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Abstract

We present an STM study of submonolayer Ni growth on Pt(99 7). We show that Ni atoms exchange with Pt already
at T = 150 K both at terrace and at step sites. A one-dimensional ordered alloy forms at the step edges. For 7' < 300 K
Ni atoms on the terraces are randomly embedded in Pt. Deposition of 0.2 ML Ni at 7 = 300 K results in a 2 x 2
substitutional alloy corresponding to a NiyPtg, composition of the surface topmost layer. © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The atomic scale characterization of exchange
and alloying processes in metal epitaxy provides a
test for theories that model atomic interactions at
surfaces. In addition, the ability to grow hetero-
genous films with controlled morphology and
chemical composition can be used to investigate
the influence of structural parameters on, e.g., the
catalytic activity and the magnetism of an alloy. In
both respects the Ni—Pt system constitutes an in-
teresting candidate for investigations: Ni—Pt alloys
have a high catalytic selectivity for certain reac-
tions [1] and show a strong interplay between
magnetic and spatial order [2,3]. Although many
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studies have dealt with the structure and compo-
sition of Ni-Pt alloy surfaces [4,5], very little is
known about Ni epitaxy on Pt. Here we show that
Ni deposition on surfaces vicinal to Pt(1 11) gives
rise to the formation of metastable alloy phases
whose order and dimensionality depend on the Ni
coverage and on the substrate temperature. De-
spite previous results [6] showing that the first Ni
monolayer grows pseudomorphically on Pt(111)
at room temperature, we find that on Pt(997), in
the whole temperature range addressed by this
study (150-300 K), a large fraction of Ni atoms
exchanges with Pt substrate atoms, thus forming a
surface alloy. Exchange processes are shown to be
favored at step sites.

2. Experimental results

The experiments were performed in a home-
built low-temperature STM apparatus which is
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described elsewhere [7,8]. The Pt(99 7) surface was
prepared in situ by repeated cycles of 800 eV Ar™
sputtering and annealing to 850 K, followed by a
brief exposure to 1 x 1077 mbar oxygen and by a
flash anneal to 7' > 1000 K. The base pressure in
the STM chamber was 5 x 107!" mbar. Ni was
deposited by means of an e-beam evaporator.
After evaporation, the sample was cooled to 77 K;
all STM images have been recorded at this tem-
perature. Undesired CO contamination effects that
are well known to affect the diffusion properties
along and across the Pt step edges [9,10] can be
safely ruled out. In fact, at 77 K, CO molecules
adsorbed at the Pt step edges are immobile and
easily identified by STM [11].

Pt(997) is a vicinal surface constituted by (1 11)
terraces that have an average width of 20.1 A sep-
arated by {111} monatomic steps. In the absence
of exchange, due to the small terrace width, de-
position at temperatures above the onset of the
adatom thermal mobility results in the growth of
islands attached to the step edges [12]. In previous
studies [12-14], we have shown that step decora-
tion in the appropriate temperature range can be
exploited to grow arrays of one-dimensional
chains of metal and rare gas atoms. In the Ni case,
however, we find a different behavior due to sub-
stantial Ni-Pt exchange. Fig. 1 shows three STM
images taken after deposition of 0.2 ML of Ni at
different temperatures. At T = 150 K, Fig. 1(a), we
observe the nucleation of irregular monolayer is-
lands that grow with one side attached to the
ascending step edge. We also observe a large
number of bright round spots that appear about
0.4 A higher than the surrounding Pt. These fea-
tures represent Ni atoms embedded in Pt, as
shown by Schmid et al. in an STM study of the
PtysNiss(1 1 1) surface [15]. Most of the embedded
Ni atoms are found aligned at the step edges at a
distance corresponding to two Pt lattice constants.
Ni inclusions are also observed in the terraces, as
indicated by the arrows. Deposition at 7 = 200 K,
Figs. 1(b) and 2, results again in Ni-Pt exchange
and in the formation of adislands attached to the
steps. A close analysis reveals that the majority of
the adislands are constituted by both Ni and Pt
atoms. The arrows in Fig. 2 indicate a Ni atom
incorporated in a Pt terrace (right) and in the outer
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Fig. 1. STM images recorded after deposition of 0.2 ML Ni on
Pt(997) at different temperatures. Step down direction is from
right to left. (a) 7 = 150 K; tunneling current / = 1.0 nA, bias
V=110 mV. (b) T=200 K; 7 =12 nA, V=110 mV. (c)
T =300 K; 7 =09 nA, V=24 mV. The latter image is dis-
played in 0z/0x mode to enhance the contrast on the terraces.
The solid line represents a p(2 x 2) unit mesh.
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edge of an adisland (left). While Ni atoms are
found only at the perimeter, the inner part of the
adislands appears to be pure Pt. The growth sce-
nario can therefore be outlined as follows: Ni at-
oms evaporated on the surface readily exchange
with Pt, expelling Pt atoms which nucleate at the
step edges. Further Ni atoms than exchange at the
Pt islands perimeter. The comparison of Fig. 1(a)
and (b) shows that the adisland edges are more
regular at higher temperature, probably due to
faster edge diffusion processes [12].
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Fig. 2. STM image recorded after deposition of 0.2 ML Ni on
Pt(997) at T =200 K; 7 = 2.0 nA, ¥V = 12 mV. The step down
direction runs from the lower right to the upper left corner. The
arrows indicate Ni atoms incorporated in a Pt terrace (right)
and in an adisland edge (left). The plot is a line scan through the
section indicated in the image. The distance between two ad-
jacent Ni atoms is 5.5 A, corresponding to an ordered 2 x 1
superstructure at the step edges.
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In Figs. 1(a), (b) and 2 we notice that, whereas a
clear 2 x 1 compositional ordering exist at the step
edges, the Ni atoms that exchange at terrace sites
are randomly distributed in the Pt terraces. This
pattern changes drastically as the deposition tem-
perature is raised to 300 K. Fig. 1(c) shows a detail
of the surface after Ni deposition at 300 K. Al-
though the quality of the STM images recorded in
this case is not optimal, we observe that the adis-
lands have disappeared and that a 2 x 2 super-
structure has formed on the terraces. Between 200
and 300 K, therefore, the system goes through a
transition from a disordered to an ordered surface
alloy.

3. Discussion

Two issues merit further consideration and are
discussed below: (1) the strong tendency of Ni
atoms to diffuse into the Pt surface layer; (2) the
ordering of the surface alloy.

3.1. Ni—Pt intermixing

Ni and Pt are known to form a continuous se-
ries of solid solutions in the bulk [16]. LDA and
DFT calculations also show that Pt(111) has a
lower surface energy than Ni(111) [17] and that
Ni adatoms tend to diffuse into bulk Pt [18]. It is
therefore expected that the two species will tend to
mix in the thermodynamic equilibrium limit. Re-
markably, we find that exchange processes are
active already at 7 = 150 K and possibly below,
meaning that the diffusion barriers which govern
the concerted motion of Ni and Pt atoms are ac-
tually very low.

In principle, the formation of a mixed Ni-Pt
surface layer could be triggered by a strain-relief
mechanism that would lift the tensile stress of the
Pt topmost layer. Due to the reduced coordination
of the surface atoms, the Pt(1 1 1) surface bears a
substantial tensile stress [19], and has thus an in-
herent tendency to reconstruct by transferring ex-
cess adatoms into the surface layer. Bott et al. [20]
have shown that Pt atoms from a supersaturated
Pt-vapor phase are incorporated into the Pt(111)
surface between 400 and 650 K, whereby the



increased outmost layer density results in a net-
work reconstruction. A similar mechanism holds
for Co atoms evaporated on Pt(11 1) above 300 K
[21]. On the basis of simple coordination argu-
ments, one can expect the tensile stress of a densely
stepped surface as Pt(997) to be higher than that
of Pt(111), thus favoring the incorporation of
adatoms. Unfortunately, we have no means here
to draw a quantitative comparison of stress-in-
duced effects on Ni—Pt exchange between Pt(997)
and Pt(111), which we postpone to future inves-
tigations. Regarding exchange processes on ter-
races, however, in the Ni/Pt(997) system we
observe no sign of reconstruction of the Pt terraces
as we would expect if the Ni atoms were simply
incorporated into the Pt layer. In this case the
excess Ni atoms would induce some kind of dis-
location pattern that would be easily detected by
STM as a modulation of the corrugation ampli-
tude on the Pt terraces [20,21]. The absence of
stacking faults and the nucleation of Pt islands
attached to the step edges (see Fig. 2) indicate, on
the other hand, that Ni atoms expel Pt atoms from
the surface layer. Since the lattice constant of bulk
Ni-Pt alloys is smaller than that of pure Pt [16], it
is unlikely that the substitution of Pt by Ni leads to
a reduction of the tensile stress in the Pt layer.
Although relaxation effects may play a role in
favoring Ni-Pt intermixing, we feel that the key to
this process is related to the strong Ni—Pt atomic
interactions. ! This view is supported by the ob-
servation that Ni atoms in the Pt surface layer do
not cluster. The analysis of the STM line scans
reveals that each Ni is always surrounded by Pt
nearest neighbors. This is in agreement with the
calculations by Christensen et al. [18], which show
that Ni atoms have a tendency to dissolve into a Pt
host matrix. Interestingly, Pt atoms on Ni surfaces
exchange at temperatures as low as 105 and 250 K

! Notice that Co and Cu, which are next to Ni in the periodic
table, undergo a similar tensile stress (due to about 10% lattice
mismatch) on Pt(111), and form bulk alloys with Pt in the
whole composition range. However, Co atoms on Pt(997) and
Pt(111) exchange only in moderate quantities between 250 and
400 K [13,21], while Cu grows pseudomorphically on Pt(111)
at 340 K [22].
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on Ni(110) and Ni(100) surfaces, respectively
[23].

Although we observe Ni atoms incorporated in
the Pt terraces, it is clear that exchange is favored
at step sites. In fact, the steps appear already sat-
urated (2 x 1 superstructure) with Ni at 150 K. It
obviously costs less energy to remove a Pt atom
from an edge site, where it is 7-fold coordinated,
than from a terrace site, where it is 9-fold coordi-
nated. Also, the observation of preferential inter-
mixing at the step edges, which implies migration
of Ni adatoms to the steps, seems to exclude the
occurrence of ballistic exchange processes [24].

3.2. 1D and 2D ordered surface alloys

We observe two distinct metastable phases for
Ni/Pt(997): the first (Figs. 1(a), (b) and 2), at
T <200 K, consists of a 1D ordered alloy at the
step edges and of Ni atoms randomly embedded in
the Pt terraces; the second (Fig. 1(c)), at 7 = 300
K, consists of a 2D substitutional alloy with a
2 x 2 superstructure. The order of the 2 x 2 pat-
tern does not seem to be perfect, but the latter
phase interestingly corresponds to the truncated
(111) surface of the bulk NiPt; alloy, which has a
L1, structure. In fact, the stoichiometry of the
surface layer corresponding to 0.2 ML Ni is close
to that of the truncated NiPt;(11 1) surface. >

The ordered 1D phase which forms at the step
edges consists of alternated Ni and Pt atoms. Its
structure can be considered the 1D analogue of the
NiPt; alloyed phase in the bulk, since Ni atoms
have only Pt neighbors. The stoichiometry, how-
ever, is not 1:3 but 1:7 taking into account all the
Pt nearest neighbors. This phase appears already
at 7 =150 K. Generally, the transition from a
disordered to an ordered phase is a thermally ac-
tivated process. Here, on the other hand, we sug-
gest that the structural order observed at the step
edges is due to kinetic limitations. A thermally
activated transition would imply that Ni atoms,
which are randomly incorporated in the Pt step
edges, collectively redistribute in order to form the

2 Real Ni;_,Pt (1 1 1) surfaces are always enriched in Pt with
respect to the bulk average composition [4,5].
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Fig. 3. Pictorial representation of the kinetically limited ex-
change process at the step edges. Ni adatoms exchange only
with hatched Pt atoms which have no Ni nearest neighbors.

energetically favored 2 x 1 structure. This is rather
difficult to imagine at 7'< 150 K. We propose in-
stead that the Ni adatoms migrating on the Pt
surface explore the step sites and exchange only
where no other Ni nearest neighbors are found, as
depicted in Fig. 3. This process naturally leads to
Ni—Pt-Ni—Pt- -+ or Ni-Pt-Pt-Ni-Pt- - - structures,
which are both observed in Fig. 2 along the step
edges. A similar mechanism comes into play in the
2 x 1 saturation of Pt steps by chemisorbed oxy-
gen atoms [25].

4. Conclusions

In summary, we have shown that Ni deposition
on Pt(997) in the 150-300 K temperature range
results in significant incorporation of Ni atoms at
step and terrace sites. At 7 < 200 K Ni atoms form
a 1D substitutional alloy at the step edges with
2 x 1 order and isolated random inclusions in the
Pt terraces. Exchange processes are favored at step
sites. Deposition at 7 = 300 K leads to the for-
mation of a 2 x 2 alloy on the Pt terraces.

The nature of chemical and magnetic interac-
tions in Ni—Pt solid solutions can now be investi-
gated with continuity with respect to 1D, 2D, and
3D ordered structures. It is known that the Curie
temperature of bulk Ni-Pt compounds, for in-
stance, has a strong dependence on the alloy
composition and long-range spatial order [2,3].
The magnetic behavior of 1D atomic chains, in
particular, is the object of intense research due to
open questions relating to the stability of the

magnetization in such structures. Recent experi-
ments performed on Co monatomic chains grown
by step decoration on Pt(997) [26,27] have shown
that the Co chains display a superparamagnetic
behavior and large magnetic moments per Co
atom. In alloyed chains the magnetic behavior can
be significantly different. We cannot predict nei-
ther the sign of the coupling, nor the magnitude
of .the Ni magnetic moments in a Ni—Pt chain.
Total energy calculations [28] relative to the
Cu(100)c(2 x 2)Mn surface alloy have shown yet
another perspective: it is the magnetic state which
determines the stability of the alloy phase. The
fabrication of low-dimensional alloy structures is
but the first step towards a better understanding of
the mutual relationship between chemical and
magnetic order.
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