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We have studied the NiL edge x-ray absorption fine structure for thin Ni films evaporated on a Cus001d
substrate. The measurements have been carried out for films having coverages ranging from 0.07 monolayers
(ML ) up to 3.1 ML. The coverage has been calibrated using the ratio of the NiL3 to CuL3 edge jump heights
and independently verified with titration experiments. We have found a clear evolution of the x-ray absorption
fine structure at the NiL3 edge with coverage. To interpret the measured spectra first-principles calculations
have been performed modeling a two-dimensional growth. The calculations reproduced all features observed
experimentally. From the comparison between experiment and theory we can conclude that submonolayer films
contain a large number of small islands. Deposition of an amount of nickel corresponding to a single layer
results in the formation of an almost perfect flat layer. Our studies show thatL edge x-ray absorption spec-
troscopy can provide useful information on thin-film growth and morphology.

DOI: 10.1103/PhysRevB.70.235414 PACS number(s): 68.55.Ac, 61.10.Ht

I. INTRODUCTION

Layered structures give the possibility to study phenom-
ena typical for objects of lowered dimensionality, absent or
inaccessible in bulk materials. The understanding of the
magnetic, electronic, chemical, and mechanical properties of
layered structures, which are often promising from a techno-
logical point of view, requires the knowledge of the growth
properties and the resulting geometric and electronic struc-
ture. The structure of thin films Ni on Cus001d, has been
widely studied theoretically1–3 and experimentally using low
energy electron diffraction(LEED) (Refs. 4 and 5) and scan-
ning tunnel microscopy(STM) (Refs. 6 and 7) in order to
explain its interesting magnetic properties, in particular out
of plane magnetization,8 in terms of crystalline structure and
morphology. The present paper proposes a spectroscopic
method of structural investigation for these films using x-ray
absorption spectroscopy with synchrotron radiation.

In an x-ray absorption experiment the photon energy can
be tuned selectively to an absorption edge which corresponds
to atoms constituting the evaporated film. The structural in-
formation contained in the x-ray absorption fine structure is
therefore limited to the local environment of the respective
atoms in the film. Further enhancement of the structural in-
formation coming from the evaporated film is possible using
primary beam polarization parallel to the surface(normal
incidence).

L edge x-ray absorption near edge fine structure(NEX-
AFS) spectroscopy has been successfully used to study un-
occupied electronic states above the Fermi level for thin
Ni/Cus001d (Ref. 9) and Cu/Nis001d (Ref. 10) films. The
geometric structure of 5–10 ML(ML—monolayers) thick
Ni/Cus001d films has been studied withK edge extended
x-ray absorption fine structure(EXAFS).11 In the present pa-
per we demonstrate the use ofL edge absorption data to
obtain structural information on the growth of nickel layers
on a Cus001d substrate. We analyze NiL3-absorption fine
structure up to 60 eV above theL2 edge in order to trace the

process of island nucleation, aggregation, and coalescence.
Experimental results are compared toab initio calculations.
We interpret the shape of the spectrum in terms of contribu-
tions provided by different Ni sites.

II. EXPERIMENTAL

Ni films have been prepared in an UHV chamber at a base
pressure of 5310−10 mbar. Prior to deposition the copper
crystal was cleaned using standard procedures of cycles of
Ar+ sputtering followed by annealing to 900 K. Nickel was
evaporated at room temperature from a 50mm foil heated
with 32 A dc current resulting in a deposition rate of
0.133±0.006 ML/min. After deposition the sample was an-
nealed at 400 K by 2 min in order to reduce the surface
roughness. The complete description of the UHV chamber
and nickel film preparation procedure has been presented in
Ref. 12.

We have prepared 19 different nickel films in a coverage
range from 0.07 to 3.1 ML. Additionally, we have prepared a
“bulk” nickel sample obtained by deposition of a nickel film
which was thicker than 30 ML. The NiL2,3 edge x-ray ab-
sorption total electron yield spectra have been measured in a
sample current mode at the beamline BW3 at the DORIS
storage ring at HASYLAB. The undulator radiation has been
monochromatized with a SX700 monochromator using a
1220 l /mm gold coated plane grating, the exit slit width was
set to 100mm. The resulting photon energy bandwidth was
0.5 eV at 852 eV(Ni L3 edge). The primary beam intensity
was monitored with a molybdenum grid. The normal inci-
dence absorption spectra have been measured in a photon
energy range from 840 eV up to 970 eV with a step width of
0.2 eV and a time of measurement of 4 s per point. These
parameters enabled a complete energy scan without a signifi-
cant sample contamination due to residual gas adsorption.
Except for the two thickest films, at least two samples have
been prepared and measured for each coverage. Spectra mea-
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sured for the same coverage have been summed up after
checking the reproducibility.

The coverage has been estimated from the ratio of the
edge jump height at the nickel absorption edge to the edge
jump height at the copper edge. Figure 1(a) shows this ratio
plotted versus deposition time. Two different linear functions
have been fitted to the experimental values in two deposition
time regions. A distinct increase of the slope after a deposi-
tion time of 450±20 s has been recognized as evidence for
the termination of the first layer.

Independent evidence for the two-dimensional growth of
the first Ni layer has been obtained from titration experi-
ments with carbon monoxide using thermal desorption spec-
troscopy (TDS). For these measurements, the nickel films
have been deposited at 100 K temperature and subsequently
annealed at 400 K. Next, the sample has been saturated with
CO at 100 K. The TDS scans run up to 450 K with a heating
rate of 2 K/s. The amount of desorbed CO was measured
with a quadrupole mass spectrometer. Desorption of CO
molecules from Cu and Ni sites can clearly be distinguished
from the different temperatures of the desorption peaks. Fig-
ure 1(b) shows the integrated intensities of the peaks arising
from CO desorption from Ni and Cu sites versus the time of
nickel deposition. The curves show a linear dependence up to
a deposition time equal to 340±40 s corresponding to the
completion of the first layer.

The time of single layer deposition estimated with TDS is
by roughly 20% shorter than that obtained from absorption
edge jump heights evaluation. We will come to this discrep-
ancy later. The coverage values used in the following discus-
sion are those determined by x-ray absorption spectroscopy
(XAS). We have calibrated the relative coverages with an
accuracy of ±10% for low coverages and ±7% for higher
coverages. The absence of a CO/Cu peak in the TPD spec-
trum for the monolayer film annealed at 400 K indicates that
there is no surface alloying in that temperature range. That is

in agreement with other reports.7,13,14An extended discussion
of the TDS measurements will be presented elsewhere.15

III. RESULTS

Figure 2 shows the absorption spectra measured for all
considered coverages, normalized to the height of the CuL2,3
edge jump. The photon energy scale has been calibrated us-
ing the energy positions of the nickel and copperL3 andL2
absorption edges: 852.7 eV, 870.0 eV and 932.7 eV,
952.3 eV, respectively.16 For the discussion of the near edge
features the origin of the energy scale is set at the Fermi level
identified as the inflection point of the absorption edge con-
tour. All spectra show the pronounced white line with the
maximum at energy 1.2 eV above the NiL3 absorption edge,
originating from transitions to unoccupied 3d states. The
white line is followed by a small maximum at an energy,
which is higher by 6 eV. This feature in the absorption spec-
tra is similar in energy to the famous 6 eV satellite in Ni 2p
and 3p photoemission spectra. While it is clear that the
photoemission feature originates from many electron
interactions,17–19the x-ray absorption feature might originate
from band structure effects.18,20A broadened structure simi-
lar to that observed above theL3 line appears above theL2
absorption edge. Figure 3(a) presents the NiL3-near edge
region measured above the white line for nickel films with
different coverages, and for the bulk nickel. For a better vi-
sualization the energy range containing the NiL3 white line
is omitted. The tiny spectral features present above the white
line are emphasized by the subtraction of the white line tail
background. The bulk nickel spectrum has been normalized
to obtain the same height of the 6 eV maximum as for the
film of 3.1 ML. Another spectral feature is visible at an en-
ergy of 10.7 eV. This maximum is observed only for films
having coverages in the range 0.35 ML–1.6 ML, most pro-
nouncedly for 0.59 ML and gradually diminishes for higher
coverages. For bulk nickel also a second maximum is ob-
served but at an energy of 11.9 eV, i.e., by 1.2 eV higher
than for the thin films. The presence of a maximum in that

FIG. 1. (a)—Ratio of Ni L2,3 to Cu L2,3 absorption edge jump
heights as a function of Ni deposition time.(b)—integrated inten-
sities of the thermal desorption spectroscopy maxima corresponding
to CO desorption from Cu(open dots) and Ni (solid dots) surfaces
as a function of Ni deposition time. Horizontal lines show a zero
level for copper and saturation level for Ni, respectively. Points are
shifted apart vertically for better visualization.

FIG. 2. Experimental x-ray absorption spectra results for all
considered coverages. Spectra are normalized to the CuL2,3 edge
absorption jump height.
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energy range has already been reported for bulk nickel and
has been associated with the high density of electronic states
at the edge of a subband in the conduction band.9,21–23Band
structure calculations show that a similar density of states
maximum occurs also 7 eV above the Fermi level. However,
whether this is observed in the spectra is difficult to interpret
due to the coincidence with the 6 eV feature.

An arbitrary normalized CuL3-near edge spectrum is pre-
sented in Fig. 3(b) for comparison with the Ni spectra[in
panel(b) the spectrum for the bulk Ni sample is again nor-
malized such that the 6 eV feature has the same height as in
the spectrum at 0.59 ML presented in the same panel]. Due
to the fully occupied 3d bands the copper absorption spec-
trum does not contain a white line. Furthermore 3d multiplet
structure should be less important so that the electronic band
structure features at 5.0 eV and 9.1 eV are clearly observed
in the spectrum(the first maximum of CuL3-NEXAFS oc-
curs at 1.5 eV, it is not shown in the figure).

We have also observed the NiL2,3 edge x-ray absorption
fine structure in the photon energy range from 880 eV up to
930 eV (from 10 eV up to 60 eV above the NiL2 edge).
Figure 4(a) shows the XAFS oscillations.

x =
fmsEd − m0sEdg

m0sEd
,

where E is the photon energy,msEd is a total absorption
coefficient(a measured absorption spectrum); m0sEd is a par-
tial atomiclike Ni L2,3 absorption coefficient. The oscillating

function xsEd has been extracted from the measured absorp-
tion spectra by taking the background absorptionm0sEd as a
linear function fitted to the measured absorption spectra in
the photon energy range from 880 eV up to 930 eV. For a
simple comparison to the calculations a more complicated
background treatment(e.g., using spline functions) is not
necessary in our case. Approximately the same amplitude of
the fine structure oscillations has been observed for all stud-
ied coverages.

For all coverages two main features have been observed
in the extended fine structure: the first feature appears at
photon energies around 885 eV–892 eV and the second at
912 eV. The first feature changes its shape as a function of
coverage. For the lowest coverages: 0.27 ML and 0.35 ML,
a single maximum at an energy of 892 eV is observed with a
small bump on the low-energy side. For coverages in the
range of 0.42 ML–0.75 ML the bump develops into a sepa-
rate maximum at 885 eV photon energy. For coverages
0.86 ML and 1.0 ML this maximum at 885 eV dominates
while the other one is still visible as a broad bump. The
shape of two separate maxima reappears for coverages
higher than 1 ML. The second main maximum at energy

FIG. 3. (a) Measured NiL3-NEXAFS spectrum in the energy
region starting<5 eV above the white line.(b) Measured spectrum
of the 0.59 ML film and for bulk nickel compared to the Cu
L3-NEXAFS. In both panels spectra are vertically shifted.

FIG. 4. (a) XAFS oscillationsx extracted from the spectra mea-
sured for films of different coverages. For a better visualization,
curves are shifted apart vertically.(b) Calculated contributions to
the Ni L2,3-XAFS oscillationsx. Solid lines—contributions calcu-
lated for 25 Å island; dashed line(very close to the solid line 1)—
contribution calculated for atoms constituting a complete mono-
layer; dots—contributions calculated for 7 Å island. Positions of
the absorbing atom in the 25 Å island are shown in the inset. The
analogous positions have been used in the case of the 7 Å island.
For a better visualization, the groups of the curves corresponding to
different absorbing atom positions are shifted apart vertically.
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912 eV exhibits the same shape for all measured films. An
increase of its relative intensity is observed for coverages
about 1 ML.

IV. DISCUSSION

First we will discuss the changes of the NiL3 white line
intensity as a function of coverage. In order to evaluate this
intensity the spectra have been normalized to the height of
the absorption edge, which is for submonolayer coverages
proportional to the amount of absorbing atoms. The absorp-
tion edge height has been estimated by fitting a smooth back-
ground function to the spectra in the energy range between
the L3 white line and theL2 edge. This fit was used in order
to avoid the influence of evolving spectral features at 6 eV
and 10 eV above theL3 white line on the normalization pro-
cedure. Afterwards, a steplike background originating from
2p3/2→4s transitions has been subtracted. The integrated in-
tensities are presented in Fig. 5 as a function of coverage.
They are normalized to the Ni white line intensity observed
for bulk sample. A fast increase of the white line intensity is
observed for low coverages up to 0.75 ML. Beyond that
value, the intensity of the white line normalized to the height
of the absorption edge stays constant. The same behavior is
observed for the feature at an energy of 6 eV. For all spectra
this maximum exhibits an intensity being as large as 5% of
the white line intensity[see Fig. 5(b)].

The intensity of the NiL3 white line is a measure for the
number of Ni 3d holes in the nickel 3d orbitals. From the
presented results it can be deduced that for submonolayer
films that number is smaller than for thicker films and for the
bulk, which has been already reported in Ref. 9. This is a
consequence of the hybridization of Ni and Cu 3d orbitals,
which lead to an electron transfer to the nickeld states and to
a partial filling of Ni 3d holes. As the number of Ni atoms
(i.e., the size of islands) increases, the Ni-Ni interaction be-
comes stronger and the number ofd holes per atom in-
creases. For the second layer the influence of the Cu sub-
strate is much lower than for the interface layer. Saturation of
the normalized white line intensity is observed for a cover-
age of 0.75 ML, so well below the coverage of 1 ML the
number of holes per atom stabilizes close to the value typical
for bulk material. The observed white line evolution versus
coverage in our study is different from that reported in earlier
work, where a rise of the white line intensity has been ob-
served up to 14.4 ML.9

The experimentally observed second maximum in the
NEXAFS region at 10 eV seems to be related to the substrate
influence on the electronic structure of the film, too. For
submonolayer nickel films the maximum is located close to
the energy position, where a similar feature occurs in the
copper absorption spectrum[see Fig. 3(b)]. That indicates a
copperlike modification of the density of states(DOS) occur-
ring for the first Ni layer. For films with coverage above
1 ML this feature disappears. The evolution of density of
states features may be compared to the results of DOS cal-
culations performed for Cu films on Ni in Ref. 21. These
calculations show that the first and second film layers repeat
all features of the substratelike DOS. For the third layer,
substratelike and filmlike DOS features are mixed in a way,
which significantly weakens all maxima and steps(see Fig. 2
in Ref. 21). A bulklike DOS appears in the fourth layer. In
our case of Ni films on Cu, only the first layer adopts the
substratelike shape of the electronic structure. The absence
of substratelike features for coverages about 2 or 3 ML may
be caused by the roughness of the films(see below).

In order to interpret the measured extended x-ray absorp-
tion fine structure we have performed model calculations of
the Ni L2,3 edge spectra in an energy range between the
nickel and copperL3 absorption edges. The structure of the
Ni films has been assumed as fct. The Ni-Cu interlayer spac-
ing has been taken as 1.72 Å, which accounts for the out-of-
plane lattice contraction by 4.7% as compared to the bulk
copper and by 2.3% as compared to bulk Ni. The lateral
lattice constant has been taken as 3.58 Å which is stressed by
1%, as compared to the value in bulk copper and extended
relatively by 1.6% to bulk nickel. These parameters have
been used accordingly to the results of a quantitative LEED
analysis presented by Platowet al.5 For the unperturbed cop-
per substrate a perfect Cu fcc crystalline structure has been
used.

The x-ray absorption fine structure calculations have been
carried out using theFEFF 8.1code(the name is an abbrevia-
tion from fef f, which is an effective photoelectron scattering
amplitude. Computation offef f is an essential part ofFEFF

program.)24

For the multiple scattering calculations we considered the
substrate as a hemisphere having a radius of 15 Å. We have
considered a single atomic layer of nickel adsorbed on the
copper hemisphere as well as films of submonolayer cover-
age, for which the Ni layer did not cover the whole substrate
surface but formed separate islands(Fig. 6). The hemisphere
contained 657 Cu atoms while the complete Ni layer in-
cluded 116 atoms arranged over the great circle of the hemi-
sphere. The islands have been represented by Ni atoms com-
prised in a rectangular parallelepiped located over the great
circle of the hemisphere. We have considered islands having
their edges oriented along[100] and[110] directions. Various
sizes and shapes of such rectangular island have been taken
into consideration. Calculations have been performed for
various positions of the absorbing atom inside the island, i.e.,
in the center, in the rim and for intermediate positions.

A self-consistent ground-state potential has been calcu-
lated for different kinds of atoms taking into account the
presence of the neighbors in the first coordination shell. The
potential for the Ni atoms located in the rim of the island has

FIG. 5. (a) Intensities of the NiL3 white line. (b) Intensities of
the 6 eV feature.(For normalization procedures see text.)
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been calculated separately from the potential of interior Ni
atoms. Similarly, the potentials for Cu atoms located in the
interface layer and for those in the bulk substrate have been
calculated individually.

We have applied no structural, thermal, or experimental
broadening to the calculated spectra in order to obtain
sharply defined spectral features originating purely from the
geometric configuration of atoms. We have found that calcu-
lations forxsEd including disorder via a Debye-Waller factor
exhibit similar, merely broadened features, therefore neglect-
ing a Debye-Waller factor does not disturb our analysis.

The spectrum above theL2 edge has been obtained as a
sum of absorption spectra calculated separately forL3 andL2
edges. These contributions have been summed up taking into
account the branching ratio resulting from the calculated
transition probabilities.

We have found the results of the calculations being in
qualitative agreement with the measured spectra. All experi-
mentally observed features, their shapes, and relative inten-
sities have been satisfactorily reproduced by the calculations.
The positions of the maxima in the calculated spectra are
886 eV, 894 eV, and 909 eV while 885 eV, 892 eV, and
912 eV have been observed experimentally, respectively. We
have found that results obtained for different island orienta-
tions do not differ significantly. Calculated XAFS oscilla-
tions are presented and discussed below, together with the
experimental results. The comparison between experiment
and theory leads us to conclusions on the layer growth sce-
nario.

For films of submonolayer coverages we assume that de-
posited Ni atoms form islands on the substrate surface. Some
of the atoms lie at the islands rims while the other atoms are
located in the interior. A rim atom is an atom which has its
in-plane neighbors(Ni atoms) in a certain semiplane parallel
to the(001) surface. Figure 4(b) presents NiL2,3-XAFS cal-
culated for a complete Ni monolayer and for two square
islands of different size: 25 Å and 7 Å. For the islands we
present calculated contributions to the XAFS oscillation
function xsEd associated with the position of the absorbing
atom changing from the center to the rim of the island.

Atoms in a complete layer and atoms in the island interior
have almost the same configuration of neighbors. Conse-
quently that results in similar contributions from these atoms
to the absorption spectrum as can be seen from the almost
identical spectra 1, 2, and 3 in Fig. 4(b). In contrast, by
comparing them to the spectra calculated for atoms 4 and 5,

it is obvious that the contributions resulting from atoms lo-
cated in the island rim can be distinguished from the contri-
butions coming from atoms in the interior. The contributions
resulting from the highly in-plane coordinated atoms in the
center show three maxima, the most pronounced one at
909 eV, accompanied by a second maximum at 886 eV, and
a smaller third maximum at 894 eV. For the less coordinated
atoms at the rim of an island the strength of the maximum at
886 eV is reduced and the intensity ratio of the two maxima
at 886 eV and 896 eV is reversed as compared to the atoms
with higher coordination. It can also be seen from the figure
that for atoms in the interior the intensity of the maximum at
909 eV is somewhat higher than for the rim atoms.

We have tried to distinguish geometric effects(arising
from different scattering paths) from those associated with
the local atomic potential. All combinations of absorber site
(in an island) and absorber potential function used in calcu-
lations have therefore been systematically investigated. In
addition, the calculated spectrum has been decomposed ac-
cording to contributions originating from individual scatter-
ing paths. Due to the fourfold symmetry of fcts001d planes,
most of these paths are common for highly and lowly coor-
dinated atoms. The strongest contribution coming from the
path occurring for interior atom and absent for the atom in a
rim gives about 2.5% of the total amplitude resulting from all
possible scattering paths, the second strongest path gives
0.6%. That shows that the difference in scattering paths
found for interior and rim absorbing atoms does not result in
significant differences in the absorption fine structure. We
have not found any path providing a contribution, which is
directly connected with the presence or absence of the evolv-
ing feature at 896 eV. This shows that changes in the local
atomic potential of the absorber due to a different surround-
ing are responsible for the observed effects rather than
changes in the relevant scattering paths.

Our calculations of the XAFS contributions show that the
measured x-ray absorption fine structure, particularly the
relative strengths of the maximum at 885 eV and the feature
at 892 eV, may serve as an indication for the fraction of the
nickel atoms located at the rim and in the interior of the
islands, i.e., the stronger the maximum at 894 eV, the larger
the fraction of the rim atoms. For a given coverage the frac-
tion of rim atoms depends on the island size. A larger frac-
tion of rim atoms indicates a smaller size of the islands
formed on the surface.

A comparison of fine structures calculated for atoms 3 and
4 [Fig. 4(b)] shows that a spectrum showing a higher inten-
sity at 894 eV photon energy than at 886 eV is typical for the
rim atoms. All other atoms, even those located next to them
give an interiorlike contribution. It can also be seen that
these two kinds of XAFS contributions appear even for at-
oms located in an island as small as 7 Å. Vanishing of the
interiorlike contribution has been observed for islands
smaller than 5 Å. Such islands contain less than ten atoms.

A STM study performed for Ni/Cus001d showed that
after deposition at room temperature a film with a
coverage of 0.2 ML exhibits a high nucleation density
of 73104 islands/mm2 and that the size of islands is distrib-
uted in a narrow band around 3 nm2.7 For most of the islands
a rectangular, close to regular, shape has been observed. Us-

FIG. 6. The model of the nickel films on copper surface used for
the FEFF calculations.
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ing these observations a rough estimate shows that about
30% of the atoms are located at the rim of islands. That ratio
is higher for elongated island shapes. A tendency of Nis001d
to form adlayers with longitudinal[110]-oriented islands has
recently been claimed on the base of molecular dynamical
studies.25

On the basis of the presented results we are able to un-
derstand the evolution of the fine structure observed for in-
creasing coverage and to propose a scenario of the growth of
the Ni monolayer on Cus001d. Figure 7 presents the coverage
dependence of the experimental ratioR of the magnitude of
rimlike XAFS contributions to interiorlike ones. This ratio
has been evaluated using a fit procedure, where the spectrum
at nominally 0.86 ML which shows the smallest contribution
at 892 eV has been used to determine the relative strength of
interior atoms. The error ofR is a result of statistical noise,
which distorts the spectral features at 885 eV and 892 eV.

The x-ray absorption fine structures measured for the low-
est coverages exhibit the low-energy maximum at an energy
of 892 eV. This implies that most of the absorbing nickel
atoms are located at the islands rims. In our interpretation
that indicates that the film mainly consists of many small
islands. We conclude that for this coverage range, nucleation,
which creates new islands, is more efficient than aggregation
leading to their growth.

Around a coverage of 0.42 ML an interiorlike maximum
at 885 eV appears. The rise of that feature indicates the in-
crease of the fraction of interior atoms which is attributed to
island growth. Nevertheless, up to the coverage of 0.75 ML
the rimlike contribution remains similarly strong, which is
manifested by the presence of two maxima. Consequently,
the ratio R is constant in this coverage range. That means
that in spite of the successive growth of the islands formed
earlier still a significant part of the deposited atoms forms
small islands. We conclude that for the coverage range
0.42 ML–0.75 ML the growth of islands is accompanied by
an effective nucleation and none of these processes domi-
nates.

A rapid decrease of the rimlike maximum for coverages
higher than 0.75 ML shows the beginning of island coales-

cence. The islands grow faster by coalescence than by cap-
ture of single atoms or small clusters diffusing on the sur-
face. That reduces strongly the number of rim atoms: first
because the atoms located previously at the rims of joining
islands become interior atoms inside the resulting island, sec-
ond because large islands efficiently capture diffusing atoms
preventing the nucleation. These processes lead then to the
completion of the first atomic layer.

The observed coverage value of 0.75 ML at the coales-
cence threshold is higher than the value 0.6 ML observed
experimentally for square Ni/Nis001d islands26 and higher
than the values obtained from growth simulations.27,28 It is
also worth noticing that a coverage of 0.6 ML is the perco-
lation threshold for a square lattice.29

At coverages close to 1 ML a complete fcts001d atomic
layer may be considered as an infinite island and as such an
object it is devoid of edges. All nickel atoms, excluding
those at the spot edges have the same local surrounding and
hence provide the same contribution to the absorption signal.
As Fig. 4(b) shows, this results in a spectrum with only a
small bump at 893 eV. Therefore we interpret the reduction
of the 893 eV maximum in the spectrum measured for films
with a coverage of 0.86 ML as due to the absence of edge
nickel atoms indicating that an almost perfect atomic layer is
formed at coverages close to 1 ML.

From the discussion of spectral features we conclude that
the most perfect, i.e., complete, layer is obtained for a cov-
erage of nominally 0.86 ML as defined by the edge jump
evaluation. The deposition time necessary to reach this cov-
erage is in fact closer to the evaporation time for deposition
of a complete layer determined from the thermal desorption
data. We believe that the reason for the small discrepancy is
a systematic error, which occurs in the determination of the
point where the slope changes in the edge jump data. This
systematic error is attributed to the fact that for coverages
above 1 ML not only the second layer starts to form but also
the third one(see below), which influences the slope in this
coverage region.

For films thicker than 1 ML the maximum at 893 eV re-
appears indicating that again islands are formed on the al-
ready completed first Ni layer. We observe again a change of
intensity versus coverage in that energy range but it is not as
pronounced as for the submonolayer films. This is due to the
presence of the completed first Ni layer, which contains only
highly (in-plane) coordinated atoms so the fraction of rim
atoms is always significantly lower than during the growth of
the first atomic layer. The presence of the maximum at
893 eV in the spectra measured for the 2.0 ML film is an
evidence for imperfections occurring in the two-dimensional
growth already in the second layer. It indicates a difference
between the nickel on nickel and nickel on copper growth
modes.

An approximately constant amplitude of fine structure os-
cillations in the whole investigated coverage range indicates
that for all islands, independently of the size, interior atoms
have the same short-range-order imposed by the substrate
structure. No structural distortions were observed for the in-
terior atoms during the increase of the coverage from the
smallest coverage through the coalescence threshold up to
the complete layer. That behavior of an epitaxially grown

FIG. 7. Upper panel—ratioR of the strengths of rimlike to
interiorlike contributions to the measured XAFS oscillationsx.
Lower panel—schematic illustration of the growth scenario for the
first monolayer.
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crystalline phase is different to that observed in other
processes of crystal growth. For example, the growth of
grains during crystallization of an amorphous alloy is mani-
fested by the increase of EXAFS amplitude as a result of
increasing fraction of absorbing atoms located in the ordered
environment.30

Based completely on the extended fine structure analysis,
our presented growth scenario is fully consistent with the
observation in the near edge part of the spectrum. It shows
that the most pronounced modification of the Ni film near
edge structure as compared to the bulk occurs for those films
which consist of small islands and contain many rim atoms.
This is plausible as these atoms lack Ni neighbors so their
coordination differs significantly from that of interior atoms.
The deviation from two-dimensional growth above the first
monolayer is equivalent to an increased film roughness. That
has been already pointed out as a possible reason of the
spreading and vanishing of the fine structure maximum at
10.7 eV above theL3 edge for coverages larger than 1 ML as
well as a reason for a difference between XAS and TDS
coverage calibrations.

V. CONCLUSIONS

We have studied the growth of nickel on a Cus001d sub-
strate using NiL edge x-ray absorption fine structure spec-
troscopy. The measurements have been carried out forin situ
deposited films. We have found consistent evidence for the
termination of the growth of the first atomic layer from edge
jump evaluation in x-ray absorption spectrum and from in-
dependent CO-titration experiments. A coverage calibration
based on these results enabled an interpretation of the x-ray
absorption fine structure.

We have found that spectral features in the near edge and
extended region of the spectrum change versus coverage.

The observed evolution has been interpreted in terms of
changes in the film morphology with the help ofab initio
calculations. We interpreted the spectral changes as due to
the changing fraction of Ni atoms located at the rim of Ni
islands. In that wayL2,3-XAFS provided the information on
the film morphology.

We have found that first Ni layer grows two dimension-
ally on Cus001d. Nucleation plays an important part in the
growth process. In the early stages of deposition up to the
coverage of 0.42 ML, it is the dominant growth mechanism.
For higher coverages nucleation efficiently accompanies the
island aggregation till the coalescence threshold is reached at
a coverage of 0.75 ML. Beyond that threshold the nickel
monolayer grows by the coalescence of islands. We have
found that the growth of a second nickel layer does not fol-
low the same scenario.

The proposed growth scenario depends on the diffusion
coefficient, deposition rate, and even on the substrate-surface
quality. These factors determine the interplay of nucleation,
aggregation, and coalescence mechanisms. This work shows
that the investigation with x-ray absorption fine structure in
the near edge region as well as in the extended part of the
spectrum may be used to study these mechanisms. The con-
sistent interpretation of the XAFS in the near edge and ex-
tended region establishes theL edge x-ray absorption fine
structure spectroscopy as a reasonable and useful tool for the
thin-films structure characterization at synchrotron facilities,
in particular for transition metals.
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