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High resolution soft x-ray photoelectron spectroscopy using synchrotron radiation and Auger-electron spec-
troscopy are used to study late-transition-metal fi{fts Pd, Ir, Rh, Au,on W(211). It is found that the films
grow in a layer mode at 300 K. As a function of the film thickness, differeij,gphotoemission peaks are
observed, corresponding to a single monolayer, to an interface layer, to bulk atoms and to surface atoms. Single
physical monolayers of these late-transition metals on tungsten are stable against thermal rearrangement. In
contrast, when multilayer films of Pd, Pt, Ir, Rh are annealed above 700-1000 K, tungsten atoms diffuse into
the overlayer to form an alloy film. Gold constitutes a different case; upon annealing it does not alloy with
tungsten but the metal in excess of one monolayer forms clusters. The evolution of the bimetallic systems as
a function of coverage and annealing temperature is interpreted by analysis of intensities and shapes of the
4f,, features. Born-Haber cycles and the equivalent core approximation are used to extract thermochemical
data concerning energetics of adhesion, segregation, and alloying in these early-late transition-metal systems.

[. INTRODUCTION the deposited film. The wealth of possible phenomena makes
the interpretation of experimental data rather difficult and the
It has been shown recently that the atomically rough tungexperimental techniques employed must distinguish between
sten (111 surface undergoes morphological changes upomtoms in different configuration.e., atom on surface, im-
adsorbing monolayer films of certain metélR, Pd, Ir, Rh, purity atom, alloy, etg. Despite many challenges with data
Au), followed by annealing t&>750 K12 Under these con- interpretation, high resolution soft x-ray photoelectron spec-
ditions, the metal film-coated Y¥11) becomes covered with troscopy(SXPS using synchrotron radiation is an extremely
three-sided pyramids of nanometer scale dimensions, havingseful technique for studies of bimetallic interfaces; SXPS
{211} planes as facet sides. Because of the special role afften provides identification of the surroundings of various
W{211} planes in the faceting process, the goal of the preserdtoms via measurements of core-level shifts, even if it is not
paper is to provide detailed information on growth, segregapossible to fully understand the physical origin of the peak
tion, and alloying processes occurring on2)/1)-based bi-  shift. In the present work the SXPS technique is used to
metallic systems involving late transition metals, as well asstudy processes which take place during growth and anneal-
on the electronic properties of these systems. A preliminaryng of late transition-metal filmgPt, Pd, Ir, Rh, Ay on the
study of metals on 211) has appeared recenflyand a  tungsten(211) surface. Film growth processes and the for-
comparative study for metal films on a(fM.1) substrate is mation of ordered surface structures are determined using

currently in preparatiofi. Auger electron spectroscopy and low-energy electron dif-
Bimetallic systems have attracted much attention recentlyfraction (LEED), respectively.
both because they have interesting physical propeties] The aspect of SXPS most relevant to the present work is

because of the variety of their technological applications ashe fact that core-level electron binding energies in an atom
catalysts, shape memory alloys, and new magnetic materialeeflect the chemical environment of the atbifithe atom is
Transition-metal films and alloys have a complex valenceembedded in a solid, these energies are a function of the
band structure arising from hybridizes] p, and d bands. valence electronic structure of the solid. For many ionic and
High densities of electronic states, both below and above theovalent compounds where interatomic charge transfer is
Fermi level, are available for bonding, making them idealsubstantial, the initial-state core-level shifts are accompanied
candidates for model catalysts and for adsorption studiedy parallel shifts in positions of x-ray photoelectron spec-
The analysis of bimetallic system properties is, however, notroscopy peaks. However, for bimetallic systems, such as
an easy task for the experimentalist; when one metal is demonolayer films or alloys where interatomic charge transfer
posited on another, many different phenomena are possible often not significant, the photoelectron peak shifts are in-
The deposited metal atoms may stick where they hit, or majluenced by several additional effects. These effects include
diffuse to form two- or three-dimensional islands on the surfinal-state screening changes, intra-atomic charge transfer
face. They may also dissolve into the substrate to form a@nd reference level changébinderstanding the physical ori-
surface or bulk alloy, or the substrate atoms may diffuse int@ins of the shifts requires referring them to the absolute en-
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ergy level, and the separation of initial and final-state effects. 180
This is a very complex task and often it is not possible to
carry it out other than by detailed electronic structure calcu-
lations. __ 140

An alternative approach to understanding core-level shifts2
on metals which circumvents these difficulties was proposec% 120
by Johannssen and Martens$and by Steiner and Hufnér,
and is based on Born-Haber cycles and the equivalent cor
approximation(ECA). It was shown that core-level shifts
could be related to thermochemical properties of metals anc(i)L
alloys such as segregation, adhesion, and solution energie oo
This approach is used in the present work to extract thermo-§
chemical data for studied systems.

This paper is organized as follows. After the description
of experimental procedures we present results and dat
analysis for five different metallic overlayeBt, Pd, Ir, Rh, 0 .
Au) on W(211); as indicated above, all of these metals are 0 10 20 30 40
known to induce faceting of VW 11) to {211}. The Pt/W211) Dosing time [min]
data are described in greatest detail to illustrate the analysis
and curve-fitting procedures. The essential features of the FIG. 1. Pt Auger signal intensitiat 64 eV, peak to pealas a
remaining four overlayers are presented more briefly. Fifunction of dosing time for Pt growth on {11 at 300 K.
nally, all of the data are discussed in terms of film growth,

Fhermal stat_)ility, and allpy formation. A particularly _interest- welding a piece of foi(PY) to a tungsten wire. The Ir source
ing conclusion is that single monolayers of deposited metajs 5 resistively heated Ir filament. Special care is taken to
on W(211) are thermally stable upon annealing, whereas ulyytgas the dosers before their use. Dosers are shielded during
trathln_fllm alloys can form for overlayer deposits of Pt, Pd,operation by cooled surfaces and the background pressure
Ir, Rh in excess of one monolayer. during dosing does not exceeckd0 1° Torr.

Although admetal photoelectron peak shapes provide an
accurate way to calibrate the dosing rate, a variety of differ-
ent techniques is used throughout the related experiments in

The experiments have been performed in stainless steerder to cross check surface coverages. Complementary
ultrahigh vacuum experimental systems at the National Synmethods for surface coverage calibration include the QCM,
chrotron Light Source(NSLS) of Brookhaven National Auger uptake curves, change in work function, and tempera-
Laboratory, on beamline U4A, and at the Laboratory for Suriure programmed desorption. The details of the coverage
face Modification at Rutgers University. The experimentalcalibration are discussed elsewhére.
chambers have base pressures of less thanQL 1° Torr. In order to investigate thermally activated processes oc-

The NSLS setup is connected to the storage ring via &uring on overlayer films and at the interface, stepwise an-
six-meter toroidal grating monochromator providing syn-nealing to increasingly higher temperatures is used: after
chrotron radiation in the range 10-200 eV. Photoelectrormetal deposition, the sample is annealed in a sequence of
spectra have been measured with a 100-mm VSW hemincreasing temperatures ranging from 400 to 2300 K. After
spherical analyzer. The total spectral resolution is better thagach step the sample is cooled down, and SXPS data are
0.2 eV at 150 eV and below 0.1 eV at 80 eV photon energyrecorded. Sample temperature is measured by a W5%Re-
The x-ray beam and the energy spectrometer axis form aWw26%Re thermocouple spot-welded to the side of the W
angle of 45° and the x-ray beam is in most cases incident atrystal.
45° onto the sample. The photon flux is monitored and the
measured spectra are normalized to account for slowly
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II. EXPERIMENTAL METHODS

changing photon flux. Ill. RESULTS AND DATA ANALYSIS
The Rutgers system contains instrumentation for Auger
electron spectroscogAES), low-energy electron diffraction A. Platinum

(LEED), and a quartz crystal microbalan¢®CM). Both
systems also contain several metal dosers used for deposition
of platinum, palladium, rhodium, iridium, and gold. The  An Auger uptake curve for Pt growth on(2L1) (Fig. 1)
tungsten(211) substrate is prepared by heating in oxygenshows distinct breaks occuring at constant intervals. Such
(1Xx10 7 Torr) at 1300 K, followed by an abrupt increase of behavior is often associated with layer-by-layer growth. In-
substrate temperature to 2300 K for a few seconds. The cycldeed the length of the interval between breaks coincides with
is repeated until no traces of carbon can be found in AEShe time needed to dose an amount of platinum correspond-
spectra. Following this treatment the tungsten sample rareling to a physical pseudomorphic monolayer as checked by
needs oxygen treatment, and it can be cleaned by higithe QCM.[A physical monolayefML) is defined, assuming
temperature flashes only. Metal dosers are constructed hywo-dimensional growth, as the minimal coverage at which
wrapping thin metal wireg0.1-0.25 mm for Au, Rh, and all substrate atoms are covered by overlayer atoms. In case
Pd around a resistively heated tungsten filament or by spotef W(211) a physical monolayer is 1.6310™ atoms/crA.]

1. Film growth and XPS peak shape analysis
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1 Fermi level located at the-band edge and the density of
met4sev pywer)) ()~ empty electronic states falls rapidly above the Fermi edge.
Pt4f, ; Wertheint! suggested that the DS line shape is not appropri-

: ate for Pt XPS peak shapes since the DS model contains an
implicit assumption that the density of stat@0Y9) is con-
stant within a few eV around the Fermi energy. An alterna-
tive function of the form

—El&

f(E)= (3.9

F

Counts

convolved with Gaussian and Lorentzian functions was
found to fit the data satisfactorify}. In Eq. (3.1) a is the
asymmetry(or singularity index, and in the original DS
model, « is proportional to the density of states at the Fermi
level of the studied metak is the parameter describing the
electron-hole excitation function to be found from the fit.
Binding energyE is measured relative to the line position.
The function(3.1) was proposed by Mah&hand it accounts
for the decreasing DOS above the Fermi level. This function
convoluted with a Lorentzian, is equivalent to the DS line

dosing time ———

Binding energy [eV] shape under the assumption of weakly varying DOS near the
FIG. 2. The Pt 4 spectral region recorded during growth of Pt Fermi edge(lmplylng I_argeg). Our attempts fo fit t.he Pt 4f
films on W(211) at 300 K. spectra with the functiofB8.1) have shown that the fit param-

eter ¢ was large compared to the Pt peak width, and the

Pseudomorphic growth of the first two monolayers of Pt onresulting shape does not differ significantly from the DS line
W(211) is also suggested by LEED measureménts. shape. Final fits have been made with the DS line shape

SXPS peak shapes reveal more details about the growttonvoluted with a Gaussian. One has to keep in mind, how-
mode. In Fig. 2, a sequence of Pitz4 spectra is shown as a ever, that due to modulation of the DOS close to the Fermi
function of increasing Pt dose. The growth starts with thelevel, the fit parametex (which measures the DOS at the
formation of the Pt peak denoted l§§) which originates Fermi level in the original DS modemay not maintain its
with the Pt monolayer film on \211). The intensity in- meaning here. The discrepancy between fitted line shapes
creases up to the ninth dose, which corresponds to compléom Ref. 11 and from the present work may be attributed to
tion of one physical monolayer. For coverages less than onthe fact that in Ref. 11 the presence of the surface peak was
monolayer one can see slight variations in the width of the Phot taken into account.
4f,, peak which can be attributed to slightly different sites We start our analysis from the high coverage side; the two
for Pt atomg(the 211 face of the bcc lattice has a row-troughdominant components which are present in the spectrum for
structure as well as possible adsorbate-adsorbate interadhe 5-ML film are contributions from bulk platinum and sur-
tions. Further Pt deposition leads to the formation of clearlyface platinum. By tilting the sample we are able to change
visible interesting features—one of them on the low bindingthe surface/bulk sensitivity of our spectroscopy and obtain
energy (BE) side (2), and the other3) at higher binding information concerning the location of atoms contributing to
energy. Simultaneously pedl) is attenuated. Peaf@) in-  the signal(see Fig. 3 The positions and shapes of the spec-
creases until the second monolayer is completed and it is ndtal components turn out to be identical for both experimen-
attenuated by further Pt deposition. Pé8kachieves maxi- tal configurations, but relative intensities change consider-
mum intensity at about 1.7-ML coverage, and then it isably. For a 30° grazing take-off configuration we expect less
gradually attenuated at higher coverages. The pé&akhich  bulk sensitivity, and the peak designated%sis found to be
is distinct at coverages 1.5—3 ML'’s is attenuated at highetess intense. This supports our initial assigment that (®8ak
coverages. Finally peald) is formed around 3 ML’s and is due to bulk Pt atoms. The centroid of this peak is at
persists during further growth. Based on the order of appear?1.1-eV binding energy. All remaining Pt peaks are reported
ance and attenuation, we tentatively assume that fBak  relative to this position. The other peak present for high cov-
due to monolayer of Pt on W, pedR) is the surface plati- erage[peak(2)] shifted by —0.36 eV (to lower binding en-
num peak, peak$3) and (4) are buried interface contribu- ergy) is assigned to the surface atoms of Pt film. The value of
tions, and peak5) is due to bulk platinum. Now the impor- the shift is not far from the literature value of shifts for the
tant question is: can we fit these spedtrénich show quite a  Pt(111) surface(0.4 eV);** > however, we do not know de-
variety of shapgsassuming five different components, and tails about the surface geometric structure of our 5-ML Pt
thus support our visual analysis with more quantitative argufilm. The position of the peak3), which is shifted by 0.91
ments? eV, is characteristic of a W-Pt allggee discussion further in

Usually x-ray photoelectron spectroscoPS) peaks in  the texj so it is likely that an interface W-Pt alloy is formed
metals are properly described by the Doniach-Surii25) upon deposition of a Pt on W substraf@n “interface al-
(Ref. 10 line shape which accounts for multiple low-energy loy” component(3) is associated with the situation, when
electron-hole pair excitations at the Fermi level accompaningipon adsorption of Pt on W, some number of Pt and W
the core ionization process. However, Pt is a metal with itsatoms exchange their sites. Analyzing the W sbectra for
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Pt 4f,,
hv=145eV
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FIG. 4. Doniach-Sunji¢DS) line shape fits to Pt #,, data for a
few different thicknesses of Pt film on &/11). All parameters de-
scribing peak shapes are kept fixed, and only peak amplitudes and
background are allowed to change (90° take-off angle

Binding energy [eV]

FIG. 3. Pt 4., SXPS spectra for 5-ML Pt on \¥11), upper: 2. Thermal stability of interface; evidence for RV alloy

for normal (90°) electron take-off angle, lower: for 30° grazing  An annealing sequence for 1-ML Pt on(®11) is shown

take-off angle(dotted lines show fitted DS components in Fig. 6. It can be seen that there is neither change in signal
intensity nor change in peak shape for both Pt and W. The

the Pt/W system we found clear evidence that when the Rdtapility of the peaks for 1 ML indicates that there is little or

coverage is greater than one monolayer, the adsorption of R intermixing between Pt and W for this particular
triggers mixing at the interface. This effect is more pro-coverage.

nounced for Pt dosed onto the(¥L1) surface at 300 K and
it will be discussed in detail elsewhérp Monolayers
It has been also found, from the measurements of the 1 2 3 4 5
attenuation of W peaks as a function of the overlayer thick- N
ness(not shown, that the attenuation is exponential and the -'"""i
attenuation length for electrons with energy around 70 eV 1 = " (1)
corresponds to 1.7 pseudomorphic physical monolayers of s " menolayer
Pt. The observed intensity ratios for surface/bulk/interface
components are all consistent with this attenuation length.
The positions and shape parametésymmetry index,

the Gaussian width, the Lorentzian wiglthf all five peaks
were determined from spectra in which they constitute the
dominant features; then all parametéepart from ampli-
tudes and backgrouindvere kept fixed, assuming that the
positions and shapes of photoelectron peaks are dominated
by influence of the closest neighbors of the atom being the
source of emission. Figure 4 shows the spectra for selected ; - uin ' 4)
Pt coverages with superimposed fitted line shapes. This, as T o . interface
well as the peak areas as a function of the Pt cove(dige & . ar” : I _SIESPey
cussed beloyy demonstrate that our assignments allow for :
consistent interpretation of the obtained data. Figure 5 shows ] AT )
the contributions from different components obtained from r’f.’,... bulk
the fits of Fig. 4 as a function of dose. The data shown in TPRITPERSTIY _ 8 P et et

. . . 0 5 10 15 20 25 30 35 40 45 50
Figs. 1-5 are all consistent with a layer-by-layer form of
growth for Pt on W211) at 300 K. The positions of all Doses
components and singularity indices for the241) - Pt ad- FIG. 5. Areas of DS peaks attributed to various P}4spectral
sorbate system, found from the fits, are summarized itomponents vs Pt film thickness. Arbitrary units are the same for all
Table I. graphs.
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TABLE I. Pt 4f,,, peak positions measured with respect to the
bulk Pt peak(71.1-eV BB and singularity indices for the Pt-W
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v =145V 8 ML PtYW(211)
system.

Peak Positior(eV) Singularity index

Bulk 0.00 0.18

Surface -0.36 0.18

Interface 0.43 0.07 W4, W4t

Interface alloy 0.91 0.10 1 ; ¢

Monolayer 0.17 0.10 7 Ptdfe, Ptat,

flash
1700 K

For coverages larger than 1 ML, a different behavior is 3

observed(measurements have been made in the range 2—t¢
ML’s and no essential differences in the system properties
have been found within this thickness rajpgé can be seen
(see Fig. 7 that the tungsten substrate peak does not change
in intensity until the temperature exceedsl200 K. This
indicates that the platinum deposit on t#11) surface re-
mains flat and does not break into clustéisclusters were

to form upon annealing, we would expect a significant in-
crease in substrate peak intensity as in the case of Au/W; se
Sec. Il E) For the Pt films annealed above 700 K we find a
different feature in the W# SXPS spectrdsee Fig. 7. The
new peak is shifted by 0.95 eV relative to the bulk W peak.
The appearance of this feature is evidence that tungsten at-
oms diffuse from the interface into the overlayer film to form
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FIG. 7. Pt & and W 4f SXPS spectra associated with annealing

a platinum—tungsten alloy film. The content of tungsten insequence for an 8-ML Pt film on ®11). Annealing time is 1 min.

the alloy increases with annealing temperature; up to 800 K

the tungsten alloy peak remains at constant position and ngéak in Fig. 7 shifts to lower binding energy and broadens.
apparent change is seen in the Pt peak shapes, which indiimultaneously the platinum peak shifts to higher binding
cates that the alloy is dilute. Above 800 K, the ¥4 alloy

Counts

v =145eV
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FIG. 6. Annealing sequence for a 1-ML Pt film on(221). The
Pt 4f,, and W 4f ,, spectral regions are shown following annealing platinum atoms at the sample surface, and the peak at higher
to the indicated temperature for 1 min.

energy and splits into two resolved components. In the tem-
perature range 1400-1600 K the system is stable and no
changes in SXPS peak positions and intensities are observed.
At 1700 K the onset of Pt desorption is reactfedhich
causes a rather dramatic increase in the f\sdbstrate sig-

nal and a decrease in intensity of the higher binding-energy
component of the Pt#peak.

It is expected thaa W atom surrounded completely by
unlike atoms will experience the maximum core-level shift,
while for configurations with both like and unlike nearest-
neighbor atoms, the resulting core-level binding energy
should be between that of the tungsten bulk and the tungsten
impurity in a platinum host. The SXPS peaks shifts and in-
tensity changes, seen in Fig. 7, for annealed P2M) indi-
cate that initially, the annealing causes a dilute concentration
of W in Pt to be formedwhich corresponds to maximum W
core-level shift; then at 800-1300 K the system goes
through a substitutionally random or multiphase configura-
tion (which corresponds to broadening of the peakaally
the system reaches a saturated concentration of W in Pt at a
temperature of 1400 K which may correspond to ordered
intermetallic phase.

The split platinum 4 peaks above 1200 KFig. 7) evi-
dence a segregation of Pt to the surface. Intensities of these
peaks have been measured at different take-off angks
Fig. 8). Based on the increased surface sensitivity for grazing
electron take-off angles we assign the peak at lower BE,
shifted by 0.43 eV relative to the Pf bulk peak position, to

BE shifted by 1.19 eV to platinum atoms inside the alloy
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FIG. 9. W 4f,, SXPS spectra associated with Pd21/1): (a)
annealing sequence for a 1-ML Pd film on(2¢1), (b) annealing
sequence for a 5-ML Pd film on ®11).

increase in intensity of the substrate W pefdior 5—8-ML
films a higher photon energy, 145 eV, has been used in order

FIG. 8. Pt SXPS spectra of W-Pt saturated alloy. Upper: normato probe a few monolayers inside the bulk of the film. Spec-
electron take-off angle. Lower: 30° grazing take-off angle. Pt cov-tra taken with these higher photon energies have significantly

erage corresponds to8 ML’s.

film. The Pt & alloy spectra can be fitted with only two DS

components: a broader surface component and a narrower

peak from the bulsee Fig. 8 The intensity of the surface

Pt component indicates that the surface is fully covered with The
Pt. The alloy surface Pt singularity index is found from thew(211)

fit to be 0.10 and the bulkalloy) Pt index is found to be
0.09.

B. Palladium

The chemistry of palladium films on tungstégll) is
very similar to that of platinum films. Pd, ad4transition

metal, has no narrow photoelectron peaks accessible in our

photon energy range, so the data for Pd are limited tofw 4
photoelectron peaks. In Figs(é#® and 9b) the annealing

sequences for 1- and 5-ML films are shown. It is seen that

one monolayer of Pd on (®11) is stable; no change in

intensity or in peak shape occurs below the desorption

threshold around 1300 Kno evidence for intermixing or
surface alloy formation Annealing above 1300 K uncovers
the tungsten surfacghis is indicated by surface W peaks
appearing in the SXPS spectra; see Fi@[ A more de-
tailed discussion of the relation between W durface core
level shifts and the \{211) surface structure can be found in

worse resolutiorfand intensitieg i.e., the distinct surface W
peaks of Fig. 9 appear as much weaker shoulders, in Hig. 7.

C. Iridium

Ir 4f SXPS spectra for increasing Ir coverage on
are shown in Fig. 10. A very interesting property of

interface
+bulk

hv=145eV  Ir"W(211)

surface
: +monolayer

Ir 41,

4ML

Counts

3ML

2ML

Refs. 3 and 18. For the 5-ML Pd film one can observe vir- LR A S A S A

tually the same features as for Pt films; a dilute alloy up to
850 K, and increasing W content in the film at higher tem-
peratures. Around 1100 K the alloy saturation is accompa-

Binding energy [eV]

FIG. 10. Ir 4f spectral region recorded during growth of Ir film

nied by the onset of Pd desorption which causes a rapidn W(211) at 300 K.
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hv=145 eV 7 ML IrW(211)

Counts

Binding energy [eV]

FIG. 11. Ir 4f and W 4f SXPS spectra associated with anneal-
ing sequence for a 7-ML Ir film on \211). Annealing time is 1

min.

1 ML RhW(211) a)

8 ML RW2(211) b)

1 w=80ev

Counts
'

Binding energy [eV] Binding energy [eV]

FIG. 12. W 4f,, SXPS spectra associated wiil® annealing
sequence for a 1-ML Rh film on Y¥11), (b) annealing sequence
for an ~8-ML Rh film on W(211).

D. Rhodium
The phenomena associated with annealing of Rh films on

W(211) are similar to the cases of Pt, Pd, and Ir films dis-
o L o i cussed above. As Rh is a 4d metal, the data are limited to the
iridium is t_hat the initial peakKwhich is attributed to COVer-  gxpg spectra of the Wf4region (see explanation in Sec.
age of a single monolayeand the Ir surface peak on a thick ||| g Annealing sequences for a single monolayer film and
Ir film (the assigment of the latter has been checked by megyy 4 film approximately eight monolayers thick are shown in
surements at different take-off anglesare isoenergetic. Figs. 12a) and 12b). For a single Rh monolayer annealed to
Moreover, no separate interface feature is seen. The specti@nperatures below the desorption threshold, the shape and
may be fitted with two Doniach-Sunjic components at aintensity of the W 47, peak do not change. This indicates
binding energy of 60.80 eVinterfacet-bulk) and a binding  that a physical monolayer of Rh on(@11) is stable over a
energy of 60.25 eV(surfacetsingle monolayer This, as  broad temperature range. Above 1800 K, the Rh film is de-
well as the annealing experimefg#ee Fig. 11 demonstrate sorbed and the shoulder on the low-binding-energy side of
that the Ir & binding energies are not changed if the neigh-the W peak corresponding to surface tungsten atoms is re-
bor Ir atoms are replaced by W atoms. This is quite differenvealed[Fig. 12a)]. For the multilayer film, a dilute alloy
from the spectra seen for FEig. 2). On the other hand, Fig. peak is observed within the temperature range 850—-1100 K.
11 demonstrates that the Ir-W system is in some ways verfh saturated(stablg alloy phase exists between annealing
similar to Pt-W. The dilute alloy features are observed in theemperatures of 1400—-1600 [Kee Fig. 12b)].
annealing temperature range 1000-1400 K; at higher tem-
peratures the alloy W peaks broaden and shift to lower bind- E. Gold
ing energy until the saturated alloy phase, reflected by stable . .
SXPS spectra within the range 1800-2000 K, is reached. At A sequence of SXPS spectra for increasing Au coverage

. . C. w7~ on the W211) substrate is presented in Fig. 13. Au has a low
about 2100 K the de;orptlon threshold for mu|t||§1yer 'r.'d'umdensity of states at the Fermi level and asymmetries of the
causes an increase in the substrate W peak intensity. T

o = L i PS peaks are very small. The spectra have been fitted with
iridium peaks do not change positions significantly duringpg jine shapes and the analysis that we perform is similar to
the annealing experiment, and the intensity of the surfacg,e pt analysis described in Sec. Il A. In the submonolayer
peak is stable within the whole temperature range, reflectingange there is significant variation of the SXPS peak posi-
the fact that the outer layer is always pure iridium. The maintion. This behavior is most probably caused by complex ini-
Ir peak (which may contain up to three contributions—the tja| stages of growth as discussed by Kolaczkiewicz and
interface, the Ir metal bulk, and the W-Ir alloy bulkle-  Bauer in Ref. 17. After one monolay@peak (1)] is com-
creases upon alloy formation, reflecting a decreased contepleted, the peak attributed to Au surface atdmeak(2)],

of Ir in the film. The asymmetry index of thef4, features and the peak attributed to Au interface atojpsak(3)] ap-

for a pure Ir film is 0.14 and that of the Ir line from the pear. Within the 2—-3-ML range, the spectra are dominated
saturated alloy is 0.06. Above 2100 K, the bulk Ir peak dis-by the surface peak and above 3 ML'’s the bulk pédk
appears and only a single monolayer of Ir on tungsten is leftboecomes clearly visible. The DS peak areas are shown in Fig.
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L (2) TABLE Il. Au 4f,, peak positions measured with respect to

(4)
Au/W(211) bulk Au peak(83.9-eV BB.

1 hv=145eV Peak Positior(eV)

Bulk 0.00

Surface -0.32
Interface 0.36
Monolayer 0.01

Counts

14(a). It can be seen that the film formation is basically a
form of layer growth. The work function change has been
monitored during Au film growth(by measuring the low-
energy cutoff for photoelectron emissjand compared with
work function data reported by Kolaczkiewicz and Bdter
for Au growth on W211); see Fig. 14b). The assignment of
one pseudomorphic physical monolayer coverage is consis-
i tent in both experiments. SXPS peaks positions for adsorp-
S N B B B tion of Au on W are summarized in Table II.
&7 8 B 8 82 B During an annealing experiment, the processes observed
Binding energy [eV] for Au on W(211) are distinctly different from processes
. . observed for Pt, Pd, Ir, and Rh. A6 ML gold film is stable
ﬂlmZIC;hﬁzﬁi)iz,gggeétral region recorded during growth of Au gge_\inst thermally activated rearrangement up to 500 K, as
' indicated by Fig. 15. Above this temperature the substrate
signal rises substantially and this rise is accompanied in the
Au 4f region by a reduction of the main peak intensity and
the appearance of an additional peak characteristic of single-

Monolayers monolayer Au/W film. Above 750 K, the spectra do not
1 2 3 4 5 change until 1200 K, where the thermal desorption threshold
for multilayer Au is reached. This behavior is characteristic
a) of clustering of the gold deposit in excess of one physical
Pl m monolayer forT>500 K.
i - monolayer
2 ] o e F. Valence-band spectra
c T T ' - ' ! ! .
:, F L The valence-band spectra of pure Pt, Pd, Ir films have
5 ot @ been compared with the valence spectra of saturated alloys
I; B surface
w '.l
@ 4
s hv =140 eV AuW(211)
[+
& @
LI I interface
b ..-'"' 'mi'"l'-.
3 - . R
E. . B e P
.« 3 W4,
I Au 4,
vt @
. bulk
0 5 10 15 20 25 30 g
0,76 8
.,l"
5" 0,50 /f - b)
2
o 0,25]
<
0,00 T T T T
0 10 20 30 40
Doses
FIG. 14. (a) Areas of Au 4, (DS) Au peaks attributted to
various spectral components vs Au film thickness. Arbitrary units
are the same for different part of the figurd) Work function

change associated with Au film growth on(2L1). The dose time 88 87 88 85
and the Au deposition rate are different for experim@ntand (b) Binding energy [eV]

but the graphs are recalibrated to make the coverage scale common.

Dotted lines are drawn to show the peak areas expected for a layer- FIG. 15. Au 4 and W 4f SXPS spectra associated with anneal-
by-layer growth. ing sequence for a 6-ML Au film on Y211).



5158 KOLODZIEJ, MADEY, KEISTER, AND ROWE PRB 62

“saturated” alloy films both have distinct pseudomorphic
geometrical order. The images show well defined surface
periodicity along the<11_1>, and streaky spots along the
(011) direction[across the rows and troughs of the21/1)

' ' i ’ ' surfacd suggest distortion of the crystallographic order
{ b) along this direction.

S PYW(211)

Counts

------- IV. DISCUSSION

A. Film growth

Experimental data concerning the growth of the late tran-
sition metals on the \211) plane are scarce in the literature.
In fact, with the exception of Au and Ni on {&11) reported
in Ref. 17, and the earlier paper of the present aufroos-

""""""""" IrW(211) \L cerning Pd and Pt growth on (&11), there have been no
10 8 6 4 2 0 -2 published papers on this topic. However, the growth of late
Binding energy [eV] transition metals has been extensively studied on

21-25 ; Fo
FIG. 16, Valence-band spectra of pure thick§ ML) metal W(110). In Ref. 17 it was shown that the initial stage of

films (dashed lingsand saturated alloys of these metals with tung-(‘:]thh for Au on W21J) is very complex. At room tem-

- . . (b . perature the adatoms on the(2¥1) surface have enough
sten(solid lines. (2): PYW(21D): (b): PAMZLY: (0): W (21D, mobility to align initially in long chains along rows in the

of these elements with tungstéeee Figs. 1G)-(c)]. All (111) substrate directi_o?ﬁ For coverages below (_).S.physi—
three systems show common behavior: upon alloying th al mqnolayer, LEED images are_lnterpreted to indicate the
photoelectron signal at the Fermi level decreases and tH@mation of long pseudomorphic Au rows in substrate
center of the band shifts to higher binding energy. Due to thd'©ughs; unoccupied troughs are left between Au rows. This
fact that the number of valence electrons and the cross sePN@se Of growth may correspond to the lowest three spectra
tion for ionization increases from left to right across tha™ N FI9- 13d Fr(])r ;nulula_yer C(f)verages, :_kEEPI ang Auger data
row in the periodic tablé® it is believed that the alloy spec- Sug99ested the formation of an ful1)-like film, but many

tra are dominated by signal from the late transition metaltransition phases were gbserved for intermediate coverages.
For the photon energies used in the present experiment, tHgECause the atomic radii of Pt, Pd, Au, Ir, Rh, and W do not
measured valence-band curves should resemble the total déffif€r Significantly, the deposited atoms tend to form pseudo-
sity of states. The reason for this is that the final states fof1°"Phic overlayers initially. LEED studies of the growth of

photoelectrons of energies above 30 eV can be approxima‘téD a.“‘?' 'Pldl on W21l at (;oorc? tempderature?]have shown tgat
by continuum states and the strict one-electron momenturf{'® INitial layers are indeed pseudomorphiés suggeste

conservation requirement is removed by many-body relax?Y diffuse and streaky LEED image$,“as dosed"” layers

ation effects® The changes of the valence-band spectrafglre d|sto_rt_ed for coverages greater than 2 MiAmnealing ,

character have been investigated over a broad range of of! deposm_on at eIevateq temperature.s.has bee_zn suggested in

servation angles, and both the decrease of intensity at t ef. 2.2 to improve Fhe f_|Im order, but it is very likely that an

Fermi level and the spectral shift has been always observe@!o¥ film is formed in this way.On W(110), the growth was

Thus these changes are believed to arise from changes in tf¢nd to be a layer-by-layer type over a broad20 ML's)

total density of states. These findings are consistent with thg |cliness rar_wge(see for example Refs. 24 and)25he

o thai tho ammmetyc of I and Pt SXPS s - 151 91040 1 ng a0 o ML o el e

creases upon alloy formatiasee Table Il (1-8 ML’s); this is based on the observation that the height

of the substrate W #,, peaks is found to decrease exponen-

G. Surface structure tially with the overlayer thickness. The SXPS line shapes

LEED studies have been performed for single- andsStrongly indicate the layer form of growth in the range 1-3
multilayer films of Pt, Ir, and Rh on V211). It has been ML’s.
found that the “as dosed” films have the<ll pseudomor-
phic structure. The diffuse LEED spots indicate poor order B. Monolayer films vs multilayer films: thermal stability

for “as dosed” 4-8-ML films. However, “diluted” and In all cases a monolayer of deposited Pt, Pd, Ir, Rh, Au is

) o ) stable on W211). This is consistent with previous results
TABLE Ill. Comparison of asymetry indices of the Doniach- obtained by low-energy ion scatter?r?gand Auger electron
Sunich lines from late transition metals and from their tungStenspeCtroscop)]/? This stability is attributed to surface energy

based alloys. minimization when the monolayer deposit stays flat on the
: : tungsten substrate?® LEED studie$® indicate that the an-
Atom Pure metal film Alloy film ; . .
nealed single monolayer films are highly ordered and
Pt 0.18 0.09 pseudomorphic. In contrast, when a multilayer deposit of Pt,
Ir 0.14 0.06 Pd, Ir, or Rh is annealethbove 700 K for Pt and Pd, and

above 900 K for Ir and Rh tungsten atoms diffuse into the
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overlayer film to form an alloy. A dilute alloy phase is ob- overlap is also partially removed. Both of these effects tend
served below 900 K for Pt and Pd and below 1300 K for Irto increase the binding energy of electrons in tHeldvel

and Rh. Heating to temperatures higher than ones listetsee, for example, the radial electron distributions in Ref.
above rapidly increases the content of tungsten in the film33).

this is accompanied by broadening and shifting of W 4 Changes in final state screenirighe core-ionization pro-
photoelectron peaks caused by formation of a substitutioncess in metals and alloys is usually considered within the
ally random alloy or the coexistence of different alloy complete screening model in which the metallic electronic
phases. For Pt, Ir, Rh the saturated alloy phase is seen ovgfrycture relaxes completely to the ground state of the core
broad annealing temperature ranges200 K; heating in  hole-metal system. There is no general solution to the prob-
these ranges does not modify the alloy film composition angem of how much the screening influences SXPS line posi-
structure as indicated by stability of SXPS peaks shapes anghns when the metallic environment of the source atom is
amplitudes. As indicated by Pt #;, and Ir 4f;, spectra(see  changed. In the case of A(Ref. 34 the relaxation energy
Fig. 8 the top layer of investigated alloys is composed of theterm was found to be-17.7 eV and the major contribution
segregated late transition metal ato(R$ or Ir). In general to it was from the charge rearrangement localized on a single
the alloying behavior of investigated bimetallic samples issjte (17.1 e\j. 90% of the remaining 0.6 eV was attributed to
consistent with known bulk phase diagraffiS’ The W-Pt  screening by the nearest neighbors. As the screening in tran-
alloy phase diagram indicates a very limited solubility of Ptsjtion metals depends on the charge-density charadter (

in @ W matrix; however, the diffusion of W into Ptis pos- g 4) (Ref. 35 it is expected that whenever the local configu-
sible up to a maximum content of60 at. % tungsten. The ation changedi.e., as a result of alloyingthe screening
phase diagram for the W-Pd system is similar to that of W-Ptontributions to the SXPS line position change as well. How-

but the limiting concentration of W in Pd is only 21 at. %. ever, the studied metals have high density of states at the
Also for W-Ir and W-Rh the phase diagrams show marginaleermj evel and it is believed that differential final-state ef-
solubility of Ir and Rh in a W host and substantial solubility fgcts are reasonably small. For example, for surface Ta at-
of W .in Ir or Rh hosts. Au and W are not known to form gms on T&100), it has been demonstratédhat the differ-
chemical compounds. For Pt, Ir, and Rh the alloy phasentia| final-state effect was only 0.1 eV. In the present
diagram$®*’show the existence of a few ordered phases angdxperiments observed SXPS line shifts are of the order of

it is possible that these phases are formed during gnnealir[g_g_l eV and we assume the final-state effects are merely
of our films. However, we cannot exclude the possibility thatsgrrections and do not dominate the line shifts.

for the ultrathin alloy films studied here, the presence of the Madelung potential termsFor the bimetallic systems
interface and the segregated surface layer may force a strugndied here, the interatomic charge transfer tends to be small
ture different from known bulk phases. due to thes,p-d compensation mechanism. In such a case
there is no “ionic network” which could add a Madelung-
type term to the electrostatic potential experienced by core
electrons. Therefore the “Madelung” shifts of SXPS lines
In the simplest view, theharge transferonto or off an  should be insignificant.
atomic site in a crystal causes a shift in the core-electron Reference level shifin the case of metallic samples, only
binding energy. Although this mechanism may dominate inthe value of A(e,s—€r) can be obtained experimentally
cases where the charge transfer is substafi#a) ionic com-  (whereer ande,; are the Fermi edge and 4evel energies
pounds, for metals and alloys there are several other factorsiowever, if one hopes to refer the measured core-level en-
which have to be taken into account. These include rehybridergy shifts in the alloy to the initial-state chemistry, he must
ization of valence orbitals, changes in final-state screeningyse the value of\ e, as it reflects(in the case when final-
Madelung potential terms, and reference level shifWe  state effects are smalthe chemical effects. Unfortunately,
briefly discuss these effects for transition metals and alloyshere is no experimental method for relating the vacuum
below. level and the Fermi level in the case of transition metals and
Covalent bonding (intra-atomic charge transfer, rehy- their alloys, since the dominant contribution to the work
bridization). Transition metals have two types of chemically function is the surface dipofeMoreover, in the alloy sys-
active electronsd andsp like. Alloying of transition metals tems under investigation, the surface is covered by the seg-
involves an interplay betweeth ands,p band effects. Late regated late transition metal. In this way the changd &
transition elements often logklike electrons when alloyed upon alloying may mask the “true” core-level shift.
with early transition elements; thé orbitals of the alloy The electronegativities of R2.3), Pd (2.2), Ir (2.2), and
constituents hybridize and the hole character of the partially’V (1.7) might suggest that electron transfer from W to Pt
filled d orbitals of the early element mix into the nearly fully (Pd, Ir) is likely. However, upon alloying, in the case of Pt,
occupiedd orbitals of the late elemert. The change of a both Pt and W 4 peaks are shifted the same directi@a
localizedd charge on an atomic site is usually compensatecigher binding energyand in the case of Ir on \211), the
by the opposite flow of fres, p-like charge® This phenom- W 4f peak shift direction depends on concentration of W in
enon is often addressed ag-d compensation. In atoms of Ir (it shifts to higher binding energy for the dilute alloy and
the 5d row (Pt, Ir, W), the 6s,p-6d orbital filling changes to lower binding energy for the saturated all@nd the Ir 4
have a twofold effect on the energy of thé level. First, a  peaks do not exhibit significant shifts at all. These observa-
part of the screening of the nuclear charge provided by thé&ons as well as the earlier discussion indicate that the core-
inner d-like electron density is removed. Second, the innerlevel shifts observed upon transition-metal alloying are not
5d and 4 electron densities significantly overlap and this dominated by interatomic charge transfer. The two additional

C. Chemical shifts of photoelectron peaks
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factors which have to be taken into account syg-d intra- TABLE IV. Comparison of surface peak shifts with the segre-
atomic charge transfer and the Fermi-level shifith refer-  gation energies from Ref. 39.
ence to the core levelsWatson, Davenport, and Weinért : : :
calculated the core-level shiftseferred toeg) for a number ~ Host(impurity) Surf. XPS shift(eV)  Segr. energyeV)
of ordered transmon aIon$1:1_ composition hgvmg thg Pt (Au) _ 0236 032
CsCl structure with a self-consistent local density-functional _ _

. . - Ir (PY) 0.50 0.57
model. For a Pt-W alloy, the shifts are indeed in the Sam&, | (Hg) _031
direction; to higher binding energy, and are.5 eV for Pt )
and~0.6 eV for W. Assuming that the W peak area is pro-

portional to the W concentration in the alloy and that thegegregation energy of a Au impurity in Pt to the Pt/W inter-
limiting concentration of W in Ptis 60 at. %, we can estimateface should be equal to the interface Pt stif43 eV} and
the W concentration in the alloy and find the set of data closgne segregation energy for a gold impurity in a Pt host to the
to 1:1 composition. It turns out that the film annealed to 12005t syrface should be equal to the surface Pt peak shift
K is close to the 1:1 CompOSition. For this film we have(_0_36 e\b_38 The difference between the positions of sur-
experimer_nal shifts_ova.S eV for Pt_andv0.5 eV for W.  face and interface peaks—0.80 eV} should be, in this
They are in qualitative agreement with calculated values. Agcheme, equal to the difference between the adhesion ener-
shown in calculation these shifts arise mainly from the gies per atom of Au and Pt on the(®11) surface. Heats of
change and have no transparent relationship to the alloyyrface segregation for a number of transition-metal impurity
chem|_stry. S . ___atoms in transition-metal hosts have been calculated recently
Iridium does not exibit significant peak shifts when itis in j5 5 density-functional framework by Christensenal3® A
contact with tungsten. The reason may be that kettand  comparison of the values extracted from our data with this
€4 shift in parallel, or both do not shift at all. In fact, it is calculation is shown in Table IV. Satisfactory agreement is
often found when alloying two metals, that both the Fermifoynd.
level and the core-level shift by comparable amoGnEhis The shift of a dilute W peakAE) may be related by a
is a consequence of simple electrostatics; if a negative charggorn-Haber cycle and the ECA to an expression containing
is added to an atom as a result of difference in chemicado|ution energies for certain metallic systetfisor the di-

potential (assuming a spherical excess charge residing outyte alloys studied in this work we have
side the “atom”), both the valence-electron levels and the

core-electron levels shift by the same amount with respect to AEwpt=Ew.py+ Erew)~ E(rRePpt) 4.1
the vacuum level. No change in the core-level position is

seen then with respect to the Fermi level. The stability of Ir AEwpa=Ew:pa)+ Erew)— E(RePd) - 4.2
peaks is most probably associated with such a situation. The

negative charge is added s@andp orbitals but thed orbital AEwir =Ewin+ Erewy— Ereir) » 4.3

occupancy is not changed. There are no complex rehybrid-
ization processes occuring on iridium atoms which approach
contact with tungsten atoms upon alloying or adsorption on a
W surface. No significant changes in final state screening ar¢hereEa.g) is the solution energy of metal A in metal B.
anticipated either, since final-state screening is dominated bylo experimental information on required solution energies
“on site” screening. This enables us to understand théhas been found. The heats of solution have been then calcu-
puzzle of how so many contributing effects may cancel toJated according to Miedemdssemiempirical scheme. The
gether to produce a zero shift irrespective of whether an Ileomparison of our shifts with shifts derived from Miedema'’s
atom exists in a monolayer film adsorbed @ W surface or  solution energies is presented in Table V. Unfortunately, al-
in an alloy of any concentration. On the other hand, thethough a strong correlation between Miedema’'s estimates
complicated behavior of the Wf4peaks suggests that the and the experimental solution energies exiStie estimates
interplay of charge transfer, rehybridization, final-state, andhave rather large error. Since expressigh$)—(4.4) contain
reference-level effects occur on the W atom approachinghree such terms, relative errors may be multiplied. As is
contact with Ir. seen from the table the sign of the shift is predicted correctly

Both the magnitudes of the diluted-alloy tungsten peakfor all four systems, but the obtained values of the shifts do
shifts and the temperatures at which the tungsten atoms difiot reflect even the trend&h and Ir shifts are significantly
fuse into the deposited metal films are very similar in pairssmaller than Pt or Pd shiftsThus the coincidence of Miedi-
composed of neighboring elements in the same columns &@ma’s estimate and the measured dilute alloy shift for Pd is
the periodic table: Pt/W-Pd/W and Ir/W-Rh/W. This sug- most probably accidental.

gests strongly that the basic chemistry is very similar in these
pairs. TABLE V. XPS peak shifts in dilute alloys.

AEwrn=Ew.rn+ ERrew) ~ E(rRern) » (4.9

Host (impurity) Measured shiffeV) Miedema est(eV)

D. Thermochemical data from XPS shifts

Pt (W) 0.95 1.22

A relatively simple alternative to the difficult analysis of Pd (W) 1.00 1.04
XPS peak positions in terms of the initial core levels/final-ir (w) 0.50 1.03
state effects is provided by a Born-Haber cycle together withrn (w) 0.50 0.90

the equivalent core approximatiqgECA). For example the
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There may be uncertainties in the above comparison, arisant noned character hybridized into the occupiddands of
ing from the application of the ECA to the shallow core the elemental metals. Thus a mix of different factors is at
levels used in this work. The ECA is general for any corep|ay: a charge transfer in the usual sense, involving filling or
level and the assumption has to be made that the shifts aggnptying of individual bands, as well as hybridization and
equal for all core levels in an atom. Intra-atomic chargescreening from botld and nond electrons. A simpler picture
transfer/rehybridization energy termishich can arise from  pased on extended molecular orbitals rather than an atomic
the 5d and 4f overlap in 5l atoms may be specific to thef4  approach to understand these results was proposed by Stron-
levels, but they may not be applicable to deep core levelsyin et al. in Ref. 49. The changes of density of states at the
(Because of the available photon energy range we have Nglermi |evel in this picture have been related to redistribution

tested the values of shifts for core levels other thdnid  of electrons on bonding and antibonding states upon alloy-
any event the deeper core-level XPS peaks tend to be broggy.

and precise determination of their shifts may not be pos-
sible) V. CONCLUSIONS

E. Valence-band restructuring upon a||0ying Several Iate transition metaﬂ@t, Pd, |I’, Rh, Al)l gI’OW -in
layers on W211). For the initial few monolayers the films

Effects of chemical bonding are reflected in the valence-are pseudomorphic. A single monolayer of these metals on

band density of states and consequently in photoelectro_w(zn) is stable against thermally activated rearrangement,

valence-band spectra. The late transition-metal electronigniqp, is attributed to a surface free-energy minimum for this
structure is characterized by a system of nartblike bands configuration. For multilayers of Pt, Pd, Ir, Rh heated to

and broads,p—'llke bands.. A high ,DOS at the Fermi level 745 1090 K, substrate atoms diffuse into the overlayer to
for late transition metals is due tblike electrons. The over- form a dilute alloy. Further heating leads to formation of

all character of changes which occur in valence-band spectighyrateqd alloy phases. The outermost layer of these alloys is
due to alloying '_S common for all the systems studi@dpt, .. composed of segregated late transition metal. The alloys pre-
W-Pd, and W-I5; alloying causes a lowering of the density goe the geometrical structure of the substrate and remain

of states at the Fermi level and a shift of the center of g5y ;o0 annealing; there is no evidence for clustering of the
band to higher binding energy. Similar behavior was ob-

. s >~ overlayer metal in excess of one physical ML. In contrast
served by Bzowski and Sham for the Pgldidered alloy. gold films do not form alloys; moreover the overlayer mate-
The depletion of DOS intensity at the Fermi level and the,

. : ~ "%rial in excess of one physical monolayer is converted into
shift of the center of the valence band to higher bindingi, ee_dimensional clusters upon heating. In one ¢R$®nN

energy seem to be universal ?ehawor when t’f?e late transitiof};211)] a limited amount of adsorption-triggered interfacial
metal is alloyed with a more “electropositive” elemeftlt mixing is observed upon deposition of multilayers at 300 K;
has been argued that this is due to fillingdbands of the ¢,cp jnterfacial mixing is not observed for deposition of Pd,
late transition metal so the band is no longer pinned to the Rh, Ir on W(211) at 300 K. SXPS peak shifts are caused by
Fermi level but adjusts its position tp minimi;e 4sk/stem N-an interplay of many competing effects and no transparent
ergy (thus the vglence band is becomlng_goldllk% How- relationship with alloy chemistry is found. Photoelectron
ever, the experimental work by Bzowski and SHaiased o4y shifts observed on late-transition-metal surfaces, ana-

on the intensity of the so-called x-ray absorption near-edgg ;o according to the Born-Haber/ECA scheme, are consis-
structure “white line” in the PdTj intermetallic sample has ot \ith recent calculatioR® of segregation energies. No
shown that thel band of Pd is depleted, not filled upon alloy g4tisfactory agreement is found, however, between the SXPS

formation.(Nevertheless, the valence band showed the samg,fs in dilute alloys and solution energies calculated ac-
behavior, narrowing and shlft|_ng away from the Fermi level. cording to Miedema’s semiempirical scheme. Valence bands
Fernando, Watson, and Weirferoticed that thed-band ¢ aj1oys show a decreased density of states at the Fermi

filing in the PtTi compoundswhere the basic chemistry |eye| and shifts of their centroid to higher binding energy

should be very si_mila_lr to PdTiis not associated with Ti (compared to pure late-transition-metal spegtthis is an
electrons transferring into the empty Pt levels but rather ther@¢ect of bond formation between tungsten and late-
is a reduction in the overall Rt count due to hybridization  {ansition-metal atoms.

of Ti wave-function character into the Pt subband. Pan,
Ruckmann, and Strondifi*’ also argued that in Pt/Nb and
Pd/Ta alloys the changes in the band count(and the
changes of the valence-band spectrecur due to rehybrid- This work has been supported in part by the U.S. Depart-
ization ofd bands rather than due to configuration changesment of Energy, Office of Basic Energy Sciences, and by the
Moreover, calculations in Ref. 48 show that there is signifi-U.S. Army Research Office.
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