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Soft-x-ray photoemission experiments, utilizing the existence of the Cooper minimum in
the Pt 5d photoionization cross section, have demonstrated that the widths and peak shapes
of the Cu3d—derived states of different Pt-Cu surfaces vary according to the atomic coor-
dination between Cu and Pt atoms. For the surface with the largest atomic coordination,
namely, the PtCu(111) surface, strong Pt 5d —Cu 3d hybridization is suggested to exist be-
tween ~ —1.4 eV and the Fermi level. The feature attributed to such hybridization has a
strength which depends on Pt-Cu nearest neighbors in the first approximation. The energy
shifts of these Pt—Cu 3d centroids, relative to pure Cu, seem to correlate with the
Pt—Cu 2p;/, core-level shifts observed with conventional x-ray excitation.

I. INTRODUCTION

We have performed exploratory photoemission
experiments to investigate the electronic structures
of Pt-Cu surfaces. In addition, it is hoped that an
understanding of the Pt-Cu electronic interactions
will have implications for two other problems: (1)
the electronic factor in the surface segregation
phenomenon and (2) the interplay between chem-
isorption and the electronic structure.

To investigate the Pt 5d —Cu 3d valence band, our
method is to utilize the difference in the Pt 5d and
Cu 3d photoionization cross sections and to study
different geometrical situations of Pt—Cu bonding.
Our approach has the following basis. First, there is
a distinctive difference in the photon energy depen-
dence of the Pt5d and Cu3d photoionization cross
sections. As will be seen in the next section, the
Pt 5d emission has a Cooper minimum!~* at a pho-
ton energy of 150 eV, at which the Cu3d cross sec-
tion is still large. Hence, the Pt contribution to the
valence band is selectively suppressed and the
Cu 3d—derived “density of states” can be extracted.’
On the other hand, the Cu-induced changes in the
Pt 5d states can be observed at photon energies less
than 150 ¢V. Therefore, by varying the photon ener-
gy, we can identify the origins of the valence struc-
tures. A consideration associated with the range of
soft-x-ray photon energy used (hAv=_80—150 eV) is
the surface sensitivity (<4 A) due to the short es-
cape depth of the photoelectrons.® It is thus a near-
surface “density of states” which we hope to ob-
serve. Second, motivated by the feasibility of ex-
tracting the near-surface Cu3d—derived states, we
wish to see how they may vary according to the en-
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vironment of the Cu atoms. Since the electronic
structure of pure Cu is relatively well understood,
this may provide a good starting point for an inves-
tigation of the electronic structures of Pt-Cu sur-
faces. A sensitivity of the Cu electronic structure to
its environment, in particular, its atomic coordina-
tion with the Pt atoms, may be expected from a sim-
ple tight-binding picture. An inherent assumption
leading to this expectation is that electron tunneling
between a Cu atom and a Pt nearest neighbor is
largely unaffected by the number and the type of
nearest neighbors. We have used these a priori con-
siderations to embark on a comparison between vari-
ous Pt-Cu surfaces: PtCu(110), PtCu(111), and
Pt(111) with epitaxially adsorbed Cu (see Fig. 1).
However, our interpretations need not be confined
by these a priori considerations.

In this work, we have found that the electronic in-
teractions between Pt and Cu are sensitive to atomic
coordination. In particular, the Cu3d—derived
near-surface density of states shows a crude depen-
dence on the number of Pt nearest neighbors. The
relevance of this work to the problem of surface
segregation is suggested by the different extents of
Cu surface segregation in two different crystal
orientations of the same Pty 93Cuy ¢, alloy.”~° This
work may also be related to our CO chemisorption
studies on different Pt-Cu surfaces.!®!!

To our knowledge, there has been no experimental
comparison between the electronic density of states
of different surfaces of a pure metal or an alloy, al-
though surface band narrowing has been report-
ed.’>!3  Angle-resolved photoemission on NiCu
(110) and (111) surfaces yield different Cu 3d struc-
tures,'* which are also different from the structures
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PtCu(110)
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Cu on Pt(111)

FIG. 1. Nearest-neighbor environment of a Cu atom in
the top layer of a (111) surface and a (110) surface, and a
Cu adatom in one of the possible adsorption sites on
Pt(111). A filled circle (@) denotes a Cu atom in the top
layer. An open circle (O) denotes a Pt atom in the top
layer. A broken circle (<3) denotes an atom in the second
layer. For low Cu concentrations, Cu-Cu nearest neigh-
bors may be neglected.

observed on the corresponding pure Cu surfaces.!> !

However, no conclusions can be made about the
Cu 3d density of states because only small fractions
of the Brillouin zones are sampled in angle-resolved
photoemission studies. The Cu concentration
dependence of the 3d-derived states of Pt-Cu sur-
faces will be seen to be distinctly different from the
rather well-studied case of impurity d states in-
teracting mainly with the host sp bands. For the
latter, the energy distribution of the d states evolves
with d-d interactions between like neighbors
alone.!’~%0

This paper is organized as follows. The experi-
mental methods will be outlined in Sec. II. The Pt-
Cu samples will be described in Sec. III. The photo-
emission results will be presented in Sec. IV. These
include data obtained with soft x-rays from syn-
chrotron radiation as well as x-rays from conven-
tional laboratory sources. The results will be inter-
preted and discussed in Sec. V. Section VI will be
the summary. One aspect of this work, namely, Cu
adsorbed on Pt(111), is treated in greater detail else-
where.?! For our present purpose, we shall use only
the Cu adsorption results which are most relevant to
a comparison between various Pt-Cu surfaces.

II. EXPERIMENT

A. General method

Experiments were performed in a stainless-steel
vacuum system equipped with a multisample mani-
pulator. The ultimate base pressure after bakeout
was 4 10~ Torr. The general procedure for sam-
ple cleaning was Ar-ion sputtering and annealing,
then oxygen heat cleaning to remove residual car-
bon, and further annealing in vacuo. Ar-ion
sputtering was done with 600 eV ion energy and a
current density of 1—3 uA/cm2. Oxygen cleaning
was done at around 500°C, the oxygen partial pres-
sure varying between 5X 10~° and 3 10~7 Torr ac-
cording to the extent of carbon contamination. The
preparation and characterization of the samples will
be described in more detail in Sec. III.

Surface valence-band structures were studied by
means of soft-x-ray photoemission spectroscopy.
The experiments were performed on the 4° beam line
at the Stanford Synchrotron Radiation Laborato-
ry.2#? A double-pass cylindrical mirror analyzer
was used. The background pressure during the
photoemission  measurements  was  typically
110719 Torr.

Near-surface compositions were obtained by
Auger electron spectroscopy (AES) using a glancing
incidence electron beam (2 kV, 3.5 uA). The deriva-
tive peak-to-peak height ratios between the Pt 237-
eV Auger transition and the Cu 920-eV Auger tran-
sition were used to estimate the near-surface Cu con-
centrations.?* The relative elemental sensitivity fac-
tor was obtained between a pure Pt sample and a
thick Cu overlayer on the Pt sample in our own ex-
periments. The surface sensitivity in these AES
measurements is 9—11 A.?® These AES estimates
represent only lower estimates of the surface concen-
trations.?

X-ray photoemission spectroscopy (XPS) on the
core levels was performed with a MgKa source
(1253.6 €V, linewidth 0.7 eV) or an AlKa source
(1486.6 eV, linewidth 0.8 e¢V). The vacuum system
was also equipped with 4-grid optics for low-energy
electron diffraction (LEED).

B. hv dependence of Cu 3d versus Pt 5d
photoionization cross sections

In order to identify the Cu3d versus the Pt5d
contributions to the valence-band photoemission, we
make use of the difference in the photon energy
dependence of the Cu3d and Pt5d states. A com-
parison between the Cu3d and the Pt 5d photoioni-
zation cross sections is given in Fig. 2. The Cu3d
data are obtained with a thick evaporated Cu layer.
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FIG. 2. Comparison between the photoionization cross
sections of Pt5d and Cu 3d orbitals as a function of pho-
ton energy. The Pt5d data from Rei. 4 (@) are normal-
ized so that the cross section at Av=150 eV is unity. The
Pt 5d data points from this work (+ ) are scaled so that
the Pt 5d cross section is also unity at Av=150 eV. Our
Cu 3d data (F]) were obtained from a thick Cu overlayer.
These cross sections represent the emissions integrated
over the whole bandwidths, with a linear subtraction of
the inelastic contribution. They are not normalized with
respect to the number of valence electrons. Corrections
have been made for the energy dependence of the analyzer
efficiency and the grating transmission.

Our Pt5d data are obtained with a Pt(111) sample.
It is seen that the Pt 5d cross section rises to a max-
imum around Av=95 eV and then drops to a broad
minimum starting around Av=150 eV. As shown
by Cooper,! the minimum in the cross section is a
general occurrence for orbitals with nodes in their
radial wave functions.>* On the other hand, for 3d
orbitals, the cross section merely increases and then
decreases. Hence by varying the photon energy, we
can crudely identify the orbital origins of the
valence structures of the alloy. In particular, by
tuning the photon energy to 150 eV, at which the
Pt5d Cooper minimum occurs, we can selectively
suppress the Pt emission in order to observe the
Cu 3d states.

The soft-x-ray photoemission data in this work
were obtained at these photon energies: 150, 130,

110, and 80 eV. The ratios of Cu3d to Pt5d in-
tegrated emissions are respectively 12.5, 7.6, 3.8, and
1.1, with ~15% accuracy.

III. SAMPLES

A. Cu adlayer on Pt(111)

The evaporation of Cu, and the calibration of Cu
coverage, on a Pt(111) single-crystal surface are
described elsewhere.?! Here, we only note that the
Cu coverage is determined by Auger electron spec-
troscopy, which, moreover, shows that Cu adsorp-
tion on Pt(111) proceeds through a two-dimensional
growth mode. Epitaxial adsorption is inferred from
LEED.

B. PtCu(110)

The Pty 93Cug o2(110) sample was prepared from a
single-crystal boule by standard metallurgical tech-
niques. The bulk composition of 2 at. %. Cu and
98 at.% Pt was determined by x-ray microprobe
analysis. The details are given elsewhere.”’

The cleaned sample is annealed in vacuo at 600°C
till no further Cu surface segregation occurs. The
near-surface Cu concentration is 5.9+1.2 at. % as
determined by AES. The photoemission data at
hv=150 eV, to be shown later in this paper, yield an
estimate of 9.1+2.6 at. % Cu within the top 4 A of
the surface. For the equilibrated surface, a (1X3)
LEED pattern is observed. However, a (1X1) sur-
face is easily formed by adsorbing CO at 100°C.
Therefore, it appears possible that the (1 3) surface
reconstruction involves only small displacements of
the surface atoms from their ideal positions.

C. PtCu(111) surfaces

The PtCu(111) surfaces investigated are not the
surfaces of alloys homogenized in the bulk. But
they are surfaces formed by thermally diffusing a
Cu overlayer into a Pt(111) substrate. The surface
sensitivity in our photoemission experiments allows
us to use these surfaces obtained after short anneals
as model systems for the first few atomic layers of
an alloy. The near-surface compositions, deter-
mined by AES, are averaged over the escape depth
of the Cu 920-eV Auger electrons, or the top 9—11
A in our detection geometry.

The PtCu(111) soft-x-ray photoemission spectra
to be reported were taken in two separate runs. In
the first run, over 1 ML (monolayer) of Cu was eva-
porated on Pt(111). The sample was heated between
540°C and 610°C for slightly over 1 min to yield a
surface with 15.5+1.5 at. % Cu as determined by
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AES. Then the sample was further heated to yield a
surface with 7.7+0.7 at % Cu. Using bulk diffusion
data for Cu in Pt,””?® we may estimate “mean
depths of diffusion” which are ~18 and ~38 A,
respectively, for these two surfaces. In the second
run, PtCu(111) surfaces of increasing Cu concentra-
tions were formed in cycles. Each cycle consisted of
depositing about 1 ML Cu on the Pt(111) surface
and heating the sample at 550°C for 1 min. Hence
Cu near-surface concentrations of 26.2+1.7,
39.1£2.2, 519422, and 59.5+2.2 at. % were ob-
tained after the second, fourth, sixth, and eighth cy-
cle, respectively. An anneal of 550°C for 1 min
gives a “mean diffusion depth” of about 11 A.

In the x-ray photoemission experiment of the
Cu2p;,, core level, PtCu(111) surfaces were formed
in manners different from those given above. On a
Pt(111) surface, ~0.3 ML Cu was evaporated; the
sample was heated to 290°C and then the heating
current was cut off. From the Cu2p;,, peak area,
the Cu surface concentration may be estimated to be
28.5 at. % (surface X). It was most likely that the
Cu atoms barely started penetrating into the surface,
and were distributed in the topmost surface layer as
well as on top of the surface. Another PtCu(111)
surface was formed by heating a Pt(111) sample
covered with >2 ML Cu at ~600°C for 15 min.
This gave a near-surface Cu concentration of 12.5
at. % within 6—7.5 A of the surface as estimated
from the Cu2p;/, area (surface Y).

IV. RESULTS

A. Valence spectra of different
Pt-Cu surfaces

We shall show that the Cu3d—derived states are
sensitive to the atomic coordination of the Cu con-
stituent of the Pt-Cu surfaces. This is demonstrated
by the Av=150 eV spectra of surfaces with reason-
ably dilute Cu concentrations. We shall also make a
further comparison between Cu adsorbed on Pt and
Cu incorporated into the Pt substrate, with regard to

the v dependence of the Cu-induced changes in the

valence bands.

Figure 3 shows the hv=150 eV spectra of three
Pt-Cu surfaces on which the Cu atoms have dif-
ferent coordinations with the Pt nearest neighbors.
The Cu concentrations are indicated in the figure
caption. It is seen that the PtCu(110) surface gives a
sharp peak with a maximum at —2.2 eV (Fermi lev-
el Er defined as zero energy). The Cu-covered
Pt(111) surface also gives well-defined peak max-
imum which, however, lies at —2.6 to —2.7 eV.
The diffusion-formed PtCu(111) surface gives a
peak which is broader than those on the other two
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FIG. 3. Valence photoemission spectra obtained at
hv=150 eV. (1) Pty ¢gCuyg0(110), with 5.9+1.2 at. % Cu
as estimated by AES. (2) Pt(111) covered with 0.2 ML
Cu. The pure Pt(111) spectrum is also shown. (3) Pt—7.7
at.% Cu(111) surface formed by Cu diffusion into
Pt(111). The pure Pt(111) spectrum is plotted on the same
scale. All Pt-Cu curves are scaled so that the peak
heights are approximately the same.

surfaces. The maximum lies around —2.3 to —2.5
eV. The peak is also skewed. These structures are
identified as Cu 3d —derived, as will be more obvious
later when we show the data at other photon ener-
gies.

Figure 4 compares the Cu 3d states of these Pt-Cu
surfaces and contrasts them with the Cu 3d band of
pure Cu. A crude estimate of the Cu contribution to
the PtCu(110) valence spectrum is given by the area
above the dashed line associated with curve (1). The
full width at half maximum (FWHM) of the Cu3d
peak is then estimated to be 1.5—1.6 eV. A slight
asymmetry is also apparent on the high-binding-
energy side. In Fig. 4, the Cu3d states of Cu on
Pt(111) are given by the difference curve between the
spectrum of Pt(111) covered with Cu and the spec-
trum of clean Pt(111). The inelastic contributions
have been linearly subtracted before the difference is
taken. It is seen that the structure is resonancelike
and rather symmetrical, with a FWHM of 1.5 eV.
In the following paper we shall show that such a
peak shape remains the same up to 0.6—0.7 ML.
The 3d contribution to the Pt—7.7 at. % Cu(111)
spectrum is taken as the difference between the
PtCu(111) spectrum and the clean Pt(111) spectrum.
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FIG. 4. Comparison of the Cu3d—derived valence
structure at hv=150 eV. (1) PtyosCugo(110), with
5.9+1.2 at. % Cu as estimated by AES. The area above
the broken line indicates an approximate estimate of the
Cu 3d contribution. (2) Difference between Pt(111) + 0.2
ML Cu spectrum and pure Pt(111) spectrum. (3) Differ-
ence between Pt—7.7 at. % Cu(111) spectrum and pure
Pt(111) spectrum. (4) Cu(110). All curves are scaled such
that the Cu 3d contributions have approximately the same
intensity.

Structures exist on both the high-binding-energy
side and the low-binding-energy side of the peak
maximum, that is, at —3.1 to —3.2 eV and also be-
tween approximately —1.4 eV and the Fermi level.
This peak shape is representative of the 3d states of
a relatively dilute amount of Cu in Pt(111). For the
pure Cu spectrum, the dominant d peak lies at —2.6
eV and has a sharp leading edge; structures occur at
—3.5 to —3.6 eV and in the region below —4.5 eV.
Therefore, we see that the Cu3d states of the dif-
ferent Pt-Cu surfaces are different from not only
one another but also from the pure Cu3d states.
The general differences between the PtCu 3d states,
on the one hand, and the pure Cu3d states, on the
other, can be stated as follows. (1) The Pt—Cu 3d
centroids are all shifted towards smaller binding en-
ergies relative to the pure Cu3d centroid. These
centroid shifts are tabulated in the following paper.
(2) At approximately — 1.4 eV, where the onset of
the dominant d peak in pure Cu occurs, all the
Pt—Cu 3d states already show significant emissions.

Figure 5 shows the valence spectra obtained at
hv=280 eV, where the ratio of Cu3d to Pt5d cross
sections is only about 1.1 according to Fig. 2. These
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FIG. 5. Valence photoemission spectra obtained at
hv=80eV. (1) Ptg93Cuq,,(110), with 5.9+1.2 at. % Cu as
estimated by AES. (2) Pt(111) covered with 0.2 ML Cu.
The pure Pt(111) spectrum is also shown in the same
scale. (3) Pt—7.7 at. % Cu(111) surface formed by Cu dif-
fusion into Pt(111). All Pt-Cu curves are scaled such that
the maximum peak heights are approximately the same.

spectra serve to illustrate the Av dependence of the
valence-band features and to confirm the identifica-
tion of the peak structures observed at Av=150 eV
as Cu3d derived. The greatest change at hv=80
eV, relative to pure Pt, is that the emissions in the
top ~2 eV of the valence bands have greatly de-
creased for all the Pt-Cu spectra. For Pt— 7.7 at. %
Cu(111), the —0.4-eV peak of the pure Pt(111) spec-
trum is no longer evident. Below ~ —2 eV, there is
a Cu-induced increase in emission. The changes in-
duced by Cu on Pt(111) and Cu in Pt(111) will be
more clearly shown below.

To distinguish between Cu 3d —derived states and
possible Pt 5d rearrangement, an examination of the
hv dependence of the Cu-induced changes is useful.
Figure 6 gives a comparison between the difference
spectra® at several photon energies for the case of
Cu on Pt(111) and the case of Cu in Pt(111). For Cu
on Pt(111) in Fig. 6(a), the difference curve with
Pt(111) at Av=130 eV shows a resonancelike feature
similar to that Av=150 eV. In the difference curve
at hv=80 eV, the negative change between Ey and
~ —2 €V has been noted in relation with Fig. 5, the
increase in emission below ~ —2 eV reflects, to a
rather large extent, the Cu-induced increase at
hv=130 and 150 eV. For Cu in Pt(111) in Fig. 6(b),
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FIG. 6. Comparison of the Cu-induced changes AN (E)
at different photon energies. (a) Difference curves be-
tween the spectra of Pt(111) + 0.2 ML Cu and pure
Pt(111) spectra. (1) to (3): hAv=150, 130, and 80 eV,
respectively. (b) Difference curves between Pt—7.7 at. %
Cu(111) spectra and pure Pt(111) spectra. (1) to (3):
hv=150, 130, and 80 eV, respectively. In both (a) and (b),
curve (2) is scaled so that its dominant peak intensity is
roughly the same as that in curve (1), and the multiplica-
tion factor is given next to the curve. The text gives the
more precise intensity 1atios. Curve (3) is shown in the
same scale as curve (1). Among each set of curves (1)—(3),

corrections to the experimental intensities have been made.

(corrections due to the energy dependence of analyzer effi-
ciency and the grating transmission). The vertical scales
of (a) and (b) are not the same.

the difference curve at hv=130 eV has a peak shape
quite similar to that at hv=150 eV, with a slightly
larger relative increase between —1.4 eV and Ep.
At hv=80 eV, the maximum attenuation occurs at
—0.1 to —0.15 eV. Furthermore, below —0.5 €V in
the difference curve at Av=80 eV, there is a broad
increase in emission without dominant structures.

B. PtCu(111) valence spectra:
Cu concentration and hv dependence

There are two general observations to be made
about the results to be shown in this section. First,
with increasing Cu concentration, the emission be-
tween —1.4 eV and E increases approximately
linearly with Cu concentration up to between 25 and
30 at. %; then it increases much more slowly with
higher Cu concentrations. This suggests that this
feature is dominated by Pt-Cu rather than Cu-Cu in-

teractions. Second, these data show that the changes
between — 1.4 eV and Er have a different hv depen-
dence from the changes in the higher-binding-energy
region.

Figure 7 presents the PtCu(111) spectra at
hv=150 eV for several Cu concentrations between
26.2 and 59.5 at.%. As the Cu concentrations in-
crease, the emission between —1.4 eV and Ef in-
creases much more slowly than the dominant peak.
We also note that the —1.4 eV to Ep emission for
these larger Cu concentrations is very much stronger
than the pure Pt(111) emission in this energy range.

Figure 8 shows that the total area under the Cu 3d
peak (approximated by difference spectra) varies
linearly with the Cu near-surface concentration es-
timated with Auger-electron spectroscopy. On the
other hand, the emission between —1.4 eV and Ep
first increases linearly up to about 26 at. %, after
which the rate of increase becomes much smaller.
Since the low-binding-energy emission is only a
small fraction of the total emission for large Cu con-

" centrations, it cannot be determined whether it is the

total emission or the emission of the dominant peak
which increases linearly with Cu concentration.

In order to understand the emission between — 1.4
eV and Ef observed at Av=150 eV, we have investi-
gated the valence spectra at several other photon en-
ergies. Figures 9 and 10 give the Cu-induced differ-
ence spectra from hv=150—80 eV.?° In Fig. 9, the
results at Av=130 eV are rather similar to those at
hv=150 eV, and, as the Cu concentration increases,
the emission between 1.4 eV and Ey also increases
more slowly than the dominant peak. In contrast,
the spectra at hv=110 eV show some qualitative
differences with those at Av=150 and 130 eV; and
relatively strong structures exist at ~ —1 eV, espe-
cially for 26.2 and 39.1 at. % Cu. In Fig. 10, the
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FIG. 7. Valence photoemission spectra of diffusion-
formed PtCu(111) surfaces, hv=150 eV. From bottom
curve to top curve: pure Pt(111), Pt—26.2 at. % Cu(111),
Pt—39.1 at.% Cu(111), Pt—51.9 at.% Cu(l111), and
Pt—59.5 at. % Cu(111).



7294 M. L. SHEK, P. M. STEFAN, 1. LINDAU, AND W. E. SPICER 27

%)
é’ | hv=150 eV PtCu (111) |
S5
o [ & total area ]
8 I oarea between .
2 | -t4evaE s |
@, AL i
ld_J 1.0 o 0.2
TR 4
D - -
[0
w - 4
s | a 1
5
<0.5F <=(1) o101
‘&J = o—" 4
< o (2)=
w L A/ 4
> | / © i
-
< L / ]
& o L 1 1 1 ! 1

6} 20 40 60

Cu CONCENTRATION USING AES (%)

FIG. 8. Strength of Cu-induced structures, at hv=150
eV, as a function of Cu near-surface concentrations es-
timated with AES. (1) The total area under each differ-
ence curve (A). (2) The area between —1.4 eV and Er
under each difference curve (®). Unity area is defined to
be the area of the dominant peak (the high binding-energy
peak) in the Pt—59.5 at.% Cu(111) difference curve.
Note that the vertical scale of curve (1) is on the left and
the vertical scale of curve (2) is on the right, as indicated
by the arrows.

Cu-induced difference spectra at Av=280 eV show a
decreased emission near Ep for all Cu concentra-
tions. Below ~ —0.5 eV, the broad increase for 7.7
at. % Cu develops structures for larger Cu concen-
trations, and moreover, the structure between — 1.4
eV and Ey evolves in a manner distinct from that of
the high-binding-energy region below —1.4 eV.

Figure 11 graphically compares, for the difference
spectra of 26.2 at. % Cu, the hv dependence of the
spectral region below —1.4 eV with the region be-
tween — 1.4 eV and Ep. The integrated areas of the
two regions under the difference spectra are com-
pared. For the emission above —1.4 eV in the
hv=280 eV difference spectrum, only the positive
contribution is considered. It is seen that the Av
dependence of the high-binding-energy region below
— 1.4 eV resembles the v dependence of pure Cu 3d
emission. In contrast, the emission above —1.4 eV
is much larger than a pure Cu3d—like emission at
hv=110 eV. Plots for 39.1 and 59.9 at. % Cu can
also be derived from Figs. 9 and 10, with qualita-
tively similar trends as those in Fig. 11.

C. Cu2p core-level shifts

Figure 12 presents the Cu2p;,, core-level spectra
on various Pt-Cu surfaces, which may be compared
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FIG. 9. Cu-induced changes AN (E) in the PtCu(111)
valence-band photoemission spectra; Av=150, 130, and
110 eV. These are difference curves between PtCu(111)
spectra and the corresponding Pt(111) spectra. At
hv=150 eV, from bottom to top curve: Pt—26.2 at. %
Cu(111), Pt—39.1 at.% Cu(111), and Pt—51.9 at. %
Cu(111). At hv=130 and 110 eV, the same surfaces are
shown in the same order from bottom to top. All these
curves have the same vertical scale, with corrections made
for the energy dependence of analyzer efficiency and grat-
ing transmission.

with the Cu2p;,, spectrum of pure Cu and the
Cu2p;,, spectrum of a sputtered Nig 9oCug 10(1110)
surface which is not annealed. A large shift in bind-
ing energy (between —0.6 and — 1.0 eV) is observed
for the Cu2p;/, core levels of all the Pt-Cu surfaces,
although small variations do exist between different
surfaces. As will be discussed in the following pa-
per, there seems to be a crude correlation between
these core-level shifts and the 3d centroid shifts rela-
tive to the pure Cu 3d centroid. The FWHM of the
Cu2p;,; core levels are all similar (1.4—1.5 eV).

V. INTERPRETATION AND DISCUSSION

We shall first discuss the sensitivity of the Cu3d
states to the surface atomic coordination. We shall
then interpret the results on the Cu concentration
and hv dependence of the PtCu(111) valence spectra,
in terms of the Pt5d—Cu3d hybridization which
depends on Pt-Cu nearest-neighbor interactions to
the first approximation. The correlation between
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FIG. 10. Cu-induced changes AN(E) in the PtCu(111)
spectra obtained at hv=80 eV. These are difference
curves between PtCu(111) spectra and the pure Pt(111) at
the same energy. (1) 7.7 at. % Cu. (2) 15.5 at. % Cu. (3)
26.2 at. % Cu. (4) 39.1 at. % Cu. (5) 59.5 at. % Cu. The
intensities are magnified by a factor of 2 with respect to
the intensities in Fig. 13. Corrections have been made in
all these curves for the energy dependence of analyzer ef-
ficiency and grating transmission.

the shifts of the Cu3d centroids and the Cu2p;,,
core levels, relative to pure Cu, will be briefly dis-
cussed. (The correlation will be discussed further in
the following paper.) Lastly, we shall make a com-
parison with other results.

A. Sensitivity of the valence electronic structure
to surface atomic coordination

The differences in the Cu3d-—derived states on
the various Pt-Cu surfaces with dilute Cu concentra-
tions, shown in Fig. 4, can be crudely rationalized by
the differences in surface atomic coordination. For
a Cu adatom on the Pt(111) surface, it can interact
with at most three Pt neighbors. On a fcc(110) face,
the atomic coordinations in the top two layers are 7
and 11, respectively. On a fcc(111) face, a Cu atom
in the top layer may interact with nine Pt neighbor
atoms. In the second layer, the bulk coordination
number of 12 is already attained. Hence the narrow
widths of the 3d states of Cu on Pt(111) and of
PtCu(110) reflect weak Pt—Cu bonding due to re-
duced numbers of nearest neighbors. Moreover, the
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FIG. 11. Comparison of the hv dependence of (1) the
high-binding-energy region below —1.4 eV with (2) the
spectral region between — 1.4 eV and Ep, in the difference
spectra for 26.2 at. % Cu. Note (1) and (2) have different
vertical scales, with the high-binding-energy area obtained
at hv=150 eV defined as unity. The pure Cu 3d emission
(X ) is scaled to unity at hv=150 eV. The lines in the fig-
ure only serve to connect the related data points at various
photon energies. Corrections have been made for the en-
ergy dependence of analyzer efficiency and grating
transmission.

asymmetry noted on the PtCu(110) 3d peak, as dis-
tinct from the symmetrical shape of the Cu 3d peak
on the Pt(111), is consistent with the interpretation
that there are more Pt—Cu bonding states as the
number of Pt neighbors increases. In the broad
Cu3d structure associated with PtCu(111), the
shoulder around —3.2 eV may be due to the Pt—Cu
bonding states whose origin may be similar to that
of a shoulder at —3.5 eV in the pure Cu valence
spectra (Fig. 4).3%3! This feature in pure Cu, occur-
ring at about 0.9 eV on the higher-binding-energy
side of the 3d peak maximum, is attributed to the
states near L of the Brillouin zone*® and part of the
1) Projection in the density of states.”> The emis-
sion above — 1.4 eV can be attributed to Cu 3d elec-
tron rearrangement due to hybridization with Pt 5d
states, as will be shown next.

B. Pt5d—Cu 3d hybridization

The data in Sec. IV B give support to the interpre-
tation that, in the hv =150 eV difference spectra be-
tween PtCu(111) and Pt(111), the emission between
—1.4 eV and Ep is due to Cu 3d, and not Pt 5d. The
reasons are as follows: (1) At Av=150 eV, it is seen
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FIG. 12. Comparison of Cu2p;,, of various systems.
(1) ~0.3 ML Cu on Pt(111) estimated by AES. (2) Sur-
face X: 28.5 at. % Cu in Pt(111) estimated by XPS. (3)
surface Y: 12.5 at. % Cu in Pt(111) estimated by XPS. (4)
Pty 9sCup.02(110), with 5.9+1.2 at.%- Cu estimated by
AES. (5) Sputtered Nig ¢7Cug 02(110) with <10 at. % Cu.
(6) Pure Cu(110), multiplied by a factor of 0.05. Curve (3)
is observed with AlKa radiation. All the other spectra
are taken with Mg Ka radiation. The intensity of (3) has
been corrected for the difference between using A1Ka and
MgKa, and then magnified by 2 for display. The ener-
gies are defined with respect to Ej.

that the emission above —1.4 eV is much stronger
than the clean Pt(111) emission (Fig. 7). It is unlike-
ly that there should be some sharply rearranged
Pt 5d states to account for the strong emission above
—1.4 eV in the PtCu(111) spectra. (2) If this Cu-
induced feature at hv=150 eV were due to rear-
ranged Pt 5d states, then there should be a manifold
increase observed at hv=80 eV, where the Pt5d
cross section is large. Instead, a decrease in Pt 5d
emission between ~ —0.5 eV and E is observed
(Figs. 6 and 10).

It is unlikely that the Cu3d states between — 1.4
eV and Er should be due to a second Cu species ex-
periencing a different potential. Suppose there were
two Cu species, one peaking at ~ —2.3 ¢V and the
other at ~—1 eV. Then the difference between
~—2.3 and ~—1 eV would lead to a difference in
core-level binding energies of the same order. Yet
no noticeable broadening or skewing of the Cu2p;,,
core level of PtCu(111) is observed. The width
remains similar to those associated with narrow
Cu 3d states.

PtCu (111)
o data at hy=150 eV

- calculated, Eq. (1)
—— calculated, Eq.(2)

o
o
T

RELATIVE RATIOS
(@]
~

0.2

! | I
0] 20 40 60
Cu CONCENTRATION USING AES (%)

FIG. 13. Cu concentration dependence of the Cu-
induced emission between —1.4 eV and Ep observed at
hv=150 eV: A comparison between experiment and cal-
culations. The experimental data are indicated by (®).
The curves obtained by calculating the number of Pt—Cu
bonds using Eq. (1) are indicated by (— — —). The lower
curve (— — —) is matched with the experimental observa-
tion at 7.7 at. % Cu, while the upper curve (— — —) is
matched with the experimental observation at 26.2 at. %
Cu. The curves obtained by calculating the number of Cu
atoms with m or fewer like nearest neighbors, using Eq.
(2), are shown by ( ) with the different m values indi-
cated. Both curves ( ) are matched to experimental
observation at 7.7 at. % Cu.

The emission between —1.4 eV and Ep in the
Cu3d—derived density of states (hv=150 eV) is
likely to arise from Cu3d—Pt 5d hybridization. The
more gradual increase in the strength of the emis-
sion, beyond ~26 at. %, can be explained by the in-
creasing number of Cu-Cu nearest neighbors in
place of Pt-Cu nearest neighbors. The nature of the
variation will be discussed shortly. Moreover, we
have shown that the emission above —1.4 eV has a
different v dependence compared with the high-
binding-energy region below —1.4 eV and with pure
Cu 3d states. At hv=110 eV, the excessive intensity
between —1.4 eV and Er may be a consequence of
some PtS5d contribution to the valence electronic
rearrangement (below —0.5 eV). However, if this is
the case, then it seems that the Pt 5d and the Cu3d
contributions are not simply additive. If they were
additive, the corresponding emission at hv=280 eV
would be much higher than the observed emission
since the pure PtS5d emission increases from
hv=110to 80 eV.

We now pursue the interpretation that the varia-
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tion in the number of Pt-Cu nearest neighbors leads
to the observed Cu concentration dependence of the
feature associated with Pt 5d —Cu3d hybridization.
We shall compare the strength of this feature, ob-
served at hv=150 eV, with two different viewpoints
of the Pt-Cu nearest-neighbor interactions. The first
is to assume that the strength (Sp..cy) is governed by
the number of Pt-Cu nearest-neighbor pairs. For a
random distribution of Cu and Pt atoms,*® Sp, ¢, is
given by

Specu <Xcull—xcy) (1)

where xc, is the atomic fraction of Cu. A second
possibility is to consider a local cluster of like and
unlike nearest neighbors around a Cu atom in a ran-
dom distribution. Then we ask what is the max-
imum number (m) of Cu nearest neighbors which
the Cu atom in question can tolerate, before it starts
to lose hybridization with its Pt neighbors. The
strength of the Pt5d—Cu3d hybridization feature
(Scy) is taken to be proportional to the number of
Cu atoms which can hybridize with Pt:

SCu XXy 2

: 1 91
———Xcu(l—x¢c) " (2)
S —nm=c ¢

In Eq. (2), only the topmost layer is considered, and
each atom has a coordination number 9, including
bonding with the second layer.

The results calculated from either assumption are
compared with experimental data in Fig. 13. We
have quite arbitrarily chosen to match calculation
and experiment at 7.7 at. % Cu, which is the lowest
Cu concentration studied. The results calculated
from the second assumption are, to a good approxi-
mation, linear up to ~26 at. % Cu for a maximum
of five to six Cu nearest neighbors.>* On the other
hand, the first assumption yields a nonlinear varia-
tion with Cu concentration even at low Cu concen-
trations. Therfore, fitting experiment and calcula-
tion at 7.7 at. % Cu places the calculated curve in a
different position compared with the result of fitting
at ~26 at. % Cu, as shown in Fig. 13. In spite of
uncertainties due to the unknown proportionality
constants relating experiment and calculation, the
calculations nevertheless yield the first rapid and
then slow increase of the Pt5d—Cu3d hybridiza-
tion. The statistics of our data are insufficient to
distinguish between the two possibilities. However,
regardless of which possibility is correct, the Cu
concentration dependence of the Pt5d—Cu3d hy-
bridization is explained by Pt-Cu nearest-neighbor
interactions in the first approximation. The quanti-
tative deviation of the second assumption from ex-

periment, at Cu concentrations larger than 26 at. %
Cu, may be due to the effects of Cu-Cu interactions
beyond the nearest-neighbor shell.

C. Correlation between the 3d centroid shifts
and Cu 2p core-level shifts of the Cu component

As noted in Sec. IVC, the energy shifts of the
Pt—Cu 3d centroids, relative to pure Cu, seem to be
correlated with the Pt—Cu 2p;,, core-level shifts.
In the following paper,?! these and other energy
shifts will be tabulated, and compared with the ex-
pectations of a thermodynamical model for core-
level shifts. It will also be argued that simplistic in-
terpretations in terms of charge transfer between the
Pt and the Cu constituents do not hold. Here we
only indicate two possible interpretations. (1) The
final-state relaxation energy, due to the screening of
a 3d hole or a 2p hole, may be larger on the Pt-Cu
surfaces relative to a pure Cu surface. Within the
context of the model used in the following paper,
this provides the dominant energy shift. (2) Both
the 3d centroid shifts and the Cu2p;,, core-level
shifts may result from a smaller s-d hybridization of
the Cu component, compared with that in pure Cu.
The increased density of d electrons raises the ener-
gies of the 3d centroids as well as those of the core
levels.!>3

D. Comparison with other work
on group-VIII—group-1B metal alloys

In the following discussion, it must be borne in
mind that different experiments may have various
surface sensitivities in addition to inherent differ-
ences in the samples.

Previous x-ray photoemission experiments on po-
lycrystalline PtCu alloys have shown an upward
shift of the valence-band centroid, relative to the
centroid derived from the weighted sum of the emis-
sions of the pure components.”> The shift of the
valence-band centroid is attributed to the Cu3d
component. These findings are not inconsistent
with our observations on the near-surface Cu3d
states at hv=150 eV. However, unlike the x-ray
photoemission results on the valence bands, our re-
sults are not sensitive to possible changes in the cen-
troid of the Pt 5d states’®>’ because of the low cross
section of the latter at Av=150 eV. At low Cu con-
centrations, when the Cu 3d emission does not total-
ly dominate, possible changes in the Pt S5d centroid
are probably small. At high Cu concentrations, the
Cu 3d emission dominates the valence spectra.

It is interesting to note that, for Pdy 4Cug, the
Cu valence —L; x-ray emission band consists of a
peak with maximum at ~ —2.6 eV and a feature be-
tween —2.0 eV and Ep.3® This indicates that the lo-
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cal valence electronic density of states on the Cu
atom has significant weight in the energy range
where the pure Cu valence electronic density of
states is low. It is plausible, then, that this reflects a
similarity between the electronic structures of PtCu
and PdCu alloys, which is also consistent with their
similar Cu core-level binding-energy shifts.>

X-ray photoemission experiments show that, for
PdCu alloys with 6 and 25 at. % Cu, the difference
spectra with respect to pure Pd yield a broad and
flat positive emission below —0.5 eV, and a decrease
above —0.5 eV.* From the flatness of the Cu-
induced increase, it has been concluded by the au-
thors that the Cu loses its identity for these low con-
centrations. We note that these difference spectra
resemble the difference spectra for 7.7 and 15.5
at. % Cu in Pt(111) observed at Av=280 eV. Howev-
er, we know that the results at other photon ener-
gies, namely 130 and 150 eV, show that definite
Cu 3d —derived structures do exist on these surfaces
with dilute Cu concentrations. Hence we should re-
gard with caution the suggestion that the d states of
dilute concentrations of noble metals will be strong-
ly spread throughout the host d band if there is de-
generacy between the noble-metal d states and the
host d states. Furthermore, our observations on the
distinct Cu3d—derived states on Pt(111) and of the
Ptg.05Cug 02(110) surface demonstrate that degenera-
cy between the impurity d states and the host d band
is not a sufficient condition for strong electronic in-
teractions.

For dilute Cu in Ni, the Cu 3d states do not form
a split-off band but lie at the bottom of the Ni3d
band as a broad emission.!”?° Theoretical calcula-
tions are in good agreement on this,***! whether or
not they incorporate the randomness of the d-d
overlap and s-d hybridization (off-diagonal disor-
der). However, such randomness becomes signifi-
cant in alloys between metals which have largely dif-
ferent bandwidths. In PdAg alloys, for instance, no
split Ag band is predicted for a dilute Ag concentra-
tion (20 at. %) if the only randomness which is con-
sidered is that of the different d-scattering reso-
nances (diagonal disorder).* This is in contradic-
tion with the observation of Ag d states split from
the Pd d states in a 10 at. % Ag alloy.*>~* On the
other hand, a calculation treating both the random-
ness of the d resonances and the randomness of the
d-d as well as s-d interactions shows the existence of
a split Ag subband for low Ag concentrations.*®

The difference between Pt 5d resonance and Cu 3d
resonance is not as large as the difference between
Pd4d and Ag4d resonances. However, the much
larger Pt-Pt electron hopping relative to the Cu-Cu
electron hopping may similarly be an important con-

sideration in understanding the extent of the interac-
tions between Pt and Cu.

V1. SUMMARY

The following is a general summary of the results
presented in this paper:

(1) Utilizing the Cooper minimum of the Pt5d
emission (hv=150 eV), we have observed variations
in the Cu 3d states of different Pt-Cu surfaces which
are visualized to have different Pt-Cu nearest-
neighbor interactions.

(2) Using a photon energy at which the Pt5d
emission is strong (hv=280 eV), we have observed a
decrease in the PtS5d states near Erp when Cu in-
teracts with Pt(111).

(3) The Cu-induced changes of the Pt(111) valence
band, approximated by difference curves between
PtCu(111) and Pt(111), have been studied in some
detail by varying the photon energy and the Cu con-
centration of PtCu(111). It is found that the
changes from ~ —1.4 eV to Er and the changes
below — 1.4 eV have a different dependence on pho-
ton energy as well as on Cu concentration. The
changes in the high-binding-energy region vary as
pure Cu3d states. We thus suggest that between
—1.4 eV and Ep, there is significant Cu3d—Pt5d
hybridization. Moreover, this hybridization depends
on Pt-Cu nearest-neighbor interactions in the first
approximation.

(4) The centroids of the Cu3d states of various
Pt-Cu surfaces, for small amounts of Cu are shifted
towards smaller binding energy (towards Ef) relative
to the pure Cu3d centroid. Similarly, the Cu2P;
core levels of these Pt-Cu surfaces are shifted to-
wards smaller binding energy relative to the pure
Cu2p;/, core level. This will be further discussed in
the next paper.
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