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Mixed layer formation on the copper-deposited Ni(110) surface
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We studied initial Cu overlayer formation on the Ni(110) surface by scanning tunneling microscopy (STM)
in an ultrahigh vacuum. Initially, deposited Cu displaces the top Ni layer, forming two-dimensional Cu-Ni alloy
on the substrate. The Cu atom embedded into the top layer was depressed in the STM image. The depression
due to the lack of Ni 3d-derived surface local density of states was confirmed by the first-principles calculation.
Ni atoms squeezed out from the top substrate layer agglomerated in the anisotropic Ni island along the

close-packed [110] direction. Further Cu deposition resulted in a Cu-Ni mixed island. Quantitative measure-
ment of the Cu fraction on the substrate showed that 0.71 = 0.04 of deposited Cu was embedded in the top Ni
layer, whereas significant Cu enrichment was seen on the island.
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I. INTRODUCTION

Metal alloys at the surface are sometimes remarkably dif-
ferent from their bulk counterparts, and a wide variety of
surface alloys and surface intermetallic superstructures have
been revealed.! In some cases, immiscible combinations of
metals in the bulk phase are miscible only within a single
atomic layer. Au and Ag on Ni (Refs. 2 and 3) and Ag on Cu
(Refs. 4 and 5) are such examples, and a great deal of atten-
tion has been focused on these bulk immiscible but surface
miscible alloys. For the bulk miscible alloys, on the other
hand, although preferential surface segregation of one of the
constituent metals has been intensively studied so far, inter-
mixing at the surface region has attracted less attention de-
spite its technological importance. For example, both Cu and
Ni form fcc crystal with only a 2.6% larger lattice constant
for Cu than that of Ni, and they form a homogeneous solid
solution by mixing without any ordered alloy. These alloys
are indispensable for industry and they have been exten-
sively employed as corrosion-resistant plumbing for sea wa-
ter and various coins, known as cupronickel. The atomic
composition of Cu-Ni alloys at the surface has been thor-
oughly studied for decades in terms of preferential Cu seg-
regation for polycrystalline and single-crystal samples with
various crystallographic orientations.®’ For epitaxial over-
layer formation on pure single crystals, most studies have
been devoted to Ni thin films on Cu substrates because of
their unique magnetic properties.®> However, the inverse case,
i.e., Cu overlayers on Ni surfaces, has been less studied and
only a few works have been performed.

The early study of Cu thin-film formation on the Ni(001)
surface showed an initial pseudomorphic growth up to 0.8
nm followed by strain relief by introducing misfit
dislocation.” Scanning tunneling microscopy (STM) study of
the Cu/Ni(001) revealed that some of the first layer Cu atoms
were shifting laterally by 1//8 lattice constant along the
(110) directions and thereby protruded from the surface
layer, resulting in the lateral relaxation of lattice-mismatched

1098-0121/2008/78(19)/195422(7)

195422-1

PACS number(s): 68.37.Ef, 68.43.Mn, 68.47.Fg, 82.37.Np

Cu overlayer.'!! By increasing the number of Cu overlay-
ers, this protrusive stripe grew in width forming {111} inter-
nal facets in the Cu film, in agreement with Auger-electron
diffraction (AED),'> x-ray photoelectron diffraction
(XPD),"3-13 and surface x-ray diffraction.'® For these studies,
there was no indication of intermixing or roughening at the
interface between the Ni substrate and Cu overlayers, there-
fore, the Ni(001) substrate was assumed to be intact even
after Ni overlayer formation. For the Cu/Ni(111) surface, the
perturbed 7y angular correlation (PAC) of "'In (Ref. 17)
and the x-ray photoelectron spectroscopy of CO titration!8-1?
also showed no significant mixing of Cu into the Ni substrate
even after annealing at 800 K. In contrast to these faces,
photoelectron spectroscopy (PES) combined with ion scatter-
ing spectroscopy (ISS) for Cu/Ni(110) exhibited significant
Cu/Ni mixing even at room-temperature deposition.?*?! Un-
like the (111) and (001) faces, the arrangement of surface
atoms of the Ni(110) 1X 1 structure is relatively open and
the coordination of the top layer atoms is smaller than other
low-index faces. Therefore, it would be easy to exchange the
substrate atoms to the deposited Cu at low temperatures.
However, mixing of the deposited Cu into the Ni substrate is
counterintuitive because the Cu surface is energetically more
stable than that of the Ni surface and thereby Cu will be
segregated on the surface. Lack of microscopic information
on the Cu/Ni(110) surface prevents us from understanding
the detailed mechanism of the intermixing between deposited
Cu and the Ni substrate.

Here we address the initial Cu deposition on the Ni(110)
surfaces with scanning tunneling microscopy in an ultrahigh
vacuum, particularly focusing on the first overlayer forma-
tion. Individual surface Ni and Cu atoms could be well dis-
criminated due to the large difference in the surface local
density of states (LDOS), which is confirmed by the first-
principles calculation. This enabled us to quantitatively mea-
sure the Cu/Ni ratio on the substrate and the overlayer. The
Cu fraction on the substrate exhibited a linear dependence
with the Cu deposition, indicating that a part of the deposited
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Cu was embedded into the top layer by displacing substrate
Ni atoms. The Cu/Ni replacement was observed during the
successive STM image acquisition at room temperature, in-
dicating that the replacement is a dynamic process even after
Cu deposition. The Ni atoms squeezed out from the substrate
and residual Cu that does not displace substrate Ni formed a
quasi-one-dimensional (quasi-1D) island on the surface. By
the quantitative Cu/Ni measurements of the island, the Cu
fraction was initially suppressed, but for more than 0.2 ML
Cu deposition, it became higher than what is expected from
the diffusion coming from the substrate and direct deposition
onto the island. This indicates that the buried Cu underneath
the island is partly lifted into the top surface layer, resulting
in the Cu rich island.

II. EXPERIMENTAL

Experiments were performed with an Omicron ultrahigh
vacuum scanning tunneling microscope (UHV-STM)
equipped with a sputter ion gun and low energy electron
diffraction (LEED). The base pressure of 4 X 10~ Pa was
maintained with a 230 L ion pump and a titanium sublima-
tion pump. A 10 mm diameter and 1 mm thick Ni(110)-
oriented single-crystal sample was mounted on a molybde-
num plate, and it was repeatedly cleaned by Ar* sputtering at
2 keV and annealing at 1050 K by radiative heating placed
behind the plate. The final cleaning was performed by a 1
keV sputtering and subsequent annealing at 770 K for 10 min
with pressure less than 3 X 10~® Pa. This treatment enables a
sharp 1 X1 LEED pattern as well as clean 1 X 1 structure in
the STM images. Typical defect density was less than 0.4%
of the 1 X1 unit, examined by atom-resolved STM images.
Cu with 99.9999% purity was deposited with a tungsten
conical basket with a LN,-cooled shroud. During Cu depo-
sition, chamber pressure remained below 1.0 X 108 Pa. The
Cu coverages were determined by wide scan STM images.
Because of the initial long diffusion of deposited Cu, the area
of the island was found to be slightly reduced from the ex-
pected amount of deposition. We determined this missing
coverage by the incremental Cu deposition with a fixed time
and measured the increasing in the island area and added
them to all the data. This causes an ambiguity of coverage
determination of about £0.02 ML. A Cu deposition rate of
5X1073-3X 1072 ML/s was calibrated with the above
technique. The reported Cu coverages are relative to the den-
sity of the substrate Ni(110) surface (I ML Cu=1.13
X 10" atoms/cm?). All Cu deposition and STM observa-
tions were performed at room temperature. STM images
shown below are constant current topography with typical
sample bias of V;=2-20 mV and tunneling current of I,
=1-20 nA.

III. RESULTS AND DISCUSSION
A. STM observation

The surface morphology for the initial Cu deposition is
depicted in Fig. 1. Similar to Ni deposition,?> the Cu-
deposited surface exhibits highly anisotropic islands with a
few atomic widths and more than 80 nm long along the
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FIG. 1. Typical initial islands of 0.11 ML Cu-deposited surface,
acquired with V;=15.2 mV and ,=7.9 nA. Scanning area is 200
X200 nm?.

close-packed [ 1 10] direction. Even monatomic-width islands
were sometimes found at the very early stage of Cu deposi-
tion, but these islands evaporated within a few hours and
they were not stable at room temperature. An atom-resolved
image of stable 1D islands is shown in Fig. 2. For this par-
ticular image, four atomic rows can be resolved for both
islands. The heights of these islands were 12930 pm,
close to the monoatomic layer height of 124 pm. The ends of
these islands are fuzzy, indicating that mobile atoms fre-
quently attach and detach during scanning, whereas side
edges of the islands are relatively well resolved. Both on the
islands and on the substrate, defectlike depressions with an
atomic dimension were seen, suggesting Cu/Ni replacement
similar to an Au-deposited surface.’

FIG. 2. A part of Fig. 1. Scanning area is 15X 15 nm?
Vy=7.2 mV and [,=7.9 nA. Enhanced contrast at the lower left
shows atomic size defects.
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FIG. 3. 0.41 ML Cu-deposited surface.
I,=0.6 nA. Scanning area is 200 X 200 nm?.

Vy=19 mV and

By further Cu deposition, the number of islands and their
widths were increased. A 0.41 ML Cu deposited surface and
corresponding magnified image is shown in Figs. 3 and 4,
respectively. The number of islands was drastically increased
and their widths were also increased although they were still

anisotropic along the [110] direction. Some islands coa-
lesced to increase their widths further. The atom-resolved
image shown in Fig. 4(a) exhibits an atomic size bright fea-
ture on the island. As shown in Fig. 4(b), the protrusion of
the bright site was about 60 pm higher than the surrounding
area. The height of the protrusion measured from the sub-
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FIG. 4. (a) Atom-resolved image of the 0.41 ML Cu-deposited
surface. V=53 mV and [,=9.9 nA. Scanning area is 7.5
X 7.5 nm?. Cross sections at AA’, and BB’ are shown in (b) and
(c), respectively.
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strate level was 130*=70 pm, close to but slightly higher
than the monoatomic layer height. On the substrate, the de-
pressed sites were again seen and their number increased
according to the Cu deposition. The depth of the depression
was 50 pm from the substrate 1X 1 structure as shown in
Fig. 4(c). The registry of these protrusions and depressions
exactly coincides with the surface 1X1 unit both on the
island and substrate, respectively, and their heights are far
below the atomic size. Thus they are not due to adsorbates
such as residual gas nor contamination, but they are due to
the electronic origin, i.e., the increasing or decreasing in the
surface local density of states. Ni 3d electrons significantly
contribute to the LDOS near Ey, whereas Cu LDOS mainly
originate from broad 4s bands around EF.23 Therefore, the
surface LDOS of Cu should be smaller than that of Ni, and
the embedded Cu site will be depressed in the constant cur-
rent topography. Conversely, if Ni is surrounded by Cu at-
oms, it would be protrusive unless Ni 3d orbitals are filled by
surrounding Cu 4s electrons. The depression on the substrate
would, therefore, be the embedded Cu in the topmost
Ni(110) layer, and the protrusion on the island would be due
to Ni surrounded by Cu. The height of the protrusion on the
island, measured from the substrate level, should be the
monoatomic layer height. Referring to the enthalpy change
by Cu mixing into bulk Ni, the energy increase is only
+0.13 eV, which is considerably smaller than those of Au
(+0.34 eV).> Therefore, the Cu will be much more easily
intermixed to the Ni surface layer than Au. We should note
that no contrast reversal was seen for the depression, which
is occasionally observed on other embedded metals.>?*%
The protrusions and depressions were quite reproducible ir-
respective of the tip condition and the surface cleanliness.?®

We noticed that these protrusions and depressions due to
the Cu/Ni intermixing were not static at room temperature.
Two successive STM snapshots for the same area taken 99 s
apart are shown in Figs. 5(a) and 5(b), respectively. In order
to show both substrate and island in one image, contrast of
the substrate (upper right part) and island (lower left part) is
separately adjusted. Both Figs. 5(a) and 5(b) have similar
numbers of protrusions and depressions on the island (lower
left) and on the substrate (upper right), respectively, but their
geometry was partly different. To show their difference more
clearly, we took a difference image between Figs. 5(a) and
5(b), and it is shown in Fig. 5(c). When the bright site in Fig.
5(a) became dark in Fig. 5(b), the site is represented as bright
in Fig. 5(c), and vice versa. This dynamic exchange of the
surface Cu/Ni geometry indicates that some Cu and Ni ada-
toms are always migrating on the surface, and they are fre-
quently replacing the surface atoms. Because almost similar
numbers of bright and dark sites are seen between Figs. 5(a)
and 5(b), the average numbers of Cu and Ni will not be
changed even though they are dynamically migrating. We
tried to discriminate whether this dynamical effect is caused
by the STM tip, but we could not find any systematic depen-
dence of the migration for the tunnel resistances between
16.3 MQ) and 166 k{), which correspond to the bias voltage
range of 2.2-20.6 meV and the tunneling current of 1.1-13.2
nA for positive and negative sample biases although the
movements were slightly reduced above 4.5 M(). Therefore,
the structural fluctuation seen in the STM images will be
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FIG. 5. Two successive images for the 0.54 ML Cu-deposited
surface. Image (b) was taken 99 s after (a) with the same area. The
monoatomic layer high island and the substrate are, respectively,
shown in the lower left and upper right and they are separated by a
broken line. In order to show both island and substrate in one im-
age, contrast is independently adjusted, resulting in an artificial dark
line at the step edge region. V,=3.1 mV and /,=11.2 nA for both
images. Scanning areas are 7.5X7.5 nm? The difference image
between (a) and (b) is shown in (c).

caused by the thermal fluctuation rather than the tip-induced
effect. The migration of individual adatoms on the Ni(110)
surface was indeed observed by field ion microscopy (FIM)
even at 146 K, where the Ni adatom displaces along the

[110] and [001] directions.?” Furthermore, the exchange of
Pt adatoms with the substrate Ni of the Ni(110) surface was
also seen previously at 105 K.?® Thus, the room-temperature
migration and the exchange of Cu/Ni are not surprising.

B. Image simulation of Cu-embedded Ni(110) surfaces

In order to interpret the atomic size depressions and pro-
trusions seen in the STM images, we simulated these STM
images for the Cu-embedded Ni(110) surface. We employed
the first-principles calculation code based on the density-
functional theory.?>3" Projector-augmented wave method
(PAW) was used for the Ni and Cu pseudopotentials, and the
spin-resolved local-density functional was corrected by the
generalized gradient approximation (GGA). Calculation for
bulk Ni showed that the lattice constant and the cohesive
energy were reproduced, respectively, within 0.2% and 2.0%
of the experimental values with the energy cutoff of 24.8 Ry.
With this lattice constant, we constructed the (110)-oriented
slab structure with a 2 X 2 unit cell, six layers in depth, and a
1.0 nm vacuum gap. The top view of the atomic geometry of
the Ni(110) surface and the unit cell employed in this calcu-
lation are schematically represented in Fig. 6(a). We used the
Methfessel-Paxton method and optimized the smearing en-
ergy width to be 0=0.12 eV. By compromising the number
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FIG. 6. (a) Atomic geometry of the Ni(110) surface. The 2 X2
unit cell employed for the calculation is shown as a broken square.
[(b)~(d)] Simulated STM image of the Ni(110) surface. (c) One of
the top atoms is replaced with Cu, and (d) three of the top atoms are
replaced with Cu.

of k points in the reciprocal lattice and allowable calculation
time, we chose k mesh of 97, approximately 1.3 nm™!
along the surface. This corresponds to 20 irreducible k points
for Dg symmetry. All atoms except for the bottom layer were
fully relaxed until the force below 0.2 eV/nm, and self-
consistent energy was itinerated until it converged to
10 weV. In order to simulate the STM images, partial charge
distribution of the surface atoms within the energy range of
Er and Ex-0.05 eV was sampled, and the height of the equi-
charge density was mapped as a gray scale.

Figures 6(b)-6(d) are the simulated STM images for the
Ni(110) surface [Fig. 6(b)] and Cu-embedded Ni(110) sur-
faces [Figs. 6(c) and 6(d)]. The simulated image for the
Ni(110)1 X 1 surface in Fig. 6(b) exhibits corrugation ex-
actly coinciding with the top atoms. By replacing one of the
topmost Ni atoms with Cu, a clear depression at the Cu sites
is seen, as shown in Fig. 6(c). This is due to the lack of
unfilled 3d orbitals for the Cu atom site and, therefore, de-
creasing surface LDOS near Ef. Interestingly, the atomic po-
sition of the embedded Cu atom was 12 pm higher than
surrounding Ni atoms. Therefore, the depression seen in Fig.
6(c) is not a geometric origin. For the reverse case, i.e., one
Ni atom is surrounded by three Cu atoms, the surface exhib-
its a protrusion at the Ni site as shown in Fig. 6(d). This
again indicates that the unfilled 3d orbitals are confined to
the embedded Ni atom. We should note that Ni 34 bands will
not be completely filled by adjacent Cu 4s electrons because
the number of Cu atoms is smaller than the critical number.?!
We further find a diagonal Cu to the Ni site is slightly
brighter than other Cu atoms in Fig. 6(d). Because the height
difference among topmost Cu atoms was within 1 pm, the
contrast is again due to the electronic effect rather than the
geometrical height difference. The details of the calculation
and atomic geometries of the Cu/Ni(110) surface will be
published elsewhere.
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FIG. 7. (a) Cu fraction on the substrate as a function of Cu
coverage. Linear fitting is represented by a broken line. (b) Cu
fraction on the island as a function of Cu coverage. The dashed
dotted line is for the kinetic model with Eq. (4), whereas the broken
line is for the Cu lifting model Eq. (5).

C. Quantitative Cu fraction on the substrate and the island

In order to clarify the mechanism of Cu/Ni mixing on the
Cu deposited Ni(110) surface in detail, the numbers of Cu
atoms on the substrate and on the island were measured as a
function of the surface coverage according to the image
simulation as a guide for the Cu/Ni discrimination. About
450 to 12 000 atomic sites were examined for each Cu depo-
sition on the substrate and the island independently, and frac-
tions of Cu atoms were measured for respective regions. The
summary of the measurement is depicted in Fig. 7. Error bars
are due to the standard deviation of the Cu fraction in each
STM image, typically 10X 10 nm?, for both substrates and
islands. On the substrate, the number of Cu atoms almost
linearly increases with the amount of Cu deposition. For the
coverage more than 0.75 ML, it was progressively difficult to
acquire atom resolved images on the substrate because the
substrate became narrower due to the surrounding island. We
could fit the Cu fraction with linear function with the coef-
ficient 0.71 = 0.04, markedly below unity, contrasted with Au
deposition, where the probability of displacing substrate Ni
is almost unity for low coverages.” On the island, however,
Cu atoms are initially negligible as shown in Fig. 2, but the
amount was remarkably boosted for more than 0.20 ML Cu
deposition. About half of the constituent became Cu, and
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gradual increase in the Cu fraction follows for further Cu
deposition. This behavior can be seen in Fig. 4, where more
than half of the atoms on the island are depressed Cu. The
distribution of Cu seems to be random both on the substrate
and islands, with no clustering or phase-separation behavior
such as is seen for Au/Ni(110).? Furthermore, even though
the initial islands consist of almost pure Ni (see Fig. 2), the
distribution of Cu/Ni became random for further deposition.
This indicates that the initial narrow Ni islands along the

close-packed [110] direction are completely destroyed by
mixing of further Cu deposition. Because initial islands such
as shown in Fig. 1 are larger than the critical nucleus, further
deposited Cu should be condensed around the preexisting
islands. Thus, the complete randomization of the Cu/Ni site
on the island also indicates that top layer atoms on the island
and migrating adatoms replace their positions quite fre-
quently. This randomization was indeed observed at the step
edges, where no accumulation of Cu or Ni was observed.
From these respects, and the fact that the Cu/Ni mixing ge-
ometry is dynamically changing as shown in Fig. 5, the mea-
sured Cu fractions on the substrate and island will be a
steady state of the Cu/Ni composition, which is close to ther-
mal equilibrium.

From the surface energy point of view, the surface should
be covered with Cu rather than Ni. This is true for Cu over-
layers on Ni(001) (Refs. 10-16) and Ni(111) (Refs. 17-19)
surfaces, where Cu overlayers are always stable, and even in
Cu-Ni alloys Cu is segregated on the surface by thermal
treatment.%” However, the present result apparently does not
follow this simple energetics. On the Ni(110) surface, sub-
strate Ni atoms are squeezed out from the surface site by the
Cu deposition, resulting in a Cu/Ni mixed layer on the sub-
strate, and displaced Ni atoms from the substrate should
form islands on top of this mixed substrate. Part of the re-
placed Cu atoms must therefore be buried under the newly
formed island. This is understood by extrapolating the Cu
fraction of islands [Fig. 7(b)] to 1 ML, which is around 0.8—
0.9 ML, less than unity. Therefore, the surface will not be
fully covered by Cu for a I ML Cu deposition. The unex-
pected mixed surface formation shown here indicates that the
stabilizing Cu overlayer will be partly hindered kinetically,
although the Cu/Ni exchange by surface migration will play
a major role for the thermalization. A similar Cu/Ni mixed
surface was previously reported by ion scattering and photo-
electron emission spectroscopy. Relating to the previous
study employing ion scattering, even for a 1 ML Cu deposi-
tion the surface exhibited unsaturating Cu concentration.”!
For completely covering the surface with Cu overlayer, Cu
coverage above 1.5 ML was required. In accordance with
this, at the completion of the first overlayer, 0.1-0.2 ML of
Ni will kinetically float on the surface, which is in agreement
with the previous photoelectron spectroscopy result?! and the
present STM results. Although the previous report showed
the mixing until 40 ML Cu overlayers,?! it was difficult to
measure the Cu concentration beyond the first overlayer be-
cause multilayer high bright features appeared on the over-
layer, and the discrimination of Cu and Ni became succes-
sively difficult. The surface morphology of the multilayers
will be discussed elsewhere. 334
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FIG. 8. Schematical one-dimensional model employed for the
simulation.

In order to resolve the present Cu/Ni mixing behavior, we
attempted to construct a kinetic model for Cu/Ni mixing.
Because the island shape is strongly anisotropic, the island
structure can be modeled by a one-dimensional periodic
structure as illustrated in Fig. 8. The periodicity of the island
is represented by L atomic sites with the island fraction 6,
which is the same as the amount of deposited Cu with a
monolayer unit. Incoming Cu flux f, denoted by the number
of deposited Cu atoms to L sites per unit time, was assumed
to be uniform on the substrate and the island. When the
probability of displacing substrate Ni atoms by the deposited
Cu is «, the Cu fraction on the substrate C, can be written as
a linear form such as

C,= af. (1)

The growth of the island is due to (a) the squeezed out Ni
atoms and (b) unexchanged Cu atoms, both from the sub-
strate and (c) direct Cu deposition onto the island. During the
period of, the number of Cu atoms incorporated into the
island 6N, is the sum of (b) and (c), i.e.,

ON;=f61(1 — 0)(1 — @) + f6t6. (2)

The average Cu fraction on the island C; is thus written as,
N, 1

C(0)=—=—1| 6N, (3)
L6 L6J,

where N; is the number of Cu atoms incorporated into the
island. Because the number of deposited Cu atoms during ¢
should equal to the number of incorporated atoms in the
island Ld#, one can integrate Eq. (3) as

C,-(0)=1—<1—g>a. (4)

Equation (4) is represented by a dot-dashed line in Fig. 7(b)
for «=0.71. Except for the initial Cu deposition of 0.11 ML,
the experimental Cu fractions are always higher than this
simple kinetic model. This indicates that other Cu source
should be taken into account to enhance the Cu fraction. We
assumed that buried Cu atoms underneath the island were
lifted to the topmost layer during the island growth. If all
buried Cu are incorporated into the top layer, Eq. (4) should
be
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C(O=1-(1-0«. (5)

In this case, all deposited Cu will cover the entire surface for
I ML Cu deposition. Equation (5) is represented by a broken
line for «=0.71, and fairly reproduced but slightly overesti-
mated the experimental result for the Cu coverage of more
than 0.6 ML. Of course this kinetic model is too simple to
correctly reproduce the experimental Cu fraction, particu-
larly on the point where the surface should be close to ther-
mal equilibrium. However, lifting the buried Cu will appar-
ently play an important role in enriching the Cu fraction on
the island.

Still an unresolved feature is the initial suppression of Cu
on the island, as was indeed observed in Fig. 2. One possible
origin of this initial Ni-rich island is a result of phase sepa-
ration between Ni and Cu for low Cu concentration. It has
been pointed out that the Cu-Ni alloy will be a possible
spinodal decomposition at a fairly low temperature because
enthalpy of alloy formation H,, is positive.>3!3336 The value
of H,, is, however, small, and the decomposition temperature
is low compared to the bulk diffusion limit, therefore, prac-
tically no phase separation will be expected for bulk Cu-Ni
alloy. On the surface, H,, would be enhanced®” and migration
of surface atoms at low temperatures would further promote
phase separation. An interesting observation was that even
though islands had the same width, Cu fractions were com-
pletely different between 0.11 and 0.20 ML depositions. This
indicates that the Cu suppression on the island for the initial
Cu deposition will not be simply caused by the local stress
such as seen for the local order around the dislocation.*®

IV. CONCLUSION

We have shown that, in contrast to Ni(111) and Ni(001)
surfaces, Ni(110) surface exhibited significant Cu mixing
into the substrate and the island for the initial overlayer for-
mation even at room temperature. This is partly due to the
open geometry of the fcc(110) 1X 1 surface structure pro-
moting Cu/Ni exchange, and partly due to the migration of
Cu and Ni on the surface even at room temperature, which is
suggested by successive STM images. Quantitative Cu frac-
tion measurements showed that about 0.71 = 0.04 of depos-
ited Cu squeezed out substrate Ni, revealed by atom-resolved
STM images. Cu enrichment was observed on the island,
suggesting embedded Cu is lifted into the top layer by Cu/Ni
replacement during lateral island growth. The driving force
of the Cu lifting is an energetic gain compared to the Ni
surface, and this is indeed kinetically driven surface segrega-
tion by the island formation rather than thermal movement.
Finally, discrimination of individual Cu and Ni on the sur-
face by STM enables us to offer unexpected and new insights
into the classical Cu/Ni alloy formation.
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