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Two- to three-dimensional transition during growth and surface alloy formation
of Mn on Pd„100…
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We show that room temperature growth and alloying of Mn on Pd~100! 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 ac(232) Mn-Pd surface alloy grow on unreconstructed 131 Pd~100! terraces. An
epitaxialc(232) 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 ac(232) wetting layer. The top surfaces of these islands have regions of
c(232) and (131) symmetry, with the (131) areas terminated by pure Mn.

DOI: 10.1103/PhysRevB.63.125401 PACS number~s!: 68.55.Jk, 68.35.Bs, 78.30.2j
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I. INTRODUCTION

Growth and alloying of manganese on various substra
offers the possibility to design materials with interesti
magnetic and electronic properties. Pure Mn is known
exist in four phases with different magnetic properties, a
epitaxial growth of Mn on suitable substrates has proven
be a fruitful way of stabilizing particular phases.1–4 Alloying
Mn with other metals yielded compounds with interesti
magnetoelectronic properties,2,5–8 and its behavior as a he
erogeneous catalyst may also be influenced, since Mn at
can improve the surface reactivity or the selectivity towa
particular surface reactions, e.g., see, Refs. 9–11.

A system that attracted considerable interest over the
few years is Mn deposited on~100! surfaces of late transition
metals. One reason for this is that an atomically orde
surface alloy is often formed.

Half a monolayer of Mn deposited above 270 K o
Cu~100! and Ni~100! surfaces produces an overlayer with
c(232) structure.6,12–14 Low-energy electron-diffraction
~LEED! intensity curves, Auger electron spectroscopy~AES!
and scanning tunneling microscopy~STM! measurements
suggest that the topmost layer is an alloy in which eq
amounts of Mn and substrate atoms form a checkerbo
pattern. Calculations indicate that the surface alloy is m
netically stabilized.6 Furthermore, on Ni~100! and Cu~100!
surfaces, it is possible to prepare several other ordered
taxial alloys of varying thicknesses depending on the
coverage and temperature.12,13 However, annealing of thick
Mn films ~4–6 ML! to 500–600 K again results in ac(2
32) structure, which is assumed to be epitaxial.

Deposition of 0.5-ML Mn on Ag~100! also yields ac(2
32) LEED pattern, but, interestingly, this system is found
be unstable at room temperature~RT!: after deposition, the
c(232) islands are progressively replaced by tw
dimensional~2D! Ag~131! islands.15 However, increasing
the Mn content stabilizes thec(232) structure considerably
0163-1829/2001/63~12!/125401~9!/$15.00 63 1254
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Growth of Mn on Pd~100! is particularly interesting be-
cause of the small misfit between the spacing of the squ
surface lattice of Pd~100! (a52.75 Å) and the cubic lattice
parameter of pured-Mn at RT as obtained from band
structure calculations (a052.78 Å).16 The Pd3Mn bulk alloy
was the subject of a number of investigations, includi
studies of its magnetic properties and the solubility of hyd
gen in the alloy matrix.17,18 This alloy has a structure in
which layers similar to pure Pd~100! alternate with Pd-Mn
checkerboard layers. Pd-Mn is also of general interest
cause of its catalytic activity: for example, the reduction
CO by NO occurs to a much greater extent on Pd-Mn p
ticles supported on SiO2 than on clean Pd.19,20The reason for
this is probably an enhanced likelihood of NO dissociati
caused by the presence of surface Mn.

Two previous papers dealing with the growth of Mn o
Pd~100! used LEED intensity analysis to derive structur
information.2,8 During the initial stages of room-temperatu
growth, a weakc(232) LEED pattern was observed be
tween estimated Mn coverages of 1.5–6 ML, with the b
pattern at about 2 ML. Brief anneals of these films to ab
570 K improved the LEED pattern significantly. Based
the LEED spectra it was proposed that the as-deposited
face consists of a strongly buckled Pd-Mn surface layer w
a Mn sublayer above a Pd sublayer, with this relation beco
ing reversed upon annealing. Calculations of LEED inten
ties based on the bulk Pd3Mn structure produced a modera
fit to the data from the annealed surface. The termination
the surface alloy was suggested to be a flat checkerb
layer. Depositions of larger amounts of Mn above 6 M
resulted in a 131 LEED pattern, but annealing produced
weak c(232) pattern, and Auger electron spectrosco
showed that considerable Pd enrichment of the surface
occurred.

There are also a few recent studies of the adsorption p
erties of the Pd~100!-Mn-c(232) surface alloy. The adsorp
tion of CO and C2H4 on a clean and O-precovered allo
©2001 The American Physical Society01-1
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surface was investigated using high-resolution electr
energy-loss spectroscopy~HREELS!.21,22 Also, in a very re-
cent paper, we presented an extensive photoelectron s
troscopy~PES! study of the adsorption of small molecule
~CO, CO2, NO, and O2) on the Pd~100!-Mn-c(232) sur-
face, including fundamental adsorption properties, coads
tion, and surface reactions.23 There are also theoretical stud
ies of the adsorption of CO and NO on the~100! surface of
the Pd3Mn alloy.24,25

It has become apparent that in the characterization of
Pd-Mn bimetallic system, the most important task is to d
termine the Mn growth mechanism and the structure of
resulting surface and interface. In this paper, we address
fundamental growth and alloying behavior of Mn on Pd~100!
using STM, core level PES, and Fourier transform infra
~FTIR! spectroscopy. We find clear evidence for a 2D-3
transition during the growth of the surface alloy, i.e., t
growth is initially two dimensional but becomes three d
mensional at a certain coverage. This is in stark contras
the pure 2D alloy growth suggested for Mn on Ni~100!,
Cu~100!, and Ag~100!.12,13,15 We also present information
about how the atomic structure of the surface varies a
function of Mn coverage, and show that it is possible
prepare surfaces with various compositions. A flatc(232)
alloy covering the whole surface is found only for a rath
narrow coverage range of approximately 0.7–1 ML. Abov
ML, we observe large 3D alloy islands situated on ac(2
32) wetting layer, clearly demonstrating that mesosco
effects must be considered in the initial stages of al
growth.

II. EXPERIMENTAL DETAILS

The core-level photoemission data were recorded
beamline I311 and beamline 22~BL22! at the Swedish na
tional synchrotron light facility, MAX-lab. I311 is a new
undulator-based beamline for studies in the vacuum ultra
let and with soft x rays, while BL22 is bending magn
beamline optimized for measurements in the soft-x-
region.26 The endstations at both beamlines have two se
rate chambers for measurements and sample preparatio
large hemispherical electron energy analyzer of the Scie
type is used to record the photoelectron spectra. The to
energy resolution for C 1s spectra, measured at a photo
energy of 400 eV, is 140–280 meV at I311 and 500 meV
BL22. Mn 2p spectra were measured athn5750 eV. All
spectra were obtained at normal emission, and all bind
energy values are relative to the Fermi edge.

The STM data were obtained with a commercial UH
microscope.27 Sample cleaning and Mn deposition was c
ried out in one chamber, and surface characterization
AES, LEED, and STM was performed in a separate cham
in which the base pressure is always below
310211mBar. STM tips were made from electrochemica
etched tungsten wire, cleaned in vacuum by Ar1 sputtering
and radiative heating. The condition of the tip was monito
by imaging Si~111! and Si~001! samples. The images pre
sented here are unprocessed, except that a best-fit plan
been subtracted from the data.
12540
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The FTIR experiments were performed in an UHV cha
ber ~base pressure 7310211 torr) connected to a N2 purged
Bruker Vector 22 Fourier-transform infrared spectromet
The spectra were recorded with 2-cm21 resolution below 100
K. The background was recorded after a 600-K flash. T
chamber was also equipped with a cylindrical mirror an
lyzer for Auger electron spectroscopy, and a bare quadrup
mass-spectrometer for temperature-programmed desorp
measurements.

The Pd crystal was cleaned by sputtering with 2.5-
Ar1 ions at 900 K, followed by a 1-min anneal at 1150 K.
addition, several oxygen treatments were used to remove
sidual carbon. During these, the oxygen pressure was ke
231028 mBar while the temperature was cycled betwe
400 and 900 K. After oxygen treatments the crystal w
flashed to 1100 K. Surface cleanliness was checked by P
AES, and/or STM depending on the experimental syst
used.

Mn was evaporated using a metal flake~Goodfellow, pu-
rity 99.981%! placed inside a resistively heated tungst
coil. The sample was always held at RT during depositi
Coverage calibration of Mn was first carried out with
quartz microbalance in order to obtain photoemission a
Auger reference spectra. The evaporation rate~typically 0.1–
0.2 ML/min! could then the accurately monitored by th
Mn 2p PES intensity or by the Mn/Pd Auger ratio. Durin
evaporation the pressure was kept below 131029 mBar. The
Mn coverage is given in terms of monolayers, where 1 M
equals the number of Pd atoms in one atomic layer
Pd~100!. In order to form the well-orderedc(232) alloy,
the as-deposited surface was annealed to 570 K for 3 m
following a scheme given previously.21,22

III. RESULTS

A. Establishing the growth mode

Figure 1 shows STM pictures for coverages of 0.360.1
and 0.760.1 ML of Mn on Pd~100! both before and after
annealing to 570 K. At 0.3 ML the LEED pattern is a fuzz
c(232) which improves after annealing. The STM imag
show that at this coverage Mn creates 2D islands on
Pd~100! terraces. Annealing results in a more well-order
surface containing fewer, larger islands, and on which st
and island edges more closely follow the high-symmetry
rections of the surface. The apparent height of the steps
islands varies from 1.8 to 2.3 Å, which should be compa
to the constant step height of 2.0 Å found for clean Pd~100!,
and the value of 1.95 Å expected from the known struct
of the Pd lattice. The dominant step orientation is alo
^001&-type directions, although some steps and islands ed
also follow ^011& directions. The diagonal rows of Mn atom
in the proposedc(232) surface alloy are also parallel t
^011& directions, which suggests that some areas of orde
alloy are present at this Mn coverage, as is confirmed by
adsorption behavior of CO~see below!. The variation in step
height can therefore be explained as being due to variat
in the local structures on the upper and lower terraces
detailed atomic-resolution STM investigation of this surfa
observed this local structure, and will be presen
1-2
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TWO- TO THREE-DIMENSIONAL TRANSITION DURING . . . PHYSICAL REVIEW B63 125401
elsewhere;28 however, it is worth noting here that on all the
surfaces atomic resolution was only obtained with STM a
annealing, despite the fact that LEED showed ac(232)
LEED pattern on the as-deposited surface. This suggests
when the STM reveals atomic detail it is imaging a surfa
state which can only be observed when there is a hig
degree of surface order than the minimum needed to crea
LEED pattern.

At 0.7 ML the islands coalesce, and upon annealing fo
well-ordered flat terraces with rectangular monolayer pits.
this coverage LEED shows a clearc(232) pattern after Mn
deposition, which further improves upon annealing. The
parent height of both the steps and the monolayer pit edg
2.060.1 Å, and the orientation of both sorts of structure
now almost exclusively alonĝ011& directions. The unifor-
mity of the surface structures, the appearance of a single
height that matches the monolayer spacing of bulk Pd,
the fact that monolayer pits are often seen to merge w
steps on the downhill side of a terrace but never on the up
side all indicate that at this coverage the surface consists
single reconstruction.

Doubling the Mn content has a dramatic effect on t
surface topography. Figure 2 shows STM topographs fo
coverage of 1.560.1 ML before and after annealing. Th
unannealed 1.5-ML Mn surface is filled with large island
several atomic layers high, which run over and across (
60.1)-Å-high steps that separate otherwise flat terra
Upon annealing these islands grow and coalesce, in the
cess becoming less dendritic and better oriented along^001&
and ^011& directions.

Determining the surface structure from the STM image
made difficult by the fact that the STM cannot directly ide

FIG. 1. STM constant-current topographs of annealed and u
nealed Mn-Pd~100! surfaces taken at Mn coverages of 0.360.1 and
0.760.1 ML. ~a! 0.3 ML of Mn, unannealed~image width
5600 Å, Vsample 0.1 V, Itip50.1 nA). ~b! 0.3 ML of Mn an-
nealed to 570 K~600 Å, 21.0 V, 0.01 nA!. ~c! 0.7 ML of Mn,
unannealed~400 Å, 1.0 V, 0.01 nA!. ~d! 0.7 ML of Mn annealed to
570 K ~600 Å, 0.005 V, 1.0 nA!.
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tify chemical species. Also, our atomic-scale images fr
these surfaces always contain ‘‘jumps’’ caused by atom
scale changes in the tip structure. However, such jumps
not alter the surface’s observed periodicity and orientati
so we can determine the local symmetry of the surface, e
if the detailed atomic arrangements are unclear from
STM data alone. Figure 3 shows atomic-scale images fr
the wetting layer surrounding the islands and from the
top on one of the large islands. The wetting layer has
uniform c(232) symmetry, interrupted only by steps an
point defects. Patches ofc(232) symmetry are also ob
served on top of the islands, but they are intermixed w
areas of 131 symmetry. All these spacings and orientatio
were calibrated against low-drift images of the clean
31 Pd~100! surface, as well as test samples of Si~111! and
Si~100!.

n-

FIG. 2. STM topographs for 1.560.1 ML of Mn on Pd~100!. ~a!
As deposited at room temperature~4000 Å, 1.5 V, 0.01 nA!. ~b!
After annealing to 570 K~4000 Å, 23.0 V, 0.01 nA!.
1-3



ot
u
n
m
i

2.

ta
in
a

at
er
an
ai
.
er

e
k
ill
w
o

gi
by
or

th

to
ly

hat
ery
ki-

-
nd
y-
he

t a
is

er.
e
ed
s

ni-

sur-
our
and
e
rro-
ve

ski-

n
i-
y

ses

at
orp-
try.
ich

ur-
f
as

0 K

so-
u-

h,
dis-
ied in
e
:

e
u-

L

re
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Before annealing, the islands cover about 50% of the t
surface area, but afterward this figure decreases to aro
30%. On the other hand, the average height of the isla
increases with annealing, such that their apparent volu
remains approximately constant. If we assume that the
lands are pure, bulk Mn, this volume corresponds to
60.1 ML of Mn atoms. However, thec(232) symmetry
observed on the wetting layer indicates that it must con
some of the deposited Mn. If we assume that the wett
layer has the proposed checkerboard pattern, the fact th
occupies 70% of the post-annealing surface indicates th
least 0.35 ML of Mn must be bound up in the wetting lay
Since we only deposited 1.5 ML of Mn, the islands c
contain at most 1.15 ML, and it is therefore almost cert
that the islands are composed of an alloy of Mn and Pd
highly improbable expansion of the Mn lattice must oth
wise be supposed to explain the observed discrepancy.

The changeover from a flat surface with only single-lay
steps to 3D island growth is characteristic of the Strans
Krastanov growth mode, and for simplicity’s sake we w
refer to the growth as Stranski-Krastanov growth here. Ho
ever, it is important to emphasize that the traditional therm
dynamic picture, driven by the surface and interface ener
of the substrate and overlayer, may be complicated here
contribution from the free energy associated with alloy f
mation.

The Stranski-Krastanov transition is also apparent in
plot of the integrated intensity of the Mn 2p3/2 photoemission
peak as a function of Mn deposition time~not shown!. The
Mn 2p intensity follows a reasonably straight line up
around or just below 1 ML. At this point, the signal sudden

FIG. 3. Atomic resolution STM images of the annealed 1.5-M
Mn surface shown in Fig. 2~b!. ~a! Thec(232) wetting layer~300
Å, 0.005 V, 3.0 nA!. ~b! On top of one of the large islands, whe
patches ofc(232) and (131) symmetry coexist (X3300 Å,
0.005 V, 3.0 nA!.
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levels off before it starts to increase slowly in a somew
complicated manner. The AES uptake curve shows v
similar behavior, and both are consistent with the Strans
Krastanov growth mode.

The complicated growth behavior justifies a brief com
ment about coverage calibrations. In the first LEED a
EELS studies,2,8 AES data interpreted in terms of a layer-b
layer growth were used to determine the Mn coverage. T
bestc(232) LEED pattern was thus reported to occur a
coverage of 2 ML. In our own first PES study of th
system,23 we measured a Mn 2p growth curve, and inter-
preted the kink as due to completion of the first Mn lay
The ‘‘c(232)’’ alloy was then prepared using twice th
deposition time, in accordance with the previously publish
results.2,8,21,22 However, our present STM/LEED result
show that the 0.7-ML coverage gives the best epitaxialc(2
32) surface prior to annealing, and a very well-defined u
form c(232) surface after annealing. Thec(232) pattern
at higher coverages is produced from an inhomogeneous
face containing large 3D islands. We have recalibrated
old data, and found that the coverages do lie between 1.5
2.0 ML, i.e., in the 3D island growth regime. We conclud
that the earlier LEED/EELS studies are either based on e
neous coverage calibrations or, like our own study, ha
measured data for alloy surfaces containing 3D Stran
Krastanov islands.

To summarize, STM, LEED, and AES data show that M
grows on Pd~100! according to the so-called Stransk
Krastanov mode. Initially, the overlayer grows layer b
layer, but at a coverage around 1 ML the overlayer collap
into 3D alloy islands surrounded by ac(232) wetting layer.

B. Adsorption of CO

1. CO on heated surfaces

Additional information about the surface composition
different Mn coverages can be obtained by using the ads
tion of CO as a probe of the surface chemical stoichiome
We start by discussing the more well-ordered surfaces wh
are obtained after annealing. Figure 4 shows C 1s core-level
photoelectron spectra for CO adsorbed on four different s
faces: clean Pd~100!, and three different Mn coverages o
0.4, 0.7, and 1.5 ML. In all four cases, the CO dosage w
10–20 L, and the sample temperature was at 100–12
during the gas admission.

In the C 1s PE spectrum for CO/Pd~100! we observe one
sharp peak at a binding energy~BE! of 285.9 eV ~labeled
‘‘1’’ !, in agreement with previous results. This peak is as
ciated with CO in bridge sites, which is the only site occ
pied on Pd~100!.29–31

Next we turn to the highest Mn coverage, 1.5 ML, whic
if we take into account the coverage calibration issues
cussed above, corresponds to the substrate surface stud
our previous PES paper,23 and can be explained using th
results presented there. The C 1s spectrum is complicated
with two peaks at BE’s of 286.5 and 285.4 eV~labeled ‘‘2’’
and ‘‘3,’’ respectively!. There is also an intense tail on th
high BE side. By comparison with other systems, in partic
lar CO/1-ML Pd/Mo~110!, we were able to identify peak 2
1-4
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and the high BE tail as being due to upright CO molecu
adsorbed on top of Pd atoms. The high BE tail consists
so-called shake-up features, an effect which is most appa
for weakly bonded CO species. Note that the desorption t
perature for CO on top of Pd lies around 250 K, which plac
it in the same category as, for example, CO/Cu~100!, a sys-
tem in which prominent shake-ups are also seen.32 We con-
firmed that this CO species is indeed coordinated to Pd
the observation of a related component in the Pd 3d PES
spectrum.

Peak 3 is due to a second CO species, which can be
lated on the surface since it remains bound up to temp
tures of approximately 400 K. However, in contrast to t
more weakly bonded species, these CO molecules did
give rise to a shifted Pd 3d component. Furthermore, the
1s BE is significantly lower than the BE found for CO ad
sorbed on Pd~100!. We therefore concluded that this speci
is instead coordinated to Mn atoms.

With this information in mind, we may now consider th
coverage 0.7 ML. This is the interesting situation where
STM images showed that the surface is completely cove
by an epitaxialc(232) alloy @see Fig. 1~d!#. The C 1s spec-
trum displays a peak at 286.5 eV and additional feature
higher BE’s which, again, is characteristic for CO adsorb
on top of Pd. If we compare this spectrum to the 1.5-M
spectrum and the C 1s spectrum for CO/1-ML Pd/Mo~110!
where only on-top CO is found,32 it can be concluded tha
CO on top of Pd is the only species present. Annealing

FIG. 4. C 1s photoelectron spectra for CO adsorbed on cle
Pd~100! and Pd~100! with increasing Mn coverage: 0.4, 0.7, and 1
ML. The Mn-modified surfaces were prepared by deposition at
followed by heating to 570 K for 3 min. Peak 1 is CO adsorbed
Pd in bridge sites, peak 2 is the main peak for CO adsorbed o
in on-top geometry, and peak 3 is due to CO adsorbed on Mn~see
the text for a full discussion!.
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CO overlayer to RT results in desorption of all the mo
ecules, which further corroborates this assignment. Con
quently, on the purec(232) Pd-Mn alloy surface, CO only
occupies the Pd atoms and coordinates in an on-top fash
This observation is in agreement with theoretical predictio
by Delbecq and Sautet.24

Finally, the C 1s spectrum for a coverage of 0.4 ML
displays a doublet structure with one feature at 286.0
~‘‘1’’ ! and another at 286.2 eV~‘‘2’’ !. Changing the photon
energy from 400 to 355 eV changes the intensity ratio
tween these features. This is typical behavior when two
ferent CO species occupying different sites are present on
surface. In such a case, changing the kinetic energy of
photoelectron gives rise to intensity variations caused by
fraction effects. These variations are sensitive to the lo
surrounding of the molecule, and can be used as a fingerp
of the adsorption site.33 The presence of intensity variation
here excludes the possibility that peak 2 is a satellite to p
1, since the intensity ratio between a main peak and a sa
lite does not change with the photoelectrons’ kinetic ener
Because of the close proximity in BE to the peak found
CO on the clean Pd~100! surface, we assign the low BE
feature, peak 1, to CO in bridge sites, and for similar reas
identify peak 2 as due to CO adsorbed on top of Pd.

n

T
n

d

FIG. 5. ~a! FT-IR spectra of 20-L CO adsorbed~,100 K! on
Pd~100!, covered with 0.25-ML Mn preheated to 570 K.~b! After
annealing to 390 K.
1-5
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We have also investigated the adsorption of CO on
annealed Mn/Pd~100! surfaces using FT-IR spectroscop
Figure 5 shows the results for CO on a 0.25-ML Mn/Pd~100!
surface which had been annealed at 570 K prior to CO
sorption. This surface corresponds to the STM image sho
in Fig. 1~b! above. The surface was exposed to 20-L CO a
surface temperature below 100 K@Fig. 5~a!#. Subsequently,
the sample was heated to 390 K,@Fig. 5~b!#.

The adsorption of CO on the clean Pd~100! ~Refs. 30 and
34! and hydrogen covered Pd~100!p(131)H ~Ref. 35! sur-
faces was previously studied in detail using IR, EELS, a
LEED. It was demonstrated that on the clean Pd~100! surface
only bridge sites are occupied,29 in agreement with the PES
data described above. The C-O stretch frequency incre
continuously from;1900 to;2000 cm21 as the CO cover-
age is increased from 0.1 to 0.8 ML.34 It was also shown tha
at low temperature~20 K! CO only occupies on-top sites o
the Pd~100!p(131)H surface.35 The CO stretch mode fre
quency for this on-top site was 2105 cm21 ~261 meV!.

The adsorption of CO on the Mn/Pd~100! surface at low
temperature results in three different CO species with
stretch frequencies at 1994, 2077, and 2098 cm21, as is
clearly shown in Fig. 5~a!. It follows from the PES data
above that all three CO species are coordinated to Pd.
mode at 1994 cm21 is a signature of CO adsorbed in bridg
sites on the clean Pd~100! surface. The frequency is consi
tent with a local CO coverage of approximately 0.8 M
consistent with the high CO dose of 20 L. The appearanc
two additional CO species at 2077 and 2098 cm21 on the
Mn/Pd~100! surface are obviously related to the Mn-induc
modification of the surface. Both frequencies are consis
with CO in on-top sites on metal surfaces, which typica
are observed in the 2065–2105 cm21 region.30,32,35

Figure 5~b! shows that on heating to 390 K the CO sp
cies associated with Mn-induced surface modification d
orb, and the CO concentration on the Mn-free Pd~100! sur-
face is reduced. The remaining CO species observed at 1
cm21 is assigned to CO adsorbed in bridge sites on the c
Pd~100! surface. The frequency is consistent with a local C
coverage of approximately 0.4 ML. The weak feature
2052 cm21 is attributed to readsorption of small amounts
CO on to the Mn modified surface.

To summarize, PES and FTIR data of CO adsorbed on
annealed Mn/Pd~100! surfaces show that CO only adsorbs
top of Pd on the epitaxialc(232) alloy, in contrast to clean
Pd~100! where CO adsorbs in bridge sites. That two C
species~on-top and bridge! can be identified in the PES an
FTIR data for small coverages of Mn~0.25 and 0.4 ML!
shows that clean Pd~100! surface areas and Mn-modifie
c(232) areas coexist, that is, thec(232) alloy initially
grows as 2D islands and the Mn atoms are not uniform
dispersed over the surface. Finally, the surfaces contai
3D islands have Mn sites to which CO molecules can bo
even at temperatures high enough to desorb them from
pure Pd and from Pd incorporated into ac(232!-Mn recon-
struction.

2. CO on unheated surfaces

We can now consider CO adsorption onto the less w
ordered surfaces obtained by room-temperature depositio
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Mn with no subsequent anneal. Figure 6 shows C 1s spectra
for CO adsorbed onto Pd~100! surfaces with Mn coverage
of 0.7 and 1.2 ML. At 0.7 ML we find two peaks at 286.
and 285.3 eV~1 and 2, respectively!, with the former having
a substantial high BE tail. The spectrum shows a strong
semblance to the C 1s spectrum for CO on the post-anne
1.5-ML Mn surface shown in Fig. 4, and the assignment
peak 1 as due to CO on top of Pd and peak 2 as due to
on Mn is therefore straightforward. Heating the surface
500 K only leads to CO desorption; no dissociation w
found, as is as evident from the absence of a peak at 2
283 eV.

The top spectra show the corresponding data for 1.2-
Mn. This situation behaves very differently: After CO a
sorption at 100 K, a peak is found at 285.3 eV~2!, with a low
BE shoulder~3!. Based on the above findings, we can ass
peak 2 as due to CO on Mn. Heating to 450 K effective
dissociates CO as inferred by the appearance of a strong
at 282.5 eV~4!.

Comparing the results in Fig. 6 to those obtained on s
faces annealed before gas adsorption, it can be conclu
that the all the as-deposited surfaces contain Mn atoms
which CO may adsorb. For the lower coverage surfaces th
Mn atoms lose their ability to bond to CO when the surfa
is annealed. When 3D islands are present the surface re
Mn atoms capable of bonding to CO even after anneali
but the ability to dissociate CO found for the as-deposi
surface is effectively quenched.

IV. DISCUSSION

From the STM results it is clear that the growth of Mn o
Pd~100! must be reassessed in the light of the discovery t

FIG. 6. C 1s spectra for CO adsorbed on Pd~100! onto which
Mn has been deposited at RT without subsequent annealing. Pe
is due to molecular CO adsorbed on top of Pd atoms. Peaks 2 a
are due to molecular CO adsorbed on Mn. Peak 4 is associated
atomic carbon, and indicates that some CO has dissociated.
1-6
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a Stranski-Krastanov 2D-3D transition occurs during grow
of the overlayer. However, although the STM can reveal
overall surface morphology and the atomic-scale symm
of the first layer, by itself it cannot investigate such matt
as the surface’s chemical stoichiometry. By combining ST
observations with our PES and FT-IR measurements, we
follow the development of the surface during Mn depositi
on both the mesoscopic and the atomic scale.

At coverages below 0.7-ML Mn deposition followed b
annealing to 570 K yields well-definedc(232) islands sepa-
rated by 131 regions of clean Pd~100!. This surface com-
position might perhaps be the most interesting with resp
to catalytic properties, since thec(232) patches interac
strongly with O2 and NO,23,36 whereas the 131 areas are
likely to maintain the excellent~CO! oxidation properties of
Pd~100!.37 In particular, CO oxidation reactions at RT mig
be worth studying, since at this temperature it is possible
have spatially separated ‘‘reaction centers’’ due to the f
that no CO adsorbs on thec(232) areas whereas both NO
and O2 dissociate on these areas.23,36

An important finding is that the coverage regime whe
one obtains a complete epitaxialc(232) surface layer is
rather narrow. Below 0.7-ML areas of pure 131 Pd appear,
and above about 1-ML 3D alloy islands form. Ac(2
32)LEED pattern can be observed over a wide range
coverages, but neither this, nor the sharp kink in the AES
PES Mn uptake curves, should be taken to indicate layer
layer growth, and in the absence of STM measurements g
care must be taken to ensure that the surface is genu
homogeneous. Conversely, within this coverage range
surface does exhibit a high degree of uniformity, and
epitaxialc(232) reconstruction appears promising as a s
strate for further studies using area-averaging surface sci
techniques.

Before the epitaxialc(232) surface is annealed, CO ad
sorbs on both Mn and Pd, but after annealing only CO
sorbed on top of Pd can be observed. The loss of the
adsorption capability of the Mn atoms is in line with th
previous study,8 which suggested that the Mn atoms go b
neath the surface Pd layer upon heating. However, bec
of the coverage calibration issues raised by our observa
of Stranski-Krastanov growth, it is not clear whether th
investigation was undertaken in the 2D or 3D growth regi
Our results are compatible with the idea that Mn atoms m
to subsurface sites upon annealing, but could also be in
preted as meaning that Mn loses its ability to bind to C
when part of a fully orderedc(232) Pd-Mn surface alloy,
and that it is disorder in the as-deposited surface that all
CO to adsorb on to Mn atoms.

In the 3D growth regime, the volume estimate using ST
shows that the islands must consist of a mixture of Pd
Mn. This is strongly corroborated by the adsorption of C
on as-deposited 1.2-ML Mn. At this coverage we expect t
3D islands have started to form, but in PES only CO on M
is observed, showing that the surface layer is mostly co
prised of Mn atoms. There is simply not enough Mn to cov
the surface and simultaneously to form 3D islands of
observed size, and we deduce that the interior of the isla
must be formed of a Pd-Mn alloy. Furthermore, a clear m
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jority of the CO molecules dissociate upon heating, which
in stark contrast to the behavior of CO on the as-depos
epitaxial c(232) alloy. As an early transition metal, pur
Mn is expected to be very active toward CO dissociation38

We therefore conclude that a large part of this surface c
sists only of Mn atoms and that, on surfaces showing
growth, both the islands and their surrounding wetting lay
have Mn-rich surfaces before annealing.

Our results show that a Pd enrichment of the surface
curs upon annealing of the 1.5-ML coverage, but that
annealed surface still contains a substantial amount of
atoms onto which CO can adsorb. Again, this is in contras
the epitaxialc(232) alloy, where no CO adsorption is ob
served after annealing. This raises the question of what
of Mn atoms the CO are bonding to. The STM pictures sh
that after annealing the 3D islands are terminated by a m
ture ofc(232) and 131 domains, while the wetting layer i
entirely of c(232) symmetry. The most obvious atomic
scale difference between the epitaxialc(232) layer formed
at 0.7 ML and the 3D islands found at 1.5 ML is the appe
ance of 131 domains on the tops of the islands, and it
reasonable to supposed that these consist of pure Mn. H
ever, the PES results on the unheated 1.2-ML surface i
cate that CO adsorbed on 131 Mn is likely to dissociate
upon heating, but out of four preparations of an annea
1.5-ML Mn surface covered with CO, we observed dissoc
tion upon heating only once.

This inconsistency is best explained by variations in
composition of the islands’ surface layer. Our STM resu
indicate that the relative areas occupied by the 131 and
c(232) reconstructions vary from island to island, and is
least partially related to the island’s thickness. The size
distribution of Stranski-Krastanov islands would be expec
to change with annealing temperature and time, as wel
with Mn coverage, and the step density of the underly
Pd~100!. STM measurements appear to confirm that t
is the case. It therefore seems reasonable that at cover
where 3D island growth occurs the exact surface topolo
and in particular the amount of Mn available for C
adsorption, can vary quite widely. A more elaborate inve
gation of how the surface structure varies with anneal
time and temperature is needed in order to clarify this beh
ior.

V. CONCLUSIONS

Using STM, PES and FT-IR measurements, we have
vestigated the structure of as-deposited and annealed
overlayers on Pd~100!. At low coverages, below 0.7 ML
room-temperature deposition leads to the formation ofc(2
32) islands separated by 131 regions of pure Pd. Betwee
0.7 and 1 ML, a flatc(232) alloy covers the whole surface
Annealing these surfaces to 570 K results in a better-orde
surface, as indicated by an improvement in thec(2
32)LEED pattern and the appearance of atomic-scale de
in STM topographs. In addition, the as-deposited surf
contains Mn atoms onto which CO can adsorb, but a
annealing CO only bonds to Pd, adopting an on-t
geometry in areas withc(232) symmetry and occupying
1-7
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bridge sites on clean 131 Pd~100!. This suggests tha
Mn goes subsurface when annealed, but it is also poss
that Mn loses its ability to bond to CO when it
incorporated into the fully orderedc(232) Pd-Mn surface
alloy.

When the Mn coverage exceeds about 1 ML, large
islands start to form. The overall growth mode is therefore
a Stranski-Krastanov type, implying that the Mn/Pd~100!
system behaves differently from Mn/Ni~100! and Mn/
Cu~100!. Two important consequences of this are, first, t
future surface science investigations which use ar
averaging techniques must carefully calibrate the Mn cov
age; and second, that RT growth of Mn films on Pd~100! is
expected to produce very rough interfaces.

Above the transition to 3D island growth, depositio
yields islands and a wetting layer which are both mos
terminated by Mn. The 3D islands must contain a signific
d

m
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amount of Pd, since their volume is too large for them to
made of pure bulk Mn. Subsequent annealing to about 57
ripens the islands so that they become larger and less
dritic. After annealing, the wetting layer shows ac(232)
symmetry in STM topographs, and a general morpholo
that is very similar to thec(232) expitaxial layer. The top
surfaces of the islands have regions ofc(232) and (131)
symmetry, and CO adsorption implies that the 131 areas
consist of pure Mn.
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