Surface Science Xxx (2009) XXX—XXX

journal homepage: www.elsevier.com/locate/susc

Contents lists available at ScienceDirect

Surface Science

surface science

Growth morphology of ultra-thin Ni films on Pd(100)

C. Parra*, P. Haberle

Departamento de Fisica, Universidad Técnica Federico Santa Maria, 2390123 Valparaiso, Chile

ARTICLE INFO ABSTRACT

Article history:

Received 8 April 2009

Accepted for publication 8 October 2009
Available online xxxx

Keywords:

Metallic heteroepitaxy
Ultra-thin Ni films

Strain

Scanning tunneling microscopy

A series of thin Ni films, with thicknesses between 0.2 ML to 13 ML, were deposited on a Pd(100) sub-
strate (a=3.89 A) at room temperature (RT). The growth morphology was investigated using scanning
tunneling microscopy (STM). STM images indicate the existence of three different growth modes as a
function of increasing coverage. Up to 6.5 ML, the films grow pseudomorphically, consistent with a
face-centered tetragonal (fct) structure. From 6.5 ML to 10.5 ML a new apparent interlayer distance of
1.0 £0.1 A is established. The new structure is accompanied by the appearance of an arrangement of
filaments on the top layer surface. These filaments are presumably related to a strain relief mechanism
of the fct films. Finally above 10.5 ML the Ni films recover the face-centered cubic (fcc) lattice constants.
The filaments evolve, as a function of coverage, to form a net-like structure over the whole surface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

By depositing ultra-thin metallic films of a certain element on
top of a single crystal surface of a different material, it is possible
to stabilize the adsorbate atomic positions in structures which
deviates substantially from those shown by the bulk of the same
element. By choosing the proper heteroepitaxial system and con-
trolling features such as roughness, strain induced by lattice mis-
match and atomic intermixing between film and substrate, not
only the structural parameters can be modified but also some
intrinsic physical properties of the adsorbed element. These meta-
stable artificial structures recover finally their bulk parameters
when the film exceeds a certain critical thickness, usually a few
monolayers in most cases. These structural transformations are
observed to be rather sharp and occur through an abrupt distor-
tion, which is accompanied by a strong morphological reorganiza-
tion. As expected these systems also exhibit changes in other
physical properties, for example the film magnetization [1]. A
well-documented case of one of such systems is Fe/Cu(100)
[2-6]. Inspired by the correlation between structure and magne-
tism in this particular case [7-10], we have investigated the
structure of Ni films grown on Pd(100). Since both Ni and Pd have
different lattice parameters, the morphology of the Ni films, in case
of epitaxial growth, should be dominated by lattice strain effects.
We have characterized the growth of these films with STM. The
Pd fcc substrate has been chosen in order to favor a contraction
of the Ni film in the vertical direction (tetragonal distortion-fct)
due to an increased tensile intralayer strain. This distortion, due
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to the resulting pseudomorphic growth and the lattice misfit,
is characterized by a large tensile strain, m=10.5%, in the Ni
overlayer. While there are few previous reports [11-13] which
have focused on the structure of the strained Ni films, there is
almost no information regarding the evolution of the structural
morphology in this system. For RT growth, the existing diffraction
studies [11-13] show the formation of a tetragonally distorted
structure, induced by the Ni epitaxial growth. For thicknesses be-
yond 12 ML, the structure turns into a bulk-like Ni fcc structure.
In the following section we present some experimental details
regarding the sample preparation and measurements conditions.
In Section 3, the STM measurements are presented together with
the analysis of the surface structure evolution, based on the topo-
graphic images. Finally, in the analysis section, we summarize and
discuss these results.

2. Experimental details

Ni overlayers (0.2-13 ML) were grown on a (100)-oriented Pd
single crystal at RT. As the Ni source a high-purity rod was used,
heated by electron bombardment in ultra-high vacuum conditions
(UHV). The typical evaporation pressure was below 7 x 107'° torr.
Background oxygen contamination of the as-deposited Ni films
was estimated, by Auger electron spectroscopy (AES), to be less
than 1.5%.

Prior to deposition, the substrate surface was prepared by a
series of RT Ar* sputtering cycles at 1 keV, followed by a 20 min
anneal up at 910 K. This procedure was repeated until a clean
and well-ordered surface with large atomically flat terraces was
obtained as confirmed by AES and Low energy electron diffraction
(LEED). The LEED screen displays a sharp p(1 x 1) pattern for a
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60 eV primary electron beam energy. An initial S contamination
was eliminated by argon-ion bombardment of the surface at
550 °C for about 2 h. The Ni vapor beam impinges the room-tem-
perature Pd substrate at an angle of 15° from the normal direction.
The Ni deposition rate on the sample was estimated to be 0.6 A/
min. This value was crossed checked with a quartz microbalance
(QMB) and other experimental techniques available in the system
(STM, Reflection high energy electron diffraction (RHEED) and
AES). Due to the careful calibration of the films thicknesses, the ac-
tual coverage was determined to be within 0.1 ML, of the value
indicated by the QMB corrected by the appropriate tooling factors.
All the STM images were taken in constant-current mode (0.1-
0.2 nA) with a negative sample bias voltage, typically 900 mV.

3. Results and discussion

The overview image of the clean Pd substrate (Fig. 1) shows the
presence of flat terraces, around 100 nm wide, and monoatomic
steps. The line profile indicates a corrugation consistent with
monoatomic steps.

Figs. 2-4, show the evolution of the Ni/Pd(100) surface, as a
function of Ni overlayer coverage. For low coverages, 0.2 ML
(Fig. 2a) the Pd surface is covered randomly by one monolayer
height Ni islands, with an average size around 2.6 nm?. The islands
show no preferential nucleation sites and have random shapes,
whose internal atomic structure could not be resolved by the STM.
The islands density at this early stage is 4.3 x 1072 islands/nm?.
Fig. 2b display the surface for 0.9 ML. The first layer islands are close
to the percolation limit [14]. Many of the islands are now intercon-
nected across the terraces, forming an irregular network with a few
unconnected smaller islands. At this coverage some second layer is-
lands are detected, hence this coverage is the onset for second layer
growth. This late second layer growth is indeed relevant for the
resulting film structure [15-18]. Smooth films, growing layer-by-
layer, can only be established if stable second layer clusters form
after the coalescence of islands in the first layer. While second layer
nucleation, preceding island coalescence, leads to a rough film
morphology.

Fig. 2c shows the surface morphology for 2.0 ML. The second
layer islands are partially interconnected at this coverage and they
have a more rectangular shape (see inset) with edges oriented
preferentially along [011] and [011] crystallographic directions.
At 4.0 ML (Fig. 3a), the almost rectangular shape of the structures
seen at 2.0 ML is better defined by the additional material.
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Fig. 1. STM image of the Pd(100) substrate. Scanning area: 313 x 313 nm?. The line
profile shows single atomic steps in agreement with the expected height difference
between Pd atomic layers.

Through careful comparison of STM images from successive
deposits, we can follow the evolution of the different layers
exposed at the surface. The estimation of the depth of the
overlayers, in a particular section of the surface, is based on the
assumption that the extent of a particular layer, a fixed height
in a STM topographic image, increases monotonically with
coverage.

For example at 5.5 ML Ni, the sixth layer islands have an aver-
age width of 11.90+0.31 A and a monoatomic step height of
1.55+0.13 A. This interlayer spacing is different from that dis-
played by bulk Ni along the [001] direction. Nevertheless it agrees
well with the expected lattice spacing for fct growth [19].

Fig. 3b shows the surface after deposition of ® = 6.5 ML. From
this image we can obtain 2.6% of a Ni ML is required to complete
the fifth layer, likewise 7.3% of the sixth layer atoms are absent,
meaning this layer filling factor is 92.7%. The corresponding filling
factors for the seventh and eighth layers are 29% and 1.5%. Hence,
for this particular coverage, the surface exhibits a height fluctua-
tion limited to four atomic layers. In addition, the height distribu-
tion for this coverage displays a singular behavior: the depths of
the holes in the sixth layer are on average 1.56 + 0.12 A, in agree-
ment with the values shown in previous coverages, while the
height of the seventh layer islands is only 1.00 £ 0.11 A. The surface
morphology, as in the previous case, is dominated by the seventh
layer islands aligned along crystallographic directions (see insert
in Fig. 3b). The average width of these structures is 12.96 +
3.18 A. A similar behavior is obtained for 7.5 ML in which the top
layer exhibits wavy filament-like structures (Fig. 3c), with an
apparent height of 0.98+0.17A and an average width of
5.25+3.65 A. The new interlayer distance is not related to any
known crystallographic Ni spacing, so no simple atomic model
can be provided to describe the film structure. A similar value for
the height of the elongated islands is observed also for higher cov-
erages, up to 10.5 ML (see Fig. 5).

Beyond 10.5 ML a new interlayer distance of 1.76 +0.10 A is
established, for islands in the eleventh layer (see Fig. 6). This value
is indeed consistent with the reestablishment of the Ni fcc struc-
ture. At this coverage, the surface displays a rectangular network
formed by straight filaments (Fig. 4a). For 11.9 ML (Fig. 4b), these
filaments start to cross each other leading to the formation, at
higher coverages, of a rectangular net-like structure (see 12.5 ML,
Fig. 4c) which interconnects the whole surface as a weft. The
height of the connecting threads is 1.74 + 0.2 A with a characteris-
tic spacing between them of 50.15 + 3.6 A.

Fig. 6 summarizes the evolution of the interlayer distances as a
function of Ni coverage. The characteristic value for this parameter,
obtained from similar quality STM images, remains constant for
bias voltages between 0.5 eV and 1.4 eV. Three regions can be dis-
tinguished; up to 6.5 ML, the Ni films show a mean height of 1.53 A
in agreement with the fct epitaxial growth prediction of 1.52 A
[20]. For higher coverages, the interlayer distance diminishes
abruptly to a value close to 1 A which is maintained over the fol-
lowing four layers. The interlayer spacing of the eleventh layer is
changed again, this time to a larger value, in agreement with the
corresponding bulk value for fcc Ni(1.76 A).

Fig. 7 shows the layer distribution versus coverage for the Ni/
Pd(100) system. The y-axis indicates the fraction of the surface
which can be attributed to a particular layer and the x-axis is the
coverage as indicated by the QMB. It shows for example that only
around 0.9 ML the second layer starts to grow. For a total mass of
1 ML of Ni, 93% of the first layer is completed while the remaining
fraction of the surface appears as second layer islands. From 2 ML
and up multilayer growth is the dominant process. Between 2.0
and 6.5 ML, the films display three-layers simultaneously while
above 6.5 ML a total of four different levels can be resolved in
the topographic images (see insert in Fig. 7).
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Fig. 2. STM images of Ni on Pd(100), from early growth up to the completion of the second monolayer. The characteristic deposition rate was 0.30 ML/min. (a) ® = 0.2 ML,
(b) ® = 0.9 ML and (c) @ = 2.0 ML. The Ni atoms form 2D clusters. The percolation limit is reached around 0.9 ML, just when the second layer starts to grow. A layer-by-layer
growth mode is maintained up to 2.0 ML. From here on the growth involves multiple layers.
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Fig. 3. Ni films, RT-deposited on Pd(100): (a) ® = 4.0 ML, (b) ® = 6.5 ML, and (c) ©® = 7.5 ML. The inset in Fig. 4b shows a line scan in which two interlayer distances can be
identified. A singularity in the interlayer height appears at 6.5 ML. The new apparent height is close to 1 A. The internal structure of the new terraces is formed by wavy like-

filaments which are clearly distinguished in Fig 3c.

Fig. 4. STM topographic images: (a) ® = 10.5 ML, (b) ® =11.9 ML, (c) @ = 12.5 ML . For 10.5 ML , the film recovers the Ni bulk inter layer parameters. The surface
morphology evolves from rectangular islands for 10.5 ML to a net-like structure connecting the whole surface for a thickness 12.5 ML.

Fig. 8 displays the surface roughness obtained from the STM
images [21]. According to its characteristic features, the three
growth regions can also be identified in this graph. As shown in
the plot, up to 2 ML, the surface roughness oscillates around the
average height with an approximate periodicity of 1 ML. The min-
imum roughness values (points A and B) for each oscillation corre-
spond to an integral number of layers. This particular behavior is in
agreement with the evolution of the surface roughness for the case

of a film grown in a near layer-by-layer mode. As we have already
shown in Fig. 7, multilayer growth starts at 2 ML. Up to 6.5 ML (re-
gion II) three levels for each particular coverage are observed,
which agrees with the larger average roughness displayed in this
region. A similar behavior has been observed in previous measure-
ments of the RHEED intensity in the same system [19]. The associ-
ated changes in roughness are related to the transition from a
layer-by-layer mode to a multilayer growth mode. As expected
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Fig. 5. Schematic cross section of the film for: (a) 6.5 ML of Ni/Pd(100). The seventh layer islands height displays a value around 1 A in contrast with the average fct value of
1.55 A shown by the sixth layer. (b) 10.5 ML. The same interlayer distance is maintained, for coverages between 7 and 10 ML. This particular section of the film, with the new
interlayer distance, has been highlighted with a darker color in the figure. Beyond 10 ML Bulk Ni parameters are recovered. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Ni interlayer distance as a function of coverage. Three characteristic growth
regions can be identified: up to 6.5 ML the film grows pseudomorphically over the
Pd substrate, with a fct structure. A transition region occurs between 6.5 and
10.5 ML, where the films show a new interlayer distance close to 1 A. Above this
coverage the films recover their bulk parameters.

the average roughness increases again above 6.5 ML, since for
these coverages, four different layers are exposed on the surface

4. Analysis

In summary, the STM topographic images demonstrate the exis-
tence of three growth regions for Ni on Pd(100). Up to 6.5 ML the
films grow pseudomorphically, displaying a fct structure with a
mean interlayer distance of 1.53A, in agreement with linear elas-
ticity theory [20]. In the sub-monolayer regime, the surface mor-
phology is characterized by a distribution of randomly shaped 2D
Ni clusters on the Pd substrate.

The fact that the islands have irregular shape at the initial stage
of growth can be explained by the large tensile strain on the top
layer. Due to strain there is a substantial reduction of the edge
and kink diffusion energy barriers, thus promoting atomic detach-
ment from the islands perimeter. This process favors a random ori-
entation for the islands lateral growth [22-26]. Up to 2 ML the
films grow in a nearly perfect layer-by-layer mode. Above 2 ML
the surface exposes three layers, indicating the beginning of multi-
layer growth. Simultaneously with this change, the islands assume
a well-defined-rectangular shape. This type of symmetry is also ob-
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Fig. 7. This plot indicates the layer filling, in percentage, as a function of total Ni
mass expressed in ML. The solid lines connects the points associated to a single
layer as it is observed for different coverages. Above 2 ML, the growth mode
changes from layer-by-layer to multilayer. The insert at the top, indicates the total
number of layers present in the corresponding STM image as a function of coverage.

served in Ni homoepitaxy on Ni(100). In this case, because of the
absence of strain in the interface plane, the growth is dominated
by homogeneous nucleation of monolayer height rectangular is-
lands, which reflects the substrate square symmetry. For Ni/
Ni(100), step edges that run along [011] direction together with
close-packet (111) facets form the most stable configuration.

Is important to point out that in the Ni/Pd(100), the thickness
at which the rectangular islands start to appear is also the onset
for multilayer growth. This can be explained by a possible modifi-
cation of the diffusion energy barriers at a certain critical thickness,
as reported in other thin film systems [14,24,27-29]. When the
kink site diffusion increases, starting at a certain coverage, the is-
lands tend to show a rectangular shape with edges along the
[011] directions, in the case of substrates with square symmetry
[24]. On the other hand, an additional Ehrlich-Schwoebel barrier
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Fig. 8. RMS surface roughness, obtained from STM images, as a function of coverage
for Ni/Pd(100). The vertical dotted lines are meant to separate different growth
modes. Up to 2 ML the characteristic growth is layer-by-layer. Index A and B
correspond to roughness minimum value, which are in coincidence to the
completion of the first and the second layer. Region II corresponds to multilayer
growth with 3 layers exposed on the surface. In region III, 4 layers are involved in
growth. The dotted line is to guide the eye.

has been reported in other heteroepitaxial systems [14,27-29]
above a critical thickness. This barrier, modified by the film strain,
can influence directly the transition from 2D to 3D growth, a pro-
cess which seems to be in agreement with our experimental
results.

From 6.5 ML to 10.5 ML a new interlayer distance, close to 1 A,
occurs simultaneously with the appearance of filament-like struc-
tures. This behavior is presumably connected with the strain relief
mechanism associated to fct films.

Similar structures have been reported in other metallic thin film
systems, starting at a critical thickness [30,31]. They do have in
common with ours, a large tensile strain value (14% in the case of
Fe on Au(100) and 7.8% for Cu on Pd(100)). However, in spite of
the morphological resemblance of the structure, the proposed
structural models, based on bcc(110) growth on a bec(100) sub-
strate and misfits dislocations, cannot be adjusted to the Ni/
Pd(100) system. Most likely the 1 A height has its origin on Ni
atoms laterally displaced away from their expected hollow site
positions.

Interlayer distances determined from step height variations in
STM, can be attributed to a physical change in height, only if the
local density of states on the terraces in both sides of the steps
are equivalent, from the point of view of the tunneling process.
From our results this is not the case for the surface formed at
6.5 ML Ni/Pd (see profile Fig. 3b), since the structure of the top
Ni terrace is indeed different from the layer below. A similar situ-
ation occurs for sub-monolayer coverages. These structural differ-
ences can modify the top layer electronic structure, which in turn
determines the apparent height between two terraces. Neverthe-
less, in the case of Ni/Pd, for 7.5 ML and higher coverages, the
new layers are all 1A apart and growing on top of a “similar”
underlying structure. The lack of a smooth coverage dependence
of the interlayer distance, seems to indicate a negligible electronic
effect on the apparent atomic step height, as is expected for metal-
lic surfaces.

Multilayer growth at large coverages involves simultaneously
four layers, a value which is maintained from this point on, up to
the largest coverage we measured. Finally above 10.5 ML the films
recover their fcc lattice parameters (reaching an average value
1.74 A for the interlayer distance). The surface exhibits now

(Fig. 4¢) a net-like appearance that dominates the complete land-
scape. Similar structures have also been observed in other
fcc(100) heteroepitaxial systems [31].

5. Summary

We have described the RT growth of Ni/Pd(100). This surface
exhibits a transition form pseudomorphical fct to fcc grow over a
range of 4 ML. In this transition region a new apparent surface
interlayer distance is established and this happens in conjunction
with the appearance of narrow filaments over the surface. The
presence of these filaments at higher coverages seems to deter-
mine the surface structure and the formation of a superstructure
rectangular network, once the fcc growth is recovered. In future
work we expect to correlate the evolution of the film structure
with the magnetic properties of thin layers.
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