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Surface structure analysis of Ni„111…-„)3)…R30°-Pb
by impact-collision ion-scattering spectroscopy
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Impact-collision ion-scattering spectroscopy, low-energy electron diffraction, and Rutherford backscattering
spectroscopy have been used to analyze the Ni$111%-()3))R30°-Pb structure. It was found that annealing
Pb-covered Ni surfaces with an initial coverage of 0.45 ML gives rise to a stable Ni$111%-()
3))R30°-Pb structure. The experimental data and computer simulations support a structural model for the
Ni$111%-()3))R30°-Pb structure in which Pb atoms displace part of the first layer Ni atoms and incorpo-
rate them into the first Ni layer, with the Pb atoms displaced outward 0.2 Å with respect to the first-layer Ni
atoms. However, 20–30% of Pb atoms are randomly missing from the ideal Ni$111%-()3))R30°-Pb
model. This study shows surface alloying of immiscible metals in agreement with other recent studies.
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I. INTRODUCTION

The investigation of metal-on-metal overlayer systems
an interesting and important subject for understand
surface-related phenomena such as catalytic reactions
surface specific compound formation.1–3 The Stranski-
Krastanov growth mode is common for metal on metal s
tems when deposition occurs at a low temperature or w
the components exhibit little tendency for alloy formation1

However in many systems it is of interest to consider
possibility of bulk or surface alloy formation. If the constitu
ent metals have dissimilar sizes but tend to form stron
ordered intermetallic phases, such a phase may be nucle
at the surface or an overlayer of unique structure may
formed. In recent studies, elements which are immiscible
the bulk have been found to form stable two-dimensio
mixtures at the surface.4–6 These studies include Alkali
metal adsorbates on Al~111! and ~001!, Au on Ni~110!, and
Ag on Pt~111!, respectively. Related theoretical work w
proposed by Tersoff as well.7

In a continuation of previous work,8 we found that upon
annealing the Rb-Ni~111! system to 600 °C, the surfac
tends to equilibrate at a ()3))R30° structure if sufficient
Pb is present. The Pb/Ni~111! phase has an atomic size mi
match; the nearest-neighbor distances of Pb and Ni are
and 2.49 Å, respectively.9 This paper reports results of ou
studies of a Ni(111)-()3))R30°-Pb structure by low-
energy impact-collision ion-scattering spectroscopy~ICISS!
combined with low-energy electron diffraction~LEED! and
MeV ion scattering. We conclude that this ()3))R30°
structure shows surface-confined alloy formation in imm
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cible systems. ICISS has been used in a number of case
study clean, reconstructed, and adsorbate covered s
surfaces.2,10–12 The surface structure can be determined
rectly in real space by analyzing the angular anisotropy i
scattering intensities. In the present study, the structure of
Pb-Ni~111! surface was studied by observing shadowing a
blocking of low-energy 3-keV-Ne1 ions, and the results in
dicate that some of the Pb atoms are incorporated into
first Ni layer, but with the Pb displaced slightly outward. Th
absolute amount of Pb adsorption onto Ni~111! was obtained
from Rutherford backscattering spectroscopy~RBS! mea-
surements using 2-MeV-He1 ions.

We used two types of ion-scattering analysis programs
comparison with experimental data:~1! the calculations for
the three-dimensional cross section for ions that scatter
quentially and classically from two atoms, and are compu
tionally very fast13,14 and ~2! molecular-dynamics simula
tions involving many target atoms.15–17 In principle,
trajectory calculations based on molecular dynamics
more realistic, but the amount of computer time required
accumulate a statistically significant data set is prohibiti
In practice, such calculations are time consuming for de
mining the ICISS angular dependence. We have mainly
termined the surface structure by using the first way. Cal
lation results based on molecular-dynamics simulatio
support the surface structures determined by the calculat
for the three-dimensional cross section. In this paper, int
sities shown by experimental and simulation data are co
pensated for the area exposed to the incident beams and
malized by multiplying by the cosine of the polar angle.
10 585 © 1997 The American Physical Society
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II. EXPERIMENTAL PROCEDURES

The experimental procedures described here were
formed in an ultrahigh vacuum system with LEED, Aug
electron spectroscopy~AES!, and ICISS facilities. The bas
pressure during the experiment was maintained below
31028 Pa. A Ni~111! substrate~f1230.5 mm2 thickness!
was mechanically and electrochemically polished. After
crystal was mounted on a standard UHV-XYZ manipulat
it was extensively cleanedin situ by repeated cycles o
500-eV-Ar1 bombardment and subsequent annealing
700 °C to remove the surface damage. The state of the
face was monitored by AES, LEED, and ICISS measu
ments. Sharp (131) LEED patterns were thus obtained
shown in Fig. 1~a! and the cleanliness of the surface w
confirmed by AES and ICISS, which is sensitive to surfa
contamination. Lead was evaporated at a rate of about
ML/min onto the Ni~111! crystal to a coverage of 0.45 ML a
room temperature, then annealed at a substrate temper
of 600 °C. The Ni(111)-()3))R30°-Pb LEED patterns
were finally observed after cooling of the substrate to ro
temperature as shown on Fig. 1~b!.

The ICISS spectra were taken by chopping the prim
3-keV-Ne1 beam and detecting 180° backward-scatte
particles after free flight through a drift tube of 60 cm b

FIG. 1. LEED patterns~125 eV! taken from ~a! clean
Ni$111%(131) and~b! Ni$111%-()3))R30°-Pb.
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means of a microchannel plate detector which was coaxi
mounted along the primary tube. Polar angle scans were
formed from285° to 185° in 1° increments with an aver
age beam current of 3–5 pA. Also, the Pb coverage at
completion of the ()3))R30° structure was verified by
RBS measurements using 2-MeV-He1 ions.

III. RESULTS AND DISCUSSION

In AES measurements, the Ni~61 eV! and the Pb~94 eV!
Auger peak intensities were monitored during Pb depositi
Figure 2 shows the variation of theI Ni /(I Ni1I Pb) and
I Pb/(I Ni1I Pb) signal intensities as a function of Pb depo
tion time and includes results from the previous~Ref. 8! as
well as the present study. Both the Pb and Ni AES cur
show a change of slope at about the same coverage~time!.
The attenuation of the Ni signals obtained from ICISS go
to zero at a deposition time of 20 min. We assumed that
Pb deposition rate is constant and linear in time. It was c
cluded in the previous study that the coverage obtained a
20 min of Pb deposition corresponds to completion of
first layer coverage.8 Also, a Pb Auger intensity from the
()3))R30° structure following the annealing which co
responds to 1/3 ML for an ideal structure is almost in agr
ment with the experimental value of Pb surface density,
31014 atoms/cm2 or 0.2960.03 ML obtained from RBS
measurements using a 2-MeV-He1 ion beam.@One mono-
layer is defined as 1.8631015 atoms cm22 from the ideal Ni
density in a~111! plane of a bulk crystal.# It shows that of
the 0.45 ML of Pb deposited on the sample, about 0.16
disappeared from the surface upon annealing the substra
600 °C. For additional Pb deposition at room temperat
after completion of the ()3))R30° structure, the Pb and
Ni AES curves followed closely the AES curves obtain
from Pb deposition at room temperature. In fact, as befo
the structure changed into the previously observed (434)8
structure at a net coverage of 0.54 ML. The (434)8 struc-
ture means that it is close to the ideal 434 structure, but the
measured lead-lead spacing of 3.39 Å is 6% larger than

FIG. 2. Lead on nickel Auger intensities and a variation
nickel ICISS intensity as a function of Pb deposition on Ni~111!.
The symbols of~s!, ~n!, and~3! were obtained from the Pb depo
sition at room temperature. The symbols of~L! and ~h! were
obtained from the Pb deposition at room temperature after form
the ()3))R30° structure.
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of 3.24 Å in the ideal bulk structure. This (434)8 structure
was the same structure as we observed by Pb depositio
room temperature in the previous work.8 This phenomenon
implies that the Pb atoms do not grow as an overlayer st
ture on the ()3))R30° structure.~This is an interesting
phenomenon but we will not discuss it in this paper.!

The ()3))R30° LEED pattern observed for the an
nealed Pb/Ni~111! suggests structures such as those show
Figs. 3~a! and 3~b! in which the symmetry of the LEED
pattern is determined by the arrangement of the Pb at
either as an overlayer or incorporated into the surface
considering overlayer structures the most likely adsorpt
sites for the Pb are the threefold hollows, either the hcp s
~Pb atom directly above a second-layer Ni atom! or the fcc
sites~Pb atom directly above a third-layer Ni atom!. To dis-
tinguish between an overlayer~hcp or fcc! model@Fig. 3~a!#
and an incorporated model@Fig. 3~b!#, in which the Pb re-
places Ni atoms, it is necessary to more carefully exam
the incidence angle dependence of the scattered signals

FIG. 3. Ball models showing~a! Pb-overlayer, ~b! Pb-
incorporated, and ~c! partial of Pb incorporation with
()3))R30° ordering@around 30% of Pb atoms are missing
the ideal structural model~b!#. Solid lines show the unit mesh of th
()3))R30° structure.
at

c-

in

s
In
n
s

e
m-

ing from the Pb and the Ni atoms by ICISS. To clari
whether the Pb is present as an overlayer in hcp, fcc site
is incorporated into the lattice, computer simulations we
compared with experimental data. Figure 4 shows the int
sity of the ICISS spectra of ()3))R30° for ions scattered
from Ni as a function of polar angle along@1̄10# and @112̄#
azimuths. The dashed curves are obtained from comp
simulations based on a hcp-overlayer model@Figs. 4~a! and
4~b!#, a fcc-overlayer model@Figs. 4~c! and 4~d!#, an incor-
porated model@Figs. 4~e! and 4~f!#, and a partly incorporated
model @Figs. 4~g! and 4~h!#.13,14 The computer simulations
were carried out by using a Thomas-Fermi-Moliere scat
ing potential with an adjustable parameterC; 0.9 for Pb and
0.7 for Ni atoms to fit the experimental results, respective
This adjustable parameterC does not appear in the theory o
the screening length proposed by Frisov,18 but has been pro-
posed by numerous researchers to improve agreement
experimental results and is discussed in detail elsewhe19

Along the @1̄10# azimuth, the calculated results agree w
with experimental data for all of the models investigated
shows that polar angle dependence is not so sensitive to
structure differences along this azimuth. The peaks
650° come from multiple focusing effects due to the out-o

FIG. 4. A series of ICISS polar angle scans and computer si
lations for 3-keV-Ne1 ions backscattered from Ni atoms along th
@1̄10# @~a! hcp overlayer,~c! fcc overlayer,~e! incorporated, and~g!
partial Pb incorporation# and@112̄# azimuths@~b! hcp overlayer,~d!
fcc overlayer,~f! incorporated, and~h! a partial Pb incorporation#.
Incorp. ~I! and ~II ! correspond to the surface structural mode
shown in Fig. 3~b! and Fig. 6, respectively. Circles and the brok
curves show the experimental-data and computer simulations
spectively.
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plane scattering by second- and third-layer Ni atoms. A
the peak at 0° comes from third-layer Ni atoms due to foc
ing effects. On the other hand, along the@112̄# azimuth, the
Ni peaks at245° show signals coming from the third-laye
Ni atoms. Other peaks at 0° and 12° come from the th
and fourth-layer Ni atoms due to focusing effects. Howe
calculated Ni peak intensities at 12° in both the hcp@Fig.
4~b!# and fcc@Fig. 4~d!# overlayer structures are much stro
ger than that of experimental data. In an ideal incorpora
model @Fig. 3~b!#, the calculated Ni peak intensities a
closer but still higher than the experimental value as sho
in Fig. 4~f!.

The intensity of ions scattered from Pb as a function
polar angle is shown in Fig. 5. In Fig. 5~a!, surface Pb peak
can be only seen at 78° in the@1̄10# azimuth. However, along
the @112̄# azimuth shown in Fig. 5~b!, two Pb signal peaks
were observed at 72° and 81°. The presence of two pe
indicates that more than one Pb spacing exists along
@112̄# direction.@In the ideal structure model shown in Fig
3~b!, a single peak is predicted along both azimuths, beca
one Pb spacing only exist.# Therefore, another structur
model needs to be examined as shown in Fig. 3~c!. In this
structure model about 30% of the Pb atoms correspondin
an ideal)3) structure are randomly missing and the r
maining Pb is incorporated into the first Ni layer. Some d
ferent types of Pb spacing randomly exist; 4.3, 8.6, and 1
Å, etc. along the@112̄# azimuth, respectively. Other differen
Pb spacings, 7.5 and 15.0 Å, etc., exist in the@1̄10# azimuth
as well. In Fig. 5, lines represent the calculated Pb inten

FIG. 5. A series of ICISS polar angle scans and computer si
lations for 3-keV-Ne1 ions backscattered from Pb atoms along t
~a! @1̄10# and ~b! @112̄# azimuths. Circles and the broken curv
show the experimental data and computer simulations based o
model shown in Fig. 3~c!, respectively. The other model structur
@Figs. 3~a! and 3~b!# would show only single Pb scattering pea
along @112̄# the azimuth.
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depending on the Pb height from 0.0 to 0.3 Å above
center-of-mass position of the first layer of Ni atoms. In F
5~a! the calculated curve for the Pb height of 0.0 Å, whi
corresponds to the ideal coplanar, is inconsistent with
experimental data in the@1̄10# azimuth. For this case the
peak at around 70° on the calculated curve is due to focu
effects of the nearest-neighbor Ni atoms since both Pb
Ni atoms have the same height. Also for this case, a dou
peak is not predicted in the@112̄# azimuth. This height shows
that the focusing effects of the nearest-neighbor Ni atoms
Pb atoms are more effective than the focusing effects
tween Pb atoms. Therefore the calculated data are incon
tent with the experimental data. However, at a Pb displa
ment of 0.2 Å with respect to the first Ni layer, calculate
curves nicely fit the Pb polar scattering peak positions
served along both azimuths as shown in Fig. 5. Especia
double peaks are clearly observed in the@112̄# azimuth. The
calculated critical angles for different Pb spacings, 4.3, 8
and 12.9 Å correspond to 72.7°, 80.7°, and 81.9°, resp
tively. These calculations indicate that triple peaks are p
dicted over the polar angle of 70° in the@112̄# azimuth. In
practice, it is hard to distinguish the small-angle differen
between 80.7° and 81.9° because of the thermal broade
of the peaks. This is the reason why experimental data s
only double peaks along this direction. A similar thing
seen in the@1̄10# azimuth. A wide single peak in this azimut
is mainly due to focusing effects between Pb atoms as w
as Ni-Pb atoms. Since Pb atoms have an outward displ
ment of 0.2 Å with respect to the first Ni layer, the focusin
effects of Ni atoms for Pb atoms are less evident. The crit
angles of the different Pb spacings, 7.5 Å, and 15.0 Å c
respond to calculated angles of 77.8° and 82.2°, respectiv
The number of Pb atoms with spacing of 15.0 Å is smal
than those with spacing of 7.5 Å. It is thus hard to see dou
peaks in the experimental data as shown in Fig. 5~a!. How-
ever, such an angle difference makes a wide single p
Furthermore, in this model the calculated Ni intensity is
most in agreement with the experimental data as show
Figs. 4~g! and 4~h!. These examinations show that Pb atom
have the height of 0.2 Å above the center of mass position
the first layer of Ni atoms. The model of Fig. 3~c! is an
example in order to explain the experimental data, but t
model involves a random defect of around 30% of the
atoms corresponding to an ideal)3) structure.

In addition, we show the calculated results of t
molecular-dynamics simulations in Fig. 6. In these calcu
tions, 20% of the Pb atoms are randomly missing. One
see that the calculated data are in agreement with the ex
mental data in the@112̄# azimuth. The molecular-dynamic
simulations also support the conclusion that some Pb at
are missing from the ideal)3) structure. The Pb cover
age of 0.2960.03 ML obtained from RBS measurements
almost in good agreement with 0.26 ML of Pb atoms cor
sponding to 20% of missing Pb atoms. The removed Ni
oms may be brought to step or kink sites at the surface.
macroscopic number of step and kink sites is not change

The physics behind this surface structure model is tha
pair of elements, Pb and Ni, which are immiscible in t
bulk, form a mixture confined to a single atomic layer at t
surface. The known examples of surface-confined alloys
involve the deposition of a large atom onto a small on
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alkali metals on Al, Au on Ni, Ag on Pt.4–6 The Ni-Pb sys-
tem seems to fit nicely into this category of systems. T
Ni(111)-()3))R30°-Pb structure may originate in fac
tors from a correlation of surface energy or surfaces st
with different atomic sizes as Tersoff explained in his the

FIG. 6. A series of ICISS polar angle scans and molecu
dynamics simulations for 3-keV-Ne1 ions backscattered from N
atoms along the@112̄# azimuths. 20% of the Pb atoms are missing
these simulations.
d,
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retical work on the surface-confined alloy formation.7 How-
ever, it is still an open question why this surface alloy form
the ordered structure of ()3))R30°.

IV. CONCLUSION

Impact-collision ion-scattering spectroscopy ICIS
LEED, and RBS were applied to analyze the Ni$111%-()
3))R30°-Pb structure. It was found that annealing a P
covered Ni surface with an initial coverage of 0.45 ML
600 °C gives rise to a stable Ni$111%-()3))R30°-Pb
structure. The experimental data and computer simulati
support a structural model for the Ni$111%-()
3))R30°-Pb structure in which Pb atoms displace t
first-layer Ni atoms and incorporate into the first Ni laye
with an outward displacement of 0.2 Å with respect to t
first layer Ni atoms. However, 20–30 % of the Pb atoms
randomly missing from the ideal Ni$111%-()
3))R30°-Pb structure. This single-layer surface all
structure is apparently determined by size mismatch of
Ni and Pb atoms. The survival of this structure during t
relatively high annealing temperature of 600 °C anneal i
measure of its stability and indicates strong intermeta
bonding. Such intermetallic surface alloy structures may
dominated by strain effects, e.g., to reduce strain energ
the surface.
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