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Adsorption energetics of Ag on MgO„100…

J. H. Larsen,* J. T. Ranney, D. E. Starr, J. E. Musgrove, and C. T. Campbell†

Department of Chemistry, University of Washington, 98195-1700 Seattle, Washington
~Received 27 July 2000; published 23 April 2001!

This paper reports experimental measurements of the interaction of Ag with MgO~100! thin films grown on
Mo~100!. Both the adsorption energy and the sticking probability of Ag gas are reported as functions of silver
coverage at room temperature. The initial heat of Ag adsorption is;176 kJ/mol, but increases rapidly with
coverage, reaching the bulk silver heat of sublimation of 285 kJ/mol by;8 ML. At the lowest coverages the
sticking probability of silver is;0.94 and approaches 1.0 with increasing coverage. Auger electron spectros-
copy indicates that silver grows as three-dimensional~3D! islands from submonolayer coverages. From the
integral heat of adsorption, the adhesion energy of silver to MgO is estimated to be 0.360.3 J/m2. The
Ag-MgO~100! bond energy is estimated to be;110 and;15 kJ/mol within tiny 2D Ag clusters and large 3D
Ag particles, respectively.

DOI: 10.1103/PhysRevB.63.195410 PACS number~s!: 68.35.Md, 68.35.Np, 68.47.Jn, 81.15.Np
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I. INTRODUCTION

Metal-oxide interfaces are used in a number of indus
ally important applications, e.g., in oxide-supported me
catalysts and microelectronics. In catalysis, the choice
metal and oxide support is critical in order to obtain a desi
reactivity and selectivity. This is due in part to the inhere
reactivity of the two components. Also the metal particle s
and shape, which depend on the choice of oxide, can in
ence the catalytic activity dramatically. One of the para
eters that determine the morphology of the particles is
strength of the interaction of the metal with the oxide su
strate, which typically has a smaller surface energy than
metal. If there is a strong interaction energy, the metal te
to wet the substrate surface, and if the interaction energ
weak, the metal generally forms three-dimensional~3D! par-
ticles. The latter is often the case for equilibrium structu
of late transition metals on typical support oxides1–3 The
description and understanding of the metal-oxide system
further complicated by the fact that morphological chang
can be induced by the ambient gases; see, e.g., Refs. 4–
order to obtain a better understanding of these behav
there has been a number of investigations of model syst
recently where the reactivity, particle size, and interactio
of vapor-deposited metals with oxide substrates have b
investigated experimentally2–3,7–9and theoretically.10–15

In this paper we will focus on the measurement of t
adsorption energy of Ag on MgO~100!. The general idea of a
direct measurement of heats of adsorption of an adsorbat
a substrate is not new,16 and a recent review of adsorptio
calorimetry methods and results can be found in Ref.
King and co-workers improved the experimental techniq
to allow for study on well-defined single-crysta
surfaces,18–21 giving important insight into both bonding
strength and neighbor interactions of small molecules
single-crystal metal surfaces. In the Campbell group, ads
tion on both metal and metal-oxide single-crystal surfa
were investigated, using a calorimeter setup similar to tha
King and co-workers, with a different method of heat dete
tion. Studies of Pb adsorption on Mo~100!, oxidized
Mo~100!, and MgO~100!/Mo~100!,22–26 and Cu adsorption
0163-1829/2001/63~19!/195410~8!/$20.00 63 1954
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on oxidized Mo~100!, MgO~100!/Mo~100!, and disordered
tungsten-oxide,22,27,28have been performed.

Oxide-supported Ag catalysts are extensively used for
lective oxidation reactions, and there is therefore an inte
in learning more about the interactions of Ag to oxid
supports.29 In the surface science community, there has be
a considerable interest in the Ag-MgO model system,30–42

and it was one of the first metal-oxide systems studied
surface science techniques.43 The Ag-MgO~100! system has
the appealing properties of having a small lattice misma
of 3% ~the lattice constant for Ag is 4.09 Å, and is 4.21 Å fo
MgO!, and a cube-on-cube growth.30–31,43The influence of
relaxations in the metal adlayers and in the top oxide lay
on the growth is therefore expected to be negligible. T
agrees well with theoretical findings for the Ag/MgO~100!
system.11

The behavior of the measured heat of adsorption a
function of coverage depends on the growth mode. It w
found by a number of groups that Ag on MgO~100! grows as
3D islands using various experimental techniques: Tram
et al. used TEM to study the Ag-MgO~100! system at some-
what elevated temperatures,30 Robach, Renaud, and Barbie
performed grazing incidence x-ray scattering experime
and analysis of crystal truncation rods at roo
temperature,34,35 and Schaffner, Patthey, and Schneider us
x-ray photoelectron spectroscopy~XPS! and electron-
energy-loss spectroscopy to verify the 3D growth, also
room temperature.33 It has, however, been argued by othe
that the growth is 2D at submonolayer coverages,32,43,44but,
based on very definitive structural techniques and by rea
lyzing previously reported data, it was recently sugges
that the growth was 3D above 0.2 ML.34–36The islands were
described as truncated pyramids with the~100! facet in con-
tact with the substrate,45 and a height-to-width ratio of;0.4.
The adsorption site was identified to be above oxygen in
MgO substrate,34,35which is in good agreement with theore
ical studies of Ag adsorption on defect fre
MgO~100!.37,38,40,41 Recently, defects on MgO~100! were
also investigated in cluster calculations, and it was found t
a single metal atom@Rb, Pd, Ag~Ref. 42! and Cu, Ni, Ag, Pd
~Ref. 41!# binds significantly more strongly there. This is
©2001 The American Physical Society10-1
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good agreement with experimental evidence of defects ac
as nucleation sites.46

Here we report experimental measurements of the ads
tion energetics of Ag on a MgO~100! film grown on
Mo~100! using single-crystal adsorption microcalorimetr
Sticking probabilities for Ag have also been measured. T
adhesion energy, which is the binding energy per unit are
the interface between two condensed phases, has often
estimated from the energy required to separate a film fro
substrate. Here it will be estimated based on the meas
adsorption energies of Ag films on MgO~100!. It contains
important information on the strength of the metal-substr
interaction, and is often difficult to determin
experimentally.1–2,10 Many adhesion energies have be
found by measuring the contact angle of liquid metal dro
on metal oxides and then applying the Young-Dup´
relation.47–49More recently, adhesion energies were repor
for solid metal particles on ordered oxide surfaces fr
transmission electron microscopy measurements of the
tact angle, e.g., for Ag particles on MgO~100! substrates,30

and from scanning tunneling microscopy measurement
the height-to-width ratio for Pd particles on Al2O3 thin
films.50 Theoretical calculations of the adhesion energy
metal to oxides were also reported~see Ref. 10, and refer
ences therein!, but it is not yet known how accurate the r
sults are, partially because of a lack of reliable experime
data with which to compare.

II. EXPERIMENT

The ultrahigh-vacuum chamber used in this study ha
base pressure below 1310210 mbar and is equipped with
Auger electron spectroscopy~AES!, low-energy electron dif-
fraction ~LEED!, a quadrupole mass spectrometer~QMS!,
and a unique setup for measuring heats of adsorption of m
als on thin single-crystal samples~;1 mm thick!. From a
chopped effusive vapor source, metal atoms can be depo
onto the single crystal surface in;100-ms pulses. See Ref
22–24 and 28 for more details on the experimental setup
procedures.

For the heat detection, a flexible ribbon of pyroelect
b-polyvinylidene fluoride~PVDF! is used, with its front and
back faces coated with 20–60 nm of NiAl for electrical co
tacts. The ribbon forms an arc, which is pressed gently
against the backside of the thin single-crystal sample for
tection of adsorption heats. The voltage response of
PVDF ribbon to a heat pulse arising from an adsorbing
pulse is converted into energy by calibrating the respons
pulses of known energy from a He-Ne laser. T
manufacturer-specified long-term intensity stability of t
He-Ne laser used here is61.5%, and it has usually give
this.22–24 However, during the experiments reported here
had intensity fluctuations;20-fold larger~see below!, pos-
sibly due to turning on a fan nearby~discovered later to
create problems!. For this reason, the absolute calibratio
for three runs were averaged here, and further adjusted
4% to agree with the expected high-coverage result, as
scribed in more detail below.

The measured heat signal contains additional contr
19541
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tions from the radiation of the effusive source and from t
loss of kinetic energy of the impinging metal atoms to t
substrate. The radiation contribution, determined wh
blocking the metal atoms with a BaF2 window, accounts for
;30% of the total signal in the case of Ag adsorption
MgO~100!. Taking these additional contributions into a
count, with the addition of the pressure-volume work te
~see Ref. 24 for more details on this procedure!, recasts the
measured energies into standard enthalpies of adsorp
with both reactants and products at 300 K. These are
values actually reported below. This corrected heat of
sorption measured at high coverage, where the atoms
adding to bulklike sites, is thus directly comparable to t
standard heat of sublimation of the metal. In order to obt
the energy of adsorption on a ‘‘per mole adsorbed met
basis, it is divided by the amount of adsorbed Ag in ea
metal atom pulse, obtained by correcting the measured
flux ~using a calibrated quartz crystal microbalance! with the
experimentally determined sticking probability. The absolu
sticking probability is found as a function of coverage
measuring the intensity of the reflected~nonsticking! Ag at-
oms in the QMS (m/e5108), and normalizing this to the
time-integrated signal from total reflection off a hot Ta fo
This setup also enables the study of lifetimes of metal ato
on surfaces as a function of temperature.25–26

The cleanliness of the 1-mm-thick Mo~100! substrate is
obtained by repeated heatings to high temperature and
fied with AES. The MgO~100! film on Mo~100! is prepared
by dosing high purity (99.91%) Mg in an oxygen atmo-
sphere with subsequent annealing to;750 K, as described
by Wu and co-workers,51,52 and previously used for micro
calorimetric studies of Cu and Pb on MgO~100!.25–27 The
MgO~100! film is ;4 nm thick as estimated from AES
analysis, and the (131) square symmetry pattern is ob
served with LEED of similar quality as in Refs. 51 and 5
No carbon or metallic Mg is observed by AES for the Mg
films. The MgO~100! substrate is kept at room temperatu
~300 K! for all adsorption experiments, and heating the s
tem after the adsorption experiment removes the Ag
leaves the MgO~100! thin film intact.

III. RESULTS

A. Adsorption energy and sticking probability

The heat of adsorption of Ag on MgO~100!/Mo~100! is
shown in Fig. 1 as a function of the adsorbed Ag coverage
monolayers where 1 ML is defined as the packing density
a Ag~100! plane in bulk Ag, 1.231019atoms/m2. The curve
is an average of three adsorption calorimetry experiments
with pulses containing;0.03 ML of Ag per pulse~corre-
sponding to a flux of;0.6 Å/s during each pulse, which las
for 100 ms and repeats every 2.00 s!. Since the fluxes were
not exactly the same in these experiments, the signals
individual pulses were also averaged over a fixed cover
range, each 0.05 ML. The adsorption energy at the low
coverage is;176 kJ/mol, and it increases up to a plateau
285 kJ/mol for coverages above 8 ML. Some minor corr
tions have been made to the measured heats, as discu
above, to convert to standard heats~enthalpies! of
0-2
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ADSORPTION ENERGETICS OF Ag ON MgO~100! PHYSICAL REVIEW B 63 195410
adsorption at 300 K, and thus enable a direct compariso
the bulk enthalpy of sublimation. Due to temporary proble
with laser instability during these experiments~see Sec. II!,
our absolute heat calibrations here were not as accura
usual. The error in the calibration factor in individual ru
was estimated by comparing the heat of adsorption obta
at 12 ML to the heat of sublimation of bulk Ag~285
kJ/mol!,53 which we assumed is the true value at 12 ML. T
resulting systematic errors in absolute calibration w
223%, 220%, and 132% ~compared to;2% usually
obtained24!. This calibration error reduced to24% upon av-
eraging the three runs. Because of this residual24% error,
we scaled the averaged heats by 1.04 in order to force
adsorption energy at 12 ML to equal silver’s heat of sub
mation. When individually normalized, the three curves
showed very similar coverage dependences of the heats~At
any given coverage above 0.1 ML, their average devia
magnitude from the curve shown was,3%, and it averaged
only 0.9% over the full coverage range. Their average de
tion magnitude from the average curve shown was lar
~;6%! for the pulses in the first 0.1 ML, possibly due
differences in surface defect densities of the starting s
faces, and the initial population of defect sites.! As can be
seen, the point-to-point precision of the averaged curve
high coverage~where the heat is constant enough to estim
the scatter! is excellent~standard deviation,2 kJ/mol, or
;0.7%!.

In Fig. 1, the adsorbed amount of Ag was obtained
scaling the measured incident amount of metal with the c
responding sticking probability. This sticking probability
reported in Fig. 2 as a function of the adsorbed Ag covera
In the inset, the setup is shown schematically. The data

FIG. 1. The measured heat of adsorption of Ag on MgO~100! at
room temperature as a function of the amount of Ag adsorbed.
heat of adsorption for the first 1.4 ML is shown in one inset, and
illustration of an impinging metal pulse onto the oxide surface w
the heat sensitive ribbon in contact with the backside of the sam
in another inset.@The flux is ;0.03 ML/pulse, corresponding to
3.631018 atoms/~s m2) during 100-ms square-wave pulses with
repeat period of 2.00 s. The signal is averaged over 0.05-ML c
erage increments.#
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an average of two measurements. Initially, the sticking pr
ability of Ag on clean MgO~100! is ;0.94, and it increases
with increasing silver coverage, reaching 1.00 above;20
ML.

B. Growth of Ag on MgO„100…

The growth of Ag on MgO~100! was investigated with
AES. In Fig. 3, the normalized peak-to-peak signal of t
356-eV Ag AES peak is shown as a function of the adsorb
Ag coverage, using a continuous Ag beam of the same ti
averaged flux as~but much lower peak flux than! the pulsed-
beam experiments of Figs. 1 and 2.~In Fig. 3, the beam was
interrupted during each AES measurement.! Above 30 ML
of adsorbed Ag, the oxygen signal at 510 eV was attenua
below our detection limit, and it was therefore reasonable
use the average of the data points above this high cove
as representative of a saturation signal for bulk Ag. The
tection limit was estimated from the signal-to-noise level
be;10% ML. The details of the growth of the first 6 ML ar
shown in the inset. The dashed line in Fig. 3 shows
expected AES intensity for a layer-by-layer growth mod
for comparison. A mean free path for the Ag Auger electro
of 7.1 Å was used.54 Note that by 0.5 ML of Ag adsorbed
the AES data deviates from the layer-by-layer model and
significantly below this model, suggesting 3D island grow

The literature provides experimental evidence for t
growth of Ag on MgO~100! being 3D islands,34–36 and we
therefore also compare our data to a growth model assum
hemispherical shaped particles~solid line!.55 The single fit-
ting parameter in this model is the island density, and
model is only valid before island coalescence begins. T

e
n

le

v-

FIG. 2. The absolute sticking probability of Ag on th
MgO~100! thin film is shown as a function of the adsorbed A
coverage. The curve is an average of two experimental data
The sticking probability was found by measuring the QMS sig
(m/e5108) of the reflected~nonsticking! Ag atoms. The experi-
mental setup is illustrated in the inset. The pulse flux and repeti
rate are the same as in Fig. 1.
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LARSEN, RANNEY, STARR, MUSGROVE, AND CAMPBELL PHYSICAL REVIEW B63 195410
best fit to the data below 6 ML gives a hemispherical isla
density of 2.531016 m22, and the mean radius of the pa
ticles increases up to 32 Å at 6 ML. It is clear in the inset th
the hemispherical model is far superior to the layer-by-la
model above 0.5 ML. At coverages below;0.3 ML, how-
ever, the layer-by-layer growth model describes the d
slightly better, suggesting the growth of mainly 2D islan
below ;0.3 ML. The simple hemispherical model fit belo
6 ML does not allow for a variation in the island density wi
coverage. One could argue that it would be necessar
include such a variation if a description of the growth in t
entire coverage interval is required. Such an analysis
performed by Renaud and co-workers for the Ag/MgO~100!
system,34–36 and, indeed, a decrease in island density fr
;331016 m22 at the lowest coverages, to below 0
31016 m22 above 12 ML, was found. It is, however, beyon
the scope of this paper to go into such a detailed gro
analysis of our data. In the following it will become impo
tant to know the fraction of the surface covered by Ag. A
suming that the Ag islands at;8 ML are thick enough over
most of their area to produce bulklike Ag AES signals, th
the measured signal relative to bulk Ag can be used to e
mate the Ag-covered fraction of the surface. Using this
sumption, approximately 70–80 % of the surface is cove
with Ag islands at 8 ML. Above;30 ML we do not detect
any oxygen signal, suggesting that the MgO surface
.90% covered with Ag. The authors of Ref. 34 found th
their bulk MgO~100! surface is;80–90 % covered with Ag
at a coverage of 8–14 ML.34

IV. DISCUSSION

The absolute value of the initial sticking coefficient f
Ag on MgO~100! films at room temperature, as shown

FIG. 3. The normalized intensity of the 356-eV Ag Auger lin
~circles! is shown as a function of the adsorbed Ag amount. T
dashed line describes a simple layer-by-layer growth behavior,
the solid line is the best fit of a model based on a constant num
of Ag particles shaped as hemispherical caps, described in m
detail in the text. The inset shows coverages below 6 ML in m
detail. The flux is;0.01 ML/s ~continuous beam!.
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Fig. 2, is;0.94. In a room-temperature experiment33 of Ag
sticking on a MgO~100! thin film, a lower sticking probabil-
ity ~;0.6! was estimated from XPS. The sticking coefficie
should increase with the number of Ag islands per unit a
present on the surface. The larger the island density,
shorter the time that a transiently adsorbed, isolated Ag a
tom must spend diffusing in between islands before attach
to an island, and therefore the lower the probability of
desorbing rather than permanently sticking. The density
defects often influences the saturation density of metal
lands in vapor deposition.2,56–58The MgO thin films used in
the study in Ref. 33, and in the present study, were prepa
the same way, so we can expect similar defect densities.
incident metal fluxes in the two studies are, however, v
different. The authors of Ref. 33 used a flux of;0.5 Å/min,
while we employed an 80-fold larger flux of;40 Å/min
~during the pulse! in Figs. 1 and 2. It is well known that the
saturation density of islands also depends on the incid
metal flux~the island density is proportional to the flux to th
power of 1/3 under many conditions2,56–58!. Using this rela-
tionship, the Ag island density in our experiment will b
approximately four times larger than in the study by of R
35, and this could very well be the origin of our high
sticking probability.

The measured heat of adsorption in Fig. 1 is initially 1
kJ/mol. It rises steeply up to a coverage of;0.2 ML, as seen
in the inset, and then increases more slowly finally reach
the bulk Ag-Ag interaction energy, the heat of sublimation
285 kJ/mol53 around 8 ML. The initial adsorption sites ar
probably steps and/or defects, which are well known to
hibit stronger bonding to metal atoms and thus act as nu
ation sites.2,41–42,59For example, it has been observed for P
on MgO~100! with transmission electron microscopy3 and
with atomic force microscopy46 that the metal islands pref
erentially nucleate along defects and steps, illustrating
preferred and stronger bonding. The initial population of d
fects followed by mainly terrace sites, by itself, would cau
the adsorption energy to decrease with coverage. This e
is overpowered by the increase in the average Ag-Ag co
dination number with island size, giving rise to the ste
increase in heat with coverage.

To estimate the strength of the initial Ag/MgO interactio
from the calorimetry results, one can employ a simple pa
wise bond additivity approximation. While this model is in
accurate in details, it has been used with great succes
understanding qualitative aspects of many chemical re
tions, and so we use it here as a first-order estimation.
first assume that the Ag islands formed on the init
0.03-ML pulse are predominately 2D, as suggested by A
We further assume that the Ag island density at 0.03 ML
the same as seen for 3D particles at higher coverag
(;2.531016m22), which gives an average island size of 1
atoms. ~After a saturation density is reached at very lo
coverage, island densities often stay relatively constant u
the islands start to coalesce at very high coverage.2,58,59! As-
suming square close packing in a compact 2D island,
average island will then have;20 Ag-Ag nearest-neighbo
bonds. If each of these bonds has the same strength a
bulk Ag, i.e., one-sixth of the silver heat of sublimatio
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(1/63285 kJ/mol547.5 kJ/mol), then the average atom d
posited in the first pulse is stabilized by (20/1
347.5 kJ/mol568 kJ/mol in Ag-Ag bonds alone. The initia
adsorption energy is;176 kJ/mol so the excess amount
stability is due to the Ag-MgO bond to the substrate. Su
tracting the Ag-Ag interactions, one arrives at a value
;110 kJ/mol for the average bond energy between an
atom in this 14-atom 2D island and the MgO~100! substrate.
Using the atomic density of the Ag~100! facet, this corre-
sponds to an adhesion energy between 2D Ag~100! islands
and MgO~100! of ;2.2 J/m2. Since the Ag-Ag bonds in
small particles are expected to be stronger than the co
sponding bulk bonds,67 and since defects probably strength
the Ag-MgO bonds, the estimates found above for the b
energy and adhesion energy must be considered upper li

If one instead assumes that the 14-atom clusters forme
the first pulse make a pyramidal 3D island with nine A
atoms in the first layer, four in the second and one on
~thus forming 36 Ag-Ag nearest-neighbor bonds!, then
Ag-Ag pairwise bonding contributes (36/14)347.5 kJ/mol
5122 kJ/mol to the initial adsorption energy, leaving on
54 kJ/mol for the average Ag-MgO pairwise bond ener
However, since only nine of the Ag atoms have MgO near
neighbors in this geometry, their Ag-MgO bond energies
(14/9)354 kJ/mol584 kJ/mol. This corresponds to an a
hesion energy of 1.7 J/m2 for these tiny 3D clusters to th
MgO~100! surface. Since the pulse flux in Fig. 1 was ac
ally higher than in the AES measurements used to estim
island density, the island density is probably higher and
island size smaller than in the above calculations. Correc
for this would lead to even larger estimates of the Ag-Mg
bond energy and adhesion energy.

Additional insight into the interaction strength of the A
to the MgO substrate can also be gained by determining
adhesion energy of 3D Ag islands. Integrating the calorim
ric heat of adsorption,qcal, reported in Fig. 1 from zero to
multilayer coverages provides a route for estimating this
hesion energy. The principle is based on a simple thermo
namic cycle derived elsewhere.2,22 The enthalpy change o
two different pathways is considered: from an initial state
n moles of gaseous metal atoms and a clean oxide surfac
a final state of an oxide-supported multilayer metal film w
interfacial areaA and surface energyg. The evaluation re-
sults in the following expression for the adhesion energy
the metal-to-oxide interface:

Eadhesion5~11 f !g2S n3DHsub2(
n

qcalD Y A. ~1!

Here f is the roughness factor of the resulting metal-vacu
interface, andDHsub is the heat of sublimation of bulk Ag
~285 kJ/mol!.53 The value of the surface energyg of solid
bulk Ag was taken to be 1.22 J/m2,60 which is in good agree-
ment with theoretical values for the low-index facets@1.30
J/m2,61 1.21–1.26 J/m2,62 and 1.17–1.24 J/m2 ~Ref. 63!#.
~For metals, the surface energy and surface free energy
almost the same at 300 K, since vibrational entropy is sm!
The first term in Eq.~1! relies on information on the growth
morphology via the roughness factorf, and the second term
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is determined by integrating our measured heats of ads
tion from Fig. 1. One should apply Eq.~1! to a large
multilayer Ag coverage for which the morphology is be
known, which is at;6–8 ML where large particles of Ag~as
opposed to a continuous Ag film! are grown. In such cases
the areaA is the total surface area of the Ag particl
MgO~100! interfaces, andf refers to the ratio of the Ag/
vacuum area to the Ag/MgO area. Inspection of Fig. 1 f
thermore gives that the integration has to be performed u
at least;8 ML, where the adsorption energy appears to fi
reach the bulk sublimation energy plateau. Since errors
absolute calibration of the calorimeter amplify in their co
tribution to Eadhesionwhen larger coverages are used than
the apparent achievement of the bulk cohesive energy,
integrate Eq.~1! up to 8 ML only.

The authors of Ref. 34 modeled x-ray scattering data
Ag/MgO~100! with Ag particles shaped as truncated pyr
mids stacked as~100! layers, and found a coverage
independent height-to-width ratio, corresponding to a rou
ness factor of 1.6. Using this value off and their result that
the Ag particles cover 80 to 90 % of the surface at 8 ML, w
calculate an adhesion energy of 0–0.04 J/m2 from Eq. ~1!.
~The range actually extends to20.3 J/m2, but we omit the
negative values since they are physically unreasonable.! As-
suming instead a hemispherical cap shape (f 52.0) which fit
our Auger data at 1 to 6 ML, and our AES result that the A
particles cover;70–80 % of the surface at 8 ML, we find a
adhesion energy of 0–0.2 J/m2. ~Again, the range actually
extends to20.2 J/m2.! It should be emphasized that the
numbers are very sensitive to the parameters used, e.g
using 1.30 J/m2 instead of 1.22 J/m2 for the surface energy o
bulk Ag, the adhesion energies become;0.2 J/m2 larger.
Also, the expected error bars in the heat calibration lead
errors in Eadhesionof 60.3 J/m2. Nevertheless, we can con
clude that the adhesion energy of Ag to MgO is small, w
an absolute value in the range of 0–0.6 J/m2. For compari-
son, we found a value of 2.260.3 J/m2 for Cu/MgO~100!.27

~Note that the absolute error bars are the same, but the
tive error is much less for Cu.! The observed adhesion en
ergy of Ag(0.360.3 J/m2! implies an equilibrium contac
angle uC of ;150°630° according to the Young-Dupr´
equation:1 cosuC 5@(Eadhesiong)21#.

Experimental and theoretical adhesion energies for Ag
MgO~100! were reported previously,30,31,38,64 but with no
general agreement in the value. Trampertet al.30 found 0.45
J/m2 on cleaved MgO surfaces by measuring the cont
angle with transmission electron microscopy. Theoreti
values are in general higher: Scho¨nberger, Andersen, an
Methfessel reported a value of 1.6 J/m2 based on density-
functional theory,31 Smith, Hong, and Srolovitz found value
around 1.0 J/m2,64 and Zhukovskiiet al. reported 0.83 J/m2

using Hartree-Fock calculations.38 Finnes argued in a recen
review on metal-ceramic interfaces that theoretically de
mined adhesion energies are likely to exceed the experim
tal estimates due to misfit dislocations, which reduce
measured adhesion.10 The adhesion of molten Ag on othe
oxide surfaces has also been found from contact angle m
surements, e.g., for Ag/SiO2 ~Ref. 65! and Ag/Al2O3.

48 In
both cases, the adhesion energy was found to be 0.2
0-5
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J/m2. Didier and Jupille previously argued that the adhes
energy changes with the oxide band gap,66 and a comparison
of the adhesion of the same metal to MgO, SiO2, and Al2O3

therefore seems relevant since their band gaps are sim1

Our estimated adhesion energy for Ag on MgO~100! is thus
in good agreement with the adhesion energies of Ag on S2
and Al2O3.

65,48

The observed adhesion energy of 0.360.3 J/m2 for large
3D particles corresponds to a bond energy of Ag
MgO~100! of 15615 kJ/mol@assuming an Ag~100! packing
density#. This is ;7-fold weaker than determined betwee
2D Ag platelets and MgO~100! ~;110 kJ/mol, from above!.
The atoms in 2D Ag islands bond much more strongly to
oxide below than do those in 3D islands. Also, oxide surfa
defects are more commonly sampled at the interface in
2D island measurements~which covered only 3% of the sur
face!. In the case of Cu/MgO~100!, the bond energy was
estimated for 2D islands at a much higher coverage~;30%
of a ML! such that defects should not play such a strong r
Even there, the Cu atoms in 2D Cu islands bond to M
twice as strongly as do Cu atoms in thick, 3D islands, wit
the bond additivity model.

This qualitative difference between metal-oxide inter
cial bonding at 2D versus 3D islands can be underst
within a bond-energy–bond-order conservation pictu
Since the metal atoms in 2D islands are coordinately un
urated, they do not have to use ‘‘bonding facility’’ to intera
with metal atoms in the layer above, and they thus bond w
greater energy to the MgO below. This, of course, is a fail
of bond additivity, which is common in late transition me
als, and gives rise, for example, to stronger metal-metal p
wise interaction energies in particles of a few atoms than
bulk metal.67 Note that in both 2D and 3D islands, Ag bond
more weakly to MgO~100! than does Cu~see Ref. 27!, in
good agreement with theoretical results by Matveevet al.40

Figure 4 summarizes our results within a bond additiv
model. Packing within all Ag layers is assumed here to
~100!-like parallel to the surface, with all Ag-Ag bonds pa
allel to the surface having their bulklike strength~the bond
energy is 47.5 kJ/mol!. The top schematically shows a sma
~;14 atom! 2D Ag island as produced in the first pulse
Fig. 1. The average heat of adsorption,qcal, is shown, as
well as the average bond energy of these Ag atoms to
MgO below. The bottom shows a large 3D Ag island
produced at;8-ML coverage. The Ag atoms at its botto
surface have a much weaker bonding to the MgO be
~;15 kJ/mol!. Ag atoms within the bulk bind to the Ag~100!
layer below with four Ag-Ag bonds, giving a total bond e
ergy of 4347.55190 kJ/mol. The undercoordinated Ag a
oms in the topmost atomic plane of Ag~100! must bind to the
layer below more strongly than in the bulk. That is, if pa
wise bond additivity actually held, the Ag~100! surface en-
ergy would be equal to two Ag-Ag bonds per atom,
347.5 kJ/mol595 kJ/mol51.89 J/m2, not the true value of
1.22 J/m2. Since we assume in this simplified bond additiv
model that the in-plane bonds remain the same in the
most Ag~100! layer, the Ag bond strength to the layer belo
must be increased by 1.89– 1.22 J/m250.67 J/m2, or 34 kJ/
mol, to compensate for this difference. Since there are f
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bonds per atom to the layer below, this only corresponds
an increased bonding of 8.5 kJ/mol per Ag-Ag bond. Wh
the above assumes that all Ag-Ag bonds parallel to the
face have their bulk strength, actually these are expecte
be slightly stronger within the topmost~bottommost! atomic
planes, assuming bond energy-bond-order conserva
since these Ag atoms have no~weaker! bonding partners in
the layer above~below!.

We now have measured heats of adsorption and stick
probabilities of Cu,27 Pb,25 and Ag ~present study! on simi-
larly prepared MgO~100! surfaces. Pb has the smallest initi
adsorption energy of;100 kJ/mol; then follows Ag, with
;176 kJ/mol and finally Cu at;240 kJ/mol. In all three
cases, we have measured an energy difference of;100 kJ/
mol between the initial adsorption energy and the heat
sublimation ~Pb 195 kJ/mol; Ag: 285 kJ/mol; Cu: 33
kJ/mol!.53 The order of the adsorption energies follows t
order of the adsorption probabilities: The initial sticking c
efficient for Pb is;0.7, and it increases only slowly. For A
the initial sticking is only slightly below unity~;0.94!, and
Cu adsorbs with a close to unity probability even during t
very first Cu metal pulses. A more detailed comparison
these measured quantities is given in Refs. 25 and 26 a
with a discussion of the magnitude and origin of the ad

FIG. 4. Heats of adsorption (qcal) and bond energies for Ag
atoms to MgO~100! and Ag~100! planes for tiny 2D clusters and
large 3D Ag particles. Here B. E. refers to the total bond ene
between one Ag atom and all atoms in the layer below it to wh
it bonds. They are calculated assuming Ag~100!-like packing and
pairwise bond additivity, with bulklike in-plane Ag-Ag pairwis
bond energies (5DHsub/6547.5 kJ/mol). For the small 2D islands
the bond energy of a Ag atom to the MgO substrate was found
subtracting the in-plane Ag-Ag bond energy contribution from t
measured initial heat of adsorption of 176 kJ/mol, resulting in 1
kJ/mol. In the case of large 3D islands, a much smaller bond en
of 15615 kJ/mol was found from the measured adhesion ene
(0.360.3 J/m2). For details, see the text.
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sion energies for Ag, Cu, and Pb to MgO~100!, and a com-
parison to various proposed models for the adhesion en
behavior.

V. CONCLUSIONS

In this paper we have investigated the growth mode,
sorption energy, and sticking probability of Ag o
MgO~100!/Mo~100!. From AES, the growth mode is foun
to be as 3D islands above 0.5 ML, in agreement with rec
experimental investigations. Furthermore, it was found t
the Ag atoms interact weakly with MgO~100!, with an initial
adsorption energy of only;176 kJ/mol and a sticking prob
ability of 0.94. The adsorption energy increases with cov
age, and reaches the bulk heat of sublimation of 285 kJ/
ly
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above 8 ML. The weak Ag-MgO interaction is further su
ported by the Ag/MgO~100! adhesion energy of 0.3
60.3 J/m2 estimated from the measured heat of adsorpti
integrated from zero to multilayer coverage. The A
MgO~100! bond energy is estimated to be 110 kJ/mol for A
atoms in small 2D clusters~probably nucleated at defects!,
and 15 kJ/mol for large 3D Ag particles.
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