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Experimental determination of local-bonding configuration at the early stages of growth
of the heterogeneous Pt/InP(110) interface by synchrotron-radiation spectroscopy
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The interaction of Pt adatoms with the InP(110) cleaved surface for coverages between 0.1 and 6
monolayers (ML) is studied to explore the chemical-bonding configuration at the early stages of for-

mation of the interface. The Pt/InP(110) interface is heterogeneous: a dominant reacted Pt-P phase

forms on patches of surface and grows in depth; traces of other Pt minority environments are ob-

served; regions of the InP surface remain unreacted; and In is segregated. The Cooper-minimum

photoemission method, using synchrotron radiation as the photon source, is employed to obtain in-

dicators of the partial density of states of Pt 5d character and P 3sp character of the Pt-P dominant
reacted phase. Core-level synchrotron-radiation photoelectron spectroscopy (Pt 4f, In 4d, P 2p)

and P L2 3 VV Auger line-shape results are also presented. The bonding structure between Pt and P
at the interface formed by 3 and 6 monolayers of Pt on InP(110) is reminiscent of the Pt silicides.

INTRODUCTION

Heterogeneity of metal-semiconductor interfaces is a
general phenomenon in the early stages of growth of the
junction, in particular for interfaces on compound semi-
conductors. ' The improvements of the resolution and
the better signal-to-noise ratio of recent data have al-
lowed one to recognize more components in the core-
level signals from interfaces and to sketch the evolution
of the associated chemical environments as a function of
the interface growth, i.e., as a function of metal coverage
and kinetic conditions. A variety of growth modes in the
submonolayer and monolayer regime have been pro-
posed: formation of microclusters of adsorbed metal at
the semiconductor surface; catalytic action of the clusters
on the chemical reaction between adsorbate and sub-
strate; phase separation of reacted islands onto unreacted
substrates, or onto substrates stabilized by a chemisorbed
monolayer; etc. All such interfaces are spatially hetero-
geneous, with the substrate being partially covered by
clusters or two-dimensional films (often called rafts) or lo-
cally reacted in depth with formation of islands (let us
call them icebergs) of a reacted phase. The study of these
systems demands the use of space-resolved physical
probes like scanning electron tunneling microscopy and

spectroscopy or spatially resolved Auger line-shape spec-
troscopy.

We present in this paper the first synchrotron-radiation
photoemission study of the growth of the Pt/InP(110) in-
terface at room temperature. It is shown the heterogene-
ous character of this system for low coverages and the tu-
nability of the photoemission parameters are exploited in
order to analyze the chemical nature of the main reacted
interface phase. This is possible since one well-defined
chemical environment for the adsorbed Pt is found, and
since the favorable ratio of photoionization cross sections
for the valence-electron states of the interface atoms al-
lows the exploitation of the Cooper-minimum effect. The

experimental basis of the discussion is provided by Pt 4f,
In 4d, P 2p core photoemission, P L23VV Auger line-

shape measurement, valence-band photoemission and
Cooper-minimum photoemission, and measurement of
the magnitude of the Cooper minimum effect on the pho-
toionization cross section of the atomiclike In 4d sub-
shell, and of the bandlike Pt 5d subshell. By choosing the
proper photoexcitation energies we have obtained the
angular-momentum-dependent density of states (or par-
tial DOS, PDOS) and other information on the initial-
state wave functions.

EXPERIMENT

Two series of measurements were done, following the
same sample-preparation procedures on two different
synchrotron-radiation ports outputting monochromatic
radiation in the photon energy ranges 20-50 eV and
80-180 eV, on the ACO storage ring at LURE. The ex-
periments were done using two ultrahigh-vacuum appara-
tuses equipped with hemispherical electrostatic electron
energy and angular distribution analyzers as well as
LEED, Auger, and standard sample-preparation tech-
niques. InP(110) surfaces were obtained from n-type
single-crystal rods by cleavage in situ. Pt was evaporated
from 99.995% pure Pt wires wrapped around a W fila-
ment heated Ohmically. The deposition rate was moni-
tored by a quartz microbalance that could be put in the
target position alternatively with the sample. The con-
trol of stable evaporation rates was quite laborious due to
slow thermal drifts of the quartz microbalance; the
overall accuracy of the coverages is +30%o. The thermal
drifts of the quartz microbalance are a qualitative indica-
tion of warming of the substrate surface during Pt eva-
poration. The photoemission measurements were done
with the photon beam impinging on the sample at 22.5
with respect to the surface normal; the photoelectrons
were collected at normal emission and at 20 along the
[110]direction. '
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THE COOPER-MINIMUM METHOD

A feature of synchrotron-radiation spectroscopy is the
access to the photoionization cross-section parameter
o(h v) in the photoexcitation process. " By changing the
photon energy within the excitation range of interest for
surface-sensitive photoelectron spectroscopy of valence
states (20—200 eV} it is possible to distinguish the
different orbital contributions to the total density of
states when the relative variations of the photoionization
cross sections among those states are large. A
noteworthy case, already discussed in the literature, is
that of the 4d and 5d valence-band states in the metals of
the second and third transition period. ' ' The photo-
ionization cross section for 4d and Sd states is very large
at the lower end of the surface-sensitive spectroscopy
range (relative to sp states) but is strongly reduced at the
Cooper minimum, close to the upper end of that energy
range (150—200 eV).

We briefly recall in the following the method which is
then applied to the Pt/InP(110) data in the following sec-
tion. The photoelectron signal is measured as a current
or count rate C(hv) which was previously parametrized
as

C(hv) ~ a(hv}L (E')I (E»)4(hv)F(X, n, K,L),
where o (h v) is the photoionization cross section, L (E')
is the escape depth for the photoelectron of final-state en-

ergy E', I (E») is the efficiency of the electron analyzer
for photoelectrons of kinetic energy E», 4(hv) is the
photon flux (throughout of the monochromator), and
F(X,n, E,L ) is a factor that takes into account all the op-
tical effects which are dependent upon the photon wave-
length and photoelectron wavelength (reflection and re-
fraction as a function of the angle of incidence X, index of
refraction n +iX, and L). ' It is possible to set the ex-
perimental conditions such as to minimize the h v-

dependent variations of the optical effects (for example,
by working at near-normal photon incidence), ' and to
gauge the escape depth and analyzer-efficiency factors by
means of a core-level photoemission standard [deep core
levels are assumed to follow atomiclike o(hv)]. ' The
reference cross-section values calculated in the Hartree-
Fock-Slater (HFS} approximation are tabulated for the
external subshells of all elements. ' It has been shown
that the photoionization cross sections are sensitive to
the hybridization of the orbitals so that the atomic cross-
section values can only be used as qualitative indicators
of the relative order of magnitude and overall photon en-

ergy dependence of valence-band states.
Table I summarizes the relative sensitivity values, as

derived froin the atomic cross sections for the Pt/InP sys-
tem. ' The relative weight of the photoemission originat-
ing from Pt 5d states and InP 3sp states is such that at
h v=25 eV, Pt 5d is expected to dominate by a factor of
40 the other contributions, at hv=80 eV by a factor of
4.5, and at the Cooper minimum (hv=160 eV) it is the
InP 3sp intensity that is expected to dominate by a factor
of 2 the Pt photoemission in the spectra. The solid-state
value of the Pt 5d cross-section reduction at the Cooper
minimum is probably different from the atomic calcula-
tions. As a reference we use the fact that the Au 5d pho-

TABLE I. Indicators of the relative spectral weight of the or-
bital components of the valence-band states at the Pt/InP(110)
interface for the photon energy values used in the experiment in
the atomic orbitals approximation. These relative values are de-
rived from the atomic Hartree-Slater calculations of the photo-
ionization cross section tabulated in Ref. 15.

Orbital

In Ss
P 3s
P 3p
pt 5d
Pt 6s

25 eV

0.32%%uo

0.98%
1.25%%uo

97.5%
0.05%

80 eV

2.1%
6.4%%uo

10%
81%
0.5%

160 eV

8.5%
22.4%
35%
32%
2.1%

toionization cross section at the Au/Si(111) interface and
at the Au/InP(110) interface (both interfaces form as a
random alloy for coverages of the order of 5 ML, with
low Au-Au coordination, and therefore small Sd-5d over-
lap) shows a stronger Cooper-minimum effect, than for
pure fcc Au. ' A system more similar to the one studied
here from the chemical point of view is the Pd/Si(111),
where the Pd 4d valence states are hybridized with the
ligand (Si) 3sp states. In this case the depth of the cross-
section minimum is slightly reduced with respect to the
metallic fcc Pd case. Although the Cooper-minimum
experimental data base is still limited, and it is difficult to
generalize cross-section trends, we propose that (1) it is
possible from the photoelectron spectra of the
Pt/InP(110) interface to recognize the peaks of different
orbital character, simply by comparing the relative inten-
sity variations of the peaks as a function of h v; (2) it is
possible to make difference curves of the experimental
Pt/InP(110) spectra, such that one orbital contribution is
emphasized, i.e., it is possible to obtain empirical indica-
tors of the energy distribution of the partial density of
states (PDOS} of Pt 5d character and of P 3sp.

RESULTS

The EDC's for Pt submonolayers on InP(110) of Fig. 1

were obtained with h v= 25 eV photon energy and photo-
electron analysis at 20' off normal in order to observe the
P-associated surface state (called As in the literature ) as
a function of adsorbate abundance. A reduction of the
surface-state peak intensity versus Pt coverage is ob-
served, while the growing emission in the region between
2 and 6 eV below EF shows the broad energy distribution
of the Pt-induced valence states. The spectra in the
figure have been aligned with respect to the P surface-
state position in order to compare the shapes and to ob-
tain the dN'erence curve showing the distribution of the
new states induced by the presence of submonolayers of
Pt. The actual value of the energy shift of the InP
valence-band maximum depended on the cleavage, being
typically of the 0.7+0.15 eV, a value also found in the
Pd/n-type InP(110) system, ' smaller than 0.83+0.1 eV in
Pt/n-type GaAs(110). ' The normal-emission EDC's for
coverages between 1 and 6 ML are summarized in Fig. 2.
At 25 eV (and 50 eV, not shown) the spectra are dominat-



38 EXPERIMENTAL DETERMINATION OF LOCAL-BONDING CONFIGURATION. . . 1661

0.5 ML

P t/lnP(«o)

hv-25eV
20'A

P t/lnP(~ co)
ROOM TEMPERATURE

hv-soeV
C)

s~
0.2 ML

E
0ML

0.2-0

I I I—6 -4
initial-state

I I I I-2 E
energy (eV)

FIG. 1. Angular resolved electron-energy-distribution curves
1EDC's) measured at 20' off normal in the [110] direction to
enhance the sensitivity to the P A5 surface state. The bottom
curve corresponds to the clean-InP(110) surface, but has been
shifted by the Schottky barrier value (see text) in order to align
the surface-state peak with the curves for 0.2 and 0.5 mono-
layers of Pt on InP(110). The dashed curve is the difference be-
tween the 0.2 and the clean (shifted) InP. It is representative of
the distribution of the interface states.
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FIG. 3. Normal emission EDC's obtained with hv=80 eV
and at the Cooper minimum (h v= 160 eV) for cleaved InP(110)
(dashed curves) and for Pt coverages onto InP(110). These spec-
tra allow the experimental derivation of the d-like PDOS and
p-like PDOS at the interface, as detailed in Figs. 5 and 6.
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FIG. 2. Photoelectron EDC's excited with hv=25 eV and
measured at normal emission for clean-InP(110) and Pt cover-
ages as indicated. The dashed and dot-dashed curves represent
the difference spectra between the 0.5 and 1 ML curves and the
clean (energy shifted of the Schottky barrier value) curve. The
Pt derived states are spread over a wide energy range.
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FIG. 4. Auger P L& 3 VV line shapes as measured with
hv=160 eV excitation, for clean InP(110) (solid curve), and for
1 ML Pt/InP(110) and for 6 ML Pt/InP(110). The dot-dashed
curve at the bottom is the difference curve between the 6 ML
and the clean spectra. A three-peaked structure is obtained
with the three peaks being separated by -4.5 eV similarly to
the peaks of 3s, 3p bonding and 3p antibonding states in the hy-
bridized valence-band DOS.
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ed by the Pt 5d derived photoemission which is peaked
around 2.7 eV below EF, and broadens almost symmetri-
cally towards EF and towards higher-binding energies.
The shoulder due to the top of the InP valence band is
still visible at 1 ML but it is progressively reduced in rela-
tive intensity whilst new states appear close to the Fermi
level. Deep InP valence-band features are visible in the 1

ML spectrum obtained with h v=80 eV (Fig. 3), while the
spectra obtained at higher coverages strongly resemble in
shape and energy distribution the structures in the spec-
tra obtained in angular integrated PES, at the same pho-
ton energy, for similar Pt coverages onto Si(111}.' The
Cooper minimum EDC s are shown in Fig. 3. Figure 4
contains the P L2 3 VV spectra obtained in the photoemis-
sion mode with h v=160 eV for 3 and 6 ML, showing the
variations of the P 3sp states. The core photoemission
spectra are shown in Fig. 5 (P 2p}, Fig. 6 (In 4d), and Fig.
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FIG. 6. In 4d core levels spectrum for 6 ML Pt/InP(110)
(dots). The line shape of In 4d from cleaved InP(110) (solid line)
is shifted to match the lower energy edge of the interface In 4d
signal. The difference between the two spectra show a single ex-
tra doublet (dot-dashed). -A second In 4d line shape from clean
InP (dashed) is compared to the difference curve. The higher
intensity in the high-energy tail of the interface spectrum can be
attributed to a Sunjic-Doniach effect due to the metallic charac-
ter of at least one of the In environments at the 6 ML interface
(on this point the peak decomposition procedure is intrinsically
ambiguous). The main component of the In 4d emission is shift-
ed by 0.7+0. 1 eV towards lower-binding energies, i.e., towards a
bulk-In binding energy, this is likely to be the metallic-In phase.
The same result is obtained for 3 ML Pt/InP(110).

ClO~

CO

3ML

C)

C)

CL

1ML

1-0

I

I
/

I
/

/
/

/

1'

/ X,
/

/
/

/
/

/

/
/

/
/

/
/

/

/ /

3-0

7 (Pt 4f) with an empirical decomposition of the line
shapes. The core photoemission line-shape decomposi-
tion has been obtained by aligning the component that
represents the unreacted part of the core-level peaks with
the clean line shape and making the difference curves,
i.e., disregarding the presence of the unresolved surface-
atom component in the clean InP(110) spectra. The core
photoemission difference curves are compared in shape
and intensity with the clean line shapes and are interpret-
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FIG. 5. P 2p core-level photoemission spectra for the clean-
InP(110) surface, and for 1, 3, and 6 Pt monolayers on InP(110).
The spectra have been aligned on the lowest-binding-energy
edge and subtraction between the interface spectra and the
clean substrate spectrum are shown as dot-dashed curves. The
subtraction results show a single extra P 2p doublet, shifted by
0.85+0. 1 eV towards higher binding energies in the case of 3
and 6 ML. The chemical shift at 1 ML is 0.55+0. 1 eV.
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FIG. 7. Pt 4f core-level photoemission as a function of the Pt
coverage. The spectra are aligned at the 4f —,'peak; the minori-

ty doublet at 1 eV higher energy is shown by the dashed areas.
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FIG. 8. Cooper-minimum curve of the photoionization cross
section of the Pt Sd subshell. The solid curve represents the
Hartree-Fock-Slater calculation of Ref. 15. The experimental
data for reacted Pt/Si (Ref. 19) and Pt/InP interfaces are arbi-
trarily normalized at the hv=80 eV value to the theoretical
atomic value. This allows to observe the reduction of the mag-
nitude of the CM effect for the hybridized Pt Sd states of the in-
terface compounds with respect to the localized Pt 5d atomic
states.

DISCUSSION

The chemisorption stage of Pt at submonolayer cover-
age is characterized by a distribution of density of states
between —2 and —6 eV below EF, a small density-of-
states peak close to Ez, and the partial survival of the
clean InP(110) surface state A~ associated to surface P

ed as representative of chemically shifted spectra from
the interface atoms. This procedure is fully empirical (no
theoretical line shapes or iitting procedures are used); it
relies on the assumption that the peak shape and the rela-
tive spin-orbit branching ratio should be basically un-
changed for such deep core levels, a part of high-energy
tails due to the metallic environment. The relevant infor-
mation derived with this procedure are the relative bind-
ing energy and amplitude of the multicomponent peaks.
It follows from this analysis that P is found at the inter-
face in two environments, here called two phases, InP
and Pt-P (Fig. 5). Indium is found in two environments
too: InP and segregated In (Fig. 6). Most of the Pt 4f in-
tensity is found in one doublet which defines the existence
of one dominant environment for the Pt at the interface,
with binding energy changes related to the coverage; a
minority Pt 4f component at —1 eV higher binding ener-

gy is also found. Its intensity is & 15% of the main dou-
blet at 1 ML and & 10% at 6 ML (Fig. 7}. From the at-
tenuation of the P and In signal at 3 and 6 ML, and as-
suming an unchanged photoelectron-escape depth, we es-
timate that Pt atoms represent more than 50% of the ma-
terial in the top layers of the interface.

The value of the CM effect for the Pt 5d states at the
interface is plotted along with the atomic HFS cross sec-
tion and with the Pt-Si reference data in Fig. 8.

atoms, as well as the survival of the deep InP DOS peak
mostly of P 3s character (not shown). The Pt 4f data for
1 ML show a main doublet with tails towards higher-
binding energy. The presence of a minority site ( &15%
of the Pt 4f signal in the main doublet at 1 ML) at the
submonolayer stage could be compatible with Pt semi-
isolated atoms or atoms with lower coordination number
with the substrate, since the higher core-level binding en-
ergy with respect to the majority Pt and the weakness of
the DOS peak close to Ez disfavor the interpretation in
terms of Pt clustering.

The heterogeneity of the Pt/InP(110) interface be-
comes evident for the higher coverages. The P 2p line
shapes of Fig. 5 are composed with a clean doublet that
we attribute to patches of the surface unaffected by the
presence of Pt and with a second doublet which is shifted
towards higher-binding energies by 0.55+0.2 eV for 1-
ML Pt and by 0.85+0.1 eV for 3 and 6 ML. The second
doublet is well recognized if a clean P 2p line shape [from
InP(110}]is reduced in amplitude and shifted in energy to
fit the lowest binding energy edge of the P 2p line shape
from the interface. This P 2p signal is associated with P
which remains in the ionic environment. The difference
curve (interface P 2p line shape minus clean-InP P 2p line
shape} is then obtained which represents the contribution
to the P 2p emission from the P atoms involved in the
chemistry of the interface. This procedure gives as a re-
sult a single energy-shifted interface doublet with a line
shape (width, spin-orbit branching ratio) similar to that
for clean InP, apart from some intensity on the high-
energy side which indicates a local metallic character.
Furthermore the binding-energy shift is identical for 3
and 6 ML, while the amount of reacted P increases with
the total Pt coverage. These results point to the existence
of one well-defined interface reacted phase involving P in
nonionic bonds. The reacted phase starts forming at low
coverages and coexists with unreacted surface and sub-
strate regions. The smaller P 2p shift measured at 1 ML
represents the precursor stage of formation of the Pt-P
phase, with lower P-Pt coordination. The reacted P com-
ponent represents 25% of the total P 2p intensity at 3 ML
and 42% at 6 ML. The total P 2p intensity at 6 ML is re-
duced to less than one-half of the clean-InP(110) intensi-
ty. These results indicate a growth of the reacted phase
in depth as well as laterally on the substrate, since the es-
cape depth of the photoelectrons detected is of the order
of 7-10 A, and only large surface or near surface areas of
nonreacted InP can explain the strong residual ioniclike
signal. The Pt 4f core photoemission for 3 and 6 ML
shows one dominant doublet indicating that 90% of the
Pt atoms are in the same chemical environment, i.e., form
a well-defined reacted phase with P. The In 4d core-level
intensity is strongly reduced at the interface (30% of the
clean-InP signal for 6 ML). A weak-In 4d doublet is
measured at the clean-InP value plus the Schottky barrier
shift, and a more intense In 4d doublet is measured at
0.7 0. 1 eV lower binding energy than in InP and is attri-
buted to In which is excluded from the ionic environment
of InP and is accumulated near the surface. The large
binding-energy shifts of P 2p (+0.85%0. 1 eV) and In 4d
( —0.7+0. 1 eV) correspond to the charge redistribution
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between the ligands. The electronegativity difference be-
tween Pt and P is small and the Pt—P bonds imply only
a small charge transfer like the Pt—Si bonds. Breaking
the InP ionic bonds allows charge to shift back from P to
In. The apparent change in the branching ratio of the In
4d doublet is largely explained by the presence of the un-
reacted InP doublet. The residual intensity in the high-
energy tail is due to the secondary tail of the intense shift-
ed In peak and to a Sunjic-Doniach many-body tail
which indicates that the shifted In signal originates from
a metallic phase containing In, possibly in the shape of
clusters or rafts as it was suggested for similar data on
other d-metal-InP systems. ' ' '

The core-level data indicate therefore a multiphase in-
terface: two species of P environments with comparable
concentrations, one at energies typical of ionic-bonded
InP, the other corresponding to a metallic environment;
one dominant configuration for Pt involving 90% of the
Pt atoms, two In environments, also corresponding to
ionic and metallic bonding.

These are the ingredients of the Pt/InP(110) interface
heterogeneity in a coverage range where other reactive
interfaces converge towards a uniformly reacted over-
layer. The quantitative interpretation of the core-level
attenuation profiles is diScult if a space distribution mod-
el of the heterogeneity is sought. For example, the ionic-
metallic ratios of the In and P environments are different,
and combinations of Pt-P icebergs, In segregation, and
intermixing must be assumed. Although the above-
described photoemission data base cannot indicate a sim-
ple model of the interface, one clearly recognizes the
presence of a well-defined Pt-rich Pt-P reacted phase as
the main product of the interface reaction between Pt
and the InP(110) surface. At 6 ML this phase accounts
for 90% of the Pt and 42% of the P signals, i.e., roughly
two-thirds of the material forming the top layers of the
interface.

THE BONDING AT THE Pt-P PHASE

We propose in this section the analysis of the bonding
configuration between P and Pt at the reacted Pt-P inter-
face phase. The hypothesis for such analysis is that the
valence-band DOS at 3 and 6 ML is dominated by the Pt
Sd contribution from 90% of the Pt atoms which are
bonded with P and correspond in the core-level spectros-
copy to the main Pt 4f doublet and to the chemically
shifted P 2p doublet.

The support of this hypothesis comes from the selec-
tive sensitivity to the Pt 5d, P 3sp, and In 5s that hv-
dependent photoemission can yield, as discussed below,
so that a qualitative distinction of the different contribu-
tions to the total-measured valence-band spectra is ob-
tained.

The accuracy limit of such analysis comes from the
presence of a minority ( & 10%) Pt signal in the 4f inten-
sity and from the hypothesis that the valence-band DOS
of all of the P atoms which contribute to the ioniclike P
2p signal can be approximated by the P 3sp spectrum of
clean InP. In spite of these drastic approximations, we
believe that the analysis, on the qualitative level, is mean-

ingful and instructive.
If one considers the relative values of the photoioniza-

tion cross sections o (h v) (as calculated for free atoms,
and summarized in Table I) of the various electron orbit-
als contributing to the measured spectra one finds the fol-
lowing.

(a) In the spectra obtained with hv=80 eV the Pt 5d
derived states represent 81% of the signal, whilst at
hv=160 eV the P 3sp+In Ss states represent 66.5% of
the total signal.

On this basis one can interpret the difference spectrum
between the h v=80 eV EDC and the h v=160 eV EDC
as representing the energy distribution of the partial 5d
density of states at the interface (second panel of Fig. 9).

(b) The In 5s contribution represents only a very small
intensity, furthermore the 5s DOS for metallic In is flat
up to EF, therefore the In contributions to the valence
band can be disregarded from the analysis.

(c) The P 3s and 3p states represent 58% of the total
signal in the CM spectra (hv=160 eV), it is therefore
possible to subtract from the experimental CM EDC's
the residual contribution of 51 states by scaling the above
determined Pt 5d PDOS to the proper relative value
(from Table I) and obtain, by subtraction, a difference
spectrum that can be interpreted as representing the P
3sp partial density of states at the interface (third panel of
Fig. 9).

(d) By applying the hypothesis above defined on the
state distribution associated to the ionically bonded P
atoms we obtain a final difference spectrum by scaling the
intensity of the InP clean valence-band spectrum to the
relative value of the P 2p ionic intensity and subtracting
it from the total P 3sp PDOS.

As a result of this empirical decomposition of the spec-
tra we obtain difference spectra that represent the Pt 5d
PDOS and P 3sp PDOS distributions of the Pt-P reacted
interface phase.

Care should be taken in examining these difference
spectra since their amplitudes are affected by the sys-
tematic errors intrinsic in the adoption of atomic cross
sections and due to the unknown depth distribution of
this phase. Indeed the shape of the difference curves, i.e.,
the energy distribution of the associated PDOS is largely
independent upon changes in the normalization factors.
On this empirical basis we will discuss, in the following,
the qualitative features of the bonding at the Pt-P phase.

The Sd PDOS shows a prominent twin-peaked struc-
ture between —6 and —2 eV and a smaller peak close to
EF. The 5d PDOS of pure Pt on the contrary is highly
asymmetric with the upper edge crossing the Fermi level
and the main peak within —1 eV from E+. ' The Pt Sd
states at the interface are therefore heavily involved in
the bonding with P, and the PDOS must be regarded as
the density of mixed states of 5d character which are hy-
bridized mostly with the P 3p state (the P 3s lie deeper in

energy).
The counterpart of the d-band hybridization must be

found in the P 3sp band PDOS. From the bottom panel
of Fig. 9 it appears that the P valence states present a
DOS peak around —10 eV which is attributed to a dom-
inant 3s character, and a distribution of states of dom-
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inant 3p character between —8 eV and the Fermi level.
The P 3p PDOS of the reacted phase shows a broad
structure between —8 and —3 eV with a peak at —3.6
eV, and a second weaker structure between —1.3 eV and
EF. The deeper part of t'he 3p PDOS does overlap with
the deeper peak of the Sd PDOS. This leads to the attri-
bution of this energy region to the density of bonding
states formed by the hybridization of the Pt 5d —P 3p
states. The DOS region close to EF also shows peaks of
both Sd PDOS and 3p PDOS. This cauld be associated to
hybrid states of antibonding character, but the intensity
of these features is small and must be considered with
caution in these curves. It is noteworthy that a gap exists
in the P 3p PDOS between ——2.6 and ——1.4 eV and
that this gap corresponds to the shallower peak of the Pt
5d states, which can be interpreted as less involved in the
rehybridization, in analogy with similar features in the
DOS of Pt silicides.

An independent probe of the local P 3sp PDOS is
represented by the line shape of the Auger Lz 3 VV transi-
tions. The line shape of the reacted P for 6 ML (Fig. 4)
shows three peaks with the two side peaks spaced by
-4.5 eV from the central one. These peaks correspond
to the final-state Auger hole energy distribution in the
bonding and antibonding P 3p PDOS and in the deep P
3s peak, which appear to be spaced by roughly 4.5 eV
also in the photoemission spectra. ' ' ' '

The description of the Pt-P states derived above is con-
sistent with a bonding structure due to the hybridization
of the Pt 5d and P 3p states with a relatively high-
binding-energy peak of bonding states and possibly par-
tial occupation of the antibonding states. More localized
states are found at the bottom of the valence band, with P
3s character, and in the Pt Sd peak that corresponds to
the energy gap between the bonding and the occupied an-
tibonding states. The deep 3s-like structure is found
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FIG 9 Cooper-minimum analysis for the 3 ML (left panel) and 6 ML (right panel) Pt/Inp(110) interface The top (solid) curve in
both panels is the EDC obtained with h v=80 eV, the dashed curve normalized to it at —11 eV is the Cooper-minimum curve ob-
tained with h v=160 eV; the dot-dashed curve normalized at —11 eV, in the right panel, is the EDC for elean InP(110) as obtained
with hv=160 eV. The second-level curves from the top down are the difference curves between the hv=80 eV and the Cooper-
minimum spectra; they represent the d partial density of states. The central fine-dashed region is the region of the spectrum which
undergoes the strongest Cooper-minimum effeet (see Fig. 8). The third-level curves from the top down represent the Cooper-
minimum curve reduced by the residual d contribution still present at the Cooper minimum, estimated according to Table I ~ The d
contribution has been eliminated by subtracting the proper amount of the d PDOS line shape. This curve is an indicator of the aver-
aged P 3sp PDOS at the interface, i.e., both from the ioniclike or unreacted InP and from the P-Pt phase. The bottom difference
curves are indicators of the interface P-Pt PDOS of P 3p character: They are obtained by subtracting from the total P 3p DOS an
amount of clean-InP(110) hne shape which is calibrated by the relative ~eight of reacted-unreacted P 2p core-level photoemission
peaks. By comparing the DOS peaks in the Pt Sd PDOS and P 3sp PDOS it is plausible to attribute the DOS features between —3
and —8 eV to bonding d-p hybrid states, and the DOS peaks between —2 and EF to the partially occupied antibonding states. It is
noteworthy that in correspondence with the more localized Pt 5d states, between —3.5 and —2. 5 eV there is a gap (or a minimum) of
P 3sp DOS.
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shifted towards higher-binding energy by —1 eV, indicat-
ing a broadening of the valence-band width at the inter-
face with respect to pure InP. ' '

CONCLUSIONS

The early stages of growth of the Pt/InP(110) interface
consist in the formation of an heterogeneous system
which presents the in top layers Pt-rich Pt-P phase prob-
ably growing in the form of icebergs, metallic In-rich re-
gions, and ionic-bonded In and P. The bonding structure
of the Pt-P phase is silicidelike with bonding-antibonding
Pt5d —P3p molecular-orbital hybrid states. In spite of
the high stability of this bonding structure, which is al-
ready present at coverages of the order of a monolayer,
and grows consuming basically all of the Pt deposited at
3 and 6 ML, the Pt/InP(110) interface appears highly
heterogeneous. It is noteworthy that the initial hetero-
geneity is maintained for coverages where the relative
abundance of Pt is such that all of the P in the top region
of the material could easily be converted from InP bonds
to P—Pt bonds. It is possible that the presence of a me-
tallic alloy phase containing In hinders the diffusion of Pt

to other extended regions of the substrate.
Further investigation in both the chemical analysis and

space distribution of the Pt/InP(110) interface is needed
in order to better characterize the minority interface
phases that determine the heterogeneity. With this study
we have also shown that the exploitation of the photoion-
ization cross-section parameter in synchrotron radiation
photoelectron spectroscopy allows one to investigate the
electron states at heterogeneous interfaces: 'She measure
of the partial density of states of a majority interface
chemical environment involving 4d or Sd metals can be
done with the Cooper-minimum method.
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