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Relationship between Auger and autoionization processes
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The energy difference between Auger and autoionization processes is shown to be readily calcul-
able and to correlate with electronegativity. Furthermore, a comparison of bremsstrahlung iso-
chromat spectra of unfilled states just above the Fermi level with high-resolution autoionization
spectra for the transition-metal and lanthanide series has demonstrated a correlation between them.

INTRODUCTION

In 1971 Bonnelle and Karnatak' proposed that a new
line in the x-ray spectra of rare-earth oxides was due to
the 3f 4f resonanc-e transition, analogous to optical reso-
nance lines. Subsequently, Dufour and Bonnelle used
this to explain the X4 s Auger spectrum of Gd; in partic-
ular, the peak at 13S eV was assigned to a direct-
recombination autoionization following a resonant transi-
tion:

4d' 4f 5d'6s -+ . . 4d 4f 5d'6s

4d 4f 5d '6s +sf, (la)

where ef indicates electron emission into the continuum.
A similar process, not involving f electrons, occurs in the
first transition series:

3p63d" —+ 3p 3d"+' . 3p 3d" '+sf .

(lb)

The concept of an autoionization process has been an im-
portant factor in the understanding of the electronic pro-
cesses undergone by the transition-metal and lanthanide
series.

In a recent theoretical paper, Combet Farnoux
demonstrated that Auger and autoionization channels
were intercoupled. That is, one could not be treated in-
dependently of the other. Thus, a relationship is expect-
ed between the two. Such a relationship has recently
been demonstrated by one of the authors, using the
lanthanide data of Netzer and co-workers. It was shown
that, in every case, the easily identifiable 4d 4f autoioni--
zation process was coupled with the N4 502 3%6 7
Coster-Kronig Auger process. Further, the difference in
energy between these two processes was found to corre-
late with the electronegativity of the element.

It is the purpose of this paper to derive this relation-
ship and to explore its implications. Further, high-
resolution Auger spectra will demonstrate that the au-

toionization peaks have fine structure, and this fine struc-
ture will be shown to correlate, at least in part, with the
empty d-state density immediately above the Fermi level.

EXPERIMENT

Most of the Auger-autoionization data are available in
the open literature 2, 3,6 —&o, i3, is, &6, i8 —2&, 2s The experi-
mental work on pure metal foils of Sc, Ti, and Ta, to be
discussed below, was carried out on a PHI model S90A
Scanning Auger Microprobe. High-resolution Auger
spectra were recorded in the first-derivative mode, using
3-kV, 1-pA, electron excitation and 1-eV peak-to-peak
modulation. Immediately prior to analysis, the samples
were cleaned by low-energy Ar-ion bombardment.

DERIVATION OF THE AUGER-AUTOIONIZATION
RELATIONSHIP

The energy of an Auger electron, E„(XYZ), may be
written as

E~(XYZ) = Els(X) Ett( Y) Ett(Z—)—
—E(hh)+E~(r),

where Es(i ) is the binding energy of an electron in atom-
ic level i E(hh) is t. he interaction energy of the two holes
left in the final state, one from the XY transition and the
other from the Z transition; E„(r), the relaxation term, is
the sum of the energies due to the reorganization of the
remaining electrons, subsequent to both the XY and Z
electronic transitions. fogether, E(hh) and Ez(r) take
account of the extra-atomic polarization and relaxation
effects of the solid environment. In a similar fashion, the
energy of an autoionization electron, E,„„(XY'Z),
where Y' represents a previously unfilled level lying
above Y, may be written as

E,„„(XY'Z)= E~(X) Eti( Y')—
E~ (Z) +E,„„(r), —
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where E,„„(r)is the sum of reorganization energies for
XY' and Z electronic transitions; note the absence of a
hole-hole term in this one-hole process. Then,

b.E=E,„„E—„=E~(Y') E—ii( Y)+E(hh)+bE(r) .

(4)

Since Es( Y') =El'( Y),

20

bE =E (hh)+ b E (r) . (4a)

The b,E(r) values can be further simplified by noting
that, for the orbitals concerned, E (r ) =0 for the Z transi-
tion, ' so that b E (r) represents a difference of XY- and
XY'-transition reorganization energies. Unfortunately,
because Y and Y' always have different symmetries,
bE(r) cannot be set equal to zero. For the lanthanides,
for example, bE(r) was found to have the same order
of magnitude as E (hh); their sum, as in Eq. (4a), was able
to predict AE values quite closely.

10

CORRELATION OF hE AND KLKCTRONEGATIVITY

Electronegativity, y, is defined as the power of an atom
to attract electrons. Although often used qualitatively
and semiquantitatively, a more precise definition has been
elusive, until recently. With the present general accep-
tance of electronegativity as the chemical potential of the
electrons and the recent demonstration that this was
amenable to quantum-mechanical calculation through
density-functional theory, there has been a resurgence of
interest in electronegativity. This has led to a newly pub-
lished book describing recent advances.

As previously shown, both E~ and E,„„,as well as
their components, correlated linearly with electronega-
tivity, albeit with different slopes. Because each com-
ponent depends on the chemical potential of the sur-
rounding electrons, such a correlation is expected; the
different slopes manifest different dependences on the
chemical potential of the electrons for the various com-
ponents, whose understanding must await the results of
theoretical calculations presently being pursued. Because
these same components appear in Eq. (4a), bE
( =E,„„E„)also co—rrelates with electronegativity.
While the exact meanings of the correlation slopes for
E(hh) and b,E(r) must await the results of theoretical
calculations, it was previously noted that E(hh) is relat-
ed to the energy of the outer orbital emitting the Auger
electron and b,E(r) is related to the number of orbitals
across which the XY and XY' transitions occur and

1.0 1.5 2.0

FIG. 1. Plot of hE vs y for the first transition series; of the
two values of g=1.20, that at the major peak position of 34.5
eV is shaded.

which, therefore, have to rearrange.
Our initial attempt at correlation was made using the

data of Zajac et al. ' on the first transition series, from
Sc to Co. These were chosen because the Mz 3 VV transi-
tion is quite simple, having one Auger peak with its asso-
ciated autoionization peak. The measured peak positions
are found in Table I, along with the Allred-Rochow
electronegativities, and a plot is seen in Fig. I. Note that,
except for Sc (b,E = 13.5 eV at X= 1.20), all the points fit
on a straight line.

In order to clarify this, we performed a high-resolution
scan on a foil of high-purity Sc, sputter cleaned prior to
analysis. As seen in Fig. 2, there are two major peaks,
the one at -37 eV corresponding to the peak of Zajac
et al. ' at 34.5 eV. The peak at -45 eV is not obvious in

TABLE I. M2 3 VV Auger and autoionization-peak values for the first transition series.

Element

Sc
Ti
V
Cr
Mn
Fe
Co

Auger (eV)

21
24
29
35
40
45
57

Autoionization (eV)

34.5 (44)
41
45
49.5
46.5
52
63.5

aE (eV)

13.5 (23)
17
16
14.5
6.5
7
6.5

1.20
1.32
1.45
1.56
1.60
1.64
1.70
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FICx. 2. M2 3 VV Auger-autoionization spectrum of Sc.

the data reported by Zajac et al. , but appears to be so in
the Handbook ofAuger Electron Spectroscopy. In order
to maintain the same energy difference between the peaks
found by us and in the Handbook, the data of Zajac
et al. ' would be expected to have an autoionization peak
at 44 eV (given in parentheses in Table I). Such a peak,

at a AE of 23 eV, is seen to fit on the straight line extend-
ing through the other points in Fig. 1.

The region of the second autoionization peak, -45 eV,
is that expected for the M, VV Auger transition. To
differentiate between these two possibilities, the sample
was subjected to low-energy (i.e., Al or Mg) x-ray-

TABLE II. bE values found in the literature.

Element

V

Cr

Fe

Co

Ni

Zr

bE (eV)

13.5
13.5
23.0

17
13
16
19.5
24.5

16
16
17
16.5
15

14.5
13
13

6.5

7
5.6
8.4
5

6.5
4.9

5.9

10.1

Reference

13
present work
present work

13
25
9

present work
present work

13
25
10
21
19

13
25
20

13

13
16
18
21

13
18

18

21

1.20

1.32

1.45

1.56

1.60

1.64

1.70

1.75

1.22

Element

Nb

Mo

Ce

Pr

Nd

Sm

Eu

Tb

Dy

Ho

Er

Tm

Ta

b,E (eV)

34
35.5

31.5

35.5

31
31
33.5

33

30
30.5

32

31.5

32.5

32
34.5

36.5

9.8 (03 VV)
9.8 (02VV)
9.0 (03 VV)
9.0 (02 VV)

Reference

21

21

21
21

present work
present work

1.23

1.30

1.06

1.07

1.07

1.07

1.01

1.10

1.10

1.10

1.33
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induced Auger analysis because, as one of us has shown,
autoionization peaks are not produced. The absence of
both peaks (not shown) in the presence of a strong
M2 3 VV peak clearly demonstrates that the peak near 45
eV is an autoionization peak and not the M, VV Auger
peak. The reason for two peaks will be discussed shortly.

We have collected 47 values of hE for 23 elements,
comprising the transition and lathanide series. They are
found in Table II and are plotted in Fig.3. The points fit
ihe equation

DE+5. 1 eV=( —42.9+3.4)y+76. 4

with a correlation coefFicient of —0.893 90, indicating a
statistical significance of &0.9995. One must note that
this straight line was obtained in spite of the approxima-
tions made in deriving Eq. (4a) (Refs. 3 and 23) and the

— uncertainties in peak positions. ' ' ' ' Indeed, the un-

30

e 20
LU

certainty in hE, +5 eV, is that of determining the posi-
tions of each peak in complex spectra.

AUTQIONIZATION AS A PROBE
OF UNFILLED STATES

As previously noted, a simphstic view of CVV Auger
transitions would indicate that the total linewidth is twice
the valence-band width and that the line shape is the
self-convolution of the valence-band density of states
(DOS). Of course, this view is insufficient on a quantita-
tive basis, in that many-body factors, and their effects on
both linewidth and line shape, must be considered. In a
similar fashion, the autoionization peak should correlate
with the empty states just above EF, which are filled by
the resonant transition just preceding the autoionization;
this appears to have first been implied by Ramsey and
Russell. '

A comparison between the autoionization peaks and
these empty states is facilitated by recent data obtained
by bremsstrahlung isochromat spectroscopy (BIS).
This technique, also called inverse x-ray photoelectron
spectroscopy (XPS), uses a high-energy, monoenergetic
electron beam. The introduction of such electrons into
the empty states above EF releases bremsstrahlung,
which are measured to give the spectra, whose intensities
are proportional to the DOS. HIS spectra have recently
been obtained for the various transition series, as
well as the lanthanides. ' Their spectra are character-
ized by one or two broad peaks in the range 0—5 eV
above EF; they are listed in Table III. A comparison
with Fig. 3 is quite revealing.

If one were to pass a line through all the points of
those elements having only one peak lying in the (l —2)-
eV range (V, Cr, Mn, Fe, Co, Ni, Tm), it would also cross
the higher-energy autoionization shoulder of Ti and
comes near that of Sc, both found in the present study.

TABLE III. Peak energies of the unfilled DOS immediately
above EF.

Ener gy above E (eV)

10

1.0 1.5 2.0

Element

Sc
T1
V
Cr
Mn
Fe
Co
Ni
Zr
Nb
Mo
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Ta

I l

Reference

40
40
40
40
40
40
40
40
40

40, 42+
40

41, 43
41
41
41
41
41
41
41
41
41
41

41, 42+
FIG. 3. Plot of hE vs y: ( ), correlation of all points;

( ———), correlation of points having peaks 1 —2 eV above EF,'
(--—), correlation of points having peaks 3—5 eV above EF.

'The peaks in Ref. 42 occur about 1 eV higher in energy than
those in Ref. 40.
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This is seen, in Fig. 3 ( ———). Similarly, a line through
all the points of those elements having only one peak ly-
ing in the (3—5)-eV range (Nb, Ce, Ta) crosses the lower-
energy main peak of Sc, as well as that of Zr, Pr, Nd, Sm,
Eu, Gd, Tb, and Dy. This line is also seen in Fig. 3
( —- —-—). These two new lines, drawn as nonparallel ap-
proximations, clearly delimit the energy range of the
empty states lying just above E~. While these plots will
doubtless be improved as newer high-resolution autoioni-
zation data become available, it is clear that autoioniza-
tion peaks correlate with the empty states lying immedi-
ately above EI;. As with the Auger peaks, the higher
kinetic energy represents the lower electronic energy.

We are presently pursuing theoretical calculations, in an
e6'ort to understand this correlation.
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