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Adsorption energetics of Ag on MgQ100)
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This paper reports experimental measurements of the interaction of Ag witid@Qhin 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 adsorptionlig6 kJ/mol, but increases rapidly with
coverage, reaching the bulk silver heat of sublimation of 285 kJ/mol8yML. 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-dimensidB8l) islands from submonolayer coverages. From the
integral heat of adsorption, the adhesion energy of silver to MgO is estimated to t®.8.3/nf. The
Ag-MgO(100 bond energy is estimated to bel10 and~15 kJ/mol within tiny 2D Ag clusters and large 3D
Ag particles, respectively.
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I. INTRODUCTION on oxidized M@100, MgO(100/Mo(100), and disordered
tungsten-oxidé?2"?8have been performed.

Metal-oxide interfaces are used in a number of industri- Oxide-supported Ag catalysts are extensively used for se-
ally important applications, e.g., in oxide-supported metalective oxidation reactions, and there is therefore an interest
catalysts and microelectronics. In catalysis, the choice oin learning more about the interactions of Ag to oxide
metal and oxide support is critical in order to obtain a desiredsupports? In the surface science community, there has been
reactivity and selectivity. This is due in part to the inherenta considerable interest in the Ag-MgO model systént?
reactivity of the two components. Also the metal particle sizeand it was one of the first metal-oxide systems studied by
and shape, which depend on the choice of oxide, can influsurface science techniqu&sThe Ag-MgQ(100) system has
ence the catalytic activity dramatically. One of the param-the appealing properties of having a small lattice mismatch
eters that determine the morphology of the particles is thef 3% (the lattice constant for Ag is 4.09 A, and is 4.21 A for
strength of the interaction of the metal with the oxide sub-MgO), and a cube-on-cube growif:31*3The influence of
strate, which typically has a smaller surface energy than theelaxations in the metal adlayers and in the top oxide layers
metal. If there is a strong interaction energy, the metal tenden the growth is therefore expected to be negligible. This
to wet the substrate surface, and if the interaction energy iagrees well with theoretical findings for the Ag/MDO0
weak, the metal generally forms three-dimensiqal) par-  systemt!
ticles. The latter is often the case for equilibrium structures The behavior of the measured heat of adsorption as a
of late transition metals on typical support oxitieésThe  function of coverage depends on the growth mode. It was
description and understanding of the metal-oxide system ifound by a number of groups that Ag on MgD0 grows as
further complicated by the fact that morphological changes3D islands using various experimental techniques: Trampert
can be induced by the ambient gases; see, e.g., Refs. 4—6.édhal. used TEM to study the Ag-MgQ@00) system at some-
order to obtain a better understanding of these behaviorsyhat elevated temperaturésRobach, Renaud, and Barbier
there has been a number of investigations of model systengerformed grazing incidence x-ray scattering experiments
recently where the reactivity, particle size, and interactionsand analysis of crystal truncation rods at room
of vapor-deposited metals with oxide substrates have beetemperaturé?>®and Schaffner, Patthey, and Schneider used
investigated experimentafly*>’~°and theoretically®~*° x-ray photoelectron spectroscopyXPS) and electron-

In this paper we will focus on the measurement of theenergy-loss spectroscopy to verify the 3D growth, also at
adsorption energy of Ag on Mg@00). The general idea of a room temperaturé® It has, however, been argued by others
direct measurement of heats of adsorption of an adsorbate @hat the growth is 2D at submonolayer coveratfés;**but,

a substrate is not netf,and a recent review of adsorption based on very definitive structural techniques and by reana-
calorimetry methods and results can be found in Ref. 17lyzing previously reported data, it was recently suggested
King and co-workers improved the experimental techniquehat the growth was 3D above 0.2 Mt-*6The islands were

to allow for study on well-defined single-crystal described as truncated pyramids with th€0) facet in con-
surfaces®2! giving important insight into both bonding tact with the substrat®,and a height-to-width ratio of-0.4.
strength and neighbor interactions of small molecules ormrhe adsorption site was identified to be above oxygen in the
single-crystal metal surfaces. In the Campbell group, adsorpMgO substraté**>which is in good agreement with theoret-
tion on both metal and metal-oxide single-crystal surfacescal studies of Ag adsorption on defect free
were investigated, using a calorimeter setup similar to that oMgO(100).3"384%4! Recently, defects on Mg@00) were
King and co-workers, with a different method of heat detec-also investigated in cluster calculations, and it was found that
tion. Studies of Pb adsorption on N0, oxidized a single metal atorfRb, Pd, Ag(Ref. 42 and Cu, Ni, Ag, Pd
Mo(100), and MgQ100/Mo(100),%226 and Cu adsorption (Ref. 41)] binds significantly more strongly there. This is in
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good agreement with experimental evidence of defects actingons from the radiation of the effusive source and from the
as nucleation site®, loss of kinetic energy of the impinging metal atoms to the
Here we report experimental measurements of the adsorpgubstrate. The radiation contribution, determined when
tion energetics of Ag on a MgQO00 film grown on blocking the metal atoms with a Ba®indow, accounts for
Mo(100 using single-crystal adsorption microcalorimetry. ~30% of the total signal in the case of Ag adsorption on
Sticking probabilities for Ag have also been measured. ThégO(100. Taking these additional contributions into ac-
adhesion energy, which is the binding energy per unit area atount, with the addition of the pressure-volume work term
the interface between two condensed phases, has often be@ee Ref. 24 for more details on this procedurecasts the
estimated from the energy required to separate a film from aneasured energies into standard enthalpies of adsorption
substrate. Here it will be estimated based on the measuredith both reactants and products at 300 K. These are the
adsorption energies of Ag films on M@@O. It contains  values actually reported below. This corrected heat of ad-
important information on the strength of the metal-substratesorption measured at high coverage, where the atoms are
interaction, and is often difficult to determine adding to bulklike sites, is thus directly comparable to the
experimentally:~2° Many adhesion energies have beenstandard heat of sublimation of the metal. In order to obtain
found by measuring the contact angle of liquid metal dropghe energy of adsorption on a “per mole adsorbed metal”
on metal oxides and then applying the Young-Duprebasis, it is divided by the amount of adsorbed Ag in each
relation?’~*°*More recently, adhesion energies were reportednetal atom pulse, obtained by correcting the measured Ag
for solid metal particles on ordered oxide surfaces fromflux (using a calibrated quartz crystal microbalanaih the
transmission electron microscopy measurements of the comxperimentally determined sticking probability. The absolute
tact angle, e.g., for Ag particles on MgIDO) substrates®  sticking probability is found as a function of coverage by
and from scanning tunneling microscopy measurements aheasuring the intensity of the reflect@ubnsticking Ag at-
the height-to-width ratio for Pd particles on /&, thin  oms in the QMS n/e=108), and normalizing this to the
films.>° Theoretical calculations of the adhesion energy oftime-integrated signal from total reflection off a hot Ta foil.
metal to oxides were also report¢ske Ref. 10, and refer- This setup also enables the study of lifetimes of metal atoms
ences therein but it is not yet known how accurate the re- on surfaces as a function of temperatthe®
sults are, partially because of a lack of reliable experimental The cleanliness of the m-thick Mo(100) substrate is
data with which to compare. obtained by repeated heatings to high temperature and veri-
fied with AES. The Mg@100) film on Mo(100 is prepared
by dosing high purity (99.9%) Mg in an oxygen atmo-
IIl. EXPERIMENT sphere with subsequent annealing+@50 K, as described

52 - :
The ultrahigh-vacuum chamber used in this study has & Wu and co-w_orkergl, and previously used2£9£7m|cro—
base pressure belowx110°mbar and is equipped with calorimetric studies of Cu and Pb on MUIDO). The
Auger electron spectroscoptES), low-energy electron dif- MgO(100 film is ~4 nm thick as estimated from AES
fraction (LEED), a quadrupole mass spectromet@MVs),  analysis, and the (1) square symmetry pattern is ob-
and a unique setup for measuring heats of adsorption of megerved with LEED of similar quality as in Refs. 51 and 52.
als on thin single-crystal samplés-1 um thick). From a No carbon or metallic Mg is ob_served by AES for the MgO
chopped effusive vapor source, metal atoms can be depositééns. The MgQ100 substrate is kept at room temperature
onto the single crystal surface #1100-ms pulses. See Refs. (300 K) for all adsorption experiments, and heating the sys-

22-24 and 28 for more details on the experimental setup anim after the adsorption experiment removes the Ag and

procedures. leaves the Mg@L00) thin film intact.
For the heat detection, a flexible ribbon of pyroelectric
B-polyvinylidene fluoride(PVDF) is used, with its front and Il. RESULTS

back faces coated with 20—60 nm of NiAl for electrical con-
tacts. The ribbon forms an arc, which is pressed gently up
against the backside of the thin single-crystal sample for de- The heat of adsorption of Ag on Mg@00/Mo(100 is
tection of adsorption heats. The voltage response of thehown in Fig. 1 as a function of the adsorbed Ag coverage in
PVDF ribbon to a heat pulse arising from an adsorbing gasnonolayers where 1 ML is defined as the packing density of
pulse is converted into energy by calibrating the response ta Ag(100) plane in bulk Ag, 1.X 10'°atoms/m. The curve
pulses of known energy from a He-Ne laser. Theis an average of three adsorption calorimetry experiments, all
manufacturer-specified long-term intensity stability of thewith pulses containing-0.03 ML of Ag per pulse(corre-
He-Ne laser used here i51.5%, and it has usually given sponding to a flux 0f-0.6 A/s during each pulse, which lasts
this 22-24 However, during the experiments reported here, itfor 100 ms and repeats every 2.00 Since the fluxes were
had intensity fluctuations-20-fold larger(see below, pos- not exactly the same in these experiments, the signals for
sibly due to turning on a fan nearbyliscovered later to individual pulses were also averaged over a fixed coverage
create problems For this reason, the absolute calibrationsrange, each 0.05 ML. The adsorption energy at the lowest
for three runs were averaged here, and further adjusted bgoverage is~176 kJ/mol, and it increases up to a plateau at
4% to agree with the expected high-coverage result, as d&85 kJ/mol for coverages above 8 ML. Some minor correc-
scribed in more detail below. tions have been made to the measured heats, as discussed
The measured heat signal contains additional contribuabove, to convert to standard heatenthalpies of

A. Adsorption energy and sticking probability
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FIG. 1. The measured heat of adsorption of Ag on NIt at Ag coverage [ML]
room temperature as a function of the amount of Ag adsorbed. The
heat of adsorption for the first 1.4 ML is shown in one inset, and an FIG. 2. The absolute sticking probability of Ag on the
illustration of an impinging metal pulse onto the oxide surface WithMgO(lOO) thin film is shown as a function of the adsorbed Ag
the heat sensitive ribbon in contact with the backside of the samp'@overage. The curve is an average of two experimental data sets.
in anothger inset[The flux is ~0.03 ML/pulse, corresponding t0  The sticking probability was found by measuring the QMS signal
3.6x10" atoms(s f) during 100-ms square-wave pulses with & (1/e—108) of the reflectednonsticking Ag atoms. The experi-
repeat period of 2.00 s. The signal is averaged over 0.05-ML COVinentq) setup is illustrated in the inset. The pulse flux and repetition
erage incrementp. rate are the same as in Fig. 1.

adsorption at 300 K, a”‘?' thu_s enable a direct comparison tg, average of two measurements. Initially, the sticking prob-
the bulk enthalpy of sublimation. Due to temporary problemsabi”ty of Ag on clean MgQ@100) is ~0.94, and it increases

with laser instability during these experimeriee Sec. | \ith ‘increasing silver coverage, reaching 1.00 abova0
our absolute heat calibrations here were not as accurate

usual. The error in the calibration factor in individual runs
was estimated by comparing the heat of adsorption obtained
2t 12 ML to the heat of sublimation of bulk AG85 B. Growth of Ag on MgO (100
kJ/mo),>® which we assumed is the true value at 12 ML. The The growth of Ag on Mg®L00) was investigated with
resulting systematic errors in absolute calibration wereAES. In Fig. 3, the normalized peak-to-peak signal of the
—23%, —20%, and +32% (compared to~2% usually 356-eV Ag AES peak is shown as a function of the adsorbed
obtained?). This calibration error reduced t64% upon av-  Ag coverage, using a continuous Ag beam of the same time-
eraging the three runs. Because of this residud® error, averaged flux afbut much lower peak flux tharthe pulsed-
we scaled the averaged heats by 1.04 in order to force theeam experiments of Figs. 1 and(th Fig. 3, the beam was
adsorption energy at 12 ML to equal silver’'s heat of subli-interrupted during each AES measuremeAfbove 30 ML
mation. When individually normalized, the three curves allof adsorbed Ag, the oxygen signal at 510 eV was attenuated
showed very similar coverage dependences of the h@stts. below our detection limit, and it was therefore reasonable to
any given coverage above 0.1 ML, their average deviatioluse the average of the data points above this high coverage
magnitude from the curve shown was3%, and it averaged as representative of a saturation signal for bulk Ag. The de-
only 0.9% over the full coverage range. Their average deviatection limit was estimated from the signal-to-noise level to
tion magnitude from the average curve shown was largebe ~10% ML. The details of the growth of the first 6 ML are
(~6%) for the pulses in the first 0.1 ML, possibly due to shown in the inset. The dashed line in Fig. 3 shows the
differences in surface defect densities of the starting surexpected AES intensity for a layer-by-layer growth model
faces, and the initial population of defect sijeAs can be for comparison. A mean free path for the Ag Auger electrons
seen, the point-to-point precision of the averaged curve abf 7.1 A was used? Note that by 0.5 ML of Ag adsorbed,
high coveragdwhere the heat is constant enough to estimatehe AES data deviates from the layer-by-layer model and fall
the scatter is excellent(standard deviation<2 kJ/mol, or  significantly below this model, suggesting 3D island growth.
~0.7%. The literature provides experimental evidence for the
In Fig. 1, the adsorbed amount of Ag was obtained bygrowth of Ag on MgQ100 being 3D islands?*and we
scaling the measured incident amount of metal with the cortherefore also compare our data to a growth model assuming
responding sticking probability. This sticking probability is hemispherical shaped particlésolid line).>® The single fit-
reported in Fig. 2 as a function of the adsorbed Ag coveragding parameter in this model is the island density, and the
In the inset, the setup is shown schematically. The data ammodel is only valid before island coalescence begins. The

Ag coverage [ML]
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Fig. 2, is~0.94. In a room-temperature experinénif Ag

————— ¢ — sticking on a Mg@100) thin film, a lower sticking probabil-
= . ity (~0.6) was estimated from XPS. The sticking coefficient
Eﬂ should increase with the number of Ag islands per unit area
o0 present on the surface. The larger the island density, the
: LO L erbva g shorter the time that a transiently adsorbed, isolated Ag ada-
yer-by-layer model . . . . .
§ 0.8 //’ tom must spend diffusing in between islands before attaching
= 0.6 /s q to an island, and therefore the lower the probability of it
,E ) 7 . desorbing rather than permanently sticking. The density of
s 0.4 //' defects often influences the saturation density of metal is-
E 0.2 Hemispherical cap lands in vapor depositioh>®=*8The MgO thin films used in
z 0.0 the study in Ref. 33, and in the present study, were prepared
001 23 4 5 6 the same way, so we can expect similar defect densities. The
- . : incident metal fluxes in the two studies are, however, very
20 30 40 50 different. The authors of Ref. 33 used a flux-00.5 A/min,
while we employed an 80-fold larger flux of40 A/min
Ag coverage [ML] (during the pulsgin Figs. 1 and 2. It is well known that the

saturation density of islands also depends on the incident

FIG. 3. The normalized intensity of the 356-eV Ag Auger line . L !
(circled is shown as a function of the adsorbed Ag amount. Themetal flux(the island density is proportional to the flux to the

dashed line describes a simple layer-by-layer growth behavior, anBower. of 1/3 undgr many COI"!dItI.O%gﬁ 5{3' USIn.g this re-la-
the solid line is the best fit of a model based on a constant numbetllonSh'p’ the Ag |slgnd density in Ol,” experiment will be
of Ag particles shaped as hemispherical caps, described in mor@pproxmatgly four times larger than in the_ study by O_f Ref.
detail in the text. The inset shows coverages below 6 ML in more32: @nd this could very well be the origin of our higher
detail. The flux is~0.01 ML/s (continuous beajn sticking probability.

The measured heat of adsorption in Fig. 1 is initially 176
best fit to the data below 6 ML gives a hemispherical island<J/mol. It rises steeply up to a coverage-e@.2 ML, as seen
density of 2.5¢10'® m™2, and the mean radius of the par- in the inset, and then increases more slowly finally reaching
ticles increases up to 32 A at 6 ML. Itis clear in the inset thatthe bulk Ag-Ag interaction energy, the heat of sublimation of
the hemispherical model is far superior to the layer-by-layeR85 kJ/mot® around 8 ML. The initial adsorption sites are
model above 0.5 ML. At coverages below0.3 ML, how- probably steps and/or defects, which are well known to ex-
ever, the layer-by-layer growth model describes the datglipit stronger bonding to metal gtoms and thus act as nucle-
slightly better, suggesting the growth of mainly 2D islandsation sites:*1~****For example, it has been observed for Pd
below ~0.3 ML. The simple hemispherical model fit below o MgO(100) with transmission electron microscopgnd
6 ML does not allow for a variation in the island density with With atomic force microscogy that the metal islands pref-
coverage. One could argue that it would be necessary tgrentially nucleate along defects and steps, illustrating the
include such a variation if a description of the growth in thepreferred and stronger bonding. The initial population of de-
entire coverage interval is required. Such an analysis wakects followed by mainly terrace sites, by itself, would cause
performed by Renaud and co-workers for the Ag/My@D)  the adsorption energy to decrease with coverage. This effect
systent*~3¢ and, indeed, a decrease in island density fromiS overpowered by the increase in the average Ag-Ag coor-
~3x10**m=2 at the lowest coverages, to below 0.5 dination number with island size, giving rise to the steep
X 10'® m~2 above 12 ML, was found. It is, however, beyond increase in heat with coverage. _ _
the scope of this paper to go into such a detailed growth TO estimate the strength of the initial Ag/MgO interaction
analysis of our data. In the following it will become impor- from the calorimetry results, one can employ a simple pair-
tant to know the fraction of the surface covered by Ag. As-Wise bond additivity approximation. While this model is in-
suming that the Ag islands at8 ML are thick enough over accurate in detalls,_lt _has been used with great success in
most of their area to produce bulklike Ag AES signals, thenunderstanding qualitative aspects of many chemical reac-
the measured signal relative to bulk Ag can be used to estfions, and so we use it here as a first-order estimation. We
mate the Ag-covered fraction of the surface. Using this asfirst assume that the Ag islands formed on the initial
sumption, approximately 70—80 % of the surface is covere@-03-ML pulse are predominately 2D, as suggested by AES.
with Ag islands at 8 ML. Above~30 ML we do not detect We further assume that the Ag island density at 0.03 ML is
any oxygen signal, suggesting that the MgO surface idhe same as seen for 3D particles at higher coverages
>90% covered with Ag. The authors of Ref. 34 found that(~2.5X 10*m~?), which gives an average island size of 14

their bulk MgQ(100) surface is~80—90 % covered with Ag atoms. (After a saturation density is reached at very low
at a coverage of 8—14 M#* coverage, island densities often stay relatively constant until

the islands start to coalesce at very high covefajg) As-
suming square close packing in a compact 2D island, the
average island will then have20 Ag-Ag nearest-neighbor
The absolute value of the initial sticking coefficient for bonds. If each of these bonds has the same strength as in
Ag on MgQ(100 films at room temperature, as shown in bulk Ag, i.e., one-sixth of the silver heat of sublimation

IV. DISCUSSION
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(1/6% 285 kJ/mok=47.5 kd/mol), then the average atom de-is determined by integrating our measured heats of adsorp-
posited in the first pulse is stabilized by (20/14) tion from Fig. 1. One should apply Edl) to a large

X 47.5 kd/mok 68 kd/mol in Ag-Ag bonds alone. The initial multilayer Ag coverage for which the morphology is best
adsorption energy is-176 kJ/mol so the excess amount of known, which is at~-6—8 ML where large particles of A@s
stability is due to the Ag-MgO bond to the substrate. Sub-opposed to a continuous Ag fi)nare grown. In such cases,
tracting the Ag-Ag interactions, one arrives at a value ofthe areaA is the total surface area of the Ag particle/
~110 kJ/mol for the average bond energy between an A@g1gO(100 interfaces, and refers to the ratio of the Ag/
atom in this 14-atom 2D island and the MGDO) substrate. vacuum area to the Ag/MgO area. Inspection of Fig. 1 fur-
Using the atomic density of the ABOO facet, this corre- thermore gives that the integration has to be performed up to
sponds to an adhesion energy between 20180 islands at least~8 ML, where the adsorption energy appears to first
and MgQ100 of ~2.2 J/nt. Since the Ag-Ag bonds in reach the bulk sublimation energy plateau. Since errors in
small particles are expected to be stronger than the correxbsolute calibration of the calorimeter amplify in their con-
sponding bulk bond&’ and since defects probably strengthentribution to E gnesiosWhen larger coverages are used than at
the Ag-MgO bonds, the estimates found above for the bonthe apparent achievement of the bulk cohesive energy, we
energy and adhesion energy must be considered upper limitéitegrate Eq(1) up to 8 ML only.

If one instead assumes that the 14-atom clusters formed in The authors of Ref. 34 modeled x-ray scattering data of
the first pulse make a pyramidal 3D island with nine AgAg/MgO(100 with Ag particles shaped as truncated pyra-
atoms in the first layer, four in the second and one on topnids stacked as(100) layers, and found a coverage-
(thus forming 36 Ag-Ag nearest-neighbor bopdshen  independent height-to-width ratio, corresponding to a rough-
Ag-Ag pairwise bonding contributes (36/24%7.5kJ/mol  ness factor of 1.6. Using this value band their result that
=122 kJ/mol to the initial adsorption energy, leaving only the Ag particles cover 80 to 90 % of the surface at 8 ML, we
54 kJ/mol for the average Ag-MgO pairwise bond energy.calculate an adhesion energy of 0—0.042)from Eq. (1).
However, since only nine of the Ag atoms have MgO nearestThe range actually extends t00.3 J/nf, but we omit the
neighbors in this geometry, their Ag-MgO bond energies armegative values since they are physically unreasonahte.
(14/9)x 54 kJ/mok84 kJ/mol. This corresponds to an ad- suming instead a hemispherical cap shafpe Z.0) which fit
hesion energy of 1.7 Jfrfor these tiny 3D clusters to the our Auger data at 1 to 6 ML, and our AES result that the Ag
MgO(100 surface. Since the pulse flux in Fig. 1 was actu-particles cover-70—80 % of the surface at 8 ML, we find an
ally higher than in the AES measurements used to estimatadhesion energy of 0-0.2 Jn{Again, the range actually
island density, the island density is probably higher and thextends to—0.2 J/nf.) It should be emphasized that these
island size smaller than in the above calculations. Correctingumbers are very sensitive to the parameters used, e.g., by
for this would lead to even larger estimates of the Ag-MgOusing 1.30 J/rhinstead of 1.22 J/Afor the surface energy of
bond energy and adhesion energy. bulk Ag, the adhesion energies becom®.2 J/nf larger.

Additional insight into the interaction strength of the Ag Also, the expected error bars in the heat calibration lead to
to the MgO substrate can also be gained by determining therrors in E ygnesionOf +0.3 J/nf. Nevertheless, we can con-
adhesion energy of 3D Ag islands. Integrating the calorimetelude that the adhesion energy of Ag to MgO is small, with
ric heat of adsorptiong.,, reported in Fig. 1 from zero to an absolute value in the range of 0—0.6 2/for compari-
multilayer coverages provides a route for estimating this adson, we found a value of 2#20.3 J/nf for Cu/MgQ(100).2”
hesion energy. The principle is based on a simple thermodyNote that the absolute error bars are the same, but the rela-
namic cycle derived elsewheté? The enthalpy change of tive error is much less for CuThe observed adhesion en-
two different pathways is considered: from an initial state ofergy of Ag(0.3-0.3 J/nf) implies an equilibrium contact
n moles of gaseous metal atoms and a clean oxide surface, émgle 6. of ~150°+30° according to the Young-Dupre
a final state of an oxide-supported multilayer metal film with equation® cosfc =[(Eagnesior) — 1]

interfacial areaA and surface energy. The evaluation re- Experimental and theoretical adhesion energies for Ag on
sults in the following expression for the adhesion energy oiMgO(100 were reported previousff:**3864put with no
the metal-to-oxide interface: general agreement in the value. Tramptral > found 0.45

JIn? on cleaved MgO surfaces by measuring the contact
angle with transmission electron microscopy. Theoretical
Eadhesio= (1+1)y= nXAHSUb_; qca') / A Jalues are in general higher: Scterger, Andersen, and

Methfessel reported a value of 1.6 3/ased on density-
Heref is the roughness factor of the resulting metal-vacuunfunctional theory’* Smith, Hong, and Srolovitz found values
interface, andAH g, is the heat of sublimation of bulk Ag around 1.0 J/m°* and Zhukovskiiet al. reported 0.83 J/f
(285 kJ/mo).>® The value of the surface energyof solid  using Hartree-Fock calculatiod® Finnes argued in a recent
bulk Ag was taken to be 1.22 JAf which is in good agree- review on metal-ceramic interfaces that theoretically deter-
ment with theoretical values for the low-index fac€ts30  mined adhesion energies are likely to exceed the experimen-
JImt®t 1.21-1.26 J/M® and 1.17-1.24 J/t(Ref. 63].  tal estimates due to misfit dislocations, which reduce the
(For metals, the surface energy and surface free energy ameasured adhesidfl. The adhesion of molten Ag on other
almost the same at 300 K, since vibrational entropy is sjnall.oxide surfaces has also been found from contact angle mea-
The first term in Eq(1) relies on information on the growth surements, e.g., for Ag/SiQRef. 65 and Ag/ALO;.*8 In
morphology via the roughness factiprand the second term both cases, the adhesion energy was found to be 0.2-0.3
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J/nt. Didier and Jupille previously argued that the adhesion Small 2D Ag islands:
energy changes with the oxide band §&pnd a comparison e =176+ 3 kI/mol Ag-MgO(100) B. E.
=110+ 3 kJ/mol

5 S LA

bulk Ag-Ag(100) B. E.
= 4x 47.5 kJ/mol = 190 kI/mol

of the adhesion of the same metal to MgO, gi@nd ALO;
therefore seems relevant since their band gaps are similar
Our estimated adhesion energy for Ag on M@Q0) is thus
in good agreement with the adhesion energies of Ag on SiO
and ALO,. 5548
The observed adhesion energy of 8@3 J/nt for large

3D particles corresponds to a bond energy of Ag to .
MgO(100) of 15+ 15 kJ/mol[assuming an AQ.00) packing  L:arge fD Ag 1513(‘;‘0(:)5; .
density]. This is ~7-fold weaker than determined between Top Layer Ag-Ag(100) B. E.
2D Ag platelets and Mg@00 (~110 kJ/mol, from above =2854k’;/:;+34 K sl
The atoms in 2D Ag islands bond much more strongly to the %~ Z¢ <70, 1/ =
oxide below than do those in 3D islands. Also, oxide surface A ; Ao MeO(100) B. E
defects are more commonly sampled at the interface in the X ] =%_30gkj(/m01) o
2D island measurementwhich covered only 3% of the sur- (
face. In the case of Cu/MgQ00), the bond energy was
estimated for 2D islands at a much higher coverag80% -
of a ML) such that defects should not play such a strong role. MgO(l)
Even there, the Cu atoms in 2D Cu islands bond to MgO
twice as stroqgly as do Cu atoms in thick, 3D islands, within ' £ 4. Heats of adsorptiong(,) and bond energies for Ag
the bond additivity model. S atoms to Mg@100) and Ag100) planes for tiny 2D clusters and

~ This qualitative difference between metal-oxide interfa-jaige 3p Ag particles. Here B. E. refers to the total bond energy
cial bonding at 2D versus 3D islands can be understoo@letween one Ag atom and all atoms in the layer below it to which
within a bond-energy—bond-order conservation pictureit ponds. They are calculated assuming(2@)-like packing and
Since the metal atoms in 2D islands are coordinately unsapairwise bond additivity, with bulklike in-plane Ag-Ag pairwise
urated, they do not have to use “bonding facility” to interact bond energies£ AH,J6=47.5 kJ/mol). For the small 2D islands,
with metal atoms in the layer above, and they thus bond withhe bond energy of a Ag atom to the MgO substrate was found by
greater energy to the MgO below. This, of course, is a failuresubtracting the in-plane Ag-Ag bond energy contribution from the
of bond additivity, which is common in late transition met- measured initial heat of adsorption of 176 kJ/mol, resulting in 110
als, and gives rise, for example, to stronger metal-metal paikJ/mol. In the case of large 3D islands, a much smaller bond energy
wise interaction energies in particles of a few atoms than irpf 15+ 15kJ/mol was found from the measured adhesion energy
bulk metal®” Note that in both 2D and 3D islands, Ag bonds (0-3+0.3 J/n). For details, see the text.
more weakly to Mg@100 than does Cusee Ref. 2Y, in
good agreement with theoretical results by Matveeal™  ponds per atom to the layer below, this only corresponds to

Figure 4 summarizes our results V_V'th'” a bond additivity a jncreased bonding of 8.5 kJ/mol per Ag-Ag bond. While

model. Packing within all Ag layers is assumed here t0 bgne apove assumes that all Ag-Ag bonds parallel to the sur-
(100-like parallel to the surface, with all Ag-Ag bonds par- 5.6 have their bulk strength, actually these are expected to
allel to .the surface having their bquhkg strengthe bond be slightly stronger within the topmo#&bottommosk atomic
energy Is 47.5 kJ/m_anl The top schematu_:ally sh_ows a small planes, assuming bond energy-bond-order conservation,
(~14 atom 2D Ag island as produced in the first pulse of . . .

. ) . since these Ag atoms have feeakej bonding partners in
Fig. 1. The average heat of adsorptiap,, is shown, as | bovébelow)
well as the average bond energy of these Ag atoms to thg1e ayer a ) . _
MgO below. The bottom shows a large 3D Ag island as We now have mﬁasgged heats of adsorption and' st'|ck|ng
produced at-8-ML coverage. The Ag atoms at its bottom probabilities of Cu,’ Pb?® and Ag (present studyon simi--
surface have a much weaker bonding to the MgO belowd"y prepared Mg@L00 surfaces. Pb has the smallest njltlal
(~15 kJ/mo). Ag atoms within the bulk bind to the A00) adsorption energy QfVlOO kJ/mol; then follows Ag, with
layer below with four Ag-Ag bonds, giving a total bond en- ~176 kJ/mol and finally Cu at-240 kJ/_moI. In all three
ergy of 4x 47.5=190 kJ/mol. The undercoordinated Ag at- cases, we have measured an energy differenceldfo kJ/
oms in the topmost atomic plane of A0 must bind to the Mol between the initial adsorption energy and the heat of
layer below more strongly than in the bulk. That is, if pair- sublimation (Pb 195 kJ/mol; Ag: 285 kJ/mol; Cu: 337
wise bond additivity actually held, the ALO0) surface en- kJ/mo).>® The order of the adsorption energies follows the
ergy would be equal to two Ag-Ag bonds per atom, 2 order of the adsorption probabilities: The initial sticking co-
X 47.5 kJ/motk 95 kJ/mok=1.89 J/mi, not the true value of efficient for Pb is~0.7, and it increases only slowly. For Ag
1.22 J/n. Since we assume in this simplified bond additivity the initial sticking is only slightly below unity~0.94), and
model that the in-plane bonds remain the same in the topEu adsorbs with a close to unity probability even during the
most Ag100) layer, the Ag bond strength to the layer below very first Cu metal pulses. A more detailed comparison of
must be increased by 1.89-1.22 3#10.67 J/m, or 34 kJ/  these measured quantities is given in Refs. 25 and 26 along
mol, to compensate for this difference. Since there are fouwith a discussion of the magnitude and origin of the adhe-
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sion energies for Ag, Cu, and Pb to M@D0, and a com- above 8 ML. The weak Ag-MgO interaction is further sup-
parison to various proposed models for the adhesion energyrted by the Ag/Mg@L00) adhesion energy of 0.3
behavior. +0.3J/n? estimated from the measured heat of adsorption,
integrated from zero to multilayer coverage. The Ag-
MgO(100 bond energy is estimated to be 110 kJ/mol for Ag

, , ) atoms in small 2D cluster@robably nucleated at defegts
In this paper we have investigated the growth mode, adynq 15 k3/mol for large 3D Ag particles.

sorption energy, and sticking probability of Ag on
MgO(100/Mo(100). From AES, the growth mode is found
to be as 3D islands above 0.5 ML, in agreement with recent
experimental investigations. Furthermore, it was found that The National Science Foundation and the University of
the Ag atoms interact weakly with Mg@00), with an initial ~ Washington Center for Nanotechnology are acknowledged
adsorption energy of only-176 kJ/mol and a sticking prob- for financial support, and Jacques Chevallier at University of
ability of 0.94. The adsorption energy increases with coverAarhus, Denmark, is very sincerely thanked for supplying
age, and reaches the bulk heat of sublimation of 285 kJ/mahe high-quality single crystals used in this study.
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