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Introduction

Ne present in this review experimental results of

electron spectroscopy studies for various series of transition

metal alloys, and a Model for their interpretation which leads

to the possibility for the first time to determine Independently

relative variations in the dipole barrier and Feral energy

contributions to the work function.

The results are based on systematic studies of

valence band spectra, core level binding energy shifts and

Auger energy shifts measured over the complete range of

concentration in various binary alloys of the type A
x

5 ] _ x -

Electron energies in conducting samples are

conventionally measured with respect to the Fermi level of the

sample, which, when the sample is In electrical contact with

the spectrometer, is pinned to the known Fermi level of the

spectrometer . Binding energies are also defined with respect

to the Fermi level. The most important features of the electron

spectra produced by x-ray irradiation of metals are: a) The

energy and line shape of photo-electrons emitted from deep core

levels, b) The detailed structure of the valence band spectrum

and c) The Auger electrons spectrum (XAES) resulting from the

subsequent decay of the Initial photo-electron hole. Auger

spectra m»y also be produced following photo1on1zat1on by

Bremsstrahiunrj .
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We turn first to the study of information

available from core-level photo-electron spectroscopies. The

following different effects nay affect the energy and lineshape

of photoeiectrons emitted from deep core levels.

1) Chenical shift: Consider for example a binary alloy A x
B j _ x -

If the valence structure of A changes as a function of x, for

example, because of hybridization or charge transfer, the

binding energy of toe core level will change. This may be

looked at as a change in the electrostatic energy of the core

orbital due to a change in charge distribution.

2) Relaxation shift: When an atom emits a photo-electron there

is a change in energy of all the orbitais, due to the change

in the Kamiltonian. This effect results in the production of

"shake-up satellites" in atoms and insulating compounds, which,

in a one electron description, appear as the excitation of two

or more electrons instead of the one electron excitations used

in the simple description of photo-emission. In conductors

these effects are complicated by the rapid shielding of the

core hole by electrons in the conduction band. In a simple free

electron model this effect can be treated by dielectric response

theory and results in the formation of an exponential tail on

the low kinetic energy side of the line . In more complicated

cases, such as d-band metals, a distinct satellite may appear

on the low kinetic side of the line.
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In alloys the measured binding energies and

lineshapes can depend on composition because of these effects.

As an example we show in figure 1 spectra of the photo-electrons

from Pd in Pd Cu, for three different concentrations . All of

the effects discussed are observable in these spectra.

Auger Effects in Alloys:

The Auger process may be considered as one

particular channel for the decay of the photo-ionized state

back to the ground state of the system. In figure 2 the energy

relation in photoemission and two possible Auger processes are

shown; in the first, an electron from discrete state j falls

into the core state hole, c, and the resulting energy is

transferred to an electron in discrete state k. In the second,

j and k are considered to be states in the conduction band.

The Auger process can be considered formally as

a two step process, and the kinetic energy of the resultant

Auger electron relative to the Fermi level can be written as

" BJ

where B_ and B. are the (experimentally observed) binding
c j

energies of c and j while B ^ ' Is the binding energy of an

electron in orbital k in the presence of a hole in orbital j

The binding energy can be thought of as the difference
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between the Fermi energy, Ep» and an orbital energy, which, if

the atomic volume is constant, depends only upon the valence

electron structure. The transition probability can be

calculated from the golden rule considering the initial state

as a hole in core orbital c and a hole in the continuum state

f, and the final state as holes in the orbitais j and k,

respectively, as

f 1 Z l< c» f! f " l* j k>i 2 P<K> 6(K-B c+B j +BÍ
j )) (2)

0 »k 12

In the limiting case where j, k are non-localized

conduction band electrons we may v/rite

I 6(K-B +B +B ( j )) S f dc N (c) K (B -e-K)
j,k c j K Conduction v v c

band (3)

since for non interacting holes B* J' = B^. The resulting CVV

Auger spectrum should have the structure of a self convolution

of the conduction band DOS as has been observed, for example,

in A£ 4.

The opposite limit is that of the free atom, where

the holes are localized. In this case the energy of the final

state depends on the coupling between the two holes through

their Coulomb repulsion and the spin orbit Interaction. The

final energy spectrum will appear as a series of discrete



21

states corresponding to the different possible terms of the

(j.k) multiplet weighted by relative transition probabilities.

In general the transition probabilities are not proportional

to the term degeneracy. If the holes produced in the Auger

process remain localized on the initial atom this description

may also be applicable to Auger spectra in metals. As an

example the spectrum for the L,VV transition 1n metallic Cu

is shown in Fig. 3, together with the identification of the

final state terms involved .

Once again the states involved in the Auger

process for conductors are different from those in the free

atom since the shielding is sufficiently rapid that the

initial and final states are electrically neutral. The initial

state is the shielded final state of the photo-emission

process, whereas the final state has two holes and two

shielding electrons in the valence band.

The "quasi-atomic" structure observed in copper

and the "conduction band self convolution" observed in Aí, may

be considered as two limiting cases. So far little has been

done to describe intermediate cases.

We turn now to an analysis of the information

available from XPS and XAES spectroscopies in transition

metal alloys. The principal effects which can be observed have

already been discussed above. One of the most Important Is the

chemical shift of core levels due to a change of local valence

structure and/or changes of relaxation as a function of
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concentration x. While photo-electron energy shifts study

changes 1n the unionized and singly ionized (and shielded)

species in the metal. Auger spectroscopy studies changes

between the singly and doubly ionized systems. As we will

show, in certain cases this allows a clear cut separation of

chemical and relaxation terms. Additional information is

obtainable from study of valence band changes as a function

of composition.

As an example of application of these techniques

we present the results of a study of Pt Cu, f . Typical

experimental results for Cu and Pt photo-electron spectra as

well as Cu LVV Auger spectra for a range of concentrations

are shown in figs. 4 and 5, respectively. The graphical

presentation in fig. 6 makes clear that whereas the Pt core

level shows no shift, the Cu core level has a monotonic

shift with energy. The Cu Auger electrons, however, show no

shift within experimental error.

Further information may be obtained from a

comparison of the experimental valence band spectra with the

weighted average of the pure Pt and Cu valence band spectra

as shown in fig. 7. There is a linear relation between the

centroid shift between these two spectra for a given value

of x and the observed shift in the Cu core levels as shown

1n fig. 8.

The photoemission results can be understood on

the following simple model ' .
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a) The electronic structure of Pt is essentially independent

of concentration.

b) The Ferrai energy is independent of concentration, which

implies Z*pt « E[u.

c) The relatively narrower d-band of Cu is dehybridized upon

dilution with Pt. The observed chemical shift is thus a

result of a change in the initial electron configuration

of the Cu-atoms.

In terms of orbital occupation numbers the

experimental results imply |6n pt' * [6nd pt| <_ 0.1, and
in* r.. '•' ' ín,i r = 0*0 to °-25 ± 0.1 as x varies from 1 tos,Cu d,Cj

0. This result for Cu is consistent with the linear relation

between Cu core level and valence band centroid shifts.

We turn now to examinr .vhat further information

we may extract from the Auger spectra m this alloy. To

motivate this discussion we return to fig. 6 for the Pt-Cu

system to consider the Cu Auger shifts. One may immediately

note the strong correlation between the f_t XPS shift and

the Zu LVV Auger shift. A priori it is difficult to imagine

a reason for a correlation of this type.

A further characteristic of the Cu LVV Auger

spectra 1n fig. 5 1s that they have the same atomic-like

structure for all values of composition. (The explanation

of the quasi-atomic nature of the Cu LVV Auger remains a

subject of active discussion in the literature) We propose
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a simple model which not only is consistent with the

"quasi atomic" Auger structure but also explains the

correlation between the Pt XPS shift and the copper LVV

Auger shift.

We base our model on the following premises

1) At every step of the process - initial, after photo-emission,

and after Auger emission, the states involved are fully

screened.

2) The photo-ionized copper atom can be treated in the

equivalent core n?cdel - which implies that the valence

structure is that of a Zn impurity in the alloy.

3) The final state of the copper atom after Auger emission

in the equivalent core model has the valence structure

of a 6a impurity in the alloy.

These premises imply that the Auger process is

essentially atomic. This "quasi-atomic model" permits us to

draw the following conclusions.

1) The XPS core level shift in Cu is due to changes in the

initial valence band configuration - essentially due to

a change in the s-d hybridization as a function of

concentration. This effect can happen because there are

d- holes in Cu.

2) Both the initial and the final state of the Auger event

involve a completely full d- band; Initially, the d-band
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of Zn, and finally the d-band of Ga. The result of this

is that the energy of the Auger electron is independent

of concentration.

The model and its consequences are shown in fig.

9 where both the shielding and the increased binding of the

d-levels are emphasized. The kinetic energy shift of the

emitted Auger electron with respect to the Fermi level, Ep» is

AK = AB. - AB.. - ABJ[j) (4)

Since for corj levels AB.J = A B . (an experimental

as well as a theoretical result) we have AK = - A B * J * .

However, if the valence and shielding structure do not depend

on composition, then, from the discussion following Eq. (1),

the orbital energy contribution vanishes and A B ^ ' = aEp and

AK * - AEp. It is an important consequence of this model that,

if generally applicable, it permits for the first time the

relative measurements of changes in these two parameters

independently, by measuring the Auger shifts for small

amounts of noble metals diluted into the metal of interest.

As candidates for which the quasi-atomic model

would seem most justified we choose Cu, Ag and Au due to the

similarity of their valence band electronic structures. Auger

shifts were measured for AuvCu, and Au Ag, as well as for

Pd 95Cu Q5 and Pd 9{.Ag Qc- From these measurements two
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independent values for Ep - Ep8 may be determined . The

results of the measurements are shown in fig. 10.

Using our results and others from the literature

we have made in Table I a preliminary estimate for the dipole

layers and Fermi level contribution to the work function for

a series of elements. The results are compared when possible
q

to predictions of Lang and Kohn for a "jellium" model.

A necessary if not sufficient condition that the

quasi-atomic picture be applicable in the sense that it has

been applied here is that the shielded photoionized atom

should have a completely closed d-band and that in the doubly

ionized atom the shielding should be in s and p type orbitais.

The spectral form and energy of the LVV Auger structure seems

to provide the best experimental check on this requirement. In

P'fticular this Auger should show a reasonably well developed

atomic-iike structure which does not change with composition.

Experimentally* these requirements are satisfied for the

results reported here.
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Table I

HETAL

Ni

Cu

Pd

Ag

Pt

Au

•-•Cy(
ev*>

0.50±0.1

0.0

0.9O±0.1

-0.65+0.15

1.00+0.1

0.45+0.1

EF-
EF <eV>

- 0.2

0.0

- 0.4

• 0.2

0.0

• 0.2

D-DCu(eV)

0.30+0.2

0.0

0.50±0.2

-0.45+0.2

1.00+0.2

0.65+0.2

0.0

-0.9

- 0 . 9

E r r o r ± 0 . 1 5 eV

* D . E . E a s t m a n , P . R . B2, 1 ( 1 9 7 0 ) .

* * N . D . Lang and M. K o h n , P . R . B ^ , 1 2 1 5 ( 1 9 7 1 ) .
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Fig 9
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