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The Koi,2 and KB31,3 spectra of copper were measured using double- and single-crystal diffrac-
tometers whose finite resolution effects were carefully characterized and corrected for. A phenomeno-
logical resolution of the spectra into Lorentzians is given, yielding excellent R factors close to 1%.
Fits to our detailed relativistic Dirac-Fock and nonrelativistic Hartree-Fock ab initio calculations
reveal that the line shapes can be accounted for by the diagram and the single 3d spectator hole
transitions only, with R factors of 3-5% (the underline below 3d denotes a hole state). The contri-
bution of the 3d spectator transitions to each of the spectra is 26-30 %. The Ko spectrum may also
contain a small ~0.5% contribution from the 3p spectator transition. The fit residuals of the K3
spectrum show systematic deviations in the vicinity of the 8’ feature, which may be due to exchange
interactions or plasmon excitations. Contributions of similar origins to the Ka spectrum were not
detected. Linewidths, energies, and intensities are reported, for the raw as well as the fit-resolved
spectra, and critically compared with previous data, where available.

PACS number(s): 32.30.Rj, 32.80.Hd, 31.30.Jv

I. INTRODUCTION

The structure of the x-ray diagram emission lines of the
iron group transition elements has been the subject of nu-
merous experimental and theoretical studies [1-6]. This
was motivated by their asymmetric shapes, indicating
large contributions from processes other than the main
single electron bound-bound diagram transitions which
dominate the corresponding symmetric emission lines of
higher-z atoms. The large number of satellite lines, some
of which have energies lower than those of the parent
line and hence indicating a mechanism different from
standard multielectronic excitation, has also motivated
many of the studies [7-9]. Another motive, particularly
important for the copper lines which are extensively used
in a variety of x-ray diffraction experiments, is the need
to obtain an accurate analytic representation for the line
shapes. This is required for distinguishing features in the
diffraction pattern originating in the sample from those
due to the shape of the x-ray line. An example of such
an application is given in Ref. [10].

The asymmetric line shape of the copper emission lines,
the subject of the present study, was attributed to var-
ious different processes, namely the Kondo-like interac-
tion of the conduction electrons with the core-hole states
[11], final-state interactions between the core hole and
the complete 3d shell [4], electrostatic exchange interac-
tion of the 3d and 2p shells [5], and shake-up processes
from the 3I shells [6, 12]. All these are multielectronic
effects, going beyond the simple single-electron, frozen-
atom description of the emission process. Thus they can
yield, in principle, a better understanding of intrashell
and intershell electronic correlations in atoms.
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The Kaj z line shapes were previously shown [13, 14]
to be well described by the many-body conduction band
excitation theory of Doniach and Sunjié [11], and, almost
as well, by 3! shake-up processes [12]. Shake up from the
3d shell was also shown to account reasonably well for the
measured K3, 3 line shape, although a complete quan-
titative fit was not reported and possible contributions
from other shells were not investigated [15,16]. The low-
energy satellite denoted K3’ received special attention,
and several other sources such as exchange interaction
[7, 9] and plasmon oscillations [8] were suggested as its
origin. The agreement between theory and experiment
on this feature is, however, only partial at best.

A prerequisite to an accurate measurement of the line
shape is the determination of the various factors affect-
ing the resolution of the measuring system, and their
relative importance. We have recently completed such a
study [17], which resulted in a high accuracy character-
ization of the system used in the present measurements.
This study allowed the minimization of distortions due
to finite resolution in the measurements presented here.
Additional advantages of the present study over previous
ones are the few-ppm (K 3) or less (K a) level of accuracy
in the absolute energy scale and the fact that both the «
and 3 spectra were measured using the same well charac-
terized experimental setup under well defined resolution
conditions. Finally, we have carried out relativistic and
nonrelativistic atomic calculations to elucidate the inter-
nal structure of the lines. These assumed that the line
shape can be fully accounted for by satellites resulting
from 3! spectator holes in addition to the nominal single
electron diagram transitions (underlining indicates hole
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states throughout this paper). We have found that such
a description can indeed account extremely well for the
Ka, and to a somewhat lesser extent, also the K3 spec-
tra. The experimental and calculational details are pre-
sented in the next two sections, with the third section
presenting and discussing the results. The fourth section
details our conclusions and suggestions for future work.

II. EXPERIMENT

The measured spectral distribution of an emission line
differs, in general, from the true distribution due to the
modifications introduced by the instrumental function of
the spectrometer (spectrometer window function). To
obtain the true distribution, either the instrumental func-
tion must be much narrower than the spectral distri-
bution, or it must be separated out somehow from the
measured intensity distribution [18]. The experimental
parameters should be, therefore, chosen in a way that
minimizes these distortions, and consequently also the re-
quired corrections. In Ref. [17] we presented the solution
of this problem for single- and double-crystal spectrom-
eters. We took into account the influences of collimator
geometry, crystal reflection curves according to dynami-
cal theory including the variation of their shape with the
wavelength, tube arrangement, absorption of the radia-
tion in the anode, air, and windows. It was possible to
simulate the influence of various experimental parame-
ters, to conclude under which conditions a convolution
of the true spectral distribution and the (approximated)
instrumental function is a good approximation for the
measured intensity distribution, and under what condi-
tions the instrumental function was negligible. On this
basis optimized parameters were chosen to carry out the
measurements reported here.

Single- (SC) and double-crystal (DC) diffractometric
measurements were carried out. The single-crystal spec-
trometer (classical Bragg configuration [19]) allowed for
the measurement of absolute angles with high precision
and accuracy. The mean total angle dividing error is
0.12 arcsec and the smallest angular step is 0.06 arcsec
[20]. This device has been used mainly for the deter-
mination of absolute lattice parameters according to the
Bond method [21]. It allows the determination of the lat-
tice parameter of silicon, using the (444) reflection and
Cu Ka; radiation, with a reproducibility (precision) of
about 3x1078 nm and an accuracy of 1.5x10~7 nm [22].
Using a calibrated silicon crystal an absolute wavelength
determination in nm is possible [22]. The conversion fac-
tor to the energy scale is 8.065 541 0 x10° (meV)~!
which carries an uncertainty of 3x10~7 [23].

The following experimental parameters were used:
symmetrical silicon (444) reflection for the Cu Ko spec-
trum, asymmetrical (553) reflection for the Cu K3 spec-
trum, tube nearly perpendicular to the diffraction plane,
tube voltage and current of 40 kV and 30 mA, respec-
tively, collimator length of 390 mm, (horizontal), slit
widths of 0.03 mm for the Cu K« radiation, and 0.10 mm
for the Cu K3 radiation, and a (vertical) slit height of
0.42 mm. Under these conditions the measured intensity
distribution is well approximated by a convolution of true

spectral distribution and the (approximated) instrumen-
tal function. The true distribution was obtained in this
case by deconvolution of the measured spectrum. The
analytic relation between the exact instrumental func-
tion and the spectral distribution was used only to con-
firm that the window function approximation employed
was indeed valid.

The double-crystal spectrometer measurements were
carried out with the commercial DTS spectrometer [24].
An advantage of the double-crystal arrangement is that
the angular scale is stretched by a factor of 2. Thus a
better angular resolution can be obtained as compared
with the single-crystal mode of the same spectrometer.
However, since the zero angle of this device could not be
determined accurately, the corresponding energy scale is
relative only. The angular position of the maximum of
the Cu Ka; peak was defined to be Ag = 0.154 059 292
nm [22]. For the double-crystal spectrometer it was pos-
sible to make the instrumental function very narrow, so
that no correction for window function effects was nec-
essary. Fits were done with the measured and smoothed
data, applying only a correction for absorption [17].

The following experimental parameters were used:
symmetric silicon (333) reflections in both crystals for
all spectra. The (444) reflection was out of the range
of the spectrometer. The tube was nearly perpendicu-
lar to the diffraction plane, tube voltage, and current of
40 kV and 45 mA, respectively, collimator length of 560
mm, (horizontal) slit widths of 1.0 mm (focus side) and
10 mm (sample side) for both spectra, and (vertical) slit
heights of 0.4 mm for the Cu Ka radiation and 0.8 mm
for the Cu K3 radiation.

III. ATOMIC STRUCTURE CALCULATIONS

A. Introduction

We have considered transitions involving up to two-
vacancy states, of the forms ls—np and 1s3l—np3l
where n = 2,3 for Ka and Kp, respectively, and | =
s,p, or d. The first set of transitions are the so called
diagram lines while the second are the 3l-spectator va-
cancy satellites. The calculations were done using both
the relativistic Dirac-Fock (DF) code GRASP of Grant
and co-workers [25] and the nonrelativistic Hartree-Fock
(HF) code HF86 of Froese Fischer [26], both supplemented
by programs written in house, as detailed below.

B. Energy calculations

Previous studies [27,28] indicate the importance of tak-
ing into account rearrangement and full relaxation of the
atom prior to the emission process. To do so, we have
generated in all cases the initial and final state wave func-
tions in separate single configuration runs where the wave
functions and energies of all orbitals were allowed to vary.

The input to both programs is specified by the elec-
tronic occupation numbers of each shell in nonrelativis-
tic notation. Although the HF code employs the LS cou-
pling notation while the DF one uses jj coupling, the end
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results for both calculations are intermediate coupling
ones. In practice, considerable mixing of states results in
all of the two-hole calculations. The DF code, which was
used in the average level (AL) optimization mode, takes
into account all possible couplings between the electrons
in open shells. It calculates and lists the fully split energy
level scheme for the given configuration. By contrast, the
HF code provides only the average energy of the config-
uration, as well as values of the various Slater integrals
and the spin-orbit parameters. These were used to set up
the intermediate coupling Hamiltonian matrix including
the spin-orbit terms, following Condon and Shortley [29]
and Slater [30]. The Hamiltonian was diagonalized to
yield the energy levels of the multiplet. Note that fol-
lowing common practice [28], the calculated spin-orbit
parameters were scaled by the ratio of the calculated-to-
measured spin-orbit splitting of the diagram lines [28].
Also, since relativistic effects are considerable for the 1s
level, nonrelativistic HF values involving this level are
known to be greatly in error. This was corrected for by
shifting the average energy of all the relevant multiplets
by the energy difference between the calculated and mea-
sured average energy of the Ka diagram lines [28]. As
in previous studies [15, 12-14] the 4s electron of the Cu
atom was neglected in all calculations. Thus, the only
open shells are those of the active electrons. The number
of levels in the HF approximation in this case is equal,
therefore, to that of the fully split DF levels, and so is,
of course, the number of lines. Finally, the transition en-
ergies for the various lines were calculated by taking the
difference in energy of pairs of levels from separate runs,
as allowed by electric dipole selection rules.

C. Line strength calculations

Although GRASP provides a means for calculating the
relative transition probabilities within a multiplet, this
can only be done when the wave functions of the initial
and final states are orthogonal, which is clearly not the
case here, since the initial and final states were generated
in separate runs. We have used, therefore, configuration
interaction calculations to obtain the various transition
probabilities using once the frozen orbitals of the initial
state and again those of the final state. The two values
were within ~10% of one another for all lines stronger
than ~5% of the strongest line. Thus in the fits and
figures presented here we have used line strengths calcu-
lated from the initial state wave functions. This amounts
to using the frozen-atom approximation to calculate the
line strengths within each multiplet. We have verified
that the use of final state wave functions has a marginal
effect on the results as presented here and no influence
on our final conclusions.

In the absence of an appropriate code, the line
strengths for the HF calculations were approximated by
those of the pure LS coupled atom, which are given, for
example, by Cowan [31]. Although the intermediate cou-
pling results in a considerable mixing of the pure LS
states, previous studies by Scott and co-workers [28] on
the satellite lines of the iron group elements indicate that
this approximation is reasonable for the strongest lines.

A comparison of the pure LS line strengths to those ob-
tained in our relativistic DF results also supports this
conclusion, as shown in the next section.

IV. RESULTS AND DISCUSSION

A. The Ka spectrum

1. Analytic representation

The Ko« spectrum, measured in the DC configuration,
is shown in Fig. 1. As a sensitive measure for the quality
of our data, Table I lists the full width at half maximum
of the K« lines, along with earlier results. Note the good
agreement with the previous measurements for Ka;, and
the twofold higher accuracy of our measurements. The
biggest deviation, that of Ayers and Ladell [33], is still
less than twice the combined standard deviation. The
agreement among the Koy values is less good, although
still reasonable except for that of Citrin et al. [32] which
was already commented on by Ayers and Ladell [33] and
Sgrum [3]. As finite resolution effects are significant in
these measurements [33, 17, 34], we included in Table I
only values corrected for these effects. Other studies (see
Refs. [13, 14, 17, 35] for a discussion.), where corrections
for these effects were not applied, yield values larger by
0.2-0.4 eV.

The resolution corrected spectrum was fitted by four
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FIG. 1. (a) Double-crystal spectrometer measured Cu

Koy 2 spectrum and fitted Lorentzians. The fit parameters
are given in Table II. (b) Lorentzian fit residuals. The thin
lines denote the +20 values of the data, where o is the stan-
dard deviation.
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TABLE I. Widths of the raw Cu K« spectrum, corrected
for resolution effects. Error estimates in the last digits are
given in parentheses, where available.

Cu Koy Cu Kagz
(eV) (eV)

Bearden and Shaw®(1935) 2.47 3.31
Pessa®(1973) 2.30 3.14
Citrin et al.(1974) 2.39(10) 2.89(10)
Berger?(1986) 2.37 3.35
Sgrum®(1987) 2.28(5) 2.78(5)
Ayers and Ladellf(1988) 2.41(5) 3.17(21)
This work 2.29(2) 3.34(6)

® Reference [40].
® Reference [53).
¢ Reference [32].
4 Reference [39].
¢ Reference [3].

f Reference [33].

Lorentzians, and the results are shown in Fig. 1. Each
Lorentzian is defined by its position E;;, width W;;, and
relative intensity I;;, where i = 1,2 denotes Ka; 3, re-
spectively, and j is the index within each line. The fit
parameter values are given in Table II. As can be seen
from the small and nonsystematic residuals in Fig. 1 the
fit is very good, and an R factor of 1.4% is achieved. The
fit and the resulting parameter values were discussed and
compared with earlier measurements in Ref. [17] and will
not be discussed here further.

2. Comparison with theory

In the atomic structure calculations, we considered in
addition to the diagram transitions 1s—2p also the two-
hole transitions 1s31—2p3l wherel = s, p,d, and the most
probable three-hole transition 1s3d2—2p3d2. The rela-
tivistically calculated energy level scheme for the one-
and two-hole states is shown in Fig. 2. Since the inter-
mediate coupling results in a considerable mixing of the
pure LS, or jj, states, the levels can only be labeled as
J? | where J is the total momentum and p = =+ is the
parity. These are given in the figure. AFE,, denotes the
difference in the (2J + 1)-averaged energy of the upper
and lower states.

TABLE II.
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FIG. 2. DF-calculated energy level diagram for the one-

hole and two-hole initial and final states of the K « transitions.
Level splitting in each state, but not that between upper and
lower states, is drawn to scale. The difference in the average
energy of the upper and lower states is given below each pair.
Due to the considerable mixing the levels are denoted as J?
only, where J is the total angular momentum and p is the
parity.

The DF “stick diagrams” of the transitions for the var-
ious multiplets are given in Fig. 3, and the corresponding
figure for the nonrelativistic HF calculations is shown in
Fig. 4. Although the details of the line positions and,
in particular, the intensities are different in the two cal-
culations for reasons discussed in the previous section,
the overall spectral shape is similar for a given multiplet
in both calculations. The lifetime widths of the transi-
tions, which are larger than the interline distances, result
in a smooth line shape of overlapping contributions and
it is not possible to identify by eye the individual con-
tributions of the various multiplets. Thus only general
conclusions can be drawn from eye inspection. For ex-
ample, the strongest lines of the 1s3p—2p3p multiplet
are in a region where the measured intensity is small,
and hence the contribution of this multiplet to the line
shape cannot be large.

3. Theoretical fits

To obtain a more quantitative assessment of the con-
tributions of the various multiplets to the line shape , we

Lorentzian fit parameters for the Cu K a; 2 lines measured using a single- and double-crystal spectrometer. The

lines are fitted by four symmetric Lorentzians, whose positions, widths, and intensities (normalized to the measured maximum
of the Ko line) are listed. Note the excellent R factors of the fit.

Double crystal

Single crystal

Line Energy Width Intensity Energy Width Intensity
(eV) (eV) (Rel.) (eV) (eV) (Rel.)

an 8047.837(6) 2.298(7) 0.942(6) 8047.837(2) 2.285(3) 0.957(2)

Q12 8045.293(52) 3.068(64) 0.094(3) 8045.367(22) 3.358(27) 0.090(1)

az 8028.022(13) 2.710(17) 0.339(4) 8027.993(5) 2.666(7) 0.334(1)

azz 8026.562(40) 3.560(57) 0.110(3) 8026.504(14) 3.571(23) 0.111(1)

R factor(%) 1.3 0.69
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FIG. 3. Measured, Lorentzian-fitted, and DF-calculated
transitions for the Ka spectrum. Calculated intensities in
each multiplet are relative to the strongest line of that multi-
plet.

have carried out detailed model fits to the data, using the
DF calculated line strengths and energies as inputs. Each
calculated line was represented by a Lorentzian within
the following model:

IC(E) =C9 + doE

M L
+ 3" am > bim/{1+ [(E = Eim — 8m) /wm]?},

m=1 =1
(1)

where cp,do define a linear background and Zm’, sum
over the different multiplets (m) and the lines within each
multiplet (I). @, 8m, and w,, are the amplitude, energy
shift relative to the calculated position and the width,
all of which are common to all the lines of a multiplet.
Finally, Ej,,, bi,m are the energy positions and calculated
intensities of each line within the multiplet, which are
fixed at the values obtained in the calculations and do not
vary in the fit. For each multiplet included in the fit the
three corresponding parameters, a, s, w, can be allowed
to vary in the fit. In addition, co, do are also varied. Since
the DF calculations are accurate to no better than 1-2 eV
[28, 25] we have allowed separate shifts s, 2 and separate
widths w; 2 for the two diagram lines. To minimize the
number of free parameters in the fit, for each multiplet
a single width, common to all lines, was used. Also, a
single shift s3, common to all multiplets, was employed.

A series of fits with different combinations of the di-

MEASURED
. Cu Ka
ET 11
25 HF
=24
Z8 7
Tereo ' s, '
Py
(122 a:z
1 ]
17 T T T T T
Is—2p
13 T I T T T T
N 1s3d-+2p3d
s
%)
é l ’ll I Jll]‘l
z 1 T T T
o 1s3p-»2p3p
w
=
=
<
o |l L | ’L |
4 1 . T T T T
1s3s-+2p3s
0 T ll’ T l T T
8010 8030 8050 8070
ENERGY (eV)
FIG. 4. Same as Fig. 3 but for HF calculated transitions.

agram lines with one or more multihole multiplets were
carried out, for both the DC and SC data. The results
obtained in some of the cases are given in Table III. It
can be seen clearly that the fits involving the diagram
transition (a), or the diagram transitions plus a 3s or
3p spectator (b) and (c) are inferior to those including
the 3d spectator (d) and (g). Furthermore, the inclusion
of either 3s or 3p, or both, in addition to the 3d hole
does not improve the fit. The inclusion of the two-hole
spectator (g) makes only a marginal improvement in the
goodness of fit (GoF), while its intensity is driven to zero.
Note also that the fits are robust, i.e., the values of the
various parameters obtained in fits (a) and (d) remain
unchanged upon the inclusion of the 3s and 3p transi-
tions, fits (b) and (c) and (e)—(g), respectively. The best
fit to the DC data, (d), is shown in Fig. 5, along with the
residuals. Note that all residuals are within 20, and are
randomly distributed. This, and the GoF< 1, indicate
that the model exhausts the accuracy of the data.

These results lead to a clear conclusion that the only
appreciable contribution to the lines besides the diagram
transitions is from the 3d spectator hole transition, in
agreement with earlier results [12, 5] based on nonrela-
tivistic HF calculations.

4. Intensities and line widths

The fits allow one to separate out the individual con-
tributions of the one- and two-hole processes to the line
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TABLE III

Fit results for the DC-measured Kaj,z spectrum.

The following fits are listed: (a)ls—2p transitions only; (b)

1s—2p+183s—2p3s; (c) 1ls—2p+ 1s3p—2p3p; (d) 1s—2p+ 183d—2p3d; (e) 1s—2p+1s3d—2p3d + 153p— 2p3p; (f)1s—2p plus all three multiplets;
(g)1s—2p + 183d—2p3d + 153d2—>2p3d2. The values listed are the fit result. No constraint on intensities was employed. I;,;: is the integrated
intensity relative to that of the full spectrum. Units are given in parentheses.

Parameter (a) (b) (<) (d) (e) (f) (g)
Shift 2p3 /2 (V) 51 0.31 0.31 0.31 0.28 0.28 0.28 0.27
2p1/2 82 0.39 0.39 0.39 0.55 0.55 0.55 0.55
2p3l 83 0.00 2.00 1.53 0.02 0.02 0.02 0.02
Width 2p3/2 (eV) wy 2.62 2.62 2.62 2.09 2.08 2.07 2.06
2p1,2 wy 3.31 3.31 3.31 2.69 2.68 2.67 2.66
2p3s w3 2.21 12.04
2p3p wy 2.69 5.56 9.94
2p3d ws 2.75 2.71 2.68 2.28
2p3d? we 8.00
Intensity 2p3 2 (Rel.) a1 1.000 1.000 1.001 0.852 0.862 0.862 0.861
2p1/2 a 0.431 0.431 0.431 0.350 0.357 0.357 0.357
2p3s ag 0.0 0.001
2p3p as 0.0 0.001 0.0
2p3d asg 0.063 0.066 0.067 0.067
2p3d? ag 0.002
Background (Rel.) co 0.036 0.036 0.036 0.038 0.038 0.037 0.037
Background (10*5/eV) do 3.11 3.11 1.56 5.18 3.11 2.59 3.11
Line 2p3/2 (%) 64.7 64.7 64.8 458 45.0 448 44.1
2p1,2 35.3 35.3 35.2 24.2 24.1 23.9 23.5
2p3s 0.0 0.7
2p3p 0.0 0.5 0.4
2p3d 30.0 30.4 30.2 25.4
2p3d? 7.0
R factor (%) R, 7.0 7.0 7.0 3.0 3.0 3.0 3.0
Goodness of fit GoF 1.14 1.15 1.15 0.51 0.51 0.51 0.49

shapes. The linewidths and relative intensities of the one-
and two-hole lines contributing to the spectrum are com-
pared in Table IV with the other experimental, semiem-
pirical, and ab initio calculations. As can be seen, our
Ky widths are in good agreement with the experimental
and theoretical values. Sauder’s value [12], obtained by
fits to his measured x-ray emission spectrum, is lower by
~10% than both experimental and all of the theoretical
values. The excellent agreement of our one-hole width

with the calculated lifetime widths further supports our
conclusion that only two processes contribute to the mea-
sured x-ray line shape; the diagram and the 3d-spectator
transitions. It also supports an earlier suggestion by Fug-
gle and Alvarado [36] concerning the discrepancy between
their XPS-measured and the calculated L3 level width,
where the discrepancy was assigned to level broadening
due to multiplet splitting involving the 3d electrons.
The scatter in the Kay values in Table IV is consider-

TABLE IV. Linewidth (W) and integrated intensities (I) for the one- and two-hole components of the Ko spectrum.

Present values are taken from fit (e) of Table III to allow better comparison with the results of Sauder et al. [12]. The
intensities of the single-electron spectrum was taken as 100%.
Experiment Theory
Present Sauder® Yin® Krause® Chen? Yin® CCF

W 2ps;, (eV) 2.08 1.81(5) 2.09(11) 2.11(15) 2.14 2.07 2.05

2p1/2 2.68 2.93(7) 2.53(12) 2.17(15) 2.15 2.96 2.04

2p3/23d 2.75 9 1.21(15)

2p1/23d 2.75 9 1.09(15)
I 2p3d (%) 44 38.(3)

2p3p 0.7 3.0

® Fit to x-ray emission spectrum. Reference [12].

® XPS-measured L width from Ref. [37] and semiempirical K-level width from Ref. [54].

¢ Semiempirical. Reference [54].

4 K-level width taken from Ref. [38] and L-level widths taken from Ref. [55].

¢ K-level width taken from Ref. [38] and L-level widths taken from Ref. [37].

f K-level width of 1.44 eV and L-level widths of 0.599 and 0.613 eV for Lo and Ls, respectively, from Ref. [51].
€ A single width was used for all lines of the 3d spectator transition.
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FIG. 5. (a)Double-crystal measured Ko,z spectrum and

best fit to the DF-calculated transitions indicated. The fit pa-
rameters are given in column (e) in Table III. (b) Fit residu-
als. The thin lines denote the +20 values of the data. Note
the excellent fit indicated by the small, and randomly dis-
tributed, residuals.

ably larger than for Ka;. Here the experimental results
are within ~14%, while three of the theoretical values un-
derestimate it by more than 30%. The reason for the dis-
crepancy can be traced to the calculated L, level width.
The theoretical calculations, which considered only iso-
lated atoms, neglected the extra broadening due to the
Ly-L3M, 5 Coster-Kronig decay. While these processes
are energetically forbidden in many isolated atoms [36],
it is significant for solid Cu anodes used in x-ray emission
measurements. As shown by Yin et al. [37] and Fuggle
and Alvarado [36], its inclusion yields L-level widths in
good agreement with XPS measurements. Using these L-
level widths, along with the Dirac-Hartree-Slater (DHS)
K-level widths of Chen et al. [38] yield the values listed
under Yin in Table IV. Including only the Ls-L3zMs,
but not the Ly-L3My, reduces the width to 2.36 eV [37],
still in better agreement with the measurements than the
free-atom calculations. The good agreement of our and
Yin et al.’s measured values for Kay with each other and
with the theoretical results, supports, again, our conclu-
sion for the origins of the line shape.

In contrast with the reasonable agreement observed for
the widths of the diagram lines, there is a considerable
discrepancy between the two-hole linewidths obtained by
Sauder et al. and us. It is highly unlikely that the addi-

tional 3d hole would extend the lifetimes of the 1s and 2p
levels so that the corresponding widths would be reduced
to about one-half (Kca;) or one-third (Kas;) of the sin-
gle hole width. Rather, it is conceivable that the sharp
features observed by Sauder et al., but not confirmed in
several subsequent independent studies [13, 14, 39, 3,17],
forced narrower widths for the two-hole lines in the fitting
routine.

Both Sauder’s and the present study agree, however,
on the large, ~40%, and small, 1-3 %, contributions of
the 3d and 3p spectator transitions, respectively, to the
X-ray emission process. A theoretical prediction for these
values, which, to the best of our knowledge, is not avail-
able in the literature, would be most desirable for eluci-
dating the details of the emission process.

B. The K spectrum

1. Analytic representation

The DC-measured and resolution-corrected K3 spec-
trum is shown in Fig. 6. As noted earlier [40] four un-
derlying lines are discernible. These were denoted as the
two diagram lines (3; and (3 and two satellites; 3’ on the
low-energy side, and 3" on the high-energy side. A fifth
line was proposed by Bremer and Sgrum [16], but no
determination of its position, intensity, and width was
carried out. Hayasi [41] also observed this feature and
determined its energy without a detailed fit. Bremer and
Sgrum also observe a very sharp dip just off the peak,
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FIG. 6. Same as Fig. 1 but for the K3;,3 spectrum. Fit

parameters are given in Table V.
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TABLE V. Lorentzian fit parameters for the DC-measured Cu K, 3 spectrum. Previous esti-
mates of the energies of the various features are also given. E, W, and I are the energy, full width
at half maximum, and intensity relative to the measured K(3:,3 maximum, respectively.

Four Five Bearden Cauchois
Line Parameter Lorentzian Lorentzian and Shaw® and Senemaud®
B E (eV) 8905.489(8) 8905.510(8) 8905.29 8905.14
W (eV) 3.72(1) 3.64(1)
I (Rel)) 0.720(3) 0.741(3)
Bs E 8903.098(16)  8903.119(15)  8902.9 8902.8
w 3.43(2) 3.53(2)
I 0.321(3) 0.345(3)
g E 8897.057(62)  8897.117(60)  8896.3 8897.4
w 7.62(11) 7.87(10)
I 0.070(1) 0.074(1)
e E 8908.449(30) 8908.488(30) 8909.3
w 6.63(4) 4.63(4)
I 0.209(2) 0.180(2)
4 E 8911.15(13) 8911.7 8913.0
w 7.41(20)
I 0.040(1)
R factor (%) 1.12 1.01
® References [40, 56].
® Reference [41].
on the low-energy side, where only a smooth shoulder o
was observed in earlier measurements. This was assigned TABLE VI.  The energy splitting A of the 3p,/; and 3ps/,
to the spin-orbit splitting of the two diagram lines. No levels in Cu.
such dip was observed in any of the other published line Source A (eV)
shapes, nor in our measurements. Finally, although the -
iti ' Experimental
position of the K3’ feature as measured by Salem et al. Bearden® (1935) 2.0
[9] is in good agreement with theory, its intensity dis- McAlister® (1975) 2'0
agrees with both the exchange interaction [9,7] and plas- Cuthill® (1975) 2: 4
mon oscillation [8] theories. Madden® (1978) 0.7
To address these issues, a series of fits of the spectrum Bruhn® (1979) 2.95
with an increasing number of Lorentzians was carried LaVilla (1979) 2.4
out. The fits indicate that although a reasonable fit can Bremer® (1979) 2.2
be obtained by using four Lorentzians only, a fifth one Fuggle® (1980) 2.2
is required on the high-energy side of the spectrum to Present 2.39
obtain the best fit. The results of the four- and five- Theoretical
Lorentzians fits are summarized in Table V. The reduc- Herman' (1963) 2.7
tion in the R factor upon inclusion of the fifth Lorentzian Huang' (1976) 2.55
is significant. Our fit-resolved lines agree well with the Misra® (1992) 2.49
previous, unresolved, measurements, even for the weak Present DF 2.55

K3y line. They also provide estimates for the relative in-
tensities of these lines, not previously available. Finally,
it should be noted that the four-Lorentzian fit yields the
single 8" line at the position of the lower-energy compo-
nent (Y rather than at the higher-energy component 33,
which was denote as 8" in Bearden’s four-line description
of the spectrum.

The 2.39(2) eV obtained here for the 3,-33 line separa-
tions is in close agreement with other values obtained for
this quantity, as shown in Table VI. The best agreement
is with the 2.4 eV XPS measurement of Cuthill and Er-
ickson [42], the 2.5 eV relativistic calculations of Huang

® Reference [40].
® Reference [46].
¢ Reference [42].
4 Reference [45].
¢ Reference [57].
f Reference [15].
& Reference [16].
B Reference [58).
! Reference [59].
J Reference [43].
X Reference [44].

Soft x-ray emission.
X-ray photoemission.
Auger spectroscopy.
Soft x-ray photoabsorption in vapor.
X-ray emission.

X-ray emission.
Electron spectroscopy.
Analytic nonrelativistic Hartree-Fock.
Relativistic Dirac-Hartree-Fock-Slater.
Modified Moseley plot.

Unfolding of x-ray emission data.
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et al. [43] and us, and the recent 2.5 eV Moseley plot
determination of Misra et al. [44]. The worst agreement
is with the 2.7 eV Auger measurements of Madden et al.
[45] and the 2.0 eV deconvoluted x-ray emission results of
Bearden and Shaw [40] and McAlister et al. [46]. While
a clear cut conclusion can not be made on the basis of
this data, a value close to 2.5 eV seems to be the most
widely accepted. Theoretical assignments for the various
features listed in Table V are discussed in the next two
subsections.

2. Comparison with free-atom theory

As shown by the nonrelativistic HF calculation of LaV-
illa [15], the B’ and B” satellites coincide rather well
with the 3d spectator hole transition lines, the only
two-hole transitions considered in that study. As for
Ka, we considered the diagram transitions 1s—3p, the
single spectator hole transitions 1s3]—3p3l where I =
$,p,d, and the most probable two-spectator-hole tran-
sition 1s3d2—3p3d%. The calculated realtivistic DF en-
ergy level scheme for the diagram and one-spectator hole
states is shown in Fig. 7 . The DF levels can be labeled,
again, as J? only, due to the strong mixing.

The DF and HF transition multiplets are shown in
Figs. 8 and 9, respectively. As in the case of Ka, the
two calculations show an overall similarity, although the
details of the line positions and, in particular, the inten-
sities are different. The overlap here is, however, even
greater than for K, as even the diagram line separation
is only ~2.5 eV. While the separation of these lines is
obtained correctly in the DF calculations, their average
energy is downshifted by 2.6eV. Similar unexplained few
eV shifts in the calculated average energy of multiplets
were observed by others as well [28,47], and, when iden-
tified and taken care of, are of little consequence.

A visual inspection of Fig. 8 reveals that the 3d spec-
tator hole multiplet has strong lines in the vicinity of
the B’, 8y and (3} features, as observed by LaVilla. The
3p and 3s spectator transitions are, however, also well
aligned with the high energy satellites, and a small con-
tribution to these features from the three-hole 3d? tran-
sitions can not be ruled out.

Cu Kg
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3 0 ; 3p3d =%
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FIG. 7. Same as Fig. 2 but for the KJ transitions.
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3. Free-atom theoretical fits

As for Ka, we have carried out a series of fits to the
measured data with various combinations of the calcu-
lated diagram and spectator spectra. The model is simi-
lar to that of the K« fits. However, since the overlap of
the lines here is much greater, additional constraints had
to be imposed to obtain convergence. We have therefore
required that I;ni(KB3)/Lint(KB1) = 0.51, where I, is
the integrated intensity. This ratio is predicted theoreti-
cally [48], and is in excellent agreement with previous ex-
perimental results (see Ref. [15]). We have also checked
that the same constraint, when imposed on the Ka fits
results in a negligible change from the results cited above
for the unconstrained fit. In addition, we constrained the
two diagram lines to have the same shift s;, since no ev-
idence is available to the contrary, and since the small
total width of the measured spectrum (~6 eV, as com-
pared to ~23 eV for Ka) does not allow much latitude
anyway.

The parameters obtained in the various fits are given
in Table VII. As can be seen, the addition of a single
3s or 3p spectator spectrum to the diagram lines in (b)
and (c) results in unphysical line widths of tens of eV’s.
The addition of a 3d spectator spectrum, however, in (d)
results in a pronounced reduction in the GoF and R,
values without producing any unphysical parameter val-
ues. Adding both 3p and 3d spectator spectra results in a
further (small) reduction in the fit criteria, although the
resultant 3p width, 14.4 eV wide, is unphysical. Finally,
adding the 3d? spectator spectrum while improving the
fit yields an unphysical 49 eV width for the lines. We can
conclude therefore that the fits indicate that in addition

TABLE VII.
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FIG. 10. Same as Fig. 5 but for the K3, 3 spectrum. The

fit parameters are given in column (d) in Table VII. Note
the systematic deviations in the residuals. For a discussion of
their possible sources see text.

Fit results for the DC-measured Kf3; 3 spectrum. The following fits are listed: (a)ls— 3p transitions only; (b) 15—3p+183s—3p3s;

(c) 18—3p + 183p—3p3p; (d) 1s—3p + 183d—3p3d; (e) 13— 3p + 183d—3p3d + 1s3p—3p3p; (f) 1s—3p + 1s3d—3p3d + 153d% —+3p3d2. The values
listed are the fit result. The intensity ratio of the two diagram lines was constrained to be equal to 0.51. I;,; is the integrated intensity relative

to that of the full spectrum. Units are given in parentheses.

Parameter (a) (b) (c) (d) (e) (f)
Shift 3p (eV) a1 2.62 2.68 1.61 2.49 2.47 2.52
53[ 82 2.37 -1.88 -2.20 1.57 1.15 1.45
Width 3p3,2(eV) wy 5.41 5.40 4.92 4.08 4.10 4.16
3p1,2 wa 5.92 5.40 21.6 4.60 5.06 4.82
3p3s w3 57.0
3p3p wg 5.0 14.4
3p3d ws 4.88 3.85 3.56
3p3d? we 49.1
Intensity 3p3,2 (Rel.) a 0.997 0.983 0.970 0.969 1.000 0.989
3p1,2 az 0.470 0.502 0.112 0.439 0.413 0.436
3p3s a3 0.008
3p3p aq 0.126 0.016
3p3d as 0.065 0.052 0.061
3p3d? ag 0.002
Background (Rel.) co 0.061 0.049 0.044 0.057 0.050 0.031
Background (10_5/eV) do 0.60 0.40 1.20 - 0.04 -0.06 -0.1
Line 3p3s2 (%) 66.2 58.4 50.5 49.0 49.2 42.8
3p1,2 33.8 29.8 25.8 25.0 25.0 21.8
3p3s 11.8
3p3p 23.7 9.9
3p3d 26.0 15.9 14.7
3p3d? 20.7
R factor (%) Ry 7.9 7.8 5.0 5.3 5.2 4.9
Goodness of fit GoF 2.15 2.15 1.36 1.51 1.43 1.34
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to the diagram lines, the only clear contribution is from
the 3d spectator hole spectrum.

The measured K3 line and the best theoretical fit (d)
are plotted in Fig. 10. The fit quality, while reasonably
good, is clearly inferior to that obtained for the K« spec-
trum. Although the differences between measured data
and the fit are less than +30 with most deviations less
than +20, systematic deviations are observed in partic-
ular near the positions of the 8’ and B satellites. A fit
using the corresponding HF-calculated spectra shows a
similar effect. Mathematically, the imperfect fit is due to
the too large line spacing in the calculated 3d spectator
spectrum. A uniform reduction of the line spacing by
19% allows a much better fit, of the same high quality as
that of Ko, with a GoF=0.91 and R,, = 3.4%. Although
this results in energy changes in the line positions which
are of order of 1-2 eV at most, and hence of the order of
the accuracy level of the calculations, we feel that with-
out a sound physical reason such a uniform energy scale
reduction can not be justified. Several attempts to ob-
tain a more “compressed” calculated spectrum, including
the addition of a 4s electron and a frozen-atom calcula-
tion, yielded only a marginal effect (<0.1 eV), and hence
could not account for the observed effect. It is likely that
the discrepancy is due to plasmon excitation or exchange
interactions as discussed below.

4. Intensities and line widths

The linewidths and intensities obtained for the free-
atom spectator hole best fit (d) in Table VII are given
in Table VIII along with previous experimental measure-
ments and theoretical predictions. Reasonable agreement
is obtained with the previous x-ray measurements of
LaVilla [15] although a simple addition of semi-empirical
K widths with XPS-measured M widths tends to under-
estimate the 3p;/; width, as shown by the experimental

entry listed under Yin.

TABLE VIII.

293

The theoretical values of McGuire [49] are clearly much
too large, as already observed by Yin et al. [50]. The rea-
sonable agreement with the theoretical results of Yin et
al. and the very good agreement with those of Crase-
mann and Chen [51], both of which are based on the
free-atom calculation, indicates that although in a va-
lence level, the 3p shell is localized well enough to allow
treating the K [(3; 3 transition as if occurring in a free
atom, without interference from the solid’s band struc-
ture.

Finally, although the intensity of the spectator spec-
trum is close to that obtained above for the K« line, and
the expected shake-up and shake-off effects, no theoreti-
cal prediction is available for this specific quantity in the
literature, to the best of our knowledge. Such calcula-
tions are highly desirable.

5. The origin of the B8' line

In addition to free-atom multiplet splitting due to a 3d
spectator hole, as discussed above, several other sources
were suggested for the 8’ line. The position and intensity
of this line are compared with some of these predictions
in Table IX and are discussed in this section.

Tsutsumi [7] suggested that the B’ line in the iron
group elements is due to a single, rather than two-
electron transition but with an exchange interaction be-
tween the 3p hole and the incomplete 3d shell. Within
the HF theory, the resultant energy splitting is given
by AE = (25 + 1)[(2/15)G*(3p, 3d) + (3/35)G3(3p, 3d)],
where S is the total spin of the 3d electrons and the G’s
are the Slater integrals. The relative intensity I' /I of the
K3’ to the K3, 3 is estimated from the multiplicity of the
states yielding I’/I = S/(S+1). This theory predicts AE
in good agreement with experiment for almost all mem-
bers of the iron-group elements, but greatly overestimates
the intensities [9]. The last point is not surprising in view
of the crude approximation involved. As the ground state

Linewidth (W) and integrated intensities (I) for the one- and two-hole compo-

nents of the K3 spectrum. Present values are taken from fit (d) of Table VII. The intensity of the

single-electron spectrum was taken as 100%.

Experiment Theory
Present LaVilla® Yin® McGuire*® Yind cce
w 3p3/2 (eV) 4.08 3.528 2.48(30) 6.74 3.51 4.90
3p1/2 4.60 3.528 3.55(30) 6.74 3.51 5.00
3pa;23d 488 f
3p1/23d 488 f
I 3p3d (%) 35

® Reference [15]. Fit to x-ray emission spectrum.

® Reference [50]. XPS-measured M width and semiempirical K width [54].

¢ K-level width taken from Ref. [38] and M-level widths taken from Ref. [49].

4 K-level width taken from Ref. [38] and M-level widths taken from Ref. [50].

¢ K-level width of 1.44 eV and M-level widths of 3.56 and 3.46 eV for M; and M3, respectively,

from Ref. [51].

f A single width was used for all lines of the 3d spectator transition.

€ A single width was used for the 3p; /3 3/ lines.
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TABLE IX. The energy shift AE from the peak of the
K (1,3 spectrum and the relative intensity of the, 3’ line.

Source AE (eV) I(B')/I(B1,3) (%)
Experimental
Bearden® (1935) 8.3 1.3
Edamoto® (1950) 8.4
Salem® (1976) 12.3(2.4) 6.2(2.0)
LaVilla? (1979) 8.4
Present 8.4(6) 10.5(1.5)
Theoretical
Salem*® (1976) 0.0 0.0
Srivastaval (1982) 10.79 22.0
Present® S=1/2 6.8 33.3
hs=1 10.6 50.0

® Reference [40]. Determined from peak position of the fea-
ture.

b Reference [2].
feature.

¢ Reference [9]. Computer fit to emission data.

4 Reference [15]. Feature’s peak position.

¢ Reference [9]. Exchange interaction. HF calculations.

f Reference [8]. Plasmon theory.

& Assuming a 3p3d final hole configuration. HF calculation.

Determined from the peak position of the

® Assuming a 3p3d? final hole configuration. HF calculation.

3d shell of copper is full, this theory predicts the absence
of a Kf' line in copper, in obvious contradiction with
experiment. However, if we assume the creation of one-
and/or two-spectator holes, and the exchange interaction
is assumed to occur between the (long-lived) 3d or 3d2
and the 3p holes in the final state, then the exchange in-
teraction mechanism origin is possible for K3’ in copper
as well. Using the Slater integrals calculated from the
HF program of Froese Fischer [26] and a single 3d or a
double 3d? spectator hole, i.e., S = 1/2 or S = 1, we ob-
tain the AFE and intensity values listed in Table IX. As
can be seen, AF is in reasonable agreement, particularly
for the 3d spectator, while the relative intensity is, again,
considerably overestimated. While for the 3d spectator
our I'/I is almost twice as large as that of Salem, and
hence closer to the theoretical value, the remaining dis-
crepancy is still large, and a more refined calculation is
required for comparison with the experimental results.
A different source for the K3’ line was suggested origi-
nally by Blochin [52] and further developed by Srivastava
and co-workers [8]. This theory is based on the fact that
the emitting atom is imbedded in a solid, and assumes
that part of the energy of the K31 3 photon may be ab-
sorbed by the 3d electrons in the valence band giving rise
to plasmon oscillations. This loss of energy will result in
a satellite on the low energy side of the K3 3 line. As
can be seen from Table IX, the predicted energy position
is rather close to the measured value, and although the
calculated intensity overestimates our measured value by
a factor of 2, it is still closer than any of the other theo-

retical predictions. Again, more accurate calculations for
copper and neighbouring atoms are called for.

V. CONCLUSIONS

The measurements of the Ka; 2 and K3 3 spectra,
presented here, which were measured by the same experi-
mental setup, the resolution properties of which were well
characterized and optimized, along with our extensive ab
initio DF and HF calculation, result in a systematic and
detailed description of these spectra and the underlaying
processes.

The main conclusions and results of this study are as
follows:

(a) A phenomenological, multi-Lorentzian represen-
tation is derived for both spectra. @ The measured
Koy 5 spectrum is well represented by four symmetric
Lorentzians, to an R factor of 1.3 %. The Kf; 3 spec-
trum, however, requires 5 Lorentzians for a similar rep-
resentation, and yields an R factor of 1%. The fit results
are in good agreement with previous, less accurate, stud-
ies. These phenomenological fits should prove useful for
experiments where a simple analytic representation of the
lines is required.

(b) Detailed fits of the measured spectra to DF and HF
calculated diagram, one- and two-spectator hole transi-
tions clearly show that the only appreciable contributions
to the Ka spectrum are the diagram and 3d spectator
transitions. The same transitions account for the K[
spectrum as well. However, while for the Ko the best
fit yields a GoF=0.51 and an R factor of 3% and the fit
residuals are random, the K3 fit is worse by a factor of
two yielding an R factor of 5% and GoF=1.5 only, and fit
residuals showing systematic deviations from the model.

(c) The measurements yield highly accurate values for
the resolution corrected widths of the raw Koy o lines.
The fits allow the separation of the widths and relative
intensities of the various transitions.

(d) The fits indicate contributions of 26-30 % to both
spectra from the 3d spectator transitions, and no contri-
bution from 3s spectator ones. The Ka spectrum may
also include a small, ~0.5 %, contribution from the 3p
spectator transition. No 3p spectator contribution can
be separated out with any confidence for the K3 spec-
trum. Although there is some indication, in the form
of a very small GoF reduction, for a contribution of the
two-hole 3d? spectator transition, this, again, can not be
separated from the 3d spectator contribution with any
confidence in both spectra.

(e) The systematic deviations in the K3 spectrum near
the 3’ feature can be accounted for by assuming contribu-
tions from exchange interactions and/or plasmon excita-
tions. A new exchange mechanism is suggested. The cal-
culated energy positions due to both mechanisms are in
good agreement with the measured data, although both
overestimate the magnitude of the effect. No indication
is found for any contribution of these processes to the
Ko spectrum.

Studies similar to those presented here for other mem-
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bers of the iron group elements are required to explore
the generality of the conclusions reached here. Accurate
theoretical calculations of the expected cross sections for
the various effects discussed here will allow a better un-
derstanding of the processes involved and are, therefore,
also highly desirable. Finally, photoexcitation by syn-
chrotron radiation of variable energy in the vicinity of
the K edge will allow to turn on and off energetically
some of the multielectronic excitations and other effects.
The analysis of the resultant variation in the emission
line shapes should prove a valuable tool in elucidating the
contributions of the various processes to the line shape.
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