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Spectromicroscopy study of the dynamics of submonolayer Pd on a polycrystalline Ni surface
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The lateral distribution of submonolayer Pd deposited at room temperature on the surface of a polycrystal-
line Ni sample has been studied with scanning photoelectron micros&&&M. The Ni sample consisted of
differently oriented crystal grains, as evidenced by low-energy electron microscopy and micro-low-energy
electron diffraction measurements and by SPEM N6i @aps showing surface topography. The elemental
contrast of the SPEM Pdd3images have revealed that the different grains of the polycrystalline surface show
different activity, resulting in differences in the local Pd concentrations. The chemical state of Pd was well
described by the Pdd3, spectra. They consisted of two components interpreted in terms of adsorbed Pd
speciesPd 3ds;, binding energy of 336.0 evVand Pd embedded in the Ni a surface lattice, forming surface
PdNiy alloy (Pd 3ds, binding energy at 335.5 gVChemical imaging in terms of these Pds3 components
confirmed that the ability of Pd to alloy or form clusters also depends on the individual structure of the grains
on the polycrystalline Ni surface.
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[. INTRODUCTION will normally be too low for thermodynamic equilibrium to
be achieved. To our knowledge the initial stages of the reac-

The study of binary metallic systems is important becauséion between Pd atoms deposited over a Ni surface have been
of their many technological applications, e.g., in catalysisstudied only for the NiL10) surface by means of STKf

and magnetic recordingThe behavior of the system com- From these studies it was found that at room temperature
ponents at the surface is typically different from that in the(RT) the Pd atoms landing on a terrace dflaQ) Ni face can

bulk. This has motivated a series of studies to characterizaggregate to form stable clusters on a nanometer scale. These

. ) Zill grow preferentially along the easy direction of diffusion,
structurally and chemically the interface between metalli h ?110] Fc)iirection reysulting in Pd isyland formation. Apart
species. These studies have demonstrated the great varietysf 1, the growth (’)f Pd islands the STM images from the

phenomena WhICh. may occur when one species is depoan;g(llo) surface show the presence of poorly defined re-
on another. In particular phenomena such as surface segreggons near steps between Ni terraces. In these regions Pd and
tion, diffusion, nucleation, and alloying have been observedy; atoms are assumed to exchange their position, forming an
Alloying has been the subject of many studies during recengrdered surface alloy even at room temperafiifae atomic
years, and it has been found that elements which do not forrmodel proposed by Abedt al.” involves a relaxation of the
alloys in the bulk phase can do so when reacting on aopmost Ni layer to accommodate the strain induced by the
surface?” Detailed chemical and geometrical information on 10% relative mismatch in crystal spacing between Pd and Ni.
surface layers may be obtained by surface core-level spe€or this reason substitution should be easier on the upper
troscopy since core-level binding energies are sensitive to thierraces near to surface steps and kinks of single-crystal
environment of the emitting atoms. The typical core-levelplanes. Atomic substitution is considered as the preferred
energy shifts between elements involved in surface or bulkvay to arrange a surface alloy on(#10 fcc substrate, as
alloy formation are of the order of a few hundred meV, asalso observed for the Au/Ni interface? Several other works
found for several bimetallic systerfiS.X-ray photoelectron ~also indicate that the formation of a surface alloy should be
spectroscopyXPS) performed with sufficient energy resolu- duite general, occurring even at RT for metal-on-metal
tion is thus a suitable technique for the study of surfaceSystems:™ In this investigation we have linked photoemis-
alloying. sion spectroscopy with the imaging capabilities of the scan-

When alloyed at high temperatures Pd and Ni form a solid!Nd Photoemission microscofPEM. This has allowed

solution over the whole range of composition. Scanning tun:[he composition of individual grains of a polycrystalline sur-

neling microscopy(STM), low-energy ion scattering spec- face to be probed with submicrometer lateral resolution. Ef-

troscopy (LEIS), XPS, and Auger electron Spectroscopyfects have been identified in the interaction of a submono-

(AES) measurements have provided evidence for Pd Segrégyer Pd film deposited on a polycrystalline Ni substrate that

gation on the outermost layers of the bulk alléy&Previous _results specifically from the different grain structures coex-

photoemission studies of bulk alloys have shown clear eviiSting in the polycrystalline environment.
dence for the presence of surface and subsurfac:_a Pd species. Il EXPERIMENT

The annealed bulk alloy corresponds to the classical thermo-

dynamical limit but simple deposition may produce a meta- The spectromicroscopy measurements reported in this

stable surface or interface alloy since the surface temperatumork were performed with the SPEM of the ESCA micros-
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copy beamline at the Elettra Synchrotron Light Source. The
photon beam was demagnified to a microspotdf50 nm
diameter by means of a Fresnel zone plate, and the photc
electrons produced were collected by a hemispherical elec
tron energy analyzer with a multichannel detector. The
preparation of the surface was performed in a UHV chamber
connected to the SPEM chamber. A detailed description of
the microscope and associated facilities can be found in Ref
12.

Two-dimensional maps of the sample surface have beer
obtained by scanning the sample with respect to the focuse:
x-ray beam and collecting the photoelectrons with a selectec
kinetic energy at each scan step. Spectra have been acquire
from small regions of a size comparable with the x-ray mi- :
crospot. The electron take-off angle was 20° to the sample .
surface, which enhanced the surface contribution in the dat: grain 1 grain 2 grain 5
collected. A photon energy of 500 eV was used for all the
photoemission measurements. Using the atomic cross sec- FIG. 1. (a) LEEM image of a 6& 64 um? area of the clean Ni
tions and the escape depth of photoelectrons, the depth of tipelycrystalline sample where grain boundaries are clearly visible.
sample probed by the apparatus can be established. For tfiee LEEM image was acquired by selecting electrons from the
experimenta| geometry used it is limited to the top five to(0,0 diffraction spot at 3.5 eV. The black spots visible in the picture

seven atomic layers, with 70% of the signal coming from are damaged zones of the phosphor scréenSketch of the Ni
the top two layers grains in the explored area labeled from 1 to(&. u-LEED pat-

. . . 2 .
The multichannel electron detector of the electron anat™ obtained by collecting the signal from a 3u#?" region

lyzer was used to generate maps of the different chemicl side_ grains 1, 2, and 5. Since some spots have_poor contrast and
! . are difficult to see, they have been ringed for clarity.
states of the Pd atoms on the Ni surface. The electron kinetic
energies and analyzer pass energies are chosen so that the . RESULTS
different channels of the detector receive photoelectron sig-
nal from different energy positions across the Rid,;3core-
level components simultaneously. This avoids any misalign- Figure Xa) shows an area of the clean polycrystalline
ment of the maps corresponding to these enerdgms Sample obtained with a LEEM. The continuous lines visible
channely which would introduce artifacts in images when in the picture are boundaries between the different Ni grains
intensities are ratioed or subtracted to highlight changes. labeled in Fig. ). The u-LEED patterns acquired on the
The Ni sample was prepared from 99.98% pure commerdifferent grains are shown in Fig(d. The quality of the
cial foil, 0.25 mm thick, and was compressed against a polPatterns is not good enough for a reliable interpretation of
ished Si wafer using a hydraulic press to achieve a flat surthe surfaqe structures to be made. However, the_y do indicate
face. The sample was cleaned under UHV conditions (éhat the dlfferent grain surfaces obs_erved have different crys-
%1071 mbar base pressurdy several cycles involving tgl orientations and enable suggestlons to be made as to the
heating at 900 K in a %10~ mbar oxygen atmosphere, likely surface structures. Grain 1 shows four spots at the

followed by 500 eV AF bombardment and annealing to corners of a square. It is therefore reasonable to suggest that

. its orientation corresponds to (d00) surface. The LEED
1100 Kiin or((jzler_ttﬁ Kggu;{i a;;ngoth Ct and O-free Sl]frfacegﬁttern for grain 2 contains several lines of spots alternately
as measured wi - he eposilions Were pertiormegy;gay with respect to one another. The orientation in this

from a 99.99% pure Pd rod with a commercial electron bom—Case suggests 6110) face with possible reconstructions.

bardment water-cooled evaporator. The ampunt of depositedho | EED patterns recorded on crystals 3 and 4 were very
Pd was 4<10'*atoms cm 2. Expressed in monolayers poor and did not show any ordered structure. This is an im-
(ML), defined as the number of Pd atoms per surface Nhortant indication of the roughness of the surface that will
atom, the deposited amount4s0.5 ML. Low-energy elec- help the interpretation of the photoemission data. Finally the
tron microscopyLEEM) and micro-low-energy electron dif- pattern observed for grain 5 suggests a hexag¢hall)
fraction (u-LEED) images were acquired by using an EIm- face. These measurements show that the region of the sample
itec LEEM 3 low-energy electron microscope. A detailed selected is formed by several planes with different orienta-
description of this instrument can be found in Ref. 13. Usingtions and characterized by different levels of roughness. As
the lenses in the imaging column, the instrument can bevill be shown later, this interpretation agrees with the pho-
quickly switched from LEEM tou-LEED mode. Inserting a toemission spectra and images acquired with SPEM. These
circular aperture into the illuminating beam at the beamqualitative assignments of the micro-LEED spots were car-
separator allowg.-LEED analysis to be performed. The data ried out by comparison with the spot positions observed in
presented in this work were obtained using a 10@ aper- the LEED pattern from ¢110) face of a reference W crys-
ture, thus illuminating a 5um spot on the sample. tal.

A. LEEM and p-LEED of the polycrystalline Ni sample
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The signal, which appears to be uniform inside each grain, is
a maximum on grain 1 where the surface is Pd rich and lower
on the other planes, but with different intensities. Assuming
that the average surface concentration of the imaged area is
4x10* atoms cm?, simple calculations based on the dif-
ference in the gray levels give the relative surface concentra-
tions of Pd and hence the following local concentrations for
the different grains:~4.6x 10 atoms cm? for grain 1
[0.35 ML assuming a (110 surfacd, =4

X 10* atoms cm? for grain 5[0.25 ML assuming &111)
surfacd, ~3.8x 10" atoms cm? for grain 2[0.38 ML as-
suming a(110 surfacd, and ~3.5x 10** atoms cm? for
disordered grain 4. For surfaces where a surface structure has
been suggested by the LEED measurements, the density of

Ni atoms has been assumed and the surface Pd density is
normalized in terms of the Ni density to give the surface
coverage in ML for the suggested surface structures. No par-
ticular feature is observed on the boundaries between the
crystal grains. As will be shown below, the analysis of the
images formed in terms of the signal from selected detector
channels produces more detailed maps, showing not only the
elemental distributions, but also contrast resulting from the
different chemical states of the adsorbed Pd.

In contrast to the Pd images the inhomogeneous distribu-
tion of Pd has negligible effect on the contrast between the
different grains of the Ni B images. In fact a nearly uniform

¢) Pd/Ni Ni map without significant contrast was obtained by apply-
ing the procedure described above for removal of topo-

FIG. 2. (a) and(b): Pd 3d5, and Ni 3p chemical maps of the Ni - graphical effects from the Ni8images acquired after the Pd
polycrystalline sample. The two pictures are quite similar becausﬂeposition. In this case the images were divided by thepNi 3
the major source of contrast is topography. Lines are interpreted dhaps of the same area obtained before Pd deposition. The
topographical _evidence of grain boundaries. Other featurgs are sinsck of contrast in the Ni B maps is not unexpected, be-
ply mesoscopic topography left fron12 the. sample preparation procez, se jts origin is the attenuation of the No @mission by
.dure' The area Scanned. 15>684 . P'?ture(.c) 'S the ratio Qf . the deposited Pd film. In the present case the difference in
images(a) and(b) on a pixel-by-pixel basis. This procedure elimi- . L

. et the Pd concentration between the grains is of the order of or
nates any topographic contribution; the result represents the propolr- han 18 5 <01 ML. Thi |
tion of Pd present in the Ni surface layers. ess than a.to_ms cm-, 1., <U.1 VL. IS appa}renty
leads to a negligibly small difference in the attenuation effect
of Pd, which is confirmed by the NiBspectra taken on the
different grains(see Fig. 3. The low Ni 3p photoionization
cross section and the higher escape depth of thep\plso-

Figure 2 shows SPEM images of the same area of thé&electrons also contribute to the negligible effect that the
clean Ni surface, characterized by LEEM ameLEED (Fig.  inhomogeneous Pd distribution has on the Idi signal.

1), taken after deposition of ¥10" atoms cm? of Pd. The Ni 3p photoemission spectra acquired on the clean
These images were recorded with 500 nm scan steps. THéi surface(solid line) and after Pd depositiofdashed ling

raw SPEM imagefFig. 2(a) and 2b)] correspond to the sum are shown in Fig. 3. All the Ni B spectra taken on the

of the signals from all the detector channels covering thelifferent grains on the Pd-free surface have the same line
energy windows of the Pdd3(a) and Ni 3p (b) photoelec- shape and energy position. The Nd peaks measured on a
tron emission, respectively. They look very similar, since thePd-covered surface are also similar for different grains but
main source of contrast is the topography, which is stronglyappear to be shifted by 0.2 eV with respect to the clean
enhanced by the 20° take-off angle used in the SPEM. Howsurface spectrum. The width of the Np3spectrum of the
ever, concentration contrast, due to the presence of differemiean surface is somewhat larger, because part of the signal
amounts of Pd on the different grains, is also visible even ircomes from the Ni bulk atoms, which emit photoelectrons
the raw images. The bottom imafféig. 2(c)] is obtained by  with energy different from that of the surface atoms. For our
division of the raw Pd image by the raw Ni image on avery surface-sensitive experimental setup, where most of the
pixel-by-pixel basis. This procedure removes features due teignal comes from the top two layers, deposition of a sub-
surface topography from the images, leaving only elementaionolayer of Pd attenuates the emission from Ni surface
information. The substantial variations of elemental Pd conatoms so that the Ni 8 feature is now due essentially to
centration between the different graifidentified in Fig. 2  emission from bulk atoms. The broadening observed for a
produce clear contrast in the processed Pd image in By. 2 clean surface is then due to emission from both bulk and

B. SPEM of the polycrystalline Ni sample
with a submonolayer of Pd
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R R R R Rl LR LR RN RLLRE LR clude the instrumental broadening and other minor effects.
. The best fit corresponded to values of 0.5 eV for the Gauss-
Ni3p 5 ian full width at half maximum(FWHM) for both features,
an asymmetry of 0.1 and values for the Lorentzian FWHM
of 0.2 eV for the low-binding-energy component, and 0.5 eV
for the high-binding-energy component for all grains.

The fits of the spectra for all grains require the same two
components centred at binding energies of 336.0 and 335.5
eV. The different degree of asymmetry of the spectra is sim-
ply due to the different intensity ratios between these two
components, as can be seen in Fig. 4. It should be noted that
the weight of the component at 336.0 eV is either dominant
or comparable to the weight of the component at 335.5 eV. In
order to assign the origin of the two components we refer to
the reported Pd &, binding energies ofi) pure bulk and
surface Pd, 335.1-335.3 eV and 334.65-334.9 eV, respec-
A tively, for different Pd plane$*~° (ii) adsorbed single Pd
~~~~~~~ After Pd deposition atoms or small clusters of two to four Pd atoms, 336.4 to
—— Clean Ni 336.0 eV(Ref. 17; and(iii) bulk and surface Pd in RNi,

alloys, 336.1-0.1 eV and 335.4 eV, respectivél§:'® The
component at 336.0 eV can be assigned either to the bulk Pd
paaa by e bl et s loss s bannslisnstonss in a Pd(NIy a”Oy or tO the adsorbed Pd Species. Since the

-70 -68 -66 -64 62 experiments were performed at room temperature and the

Binding Energy (eV) amount of Pd deposited was far below a monolayer, the for-
) o mation of a bulk Pd-Ni alloy can be ruled out. This justifies

FIG. 3. The two Ni P core-level photoemission spectra shown the assignment of the component at 336.0 eV to an adsorbed
corres.plond to the.Nl samplg befofsolid line) and after the Pd Pd species, Pg.. For the present system the second com-
deposn_lon(dotted ling. No differences have been found between ponent at 335.5 eV can then only be associated with Pd
the grains. embedded in the top surface Ni layer, forming a surface al-

. - . loy, P .
energy-shifted surface atoms. The binding energy shift of the yThgap%ltichannel detector energy window used for the Pd

Ni 3p spectra reflects the modification of the eIectronic3d5/2 photoemission images was chosen in order to have

structure of the surface Ni atoms resulting from changes i% me channels at the energy positions of both components
the atom environment produced by the presence of adsorb 4s and Py, , identified in the Pd 8, spectra. In this

Pd and Pd atoms embedded in the surface Ni layer, as di§\7ay maps corresponding to the lateral variations of each

cussed below. component could be obtained. Figureg)5and 3b) show

Figure 4 shows several Pddg, core-level spectra ac- ;
quired on the different planes. The binding energies are d the Pdgs and Pdioy maps, obtained after removal of the

termined with respect to the position of the Fermi level andiﬁqr;%gerigrllﬁecé):r:flgr‘gg (I)Dr): : I;:Sg:gb;h;;;? ?)%ii!lrsiﬁg'\ltlh e
the spectra are normalized in order to have the same inte'%'ame procedure as for the Pd image in Fig).ZThe i’mages

Sity. It is clear from the line shape Fhat all spectra containy oo o the relative concentration of the adsorbed and embed-
more than one component. Good flts_were obtglned USINGaqy pd across the sample region. The signal is different be-
Doniach-Sunjic functions convolved with Gaussians to in-veen the grains but is mainly uniform within each grain.
The Pdgs signal is particularly intense on grain 1 and low on
grains 2, 4, and 5 where the difference is negligible. The
Pd,i0y Signal seems to be uniform over all the grains except
for grain 4. The pictures in Fig.(8 and 8b) are displayed
with the same gray-level scale so that the signals can be
directly compared. Image(§ is the ratio between images
5(a) and 8b) and illustrates the dominance of B¢on grains

1 and 4, in accordance with the decomposed &g,3pectra
shown in Fig. 4. From the gray levels of the maps in Fig. 5
and the decomposed Pdis3, spectra in Fig. 4, distribution
plots of the total Pd amount, the Rd species, and Rg,
species were obtained for the oriented grains 1, 2, and 5, and
shown in Fig. %d).

Intensity (arb. units)

Intensity (arb. units)

-338  -337  -336  -335 -334 -338  -337 -336 -335 -334

Binding Energy (eV)

FIG. 4. Pd 35, photoemission spectra acquired on different Ni C. Discussion

planes decomposed using two fitting components. The height of the The present SPEM results on the interaction of Pd with
peaks is normalized to the same value for clarity. the different grains of a polycrystalline Ni surface at RT are
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a) Pd b) Pd Detailed inspection of the results illustrated in Figs. 4 and

, e _ ey _ 5 leads to the following conclusions. The apparently regular
: d grain 1 surface is the energetically most favorable for Pd
adsorption, whereas the potential energy minima for surface
alloying seem very similar for all grains except grairisée
Fig. 5. In fact, the disordered rough grain 4 appears to be the
least favorable area both for Pd adsorption and surface alloy-
ing. This is contrary to the normal expectation that adsorp-
tion will be facilitated by the presence of steps and defects.
One must, however, consider that since grain 4 is rather
rough, it should also contain defect areas that might serve as
local channels for vertical diffusion of Pd deeper into the
bulk. A natural result of such in-bulk Pd diffusion would be
a low Pd photoemission signal, particularly for the very

g 0.4 o o small escape depth of the Pdl $hotoelectrons in our ex-

= 03 perimental setup. Our results cannot unambiguously rule out
% o o the possibility that the presence of low-energy barriers have
g 92 facilitated vertical diffusion of Pd on grain 4. However,

S 01 v “ simple thermodynamic considerations concerning the lower
_§ - surface tension and larger size of Pd with respect to Ni,
A which explain the observed large surface enrichment of Pd in

T T T
5-(111)  1<100)  2-(110)

e PdNi alloys, suggest that defect-mediated Pd in-diffusion at

room temperature is unlikely to be dominant on grain 4. The
d) relative activity of the grains with respect to adsorption and
alloying suggests that adsorption is a dominant process not

FIG. 5. (a) and (b) Chemical maps of the Re and P, only on ordered grain 1, but also for the disordered grain 4.
components illustrating the lateral distribution of adsorbed and emOn the other hand, the alloying and adsorption take place
bedded Pd between the grairis) A map, obtained by division of ~With equal probability on grains 2 and 5.

Pd,qs image by the Pg,, image on a pixel-by-pixel basis, illustrat-
ing the relative local concentration of adsorbed and embedded Pd. IV. CONCLUSION

(d) A plot of the distribution of total [0), adsorbed ©), and em- | lusi he | | distributi ¢ b |
bedded /) Pd between the grains with more ordered structure. n conclusion, the lateral distribution of a submonolayer

The Pd concentration is expressed in ML with respect to the sugE@Verage of Pd between the different grains of a polycrystal-
gested local Ni surface concentration. line Ni surface, the surface structures of which have been

suggested by means of a LEEM apdLEED study, has
been determined by combined chemical imaging and mi-

) 31011 . ) ._crospot photoelectron spectroscopy. The microspot &g 3
interface. ™" The microspot spectra and chemical mappingg,ecra reveal the presence of two different Pd surface spe-

confirm the coexistence of two types of Pd species, adsorbedes adsorbed on and embedded in the surface lattice of the

Pd and Pd embedded in the Ni surface lattice. However, oug ains The local concentration of these two types of Pd spe-

results clearly show considerable differences in the local surg;oq clearly depends on the structure of the crystal grain and

face concentration of Pd and in the extent of the surfac, jis detailed topography. For the present Pd/Ni system the
Pd-Ni alloying on th‘? different grains. mobility of the deposited hot Pd atoms appears to be rapid
In order to explain our results we assume that the Pdh, g for the lateral distribution of Pd to follow the ther-
atoms |n'C|dent on the surfacg from the e'vaporator' Potc’se?ﬁodynamic potential energy, which varies with grain struc-
substantial mobility before being trapped in the equilibriumy, e "These results confirm the crucial importance of the sur-
state. Typically evaporated metal atoms, as in the presegt o morphology of metal films for the control of their local
case, carry a kinetic energy of order of 0.25 eV and gaifyonerties. This result is relevant to the many applications of

2dditiofna| adsorption energy, Whic&;g oflthe_order Or: thepolycrystalline materials, from catalysis to microelectronic
eat of condensation, i.e., up to 4 €V, by landing on the and magnetic devices.

surface. The initially “hot” Pd atoms are then able to diffuse =\ ther studies probing the development of the local com-

across the polycrystalline Ni surface for a sufficient time,,qjion of the Pd film during annealing are planned.
before equilibration. This gives uniform local grain coverage

but with a different amount of adsorbed and embedded Pd on
the different grains. The inhomogeneous Pd distribution be-
tween the grains means that the potential energy minima for We are grateful to Sincrotrone Trieste SCpA for allowing

adsorbed and embedded Pd depend upon the local structure access to the facility and providing support. The work was
of the grains. supported by an EC grant as Project No. 2000087.

in excellent agreement with the STM study of the P10
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