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- ABSTRACT

| The LthSMhS_and LéMhSMhS Auger spectra of cléaﬁ ﬁetal1ic éépper and
zine were measuréd. A theory was developéd to predict the Auger energies. The
theory employs experiméntal electron binding energies, vhich were also measured,
'_ twoeelectron inteéféls; and Hartree~Fock energies. Iﬁ accounts for multiplet
splitting invfhe:dv8 final state, predicting‘multiplet sfrﬁcture in excellent
agréement withiéxpefiment in zinc énd in very good agreément in copper. It
aléo accounts for "static" atomic relaxation‘andvfor statié extra-atomic
'relaxatlon (screenlng) which is related to the Friedel theory of alloys. The
_theory developed here predicts the Auger.energles to”w1th1n l eV in zinc and
2-3 eV in ¢oppér; Since atoﬁig integrals were used, the success of the theory
implies that an atomistic'apprOach‘to‘Auger energies is‘valid for these métais.
The magnitude of the'extrg-atomic‘rela¥ation energy (v 10 eV) suggests that
it mﬁ& be a cfﬁcial factor in Auger énergy shifts arising from chemical

environment or surface condition.



-

1- - LBL-1641

I.  INTRODUCTION
The Auger effect has both fundamental interest as.a relatively simple

atomic process'énd very greét practical importance because of its analytical

'sensitivity. ZNevertheleSSVthere has been until now relatively little work

directea toward a_really Qﬁantifative understanding of the magnitﬁdes of
Auger‘énergiés.in soiids.. Recently a previously4neglé¢ted relaxation effectl
was combined ﬁith the final-state‘infermediate-coupling theory of Asaad and
Burhop2 to predict-KLlLi Auger energies from empirical binding energies‘and
atomic two;electron'infégrals.3 This épproach has been successful in
predicting the positioné_of 8ll nine components of the KLL Auger spectrum.

In the more preciﬁe measurements of Auger energies that are possib1e in the

. 1MM spectra of transition metals, it should be possible to detect subtle shifts

arising from'extra-atomic'reiaxation of the type identified earlier in binding-
energy studies.5 In this paper we report LMM Auger spectra in Cu and Zn, and
explain the'Augér energies quantitatively in terms of atomic and extra-atomic

relaxation.
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1T, EXPERIMENTAL
* The experiments were carried out in a Hewlett-Packard 5950A ESCA

9

Spectrometer modified.tb operate at a pressure'6f7< 10_ Torr after}bakingQ
-High-purity single crystals of Cu and Zn were cleaned}by-afgon ion bombardment
until the surfacés were free of carbon and oxygen (< 0.3 monoléyer).v The sampies
were irradiated Qifh monochromatized Al Ko x rays and the LMM Augerveiectrons were
analyzed. _Oﬁe—electron binding energies were also meaguréd. In each caée
the LMM Auger spectrum had most of its intensity in thfee regions of kinetic
energy. We Shall discuss here only the most energetic of the three regions
for both Cu and Zn, because the other two are.not yet weil—enough resolﬁéd
to allow unambiguous data analysis. Thué we shall concentrate on the kinetic
energy regions 900 - 950 eV for Cu and 970 - 1030 eV for Zn.

| In each case the specfral area selected consists of two groups of lines

separated by the L2 - L, binding-energy difference. Preliminary analysis

3
show;_that thesg can.only'be the L3Mh5Mh5 and LQMHSMhS groups, in agreement

with earlier analyses of the stronger L3Mh5Mh5 group.6
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JITI. THEORY
'The LMhSMhS-Auger process can be written as the algebraic sum of three

simple steps.. In Zn, for example, these may be written

"a)  Zn+zn@)t + e E(L)
1) Zn > Zn(ﬂh5)+.+ e E(M), )
e) zall, )"+ (2 )" ¢ & EOMX) - (1)

where the energy of each process is written on the right, and X denotes the
term designatién of the two-~hole final sfate. Here steps (a) and (b) are
éimply.the ionizatiqné of ah L or Mhs electron, the»energies of these steps
are'just the appropriate binding energies, referred to the Fermi enérgy. Our
experimental binding—eneréy‘values are given in Table I. .Step (c) is more
compliéated. It is also an MMS binding engrgy,‘but in fhis case with a hole
alregdy’in the 3d shell (the Mhs shell) in the initial state. The extent to
which fhe first 34 hole can be regarded as locaiized, and the two final-state
MhS holes éoupled:as if they belong to the'same atom; is a priori a moot |
point for open 3d-shell transition metals., In Zn, however; thé 3d shell is
filled and well below the Fermi energy, so it should be safe to consider the
3d holeé as localized. The validity of this approéch for Cu woﬁld be more
difficult to justify g:Eridri, because the 3d "band" iﬂ Cu is bound by an
average enérgy of only 3 eV relétive to EF. The Cu 3d band is also broader
than a gore level peak would be, and it extends up to within 2 eV of EF; The
tonCu 3d holes in thé final state have nonetheless been treated as localized

‘in the interpretation reported below, and this approach sgrees well with

experiment.
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The energy of step (c) in Eq.‘(l) can be relatedAfo that_of,step (b);
the one—electron blnding energy E(MhS) ‘Two additional'ferms are necessary, -
however. The first denoted fz(MhSMHS’X) accounts for multlplet coupling
in the final state‘X The multiplet" term is easily worked out for the d8
conflguratlon u51ng multiplet coupling theory7 and Mann s’ Slater 1ntegrals.3
The general express1ons for §‘(Mh5Mh5,X) for the five final states that can be
7 : .

formed from_d8 are

(*s) = ¢° f %{?? + %-F .
(.3P) = +-}(-F2‘- %Fh
,(lq) - FO + ﬁ%’F2 . ﬂ%f Fh‘
(_lD)' = F -.%— o+ %Fh
| (3F) % F0 __é%_f2 -’ﬁ%‘Fh. . » o B E . | | (2)

Here the orbital notation is suppressed for brev1ty. The-Slater'integrals
are’ Fk(3d 3d) for k =0, 2, h The calculated values of §z(X) are given in
Table II. The use of ¥ (X). alone would be equivalent to meking a partial

Mfrozen orbital" approx1mat10n, in which multiplet splitting 1n the two—hole

final state is accounted for. The gyg ic relaxation energy, ER accompanying

photoemiss1on is also taken into account 1mp11c1tly, by u51ng the emplrical
.3d binding energies. By dynamic relaxation energy we mean the amount by
which the 3d binding,energy,is lowered from the orbital-energy (Koopmans'

theorem8) estimate through relaxation of the passive orhitals during electron

emission. From'the optimized Hartree-Fock-Slater results of Rosén and Lindgren,

ER has a value of 5.3>eV for a Cu 3d electron in atomic copper.

\-;'
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The secopd term that must be combined with E(Mhs)-ip order to give
en‘aeeurate estimate of E(Mﬁé;X)'in Eq. (1) is a correction term accounting
for an additioha;’felaxation energy ., which we shall denotefas,R(MhSMhs). This
is a stetic relaxetion‘eneréy. It is the amount by which the bindiné energy
of the second 3d electron (step (c) of Eq. (1)) is reduced because its Hartree-
Fock potential is madeﬁmore repulsive when the passive electrons relax toward
the hole 1ef£ by th_e first 3d electron, 'in'step. (b) of Eq. (1). 1In the
HartreeQFock'formalism:R(MhSMhs) would appear as a decrease in the magnitude ,
of the orbifal energy € of the second 3d electron aftef step (b). It is therefore
termed a’stetic relaxation energy to distinguish it from the dynamic relaxation

energies E tha@ occur ‘during ionization in both step (b) and step (c), as

R
discussed above. Of-course thie‘division into static and dynamic relaxation
energies is an artifact of reachiﬁg the two-hole state.by the hypothetical two-
step process (steps'kb) and (c¢) in Eq. (1)). Other paths:ﬁouid'give different
~divisions: in'evohe-step ejeetion of both electrons, for example, the
relaxation energy would be eompletely of the "dynamic" variety. The total
relaxation energy (and the Auger energ&) is of course independent of tﬁe path

' chdsen for its ealcuiation;v In most Auger—enefgy calculations,vincluding

this one, the'twe—step pathAis chosen to take advantage of the fact that the
ohe—electroh binding energies are known, | |

Having considered these two contributions to step (c), we can now

write E(MZS;X) as

..E(Mzs‘;‘x).; E,('Mﬁs) + Fn, i X) - ROMM,) . | (3)
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To calculate R(MMSMhS) we éhall.first‘formally divide_ip-into two parts, .
B(MASMHB) ; R(MhSMhs + R(MhsMhs) R T B ' . (L)

where the atomic statlc relaxation term: R(MMSMHS)a’ is the static relaxatlon
energy, dlscussed prev1ously 1,k that a free copper or zinc atom would have,
and R(MhSMHS) is an addltlonal extra-atomic relaxatlon energy that arlses
from electronic relaxatlon toward the 3d hole from the surroundlng lattlce.
It is relativelylstraightforwa?d to'estimate R(MHSMhS a because, following
the work of Hedin and Johansson,lo tﬁis term shoﬁldvbe twice tﬁe dynamic

1,4,5.

relaxation contribution ER(MhS)‘ Using Rosén and Lindgren's value of

5.3 eV quoted above for Cu, we therefore have
- . -
R(MhsMhs,Co)a ‘ 10.6 ev .

No SCF results for a 3d—hole state in Zn are avallable, to our knowledge. We
could just ‘use the above estlmate for Zn as well with llttle addltlonal
error, but it is also p0551ble to 1mprove on thls estlmate somevwhat. The

vatomic,relaxation‘energy can be divided intovinner-shell,‘intrashell, and

outer-shell contributions. Following Hedin and Johansson,lo'we infer that

the first two should be essentially the same foeru(3leHs) and Zn(3d19hs2).

The additional outer-shell relaxatioh_energy erising from the additional U4s
electron'in Zh.may be estimated from Mann's‘integrals,3‘using the equivalent-

1,5

cores method,™? asv
a0 12 |
[F° (3d hs) - 356 (3d hs )] Jium [F(3a 95)_- = 6°(34 ls)]

zine

=l.7€v Vo
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We thus estimate
R(M M) 37n) = 12.3 eV .

The extra-atomic term is more diffiéﬁlt to estimate with any degree of
reliability. This term should be quite sehsitive to the enVironmeht, and

probably the most important consequence of our analysis is to call éttehtion

~ to the magnitude of this enviromment-sensitive term in the Auger energy. In

the cases at hand we are dealing with metals, and it seems safe to assume that

the extra unit of charge induced on one atom in the periodic lattice by the

appearance of a hole in the filled 3d shell will be completely screened by the

conduction”electrons. This assumption is the cornerstone of much of the
' 11,12 -

theory of alloys. A formal statement is given by the Friedel sum rule

s .2 | o ~
pe2 ) @iy . , e
' L ‘ o
Here QJeI is the excess charge on an impurity atom in an otherwise periodic
lattice, and nL'is the resultant phase shift induced in the Lth conduction-

electron_partial wave at the Fermi momentum k by the_impufity, regarded as a

_ F
scattering potential. A Zn atom with a 3d hole in a Zn lattice has 2 = 1. The
phase shifts_nL(kF) must therefore give a positive sum in Eq. (5), such that

a total of one state falls below the Fermi energy and becomes occupied.

The Friedel sum rule is a general self-consistency condition on the

lattice potential. As such it must be applicable to this case--a localized

- 3d hole in the Zn lattice. "Because of its generality, however, the sum rule is of

limited value in the expliéit calculation of R(Mhs,Mhs)e; Furthermore, the .
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potential ih.this problem is more diffusevthen in most alloy problems;:because
of the radial extension'of‘the 3d hole.reletive to a "point" charge at the
nucleus. We cen;'however,‘estimate the screening length of an electron gas

for a point charge from the Fermi—Thomes'model asl3

‘This estimate glves 2’¢ O.SiA;for'both-Cu'and Zn. Such a short screening

length 1mp11es that the 1ocallzed 34 hole must be almost totally screened by the

- 1nduced screenlng charge on the hole-state atom itself. If we assume this to

_be the case we can estlmate an.gpperrllmlt for R(Mhs’MMS)e° From the positions
sf Cu‘and.Zn in the Periodie Taﬁle, it.is expected'that the s and p partial
waves shduld.qo most of the.screening. In‘the vicinity of the 3d—hole atom
 £he atomic-csmponents Of theSe'sereening st&tes:should be approximately

' described.by etoﬁie_orbitals hsving principal quantum number n = 4., Thus an

upper limit for R(MhnghS)ésﬁoulQ_be'given.by.the'electrostatic energy of

interaction between a 3dvelectren and a ks or hp_electron,.
R(Mhs,MhS) =0 (3d hs) 56 (3d bs )

or  (3a,4p) - 35 ¢-(3a,4p) - 3(3d o) n
Using Mann's tebles,3 we find 9.6 eV and 11.0. eV for the 3d,bs 1nteract10ns in
atomic Cu and Zn respectlvely, and 9 6 eV for the 3d hs 1nteraction in atomic
galllum,.the_flrst element-with a hp electron in its ground state. Since the
nominal configuratidns of'Cu and Zn are a-%s and dlosz,_wevshall'use the 3d,bs

energy for estlmatlng R in Cu and the (galllum) 3d ,4p energy for R in Zn.
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These energies are expected to be upper limits, because the "is" and "kp"
conduction electron states are probably more diffuse than these atamic states,
but the small‘screening lengths imply that they are not gross overestimates

of Re. Combining the two relaxation energies, we have

R(MusMh;) < 20.2 ev SRR : (8)

for both Cu and Zn. Combining this with Egs. (1) - (3), and using the energies

in Tebles I and II, we have calculated the‘theoretical Auger energies

B(Ly MM, 53%) = E(L, 5) = 2B(Myo) - F (M, 53X) + ROM, M) . (9)

The results are set out in Table III.
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A DISCUSSION

Experimental Augerfspectra over the regione of interest are shown in’
Fig.jl, and ekperimental-valueslof the’Auger:energies'are'aleo listed inz
Table III for comparison with.the'theoretical values. Agreement Betﬁeen
experlment end our theoretical values is excellent It appears that Eq. (9)
provides, for the flrst tlme, a framework within which 1t is p0851ble to
‘ predict quantitativevvalues'of-Auger energies in metals in some Qetail.
| vOur treatment of the Zn spectrum is on,sounder theoretical ground than
invthe case of Cu,'oecauee.in Zn the 3& ehell is weil below EF’ hence certainly
localized. In both Zn and Cu the main lines in tne tthsMﬁé and LMy, sMy, s groups
) are separated by exactly the L2 L3.separation to ﬁithin 0.1 eV, In. Zn the.
positions of the components w1th1n each group are also predlcted with high
accuracy. The main line in such case is interpreted as arlslng from the three

3P, lG, and lD; vhich are predicted to be nearly degenerate. Since the

levels
relative‘intensities of these:three components- are unknown we can only say
that the experlmental energy of the main L MhSMhS llne, 991.8 * 0.2veV, agrees
exactly with the predlcted energy of the lG component (991.9 eV) and is up to
1.3 eVplower-than that of the hlghest-energy,component 1p (993 2 eV). The two

8 1, ..+ 3

extreme levels of d S and F, are also in nearly exact agreement w1th

experlment for the Zn (L3Mh5Mh5) group and nearly as good for the Zn (LZMhSMhS
group, with a maximum dlscrepancy'of only 0.6 ev. The_agreement of the.

multiplet structure within each-group is very good evidence for the validity.

of the'multiplet coupling part of this theory. Considering that the relaxation

correction of 20.2 eV could hardly_be ekpected to be accurate to better than
10%, the agreement in absolute energy between.experiment and our theory is
‘better than we could reasonsably -expect. We conclude thatvthe Zn spectrum is

completely explained.
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Copper has‘mofe theoretical ﬁncerteinties a prioii.' The width of the

d band and its proxlmlty to E_, weaken the quantitatlve validity of using-

F
localized atomic functions. Thus copper is a test case for studying the extent
to which an stomistié approach will give reasonable results in spite ‘of
theoreticel ambiguities. In this context the egreement between theory and
experiment in Table III is veny good. The L3Mh5Mh5 and LZMASMHS groups have
exactly the right separation, as mentioned above. The éxPerimental energy of
the main line in each groupzis lower than theory by 2 to'3 eV, This isn
entirely withiﬁ the range that we could expect.v Deloealizatien of the d
orbitals.would tend to decrease electron-electron electrOstatic interaetions,s
thus reducing both R(MMSMhS) and R(MhSMhS) . This would decrease the obsetted'
Auger energles relative to our atomistic theoretical values,ﬁas observed. o
Better agreement could be obtained if the screening charge in Cu arises mainly
from a positivevphase shift in the p wave. By extrapolating Mann's 3d,hp
integrals to the zinc position, to simulate the interaction for Cu with a 3d
ﬁole; wevwould estimate R(MhS’MHS)e = 8.2 eV, a reduction_of l.h eV fromvthe
estimate used in Table.III.v This would redﬁce the diserepancy for copper to
only & 1 eV. We are disincliﬁed to accept this interpretation, however, because
the s wave prebably does much of the screening in Cﬁ.

The multitlet structure in Cu is very similar tb'that expected for d8.
vathe experimentalvepd theoretical spectra erevbrought'into agreement by
reducing the latter by 2.5 eV (i.e., by reducing R(Mus'Mhs) from 20,2 eV to
'17.7 eV), then the main peak in each group cah be-assigﬁed'as the 3P, lG, lD

3 :

triad. The “F peak falls nicely into plaee as a shoulder in each case., There

is also a peak at the lS position in each group, in'perfect agreement with the
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,

: predlcted energy. However, "in each group there is- also a small addltlonal

-peak between the lS peak and the maln peak.: The addltlonal peaks fall at
' d1fferent p01nts in the multlplet patterns, and they would be difflcult to
| explain as part of the multiplet structure. Clearly they deserve further
jstudy. | | R

In summary, thls work demonstrates that it is p0551ble to understand

' -the L2 3Mh5Mh5 Auger spectra of Cu and Zn in con51derable detall A
theoretlcal approach was developed that accounts for multlplet Spllttlng,»
statlc atomic relaxat1on, and statlc extra—atom1C’relaxat10n (screenlng).
The theory predlcted Auger spectra in excellent agreement w1th experlment
especlally_ln the_case of Zn. Extra-atomlc relaxation was’ found to add

about 10 eV to'the:Auger energies in these metals. Thus-future work might

profitablyrbepdirected toward further exploration of this relaxation energy,

by-studying Zn and'CuuAugerAspectra in insulators,‘for.example..'It may'also

be possible to observe separated Auger lines from atoms in the surface and
bulk reglons of a metal or to separate the spectra of surface atoms bound
bto adsorbed species from bulk spectra, because of’ dlfferences in the extra-

atomlc statlc relaxatlon energy. ‘
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Metal = .v  .: - E(Lz), o ',.  - E(L3)v"'

B(M, )

o - 952.6(2) . 932.8(2)

‘o -1th;9(2)':- , ‘:1021.8(2)'

)

3.0)

9.9(1)

8Error in tenthsfpiace appégrs-parenthetically,_
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Teble II. Multiplet-energieS'fz(Mhéyus;X)_for 3d8,”in eVa

1 . 3 N R : 3

. Element = X = 15 P e F
Cu _‘.' 3Lk . 26.3 26.9 © 25,9  ° 23.9
Zn 35.2 29.4 . 30.2 . - 28.9 26.7

®Using FO, F2; Fy values from Ref. 3.




“6- . LBL-1641 .

Tdb;e_III, L?igthMh5 Auger energies 1n.Cu gnd Zn (eV)

Final
State, X

Expt.

Copper. _ ‘
" Eq. (9) . Expt. . Eq. (9)

Zinc

L2Mh5Mh5 <

LMy, oMy, {.

" (932.8)

(934.2)

- 937.8(2)

940.6

(913.6).
(915.8)

918.0(2)

1920.6

7935;h\_ © 11010.4(3) 1010.0

940.5 S [1015.8

{939.9 = 1dlh.9(2)' - {1015.0
940.9 | j’ '_ f 1016.3

9k2.9 1017.9(3)  1018.5
915.6  986.6(3)  986.9
920.7 (992t
920.1 . 991.8(2) 991.9
921.1 o  {993.2

9231 995.2(3) 995.
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- FIGURE CAPTION
Fig. l.: Experimenfal L2,3Mh5Mh5 Auger spéctfa‘froﬁ cépper;and zinc. Kinetic
-energy ééales are given reiati?e to the Fermi energy. -Mﬁltiplet stfuctures
from théory describedvin'teit are shown aé linesvuhdef.spectra. They have
been moved down in energy relative to values in Tabie.iII by 6.5 eV (Zn)

and 3 eV (Cu) to facilitate comparison of multiplet structure with experiment.
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