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The interaction of Pd with the M&00) surface has been studied with low-energy electron microscopy and
diffraction, and first-principles total-energy calculations. Deposition of Pd at elevated temperature leads ini-
tially to the development of an intens¢2 X 2) diffraction pattern. Theoretical calculations demonstrate that a
c(2x2) substitutional alloy is energetically favored compared to an overlayer structure at half monolayer
coverage. The creation of a large number of islands upon Pd deposition is consistent with the formation of a
substitutional alloy. Accommodation of Pd in excess of the id€alX 2) coverage leads to the formation of
ac(2Xn) structure 6=28,10), although with little apparent further change of surface morphology. Prolifera-
tion of antiphase domain walls in the{2< 2) alloy is proposed to explain th&(2Xn) periodic structure.
Theoretical calculations indicate that a pseudomorphic Pd overlayer is the most stable configuration at 1
monolayer coverage, and that the Pd-covered1d surface may become unstable with respect to faceting
to the{112 orientations if pseudomorphic growth can be realized up to 2 monolayer coverage. However, the
c(2Xn) structure is found experimentally to be stable at the interface between Mo and thicker Pd overlayers.
These results suggest that there is a kinetic limitation to the formation of the pseudomorphic structure and the
faceting instability is preempted by the formation of more complex surface alloy structures.

[. INTRODUCTION energy electron diffraction(LEED) intensity analysis in
terms of overlayer structuré3.The possibility of a surface
Local free-energy minima for the low-indg%10), (211,  alloy was not considered. This is somewhat surprising given
(100, and(111) planes of bare W and Mo are responsible forthe extensive experimental evidence afRx2) alloys in-
their thermodynamic stability and appearance on the equilibduced by noble metals on {00), with the exception of
rium crystal shapé These surfaces have differing degrees ofPd-°"*°For Pd on W100), only very weaks-order diffrac-
atomic roughness which are reflected to some extent in theffon features characteristic of@2x2) structure were ever
relative work functionsb ;5> ® 51> ® 105> 147.2 The sta- observed in LEEIj. However, it is not entirely clear
bility of these surfaces with respect to metal overlayerWhether th.e annealing or deposmon temperatures thgt were
growth shows similar trends. Since the surfaces of W angMPloyed in that work were appropriate for the formation of
Mo have high surface energy, it is fairly easy to grow films & well-orderect(2x 2) alloy. On Md100, annealing of 0.5

of materials having lower surface energy on top of them inML of Pd to 600 K caused only a "fuzzy't(2x2) LEED

oseudomorphic or other ordered structitd@he largest va- pattern?® This result was interpreted in terms of randomly
riety of periodic overlayer structures forms on tHA0) sur- distributedc(2 X 2) overlayer islands rather than the surface

L . b alloy structure.
face, presumably because it is atpmlcally the smoottiest. The present work is aimed at revisiting Pd/i160) in
On the dothergllar:d, th(algi sur:face 'z gtcknl”nr(]:ally;he QOUQQ' order to search more systematically for t{€ X 2) structure
est elm notfa y ?SIS stta et atn @ i ). Alt Ol]fg or er(_et at 0.5 ML coverage and to distinguish the nature of this
g\r/c?r::)t/c?rfzg()ertm;inotvr\lleepr?epseerﬁclg%f r{fml)ers:&Sa:fe'féﬁ:é:ciegtructure, whether two-dimensional substitutional alloy or
! . ; ) verlayer. Using LEED, growth conditions are found in this
including Pd(Refs. 6 and Y at high temperature. Faceting y g g

) ) work that lead to well-ordered(2X2) and more complex
occurs predominantly wit211} character, althougi110} c(2Xn) structures. First-principles total-energy calculations

faceted structures have also been observed to a lesser extef) arly demonstrate that thg2x 2) is a surface alloy. Pro-

Both types of facets have been accounted for by théoty. . 2 . : . :
) . liferation of antiphase domain walls in tlg2x 2) alloy is
Intermediate between the10) and (111 lie the (211) 1proposed to explain the new(2Xn) periodic structure.

and (1.00) surfaces._Wh_lle there have be_:en no reports OLow-energy electron microscop(LEEM) observations of

metal-induced faceting in the macroscopic scale, many or- X

surface morphological changes that accompany the forma-

dered metal overlayer structures have been observed on these : - ) )

10 i X . ion of these structures provide additional experimental evi-
surfaces:'° Particularly unique among them is &2x 2)

structure that forms on the (00 surface upon annealin dence of surface alloys. We also explore experimentally and
0.5 monolayeML) of Cu, Au, Ag, or Pt in tt?e range 500? theoretically the possibility for somewhat more drastic Pd-
700 K. Although originally believed to be an overlayer induced modification of M@.00 via faceting, analogous to

structuret! this c(2x2) has more recently been shown by metal-induced faceting of Mo and A1) surfaces.
experiment to be a two-dimensional substitutional surface
alloy [Fig. 1(a)].*>**In contrast, the intensg(2x 2) diffrac-
tion patterns that form as the result of annealing 0.5 ML of The Pd on M¢100) calculations were performed within
Cu and Ag on M¢100 (Ref. 14 were interpreted in a low- the framework of local-density-functional formalisth.

Il. THEORY
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FIG. 2. Surface formation energies of Pd on (#@0) for vari-
ous coverages and configurations. See text for the explanation of
the atomic arrangement in different configurations. The circles are
for Pd/Md(100) calculated with a sparse §4) k-point grid, while
the asterisks are the same configurations calculated with a (12
X 12) grid. At 1 ML Pd coverage, the solid triangle and solid square
are for one pseudomorphic layer of Pd on (#@0 and Mq211),
respectively. At 2 ML Pd coverage, the open triangle and open
square are for two pseudomorphic layers of Pd on(M6) and
Mo(211), respectively.

[001]

[010]

FIG. 1. Pd(shadegl and Mo (unshadefatoms in the topmost
layer of the(a) c(2x2) and(b) c(2X 8) substitutional alloys at the
Mo(100 surface.

Norm-conserving pseudopotentials were u&e@he basis

consisted of plane waves with kinetic energy up to a cutoff For the same Pd coverage, the surface formation energy
of 11.5 Ry together with Bloch sums of numerical orbitalsfor different Pd configurationé.g., overlayer, alloy, or sub-
centered at atomic sité3.We used standard repeated slabsurface can be compared directly and whichever configura-
geometry, with a vacuum of 9.2 A. Most of the calculationstion has lower energy is the energetically favorable one.
were done with slabgubstrate plus adlaygrthat were nine  Comparing results at different coverages requires the knowl-
layers thick. Thicker slabgll layer substrate plus adlayers edge ofupy. In Fig. 2, upqis set equal to the bulk energy of
were used when the faceting instability was consideredPd in the fcc structure. The choice of the bulk energy as the
These details will be specified also below. Pseudomorphigeference energy of the adatoms has the advantage that we
Pd adlayers or Mo/Pd alloy layers were added on both sidelsnow immediately whether the adatoms wet the substrate or
of the Mo substrate. We usedc§2x 2) unit cell for all the  not. If Ec<o, then the Pd atoms gain energy by covering the
calculations. (&«4) and (1Z12) grids in the two- surface rather than forming macroscopic bulklike islands on
dimensional(2D) Brillouin zone were used fok-point sam-  top of the substrate. In that case, we can conclude that the
pling and will be specified in the following results. All adatoms wet the substrate. In contrast, if the surface forma-
atomic coordinates were relaxed by computing thetion energy increases when covered with Pd, it should be
Hellmann-Feynman forces. A Broyden algorithm, togetherenergetically more favorable for the adatoms to be in a bulk
with a convergence-acceleration schéeas used to find Pd island. In this way, we can deduce the number of thermo-
the equilibrium atomic coordinates during the atomic relax-dynamically stable adlayers that can wet the substrate
ation procedures. pseudomorphically.

We first consider the energetics of the interaction of Pd In Fig. 2, we comparéE, for various Pd/Mo configura-
with Mo(100). The results are summarized in Fig. 2. For ations and coverages. The circle at zero coverage represents
given configuration of Pd on the Mo substrate, we define ahe surface energy of the clean {60 surface?® The other
surface formation energy per substrate surface atégh 4s  symbols represent various plausible configurations with Pd

overlayer atoms covering or substituting the surface Mo at-
oms within ac(2X 2) surface unit cell. The atomic arrange-
ments and coverages in these configurations are as follows:
Es=5N [EPamosiab™ (Emosubstratd Nitpd 140, (1) A 0.5 ML, Pd atoms substituting for Mo surface atoms in the
top layer forming an ordered(2x2) substitutional surface
alloy [Fig. 1(@]; B, 0.5 ML, Pd in ac(2x2) array on the
whereN is the number of surface atoms per surface unit cellfourfold-hollow sites above the Mo surfac€, 1.0 ML,
E(pamosiabiS the total energy per unit cell of the slab with Pd pseudomorphic Pd layer on top of the first layer of NIy,
adsorbed on Mok v)substratelS the total energy of the clean 1.0 ML, Pd inc(2X2) array on fourfold sites above &2
Mo substraten is the total number of Pd atoms in the surface X 2) ordered substitutional surface alloy in the top layer, i.e.,
unit cell, upyis the chemical potential of the Pd atoms, and an extra half monolayer of Pd over configuratidng, 1.5
is the surface energy per surface atom of the clean Mo sulML, a full pseudomorphic Pd layer abovecé2x 2) ordered
strate. The factor of 2 in the denominator accounts for thesubstitutional surface alloy in the top layer, i.e., a full
fact that we put Pd atoms on both sides of the Mo slab.  pseudomorphic Pd layer on top of configuratidnand F,
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2.0 ML, two pseudomorphic layers of Pd covering the MoMo surface atoms are covered uniformly by Pd overlayer
substrate. All the open circles repres&gtfor configurations atoms that have lower surface energy. In addition, configu-
A—F calculated with a sparse 44) Monkhorst-Pack ration C has a smoother surface profile, leading to a lower
k-point grid. Configuration€’, D', andE’ that are marked Kinetic energy of the electrons. It is interesting to see that the
by asterisks in Fig. 2 have the same atomic configurations a&rface energy keeps lowering until the coverage becomes 2
C, D, and E, respectively, but are calculated with a finer ML as long as we consider pseudomorphic overlayers. In
(12X 12) k-point grid. The energy differences between thef@ct, €xamination of a ball-and-stick model of the k60
coarse and the fine grid results are much smaller than theurface reveals that the substrate atoms in the second layer
energy differences between different atomic configurations'€ @S0 exposed. Therefore, at a Pd coverage of 2 ML, the
so that thek-point sampling used in the calculation is ad- SuPstrate_ Mo atoms are completely shielded from the
equate in the energy scale we are interested in. We have al¥gcuum. Thus, our results indicate that Pd should continue to
considered several other configurations in which the Pd atVet the substrate surface up to at least 2 ML as long as it is
oms penetrate and substitute Mo atoms in deeper layers. Wa$eudomorphic. This is important in the context of faceting,
found that whenever Pd atoms substitute Mo atoms in deepdfnich is discussed next. _ -

layers (anywhere other than the top layethe energy be- We now turn to the question of the stability of the

comes so unfavorable that there is no point to relax thd10(100 surface upon adsorption of Pd. It is well docu-
atomic configurations to their full equilibrium. These con- mented that while clean W and NIdLl) are stable, they

figurations are thus not shown in the figure. This is not surP€come unstable with respect to faceting when covered by a
prising since fcc metals generally do not like to dissolve inPhysical monolayefPML; all exposed substrate atoms in the
refractory metals like W and Mo, which typically have much toPmost three “geometric layers” of thel1l) surface are
higher cohesive energy. The particularly low energy of acovered by adsorbate atofrar equivalently three geometric
c(2x2) surface alloy, as exemplified by configuratiohs ML'S of some fcc metals such as Pd.The thermodynamic
and E, should be regarded as a peculiarity and will be ex-driving force can be traced to the increase in surface energy
plained below. anisotropy when the surface is covered by an overlayer of fcc
From Fig. 2, we can see that adding Pd atoms Ont(gnetalsE? That phenomena is not too surprising since the clean

Mo(100) lowers its surface formation energy. Since the ref-M0(111 surface is just marginally stable with respect to
erence energy is the Pd bulk energy, this means that Pd wef@Ceting 0 {211." The question we ask is whether the
Mo(100). This is consistent with the fact that Mo has a MO(100 surface has the same type of instability. We first
higher surface energy than Pd. At half-monolayer coverage,nhOte that Me100) is Stabl‘f‘g"’he” itis clean, and it appears on
we note that ac(2x2) substitutional surface alloy model, the Wulff plot of Mo.=" From previous local-density

configurationA, is substantially lower in energy than con- calculation&® we note that only two orientations can have a

figurationB in which half a layer of Pd atoms simply sits on |0Wer surface energy per unit cell than 00 orientation
top of the Mo surface. The extra stability of thé2x2) top for Mo, and they arg211; and{110}. Since th&211) orien-

layer surface alloy is due to a rather subtle effect. It turns ouEatlon makes a smaller angle with tli€00 than does the
that ac(2x2) array of surface vacancies on MO0 is 110, the increase of t'otal surface area that_ would accom-
comparable in enerd§ to the (1x1) unreconstructed and Pany faceting to(211) is less than the faceting t10).
Debe-King” type c(2x2) reconstructed surfaces. Local- 1herefore we will considef211} heret .
density approximatiolLDA) calculations show that electron A bcc (1_00) surface would _become t_hermodynammally
depletion can further stabilize the surface vacancy array SHnste}l_)le \.N'th re S.pe‘;t to faceting {811} if the following

that it becomes the ground stafeWe note that Pd is more condition is satisfied:

electronegative than Mo on the Pauling scale, and thus

charge transfer from the Mo substrate to the Pd adatoms Jau <100, 2
would stabilize the formation of @(2X 2) vacancy array on cose

Mo(100. The Pd atoms would fill up the voids of the vacan- where ;00 and y,1; are the surface energies per unit area of
cies, leading to a smoother surface charge density profile thélie (100 and (211) orientations, respectively, and

has lower electronic kinetic energy. There is certainly some=35 26° is the angle between the two orientations. The&Jcos
metallic bonding between Pd and Mo in the alloy structureterm on the left-hand side of E€Q) is a geometric factor that
but this bonding is not strong enough to disrupt the strongaccounts for the increase of surface area upon faceting.
Mo-Mo bonding. The formation of the substitutional surface when the Mo substrate is covered by Pd overlayers, the sur-
alloy owes a lot to the intrinsic stability of the vacancies onface formation energies are understood as the heat of forma-
the Ma(100 surface and the surface-charging effect in thetion of the overlayer plus the surface energy of the bare
presence of the Pd adatoms. It is essentially a top-layer ekubstrate. If we choose to consider the surface energy per

fect, and that is why there is no tendency for the alloy tosurface atom instead, E(R) can be rewritten simply as
form in the deeper layers. As a result, any configurations that

involve Pd atoms substituting Mo atoms in deeper layers E211<E100, (3

have very unfavorable energies. . .

. whereE,qq and E,q4 are the surface formation energies per
o e e oy urice fom s dfine i ). When a e 100 srace
able than half a layer of Pd covering a Pd/M@Xx 2) sur- transforms_ to square-b_ased Byram(d&andited_by symme-
face alloy (configurationD). This is quite understandable [Y) €xposing(21D), (211), (211), and (21} oriented fac-

since in configuratiorC, the higher-surface-energy top-layer ets, the total surface area increases by a factO(/ng The
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(211) unit cell is precisely\/g times larger than thé¢100) facets are smafl.Previous theoretical considerations showed

unit cell. That means that the same number of Pd atoms théti]at the Herring condition is just a necessary condition. In

. practice, faceting transformations are observed in metal-on-
cover a(100 surface will also cover th¢211-facetedsur- metal systems only when there is a fairly significant thermo-

face. This geometric fact underlies the simplicity of £8).  qynamic driving force, and are not observed for systems
This also means that it is meaningful to compare the surfacgsych as Ag/M@L11)] that the Herring condition is margin-
formation energies for two different orientations directly, asally satisfied® In addition, the 35.26° angle between a bcc
the faceting transformation we are dealing with involves a(100 and (211) surface is large compared with the 19.47°
constant number of Pd adatoms, and thus the results do nahgle between a bcd111) and (211) surface, where
depend on the absolute value of the Pd chemical potential.overlayer-induced faceting has been observed in many sys-
Since we are now comparing different orientations, wetems. With these considerations, it is not too likely that the
increase the slab and the vacuum thickness. The calculatioffi@ceting transformation can be realized in Pd(&0). Nev-
involving faceting transformations are done with a vacuumertheless, the potential for a faceting instability in the Pd/
thickness of 10.7 A, and the slab contains an 11-layer thick0(100 system is interesting and stimulates experimental
Mo substrate, on the top and bottom of which we put the Pdnvestigation. _ _
overlayers. Thek-point sampling is (1% 12) in the two- _AII the caIcuIatlo.ns.are per}‘ormed assuming pseudomqr—
dimensional(2D) Brillouin zone. We compute the surface Phic Pd layers. This is certainly an approximation that is
formation energies in thé100 and (211) directions and Mandated by the need of two-dimensional periodicity in our
check to see if the conditioBi, ;< Eois satisfied for a Pd calculations. Such an approximation should be reasonable

coverage of 1 ML. The results are also shown in Fig. z,when we are con&dgrmg t_he energetics of_the adsorption of
ultrathin overlayers in which every atom in the overlayer

where the solid trlangle_ at 1 ML Pd coverage representssees,, the substrate atoms and heat of formation is fairly
Eio, the surface formation energy calculated for (¥0) high. However, if we were to consider the absorption of

cr?vered with one psleudorrorphlc Iayet: of Pd. Weltgotg thafhicker layers, or if the heat of absorption is small, the over-
the more accurate eleven-layer Mo substrate résalid tri- | 3ve15 can easily become incommensurate with the substrate.

ar)gle and the seven-layer Mo substrate resadinfiguration  poity functional type calculations would then be impracti-
C’, denoted by an asterisk in Fig) 2re reasonably close cal

together. The solid square represefils,, the surface for- ) a4y \ve remark that the energetics of many fcc metals

mation energy of M@11) covered with one pseudomorphic g0 a5 Au, Ag, and Pt interacting with Mo substrates are

layer of Pd. We note thd,,, happens to be very close 1o the (5iher generic. The absolute energy scale and the minor de-
surface formation energy of configurati@nof the Md100 45 may change, but the corresponding surface formation

surface discussed previously, and that is a coincidence. Wh@hergy diagrams are rather similar to Fig''However, the

we see here is that the conditidy;<Ejqo is clearly not  gapility of the surface against faceting is very adatom
satisfied, and therefore the Md®O0) surface is stable against specific2

faceting when it is covered by one pseudomorphic layer of

Pd. We found that although the surface formation energy IIl. EXPERIMENT

vo11 1S actually lower thany,qq, the difference is not large ) o

enough to compensate for the 22.5% increase in surface area The€ Mo sample was oriented to within 0.05° from the
that would have to accompany a faceting transition from(100 plane. It was cleaned by annealing to 1200 K in an
(100 to {211}. However, the situation changes when the Pdoxygen pressure of 210 "torr and flashing to 2000 K.
coverage is increased to 2 ML. The open triangle and opeRalladium was deposited from an electron-beam-heated rod.
square in Fig. 2 represeBt g, andE,y;, respectively, when The homemade Pd source incorporated water cooling, shut-
the Mo substrate is covered by two pseudomorphic monolayt, and flux measurement by proportional ion current. The
ers of Pd. We see that they have almost the same surfal@se pressure in the chamber wasx11@ “°torr and the
formation energy per surface atothAt 2 ML coverage, Pressure rose to the mid-18-torr range during deposition.
both Mo (100) and (211) substrate faces become completely The sample temperature was measured by a W/Re3%-W/
shadowed by the overlayer Pd atoms. The increase in surfad&25% thermocouple attached to the side of the sample. The
formation energy anisotropy is now big enough to compenthermocouple temperature measurement was cross-
sate for the increase in surface area. We thus come to tHgferenced to infrared pyromet€ro0—1100 K and disap-
conclusion that if Pd can be grown pseudomorphically and’€aring filament pyrometef1050-1250 K measurements.
reaches a coverage of 2 ML on M@O), then the substrate The eXpeI’ImentS were carried out in a IOW'energy electron

becomes potentially unstable with respect to faceting tdnicroscope. Contrast, resolution, and the ope4rationa| prin-
211 ciple of LEEM have been described previoudiy? In sum-

We need to remark here that the Herring condition formary, LEEM images surfaces with elastically backscattered,
faceting [Egs. (2) and (3)] are thermodynamic conditions, low-energy electrons. The lateral resolution of the instrument
which means that if these conditions are satisfied, then thesed in this work was 15 nm. The capability to image mon-
system gains energy upon faceting. However, it is knowrRtomic surface steps gives LEEM atomic resolution perpen-
that the Herring condition exclusively considers the changdlicular to the surfacg!
in surface energy in the final state. Between the initial and
final state, a large kinetic barrier associated with massive
macroscopic transport of surface atoms must be overcome. The LEED pattern of the clean Mb00 surface at room
In addition, there should be a nucleation barrier when theemperature exhibited sharp X11) diffraction spots in ad-

A. Lateral structure



8370 WU, LAU, HE, FENG, ALTMAN, AND CHAN PRB 62

1.2 ,
c(2x8) | ¢(2x10)
|
1.1 ! — T
: ® 9o
E 1 I 895K L1
| 895K
— i 895K]
= 09 i
é :‘ 895K
@ 08 i;jSK
s ©® g
0.7 55K 8001(9;(‘)14
0 6 1 1l 1 1
0.01 0.02 0.03 0.04 0.05 0.06
Deposition Rate (IML/min)
FIG. 3. LEED pattern of M@L00-Pd structuregelectron en- FIG. 4. Ma(100-Pdc(2x n) periodicity and completion cover-

ergy): (a) c(2x2)(27.3eV), (b) streakyc(2x2) (27.2eV),(c)  age vs deposition rate. The deposition temperature is indicated ad-
c(2x8) (25.9eV),(d) c(2x10) (26.0eV). The LEED pattern in  jacent to each data point.

(a) was obtained from the sample region depicted in Fig).5

dition to very diffuse intensity in thé, 1) and equivalent distinct quartet of spots centered at therder positions de-
positions (the -order positions suggestive a(2x2) dif-  Veloped at the same time in their plgdegs. 3c) and 3d)].
fraction pattern. The diffuse intensity near therder posi- '"€Se and other new spots that appeared simultaneously
tions arises due to critical fluctuations of the clean(M)  were indexed (3,3 (2m+1)/n) and (3 =(2m+1)/n,3)
c(7v2 X v2)R45° surface reconstruction which has its order-and equivalent positionsvhere m and n are integers and
ing critical temperature below room temperatti@his crit-~ m=0,=1,+2, .. .). Concurrent with the appearance of these
cal scattering vanishes rapidly with increasing temperatursuperstructure spots was the development of additional spots
above the critical temperature and was completely absent ialong the[001] and [010] vectors joining nearest integer-
all of the experiments described below that were carried oudrder spots, e.g., (0h@n) and (2n/n,0). The resultant
at elevated temperatures. Since the clean surface reconstrid=ED pattern is readily seen to be the superposition of two
tion is easily quenched by small amounts of contaminantsjegenerate(2xn) structures withn-fold periodicity in the
our observation of critical scattering is a good indication oforthogonal[001] and [010Q] directions, respectively. These
sample cleanliness. degenerate structures are related by a rotation of 90° about
Interaction of Pd with the M@00 surface was studied the surface normal. The(2Xxn) diffraction persisted with-
primarily by deposition onto the surface at fixed temperatureput any dramatic change during additional deposition up to a
and to a lesser extent by postannealing films at the growttotal coverage of 2.5 ML. Higher coverages were not stud-
temperature or to higher temperature. The most notable reed.
sult was the development of distinc{2x2) andc(2Xxn) Only two c(2Xn) periodicities,n=8 andn=10, were
diffraction patterns(Fig. 3). Deposition in the temperature found in our work. The key factor that determined the selec-
range 780-980 K resulted initially in the appearance of dif-tion of periodicity was the deposition rate. Figure 4 summa-
fuse LEED intensity at the(2x 2) 3-order positions, which rizes thec(2xn) periodicities and apparent coverages re-
developed dramatically into sharp and intense spots with furguired to completely form these structure®,,.n, as a
ther increase of Pd coveradEig. 3@]. Thec(2x2) dif-  function of the deposition rate. The deposition temperatures
fraction pattern induced by Pd on NMI®0 resembles the are indicated by the notation adjacent to each data point. A
intense metal-induced(2x2) patterns that had been ob- clear boundary is seen separating deposition rates that led to
served previously on the W00 (Refs. 12 and 18and c¢(2X8) and c(2Xx10) structures. Thes(2X8) structure
Mo(100 (Refs. 14 and 1b surfaces. Since it is well- was observed during “slow” growth at rates below approxi-
established that the ideal metal coverage for th(gx 2) mately 0.033 ML/min. The formation of the(2x8) was
structures is 0.5 ML, we adopt this coverage assignment hergpparently complete at a coverage f,xs)=0.70 ML for
for the Mo(100-Pd c(2x2) structure. All coverages and all deposition rates that led to this periodicity. At that point,
deposition rates quoted in the following discussion are madsharp, instrument-limited superstructure LEED spots were
with reference to this assignment. observed that indicated that tle€2 < 8) structure was very
Deposition of additional material in this temperature well ordered as-growhFig. 3(c)]. When the deposition rate
range, 780—980 K, resulted in a decrease of the intensity axceeded about 0.033 ML/min, a number of changes oc-
the 3-order spot positions and at the same time caused theurred, most notably the formation ofcé2x 10) instead of
c(2x2) diffraction spots to streak in thg901] and[010] c¢c(2x8) structure[Fig. 3(d)]. The completion coverage,
directions. The streaking became more pronounced with inf,.q), also increased sharply with deposition rate until a
creasing coverage until only crosslike features remained cersaturation value of about 1 ML was reached at the highest
tered at thej-order positiongFig. 3(b)]. With further depo-  deposition rates studie@Fig. 4). In addition, thec(2x 10)
sition, the 3-order crosses gradually disappeared while asuperstructure spots were streaky in théold periodic di-
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rection, and their streakiness was more pronounced at higher
deposition rates. This indicates that tbg X 10) structure
was somewhat less well ordered than {2 X8). Conse-
quently, there was greater uncertainty in the determination of
fc(2x10), as indicated by the error bars in Fig. 4. Ordering of
thec(2x10) structure could be improved markedly by post-
annealing at the deposition or higher temperature. For ex-
ample, thec(2x 10) LEED pattern in Fig. @l) was obtained
after depositing 1.2 ML of Pd at 895 K at a rate of 0.05
ML/min followed by annealing at 950 K for 10 min. Despite
the improvement realized by postannealing, some slight
streaking or elongation of the(2X 10) diffraction spots re-
mains.

Most of the data points in Fig. 4 fall into a narranl5 K
range of 910 K. This raises the question of whether the
boundary between(2X8) andc(2x10) depicted in Fig. 4
depends upon deposition temperature in a wider range.
While not addressed extensively in our work, the data point
for 0.023 ML/min at 800 K provides an answer to this ques-
tion. A very well-orderec:(2x 8) structure was obtained at
this deposition rate although the deposition temperature was
significantly lower than the neighboring data points in the
c(2X8) regime. This leads us to believe that the deposition
temperature will not dramatically influence the periodicity
selection.

The structural evolution of Pd films that were deposited at
temperatures outside the range 780—980 K differed some-
what from the sequence described above. Although intense
c(2x2) diffraction spots formed and then became streaky
with increasing Pd coverage during deposition at 1035 K,
similar to the sequence below 980 K, tbgXxn) structure
did not develop at this elevated temperature. Instead, the
surface transformed by way of a diffusé2x2) back to a
(1X1) condition at approximately 1.5 ML. Deposition at
higher temperatures was not explored. At the lower- F|G.5. LEEM images ofa) clean Mq100) and(b) Mo(100)-Pd
temperature side, deposition at 580 K resulted (X 2)  ¢(2x2). The imaging energy was 4.8 eV. Dark lines indicate mon-
diffraction pattern that was noticeably much weaker andatomic height steps. The LEED pattern in Figa)3was obtained
more diffuse than observed above 780 K. It was also nofrom the sample region depicted (h).
possible to distinguish a(2Xxn) structure at higher cover-
age when deposition was carried out at 580 K. Only a (1

X 1) diffraction pattern was observed during Pd depositionraces(e_g_, terraces of the size depicted in Fig.aready

at room temperature. A weak but sharf2x8) diffraction  ager 4 deposition of below 0.1 ML. Island nucleation on

pattern developed when a 0.7 ML pseudomorphic film de'smaller terraces was delayed somewhat due to the close

posited at room temperature was annealed above 780 K. T'b‘?oximity of step sinks. The island size and also number

Eg fﬁ;n;ttﬂitu\ﬁgswézhntgt ?(])?rﬁevc;ﬁf 'z Ijheatot'ts(iﬁ;zt)erinira- steadily increased until a coverages 0.5 ML, correspond-
P P ing to the best developed(2x2) structure was reached

ture below about 780 K is used or if films deposited at room%Fig. 5(b)]. Deposition of additional material leading to the

temperature are annealed below 780 K. There is also cle . .
evidence of an upper-temperature limit to the stability of theformation of thec(2xn) structureqFig. &(b)] and beyond

c(2xn) structures. The behavior of Pd/NKDO) in the effected very little further change of the morphology.

higher-temperature regime is discussed further in Sec. Il C. !dentification of step height and sense—step-up versus
step-down directions—can be easily made with LEEM by

inspection of step-contrast interference fringes at various im-
B. Morphology aging energied? In particular, a bright interference fringe

Complementary LEEM investigations of Pd film growth appears at the upper side of steps at the energy used to obtain
revealed that a remarkable surface morphological change athe images in Figs. 5 and 6. Using this sensitivity to the
companied the formation of thg{2x 2) andc(2xn) struc-  hature of steps, we have determined that the islands formed
tures. The nucleation and growth of a large number of isduring Pd deposition are positive, as opposed to negative or
lands were seen with real-time LEEM observations duringvacancy islands, and with single-atom height. This allows for
Pd deposition in the temperature range 780-98(Figs. 5 the determination of the amount of material contained in the
and 6. Islands were observed to nucleate on the largest telislands just by examining their area.
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not result in a pseudomorphic film or any faceting behavior.
The only effect of postannealing was to sharpen upcif#

X 10) superstructure diffraction spots, which signaled an im-
provement of ordering, while little effect was seen of2

X 8) films that were already well-ordered as-grown. Also, no
evidence of three-dimensional Pd clustering was seen within
the resolution limit of LEEM for any coverage or thermal
treatment. Little work was carried out above 980 K. In one
instancec(2x10) diffraction from a 2.5 ML film was con-
verted to a diffusec(2X2) when the sample temperature
was raised to 1050 K. The diffraction pattern gradually re-
verted to (1X1) as the temperature was raised to 1150 K.
No evidence for faceting was seen as a result of this thermal
treatment and neither the{2X n) or c(2X2) structures re-
turned upon cooling to room temperature. While it is con-
ceivable that these changes were due to the irreversible for-
mation of a pseudomorphic film, they were also possibly the
result of disordering of the(2xn) structure or the loss of
Pd either through desorption or diffusion to other parts of the
sample. These points will be discussed again in more detalil
in the following section.

IV. DISCUSSION

First-principles calculations demonstrate that 0.5 ML of
Pd on Md100) is energetically more stable in @2X2)
substitutional alloy than in @(2x2) overlayer configura-
tion. It is also notable that the energy of th€2x2) alloy
(configurationA) at 0.5 ML is clearly below the line in Fig.

2 that connects the point corresponding to a pseudomorphic
layer (configurationC) at 1 ML and the point corresponding

to a clean surface at 0 ML. Just as importantly, t{&

X 2) overlayer mode{configurationB) at 0.5 ML lies above
this line. This means that the(2x2) overlayer structure
would be preempted by the formation of a heterogeneous

FIG. 6. LEEM images ofa) clean Md100 and(b) Mo(100-Pd  system at 0.5 ML coverage in which half the surface is cov-
€(2x10). The imaging energy was 4.8 eV. Dark lines indicate ered with islands of 1 ML Pd coverage and the other half is
monatomic height steps. exposed, clean Ma00). This also means that the{2x 2)
alloy structure is energetically favored compared to the het-
erogeneous system and will form provided the energy barrier

Stimulated by the theoretical predictions outlined aboveto exchange Pd for surface Mo atoms can be overcome. Our
an additional aim of our experiments was to search for eviexperiment shows that the Pd-induce@®x 2) diffraction
dence of Pd-induced faceting of the MO0 surface. On the pattern is very weak and diffuse and thus that the kinetic
W and Md111) surfaces, faceting occurs when 3 ML barrier to exchange can hardly be overcome during deposi-
(equivalently 1 PML pseudomorphic Pd films are briefly tion at 580 K. A similar conclusion is reached about room-
annealed above 700 ¥ Annealing of thicker films also temperature deposited films that are annealed to 580 K.
causes faceting but with material in excess of 3 ML collectedThese results are consistent with earlier observations of
into isolated three-dimensional Pd clusters on top of the fac“fuzzy” c(2x2) diffraction from Pd/M@100 below 600
eted surface. This faceting is quite easily identifiable withK.?’ On the other hand, the intensé2x 2) diffraction pat-
LEED by the appearance of additional spots that move raptern that is induced by Pd above 780 K is compelling evi-
idly between integer-order spots as the incident electron erdence, in light of our theoretical calculations, of the forma-
ergy is varied. Reiterating the predictions for Pd{#@0), tion of the surface alloy structure shown in Figa)l
the substrate is potentially unstable with respect to faceting LEEM observations of morphological changes that occur
to {211} in the presencefa 2 ML pseudomorphic film. In  during Pd deposition at elevated temperature are also consis-
our experiments, however, tlg2 < n) structure was found tent with the formation of the(2x< 2) surface alloy. First of
to persist in the temperature range 780—980 K during conall, the monatomic height islands that appeared during the
tinuous Pd deposition up to the maximum coverage studiedprmation of the Pd-induced superstructures were indistin-
2.5 ML. No evidence of the transformation frof2Xn) to  guishable from the neighboring terraces on the basis of
pseudomorphic structure or faceting was seen in LEED iLEEM diffraction contrast. They could be detected only by
this coverage and temperature range. Likewise, postannedlEEM step contrast, which is a phase-contrast mechanism
ing c(2xn) films at the growth or higher temperature did that provides no information about local geometric structure.

C. Faceting
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This means that the islands have the same composition arglightly larger number of very small islands in LEEM images
structure as the surrounding terrace, which would not be thef the c(2<Xn) surface compared to th&2x 2) surface.
case if the islands were composed purely of Pd(idx 2) or Alternatively, thec(2x n) structure may be related to one
pseudomorphic overlayer arrangements. Second, overlayef the bulk Pd—Mo compounds that have been repoited.
islands composed purely of Pd might be expected to continuBd,Mo, in particular, is stable in a narrow Pd concentration
to grow, coalesce and ultimately return the surface to a flatange that is intermediate between those ofd{@x 8) and
state upon the completion of 1 layer. Contrary to this expece(2x 10) structures’ However, this and other bulk com-
tation, the Pd-induced islands ceased growing at about theounds with Pd concentration that span ¢fi2 < n) concen-
same time that the(2X 2) diffraction became most intense, tration have fcc structure with lattice constant of approxi-
or shortly thereafter. The surface never regained a flat apmately 3.9 A. There is no clear relationship between this
pearance even after well over 1 ML of Pd had been deposstructure and cell dimension and tle¢2xn) periodicity.
ited. These observations are inconsistent with Pd overlayeTherefore, it seems unlikely that the surface alloys are two-
structures and are instead more easily understood in terms dimensional realizations of the bulk compounds.
the c(2Xx2) surface alloy. In order to form the alloy struc-  Growth of thec(2x8) layer at low deposition rates is
ture, Pd atoms must exchange for Mo atoms in the topmogselieved to take place close to equilibrium because it is very
layer on terraces. The displaced Mo atoms combine witlwell-ordered as-grown. This has the implication that the
deposited Pd adatoms to fore§2x 2) alloy islands on top  completion coverage of the(2X8) structure, foxs)
of the terraces. However, the supply of Mo atoms is limited=0.70 ML, is probably fairly close to the true Pd content of
because the(2x 2) alloy does not penetrate beyond the firstthis alloy structure. The experimental value is in fair agree-
layer. The entire surface will be completely covered withment although a little larger than the Pd composition, 0.625
c(2X2) alloy—half of this residing in the original terrace ML, of the c(2% 8) alloy structure shown in Fig.(fh). This
level and the other half present in the form of islands onesmall discrepancy may be due to a systematic error in our
layer up—when only 0.25 ML of Mo has been supplied from coverage assignment. On the other hand, the excessive
terraces. In other words, islands stop growing at the poinamount of material deposited in experiment may be an indi-
that they cover half of the surface. This occurs at the sameation that there is still a small kinetic limitation to the for-
Pd coveragef;x2)=0.5ML, for which thec(2X2) dif-  mation of thec(2x 8) alloy structure, probably related to the
fraction pattern is best developed. LEEM observations okxchange process. This limitation is clearly more severe
island growth and morphology are in qualitative agreemenivhen the deposition rate exceeds 0.033 ML/min. At higher
with this scenario. deposition rates, Pd atoms impinge the surface faster than
LEEM also reveals that many very small and barely re-they can become incorporated into 2 x 8) structure by
solveable islands appear between larger islands in the latekchange with Mo atoms in the top layer, and the alloy layer
stages of thec(2X2) alloy formation, and that there are gets covered over more rapidly by excess Pd. Consequently,
slightly more of these very small islands on th€2Xn)  the long-range ordering process is hindered and the system
surface than on the(2X2) surface. Otherwise, the(2  settles into ac(2x 10) structure that is somewhat less or-
X2) andc(2Xn) surfaces can hardly be distinguished by dered and with lower actual Pd content than t{@x8).
LEEM. The fact that litle morphological change is associ-There is an increasing tendency to exceed or overshoot the
ated with the transformation froe(2x 2) toc(2xn) struc-  coverage necessary to form th¢2Xx10), i.e., Oy 2x10) iN-
tures is a good indication that this transformation mostlycreases, as the deposition rate increases. The appAiZnt
involves minor local rearrangements. Another key observax 10) coverage rises to about 1 ML although the coverage
tion for understanding the(2xn) structure is the continu- required to form a&(2x 10) of the type shown in Fig.(h) is
ous evolution of thec(2Xn) LEED pattern, by way of a only 0.60 ML. Interestingly, ac(2X6) diffraction pattern
streakyc(2X 2), from the sharg(2x 2) diffraction pattern. was also observed previously when a pseudomorphic 1 ML
This sequence suggests that t4{@€ X 2) alloy structure de- Pd film was deposited at 150 K and subsequently annealed to
velops an irregular arrangement of antiphase domain walls in300 K?° The model shown in Fig. (b) can easily account
the [001] or [010] directions whose spacing gradually be- for this periodicity by appropriate adjustment of the domain
come ordered ta-fold periodicity. The proposed(2Xn) wall spacing.
surface alloy structure is shown in Figbl In this structure, Theory shows that the Pd/N00 system can continue to
domain walls consist of fully Pd-substitut¢801] rows of  lower its energy with increasing coverage by assuming
atoms in the topmost layer. These Pd rows separate domaipseudomorphic configurations at 1 and 2 Kilonfigurations
that retain the locat(2X2) alloy structure but that exist in C andF, respectively, and may be unstable with respect to
antiphase relationship by a shift of one lattice spacing in théaceting when coveredyba 2 ML-thick pseudomorphic Pd
[001] direction. The primitive vectors and centered unit cellfilm. According to Fig. 2, however, one pseudomorphic Pd
are shown in Fig. (). In the equivalent 90°-rotated domain, ML (configurationC at 1 ML) lies approximately along the
the fully Pd-substituted rows run along th@1Q] direction.  line joining thec(2x2) alloy (configurationA at 0.5 ML)
Actually, the domain walls in the(2X n) structure need not and thec(2x2) alloy covered by 1 pseudomorphic Pd ML
be exactly as shown in Fig(l). The key point is that they (configurationE at 1.5 ML). This means that the pseudomor-
should have a higher Pd content than t§@x2) structure  phic Pd monolayerconfigurationC) is energetically very
itself, this condition being imposed by the fact that t{ close to a heterogeneous system at 1 ML coverage in which
X n) structure forms only if Pd is deposited in excess of thea completec(2x 2) surface alloy layer is half-covered with
ideal c(2X2) coverage. The exchange of additional Pd forpseudomorphic Pd islanda 50:50 mixture of configurations
Mo atoms in the topmost layer may be responsible for theA andE). Thus, the thermodynamic driving force to form the
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pseudomorphic Pd monolayéconfigurationC) is small in  we now have a case in which an “atomically smootti00)-
relation to burying thec(2x2) alloy under additional Pd. oriented surface can in principle become unstdblemar-
However, the real situation is a little more complicated thanginally stable with regard to faceting to other orientations,
this. Experiment shows that the Pd/M60 system assumes while the common wisdom is that only “atomically rough”
some fairly complexc(2Xn) configurations after the surfaces would facet.
completion of thec(2x 2) surface alloy at 0.5 ML coverage.
These complex surface alloy configurations persist to higher
coverage and apparently preempt the formation of pseudo- V. SUMMARY
morphic films(configurationsC andF) between 780-980 K.
Our LDA calculations are limited to simple pseudomorphic ~ The interaction of Pd with the Ma00 surface at el-
or ¢(2x 2) configurations. At this point, therefore, we do not evated temperature has been found in this work to generate
know whether the complex alloy configurations observed inan intensee(2x 2) diffraction pattern. First-principles calcu-
the experiment have lower free energy than the higher covations demonstrate that2 X 2) substitutional surface al-
erage pseudomorphic configurations or whether the kinetitoy is energetically favored compared to overlayer structures
barrier to the formation of the pseudomorphic films is pro-at 0.5-ML coverage. Charge transfer from the Mo substrate
hibitive in this temperature range. to the Pd adatoms is responsible for stabilizing(2X 2)
Possible evidence for the transformation from surface alvacancy array, into which the Pd atoms are incorporated.
loy to pseudomorphic structure came during continuousvorphological changes that accompany the formation of the
deposition and postannealing above 980 K. To repeat wha?o(100-Pd c(2X2) structure are also consistent with the
was reported abovésee Sec. Il ¢ c(2x10) diffraction  exchange of Pd for Mo surface atoms. The Pd-induced
from a 2.5-ML film deposited below 980 K was converted Mo(100) c(2X 2) structure is therefore closely related to the
during annealing to 1050 K to a diffusg2x2) structure, c¢(2X2) substitutional surface alloy structures that are pro-
and the surface gradually returned to(1) as the tempera- duced by annealing 0.5 ML of Cu, Au, Ag, or Pt on the
ture was raised to 1150 K. In a separate experinsse Sec. W(100 surface. On the basis of our results, it is therefore
[I1A), the system returned to a XI1) configuration after necessary to reinterpret the Au- and Cu-induced(I0)
passing through a(2X% 2) structure during continuous depo- ¢(2X2) structures that were considered previously to be
sition of more than 1.5 ML at 1035 K. These changes wereverlayer structures. Our results also stimulate a closer ex-
probably not due to desorption since desorption of Pd filmsxmination of the interaction of Pd with the \M00 surface.
thicker than 1 ML on M@100 was reported to begin at Evidence of ac(2X2) surface alloy may be found in this
about 1250 K2° This is well above the temperature where system if deposition conditions similar to those used in the
the c(2xn) andc(2x2) diffraction began to disappear in present work are employed.
our experiments. Another possible explanation for the reap- In addition to thec(2X2) at 0.5 ML coverage, we have
pearance of the (%1) diffraction at higher Pd coverages also discovered that Pd inducef2Xn) structures
above 1035 K is disordering of the surface alloy structure=38,10) on Md100 at higher coverages. These structures
Lateral disordering confined to the interface between Mo andhave not been observed on Mo oY80) surfaces in contact
thick Pd films does not seem likely. A more likely disorder- with metal overlayers before. Experimental observations
ing mechanism is bulk alloying that occurs as the result ouggest that the transformation froof2x2) to c(2xn)
interdiffusion of Mo into the Pd film. Interdiffusion of Pd in structure fundamentally involves local rearrangements in the
Mo can be ruled out on the basis of our theoretical calculaalloy layer. A model that incorporates antiphase domain
tions. Alloying of W(100 (Refs. 16 and 18 W(110 (Ref.  walls with high Pd content into the(2Xx2) surface alloy
4), and Md110 (Ref. 4 with thick Pd films is known to structure is proposed to explain tb€2xn) structures. The
start at 500, 800, and 770 K, respectively. Evidence of alloykinetics of Pd exchange for Mo surface atoms has been
ing of Mo(100) with thick Pd films(>2 ML) above 870 K found to play an important role in-fold periodicity selec-
has also been reported in the absence of ¢2xn) tion.
structureg® Interdiffusion may be suppressed until the Theoretical calculations indicate that a pseudomorphic Pd
higher temperatures in our work due to the presence of theverlayer is the most stable configuration at 1 ML coverage
ordered two-dimensional alloy structures at the interface. and that the system can continue to lower its energy by re-
Since pseudomorphic films could not be realized by containing a pseudomorphic configuration at 2 ML coverage.
tinuous deposition at elevated temperature or by postannedPotential instability with respect to faceting {11} orienta-
ing films in our work, it was not possible to fully test theo- tions is also predicted if pseudomorphic 2 ML films can be
retical predictions of faceting. In previous work on Pd/realized, in analogy to metal-induced faceting of the Mo and
Mo(100, pseudomorphic films of thickness sufficient to W (111 surfaces. However, the(2Xn) structure is found
induce faceting could be grown at 150?KApparently no  experimentally to be stable between Mo and thicker Pd over-
evidence of faceting was found in subsequent annealing exayers in the elevated temperature range that faceting is ex-
periments up to the desorption temperature. As noted in Sepected to occur. Since the calculations were limited to simple
I, the potential for a faceting instability in the Pd/NI®0) pseudomorphic and(2x 2) configurations, it is not known
system is suggested by thermodynamic considerations. Thighether thec(2X n) structure is energetically more stable or
prediction does not take into account the kinetic barrier towhether the kinetic barrier to formation of pseudomorphic
facet nucleation and mass transport. The situation is furthefilms is prohibitive. Even if pseudomorphic 2 ML films were
complicated by the presence of comple§@xn) surface not preempted by the(2xn) alloy at elevated temperature,
alloy structures. Nevertheless, it is still interesting becaus¢he thermodynamic driving force for faceting is rather small
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