
PHYSICAL REVIEWER B VOLUME 46, NUMBER 7 15 AUGUST 1992-I

Solid-state effects on Ag in dilute alloys revealed by Cooper-minimum photoemission
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Synchrotron-radiation photoemission has been used to study the region of the Cooper minimum of the

Ag 4d states in the random substitutional alloys A195Ag& and Cd97Ag3. We have developed an internally

consistent analysis by relating the intensity of the Ag 4d states to the intensity of the step at the Fermi
level. The results are compared with previously published theoretical calculations for atomic Ag and ex-

perimental data for atomic Ag and solid Ag, and for a submonolayer thickness of Ag deposited on a
Si(111)substrate. The Ag 4d Cooper minimum is perturbed from its atomic values owing to hybridiza-
tion of the Ag 4d wave function with that of the neighbor atoms. We use this to deduce details of how

silver is bonded in these different systems. It is shown that the Ag in dilute Al-Ag is quite similar to
atomic Ag while in Cd-Ag the Ag atoms are somewhat more perturbed than in metallic Ag. In the Cd-

Ag alloy, the 4d cross section per atom for Ag is lower than for Cd throughout the photon-energy range
of 40-170 eV.

I. INTRODUCTION

Although there are several experimental techniques
that provide information on the densities of states (DOS)
in metals and their alloys, there are few that can provide
information on the associated wave functions. One way
of probing the character of valence wave functions is to
measure the photoionization cross section o. as a function
of photon energy h v. For wave functions which contain a
radial node 0. can show significant changes as the photon
energy is varied and cancellation in matrix element in-
tegrals for transitions to particular final states causes a
pronounced minimum in 0, the Cooper minimum
(CM).' These occur for any initial-state orbital where
the principal quantum number n and the angular momen-
tum I are related by n & 1+1, such as 3p, 4p, 4d. Since
the CM effect is very sensitive to the details of the initial-
state wave function, o'(h v) in the CM region is a valuable
probe of the way in which valence wave functions are
modified by solid-state effects and by the chemical envi-
ronment.

The advent of synchrotron radiation as a tunable exci-
tation source has made it possible to exploit the CM
effect, both to separate different orbital contributions to
the local DOS for a wide variety of alloys and rnetal-
semiconductor interfaces ' involving 4d and 5d ele-
ments, and to correlate changes in the form of o (h v) for
an orbital of a given atom in different environments to
changes in electronic structure. "

In this work we have studied the CM of Ag 4d states in
a dilute alloy with an sp metal (Al) and with another, d

band metal (Cd), in both of which the Ag impurity forms
a virtual bound state. ' ' The proportion of Ag in the al-
loys was 5 at. % in Al and 3 at. %%uo inC d, sufficientl ydi-
lute that the Ag atoms are well separated and nonin-
teracting. The CM results are compared with previously
published theoretical and experimental cross-section data
on other systems involving Ag, and we relate the changes
in the Ag 4d CM in these alloys to the local electronic
structure.

In the next section, we describe our experimental
methods, while Sec. III contains the results and analysis.
The findings are discussed and compared with theoretical
calculations and the results of experiments on other sys-
tems in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The experiments were performed on beamline 6.1 at
the Daresbury Synchrotron-Radiation Source. The pres-
sure in the experimental chamber was in the low 10
mbar region throughout the course of the experiments,
and the samples were kept at room temperature. Photo-
electron spectra were collected using a coxnmercial
(Perkin-Elmer) double pass cylindrical mirror analyzer
(CMA) operated in fixed transinission mode. Specimens
of the random substitutional alloys A195Ag5 and Cd97Ag3
were prepared by melting together high-purity com-
ponents in an atmosphere of argon. No loss of weight oc-
curred during their fabrication. The same specimens
have been studied previously ' using x-ray excited pho-
toemission and Auger electron spectroscopies. The speci-
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mens were cleaned by mechanical scraping with a
tungsten carbide blade. Photoemission from the 0 2s lev-
el was monitored as a measure of surface cleanliness and
a new surface was created when an increase was seen in
that region. Using photon energies near to the 0 2s
threshold, this method is more sensitive than convention-
al Auger electron spectroscopy excited by higher-energy
electrons. The upper level of contamination is less than
0.1 monolayers. For the CM experiments we used pho-
tons in the energy range 40-170 eV, selected by a plane
grating monochromator and incident on the samples at
an angle of -60' from the normal. The variation of the
photon flux incident on the sample as a function of pho-
ton energy and due to the decay with time of the storage
beam current is corrected by dividing each spectral point
by the current measured at a tungsten grid situated be-
tween the monochromator and the sample. There are
three components to the experimental resolution AE: the
natural width of a feature, the bandwidth of the electron
energy analyzer, and the bandwidth of the photon mono-
chromator. b,E was measured by fitting the Fermi edge
of each spectrum to a Fermi-Dirac distribution con-
volved with a Gaussian of width hE. The resolution was
found to increase with photon energy from 0.5 eV at
h v=40 eV to 1.8 eV at h v=170 eV.

,
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the true differential cross section. Our experimental
geometry, with photons incident at an angle of 60, is
close to the limit in which F~1. However, to avoid the
difficulties in obtaining absolute values for o., we have
used the intensity of the free-electron-like step lying just
below the Fermi energy I, as an internal reference in

F

III. RESULTS AND ANALYSIS

The experimental spectra, normalized to the intensity
of the step at the Fermi level, are shown in Fig. 1. The
Ag 4d peaks lie 6.4 eV below the Fermi level c.F and their
intensity variation with photon energy is clearly visible in

the raw data. The peaks at 12-eV binding energy in the
h v=110 eV spectrum and at 13-eV binding energy in the
60-eV spectrum for the A195Ags alloy [see Fig. 1(a)] arise

from the photoemission of Al 2s and Al 2p states, respec-
tively, excited by second-order photons. As can be seen
from the spectrum excited by 60-eV photons in Fig. 1(b),
the Cd 4d band is at a binding energy of 11 eV.

The measured photoelectron intensity I (hv) of a state
has been related to its cross section 0(hv) by Rossi
et al. ' by the expression

I (h v) ~ o (h v)A(Ek;„)g(E)„„)N(hv)F(y, rt, a, A, ),
where A, (Ek;„) is the photoelectron escape depth, and

g(Ek;„) is the efficiency of the photoelectron detector as

functions of photoelectron kinetic energy Ek;„. The fac-
tor F is a function of the ang1e of incidence of the beam y
and allows for reflection at the sample surface and refrac-
tion of the beam within the escape depth; hence F is also
a function of A, and of the complex index of refraction of
the sample (g+ia).

There are formidable difficulties in obtaining accurate
correction functions to relate I(hv) to o(hv). The rela-

tionship between data collected with a CMA and the to-
tal cross section has been explored by del Pennino et al.
This work shows that, in our photon-energy range, it is

possible to calculate F at the average acceptance angle of
the spectrometer, and thus that the effective o. as mea-
sured in our experiment can be directly compared with
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FIG. 1. Valence-band photoelectron spectra, normalized to
the intensity of the Fermi level, for (a) A195Ag5 and (b) Cd97Ag3
at different photon energies.
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each spectrum. Since the Ag 41 states in each alloy are
bound by only 6.4 eV, the transmission function of the
analyzer and the electron escape depths will be, to a good
approximation, equal for the kinetic energies of the Ag
4d and the host Fermi energy photoelectrons in each
spectrum. Thus, by measuring the ratio of intensities

I4„/I, we are directly measuring the ratio of cross sec-
F

tions 0 ~d /o, , since all the correction terms in (l) cancel.
F

u4d is then easily obtained,

be equal to the host-impurity 4d hopping but there is a
shift b, of the d-electron energy for an impurity site. The
impurity DOS consists of a sharp peak shifted from the
host d band by an amount 6 and a small contribution un-
der the host d band. For the Ag impurity in Cd97Ag3,
5=4.7 eV, and there is a broadening of 0.15 eV due to
Anderson d-sp hybridization [see Fig. 2(b)]. These pa-
rameters correspond to approximately 3%%uo of the Ag 4d
intensity lying under the Cd 4d band. This prediction
cannot be tested by photoemission, but the Ag

I4d
04d =&~

F I
GF

(2)

From electronic structure calculations for pure Al met-
al, we expect the states at the Fermi level in A195Ag5 to
have predominantly Al 3p character. Similarly, we ex-
pect Cd 5s character at the Fermi level in Cd97Ag3. As-
suming that their cross sections are well represented by
Al 3p and Cd 5s atomic values, respectively, we can
deduce o4d(hv) using theoretical calculations for Al
o'3~(hv) and Cd crs, (hv) It .can be seen that this as-

sumption holds well for Si, the nearest neighbor to Al in
the Periodic Table, by comparing Fig. 9 of Ref. 10 with
the calculated cross section for atomic Si 3p levels in
the energy range 70-200 eV. This method of analysis
works well in this study because the variation of the Al
3p and Cd Ss cross sections is much less than that of the
4d orbitals of Cd and Ag.

The Ag 4d levels are degenerate in energy with part of
the host valence band, so to deduce the intensity of the
Ag 41 states a way is needed of separating these contribu-
tions. We have modeled the impurity electronic structure
using simple Hamiltonians, namely those of Anderson '

(for A19&Ag5) and of Clogston and Wolff ' 9 (for

Cd97Ag3), which represent the impurity-host interactions
with a small number of parameters. While these models
have physical simplicity and have been successfully ap-
plied to many alloys, their value and validity is of secon-
dary importance here since we are only concerned with
the intensity of the impurity 4d states rather than the de-
tailed alloy band structure. The model DOS is used only
to determine the Ag 4d intensity in a consistent manner.

The Anderson model ' was introduced to explain the
existence of localized magnetic moments in dilute alloys
and has been successful in describing 1-electron metal im-
purities in free-electron metal hosts. It allows the mixing
of the impurity d states with the host sp band and, for a
magnetic impurity, includes the Coulomb exchange in-
teraction between two d electrons of opposite spin on the
same site. The impurity line shape has a width deter-
mined by the extent of the d-sp hybridization. In A195Ag5
the Ag 4d-derived virtual bound state (VBS) has a bind-
ing energy of 6.4 eV and width 0.5 eV [see Fig. 2(a)]. We
fitted the Anderson model VBS and the Al valence band,
both Gaussian broadened by the experimental resolution,
to each photoelectron spectrum to determine the ratio of
their intensities, and hence of their cross sections.

The Clogston-Wolff model ' uses a tight-binding
Hamiltonian appropriate for a d-metal impurity in anoth-
er d-metal host. The host-host 4d hopping is assumed to
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FIG. 2. (a) Experimental valence-band photoelectron spec-
trum, taken at h v= 100 eV, for A195Ag5, compared to the results
of a calculation for the Ag virtual bound state using the Ander-
son model (Ref. 21). (b) Experimental valence-band photoelec-
tron spectrum, taken at h v=80 eV, for Cd97Ag3, compared to
the results of a calculation for the Ag virtual bound state using
the Clogston-WolfF model Hamiltonian (Refs. 28 and 29).
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M4&N45N45 Auger spectral profile is very sensitive to
the Ag 4d intensity in the region of the host d band [since6- U(LSJ), where U(LSJ) are the correlation energies
of the two-hole final state LSJ multiplets], and Auger
spectroscopy has been used to show that the Clogston-
Wolff model predicts the mixing into the host d band
quite accurately for this and other alloys.

In Figs. 3—5 are plotted the photoionization cross sec-
tions o4d for a variety of systems. The curves have been
normalized to 100 at their maxima and plotted on a loga-
rithmic scale to emphasize the different depths of 4d CM.
Figure 3 displays previously published data for solid me-
tallic' Ag and gas phase atomic' Ag, compared with
atomic Hartree-Fock-Slater (HFS) calculations. Figure
4 shows the Ag 4d states in different solid environments
with our data for Ag in Cd97Ag3 and Ag in A195Ag5 com-
pared with that for metallic' Ag and for a submonolayer
coverage of Ag on Si(111) (Ref. 13). For the C197Ag3 al-

loy, we measured the 4d cross sections of both the impur-
ity and the host: in Fig. 5 are contrasted our data for the
host Cd states in this alloy with metallic Ag (Ref. 17),
and Ag on Si(111) (Ref. 13). The maximum for Cd in
Cd-Ag may not be quite correctly depicted since it occurs
at about 90 eV, and data were not collected for Cd-Ag at
this photon energy.

Whereas Figs. 3-5 are used to display the different
depths of 4d CM for diff'erent atoms and environments,
Fig. 6 shows the direct comparison between Cd and Ag
4d cross-section absolute magnitudes in the Cd97Ag3 al-

loy. As for Figs. 3—5, o. modulation due to variations in
the Fermi energy states is removed using (2) but the
curves are not independently normalized to 100 at their
maxima. Using the known concentrations of the Cd-Ag
alloy, the Cd and Ag 4d cross sections per atom can be
determined. Although the units are arbitrary, no relative
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scaling of the two curves in Fig. 6 has taken place, and
since the Ag and Cd states were measured in the same
spectrum for each photon energy, the cross sections per
atom for the Cd and Ag 4d states can be plotted on strict-
ly the same scale. We are then able to deduce informa-
tion about the environmental effects on the absolute mag-
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FIG. 4. The photon-energy dependence of the photoioniza-
tion cross section of Ag 4d states from our experiments on
A19&Ag5 and Cd97Ag3, together with the experimental data for
metallic Ag (Ref. 17) and Ag on Si(111)(Ref. 13). All data have
been set to a maximum of 100.

CO

I0
V

V

0
es
N

0
0
0
0

10

101

100.—

0 Metallic Ag
HFS Calculation

4 Atomic Ag

50 100 150

Photon Energy (eV)

D
JD

C0
~ W

CP
V

V

0
N

0
0

C4

10

101

10'.—

I

50

0

I ~ . ~ . I

100 150 200
Photon Energy (eV)

FIG. 3. The photon-energy dependence of the cross section
of Ag 4d states for metallic Ag (Ref. 17), atomic Ag (Ref. 16),
and Hartree-Fock-Slater calculations (Ref. 27) for free atomic
Ag, normalized to a maximum of 100 for each set of data.

FIG. 5. The photon-energy dependence of the photoioniza-
tion cross section of Cd 4d states from our experiments on
Cd97Ag3, together with experimental data for the 4d states of
metallic Ag (Ref. 17) and Ag on Si(111)(Ref. 13). All data have
been set to a maximum of 100.
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FIG. 6. The photon-energy dependence of the photoioniza-
tion cross section per atom of Cd and Ag 4d states from our ex-
periments on Cd97Ag3.

nitudes of 4d cross sections, as well as on the depths of
the CM.

The 4d orbitals in the different environments presented
here all exhibit CM in the 120-150-eV photon-energy
range, but with widely varying depths from maximum to
minimum. In the next section we discuss what this
means in terms of the nature of the 4d wave functions.
Table I gives the values of the range r of the cross section
[r =logto(rr, „/o;„)]for 4d orbitals in various bonding
environments.

IV. DISCUSSION

TABLE I. The range [r =log«(cr, „/o;„)]of the 4d Cooper
minimum in various systems.

Reference

Ag atoms
(theory)
Ag atoms
Ag on Si
Ag in Al-Ag
Ag metal

Ag metal

Ag metal

Ag metal

Ag metal

Ag in Cd-Ag
Cd in Cd-Ag

2.3

1.7
1.9
1.8
1.0
1.1
1.5
1.7
1.7
0.5
1.1

16
10,13
This work
17
10,13
11
12
18
This work
This work

In this section we start by focusing on the differences
between the shape of the Cooper minima for different sys-
tems, and particularly concentrate on the energy position
of the minimum and the range r. The variation of

u4d(hv) with atomic number Z is very weak for the 4d
orbitals of atoms. In atomic Ag (Refs. 16 and 27) the
minimum occurs at hv=135 eV, and the depth of the
CM covers two orders of magnitude (r =2). The Ag 4d
orbitals at the submonolayer Ag on Si(111) interface and
the Mo 4d & orbitals in solid MoSz are both believed to
have predominantly atomic character. ' ' ' ' The
o (h v) variation has been studied for both these orbitals
in the CM region and has been found to be very similar
to atomic cross-section calculations. ' ' ' ' ' There is
a large experimental uncertainty associated with the only
Ag gas phase cross-section data currently available, '

which gives r —1.7 (see Fig. 3), compared with r —1.9 for
Ag on Si.' ' ' Atomic HFS cross-section calculations
show a slightly deeper CM than that determined experi-
mentally, but it is known that the depth of the CM is a
very stringent test of the wave functions used in the
theoretical calculations.

For 4d elements in the metallic phase there is
significant d doverl-ap which distorts the atomic orbitals.
The CM effect, depending crucially on cancellation in
matrix element integrals, is unique in its ability to detect
the onset of distortion of the 4d wave function (g~d ) in
the region of the radial minimum as Z decreases, and
thus the bandlike character of the 4d states is increased.
The noble metal Ag has a filled 41 band which is bound
by about 4-6 eV, and the radial node in $4d lies well
within the region of significant d-d overlap. Thus Ag
metal retains a clear CM (at hv=140 eV), although the
solid-state effect is seen to reduce the depth of the
minimum by about one order of magnitude.

Table I shows that different values have been previous-
ly published for metallic Ag. The work reported in Refs.
10 and 13, and that of Ref. 17, finds r -1.0, while other
studies"' ' report r -1.6. We did not measure metallic
Ag, but note that Refs. 11 and 12 do not specify the in-
cident geometry and the method used to extract o from
the data. In Ref. 18, taking the quoted value of r, the
spectra published show a surprisingly large variation in
cr4, that is not found in other studies. Further, we find a
value of r —1. 1 for the 4d states of Cd in the Cd97Ag3 al-
loy. All these points support the view that r -1.0 in Ag.
The wide discrepancy between the values found by
different groups serves to highlight the need for an alter-
native to calculating the correction factors for cr, such as
the approach taken in this paper. We also comment that
the present study is concerned with comparing Ag in a
solid-state environment (such as solid metallic Ag) and
Ag in an atomiclike environment [such as Ag on Si(111)].
The only data reported in the literature for both these
systems measured together are those of Refs. 10, 13, and
17. There the cr values for the two different cases have
been evaluated in the same way, and therefore only in
those works are the data truly comparable. These experi-
ments agree in their values of r-1.0 for Ag metal and
r —1.9 for the Ag/Si(111) interface. Experimental data
for atomic' Ag and one of the published measurements
of solid-state' Ag are shown in Fig. 3, together with the
HFS atomic cross-section calculations of Yeh and Lin-
dau. The 4d orbitals in metallic Ag have largely atomic
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character, but 0.
4d in the CM region still shows sensitivi-

ty to the d-d interaction.
On decreasing Z, the 4d states approach the Fermi lev-

el, become more extended, and have increased sp charac-
ter. For Mo metal, o4d varies very weakly with photon
energy and there is no clear CM, but only a slight shoul-
der shifted to higher hv by -50 eV. ' This dramatic
modification of o4d(hv) has been explained in terms of
severe distortion of the behavior of g«near the radial
node. '

Thus the atomic 4d CM effect is believed to be present
in solid-state systems for orbitals which are unperturbed
from their atomic form. The CM effect is also thought to
be very sensitive to the extent to which the bonding envi-
ronment distorts the radial wave function of an orbital.
We consider the results for A195Ag5 and Cd97Ag3 in light
of these observations.

A. Al-Ag

Figure 4 shows the experimental cross-section data for
the Ag 4d states in A195Ag5, along with experimental data
for metallic Ag (Ref. 17) and for submonolayer Ag on
Si(111) (Ref. 13). The ordinate scale is plotted logarith-
mically to emphasize the differences in the CM region.
Since the alloy is dilute, the Ag 4d orbitals do not overlap
significantly. The 4d levels are, however, broadened by
hybridization with the host sp band. The o4d(hv) curve
for Ag in A195Ag5 shows a dramatic CM at h v=140 eV,
with r = 1.8 (see Table I), which is very similar to that of
Ag at the Ag/Si(111) interface and for atomic Ag. This
suggests that the Ag 4d wave functions in A195Ag5 are
not significantly perturbed from the atomic phase.

B. Cd-Ag

More significant changes are expected in alloying Ag in

the 4d metal Cd, although it is hard to predict intuitively
the extent to which the Ag 4d wave functions are distort-
ed by the presence of the host d band. Cd is adjacent to
Ag in the Periodic Table and, though the 4d states in Cd
metal are 11 eV below the Fermi level, they are still sub-

stantially influenced by band structure and have a width
of —3.6 eV. As such, o «(h v) for Cd metal may be ex-

pected to exhibit a clear CM but with a reduced depth, in

a similar manner to Ag metal. In Cd97Ag3 the perturba-
tion of the host d band due to the dilute impurity will be
very weak, and so the Cd 4d states in the alloy should
have the same form of o4d(hv) as pure Cd metal.
o4d(hv) for the Cd 4d states is shown in Fig. 5. The
depth of the minimum is given by r =1.1, which is simi-
lar to the value for metallic Ag (Refs. 10, 13, and 17) of
—1.0 (see Table I). This suggests that although the 4d
states of Ag impurities in Cd have a slight energy shift
with respect to the Cd d band, the 4d radial wave func-
tion on both host and impurity lattice sites in the

Cd97Ag3 alloy will suffer similar distortion as in a pure

Ag (or indeed Cd) lattice.
Cd is the cutoff point for 4d bandlike character in the

fifth row of the Periodic Table, ' and the Cd 4d states
show a clear doublet with significant contributions from

the atomic spin-orbit coupling [see Fig. 1(b)]. In the adja-
cent element In, the 4d states have atomic spin-orbit
splitting and can be considered to have evolved into the
core. The Ag VBS is narrow and only a small percentage
of its intensity is degenerate with the Cd 4d band. How-
ever, this information on the DOS does not give a clear
indication of the extent to which the overlap between the
Ag and Cd 4d wave functions causes a delocalization of
the Ag 4d wave function. If this overlap is small, we ex-
pect the Ag 4d wave functions to be highly localized and
perhaps atqmiclike as in A195Ag5. If the overlap is sub-
stantial, the Ag 4d states could be quite extended. The
CM experiments provide a useful insight into this issue,
since the CM is very sensitive to the distortion of the ra-
dial wave function and so directly probes the effect of the
Cd d band on the Ag 4d wave function. Our data show
that the Ag VBS exhibits a CM at h v=140 eV (Fig. 4),
but with greatly reduced depth, r =0.5. The range of the
CM is more than an order of magnitude smaller than for
the Al-Ag alloy and is more reminiscent of Mo metal.
This suggests that the Ag 4d states in Cd9~Ag3 are heavi-

ly involved in d-d bonding, and g« is consequently
severely perturbed in the region of the radial node.

Study of the Cd97Ag3 alloy provides an opportunity of
measuring o (h v) of the same subshell in two different en-
vironments on strictly the same scale, which is complete-
ly independent of any correction procedure used. The
variation of 0.

4d with h v for Ag and Cd sites is shown in

Fig. 6 without normalization. Our data reveal that o4„
for an Ag site is greatly reduced with respect to its value
for the Cd sites throughout the photon-energy range.
This implies that the standard analysis of cross-section
data by normalizing o(hv) curves at their maxima and
explaining their differences solely in terms of the
modification of the CM effect is incomplete. While the
range of the cross-section variation r must still reflect the
extent to which the initial-state wave function is distort-
ed, when this distortion is severe the origins of cr

modification may be more complicated than just the dis-
turbing of matrix element cancellation at the CM.

It is possible that the Ag 4d wave function is surpris-
ingly extended and thus has reduced absolute 0. values,
with respect to the atomic case, as well as a quenched
CM effect. It is also possible that the o.«(hv) curve re-

ported by Abbati et a/. ' may suggest similar properties
for the 4d states in Mo metal. Certainly the shape of 0.

4d

for Mo metal is similar to an sp-type monotonic decrease
with increasing photon energy, but the absolute magni-
tude of v4d is not availab1e for comparison with other
systems.

V. CONCLUSION

Photoemission in the Cooper-minimum region has
been used to study the Ag 4d-derived virtual bound states
in the random substitutiona1 Cd97Ag3 and A195Ag5 ~ The
4d states of Ag when dilute in the free-electron metal Al
are found to exhibit a deep atomiclike Cooper minimum
indicative of a highly atomic 4d wave function. When al-

loyed to the d-electron metal Cd the 4d states of Ag ex-
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hibit a weak Cooper minimum, showing that the presence
of the host (Cd} 4d band severely distorts the Ag 4d wave
functions. We have observed further that for the

Cd97Ag3 alloy the cross sections for the Ag 4d states are
consistently smaller than for the same orbital on the Cd
sites. We conclude that the environmental effects on
o (h v} are evident throughout the photon-energy range,
and are not restricted to the CM region. More work on
other metals and alloys is required before a systematic
understanding of the effect reported here is achieved.

We also conclude that it is desirable to have an internal
reference in each spectrum, to avoid the use of large
correction factors, and we point out the importance of
measuring relative cross sections in the study of alloys.
At present, little attention has been devoted to a theoreti-
cal explanation of solid-state effects on photoionization
cross sections. The CM effect provides a sensitive probe

of wave-function information, which would otherwise be
diScult to obtain experimentally or theoretically. We
hope that the increasing number of experimental studies
in this area will help stimulate more theoretical involve-
ment and help to develop a potentially very fruitful tech-
nique.
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