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We present experimental determinations of the cross section for photoionization for 4d and 5d
valence states in transition and noble metals and at the interfaces that these metals form with ele-
mental semiconductors (group IV) in the photon-energy range hv=70—200 eV. A description of the
technique used to obtain cross sections ¢ from photoemission measurements is provided, and a
phenomenological discussion of the strong dependence of o on the distortion of the initial-state d
wave function in the solid environment with respect to the atomic case and in solid-state compounds
with respect to pure metals is proposed. A strong reflection of the chemistry involving the 4 states
on the photoionization probability is found, in particular, at the Cooper minimum. The use of
photoemission at the Cooper minimum to study interfaces and compounds involving 4d and 5d
states is discussed with the support of data relevant to commonly investigated systems, as well as an
application to a less-studied refractory-metal—Si interface, namely, Mo/Si.

I. INTRODUCTION

The photoionization process is governed by a probabili-
ty function which depends on the absorption cross section
but is also characteristic of the particular initial and final
states involved in the electron emission which is called
(partial) photoionization cross section. The Cooper-
minimum (CM) effect is a minimum in the photoioniza-
tion cross section for particular orbitals (initial-state wave
functions) and particular excitation energies (final-state
wave functions). The presence of Cooper minima in 4d
and 5d orbitals was predicted' ~* on the basis of the pres-
ence of a node in the radial part of the 4d and 5d atomic
wave functions (see discussion). With the advent of syn-
chrotron radiation as a suitable source of monochromatic
light over the vacuum ultraviolet (vuv) and soft x-ray en-
ergy ranges, the measurements of the photoionization
cross section of electronic subshells became feasible, both
at the atomic (gas phase) and solid states.*~!!

While atomic photoionization cross-section (o) calcula-
tions for d orbitals (n>3) (Refs. 3, 10, and 12) show
modulations of 2 orders of magnitude between maxima
and minima, the measurements at the solid state for (d)
valence subshells show smaller effects, typically 1 order of
magnitude smaller. Only on the basis of the recent char-
acterizations of all the experimental and physical variables
involved in the measurements of o in solids (see Sec. III
and Ref. 13), highly reliable data on the Cooper minimum
in 4d and 5d solids are appearing in the literature allowing
the discussion of the solid-state effects on the ¢.>' The
nature of the solid-state effects on o (in the hv range
70—200 eV) is discussed in this paper in connection with
the chemically induced changes in the 4d and 5d initial-
state wave functions in transition-metal—semiconductor

28

(group IV) compounds, alloys, and interfaces.

This paper is organized into the following sections.
Section II deals with the experimental setup for our mea-
surements of o in solids and the preparation and measure-
ments of Si- (Ge-) metal interfaces. Section III is devoted
to a thorough description of the method used to obtain o
measurements from photoemission intensity measure-
ments in solids. The definition of the experimental o* is
given and all the correction factors are discussed. In the
second part of the paper, we present results for o of 4d,
5d, and sp subshells over the photon-energy range
hv=70-200 eV for Ag/Si, Pd,Si, and Au/Si, and com-
pare them to the o measured for pure Ag, Pd, and Au
solids (Sec. IV). Spectra of valence-band (VB) energy-
distribution curves (EDC’s) in and out of the CM are
given and discussed indicating the changes in the o as a
consequence of changes in the initial states. In the last
part of the paper (Sec. V), we define the use of hv-
dependent photoemission as a powerful tool to study the
chemical bond in solids and show a remarkable applica-
tion of o measurements to the Si/Mo interface.

II. EXPERIMENTAL TECHNIQUES

The photoemission and o measurements presented in
this paper have been obtained in several experiments using
the same ultrahigh-vacuum apparatus'* and type of elec-
tron energy analyzer [cylindrical mirror analyzer
(CMA)]," described previously in the literature and, as an
excitation source, monochromatic synchrotron radiation
on the 4° beam line equipped with a “grasshopper” mono-
chromator at the Stanford Synchrotron Radiation Labora-
tory (SSRL).!®!7 The light beam enters the experimental
chamber at an angle of 105° with respect to the CMA axis,
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and the sample sits in the common focus of the CMA and
the light beam. The o measurements were obtained most-
ly with the sample surfaces making an angle of ~50° to
the beam for reasons explained in detail in Sec. III, but
also slightly different angles and 15° incident angles were
employed. The EDC’s from the semiconductor-metal in-
terfaces were all obtained with 15° light incidence.

The intensity of the monochromatic beam was moni-
tored by a total electron yield detector collecting the emis-
sion of an Au- or Cu-coated highly transparent net placed
in between the monochromator and the experimental
chamber.

The sample preparation was done in situ (base pressure
5%10~!"" Torr) by cleaving Si(111)-oriented rods and
evaporating the metals with techniques previously
described.'®=2! The pure_ metal films were obtained by
evaporation of 100—300 A of material onto clean stain-
less-steel substrates.

III. THE DETERMINATION OF THE
EXPERIMENTAL o

The relevant quantity which is the object of the present
research is the modulation of the cross section for pho-
toionization o in the photon-energy range 70—200 eV
(shape of the o function). Therefore, the data are plotted
in relative units (arbitrary) and are not calibrated on an ab-
solute Mb scale. The uncertainty connected with an abso-
lute calibration of the experimental data would be consid-
erable because of the lack of knowledge of the exact num-
ber of photons/cm?sec provided by the light source and
the approximations in the absolute values of some of the
correction factors to be applied to the data (i.e., the escape
depths). The trends of these quantities, on the other hand,
have been carefully measured and the resulting curves (see
discussion below) have been applied to the raw data to
yield highly reliable o curves. Cross-section curves for
different substances were measured in different experi-
ments with, in some cases, differences in the geometric
factors involved in the measurement. Therefore, the com-
parison between the o obtained for different substances
must take into account that the magnitudes may not be
strictly comparable.

The quantity measured in the experiment is the intensi-
ty of the photoelectron yield for the chosen electron states
at different photon energies. We have measured the entire
valence band EDC’s at hv values covering the (70—200)-
eV range (spacing of 5 or 10 eV) and then calculated the
areas under the considered peaks. This technique is more
time consuming than the constant—initial-state spec-
trometry (CIS) technique but allows a careful subtraction
of the emission from the valence states and, therefore,
gives a more precise estimate of the photoemission intensi-
ty due to the chosen subshell.

The measured intensity obviously depends on the
brightness of the light source so that it is sensitive to
changes of the current and focusing of the stored electron
beam in the synchrotron and on the position of the beam
with respect to the deflecting mirror at the origin of the
beam line. Owing to the imperfect reproducibility of this
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geometric factor for different electron injections in the
synchrotron, all the data points for a given o were ob-
tained with the same beam and some data points were
measured several times as the store beam was decaying.
The correction for the beam current was done assuming
the intensity of the synchrotron radiation linearly propor-
tional to the stored current. Typical variation of the beam
current over the time of the complete measurement of
each o were of —20%.

The photoelectron signal was detected with a cylindrical
mirror analyzer with partial angular integration in count-
ing mode. Therefore, from here on, we will refer to the in-
tensity as the counting rate C.

Disregarding the solid-angle factor and the atomic den-
sity of our samples, since we express ¢ in arbitrary units,
and assuming a thick photoemitter and an attenuation
length for the light in the sample much larger than the
photoelectron escape depth, as is the case in our experi-
ments, the counting rate C (normalized to the beam
current) is connected to the cross section o by

C(hv)xo(hv)L(E"){(Eg)®(hv)F(X,n,K,L) , (1)

where L is the photoelectron escape depth which depends
on hv through the dependence of the final-state energy E’
above the Fermi level (kinetic energy of the photoelec-
tron); §(Eg) is the efficiency of the photoelectron detector
versus the kinetic energy of the photoelectrons; this func-
tion is characteristic of the detector used (here a CMA)
and its operation mode (see below); ®(hv) is the relative
photon flux arriving onto the sample from the light source
(synchrotron brightness and optical devices throughput).
The function F(X,n,K,L) describes the variations of effec-
tive photoexcitation of the sample due to reflection at the
sample surface (loss of photons) and refraction of the light
(changes of the light intensity within the photoelectron es-
cape depth L). The theory of F has been developed in de-
tail by Henke??; the reader is referred to that work for the
description of the dependence of F on the angle of in-
cidence of the light X, the index of refraction (n +ik) of
the sample, and L. For geometries that reduce the
reflectivity-refractivity effects, F tends to unity and the
formula (1) becomes simple and intuitive.

Owing to the finite resolution of the monochromator
and of the electron analyzer, the exact formula would re-
quire the convolution of ®(hv) and {(Ey ) instead of their
product. Actually, the accuracy of our measurements of o
is limited by the uncertainty of ®, which amounts to
+15% and, therefore, smaller errors are intentionally
disregarded to benefit the simplicity of formula (1) and its
intuitive value.

The application of (1) to analyze our data corresponds
to the empirical definition of the effective o in the present
experiment. This ¢ must not be identified with the dif-
ferential cross section; it is connected to this quantity via
an integration over the angles, including the asymmetry
parameter.”? This fact must be taken into account when
comparing our data with theoretical calculations but is not
relevant for our phenomenological discussion. We,
nevertheless, stress that the effect of such integration is
not strong as it can be estimated by combining the results
of Ref. 23 with the compiled atomic cross sections.'? For-
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mula (1) can be reversed

. C
— —_——= 2
o*=0oF Lt cG, (2)
where
1
=—, 3
G Ltd (3)

The cross section o* is not corrected for the optical effects
(F) and G is the experimental correction factor. The
remaining part of this section is devoted to the evaluation
of G and to the connection between o* and o.

A. The experimental corrections

The factor G depends on three functions which are dis-
cussed separately.

(1) The relative photon flux was obtained by measuring
the total quantum yield versus hv of two known absorbers,
Au and Cu, and correcting the measured quantity for the
optical absorption coefficients for those materials and for
the relative intensities of higher-order light frequencies
throughput by the monochromator. The intensity of
second-order light in the hv range 50—100 eV is of the
same order of magnitude as the first order and can there-
fore contribute as much as 60% to the total yield of Au or
Cu. The relative intensities of second and third order with
respect to first-order light for the grasshopper monochro-
mator used in our experiment have been measured by
Hecht et al.'” The & resulting after the corrections is
plotted in Fig. 1; the shape of the curve is analogous to
that previously given in Ref. 23 for the same beam line.

(2) The electron escape depth varies only slightly in the
energy range of our measurements. The dependence of L
on the kinetic energy has been taken from the escape-
depth compilation of Ref. 24. The relative values of the
L (E) function were used in our o (since it is expressed in
arbitrary units), avoiding the absolute values of L (E’),

100~
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® (arbitrary units)
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O 1 1

1 | 1 1 | 1 R
100 150 200
PHOTON ENERGY (eV)
FIG. 1. Photon output characteristic for the 4° grasshopper
beam line at SSRL in the range hv=70—200 eV (see text).
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which is important when the L (E’) curve is applied to the
Si-metal compounds. Recent escape-depth determinations
for Pd,Si, for example,?® give a value of 8.4 A for E;, =90
eV, which is a higher value than commonly accepted or
deduced by applying quantitatively the universal L (E’)
curve.

In our experiment, we have studied shallow electron lev-
els (valence band) with photon energies much higher than
the binding energies of the initial-state electrons. It is
then possible to assume L (E')~L(hv) obtaining an
escape-depth correction which is the same at constant Av,
for all the substances investigated.

(3) The CMA efficiency ¢ depends on the electrostatic
configuration of the analyzer, which is determined by the
particular operation mode. We operated the CMA in two
modes: in the “retarding” mode, where a constant pass
energy is set and the efficiency should be proportional to
E pass/Exinetic- In another mode, the CMA was operated
with a computer, according to theoretical predictions by
Palmberg,'® in such a way as to give constant luminosity
versus E;. We have measured the counting rate C (hv) for
Pd 4d in both modes. The ratio of the counting rates in
the two cases is proportional to 1/Ey, thus confirming the
statement that the efficiency {cma in the retarding mode
varies as 1/E; within the experimental accuracy. For the
same reason as in point (2), we approximate {(Ey )~{(hv).
Most of the data were taken in the retarding mode in or-
der to compare our data directly with counting rates from
the literature and with our previous results.

By combining the above results on ®, L, and §, we ob-
tain the cumulative correction factor G (plotted in Fig. 2)
which transforms, by multiplication, the counting rate C
into the cross section o*. The overall accuracy of G is

G (arbitrary units)

1 l
150 200

l 1 1 L 1 l 1 1 L

700
PHOTON ENERGY (eV)

O 1 1

FIG. 2. Correction factor G to transform counting rates C to

cross sections o for photoemission data obtained with a CMA
and with the flux ® of Fig. 1 (see text).
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such that the final o* are accurate within +15%. This is
due mostly to the uncertainty of the measurement of @
and must be regarded as the upper limits of unknown sys-
tematic errors. The high values of C over the entire range
explored reduce the statistical errors to a negligible factor.
The overall accuracy of our measurements can be con-
sidered very satisfactory, and it is largely sufficient for the
present discussion.

B. The connection of o* with o

If the C measurements are done at a fixed incidence an-
gle X, the evaluation of the correction F requires the
knowledge of the complex index of refraction of the sub-
stance over the entire v range of interest. In the case of
most compounds, such information is not available and
our strategy was to avoid the need for this correction by
working at near-normal incidence, where F tends to unity
in the soft x-ray spectrum. This allows us to consider
o* =0 with a high degree of confidence, as we tested in
some cases by checking the insensitivity of the C on X for
different near-normal incidence experimental geometries.

Since in many of the synchrotron radiation photoemis-
sion experiments not specifically designed for cross-section
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FIG. 3. Pd 4d emission intensity as measured at near-normal
incidence of the light on the sample surface (solid line) or at
grazing incidence (dashed curve). The curves are normalized at
the same value at Av=160 eV and show directly the effect of
loss of excitation of the sample due to the large reflection of
photons at the low angles of incidence.
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research the grazing incidence of the light is employed, we
have also carried out measurements at 15° of incidence
(the same geometry of our previous experiments on inter-
faces) in order to compare o with o*. We report in Fig. 3
the counting rate C in arbitrary units versus hv at near-
normal incidence and at grazing incidence of the light on
the sample surface; the difference between the two curves
which have been normalized arbitrarily to the same value
at hv=150 eV, a value for which the F correction is small,
is due to optical effects. The maximum C at grazing in-
cidence is lower by ~45%, due to a loss of excitation of
the sample due to reflection of part of the photons at the
surface. The effect of the factor F for data taken at graz-
ing incidence is large and as a result it is impossible to
compare ¢* and o on a quantitative basis; Figure 3
nevertheless shows that o* and o can be qualitatively com-
pared since their shapes are clearly analogous. With these
precautions in mind, it is possible to use o* data obtained
from experiments in which the optical corrections could
not be directly evaluated.

A final remark on Fig. 3 is that both the counting rate
curves show clearly the Cooper minimum of Pd at ~130
eV, i.e., even before the application of the correction fac-
tor G discussed above. The Cooper minimum for 44 ele-
ments is generally already seen in the raw data.

IV. RESULTS AND DISCUSSION

The Cooper-minimum effect in the atomic photoioniza-
tion cross sections arises from the presence of a node in
the radial portion of the initial-state wave function of
several subshells (e.g., 4d and 5d) and the consequent can-
cellation of the matrix elements for electron transitions to
particular final states. For a given set of final states, the
Cooper-minimum effect depends therefore on the particu-
lar shape of the initial-state wave function. The atomic 4d
and 5d wave functions are such that Cooper minima are
present for photoelectron final states corresponding to
transitions excited by photon energies in the range
hv=130—180¢eV.!73

The Cooper minimum (in general, the photoionization
cross section) is therefore expected to undergo solid-state
effects because of the distortion of the initial-state wave
function which is particularly strong for valence subshells.
In general, a smaller Cooper effect is observed in solids.’

A particular solid-state situation is the formation of
states in the valence band which are generated by the in-
teraction of different electron states of the same energy
(hereafter called hybridized orbitals) that maintain a dom-
inant orbital character. Typical cases of hybridization of
this kind are the 4d-3p and 5d-3p valence hybrids in
transition-metal (d) silicon (p) compounds.

The effect of rehybridization on the d states in d-metal
silicides is the formation of mixed orbitals of bonding and
antibonding character redistributed on a wider energy
range than the pure d states and the partial loss of d char-
acter.?’ Different amounts of rehybridization of the metal
d states are present in different transition-metal—silicon
(or germanium?®) systems; the near-noble-metal silicides
are characterized by a valence DOS dominated by the hy-
brid metal 4d (5d)—Si 3p band. Here we present two kinds
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Pd (film)

— hv=80¢eV
—— hv=130eV
---- difference curves

Ag (film)

hv =80eV

INITIAL-STATE ENERGY (eV)

FIG. 4. Angle-integrated electron-energy distribution curves (EDC’s) for 4d metals and 4d-metals—semiconductor interfaces: (a)
Pd, Pd/Si (Pd,Si) and (b) Ag, Ag/Ge. The solid curves correspond to EDC’s obtained with #v=_80 eV in the high 4d cross section re-
gion, and the dotted-dashed curves are EDC’s obtained at the Cooper minimum for 4d emission. The bottom curves (dashed) are the
difference curves for Pd/Si and Ag/Ge obtained subtracting the Cooper-minimum spectra from the non-Cooper-minimum ones to
give an indicator of the redistribution of the 4d states at the interface (see text).

of experimental results: angle-integrated photoemission
valence energy distribution curves (EDC’s) and photoioni-
zation cross-section curves for the Av=70—200 eV range.
From the EDC’s, we learn the distribution of the electron
states in the pure solids and in the compounds. This al-
lows us to discuss the electronic structure of the samples
whose cross sections we have measured. The EDC’s for
bulk crystalline Pd, Pt, Ag, and Au are presented in the
top panels of Figs. 4 and 5, as obtained at two photon en-
ergies: hv=80 eV, which corresponds to a very high
cross-section value for the 4d and 5d states, so that the
prominent features are all due to the emission from these
states, and at Av=130 and 150 eV that fall in the CM re-
gion where the d emission is greatly reduced.

Measured EDC’s at the same energies for the interfaces
that those metals form with Si or Ge at room temperature
are displayed in the central curves of Figs. 4 and 5. The
detailed discussion of the d-metal—semiconductor inter-
faces which these EFC’s refer to has been previously pub-
lished, and we refer the reader to the relevant papers. We
will here summarize the main features of the electronic
structure of these systems as an introduction to the discus-
sion of the cross-section data which is the central part of
the present work. The near-noble-metal—silicon interfaces
in the left panel of Figs. 4 and 5 are characterized by a

redistribution of the valence states, which involves both
the metal d electrons and the p electrons of the semicon-
ductor, with the formation of bonding states centered
around —5.5-eV initial-state energy with respect to the
Fermi level and antibonding states extending to the Fermi
level. This new electron density of states (DOS) is directly
observable in the EDC’s of Figs. 4 and 5. Metal d states,
which are less involved in the rehybridization with the Si
3p states determine the peak centered at —3.5 eV below
Eg.

This is the electronic bonding configuration for Pd-Si
and Pt-Si, which form interface compounds that have
characteristics similar to those of the stable stoichiometric
silicides.? In particular, the Pd/Si interface gives a reac-
tion product that is strictly related to Pd,Si, as was also
proven recently by surface extended x-ray—absorption
fine-structure (SEXAFS) measurements.’® On the other
hand, the noble metals Ag and Au do not form stable
compounds with Si or Ge and the metal d states are slight-
ly involved in the bonding configuration at the Ag/Ge
(Ag/Si) interface or in the Au-Si alloy. In particular, for
very low coverages, less than 0.3 monolayer (ML), Ag
atoms are semi-isolated from each other and in weak in-
teraction with the substrate at the Si or Ge surface,!®?!3
so that the Ag 4d states for such coverages are expected to
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— hv = 80eV
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FIG. 5. Same as Fig. 4 for 5d metals and metal-silicon interfaces: (a) Pt, Pt/Si and (b) Au, Au/Si.

be more atomiclike than bandlike.>* The Au/Si interface,
instead, shows a high degree of intermixing without favor-
ite composition of the relative alloy phases.’*** The bot-
tom curves (dashed) of Figs. 4 and 5 will be discussed in
Sec. VB.

The measured cross sections are presented in plots
versus photon energy. The o for the Ag 4d subshell for
Ag metal (film) and for 0.3 ML of Ag on the Si(111) sur-
face are given in Fig. 6. The o for the Au5d subshell for
Au metal (film) and for the Au/Si interface as obtained by
evaporating 6 ML of Au onto Si(111) at room temperature
(RT) is given in Fig. 7; and the o for the Pd 4d subshell in
Pd metal and Pd/Si (Pd,Si) interface are compared in Fig.
8. In all these plots, the o for the d states in the metal and
the interfaces are arbitrarily normalized to the same max-
imum value for graphical convenience.

Finally, we present, in Fig. 9, the o for the total n =3
shell of Si (valence states). Before entering the discussion
of the data, we want to remark that the whole 3sp valence
band of Si has a much weaker and monotonic dependence
on hv in the considered energy range.

A quantitative comparison of the value of o for Si and
044 OF Osq is open to the difficulties discussed in Sec. III.
It is, at present, only possible to state that at
hv=130—150 eV (the CM region) the total n =3 shell o
of Si is of the same order of magnitude (within a factor of
+1.5) of the 4d- or 5d-subshell o for the metals, in rough
agreement with Ref. 36.

All the 4d-subshell o show a well-defined Cooper

minimum. The localization of the d states in the solid
preserves the effect although it is modified. The 5d-
subshell o for Au decreases rapidly beyond the maximum
due to cancellation effects of the matrix elements, but
there is no minimum as is the case for bulk Au.’

A. Comparison between the o from hybridized
and pure d orbitals

The comparison of the o for a given valence subshell of
an atomic species in different solid-state environments is
particularly significant, since the initial-state wave func-
tion for valence states is directly modified by the chemis-
try. A correlation between the o and the chemical config-
uration that involves d states in different compounds must
then exist. To investigate this important point, we have
also measured the o for pure Ag, Au, and Pd (films).

The comparison between 044 for Ag and o, for 0.3
ML of Ag onto Si(111) is done in Fig. 6 in a logarithmic
representation to emphasize the changes in the CM region.
The difference in the amplitude of the modulation of o for
the two cases is about one order of magnitude. The value
at the CM of the o4, for the submonolayer Ag film on Si
is smaller than at the maximum by a factor of 60. This is
very close to the calculated CM for atomic Ag (the
Hartree-Fock-Slater length approximation, Refs. 10 and
12) and therefore confirms the picture of semi-isolated Ag
atoms for this low coverage. The pure Ag o has a much
weaker CM due to the much stronger solid-state effect.’
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FIG. 6. Experimental photoionization cross sections o for the
4d subshell of Ag in bulk Ag (thick film) (dashed line) and for
semi-isolated Ag atoms corresponding to 0.3 ML deposited onto
the Si(111) 2 1 surface (solid line). The two o curves were arbi-
trarily normalized to the same value at the maximum for graphi-
cal convenience.

Strong CM effects have been measured for core d levels
[In4d, Sb4d,” and Xedd (Ref. 37)] in solids showing
atomiclike modulations of o. Core levels are much less
distorted by the nonsperical crystal potential than valence
states and their o are not expected to deviate from the
atomic ones other than for many-body effects. The distor-
tion from atomiclike to bandlike valence states is therefore
reflected by changes in the o of I order of magnitude.

A similar o plot is obtained for Au 5d in solid Au and
in the Au-Si mixed phase (Fig. 7). The modulation of o
for Au in Si is bigger than for the pure metal. Au dif-
fused in Si cannot be considered by any means in an atom-
ic state, but the overlapping between 5d states of Au
atoms is greatly decreased due to the coordination of Au
with mostly Si atoms,>* also the d states are not heavily in-
volved in the Au-Si alloy bonding configuration, as has
been shown by photoemission experiments at the CM (see
Fig. 10) and DOS calculations for Au;Si.>* The ¢ mea-
surements clearly discriminate between these two solid but
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FIG. 7. Experimental o for 5d subshell of Au in bulk Au
(thick film) (dashed line) and for the Au/Si alloylike interface as
obtained by evaporating 6 ML of Au onto the Si(111) 2X 1 sur-
face at room temperature.

chemically different states for Au. The fact that no
minimum is present in the measured o, while a weak
minimum was calculated by Goldberg et al. for atomic
Au 5d,'% is probably a peculiar aspect of the solid-state ef-
fect on 5d orbitals and will not be discussed here, as well
as the shift of the maximum of o which in our measure-
ments falls below our lower limit of Av.

The analysis of maxima and the onset of o at the solid
state is premature. More theory is needed on the effects of
correlation,®® both in the initial and final states that
strongly affect these parts of . We only note that in the
single-particle calculation!? ¢ decreases monotonically
above 40.8 eV. The shift that we observe for the max-
imum of o in Au-Si towards lower 4v could be tentatively
correlated to the smaller band character of the 5d states.

We finally compare the 044 for Pd in the metal and in
Pd,Si (Fig. 8). In this case, the 4d states are involved in
the formation of bonding and antibonding hybrids with
the Si 3p valence states.?”?*3%40 The comparison is there-
fore between 4d-band-like states with different chemical
hybridizations (d-d overlap in the metal and d-p mixing in
the silicide). A strong modification of o is therefore not
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FIG. 8. Experimental o for the 4d subshell of Pd in Pd metal
(thick film) (dashed line) and at the Pd/Si interface as prepared
by evaporating 4 ML of Pd onto Si(111) 2X1 to produce a
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FIG. 9. Experimental o for the n =3 shell of Si (sp) (linear
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expected in this case. This is strongly confirmed by the o
of Fig. 8 for Pd and Pd,Si (normalized at the maximum as
usual). The difference between the two ¢’s is small, taking
into account the error bars and the uncertainty in the
background subtraction, but has significantly opposite
signs with respect to the previous cases. The CM for the
4d states in Pd,Si is smaller than that of the metal, due to
the decreased d character of the hybridized states.

On the basis of the presented data, we have shown that
the cross section for photoionization in the Cooper-
minimum region is very sensitive to the nature of the 4d
and 5d initial states, and therefore ¢ measurements in
solids yield information on the hybrid (bandlike) or atom-
iclike character of d valence states in compound alloys and
interfaces.

V. APPLICATIONS TO SOLID-STATE
ELECTRON SPECTROSCOPY

The presence of modulations in the cross section for
photoionization over a photon-energy range covered by
available sources relevant for solid-state electron spectros-
copy (surface sensitivity and final states in the continuum)
can be exploited with great advantage, particularly in the
study of compounds and interfaces.

In this section we present results on solid systems which
show the generality of the trends of o discussed above and
indicate how, even at the present state of only qualitative
understanding of this new research field, one can obtain
insights on the nature of the chemical bonds in solids.

The systems discussed all belong to the elemental
semiconductor—transition-metal kind. These systems are
particularly suitable for Av-dependent photoelectron spec-
troscopy because of the strong variability of 04454 as op-
posed to the small changes in the ogj3;, OF 0Gess Valence
states. It was actually the need to understand the nature
of the valence states in Pd silicides that stimulated the use
of photoemission at the CM as a way to gain sensitivity to
the Si-originated valence states in the silicides, otherwise
obliterated by the much higher intensity for the Pd 4d
emission at all the Av values far from the CM. All the
above and following considerations, however, can be gen-
eralized, and the material presented here is only one exam-
ple of CM effects in partial photoionization cross sections.

A. Cooper-minimum spectroscopy

The difficulty of conventional UPS with laboratory
light sources in studying transition-metal silicides or
semiconductor—transition-metal interfaces is related to
the fact that at the low photon energies the o4, or o, are
much higher than the 03,03, of Si or 04,04, of Ge. Asa
result, the photoemission EDC’s are dominated by strong
features due to the emission from the d states, and all the
information relative to the semiconductor originated states
is lost in the background.

By tuning monochromatized SR to the Cooper mini-
mum for the d emission, one obtains EDC’s that are
equally sensitive (see above) to d and non-d states. There-
fore, the semiconductor s and p contributions to the total
DOS become observable, and the electronic structure of
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the compound can be understood on a pure experimental
basis.

As introduced above, Figs. 4 and 5 show valence band
EDC’s for Pd, Pt, Ag, Au and for their reaction products
with Si (Ge) at the interfaces. The solid curves were ob-
tained with light of Av=_80 eV this value falls in all cases
in the maximum region of 0,4 (see Figs. 6 and 8) and o054
(see Fig. 7).

At this energy, the o, for Si is 1 order of magnitude
smaller, so that curves 4 and 4' in both figures show
EDC’s that describe the sole distribution of the d valence
states in those materials. The curves B and B' (dashed-
dotted) are EDC’s obtained with Av=130 eV in the CM
region for 0,4 and o5y (see Figs. 6 and 8). Here the oy
for Si and Ge is of comparable value to the 044 54, and the
spectra indeed show the details of the Si contributions.
The analysis of these Si-derived structures and of the met-
al derived structures has led to a satisfactory understand-
ing of the near-noble-metal silicides*”'®2° and the Si-Au,
Ge-Au alloys and Si/Ag, Ge/Ag interfaces chemical
bonding structures.!%32—3541

Of importance for the present discussion is the fact
that, by subtracting CM EDC’s from the non-CM EDC’s,
we obtain difference curves (bottom curves, dashed line, in
Figs. 4 and 5) that are a good indicator of the energy dis-
tribution of the states of d symmetry in the valence band.
In these difference curves, the sp contribution has been
largely cancelled due to the small changes in the oy, be-
tween 80 and 130 eV compared to the change in the o d.
Therefore, the difference between these difference curves
and the pure metal d DOS are an indicator of the redistri-
bution in energy and rehybridization of the d states in the
compound or interface phase. A clear example is that of
the Pt/Si interface, characterized by a Pt-rich mixed phase
(see Ref. 20). The difference curve 4 -B strongly differs
from the metal d-dominated EDC and also from the Pd-Si
d-dominated EDC at Av=_80 eV. These two facts carry
information on both the new energy distribution of d
states and on the distortion of the d wave function for dif-
ferent states in the compound which is also reflected in
the different o curves for states with different binding en-
ergies. This last point will be clarified in the next section.

Besides obtaining direct information on the valence
states, this method and the difference curves give a valu-
able input to the theory. Partial DOS calculations can be
directly compared with experimental “partial” DOS to
achieve better agreement and understanding than other-
wise obtainable on the basis of total DOS calculations and
d-dominated EDC’s. As an example, we propose the par-
tial 5d DOS for Au in AusSi calculated with a semiempir-
ical method® compared to our experimentally determined
difference curve for Au 5d states at the Au/Si interface
(Fig. 10).

B. Full-range h v-dependent photoemission

Observing the valence band spectra for the d metals in
Figs. 4 and 5 (top curves), it can be noted that the CM
EDC’s are also different in shape, besides intensity, with
respect to the non-CM (80-eV) curves. Owing to the rath-
er flat® distribution of p- and s-metal valence states, the
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FIG. 10. Comparison between the 5d partial contribution to
the valence emission of Au in the Au/Si interface from Fig. 4
(dashed curve) and theoretical 5d partial density of states in
Au;Si from Ref. 40 (see text).

difference in shape is due to different o dependence of the
photoemission from d states that have different binding
energies.

We will not discuss here the branching ratio effect in
Au 5d or Ag 4d for which exists a large literature, al-
though no final explanation for the phenomenon has been
achieved. It is possible to identify in Pt and Pd regions of
the d band that indicate different o values. We present
such analysis for the bonding and antibonding states of Pd

Pd EDC hy = 80eV

(a)
1 1 J 1 E;L L A j
5 Er
INITIAL- STATE ENERGY (eV)
<
15k R:=(g,/0g)

(b)

l 1 4 1 1 l 1 1 1 1 l

o " L n L
50 100 150
PHOTON ENERGY (eV)

200

FIG. 11. (a) Schematic division of 4d bonding (B) and anti-
bonding (4) valence states in metallic Pd. (b) Ratio between the
o curves obtained for the regions 4 and B of the 40 band of Pd.
The structure in the R =o0,/0p curve indicates that at the
Cooper minimum energies the o for antibonding states has a
more pronounced CM (atomiclike) than the o for bonding states.
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in Fig. 11, where we plot the C for regions 4 and B of the
valence band (being a comparison between states of the
same band of the same sample, it can be done directly on
the counting rates, avoiding the corrections and relative
uncertainties in transforming C to o). The limits of re-
gions 4 and B are arbitrary. The location of the antibond-
ing states agrees with the theory, while the bonding states
extends below our limit at 3.5 eV below Er. This limit is
necessary because, for lower initial-state energies, the sub-
traction of the experimental background becomes uncer-
tain. The two C curves show the presence of a difference
in the two ¢’s. The bonding states seem to suffer the
solid-state effect more strongly than the antibonding. A
full discussion of this point is not possible at present and
will require a theoretical investigation which we hope to
stimulate. It is, nevertheless, clear that the o is extremely
sensitive to the details of the “chemical” nature of the
initial-state wave function, and that, in general, d states
heavily involved in bonding configurations present smaller
o modulations and a smaller CM than more atomiclike d
states.

C. One application: The Si/Mo interface

A very convincing application of the above argument is
the study of the Si/Mo interface that, for thin Mo over-

Si/Mo INTERFACE
(8:105)

PHOTOEMISSION INTENSITY (arb. units)

-15 -10 -5
INITIAL-STATE ENERGY (eV)

FIG. 12. Angle-integrated electron-energy distribution curves
for the valence states at the Si/Mo interface as prepared by
evaporating 10.5 ML of Mo onto Si(111) 2 1. EDC’s taken at
hv values between 70 and 120 eV are shown and the magnifica-
tion factor used to plot curves of the same amplitude is indicat-
ed. The dashed line on the curve obtained with hv=100 eV in-
dicates a region of emission due to the presence of the Si LVV
Auger line at ~91 eV of kinetic energy. The shallow states be-
tween —5 eV and Er are dominated by the 4d emission of Mo
that has much higher o than the Si originated states.
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layers, is characterized by a mixed phase.?"** The EDC
for this mixed phase is given in Fig. 12 for a sample
prepared by depositing 10.5 ML of Mo onto Si(111), as ob-
tained with photon energies between 70 and 200 eV. The
changes in the shape of the Si/Mo EDC are dramatic so
that the interpretation of one of these EDC’s independent-
ly from the others would be extremely misleading. Two
regions in the EDC’s can easily be identified as having
“stability” of the spectroscopic features over the Av range.
The region of the shallow states A and that of the deeper
states B are defined in the inset of Fig. 13, and the mea-
sured 04 and op are plotted. A difference factor of 5 in
the o* at the CM is present between o, and op, with the
shallow states having a more atomiclike Cooper effect.
The reduction values at the CM for these curves should
not be quantitatively compared with those relative to the
corrected o in Sec. V A of this paper. Figure 13 is a plot

(hvy=70eV)
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| : :
A
U
b
Alllllllli :ll;
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FIG. 13. Experimental uncorrected o* for two regions of Mo
4d states at the Si/Mo interface. o and o} are plotted, and the
boundaries between the two sets of states are indicated on the
EDC in the top panel. The o* for the states between —5 and
—2.5 eV below Er shows a smaller modulation in the Cooper-
minimum region indicating that these states are largely involved
in the bonding configuration. Being a comparison between o* of
states of the same electronic structure of the same sample, the
optical corrections are not necessary because all the optical ef-
fects are cancelled out in the comparison.
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of uncorrected o*. As noted above, this fact is not impor-
tant when we compare o*’s for the same sample. The
smaller CM effect for the deeper states (B) cannot be due
to the presence of a stronger Si background contribution
because Si valence states have a o 1 order of magnitude
smaller than that for Mo 4d.'>* This contribution can
smooth the curve but cannot originate the effect. The
difference between o, and o is therefore not affected by
artifacts and can be interpreted as the direct experimental
evidence that in Si-Mo the shallow d states are “atomic-
like,” i.e., little involved in the bond or nonbonding. This
is in agreement with the theory of the DOS in the
silicon—refractory-metal silicides.** It has, in fact, been
proposed that the strong metal—metal bonds typical of
bulk Mo are broken so that a part of the d states is in-
volved in bonds with Si, and another part is of nonbond-
ing character in the Fermi-level region.

The present cross-section results are the most direct and
convincing experimental proof of this scheme for the DOS
of Mo-Si. We stress that these conclusions on the nature
of the d states in Si-Mo were reached on a mere experi-
mental basis by applying the considerations on o presented
in this paper. This is a very important point because our
method can be used to understand the physics of systems
for which significant calculations are unavailable or im-
possible.

VI. CONCLUSIONS

We have presented photoionization cross sections for a
variety of 4d and 5d metals, compounds, and interfaces.
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A solid-state effect is present on the o and has been dis-
cussed at a phenomenological level stressing the impor-
tance of the changes of the initial-state wave functions in
going from the atomiclike to the solid state and at the
solid state from band character due to d-d overlapping to
the rehybridized character due to orbital mixing with
states of non-d nature.

We demonstrated the existence of such effects with a
variety of examples relative to known systems, and we fi-
nally showed how to apply cross-section considerations to
the spectroscopic study of unknown electronic structures
(like the Si/Mo system) and the important information
that can be obtained from this approach.
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