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We show that room temperature growth and alloying of Mn orf1B@ undergoes a two- to three-
dimensional transition. We have correlated the mesoscopic and atomic-scale structures seen in scanning tun-
neling microscopy to core-level photoemission and Fourier-transform infrared spectroscopy measurements
which use CO adsorption as a probe of the surface chemical stoichiometry. In this way we have derived a
detailed description of the structure and chemistry of the surface as a function of the Mn coverage. At low
coverages, islands of @(2x2) Mn-Pd surface alloy grow on unreconstructes 1 Pd100 terraces. An
epitaxialc(2X 2) reconstruction which covers the whole surface uniformly is only found for the rather narrow
coverage range between approximately 0.7 and 1 ML. Above 1 ML, we observe large, three dimensional
Pd-Mn alloy islands situated on&2x2) wetting layer. The top surfaces of these islands have regions of
c(2x2) and (2x1) symmetry, with the (X 1) areas terminated by pure Mn.
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I. INTRODUCTION Growth of Mn on Pd100) is particularly interesting be-
cause of the small misfit between the spacing of the square
Growth and alloying of manganese on various substratesurface lattice of PA00) (a=2.75A) and the cubic lattice
offers the possibility to design materials with interestingparameter of puresMn at RT as obtained from band-
magnetic and electronic properties. Pure Mn is known tcstructure calculationsag=2.78 A) X6 The PdMn bulk alloy
exist in four phases with different magnetic properties, andvas the subject of a number of investigations, including
epitaxial growth of Mn on suitable substrates has proven tatudies of its magnetic properties and the solubility of hydro-
be a fruitful way of stabilizing particular phast€' Alloying  gen in the alloy matrix”*® This alloy has a structure in
Mn with other metals yielded compounds with interestingwhich layers similar to pure RH00) alternate with Pd-Mn
magnetoelectronic propertiés;® and its behavior as a het- checkerboard layers. Pd-Mn is also of general interest be-
erogeneous catalyst may also be influenced, since Mn atontause of its catalytic activity: for example, the reduction of
can improve the surface reactivity or the selectivity towardsCO by NO occurs to a much greater extent on Pd-Mn par-
particular surface reactions, e.g., see, Refs. 9—11. ticles supported on Sighan on clean P&¥2°The reason for
A system that attracted considerable interest over the laghis is probably an enhanced likelihood of NO dissociation
few years is Mn deposited dd00) surfaces of late transition caused by the presence of surface Mn.
metals. One reason for this is that an atomically ordered Two previous papers dealing with the growth of Mn on
surface alloy is often formed. Pd100 used LEED intensity analysis to derive structural
Half a monolayer of Mn deposited above 270 K oninformation®® During the initial stages of room-temperature
Cu(100 and N{100 surfaces produces an overlayer with agrowth, a weakc(2x2) LEED pattern was observed be-
c(2x2) structuré*?>* Low-energy electron-diffraction tween estimated Mn coverages of 1.5-6 ML, with the best
(LEED) intensity curves, Auger electron spectroscOpiS) pattern at about 2 ML. Brief anneals of these films to about
and scanning tunneling microscogTM) measurements 570 K improved the LEED pattern significantly. Based on
suggest that the topmost layer is an alloy in which equathe LEED spectra it was proposed that the as-deposited sur-
amounts of Mn and substrate atoms form a checkerboarfhce consists of a strongly buckled Pd-Mn surface layer with
pattern. Calculations indicate that the surface alloy is maga Mn sublayer above a Pd sublayer, with this relation becom-
netically stabilized. Furthermore, on NiL0OO) and C{100)  ing reversed upon annealing. Calculations of LEED intensi-
surfaces, it is possible to prepare several other ordered epies based on the bulk Bdn structure produced a moderate
taxial alloys of varying thicknesses depending on the Mrfit to the data from the annealed surface. The termination of
coverage and temperature!® However, annealing of thick the surface alloy was suggested to be a flat checkerboard
Mn films (4—-6 ML) to 500-600 K again results in @2  layer. Depositions of larger amounts of Mn above 6 ML
X 2) structure, which is assumed to be epitaxial. resulted in a X1 LEED pattern, but annealing produced a
Deposition of 0.5-ML Mn on A¢L00 also yields ac(2  weak c(2x2) pattern, and Auger electron spectroscopy
X 2) LEED pattern, but, interestingly, this system is found toshowed that considerable Pd enrichment of the surface had
be unstable at room temperatuiRT): after deposition, the occurred.
c(2x2) islands are progressively replaced by two- There are also a few recent studies of the adsorption prop-
dimensional(2D) Ag(1x1) islands'® However, increasing erties of the PALO0-Mn-c(2X 2) surface alloy. The adsorp-
the Mn content stabilizes the2X 2) structure considerably. tion of CO and GH, on a clean and O-precovered alloy
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surface was investigated using high-resolution electron- The FTIR experiments were performed in an UHV cham-
energy-loss spectroscopiREELS.?2?? Also, in a very re-  ber (base pressure>?10~'*torr) connected to a Npurged

cent paper, we presented an extensive photoelectron spd8ruker Vector 22 Fourier-transform infrared spectrometer.
troscopy (PES study of the adsorption of small molecules The spectra were recorded with 2-chresolution below 100
(CO, CO, NO, and Q) on the Pd100-Mn-c(2x2) sur- K. The background was recorded after a 600-K flash. The
face, including fundamental adsorption properties, coadsorgzhamber was also equipped with a cylindrical mirror ana-
tion, and surface reactioR$ There are also theoretical stud- lyzer for Auger electron spectroscopy, and a bare quadrupole
ies of the adsorption of CO and NO on tfE00) surface of mass-spectrometer for temperature-programmed desorption
the PdMn alloy 2+ measurements.

It has become apparent that in the characterization of the The Pd crystal was cleaned by sputtering with 2.5-kV
Pd-Mn bimetallic system, the most important task is to de-Ar+ ions at 900 K, followed by a 1-min anneal at 1150 K. In
termine the Mn growth mechanism and the structure of theaddition, several oxygen treatments were used to remove re-
resulting surface and interface. In this paper, we address thedual carbon. During these, the oxygen pressure was kept at
fundamental growth and alloying behavior of Mn on(BaD) 2% 10 ®mBar while the temperature was cycled between
using STM, core level PES, and Fourier transform infraredd00 and 900 K. After oxygen treatments the crystal was
(FTIR) spectroscopy. We find clear evidence for a 2D-3Dflashed to 1100 K. Surface cleanliness was checked by PES,
transition during the growth of the surface alloy, i.e., theAES, and/or STM depending on the experimental system
growth is initially two dimensional but becomes three di- used.
mensional at a certain coverage. This is in stark contrast to Mn was evaporated using a metal flalgoodfellow, pu-
the pure 2D alloy growth suggested for Mn on(NiO), rity 99.98+%) placed inside a resistively heated tungsten
Cu(100), and Ag100).'>**15We also present information coil. The sample was always held at RT during deposition.
about how the atomic structure of the surface varies as €overage calibration of Mn was first carried out with a
function of Mn coverage, and show that it is possible toquartz microbalance in order to obtain photoemission and
prepare surfaces with various compositions. A 862<2)  Auger reference spectra. The evaporation (ateically 0.1—
alloy covering the whole surface is found only for a rather0.2 ML/min) could then the accurately monitored by the
narrow coverage range of approximately 0.7—1 ML. Above 1IMn 2p PES intensity or by the Mn/Pd Auger ratio. During
ML, we observe large 3D alloy islands situated orc(@ evaporation the pressure was kept below1D ® mBar. The
X2) wetting layer, clearly demonstrating that mesoscopidn coverage is given in terms of monolayers, where 1 ML
effects must be considered in the initial stages of alloyequals the number of Pd atoms in one atomic layer of
growth. Pd100. In order to form the well-ordered(2x2) alloy,
the as-deposited surface was annealed to 570 K for 3 min,
following a scheme given previousfy??

Il. EXPERIMENTAL DETAILS

The core-level photoemission data were recorded at Ill. RESULTS
beamline 1311 and beamline 2ZBL22) at the Swedish na-
tional synchrotron light facility, MAX-lab. 1311 is a new
undulator-based beamline for studies in the vacuum ultravio- Figure 1 shows STM pictures for coverages of 081
let and with soft x rays, while BL22 is bending magnetand 0.70.1 ML of Mn on Pd100) both before and after
beamline optimized for measurements in the soft-x-rayannealing to 570 K. At 0.3 ML the LEED pattern is a fuzzy
region?® The endstations at both beamlines have two sepae(2x2) which improves after annealing. The STM images
rate chambers for measurements and sample preparation.ghow that at this coverage Mn creates 2D islands on the
large hemispherical electron energy analyzer of the Scientrd100) terraces. Annealing results in a more well-ordered
type is used to record the photoelectron spectra. The totakurface containing fewer, larger islands, and on which steps
energy resolution for C 4 spectra, measured at a photon and island edges more closely follow the high-symmetry di-
energy of 400 eV, is 140-280 meV at 1311 and 500 meV atections of the surface. The apparent height of the steps and

A. Establishing the growth mode

BL22. Mn2p spectra were measured av=750eV. All  islands varies from 1.8 to 2.3 A, which should be compared
spectra were obtained at normal emission, and all bindingto the constant step height of 2.0 A found for cleari1®d),
energy values are relative to the Fermi edge. and the value of 1.95 A expected from the known structure

The STM data were obtained with a commercial UHV of the Pd lattice. The dominant step orientation is along
microscopé&’ Sample cleaning and Mn deposition was car-(001)-type directions, although some steps and islands edges
ried out in one chamber, and surface characterization byglso follow(011) directions. The diagonal rows of Mn atoms
AES, LEED, and STM was performed in a separate chambein the proposed:(2x2) surface alloy are also parallel to
in which the base pressure is always below 5(011) directions, which suggests that some areas of ordered
X 10 *'mBar. STM tips were made from electrochemically alloy are present at this Mn coverage, as is confirmed by the
etched tungsten wire, cleaned in vacuum by Aputtering  adsorption behavior of CGsee below. The variation in step
and radiative heating. The condition of the tip was monitorecheight can therefore be explained as being due to variations
by imaging S{111) and S{001) samples. The images pre- in the local structures on the upper and lower terraces. A
sented here are unprocessed, except that a best-fit plane lgailed atomic-resolution STM investigation of this surface
been subtracted from the data. observed this local structure, and will be presented
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FIG. 1. STM constant-current topographs of annealed and unan-
nealed Mn-P@L00) surfaces taken at Mn coverages of 8@1 and
0.7£0.1ML. (@ 0.3 ML of Mn, unannealed(image width
=600A, Vsample 0.1 V, ltig=0.1nA). (b) 0.3 ML of Mn an-
nealed to 570 K(600 A, —1.0 V, 0.01 nA. (c) 0.7 ML of Mn,
unannealed400 A, 1.0 V, 0.01 nA. (d) 0.7 ML of Mn annealed to
570 K (600 A, 0.005 V, 1.0 nA

elsewheré?® however, it is worth noting here that on all these
surfaces atomic resolution was only obtained with STM after
annealing, despite the fact that LEED showed(2X%2)
LEED pattern on the as-deposited surface. This suggests that
when the STM reveals atomic detalil it is imaging a surface
state which can only be observed when there is a higher
degree of surface order than the minimum needed to create a
LEED pattern.

At 0.7 ML the islands coalesce, and upon annealing form
well-ordered flat terraces with rectangular monolayer pits. At
this coverage LEED shows a clea(2x 2) pattern after Mn
deposition, which further improves upon annealing. The ap-
parent height of both the steps and the monolayer pit edges is FIG. 2. STM topographs for 1:50.1 ML of Mn on Pd100). (&)
2.0+0.1A, and the orientation of both sorts of structure isAS deposited at room temperatuf000 A, 1.5V, 0.01 nA (b)
now almost exclusively alon¢d11) directions. The unifor- After annealing to 570 K4000 A, —3.0 V, 0.01 nA.
mity of the surface structures, the appearance of a single step
height that matches the monolayer spacing of bulk Pd, antify chemical species. Also, our atomic-scale images from
the fact that monolayer pits are often seen to merge witithese surfaces always contain “jumps” caused by atomic-
steps on the downhill side of a terrace but never on the uphilscale changes in the tip structure. However, such jumps can-
side all indicate that at this coverage the surface consists of ot alter the surface’s observed periodicity and orientation,
single reconstruction. so we can determine the local symmetry of the surface, even

Doubling the Mn content has a dramatic effect on theif the detailed atomic arrangements are unclear from the
surface topography. Figure 2 shows STM topographs for &TM data alone. Figure 3 shows atomic-scale images from
coverage of 1.50.1 ML before and after annealing. The the wetting layer surrounding the islands and from the flat
unannealed 1.5-ML Mn surface is filled with large islands,top on one of the large islands. The wetting layer has a
several atomic layers high, which run over and across (2.0niform c(2X2) symmetry, interrupted only by steps and
+0.1)-A-high steps that separate otherwise flat terraceqoint defects. Patches af(2x2) symmetry are also ob-
Upon annealing these islands grow and coalesce, in the préerved on top of the islands, but they are intermixed with
cess becoming less dendritic and better oriented a(6@g  areas of X1 symmetry. All these spacings and orientations
and(011 directions. were calibrated against low-drift images of the clean 1

Determining the surface structure from the STM images isXx 1 Pd100) surface, as well as test samples of13i) and
made difficult by the fact that the STM cannot directly iden- Si(100).
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levels off before it starts to increase slowly in a somewhat
complicated manner. The AES uptake curve shows very
similar behavior, and both are consistent with the Stranski-
Krastanov growth mode.

The complicated growth behavior justifies a brief com-
ment about coverage calibrations. In the first LEED and
EELS studie$;® AES data interpreted in terms of a layer-by-
layer growth were used to determine the Mn coverage. The
bestc(2x2) LEED pattern was thus reported to occur at a
coverage of 2 ML. In our own first PES study of this
systemt® we measured a Mn |2 growth curve, and inter-
preted the kink as due to completion of the first Mn layer.
The “c(2X2)” alloy was then prepared using twice the
deposition time, in accordance with the previously published
results>®2122 However, our present STM/LEED results
show that the 0.7-ML coverage gives the best epitax{al
X 2) surface prior to annealing, and a very well-defined uni-
form c(2X 2) surface after annealing. Tlg¢2x<2) pattern
at higher coverages is produced from an inhomogeneous sur-
face containing large 3D islands. We have recalibrated our
old data, and found that the coverages do lie between 1.5 and
2.0 ML, i.e., in the 3D island growth regime. We conclude
FIG. 3. Atomic resolution STM images of the annealed 1 5-m that the earlier LEED/EELS studies are either based on erro-

Mn surface shown in Fig.(®). (a) Thec(2X2) wetting layer(300 neous coverage calibrations or, like our_ an study, havga
A, 0.005 V, 3.0 nA. (b) On top of one of the large islands, where measured data for alloy surfaces containing 3D Stranski-

patches ofc(2x2) and (1x1) symmetry coexist Xx300A, Krastanov isla.nds.
0.005 V, 3.0 nA. To summarize, STM, LEED, and AES data show that Mn
grows on P@L00 according to the so-called Stranski-

Before annealing, the islands cover about 50% of the totaKrastanov. mode. Initially, the overlayer grows layer by
surface area, but afterward this figure decreases to arourd@yer, but at a coverage around 1 ML the overlayer collapses
30%. On the other hand, the average height of the island&to 3D alloy islands surrounded byc42x 2) wetting layer.
increases with annealing, such that their apparent volume
remains approximately constant. If we assume that the is- B. Adsorption of CO
lands are pure, bulk Mn, this volume corresponds to 2.0
+0.1 ML of Mn atoms. However, th&(2X2) symmetry
observed on the wetting layer indicates that it must contain Additional information about the surface composition at
some of the deposited Mn. If we assume that the wettinglifferent Mn coverages can be obtained by using the adsorp-
layer has the proposed checkerboard pattern, the fact thattibn of CO as a probe of the surface chemical stoichiometry.
occupies 70% of the post-annealing surface indicates that &Ve start by discussing the more well-ordered surfaces which
least 0.35 ML of Mn must be bound up in the wetting layer. are obtained after annealing. Figure 4 showssZdre-level
Since we only deposited 1.5 ML of Mn, the islands canphotoelectron spectra for CO adsorbed on four different sur-
contain at most 1.15 ML, and it is therefore almost certainfaces: clean RA00), and three different Mn coverages of
that the islands are composed of an alloy of Mn and Pd. A0.4, 0.7, and 1.5 ML. In all four cases, the CO dosage was
highly improbable expansion of the Mn lattice must other-10-20 L, and the sample temperature was at 100-120 K
wise be supposed to explain the observed discrepancy.  during the gas admission.

The changeover from a flat surface with only single-layer In the C 1s PE spectrum for CO/R#00 we observe one
steps to 3D island growth is characteristic of the Stranskisharp peak at a binding energBE) of 285.9 eV (labeled
Krastanov growth mode, and for simplicity’s sake we will “1” ), in agreement with previous results. This peak is asso-
refer to the growth as Stranski-Krastanov growth here. Howeiated with CO in bridge sites, which is the only site occu-
ever, it is important to emphasize that the traditional thermopied on P@d100).2%-%!
dynamic picture, driven by the surface and interface energies Next we turn to the highest Mn coverage, 1.5 ML, which,
of the substrate and overlayer, may be complicated here byiawe take into account the coverage calibration issues dis-
contribution from the free energy associated with alloy for-cussed above, corresponds to the substrate surface studied in
mation. our previous PES papét,and can be explained using the

The Stranski-Krastanov transition is also apparent in theesults presented there. The G §pectrum is complicated:
plot of the integrated intensity of the Mrp3,, photoemission  with two peaks at BE'’s of 286.5 and 285.4 ¢beled “2”
peak as a function of Mn deposition tinteot shown. The  and “3,” respectively. There is also an intense tail on the
Mn 2p intensity follows a reasonably straight line up to high BE side. By comparison with other systems, in particu-
around or just below 1 ML. At this point, the signal suddenly lar CO/1-ML Pd/Md110, we were able to identify peak 2

1. CO on heated surfaces
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CO/heated Mn overlayers/Pd(100)
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FIG. 4. C Is photoelectron spectra for CO adsorbed on clean N
Pd100 and Pd100) with increasing Mn coverage: 0.4, 0.7, and 1.5
ML. The Mn-modified surfaces were prepared by deposition at RT
followed by heating to 570 K for 3 min. Peak 1 is CO adsorbed on
Pd in bridge sites, peak 2 is the main peak for CO adsorbed on P¢ S S T
in on-top geometry, and peak 3 is due to CO adsorbed or{dda 1800 1900 2000 2100 2200 2300
the text for a full discussion Frequency [em’]

and the high BE tail as being due to upright CO molecules FIG. 5. (a) FT-IR spectra of 20-L CO adsorbdec100 K) on

adsorbed on top of Pd atoms. The high_BE_taiI consists OE’({lOO), covered with 0.25-ML Mn preheated to 570 ) After
so-called shake-up features, an effect which is most appareghneanng to 390 K.

for weakly bonded CO species. Note that the desorption tem-

perature for CO on top of Pd lies around 250 K, which placesCO overlayer to RT results in desorption of all the mol-
it in the same category as, for example, COADY), a sys- ecules, which further corroborates this assignment. Conse-
tem in which prominent shake-ups are also s&éie con-  quently, on the pure(2x2) Pd-Mn alloy surface, CO only
firmed that this CO species is indeed coordinated to Pd byccupies the Pd atoms and coordinates in an on-top fashion.
the observation of a related component in the ROFES  This observation is in agreement with theoretical predictions
spectrum. by Delbecq and Sautét.

Peak 3 is due to a second CO species, which can be iso- Finally, the C ¥ spectrum for a coverage of 0.4 ML
lated on the surface since it remains bound up to temperatisplays a doublet structure with one feature at 286.0 eV
tures of approximately 400 K. However, in contrast to the(*1” ) and another at 286.2 e{#2” ). Changing the photon
more weakly bonded species, these CO molecules did n@nergy from 400 to 355 eV changes the intensity ratio be-
give rise to a shifted Pd @component. Furthermore, the C tween these features. This is typical behavior when two dif-
1s BE is significantly lower than the BE found for CO ad- ferent CO species occupying different sites are present on the
sorbed on PA.00. We therefore concluded that this speciessurface. In such a case, changing the kinetic energy of the
is instead coordinated to Mn atoms. photoelectron gives rise to intensity variations caused by dif-

With this information in mind, we may now consider the fraction effects. These variations are sensitive to the local
coverage 0.7 ML. This is the interesting situation where oursurrounding of the molecule, and can be used as a fingerprint
STM images showed that the surface is completely coveredf the adsorption sit&* The presence of intensity variations
by an epitaxiac(2x 2) alloy[see Fig. 1d)]. The C Isspec-  here excludes the possibility that peak 2 is a satellite to peak
trum displays a peak at 286.5 eV and additional features &k, since the intensity ratio between a main peak and a satel-
higher BE’s which, again, is characteristic for CO adsorbedite does not change with the photoelectrons’ kinetic energy.
on top of Pd. If we compare this spectrum to the 1.5-MLBecause of the close proximity in BE to the peak found for
spectrum and the Cslspectrum for CO/1-ML Pd/Md.10 CO on the clean RA00) surface, we assign the low BE
where only on-top CO is fountf,it can be concluded that feature, peak 1, to CO in bridge sites, and for similar reasons
CO on top of Pd is the only species present. Annealing thédentify peak 2 as due to CO adsorbed on top of Pd.
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We have also investigated the adsorption of CO on the
annealed Mn/PA00) surfaces using FT-IR spectroscopy.
Figure 5 shows the results for CO og a 0.25-ME Mr{/EaD) by COlunheated Mn overlayers/Pd(100)
surface which had been annealed at 570 K prior to CO ad-
sorption. This surface corresponds to the STM image shown
in Fig. 1(b) above. The surface was exposed to 20-L CO at a C1s
surface temperature below 100[Rig. 5a)]. Subsequently, hv=400ev 4
the sample was heated to 390 [Kig. 5(b)]. ]

The adsorption of CO on the clean(®60 (Refs. 30 and
34) and hydrogen covered Pd0Op(1x1)H (Ref. 39 sur-
faces was previously studied in detail using IR, EELS, and L~ — 450K
LEED. It was demonstrated that on the clearfl®@) surface
only bridge sites are occupiédjn agreement with the PES /\\/\
data described above. The C-O stretch frequency increase: 0.7 ML Mn
continuously from~1900 to~2000 cm ! as the CO cover- \ vt 100 K
age is increased from 0.1 to 0.8 Mt.It was also shown that e i M — 500 K
at low temperaturé20 K) CO only occupies on-top sites on 1 2 3 a
the Pd100)p(1x 1)H surface® The Cohitretch mode fre- . . . .
quency for this on-top site was 2105 c(261 meV). AT APV I T P whRy

The adsorption of CO on the Mn/P0) surface at low 290 288 286 284 282
temperature results in three different CO species with CO Binding Energy (eV)
stretch frequencies at 1994, 2077, and 2098 tnas is
clearly shown in Fig. &). It follows from the PES data
above that all three CO species are coordinated to Pd. Tr‘ﬁn
mode at 1994 cm' is a signature of CO adsorbed in bridge
sites on the clean PH00) surface. The frequency is consis-
tent with a local CO coverage of approximately 0.8 ML, atomic carbon, and indicates that some CO has dissociated.
consistent with the high CO dose of 20 L. The appearance of
two additional CO species at 2077 and 2098 ¢ron the  Mn with no subsequent anneal. Figure 6 showssGpiectra
Mn/Pd(100) surface are obviously related to the Mn-inducedfor CO adsorbed onto RHO0 surfaces with Mn coverages
modification of the surface. Both frequencies are consisterf 0.7 and 1.2 ML. At 0.7 ML we find two peaks at 286.3
with CO in on-top sites on metal surfaces, which typically and 285.3 eM1 and 2, respectivelywith the former having
are observed in the 2065—2105 chregion3%:32:3% a substantial high BE tail. The spectrum shows a strong re-

Figure 5b) shows that on heating to 390 K the CO spe_semblance to the Cslspect_rum. for CO on the pqst—anneal
cies associated with Mn-induced surface modification dest-2-ML Mn surface shown in Fig. 4, and the assignment of
orb, and the CO concentration on the Mn-freq ) sur- Pe€ak 1 as due to CO on top of Pd and peak 2 as due to CO
face is reduced. The remaining CO species observed at 1958 Mn is therefore straightforward. Heating the surface to
cm Lis assigned to CO adsorbed in bridge sites on the clean®0 K only leads to CO desorption; no dissociation was
Pd(100) surface. The frequency is consistent with a local cofound, as is as evident from the absence of a peak at 282
coverage of approximately 0.4 ML. The weak feature at283 eVv. ,

2052 cni't is attributed to readsorption of small amounts of 1€ top Spectra show the corresponding data for 1.2-ML
CO on to the Mn modified surface. Mn. This situation behaves very differently: After CO ad-

To summarize, PES and FTIR data of CO adsorbed on thg0"Ption at 100 K, a peak is found at 285.3 &, with a low
annealed Mn/PA00) surfaces show that CO only adsorbs on BE Shoulder(3). Based on the above findings, we can assign
top of Pd on the epitaxial(2x 2) alloy, in contrast to clean P€ak 2 as due to CO on Mn. Heating to 450 K effectively
Pd100 where CO adsorbs in bridge sites. That two codissociates CO as inferred by the appearance of a strong peak

specieson-top and bridgecan be identified in the PES and &t 282.5 eV(4). o _

FTIR data for small coverages of M{®.25 and 0.4 ML Comparing the results in Fig. 6 to those obtained on sur-
shows that clean RH00 surface areas and Mn-modified faces annealed before gas adsorption, it can be concluded
c(2x2) areas coexist, that is, the(2x 2) alloy initially that the all the as-deposited surfaces contain Mn atoms onto
grows as 2D islands and the Mn atoms are not uniforml))"’hiCh CO may ads_orb. F_or the lower coverage surfaces these
dispersed over the surface. Finally, the surfaces containinyfn aloms lose their ability to bond to CO when the surface
3D islands have Mn sites to which CO molecules can bonds @nealed. When 3D islands are present the surface retains

even at temperatures high enough to desorb them from boﬂ)‘)n atoms capable of bonding to CO even after annealing,
pure Pd and from Pd incorporated int@@ x 2)-Mn recon- ut the ability to dissociate CO found for the as-deposited
struction. surface is effectively quenched.

o® .."

1.2 ML Mn
+++ 100K

Intensity (arb. units)

FIG. 6. C 1s spectra for CO adsorbed on ®80) onto which

has been deposited at RT without subsequent annealing. Peak 1
is due to molecular CO adsorbed on top of Pd atoms. Peaks 2 and 3
are due to molecular CO adsorbed on Mn. Peak 4 is associated with

2. CO on unheated surfaces IV. DISCUSSION

We can now consider CO adsorption onto the less well- From the STM results it is clear that the growth of Mn on
ordered surfaces obtained by room-temperature deposition &d 100 must be reassessed in the light of the discovery that
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a Stranski-Krastanov 2D-3D transition occurs during growthjority of the CO molecules dissociate upon heating, which is
of the overlayer. However, although the STM can reveal thén stark contrast to the behavior of CO on the as-deposited
overall surface morphology and the atomic-scale symmetrgpitaxial c(2X2) alloy. As an early transition metal, pure
of the first layer, by itself it cannot investigate such mattersVn is expected to be very active toward CO dissociaffon.
as the surface’s chemical stoichiometry. By combining STMWe therefore conclude that a large part of this surface con-
observations with our PES and FT-IR measurements, we ca#ists only of Mn atoms and that, on surfaces showing 3D
follow the development of the surface during Mn depositiongrowth, both the islands and their surrounding wetting layers
on both the mesoscopic and the atomic scale. have Mn-rich surfaces before annealing.

At coverages below 0.7-ML Mn deposition followed by  Our results show that a Pd enrichment of the surface oc-
annealing to 570 K yields well-define2 x 2) islands sepa- curs upon annealing of the 1.5-ML coverage, but that the
rated by 1x 1 regions of clean RA00). This surface com- annealed surface still contains a substantial amount of Mn
position might perhaps be the most interesting with respecitoms onto which CO can adsorb. Again, this is in contrast to
to catalytic properties, since the(2x2) patches interact the epitaxialc(2x2) alloy, where no CO adsorption is ob-
strongly with G, and NO?*>% whereas the X1 areas are Served after annealing. This raises the question of what sort
likely to maintain the excellenfCO) oxidation properties of 0f Mn atoms the CO are bonding to. The STM pictures show
Pd100)." In particular, CO oxidation reactions at RT might that after annealing the 3D islands are terminated by a mix-
be worth studying, since at this temperature it is possible téure ofc(2x2) and 1x1 domains, while the wetting layer is
have spatially separated “reaction centers” due to the facentirely of c(2x2) symmetry. The most obvious atomic-
that no CO adsorbs on thg2x 2) areas whereas both NO scale difference between the epitaxédR x 2) layer formed
and Q dissociate on these areas?® at 0.7 ML and the 3D islands found at 1.5 ML is the appear-

An important finding is that the coverage regime whereance of X1 domains on the tops of the islands, and it is

one obtains a complete epitaxia{2x2) surface layer is reasonable to supposed that these consist of pure Mn. How-
rather narrow. Below 0.7-ML areas of purexl Pd appear, €Ver, the PES results on the unheated 1.2-ML surface indi-

and above about 1-ML 3D alloy islands form. A(2  cate that CO adsorbed onx1l Mn is likely to dissociate

X 2)LEED pattern can be observed over a wide range ofipon heating, but out of four preparations of an annealed
coverages, but neither this, nor the sharp kink in the AES o#-5-ML Mn surface covered with CO, we observed dissocia-
PES Mn uptake curves, should be taken to indicate layer-bytion upon heating only once.

layer growth, and in the absence of STM measurements great This inconsistency is best explained by variations in the
care must be taken to ensure that the surface is genuinefpmposition of the islands’ surface layer. Our STM results
homogeneous. Conversely, within this coverage range thi#dicate that the relative areas occupied by the1land
surface does exhibit a high degree of uniformity, and thec(2x2) reconstructions vary from island to island, and is at
epitaxialc(2x 2) reconstruction appears promising as a subleast partially related to the island’s thickness. The size and
strate for further studies using area-averaging surface scienééstribution of Stranski-Krastanov islands would be expected
techniques. to change with annealing temperature and time, as well as

Before the epitaxiat(2x 2) surface is annealed, CO ad- With Mn coverage, and the step density of the underlying
sorbs on both Mn and Pd, but after annealing only CO adPd100. STM measurements appear to confirm that this
sorbed on top of Pd can be observed. The loss of the C@ the case. It therefore seems reasonable that at coverages
adsorption capability of the Mn atoms is in line with the where 3D island growth occurs the exact surface topology,
pre\/ious StUd)?,WhiCh Suggested that the Mn atoms go be-and in particular the amount of Mn available for CO
neath the surface Pd layer upon heating. However, becaugglsorption, can vary quite widely. A more elaborate investi-
of the coverage calibration issues raised by our observatio@iation of how the surface structure varies with annealing
of Stranski-Krastanov growth, it is not clear whether thistime and temperature is needed in order to clarify this behav-
investigation was undertaken in the 2D or 3D growth region.Or.

Our results are compatible with the idea that Mn atoms move

to subsurface si'Fes upon annealing_, but _c_ould al_so be inter- V. CONCLUSIONS

preted as meaning that Mn loses its ability to bind to CO

when part of a fully ordere@(2x2) Pd-Mn surface alloy, Using STM, PES and FT-IR measurements, we have in-
and that it is disorder in the as-deposited surface that allowgestigated the structure of as-deposited and annealed Mn
CO to adsorb on to Mn atoms. overlayers on Pd00). At low coverages, below 0.7 ML,

In the 3D growth regime, the volume estimate using STMroom-temperature deposition leads to the formatiorc (@
shows that the islands must consist of a mixture of Pd and 2) islands separated byxl1 regions of pure Pd. Between
Mn. This is strongly corroborated by the adsorption of CO0.7 and 1 ML, a flac(2x 2) alloy covers the whole surface.
on as-deposited 1.2-ML Mn. At this coverage we expect thafAnnealing these surfaces to 570 K results in a better-ordered
3D islands have started to form, but in PES only CO on Mnsurface, as indicated by an improvement in thé2
is observed, showing that the surface layer is mostly comx 2)LEED pattern and the appearance of atomic-scale detail
prised of Mn atoms. There is simply not enough Mn to coverin STM topographs. In addition, the as-deposited surface
the surface and simultaneously to form 3D islands of thecontains Mn atoms onto which CO can adsorb, but after
observed size, and we deduce that the interior of the islandsnnealing CO only bonds to Pd, adopting an on-top
must be formed of a Pd-Mn alloy. Furthermore, a clear mageometry in areas witlt(2x2) symmetry and occupying
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bridge sites on clean X1 Pd100. This suggests that amount of Pd, since their volume is too large for them to be

Mn goes subsurface when annealed, but it is also possibimade of pure bulk Mn. Subsequent annealing to about 570 K

that Mn loses its ability to bond to CO when it is ripens the islands so that they become larger and less den-

incorporated into the fully ordered(2x2) Pd-Mn surface dritic. After annealing, the wetting layer showscé2x2)

alloy. symmetry in STM topographs, and a general morphology
When the Mn coverage exceeds about 1 ML, large 3Dthat is very similar to the(2X2) expitaxial layer. The top

islands start to form. The overall growth mode is therefore ofsurfaces of the islands have regionsc¢2x2) and (1x1)

a Stranski-Krastanov type, implying that the Mn(P@0)  symmetry, and CO adsorption implies that th& 1 areas

system behaves differently from Mn/400 and Mn/  consist of pure Mn.

Cu(100). Two important consequences of this are, first, that

future surface science investigations which use area- ACKNOWLEDGMENTS
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