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A combination of experimental methods was used to study the structure of In thin PIms deposited
on the Pd(111) surface and the alloying behavior. X-ray photoelectron spectroscopy (XPS), low-
energy electron diffraction (LEED), and scanning tunneling microscopy results indicate that surface
alloying takes place at room temperature. Below 2 monolayer equivalents (MLES), the LEED patterns
show the formation of three rotational domains of InPd(110) of poor structural quality on top of the
Pd(111) substrate. Both core-levels and valence band XPS spectra show that the surface alloy does
not yet exhibit the electronic structure characteristic of the 1:1 intermetallic compound under these
conditions. Annealing the 1 MLE thin PIm up to 690 K yields to a transition from a multilayer InPd
near-surface intermetallic phase to a monolayer-like surface alloy exhibiting a well ordeed (

x  3) R30 superstructure and an estimated composition close,RdjnAnnealing above 690 K

leads to further In depletion and a%11) pattern is recovered. The 8x  3) R30 superstructure

is not observed for thicker bIms. Successive annealing of the 2 MLE thin bPIm leads the progressive
disappearance of the InPd diffraction spots till a sharp (1) pattern is recovered above 690 K.

In the high coverage regime (from 4 to 35 MLE), the formation of three rotational domains of a
bceIn,Pd; compound with (110) orientation is observed. This In-rich phase probably grows on top
of interfacial InPd(110) domains and is metastable. It transforms into a pure InPd(110) near-surface
intermetallic phase in a temperature range between 500 and 600 K depending on the initial coverage.
At this stage, the surface alloy exhibits core-level chemical shifts and valence band (VB) spectra
identical to those of the 1:1 InPd intermetallic compound and resembling Cu-like density of states.
Annealing at higher temperatures yields to a decrease of the In concentration in the near-surface
region to about 20 at.% and a € 1) LEED pattern is recovere® 2014 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.4892408

erties of Pd nanopatrticles supported on ZnO are ascribed to
the formation of a stable ZnPd intermetallic phase with a
The catalytic properties of Pd nanoparticles on oxidel:1 concentration ratio and a tetragonal struct&ré.Exper-
supports have recently received much attention for hydrogeimental studies of the Zn/Pd(111) system reported the for-
production in the methanol stream reforming (MSR) processnation of different surface alloys as a function of temper-
(CH;OH+ H,0 CO, + 3H,)."® They are considered as ature and coverages, including a near stoichiometric ZnPd
potential alternatives to Cu/ZnO catalysts used today by inphase. The latter one is characterized by an apparent p(2
dustry, offering an improved thermal stability as well as anx 2) low-energy electron diffraction (LEED) pattern cor-
enhanced activity and selectivity for MSR:® The high se- responding in fact to 3 rotational domains of a p{21)
lectivity and activity towards MSR of Pd/ZnO, Pd/gE%, and  structure resembling a tetragonal ZnPd(111) surface with al-
Pd/In,O4 was attributed to the formation of intermetallic com- ternating rows of Pd and Zn atoms. This near-surface inter-
pounds by reduction of the powder catalyst undgralhigh  metallic phase (NSIP) exhibits the expected Cu-like DOS as
temperaturé,'© linked to a shift towards higher binding en- well as a rumpling of the outermost surface layer induced
ergies of the Pd d-band upon alloying, making the densitypy an outward shift of the Zn atoms and an inward shift
of states (DOS) of the alloy resembling that of Cu métal. of the Pd atoms (into the bulk$,'” associated with a high
However recent studies have shown that the formation of in€CO, selectivity. Upon annealing the PIm above 550 K, the
termetallic compounds is a necessary but not sufbcient condzn concentration in the near-surface region decreases rapidly
tion to gain high selectivity?*3 although an almost stoichiometric monolayer surface alloy re-
Many studies have been devoted to the electronic andhains in the topmost layer. This change in sub-surface chem-
crystallographic structure of Pd-M (M Zn, Ga, or In) in- istry is associated with an inversion of the surface buck-
termetallic phases, which is a prerequisite to understand thieng (i.e., Pd-up/Zn-down) and an increased DOS at the
chemical reactivity of these prospective catalysts at a microFermi level together with a loss of GQelectivity*® Similar
scopic level. Most of them deal with ZnPd intermetallics andtrends have also been reported for the Ga/Pd(111) syStem.
a recent review can be found in Ré#. The catalytic prop- These results show that rather subtle modibcations of the

I. INTRODUCTION

0021-9606/2014/141(8)/084702/10/$30.00 141, 084702-1 © 2014 AIP Publishing LLC
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surface alloys can have dramatic effects on their catalytiple. There is a linear relationship between both measurements
properties. with an offset of approximately 15Qthermocouple reading

In contrast to the Zn-Pd and Ga-Pd systems, surface als lower than pyrometer reading).
loys in the In-Pd system have received much less attention al- A polycrystalline InPd sample was also used in the study.
though InPd,/In,O; are also highly active and selective sup- An ingot was prepared by induction melting with a nomi-
ported catalyst$? Earlier work by Finket al?*%2 reported  nal composition of Ip,Pds,. Then the ingot was annealed in
compound formation upon In deposition on Pd(100) surfacean evacuated quartz glass tube sealed under Ar atmosphere
using perturbed -angular correlation spectroscopy. A more up to 1248 K, maintained at this temperature for 36 h and
recent report by Rameshah al ?* found that room tempera- then cooled down to room temperature at a rate of 10 K/min.
ture deposition of a 4 monolayer equivalents (MLES) of In onThe crystallographic structure was checked by powder x-
Pd foil followed by subsequent annealing to 453 K yields anray diffraction (XRD) (space grougPnBm, CsCl type,
almost stoichiometric InPd NSIP exhibiting a Cu-like DOS a = 3.23¢). The Pnal composition as determined by energy
similar to the ZnPd counterpartin situ X-ray photoelec- dispersive x-ray analysis was,hPd;,, consistent with the ex-
tron spectroscopy (XPS) under near-ambient pressure demoistence domain of the InPd. The surface of the polycrys-
strated an almost 100% GGelectivity in a temperature range talline sample was prepared under UHV conditions by sput-
between 493 and 550 K. A change towards CO selectivitytering and annealing cycles (Arl keV, 973 K). The surface
upon annealing above 600K is explained by a decrease in tt@omposition measured by XPS wasg4Rd,-, i.e., within the
In sub-surface content. This behavior presents some similarcompositional range of the InPd compound.
ties with the ZnPd system. However little is known about the
structure of such near-surface intermetallic InPd phases.

In this work, we investigate the alloying tendency and
the structure of In thin PIms grown on the Pd(111) surface us®: Low coverage regime ( 2 MLE)
ing a combination of experimental methods (XPS, LEED, andi. Room temperature deposition
STM). We show that different phases form depending on the
initial In coverage and annealing temperatures, each posse
ing different chemical compositions and structural/electroni
signatures.

lll. RESULTS

Figurel shows a sequence of STM images of the In PIm
h Pd(111) with increasing coverage up to 2 MLE. Small
Sslands of irregular shape are observed on terraces in the early
. : . stage of the growth with no preferential nucleation at step

. The Paperis organized as follows. We Drstprqwde experédges. With increasing coverage, the number of islands in-
imental details in Sed!. The re_sults are prese_nted in S, creases, with no obvious coalescence, until completion of the
brst for _the IOV.V coverage regime, th_en for higher COVErages, q layer. Then the second layer grows with a similar be-
The main Pndings are summarized in Sdtand compared havior. The islands exhibit a dendritic shape indicative of a

with the existing I|teratu_re on related PdfM (MZn, Ga, O diffusion limited growth process. A similar behavior has been
In) systems. We also discuss our experimental results in the

light of a joint theoretical study of InPd surface alloys using
prst-principle calculation®’

II. EXPERIMENT

high vacuum (UHV) conditions with base pressures below o
1 x 10°'% mbar. An atomically smooth surface free of sub- £¥
surface carbon contamination was achieved by cycles bf Ar
sputtering at 1 keV, followed by annealing to 1173 K, then
O, exposure (B, = 10°® mbar, 15 mn, 873 K) and a bnal
Rash annealing to 1173 K. After multiple cycles, a sharp (1

x 1) LEED pattern was obtained and the absence of sur ©
face contamination was veriped by XPS analysis. Indiurrg:
was depositedn situ using an e-beam evaporator (EFM3
Bux monitored) with the sample held at room temperature irg
the scanning tunneling microscopy (STM) stage. Thin PIm
growth was investigated from submonolayer coverage up ti
35 monolayer equivalent (MLE). Here an MLE is dePned as§
the exposure required to complete one monolayer as observi§
by STM. The coverage as determined from STM images i}
found to increase linearly with exposure in the submonolaye:
regime. The blms were annealed at different temperatures ) _

measured using a pyrometer with the emissivity setto 0.1. Thgfe- fldr isnz':’é;’;‘iigeso(vzeorzgio?a’;’If)zom‘s ;r;“tjh'('t‘))"(')“l ?\;I‘MPE‘:’(SHZ% -
temperature was also measured with a K-type thermocouple_ g o na: (c) 0.8 MLE,V=+ 20V, | = 0.06nA; (d) 1.7 MLE,
attached on the manipulator at some distance from the sam~=$ 1.4v,1 = 0.10nA.
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(@) . (b)
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FIG. 2. LEED patterns of (a) the clean Pd(111) surface and after dosing (b) 1
MLE and (c) 2 MLE of In at room temperature. All patterns were recorded at
an incident beam energy of 55 eV. The dotted rectangle in (c) is a blow-up of
one of the outermost diffraction spots showing that they are actually poorly
debned triplets.

2 MLE & =70°

observed in a study of Zn thin PIms on Pd(1%#1Y.he Pd step
height is measured at 2.250.05 ¢ corresponding to the the-
oretical Pd(111) interplanar spacing. The height of the islands
is measured at 2.15 0.05 ».

Figure2 shows the LEED patterns of the clean Pd(111)
surface (Fig2(a)) and after dosing 1 MLE (Fig2(b)) and 2
MLE of In (Fig. 2(c)) at room temperature. Already at 1 MLE, 1 MLE In
a new pattern starts to appear which is slightly improved at 2
MLE coverage. The LEED patterns are quite diffuse in both
cases and could be interpreted as eithera @ reconstruc-
tion or three rotational domains of a € 1) reconstruction
or three rotational domains of another structure resembling a
(2 x 1) reconstruction. However, at 2 MLE, the outer spots
appear to be poorly debned triplets (see blow-up in Kig)),
which rules out the brst two hypothesis. 350 345 340 335 330

At this stage, the bIm is not sufbciently ordered to obtain Binding Energy (eV)
atomically resolved STM images. However, domains can be
identiped exhibiting atomic rows, rotated by 1Z6m each FIG. 3. XPS Pd 3d spectra of the clean Pd(111) surface, after dosing 1 and

. . . .2 MLE of In and of the clean polycrystalline InPd sample. All spectra were
other. The formation of these domains suggests that Interml)%ecorded at 45take-off angle except for the second from the top spectrum

ing already occurs at room temperature. Further evidence fQfhich was collected at 7o enhance surface sensitivity. A clear alloy com-
intermixing is provided by the core-level XPS data shown inponent can be seen upon In dosing the Pd surface as well as the loss of the

Fig. 3. The Pd 3d core-level lines of the clean Pd(111) Sub_a_symmetric tail and the disappearance of the shake-up satellites at 346.3 eV
strate can be btted with a bulk and a surface contribution a& "9 enerey.

described in Refl0. With increasing coverage, an additional

peak grows on the high binding energy side, which is fur-of the satellite upon alloying suggests that the Pd d band is
ther enhanced at high take-off angle of the photoelectrons tbeing blled and shifted below the Fermi level upon alloying,
increase the surface sensitivity. This peak corresponds to th feature commonly observed upon intermetallic compound
surface alloy contribution. The position of this additional peakformation®" This is conbrmed by XPS valence band mea-
is shifted from the bulk Pd peak by0.65 eV at 1 MLE and  surements shown in Fig. The main peak corresponds to the
by + 0.9 eV at 2 MLE. The shift is however smaller than the Pd d band which is shifted towards higher binding energies
binding energy shift€ 1.0 eV) observed for the InPd poly- With increasing PIm thickness to resemble that of the poly-
crystalline reference sample, suggesting that the surface allgyfystalline reference sample. However at 2 MLE, the spectral
formed at room temperature is different from the stoichio-weight within 2 eV below E is larger than for the polycrys-
metric compound in this coverage regime. Core-level pea[ta”iHQ sample. This is probably due to a Pd bulk contribution
ptting of the Pd 3d line indicates that the alloy contributionto the XPS signal in this low coverage regime. The chemical
is more symmetric than the Pd bulk peak. The asymmetrgomposition of the surface alloy formed at room temperature
of metal core-level line shapes results from intrinsic energycan be roughly estimated by considering the area of the In
losses through electron-hole pairs excitations across the Ferrdfl peak and that of the alloy component of the Pd 3d peak,
level and thus depends on the local density of states (DOS) &suming that the In concentration is homogeneous across
the Fermi level (N(E)).222° Therefore the more symmetric the alloy thickness. This gives a composition of/d; at

line shape of the alloy component indicates a reduced:N(E 1 MLE and In;;Pd,; at 2 MLE.

in the surface alloy compared to the substrate DOS. Another
observation is the disappearance of the shake-up satellite gt
+5.9 eV from the Pd 3g, upon alloying. The intensity of the ™
shake-up satellite depends on the weight of unoccupied Pd Upon successive annealing of the 1 MLE thin PIm up
4d character and its position above.¥ The disappearance to 690 K, the broad diffraction spots observed at 300 K

Intensity (Arb. Units)

Annealing 1 MLE thin PIms
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(a)
Pdin Polycrystal
2ML 6=70°
()
-
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FIG. 5. (a) LEED pattern of the 1 MLE In PIm on Pd(111) after anneal-
ing at 690 K and (b) corresponding STM image (.00 nn?, V=S 1.4V,
Akl | = 0.07 nA). (c) LEED pattern of the 2 MLE In bIm on Pd(111) after anneal-
ing at 690 K and (d) corresponding STM image @0 nnt, V =+ 1.4V,
| = 0.06 nA). Atomic rows can be distinguished according to three differ-
ent orientations as indicated by straight lines in (d). The arrow in (c) points

FIG. 4. Experimental XPS VB spectra of the clean Pd(111) surface, aﬂelgowards one of the diffuse spots arising from the surface alloy.

dosing 1 and 2 MLE of In and of the clean polycrystalline InPd sample. All
spectra were recorded at 4take-off angle except for the second from the ] ) ) ) ) )
top spectrum which was collected at 4@ enhance surface sensitivity. shown in Fig.5(c) is obtained where the (& 1) diffraction

spots coexist with faint diffuse spots of the InPd surface al-
loy. An STM image of the corresponding PIm is shown in
vanish and are replaced by a new well ordere®& 3)  Fig. 5(d). The surface alloy is not well ordered but neverthe-
R30 superstructure (Figh(a). The corresponding STM im- less domains can be seen presenting atomic rows. The chem-
age is shown in Figh(b). On large scale images, one observesical composition of the surface alloy is estimated gt
a two phase mixture, one phase being disordered and coveririgllowing the peak btting procedure described above. Further
less than 30% of the surface area, and an ordered phase wihnealing of the 2 MLE bIm above 690 K leads to an even
an hexagonal unit cell of dimension 4.75 « consistent with sharper (x 1) LEED pattern and a progressive loss of the In
the ( 3x 3) R30 superstructure observed by LEED. The content in the near-surface region.
STM contrast is not uniform, suggesting either chemical in-
homogeneity and/or rumpling and/or structural imperfections.
After annealing at 690 K, XPS core-level measurements sho. High coverage regime ( 4 MLE)
adecrease in the In content in the near-surface region. The es- After deposition of 4 MLE of In on Pd(111) at room tem-
timated composition of the surface alloy is equal tg, Rt . ;
NN . _perature, the LEED pattern shown in Fig(a) is observed.
The uncertainty in this case is rather large because of the di t is actually similar to the one obtained after 2 MLE depo-
Pculty in extracting the Pd 3d alloy component out of the total

. . . . sition at room temperature except that the diffraction spots
Pd 3d line. The surface alloy is most likely conbned in the top- P b P

are now better resolved. The quality of the LEED pattern can
most surface layers. Above 690 K, the LEED pattern evolve%e further improved by annealing the bIm up to 500 K as
towards a (1x1) pattern. By XPS, the alloy component of the - :
) . : . . shown in Fig.6(b). At this stage, the LEED pattern can be
Pd 3d line has almost disappeared while the intensity of the In : - . :
3d line stronalv decreases. indicating that the In atoms haVdescrlbed as consisting of three rotational domains of a rect-
aither desorbge}(; ordiffused’into the b?,ﬂk gngular structure. The three domains and their relationship
' with the Pd(111) substrate are depicted in the LEED pattern in
Fig. 6(b). The domains are rotated by 6dom each other. By
calibrating the reciprocal space using the LEED pattern of the
clean Pd(111) surface recorded under the same experimental
Upon successive annealing of the 2 MLE thin bIm, conditions, it is deduced that the rectangular surface unit cells
the broad diffraction spots of the reconstruction observed abave dimensiona = 3.28+ 0.1 = and b= 4.64+ 0.1 .
300K progressively vanish with no evidence ofx 3)  These values are close to those of the rectangular unit cell of

R30 ordering in this case. At 69910 K, the LEED pattern InPd(110) &= 3.25+andb= 4.6 ¢) and are thus consistent

T T T T T T T T
10 8 6 4 2 0 2 -4
Binding Energy (eV)

3. Annealing 2 MLE thin bIms
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FIG. 6. LEED patterns of (a) the 4 MLE In thin PIm deposited on Pd(111) F|G. 7. (a) and (b) LEED patterns recorded at 21 eV beam energy for a 4
at room temperature and (b) after annealing at 500 K. The two patterns werg|LE |n thin blm on Pd(111) after annealing at 500 K and 550 K, respectively.
recorded at an incident beam energy of 50 eV. The three rotational domains gfhe additional triplets of spots observed at 500 K disappear after annealing
the InPd(110) rectangular mesh are superimposed. The dashed arrows corgg550 K. The reciprocal lattice vectors (a*, b*) of a single InPd(110) domain
spond to the Pd(111) lattice vectors. The Prst order substrate spots are ifie outlined in (a) as well as thosagt, bg*) of the larger structure. The
coincidence with the (0, 2) and (&2) spots of the InPd(110) domains. equivalent centered rectangular net is also outlined for a single domain. The
(c) Real space model of a single InPd(110) domain with lattice vectoiss ( prst nodes of the two other domains are outlined by empty circles in blue
on a Pd(111) substrate with lattice vectey, (by). (d) Reciprocal space for  and red, respectively. The circular inset is a magnibed view of one triplet of
three rotational domains of InPd(110) on Pd(111) substrate. Large circles inspots. The dotted circle in (b) indicates the position of the missing triplet after
dicate coincidence reciprocal lattice spots between the surface alloy and thghnealing at 550 K. (c) Real space model of the Gc@) reconstruction®
substrate. with lattice vector &g, bg) on a single domain of InPd(110). As explained
in the text, the Oc(¥ 2)O phase can alternatively be interpreted aBds
(110) domains. (d) Reciprocal space model for three rotational domains of

with the formation of three rotational domains of InPd(110)c(4 x 2)-InPd(110) domains. The dotted circle indicates the triplet of spots
surface alloy on Pd(111). The orientation of the InPd(110) do®fpserved in LEED pattems.
mains with respect to the Pd(111) substrate is determined by
the coincidence of the (0,2) and §®) reciprocal lattice spots
of the InPd overlayer with the (0,1) and &) or (51,0) and  shown in Figs7(c)and7(d)in both real and reciprocal space.
(1,0) or §1,1) and (1S 1) substrate spots, respectively, henceHowever, the physical origin of such reconstruction is un-
the three rotational domains observed. A schematic of thelear. Considering the fact that its characteristic diffraction
model is shown in Figss(c) and6(d), in both real and recip- spots disappear upon further annealing at 550 K and that the
rocal space. Considering the bulk parameters of Pd and InPld concentration in the near-surface region tends to decrease
compounds, this locking into registry would imply a small upon annealing as veriPed by XPS, we can suppose that this
lattice expansion of the surface alloy by 3.6%. structural change is linked to a change in the chemistry of the

At low electron beam energy, additional triplet of spots diffracting overlayer. The In-Pd phase diagram contains sev-
appear for the same growth conditions; i.e., In deposition otral intermetallic compounds. On the In-rich side, one bPnds
4 MLE at room temperature. They are slightly better dePnedhe In,Pd, compound whose structure is closely related to the
after annealing up to 500 K (Fig(a)) but disappear after an-  -brass structure typ&.It hasim3m space group and a lattice
nealing at 550 K (Fig7(b)). These triplets of spots do not parametea= 9.436 . The surface unit cell in its (110) plane
originate from the InPd(110) domains themselves but correwould thus have dimensiorss= 9.436 « and b= 13.344 e,
spond to a structure possessing a larger unit cell. The recipra.e., close to the valuesag, bg) measured experimentally.
cal lattice vectorsdyz*, bg*) of this larger structure are shown Therefore this additional structure could alternatively be in-
in the LEED pattern in Fig7(a)together with the lattice vec- terpreted as three rotational domains ofRd;-(110) instead
tor (@*, b*) of a single InPd(110) domain. The larger structure of c(4 x 2)-InPd(110) domains.
corresponds to an oblique surface unit cell having parameters  Atomically resolved STM images of the different struc-
az=by =77+ 01leand =71 + 2 orequivalentlytoa tures are shown in Figui& The three rotational domains can
centred rectangular net with dimensiaps= 9.2+ 0.5+ and be clearly observed in Fig(a) The dimensions of the surface
b, = 13+ 1 - There are two possibilities to interpret this unit cell (Fig.8(b)) are in agreement with the LEED measure-
structure. From a purely geometrical point of view, it can bements. Such structure is observed either directly after room
interpreted as a c(4 2) surface reconstruction of InPd(110) temperature deposition of 4 MLE or after annealing up
domains on the Pd(111) substrate as sketched in the modi 500 K to improve the structural quality. In these images,
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tional In atoms located at about 0.6 « below. It is reasonable
to assume that the groups of 4 protruding atoms are imaged
as a bright dots by STM and that the 6 surrounding In atoms
appear dimmer because they lie below the mean position of
the surface plane. This model presents a good agreement with
the experimental observations, supporting the formation of
In,Pd;(110) domains rather than a cé4 2) reconstruction
of InPd(110) domains. The bIm structure changes upon an-
nealing at 550 K as can be seen in the STM image shown in
Fig. 8(e) Now the bIm structure consists of three rotational
domains of the InPd(110) phase in agreement with the LEED
results. The dimensions of the surface unit cell measured by
STM (a= 3.25+ 0.1 «and b= 4.6+ 0.1 *) are consis-
tent with expected values. It is to be noted that the two struc-
tures, InPd;(110) domains and InPd(110) domains, are found
to coexist at the surface, the former one being the dominant
structure after room temperature deposition and annealing up
to 500 K while the latter become the predominant structure af-
ter annealing to 550 K. The orientation relationship between
the two structures is illustrated in the STM image shown
Fig. 8(f), in which a In,Pd;(110) domain appears adjacent to
a InPd(110) domain.
To summarize this section on In thin PIms ( 4 MLE)
on Pd(111), surface alloying is observed already after room
temperature deposition leading to the formation of three ro-
tational domains of a hPd; compound with (110) orienta-
tion. This In-rich compound may grow directly on top of the
Pd(111) substrate or may develop on top of InPd(110) do-
mains formed as an interfacial layer in the early stage of the
growth. Such near-surface layer is found to be stable up to an-
nealing at 500 K but transforms into pure InPd(110) domains
FIG. 8. (a) STMimage of the 4 MLE In thin PIm on Pd(111) after annealing upon further annealing to 550 K. This sequence of surface
atoi?g Etrsuict’l‘j‘fef‘ng]‘:'Iift’t'iiedsgggls of ;haer:g@?mﬁg;‘ggr;niﬂg i(r?])aitz phases has been observed for various coverages, including 4,
ZS well as the centered rectangula?qu(ﬁ?t cell. (c)pHighPresolution STM ir%éges’ 16, and 35 MLE, the transition temperature always being in
of the same structure obtained after room temperature deposition of 16 MLEhe range of 500 to 600 K. When the blms are further annealed
In on Pd(111) showing additional contrast within the rectangular unit cellabove 690 K, a LEED pattern similar to a Pd)(]_’]_) pattern
forming an elongated hexagon arqund each bright dots. (Q) Structure model % recovered, consistent with what has been already observed
the In;Pd, (110) surface. (¢) STM image of a 4 MLE In thin pim on Pd(111) for the 2 MLE thin PIm. Thus the InPd surface alloy is not sta-
after annealing at 550 K showing multiple domains of InPd(110). (f) STM '
image of the same PIm as in (e) showing the coexistence,Bti(110)and  ble in this temperature range and further In diffusion into the
InPd(110) phases and their orientation relationship. bulk or In desorption must take place. Fig@rsummarizes in
a schematic way the different phases formed as a function of
coverage and temperature.
one can only distinguished bright features at the nodes and Up to now, we have assumed the formation of In-Pd sur-
at the center of the rectangular unit cell. Therefore it is nofface alloys based on structural information obtained by LEED
possible from such images to discriminate between the twand STM. The concentration in the near-surface region has
structure models proposed earlier based on LEED patternbeen measured by XPS for the different coverages, before and
i.e., rotational domains of either JRd;(110) or c(4x 2)-  after annealing in a temperature window of 500 to 600 K. The
InPd(110). However, in rare cases, a better resolution coulXPS core-level lines are shown in Fig€ and11 for the dif-
be achieved by STM as shown in Fig(c) for a 16 MLE  ferent conditions. The composition of the near-surface alloy
thin bIm after room temperature deposition. In addition tocan be estimated assuming that the surface alloy is chemically
the bright dots at the nodes and centers of the rectangulftomogeneous along the surface normal, a criterion which is
mesh, one can distinguish 6 additional features surroundinghost likely not satisbed. We nevertheless use this approxi-
each bright dot forming an elongated hexagon. The structurmation in order to derive the basic trends in the chemical
model of the (110) surface of the Idd, intermetallic com-  composition in the near-surface region. Before annealing, the
pound is shown in Fig8(d) assuming a bulk termination at surface alloy composition is In-rich and slowly evolves from
dense puckered layer. At the nodes and center of the rectaing,Pd,; at 4 MLE to In,gPd,, at 35 MLE. After annealing,
gular mesh, one bnds a group of 4 atoms (2 Pd and 2 In atontise In concentration in the surface alloy decreases to about
forming a cross) slightly protruding above the mean position55%, i.e., within the InPd compositional range, for all cover-
of the plane. Each of these motifs is surrounded by 6 addiages above 4 MLE. A Pd bulk component in the Pd 3d
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FIG. 9. Schematic summary of the different phases formed as a function of coverage and temperature.

line can still be observed directly after dosing up to 8 MLE,and STM. However, for a given coverage, angle-dependent
consistent with the probing depth by XPS. However, after anXPS measurements show a small increase of the In content
nealing the 8 MLE, the Pd bulk component is not detectedfor more surface sensitive conditions (2@ke-off angle in-
which means that the thickness of the surface alloy has instead of 45). These observations are consistent with a gra-
creased. The expected surface alloy thickness for a 1:1 stodlient of In concentration after room temperature deposition
chiometry at 8 MLE corresponds to 16 atomic planes equivain this coverage regime, decreasing from surface to bulk and
lent to a thickness of 3.7 nm, i.e., larger than the XPS probindpeing more marked with increasing initial coverage. Proba-
depth. Therefore annealing to 500D600K is a necessary stéfy the InPd compound is brst formed at the interface re-
to complete the alloy formation. Note that the chemical com-gion during growth and then the JRd; phase is formed on
position of the near-surface region measured after annealingp because the intermixing is not fast enough under these
the PIms at 500 K or 600 K is almost similar within the accu-experimental conditions. Upon mild annealing, further diffu-
racy of the measurements, although this temperature windosion takes place deeper in the bulk allowing the formation
corresponds to the transition from the In-rich surface structuref a thicker InPd interface layer. In the temperature range
(In,Pdy) to the 1:1 InPd compound as determined by LEED500D600 K, the §Pd, surface alloy should disappear to leave

FIG. 10. XPS Pd 3d core-level lines for different pPIm thicknesses, beforeFIG. 11. XPS In 3d core-level lines for different PIm thicknesses, before and
and after annealing and for the reference InPd polycrystalline sample. after annealing and for the reference InPd polycrystalline sample.
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TABLE I. Main characteristics of the XPS core-level spectra measured orhroad main peak at approximately 2 to 4 eV be|0,\_Nd:TiiSES
the reference InPd polycrystalline sample. from the Pd d band of the surface alloy and is being increas-
ingly shifted to higher binding energies with increasing cov-

In3 In3 Pd3 Pd3 o .
Gz %z e 4 erage after room temperature deposition. The spectral weight
Position (eV) 451.30 443.77 341.35 336.05 between 2 eV andEcan be due to some Pd d states contri-
FWHM (eV) 0.97 1.01 1.01 1.00  bution of the InPd compound which has some sizable DOS in

this energy range (see R&b) as well as some additional con-

. . L . ribution from d states of bulk Pd at low enough coverages.
a single phase InPd surface alloy. This scenario is consistef] pon annealing, the position of the main Pd d band shifts

with all presented observations. Note that due to the fact th ok 10 that measured in the reference polvervstalline sam-
such surface phase transformations are linked to diffusion an}aa X . polycrystafli
le. Simultaneously, the relative spectral weight within 2 eV

intermixing, the exact conditions under which a phase appeab low E. decr nsistent with an incr. in th f
should not only depend on initial coverage and annealing tem2C 0 - decreases, consiste anincrease € surtace

perature but also on the time elapsed between the depositi@rllloy thickness and thus a reduced Pd bulk contribution. The
and the experimental observation. valence band spectra of the annealed bPIms and of the poly-

As observed in FigslOand11, there is a systematic shift crystal agree well and are resembling a OCu-likeO DOS ex-
of the Pd 3d lines towards lower binding energy upon armealpected for catalytic properties. However, the calculated DOS

ing the bIms while the In 3d line appears mostly at the sam f the InPd compound shows signibcant difference with that

binding energy, independently of the conditions shown. WeOf bulk Cuin the energy range of 1.5 eV tp fhecause of sig-

mention however the In 3¢} core-level line shifts to 443.5 eV _nibf:ant d states contribution in the intermetallic phase. This
for higher annealing temperature (690 K, not shown in'> similar to the cases of ZnPd and GaPd compodids.

Fig. 11), associated with a decrease of the In content. The

Pnal line shape and binding energies of Pd 3d and In 3d coreVv. DISCUSSION AND CONCLUSIONS

levels of the surface alloys after 500D600 K annealing are in Th . al its indicate that surf llovi
good agreement with those measured for the polycrystalline € experimental Tesults indicate that surace afloying

reference samples 0.05 eV). The main characteristics of the tFi;(elsl 1placef at r°T°h’T‘ temperatgtrr]e trl:p(iﬂ In ?.OS; ng ?;] t.the
lines are provided in Table The XPS valence band spectra (111) surface. This agrees wi € theorelical preaiction

L : of a negative mixing enthalpy for the JAd, 5 , solid solution
recor for th m nditions are shown in E@.Th ) : - : S X
ecorded for the same conditions are sho . The in the dilute In limit reported in Ref25. In the low cover-

age regime (2 MLE), the LEED patterns are consistent
with the formation of three rotational domains of InPd(110)
on top of the Pd(111) substrate. However, the structural qual-
ity of the surface alloy is rather low at this stage as evidenced
by the diffuse diffraction spots. In addition, both the core-
levels and valence band XPS spectra show that the surface
alloy does fully exhibit the electronic structure characteristic
of the stoichiometric phase under these conditions. Anneal-
ing the 1 MLE thin PIm up to 690 K yields a well ordered

( 3x 3) R30 superstructure with hexagonal unit cell di-
mension of 4.75 « and an estimated surface alloy composi-
tion of In,;Pds,. This observation is consistent with previous
reports on a related system, Sn on Pd(111), for which a simi-
lar ( 3x 3) R30 phase was identibed after annealing and
ascribed to the formation of a R8in monolayer surface alloy
with fce structures- 3536 Calculations of segregation energies
indicate that an In-doped layer buried in a Pd(111) substrate
is preferentially located at the surface, therefore we expect
this surface alloy to be conbned in the outermost plane at this
stage?® When the bPIm is further annealed above 690 K, the
In content in the near-surface region decreases andcal(ll
pattern is recovered in our case.

The ( 3x 3) R30 superstructure is not observed for
thicker pPIms. Successive annealing of the 2 MLE thin bPIm
leads the progressive disappearance of the InPd diffraction
spots till a sharp (¥ 1) pattern is recovered above 690 K.

In the high coverage regime (from 4 to 35 MLE), LEED,
STM, and XPS results indicate the formation of three rota-
tional domains of a l§Pd; compound with (110) orientation.

FIG. 12. XPS valence band data showed bliing of Pd 4d bands to a Cu-likd NiS In-rich phase grows either directly on .tOP of the Pd(111)
state upon dosing and annealing In/Pd(111) bIms. substrate or on top of InPd(110) domains formed as an
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interfacial layer in the early stage of the growth. The neardn content decreases to reach a In/Pd ratio of about 20:80
surface layer is found to be stable upon annealing up to abowind a (1x 1) LEED pattern is recovered. This conclusion is
500 K and transforms into pure InPd(110) domains in a temagain consistent with earlier reports indicating a similar In/Pd
perature range comprised between 500 and 600 K dependimgtio throughout the near-surface region after annealing the
on the initial coverage. At this stage, the surface alloy exhibitgt MLE thin bIm at 673 K2* Therefore the InPd surface alloys
core-level chemical shifts and VB spectra identical to those ofmust be considered as metastable phases. This conclusion is
the stoichiometric InPd intermetallic compound. In particular,consistent with the results of a theoretical study of InPd sur-
a OCu-likeO DOS is observed. Annealing at higher temperace alloys using Prst-principles calculations demonstrating
tures leads to a decrease of the In concentration in the neahat In-doped Pd layers on Pd(111) are energetically more sta-
surface region suggesting that the surface alloy is not stable ible for In concentrations lower than 50 at%%.
this temperature range. A @& 1) LEED pattern is recovered The formation of metastable phases with a global 1:1
at 690 K, together with a Pd-like DOS. composition is common to the related Zn/Pd(121§ 182738

Our results are consistent with the conclusions of a previand Ga/Pd(111j systems. However, the composition
ous XPS study on In-doped Pd foil performed by Rameshachanges are more gradual in the cases of Ga/Pd(111)
et al?* In this work, a 4 MLE In thin PIm was deposited on and In/Pd(111) compared to Zn/Pd(111) for which a more
a polycrystalline Pd substrate and the chemical compositiopronounced plateau in the surface composition was observed
of the NSIP as well as chemical shifts and VB were moni-between 400 and 550 K. For Zn/Pd(111), the 1:1 plateau cor-
tored as a function of the annealing temperature using syrrelates with the formation of an orderedX22) surface struc-
chrotron radiation based XPS. A high degree of alloying wagure corresponding to 3 rotational domains of ZnPd(111)-(2
also reported at room temperature. Upon successive anneal- 1)°”3° whereas for Ga/Pd(111) the surface alloy is disor-
ing, the Pd 3d peaks gradually shifted towards lower bind-dered in the same temperature rahy@he onset tempera-
ing energies associated with a decrease of the In content tares for alloy formation were found to be different for Ga
the near-surface region and correlated with a transition fronand Zn on Pd(111) (200 K for the former versus 300K for
a OCu-like© DOS to a more OPd-likeO (i.e., a shift of thetlk latter). This was interpreted as a consequence of the larger
band center towards g By varying the photon source en- thermodynamic driving force for Ga-Pd compound formation
ergy (and hence the probing depth), a concentration gradiembmpared to Zn-Pd based on the calculated cohesive ener-
was highlighted from an In-rich next to the surface to a moregies. The onset alloying temperature was not determined in
In-depleted alloy in deeper layers. The concentration gradithe present study but is lower or equal to 300 K. This is con-
ent was found to be more pronounced after low temperatursistent with the cohesive energy calculated for the InPd com-
annealing, from Ig;Pd;, at 0.4 nm inelastic mean-free path pound §3.57 eV/atomd® which is intermediate between that
(IMFP) to Ing,Pd,q at 1 nm at 363 K annealing. These con- of PdGa £3.9 eV/atom)®“® and ZnPd $3.0 eV/atom)i*
centration values support our hypothesis that&th phase  Concerning the orientation of the surface alloys, we found that
is formed on top of a 1:1 InPd interface layer. Annealing tothe cubic 1:1 InPd NSIP adopts a (110) orientation with re-
453 K yielded to a 1:1 In/Pd ratio in the near-surface regionspect to the Pd(111) substrate whereas the 1:1 tetragonal ZnPd
exhibiting a OCu-likeO DOS and In depth distribution simiNSIP adopts a (111) orientation. In both cases, it corresponds
lar to the MSR-selective multilayer ZnPd counterp&rhe  to stoichiometric layers consisting of alternating atomic rows
4 MLE In thin PIm annealed at 453 K was therefore usedof Pd and In (or Zn) metals. Only one type of atomic rows
as a model surface to study the catalytic properties of thés observed in corresponding STM images. For Zn/Pd(111),
InPd system. In these experiments, the temperature was metis feature can be ascribed to an outward shift of the Zn
sured with a thermocouple directly attached to the sampleatoms and an inward shift of the Pd atoms (into the bulk) with
thus providing more reliable temperature values than thoseespect to the bulk-terminated geometry as demonstrated by
reported in the present work. Using the gradual shift of the PDFT calculation$®#! This is consistent with the lower ele-
3d peaks upon annealing as an internal temperature calibraaental surface energy of Zn compared to Pd. A similar effect
tion, we determined that the 453 K-annealed state in R&f. is expected to occur on the InPd surface alloy, as the elemen-
corresponds to our 500 to 550 K annealed state. In Rameal surface energy of In is also much lower than that of Pd.
shanet al,? the structure of the 1:1 InPd NSIP was con- Such type of surface relaxation can have a signibcant effect
sidered as that of a substitutional alloy with progressive reon the surface reactivity and is investigated theoretically in the
placement of Pd atoms by In within the Retlattice with no  part Il of this article (Ref25).
relationship with bulk intermetallic phases of the In-Pd sys-
tem. Our STM and LEED results show that the structure of
the surface alloys formed on the Pd(111) substrate under SiIl\CKNOWLEDGMENTS
ilar conditions actually corresponds to intermetallic phases
rather than substitutional alloys, either cubic CsCl-type IanNT
or beeIn,Pd;, depending on the conditions. This conclusion
is also consistent with a previous analysis by x-ray diffrac-
tion of In/Pd multilayer stackings on Si@emonstrating the
formation of these two compounds induced by room temper-,, ¢ o, & A pagle, and J. . Holladaghem. Revi07, 3992 (2007),
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