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Relative Fermi energies in copper-palladium alloys
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We report the results of measurements, by x-ray excited Auger spectroscopy, of the shifts of the Cu

L2 3M4 5M4 5 energy spectrum in the alloy Cu Pd& for various concentrations. Comparison with
self-consistent coherent-potential-approximation calculations of E+"—E+(x), the negative of the alloy
Fermi energy relative to that of Cu, manifests a remarkable agreement in magnitude and concentration
dependence. By resorting to a simple version of the quasiatomic model of excited-state electron screen-

ing, we demonstrate the physical origin of the various contributions to the Auger shift and show under
what conditions the noble-metal Auger shift can be identified with the negative of the relative Fermi en-

ergy. Experimental evidence indicates that the charge transfer is very small (of the order of hundredths
of electrons per atom) in a number of alloys containing noble metals. The nonlinear systematics exhibit-
ed by the data emphasizes the importance of considering a large number of alloys.

I. INTRODUCTION.

Copper-palladium alloys have been the subject of
numerous experimental and theoretical reports. These
have included the following: determining valence-
electronic-structure changes from x-ray photoemission
spectroscopy (XPS) investigating the applicability of
screening models to XPS and x-ray excited Auger elec-
tron spectroscopy (XAES) data; calculating valence-
band electronic structure by means of the self-consistent
coherent-potential approximation (CPA); comparing ex-
perimental XPS valence-band spectra with theoretical re-
sults; ' and studying theoretical and experimental XAES
line shapes. ' The results of these investigations ' indi-
cate that, although the theoretical local-valence-band
density of states (DOS) of the Cu atoms describes the ex-
perimental data well, the theoretical Pd DOS (Ref. 3)
fails to take into account a local lattice distortion around
the Pd atoms in dilute Pd alloys, which modifies the Pd
DOS near the bottom of the d band and prevents satisfac-
tory agreement with experiment. ' Calculations of prop-
erties at the Fermi energy, however, are in good agree-
ment with experiment. ' '

There is one property predicted by the self-consistent
CPA calculations which has not been compared with ex-
periment: that is to say, the variation of the Fermi energy
itself in Cu-Pd. Although the absolute value of the Fermi
energy appears not to be measurable directly, since it is
defined with respect to a bulk energy zero, the difference
between the Fermi energies in two materials does not
suffer this limitation. In particular, in metallic alloy
A„B, , where x is the concentration of 2, the
difFerence hE~ (x) between the Fermi energy in the alloy
[i.e., EF(x)] and that in pure metal A (i.e., EF ) is in-
volved in shifts of XPS binding energies and of XAES ki-
netic energies. " The Auger-energy shift bK'k of the
ij k transition (i.e., i, j, and k are all core levels) of atom 3
is especially interesting in this context when A is a noble
metal. In this case, we expect the Auger shift to be relat-

B,"=E (0, 1, 1) E(1,1, 1), — (la)

and the Auger energy measured from the Fermi level is
given by'

EC;.k =E(0,1, 1)—E(1,0,0) (lb)

gA gA gA(j) (lc)i j k

The quantity Bk" 'J' in Eq. (lc) is the binding energy of the
k core level of A when there is a hole in the j level in
both the initial and final states in Eq. (la). The expres-
sions in Eqs. (1) are based on the assumption that the sys-
tem has relaxed fully before the core holes decay, so that
we are dealing with long-lived holes. "

The Auger-energy shift relative to pure 3 can be cast,
therefore, to a good approximation, in the form of a
core-level binding-energy shift, "

AK;"k(x)= bBk ' '(x) . — (2)

A common and simple, although naive, form for the
binding-energy shift is the following:

b.B "(x)= b,EF (x) Ud"5nd (x) —U, 5n,"—(x)—, (3)

where 6nd and 5n, represent the change of A atom d-
and conduction (i.e., sp-) electron counts, respectively,
and the U's are Coulomb integrals we discuss later. Now,
when 2 is a noble metal, the fully screened initial and
final states involved in the Auger process correspond to
full local d-DOS (i.e., of z "+1and z +2 atoms, respec-
tively, where z" is the atomic number of atom A). In
other words, the valence electronic configurations of

ed to the relative Fermi energy under certain conditions,
as follows. "

If E(n;, n, nk ) represents the total energy of the ful-

ly relaxed system, where n, is the electron occupation of
core level c of atom A (i.e., c =i, j, or k), then B;, the
binding energy of level i of species A, can be expressed'
as
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these ionized states are independent of that of the ground
state except with respect to the charge transfer. Conse-
quently, in using Eq. (3) to interpret Eq. (2), 5nd" =0 and

5n,"=5, the charge transfer to noble-metal atom A, so
that

bIC;"„(x)= —bE "(x)+U,"5"(x), (4)

and we expect the noble-metal Auger shift to be a mea-
sure of the relative Fermi energy in systems with little
charge transfer.

Further analysis of Eq. (2) requires a model of the
core-hole screening. In this paper, we apply a simple
form of the excited-atom version' ' of quasiatomic mod-
el (i.e., QAM) of excited-state screening to the Cu Auger
shifts in the Cu„Pd& system. This version of the QAM
describes a large body of XPS and XAES data" and the
simple form of it we employ here has been shown' to de-
scribe the systematics of core-hole screening in the Sd
series. ' A previous calculation" of Auger shifts in
which charge-transfer and volume-change effects were
neglected predicted that bIC;"k(x)-=.bE~ (x) wh—en A is
a noble metal. Here, we examine these effects and show
under what conditions this prediction is valid.

The predictions of this model differ significantly from
those of other theories' ' when the nature of the valence
electron screening is different (i.e., d- as opposed to sp-
electron screening) in the initial and final states of the
transition under study (i.e., photoemission or Auger emis-
sion). The XPS binding-energy shifts of noble-metal
atoms and the Auger-energy shifts of Pt-group metal
atoms correspond to these situations.

Here we explore experimental consequences of the
analogue of Eq. (4) and argue, from the data, that the
Cu-Pd system has little charge transfer. Comparison of
the measured Cu Auger-energy shifts with the relative
Fermi energies from self-consistent CPA calculations
manifests a remarkable agreement in magnitude as well
as dependence on x. Although the agreement in magni-
tude may be fortuitous because of variations from one
self-consistent calculation to another, the agreement in
the systematics of the concentration dependence appears
to be significant, since the systematics correlate with
those of other properties, such as electronic specific heat.

In Sec. II we present the model and describe the under-
lying physical assumptions in order to interpret parame-
ters which appear in the final expressions. In Sec. III we
compare the experimental results with theory, and in
Sec. IV, we discuss conclusions.

functional formalism, ' and core-level occupancies that
deviate from those of the ground state are explicitly
shown. The important points here are that we must in-
tegrate over the core-level occupancy and that self-
consistent charge densities (including those of the screen-
ing electrons' ) are involved in Eqs. (5). It should be not-
ed that the total energies in Eqs. (1) correspond to fully
relaxed systems, as do all energies integrated in Eqs. (5).

To a good approximation, the shift in core-level eigen-
value relative to pure A is equal to that of the electrostat-
ic potential energy evaluated at the nucleus. ' In particu-
lar, from Eq. (Sb), we derive, " for an A atom whose nu-
cleus is at the origin,

bek (nj =O, nk ) —= —J d r bN(n~ =O, nk, r)r (6a)

where N is the self-consistent charge density, and we use
atomic units (~e =4=m =1). Within the region sur-
rounding the ionized atom, the nuclear and core-electron
shift contributions vanish and hX = —hp, where p is the
self-consistent valence electron density,

p(n =O, nk, r) = gn, —~P, (n =O, nk', r)
~

(6b)

The quantity g„ in Eq. (6b) is a self-consistent valence
electron solution of the Kohn-Sham equations for the
given core-level occupancy, and p includes the self-
consistent screening charge of the core holes. ' In a
study of self-consistently-calculated static screening of
chemisorbed atoms with core holes on jellium metals,
Lang and Williams' showed that the screening structure
resembles that of adding a valence electron (if the valence
level is available) to an impurity with one more proton
(i.e., z "+1)and that the metal behaves as a structureless
source of screening electrons. Because of the screening,
we expect modification of the g„only near the origin.
Consequently, the infiuence of the core hole in Eq. (6a) is
restricted to the vicinity of the ionized atom, and we can
define a minimum volume VI within which the screening
charge completely compensates that of the core holes.
We can then separate the electrostatic potential-energy
difference in Eq. (6a) into an integral over Vl and one
over the external volume which extends to infinity and in-
cludes the surface dipole barrier. Calling this latter con-
tribution AN+, we can write"

beak(n =O, nk)-=I d r bp(n~=0, nk, r)r '+biz .
I

(7)

II. A SIMPLE QUASIATOMIC MODEL

The binding energies in Eqs. (1) can be written in the
following form' ""' '

(5b)

1

B; = —P —I dn;e; (n;), (Sa)

1
Bk" ' '= —P — dnk ez ( n~ =0,nk ),

where P represents the work function; the integrands in
Eqs. (S) are the self-consistently calculated energy eigen-
values (relative to the vacuum level) of the density-

The approximation leading to Eq. (6a) (Ref. 14) (i.e.,
treating the k-core wave function as spatially localized) is
not essential within VI. we could just as well retain the
core-level probability density, which results in a Slater in-
tegral in Eq. (7), without changing the arguments that
follow. For simplicity we retain the form in Eq. (7), with
the understanding that we may interpret the Coulomb in-
tegrals as Slater integrals in calculations.

The principal effects of the core holes are twofold: that
of modifying the valence wave functions and pulling ini-
tially unoccupied states below the Fermi energy, and that
of attracting screening electrons to these states. ' These
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bK," (kx)= b,P "(x—) b@E(x—)

+ f dnk[P "(x;O,nk) —P"(1;O,nk)],
0

P "(x;nJ,n/, )= yn„(x;nJ , n/, )U„.(x;n/, n/, ), (Sb)

U„(x;n, nk )—:f (J /"
~ it/, (x;n, n/„r ) ~

r (Sc)

In Eqs. (8), the core electron occupation dependence of
both the valence electron occupation (i.e., screening) and
the valence wave functions is explicitly displayed. Up to
this point, the only approximation we have made is that
the influence of the core holes is limited to the central
cell. When the external electrostatic potential energy is
site independent, the sum of the first two terms in Eq. (Sa)
is a function of the concentration alone, and, as we argue
above, it is reasonable to replace @z(x)—P(x) by E~(x)
(@E corresponds to a bulk zero of energy from which we
can measure the orbital energy shift).

According to the quasiatomic model of excited-state
screening, ' ' the screening is atomic in nature, indepen-
dent of the structure of the metal. The concentration
dependence of U„ in Eq. (Sc) involves possible differences
in ground-state electron configuration (e.g. , charge
transfer) as well as possible volume-change effects.

To proceed further, it is necessary to have a model of
the screening. This is provided by the equivalent core
model. ' For simplicity, we consider only d and conduc-
tion (i.e., s/ti) electrons and replace the valence electron
Coulomb integrals in Eq. (Sb) by effective (//- and c-
Coulomb integrals (i.e., U& and U„respectively). The
equivalent core model assumes that the screening charge,
which compensates the core-hole charge completely, oc-
cupies the d states first, until all are filled, and then occu-
pies the c states. For core-level occupations n =0
and nk, the total valence electron count is
nz"(x)+n,"(x)+I+vk, where v/, =-1 nk is the k-level—
core-hole occupation and n&"(x) [n,"(x)] is the ground
state d- (c-) electron count. When there are unfilled d
states, n,"(x;n =O, nk)=n, (x) and n&"(x;n =O,nk).
=nz"(x)+ 1+vk (as long as nz" ~ 10). Otherwise,
n&"(x;n =O, nk)=10 and n,"(x;n =O, nk)=n~"(x)

effects are interrelated. The Coulomb integrals depend
directly on the core-hole occupation through the field of
the additional positive charge and indirectly through the
additional screening electron occupation.

All the effects of alloying on the charge density, such
as charge transfer, in the external region are included in
@E. For spherical Vl, NE equals the average over the
surface of VI of the electrostatic potential energy due to
all charges external to VI (we choose the zero of energy
at infinity). For truly random alloys, this average is site
independent and it seems reasonable to identify b,@z
with the difference of dipole barrier potential energies.
When, as in the case of Pd atoms in dilute Pd alloys of
CuPd, there is a local distortion of the lattice, @E is site
dependent and this identification is questionable.

Combining Eqs. (2), (Sb), and (7) yields, for alloy
A Bi

+n, (x) —9+vk. As a result, we have Eqs. (9),

bK;,k(x) = —bE—"(x)+b P" (x )+b P" (x),
I. (x)

P+ (x)—= f (/tv I [n,'(x)+1+v] UJ(x; v)
0

+n,"(x) U,~(x;v) j,
P" (x) —= f av[10U,"(x;v)

I. (x)

+ [nz"(x)+n, (x) 9—+v]
X U,"(x;v)],

U;"(x;v) —= U,"(x;n =0, 1 —v)

(9a)

(9b)

(9c)

=—U;"(x;z + 1+v) (i=d orc). (9(l)

U,"(x;v)-=U;"(A,;x;v):—g u,. (x;s)v' (i =d or c),
s —0

(10a)

where s is integer. When there are unfilled d states in this
model [i.e., Eq (9b)], U&"(x;v) and U,"(x;v) depend on v
through the core-hole charge and the d-screening elec-
trons; when the d states are full [i.e., Eq. (9c)], the c-
screening electrons enter. For nable-metal Auger shifts,
the screening nature does not change, and this complica-
tion does not arise, so that, for k =2,

bKi„(x)= —bE/";(x)+5 (x)Q, (2;x)+b, V (2;x),

V "(X;x)=100&(A,;x)+20,"(1,;x)+Z~(A, ;x)/2,

0; (A, ;x)= [ U,"(A,;x;—,
'

)

+(A, —1)u;"(x;2)/12] (i =d or c),

Z,"(A,;x)—:[ U,"(A,;x;—,
' )+(A, —1)u."(x;2)/18] .

(lob)

(10c)

(1od)

(10e)

In Eqs. (10) we could employ the equivalent core ex-
pression of the Coulomb integrals [i.e.,

» Eq. (9d), the last expression corresponds to consider-
ing the core holes as additional fractional protons. In
performing the integrals in Eqs. (9), however, it is neces-
sary only to assume that the U, (x;v) are analytic func-
tions of v and can be expanded in a Taylor series. The
limit on the integrals L (x) is unity (i.e., P" =0) when
nz"(x) ~8, zero when nz"(x) ~9 (P+ =0, which corre-
sponds to noble-metal Auger shifts), and
L "(x)=9 nz"—(x) otherwise.

It is interesting to note that when the nature of the
screening is different in the initial and final states, it is not
permissible in this model to employ a transition-state ex-
pansion in Eqs. (1).' This is the situation when
8 ~nz"(x) ~9, which applies to Auger shifts of the Pt
group metals. Similar considerations apply to analyses of
XPS binding-energy shifts, and special treatment must
be given to such shifts of noble metals.

Expanding the U; in Eq. (9d) in a Taylor series in v,
we have
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U,."(x;v) -=U;"(x;z + 1+v)] to facilitate interpretation.
Note that the equivalent core charges are between z + 1

and z "+2 because of the integral in Eqs. (9).' The
terms involving Q,." in Eqs. (10) agree with the midpoint-
rule approximation (i.e., the integral set equal to the in-
tegrand at v= —,'), ' whereas that involving b,Z, does not
[the correction is relatively minor, u, (x;1)/6, to order
s = 1]. This discrepancy can be traced to the appearance
of quadratic and higher terms in v in the integrals in Eqs.
(9), even for order s = 1.

Since we assume that our model accurately mimics the
self-consistent formation of screening charge in response
to core-hole creation, the Coulomb integrals in Eqs. (10)
correspond to self-consistent valence occupations ap-
propriate to the particular equivalent core charge. Con-
sequently, for hole occupation rl [i.e., i)= —,

' or —,
' in Eqs.

(10)], the corresponding equivalent core charge is
z + 1+g, and the valence electron configuration in the
Coulomb integrals is nd"=10 and n,"=6 +2+r) [the
quantities u;"(x;s) correspond to the configuration
i'd=0]. Expanding to first order in 5",we derive our final
result for noble metals, in analogy with Eq. (4),

hK;"„(x)= bE "(—x)+5—"(x)W, (x)+b, ,"(x), (1 la)

JV,"(x)—::-,"(2;x)+ [0 (1;x)],
n,

5,"(x) —=50 (2;x ) .

(1 lb)

(1 lc)

The quantity =, =0," [i.e., Eq. (10d)] for the con-
figuration i) =—,

' and 5 =0. The quantity 0"(A, ;x )
—:V "(A,;x) (i.e., A, = 1 or 2) from Eq.(10c) for 5"=0.

Our model follows a screening prescription reported
earlier. ' ' The derivation presented here has the advan-
tage of clarifying the physical origin of the various terms
in Eqs. (11). In particular, the definition of 8, in Eq.
(1 lb) is similar to that used in other work and, if we
neglect the deviations from the midpoint-rule approxima-
tion noted above, is approximately equal to
(8/Bn, )[sk (n. =O, nk =

—,
' )] (i.e., for the self-consistent

configuration with half a hole in core level k). In addi-
tion, from its definition, the term 6, is clearly a correc-
tion produced by volume-change effects alone.

Some very simple, but important, consequences follow
from the form in Eq. (1 la), "which has been employed in
analysis of AuPd valence electronic structure changes.
We will discuss these consequences in the context of ex-
perimental interpretation in the next section.

EF E~+—b (z=—0)—b, (y =0), (12)

where ~ =& 8'c+6, is the sum of the charge transfer
and volume corrections for atom C in each alloy. Com-
paring with the noble-metal atom A shift in A B, for
x small,

b,K;"k(x =0)=E~ E~+6—(x =—0), (13)

—0.4-0

g) 0.2-

CUy Pd
J y

X

C3

X X X

and then annealed (typically for 30 min at 700'C) to re-
move sputter damage. ' The effect of surface contamina-
tion on the spectra we report was found to be negligible
by monitoring the spectra at various (small) levels of sur-
face contamination as determined by the amplitude of the
residual carbon 1s and oxygen 2s peaks in the XPS spec-
trum.

The McPherson is an electrostatic analyzer without re-
tarding optics. It was calibrated with respect to the Au
4f7&2 line (i.e., 84.0 eV) and yielded a Au 4f7&2 full width
at half maximum (FWHM) of around 1.0 eV. Measured
energies were reproducible to within +0. 1 eV, so that the
shifts reported are accurate to within +0. 15 eV and the
differences in shifts to within +0.2 eV. For all composi-
tions studied, the Cu 1.2 3M4 5M& 5 Auger line shapes
were, within experimental error, indistinguishable from
the quasiatomic spectrum of pure Cu, so that the whole
line shape shifted rigidly.

In Fig. 1 we present, as a function of Cu concentration,
results for the shifts of the principal peak of this spec-
trum (i.e., the 'G term) relative to pure Cu. Displayed in
the same figure are theoretical results for EF" E~(x) i—n
this alloy system. The remarkable agreement exhibited
reflects the prediction based on the QAM that
b,K;"k(x)—= bE~ (x) for n—oble metal A under certain cir-
cumstances. "

In order to better appreciate the agreement manifested
in Fig. 1, we can exploit the form of Eq. (lla). For z
small (i.e., -0) in alloy C,B, , and y small in C 3

&

where C is a noble metal, the difference in C Auger shifts
is given by Eq. (12),

bK, k(z =0)—hK, k(y =0)

III. EXPERIMENTAL RESULTS
AND DISCUSSION

a O. I-

~ O.O

X
H

& —Fxpt.
E3 —Theory

The alloy samples studied were prepared according to
procedures reported elsewhere. ' The nominal bulk
compositions of the samples were determined from elec-
tron microprobe analysis (0.01 error) of the homogenized
alloys.

The Cu XAES measurements were performed using Al
Ka radiation (1486.6 eV) in a McPherson ESCA-36 spec-
trometer at a base pressure of around 1X10 Torr. The
samples were cleaned in situ by argon-ion bombardment

O.O 0.5 I.O

FIG-. 1. Comparison of the shift of the peak energy of the 'G
term (crosses) of the Cu 1.2 3M4 5M4 5 Auger spectrum as a
function of y in Cuy Pd& y with theoretical values of
EF"—EF(y) (squares) from Ref. 3.
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we see that the left-hand sides of Eqs. (12) and (13) would
be equal if the terms in 5 and 6 could be neglected:
that is, if F(BA ) = —AX;"k(x -0) in alloy A„B, „,then
the noble-metal Auger shifts would obey a transitive rela-
tion in this case, so that we would have
F(BA ) =bF(BA) =F(B—C ) —F( AC).

Of the terms composing b, " (which takes its largest
value in the dilute limit), we would expect b,„ the
volume-change contribution, to be small, since
V(x)=xV„+(1—x)V& to a good approximation in the
alloys we study [V(x) is the alloy lattice volume and V~
is the atomic volume in metal A]. In the charge-transfer
term 5 8'c, the coefficient is of the order of a Coulomb
integral (i.e., —1 Ry), so that even small charge transfers
(-0.1 electrons/atom) would produce shifts of the order
of 1 eV. In any case, we would expect no simple relation-
ship, such as that of transitivity, to exist between the b,
and b, terms in Eqs. (12) and (13) since they involve
different noble-metal atoms in different alloys. A corol-
lary is, therefore, that transitivity of the Auger-energy
shifts in dilute alloys implies that volume and charge-
transfer effects are small.

The transitivity of the Auger shifts was tested ear-
lier. " ' ' In Table I, we summarize the results of these
investigations. In the first two columns we present
F(BA ),the negative of the Auger shift of the minority
noble-metal component A. The other columns display
the difference b,F(BC) in negative shifts of the underlined
noble-metal component A between alloys BA and CA.
In all these examples, F(BA ) from the first column
agrees with the corresponding value of b.F (BA ) to within
+0. 1 eV. From our previous argument, this agreement
suggests that the magnitude of the volume-change and
charge-transfer correction term 5 in these alloys is of
the order of the experimental uncertainty, +0. 15 eV.
Since the volume-change and charge-transfer terms are
independent, we conclude that this limit applies to them
separately. Consequently, the transitivity of the Auger
shifts suggests that the charge transfer to the noble-metal
atoms in these alloys is of the order of hundredths of elec-
trons per atom and that we can neglect 6" in Eq. (13), so
that bK;"k(x -0)=E~ Eg . Fu—rther—more, we expect

to take its largest value in the dilute limit, so that the
relation bK,.".k(x) —= bE~ (x) appea—rs to be valid for all
x for these alloys.

In particular, for Cu Pd&, the agreement between
the theoretical values of h—EF"(x) and the measured
Auger shifts in Fig. 1 independently supports the validity
of this relation. It is important to note that the agree-
ment in magnitude may be adventitious, since even self-
consistent calculations do not always agree perfectly with
one another. ' We feel that the agreement in the sys-
tematics of the concentration variation is significant,
however. For the whole concentration range there is a
common theoretical d band which approaches the Fermi
energy and widens as x decreases; the Cu d-band high
DOS decreases monotonically. The x dependence of the
relative Fermi energy approximately follows that of the
position of the highest theoretical density of states. For
x ~0.6, the position of the common theoretical d band
varies little with x. At higher concentrations, this band
descends rapidly to preserve local charge neutrality while
the Fermi energy rises until, in Cu, the d count is almost
ten, the d band is full, and the DOS at the Fermi level is
small. The nonlinear character of the data presented in
Fig. 1 underlines the importance of considering a
sufficient number of concentrations.

That the charge transfer to the noble-metal component
is small in the alloys we consider is in agreement with
conclusions presented in a number of studies. ' '

The magnitude of the charge transfer adduced from our
analysis (i.e., hundredths of electrons per atom), however,
is considerably smaller than those reported previously
(i.e., tenths of electrons per atom) for some of the same
systems. ' ' ' ' Since experimental analyses of XPS
binding-energy shifts combined with isomer-shift mea-
surements for Au (Refs. 9, 30, and 31) approximated the
relative Fermi energy by work-function differences, it is
not clear to what extent the charge-transfer magnitude
difference is significant; analysis of XPS shifts in AuPd
(Ref. 26) is consistent with our results. Theoretical re-
sults ' employed various approximations (e.g., muffin-
tin potentials) so that, again, the accuracy of the predict-
ed charge transfer is not clear.

Our treatment here involves exploitation of the model
of complete screening of the core holes, ' ' ' ' a model
which has been shown to explain a wide variety of XPS
and XAES phenomena. " The specific form we apply is
that of the excited-atom version of the QAM, ' ' ' '

whose logical consequences we investigate. Even though

TABLE I. The negative of the noble-metal Auger shifts, F(BA ) (in eV) in alloys BA, where A is the
dilute noble-metal component. Columns 1 and 2 present the alloys and shifts. The other columns ex-
hibit the differences in negative shifts, AF (BC)—=F(BA ) —F(CA ), of the underlined noble metal be-
tween two alloys containing the components displayed. The error in AF is less than +0.15 eV.

BA

PdCQ
AuCu
PdAQ
Cu Au
AgAu
PdAg
Au Ag

F(BA )

—0.4
0.3

—0.7
—0.2

0.0
—0.6

0.0

Pd-Au

CQ

Ag

EF(Pd-Au)

—0.7
—0.6

Pd-CU AF(Pd-Cu)

—0.5

Pd-Ag

Au

AF(Pd-Ag)

—0.7
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this treatment seems to reAect the physics of screening, as
in studies of the Auger parameter in the Sd (Refs. 16 and
17) and 4d (Ref. 44) metallic series, the fact that it is a
model indicates that the underlying assumptions may not
be totally valid. Nevertheless, the final result in Eqs. (11)
is consonant with conventional treatments and is physi-
cally appealing. Moreover, the method employed here
obviates the necessity of calculating the efFective
Coulomb integrals, the choice of which involves consider-
able uncertainty, and, we feel, the arguments presented
seem to be quite compelling. In brief, then, what does ap-
pear to be clear is that the charge transfer is very small in
these alloys, even though uncertainty regarding its order
of magnitude remains. It should be pointed out that
difFering results for the charge transfer, which may be
significant, have been reported ' for some intermetal-
lic compounds.

IV. CONCLUSIONS

In this paper we present arguments that, in Cu Pd,
the Cu LVV Auger shifts measure Ez" Ei;(x),—the nega-
tive of the alloy Fermi energy relative to that of Cu. In
order to motivate the arguments, we present in Sec. II the
derivation of Auger shifts in general based upon a simple

quasiatomic model. The advantage of this derivation is
that it clarifies the physical origin and interpretation of
the various terms which enter the final expression for
noble-metal Auger shifts. In Sec. III we present experi-
mental results and demonstrate, for a large number of al-
loys containing dilute noble-metal components, that the
measured noble-metal Auger shifts exhibit the transitive
relation required for the identification of relative Fermi
energies and negative noble-metal Auger shifts to be val-
id. A by-product of the transitivity is that charge
transfer in these alloys appears to be small (i.e., of the or-
der of hundredths of electrons per atom). Finally, we
directly compare the measured Cu L, VV Auger shifts and
theoretical values of E~" Ez(x—), and show that the
agreement is remarkable in both magnitude and sys-
tematics. The nonlinear behavior of the data in Fig. 1

emphasizes the importance of measuring a large enough
number of concentrations (these systematics were not ob-
served in previous work ).
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