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Corelike nature of the Pd M V'V shift in Pd-based alloys
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We present arguments based on the formal similarity of the Cini and Koster-Slater models to show
that, in alloys, iV Auger spectra that are significantly distorted from the quasiatomic form may present
kinetic-energy shifts that do not correspond to the quasiatomic situation, even when the origin of the
terms of the line shape is quasiatomic. By comparing measured shifts of the Pd MsVV and L3M, sM, s
true core-level spectrum in Pd-Cu alloys, we verify this conclusion in this case. The corresponding ex-
perimental shifts of Ag in Pd-Ag alloys are, however, closely related, as expected from the quasiatomic
nature of the Ag MVV spectrum. In alloy studies, therefore, true core-level Auger kinetic-energy shifts

should be employed.

I. INTRODUCTION

The use of shifts of core-level binding energies mea-
sured by x-ray photoelectron spectroscopy (XPS) to ex-
tract information about changes of electronic structure in
transition- and noble-metal alloys is, by now, a fairly
standard procedure.' ! The inherent ambiguities in
such analyses are best appreciated by considering the
usual expression for the core-level binding-energy shift
AB4(x) of species 4 in the alloy 4, B,_, relative to pure
metallic A4,

ABAx)=AEAx)—Uf snf(x)—UASnA(x), (1)

where 8n;! and 8n represent the changes of d and con-
duction (i.e., sp-) electron counts on atom A4, respectively,
AEA(x) is the relative Fermi energy,'? and the U’s are
Coulomb integrals. Since the 8n’s and AE# are a priori
unknown, the usefulness of Eq. (1) depends on either
complementary information, such as Au isomer shifts in
Au-based alloys, or approximations, such as replacing
AE{ by the difference in work functions, or some com-
bination thereof.! 8

The necessity of complementary information in ex-
tracting occupation changes from expressions like Eq. (1)
has led to the suggestion that Auger kinetic-energy shifts
be considered.”!2~ 1 This suggestion arises from the fact
that, to a good approximation, AK% (x), the shift of the
kinetic-energy (relative to the Fermi energy) of the ijk
Auger core-level transition of atom A4, can be related to a
core-level binding-energy shift, as in Eq. (2),

AKf (x)=—ABE ) (x) , (2)

where AB;!V(x) is the shift in binding energy of the k
core level of A4 when there is a hole in the j level.'% 1317
That AK,.jAk(x) has the form in Eq. (2) suggests that it
may be expressed in a form analogous to that in Eq. (1),
and, so, could provide additional, independent, informa-
tion to help in removing the ambiguities in Eq. (1). Auxi-
liary conditions, such as special values of x, could then
complete the determination of the valence occupation
changes.!® A scheme which involves employing noble-
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metal Auger shifts to determine the relative Fermi ener-
gies has been proposed!>~!* and applied to Au-Pd alloys,’
with results in agreement with independent information.

The derivations of Eq. (1) for AB“(x) and of the analo-
gous equation for AK,-]’-}c(x) (Ref. 12) require that the lev-
el whose shifts we are examining be much more localized
spatially than the valence states (i.e., require that it be
corelike in nature). In the case of Auger shifts, however,
transitions whose final states are core levels often produce
spectra which are either broad, partially as a result of the
superposition of contributions from various terms, as in
the case of the L,;M,;M, 5 spectra of the 3d series'®
and the Ng,0, 50, s spectra of Tl, Pb, and Bi," or are
weak in intensity and, necessarily, of very high kinetic en-
ergies, as in the case of the L, ;M, M, 5 spectra of the
4d series.?2”2® For these reasons it is not common to ex-
perimentally study Auger transition involving only core
levels and to measure their shifts in alloys.

The most commonly measured spectra in these materi-
als correspond to Auger transitions in which the two
final-state holes are in valence d states (i.e., iVV transi-
tions). For metals with full initial-state d bands and for
noble metals, there is convincing evidence that the iVV
spectra are quasiatomic in form for the 3d,'® the 4d,2%?°
and the 5d (Refs. 19 and 26) series. Indeed, in these sys-
tems, the final-state d-band holes have been interpreted as
corelike and fully screened in the sense of the quasiatom-
ic (QAM) model.!”27— %

The evidence for the iVV spectra of metals with more
than one ground-state d-band hole is more indirect. In
the case of Pd, for example, comparison of the
M,sN,sN,s spectra and self-convolutions of XPS
valence-band spectra (which reflect bandlike behavior)
exhibit significant disagreement between them,?>* sup-
porting a quasiatomic interpretation. This interpretation
was corroborated by the results of theoretical calcula-
tions®>3? indicating that the final-state holes responsible
for the 'G, multiplets may be considered as core
holes.207222%30.31 Byrther support was adduced by the
agreement between 3d; , satellite shifts and MsVV final-
state shifts of Pd in Pd-Cu alloys.*

The interpretation of Pd final-state d-band holes as
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corelike has been extended to Pd-based alloys. Model
calculations applied to dilute Pd alloys indicate that the
observed Auger spectra of both Pd-Cu (Ref. 33) and Pd-
Ag (Refs. 34 and 35) can be explained as quasiatomic in
the sense of the theories of Cini*® and Sawatzky,’ al-
though there has been some controversy*®3° surrounding
the latter alloy. This quasiatomic interpretation led to
the use of the Pd Auger shifts in Pd-Cu alloys to derive
thermodynamical quantities.?

Despite the quasiatomic interpretation,® it is well
known that the forms of the experimental Pd MVV
Auger spectra are sensitive functions of the alloy compo-
sition*!"*%: that is, they depend on the valence-band den-
sity of states (DOS). It is interesting, therefore, to ask to
what extent the measured Pd MVV Auger shifts can be
interpreted as arising from corelike final-state d-band
holes and to what extent they furnish useful information
complementary to that in Eq. (1).

In this paper we argue that the observed spectral sensi-
tivity to the DOS may introduce a direct effect of the
DOS on the measured shift, vitiating its utility as a
binding-energy shift in the sense of Eq. (2). In order to
verify this argument we present, for the first time, mea-
surements of Pd Auger core spectra (i.e., LM, sM, )
shifts in Pd-Cu alloys and compare them with the corre-
sponding M s V'V shifts.

In Sec. IT we discuss the relation between distortions of
quasiatomic line shapes and the dependence of peak ener-
gies on the DOS by exploiting the similarity between the
Cini model*® and the Koster-Slater model.*> The results
of this discussion are verified by experimentally compar-
ing Pd MsVV and L3;M, sM, 5 shifts in Pd-Cu alloys in
Sec. III, where we also show the agreement between the
corresponding Ag shifts in Pd-Ag alloys. The con-
clusions are presented in Sec. IV.
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II. RESONANCES AND BOUND STATES
IN THE KOSTER-SLATER MODEL

Explanations of the dilute Pd iV'V Auger spectra in
Pd-Cu (Ref. 33) and Pd-Ag,>*3 which assume that the
local Pd d band is full,***” relate them to the local two-
hole spectral function D (E), which corresponds to the
imaginary part of the local two-hole Green’s func-

tion,3* 3740 G, for two-hole binding energy

E=38B,—K,yy, as in Egs. (3),

G(2)=[" a&tDW)/(z—1), z=E+i8, 50"
=G0(:)/[1—UG0(Z)] , (3a)

D(E)=(—1/m)Im[G(z)]
=Dy(E)/{[1—UI,(E)]*+[7UDy(E)}*} . (3b)

In Egs. (3), the quantity U denotes the hole-hole Coulomb
repulsion and I is the real part of G. Quantities with sub-
script zero denote noninteracting holes (U =0) so that
D, is the self-convolution of the valence-band local DOS
in the alloy.

The form of Eq. (3) is analogous to that for the
Koster-Slater model*® of an impurity interacting with the
states of one band of a perfect crystal through a very lo-
calized repulsive potential coupling only to that band.
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The analogy is exact if we interpret D (E) as the one-
electron DOS at the impurity site (i.e., the local DOS in
the Wannier representation®>**). This analogy clarifies
some features of bound states and resonances we would
like to discuss.

In this model, a true bound state exists at energy Ep if
its energy does not overlap the continuum of band states
(i.e., if it lies in the “gap”) so that Dy(Egz)=0 and Ej is
determined from the condition F(Eg)=I,(Eg)
—1/U=0, as illustrated in Fig. 1(a) for a shallow and for
a deep bound state. In the region of the bound state,
D(E)=A(E)8(E—Epg), where A(Ep)=|UI(Ep)| ™!
and I =dI,/dE.

If we measure energies from the center of the band and
the bandwidth is 2A, then, for energies well removed
from the band, such that E/A>>1, I,(E)~N/(E —E),
depicted by the dotted line in Fig. 1(a), where N is the in-
tegral of D(E) and E is the band centroid. In this case,
Ez~E+UN and D(E~Eg)=NO8(E—Epg). Therefore,
for deeply bound states, the energy and line shape are
both insensitive to the details of the DOS.** This con-
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FIG. 1. (a) Schematic illustration of the bound-state condi-
tion in the Koster-Slater model. D, and I, are, respectively, the
spectral function (width 2A) and the real part of the two-hole
Green function. The dotted line represents the asymptotic form
of Iy, N/(E—E). The deep and shallow bound states corre-
spond to large and moderate values of U, respectively. (b)
Schematic illustration of the resonance condition. The total
spectral weight is the sum of the large (Dg,) and small (Dy,)
components. Depicted are the total real part of the two-hole
Green function (I,) and that corresponding to the large spectral
component (I, ). Intersection of 1/U with the former gives Eg,
the resonance energy, and with the latter gives E,, the bound-
state energy for just the large spectral component. When Dy, is
important, these energies may differ significantly.
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clusion corresponds to the condition £ >>2A for quasia-
tomic Auger spectra,'®36 where £ is the Auger parame-
ter, or the difference between uncorrelated and experi-
mental Auger energies. In this case, the bound state is
atomic in nature and AK;,, =A[B;—E — UN], where E
corresponds to the binding energy of two uncorrelated
holes so that UN is the Auger parameter’”* (self-
consistent screening is neglected in this argument'?).
This situation satisfies Eq. (1) and (2) for corelike spectra.

It is well known, however, that within the Koster-
Slater model, Ep is sensitive to higher moments of the
DOS when the bound state approaches the band edge*®
such that Dy(Egz)=0; this is illustrated for the shallow
bound state in Fig. 1(a), at whose energy I,(E) differs
from N/(E—E). The corresponding shifts, therefore,
could have direct contributions from the DOS, so that for
Auger spectra, which would correspond to £= A in this
case, AK;,,, might not necessarily reflect only the contri-
butions in Egs. (1) and (2). The associated spectra, how-
ever, would still arise from bound states and would ap-
pear quasiatomic. Here A (Eg)=N, so that there can
still be significant spectral weight where D,#0. Note
that, even though we expect £ to be within 10% of UN
here,* the measured £ is typically of the order of a few
eV (e.g., for Pd, £=3.3 eV for the MV'V transition®"*7).
Since the errors of the measured Auger shifts are around
=+ 0.10 eV, the difference between £ and UN (which is a
quasiatomic quantity) could be important for the shifts.
Ideally, the shifts in each individual case should be
verified by comparing with the shifts of core-level Auger
transitions.

A resonance occurs when the resonance energy Epx
satisfies F(Eg)=0 and Dy(Eg )70, as illustrated by the
resonance energy in Fig. 1(b). The spectral weight takes
the form, for E~Eg, D(E)~[A(Eg)/w]L(E
—Eg,[(E)), where L(x,y)=y/(x*+y%, and
[(E)=—wDy(E)/I,(Eg) (Ref. 44). For this structure to
have a useful interpretation as a virtual, or long-lived,
state, it is necessary for I'(E) be small (with respect to U,
for example) and to be approximately constant. Other-
wise, the spectral line shape differs significantly from the
quasiatomic types discussed before.

To make connection with the Pd-Ag and Pd-Cu re-
sults,>>3* consider, as depicted in Fig. 1(b), Dy(E) as the
sum of the spectral functions Dy, (E) and Dy, (E), whose
widths are 2A, and 2A,, whose integrals are N; and N,,
and whose real parts are I, and I,, respectively, such
that N, >>N,, Dy, (Eg)=0, and Dy, (Eg )70 (of course,
I,=1Iy +1y,). In this case D, would correspond to the
Pd impurity spectral weight and D, to the small local
relic of the host band arising from d-d and sp mixing.*

If Dy, were to vanish, then the resonance would be a
bound state, and we would have the quasiatomic case dis-
cussed above. The corresponding energy E|, is the solu-
tion of Iy,(Ey)=1/U, as manifested by the intersection
of the horizontal 1/U line with the dashed line in Fig.
1(b). Assuming U = A, such that I, (Eg)>>1(Eg), we
can expand in a Taylor’s series* and show that
Eg ~E,+1y,(Ey)/Iy(Ey) and T(E)=~—wDg, /14 (Ey).
To relate I' and Ex —E,, we can make the rough esti-
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mate, Iy(E)~N,[E—E,]/(A))*~2Dy,[E—E,]/A,,
where E, is the centroid of D,.*®

For D, small, the resonance is sharp, therefore, and
we can expect the observed resonance energy Ep to
represent the quasiatomic situation well and the mea-
sured shifts to be useful in the sense of Egs. (1) and (2).
As D, increases, however, the spectral weight becomes
more distorted from that of the quasiatomic case, and the
observed energy may deviate considerably from the
quasiatomic, so that the shifts may not correspond to
Egs. (1) and (2) as a result of the direct influence of the
DOS. It should be noted that the 25% maximum
difference between & and UN estimated previously*® could
have a very significant effect on the shifts.

Indeed, in calculations of Auger spectra,“_35 different
effective U’s are associated with the different multiplet
terms. Since these terms sample different portions of
Dg,, we might expect different multiplet terms to shift
differently, or, in other words, the whole multiplet group
might not shift rigidly, despite the quasiatomic interpre-
tation of each term.

III. EXPERIMENTAL RESULTS

The alloy samples studies were prepared according to
standard metallurgical techniques reported elsewhere.’
The x-ray excited Auger electron spectroscopy (XAES)
measurements were performed using an ion-pumped sys-
tem (base pressure of 2—5X 107 1% Torr) with a Vacuum
Science Workshop HA 100 analyzer operated in the fixed
analyzer mode with a pass energy of 44 eV, which yields
a Au 4f,,, full width at half maximum of 1.5 eV. Both
Al (1486.6 eV) and Mg (1253.6 eV) K, excitations were
employed and the LyM, sM, s spectra were excited by
bremsstrahlung radiation*”%: the anodes were operated
with 15.0-mA emission current at 12.0 kV. Measured
Auger energies were reproducible to within + 0.1 eV, so
that the shifts reported here are accurate to within *
0.15eV.

Pd MgVV Spectra
in Alloys

1 \e\"l
314 326 338
E (eV)

FIG. 2. Pd M, 5N, sN, s spectra in Pd, Pd;Ag;, and PdsAus.
The sensitivity of the line shapes to composition and the
difficulty in determining the peak energies is illustrated.
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Pd LsMg 5 My s
Spectra in
Alloys

E (eV)

FIG. 3. Pd L;M, sM, s spectra in the same alloys as in Fig.
2. The high resolution and line-shape invariance of these core
spectra are emphasized.

The samples were cleaned by argon-ion sputtering,
with subsequent heating for a few minutes at tempera-
tures between 500°C and 800°C to remove sputter dam-
age. Contamination was monitored before and after
analysis (the LiM,sM, s measurements took typically
from 12 to 18 h to achieve adequate signal to noise ratios)
through the carbon 1s and oxygen 1s lines.

In Fig. 2, we illustrate the sensitivity of the Pd MVV
line shape by comparing intermediate compositions of
Pd-Ag and Pd-Au with pure Pd. It is clear that from a
practical point of view, identification and measurement of
the !G, peak in these alloys is quite uncertain, indepen-
dent of the fundamental arguments presented above. In
Fig. 3, corresponding LyM, sM, s spectra manifest the
high definition of these spectra and the natural invariance
of line shape.’!

In Pd-Cu, the Pd MVV line shape, although distort-
ed,**? approximates the expected quasiatomic line
shape®* much more closely than that in Pd-Ag.3* As a re-
sult, measurement of the apparent position of the G,
peak is possible at all compositions and, indeed, corre-
sponding Auger shifts have been reported.®

In Fig. 4 we present measured Pd MVV and
LiM, sM, s Auger energy shifts in Pd-Cu on the abscissa
and ordinate, respectively. Were the MVV shifts
representative of core-levels, the corresponding data
would lie on the line of slope —1 in the figure. It is clear
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FIG. 4. M, sN,sN, s shifts are plotted on the abscissa and
LM, sM, s shifts are plotted on the ordinate. Values for Pd in
Pd-Cu alloys are represented by crosses and for Ag in Pd-Ag al-
loys are denoted by pluses. From left to right, the Pd concen-
trations in Pd-Cu are 0.05, 0.40, 0.30, 0.60, and 0.80. The corre-
sponding Ag concentrations in Pd-Ag are 0.70, 0.30, and 0.05.

that this is not the case here, given our experimental er-
ror. For comparison sake, we present corresponding data
for a true quasiatomic spectrum, that of Ag, in Pd-Ag:
the MVV shifts obviously represent the core nature of the
transition in this case.

IV. CONCLUSIONS

In conclusion, we have argued that valence-band
Auger spectra in alloys, although of quasiatomic origin,
can present Auger energy shifts which are not of quasia-
tomic nature, because of the direct influence of the
valence-band DOS. As a rule of thumb, when these spec-
tra are significantly distorted from those resulting from
atomic calculations, the corresponding shifts are most
suspect. In order to illustrate this point, we have mea-
sured Pd LyM, sM, s Auger shifts in Pd-Cu alloys and
compared them to those of the MV'V transition. It would
appear that, in general, measurement of the required
shifts should be made through the LMM core spectra,
which are well defined.
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