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LMM Auger spectra of Cu, Zn, Ga, and Ge. II. Relationship with the L23
photoelectron spectra via the LzL3M4& Coster-Kronig process
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In this paper we present conclusive experimental evidence that the Auger satellite structure on the low-kinetic-

energy side of the L3M45M4, Auger spectra in Cu and Zn is a direct result of the L2L3M4& Coster-Kronig

transition preceding the Auger transition. The position of the satellite structure is compared with numerical

calculations of the final state for the ionized atoms. The same Coster-Kronig process is shown to be

responsible for the anomalous intensity ratio of the L, M4, M4, to L,M4~M45 Auger spectra. From this intensity

ratio the Auger part of the L» photoelectron linewidths can be determined and is shown to be in reasonable

agreement with theoretical values.

I. INTRODUCTION

In a recent paper, ' hereafter referred to as I,
we discussed the LMM Auger spectra of Cu, Zn,
Ga, and Ge, and we showed that with detailed
transition-probability calculations a clear assign-
ment can be made of the observed structure to the
various 'final-state terms. We also showed that
the "on-site" Coulomb interaction can be obtained
from a combination of the Auger and x-ray photo-
electron spectra and that detailed information
concerning the various Slater integrals can be ob-
tained from the experimental term splittings.

In this paper we will discuss the often anomalous
intensity ratios of the L~ and L3 parts of the L2+fM
Auger spectra as well as the Auger vacancy satel-
lite structure in the L@1,@I„region. We will
show that these anomalies are a result of a Coster-
Kronig process which precedes the Auger process.
We also show that the intensity ratio of the
Lgf„M45 to LPI45M„Auger spectra can be used
to predict the Auger part of the L, and L, photo-
electron linewidths. These predictions are com-
pared with theoretical values.

The influence of the above-mentioned Coster-
Kronig process on the intensity ratios of the
Lgf„M«and LPf„M„Auger spectra, on the
Auger vacancy structure in the LPS„M~, spectrum
and on the L» photoelectron spectrum have been
discussed in recent publications. ' ' However, this
has been done in a very qualitative way. The
major aim of this paper is to give a simple and
quantitative description of the relationship between
the , LPLI», Coster-Kronig process and both the
Auger and x-ray photoelectron spectra. Since the
Coster-Kronig effects are most evident in the
L,Pf„M„region, we will limit our discussion to
this portion of the Auger spectrum.

II. EXPERIMENTAL

The x-ray Auger spectra and the x-ray photoelec-
tron spectra were collected with an AEI-ES200

spectrometer using a Mg Ko,' source for the Auger
spectra, except for Ge, in which case monochro-
matized Al Ka radiation was used to avoid thresh-
old effects in the L, level (see I). The L» photo-
electron spectra were obtained with monochro-
matized Al Ka radiation. The linewidth of this
source as determined from the Ag Fermi cutoff
was about 0.5 eV. Further experimental details
are given in I. All spectra were corrected for the
energy-dependent transmission of the analyzer
and for secondary scattered electrons. A detailed
description of these corrections is also given in I.

III. RESULTS AND DISCUSSION

In Fig. I the L,PI4,M4, Auger spectra of Cu, Zn,
Ga, and Ge are shown on a relative energy scale.
Aside from the overall resemblance between the
spectra of the four materials there are also cer-
tain differences. The most important features to
be noticed are the following:

(a) The relative intensity of the I., part of the
spectra as compared with the L, part is increasing
in going from Cu to Ga, staying approximately con-
stant in going from Ga to Ge.

(b) In Cu and Zn there exists extra structure on
the low-energy side of the LPI~,M4~ Auger spec-
trum which is not present in Ga and Ge. Both fea-
tures (a) and (b) can be explained by the occurrence
of the L,L,M„Coster-Kronig process. This pro-
cess is schematically represented in Fig. 2. A
primarily created L, hole converts to an L, hole
thereby ejecting an M~, electron. The necessary
condition for the process to appear is that the
L, —L, energy difference due to spin-orbit cou-
pling, must exceed the binding energy of the M„
electron, in the presence of the L, hole. This con-
dition is easily satisfied for Cu and to a lesser ex-
tent for Zn, but not for Ga and Ge.'"

When the L,LPI4, Coster-Kronig process occurs,
a fraction of the primarily created L, holes decays
via this extra path, thereby reducing the probabil-
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TABLE I. Values for the atomic part of the Auger
vacancy shift IA E«, extra-atomic relaxation energy R~,
and calculated and experimental Auger vacancy shift QE
(eV). See text.

&&« R, (3d') Calc. Expt.

CU

Zn
19.2
2i.4

12.9
i4.6

6.3
6.8

5.0
6 ' 5

in the metal by an additional extra-atomic energy
bE. F(3d') describes the Coulomb energy of two
3d holes, R„(3d') and R„(3d') are the atomic and
extra-atomic parts, respectively, of the total re-
laxation energies defined in I. We will assume
that the extra-atomic relaxation energies are in-
dependent of the electronic configurations of the
ion. That is we will assume it to be the same for
the 2P as for a 3d hole. This is a reasonable ap-
proximation because the extra-atomic relaxation
energies will be determined by more long-range
Coulomb interactions and will depend mainly on
the charge of the ion and not strongly on its elec-
tronic configuration. For the second quantity be-
tween brackets in Eq. (1) we can follow the same
argument and the final result can be written

d E=n. E ~+R,~(2P 3d')+R, (3d2) —R, (3d'). (3)

Here again as just mentionedwe will takeR„(2p'3d')
= R„(3d'). bS„is the atomic part of the Auger vacan-
cy shift ~which can be determined from the total en-
ergies of the states appearing in Eq. (1). These
total energies are obtained from numerical Har-
tree- Fock calculations on the corresponding final-
state atom, averaged over their final-state terms.

The extra-atomic relaxation energies R„(3d')
and R„(3d') are the relaxation energies which cause
a reduction in the effective Coulomb energy of
two or three 3d holes, respectively. These re-
ductions are due to the interaction of a hole with
the polarization cloud produced by the other holes
present. The interaction of a hole with its own
polarization cloud is already taken into account in
the one hole energies. For linear response we
can write

results of Table VI in I by subtracting the atomic
relaxation energy from the total relaxation energy.
The results are summarized in Table I. The ex-
perimental values for hE were obtained assuming
that the two most prominent peaks in the Auger
vacancy satellite structure of the L~,@I45 spec-
trum (indicated as a, and b, in Fig. 4) correspond
to the most prominent lines of the LPI~,M4, Auger
spectrum itself (indicated as a2 and b, in Fig. 4.)
From Table I we now can see that the calculated
and experimental values for d E are in very good
agreement.

In the foregoing discussion we have assumed the
lifetime of the 3d hole to be longer than the lifetime
of the L, , hole. At first glance this may not seem
to be the case because of the relatively large one-
electron 3d bandwidth. In the Coster-Kronig pro-
cess however the 3d and I., hole are, initially at
least, on the same atom and therefore the 3d hole
will not behave as a single-particle excitation and
the width or lifetime of such a state cannot be
compared to the one-particle bandwidth. That the
lifetime of such a state is much larger than that
derived from the one-electron bandwidth is also
evident from the narrow, atomiclike Auger spec-
tra in these metals. In the latter case the final
state is also two holes on one atom and apparently
has a very long lifetime. The fact that the satel-
lites due to the Coster-Kronig process are present
and reasonably narrow in the LPI4,M45 Auger spec-

'2
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R„(3d ) = 2xthe one-hole extra-atomic
relaxation energy

and

(4a,)

Kinetic energy (arbitrary scale)
R„(3d') = 6x the one-hole extra-atomic

relaxation energy . (4b)

We can then write from Eq. (3)

nE=sE -R„(3d).
Values for R„(3d2) now can be deduced from the

FIG. 4. Comparison of the shape of the L 3M4~M4,
Auger spectrum of Cu and Zn to that of Ga. The energy
scale is different for the three metals in order to make
the splitting between the two most prominent lines in
the spectra (indicated as a2 and b2) the same. The two
differently shaded areas indicate the Auger vacancy
satellite structure of Cu and Zn.
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TABLE II. Values for the L3M4&M45 2 4sto L M SM45 in-
Au er vacancy satellite struc-tensity ratio including the uger

l . Thet d for this structure, respectively. eture and correc e or
it of the Auger vacancy structure relative o eintensity o e u

Au er spectrum is alsototal intensity of the LBM4~M45 Auger spec
given.

I(L3M45 M45)/I(L2 M45 M45)
wit Without

satellite satellite
structure structur e

Intensity
satell ite

structure (%)

Cu
Zn
Ga
Ge

7.6
3.0

1.6
1.9
1.6
1.9

30+2
13 +3

trum is direct evidence that the intermediate
state with an L, and 3d hole must be long lived
as compared to the Auger lifetime of the L, hole.
If the lifetime of the intermediate state were short,
the Coster-Kronig preceded I /f4, M4, Auger spec-
tra would be indistinguishable in position from the
ordinary Auger spectra.

We now will show that features (a) and b are
'rst of allquantitatively related to each other. First

we want to now wt t k what fraction of the intensi y
L+V M spectrum of Cu and Zn is causedof the @V~~5 45

To do thisby the L L+".~ Coster-Kronig process. To do
we compare e sd th shape of the Cu and Zn spectra
to that of Ga in which the satellite structure does
not appear. n is wI th' ay a fairly accurate estimate
can be made of the intensity of the extra satellite
structure in the Cu and Zn spectra. The result of

. 4. The two differ-this comparison is shown in Hg. . e
ently shaded areas in this figure correspond to
the Auger vacancy satellite structure for Cu and
Zn. At this point we have to keep in mind that these
intensities are so to speak stolen from the L@1,/$4,

L L M Coster-Auger spectrum, because by the 2 3 45 0
K rocess L holes are transferred to the L,
level csee g.( e Fi . 3). Therefore, if we would subtrac
these extra intensities from the L,M„M„A gM M Auer
spectrum and add it to the Lgf4,M4s spectrum, we
then would expect that the in this way corrected

Ge where the Coster-Kronig process is not pres-
ent. These corrected intensity ratios are given in

ble II. The intensities used to calculate the
ratios shown in this table were obtained by iinte-
ratin the spectrum after the analyzer and scat-

tering correction mentioned above had bee n car-
ried out. We clearly see from this table that i
the intensity ratios of Cu and Zn are corrected for
the intensity of the Auger vacancy satellite struc-
ture in the way just discussed, then their values
are close to those of Ga and Ge, and also close to
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FIG 5 L photoelectron spectra of Cu, Zn, Ga, and
LGe. The energy scale has been shifted such that the

lines come at the same position.

the value o w icf 2 h' h would be expected from the
multiplicities o e 2 3f th L and L level. This conclu-
sively shows as that the satellite structure and the
anomalous intensity ratio of the L,M4,M4, to

l related to andLPf„M45 Auger spectra are directly r
result from e, 4,th L L& Coster-Kronig process.

We now urn to the L» photoelectron spectrum o

sof theL
l compared to the L, line is decreasing.
This henomenon, like features a an m

tioned before, can be related to the, 4,
sp e

L L
Coster-Kronig process. The occurreurrence of this

level as compared to the L, level, because it ex-
clusively shortens the lifetim e of the L hole. The
values of the widths and the intensity ratios I~
I~ are listed in Table III. From this table it can
be seen t ah t I' decreases monotonically on going
from Cu to Ga and then increases for Ge. This
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TABLE III. Values for the total linewidths I'L and I'L

of the L2 and L3 level, respectively (eV), and for the L3
to L2 intensity ratio.

r(L, )/r(L, ) I'L

Cu
Zn
Ga
Ge

2.0
2.0
1.9
1.9

1.54 +0.05
1.48 +0.05
1.16 + 0.05
1.44 +0.05

0.98+0.05
1.18+0.05
1.17 +0.05
1.42 +0.05

may be due to the fact that Ge is a semiconductor
in which band bending at the surface and/or non-
uniform charging are important contributions to
the bandwidth. The values are obtained from a
least-squares fit to the L» photoelectron spectra.
The line shape of the fit was taken to be the sum
of Lorentzian and Gaussian character, while the
ratio of the Lorentzian to Gaussian character
was constrained to be equal for both the L, and
L, line. From Table ID we see that the inten-
sity ratio I /I~ is about 2 for all four metals, in-

L2
dicating that the number of initially created L,
holes is about two times that of the L, holes, as
is expected from the multiplicity ratio of the L,
and L, level.

We now come to a quantitative comparison of the
L,PE«M«Auger spectrum with the L» photoelec-
tron spectrum, both of which are, as we have
seen, influenced by the L,LPI «C otser-Kr oing
process. Since the intensity of the most prominent
line in the LP1„M«Auger spectrum, correspond-
ing to the 'G final-state term, ' will only be very
weakly affected by the Auger vacancy satellite
structure we can use the intensity of this line for
an accurate determination of the LPI„M45 to
LPf„M„ intensity ratio. For this intensity ratio
we can write

I, (LPS,PS„)/I, (LPS„M„)=2(I'„+F,„)/&„. (6)

Here I'A is the Auger part of the total L, and L3
width. We assume I'A to be approximately the
same for both levels. ' I"« is the difference be-

tween IL and I'L, the total linewidth of the L,2 3'
and L, level, respectively. As discussed before
this difference can completely be ascribed to the
L,LPS«C oster-Kr onig process. The factor 2
arising in the right-hand side of Eq. (6) is intro
duced to account for the multiplicity ratio of the
L2 and Ls level. From Eq. (6) we see that when
the Coster-Kronig process is absent the intensity
ratio will take the theoretical value of 2. The val-
ue of I'A is difficult to obtain explicitly because
aside from I'A, the measured total width I'L of
the L, level will be determined by the instrumen-
tal broadening, the natural linewidth of the source,
electron-phonon interactions, many-electron ef-
fects, etc (th.e effect of fluorescenceprocesseson
the total linewidth can be neglected' ). Therefore we
calculated I'A for Cu and Zn from the experimental
values for I, (LPI «M)/I, (LPI45M45) and I'«,
using Eq. (6). The values of I, (Ljlf45M„)/
I, (L~«M45), I'«, and of the resulting I'„are
.G

listed in Table IV. Another way to obtain a value
for I A is to sum up the transition rates of all
Auger transitions starting with a hole in the L,
or L3 level, which have been calculated by
McGuire. ' I A now is the result of this addition
divided by 2.' The values for I „obtained in this
way are also listed in Table IV (Cu, Ga, and Ge
were interpolated). Finally Yin et al. ' have calcu-
lated I'A for Cu and Zn. Their values are given in
the same table. From this table we can see that
the values for F„obtained from Eq. (6) are rea-
sonably close to the other values.

IV. CONCLUSIONS

In conclusion we have shown that there exists a
close relationship between the L,Pf«M«Auger
spectrum and the L» photoelectron spectrum,
which is caused by the L,LPI«Coster-Kronig
process and which can be described in a quantitative
way. The shift of the Auger vacancy structure is
calculated and shown to be in good agreement with
the experimental value.

TABLE IV. Coster-Kronig widths I GK (equal to the L2, L3 linewidth difference, see Table
III) in eV, Auger widths I'A in eV, and intensity ratios of the Q line in the L3M45M45 spectrum
to that in the L2M45M45 spectrum. The latter ratios have been obtained from a least-squares
fit to the spectra: (a) using Eq. (6); (b) from McGuire (Ref. 7) averaged over the L~ and L3
level; (c) from Yin et al. (Ref. 2) averaged over the L2 and L3 level.

I'A
I'cK I'C(L3 45M45)/I'G(L2 M45M45) (a) (b) ( )

Cu
Zn
Ga
Ge

0.56
0.30

(-o.oi)
(o.o2)

5.3 +0.3
2.8 +0.2
1.6 +0.1

1.9 +0.1

0.34 +0.05 0.36 0.53
0.75 +0.30 0.40 0.63

0.43
0.46
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