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Method for nanostructuring of Ag atoms on Ni„111… surfaces
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~Received 22 June 2000!

The nanostructuring process of Ag atoms on the Ni~111! surface was investigated in two different ways:~1!
the use of a morphological change caused by Pb deposition onto the Ag-covered Ni~111! surface and~2! the
use of Volmer-Weber growth mode by Ag depositions onto the Pb-covered Ni~111! surface. In case~1!, the
preexisting Ag layer was transformed into three-dimensional islands~nanocrystals! during Pb deposition at
room temperature: The nanocrystals were directly on the Ni~111! surface and surrounded by a monoatomic Pb
layer. In case~2!, the Ag nanoparticles were formed not on the bare Ni~111! surface, but on the preexisting Pb
layer: The particles were found to be mobile under the interaction with scanning tunneling microscopy tip. The
results were discussed in terms of simple thermodynamic considerations and growth kinetics.
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I. INTRODUCTION

Growth morphologies of surfaces in the metal/metal e
taxy systems are influenced roughly by the thermodyna
properties of the deposited materials and the substrate w
deposition proceeds under appropriate condition of dep
tion rates and temperatures to achieve thermal equilibri
although kinetic properties, the diffusion length, and the m
bility of the adatoms, are also important for the smoothn
of the growing film or island shapes and densities, if t
island growth is the case. Surfactant-mediated epitaxy1–5 is
one of the attractive methods for manipulating the grow
morphology from the Volmer-Weber@three-dimensiona
~3D! island growth# to the Franck–van der Merwe growt
~layer-by-layer growth! and frequently studied in order t
obtain well-defined crystal properties of deposited thin film
In this case, the surfactant acts to reduce surface-free en
of the system by covering the growth front incessantly wi
out incorporating on top of the growing film.5 On the one
hand, the 3D island growth is also important for the rec
development of nanostructuring technologies. According
the classical criterion for film growth,6 3D island growth~the
Volmer-Weber mode! is expected to proceed when a me
with greater surface energy is deposited onto a metal s
strate with much lower surface energy. The 3D growth
often observed as a formation of nanometer size parti
depending on the diffusion length and mobility of adatom
In the case of coadsorption of two kinds of elements o
metal substrate surface, the prediction of the growth mod
morphology is not straightforward, because of energetic
complicated competition among two adsorbed elements
the substrate surface. However, for the systems with imm
cible elements~denotedA, B for deposits, andS for the sub-
strate!, the growth mode becomes somewhat clear becaus
the existence of distinct interfaces. For example, three ty
of growth modes,~1! A/B/S, ~2! B/A/S, and~3! (A1B)/S
with domains, are considered assumingS to be fixed as a
substrate. The question, which type is the case, is a matt
the surface and interface energies, although the depos
PRB 620163-1829/2000/62~19!/13136~6!/$15.00
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sequence ofA andB can be important under nonequilibrium
conditions. The last type~3! is the present interest and, i
this case, either deposit~A or B! will dominantly occupy the
surface area depending on the sign of the energy differe
Dg5(gA1gAS)2(gB1gBS), e.g., for Dg,0, A is domi-
nant and, hereby,B may be piled up into 3D islands with
small overall interface area on the substrate. In the abovegA
andgB represent surface energies, andgBS andgAS interface
energies.

This paper offers an example of morphological chan
caused by competition in surface and interface energ
among immiscible constituents, leading to the nanostruc
ing of one of the constituents. We will show the drama
morphological change of the preexisted Ag overlayer on
Ni~111! surface into 3D nanometer-scale islands~crystals!
through the deposition of Pb onto the Ag/Ni~111! surface
and, second, the formation of mobile nanoparticles by
deposition of Ag onto the Pb-covered Ni~111! surface. Also,
we will describe the possibility of manipulating the nan
structuring.

II. EXPERIMENT

The experiments were carried out using a variable te
perature scanning tunneling microscope~STM! set in an
ultrahigh-vacuum chamber with facilities of an ion
sputtering gun, evaporation sources, and an equipmen
surface chemical analysis. The substrate was a 4 N-pure Ni
single crystal with the~111! face. The clean surface of th
Ni~111! was prepared by repeated cycles of Ar1 ion sputter-
ing followed by successive annealing of the sample u
atomically resolved STM images of the surface were o
tained. The depositions of Ag and Pb were performed at ra
of about 0.01 and 0.03 ML/min, respectively, at room te
perature. Note that, in this paper, we define one monola
~ML ! as the amount of deposit corresponding to the comp
tion of a monoatomic layer of Ag or Pb on the Ni~111!
surface, not in the ordinary definition. The STM experime
was performed at room temperature in topographic m
13 136 ©2000 The American Physical Society
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under a constant tunneling current. A typical image of
clean Ni~111! surface is shown in Fig. 1 with two crysta
axes and the surface primitive unit mesh. The mesh side
measured to be 0.25 nm corresponding to the near
neighbor atomic distance in bulk Ni crystal.

III. RESULTS AND DISCUSSIONS

A. Deposition of Pb onto AgÕNi„111…

As the first step, Ag was deposited on a Ni~111! surface at
room temperature. At very low coverages, small 2D Ag
lands grew out from descending Ni step edges. As the c
erage increased, the islands extended, in 2D, to cover
whole terraces. Typical STM image (1503150 nm2) taken at
a coverage of 0.5 ML is shown in Fig. 2~a!, where Ag de-
posits are imaged as dendritic layer islands with brok
edges each along the closed-packing direction^110&. From
several images at this stage, each island growth was foun
be restricted within a single terrace domain. This means
existence of a potential barrier around the upper corner of
step, which depresses interlayer diffusions of Ag atom
Upon further depositions, the Ag atoms filled the remain
area on the terrace up to a monolayer coverage. Figu
shows STM images obtained at about 1 ML of Ag. T
deposited Ag layer exhibits a 737 moiré structure @Fig.
3~b!# with a period of about 1.8 nm~large dark spots! and the
distinct sharp spots hexagonally arranged with the near
neighbor distance of about 0.3 nm. The nearest-neighbor
tance for the sharp spots corresponds well to the value
nm of the bulk Ag. The lattice mismatch between Ag~111!
and Ni~111! is about 16%. The large mismatch and the ne
ligibly small solubility of Ag into Ni are consistent with the
simple overlayer growth with the moire´ structure. To our
knowledge, the formation of a surface alloy has not yet b
reported in the system Ag/Ni~111!.7,8 As described above, i
is interesting to show how the morphology of the preexist
Ag layer was affected by the post-deposition of Pb, wh
has a much lower surface energy than Ag and Ni. Figure 4~a!
shows the morphological change of the surface after
deposition of2

3 ML of Pb at room temperature. The pree

FIG. 1. STM image of the Ni~111! clean surface (2.6
32.6 nm2).
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isting 2D layer of Ag was drastically changed into 3D i
lands~highlighted portions!, while deposited Pb atoms grow
in 2D layer ~dark region! covering the Ni~111! surface: The
identification of the constituents was made by the deta
analysis~height analysis! of the cross section in STM image
as described below. Let us assume the Ag islands are for
on the Ni~111! surface surrounded by the monoatomic
layer. From the height analysis in Fig. 4~b!, the major part of

FIG. 2. ~a! STM image of Ni~111! after deposition of 0.5 ML
Ag (1503150 nm2) and~b! the line scan along the line marked b
white segment in~a!. Terminations of Ag islands at step edges a
visible.

FIG. 3. ~a! STM image at full monolayer coverage of Ag (15
3150 nm2). ~b! Atomically resolved image of the Ag layer (6
368 nm2): Large dark spots represent a long periodic interfere
pattern~moiré pattern! and distinct sharp spots~bright protrusions!
correspond to the hexagonal close-packed layer of Ag~111! on
Ni~111!.
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the Ag island is measured to 0.58 nm in height from the P
layer. Considering the apparent heightdPb-Ni50.2 nm of the
Pb layer on Ni~111!, which was measured in the following
experiment on the Pb/Ni~111!, the net height of the Ag island
amounts to 0.78 nm with respect to the Ni~111! surface. This
value just corresponds to the three monoatomic layers hi
of Ag~111! grown in contact with the Ni~111! surface, be-
cause the height includesdAg-Ni50.3 nm@see Fig. 2~b!#, and
two of dAg-Ag50.24 nm @see Fig. 4~b!#. The height differ-
ences observed at the present experiment are summarize
Fig. 5. The additional superstructure)-Pb, partly formed on
Ag islands, is of interest because of the incorporation of P

FIG. 4. ~a! Morphological transition of the Ag 2D layer into 3D
islands after Pb deposition of2

3 ML (1903190 nm2). ~b! The line
scan along the segment marked~white! in ~a!.

FIG. 5. Observed height differences from the STM image~Fig.
4!: Heights for Pb and Ni~single atomic step! were measured using
another STM image.
b

h

in

b

atoms into Ag~111! surface, but is not discussed more in th
paper. The present analysis for the island formation is c
sistent with our previous work on the equivalent system
means of a low-energy ion-scattering spectroscopy,9 where
the monoatomic layer growth of Pb and the multilayer
structure of Ag were clearly observed at the similar depo
tion and temperature. The formation of the thre
monoatomic-layers-high islands, on average, leads to the
crease in effective coverage of Ag down to 33% of t
substrate surface. The remaining area of 66% well co
sponds to the area occupied by the2

3 ML Pb atoms deposited
The change of morphology from the 2D layer to 3D islan
of Ag originates from the substitution of Pb atoms for t
preexisting Ag atoms: The Pb atoms prefer to occupy
bare Ni~111! surface rather than on top of the Ag layer a
this means the growth of the type~3! mentioned in the In-
troduction. The observed height, 0.3 nm, for the Ag lay
just above the substrate@see Fig. 2~b!# is considerably larger
than the Ag-Ag interlayer spacing, 0.24 nm, but rather clo
to the atomic diameter of Ag~0.29 nm!: This is explained
mainly by an increase in average height resulting from
lattice mismatch between Ag~111! and Ni~111!. On the con-
trary, the apparent height~0.2 nm! of Pb layer is much less
than the atomic diameter~0.35 nm! of Pb atom and therefore
cannot be interpreted in terms of the lattice mismatch
tween Pb~111! and Ni~111!; probably coming from the dif-
ference in electronic states on the surfaces between
Ni~111! and Ni~111!.

The STM image in Fig. 6~a! corresponds to the Pb cov
erage of about 1 ML at room temperature. In this figure,
morphology is further changed into discrete dots of nanos
crystals of Ag ~bright dots! with hexagonal shaped edge
@see high-quality image inseted in Fig. 6~a!#. The major part
of the image~dark region! is covered by a monoatomic P
layer, although, in some places, small 3D islands of Pb@in-
dicated by white arrow in Fig. 6~a!# exist because of the
presence of excess Pb atoms not substitutable for Ag ato
The size distribution of the Ag nanocrystals is plotted in F
6~c!, where the data were accumulated from several ima
showing similar features to Fig. 6~a!. The average size of the
crystals was estimated to about 7 nm in diameter. The he
of the Ag crystals is estimated to about 2.5 nm on aver
~about 10 monoatomic layers high!. This indicates the de-
crease of the effective Ag coverage down to about 0.1 M
~10%! of the substrate surface. The coverage can be c
pared with the observed bright area~13%! of the image.
According to a simple thermodynamic consideration, the
crease of the island height results in the decrease of sur
energy of the system due to the increase of the portion
cupied by the low-surface energy Pb. However, not ma
high islands were observed in the present experiment~the
aspect ratio was about1

3!. Two reasons are considered: one
the limited mobility or diffusion length of Ag or Pb atoms a
room temperature, and the second is the increase in the
face energy resulting from the increased area of the s
walls of Ag crystals. Figure 7 illustrates a model of the A
nanocrystal formed on Ni~111! surface with the monoatomic
Pb layer. The side walls of the Ag crystal are assumed
have possible close-packed faces, the$111% and$100% planes,
to achieve minimum surface energy and to also reprod
the observed hexagonal shaped edges of the crystals@see
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high-quality image in Fig. 6~a!#. The characteristic feature o
the Ag nanocrystals obtained in the present experimen
that they are directly coupled with the Ni~111! surface, not
on the Pb layer but surrounded by the Pb layer as descr
above. This can be compared with the following result.

FIG. 6. ~a! Nanostructuring of Ag atoms observed at 1 ML P
deposition; bright dots, Ag nano-crystals; dark region, Pb mo
atomic layer (2303230 nm2). A high-quality image of the islands
with hexagonal shaped edges are inseted in the lower part of
figure (50350 nm2). ~b! The line scan along the segment mark
~white! in ~a!. ~c! Size distribution of Ag nanocrystals.

FIG. 7. A model of Ag nanocrystal. The crystal walls we
assumed to have low surface energy planes, the$111% and $100%.
For simplicity, lattice mismatches are not taken into account.
is

ed
B. Deposition of Ag onto PbÕNi„111…

In the previous section, we described the dramatic cha
in surface morphology from 2D overlayer to 3D nanocryst
of Ag during Pb deposition onto the Ag/Ni~111! surface. The
driving force for the nanostructuring comes from the ene
gain by substituting adsorbed Pb atoms for preexisting
atoms. One may ask, because surface morphologies are
quently determined by a kinetic process of adsorption rat
than by thermodynamic equilibrium what differences wou
be expected to appear between the case of Ag depositio
Pb/Ni~111! and that of Pb on Ag/Ni~111!. Accordingly, in
this section, we examine the growth morphologies of
deposited onto a Pb precovered Ni~111! surface.

We demonstrate in Fig. 8~a!, a typical image of the sur-
face morphology at 0.2 ML deposition of Ag at room tem
perature after the deposition of 1 ML Pb on Ni~111!, where
Pb layer exhibits 333 superstructure@Fig. 8~b!#, similar to
the case of Pb/Cu~111!,10,11 depending on the coverage.12

Again, the formation of Ag nanoparticles was observe
namely the Volmer-Weber growth mode proceeded. He
the description ‘‘nanoparticles’’ not ‘‘nanocrystals’’ was em
ployed because we have no information about the cry
structure of the particles at present. The relationgAg1g i
2gPb.0 required for the Volmer-Weber growth mode

-

is FIG. 8. ~a! Nanoparticles formed on the Pb layer after 0.2 M
Ag deposition onto the Pb-covered Ni~111! surface (190
3190 nm2). ~b! A moiré structure (;333) at 1 ML Pb deposition
on Ni~111! (20320 nm2). ~c! The line scan along the segme
marked~white! in ~a!.
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evident, becausegAg.gPb for surface energies andg i.0
~from the positive heat of formation of Pb-Ag alloy! for in-
terface energy are not in doubt. There are, however, imp
tant differences between the case described above and
present one. To see this, we depicted four consecutive s
of STM images in Figs. 9~a!–9~d!. In these figures, we ca
see drastic movements of nanoparticles dragged by tip
tions; some particles are moved from one place to anot
and others outside the image@compare the number of par
ticles appearing in Figs. 9~a! and 9~d!#; the particle marked
by dotted circles just incorporates with another after trav
ing about 40 nm along the step. It is noticed that there are

FIG. 9. Four consecutive STM scans taken after deposition
0.2 ML Ag onto Pb-covered Ni~111! surface (1153115 nm2: Vs
520.51 V, I 50.2 nA). It should be noted that there are no trac
of vacant holes of Pb after the movements of the Ag part
marked by the dotted circle.
J.
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visible traces of vacant holes of Pb at the original position
the particle~marked by the white arrow!. This implies that
Ag particles are formed on the preexisting Pb monoatom
thin layer without any substitutions for Pb, never on the b
Ni~111! surface. The easy movement of Ag particles by
motions is, thus, explained in terms of weak interactions
interfaces between the Ag particles and Pb layer. On
other hand, no movements have been observed in the p
ous case of Pb deposition on Ag/Ni~111!. This is because Ag
nanocrystals are directly coupled with the Ni~111! surface,
and further, firmly locked by the surrounding monoatom
Pb.

Finally, there are many possible candidates for the co
bination of deposited and substrate elements@e.g., ~Bi, Ag!/
Pt; ~Pb, Cu!/W; etc.#, on which one of the deposited elemen
is expected to exhibit nanostructuring behavior on the s
strate surface similar to the present cases. If we prop
design the system, including the step alignment on the s
strate surface, and control the deposition sequence, it ma
possible to create new functional nanostructured mate
including nanoalloying, because we have two types of na
particles: one is tightly fixed to the substrate~utilized as a
fixed point!, and the other is mobile~utilized for geometrical
positioning and alloying, if necessary!.

IV. SUMMARY

We have investigated the nanostructuring process of
atoms on the Ni~111! surface in two different ways:~1! the
use of a morphological change resulting from the Pb de
sition onto the Ag-covered Ni~111! surface, and~2! the use
of Volmer-Weber growth mode by Ag deposition onto P
covered Ni~111! surface. In case~1!, we observed the mor
phological change of Ag atoms from 2D layer to 3D islan
in the course of Pb deposition at room temperature, due
substitutions of deposited Pb atoms for preexisting Ag
oms, leading to the formation of Ag nanocrystals at abou
full monolayer coverage of Pb. The nanocrystals are tigh
bounded to the substrate surface because they are dir
coupled with the Ni~111! surface and surrounded by th
monoatomic Pb layer. In case~2!, deposited Ag atoms were
condensed into nanoparticles without any substitution of
for Pb atoms, where the Ag particles are formed immediat
on top of the preexisting Pb layer, not on the Ni surface. T
particles were found to be mobile under the interaction w
scanning STM tip. The nanostructuring of Ag was explain
by kinetic processes and simple thermodynamic consid
ations. Also, the possibility to design nanostructures, incl
ing nanoalloy formation, was described.
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