann-type refle@nergy scald& using the linear dispersiocthE/dx. The varia-
tion crystal spectrometer was used, which has been designéidn of the dispersion withx (i.e., with energy has been
to investigate x rays in the few-keV range emitted from ex-incorporated into our analysis.
otic atoms[11,12. The spectrometer is shown in Fig. 1 and The absolute energy scale was fixed by assigning to the
described in detail elsewhel&3]. The use of focusing Bragg peak position of either th& a; or theK 3, 3 line the litera-
crystals increases considerably the spectrometer’s efficiencyure value[15], which is known to+0.4 eV. This is, then,
and for extended x-ray sources in combination with positiontheabsoluteenergy scale accuracy of our measurements. The
sensitive detectors, placed on the Rowland circle, allows theelative accuracy is, however, determined by the positional
simultaneous recording of the spectra over finite energy inaccuracy of the CCD pixels and the accuracy with which the
tervals[14]. Intervals of 23 and 33 eV could be recorded linear dispersiordE/dx is known.dE/dx is determined by
simultaneously near thié«; , andK g, 3 lines, respectively, the angular dispersion discussed in the next section and is a
without rotating the analyzer. function of the crystal's radius of curvature, the crystal-
The scandium atoms were excited by means of either detector distance, the enerByand the crystal characteristics
tungsten- or a chromium-anode sealed x-ray tube installed i(Bragg-plane repeat distance and the order of reflectidme

scandium target

curved vacuum tubes

crystal

A. Setup
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uncertainty in the linear dispersion is determined by theresponse function 22(FWHM), in reasonable agreement
+0.5 mm uncertainty in the detector-crystal distance and thevith the measurements. The additional broadening of the
+0.4 eV uncertainty in the absolute energy, and is calcumeasured values is attributed to crystal imperfections, bend-
lated to bex0.06%. With our measurements’ statistics theing, and surface distortions. While the rocking curve widths
uncertainty in the determination of the position on the CCDare calculated to be 14.3and 12.9 for the scandiunk a;

was about one-tenth of the pixel size (22.5). This results  and K13 lines, respectively18], the Monte Carlo simula-

in few ppm accuracy in theelative energy,dE/E, determi-  tions show that over the angular range employed here, from
nation. For example, for the S€a; , spectrum, the posi- 45° to 53°, thetotal resolution width varies by less tharf.1
tional uncertainty of~3.3 um translates into a relative en- Thus, we consider the width of the response function to be
ergy accuracy otlE/E~1 ppm. A more detailed analysis is constant for the range of angles employed in our measure-
outside the scope of this paper, and is given elsewHee  ments.

B. Response function Ill. ATOMIC STRUCTURE CALCULATIONS

The response function of the spectrometer was deter- A. Introduction
mined from the x-ray emission spectrum of theh{65q)
transition in pionic®Ne, whose natural width is negligibly
small. The measurement was performed in #e5 area at
the Paul-Scherrer-Institute. The energy of the-65g tran-

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. We

sition of 7 Ne, 4509.89 e\[17], is close to the energies of have considered transitions involving up to two-vacancy

. : tes, of the formsls—np and 1s3l—np3l where n
the Sc lines addressed here. The corresponding Bragg ang?_&a ; — L. —_ = i
is 45.72° and the spectrometer's angular dispersion is_z’3 forKa andK g, respectively, and=p or d. The first

AE/A§=21.33 meVisec. Two different Si220) crystals Set of transitions is composed of the so-called diagram lines
were used i'n this experi.ment denoted “A” and “B.” The while the second is composed of tBé-spectator vacancy

7Ne(6—5) spectrum, measured using crystal B, is shown insatellites. The specific configurations employed for the dia-

Fig. 2. The line shape of the?°Ne(6h—5g) transition is gram and satellite lines are discussed in Sec. IV.

described well by a single Gaussian resolution function with _

full width at half maximum(FWHM) of (29+ 2)" for crystal B. Energy calculations

A and (26+2)" for crystal B. Previous studief3,20] indicate that the excited atoms un-
The rocking curve width of the Si 220 reflection was cal- dergo rearrangement and a full relaxation before the x-ray

culated to be 12.63[18]. The natural width of the pionic emission occurs, at least far above the excitation threshold,

transition is 12 meV, corresponding to only 0:5@nd thus  which is the case in this stud21]. To reproduce this situa-

negligible in comparison with the crystal’s rocking curve tion in the calculations we have generated in all cases the

width and also with the geometrical aberrations originatinginitial- and final-state wave functions and corresponding

from the bent crystal setup. The geometrical broadening igigenenergies in two separate single-configuration runs

dominated by the horizontal extension of the crystal. Thewhere the wave functions and energiesatif orbitals were

aberration originating in the crystal's vertical extension isallowed to vary.

reduced considerably by the application of the curvature cor- The input to the code specifies the electronic occupation

rection, discussed above. Simulating the experiment with aumbers of each shell in nonrelativistic notation, which are

Monte Carlo ray-tracing code yields for the width of the then expanded by the program to give all the corresponding
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relativistic configurations, taking into account all possiblethose lying above the midpoirit,,,;. The only exception was
couplings between the electrons in the open shells. The relahe 1s3p—2p3p multiplet, where a clear division of the
tivistic calculation is carried out in thg coupling scheme |ines between the two “parentsKa; and Ka, was not
and the results transformed back into the intermediate copossible, and hence a common width was used for all its
pling scheme. The fully split array of the energy levels islines. E,,, andb,,, are the calculated energy and intensity of
calculated for the given configuration. Once the energy levegach line within the multiplet. The calculated model spec-
array of the initial and final states is obtained, the transitionrum is convoluted ) by a unity-normalized Gaussian,
energies are computed by taking the difference between a3 (E) = (\/In 16/7/w)exp{—[(E—E;,)\In 16w]%}, of full
propriate pairs of energy levels, one from the initial-statewidth at half maximumw, representing the instrumental
array and one from the final-state array, as allowed by theesolution. For each multiplet the four parameters
electric dipole selection rules. This procedure yields the eny A T, andI,,, were allowed to vary in the fitc,,
ergies of all the lines of a multiplet resulting from transitions 4 andw could also be varied in the fit, when needed. For
between states having specific initial and final electron occuie K g, 5 spectrum an identical fit procedure was employed,

pations. except that a single widtl',, was used for all lines of a
multiplet, be it a diagram or a spectator one, for reasons
C. Line strength calculations discussed below.

The GRASP code includes a facility for calculating the
transition probabilities within a multiplet. This, however, is
possible only when the wave functions of the initial and final
states are orthogonal. In our case they are not, since they A. Basic properties
were generated in separate runs. We have used therefore con-

fi tion int " lculati t0 obtain th ) ¢ To make a connection with previous studies of Sc as well
Iguration Intéraction caiculations to obtain the various tran-, 5 o, gjes of other@transition metals, we now proceed to

sition probabilities using once the wave functions of the in"determine the basic properties of the measured spectra, and

tial state a!”d’ aga"% those of the final state. We find 'ghat fo{:ompare them with previously measured and calculated val-
each multiplet studied here the two values for each line argeg "is i of particular interest, since our resolution is de-

within ~10% of each other, for all lines having a significant termined independently, and its effect on the spectra re-

Intensity. Thus, in the fits and f'g_uf‘?s of this study WE US€noved before calculating the parameters presented in the
line strengths calculated from the initial state wave f”nCt'Onstables below

We have verified that the use of final-state wave functions to

IV. RESULTS AND DISCUSSION

calculate the line strengths has only a marginal effect on the 1. Ka , spectrum
various figures and plots presented here and no influence at ) .
all on our final conclusions. Two independent sets of measurements were carried out

for the ScKa spectrum. In the first, run I, a W-anode x-ray
tube and crystal A were used. The most intense line of the
primary radiation is the W.«, at 8396 eV[15], well above
A calculated multiplet is a “stick diagram,” consisting of the ScK edge at 4492 eV22]. The second measurement, run
a number of lines, each having a calculated height and ent, employed a Cr-anode x-ray tube and crystal B. The most
ergy, but a zero width. To fit the measured spectrum, eacthtense lines here are the ®ra; , at 5414 eV[15], about
calculated line is represented by a Lorentzian and the spegQu higher than the Sk edge. '
trum is fitted by the following expression: We first discuss the results obtained in run I. Three sepa-
M rate measurements of the spectrum were performed to ensure
_ reproducibility. The measured spectra were corrected as de-
o(B)= C°+d°E+mE:1 am tailed above, summed, and converted to the proper energy
scale. The total measurement statistics are indicated by the
error bars in Fig. 3. To obtain the various quantities defining
X Z’l bim {1+ [2(E~ Ejm— Ap)/T'm]%} | @ G(E), the raw spectrum, the discrete measured points were fitted by
a sum of Voigt functiongVF), and the quantities derived
(D) from the fitted curve. The Voigt function, a convolution of a
Lorentzian and a Gaussian, represents best the experimental
wherecg,d, define a linear background at},, sums over situation where the Gaussian is the instrumental resolution
the different multiplet§m) and the lines within each multip- function and the Lorentzian is the intrinsic line shape of a
let (1). a,, andA , are the relative intensity of each multiplet single transition line. Six VF's were required to obtain the
and the overall shift of its energy scale relative to the meabest fit, three each for thK«, and theKea, lines. These
sured one, respectively. Both of these are common to aNF’s also correspond loosely to the three multiplets, listed in
lines within a given multiplet. The shifk,, is required since Table I, which contribute to each of the two lines. The full
the DF calculations are accurate to no better than a few eWidth at half maximum of the Gaussian was fixed in the fit at
[19] in absolute energyl’,,, are the full widths of the Lorent- w=0.45 eV, as derived from the angular width of the pionic
zians, representing the natural width of each line. To keepransition measurement, discussed above, and the dispersion
the number of fit variables manageable, all lines within aAE/A §=15.43 meV/sec, corresponding to the Bragg angle
multiplet which lie below the midpoint between tKex; and  of the Ka, transition. The measured raw dajgoints are
Ka, lines were assigned a common width,,,, as were shown in Fig. 3, along with the six-VF fitines). The residu-

D. Theoretical fits

L
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' ' ' ' ' ' significance to the specific values obtained for the widths,
(a) Se Ka | positions, etc., of the individual Lorentzians, although these
] numbers seem, in general, reasonable. The more physically
e measured motivated fit, based omb initio atomic structure calcula-
—fitted . tions, presented below, will allow doing so with a higher
level of confidence. A fit with more than six VF's was also
attempted, but the reduction obtained in theé was only
marginal.

Using the six-VF representations, we have calculated the
various properties of the spectrum, and summarized them in
Table II, along with previous experimental valug3]. As
can be observed, the agreement betweenkowy FWHM
value and the width derived by Kawat al. [10] from his
measurements and by Pe§24] from Parrat's measurements
[9] is reasonable. In the case of tliew, transition the
FWHM derived by Pessf?4] is smaller than the our value
and the value of Kawagt al. This may be due to overcor-
rection for resolution broadening in R¢R4]. As the mea-
sured lines includes satellite contributions, they should ap-
pear broader in the experiment than the lifetime widths
calculated for the pure diagram transition. Indeed, both our

width and the width of Kawaet al. are significantly larger
ok ‘ . . . than the 1.03-1.09 eV obtained from the theoretical level
4080 widths calculations listed in Table VI, below. This is dis-
ENERCGY (eV) cussed further in conjunction with thab initio fits below.
The asymmetry index of an x-ray emission line has been
FIG. 3. TheKa; , spectrum fitted by six Voigt function® and  defined by Allison25] as the ratio of the part of the FWHM
the fit residuals(b). The individual Voigt functions irfa) are also  lying to the low-energy side of the maximum ordinate to that
shown. The lines inb) denote thex 3o level of the spectrum, on the high-energy side. While this is still the most com-
whe_re_o is one standard deviation in each point due to countingmomy used definition for the asymmetry indé26,27,
statistics. variations on this definition have also been used, differing in
the way the peak position is determined. Following Kawai
als in the lower panel are well below the3o levels(lines et al.[10] a general asymmetry inde, may be defined as
of the measuremenéverywhere demonstrating the high
quality of the fit. Hereo is one standard deviation due to the _ (low-E sidg)  f/2+xy,
counting statistics. The fit parameters and their approximate " (high€E side fl2—x;’
correspondence to specific transitions are summarized in
Table I. The fit yields a value for theeducedy? equal to  wheref is the full width at half maximumx,=a,—b, ay, is
1.32, which is close to exhausting the measurements’ acciihe nominal “center” determined as the half-width point’'s
racy aty?=1. Since the basis for the six VF’s fit is purely abscissa, when this width is taken % of the peak’s
phenomenological, one should not attach too much physicdieight, andb=as, is the “center” position at 50% of the

9000 [

=]
(=]
(=]
(=]

INTENSITY (counts)

]
(=
(=
(=

300
200 -
100

—100

DIFFERENCE (counts)

2

TABLE I. Relative energy positiong; , widthsW, , peak intensitie$; , and relative integrated intensities
lint Obtained for the individual Voigt functions from a fit of the measuked, , spectrum by a sum of six
Voigt functions, as discussed in the text. The Gaussian resolution function had a full width at half maximum
of 0.45 eV. The zero energy is the 8ca; peak energy, 4090.6 eV15]. The numbers in parentheses
correspond to one standard deviation due to the counting statisticse@eedy? value obtained for the fit
is also shown.

Line Transition Designation E; (eV) W; (eV) I; (counts) 1, (%)
Kay

ay 1s—2pg; Diagram Ka; 0.0004) 1.22712) 833946) 50

aqp 1s3p—2p3;3p Ka” 2.81540) 2.10894) 38310 5

a3 1s3d—2p5;,3d —1.203(50) 1.8p16) 594(37) 5
Ka,

as 1s—2py; Diagram Ka;, —4.787(7) 1.5521) 424531) 32

as 1s3p—2py;,3p —2.616(77) 2,913 43223 6

a3 1s3d—2p,,,3d —6.74(17) 3.6696) 1088) 2

Reduced y? 1.32
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TABLE Il. Full widths at half maximumFWHM), indices of asymmetrj,, energy differences, and peak and integrated intensity ratios
for the Ka doublet, as derived from the fit of the spectrum using six Voigt functieee text Numbers in brackets are one-standard-
deviation uncertainties in the last figuﬂéa‘i2 denote the energy positions and intensities ofKhs , peaks. Previous measurements and
theoretical values are also shown.

Source Kay Ka, Energy difference¢eV) Intensity ratios(%)

Peak Integrated
FWHM (eV)  Ajgo Ay FWHM (eV) Ay  Kad-Kad Ka'-Ka? KadKad Ka'lKa,

This work

Run | 1.337216) 1.11317) 1.0837)  1.74428) 0.88416) 4.7848)  2.80934) 52.15) 6.35)"
50.95)9

Run Il 1.38995) 1.13353) 1.12349 1.77Q075 0.91025 4.77413) 2.9510) 49.33.00 6.97)"

Kawai et al? 1.44612) 1.17520) 1.77940) 4.76815)

Parrat? 1.28 1.51 3.0 1.4

Beardef 45

Scotf 2.8

Salem and Wimmér 50.71.0

8Referencd10]. The asymmetry given in the original paper is a misprint.

PReferencd9]. Widths as calculated from Parratt's data by Pd&a

‘Referencd15].

dReferencd8].

®Referencd 30].

'Ratio of the peak intensitie a5/K a? of the full fit to the data.

9Ratio of the peak intensitie® a3,/K a3, , of the Lorentzians representing the “diagram” lines.
"The integrated «; intensity is assumed to be the 2/3 of the tdat intensity.

full height. Forh=100, a;g is the position of the peak and Ka4(Kea,) line from the center point at 90% intensity of the
the corresponding index of asymmethy,q,, is the conven- correspondind a1 (Ka,) complex. Following the method of
tional one defined by Allisof25]. Whenx,=0, which oc- Kawai et al. method we find (4.7790.013) eV, in good
curs whena,, is on the high-energy side df, A,=1 while  agreement with Kawaiet al. Photoelectron spectroscopic
Xp<O0 yieldsA,<1 . measurements yield ap2spin doublet splitting of (4.93
The asymmetry indices obtained for thex; andKa,  *0.1) eV for metallic S4d28,29, again, in good agreement
lines are given in Table Il1Aq, allows a direct comparison Wwith our value. Bearden’kl5] lower value of 4.5 eV might
with the values of Kawagt al.[10], the only ones published have been obtained on a nonmetallic sample, as done by
for scandium. Our indices are greater than unityKaer, but ~ Parratt[9], who employed S@, rather than metallic Sc in
smaller than unity folK . The Ka; value is significantly —his measurements. Thead-K o3 splitting is sensitive to the
lower than that of Kawaet al. However, this value is very valence state of the atom and the value of (4831) eV
sensitive to the shape and width of the experimental resolusbtained by Kawakt al. for Sc,05 [10] is indeed closer to
tion function. While ourAgg is obtained from the resolution- Bearden'’s value than to those of the pure metal.
corrected spectrum, that of Kawat al. was not. Our raw, The integratedintensity ratiol;,(Ka)/lin(Kay) is, in
resolution-uncorrected data yields, fidv;, Agp=1.14, less  principle, a highly important measurable. It yields the rela-
than two standard deviations from the value of Kawat®l.  tive Ka,/Ka; transition probability, a quantity calculated in
TheA,<1 of Ka, is mainly due to the large contribution and used to test many theoretical models. However, its de-
to the intensity on the high-energy side of this line from thetermination from the spectrum measured here is not feasible
low-energy wing of the stron& « line. This distortion ef- due to the partial overlap between tKer; andKa, lines.
fectively prevents the extraction of an intrinsic asymmetryNevertheless, it is possible to determine fieak intensity
parameter for th&Ka, line. By the same token, the corre- ratio I (Ka3)/I (Ka?) from the six-Lorentzian fit to our data.
sponding increase in the intensity of the low-energy wing ofThis yields (52.1 0.5)%, which agrees with Salem and
the Ka; line due to contributions from thE «, line prob-  Wimmer's [30] (50.7+1)%. Salem and Wimmer's value
ably increases the asymmetry parameter derivedKfar;  was, however, calculated after correcting each measured
from the measured spectrum beyond its intrinsic value. peak value for the contribution from the underlying tail of
Turning now to the measured Iinepeakpositions,Ka‘f the adjacent line. This corresponds in our fit to the peak
and Kad, we note thatKa{ is found to be (0.007 intensity ratiol(Ka3,)/I(Ka$,) of the Lorentzians repre-
+0.004) eV lower than the centroid of tikew;; component, senting the “diagram” lines. Indeed, our fit yields
representing the diagram transition. This point is of impor-I (Ka3))/1 (Ka$;)=(50.9+0.5)%, in excellent agreement
tance when correlating the peak position with the diagranwith Salem and Wimmer.
transition’s energy. The spin doublet splittiKgxi’—Kag was Since theKa” satellite does not appear as a well-
found to be (4.7840.008) eV. Kawai et al. obtained separated line, the uncertainties in the determination of its
(4.768-0.015) eV, determining the position of the parameters from the measured data are larger than those of
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the Ka lines. TheKa"-Ka? energy separation of 2.809

N 4000 - Se K |
+0.034 eV from our fit is slightly smaller than the 3 eV (a)
measured by Parratt, and is in very good agreement with the I H
Hartree-Fock calculations of Scd&] which yields a 2.8 eV * measured

separation for the main component of the corresponding sgg0 L
3p-spectator multiplet. Out;,(Ka”)/l;,(Kea4) integrated
intensity ratio of (6.3:0.5)% (see Table ) is more than
fourfold larger than Parratt’s valug@]. This large discrep-
ancy is partly due to the different method of determination of .. 2000 |-
this quantity. However, Parratt’s use of,8g rather than the
metallic Sc used here should contribute considerably to this
difference. As observed in Fig. 1 of R¢fL0], theKa” fea-
ture is more prominent in metallic Sc than in any of its 1000 -
compounds. This happens because in the case £);3be
Sc 3p electrons form molecular orbitals with the & 2lec-
trons[10]. Thus, once &8p spectator hole is created, it is
more likely to be depopulated faster in,8g, where nearby 0
ligand electron are available, than in metallic Sc where the=
3p orbitals are less delocalized and no such electrons ar¢g am F
easily available. 100 [
Finally, we discuss the results obtained in run Il. The -
spectrum was fitted with six VF'’s, in which the FWHM of
the Gaussian instrumental resolution width was fixed at 0.40
eV, according to the measured resolution of the B crystal.
The fit yields ay? of 0.9. The various quantities extracted ENERGY (eV)
from th? S_pectrum are summarlz_ed in Table II. The higher FIG. 4. TheK B4 3 spectrum fitted by 6 Voigt function&@) and
uncertainties obtained here, relative to those of run |, are dufef-1e fit residuals(b). The individual Voigt functions ir(a) are also
to the poorer counting statisti_cs. The results obtained in th?hown. The ”nes' inb) denote the+ 3¢ level of the spectrum,
two runs are seen to be within one standard deviation fromvherea is one standard deviation in each point due to counting
each other, and thus, run Il supports all the results and congsistics.
clusions of run |I.

counts)

INTENSITY

(co

-100 L
=200 & L L L L
4440 4450 4460 4470 4480

DIFFERENCE

does not allow to extract here meaningful “lifetime” widths
that can be compared directly with calculated lifetime widths

The scandiumK g, ;3 spectrum was measured using Cr- of individual transition lines. This is done below for the fits
anode x-ray tube excitation and the B crystal. It is shown inof the ab initio calculated spectrum. We note, however, that
Fig. 4, along with a fit to a sum of Voigt functions as done our raw FWHM width is in good agreement with that of
for the Kay , spectrum. The lines of this spectrum overlapKawai et al. [10] (uncorrecteyl value. The resolution-
considerably more than those of tKex; , one. Six VF were corrected value is, however, significantly lower.
sufficient to fit the spectrum very welly€=1.15). The fit The Agg values obtained with and without the resolution
employed, as discussed above, a Gaussian resolution of 0.8@rrection differ significantly, as expected, demonstrating the
eV (FWHM) obtained from therNe(6h—5g) transition for ~ importance of the experimental resolution correction, espe-
this energy. The dispersion at the Bragg angle correspondingjally for strongly asymmetric lines, as is the present one.
to the KB 3 peak wasAE/A#=22.136 meV/sec. The pa- For the ScA;yindex no other experimental determination is
rameters defining the six VF’s, and the corresponding tranavailable in the literature, to the best of our knowledge.
sitions, are listed in Table IlI. However, for the neighboring elements, titaniuid=(22)

In contrast to theKa, , spectrum, where the fitted indi- and vanadium Z=23), theK g, 5 (raw) A;qo index is 1.73
vidual VF's could be correlated roughly with the various and 1.50, respectivel}26], while for scandium Z=21) we
electronic transitions, those of th€B; ; spectrum cannot, obtain 1.98. it is not clear whether these differences reflect
and are, therefore, purely phenomenological. There are onlgtrinsic differences in the emission process or the atomic
two probable exceptions. One is the dominkKi, line. Its  structure among these elements or are just artifacts due to
width is 1.04-0.04 eV, while the expected spin doublet different experimental procedures and data analysis methods,
K B1-K B3 energy splitting is less than 0.5 eV in atomic Sc metal and nonmetal target differences, etc. The difference
[15,29,31. Thus, theK 3, line can be cautiously attributed between theAg indices obtained from the raw and the cor-
to the “diagram” K3y 5 transitions. The other exception is rected spectra is significantly lower than &gy since the
the K B¢ line, which clearly corresponds to ttes” feature.  upper part of the emission line is more symmetric and thus

The widths, asymmetries, etc., derived from the spectruntess sensitive to distortions caused by, e.g., finite experimen-
are listed in Table IV. They have been extracted both directlyial resolution. OuiAgs values are, again, in good agreement
from the measured raw spectrum, and from the resolutiomwith those of Kawaiet al.
corrected spectrum, using the six VF representation of Fig. 4. Finally, the K,B”-K,B‘l),3 splitting and the integrated inten-

In contrast to theKa; , spectrum, the diagram line overlap sity ratio I;,;(KB")/1;,:(KB1 3 are also listed in Table IV.

2. KBy 3 spectrum
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TABLE Ill. Relative energy positiong; , widths W;, peak intensities; , and relative integrated inten-
sities|;,; obtained for the individual Voigt functions from a fit of the measuig@) ; spectrum by a sum of
six Voigt functions, as discussed in the text. The Gaussian resolution full width at half maximum used in the
fit was 0.57 eV. The zero-energy position is the energy of th& B¢ peak, 4460.5 e\15]. Numbers in
parentheses correspond to one standard deviation uncertainties in the last digit due to counting statistics. The
reducedy? value obtained for the fit is also shown.

Line Transition Designation E; (eV) W; (eV) I; (counts) lint (%)
Ba 1s—3p1pap DiagramK B 3 0.001) 1.044) 280943 28
Bz —0.93(2) 1.8%10) 163936) 30
Bc —2.59(3) 3.6014) 704(14) 24
Bo —8.30(11) 16.4672) 12012 14
Be —13.58(12) 2.2(60) 48(5) 1
Br 1s3p—3p3p KB" 3.5810) 2.9946) 1156) 3
Reduced y? 1.15

Unfortunately, to the best of our knowledge, no other measitiong were considered, as was the case for[BL As we
sured values are available for these quantities. We note, hovghow below, these were sufficient to account for the line
ever, that the obtained value of (£8.5)% for the inte- shapes of th&a spectrum, and invoking lower-probability,
grated intensity ratid;(KB")/1in(KB1 3 is very close to three-electron transitions was not required.

the value of (4.Z205)% obtained for the The calculated “stick diagrams” of the various calculated
lint(Ka")1in(Kay 5) integrated intensity ratifsee last col-  transition multiplets are given in Fig. 5, marked with the

umn in Table Il, withl;, (Kay 9~ (3/2)li5(Ka1)]. corresponding outer electron configurations, for the diagram,
the 3d- and the3p-spectator transitions. The measured spec-
B. Comparison with theory trum and a “stick diagram” derived from the phenomeno-

logical six-VF fit discussed above are also shown. Fréohe
shows the diagram transitions for the nomimgl ground

a. Calculated multipletsAs in previous studie$3], we  state configuration, with a singlks hole in the initial state
carried outab initio relativistic Dirac-Fock calculations for and a singl€p hole in the final state. The general alignment
transitions between selected initial- and final-state electroniof the measured and calculated spectra is good, given the
configurations. All calculations were done assuming full re-1-2 eV absolute energy accuracy of the calculations. The
laxation between the excitatidhe., the & electron ejection  large number of lines, 36 in all, is due to the fact that there
and deexcitatiorfthe filling of the 1s hole by a higher-shell are two open shellsls or 2p plus 3d'). The general shape
electron and the emission of an x jgyrocesses, as detailed of the calculated spectrum closely follows the measured one
above. The electronic configuration of the neutral scandiunand, although shifted, that of the phenomenological spectrum
atom is nominallyf Ar]3d*4s? (denoted below bg,). How- in (b). Removing one or bothdlelectrons(d), () leaves the
ever, the 8 and 4s are valence shells and have small energycalculated spectrum virtually unchanged in both overall
separationga fraction of 1 eV[32)]), so that the probability shape and energy position, as was also observed fdB8{Cu
of having the outer three electrons distributed differentlyEven more drastic changes, like pulling oneelectron into
from the nominal within these shells may not be negligéle the 3d shell and removing the othéf) have only little in-
priori. Hence, we carried out calculations, for both the dia-fluence on the spectral shape. T3skspectator spectrurty)
gram and satellite lines, assuming several different grounds, however, considerably different; there are now two lines
state configurations of the outer electrons. Only one- andnly, and the spectrum is slightly~2 eV) downshifted
two-electron transition.e., diagram and one-spectator tran- relative to the measured peaks. Finally) and(i) show the

1. Kay , spectrum

TABLE IV. Full widths at half maximum(FWHM), indices of asymmetrA,,, energy differences, and
integrated intensity ratios for thKg doublet, as derived from the fit of the spectrum using six Voigt
functions(see text Numbers in parentheses are one-standard-deviation uncertainties in the Iast(f'[g‘%ge.
denotes the energy position of tKes, 3 peak. Previous measurements are also shown.

KBi13 Energy Integrated
difference(eV) intensity ratio(%)
Source FWHM(@EV)  Ajgo Ags KB"-KBS 5 KB"IKB13
This work
Resolution-corrected spectrum 2(6p 2.3812) 1.385) 3.64(10) 3.55)
Raw data 2.45 1.98 1.34
Kawai et al. 2.43825) 1.39824)

8Referencd 10].
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91080 ' 4085 " 4090 ' 4095 4100 FIG. 6. Fit of the measure&«; , spectrum by the nominal

diagram multiplet(c) and 3p-spectator multipleth) in Fig. 5. The

individual multiplet contributions are shown i@). The residuals
FIG. 5. TheKa, , measured spectruta), phenomenological fit and *= 3o levels are shown irfb). The fit parameters are listed in

of Fig. 3 (b), and ab initio calculated multipletsc)—(i) for the ~ Table V under “Fit A.”

indicated electronic configurations and transitions. In all frames, the

height of individual lines represents tigegratedintensity of that

transition, normalized to the most intense line of the multiplet.

ENERGY (eV)

results. It is clear, therefore, that contributions from addi-
tional multiplets must be included. Note that even for this
poor fit a~14% contribution by the&p-spectator transition
3p-spectator  transitions  assuming  the  nominalis indicated. The more loosely bourtl spectator, which
g1([Ar]3d*4s?) and the[Ar]3d%4s? (denotedg,) ground  should have a higher excitation probability, should contrib-
states, respectively. For the nominal ground stgfethe ute significantly more to the spectrum. Thus, a fit including
strongest lines of the calculat&p-spectator multipleth) multiplets (c), (g), and (h) in Fig. 5 was carried out, with
are well aligned with the measurédn” feature, and it has results shown in Fig. 7, and parameters listed in Table V
the right shape: strong lines near 4093 eV and a broad anghder “Fit B.” Although discrepancies still exidisee Fig.
low background over the rest of the range. This supports7(b)], this combination yields a considerably better fit to the
therefore, the assignment iifa” to this transition, originally measured spectrum than the previous choice. In fact, at-
proposed by Druyvesteyd] as early as 1928, and supported tempts to improve the fit by including the same three transi-
by Parratt's measuremerid], the Hartree-Fock calculations tions, but using different “diagram” transition®.g.,(d) or
of Scott [8], and the study of Kawaietal. [10]. The ()], resulted in worse fits than that shown in Fig. 7.
3p-spectator for the 8-depleted ground statg, (i) is less Computationally the “two-lines-only” structure of the
well aligned withKa”, although the strongest line is still 3d-spectator multiplet is a decisive factor in obtaining a
within ~2.5 eV of it. good fit to the sharp measured peaks in Fig. 7. A similar
b. Theoretical fitsThe minimal set of multiplets that can two-line diagram multiplet is also obtained if a ground-state
possibly contribute to th& « spectrum includes the diagram configuration] Ar]3d%4s?, or even[ Ar]3d%4s®, is assumed.
transitions and, because of the clear identification okhé Given such a ground-state configuration, would it be possible
feature, the8p-spectator one. A fit employing these two mul- to obtain a good fit using only that diagram and the
tiplets for the nominal atomic electron configuration, namely,3p-spectator multiplet? Note that on physical grounds such a
(c) and(h) in Fig. 5, is shown in Fig. 6, and the parametersground state will not be entirely unreasonable, since while in
obtained in the fit listed in Table V under “Fit A.” The poor an isolated atom thedorbital is reasonably sharp, in the
quality of the fit, indicated by the large fit residuals in Fig. solid-state-bound atom thed3orbital is more diffuse and
6(b), shows that a diagram and3p-spectator transition are molecular like[10,33. To answer this question a new fit,
insufficient to explain the line shape. Attempts to use theusing multiplet(g) as the ground statg, and (i) as the cor-
same combination with other ‘“diagram” transitions, responding3p-spectator multiplet, was carried out with the
namely, (d), (e), and (f) in Fig. 5, yield almost identical results shown in Fig. 8, and the fit parameters listed in Table



PRA 60 Ka AND KB X-RAY EMISSION SPECTRA @ . .. 2027

TABLE V. Fit results for theKa scandium spectrumg,; and g, denote the ground-state electronic
configurationg Ar]3d*4s? and[ Ar]3d%4s?, respectivelyA, T, a,,, andl;,, denote the shift, width, ampli-
tude, and integrated intensity of each multigkste text. For multiplets that were divided into two parts, two
widths are listed|C+ DE| (whereE is in eV) is the background ane is the full width at half maximum of
the Gaussian representing the instrumental resolution function. Regdasftthe fits are also shown.

Parameters Ground Transitions Fit A Fit B Fit C
state (Fig. 6 (Fig. 7) (Fig. 8

A (eV) g1 1s—2p 0.652) 0.431)

o]} 1s—2p 1.871)

0: 1s3d— 2p3d 2.021)

0 1s3p—2p3p 0.80(1) 0.80(1)

g2 1s3p—2p3p 0.065)
I' (ev) 01 1s—2p3p, 0.942) 1.062)

91 1s—2pyp, 1.142) 1.062)

92 1s—2pgp, 1.082)

92 1s—2pyp 1.392)

01 1s3d—2p3,3d 0.802)

01 1s3d—2p,,3d 1.304)

0 1s3p—2p3p 1.188) 1.154)

92 1s3p—2p33p 1.694)

9 153p—2py,3p 1.608)
a,, (counts) o1 1s—2p 266236) 139717)

g, 1s—2p 17 413200

0: 1s3d—2p3d 12 294183

91 1s3p—2p3p 694) 78(2)

g, 1s3p—2p3p 116023
C —-10873(16)  —13732(3) —7789(4)
D 2.651) 3.351) 1.901)
w (eV) 0.45 0.45 0.45
lint (%) d1 1s—2p 86 47

o]} E—)Z_p 65

9 1s3d—2p3d 38

O 1s3p—2p3p 14 15

% 1s3p—2p3p 35
Reduced y? 27.85 7.35 11.97

V under “Fit C.” While now the “bump” at 4083 eV does turning now to the nominal electron configuration, and add-
not appear, the overall quality of the fit is clearly inferior to ing the 3d-spectator transitiorffit B), results in a further
fit B in Fig. 7, as observed by inspection of the correspondreduction toy?=7.35. The conclusion emerging from both
ing fits and residuals. The basic problem here is that théhe 2 values and the inspection of Figs. 6—8 is that the
removal of the 8 electron reduces slightly, but significantly, inclusion of the3d spectator is mandatory to obtain a good
the 2p,/-2ps; spin doublet splitting, making it smaller than it and that the use of the nominal ground stggeand the
the observeK a;-Ka, energy separation. ) ~three transitions, the diagram and tBe and 3d spectators,
The discussion so far was based on an eye inspection gfe sufficient to account well, quantitatively, for the mea-
the figures showing the various fits. The redugéd/alues in sured line shapes of tHéa spectrum.
Table V quantify the relative quality of each fit. For fit A, ¢ spectral characteristics obtained from the ¥ite now
which includes the diagram plus tiBp-spectator transitions  giscuss the parameters obtained from the best fit, fit B in
only, with the nominalg,([Ar]3d'4s?) ground state, &> Table V, and compare them, where relevant, with other
~28 is obtained. Using different ground state electron conavailable data.
figurations, namely[Ar]3d'4s! and [Ar]3d'4s®, yields The natural widths obtained are listed in Table VI, along
similar values. Fit C, employing thg, ([ Ar]3d°4s?) ground  with several previous theoretical and semiempirical values.
state and the correspondiBg spectator only, reduceg’ to  As a separation of the measured spectra into individual mul-
~12, less than half of fit A. While this is a significant im- tiplet contributions was not attempted in any of the previous
provement, the fit is still not good, as discussed above. Reneasurements, experimentally derived widths, which belong
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FIG. 7. Fit of the measure®a; , spectrum by the nominal
diagram multiplet (c), 3p-spectator multiplet (h), and the
3d-spectator multipletg) in Fig. 5. The individual multiplet con-  vidual multiplet contributions are shown if@a). The residuals and
tributions are shown ina). The residuals and:3c levels are =3¢ levels are shown iifb). The fit parameters are listed in Table
shown in(b). The fit parameters are listed in Table V under “Fit V under “Fit C.”

B.”

FIG. 8. Fit of the measurel «, , spectrum by th&d-spectator
multiplet (g) and the3p-spectator multipleti) in Fig. 5. The indi-

calculated by taking the excess intensity in e" feature

to the composite lines, were not included in the table. Th&Ver the smoothly falling wing of the diagram line. This
agreement of the theoretical widths with those obtained fromaves out almost all of the intensity of the multiplet, which
fit B is excellent:<4%. By contrast, the linewidths derived 1€ mostly under th&«; andKa; peaks, as shown in Fig.
from the resolution-corrected spectrubgforethe removal ) ) ) )

of the spectator contributions, in Table Il overestimate sig- TABLE VI. Full widths at half maximum, in eV, obtained from
nificantly the theoretical and spectator-removed widths irfhe best fit of the theoretical DF-calculated spectra to the measured

Table VI. This demonstrates the importance of properly re_one(“pres,ent”) and several theoretical and semiempirical calcula-

moving the contributions of the spectator transitions to thd'ons-
line shape for obtaining a meaningful comparison with the- FWHM (eV)
oretical calculations. Note also that the widths obtained fro
the two other fits in Table V are in a much worse agreemen ource Key Kaz KP1 KPAs
with theory. This supports further the conclusion above thapresent
the inclusion of the3d spectator is mandatory to account for gest theoretical fit 1.08) 1.062) 2.812 2.812)
the shape of th& «a spectrum. Theoretical

The integrated intensities obtained from fit B indicate thaty;cgyire? 1.09 1.09 0.971
the 3d spectator’s contribution is about equal to that of thechen and co-worke?s  1.08 1.082  1.082
d|agTam Iine:"" 38% Of the tOtal intensity Of thK (,1’1’2 Iines. Crasemann and Ch%n 1.028 1.026 0.850 0.859
While this is higher than the 30% obtained for (3], such Semiempirical
an increase is not unreasonable in view of the lower atomig . . -+ Siver 1.05 1.06
number of Sc and the concomitantly lowed ®inding en- Perkinset al® 103 103 0.85 0.86

ergy, only 0.8 eV as compared to 2.8 eV in {32]. A large
increase is also observed in tBp-spectator intensity: 15% 3 -level width from Ref[41], L- andM-level widths linearly inter-
in Sc vs 0.5% in CU3], presumably for the same reason. polated from Refs[42] and[43], respectively.

This value for Sc greatly exceeds the 1.4% estimate of PaPK-, L-, and M-level widths linearly interpolated from Reff44],
ratt [9] for the correspondindgla” feature. The true differ- [45], and[46], respectively.

ence is even larger, since Parratt's value is relative to thé-, L-, andM-level widths from Ref[35].

Ka, line, while the present value is a percentage out of théFrom Ref.[47].

total Ka , line spectrum. Parratt's estimate, however, was’From Ref.[48].
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TABLE VII. Measured and theoreticd{ «;-Ka, spin doublet 1 [ (8) measured
splitting, in eV. The theoretical “Present” values were calculated & Sc Kg
using multiplets(c) and (g) in Fig. 5 and a Lorentzian lifetime L o
width of 1.06 eV(Table VI) for all transitions. . .
1 I T T R T T ‘I' T I
Source EKal'EKaz (eV) | (b) phenomenclogical ’ ‘ ‘
Theoretical 1} (c) [aales® ' ' ' ' diagm'l_gl
Present DF[Ar]3d'4s? 4.86 L
[Ar]3d°4s? 4.50 I Ii -
Kuhn and Scoft 4.46 LF(d) [arjsalest diagram
Measured . 3 H i
Present{meta) 4.871) = T 1| 7 T S m— T T
Kawai et al® (meta) 4.770) = L (e) [arsa'ed diagram
Kawai et al® (compounds 4.33-4.48 =a | ‘i “ |
=
Bearderf 4,55 % 1F (f) [Ar]3d24s0 ' ' ' " diogram
8Referencd49]. This value is the splitting of the strongest lines of & i | i hMH
the calculated multiplet. NPT wly Il e
PReference 10]. &) wrdes ;1::: :igo’i{g
‘Referencd15]. i | - !
7. The same holds for the phenomenological six-VF fit dis- 1T (h) Dagisssalss® Sspectator-g
cussed above, even though the value derived there is some r | l |
what closer to the present 15% value. D T A Lk b
The Ka;-Ka, spin doublet splitting, obtained from our (i) iaglop®salss Spspectator—g,
DF calculations and measurements, as well as those from i | i
i i 0 T T T T T I T
several other theoretical and experimental sources, are sum o 2150 v 470 2o

marized in Table VII. The agreement between the present
measurement and that of Kawetial. [10] for metallic scan- ENERGY (eV)
dium is very good, while the compounds studied by them all o
show smaller splittings. Bearden'’s 4.55 eV is lower than our ¢ 'I::_IG. 95 The:;'gbl’? r_n_easulre?l Spg‘:trul@[ pherlo_m;enolrc])gl_cag_j‘lt
values and those of Kawait al. for metallic Sc, and thus %' ™'Y 4b), andab initio calculated multip ?t.@ (i) for the indi
seems to have been measured also on a compound, possiﬁ@}egtef.czqng Clolr.mgura"ons art]d tggns't'?njf tln a.': frafn:ﬁst’ the
an oxide, as were Parratt's measuremg@jsThe DF calcu- 'ght ot indivi ul"." |ges rﬁpresen_s egrlg € '? ehn5| y cl’. | a
lations show a decreasing trend in the splitting with decreasyansition, normaized to the most intense line of the multiplet.
ing 3d shell population. ThéAr]3d4s? fine structure split-
ting value is in excellent agreement with the measuredblacement of the active 2 electron with the  one, were
metallic sample value, while that pAr]3d°4s? is lower and  carried out for theK 8; 3 spectrum as well. The calculated
very close to the splittings observed by Kaveial. in the  ‘“stick diagram” multiplets are shown in Fig. 9, along with
compounds. These correspondences seem to indicate that thie measured spectrum and the phenomenological six-VF fit.
the metallic Sc the single d electron of the nominal Sc The general alignment of the diagram multipléts—(f) with
configuration is atomically localized, while for the com- the measured spectrum is inferior to that of te; , spec-
pounds the @ atomic level is depopulated, thed3lectron  trum, although still within the few-eV accuracy limit of the
going presumably into the molecular bonding orbitals. Fromab initio DF calculations. The conclusions on the relative
a comparison of the measurétla; chemical shift with  unimportance of the € shell population and the strong in-
DV-Xa molecular structure calculations Kawat al. [10]  fluence of the removal of thed3electron on the spectral
conclude similarly that the formation of the chemical bondshape, obtained above f&«, ,, hold true here as well, as
depopulates the®Bshell. observed in frames(c)—(g). The positions of the
Finally, the contribution of3s-spectator transitions are 3p-spectator multipletgh)—(i) on the high-energy side of the
negligible for the spectra discussed in this work, as was alsstrongest lines in the corresponding “diagram” multiplets
found for Cu[3]. This is due to the lower cross section for (c)—(g) correspond very well with the position of thes”
the formation of a vacancy in these more strongly boundeature(at ~4464 eV) relative to th& 3, 3 peak, supporting
shells, the lower number of electrons in thehell as com- a suggeste@10] assignment oK 8" to this transition.
pared to thep shell, and, more significantly, the strong A careful examination of the diagram multiplets)—(f)
Coster-Kronig transitions which depopulate such vacanciegeveals that the splitting of two line groups, e.g., those at
very fast[34], as demonstrated by the large natural width of~4460 eV and~4462 eV in(c), is larger than is possible to
the 3s level, 4.59 eV, as compared with the much narroweraccommodate within the rather narrow width of the mea-

widths, 0.23 eV, of the B levels[35]. sured line. This is a first sign for a possible inadequacy of the
isolated-atom model for describing theB, ; spectrum, as
2. KpBy5 spectrum discussed in the next section. '
a. Calculated multipletsDF calculations, identical with b. Theoretical fitsThe diagram transitions giving rise to

those discussed above fta; , except for the obvious re- the Ka;, spectrum,1s—2p, involve inner atomic shells
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' ' TABLE VIII. Fit results for theK 3, ;3 scandium spectrum, for
I (a) ] the ground-state electronic configuratiphr]3di4s?. A, ', apn,
i Sc Kp andl;,; denote the shift, width, amplitude, and integrated intensity
r ;n}easured i 1 of each multiplet(see text |C+DE| (whereE is in eV) is the
———fllit:;x(‘iam background andv is the full width at half maximum of the Gauss-
3000  ----- spectator - ian representing the instrumental resolution function. Redyéexf
3psp _
- --- M spectator the fits are also shown.
g
E Parameters Transitions Fit
% A (eV) 15-3p ~2.38(12)
E 1s3d—3p3d —2.50(4)
= 1500 1s3p—3p3p —3.30(96)
I' (eV) 1s—3p 2.8012
1s3d—3p3d 1.758)
1s3p—3p3p 3.08990)
an (counts) 1s—3p 210096)
= 0 1s3d—3p3d 55 4301500
5 1s3p—3p3p 39(10)
= C 1.582.59
= D 0.01
: =
-500 ‘ . . : .
= 440 4450 4460 4470 4480 w (eV) 0.57
ENERGY (eV) lint (%) 1s—3p 35
FIG. 10. Fit of the measurel 8, ; spectrum by the nominal %Hgg—gg b;ll
N

diagram multiplet(c), the 3p-spectator multiplet(h), and the
3d-spectator multipletg) in Fig. 9. This fit corresponds to the best Reduced y? 20.85
fit, fit B, for the Kaj , spectrum, shown in Fig. 7. Note the consid-
erably lower fit quality, indicating the breakdown of the single-atom
model.

to the measured one. A more detailed examination, however,
and in particular the difference plot in fran®), reveals
only. This is not true for the{j; 3 spectrum, which origi- serious discrepancies, especially near the peak and along the
nates inls— 3p transitions, i.e., involves the=3 valence low-energy tail of the measured line. These deviations result
shell. Thus, the independent-atom approach adopted in odirom several features in the calculated multiplets, which we
DF calculations and fits, and shown above to account welhow discuss. Note first the large splitting, mentioned above,
for the details of theKa; , spectrum, is not guaranteed to and the roughly equal intensities of the two line groups of the
work for the KB, 3 spectrum. Indeed, even a partial agree-calculated diagram spectrum-a#4460 eV and~4462 eV in
ment may not be obtainable, as thd and 3 orbitals are  Fig. 9c). This results in a multiplet structure which is sig-
expected to be delocalized to some extent and assume a maficantly broader than the narrow upper part of the measured
lecular or even a collective, solid-state, nature rather than a3, 3 line, and thus cannot be fitted to it, regardless of the
isolated atomic one. This conclusion is supported by the detorentzian width parameter adopted for the multiplet. This
tailed study of Kawaket al.[10]. Regardless of these results, diagram multiplet is reduced, therefore, in intensity, while
and wishing to test their validity for metallic Sc, we have the much more narrowly spac@di-spectator multiplefFig.
attempted to fit the measurégs; ; spectrum in a way simi-  9(g)], which is able to reproduce the narrow upper part of the
lar to that of theKa, , spectrum, namely, using the single- measured lineshape better, gains considerably in intensity.
atom model discussed above, with several combinations dFhe line and intensity distribution in the two multiplets do
the calculated multiplets. not allow, however, a faithful reproduction of the measured
The KB, 3 fit corresponding to fit B oK« , above, i.e., Kg line shape, and a too low peak energy results for the
using the nomlnaﬂAr]3dl4s ground state configuratiagy  fitted line shape, along with large deviations almost every-
and including the diagram, th@8p- and the3d-spectator Wwhere, as observed in Fig. ). As shown in Table VIII,
multiplets are shown in Fig. 10, and the corresponding pathese deviations are also reflected in the layge 21, three-
rameter values are given in Table VIII. Considering the lackfold that obtained in fit B oK, ,, an anomalous 2.8 eV
of resolved structure in the measured spectrum, we tried toatural width for the diagram lines, threefold the width cal-
minimize the number of free parameters in the fit to avoidculated theoretically and semiempirically for both ¢,
cross correlations. Hence, a fixed resolution widthwof and KpB; lines in Table VI, and an inverted dia-
=0.57 eV, obtained from the exotic atom transition mea-gramBd-spectator integrated intensity ratio of 0.57, which
surements above, was used, and equal widths were assumgtbuld be compared with tire 1 obtained folK a; ,in Table
for all lines of each multiplet, including the diagram one. As V. An extensive search was carried out to find a better-fitting
seen in the figure, the fitted spectrum is rather close in shapsmbination by allowing different widths for different line
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TABLE IX. Radiative AugerK-MM maximal transition energies, in eV, relative to tKgs; ; peak

energy.
KMIMj MlMl M1M2,3 M2,3M2,3 M1M4,5 M2,3M4,5
E(KM;M;)-E(KB;9) -869 —67.4 to-580 —427 to-382 —23.7 ~-15

groups within a multiplet, using the other electronic ground-in Sc, RA transitions involvingVl4 5 can occur. Indeed, the
state configurations given in Fig. 9, and several not listedable demonstrates that the only RA transition that can pos-
there, for the diagram and spectator multiplets, etc. Nongaibly contribute in the region under consideratier13.5 to
improved the reduceg? values. For example, using tlge —3 eV belowE(K B, 3 is theKM, ;M , s one. However, the
ground-state in Fig. (@) and the correspondingp3spectator total intensity expected for th&MM transitions is only
in Fig. 9Ai) results in the same largg®~21. Other combina- ~3% of the KB, 3 line intensity[38,40, much too low to
tions results in even largey? values. account for the discrepancies observed. Moreover, the RA
The measured intensity in the range from 4445 to 4453ntensity goes to a maximum very closeA&(KM;M;) and
eV is observed in Fig. 10 to be consistently higher than thehen decays towards lower energi@ee, for example, the
theoretical fit for theg; ground-state configuration. By con- lower curve in the inset to Fig. 4 ¢88]). For theKM, ;M4 5
trast, the[ Ar]3d24s? configuration,(f) in Fig. 9, shows sev- RA transition, which peaks 1.5 eV below thes, 3 peak,
eral lines in this range, not observed for the other groundsery little intensity will be left at, say, 5-10 eV below the
states,(c)—(e), including g;. This is in agreement with the peak, where the differences between the fitted and the mea-
study of Pesset al.[36] of Ti (Z=22), where thal® elec-  sured spectra in Fig. 16) are still considerable. It seems,
trons of the ground-state configuratiorAr]3d?4s?, yield therefore, that the RA effect cannot account for the discrep-
similar transition lines on the low-energy side of tKg3  ancies between the fitted and measukgs), ; spectra.
spectrum. These were shown there to account qualitatively, The discussion above leads to the conclusion that al-
if not quantitatively, for the low-energy tail observed for the though the fit presented in Fig. 10 is the best among the
Ti KB line. The existence of such a tail in Sc could be many attempted, it is still insufficient to account for the mea-
constructed, therefore, as supporting the domination of auredKg; 3 line shape quantitatively. This implies that the
similar d®-electron ground-state configuration in Sc as well.K 8; 3 spectrum cannot be regarded as an isolated-atom spec-
Indeed, Papaconstantopoul&3] calculates the outer three trum, at least within the single-configuration calculations
electrons to be redistributed in the band structure of metalli@mployed here. The possibility that a multiconfiguraticedal
Sc as 0.71:0.53:1.76 between the p-, and d-like states, initio DF calculation, still within the single-atom approxima-
respectively, i.e., almost twd-like electrons. Nevertheless, tion, may be able to account for the spectral shape cannot be
attempts to use the correspondmigpmicconfiguration(f) as  ruled out. However, in view of the conclusion emerging from
the nominal ground-state in the fits resulted in worse fits thathe detailed study of Kawadt al,, that the 3 orbital is not
that presented in Fig. 10. It is likely that fits employing band-fully localized atomically and participates in the collective
structure calculationgwhich are outside the scope of this bonding of the atoms in the solid state, it is much more likely
papej, rather than isolated-atom ones, will be more successthat accounting for thé& 3; ; spectrum requires employing
ful in accounting for the low-energy tail of the measuke@  molecular orbitals and/or taking into account band-structure

spectrum. effects.
We have also looked into the possibility of assigning the
deviations in the range from 4445 to 4455 eV to radiative V. CONCLUSION
Auger (RA) transitions[37]. In the RA effect the excess .
energy of the atom following &s— 3p diagram transition is The study presented above explored the line shapes of the

shared between an Auger electron ejected from a higher shdfla; , andK 3, 3 spectra of the first @ transition metal. We
and the emitted x ray photon. This reduces the photon’s erhave measured both scandium spectra with a Johann-type
ergy by at least the binding ener@y of the ejected Auger single-crystal spectrometer, the resolution function of which
electron. The maximal photon enerdy,,, for this effectin ~ was determined independently using an intrinsically very
our case would therefore b&,=Eyz—Eg. Only the narrow pionic atom transition. The parametemidths,
K-MM RA transitions need to be considered in the energy@symmetries, etcobtained from the measured spectra, using
range of this study, and the corresponding shifts of the maxia@ phenomenological fit by Voigt functions, agree well with
mal energy below th& 3, ; peak, AE(KM;M;), can be cal- ~Previous measurements performed with double-crystal spec-
culated from[38] ' trometers. The transitions contributing to the line shape were
identified usingab initio relativistic Dirac-Fock atomic-
AE(KM{M))=E(Ka;)—E(KB13+E(LsM;M;), (3)  structure calculations. Fits of various combinations of the
calculated multiplets to thK o spectrum show this spectrum
where the three terms on the right-hand side are the energiés originate in single-atom transitions and to include contri-
of the x-rayKa; andKp, 5 lines and the Auget ;M;M; butions from the diagram and ti3p- and3d-spectator tran-
line, respectively. Using Bearden's[15] E(Kay) sitions, as found previously for Cu. The contributions from
=4090.6 eV andE(K B, ) =4460.5 eV, and Auger energies the diagram and th&d spectator are found to be roughly
from Larkins [39], we obtain the RA maximum energies equal, while that of t@ spectator is about threefold lower.
listed in Table IX. Note that since thed3shell is populated The fit allowed to obtain natural widths for thea, , lines,
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which are in excellent agreement with theory. Althoughtermining the spectral shape of x-ray emission lines in the
identified long ago to originate in tH&p-spectator transition, early 3d transition elements. In particular, near-threshold
the experimentally observeda” feature is found here to be photoexcitation, now possible at powerful synchrotron
just a small part of the total contribution of that transition to sources, allows selective excitation of specific transitions.
the spectrum. Such studies should allow a better assessment of the different

By contrast to theKa results, the line shape of €8 processes contributing to the spectra and their variation with
spectrum could not be accounted for by multiplets calculated g¢ross the 8 transition elements.

assuming single-atom transitions. It seems probable that this
spectrum originates in transitions involving the solid’s band
structure, as suggested and shown in the study of Kawai
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