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The LPz „spectra of elements between 4,Nb and „Sb have been measured at high instrumental
resolution from solid samples. The satellite structure on the high-energy side of LPz „was resolved
and the natural widths of diagram lines were determined. Two diff'erent satellite groups due to LM
and LN double-hole states were clearly seen. The relative intensity of satellites was examined and it
was noticed that the Coster-Kronig channels which create extra holes in the M shell are closed at
»Sb. A faint structure was observed between the two main groups of satellites after 48Cd. The
L30, transition falls in this region but it may also be partly the result of triple-hole states.

INTRODUCTION

It has been shown that L, -L3M4~ Coster-Kronig prob-
abilities are very difficult to handle theoretically. Thus
experimental information about these transitions is valu-
able. These transition probabilities can be considered by
examining the widths of x-ray diagram lines whose initial
state is in L, levels. ' The width of an x-ray line of
Lorentzian profile is the sum of initial and final state
widths. The state width can be calculated from I =th' (R
+C+ A ) where R, C, and A are radiative, Coster-
Kronig, and Auger transition probabilities.

Also certain L x-ray-satellite spectra contain informa-
tion about L&-L3M45 processes. These satellite struc-
tures such as La satellites are due to LM double-hole
states produced by L, L3M45 Cost-er-Kronig (CK) pro-
cesses or by direct double ionization. The relative inten-
sity and characteristic features of La-satellite spectra be-
tween 40Zr to 5OSn have been measured already. Also the
energies and intensities of La-satellite lines for 4OZr,

45Rh, and 47Ag have been calculated and a good overall
agreement was obtained. Besides La, , the LP2» high-
energy satellite structure is also due to LM (and LN)
double-hole states. A few individual spectra of the LP2»
line have been published but an overall view in this re-
gion has heretofore not been available.

The LI32» (L3 N45) x-ray line-is interesting in many
respects in the elements 4&Nb to 5&Sb. The final state is in
the valence band in the elements 4&Nb to 4~Rh and the
shape of the LP2, 5 line can be compared to the density of
states in the valence band. After 46Pd the final state is
filled and in 48Cd it is an inner state while 0, is also filled.
Voigt and Lorenzian functions were fitted to the left side
and to the peak of the measured LP2 &~ line of elements
between Pd and Sb. The precision of our instrument also
allows the satellite spectra to be resolved. In previous pa-
pers ' the widths of LP2 &5 lines were given, but no de-
tails of satellite structures were presented, apart from
49In. The reported linewidths are thus too wide. In this
work the spectral features due to satellites are subtracted
and in addition special attention is devoted to the satellite
structure on the high-energy side of the diagram line.

The relative intensity of the satellite structures is also
determined.

EXPERIMENTAL METHOD

The spectra were measured with a high-resolution
double-crystal spectrometer. A molybdenum tube was
used to excite L emission for all elements other than Pd
and Ag; with Pd and Ag a tungsten tube was used. The
tube was operated at 40 kV and 40 mA. The spectrome-
ter was equipped with a pair of calcite (211) crystals
(2d=0.606 nm). The samples of Ru, Rh, Pd, and Sn were
99% pure powder samples. Other samples were spectros-
copically pure metal sheets. Their surfaces were cleaned
mechanically before introducing them into the vacuum
chamber whose pressure was 10 ' Pa. The measure-
ments took place at room temperature. The spectrum
was recorded stepwise by changing the Bragg angle 6 of
the second crystal in steps of 17 sec of arc and several
successive single spectra were summed up. The experi-
mental arrangement is described in detail in Ref. 4. The
rocking curves measured in position (1,—1) have a
Lorentzian profile and their full widths at half maximum
(FWHM) varied from 0.2 eV (Nb) to 0.4 eV (Sb).

RESULTS

The profile of the lines

The measured spectra of elements 4&Nb to 4~Rh are
shown in Fig. 1. In these elements the final state is in the
valence band. The shape of the left side of the line should
be proportional to the density of the states of d electrons
in the valence band. In free atoms the 4d shell is filled at
46Pd. The LPz» spectra from elements «Pd to»Sb are
displayed in Figs. 2 —7(a). Theoretical curves were fitted
to the measured spectra. For In, Sn, and Sb pure
Lorentzian profiles were used, while for Pd, Ag, and Cd
the fittings are Voigt functions.

In solids, the 4d band for Pd, Ag, and Cd is quite broad
and in Pd the calculated Fermi level even falls into the 4d
band. ' Therefore the pure Lorentzian profile does not
give a good fit for these elements. Nevertheless the fitting
for Pd is not very good, which is an indication of the po-
sition of the Fermi level.
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Widths Satellite structure

The measured widths (FWHM) of the elements Nb to
Rh and the widths of the fitted curves (Pd to Sb) correct-
ed due to crystal broadening are shown in Table I. The
excess width of the LP2» (L3%4 s) line is due to solid-
state effects as the final state is the valence band. The
narrowing of the line after Rh is a result of filling the
bands 4d and Ss. The state width of L3 (2p3/z) is from
2 —3 eV in this Z region. Thus we see that the N4 5 (4d)
is very narrow between Cd and Sb. This is due to the fact
that 4d is a inner state while 4d and Ss are filled and the
Fermi level is far from 4d level.

To resolve the satellite structure the theoretical Voigt
and Lorenzian profiles were subtracted from the mea-
sured spectra for elements 46pd to»Sb. The results are
shown in Figs. 2 —7(b). The effect of resolved satellites
seem to be 0.1 —0.4 eV in the LP2» linewidths.

Two main groups of satellites are apparent. The first
one is located close to the diagram line and the other one
30—50 eV on the high-energy side of the main line. Chen
et aI. have calculated in Ag that an extra vacancy in the
M shell shifts the diagram line less than 6 eV. Also in Zr
(Ref. l) the shift should be not more than 6 eV. An extra
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FIG. 1. The LPz, ~ x-ray spectra of elements Nb, Mo, Ru, and Rh. Recording times 900 s/step, 750 s/step, 1050 s/step, and
800/step, respective1y. No corrections have been made.
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vacancy in the M shell shifts the main line in Ag (Ref. 2)
30—35 eV and in Zr (Ref. 1) 25 —30 eV.

Chen et al. and Tulkki and Keski-Rahkonen have
calculated that there are about 40 possible L 3M45-
M4sM4s satellites in the Lal 2 spectra (L3 M4 5) Of Ag,
Rh, and Zr. As far as we know no theoretical calcula-
tions have been carried out for L/32, 5 3 45(L L) x-ray-
spectra. It can be reasonably assumed that the situation

is similar there and the structure situated 30—50 eV from
the diagram line consists of several tens of satellites aris-

f LM double-hole states. The interpretation ofing rom
more di%cult.the structure close to the diagram line is more i cu

There is a strong structure beside the diagram line and
this structure has a tail from 48Cd onwards. The main
part of this strong structure is due to LN double-hole
states. Also LO double-hole states are possible in this Z
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11region. As mentioned above, an extra hole in the M
shell shifts the diagram line -30 eV and in N shell less
than 6 eV. The shift due to an extra hole in 0 shell is
even less. Thus we assume that satellites arising from LO
and LN double-hole states cannot be totally resolved
from the diagram line. According to Ref. 12, LP, (L3-

0&) transitions fall into the region of the tail mentioned
above from 49In onwards. There are no clear peaks in the
spectra but this transition may give some contribution to
the tail. Anyway, part of the structure between 11 and 30
eV from the main line might originate from triple-hole
states.
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Satellite intensities

The relative intensity of different satellite groups was
determined. The difhculty in choosing the background is
the great uncertainty in the intensity measurement, espe-
cially in those spectra whose statistics are not very good.
For example, in our measurement for elements Ru to Ag,
the uncertainty of intensities is mainly due to different
choices of the satellite backgrounds. In Ru and Rh the
intensity was determined from a single measurement (200

s/step). The relative intensities of the satellites due to
LM double-hole states are displayed in Fig. 8. The rela-
tive intensity of the Pd satellite structure have to be
corrected for the argon E absorption edge which falls in
the middle of the satellite structure (an argon-methane
gas mixture was used in the detector).

After Rh the relative intensity of LP2, s high-energy
satellites diminishes and in Sb the structure has vanished,
only a weak intensity (1%) is left. This satellite structure
is a result of LM double-hole states. These states are
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TABLE I. Natural linewidths of the measured Lpz» lines (in

eV) and the electronic configurations of corresponding atoms.

Element

41Nb
42MO

44RU

4,Rh
46pd

4qAg

4gCd

49In

q0Sn

slSb

FWHM of Lp2

3.4
4.1

5.3
4.5
3.8

3.8 (3.72 )

2.7
2.6
2.8
3.0

Configuration

4d 5s
4d 5s
4d'5s
4d 5s
461''

4d' 5s
4d 105S2

4d' 5s 5p
4d105s 25p 2

4d 105s 25p 3

24

0

20

16

C3
t2

sA

8
'Instrumental error is less than 0.2 eV.
Reference 2.

created by Coster-Kronig processes and by direct double
ionization. For photon impact, the ratio of the double-
to single-ionization cross section decreases roughly as Z .
Thus for successive elements, such as Sn and Sb, this ra-
tio changes only slightly. Hence the weak intensity over
background in Sb is probably due to LM double-hole
states produced by direct double ionization. We con-
clude therefore that L,L 3M45 Coster-Kronig processes
become forbidden at »Sb in the solid state.

It has been calculated" that in free atoms the L&-

L3M45 CK transitions are no longer possible at, oSn. In
Sn and Sb the final state of the Lp2 ~5 transition is very
narrow. The atom-solid shift is 8 —9 eV in these ele-
ments. ' While the binding energy in solids is lower, the
L, L, 3M45 Coster-Kronig energy is higher in solids and
these transitions probably become forbidden later in
solids than in atoms. The total relative intensity of all sa-
tellites between 1 and 30 eV is displayed in Table II,
column I. It does not change much. This total structure
has been divided into two components. The first com-
ponent (column II) is the satellites due to an extra N shell
vacancy. It is dilcult to say up to how far this first corn-
ponent should extend since no exact calculations have
been made. The tail was resolved from the main struc-
ture and its intensity is presented in column III. The
main contribution in this tail is probably the Lp7 (L30& )

s 1 . I ~ I

46 48 50

FIG. g. Relative intensity of LP, „satellite structure arising
from L,M double-hole states. For Z=46 corrected for argon K
absorption edge. The value from Ref. 2 is also shown (o).

line and the possibility of triple-hole states should be dis-
cussed. The intensity of this "tail" situated between
about 11 and 30 eV from the Lp2» diagram line seems to
grow as a function of Z.

CONCLUSIONS

The widths of LP2» (L3N45) x-ray lines for elements
Z=41 to 51 are reported. The filling of valence and con-
duction bands is seen in the linewidth (narrowing with in-
creasing element number). The satellite structure due to
an extra hole in the M shell decreases after 45Rh and has
essentially vanished at »Sb. This indicates that in solids
L, -L3M45 the Coster-Kronig channel is closed at Sb.
The intensity of satellites due to an extra ¹hell vacancy
does not seem to change much.

TABLE II. The relative intensity of Lp2 „satellite structures: (I) the structure between I to about
30 eV from the diagram line, (2) satellites close to Lp2 „(due to LN double holes), (3) structure between
—11 to 30 eV from the diagram line, and (4) satellites between -30 to 50 eV from the main line (due to
LM double holes).

Element

44RU

4,Rh
46Pd

4&Ag

48Cd
49In
50Sn

s1Sb

22
22
23
22

20+ 1

19+1
19+1

18+1

2.1+1
3.0+1
3.6+1
4.0+1

13+3
19+3
16+5'
11+2

9.4+ 1

5.6+1
3.6+ 1

1.0+ 1

'Corrected due to K absorbtion edge of argon.
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