
VOLUME 74, NUMBER 7 PHYSICAL REVIEW LETTERS 13 FEBRUARY 1995

"Dealloying" Phase Separation during Growth of Au on Ni(110)
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Combined scanning tunneling microscopy and ion-scattering studies have revealed a new "dealloying"
phase transition during the growth of Au on Ni(110). The Au atoms, which initially alloy into
the Ni(110) surface, phase separate into a vacancy-stabilized Au dimer-trimer chain structure at Au
coverages larger than 0.4 monolayer. Using the effective-medium theory, we show that the resulting
structure as well as the physical mechanism responsible for the phase transition are closely related to
the surface stress induced by the substituted Au.

PACS numbers: 68.55.—a, 61.16.Ch, 61.50.Cj

Recently, scanning tunneling microscopy (STM) and
total-energy calculations have revealed that metal-on-
metal growth is much more complex than anticipated,
based on simple surface free-energy arguments. It has
become evident that surface alloying may be important in
the initial phases of metal-on-metal growth [1—6]. Even
for a system such as Au on Ni(110), which does not form
bulk alloys, STM studies [7] have shown that deposited
Au atoms replace surface Ni atoms forming a Au-Ni
surface alloy. The surplus Ni atoms nucleate into [110]
elongated islands.

In this Letter, we present detailed in situ STM and
Rutherford backscattering spectroscopy (RBS) investi-
gations of room-temperature (RT) growth of Au on
Ni(110), showing that as the Au coverage is increased
above 0.4 monolayer (ML), a new "dealloying" phase
transition in the topmost layer takes place. At a cov-
erage of 0.4 ML Au, we find that -0.16 ML of the
Au alloyed into the first Ni(110) layer abruptly "pops
out" and nucleates into a new structure consisting of Au
[001] oriented chains of alternating dimers and trimers.
Combined total-energy calculations within the effective-
medium theory (EMT) and observations of the Au/Ni
surface coverages during the phase transition show that
the Au chains nucleate on top of vacancies in the first
surface layer. These vacancies arise due to the surface
stress induced by the substituted Au. The driving force
behind the formation of the new structure and the nature
of the phase transition will be discussed.

The experiments were performed with a high-stability
UHV-STM described elsewhere [7,8]. Figure 1(a) is an
STM topograph for a Au coverage of 0.38 ML, where a
surface Au-Ni alloy is formed, and the replaced surface
Ni atoms have nucleated into islands [7]. Increasing the
Au coverage to above 0.4 ML causes an abrupt phase
transition to a structure where Au atoms form [001]-
directed chains, both on top of the islands and in between,

as seen from Fig. 1(b). Atom-resolved STM images
[Fig. 1(c)] reveal that they involve a zigzag pattern of
dimers and trimers with apparent lengths of 2.5 ~ 0.2 and
5.5 ~ 0.2 A, respectively, and with an apparent height of
0.6 +. 0.2 A above the alloyed Ni(110) surface.

From atom-resolved images [Fig. 1(c)) of the Au chains
and the Ni substrate, we can correlate the number of Au
atoms in the chains to the length of the chains. This
is depicted in Fig. 2(a), and from the slope it is found
that the one-dimensional Au density in the chains is
1.65 ~ 0.05 atoms/[001] unit independent of the actual
Au coverage.

The coherence of the Au chains is improved signifi-
cantly by post-annealing the RT Au-exposed Ni surface to
700 K for 10 min. This removes the many Ni islands cre-
ating large fiat terraces with equispaced Au [001] chains
[Fig. (d)]. Both the atomic structure of the chains and the
surface alloying are unaffected by the annealing.

As more Au is deposited, new chains are nucleated,
and the average chain-chain distance d (in Ni[110] units)
decreases. Finally, d converges to five [Fig. 1(e)] at a
Au coverage of 0.93 ML. The structure is less coherent
along the [001] direction, but the average periodicity is
three [001] units, corresponding to a basic building block
of one dimer connected to one trimer, that is, a (5 X 3)
structure.

From the average one-dimensional Au coverage in the
[001] chains, it is possible to calculate the Au coverage
in the equispaced chains as OA„""——1.65/d. Subtracting
0A"„"" from the total Au coverage, 0A'„', as measured
absolutely by RBS, gives the amount of Au alloyed
into the first Ni layer as 0A„'——0&„' —0A"„"". This
quantity is shown in Fig. 2(b). A distinct discontinuity of
—0.16 ML in the amount of alloyed Au is clearly observed
at OA"„' = 0.4 ML, that is, 0.16 ML of Au abruptly "pops
out" of the alloyed surface layer and nucleates into [001]-
directed dimer-trimer Au chains, leaving behind 0.24 ML
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FIG. 1. (a) STM topographs showing (a) (675 X 731 A~) the
anisotropic growth of Ni islands (0A„=0.38 ML); (b) [001]
directed Au chains (480 X 520 A' and 0A„=0.52 ML);
(c) (30 X 30 A ) the dimer-trimer chain structure (0A„=
0.45 ML), a Ni(1 X 1) unit mesh is superimposed; (d) and
(e) (290 X 315 A ) of the chain structure at OA„=0.7 and
0.9 ML (the distance between the chains is d —6.2 and d —5,
respectively); (f) (290 X 315 A2) a surface morphology like
(d) after evaporation of an additional 0.1 ML Au.
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FIG. 2. (a) The number of Au atoms in the chains as a
function of the number of underlying Ni[001] units. (b) The
amount of substituted Au (9A„'= 0&„' —OA"„"'")and the island
coverage, determined from height distributions of large-area
STM topographs, as a function of the total amount of
evaporated Au (|IA"„'). (c) The chain/alloy ratio (0A'"„""/0A„')
versus OA„.

alloyed into the Ni surface. As more Au is deposited,
i.e., OA„)0.4 ML, more chains are formed, but also
additional Au is alloyed into the Ni surface implying that

a 1 loyOA„again increases. From Fig. 2(c) it is seen that the
ratio between Au atoms in the chains and in the surface
alloy is virtually constant, OA„""/0A„=0.58 ~ 0.03.

To unravel the atomic structure of the Au chains,
we have performed approximate total-energy calculations,
using EMT. The same method was successfully used to
treat the surface alloying at lower coverages [7]. These
calculations clearly rule out that the chain structure is a
simple Au overlayer. The Au atoms in such an overlayer
structure would gain energy by agglomerating into [110]-
directed Au islands where the Au atoms would have
a larger coordination number. Instead, the calculations
suggest that the Au dimer or trimer may be situated above
a Ni vacancy or divacancy.
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The vacancy model is indeed supported by several
experimental observations. Superimposing a Ni(110) unit
mesh on Fig. 1(c), it is seen that the Au dimers and
trimers are nucleating in atop positions in the [110]
direction. Furthermore, at the phase transition (gA'„' ——

0.4 ML), 0.16 ML Au is dealloyed resulting in a reversed
Ni-mass transport from the islands back to the created Ni
vacancies. However, from a detailed analysis of the area
covered by the Ni islands as a function of the amount of
evaporated Au [Fig. 2(b)J, we find that the dealloying is
correlated with a decrease in the area of the Ni islands by
only —0.10 ML, implying that the new structure contains
—0.06 ML of vacancies. However, these vacancies are
not directly observed in the STM images.

The model of a vacancy-stabilized Au dimer-trimer
structure proposed above is further supported by measure-
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ments for which an additional 0.10 ML Au is evaporated
onto a surface with a morphology like the one shown
in Fig. 1(d). As seen from Fig. 1(f), the nucleation of
extra Au chains is followed by the development of Ni
islands on the surface. The decrease in the average dis-
tance between the Au chains corresponds to a AOA„""=
0.085 ML, and thus the amount of Au alloyed into the

a 1 loy
surface is increased by only AHA„= 0.100 —0.085 =
0.015 ML. However, the area of the islands in Fig. 1(f)
corresponds to 0;, = 0.07 ML. This verifies that an addi-
tional Ni mass transport, i.e., formation of Ni vacancies,
is involved in the nucleation of the Au chains. Based on
this model, we would expect an island coverage of 0;, =
(3/5)AHA„"" + b, OA, —0.07, in perfect agreement with
the one observed.

In the following, we will address the EMT calculations
in further detail. The calculated energy per substituted
Au atom as a function of Au coverage is shown in
Fig. 3(a). A clear quadratic dependence is seen, in
accordance with simple elasticity theory [9]. The energy
increases due to the compressive stress induced by the
Au atoms substituted into the surface layer. When the

100

Au-induced compressive stress gets too high, it can be
relieved through the formation of vacancies in the first
Ni layer, and the vacancies can be stabilized through the
adsorption of Au atoms on top of them. Single adsorbed
Au atoms are very unstable due to the lack of nearest
neighbors in the adsorbed layer, but if two Au atoms
are placed along the [001] direction above one vacancy,
they can have a reasonable interatomic distance and gain
energy from their interatomic interactions. The same can
be achieved if two vacancies are ordered along the [001]
direction and three Au atoms are accommodated here. We
therefore suggest that the observed structure originates
from one where Au dimers and trimers share monomer
and dimer [001] vacancies as shown in Fig. 4. The
calculated structure has an interlayer distance between the
surface Ni layer and the dimers and trimers of only 0.6 A
in excellent agreement with the observed height of the Au
chains.

The vacancy structure with adsorbed dimers and trimers
is only stable when the compressive stress in the surface
layer is large. This can be illustrated by the following
model calculation: Imagine forming one Au dimer or
trimer plus vacancy chain on a Ni(110) surface with
a number of [001] columns of substituted Au atoms
parallel to it, but far away from it (and each other),
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FIG. 3. (a) Energy as a function of coverage for Au substi-
tuted into the first surface layer (solid circles), and, for the
chain structure of Fig. 4 (diamonds). (b) The interaction en-
ergy between a [001] chain with N —1 adjacent [001] columns
of substituted Au, and, a further (Nth) substituted column. The
energy is dehned to be zero when the Nth column is far away
from the chain. The energy corresponds to the Nth column
occupying the nearest neighbor sites next to the other N —1

columns.
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FIG. 4. (a) The calculated equilibrium vacancy stabilized
dimer-trimer chain structure with four adjacent columns of sub-
stituted Au. In (b) and (c) are shown the atomic arrangements
along the [001] column containing the Au trimers and dimers.
Two (one) substrate Ni atoms are replaced by three (two) Au
atoms (white, grey = Ni, Au).
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so that the interaction is negligible. Now successively
move the substituted columns of Au atoms as close as
possible to the dimer-trimer chain. Figure 3(b) shows the
differential change in energy per Au atom when the first, ,

second, third, fourth, and fifth columns are moved next
to the chain. Clearly, the interaction is attractive until
four columns of substituted Au atoms are moved to the
dimer-trimer chain. Hereafter the interaction is strongly
repulsive.

The model calculation suggests that the dimer-trimer
plus vacancy chains with two columns of substituted Au
atoms on each side are the stable building blocks for the
new structure observed. At saturation, this structure cor-
responds to a (6 x 3) structure with a Au coverage of
0.94 ML and a ratio (OA"„""/HA„)of 0.42. The experi-
mentally observed (5 x 3) structure with a saturation cov-
erage of 0.93 ML and a ratio of 0.58 ~ 0.03 [Fig. 2(c)]
can be obtained by a slight modification of the model. If
one assumes that only three and not four columns of sub-
stituted Au atoms are stable next to the chains, the model
gives a maximum coverage of 0.93 and a ratio of 5/9 =
0.56. Given the approximate nature of the calculation and
the small energies involved, this is very reasonable.

The energy per Au atom in the stable dimer-trimer plus
vacancy structure with adjacent substituted Au atoms is
calculated to be 0.070 eV relative to a single substituted
Au atom. In Fig. 3(a) we include this energy which
shows that chain-chain interactions are very weak. The
chain structure is therefore the most stable configuration at
coverages high enough that the stress energy in the surface
layer exceeds this energy. As seen in Fig. 3(a), the model
calculation gives a critical coverage of 0.8 ML. The
observed critical coverage of 0.4 ML can be obtained
in the same physical picture Oy imagining a somewhat
larger stress in the first layer and/or by assuming a smaller
energy of the stable chain structure. Again, this is not
unreasonable considering the small energy differences
involved.

The repulsive interaction between the chains and sub-
stituted Au atoms outside the stable units has one further
interesting consequence of direct importance for the un-
derstanding of the first-order-like nature of the observed
transition. The repulsion is of the same magnitude as the
repulsion between the substituted Au atoms (Fig. 3). This
means that when the critical coverage, where the chains

are more stable than the substituted state, is reached, all
surface Au will transform into the new phase. If some-
thing was left as substituted Au outside the region around
the chains, it would feel a repulsion from the chains al-
ready formed. When the coverage is increased, more and
more of the chain structures including the substituted Au
atoms around them are formed. The ratio between chain
atoms and substituted Au atoms therefore stays constant,
as observed experimentally. In principle one could imag-
ine that the system could phase separate into (dense) chain
regions and regions with substituted atoms, because here
the repulsion between the two phases would be small [10].
The long range nature of the elastic interaction between
the two phases would, however, make it hard to nucleate
pure phases that are stable, and we expect that this may be
the reason why the surface always appears rather homo-
geneous and phase separation is not observed (cf. Fig. I).
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