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Photoelectron spectroscopy has been used to determine M and N core-level widths for
the elements Nb —Te (Z = 41—52). The analysis is based on direct comparisons of the
lifetime contributions to different core levels. Absolute determinations are made for the
narrow 3d levels. In the metals Nb —Rh (Z = 41 —45) an M4M&N4& Coster-Kronig de-

cay channel is observed through a broadening of the 3d3/g core-electron lines. The rate of
this Coster-Kronig process is found to have its maximum for Ru and Rh. For Pd a
much reduced, but still significant, broadening of the 3d3/2 level is detected. This obser-
vation is discussed in terms of itinerant versus quasiatomic contributions to the Coster-
Kronig process. For Z ) 47 (Ag) the Coster-Kronig channel is closed. For Nb —Rh the

M4M, N4, process can be used for absolute determinations of the 3d linewidths. In this
connection also the properties of the M45N45N45 Auger process are discussed. The accu-

racy of the present method makes it possible to investigate small differences between the

3p l/2 and 3p3/p level widths. For several elements the unusual result is obtained that the

3p3/p level is broader than the 3@i/2 level. This finding is in good agreement with

theoretical predictions. The 4s and 4p spectra of the currently investigated elements are
strongly influenced by configuration-interaction (CI) effects. However, the 4s line shapes
are found to be quite normal for all the 5th-period elements. For Z & 45 (Rh) the 4pl/&

level is found to be broadened due to N2N3N45 super-Coster-Kronig processes. For Z
& 46 (Pd) the shape of the 4@3/2 core-electron lines can reasonably well be reproduced by
broadened 3d5/2 line profiles. For Z & 47 (Ag) this can, however, not be achieved. This
marks a transition into a region of Z values where CI effects become particularly impor-
tant. The accuracy of the present method for determining core-level widths can be

judged from a comparison between our analysis of the 4p levels and x-ray studies of the

Mg transition. The results indicate that core-level widths can be determined with an ac-
curacy of about 0.2 eV even for fairly broad and asymmetric electron lines.

I. INTRODUCTION

One important piece of information which can be
extracted from a photoelectron spectrum is the life-

time of a core hole. The lifetime broadening pro-
duces a Lorentzian contribution to the spectral line

shape given by

A(Ek) =
~ 4(Z, —Z„)'+r' '

where Ek is the kinetic energy of the outgoing elec-
tron, E„ the core-level binding energy, and A the in-

tensity of the photoelectron line. The half-width I
of the line can be expressed as a sum over transi-
tions from the core-hole state to states in which the
core hole is removed:

I =A/z, (3)

where A' is Planck's constant divided by 2m.. The
observed spectrum will, however, also contain other
contributions. One such contribution is due to the
finite resolution of the spectrometer (see, e.g. , Ref.
I). The spectrum will also be influenced by various
shake-up processes. For instance, the core-electron
hnes in a metal will become asymmetric due to ex-
citations of conduction-band electrons. Other
contributions might be due to multiplet splitting, vi-

brational broadening, inelastic scattering, sample

r=gr, .

The relation between the Lorentzian broadening and
the lifetime w of the core hole is simply given by
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charging, etc. A comprehensive review of the vari-

ous broadening efFects can be found in Ref. 6.
Accurate determinations of core-level widths are

valuable in several respects. Firstly, it is important
that these widths are known since they appear in

all core-level spectroscopies. Secondly, the lifetime

broadening plays an important role in the: deriva-

tion of fluorescence yields. Furthermore, com-

parison with theoretical decay rates, is a sensi-

tive test of the theoretical models. A summary of
the present status of the field (theoretical and ex-
perimental) can be found in a recent work by Fug-
gle and Alvarado. '

In this paper we will report accurate and con-
sistently determined core-level widths for most of
the 5th-period elements. Special eA'ort has been
made to separate the lifetime eAects from other
broadening mechanisms. The most favorable situa-
tion for a photoelectron spectroscopic determination
of the natural linewidth is a closed-shell atom in the
vapor phase. If the measurement is performed with
a monochromatized x-ray source, the line proQe
can be approximated by a Voigt function, i.e., a
convolution of a Lorentzian line proSe with a
Gaussian contribution due to the spectrometer
broadening. ' Owing to the different shapes of these
contributions they can quite accurately be separated
in a numerical fitting procedure. ' In the solid

phase, however, this problem becomes considerably
more difBcult, especially for elements with pro-
nounced core-line asymmetries. Even if there exist
parametrizations which apply also to these situa-

tions, the number of fitting parameters becomes
larger and the accuracy of the determined quantities
will decrease.

The present determination of core-level lifetimes

relies on accurate comparisons of the lifetime contri-
butions to difFerent core levels. Absolute values
are then determined for the 3d levels, which for
most of the currently investigated dements show the
narrowest electron lines. For the elements Nb —Rh
(Z = 41 —45) there is a strong M4MSX45 Coster-
Kronig decay of the 3d3~2 core holes. %hen this

process is operating we can combine the measured
broadening of the 3d3~2 level with the reduction in
the MPÃ-to M5NS Auger inten-sity, ratio in order
to obtain absolute numbers for the 3d core-level
widths. ' For Pd —Te (Z = 46—52) we must rely
on more involved numerical fitting procedures
where the core-line asymmetry is taken into ac-
count.

The paper will be organized as follows. After a
brief account of the experimental details, Sec. II, we

describe our method for determining the core-level
lifetimes in Sec I.II. In Sec. IV the M4M5%45
Coster-Kronig process is discussed, and in Sec. V
the properties of the M45%45%45 Auger process are
studied. In Sec. VI we use our approach to deter-
mine the widths of the 3d3~2 5~2 levels. We then use
these results to obtain accurate values also for the

3@~~2 and 3@3~2 levels, Sec. VII. In Sec. VIII the 4s
levels are discussed and the 4p levels are analyzed in
Sec. IX. Finally, in Sec. X we present a discussion
and summary of our results.

II. EXPERIMENTAL

All the spectra in the present investigation have
been recorded in the solid phase with a Hew'lett-
Packard 5950A ESCA (electron spectroscopy for
chemical analysis) spectrometer. This spectrometer
utilizes a monochromatized Al Eu —x-ray source
for the excitation of the spectra. The spectrometer
function has approximately a Gaussian shape with
FWHM (full width at half maximum) close to 0.5
eV. To obtain maximum stability for the instru-
ment, the standard HP power supplies, which are
used to set the retardation potentials, were replaced
by more accurate ones. In addition, the dispersion
of the energy scan was carefully adjusted before the
measurements.

All samples were mechanically cleaned in situ, at
a pressure of 1 pPa, using a micromill with a rotat-
ing diamond edge. The pressure in the analyzing
chamber was 100 nPa. It was not possible to keep
the niobium sample entirely free from oxygen.
However, no significant oxide contribution could be
seen in the metal spectrum. The 3d spectra of all
the currently studied elements are shown in a previ-
ous communication. ' in which the M- and E-shell
binding energies were reported.

III. METHOD FOR LIFETIME
DETERMINATIONS

The determination of the lifetime contribution to
a core-electron line recorded in the solid phase is in

general a difIIicult task. The reason is that there are
several other contributions to the measured spec-
trum which complicate the treatment. However, for
a given element, very often most of these contribu-
tions will be the same for all core levels. Therefore,
if one compares two or more core-electron lines
from the same element, the difference in shape will

mainly be due to differences in the core-hole life-
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FIG. 1. The Rh 3d core-level spectrum resolved in its
spin-orbit components.

times. We know that the finite lifetime gives a
Lorentzian contribution to the line shape. There-

fore, in order to compare the lifetime broadenings of
two core levels, we simply have to fold the narrower
line with a Lorentzian function and vary the
FWHM of this function until the shape of the
broader line is reproduced. The required FWHM
then directly gives the difference in lifetimes of the
two core-hole states.

One complication which sometimes occurs in this

kind of line-shape analysis is when two spin-orbit

components are so close that they overlap. In this

case, one must devise some accurate method to
separate the two components. For this purpose we

have used the deconvolution algorithm discussed in

Ref. 16. This method relies on the single assump-
tion that the line shapes of the two spin-orbit com-
ponents are the same, except for a possible differ-

ence in the lifetime broadening. For a spin-orbit
doublet this assumption can be expected to be par-
ticularly accurate. The algorithm makes it possible
to separate two spin-orbit components, even in those
mses where there is a large overlap between the
lines. Figure 1 shows the result of this kind of
separation for the Rh 3d spectrum. This does not
represent a case where there is a large overlap
between the two components. However, for further
analysis it is important that the 3d 5/2 single-line

profile is accurately known over a region which is

considerably larger than the 3d spin-orbit splitting.
As can be seen from Fig. 1 the 3d 3/2 line is signifi-

cantly broader than the 3d»2 line. The reason for
the additional broadening of the Rh 3d 3/2 line com-
ponent is that there is an M4M&$4' Coster-Kronig

decay channel, which considerably reduces the life-
time of the 3d 3/2 hole state. These processes will be
discussed in Sec. IV.

The low-binding-energy part of the spectrum is
dominated by the contribution from the 3d 5/2 line.
Starting at a distance towards lower binding energies

from the 3d»2 line, at which the contribution also
from this line has vanished, we can step through the
spectrum and successively subtract a broadened (us-

ing a Lorentzian broadening function) replica of the
3d 5/z line (to represent the 3d 3/f line) at a distance

(the spin-orbit splitting) towards higher binding
energies. The parameters of the procedure are thus
the additional 3d 3/2 (Coster-Kronig) broadening, the
spin-orbit splitting, and the 3d 3/2-to-3d»2 intensity
ratio, which are all varied until the resulting 3d»z
single-line profile gets a physically reasonable line
shape. It turns out that by inspection of the decon-
voluted spectrum one can determine these parame-
ters within quite narrow limits. ' This is so even in
those cases where the 3d3/2 core-electron line is dis-
turbed by a satellite from the 3d»2 line as in Pd. '

For intensity ratios less than one, the algorithm will
be stable and errors (due to statistical fluctuations or
incorrectly chosen zero level for the starting point of
the subtraction) will be damped as they are distri-
buted through the spectrum by the subtraction pro-
cedure.

Above, we have outlined a method by which ac-
curate relative determinations of core-level lifetimes
can be made. For at least one level in each element
we also have to make an absolute determination.
For this purpose we have used the 3d spectra,
which for most of the currently investigated ele-
ments show the narrowest lines. One possible way
of determining the lifetime of a core level is to per-
form a numerical fit to the spectrum of some model
line profile, which includes some expression for the
core-line asymmetry. For the elements which have
fairly symmetric line shapes, the Doniach-Sunjic
profile gives a good description of the spectra. For
more asymmetric core lines it is known that this
parametrization is not appropriate. ' However, by
taking the band structure of the metal explicitly into
account, it is possible to reproduce the core-line
shapes also for the most asymmetric core lines. ' It
has also been recognized ' that for these elements
one mn obtain a corresponding agreement with the
parametrization by Mahan. In this case the two
parameters (an asymmetry index and a cutoff
parameter) are adjusted to obtain the best fit to the
spectrum. The physical significance of the parame-
ters determined in this way is, however, small. '
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3rmr, =
2IA —3

In this relation it is assumed that the statistical
3d 5/2-to-3d 3/2 photoionization cross-section ratio
= 1.5 applies. The quantity

Ig ——I(MSN45N4g)/I(M45N45 )

(4)

denotes the Auger intensity ratio without any contri-
bution from the Auger satellite. However, as will

If the M pf 5N45 Coster-Kronig process is al-

lowed, the absolute 3d-level widths can be obtained
without having to rely on any parametrization of the
spectra. The magnitude of the Coster-Kronig
broadening can be accurately determined by the
deconvolution procedure outlined above. This
broadening lies on top of the ordinary (mainly

Auger) broadening of the 3d3/2 spin-orbit com-

ponent, which in the following will be assumed to
be the same as for the 3d 5/2 level. The ratio
between the Coster-Kronig decay rate I cK and the
Auger rate I q determines what fraction of the ini-

tially produced 3d3/2 core holes will decay via ordi-
nary Auger processes. Since one knows the ratio of
initially populated 3d 3/2 and 3d 5/2 holes from the
photoelectron intensity ratio, one can obtain the last
piece of information from a study of the

M45N45N45 Auger spectrum. From the intensity
ratio between the M5 and the M4 components of
this spectrum, the ratio rz/1 cK can be determined.

Before this can be done, however, one must know
in more detail the nature of the M45N45N45 Auger
process. The Auger intensity, which disappears
from the M4N45N45 Auger spectrum due to the
competing M Pf 5N45 Coster-Kronig transition,
must show up somewhere in the M5N45N45 spec-
trum instead. The effect of the Coster-Kronig pro-
cess is to transfer the M4 hole state into a M5N45
double-hole state. In the M5N4qN45 Auger region
we will then observe the decay of this state into a
N45N45N45 triply ionized state. The first possibility
is that this Auger vacancy satellite is shifted in ener-

gy relative to the M5N45N45 Auger transition due to
the presence of the additional N45 hole. This will

be the case if the multiply ionized states involved
have a localized character. This type of Auger sa-
tellites in metals have been identified in the analo-
gous I.&gal 45M45 Auger spectra of metallic Cu and
Zn. ' ' ' If the energy shift is so large that there
is no contribution from the Auger satellite to the
measured M5N45N4, Auger intensity, one obtains
the following relation for the Auger broadening I &

(Ref. 14):

be discussed in the following section, the M pf 5N45
Coster-Kronig process is only allowed for elements
where there is an itinerant character of the N45
holes in the final states of the M45N45N45 Auger
processes. If also the extra N45 hole created in the
M4M5N45 Coster-Kronig process is independent of
the other holes, we expect no shift between the
M4N45N45 Auger transition and the M5N45-
N45N45N45 Auger satellite. In this case the satellite
intensity will be indistinguishable from the ordinary
M5N45N45 Auger contribution and instead of Eq.
(4) we will obtain

5I gK

2' —3
(5)

The main assumption which has been made in

Eqs. (4) and (5) is that the Auger decay rate I'z is
the same for the 3d3/2 and 3d5/2 hole states. For
I„ in relations (4) and (5) one should, in principle,
use the ratio between the total number of Auger
(and x-ray) decays of the 3d &/2 and 3d 3/2 levels,
respectively. However, by assuming that the partial
Auger decay rates are the same for the two-hole
states, Iz can be determined, e.g., from the

M5N45N45-to-M4N45N45 Auger intensity ratio. To
arrive at Eq. (5) we also had to assume that the pro-
bability that the M5N45 double-hole state decays via
an M5N45N45 Auger process is the same as for M4
and M5 single-hole states. Even if we expect these
assumptions to be good, we now want to point out
that the determined lifetjme broadenings will not be
very sensitive to small errors in the applied Iq
values.

IV. THE M /If 5Ngg COSTER-KRONIG
PROCESS

The measured 3d photoelectron spectra, the
valence-electron spectra, and the M45N45N45 Auger
spectra for the elements Mo —Cd are shown in Fig.
2. Looking at the 3d core-electron spectra, we first
notice a marked difference between the elements Z
& 45 (Rh) and Z ) 46 (Pd). For the lighter ele-
ments the heights of the 3d 3/2 components are con-
siderably lower than suggested by the statistical
3d 3/2-to-3d 5/2 ratio of —', . A closer inspection of the
3d spectra for Mo —Rh shows that the reduction in
height is caused by a difference in widths for the
two spin-orbit components. For the metals Mo-
Rh the 3d3/2 hole state can decay into a 3d 5/2 hole
and an additional 4d-valence-band hole (i.e., an

M~qN4q Coster-Kronig process), which will cause



24 ELECTRON SPECTROSCOPIC DETERMINATIONS OF M AND N. . . 7125

42M

Mc.s N&s N~s

5.7eg,
I

5.7cV

6.0 eV

6.0eV

3d

~ ~

y ~

te ~

~
g

O~

VB

57e

~ ~

4,5 5.7&

7.6 eV

~ ~!' ~ ~

4'Ag

16.0 eV

16.OeV

~ ~

28.1 8V

48Cd
~ ~ ~V 'i

40 30 20

28.1 eV

e
~e ~ ~

~ ~ ~ ~

I I ~ 1 I

10 EF(3d5(2) EF(3d3/2) 10 5 EB 3d5)2& '15 10

RELATIVE BINDING ENERGY(eV)

5 EF

FIG. 2. M&5N'45N4q Auger spectra, 31-core-electron spectra, and valence-band spectra for the elements Mo to Cd.

an increased lifetime broadening of the 3d 3/Q corn-
ponent.

Owing to the small 3d spin-orbit splitting for
these elements, the excited Coster-Kronig electron
will not, in general, have energy enough to leave the
metal. We can therefore expect that this Coster-
Kronig process will be forbidden for a nonmetallic
sample. To test this assumption we have recorded
the 3d spectrum from an insulating molybdenum
compound, (NH4)6Mo70q4. Figure 3 shows the
Mo 3d photoelectron spectra from this compound
and from Mo metal. The expected change in the 3d

spectrum does indeed occur and the (NH4}6Mo70q4
sample shows a normal 3d doublet with a 3d5/q-to-
3d 3/g height ratio of —,. Even if we take into ac-

count the fact that the resolution of our
(NH4)6Mo70q4 spectrum is much lower than that of
the metal spectrum and make a more careful com-
parison of the two spectra, the conclusion is that the
Coster-Kronig broadening is considerably reduced
in the compound.

For all the investigated metals we have used the
deconvolution procedure described in the preceding
section in order to analyze the 3d spin-orbit doub-
lets. The results of this analysis are summarized in

Table I. The spin-orbit splitting, the Coster-Kronig
broadening, and in some cases also the 3d 5/z-to-

3d3/p intensity ratio have been free parameters in

this treatment. However, it is found that it is rather
difficult to separate the effect of a small change in
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FIG. 3. The Mo 3d spectrum from ammonium
molybdate, (NHq)6Moq02&, and metallic molybdenum.
The Coster-Kronig channel responsible for the broaden-

ing of the 3d3/2 level in the metal is closed in the salt.

the Coster-Kronig broadening and a small change in

the intensity ratio on the resulting single-line profile.
Therefore, in those cases where there is a broaden-

ing of the 3d 3&2 component, we have chosen to use
the statistical 3d 3~2-to-3d 5~2 intensity ratio. For
Ag —Te there is no Coster-Kronig broadening of the
3d 3/2 level and for these elements the deconvolu-
tions yield intensity ratios of 0.67—0.70. These
values are also in close agreement with the calcula-
tions by Scofield, which for all the currently inve-
tigated elements predict a ratio of 0.69. Thus the
assumption of a statistical intensity ratio for
Nb —Pd seems to be justified. A choice of 0.69 in-

stead would give only slightly larger values for the
determined Coster-Kronig broadenings.

From Table I we can observe that the Coster-
Kronig rate increases with atomic number up to Ru
and Rh, where it reaches its largest value. Between
Rh and Pd there is an abrupt change in the
broadening. For Z & 47 (Ag) the 3d spin-orbit
components are found to be equally broad. For Pd,
however, there is a small but significant Coster-
Kronig broadening of 0.04 eV. The quenching of
the M~sN4s Coster-Kronig decay channel around
Pd in the Periodic Table marks a change over from

TABLE I. Results from deconvolutions of the 3d photoelectron spectra and the
M4P'4P'4s Auger spectra. The Coster-Kronig broadening I cx, and the spin-orbit sphtting

were in all cases treated as free parameters in the deconvolutions. The intensity I(3d s&2)

was fixed at 0.67 when analyzing the elements Nb —Pd, whereas for Ag —Te it was treated as
a free parameter. The Auger intensity I(M JV4+4s) was estimated through a deconvolution
of the M4~4~qs Auger spectrum. The Auger rate I'z is obtained from I(M jV&~4s) and
I cx [see Eqs. (4) and (5)]. The maximum errors are given in parentheses.

Element
(eV)

I(3d 3y2)' I(M ~~sw4s)'
(eV)

Nb
Mo
Ru
Rh
Pd
Ag
Cd
In
Sn
Sb
Te

0.17(4)
0.30(3)
0.43(4)
0.41(4)
0.04(3)
0
0
0
0
0
0

2.73(2)
3.13(2}
4.14(2)
4.70{2)
5.27(2)
5.99(1)
6.74(2)
7.54(2)
8.42(1)
9.37(1)

10.38(2)

0.67
0.67
0.67'

0.67
0.67
0.67(2)
0.67(2)
0.70(2)
0.68(2)
0.68(2)
0.69(2)

0.1(1)
0.10(5)
0.15{5)
0.15{5)

0.05(S)
0.09(5)
0.21(10)
0.20{10)

'Intensity relative to 3d ~~2.

bIntensity relative to MPi4sJ)f4s
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a region in which the M5%45 Auger final state has a
delocalized character to a region for which this state
becomes localized. The localization of the Coster-
Kronig final state for Pd has been previously dis-

cussed. ' In Ref. 17 it was demonstrated that for
Pd a localized M &%&5 state is more bound than the

M4, single-hole state. The detection of a small

Coster-Kronig broadening for Pd thus indicates that
there is a vestige of a bandlike behavior in the

M4MsN45 transition. (For a discussion of the rela-

tion between the quasiatomic and bandlike part of
an Auger spectrum for narrow d-band materials, see
Refs. 24 and 25.) By comparison with Ru and Rh,
we could expect a broadening of about 0.4 eV if the
Coster-Kronig final state were'bandlike also for Pd.
The bandlike part of the Coster-Kronig decay thus

seems to be reduced by about a factor of 10.

V. Mg5%45Wgg AUGER SPECTRA

In Sec. III it was shown how the M4M sN45
Coster-Kronig process can be used to determine the
3d-level widths. This requires that the M ~5%&5%45

Auger spectra also are analyzed. Figure 2 shows

the M45%45%45 spectra for the elements Mo —Cd
(Z = 42 —48). The spectra are plotted in such a

way that the energy scale shows the total energy of

the two-hole states relative to the Fermi level. As
for the 3d photoelectron spectra, we observe a signi-
ficant change in the shape of the spectra between
Rh and Pd. In Ref. 17 it was shown that the Rh
spectrum can be well reproduced by a self-
convolution of the metal valence-band spectrum.
The, Pd spectrum can instead be described in terms
of the multiplets of a totally screened local 4d' con-
figuration. ' ' In Table II we present the kinetic
energies of the most pronounced M5/45%45 struc-
ture for each of the elements Nb —Te. In this table
we also give the energies of the two-hole final states
relative to the Fermi level. These energies are com-
pared to the energy which is required in order to
create two independent 4d holes. This comparison
again demonstrates that the picture of independent
4d holes applies to Nb —Rh but not to the rest of
the elements. For Pd —Te, where the Auger spectra
show atomiclike behavior, the energies in Table II
correspond to the 4d '64 multiplet. In the spectra
that show atomiclike Auger final states, there might
also be a bandlike contribution. ' A particularly
intense bandlike spectrum is found in palladium.
This can be compared to the observation made for
the M4M&%45 Coster-Kronig process in Pd, where
also a small bandlike decay channel was found be-
sides the dominating atomiclike contribution. For

Measured kinetic energies (eV) and related values for the M ~$4~q5 Augei line
in the elements Nb to Te. The maximum errors are given in parentheses.

Ek(M5%45Ng5, '64)
This work Ref. 28 Ref. 29

%45%45 Auger final-
state energy'

pt. Eveva'

199.0(5)
222.2(5)
274.0(5)
301.5(5)
327.5(4)
352.2(3)
377.0(3)
403.1(3)
429.1(3)
455.3(3)
481.9(3)

351.9(3)
376.7(2)
402.6(3)
428.9(2)

402.85(15)
428.85(15)
454.90(15)
481.79(15)

3.2
5.7
6.0
5.8
7.6

16.0
28.1

40.8
SS.8
72.9
91.0

5.0
5.4
5.1

4.0
11.1
22.2
34.3
48.7
65.1

82.1

The effective two-hole Coulomb interaction (U,~), introduced by Sawatzky (Ref. 25), is given

by the difference between the energies in the last two columns of the table.
'For the elements Nb to Pd these values correspond to the maximum of the self-'convolution
of the valence band. For the elements Ag to Te the values are given by twice the weighted
mean binding energy of the 4d levels.
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the elements Ag —Te we can compare our mea-
sured Auger energies to values from the litera-
ture. * As can be seen the agreement is in all
cases very good.

There is another pronounced difference between
the M45N45N45 Auger spectra for the elements with
Z & 45 (Rh) and Z ) 46 (Pd). For Pd —Cd two
peaks, corresponding to the M4 and M5 com-
ponents, can clearly be seen. The intensity ratio
between the two components is close to the statisti-
cal ratio of —,. However, for the lighter elements

the M4 component is hardly discernable. Its inten-

sity has for these elements dropped down to a value
close to —„.This reduction of the M4N45N45
Auger intensity is due to the MPf 5N45 Coster-
Kronig process, which oA'ers an additional decay
channel for the 3d3/2 hole state.

Element 2r
(eV)

Ag
Cd
In
Sn
Sb
Te

0.29(5)
0.33(5)
0.33(5)
0.39(5)
0.48(5)
0.61(5)

0.08(2)
0.09(2)
0.10(2)
0.11(2)
0.09(2)
0.11(2)

TABLE III. Results from fitting a Doniach-Sunjid
line profile to the measured 3d 5~2 spectra from Ag to Te.
2r is the natural linewidth and a is the asymmetry
parameter. The maximum errors are given in
parentheses.

VI. 3d CORE-LEVEL WIDTHS

For most of the currently investigated elements,
the 3d spectra show the narrowest core-electron
lines. We will therefore use these spectra for mak-

ing absolute determinations of the core-level widths.
For the elements Nb —Rh the MPf &N45 Coster-
Kronig process is operating, and the 3d 5~2-level

widths can be obtained through Eqs. (4) and (5). To
determine the Auger intensity ratios which enter
into these equations we have used the same type of
deconvolution procedure as that, for the 3d core lev-

els. The only difference is that in order to obtain a
numerically stable procedure, one has to start the
subtraction from the low kinetic energy side of the
spectrum. The intensity ratios so obtained for
Nb —Rh are given in Table I. Since the Auger
spectra for these elements show a typical bandlike
behavior, we have accordingly used Eq. (5) to obtain
values for I z. The determined Auger broadenings
are displayed in the last column of Table I. In this
determination the dominating source of error is the
uncertainty in the Auger intensity ratios. We can
never expect to separate the two Auger components
with the same high accuracy as for the 3d com-
ponents in the photoelectron spectra. This is so
since the Auger spectra are quite broad compared to
the spin-orbit splitting, the intensity ratios are small,
and the spectra are, furthermore, quite featureless.
However, the errors in the determined Auger inten-

sity ratios should not be larger than 5% in units of
the M5Nq5N45 Auger intensity. Even with this rela-
tively large error the 3d 5~2 level widths can be ex-
pected to be accurate to about 0.1 eV.

For the remaining elements, Pd —Te, we must
rely on various numerical fitting procedures. For
Ag —Te, which show fairly symmetric core-electron
lines, the 3d spectra have been fitted by the
Doniach-Runjic profile. The parameters (lifetime
broadenings and asymmetry indices) which come
out of the analysis are summarized in Table III. In
all cases a Gaussian spectrometer function of 0.5 eV
has been assumed. For the more asymmetric Pd
core lines the Doniach-Sunjic parametrization will

not be very accurate. For this element we have
therefore used the value which Citrin and
Wertheim obtained in their more detailed line-

shape analysis, see Sec. III. They reported a
Lorentzian broadening of 0.22 eV for the Pd 3d 5&2

level.

In Fig. 4 we have plotted the 3d 3~2 and 3d 5~2

core-level widths for the elements Nb —Xe. The
values are also summarized in columns 4 and 5 of
Table IV. The value for Xe in Fig. 4 has been tak-
en from a line-shape analysis of the 3d photoelec-
tron spectrum recorded in the gas phase. ' From
Fig. 4 one observes that quite consistent values have
been obtained for the 3d 5&2 level over the whole
range of Z values, although different methods have
been used for different elements. Taking the degree
of consistency as a measure of the errors in the
determinations, it seems that the values in Fig. 4 are
determined with an accuracy close to 0.1 eV. This
high accuracy is obtained in spite of the fact that the
lifetime broadening in many cases gives only a very
small contribution to the total width. The only ex-

ception from the smooth trend is the value for Te,
which seems to be somewhat too high. The prob-
able cause for this is that the resolution of the spec-
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Foi Cd we can compare our value with a study
made by Aksela et al. in the gas phase using Auger
electron spectroscopy. ' From this measurement a
width for the M45N45%45 lines of 0.32 eV was
found. Since we can expect that the final state in

the Auger process will not contribute significantly
to the total Auger linewidth, the agreement with our
fitted value is very good.

For comparison we have included in Fig. 4 the
theoretical 3d 5&2 widths from McGuire. ' There-

by, we notice first that the experimental trend is
well reproduced by the calculations. Furthermore,
the discussion above suggests that even the small
diAerence between the experimental and the theoret-
ical values ( & 0.15 eV) is significant.

FIG. 4. Experimental level widths for the 3d 3~2 and
the 3d 5' levels. Open circles (3d 5') are derived from
the M+4@'45-to-M~4~&z Auger intensity ratios and
the 3d 3~2 Coster-Kronig broadenings. Open squares
(3d 3&2) are taken as the su'm of the 3d5q2 level widths and
the 3d 3/2 Coster-Kronig broadeni ng, Filled circles
(3d 3/Q and 3d 5qzi are results from fitting a Doniac-5unjic
(Ref. 2) line profile to the 3d5q2 spectra. The value for
Pd is taken from Ref. 6. Experimental values for Xe have
also been included (Refs. 31 and 32). Included are also
theoretical values from Refs. 9 and 10.

trum was somewhat poorer for the Te sample than
for the other elements. However, one cannot ex-
clude the possibility that there are inherent broaden-

ing mechanisms for Te, which are not taken into ac-
count in the present analysis.

VII. 3p CORE-LEVEL WIDTHS

%e will now use the determined 3d5~& line
broadenings to derive widths for other core levels.
In a previous investigation of the photoelectron
spectrum of Xe, performed in the vapor phase, '

an unusual result was obtained: The 3@3~2 level is
broader than the 3@i~2 level. The same result has
been obtained theoretically by McGuire. ' For
lower Z values his calculations indicate that the si-
tuation is reversed, i.e., that the 3pi~q level is
somewhat broader. The calculations predict that
the change occurs around Nb or Mo. %e will now
investigate if it is possible to obtain experimental
lifetime broadenings that are sufficiently accurate
to judge if the theoretical behavior agrees with ex-

TABLE IV. Summary of the measured natural level widths for M and X shells in the elements Nb to Te. Maximum
errors are given in parentheses.

Element 3p ~12 3d 5' 4p3n

Nb
Mo
Ru
Rh
Pd
Ag
Cd
In
Sn
Sb
Te

2.08(13)
2.28(13)
2.48(18)
2.54(18)
2.52(13)
2.63(13)
2.83(13)
2.99{15)
3.20(15)
3.37(20)
3.58(23)

2.12(13)
2.20(13)
2.44(18)
2.54(18)
2.68(13)
2.79(13)
3.14(15)
3.30(15)
3.36(20)
3.76(20)
4.05(23)

0.22(9)
0.39(8)
0.64(14)
0.61(14)
0.26(8)
0.29(5)
0.33(5)
0.33(5)
0.39(5)
0.48(5)
0.61(8)

0.05(5)
0.09(5)
0.21(10)
0.20(10)
0.22'
0.29(5)
0.33(5)
0.33(5)
0.39(5)
0.48(5)
0.61(8)

2.8(3)
b

3.2(5)'
3.4(5)'
4.2(5)'
5.4(3)
4.8(3)
4.8(3)
3.8(3)
3.3(3)
3.0(3)

1.5(3)
2.2(3)
3.3(3)
4.2(3)
4.7(4)d

0.99(15)
1.57(15)
2.51(20)
3.40(20)
4,7(4)'

'From Ref. 6.
Overlapping with a plasmon loss from the 4p levels.

'Somewhat uncertain values due to traces of Au and/or Pt in the samples.
The 4p spectrum was deconvoluted using a spin-orbit splitting of 4.0 eV.
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FIG. 5. The present method of deriving natural level

widths is demonstrated for the Pd 3p3/2 spectrum. The

upper part of the figure shows the 3d5/2 spectrum after
subtraction of the 3d3/2 component. In the lower part of
the figure a broadened 3d 5/2 profile is compared to the

3p3/2 spectrum. The Lorentzian broadening required to
reproduce the 3p3/2 spectrum directly gives the difference
in level widths. The broad satellite structure in the 3@3/2

spectrum is also well described by the broadened 3d5/2

line. In the upper part a fitted theoretical line profile
[Mahan's solution (Ref. 3)] is compared to the 3d5&2

spectrum.

periment. This requires that differences of the
order of 0.1 eV have to be detected on levels which
are several eV broad. At first sight this might
seem quite optimistic since spectra have to be
analyzed which have quite different shapes in
terms of core-line asymmetries, satellite structures,
etc.

In order to determine the 3p natural linewidths

we have used the method outlined in Sec. III. The
different steps of the treatment are demonstrated for
the Pd 3p3/2 level in Fig. 5. This element is chosen

since the analysis involves two major complica-
tions. Firstly, the Pd 3d levels show large asym-
metries and secondly, the Pd core lines are accom-
panied by intense shake-up structures. The upper
part of Fig. 5 shows the 3d 5/2 line profile after sub-

traction of the 3d3/2 component. ' The position of
the 3d 3/2 electron line is marked, and as can be
seen this line coincides with the 3d5/2 satellite.
However, by the deconvolution procedure, these
two contributions can be accurately separated. Fig-
ure 5 also shows how a model line profile, based on
the parametrization by Mahan, can be fitted to the

3d5/2 spectrum. As was mentioned in Sec. III, this
fit closely resembles the line profile, which was ob-
tained by Wertheim and co-workers, ' by taking the
Pd band structure into account. As can be seen,
the 3d5/2 spectrum is reproduced within an energy
region of about 1.5 eV from the peak position. This
is sufficient for estimating the Lorentzian contribu-
tion to the narrow Pd 3d5/2 level. However, for a
broader line, like the 3p3/2 line, a corresponding
analysis seems somewhat ineaningless. Instead, the

lower part of Fig. 5 demonstrates how the 3p3/2 line

profile, including the satellite, can be almost exactly
reproduced by a broadened 3d5~2 single-line profile.
Together with the previously determined 3d 5/2 life-

time, the required broadening can be used to calcu-
late the 3p3/2 level width. Since the complete core-
level spectrum can be used in this comparison, the
derived widths can be expected to be determined
with a high accuracy.

As a further application of the present treatment,
we can compare in a very direct way the intensities
of the shake-up satellites from different levels. It
has been reported that the Pd 3p satellite lines are
much more intense than the corresponding 3d satel-
lites. However, Fig. 5 demonstrates that the 3p
and 3d satellites have almost identical intensities re-
lative to their parent lines.

In Fig. 6 we show the 3p linewidths which have

been obtained in this way. From Fig. 6 we can
conclude that consistent values of core-level life-
times can be derived from photoelectron spectra,
and that complications due to core-line asym-
metries and interacting shake-up structures can be
mastered. The accuracy of the currently deter-

mined values is estimated to be better than 0.2 eV.
In Fig. 6 we have also plotted the theoretical re-

sults by McGuire. ' As can be seen, the theoreti-
cal and the experimental trends are the same. The
experiments indicate that the 3p3/2 width exceeds
the 3@i~2 width for Z & 46 (Pd). For Z & 45
(Rh), we can only conclude that the two linewidths
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states is expected to be dominated by X&%23%4/
super-Coster-Kronig processes. " It can be noted
that these super-Coster-Kronig electrons have their
maximum kinetic energies close to the elements for
which the broadest 4s levels are found.
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FIG. 6. Experimental level widths for the 3p ~~~ and

the 3@3~2 levels together with theoretical values from

Refs. 9 and 10. Experimental values for Xe have also

been included (Refs. 31 and 32).

are very similar. As a general result we find that
the absolute values of the lifetime widths are some-
what overestimated by the calculations, whereas
the differences between the 3p&~2 and 3@3j2 widths
are very well reproduced by the calculations. The
large decrease of the theoretical 3p level widths,
somewhere between Kr and Zr, is due to the clos-
ing of the M23M45Mzz super-Coster-Kronig decay
channel. However, Svensson et a/. ' have previous-
ly shown that this channel is essentially closed al-
ready for Kr.

IX. 4p LINE BROADENINGS
A particularly strong breakdown of the one-

electron picture is found for the 4p levels in the
elements around Xe in the Periodic Table. ' For
instance, the Xe4pi&2 line is completely absent in
the photoelectron spectrum. Neither does the
4@3/2 hole exist as an elementary excitation. The
main spectral strength of these ionizations becomes
spread out over a large energy range instead. We
will now investigate if, for any of the currently in-
vestigated elements, the 4p core lines have the same
shape as the other lines in the spectrum, i.e., to
find out in which elements Eq. (l) is valid for the
4p ionization.

As a first step we must separate the closely
spaced 4p &~2 and 4@3&2 spin-orbit components. In a
previous communication it was demonstrated that
there is a X2/3/45 super-Coster-Kronig broadening
of the 4p &&2 levels for the elements Z & 45 (Rh). '

Owing to the large widths of the 4p lines, no nu-

merical values were derived for the broadenings in

Ru and Rh. However, if we compare the obtained

The 4s-core-electron spectra for a large number of
elements around Xe in the Periodic Table are
known to show strong deviations from predictions
based on the independent-particle model. For in-

stance, using b,SCF (self-consistent-field) calcula-
tions for the Xe4s level, a binding energy is ob-

tained which is 10 eV too high. This indicates
that the 4s spectrum is strongly influenced by CI
(configuration —interaction) effects. However, ap-

plying the procedure which was outlined in Sec. III,
it is found that in all the currently investigated ele-

ments the 4s spectra can be obtained from a
Lorentzian broadening of the 3d 5~2 single-line pro-
file.

The determined 4s-level widths are summarized
in Table IV. These values show that the 4s
broadening has a pronounced maximum for Ag in

this series of elements. The decay of the 4s hole

I5 40
BINDING ENERGY(eV)

FIG. 7. The line shape of the Ru 4p 3~2 spectrum is

compared to a broadened 3d sn line profile T"e 4p 1/2

and 3d3~q lines have been removed by a deconvolution
procedure.
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TABLE V. FWHM of the Mg transition from Nb to
Rh obtained by adding the 3d5/2 and the 4p3/2 level

widths. The values from Ref. 39 were measured with x-

ray emission spectroscopy. Maximum errors are given in

parentheses.

Element
1 (Mg) (eV)

This work Ref. 39

Nb
Mo
Ru
Rh

1.04(20)
1.66(20)
2.72(30)
3.60(30)

1.21
1.56
2.49
3.77

4p3/2 single-line profile for each deconvolution of
the 4p spectra with a broadened 3d 5/2 spectrum, the
sensitivity of the deconvolution procedure can be
considerably increased. Figure 7 demonstrates the
agreement which is obtained between a broadened

3d5/2 line and a deconvoluted 4p spectrum for Ru.
The 4p3/2 line profile is obtained with a 4p &/2

broadening of 0.8 eV. For Rh a super-Coster-
Kronig broadening of about 0.8 eV is also found in

this way. For Pd a deconvolution can be made
with the same width for the two components. The
absence of the super-Coster-Kronig decay channel
for Pd is consistent with the results for the

M4MSN45 Coster-Kronig process, see Sec. IV.
However, the large widths of the Pd 4p lines make
this analysis very uncertain. A more reliable result
is that the obtained 4p3/p single-line profile can be
fairly well reproduced by a broadened 3d 5/2 spec-
trum.

For Ag —Te it is, however, impossible to repro-
duce the spectrum with two spin-orbit components
that are broadened replicas of some other core-
electron line. For these elements the analysis indi-

cates a smearing out of the spectra towards higher
binding energies. As it seems relevant to discuss a
4p-level width [i.e., application of Eq. (I)] for Z
& 46 (Pd), we have given the obtained 4p-level

widths for these elements in Table IV.
An independent method for obtaining information

about core-level lifetimes is by means of x-ray emis-

sion spectroscopy. For the 4d transition elements
the Mg transition (3d5/z-4p 3/2) has a low energy
which makes it possible to study the x-ray line
shapes at high resolution. The shape of such an x-

ray transition will be essentially Lorentzian with a
FWHM, which is the sum of the lifetimes of the ini-

tial and final hole states. Dannhauser and Wiech

have studied the Mg transitions in Nb —Rh (Z
= 41 —45) with a grating spectrometer. In Table V
their obtained Mg widths are compared to the sum
of the 3d5/2 and 4p3/2 widths from this work. The
differences between these two sets of values are only
of the order of 0.2 eV. In this comparison one has
to remember thaf the x-ray measurements have been
made at a resolution of about 0.6 eV, and that the
x-ray line shape is slightly distorted by other transi-
tion. Furthermore, the presently determined widths
are obtained as a sum of two core-level widths, i.e.,
the error in both the 3d 5/2 and the 4p3/2 widths will

contribute.

X. DISCUSSION AND SUMMARY

M and N core-level widths for most of the 5th-
period elements have been determined. It is demon-
strated that from metallic photoelectron spectra one
can determine accurate core-level widths. The prob-
lems which are caused by the core-line asymmetries
and interacting satellite lines can be handled. The
internal consistency of the results suggests that the
accuracy of the determined level widths is of the or-
der of 0.1 —0.2 eV, even for fairly broad electron
lines. Comparison with literature data on the

Mg —x-ray transition also indicates the same accu-
racy. This is a considerable improvement, com-
pared to previous determinations of core-level life-

times.
In the metals Nb —Rh (Z = 41 —45) an

MPf 5N45 broadening of the 3d 3/2 level is observed.
The extent of this broadening is largest for Ru and
Rh. For Pd a small but significant broadening of
the 3d 3/2 level is observed. This broadening indi-

cates a small fraction of a bandlike behavior of the

M4M5N45 Coster-Kronig process, in addition to the
dominating quasiatomic character. The 4p &/2 levels

for Nb —Rh are broadened relative to the 4p3/2 lev-

els. This broadening is due to the N2N3N45 super-
Coster-Kronig process, and its rate is found to be
about twice that of the M4M5N45 process.

The determined 3d and 3p widths have been com-
pared to calculations. The widths of the 3d5/2 lines
are found to be only slightly overestimated by
McGuire's ' calculations. The 3p-level widths are
also somewhat overestimated. For Z & 46 (Pd) it is

found that the 3p3/2 level is broader than the 3p &/2

level. This property of the spectrum is very well
reproduced by the calculations and can be attributed
to a difference in the rate of the M23M45N Coster-
Kronig processes for a 3p ~/2 and a 3p3/2 hole state.

The 4s and 4p spectra are known to be consider-
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ably influenced by CI eAects, ' especially for the
later 5th-period elements. In this work we find
that, in spite of these CI effects, the 4s line shapes
can be well reproduced by broadened 3d5&2 spectra.
The same is observed for the 4p spectra from

Nb —Pd. However, for the elements Ag —Te the

4p line shapes have changed considerably, which
shows that the CI efFects become particularly im-

portant in these spectra.
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