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Configuration interaction (CI) effects are examined for both initial and final states in the L- and M -shell
Auger spectra of Cu and Zn. CI accounts for the anomalous energy splitting of 'D and P terms in the L, -
M,3M,; Auger transition. At the same time CI increases the L,3-M,M,s 'D transition rate, so that the 'D
intensity is comparable to the °D intensity. CI effects on the 'D double-vacancy lifetimes, while in the right
direction, are not sufficient to account for the‘observed difference in La'M1 ’Ma,s D and 3D linewidths. CI effects
cannot account for the discrepancy between calculated and measured M, and M,; linewidths. It is
hypothesized that the discrepancy arises from the use of Herman-Skillman rather than Hartree-Fock wave
functions in the calculation of low-energy super Coster-Kronig matrix elements. With matrix elements
adjusted via this hypothesis the M,-VV and M, ;- V'V Auger line shapes are calculated for Cu. Further the
LyM,3M,; and L;-M,3M, s line shapes, including final-state lifetime effects, are calculated. The latter
calculations indicate that a discrepancy between calculated and measured L, ;- MM configuration intensities is

an experimental artifact.

I. INTRODUCTION

The L- and M-shell Auger spectra of Cu have
attracted considerable interest,'™? as the spectra
exhibit both major and minor anomalies. The
major anomaly is that the metallic CuL, ,-

M, M, ; spectrum is atomiclike and shows no ef-
“fects of the 3d electron density of states. It has
been hypothesized™!%!2 that the anomaly arises
from the large correlation energy of two 3d holes
localized on the same ion, compared to the rela-
tively small 3d bandwidth. This is a final-state
hypothesis and does not account for the absence
of initial state effects. That is, with an atomic-
like final state dominating the Auger electron en-
ergy distribution, one expects the atomiclike spec-
trum to be modulated by the initial-state 3d elec-
tron distribution function. The minor anomalies
are questions that clearly can be addressed within
an atomic physics framework. Specifically; (i)
the measured splitting of the P and 'D terms in
the (3p)* configuration is roughly twice the calcula-
ted splitting; (ii) the measured ratio'® of L, ,-
My, M, 4: Ly 4 -M, M, L, -M, .M, ; intensities
is 14:30:56 in Zn while an average of two calcula-
tions!'®'® is 24:34:42; and, (iii) the calculated M,
and M, , linewidths are larger than the measured
values. It will be shown that the first minor anom-
aly is a direct consequence of final-state configura-
tion interaction (CI) between the D terms of (3s)?
(3)*(34)*° and (3s)'(35)%(3d)°. The second minor
anomaly appears to result from the background
subtraction used in the Zn data analysis. By com-
paring the Zn measurements with a computed
synthesized spectra, it will be shown that there is
no anomaly.
The final minor anomaly requires a bit more

discussion. Earlier,*® I had calculated the M,
and M, , linewidths using one-electron orbitals for
Cu and Zn atoms with an M-shell hole.. The cal-
culated values were a factor of 2 to 3 larger than
measured photoelectron linewidths. Yin et al.5
calculated the M, and M, , linewidths using a neu-
tral-atom central potential to generate one-
electron orbitals. Their calculations were in ex-
cellent agreement with the measurements. How-
ever, the rates for the dominant super Coster-
Kronig transitions, M,-M, M, , and M, ,-M, .M, ,
are strongly dependent on the choice of continuum
electron energy and Yin et al.® used energies signi-
ficantly smaller than those deduced from recent
measurements.” I have reproduced the calculated
M, and M, ; linewidths of Yin ef al® with a neutral
atom central potential and their energies, but
with a neutral-atom central potential and experi-
mental energies Ifind significantly larger linewidths.
This suggests that configuration interaction may
play a role. However, an examination of the M,-
My My 5 and M, .- M, M, ; intensities in L-S
coupling indicates that final state CI is not an im-
portant effect. That is the dominant final state
terms are those of high L value [e.g., °F and G
in (3d)®] and these terms are not found with the
correct parity in other » =3 double vacancy states.

The possibility that initial state CI effects could
affect the calculated M, and M, , lifetimes was
examined. That is in Cu the (3s)!(3 p)%(3d)*°(4s)'S,
38 terms can interact with the [(35)%(3 p)*(3d)*°
LS (4s)(nl)]*S,3S terms. The conclusion reached is
that the CI mixing is small, and that even if it
were large it would have only a slight effect on the
M, lifetime.

I conclude, then, that the absence of significant
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CI effects on the Cu M, and M, , lifetimes, and

the good agreement between experimental widths
and the calculation by Yinet al.’ using a low Auger
electron energy, indicate that the source of error
in the calculations is the exchange approximation in
the Herman-Skillman'” wave functions. Kennedy
and Manson'® have shown that the use of Hartree-
Fock rather than Herman-Skillman wave functions
significantly improves the calculated photoioniza-
tion cross-sections of the noble gases near thresh-
old. In effect the Hartree-Fock calculations in-
hibit the penetration of the continuum orbital into
the core, compared to the Herman-Skillman wave
functions. The net effect is that a Hartree-Fock
continuum orbital is similar to a Herman-Skillman
continuum orbital at a lower energy, consistent
with the agreement between the calculations of Yin
et al.’ and experiment.

This study of the origin of the discrepancy in the
Cu M, and M, , linewidths is necessary if one
wishes to quantitatively calculate the M, and M, 5
Auger spectra. Further, while the final state CI
calculations do resolve the discrepancy between
measured and calculated term energies in the L, -
MM Auger spectra, they lead to an additional dif-
ficulty. The (35)*(3p)*(3d)* 'D intensity is reduced
and the (3s)!(3p)°(3d)° 'D intensity is enhanced due

. to CI. However, this is not seen experimentally.

This suggests that there is an interference effect
in the decay of the double-vacancy 'D terms, since
both terms preferentially decay to the (3s)3(3 p)°
(3d)® configuration. But the calculation of this ef-
fect involves the same matrix elements (at slightly
different energies) as in the decay of single M, and
M, ; vacancies.

In Sec. II final-state CI effects are examined

TABLE I. Configuration interaction matrix elements for even-parity double-vacancy terms with n=3.

is
[s]? [p]? [d]?
' 1 1 N
[S]Z 2[(3$)+F0(38,3S) *ﬁRi(SS LP) +\/_75-R2(Ss,dd)
[p)? 21(3p)+F°3p,3p)  —VI5[ZRy(pp,dd)+ Ry(pp,dd)]
+#F43p,3p)
[d]? 21(3d)+F°(3d,3d)
+2 (F%(3d,3d)+F%(3d, 3d))
Hole 3p
config.
Hole '
config. _ [p)? [d]?
[p1? 2I(3p)+F(3p,3p) ~3V5 [£Ry(pp ,dd)— 3 Ry(pp ,dd)]
—-3F? (3p,3p)
[d]? 21(3d) +F%3d, 3d)
+ %Fz(sd,3d)—%F4(3d,3d)
Hole p /
! pe
config.
Hole’
config. [p)? _ [d]? [slld]
3 2
[p]2 21(3p) +F%3p,3p) ~ 5731 LRy (b0 ,dd) + £ Ry(pp , dd))] TR ,sd)
+2 F*3p,3p) '
2 0 2
[d] 21(3d) +F"(3d,3d) —E?Rz(sd,dd)

3 2 4
—5F43d,3d)+ EF4(3d,3d)

[s]ld]

I(3s)+1(3d)
+F%(3s,3d) + 1G%3s,34d)
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and it is shown that CI accounts for the anomalous
ferm splitting in Cuand Zn. In Sec. III, initial- “2 5 S
state CI effects are examined. In Sec. IV, the § ;g se :\s‘: &
"Cu M,-(M, ;)?* and M, ;-(M, ;)* Auger spectra are c x| 83 ¥ &
calculated. In Sec.V, the double-vacancy D ° 3| oo o IS
term decay rates are calculated, and in Sec. VI, o I~ <
the Cu L23-(M2,3)2, Lyy-M, s M, 5, and Lys- (M) 5
spectra are synthesized, including final-state § _
lifetimes, and compared with the measurements E § 3
of Aksela and Aksela!® on Zn. 2 83 4 <
4 < 28 p ]
& 3| s & -
II. FINAL-STATE CONFIGURATION INTERACTION 2 E% <
. B ~ <
Final state configuration interaction effects on o
Auger spectra were first studied by Asaad.'® He & .
examined the effect of CI on the 'S, terms of £ 05,; )
(25)°(2 p)° and (2s)*(2p)* in K-LL spectra. For L- = S 2 oo
MM and M- MM spectra the filled 3d shell increases % ™ § § ~ § E
the number of terms that can interact, i.e., 'S g g i :é; s <
- from [3s]2, [3p ]? and [3d]?, P from [3p]? and ?D & =
[3d[?, and *D from [3pF, [3s][3d], and [34]2, g =
(the brackets indicate hole notation). In Table I, 8
are listed the configuration interaction matrix § 3 5
elements. The terms I(nl),Fi(nl,n'l’),G’(nl,nl’) 5 g co B v
- are standard electrostatic integrals appearing in £ 528 & ¥/
the diagonal matrix elements. The terms R,(ab, cd) = g| S -
are also electrostatic integrals with R;(ab, ab) 3 S <
=F'(a,b) and R, (aa,bb) =Gi(a,b). Many of the i
electrostatic integrals are available in Mann’s S|
tables.? Some are not and these I calculated by ?‘- ) )
approximating with a series of seven straight § 3 2. o‘i,ﬁ § ‘é‘
lines the quantity (~»V(7)) of Herman and Skill- : | 22 g a9
man'” for neutral Cu. In Table II my calculated & 8|77 g °°
values are listed and compared with Mann’s values go I~ o |
when possible. The matrix elements are in Ryd- 2
bergs. S
For the ionization energies I(nl), the values mea- °§ § c%
sured by Antonides et al.”, are used and for the ;3‘ Sl ow S mw
electrostatic integrals, the values in Table II. In g S a8 4| 9%
Table III, are listed the calculated term energies E, s o« g -
with and without CI. The principal measurable © = ;**
effect of CI is to increase the D-°P splitting in g
[3p] from 4.0 to 7.1 eV. Antonides et al. mea- g
sure a splitting of 6.4+ 0.5 eV, in reasonable g 0?0 C’xg‘
agreement with the calculation including CI. The 2 Bl 9o S| 33
interesting feature is that the large CI effect is E gl ¥ x| =28
between the 'D terms of [3p? and [3s][3d]. Asa % g1 %" 3l ° °
consequence the !D-°D splitting in [3s][ 3d] is re- -9 5y <
duced from 5 eV without.CI, to 2 eV with CI. - =
Antonides et al. do not report on the L,;-M, M, ¢ § :
spectra of Cu, but Mariot and Dufour® measure 2 R 208
a [3s][3d] *D-°D splitting of =4 eV in Zn, when the BE|lElw Bl
value calculated without .CI is 7 eV. Holl® €x T €3
Expressions for the Auger transition rate with S g g % » g g %
CI mixing coefficients are listed in Table IV. Ex- . ki g & g g E
plicit evaluation of the L, , transition rates (in & _ﬂd’
units of 10™*/atu) are listed in Table V, both with 8
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TABLE III. Energy levels (in €V) for even-parity double-vacancy terms with =3 in Cu,

with and without configuration interaction.

Configuration [s]? [p1? [d]? [slldl
Term is is 3p p is 3p p ip "3
Without CI  278.9  192.6 182.9 186.9 37.6 32.5 32.1 158.5 153.5
With CI 280.9 191.5 183.1 190.2 36.6 32.3  31.8 1555 153.5

and without CI, and with orbitals for both the
neutral Cu atom, and the Cu atom with an L-shell
hole. From Table V, it is clear that CI has a
slight effect on the L, ; Auger spectrum. The [3sT?
1S intensity is reduced, as was found by Asaad'®
in the K-L,L, transition. However because the
[3s]? 'S term can decay by super Coster-Kronig
transitions it is unlikely that the L,,-M, M, transi-
tion can be observed in solid Cu and Zn. The other
significant effect of CI is an increase in the
[3s][3d] D rate as a consequence of its mixing
with the D term of [3pf.

The CI calculations predict that the D to D in-
tensity ratio in the Ly - M, M, ; transition should
increase from 0.5 without CI to 2.0 with CI. How-
ever in Zn Mariot and Dufour®! observe a rela-
tively narrow 3D peak with intensity larger than the
relatively broad 'D peak. Further, as shown in

18 x 29
35 %49

R, (1122)% +

45

W;= Cfi('u

3

-18 R, (1322) R,(1322) + 122 33(1522)2>

R,(1122)° - 2% R, (1122)R,(1122) + 2 R, (1322)* +

Table V the 3P to *D intensity ratio is 1.3 with CI
for the L,~(M, ,)* transition. However the mea-
surements of Antonides ef al.” indicate a ratio
close to, but less than 1.0.

This discrepancy can be accounted for if CI leads
to an interference effect in the decay .of the *D
terms. Decay of the (3s)*(3p)*(3d)*° *D vacancy is
principally to the (3s)?(3p)°(3d)® configuration,
while the (3s)(3p)%(3d)° *D term principally decays
to (3s)%(3p)°(34)°. If one neglects the (35)%(3p)°(3d)®
1D term, and writes for the other two D terms

¥,(*D)=C,; ¥([3p]? *D) +C,,; ¥([3s][3d] *D),

@
i=1,2,

then the Auger transition rate summed over all
terms of (3s)%(3p)°(34)°® is given by

R,(1322)?

51
245

+C3, [£R,(0112)? + & R,(0121)* - £ R, (0112) R,(0121)

+ 2 R (0312)°+ 12 R,(0321)° - & R,(0312) R,(0321)]

' 8
* Clic“"’(lsm

42

x[13R,(1322) +3R,(1322)]

This expression was obtained from Egs. (7) and
(8) of Ref. (22).

However before evaluating Eq. (2) it is necessary
to discuss both the choice of Auger electron en-
ergy and the matrix element calculation.

One final observation from Table V is that CI
does not significantly affect the ratio of L,,-
My 3 M,y 5 to Lyg=M, M, ; decay rates and cannot

[R,(0112) -2 R,(0121)][R,

R,(0312)[R,(1322) - & R3(1322)]>

14
2521

(1122)+ & R,(1122)] + [R,(0312) - £ R,(0321)]

(2)

account for the observations of Aksela and Aksela'®”
on Zn.

III. INITIAL STATE CI EFFECTS ON M, AND M, 4 HOLES

To do quantitative calculations in electron spec-
troscopy for comparison with accurate measure-
ments, requires at a minimum that the gross fea- |
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TABLE IV. The Auger transition rate including configuration interaction mixing coefficients

for even parity Ly —MM transitions.

Term - Transition rate

s 3{C([s]2,18) R (1100)=C([p1%,S) [ § R(1111) + £ Rp(1111]
+(C(Ld1%,18)/V15)(§ Ry(1122) + $ Ry(1122)}?

3p 3{C((p1%,*PIR(1111) - LRy(1111)] - [C(d1%,°P)/V 5] (R y(1122)

— 32 Ry(1122))}2

D ${-C(p1% D) (R ((1111) + £Ry(1111)) +[7C(Ld12, 'D)/5VET]
[Ry(1122) + & R3(1122)] -[C([s][d], 'D)/VT5][R(1102) +Ry(1120)] }?
+Z{EV7 Cp)?, D Ry1311) —(£V3) Cd1%, ')

35

[Ry(1322) + LRy(1322)] + (1/v105) C(ls] [d], ‘DR (1302) + L R4(1320)) }?

tures of the calculation be correct. For decay of
the M, and M, , vacancies in Cu one must be able
to accurately calculate the linewidths. Earlier,+
I had calculated these linewidths with a central
potential for the atom with an M-shell hole. The
calculated widths were two to three times larger
than the measurement of Yin et al.® Yin et al.’
recalculated the widths with neutral atom wave-
functions and found excellent agreement with the
measurements. Unfortunately, the agreement was,
due to an incorrect choice of Auger electron en-
ergy. Antonides et al.” measure the L,-M, and
L,-M, ; energy difference in Cu as 809.7 and 856.0,
respectively. Since the L,- M, ;M, ; and L ;- '
M, M, ; Auger electron energies are measured to
be 842 and 918 eV, respectively, the M,- M, ;M, ;
Auger electron energy is 32 eV, while the My, 5~
M, sM, ; Auger electron energy is 62 eV. Yin

et al.® used 18 and 44 eV, respectively.

TABLE V. Explicit evaluation of even parity L, 3 —MM
Auger transition rates in Cu, using both a neutral atom
central potential and the potential for a Cu atom with a
2p vacancy (1 atu =2.42X1071 sec.).

Auger transition rate (10™/atu)
Hole Without CI With CI
configuration Term Neutral Ion Neutral Ion

[s]? is 0.84 0.92 0.26 0.27
[p12 is 6.20 7.07 7.08 ~ 8.18
3p 24.8 29.2 25.2 29.5
p 21.4 24.9 19.4 22.3
[a]? is 0.95 1.81  0.65 1.35
3p 1.13 2.15  0.77 1.61
p 6.52  11.7 6.49 11.6
o 14.2 25.2 14.2 25.2
i 38.2 67.3 38.2 67.3
[s]ld] p 0.72 0.99  2.93 3.69
3D 1.37 2.10 1.37 2.10

Since it is well established that super Coster-
Kronig transition rates depend strongly on the
choice of Auger electron energy I have calculated
the Auger transition rates at the measured Auger
electron energy with both a neutral and ion po-
tential, and with the neutral-atom potential at
the energies used by Yin et al.® The results are
shown in Table VI. .

The calculated M, width with the neutral-atom
potential at 18 eV is in excellent agreement with
both the measurement and calculation of Yin et al.’

My calculated M, ; width at 44 eV is higher than the

calculation and measurement of Yin ef al. How-
ever in both cases the trends are clear. With the
neutral-atom potential the calculated widths in-
crease with Auger electron energy at low energy,
and one can find energy sufficiently low to attain
agreement between calculation and measurement.
A second point clearly emerging from Table VI

is that the calculated widths are dominated by the
8F and 'F terms of [3p][ 3d] and the G and °F terms
of [3d]?. These terms do not involve final-state CI
with terms arising from the configurations [3s][3p],
or [3s]2; [3s][34] and [3p].

To determine if initial-state configuration inter-
action effects could account for the inability of the
calculation at the measured Auger electron energy
to reproduce the measured linewidths, CI matrix
elements were calculated for the configuration
(3s)1(3p)°(3d)*°(4s) interacting with (3s)2(3p)*(3d)*°

(4s)(nl), where nl =4s, 4d, and 5s. The relevant

matrix elements R, (3p3p,3snl) were calculated to
be 0.0936, 0.0616, and 0.0372 Ry, for nl =4s, 4d,
and 5s, respectively. Comparison with the matrix
elements in Table II indicate that these are quite
small, and unless there were an accidental degen-
eracy in energy, there would not be substantial
mixing via CI.

Finally Table VI indicates that the terms that
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TABLE VI. M; and M, 3 Auger transition rates in Cu using both a central potential for a Cu atom with a 3s hole and
a neutral atom potential. The rates are evaluated at both the experimental Auger electron energy and at energies used

in Ref. (5).
M -Transition rates M, 3~Transition rates
. Ion Neutral Neutral ) Ion Neutral Neutral
Configuration Term (30 eV) (30 eV) (18 eV) Configuration Term (62 eV) (62 eV) (44 eV)
[3p113d] 3 880 484 216 [34]2 ic 1185 907 - 564
b 1145 492 185 b 519 408 266
3p 5.0 1.6 0.2 Ip 161 120 113
ip 98.0 119 135 p 7.1 5.2 5.7
Total 2128 1097 536 s 7.5 6.2 8.5
[34]2 e 133.0 109 [3d][4s] 38.2 24.2 24.2
ip - 12.0 13.9 Total 1918 1471 981
is 0.8 0.5 T'(eV) 5.22 4.00 2.67"
Total 146 123 123 :
[3d] [ 4s] 46 25.1 25.1
[3p114s] 113 85.9 85.9
Total 2433 1331 770
T'(eV) 6.59 3.61 2.09

dominate M, decay are the °F and 'F terms of
[3p][3d]. If there were substantial CI between the
Cu (3s)*(3p)%(3d)*°(4s) 1S term and the (3s)?(3p)*
(3d)*°(4s)? 1S term [with the largest R, (4p4p, 3snl)
value], then the first term will primarily decay

to (39)?(3p)°(3d)° P'Q’ (4s)PQ, with PQ =?F. With C,
the coefficient of the first 'S term and C, the co-
efficient of the second 'S term the Auger transition
rate is given by 3 [8.85 C, +0.206 C, |2 for P'Q’ ='F,
and by 3 [5.08C,+0.625C, |? for P'Q’ =F. The
numerical factors are obtained from calculated
Auger matrix elements at 30 eV. Even if there
were substantial CI with C, =C,=0.707, the transi-
tion rates would not be significantly modified

from those given in Table VI.

The obvious conclusion is that initial-state CI
does not significantly influence the calculated M,
and M, ; linewidths. Ohno and Wendin® have
recently done many body Hartree-Fock calcula-
tions on the M, ; linewidth in Br(Z=35) and
Kr(Z =36), and find excellent agreement with the
measurements of Svensson ef al.?* Ohno and
Wendin suggest that my earlier calculations'® on
Kr overestimated the M, , width because double-
vacancy final-state correlation energy was not in-
cluded. While this is'true it appears unlikely that,
by itself, it accounts for the overestimate: For
Cu, using the experimental Auger electron energy,
my calculation overestimates the width. This
suggests that the calculations of Ohno and Wendin??
are in excellent agreement with the measurements
because they not only include the correlation
energy but also because they use Hartree-Fock
matrix elements. As mentioned in the introduction,
Kennedy and Manson'® found significant improve-
ment in the near threshold photoionization cross-

section of the noble gases in gases in going from
Herman-Skillman'? to Hartree-Fock wave func-
tions.

I conclude that calculations of Coster-Kronig and
super Coster-Kronig transition rates with Herman-
Skillman wave functions will lead to overestimates
when the Auger electron energy is low. However
for calculating the Cu M, ,-(M, )* Auger spectra it
is reasonable to use the matrix elements with low
Auger electron angular momentum calculated at the
experimental Auger electron energy, while for
high angular momentum to use matrix elements
calculated at a lower energy, but such as to bring
the calculated and measured linewidths into agree-
ment. This is done in the next section.

IV. M,-(Ms4 5)* AND M, 5-(M, 5)>* AUGER SPECTRA OF Cu

In Table VII are listed matrix elements for the
[3s]-[3p][34] and [3p]-[3d]? super Coster-Kronig
transitions in Cu at a variety of Auger electron en-
ergies. For both transitions the matrix elements
involving an /=1 continuum electron do not signifi-
cantly change with energy, while for 7=3 and 5 the
matrix elements do change significantly. Using
the [p]-[d]? matrix elements at € =40 eV leads to
an M, ; line width of 2.25 eV, in reasonable agree-
ment with the measured values.® In Fig. 1 the cal-
culated M, ;-(M, ;)* Auger spectra are shown using
matrix elements (and widths) calculated at 40 and
60 eV. The term splittings of [3d]? are those of
Ref. 11, the M,-M, spin-erbit splitting used was
2 eV,” and the instrumental resolution assumed was
0.25 eV.

Using the matrix elements at 40 eV (2.25-eV
width) the calculations indicate a double peaked



16 CONFIGURATION-INTERACTION EFFECTS ON THE L AND M...

2371

TABLE VII. The variation with Auger electron energy of the matrix elements for M;—My 3M, 5 and My g—My My 5
Auger transitions in Cu. The matrix elements use continuum orbitals normalized per Ry. The starred entries were

obtained with the ion potential.

[3s]-[3p]13d] [3p)-[3d]?

eV) Ry(0112) R,0121) R (0312) R,0321) Ry(1122) Ry(1122) Ry (1322) R3(1322)  R4(1522)
18 2.90 4.64 —441° -1.69 1.69 2.32 —4.29 —1.66 —0.077
30 °  2.85 4.15 —6.96 —-3.14 1.73 2.07 —6.69 —2.91 —0.166
40 2.69 3.72 -8.93 —4.43 1.65 . 1.85 -8.51 —3.95 —~0.267
44 2.66 3.58 —9.62 —4.92 1.63 1.78 —-9.13 —4.33 —0.314
60 2.64 3.20 —12.12 —6.93 1.44 1.42 —11.57 —~5.98 —0.570
75 2.164 2.568 -13.40 —-8.193 1.34 1.26 -12.43 —6.65  —0.718
30%* 2.73 3.50 -10.15 —5.52

60* 1.62 1.52 —13.2 —7.10 —0.598

structure. The low-energy peak is M,-(M, ;)* 'G
while the higher-energy peak is a superposition of
My-(M, 5)* *G and M;-(M, ;)* °F peaks with ap-
proximately equal intensity and separated by 1 eV.
Using the matrix elements at 60 eV (4.00-eV
width) the calculations (dashed curves in Fig. 1)
_show that the double peaked structure is washed
out.

The M,-(M, .)* Auger spectra is dominated by
transitions to the 'G final state term. In Fig. 2,
the calculated Auger spectrum is shown for I'(M,)
=2.09 and 3.61 eV. In Fig. 1 the curves are
normalized to contain equal area, but in Fig. 2
they are not as the increase in I'(M,) is due to the

200 1 T T T | T [ T ' T IT[I

5)ZAUGER SPECTRUM (ARBITRARY UNITS)

Cu le 3-(M4’

eleV)

FIG. 1. The M, 3VV Auger spectrum of Cu. The solid
(dashed) curve is obtained with M; 3 —M, ;M s matrix
elementsat 40 (62) eV, and the calculated linewidth is
2.25 (4.00) eV.

M,-M, ;M, s transition, not the M,-(M, ;)* transi-
tion. '

V. WIDTH OF THE DOUBLE VACANCY 'D TERMS

The calculation of the decay rate of the double-
vacancy D terms introduces three difficulties;
the Auger energy, which has not been measured,
the choice of matrix elements; and the appropriate
formalism. To calculate the decay rate of the
double-vacancy 'D terms of [3s] [3d] and [3p]Z,
it is necessary to estimate the Auger electron en-
ergy of the [3s][3d] ~ [3p][3d]? and [3p]>~[3p][3d
transitions which are the dominant ones. We

40‘l|I]I]I[Fl]lTI|T
36
32
28
24

20

Cult, (M, PAUGER SPECTRUM. (ARBITRARY UNITS)

€leV)

FIG. 2. The M;—VV Auger spectrum of Cu. The solid
(dashed) curve is obtained with M; —M, 3M, ; matrix
elements at 18 (30) eV, and the calculated linewidth is
2.09 (3.61) eV.
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estimate these energies via
E(M1M4,5"M2,3Mi; 5)
~E(M, M, ;) - E(M, M, ;) —[EMS ;) - EQVE )]
and
E(Mg,a‘ M‘z,sMia)) )
~E(M3 ;)= E (My,3M, ) = [E(M5 5) —E (M} 5)]

The first two entries on the right-hand side of

the above expressions are obtained from Schén’s
measurements? of the L-MM Auger spectra. The
additional term, the energy required to remove

a 3d electron from a double ionized Cu ion was ob-
tained from the L, ionization threshold (1096 eV),
the assignment® of the measured Auger peak at
153 eV to the L -L, M, ; transition, and the assign-
ment of the L, M, .- (M, )° satellite spectra.'* This
leads to E(M},)-E (M3 ;)=15 eV, and to the esti-
mate that the M, M, .~ M, (M, ;)* and (M, ,)

- (M,,,)(M, ;)* spectra are at approximately the
energy of the M,-M, .M, . and M, ,-M5 ; Auger
transitions, i.e., 30 and 60 eV, respectively. -

In double-vacancy decay, the ion is doubly
charged in the initial state and triply charged
in the final state. For single-vacancy decay,
it was concluded in Sec. III that an accurate
calculation of the M, and M, , lifetime required
Hartree- Fock rather than Herman-Skillman wave
functions. Does double-vacancy super Coster-
Kronig decay also require Hartree- Fock calcula-
tions? Since I cannot answer this question, I cal-
culate the double-vacancy decay rates with neu-
tral-atom matrix elements at both the estimated
Auger energy and at the lower energies which led
to good agreement with the measurements for M,
and M, , decay.

Finally the formalism used to calculate the
double-vacancy decay rate is perturbation theory.
That is, with the Hamiltonian given by H=H + V,
where V'is the electrostatic interaction, and |1)
and |2) are discrete eigenfunctions of H, and |e)
is a continuum eigenfunction of H,, one has

(i|Hy |7 =E;6;; = (i|H,|e)=0,

(i |V]iy=Vy, (G|V]e=V,,.
If we use CI eigenfunctions,

|y =C, |[1)+C, |2y, |B)=-C,|1)+C,[2)>
such that

(a|H,|b)=E,6,,, (a|V|b)=V,,5,,,
then

(@|V|e)=C,V,+CyV, .

That is, the lifetime of a is determined by matrix

elements calculated at E, and E,, not matrix ele-
ments calculated at E,. Since the transition rates
are large, perturbation theory is suspect. A more
accurate treatment begins with the levels |a) and
|b) interacting with the continua.?®2” However, there
are many interacting continua in {[(3 »)*2P(34)°P,Q,]
PQ+e}'D, which greatly complicates the analysis.
Since Hartree- Fock matrix elements are not
available, the more accurate calculations were not
done.

The rate for the [3s][3d] 3D~ [3p][3d] transition
summed over final states is given by Eq. (10) of
Ref. 28. With the matrix elements evaluated at
18 eV, the contribution of the above transition to
the *D width is 1.34 eV. In the absence of CI the
contribution of the [3s] [3d] ‘D~ [3p][3d]? transi-
tion to the D lifetime is 1.24 eV. The difference
in width is a multiplet effect. Yin ef al.* report
a Cu L, photoelectron width of 0.54 eV. Then the
calculation predicts a width of 1.88 eV for the L -
M, M, ; *D Auger peak.

With the Auger matrix elements at 18 and 30 eV,
Eq. (2) becomes

[(*D)=4.98C%; +1.24C2; - 0.73 C,;C,; .

Inserting the calculated mixing coefficients C,,
=0.9537, C,,=0.2979 for [3p]*'D and C,, =0.2988,
C,,=0.9541 for [3s][3d] D we find the [3s][3d] 'D
width increased from 1.24 to 1.78 eV, using the
matrix elements at 18 and 30 eV. The [3p]® 1D
width is reduced from 4.98 to 4.43 eV. While

the effect of CI on double-vacancy lifetimes are in
the right direction to bring the calculations into
agreement with the measurements, they are
quantitatively too small.

Next, the calculations were done with the neutral-
atom matrix elements at 30 and 60 eV. With the
matrix elements at 30 eV and neglecting CI, the
[3s][3d] D, 'D widths are 2.76 and 2.48 eV, re-
spectively. With CI the width is given by

I'(*D)="17.87C%; +2.48C%, - 1.71 C,; C,; .

The [3s][3d] 'D width is increased from 2.48 to
3.45 eV, while the [3p]2 'D width is reduced from
7.87 to 6.89 eV. ) S

In summary, with CI and the lower-energy ma- °
trix elements the ®D and 'D terms of L ,-M, M,
have calculated linewidths of 1.88 and 2.32 eV,
respectively, while with the higher-energy matrix
elements they are 3.30 and 3.99 eV, respectively.
Tentative measurements of Mariot and Dufour?®®
are 2.0 and 3.2 eV, respectively.

The conclusion reached is while these calcula-
tions show that CI does affect the 'D double-
vacancy lifetimes, they do not lead to quantitative
agreement with the measurements. In particular,
they do not account for the relatively small and



broad [3s][3d] 'D peak in the L,-M M, , Auger
spectra of Cu and Zn. It is possible that more
accurate calculations would lead to better agree-
ment. ‘

VL Ly-M, M, 3 AND Ly-M, 3M, s AUGER SPECTRA
OF Cu AND Zn

In their measurements of the L-MM Auger spec-
tra of atomic Zn Aksela and Aksela'® find the L, -
Moy Moq: Log-Moy M : Lyo-M, (M, ; intensity ratios
in Zn to be 14:30:56, while an average of two cal-
culated®'s values is 24:34:42. I suggest that the
difference arises because of the background sub-
traction and the resulting error introduced in in-
tegrating the area under the peaks.

In the fourth column of Table VIII, are listed
the calculated transition rates from an L, vacancy

TABLE VII. Initial population of Cu double vacancy
resulting from decay of an Ly vacancy, relative energies
within the double-vacancy configuration, and double-
vacancy lifetimes using large and small matrix elements
as described in the text.

ERel T'(eV)
Configuration Term eV) I Small Large
MMy s, -779 8.2 4.98 7.87
P 0.62 ' 1.7 4.98 7.87
3p, 128 74 4.98 7.87
’p, 2.62 206 4.98 7.87
p, -5.15 223 443 6.89
MaysMy5 °F, 511 0.26 1.10 1.74
% 422 012 110 1.7
3F, 3.55 0.04 1.10 1.74
Fy -9.02 434  2.59 4.04
D, -1.09 131  2.82  4.47
D, -—142 7.3 2.82 4.47
D, -164 3.6 2.82 4.47
p, 3.59 1.1  1.96 3.13
P,  —0.87 4.7 221 3.48
Py —0.21 3.0 221 3.48
3Py 0.13 10 221 3.48
p, 785 116 2.14 3.35
My, My, 5 ¢ -1.57 67.3
ba 1.45 25.2
p -0.47 116
p -0.89 16
is -6.00 1.2
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to various MM double vacancy final states. The
matrix elements used were obtained with the ion
potential,*' and lead to configuration intensities
of 23:35:42 (with the neutral-atom potential my
calculations underestimate the L,-M, .M, . and
L,-M, M, intensities compared to those of Ref.
14). The relative energies within.a configuration
are listed in column 3 of Table VIII. They were
obtained using Mann’s electrostatic integrals,? and
the diagonal spin-orbit interaction matrix ele-
ments. Note that the 'D,-3P, splitting in (M,,,)?,
(the two strong terms), has been increased to 7.77
eV. The two lifetime estimates for the (M, ;)
terms are discussed in Sec. V. The lifetime esti-
mates for the M, ,M, . terms are from Eq. (20)
of Ref. 28, with the matrix elements at 44 and 60
eV. The synthesized L,-M, .M, , and L ,-M, M, .
spectra are shown in Figs. (3) and (4). )
From Figs. 1 and 2 of Ref. 13, I estimate the
intensity of the measured Zn L,M, M, ; ‘G,
L,M, M, 'F, and L M, ,M, ., 'D peaks as 34, 15,
and 6 respectively (where the units are 513- inch). In
a later anaysis of their L ,-M, .M, , spectrum,
Aksela et al.*° determine that their L,-M, .M, . 'G
line was 1.0-eV wide, with 0.5 eV from the
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FIG. 3. The calculated L 3—M, 3M, 3 Auger spectrum
of Cu. The solid (dashed) curve uses matrix elements
at 40 (62) eV to compute the double-vacancy linewidth.
The crosses are measured values from Ref. 7 and the
open circles are Zn vapor measurements from Ref. 13,
shifted in energy to overlap the Cu spectrum.
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FIG. 4. The calculated L 3—M, 3M, 5 Auger spectrum
of Cu. The solid (dashed) curve uses matrix elements
at 18(30) eV to compute the double-vacancy linewidth.
The crosses are measured values from Ref. 7 and the
open circles are Zn vapor measurement from Ref. 13,
shifted in energy to overlap the Cu spectrum.

spectral resolution and 0.5+ 0.15 from the L, line-
width. Thus the area under their L,-M, M, 'G
peak is 34, in the above units. This implies an
Auger transition rate for L,-M, ;M, , 'G of 68.
The rate for this transition in Table 8 is 67.3.
Thus one can directly compare the normalized in-
tensities in Figs. 3 and 4 with the results of
Aksela and Aksela'® with a—lo— -inch scale.

For the L, M, , M, . *F and L, M, , M, , 'D peaks

the synthesis leads to 11 and 4, while the mea-
sured values are 15 and 6. Thus even though the
calculated configuration intensity ratios were used,
and the minimum calculated linewidths, the cal-
culated peaks are smaller than those observed.
Then, if the L,-M, .M, , and L,-M, .M, , line-
shapes are consistent with the calculations, the
measured Lo- M, ,M, ,/L,-M, M, ; and L,-
M, M, /L,-M, M, intensity ratios must be
larger than that obtained by Aksela and Aksela.'3
The .low ratios then result from the background
subtraction and/or the integration of the area
under the peaks. .

The solid curves in Figs. (3) and (4) were cal-
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culated with the smaller linewidths, and the dashed
curves with the larger linewidths. The principal
difference in both calculations is the size of the
minimum relative to-the maximum. Also shown
are the measurements of Antonides ef al.” on Cu
(crosses), for which the energy scale is appro-
priate, and the measurements of Aksela and
Aksela'® on Zn vapor (open circles), shifted in en-
ergy so the L,-M, ,M, , *D'and L,- M, ;M,  'F
peaks overlap the Cu peaks. While the measured
minima and maxima intensity favor the larger
linewidth calculation for L,-M, M, ,, and the
smaller linewidth calculation for L,-M, ,M, ., ex-
perimental and computational inaccuracies may be
important.

In the region of the large peaks there is reason-
able agreement in shape between the calculations
and the measurements of Aksela and Aksela on Zn.
My conclusion is that their measurements are
consistent with the theoretical configuration in-
tensity ratios.

The curious feature in Figs. 3 and 4 are the low-
energy tails. These are seen by Antonides ef al.”
for both solid Cu and solid Zn in both the L,-

M, 4 M, ;and L,- M, .M, ; spectra. But for

Zn vapor Aksela and Aksela do not see the tail

in the L,-M, ,M, , spectra. Since there will in-
evitably be satellite structure from L, Coster-
Kronig decay, this suggests that Aksela and
Aksela have overestimated the background cor-
rection on the low-energy side of the L ,-M, , M, ,
spectra.

VII. CONCLUSIONS

The aim of these calculations was to predict the
M,-VV and M, .- VV Auger spectra of Cu for com-
parison with measurements. But calculations of
the M, and M, , linewidths at the experimentally
determined Auger electron energies considerably
overestimated the linewidths. This suggested that
CI effects might be responsible, but it was found
that neither initial- nor final-state CI effects were
significant in the M, and M, , linewidth calcula-
tion. This, and results from photoionization cross-
section calculations, strongly suggest the hypothes-
is that the discrepancy in M, and M, , linewidths
arises from the use of Herman-Skillman rather
than Hartree- Fock wave functions. If the hy-
pothesis is proven valid it could account for some
of the disagreement between calculated and mea-
sured M- and N-shell widths arising from super
Coster-Kronig transitions. By eliminating the pos-
sibility that CI significantly affects the M1 and

© M, ; linewidths in Cu and hypothesizing that Her-

man-Skillman matrix elements-at an Auger energy
somewhat lower than that measured were ap-
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propriate. the Cu M,~-VV and M, ,-VV were cal-
culated. They will be compared with experiment
elsewhere.®

Final-state CI effects were shown to play a
role in the Cu and Zn L-MM Auger spectra, with
the largest effect being an increase in the 'D-3P
term splitting in the M, ;M, , double-vacancy con-
figuration, and a decrease in the 'D-°D term split-
ting in the M, M, . configuration. This is in agree-
ment with measurements in Cu and Zn. Due to CI
the (M,,,)? 'D intensity and linewidth are decreased
relative to the (M, ,)* °P peak. Calculations in-
cluding spin-orbit splitting of the *P, terms are in
agreement with the measurements. To compensate
for this decrease the M, M, . 'D intensity and line-
width is increased relative to the M, MZ‘IS D peak.
However the calculated M, M, ; 'D intensity is in-
creased too much and the linewidth too little, to
agree with the measurements. This could be due to
the use of an inappropriate formalism to calculate
the M, M,  double vacancy linewidth.

The calculations here and in a later paper™
emphasize the major anomaly in the Auger spectra

I
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of metallic Cu, the complete absence of effects
due to the 3d electron bandwidth. These calcula-
tions have explained some minor anomalies, but
have pointed out two others. They are, first, the
incompatibility of the CuL, photoelectron line-
width measurement and the L - M, .M, . satellite
spectral intensity, and, second, the intensity and
width of the L,- M, M, . Auger peak.

Note added in proof. Weightman® (Liverpool)
has suggested that the peak identified as L,
- M,M, ;*D is actually L, -M, M, ;°P, and the
peak identified as L;— M, M, ; °D is actually L,
-M,M, ,'D. If so, the anomaly concerning the
L,~M,M, , linewidths vanishes, but, unfortunately,
so has the L, -M,M, , °D peak.
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