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Electronic structure of Au-Ag bimetallics: Surface alloying on Ru„001…
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We report a study of the electronic structure of Au-Ag overlayers~total coverage varies from 2 to 9 ML!
supported on Ru~001!. Photoemission spectroscopy with synchrotron radiation and a MgKa x-ray source has
been used to study the valence band and the Au 4f and Ag 3d core levels of these systems. It is found that,
in most cases, two-dimensional alloy formation occurs upon deposition at room temperature. The extent of
surface alloying depends on the order of deposition, composition, thickness, and annealing temperature. By
comparing the valence band and binding energy shifts for bulk and surface alloys, we found that both systems
exhibit the same trend: that is, that relative to thed band of pure Au, the alloyd band narrows and the Au 4f
shifts to higher binding energy upon decreasing Au concentration. However, the surface alloyd band is
consistently narrower than that of the bulk with the same stoichiometry. Similar surface bulk behavior is also
seen in the Au 4f binding energy shift and the Aud-band doublets. This behavior is attributed to the two-
dimensional nature~reduction in coordination number of like nearest neighbors on average! of the surface
alloy. @S0163-1829~99!01211-4#
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I. INTRODUCTION

Au and Ag are prototype noble metals with fcc structu
and nominally filledd bands, which exhibit an unmistakab
spin-orbit splitting signature in their photoemission valen
band spectrum. Au and Ag are completely miscible in
solid state and form fcc alloys. Despite extensive literat
on the Au-Ag alloy system, it continues to be investigated
connection with Friedel charge screening1,2 and charge redis
tribution studies,3–12 as new materials and much improve
characterization and computational techniques become a
able. One area of interest is the electronic structure of Au
bimetallics in low-dimensional systems such as overlay
interfaces, and nanostructures. It is, therefore, of consi
able interest to study the two-dimension alloy of Au and
overlayers on an ‘‘inert’’ single-crystal substrate. Here ‘‘i
ert’’ merely refers to the absence of surface compound
mation and interdiffusion between the adsorbate~Au and
Ag! and the substrate. In fact, the interaction between
adlayer and the substrate must be strong enough to hold
adlayer two dimensional.

Ru~001! crystal was used as the substrate for several
sons. First, its hcp(001) face is a close-packed surface
the same two-dimensional~2D! packing of atoms as the
f cc(111) structure of those of Au, Ag, and Au-Ag alloy
Second, both Au and Ag wet the Ru surface, but neit
forms alloys with Ru nor diffuses into the Ru~001! substrate.
The growth mode of Au and Ag on Ru~001! is
pseudomorphic13–15 ~overlayers adopt a structure th
matches that of the substrate! and follows a Stranski-
Krastanov~SK! growth mechanism, although in the case
Ag, the first layer does not appear to be filled until the co
erage reaches;1.5 ML.13 Third, the adsorption characteris
tics of Au and Ag layers individually on Ru~001! have been
well characterized with layer-resolved photoemission a
PRB 590163-1829/99/59~20!/13379~15!/$15.00
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thermal-desorption spectroscopy~TDS!.13–15

It has been established that both Au and Ag are somew
compressed within the layers in the pseudomorphic reg
since both Au and Ag have larger metallic radii than Ru.
submonolayer coverage Au, for example, forms dendr
two-dimensional islands instead of isolated Au atoms.16 The
lower surface energies of Au and Ag compared to Ru m
them energetically favorable to wet the Ru substrate with
forming an alloy with Ru in the bulk. Thus, Ru~001! pro-
vides a template for the study of 2D alloying of Au and A
in that it facilitates alloying by keeping the first layer adso
bates two dimensional.

Photoemission was used in this paper because of its
sitivity to changes in the core level and the Au and Agd
bands, especially the top of the Aud band ~‘‘ d5/2’’
component!.10 Small changes in the electronic structure up
alloying can often be revealed by photoemission meas
ments of the valence band with synchrotron radiation.10,14,15

It is well established that the Au-Aud-d interaction in bulk
Au is very strong. Any attempt to reduce this interactio
such as alloying, will reduce the intrinsic Aud-band-width
and the associatedd-band doublet~the separation betwee
the two d-band maxima of Au origin, henceforth denote
‘‘apparent spin-orbit splitting’’17,18! and pushes the centroi
of the Au d-band component away from the Fermi leve
This trend is accompanied by a Au 4f core-level shift away
from the Fermi level. Furthermore, photoemission studies
pure Au and Ag overlayers15 show that the noble metal over
layers exhibit essentially the same characteristics as thos
the bulk metal except that the width of thed band is nar-
rower at low coverage as a result of a reduction in the av
age coordination number.15

The objective of this paper is to investigate changes in
electronic structure and interaction of the Au and Ag coa
sorbates as a function of overlayer thickness, order of de
13 379 ©1999 The American Physical Society
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13 380 PRB 59BZOWSKI, KUHN, SHAM, RODRIGUEZ, AND HRBEK
sition, and annealing temperature. Photoemission spec
copy with synchrotron radiation and conventional x-r
photoelectron spectroscopy~XPS! were used to study the
valence band as well as the Au 4f and Ag 3d core-level
binding energy shifts of coadsorbed Au and Ag overlay
on Ru~001! at monolayer to multilayer coverage. The cove
age was monitored by thermal desorption measureme
The results will be compared with those of bulk alloys.

There have been several papers7–9,13on the interaction of
Au and Ag overlayers on Ru~001! suggesting that under ce
tain conditions, depending on the coverage and tempera
Au-Ag alloying occurs on the surface. However, most
these investigations were based on TDS, which provides
adsorption energetic but does not give direct information
the electronic structure of the adsorbates. In bulk alloys
has been shown from Mo¨ssbauer,3,4 photoemission and x-ray
absorption near-edge structure5,19–21 studies that significan
charge redistribution in Au-Ag alloys occurs, and it can
described with a charge-compensation mechanism.5 It is pos-
tulated that Au losesd and gainss electrons, while Ag gains
d and losess electron; the overall charge flow is small~;0.1
e count typical! and is onto Au, the most electronegativ
metallic element. This is in accord with electroneutrality~in
metallic systems, the atomic site in an alloy tends to main
charge neutrality locally, site refers to the Wigner-Seitz v
ume! and electronegativity considerations. Using this mec
nism, we can explain the results obtained for Au and
deposited on a Ru~001! surface as a function of coverage
terms of 2D alloying.

The experimental procedures are given in Sec. II. Res
and discussion are presented in Sec. III in five subsection
Sec. III A we report the results for a system consisting of o
monolayer each (uAu5uAg51 ML) of Au and Ag on Ru~001!
as a function of the order of deposition and annealing te
peratures. The photoemission systematics for a series of
Au/Ru @i.e., Au was deposited first on the Ru~001! substrate
followed by Ag# at various compositions~from 67 to 11
at. % of Au with overall coverage of 2 to 9 overlayers! are
presented in Sec. III B, where the effect of the adlayer thi
ness~1–2 ML of Au plus one to multilayers of Ag! and
stoichiometry are also examined. This is followed in S
III C by a study of a Au/Ag/Ru system prepared by depo
tion in the reversed order~Ag deposited first followed by
Au!. The two systems are compared in Sec. III D. In all the
discussions, Au 4f and Ag 3d binding-energy shifts and th
valence band were used to monitor the interaction betw
the noble metals. Emphasis was placed on the features o
valence band such as the changes in thed-band-width, cen-
troid position, and apparent spin-orbit splitting of the ‘‘Aud
band’’. All of these gauges have been used to study the
tent of alloying according to the charge-compensation mo
for both the bulk and surface alloys of same compositi
Section III E presents the electronic structure difference
tween bulk and surface Au-Ag systems and its interpretat
Conclusions are given in Sec. IV.

II. EXPERIMENT

Gold and silver overlayers were preparedin situ by
evaporation of the desired metal onto a clean Ru~001! sub-
strate. During each deposition, the evaporation rate of
s-
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dosers was monitored with a mass spectrometer. We fo
that using a mass spectrometer is the most reliable wa
monitor the deposition rate. Coverage were checked w
TDS at the end of the run. The surface of the Ru~001! crystal
was cleaned using standard procedures. The crystal was
tected with a thick layer of Au at the end of the day.

Measurements reported here were performed using t
different UHV systems. The valence band and hig
resolution Au 4f core-level photoemission experiments we
carried out at the Canadian Synchrotron Radiation Fac
~CSRF! located at the Synchrotron Radiation Center~Alad-
din!, University of Wisconsin-Madison. An ultrahigh
vacuum chamber~base pressure<4310210Torr! equipped
with low-energy electron diffraction optics, ion sputter gu
quadrupole mass spectrometer, and a Leybold hemisphe
electron-energy analyzer was used. Photoemission exp
ments were performed in an angle-integrated mode using
CSRF grasshopper monochromator with a 1800 gr/mm g
ing. To optimize cross section and resolution, a photon
ergy of 170 eV was used for the Au 4f core levels and 70 eV
for the valence-band studies. The overall energy resolu
for the Au 4f is ;0.3 eV. All photoemission spectra wer
normalized to the photon flux (I 0) monitored by a Ni mesh.

Ag 3d XPS measurements were made at Brookhaven
tional Laboratory using a MgKa source at a base pressu
of ;1310210Torr and a VSW-150 hemispherical electro
energy analyzer~with a multichannel detector!. TDS mea-
surements were performed in a multiple-mass mode wit
UTI quadrupole mass spectrometer and a Tekniven data
quisition system. A temperature range of 600–1500 K an
constant heating rate of 2 K/s were used throughout. A T
was taken following each photoemission experiment at
synchrotron to confirm the amount of material deposit
This was done by integrating the area under the desorp
peak for each sample and then comparing it to the data f
ML of the pure metal on Ru taken at the start of each da

All core-level and valence-band binding energies we
referenced to the Fermi level (EF). The location of the upper
and lower edges of the valenced bands were found by dif-
ferentiating each curve and finding the corresponding po
of inflection. Positions of the Aud-band maxima, which vary
considerably in the alloys, were obtained by subtracting
contribution from the Agd band, which varies relatively
little.10 The justification for this procedure is based on t
observation of the bulk alloyd band, which shows that upo
Au-Ag alloy formation, the Agd band and the Aud3/2 com-
ponent move relatively little compared to the Au ‘‘d5/2’’
component. Thus, an accompanying alternate gauge fo
loying is the shift of the position of the top of the alloyd
band, which is of primarily Au character and does not ov
lap significantly with the Agd band in energy. The alloyd
band centroid positions were located by bisecting the in
grated area under the overalld band between the points o
inflection of the rising and falling edges. Core-level da
were fitted with a many-body line shape.

III. RESULTS AND DISCUSSION

A. 1 ML Au and 1 ML Ag codeposited on Ru„001…

Figure 1 shows the valence-band photoemission spe
of 1 ML each of Au and Ag on Ru~001! prepared under
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different conditions, together with the sum of the spectra
1 ML Au on Ru~001! and 1 ML Ag on Ru~001!. Au/Ag/Ru
henceforth denotes 1 ML of Ag deposited first on a clean
substrate followed by 1 ML of Au and vice versa for Ag/A
Ru; both at room temperature. Figure 1~a! depicts a valence
band spectrum of the sum of normalized 1 ML Au/Ru and
ML Ag/Ru spectra. The individual 1 ML Au and Ag spectr
have been described previously15 ~they simply exhibit the
same characteristics of thed band of the pure element with
slightly narrower band width!. To compensate for the extr
substrate signal, a Ru background was subtracted from
Ag/Ru spectrum prior to addition.15 It should be noted tha
for the pure metals, thed band widens as the coverage i
creases from monolayer to multilayer, and this is accom
nied by an increase of the apparent spin-orbit splitting
wards the bulk value. This is largely due to the movemen
the 5d5/2 component towards the Fermi level in the case
Au and the 4d3/2 component away from the Fermi level i
the case of Ag. This behavior together with the behavior
the d bands in bulk alloys10,11 will be used to interpret the
valence-band results of the surface alloys. In the follow
we use interfacial interaction, intermixing, and surface allo
ing to describe the interaction among Au, Ag, and the
substrate. Interfacial interaction refers to the interaction
two layers in contact with no compound formation or inte
diffusion. Intermixing refers to a metastable state wh
some intermixing of atoms in both layers occurs, while s
face alloying implies the formation of a homogeneous ph
of Au-Ag alloy on Ru.

FIG. 1. Valence-band spectra for~a! sum of 1 ML Au/Ru and 1
ML Ag/Ru, ~b! 1 ML Ag/1 ML Au/Ru, Au first, as-deposited,~c!
Ag/Au/Ru annealed at 600 K for 5 min,~d! 1 ML Au/1 ML Ag/Ru,
Ag first as-deposited;~e! Au/Ag/Ru annealed at 600 K for 5 min
and ~f! at 800 K for 5 min. The vertical lines mark the position
the top and the bottom of thed band in~a!.
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Thus, Fig. 1~a! represents the overall appearance of
valence band if no Au-Ag interaction of any kind takes pla
in the system with 1 ML Au and Ag, i.e., the Au and A
adlayers were just in contact with each other with no int
facial interaction, intermixing, or island formation. Notic
that three distinctived-band components can be seen in t
sum spectrum. They can be easily assigned to the Au and
components, based on the original spectra of 1 ML Au/
and 1 ML Ag/Ru. For example, the first and second pe
closest to the Fermi level are primary of Au and Ag chara
ter, respectively. It is also interesting to note that the
substrate signal is almost totally suppressed in Au/Ru, bu
only partially suppressed in Ag/Ru. The implication of th
difference will be discussed below. The ‘‘Au 5d band’’ ap-
parent spin-orbit splitting, the centroid position of thed
band, and the overall width of thed band together with core
level measurements will be used to monitor surface alloyi

It can be seen from Fig. 1 that there is little noticeab
movement of the top of thed band for the Ag/Au/Ru system
~Au first! for both the as-deposited and the annealed at 60
samples@Figs. 1~b! and 1~c!#. However, the as-deposited Au
Ag/Ru, ~Ag first! exhibits a slight but unmistakabled-band
narrowing@Fig. 1~d!# as can be seen in the inward moveme
of the top of thed band. Further narrowing, which is aga
most noticeable from the shift of the rising edge of the top
the d band ~primarily of Au character!, occurred when the
sample was annealed at 600 K for 5 min. No further narro
ing was observed when the Au/Ag/Ru sample was anne
at 800 K for 5 min, although the Ru signal~closer to the
Fermi level! became more noticeable. This indicates that
islands are formed revealing some of the underlying Ru s
strate. Along with the narrowing of the overalld band was a
shift of thed-band centroid to a higher binding energy in th
Au/Ag/Ru system. Previous studies of bulk Au-A
alloys6,10,11,20showed that there is a narrowing of the over
alloy d band on going from pure Au to dilute Au-Ag alloys
although the narrowing is less noticeable for composit
with more than 50% Au. A series of valence-band spectra
bulk alloys using laboratory XPS~resolution ;0.9 eV at
1253.8 eV photon energy! and synchrotron radiation~;0.2
eV resolution at 70 eV photon energy, same experime
conditions as those used to record the surface alloy spe!
are shown in Figs. 2~a! and 2~b!, respectively. It should be
noted that despite some Ag-Aud-d interaction~broadening!,
the individuald-band characters remain.

Thed-band narrowing is more apparent in the synchrotr
data as the result of better instrumental resolution. This
accompanied by a shift of the centroid of thed band away
from the Fermi level and a reduction in the ‘‘Au 5d’’ appar-
ent spin-orbit splitting. In pure Au metal, this splitting is 2.7
eV considerably larger than the atomic value of 1.52 e
This apparent spin-orbit splitting arises from the combin
effects of spin-orbit interaction and band formation. Th
splitting reduces upon dilution~and in some cases ap
proaches the atomic value! as the Aud-d interaction is re-
duced and the coordination number of like atoms decrea
It has been useful to follow the separation of this doubleD
in terms of the quadrature contribution of thed-band term
Dband ~sensitive to alloying! and the atomic spin-orbit split
ting Ds.o. ~1.52 eV for Au atom!:10,15
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FIG. 2. Valence band for a series of Au-Ag alloys with 1486.6-eV photons~left panel! and 70-eV photons~right panel!; the subscripts
denote composition. The slight variation between them is due to cross section and energy resolution difference.
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The overalld bandwidth of the alloy, which is also relate
to the band term in the above expression, gives perhaps
most direct qualitative indication of alloying since it is ass
ciated with the reduction in the Au-Au 5d interaction~move-
ment of the 5d5/2 component!. This phenomenon has bee
observed for a variety of other alloys of Au,17,18although for
Au-Ag alloys, the reduction is small and more gradual
high Au concentration and more apparent for low Au co
centration alloys. Thus, by monitoring the width of the ove
all d band, the apparent spin-orbit splitting of the Au com
ponent, the position of the centroid of the valence band,
the Au 4f binding energy, one can determine the nature
the Au-Ag interaction on Ru~001! with confidence.

Based on the above described method of analysis,
results clearly indicate a reduction in Aud-d interaction in
the Au/Ag/Ru samples. This narrowing~;0.3 eV! and the
accompanying centroid shift of;0.1 eV for the Au/Ag/
Ru~001! system relative to the sum spectrum are in go
accord with bulk studies and suggest that alloying has ta
place. It should be noted that there is little noticeabled-band
narrowing for the Ag/Au/Ru coverage with respect to t
sum spectrum. A more detailed comparison between the
resentative spectra is shown in Fig. 3, which contrasts
Ag/Au/Ru sample annealed at 600 K with that of the A
Ag/Ru sample annealed at 800 K. A difference in the ove
d bandwidth of;0.3 eV is readily seen. This difference
mainly due to the movement of the upper edge of the b
away from the Fermi level~towards a higher binding en
ergy!. There is also a reduction in the apparent spin-o
he
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splitting of the ‘‘Au d-band’’ maxima. Furthermore, the Au
Ag/Ru spectrum shows an increased Ru signal near
Fermi level ~0–3 eV binding energy!. These observations
suggest that there are differences in the degree of interac
between Au and Ag depending on which was deposited
~in contact with the substrate!. Although Au-Ag 2D alloy
formation seems to be taking place only when Ag is dep
ited first on Ru, interaction of Au and Ag adlayers at t
interface in the Ag/Au/Ru system does occur. In fact, Fig
clearly shows that the Au and Agd-band peaks broaden no
ticeably compared to the sum~noninteracting Au-Ag! spec-
trum, which exhibits three sharp peaks. This observation

FIG. 3. Valence-band spectra of the valence-band region o
ML Ag/1 ML Au/Ru annealed at 600 K for 5 min and~b! 1 ML
Au/1 ML Ag/Ru annealed at 800 K for 5 min.
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TABLE I. ~a! Au 4f 7/2 core-level positions for the Ag/Au/Ru~001!: as-deposited and annealed to 600
~b! Ag 3d5/2 core-level positions for the Ag/Au/Ru~001!: as-deposited and annealed to 700 K.

~a!

Coverage

EB Au 4f 7/2 ~60.03 eV! DEB Au 4f 7/2
a ~60.04 eV!

As-deposited
Annealed
at 600 K As-deposited

Annealed
at 600 K

1 ML Au/Ru 83.77
Ag/2Au/Ru 83.72 83.72 20.05 20.05
Ag/Au/Ru 83.77 83.80 0.00 0.03
3Ag/Au/Ru 83.86 83.88 0.09 0.11
8Ag/Au/Ru 83.91 83.89 0.14 0.12

aChanges are relative to 1 ML Au/Ru~001!.
~b!

Coverage

EB Ag 3d5/2
a ~60.05 eV! DEB Ag 3d5/2

b ~60.07 eV!

As-deposited
Annealed at

700 K As-deposited
Annealed
at 700 K

1 ML Ag/Ru 368.05~1633!
3 Ag/Au/Ru 368.11~5729! 368.09~5680! 0.06 0.04
Ag/Au/Ru 367.99~2538! 368.00~2432! 20.06 20.05
Ag/2.5Au/Ru 368.00~1069! 367.94~1024! 20.05 20.11
Ag/3Au/Ru 368.02~1636! 367.98~1477! 20.03 20.07

bNumbers in parentheses represent the total area under each peak.
cChanges are relative to 1 ML Ag/Ru~001!.
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dicates that despite the lack of intermixing and alloyin
there is modest electronic interaction between Au and
atoms at the Ag-Au interface in the Ag/Au/Ru system. W
recall that alloying refers to intermixing of Au and Ag atom
forming a stable homogeneous phase on Ru~001!.

More information about the intermixing of Au and A
and alloy formation can be obtained from the Au 4f core-
level shifts. It has been established that along with the n
rowing of the alloyd band, the accompanying shifts of th
Au 4f core level to a higher binding energy and Ag 3d to a
lower binding energy are excellent indicators for alloy fo
mation between Au and Ag@Tables I~a! and I~b!#. The as-
deposited Ag/Au/Ru system exhibits no Au 4f shift relative
to that of 1 ML Au/Ru. It is interesting to note that the Au 4f
for Ag/Au/Ru is at 83.77 eV, which is between that of th
surface Au on Au~83.61 eV! and bulk Au~83.92 eV!.22 As
described in the literature, this is a result of a significa
Au-Ru interfacial interaction, which will influence the be
havior of the Ag/Au/Ru system. The Au 4f core level moves
slightly ~0.03 eV! towards higher binding energy after a
nealing at 600 K for 5 min. This observation suggests tha
stable layer-by-layer Ag/Au/Ru forms readily upon depo
tion. When the order of deposition is reversed~Au is dosed
onto a Ag/Ru adlayer!, the Au 4f core-level shift is more
significant~Table II!. The as-deposited Au/Ag/Ru system
room temperature exhibits a 0.04-eV shift to higher bind
energy relative to 1 ML Au/Ru. This shift becomes grea
~0.06 eV! when the sample is annealed for 5 min at 600
These observations indicate that when 1 ML of Ag is dep
ited first on a Ru~001! substrate followed by Au, some inte
mixing of Au and Ag takes place readily during deposition
room temperature. Larger Au 4f shifts upon annealing a
higher temperature suggest alloy formation.
,
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g
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t

Thermal desorption experiments show that the desorp
temperature for 1 ML of Au from Ru~001! is much higher
than that of Ag from Ru~001! indicating that the Au-Ru in-
teraction is stronger than that of Ag-Ru.23 This interaction
turns out to be an important factor in the Au-Ag alloying o
Ru ~at least in the 1-ML regime!. When 1 ML of Au is
deposited first on the Ru substrate it wets the entire surf
This, along with the stronger Au-Ru interaction, prevents
from diffusing to the Au-Ru interface through the Au laye
and intermixing. The only interaction between Au and Ag
at the Ag-Au interface. The result is no alloying even
elevated temperatures. When 1 ML of Ag is dosed first, ho
ever, there has been photoemission evidence13,15 showing
that it does not cover the Ru surface entirely, but forms
islands before the first layer is completed; in fact, Ag r
quires ;1.5 ML to cover the Ru surface completely~Ru
substrate emission was partially suppressed in the vale
band photoemission spectrum until coverage reaches;1.5
ML !. Thus, when Au atoms are subsequently deposited
top of the 1 ML Ag already on Ru~001! surface, they will
come in contact with both the Ag overlayer and the partia
exposed Ru substrate, and they begin to intermix with the
adsorbate. The intermixing facilitated by annealing results
the formation of a stable Au-Ag alloy on Ru~001!, as indi-
cated by the shift of the top of thed band@Figs. 1~d!–1~f!#
and the positive Au 4f binding energy shift predicted by th
charge-compensation model and observed in bulk alloys5,11

We infer, from the much-suppressed Ru substrate signal,
the surface alloys remain largely 2D even after annealing
800 K.

The relative intensity of the Au 4f signal is also consis-
tent with the notion of Au-Ag alloying in the Au/Ag/Ru
system. The Au 4f intensity for Au/Ag/Ru~600 K! is only
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TABLE II. ~a! Au 4f 7/2 core-level positions for the Au/Ag/Ru~001!: as-deposited and annealed to 600
~b! Ag 3d5/2 core-level positions for the Au/Ag/Ru~001!: as-deposited and annealed to 700 K.

Coverage

EB Au 4f 7/2

~60.03 eV!
DEB Au 4f 7/2

a

~60.04 eV!

As-deposited
Annealed at

600 K As-deposited
Annealed at

600 K

1 ML Au/Ru 83.77
2Au/Ag/Ru 83.71 83.73 20.06 20.04
Au/Ag/Ru 83.81 83.83 0.04 0.06
Au/2Ag/Ru 83.79 83.88 0.02 0.11
Au/8Ag/Ru 83.81 83.90 0.04 0.13

aChanges are relative to 1 ML Au/Ru~001!.

Coverage

EB Ag 3d5/2
a

~60.05 eV!
DEB Ag 3d5/2

b

~60.07 eV!

As-deposited
Annealed
at 700 K As-deposited

Annealed
at 700 K

1 ML Ag/Ru 368.05~1633!
Au/3Ag/Ru 368.06~3435! 368.07~4002! 0.01 0.02
Au/Ag/Ru 367.96~1313! 367.94~1513! 20.09 20.11
2Au/Ag/Ru 368.01~2370! 368.00~2398! 20.04 20.05
3Au/Ag/Ru 367.99~1237! 367.98~1227! 20.06 20.07

aNumbers in parentheses represent the total area under each peak.
bChanges are relative to 1 ML Ag/Ru~00!.
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68% of that of Au/Ru. Since these spectra were obtai
with identical experimental configurations and were norm
ized to the photon flux, the reduction in Au 4f intensity
suggests that approximately half the Au atoms have diffu
to the interface pushing the same number of Ag atoms u
the second layer. Consequently, this would reduce the Auf
signal from the Au atoms at the Ru interface since the esc
depth of the Au 4f electrons~kinetic energy;80 eV! is
about 7 Å according to the universal curve. Therefore, t
intensity for the Au in contact with Ru would be reduce
Using these numbers and assuming a layer thickness of;2.5
Å, we expect the reduction to be;70% for uniform mixing,
in good accord with the observed 68%. It should be not
however, that epitaxial Ag/Au/Ru, as well as segregated
and Au islands, would also reduce the Au 4f intensity, but
would not produce the observed shift.

Ag 3d XPS spectra of Au-Ag overlayers on Ru~001! have
been recorded with a MgKa source@Tables I~b! and II~b!#.
Relative to 1 ML Ag/Ru the Ag 3d peaks for the as-
deposited Ag/Au/Ru sample shift to a slightly lower bindin
energy~20.06 eV!. No change is observed upon annealin
However, for the reverse order of deposition~Ag dosed first!,
the shift almost doubles at room temperature~20.09 eV! and
increases further~20.11 eV! upon annealing at 700 K for 5
min. This is consistent in both magnitude and direction w
the shifts observed in bulk Au-Ag alloys,11,20 the Ag 3d
core-level shift for the Au/Ag bulk sample relative to pu
Ag is ;20.15 eV. It is apparent from these shifts that f
Au/Ag/Ru, a stable Au-Ag alloy has formed on the surfa
of the Ru~001! substrate after annealing. Furthermore,
d
l-

d
to

pe

.

,
g

.

composition is;50/50 Au-Ag, the same as that of the bu
Au0.50Ag0.50 alloy. It is interesting to note that the intensit
of the 3d5/2 peak for the Ag/Au/Ru sample drops by;4%
@Table II~b!# after annealing, but the intensity for the Au
Ag/Ru sample increases by;15% upon annealing. The latte
result strongly suggests that Ag intermixes with Au and m
grates to the surface. The effect of escape depth is less
ticeable here than what was seen in the Au 4f spectra dis-
cussed above, because the Ag 3d electrons have highe
kinetic energy~;900 eV when excited with Mg x-rays!.

Figure 4 shows typical Au and Ag thermal-desorpti
data for the two overlayer systems. No changes can be
in the Au TDS data between the 1 ML Au/Ru and the tw
Au-Ag/Ru~001! samples. This is because by the time A
desorbs, Ag has already been evaporated. Consequently
Au TDS spectra provide no information about the Au-A
interactions. A distinct change can be seen from the Ag TD
however. There is a 50-K shift towards lower desorpti
temperature for the coadsorbates. This indicates weake
substrate interaction upon codeposition of Ag and Au on
relative to Ag/Ru. One can also think of the process as
sorption of Ag from a Au-coated Ru~001! surface. The ther-
modynamics implication of such an event will be explor
elsewhere.

It is interesting to compare the observations of Ag/Au/R
and Au/Ag/Ru with those of Au/Cu/Ru, Cu/Au/Ru~Ref. 22!,
and Cs/Au/Ru, Au/Cs/Ru,24,25 all at ;1-ML coverage for
each adsorbate. The desorption energy for a monolaye
these metals on Ru~001! exhibits the trend of
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Au.Cu.Ag.Cs. So far the Au-Cu systems appears to
the only one that forms 2D alloys readily at room tempe
ture, regardless of the order of deposition.22 This observation
has been interpreted as a substrate-assisted 2D alloyin
which the energy of alloying becomes more important th
the energy of Au-Au and Au-Ru interaction. The observat
of substrate assisted 2D alloying at room temperature b
some significance, since all the metals of concern here f
alloys in the bulk only at elevated temperatures. Thus,
substrate will play a significant role that is that it keeps
least the first and perhaps the second layer two-dimensi
~S-K mode!. The same argument can be applied to Ag/A
Ru~001!, where the energy of Au-Ag alloying does not see
to be able to overcome the stronger Au-Au and Au-Ru int
action. This is certainly true in the case of the Au-C
system,23,24where Cs and Au form a stable compound in t
bulk, but do not alloy on Ru at these coverages. The
Ag/Ru system, on the other hand, behaves like Au/Cu/R

It is also interesting to compare our results with those
Wandeltet al.,8 who investigated Au and Ag interfaces o
Ru~001!. Based on photoemission of adsorbed xenon res
they concluded that thermally, the Au/Ag interface
Ru~001! substrate is less stable than the Ag/Au interface. O
results are in agreement with this conclusion. Furtherm
using photoemission we also confirm their finding that
Au atoms penetrate into the Ag monolayer deposited on

FIG. 4. Multiple-mass TDS of Au~upper panel! and Ag~lower
panel! of 1 ML Au/Ru, 1 ML Ag/Ru, 1 ML Ag/1 ML Au/Ru, 1 ML
Ag/1 Au ML/Ru.
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but Ag atoms do not diffuse into Au at room temperature
should be noted that our experimental conditions pertain
to the formation of a Au-Ag alloy on Ru differ from those o
Wandeltet al.,8 who in most cases used submonolayer co
erage of both metals. This difference in the coverage of
metals deposited~we dosed 1 ML where they deposited on
0.3–0.5 ML! will likely alter the mechanics of intermixing
diffusion, and alloying, as will be soon demonstrated bel
for multilayer coverage.

What emerges from the study of one monolayer each
Au and Ag adsorbed on Ru~001! is a picture where the orde
of deposition, annealing temperature, and presence of
Ru~001! substrate~difference in Au/Ru and Ag/Ru interac
tion! all play a crucial role in two-dimensional alloy forma
tion. We explore below whether or not multilayer covera
exhibit similar behavior.

B. Ag/Au/Ru„001… multilayers with Au deposited first

The notation utilized to denote the multilayers for the re
of the paper is similar to that used in the previous secti
For example, 1 ML Ag/2 ML Au/Ru or simply Ag/2 Au/Ru
denotes 2 ML of Au deposited onto a clean Ru~001! sub-
strate followed by 1 ML of Ag.

Figure 5 shows the high-resolution valence-band pho
emission spectra for a series of Ag/Au/Ru~001! at various
coverage, where Au was deposited first on a Ru~001! sub-
strate followed by Ag. It should be noted that all Au cove
age are 1 ML except in one case~66.7% Au! where 2 ML of

FIG. 5. Valence-band spectra for the Au first, as-deposited
Au/Ru system:~a! Au~2 ML!/Ru, ~b! Ag~1 ML!/Au~2 ML!/Ru, ~c!
Ag~1 ML!/Au~1 ML!/Ru, ~d! Ag~3 ML!/Au~1 ML!/Ru, ~e! Ag~8
ML !/Au~1 ML!/Ru, and~f! Ag~3 ML!/Ru. The vertical lines indi-
cate the bandwidth of spectrum~a!.
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Au was used. For presentation purposes, each spectrum
normalized to the background signal at 9 eV binding ener
We can see from the figure that the alloyd bandwidth de-
creases significantly on going from 2 ML Au/Ru~4.26 eV!
through various Au composition to 3 ML Ag/Ru~2.70 eV!.
The bottom of the alloyd band stays in place as Au becom
more dilute, whereas the top of the alloyd band~closer to the
Fermi level! moves steadily towards a higher binding ener
~2.56–4.24 eV!. This phenomenon was well documented
bulk alloys10,11~see Fig. 2!. A reduction in the apparent spin
orbit splitting between the ‘‘Aud-band’’ maxima can also be
seen. We recall that this behavior primarily reflects chan
in the Au 5d5/2 component, which is most sensitive to chem
cal changes and exhibits the largest movement in the ph
emission spectrum, while the otherd-band components~Ag
4d5/2,3/2and Au 5d3/2! do not. Thisd-band behavior is inevi-
tably accompanied by a shift of the centroid of thed band
away from the Fermi level from 4.18 eV in a concentrat
Au system~Ag/Au/Ru! to 5.36 eV in a dilute Au system~8
Ag/Au/Ru!. Note that the centroid positions for Au/Ru,
Au/Ru are 4.31 and 4.25 eV, respectively.15 These observa
tions, together with the movement of the top of thed band,
indicate intermixing/alloying upon deposition for the mo
dilute Au concentrations (Au,50%).

After annealing at 600 K, there are no significant diffe
ences in the valence-band spectra between the as-depo
and the annealed systems except for 8Ag/Au/Ru. Figur
compares the valence-band spectra of the most concent
and the most dilute Au system in this study, the as-depos
and annealed Ag/2Au/Ru and 8Ag/Au/Ru system, resp
tively, before and after annealing. It can be seen that w
the concentrated sample changes little, two noticea
changes occur for the dilute sample upon annealing. F
the intensity of the ‘‘Aud-band’’ component increases~see
double-sided arrow in Fig. 6! and the Ru signal become
slightly more noticeable~downward arrow in Fig. 6!. The
increase in the Au signal means that Au has migrated fr
the interface into the Ag layer towards the surface. The p
ence of a slightly noticeable Ru substrate signal~see arrow!
indicates a small degree of 3D island formation resulting
the exposure of some underlying Ru~001! surface. It is also
interesting to note that no further reduction in the overald
bandwidth takes place upon annealing. The large reduc
in overall d bandwidth and apparent spin-orbit splitting
the ‘‘Au d-band’’ component, as well as the shift of th
centroid, which occur at room temperature, indicate that
loy formation readily occurs upon deposition. The top of t
alloy d band~3.12 eV! for 8Ag/Au/Ru, for example, is sig-
nificantly tighter bound than that of the 1 ML Au/Ru~2.8
eV!.

Alloying is also evident from the core-level shifts of A
and Ag relative to the pure metal~1 ML Au/Ru!. Table I
shows the Au 4f core-level parameters obtained at 170
photon energy for the Ag/Au/Ru systems. All shifts are re
tive to 1 ML Au/Ru. A shift towards higher binding energ
is evident except for the concentrated Au sample~Ag/2Au/
Ru!. This observation is consistent with the 1.5 ML Au/R
results reported previously.15 The Au 4f 7/2 surface compo-
nent for the 1.5 ML Au/Ru coverage is located at 83.66 e
If the core-level position for the Ag/2Au/Ru was referenc
to the position of 1.5 or 2 ML Au/Ru, a positive binding
as
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energy shift of 0.06 eV would result. The rest of the da
exhibits a steady shift away from the Fermi level and sta
the same~within experimental error! after annealing. This
observation suggests that the 2D alloy between Au and
forms at room temperature upon deposition for the two dil
systems (Au,50%), 3Ag/Au/Ru and 8Ag/Au/Ru.

The Ag 3d XPS core-level parameters for the Ag/Au/R
system@Table I~b!# show a small shift towards lower bindin
energy for all of the spectra except for the 3Ag/Au/R
which exhibits a 0.06 eV shift that reduces to 0.04 eV up
annealing. These values are only qualitative due to the l
ited resolution of the conventional x-ray source. Notice th
all of the data in Table I~b! are compared to the 1 ML Ag/Ru
and that the 3d core level for 3 ML Ag/Ru is located a
368.13 eV. If we compared the 3Ag/Au/Ru system to 3A
Ru, the resulting shifts would be both negative. The res
for the dilute Ag system Ag/2.5Au/Ru and Ag/3Au/Ru a
statistically significant. These shifts indicate alloy formatio
in good agreement with the bulk Au results. It can be se
from Table I~b! that the intensity of the Ag 3d are of some
interest. It decreases following annealing for all of the co
erage, indicating further intermixing upon annealing. T
peak intensity change varies from;1% for the dilute~3Ag/
Au/Ru! to 10% for the concentrated Au coverage~Ag/3Au/
Ru!. These results suggest that there is little alloying whe
ML of Au is deposited first~supporting the Au results! but

FIG. 6. Upper panel: Valence-band spectra for Ag~1 ML!/Au~2
ML !/Ru: ~a! as-deposited,~b! annealed at 600 K for 5 min. Lowe
panel: Valence-band spectra for Ag~8 ML!/Au~1 ML!/Ru: ~a! as-
deposited,~b! annealed at 600 K for 5 min.
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substantial alloying when more than 1 ML of Au is deposit
first. This suggests that Au above the first layer are m
reactive towards alloying.

C. Au/Ag/Ru„001… multilayers with Ag deposited first

Figure 7 is the valence-band photoemission spectra for
as-deposited multilayer Au/Ag/Ru~001!. Spectra for 2 ML
Au/Ru and 3 ML Ag/Ru are also shown in Figs. 7~a! and
7~f!, respectively, for comparison. The vertical lines indica
the positions of the top and bottom of the 2 ML Au/Rud
band@Fig. 7~a!#. The graph is dominated by the Aud-band
components at high Au concentrations and by the Agd-band
components at low Au concentrations. A substantial narro
ing of the overalld band takes place on going from conce
trated @2Au/Ag/Ru, Fig. 8~b!# to dilute @Au/8Ag/Ru, Fig.
8~e!# Au/Ag/Ru adlayers. It is the top of thed band~mostly
Au 5d5/2 character! that moves away from the Fermi leve
resulting in the narrowing of the overall band, whereas
bottom of thed band retains its original position. This be
havior has been seen in the bulk alloys and indicates tha
edge closest to the Fermi level is most sensitive to chem
changes. The apparent spin-orbit doublet separation of
‘‘Au d band’’ also reduces on going from high covera
~2.43 eV! to dilute coverage~2.28 eV!. Thed-band centroid
moves from 4.46 eV for the 2Au/Ag/Ru to 5.09 eV for th
Au/8Ag/Ru sample. The Au/Ag/Ru system after annealing
600 K for 5 min exhibits only a small narrowing in th

FIG. 7. Valence-band spectra for the Ag first, as-deposited
Ag/Ru system:~a! Au~2 ML!/Ru, ~b! Au~2 ML!/Ag~1 ML!/Ru, ~c!
Au~1 ML!/Ag~1 ML!/Ru, ~d! Au~1 ML!/Ag~2 ML!/Ru, ~e! Au~1
ML !/Ag~8 ML!/Ru, and~f! Ag~3 ML!/Ru. The vertical lines mark
the top and the bottom of thed band.
e

e

-

e

he
al
he

t

d-band width for the dilute samples~;0.1 and 0.2 eV for
Au/2Ag/Ru and Au/8Ag/Ru, respectively!. This is accompa-
nied by the movement of the top of thed band away from
EF . The centroid position, however, changes substanti
only for the Au/8Ag/Ru sample~5.09–5.21 eV!. The appar-
ent spin-orbit splitting of the ‘‘Aud-band’’ components fol-
lows the same trend as thed-band width.

Figure 8 compares the most concentrated@2Au/Ag/Ru in
Fig. 8~a!#, and the most dilute@Au/8Ag/Ru in Fig. 8~b!#
sample of the series, prior to and after annealing at 600 K
5 min. For the 2Au/Ag/Ru sample, no change can be s
after annealing other than a barely noticeable narrowing
the overalld band. Since annealing has little effect on t
sample it is possible that this sample either forms an a
readily at room temperature upon deposition or does not
loy at all even at elevated temperatures. This cannot be
cided ond-band width alone, since the alloyd band is less
sensitive to alloying for Au rich alloys (Au.50%). How-
ever, in the Au/8Ag/Ru system, thed band narrows notice-
ably ~especially the position of the top of thed band! relative
to Au/Ru even before annealing and narrows further a
annealing. The overalld band narrows by 0.21 eV and th
centroid shifts to a higher binding energy from 5.09 to 5.
eV. Furthermore, the intensity of the ‘‘Aud-band 5/2’’ com-
ponent decreases. This indicates that Au atoms sink fur
into the Ag layers underneath upon annealing. This beha
is the reverse of what has been seen in Fig. 3 for the 8

/

FIG. 8. Valence-band spectra for the Au~2 ML!/Ag~1 ML!/Ru
~upper panel! and Au~1 ML!/Ag~8 ML!/Ru ~lower panel! before
and after annealing at 600 K for 5 min.
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13 388 PRB 59BZOWSKI, KUHN, SHAM, RODRIGUEZ, AND HRBEK
Au/Ru sample, where Au moves towards the surface. A co
parison of the spectra reveals that after annealing,
8Ag/Ru and 8Ag/Au/Ru exhibit identical valence-ban
spectra.

The Au 4f core-level parameters at 170 eV for the a
deposited and annealed Au/Ag/Ru system are given in T
II ~a!. All changes are compared to the 1 ML Au/Ru samp
It appears that the 2Au/Ag/Ru core level is shifted to a low
binding energy with respect to the 1 ML Au/Ru peak. Ho
ever, a shift to a higher binding energy is seen if the dat
compared with a 2-ML Au/Ru sample. This behavior w
also observed in the previous section and is not surpris
since the data for the 2Au/Ag/Ru system should be compa
to that of 2 ML Au/Ru. The Auf core levels for the remain
ing coverage, which all contain 1-ML Au layer and 1
more ML Ag, are compared to the 1 ML Au/Ru. Surpri
ingly, these systems exhibit a constant shift to higher bind
energies in spite of decreasing Au concentration in the o
layers. However these shifts increase noticeably after ann
ing. This suggests that at compositions of Au<50%, an al-
loy with a constant composition~most likely 50-50, see
below! is formed upon deposition. Annealing, however, pr
motes further intermixing, which results in the formation o
stable stoichiometric Au-Ag alloy on Ru.

The results of Ag 3d core levels obtained with conven
tional XPS for the as-deposited Au/Ag/Ru~001! system are
presented in Table II~b!. Peak areas are shown in parenth
ses. Notice that the Au/3Ag/Ru exhibits a positive shift wh
compared with 1 ML Ag/Ru. When compared with 3 M
Ag/Ru~001! (B.E.5368.13), the core-level shift for the Au
3Ag/Ru system is20.07 and20.06 eV prior to and after
annealing at 700 K, respectively. Similar negative shift w
also seen for the reverse deposition discussed in the prev
section. The remaining systems also exhibit negative
core-level shifts, a sign of alloying as observed in bulk
loys. For the Au/3Ag/Ru sample the peak areas increase
16.5% upon annealing. This suggests that annealing
motes complete intermixing in this system.

D. Effect of order of deposition and annealing on surface alloy
formation

From the above-reported bilayer and multilayer Ag/A
Ru~001! and Au/Ag/Ru~001! results, we can now examin
the effect of the order of deposition and annealing on
interaction between the coadsorbates and between the a
bate and the Ru substrate. A number of trends can be e
lished by correlating the following sets of parameters: ov
all d-band width, centroid of thed band, apparent spin-orb
splitting of the Au 5d components, Au 4f shifts, and Ag 3d
shifts, with the composition of the overlayers. These cor
lations will be used to infer surface alloying.

Figure 9 shows the width of the overall alloyd band. The
top and bottom graphs depict the overalld-band-width as a
function of the overlayer composition for the Au first, Ag
Au/Ru~001! and Ag first, Au/Ag/Ru~001! systems, respec
tively. It must be noted that the composition is based mo
on 1 ML of Au and several monolayers of Ag. The 4.25 e
for the 100% Au is based on 2Au/Ru~thed-band-width var-
ies from 4.1 eV for Au/Ru to 4.4 eV for 3Au/Ru in ou
measurements15!. We selected 1-ML Au coverage becau
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the influence of Ru on the adlayer is the strongest at 1 M
Since all the adsorbed Au are in contact with Ru, once
layer becomes thicker the substrate influence will be redu
significantly. A decrease in bandwidth is seen for the A
Au/Ru system as the Au concentration decreases. This t
does not change after annealing~except for samples wher
Au is more than 2 ML!. This suggests that alloying take
place at room temperature for compositions of Au,50%.
After annealing, however, alloy is formed for Ag/2Au/Ru
The 50-50 composition, as discussed above, maintain
width comparable to that of Au/Ru~4.1 eV! and does not
form alloy.

The Au/Ag/Ru system, seen at the bottom of Fig. 9, e
hibits a noticeably different behavior. The overalld band
narrows slightly for the 2Au/Ag/Ru coverage,~0.03 eV! with
respect to 2Au/Ru~001!. The width decreases noticeably fo
the Au/Ag/Ru~001! sample~0.27 eV relative to 2Au/Ru, 0.11
eV relative to Au/Ru!. As noted earlier, the bandwidth re
mains virtually the same for coverage with Au concentrat
<50 at. %. This indicates that a stable~50/50! Au-Ag alloy is
formed at the surface of the Ag overlayers. It is interesting
note that for ideal mixing, theDG, Gibb’s free energy of
mixing is a minimum at 50-50 composition. Further increa
in the thickness of the underlying Ag layer has no effect
the composition of the alloy formed under as-deposited c

FIG. 9. A plot ofd-band width versus overlayer composition fo
Ag/Au/Ru ~top! and Au/Ag/Ru~bottom! systems.
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PRB 59 13 389ELECTRONIC STRUCTURE OF Au-Ag BIMETALLICS: . . .
ditions. However, the bandwidth narrows further upon a
nealing to 600 K when the trend seen for the Ag/Au/R
system is observed for the Au/Ag/Ru samples~bottom of
Fig. 9!. This result suggests that further intermixing tak
place at elevated temperatures resulting in the formation
stoichiometric alloys. Thus, the order of deposition and
nealing temperature both play a crucial role in tw
dimensional Au-Ag alloy formation on a Ru~001! surface. It
is almost certainly that the Ru substrate modifies alloy f
mation most significantly in the 1-ML regime~i.e., 1 ML Au
and 1 ML Ag! in that it keeps the adlayer two-dimensiona
and this becomes less important at increased coverag22

where mass action takes its normal course.
We now examine the overalld-band centroid position as

function of the deposition order and annealing temperat
These parameters should establish a correlation consi
with that of the alloyd-band-width. Figure 10 presents
correlation of the centroid position for the Ag/Au/Ru an
Au/Ag/Ru systems in the top and bottom panels, resp
tively. We recall that the overalld-band centroid position is
influenced by several factors: variations in cross section
the Au and Ag components, changes in the Au and
d-band contributions~composition!, and shifts due to alloy-
ing. We have studied the variation of cross section at pho
energies from 50 to 100 eV and found that there is
anomaly in the cross section within this energy range,

FIG. 10. Plot ofd-band centroid position versus overlayer com
position for Ag/Au/Ru~top! and Au/Ag/Ru~bottom! systems.
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that 70 eV photon energy appears to be a desirable en
for studying the alloys in terms of energy resolution, phot
flux, and relative cross section. The effect of composition
more difficult to deal with. In general, the more dilute Au
the more Ag like thed band is. It is, therefore, not surprisin
from Fig. 10 that the correlation follows the general tre
observed for bulk alloys~i.e., a shift to a higher binding
energy when Au is diluted in Ag!. Since the centroid shift is
largely determined by the movement of the Aud band,
which is partially buried under the Agd band and broaden
as the result of Ag-Aud-d interaction, its use as a monitor i
at best semiquantitative.

A comparison of the apparent spin-orbit splitting betwe
the ‘‘Au d-band’’ maxima in Ag/Au/Ru and Au/Ag/Ru
samples is presented in the top and bottom panel of Fig.
respectively. It should be emphasized that the positions
the ‘‘Au d-band’’ components were obtained by removin
the underlying Ag and Ru signals. Since the Au ‘‘5d3/2’’
component overlaps with the Ag ‘‘4d5/2’’ and we assume
that alloying does not alter the position of the Agd-band and
the Au d3/2 component greatly, these estimates will ha
large uncertainty and are at best qualitative. The reductio
the apparent spin-orbit splitting of Au on going from conce
trated to dilute Au-Ag overlayer is evident from Fig. 11. On
may argue that a plateau~for a surface 50/50 alloy!, similar

FIG. 11. Plot of apparent spin-orbit splitting of the Aud band
versus overlayer composition for Ag/Au/Ru~top! and Au/Ag/Ru
~bottom! systems.



th
p

in

r
M

u
u

t
h
u
tu

io
as

it
ug
ee

the
ing,
-

di-
at

e

bit
r.
of
nd

-
loy
r of

r-
in-

ic
ial

e
ub-
rst
the

still

o-

tion
c
igh

wer
rget-
ed

-
n

the
ation
ative
ot

ture
he
be-

bit
lar
lloy
to

-
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to the one seen in the bandwidth analysis, is seen in
bottom panel for the as-deposited sample. The apparent s
orbit splitting trends indicate that the Au 5d levels are tighter
bound in the alloy. This behavior is expected for Au alloys
general.

Figure 12 compares the Au 4f 1/2 core-level binding en-
ergy shifts in Ag/Au/Ru~top panel! and Au/Ag/Ru~bottom
panel! before and after annealing. All core-level positions a
referenced to the Fermi level and are compared to a 1-
Au/Ru sample@Table I~a!#. It follows that 100% Au in these
plots does not refer to bulk Au binding energy~83.92 eV!.
Also the Ag/2Au/Ru should be compared with 2Au/R
~83.66 eV! as noted earlier. For the Ag/Au/Ru system the A
4 f core level of the dilute systems (Au,50%) shifts away
from the Fermi level for the as-deposited sample relative
Au/Ru and stays unchanged after annealing to 600 K. T
observation is consistent with the bandwidth trend and s
gests that alloying readily takes place at room tempera
when Au is deposited first on a Ru~001! substrate followed
by more than 1 ML of Ag.

The bottom panel of Fig. 12 reveals a different behav
when the order of deposition is reversed. For the
deposited samples, the Au 4f core levels shift to about 83.8
eV for the Au/Ag/Ru overlayers and remain there desp
further increase in the thickness of the Ag adlayer. This s
gests that a 50/50 Au-Ag alloy forms at the interface betw

FIG. 12. Plot of Au 4f 7/2 binding energy versus overlayer com
position for Ag/Au/Ru~top! and Au/Ag/Ru~bottom! systems.
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the Au and Ag adlayers and its composition remains
same even if the amount of Ag is increased. After anneal
however, the trend for Au/Ag/Ru is similar to what is ob
served in the top panel for the Ag/Au/Ru series. This in
cates that stoichiometric alloy formation takes place only
elevated temperatures. The Au 4f core-level shifts, there-
fore, confirm the formation of a 50/50 surface alloy in th
Au/Ag/Ru system upon deposition. Trends from Ag 3d5/2
core-level shifts@Tables I~b! and II~b!# are less revealing due
to a limited experimental energy resolution. They do exhi
a trend qualitatively parallel to that of bulk alloys, howeve

From all of the above trends, it is clear that the order
deposition has an effect on the degree of intermixing a
alloy formation. When 1 ML of Au is deposited first, fol
lowed by several layers of Ag a stoichiometric surface al
is formed at room temperature. For the reversed orde
deposition~i.e., 1 to several ML of Ag deposited first!, a
50/50 Au-Ag/Ru alloy forms at the surface of the Ag ove
layers at room temperature. Annealing promotes further
termixing, which results in the formation of stoichiometr
Au-Ag alloy. The Ru~001! substrate appears to play a cruc
role at 1-ML coverage of Au and Ag~i.e., 1 ML Au and 1
ML Ag on Ru! and its effect diminishes greatly when th
overlayer atoms are no longer in contact with the Ru s
strate. This is also borne out in TDS studies where the fi
monolayer always desorbs at higher temperature than
second and the multilayers. However, the second layer is
perturbed by the presence of the Ru~001! substrate. The ef-
fect of adsorbate-substrate interaction on alloying~for layer-
by-layer and SK growth modes at least! may be generalized
as: monolayer~strongly affected!, second layer~weakly af-
fected!, and multilayer~little!.

E. Comparison of surface and bulk alloying

Two noticeable differences between Au-Ag tw
dimensional alloying on Ru~001! and bulk alloying are the
temperature factor and the use of the physical vaporiza
deposition ~PVD! process. In bulk alloys, stoichiometri
amounts of the alloy constituents have to be melted at h
temperatures in order to form an alloy.26 In contrast to bulk
events, it has been shown that surface alloying on Ru~001!
can take place at room temperature and perhaps at lo
temperatures. The PVD process clearly reduces the ene
ics requirement for alloying. This effect has been observ
for Au-Cu surface alloys on Ru~001! where alloying occurs
at room temperature~we are referring to the substrate tem
perature during deposition! regardless of the depositio
order.27,28 In addition, surface alloys will inevitably have
more atoms in the surface and in the interface between
overlayers and the substrate. Thus, the average co-ordin
number of nearest like atoms is expected to decrease rel
to that of the bulk. In order to investigate whether or n
there is any observable difference in the electronic struc
between the 2D surface and bulk Au-Ag alloys with t
same stoichiometry, we compare below the valence-band
havior and core-level shifts between the two systems.

Figure 13 presents a comparison between the alloyd-band
parameters~bandwidth, centroid, and apparent spin-or
splitting! in bulk and surface alloys recorded under simi
experimental conditions. It can be seen that the overall a
bandwidth narrows in both systems from high at. % of Au
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PRB 59 13 391ELECTRONIC STRUCTURE OF Au-Ag BIMETALLICS: . . .
dilute Au alloys. Thed bands of the bulk Au-Ag alloys are
;0.5 eV wider than those of the surface alloys. This can
understood on the basis of the co-ordination number of
nearest neighbors. The greater the number of like nea
neighbors the wider the band. For example, in a clos
packed surface@fcc(111) or hcp(001)#, the coordination
number of the surface atom is reduced from 12 to 9.
systems with strongd-d interaction, the bandwidth@the
Dband term discussed above in Eq.~1!# can be scaled toN1/2

where N is the coordination number of nearest lik
atoms.30,31This would lead to a;15% reduction in the band
term. The actual observed width would be considera
smaller after the spin-orbit~atomic term! and experimenta
resolution were accounted for. This is because the allod

FIG. 13. Comparison ofd-band parameters versus compositi
between bulk and surface alloys; from top to bottom:d-band-width,
centroid position, and apparent spin-orbit splitting.
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band has both Ag and Au contributions, and only the upped
band of Au character is largely responsible for the bandwi
changes. For surface alloys, the number of nearest neigh
is reduced at the surface and the interface~which contributes
less to the signal due to the short electron escape depth a
experimental energies!, because of the two-dimensional n
ture of the alloys. Consequently, the width of the overald
band of a surface alloy is narrower than that in the bulk al
of the same stoichiometry. A reduction of,15% would be
expected for surface alloys. The observed reduction is;10%
for dilute surface Au alloys, in good qualitative agreeme
with the estimate.

A comparison between the position of thed-band centroid
in bulk and surface alloys is shown in Fig. 13~b!. They ex-
hibit the same trend as thed-band-width as expected becau
the narrower theb band the farther away the centroid fro
the Fermi level, since the Au ‘‘d5/2’’ component always
moves away from the Fermi level in Au alloys. It can be se
that except for a deviation in the 50-50 bulk alloy, there
indeed a shift of the centroid away from the Fermi level f
both the surface and the bulk alloys upon dilution of Au
Ag.

The apparent spin-orbit splitting of the ‘‘Aud-band’’
maxima in bulk and surface alloys are compared in F
13~c!. Here, once again we focus on the Aud components
because the Aud5/2 component is most conspicuous an
most chemically sensitive. It can be seen that the separa
of the doublet components becomes smaller from conc
trated to dilute Au-Ag alloys for both systems as expect
The splitting for bulk alloys, is slightly larger~0.1 eV! than
that for the surface alloys. Again, this difference can be
plained in terms of the number of nearest-neighboring l
atoms, which also determines the overalld-band-width. It is
important to emphasize again that the ‘‘Au component’’
the alloyd band is very sensitive to alloying. Because of t
direct overlap in binding energy between part of the Au a
Ag d bands, it has been conventionally assumed that for 5
or higher Au concentration, Au and Agd bands intermix
substantially and may lose their individual character.6 The
high-resolution results reveal that the Au component of thd
band retains considerable Au character after alloying, eve
concentrations greater than 50%. Finally, both surface o
layer systems~i.e., Ag/Au/Ru and Au/Ag/Ru! with the same
composition and coverage show similar apparent spin-o
values after annealing. This indicates that at elevated t
peratures~.600 K! both systems form alloys whose comp
sition is determined by the stoichiometric proportions of A
and Ag except in the case of Ag/Au/Ru~1 ML each, see Sec
III A !.

Figure 14 compares Au 4f 7/2 shifts between bulk and sur
face alloys. The Au 4f shifts to higher binding energy fo
both alloy systems as the Au concentration decreases.
position of the Au 4f 7/2 core level in bulk alloys is, however
about 0.15-eV higher in binding energy than in surface
loys. This stems from the difference in binding energy b
tween the surface and bulk atoms. It has been shown22,29that
the Au 4f core level for the surface Au atoms of a Au met
is at 83.61 eV, and that for Au atoms inside the bulk A
sample is at 84.01 eV. This difference in binding energy h
been attributed to different co-ordination number of near
like-atoms~Au! at the surface versus the bulk. A reduction
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13 392 PRB 59BZOWSKI, KUHN, SHAM, RODRIGUEZ, AND HRBEK
coordination number narrows thesurface dband and the
alignment of the surface and bulk Fermi levels produce
negative binding-energy shift for the surface atoms of
metals with thed band more than half-filled.29 This interpre-
tation applies to both bulk and surface alloys. By using
same argument, the offset~;0.15-eV lower in binding en-
ergy for surface alloys! can be explained by the fact that
these thin alloys, due to the presence of the surface and
interface, the average coordination number for nearest
atoms is significantly smaller than those in bulk alloys. T
Au d-d interaction is not as extensive in surface alloys b
cause of the reduction in coordination number of like neig
bors and the truncation of the lattice. The net result i
narrower surfaced band and a 4f shift to lower binding
energy.29 Moreover, interaction of the adsorbate with the R
substrate also contributes to keeping the alloy tw
dimensional~reducing the Au-Au interaction!. The two sur-
face systems exhibit a similar trend after annealing. T
supports previous conclusions on the degree of alloying
importance of annealing to surface alloy formation in t
Au/Ag/Ru system.

The Ag 3d5/2 core-level shifts between surface and bu
alloys reveal an opposite trend to the Au 4f shifts: that is
that relative to pure Ag, there is a shift towards the Fer

FIG. 14. Comparison of Au 4f 7/2 binding energy of the Aud
band in bulk and surface alloys.
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level for Ag in both surface and bulk alloys upon dilution
Ag in Au. However, the Ag 3d5/2 core-level shifts have
larger uncertainties due to a smaller shift, limited ene
resolution, and a larger core lifetime broadening. The gen
Ag 3d trend suggests that alloying takes place on the sur
of a Ru~001! crystal but is not sensitive enough to disti
guish between the surface and the bulk alloys.

IV. CONCLUSIONS

We have presented a study of two-dimensional alloy
between Au and Ag overlayers adsorbed on a Ru~001! sur-
face using primarily a 1-ML Au/Ru system. We have sho
with photoemission results that for one monolayer each
Ag and Au adsorbed on Ru~001! alloying occurs when Ag is
deposited first. No evidence of alloying is found for the
versed order of deposition@Ag/Au/Ru~001!#. These results
have been attributed to strong Au-Au and Au-Ru interacti
relative to that of Ag-Au and Ag-Ru in the monolayer r
gime, as was also shown in TDS experiments.

For a series of multilayer Ag/Au/Ru~001! systems~Au
deposited first! with coverage>1 ML for both metals, the
valence-band and core-level photoemission at various co
age were studied. The result suggest that for Ag cove
greater than 1 ML, alloying occurs readily at room tempe
ture both at low and high Au concentrations. The comp
tion of the two-dimensional alloys formed reflects the s
ichiometric ratios of the constituents deposited onto Ru.

The results for the Au/Ag/Ru system, where Ag was
posited first, suggest that for overlayers containing<50 at. %
Au (Au/nAg/Ru wheren.1), a stable 50/50 Au-Ag surfac
alloy, not a stoichiometric one, is formed upon deposition
room temperature. Stoichiometric surface alloys are form
only at elevated temperatures. By comparing the photoe
sion valence-band and core-level shifts for bulk and surf
alloys of the same stoichiometry, we find that the surf
alloy d band is slightly narrower than that of the bulk. Th
observation is attributed to the two-dimensional nature of
surface alloy~lower coordination number of like atoms!. A
;20.15 eV shift in the binding energy of the Au 4f core
levels in surface alloys relative to that of the bulk alloys h
been observed and is attributed to the same effect.
n

n

.
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