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The L;My;M,;, LiMy;M,s, and LyM,sM,s Auger spectra of metals with both open and filled 3d bands are
presented and analyzed in detail. From these experimental data it is possible to derive two parameters, a hole
localization parameter A; and an energy parameter A€, which can completely characterize the Auger spectra of
the entire 3d transition-metal series. A, gives the quantitative extent of the delocalization of the 3d electrons in
metals with unfilled 3d bands. Through a knowledge of A, it becomes possible to quantitatively evaluate the
contributions of (i) the hole-hole interaction and (ii) the relaxation, to the total energy difference Ae between
single- and double-hole final states. Furthermore these parameters are correlated with the quasiatomic vs band

characteristics of Auger electrons.

I. INTRODUCTION

Recently, a number of investigators'-® have ob-
served and commented on the quasiatomic be-
havior of the XVV (X, inner shell; V, valence
band) Auger spectra in metals with filled d bands
such as Cu and Zn. Although the Auger electrons
originate from the valence d bands of these metals,
their Auger spectra show no evidence of band
structure, but rather exhibit free-atom features
with sharp peaks similar to Kr, Xe gases'®!! as
well as Zn and Cd vapors.'*'® This is in sharp
contrast to the alternative mode of deexcitation
by soft-x-ray emission where the observed photon
widths clearly include the occupied valence
band.'*!% The quasiatomic behavior of these
metal Auger spectra has been interpreted as the
withdrawal of electrons from the valence band
(and hence localization) owing to the two-hole
final state of Auger transitions as well as the pre-
ferential selection of these localized electrons
through the short-range Auger operator 1/r,,.%°

On the other hand, valence- and conduction-band
features have been reported in the literature for
the KVV Auger spectra of Be,'® and C,'” and for
the L,,VV spectra of Al,® Mg,'® and Si.!*2° Ap-
parently, the quasiatomic behavior of XVV Auger
spectra is not universal for all metals. In fact,
we®* have observed band character in the LM, M
Auger spectra of V and Cr, consistent with the
suggestion of Kowalczyk et al.? on the possibility
of electron delocalization for unfilled 3d shells.
In this paper, we specifically address ourselves
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to this apparently ambivalent bekavior (either
quasiatomic or bandlike) of the Auger spectra in
3d transition metals and attempt to characterize
it with experimentally measurable parameters.

So far, only the L, M M, Auger spectra of the
metals with filled 3d shells have been analyzed in
detail. For the present purpose we have studied in
depth the complete series of Auger spectra includ-
ing the L,M,; M,,, L ;M,, M, transitions in addition
to the L,M M, transitions of metals with both
open and filled 3d bands. We shall show that from
these experimental data, one may derive two
empirical parameters, a hole localization param-
eter and an energy parameter® which can com-
pletely characterize the Auger spectra of the en-
tire transition-metal series. The magnitudes of
these parameters are correlated with the extent
of quasiatomic behavior in these metals. Through
these parameters one may also directly obtain
an estimate of the total relaxation energies in the
Auger process. Simple theoretical approximations
of the relaxation energies will be given which are
in reasonably good agreement with the experi-
mental values. Recently Baro, Salmeron, and
Rojo®? have also studied the quasiatomic versus
band behavior of Auger spectra using a different
experimental approach. Rather than studying
various transition metals with different final-state
characteristics, they have studied the behavior
of Auger spectra with different initial states by
means of gas adsorbates. We note that the under-
lying physical ideas are rather similar, although

our respective approaches are different from each
other.
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FIG. 1. Vanadium metal photoelectron spectra (left)
and Auger spectra (right). (a) Before argon ion sputter
cleaning. (b) After initial argon ion sputter cleaning.
(c) After final sputter cleaning.

II. EXPERIMENTAL

The x-ray photoelectron spectrometer was
operated in a vacuum of ~1 X 10"® Torr. Magnesium
Ka, , x rays were used for excitations. The
Auger electrons were analyzed using a hemispheri-
cal electrostatic spectrometer of 11-cm radius.
To achieve high resolution (Gaussian full width at
half-maximum of ~0.4 eV), the Auger electrons
were retarded to ~60 eV before entering the spec-
trometer. Electrons were pulse counted and their
energy distribution was recorded with a multi-
channel analyzer in the multiscaler mode.

The samples were spectroscopically pure metal
foils, except for Cr, which was vacuum deposited
on an aluminum substrate. Sample surfaces were
sputter cleaned with argon ions at approximately
1.5kV, 0.2 mA/cm?, and 0.002-Torr pressure
until the oxygen K(1s) and carbon K photoelectron
peaks either disappeared or showed a minimum
intensity above background. The Fermi level was
calibrated against the gold- and zinc-metal photo-
electron spectra of Shirley?** and of Ley et al.?®

III. RESULTS

In order to ascertain the quasiatomic or band
behavior of Auger electrons we choose to compare
the L M M ,; spectra of vanadium and chromium
with those of copper and zinc. This is because the

final Auger state of Cr (3d?) is configuratively
equivalent to that of Cu and Zn (3d%), and the final
state of V is 3d'. Experimentally, however,
several difficulties arise. Both Cr and V are
rather active metals whose surfaces are easily
oxidized. It is difficult to remove the oxygen even
by prolonged ion-sputter cleaning. Furthermore,
the intensity of the L,M M, transition is quite
low owing to the small number of d electrons.
Nevertheless, as will be shown below, it is possi-
ble to obtain the correct spectra and the correct
interpretation with a minimum of ambiguities.

The vanadium photoelectron and Auger spectra
are shown in Fig. 1. It is seen that the oxygen
KL,;L,; Auger transition has almost identical en-
ergies with the vanadium L, M, M, transition,
hence interfering strongly with the vanadium
spectrum. The sequence A, B, and C shows the
progressive cleaning of the metal surface by ar-
gon-ion bombardment. For the uncleaned metal
foil (4), the oxygen K-photoelectron peak and the
oxygen KL, L,; Auger peak are quite prominent
and one expects a strong contribution to the V
L,M M, peak owing to the O KL,,L,, Auger
transition. In the cleaning sequence B and C, al-
though the oxygen K -photoelectron peak is signi-
ficantly weaker in C as compared to B, the same
degree of change is not observed in the intensity
of the Auger peak of interest (V L, M M —kinetic
energy ~510 eV). From this, one may conclude
that the interference due to oxygen impurity is
rather minimal for C.

Similarly, the sputter-cleaned chromium photo-
electron and Auger spectra are shown in Fig. 2.
Here, although the oxygen K-photoelectron peak
is stronger than in the case of V, the KLL Auger
transition energy of oxygen is sufficiently different
from chromium to cause no interference.

In Fig. 3, the LM, M,; Auger and the M, band
photoelectron spectra of V and Cr are compared
with those of Cu and Zn. (Note: The V and Cr
spectra are on a coarser energy scale than the
Cu and Zn spectra.) The following features are
noteworthy.

(a) The structures of L,M,;M,, spectra of Cu
and Zn are very similar to each other (both with
3d® final-state configuration), in spite of the pro-
nounced difference in their valence-band photo-
electron spectra.

(b) The observed L,M,, M, linewidths of Cu
and Zn are distinctly narrower than their photo-
electron bandwidths even when the contribution to
the photoelectron width from the incident Mg Ka
radiation (~0.8 eV) is taken into consideration.
(The Auger linewidth is of course independent of
the incident x-ray width, and the instrumental
broadening is constant for both Auger and photo-
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FIG. 2. Chromium metal photoelectron spectra (top)
and Auger spectra (bottom). “L,” is the photoelectron
peak from the L shell of Cr.

electron spectra.) This is in sharp contrast to
the expected self-convolution of the M, bandwidths
in the L M M, spectra.

(c) The line shapes and line splittings of Auger
spectra for solid Zn are distinctly similar to the
Zn vapor spectra of Aksela et al.'? where solid-
state and band effects are absent.

(d) On the other hand, the behaviors of V and
Cr are quite different. For V the Auger final-state
configuration is 3d', hence one would not expect
the presence of any LS-coupling multiplets. Yet
the observed V L M, M, width (independent of the
Mg Ko width) is larger than its M,; photoelectron

bandwidth (including the Mg Ka width). For Cr

the Auger final state is 3d® which is configuration-
ally equivalent to that of Cu and Zn (3d%). As can
be seen from Fig. 3, not only are the LS multiplet
structures missing in the L, M, .M, spectrum of
Cr but its width is also much broader than the M,
photoelectron band. It should be noted that in com-
paring the widths of L, M, M, spectra one should
also include the widths of the L, level. The mea-
sured L, widths for Cu and Zn are 0.54 and 0.66
eV, respectively.?® The observed L, photoelectron
widths of V and Cr (not shown) are also comparable
to those of Cu and Zn (which is to be expected
owing to the similarity in atomic number Z and

the absence of Coster-Kronig transitions). Thus
the L; contribution to all the L, M, M spectra
shown in Fig. 3 can be considered to be negligible.

From (a)-(d), one may conclude that whereas
the LM M, spectra of Cu and Zn are clearly
quasiatomic in character, those of V and Cr defi-
nitely do not exhibit quasiatomic behavior.

In order to better understand the effect of un-
filled 3d shells on the Auger spectra involving 3d
electrons, the complete L M, ;M,,, L, M,, M,
and L M M,; spectra for Fe, Co, Ni, Cu, and
Zn are shown in Fig. 4. We observe that:

(a) With decreasing atomic number Z, beginning
with Ni which has unfilled 3d shells, the L, M, M,
peak becomes very much broader compared to
Cu and Zn (filled 3d shells).

(b) In contrast, the characteristic structure of
the L,M,;M,; group remains essentially unchanged
throughout the transition-metal series.

(c) The L,L ,;M,, Auger transition does not in-
volve valence-band (3d) electrons directly. There-
fore one expects their behavior to be essentially
atomic. One observes that although the coarse
two-peak structure remains the same throughout
the series, there is a definite improvement in the
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resolution of the two peaks as well as a sharpening
of one of them with decreasing Z.

(d) With decreasing Z, the splitting between the
two components of the L, M,; M,; group decreases
faster than that of the L ,M,; M, group.

IV. EMPIRICAL CHARACTERIZATION OF THE AUGER
SPECTRA

It is possible to systematically characterize the
various features exhibited by the Auger spectra
shown in Figs. 3 and 4 by introducing two experi-
mentally measurable parameters. The physical
significance of these parameters and their deriva-
tion will be discussed below.

A. Energy parameter

We?! have previously introduced an energy pa-
rameter A€(jjk) defined as:

Ae(ijk) =[B@G) - B(j) - B(k)] - K(ijk), 1)

-
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FIG. 4. Ly 3MyMy, Ly 3sMyM,s, and L, 3MsM,5 Auger
spectra. From left to right, the ranges of kinetic en-
ergies are: Fe, 575-720 eV; Co, 630-800 eV; Ni,
690—875 eV; Cu, 759-943 eV; Zn, 805-1004 eV.

TABLE 1. Energy parameters.

A€ (LyMyMyy) A€ (LMysMys) A€ (LyMysMys)

Z Metal (eV) (eV) (eV)

23 V 4.1 (1.0) 2.0 (1.0) 0 (0.8)
24 Cr 3.6 (1.0) 2.5 (1.0) 1.3 (0.8)
26 Fe 7.1 (0.8) 4.3 (1.0) 2.6 (0.8)
27 Co 8.0 (0.8) 6.4 (1.0) 3.7 (0.8)
28 Ni 7.0 (0.8) 8.0 (1.0) 5.3 (0.8)
29 Cu 9.4 (1.5) 12.6 (0.5) 8.6 (0.3)
30 Zn 10.8 (1.5) 13.3 (0.5) 10.5 (0.3)

where B(i) is the experimental binding energy of
the ith shell observed from x-ray photoelectron
spectroscopy, and K(ijk) is the experimental ijk
Auger kinetic energy in a metal, both relative to
its Fermi level. The first term B () —B(j) —-B(®)
is the hypothetical single-hole final-state kinetic
energy of the ijk Auger transition whereas K(ijk)
is the observed double-hole final-state kinetic en-
ergy. Since the energy parameter essentially mea-
sures the difference between two kinetic energies
from the same sample, it is independent of the
reference level and other sample-related experi-
mental and systematic uncertainties. Furthermore
this parameter contains the total effects of intra-,
inter-, and extraatomic relaxation, and is inde-
pendent of the manner in which these effects are
partitioned. It gives a physically realistic esti-
mate of the net difference in relaxation between
single- and double-hole final states as well as
hole-hole interactions. Thus, qualitatively, large
values of A€ imply large changes in the valence-
electron energy due to ineffective screening, high
probability of withdrawal of electrons from the
valence band during Auger emission, high degree
of localization of electrons, and large likelihood
of free-atom behavior. Using A€ for the LM M,
transition we?* have qualitatively accounted for the
free-atom character of Cu and Zn in contrast to
the bandlike character of V and Cr shown in Fig. 3.
Later, with the introduction of a second experi-
mental parameter, it will be shown that quantita-
tive evaluations of these effects are possible.

The measured values of A€ in eV for all three
groups of Auger transitions (LyM,3M,;, LM, M,
and LM M,,) are listed in Table I. The experi-
mental uncertainties are given in parentheses.

In LM, ;M,; and LM, M, transitions where there
are two prominent peaks of approximately equal
intensity, the kinetic energy K(ijk) of the transition
is taken to be the average of the two peaks. It
should be noted that our A€ can be simply related
to similar parameters introduced by other
authors®?22:27-2% ypder various contexts.
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B. Hole localization parameter

As mentioned before, although A€ gives a quali-
tative characterization of the behavior of L ;M M
Auger spectra, it alone cannot provide quantita-
tive information because it is a consequence not
only of the net difference in relaxations between
single- and double-hole final states but also hole-
hole interaction. We shall introduce an experi-
mentally derived hole localization parameter A
which is governed only by the actual strength of
hole-hole interaction in the metal and is essentially

independent of relaxations.

To arrive at this localization parameter A we
note that in free atoms such as Kr with totally
localized electrons, the L,M,;M,, and L, M,, M .
Auger spectra are dominated by two prominent
peaks within each group,!® very similar to those
shown in Fig. 4. The splitting S between the two
peaks represents the strength of the atomic hole-
hole interaction in the Auger final state and is
related to the atomic Slater integrals. For exam-
ple, the splitting S,, between the two prominent
peaks 'D and °P in the L, M,; M,, Auger group is
governed by the Slater integral F2(3p, 3p).*° For
the L,M,, M, Auger group the assignment of the
two prominent peaks are less certain.!»1%27,3! Jf
one adopts the assignments of (*P,*F) for the low-

energy and (°P, D) for the high-energy peaks

which agree well with the theoretically predicted
intensities,*** then the splitting S,, in this case

is governed by the integrals G*(3p, 3d), F2(3p, 3d),
and G3(3p, 3d). From physical grounds one expects
the ratio Sm/S” for each element to remain es-
sentially constant over a limited range of atomic
number Z. This is indeed shown to be the case
from the Hartree-Fock calculations of Mann.3
Because S measures the difference in kinetic en-
ergy between two terms of the same Auger final
state from the same sample, all relaxation effects
cancel, and S is a function only of hole-hole inter-
actions. In the 3d transition-metal series, the

3p (M,,) electrons are fairly tightly bound with
binding energies between 30 and 90 eV, so that

3p holes can be considered as completely localized.
This assumption is further supported by the agree-
ment between the observed and theoretical (free-
atom) trend of S,, as a function of Z. Assuming

3p holes are localized, then the deviation of SM/S "
from a constant ratio can be considered to be a
consequence of the delocalization of the 34 hole.
Furthermore, since experimentally we know that
the Auger spectrum of metallic Zn (3d') is free-
atom like®? and shows identical structures with
identical splittings as that of Zn vapor (our Fig. 3
may be compared with the Zn vapor spectrum of
Aksela et al.'?), it is reasonable to assume com-
plete localization of the 3d holes in Zn. For Z

>30 (Zn), 3d levels have become corelike, thus one
can also assume complete localization of the 3d
holes. In fact, using our Zn data and the As (Z
=33) and Se (Z = 34) data of Roberts, Weightman,
and Johnson,?”»* we find that S,,/S,, for all three
elements are indeed identical to within experimen-
tal error (see Table II). Therefore, it is con-
venient to define and normalize the localization
parameter ), (subscript indicating d hole) in the
following way:

—_ Su/Ss
(SM/SPP)Zn, As,Se

™

1S
% 1235, @

P

We have A,=1 for Zn, As, and Se (Z = 30) and
0=2x,=1 for other metals with Z <30 and unfilled
d shells. ;<1 signifies a hole-hole interaction
weaker than that of two completely localized (free-
atom like) holes, and hence, delocalization. Re-
cently Citrin et al.3* have also discussed the in-
teraction between nonlocalized holes in the con-
text of interatomic Auger transitions in ionic
compounds. We emphasize that A, is completely
empirical. The measured values (in eV) of S,
Sps» and A, are listed in Table II, with the experi-
mental uncertainties given in parentheses. Figure

TABLE II. Localization parameters.

z Metal Sy (eV) Spy (€V) Spa/ Spp Ag

23 A\ 6.8 (1.0) 2.4 (0.6) 0.35 (0.16) 0.28 (0.10)
24 Cr 6.8 (1.5) 3.0 (0.5) 0.44 (0.20) 0.35 (0.11)
26 Fe 6.1 (0.6) 4.4 (0.5) 0.72 (0.11) 0.57 (0.13)
27 Co 6.9 (0.8) 4.8 (0.5) 0.69 (0.13) 0.55 (0.14)
28 Ni 7.0 (0.8) 6.4 (0.5) 0.91 (0.13) 0.72 (0.14)
29 Cu 7.5 (1.0) 8.0 (0.5) 1.07 (0.15) 0.85 (0.17)
30 Zn 7.6 (1.0) 9.6 (0.5) 1.26 (0.15)

332 As 9.7 (0.5) 11.7 (0.5) 1.21 (0.10) {1.23 (0.16) 1.00 (0.13)
34° Se 10.0 (0.5) 12.2 (0.5) 1.22 (0.10)

2Reference 31.

® Reference 27.
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FIG. 5. Hole localization parameter A; vs atomic
number Z. Filled circles, derived from experiment;
filled triangles, calculated from Ae (L3 MysM,;) and
optical data; crosses, calculated from Ae(L; MysM;s)
and theoretical A§ of Gelius and Siegbahn. Calculated
values are systematically higher than experiment indica-
ting overestimation of the localization of 3d holes.

5 graphically shows the variation of A\; as a func-
tion of Z. It is evident that ), is very small for
V and Cr where the 3d band is far from being
filled. This high degree of delocalization of the
3d hole, and by implication, highly efficient
screening, is consistent with the presence of the
band structure in the Auger spectra of V and Cr
(Fig. 3).

C. Empirical changes in relaxation energies

Using the two empirical parameters A€ and A,
it is now possible to quantitatively characterize
the Auger spectra in Figs. 3 and 4. The energy
parameter as defined in Eq. (1) can be written

Ae(ijk) =[BG) - B(j) - B(k)] - K(ijk)
=[B@) - B(j) - B()] - [BG) - B*(jk)]
=B*(jk) - [B(j) +B(#)]
=B*(jk) - B(jk) . (3)

Here B*(jk) indicates the effective combined bind-
ing energies of j and & electrons in the double-hole
final Auger state and B(jk)=B(j)+B(k). The
kinetic energy K(ijk) of the Auger electron is fre-
quently written as B(i) - B(j) - B*(k),, where

B*(k), indicates the binding energy of the % elec-
tron in the presence of the j hole. Although con-
venient, physically this is somewhat artificial
since it considers the Auger emission as a two-
step process, i.e., first, the filling of the 7 hole
by the j electron and then the & electron is ejected
with an increased binding energy of B*(), due to
the presence of the j hole.

Actually the same Auger final state may also be
reached by the ejection of the j electron with the
k electron filling the 7 hole. Hence one might also
expect that K(ijk)=B (i) - B*(j), - B(k). However,
in a solid if j and & are from different shells
(e.g., let j be inner shell, % be valence band), then
the change in screening, and hence total relaxation,
would be quite different between these two cases.
Thus in general,

B() —B(j) - B*(k),#BG) = B*(j), - B(k)

in a solid even though they describe the same
Auger transition in this two-step representation.
(Such problems do not arise for the special case
of j=k as far as the kinetic energy is concerned.)
Therefore we write K(ijk) as B(i) - B*(jk) to indi-
cate the interrelated character of the binding en-
ergies of j and % electrons due to the double-hole
nature of the final Auger state.

Equation (3) then gives a physical representation
of the energy parameter, thatis, the net energy
difference between double- and single-hole final
states. The two components of this energy differ-
ence are hole-hole interaction and the total relaxa-
tion difference. Since the localization parameter
is independent of the relaxation as mentioned
earlier, we may write

A€(ijk) =B*(jk) — B(jk)
=X M FO(i, k) = Ag(j, B), @)

where Ap is the total relaxation difference between
single- and double-hole final states and we have
assumed that the Slater integral F° to be the dom-
inant term of the hole-hole interaction. Since

A, =1, we get

Ai(Lststa) =F°(3p, 3p) - AR(Sp, 3p), (4a)
A€(L My M) =2, FO(3p, 3d) — Ag(3p,3d), (4b)
A€(L,M 5 M) = N2FO(3d, 3d) - 6g(3d,3d) . (4c)

In the last case, )2 probably represents a lower
limit, because the delocalization of the second d
electron may be diminished somewhat as compared
to the first d electron. From the values of A€ and
Ay in Tables I and II, we may use Eq. (4) to calcu-
late A,. The results are listed as A, (obs.) in
Tables III and IV.

It is interesting to note that for the inner-shell
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TABLE III. Total relaxation energy differences in eV for LiMM,s transition. Ag(obs.) are
obtained from the experimental data using Eq. (4). Ag(calc.) are obtained from Eq. (10) by using
A2 from both optical data and the theoretical calculations of Gelius and Siegbahn as quoted in Ref. 22.

Ag(calc.)
Z  Metal Ae(LzMyMy;)  F°(3d,3d)  A3F°(3d,3d)  Aglobs.)  Opt.  Theor.
23 v 0 18.7 1.5 1.5 0.9 1.1
24 Cr 1.3 18.4 2.2 0.9 1.5 1.7
26 Fe 2.6 23.4 7.5 4.9 5.1 5.7
27 Co 3.7 24.8 7.4 3.7 5.6 5.5
28 Ni 5.3 26.3 13.7 8.4 9.7 10.1
29 Cu 8.6 26.0 18.7 10.1 13.9 14.7
30 Zn 10.5 29.1 29.1 18.6 22.1 21.7

transition L,M,; M,, (Table IV), A, (obs.) is large
and does not decrease significantly with Z from
Zn to V (23-20 eV). This implies a high degree
of localization, large relaxation of outer electrons,
both atomic and extra-atomic in the double-hole
final state, and ineffective screening. This is in
agreement with the observed free-atom character
of this transition. In such cases the Z +1 equiva-
lent core approximation is probably valid. In
contrast, for the L, M,; M, transition (Table III),
Ay (obs.) decreases very rapidly with Z (19-1 eV),
indicating much delocalization and very effective
screening, bringing about band structure at low
Z. In such cases of very effective screening the
Z +1 equivalent core approximation may not be
valid. This behavior is graphically displayed in
Fig. 6. As expected, the behavior of Ay in the
L, M,,M,, transition (Table IV) is intermediate
between the others (not shown in Fig. 6).

In Sec. V, semiempirical calculations of A and
Ap will be given, and the calculated values may
then be compared with the observed values.

V. SEMIEMPIRICAL CALCULATIONS
A. Localization parameter

We may also calculate the localization parameter
using the experimental A€ values, and the appro-

priate atomic integrals and optical data. For a
free atom in the frozen-orbital limit where the Koop-
mans theorem is assumed to be valid, and taking
advantage of the fact that for the L,M M transi-
tion the two 3d electrons are equivalent, the ener-

gy parameter A€(L, M, M,,) simply becomes the
Slater integral F°:

A€(L M 4 M,;) = B*(3d, 3d) - B(3d, 3d)

=B*(3d) +B(3d) — 2B(3d)
=B*(3d) - B(3d)
=F°(3d, 3d) . (5)
In reality, the atomic orbitals are different be-
tween the single- and double-hole final states. We

denote the binding energy change as atomic relaxa-
tion®*3¢ A%, Thus for free atoms,

B*(3d) - B(3d) =F°(3d, 3d) — A% . (6)

In a metal, there is an additional difference in
extra-atomic relaxation®® A% between single- and
double-hole final states. Hence:

A€(L M M, )=F°3d, 3d) — A% — A%
=F°(3d, 3d) - A (7)

Here we have defined the total difference in re-
laxation Ay as:

TABLE IV. Total relaxation energy differences in eV for LyMyM,; and LyMyM,; transi-
tions. Ag(obs.) are obtained from the experimental data using Eq. (4). Ag(calc.) are ob-
tained from the theoretical values of Gelius and Siegbahn as quoted in Ref. 22.

L3My3 Moy LyMp3Mys
Z Metal F°(3p,3p) Aglobs.) Ap(theor.) Ag(calc.) F%(3p,3d) AF°(3p,3d) Aglobs.)
23V 24.0 19.9 7.8 16.7 21.0 5.9 3.9
24 Cr 25.2 21.6 8.8 17.2 21.2 7.4 4.9
26  Fe 28.4 21.3 10.6 20.5 25.6 14.6 10.3
27 Co 29.9 21.9 11.6 21.9 27.0 14.8 8.4
28 Ni 31.3 24.3 12.6 23.2 28.5 20.5 12.5
29  Cu 32.5 23.1 14.4 24.2 28.8 24.5 11.9
30 2Zn 34.2 23.4 14.4 25.6 31.3 31.3 18.0
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FIG. 6. Observed relaxation energy difference Ag in
eV vs atomic number Z for the transitions LyMy3M,;
and L 3MysMys. Agp(Ly MysM,s) decreases sharply with
Z as a consequence of the delocalization of 3d holes.

Ap= AL+ AR,

Kowlaczyk et al.* have pointed out that A3* may
be approximated by F°(3d, 4s) when the 3d electrons
are completely localized, because then the screen-
ing charge may be regarded as an electron of 4s
character drawn and localized on the double-hole
atom of interest. In this approximation:

A€(L,M M, )=F°(3d, 3d) — AL —F°(3d,4s). (8)

The three terms on the right-hand side of Eq.
(8) are all atomic in character even though they
describe A€ in a solid. This is not surprising for
solids whose 3d electrons are completely localized
such that the 3d levels are essentially corelike

levels. To account for the delocalization of the
3d electrons, we introduce the localization param-
eter A, so that

A€(L M M) = N2[FO(3d, 3d) - AL ~F°(3d, 4s)] .
)

Because delocalization is explicitly accounted for
by A2 in Eq. (9), we feel there is no need to use
equivalent core approximations for the free-atom
terms in the brackets.

The A% term for the L, M, M,  transition is
evaluated from two different sources. In the first
approximation, we use the optical data tabulated
by Moore.*” Here the left-hand side of Eq. (6) is
taken to be the ionization potential difference be-
tween a specific ion with initial 3d"4s°® and 3d"'4s°
configurations. This difference is then subtracted
from F°(3d, 3d),% to obtain A2 for a given element
according to Eq. (6). These values are listed in
Table V as A2 (optical). It should be pointed out
that in using 3d"4s® as an initial configuration, the
atom is already once or twice ionized. However,
the 4s electrons are the outermost electrons, thus
the effect of their absence on the ionization poten-
tial difference for the 3d electrons is assumed to
be small. Alternatively, one could also use the
calculated values of A% of Gelius and Siegbahn as
quoted by Kowalczyk et al .?®* In their notation A2
is the static atomic relaxation energy which is
equal to twice the dynamic relaxation energy E as
calculated by Gelius and Siegbahn. These values
are also listed in Table V as A} (theoretical). We
see that A} obtained by the two methods do not
differ from each other significantly.

Since A%, F°(3d, 3d), and F°(3d, 4s) are known
in addition to the experimentally measured values
of A€(L M, M,;), we can calculate an approximate
value of the localization parameter )\ for the tran-
sition metals from Eq. (9). These results are
given in Table V and shown in Fig. 5. Considering
the approximations, the agreement of either cal-

TABLE V. Comparison of observed localization parameters A;(obs.) with those calculated
from Eq. (9). A} is obtained either from optical (opt.) data or from theoretical (theor.) cal-
culations of Gelius and Siegbahn quoted in Ref. 22. Experimental uncertainties are in paren-

theses. Interpolated values are starred.

A€(LyMysMy;) F°(3d,3d) F°(3d,4s) AR Ag(cale.)
Z Metal (eV) (eV) (ev) Opt. Theor. Opt. Theor. Ag(obs.)
23 v 0 (0.8) 18.7 8.7 3.2 5.0 0 0 0.28 (0.10)
24 Cr 1.3 (0.8) 18.4 8.2 3.9 (6.0)* 0.45 0.56 0.35 (0.11)
26 Fe 2.6 (0.8) 23.4 9.8 (6.0)* 7.8 0.58 0.67 0.57 (0.13)
27 Co 3.7 (0.8) 24.8 10.1 8.4 8.2 0.77 0.75 0.55 (0.14)
28 Ni 5.3 (0.8) 26.3 10.5 8.3 9.0 0.84 0.88 0.72 (0.14)
29 Cu 8.6 (0.3) 26.0 9.7 9.5 10.6 1.12 1.23 0.85 (0.17)
30 Zn 10.5 (0.3) 29.1 11.1 (11.0)* 10.6 1.22 1.19

1.00 (0.13)
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culated values with experiment is quite satisfacto-
ry. As one might expect from the foregoing dis-
cussion, the calculated values indicate a systemat-
ic overestimation (larger A,) of the localization

of 3d holes as well as the screening charges.

B. Total change in relaxation energy

As another alternative we may also calculate
the total change in relaxation energy Ay in the ap-
proximation scheme mentioned above. For the
L,M M, transition, by comparing Eq. (9) with
(4):

AR(3d, 3d) =12[ 2% + F°(3d, 4s)] . (10)

Using the A, derived from the S,, data and the
A% from either optical data or the theoretical cal-
culations of Gelius and Siegbahn we obtain the set
of A (calc.) values listed in Table III. Again the
systematically larger A, (calc.) values under-
score the overestimation of the localized nature
of extra-atomic relaxation in our approximation.
For the L,M,, M,, transition one cannot use the
same procedure to obtain A% from optical data.
In this case the difference in ionization potential
between the free ions of 3p%3d° and 3p°3d° configu-
rations will be far greater than that of 3p%3d" and
3p53d" owing to the high degree of ionization
[e.g., Cr(VII) and Cr(VII)]. Hence we only use
the theoretical values of Gelius and Siegbahn as
quoted by Kowalczyk et al.?? The calculated total
relaxation change A, (calc.) obtained this way
(Table IV) compares quite satisfactorily withA ,
(obs.) and shows no systematic trend. We think
this is because the L M ,3M ,; transition involves
two truly localized electrons (x,=1) so that in this
case the approximation of localized extra-atomic
relaxation is much more realistic.

V1. DISCUSSION

We have presented the detailed Auger spectra of
the 3d transition-metal series and attempted to
quantitatively characterize them by the empirically
derived energy and localization parameters A€
and A. Previously, these Auger spectra of ele-
ments with open 3d shells have not been studied
in detail and it is extremely difficult to calculate
or predict the extent of the delocalization of the
3d electron. Now with the introduction of these two
parameters, a physical understanding of the be-
havior of such Auger spectra, especially those in-
volving 3d band electrons, becomes possible. The
salient points are summarized below.

(a) A, gives the quantitative extent of the deloca-
lization of the 3d electrons in metals with open
3d shells. Because 1, is derived from experiment,
it is physically realistic.

(b) Through a knowledge of A, we are able, for
the first time, to quantitatively isolate and esti-
mate the respective contributions of (i) the hole-
hole interaction, and (ii) the relaxation, to the
total difference in energy A€ between single- and
double-hole final states.

(c) It is evident from Fig. 4 that the main struc-
ture of the L, M,,M,; transition remains unchanged
as one moves from a filled d shell (Zn and Cu) to
open d shells. Only the splitting S,, decreases at
a faster rate than that of the L, M,,M,, structure
(S,,) as the number of d electrons decrease and
become more delocalized. This implies that the
L,M,, M transition retains its free-atom charac-
ter throughout the transition series. The delocali-
zation of d electrons (smaller ),) serves to de-
crease the hole-hole interaction and decrease the
relaxation change (Ag), but not sufficient to bring
the band influence into this transition. Looking at
it another way, because the considerable differ-
ence in screening between a 3p (inner) hole and a
3d (valence-band) hole, the energy change repre-
sented by A€ is almost entirely imparted to the
3d electron alone. Thus even when the value of
A€(L,M,,M ;) is rather small (e.g., 2 eV for V),
the 3d electron can still be withdrawn from the
band and a free-atom-like Auger structure results.

(d) For the L,M M, transition the situation is
quite different. Here both electrons originate
from the 3d band. The net energy change repre-
sented by Ae(L,M M,;) is shared by both equiva-
lent electrons in a one-step Auger process.
Hence, unless A€ is quite large such as in Cu and
Zn (9-10 eV) so that both 3d electrons can be
withdrawn from the band, for smaller values of
Ag, this transition will retain its band character:
This is not only evidenced by the decrease in X,
with Z (Fig. 5), but also the rapid decrease in A
with Z (Fig. 6) indicating increased delocalization
and very effective screening. We think this is
likely to be the case from Co to V (A€ =4-0, Ay
=0.5-0.3) as shown by the large broadening in
structure in the L, M M, group. Ni may be some-
what of a borderline case.

(e) In our discussion so far we have treated the
structure of the Auger spectra exclusively in
terms of the two-hole final state, be it free atom
or bandlike. This is justified in the case of
L MM transitions because the width of the initial
L, hole is small (~0.5 eV) compared to the 3d band
and the observed Auger structure, as discussed
in Sec. III. Thus the L, width does not contribute
significantly to the width of the Auger lines. In
the case of Coster-Kronig transitions of the type
M, , ;VV the width of the initial vacancy is ~2 eV
for Cu and Zn,* and therefore can contribute sig-
nificantly to the resulting Auger linewidths. Such
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broadening caused by the initial vacancy width
may make the interpretation of these Coster-
Kronig spectra difficult.

(f) As expected the L ,M,,M,, structure re-
mains free-atom-like throughout the series in-
cluding As,** and Se.*” The assignment of the two
prominent peaks is generally thought to be 'D
(1eft) and 3P (right) with the S (far left) too weak
to be observed.!»?"»3! 1t is interesting to note,
however, that the observed splitting of these two
peaks S,, is consistently a factor of 2 larger than
the theoretical value®®*® of £F?(3p, 3p), although
it follows exactly the theoretical trend as a func-
tion of Z. (We note that this discrepancy has no
effect on the localization parameter X.) On the
other hand, the observed splitting of S,, for the
L M,,M  transition with filled 3d shell (A, =1)
agrees rather well with the theoretical value (e.g.,
for Cu the calculated and observed S,, values are

7.7 and 8.0+0.5 eV, respectively, and for Zn, 8.5
and 9.6+0.8, respectively). Furthermore, as
shown in Fig. 4, the 'D peak of the L, M,,M,,
group becomes progressively broader with de-
creasing Z (unfilled 34 bands) while the °P peak
shows the opposite trend. At present we do not
know whether such behavior is due to many-body
effects or some other mechanism.
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