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The growth and atomic structure of ultrathin silver films on Ni�111� was investigated by low-energy electron
microscopy and diffraction �LEEM/LEED� as well as intensity-voltage �I�V��-LEEM in the growth tempera-
ture range between 470 and 850 K. We find that silver grows in a Stranski-Krastanov mode with a two
monolayer thin wetting layer which takes on a p�7�7� reconstruction at temperatures lower than 700 K and
a ��52��52�R13.9° reconstruction at higher temperatures. The occurrence of the two distinct reconstructions
is shown to have profound implications for the growth characteristics of films exhibiting thicknesses of one and
two monolayers. The nanoscale I�V� characteristics of the films were analyzed by means of multiple-scattering
calculations based on dynamical LEED theory. Furthermore, the vertical interatomic spacing at the interface
between the Ag film and the Ni substrate was determined to �2.8�0.1� Å for all film thicknesses
��13 ML� while the uppermost silver layer relaxes by about �4�1�% toward the crystal.
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I. INTRODUCTION

Ultrathin films on the order of a few atomic layers have
come to represent an important focus of research, arising
from the dependence of unique physical and chemical prop-
erties on layer thickness.1 These phenomena make them very
attractive prototypical model materials for a number of ap-
plications including heterogeneous catalysis, storage devices,
fuel cells, and optoelectronics. In general, the qualitatively
distinct behavior of ultrathin films is related to both struc-
tural and electronic modifications of the �usually well
known� bulk structure, resulting on one hand from geometri-
cal and chemical constraints at the interface between the film
and the substrate material and on the other from quantum
confinement imposed by the lowered dimensionality in the
direction perpendicular to the interface. While it is evident
that this complex interplay is highly material dependent and
influenced by the deposition technique, Ag/Ni may be re-
garded as a model system because the two metals are virtu-
ally immiscible2 and crystallize in the face-centered cubic
structure, making it possible to prepare in situ ordered
Ag�111�-oriented overlayers on Ni�111� with a sharp inter-
face by molecular-beam epitaxy under ultrahigh-vacuum
�UHV� conditions.3 Usually, the situation is more complex
even if nominally immiscible metals are considered, as dem-
onstrated by several studies targeting a variety of related bi-
metallic systems, e.g., X /Ni �X=Cu,4,5 Au �Refs. 6–8�� and
Ag /X �X=Cu,9,10 Ru,11 Fe,12 and W �Ref. 13��. In the case
of, e.g., Au/Ni�110�, the formation7 of a surface alloy and its
subsequent destabilization upon higher Au coverages,14 was
observed at room temperature already, while for Cu/Ni�100�
�Ref. 4� alloying was only witnessed for deposition at tem-
peratures T exceeding 570 K.

In addition to chemical considerations, the lattice mis-
match of the two materials and its accommodation at their
interface, possibly involving the formation of long-range re-
constructions of the atoms in the interface region, have a

strong influence on the prevailing growth mode, ranging
from a layer-by-layer fashion �Ag/Ru�0001� �Ref. 11� and
Ag/Fe�100� �Ref. 15� for flat Fe surfaces� to a Stranski-
Krastanov-type �Ag/Cu�111�,9 Ag/Fe�110�,12 and Cu/Ni�100�
�Ref. 5��. In the present case of Ag/Ni�111�, the lattice
mismatch amounts to about 16%, virtually identical to the
related system of Au/Ni�111�, for which regular arrays
of misfit dislocations8 and stacking-fault formation

�Au�1̄1̄2� �Ni�112̄�� �Ref. 16� were reported, clearly empha-
sizing the need for a precise characterization of the structure
at the interface.

Although it has been demonstrated that the interfacial
structure has considerable influence on the interaction and
electronic coupling between the silver film and the nickel
substrate, experimental reproducibility has proven difficult,
resulting in contradictory findings from different groups and
considerable debate in the very recent literature17–21 regard-
ing the layer distance of the first Ag monolayer to the Ni
substrate. Furthermore, or perhaps consequently, there still is
disagreement regarding the growth characteristics of Ag
films on Ni�111� at room temperature and elevated
temperatures,17,22,23 including the contentious transition from
single to simultaneous double Ag layer growth. In this ar-
ticle, we present a comprehensive study of the Ag/Ni�111�
system using a powerful combination of in situ experimental
techniques involving low-energy electron microscopy
�LEEM� and diffraction �LEED� as well as photoemission
electron microscopy �PEEM�, facilitating a study of the
temperature-dependent growth phenomena and the resulting
film characteristics on the nanometer scale over a wide range
of preparation conditions. Furthermore, by theoretical mod-
eling of the dependence of the electron reflectivity on the
kinetic electron energy—the so-called intensity-voltage �I-V�
curve—within the framework of dynamical LEED theory we
are able to probe the local atomic structure of the silver film
and determine the layer spacings both within the silver film
and at the interface to the nickel substrate for distinct indi-
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vidual film thicknesses. This synergistic approach of in situ
microscopy, microspectroscopy, diffraction, and theoretical
modeling allows us to disentangle thermodynamically and
kinetically driven growth phenomena and reconcile previ-
ously observed discrepancies to reach a complete and coher-
ent picture of the system.

II. EXPERIMENTAL

The LEEM measurements were performed in a commer-
cial Elmitec spectroscopic photoemission-LEEM installed at
beamline U5UA of the National Synchrotron Light Source
�NSLS� at Brookhaven National Laboratory �BNL�, Upton,
NY �USA�, allowing in situ microscopy with either low-
energy electrons or photons from the storage ring.24

The substrate we used for the experiments is a commer-
cially purchased, polished Ni�111� single crystal �Mateck�
with a nominal orientation better than 0.1°. After insertion
into the UHV chamber the sample was cleaned by several
cycles of 0.5 keV Ar+ ion sputtering followed by thermal
annealing at 1050 K. Surface morphology and composition
after this procedure was checked by LEEM, LEED, and
x-ray photoelectron spectroscopy �XPS�. The XPS study was
performed at beamline U12A of the NSLS. In addition, short
flashes to 1300 K were found to improve the smoothness of
the surface on the micrometer scale.

Silver was deposited from a Knudsen cell employing re-
sistive heating of a crucible filled with high-purity Ag
�99.9999%, Johnson Mathey Compound Co.�. The evapora-
tor was equipped with a manual shutter, water cooling, and
the flux stability was asserted using a quartz oscillator.

III. COMPUTATIONAL

For the comparison of experimental LEEM intensity-
voltage data with theoretical calculations dynamical LEED
theory was used. This approach facilitates an accurate deter-
mination of the geometrical structure and chemical compo-
sition of the topmost layers of a system consisting of a two-
dimensional periodic surface slab and an underlying semi-
infinite bulk crystal.

The computation was done using the TensErLEED software
package designed by Blum and Heinz.25 The package allows
for a fully dynamical calculation of LEED intensity refer-
ence spectra for any periodic surface structure. By expanding
the atomic scattering matrix in a perturbative approach
�“Tensor LEED”� it is possible to calculate the geometrical,
vibrational, and chemical displacements from a given refer-
ence structure efficiently. The optimal set of parameters is
determined within a global search algorithm by minimizing
the difference between experimental and theoretical I�V�
spectra as quantified by the reliability factor �R2 factor�,
which has been shown to yield reliable results in recent
I�V�-LEEM analyses.26

For the quality of the resulting reference calculation, the
correct choice of the real and imaginary part of the inner
potential of the model system plays an important role. Due to
the low-energy range of 2–30 eV used in this work, both
parts were treated as separate constants at the low-energy

and the high-energy side, reflecting the individual elemental
properties. A smooth transition is realized by assuming an
“arc tangent”-like energy dependence in the intermediate en-
ergy range. This empirical model takes into account the de-
crease in the probing depth with increasing kinetic energy
due to an increased number of possible inelastic interactions,
e.g., excitation of plasmons, resulting in more frequent en-
ergy losses and thereby more effective damping of the wave-
field inside the crystal.

IV. RESULTS AND DISCUSSION

The LEEM, LEEM-I�V�, and LEED investigations were
conducted at sample temperatures between 470 and 850 K
during or after evaporation of silver.

A. Growth mode and characteristics

The Ag growth on the Ni�111� surface was observed in
situ with LEEM for an electron energy range between 2 and
7 eV. In this range the oscillations in the reflected intensity
with increasing beam energy are very strong due to the quan-
tum size effect �QSE� and as a result of that it is feasible to
differentiate Ag layers of distinctive thicknesses because of
the large intensity differences, i.e., regions of different
brightness, in LEEM images.27

The initial growth of silver on Ni�111� is displayed in Fig.
1 with two subsequently recorded images for each tempera-
ture. At relatively low temperatures of 500 K or below, silver
islands nucleate on the flat Ni terraces, exhibiting only very
small correlation with step edges and step bunches �Fig.
1�a��. Sequentially, these little islands coalesce, leading to
the formation of large coherent islands �Fig. 1�b��. However,
the situation is changed at elevated temperatures of about
700 K, where silver preferentially adsorbs at the �lower
side18 of� step edges and step bunches, followed by subse-
quent nucleation and growth of islands �Fig. 1�c��, which
spread over the terraces. In the LEEM image displayed in
Fig. 1�d�, almost all steps are decorated but the large terrace,
which lies close to the mesa in the middle of the micrograph,
does not show any signs of silver island growth. Neverthe-
less, short terraces exhibiting a width in the order of a few
tens of nanometers are already covered by a Ag monolayer.
Finally, temperature of about 850 K, which is very close to
the desorption temperature of Ag from Ni�111� �Tdes
�890 K�,23 lead to complete decoration �Fig. 1�e�� of the
step edges by silver before island nucleation is witnessed
�Fig. 1�f��.

On sufficiently large terraces the growth of the first layer
occurs in dendritic �or “fractal”� fashion at temperatures of
T�800 K �cf. Fig. 2�. In general, this phenomenon may
have a number of different physical origins, whose preva-
lence is determined by the peculiarities of the system. Con-
ceptually, the underlying mechanisms may be grouped into
categories related to either kinetics or thermodynamics as the
major driving forces. In the former case, again different sce-
narios are generally possible that can be related to the values
or ratios of the relevant adatom diffusion lengths. For ex-
ample, if the capture rate of the islands is larger than the
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diffusion rate along the step edges of the islands, then den-
dritical island shapes are formed, a concept that has been
termed diffusion-limited aggregation28,29 �and also called
“hit and stick”� and which readily explains observations in
metal-on-metal heteroepitaxy30 and homoepitaxy.31 Addi-
tionally, dendritic island growth may occur due to anisotro-
pies in diffusion �“hit and jump”�, e.g., along step edges
aligned in different crystallographic directions in the case of
trigonal symmetry.32–34 In case of thermodynamics as the
major driving force, a ramified island shape can also be re-
garded as the direct consequence of the misfit-induced strain
in the overlayer, which is partly relaxed at step edges. The
prevalence of this mechanism implies that the amount of
strain energy associated with the accommodation and even-
tual reconstruction of the adlayer to the substrate lattice,
which increases with the island area, is higher than the en-
ergy cost related to the formation of step edges �the “line
energy”�, which scales only linearly with the island perim-
eter, leading to a diversion from a compact island shape.35 In
our example of Ag/Ni growth, we will attribute the observed
formation of dendrites to the latter, strain-driven mechanism,
for reasons given later in the text. As a first indication for a
thermodynamically governed process, we note that we even
observe these features at temperatures of up to 750 K that
would be extraordinarily high for diffusion-limited phenom-
ena at metal surfaces, which typically happen at significantly
lower temperatures due to the smaller differences in the ac-
tivation barriers involved.

Up to coverages of two monolayers �ML� the growth oc-
curs in a layer-by-layer mode at all temperatures explored in
our study. The local film thickness is determined by
LEEM-I�V� measurements in combination with I�V� calcula-
tions. These results, along with a quantitative analysis of the
atomic layer spacings, will be described in detail in Sec.
IV C. For growth of a third monolayer on top of the 2-ML
wetting layer, the growth characteristics gradually vary with
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FIG. 3. LEEM images of multilayer silver growth on Ni�111� at
temperatures of 470, 600, 770, and 850 K. An increase in unifor-
mity of silver film thickness is visible with increasing temperature.
Local film thicknesses: �a� 2 ML, �b� 5 ML, �c� 6 ML, �d� 7 ML, �e�
9 ML, �f� 10 ML, and �g� 12 ML.
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FIG. 1. Initial stages of submonolayer silver growth on Ni�111�.
In �a� and �b� the first silver layer �dark regions� grows on the flat
terraces in single islands at 500 K. These images were taken at 2 eV
electron energy and 6 �m field of view �FOV�. In �c� and �d�, at
700 K and 10 �m FOV, the silver islands �dark� nucleate at steps,
which then spread across the terraces. At 850 K the silver �bright�
grows preferentially along the step edges in thin lines �images �e�
and �f��. These images were taken at an electron energy of 12.4 eV
with 10 �m FOV. The dark round objects in �a�–�d� are insular
mesas of the Ni surface. Depending on energy, the silver islands
show up bright or dark in contrast.

FIG. 2. Dendritical structure of the silver islands �bright� ob-
served during growth on Ni�111� at 750 K and 30 �m FOV in situ
as visible in LEEM.
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temperature �cf. Fig. 3�. Comparatively low temperatures of
470 K �Fig. 3�a�� lead to simultaneous island growth of dif-
ferent thickness on the 2-ML thick wetting layer. At 600 K
�Fig. 3�b��, the number of coexisting islands with different
thicknesses decreases. Likewise, the island density de-
creases, which is accompanied by island thickening. This
trend continues with increasing temperature �Fig. 3�c��, until
uniformity of silver island thickness is attained �Fig. 3�d��
close to the desorption temperature, where Ag mobility is
maximal. Hence, the growth of silver on Ni�111� can essen-
tially be described to follow a Stranski-Krastanov-type mode
throughout the investigated temperature range, with a
wetting-layer thickness corresponding to two atomic Ag lay-
ers. These findings also point toward a strain-mediated
mechanism as the driving force for the film morphology and
island shape observed. An analogous growth behavior has
been reported for Ag/Cu�111� �Ref. 10� and Ag/Fe�110�,12

respectively. For these systems, silver grows in the Stranski-
Krastanov mode with a wetting layer consisting of two ML
at room temperature.

However, for silver growth at elevated temperatures of
600 and 770 K a distinctive feature can be observed �Fig. 4�.
At both temperatures the third silver layer starts to grow in a
layer-by-layer mode �Fig. 4�a��. At a critical coverage or af-
ter stopping deposition the third layer starts to disintegrate
and the free silver atoms segregate to existing islands �la-
beled by 1, 2, and 3� on the surface �Fig. 4�b��. Here, island
2 has a thickness of four monolayers of silver while islands 1
and 3 are thicker islands on the surface. The islands 1 and 3
continue to grow while island 2 also starts to disintegrate
�Fig. 4�c��. Apparently, these metastable third and fourth lay-
ers are kinetically stabilized and become unstable �partial
dewetting process� after reaching a certain critical coverage
or, likewise, during a postanneal cycle when evaporation has
already been stopped.

B. Lateral surface structure and film registry

The diffraction experiments using low-energy electrons
were conducted after silver film preparation at growth tem-
peratures between 500 and 850 K. The LEED images show
the expected threefold symmetric diffraction pattern of the
Ni�111� substrate with a weak moiré pattern, which is caused
by the Ag�111� overlayer, essentially indicating the forma-
tion of a coincidence lattice comprised of individual sublat-

tices of �m�m� and �n�n� translational periodicity, respec-
tively. The determination of the in-plane scattering vectors
q�

Ag,Ni of the integral order reflections for the Ni substrate and
the Ag film from radial cuts through reciprocal space yields
an in-plane lattice mismatch of �15�2�% between the silver
film and the nickel substrate, in perfect accordance with the
difference of 16% between the bulk lattice parameters of
both materials. Hence, since silver essentially grows with its
bulk lattice constant on the substrate, little lateral strain is
imposed on the monolayer film.

A closer look at the LEED patterns reveals a substantial
qualitative difference with deposition temperature. At 500
and 600 K �cf. Figs. 5�a� and 5�b��, the moiré pattern is
composed of two nonrotated sublattices of about �6�6� / �7
�7� periodicity, as predicted by Chambon et al.36 based on
quenched molecular-dynamics �QMD� simulations for this
temperature range. However, elevated temperatures between
700 and 850 K induce an apparent splitting of the Ag integral
order diffraction spots by about �2.2° from the main sym-
metry direction �Figs. 5�c�–5�e��, which is compatible with
the existence of two rotational domains of ��52
��52�R13.9° reconstructed areas �Fig. 5�f��. Again, this ex-
perimental finding corroborates the QMD study by Chambon
et al., who attributed this structure to a coincidence lattice
formed by the arrangement of 39 silver atoms and 52 nickel
atoms within the surface unit mesh.
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FIG. 4. �Color online� Dewetting of the third silver layer. In �a�
the growth of the third silver layer �dark� on the two monolayer
silver film �bright� is mostly completed. At this point dewetting �b�
sets in, resulting in three-dimensional island growth �islands labeled
by 1, 2, and 3�. At �c� the third layer is mostly gone and, in addition,
island 2 shrinks to cover the thicker islands 1 and 3.
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FIG. 5. The LEED images �a�–�e� were taken after preparation
of silver films of about 2 ML thickness at different growth tempera-

tures. The dashed lines connect the �1̄1�Ni and the �11̄�Ni reflexes. In
�f� a schematic LEED image with the relevant reflections, the rota-
tion angle � of the silver film relatively to the nickel substrate and
the reconstruction angle � according to the reconstruction nomen-
clature �x�y�R� is shown.
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For other fcc-like bimetallic systems similar results are
reported in the literature. On Cu�111�,9 silver forms both �8
�8� / �9�9� superstructures as well as rotated domains for
deposition temperatures of about 370 K. A formation of twin
domains has also been discovered for the systems Ag/
Fe�110� �Ref. 12� and Ag/W�110�.13 Interestingly, despite the
virtually identical lattice mismatch, a lateral compression of
the Ag layer is not observed, which in the case of Au/Ni�111�
induces the formation of an �8�8� / �9�9� moiré pattern
exhibiting an effective compressive strain of 2.8%. This im-
portant finding will be related to our results for the interface
layer spacing between the Ag film and the Ni substrate �see
Sec. IV C�.

The concept of rotational domains for growth at higher
temperatures such as 770 and 850 K can be proven in an
elegant way by performing dark-field �DF� LEEM using the
rotated superstructure spots for imaging �Fig. 6�a�� and com-
paring to the conventional bright-field image obtained by
using the specular �00� reflection �Fig. 6�b��. The bright-field
LEEM image �Fig. 6�b�� shows the two monolayer thick sil-
ver wetting layer �bright� with some thicker silver islands
�gray�. As clearly observed from the dark-field LEEM im-
ages, which are presented in Figs. 6�c� and 6�d�, the wetting
layer is comprised of two distinct regions. By comparing
both dark-field images it is evident that the images exhibit a
complementary contrast apart from the thicker islands, which
show up in both images. Furthermore, from the bright-field
image it is evident that the wavy step edges essentially run
from left to right. At first glance, the boundaries between the
different rotational domains, which correspond to the two
growth orientations of �2.2° relative to the substrate lattice,

seem to coincide with the step edges and step bunches of the
substrate, but there are also short domain boundaries that
extend in the direction �roughly up-down� normal to the
steps. Since the sample was prepared at 800 K, the growth
proceeds by step-edge decoration followed by subsequent
island nucleation and growth. The large average size of the
domains indicates that once an island nucleates with a certain
registry to the substrate, it will spread over the available area
until it hits another island of different rotational orientation,
thereby creating the boundaries observed in DF-LEEM. The
average shape of the domains reveals that the “native” do-
main boundaries coincide with step edges and should there-
fore be energetically favorable while the boundaries in the
transverse direction tend to be shorter, suggesting thermody-
namically less-favorable local atomic configurations. These
explanations are in line with the growth behavior at high
temperatures at which a flowlike decoration of step edges
and terraces is witnessed. These points and its implications
for the growth kinetics will be further discussed in Sec.
IV D.

C. Vertical film and interface structure

A change in atomic structure—laterally and vertically—
has a strong influence on the energy-dependent reflected in-
tensity, the so-called I�V� curve. Due to this fact, the incident
layer structure can be determined by an optimization process
of a model system in comparison to the experimental data as
described in Sec. III.

In this work, we recorded profiles of the �00� beam reflec-
tion intensity vs electron voltage, i.e., the I�V� spectra, of
thin silver films at different Ag layer thicknesses and growth
temperatures. For computational feasibility, the reference
structure for the theoretical calculations was modeled by a
laterally fully strained �1�1� reconstruction of the silver
film adhering to the in-plane lattice constant of the Ni sub-
strate. Although this assumption is not entirely realistic as
discussed in Sec. IV B, very good agreement between ex-
perimental and theoretical I�V� curves can already be
achieved within this approximation in the very low-energy
regime. Further justification for this structural model has
been achieved by performing reference calculations for var-
ied lateral lattice constants of the fully strained bimetallic
system, ranging between the known Ag and Ni bulk lattice
constants. In all cases, the vertical layer distances were found
to be basically unaffected by the variation, rendering the de-
termined values reliable to relatively high precision even
within this approximation. We also note in passing that for
I�V� analyses in the limiting case of incommensurate over-
layer structures the intensity of the specular beam is expected
to be strongly sensitive to the interlayer spacing, but insen-
sitive to the layer registry,37 a fact that is already well estab-
lished in the kinematic diffraction regime.

We introduce the theoretical model by first considering
the clean Ni�111� substrate. The I�V� curve of a certain re-
gion �marked by a black point� of the clean Ni�111� surface
including the dynamical calculation is shown in Fig. 7. In the
I�V� calculation the tabulated bulk lattice constant of Ni�111�
�a=3.5232 Å� �Ref. 38� was used, resulting in an excellent

5.3 eV

20 µm

29.6 eV

20 µm

29.6 eV

20 µm

FIG. 6. �Color online� The LEED image taken at 47.8 eV elec-
tron energy in �a� shows the moiré pattern of the superlattice struc-
ture around the �00� spot. �b� Bright-field LEEM image employing
the �00� diffraction peak for imaging. By tilting the incident elec-
tron beam, also distinct superlattice spots can be selected by the
contrast aperture for imaging. The corresponding LEEM images are
presented in �c� �dark field, first domain�, and �d� �dark field, second
domain�. Sample prepared at about 800 K.
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match to the experimental data, as documented by the low R2
factor of 0.069. The intensity maximum at �25.4�0.1� eV is
identified with the Ni�111� Bragg peak while the peak at
�20.6�0.1� eV arises from in-plane multiple scattering in-
volving local scattering events that are characterized by non-
vanishing in-plane momentum transfer.

After silver deposition �and sometimes during deposi-
tion�, I�V� spectra were taken at points with different Ag
layer thickness on the surface in an analogous fashion. The
results including the corresponding dynamical calculations
are shown in Fig. 8. For only one Ag layer on Ni�111� the
I�V� spectrum shows a broad intensity maximum between 13
and 20 eV that is attributed to the incoherent superposition of
the emerging reflections of the monolayer silver film, which
are significantly broadened due to the finite-size effect. Fur-
thermore, the multiple-scattering peak of the Ni substrate and
a distinct shoulder at �25.0�0.5� eV, which marks the
Ni�111� Bragg peak, are observed. For silver layer coverages
n�2 the intensities of the silver peaks become stronger,
which is accompanied by a decreasing width. Moreover, the
oscillations due to the QSE �Ref. 27� are most pronounced in
the energy range between 2 and 13 eV. The in-plane
multiple-scattering reflection of the Ag layers is located at
�13.5�0.5� eV, followed by the Bragg peak of the silver
film at �17.5�0.5� eV. Obviously, all these features bear
information on the atomic structure of the Ag film and the
interface. However, since only the �00� reflected beam is
analyzed, the model is mostly sensitive to the vertical align-
ment of the atomic layers while information on lateral struc-
ture only enters by higher-order terms in multiple scattering.

By modeling the I�V� spectra obtained for ultrathin Ag
films the interface distance, which is the distance between
the undermost silver layer and the Ni substrate, is determined
to �2.8�0.1� Å. This stands in very good agreement with
the results of Trontl et al.20 and, very recently, of Aït-
Mansour and Gröning,18 who for a monolayer of silver on
Ni�111� reported step heights of �2.87�0.05� Å and 2.74 Å
by scanning tunneling microscopy, respectively. Interest-
ingly, we do not observe a dependence of the interface layer
spacing on the silver film thickness as found for the system
Ag/W�110� by I�V�-LEED.39 We also note that we do not
find any evidence for stacking-fault formation as in the re-
lated case of Au/Ni�111�.16 Together with the LEED obser-

vations, which demonstrate the absence of a significant
amount of in-plane strain in the overlayer, our I�V�-LEEM
results indicate an almost perfect decoupling of the Ag film
from the underlying Ni crystal.

The seemingly large error of �0.1 Å reflects the small
number of intensity features in the spectra of the one and two
monolayer silver films used in our calculation. In case of n
	2 Ag layers the vertical distance between the silver layers
amounts to �2.35�0.03� Å, in perfect agreement with the
lattice constant of bulk Ag�111�. For the distance of the Ag
top layer to the second silver layer we find a systematic
contraction of about 0.1 Å with respect to the bulk lattice
constant, indicating a surface relaxation of �4.4�1.0�% in
the ultrathin film �cf. Table I�. This general phenomenon is
very well known for surfaces of metal crystals and has been
determined for a variety of different metallic surfaces.40–42

The calculation of the real reconstruction as identified by
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FIG. 8. Experimental I�V� characteristics and theoretical calcu-
lations of thin silver films of n=1 to n=10 Ag layer thickness. The
R2 factors are calculated over the whole region shown here. For n
=5 � �� the R2 factor has been determined for the range from 2 to 15
eV due to discontinuities in the experimental data set.
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FIG. 7. LEEM image at 15 �m field of view and 12.4 eV electron energy with local I�V� spectrum of the clean Ni�111� surface. The dark
round objects in the LEEM image are insular elevations on the Ni crystal.
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LEED �Sec. IV B� would mainly affect the energetic position
of the in-plane multiple-scattering peak of the Ag film while
the remaining reflections would not significantly be affected.

Lastly, our I�V� analysis allows us to investigate potential
alloying of the silver adsorbate with the nickel substrate. For
this purpose, we considered different mixing ratios �between
10% and 90% of Ag� of Ag and Ni in the top layers. How-
ever, based on the results of these calculations and subse-
quent comparison to the experimental I�V� data �not shown�
alloy formation can completely be ruled out. Nor is surface
alloy formation evident in the in situ LEEM experiments in
which the effect of high-temperature annealing close to the
desorption temperature was studied.

D. Interplay of strain and growth kinetics

In this section, we provide details on the growth mode
that are only accessible with in situ methods. We start by
analyzing the formation of the first and second Ag adlayer
depending on substrate temperature and deposition time. In
Fig. 9 the coherent Ag coverage as determined by LEEM,
i.e., the fraction of available surface area covered by nucle-
ated Ag islands of monolayer height, is plotted as a function
of deposition time for two growth temperatures �600 K and
750 K� and two apparently different evaporator fluxes
�0.30�0.03 and 0.64�0.06 ML /min�, which have been de-
termined by extrapolation of the growth rate at low cover-
ages. In the submonolayer regime, a negative curvature is
visible for all data sets. After nucleation and island formation
starting at the step edges �cf. Sec. IV A�, the terraces are
gradually filled with Ag islands. However, with decreasing
available surface area for Ag island formation the apparent
growth rate seems to slow down. Since the deposition rate
was kept fixed during the experiment, the amount of Ag on
the surface must nevertheless be higher than the fraction of
surface area covered by the islands. Hence, the remaining Ag
atoms that are not incorporated into the islands should be
randomly distributed on the Ni terraces or on top of the Ag
monolayer, undergoing thermally activated processes such as
surface diffusion as well as metastable island attachment and

detachment until finally getting permanently bonded to exist-
ing islands. Again, this scenario agrees with the identification
of strain release as the underlying reason for the dendritic
island shape �see Sec. IV A� since the rates for adatom cap-
ture and detachment should be fairly comparable according
to the large fraction of Ag atoms in the lattice-gas phase.

To prove the idea of the existence of a transient phase,43

also termed “lattice gas” in the literature, we tried to freeze
the surface in this state of submonolayer coverage and ana-
lyzed the local Ag coverage by performing microspectros-
copy in PEEM mode in the near-valence-band regime. Typi-
cal local valence-band spectroscopy data for supposedly
uncovered and Ag-covered regions are displayed in Fig. 10.
As can be rationalized by comparing the peak intensities of
the Ag 4d band, even the nominally silver-free regions ex-
hibit a substantial Ag concentration in the order of about
20% of a monolayer.

The amount of Ag forming the lattice gas may also be
estimated from the area enclosed between the coverage
curves and the linear relation that would symbolize a growth
rate reflecting the true deposit per time. Indeed, such a nu-
merical evaluation yields Ag fractions ranging from about
18–22 %, in perfect agreement with the previous determina-
tion from valence PEEM.

In the absence of obvious kinetic effects due to the com-
parable Ag fluxes employed, a possible reason for the

TABLE I. Model parameter for the I�V� calculations. The inter-
layer distance in �111� direction between the uppermost and the
subjacent silver layer is labeled by d12, the distance between the last
silver monolayer and the Ni substrate by dint.

Number of Ag monolayers d12 �Å� dint �Å�

Pure Ni�111� 2.03�0.03

1 2.80�0.10

2 2.33�0.03 2.80�0.10

3 2.28�0.03 2.80�0.10

5 2.25�0.03 2.87�0.10

6 2.23�0.03 2.80�0.10

7 2.24�0.03 2.87�0.10

9 2.25�0.03 2.87�0.10

10 2.25�0.03 2.87�0.10

12 2.25�0.03 2.87�0.10

750 K, 0.64 ML/min

750 K, 0.30 ML/min

600 K, 0.30 ML/min

FIG. 9. �Color online� The coherent Ag coverage over time has
been extracted from the LEEM growth movies at constant electron
energy and image focus. While the first monolayer grows, the ap-
parent deposition rate decreases with increasing silver coverage due
to strain effects.

FIG. 10. Left: valence-band PEEM image �E=13.5 eV� taken
after Ag growth at 850 K. Right: local valence-band spectra at
regions indicated in PEEM image.
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temperature-dependent growth behavior should be related to
thermodynamical arguments. Among these, surface strain
seems to be most likely in light of the fact that two different
reconstructions are observed for the respective temperature
regimes as evidenced by LEED �Sec. IV B�. The �6
�6� / �7�7� structure, which prevails for lower tempera-
tures, can be expected to exhibit higher amounts of strain
than the rotated ��52��52�R13.9° reconstruction. Since the
release of strain should be easier for smaller coherently cov-
ered areas, island growth is impeded especially for lower
temperatures.

The strain fields surrounding the islands mediate the in-
teraction between neighboring two-dimensional Ag islands,
leading to remarkable effects at silver coverages close to a
full monolayer. In Fig. 11, a dark-field analysis of the lateral
distribution of the rotational domains is shown for the
sample prepared at 750 K whose growth sequence is dis-
played in Fig. 2, albeit here at a later stage when the silver
film is almost closed. It is evident that the largest areas not
covered by silver islands are found not only between crys-
tallographically inequivalent rotational domains but also be-
tween rotational domains exhibiting the same angle with re-
spect to the main symmetry directions of the substrate. These
findings yet again illustrate that the dendritic island shape
should indeed be responsible for interfacial strain release and
that orientational misalignment between the individual do-
mains, which could, in principal, result in a higher degree of
disorder and thus higher energy costs at their mutual bound-
aries, only plays a minor role. Together with the previous
observations regarding the lattice gas, we find overwhelming
evidence for surface strain being the fundamental driving
force governing both nucleation and growth phenomena for
Ag/Ni�111�.

V. CONCLUSION

We have presented a comprehensive low-energy electron
microscopy study of the growth mode, the morphology and
the atomic structure of ultrathin silver films on Ni�111� de-
pending on substrate temperature. After the initial growth
phase, consisting of either nucleation at terraces �T
�500 K� or step-edge decoration followed by island growth
onto terraces �T	500 K�, the silver grows in the Stranski-
Krastanov growth mode with a wetting layer of two mono-
layer thickness. Throughout the whole temperature range up
to 800 K the silver islands exhibit a dendritic growth mor-
phology. Temperatures of 500 K lead to a nucleation on the
Ni�111� terraces and after longer evaporation to a multitude
of different silver layer thicknesses on the wetting layer.
Higher temperatures of more than 700 K lead to a lamellar
growth of silver along the step edges and after a longer time
of evaporation to very thick Ag islands.

The theoretical analysis using multiple-scattering theory
of the intensity-voltage spectra obtained in LEEM mode
shows that the distance between the nickel substrate and the
silver film amounts to �2.8�0.1� Å for all film thicknesses
�number of layers 1
n
12� investigated. Furthermore, the
individual silver layers grow with the bulk lattice constant of
Ag�111�, pointing toward effective strain relaxation because
of the high silver-nickel distance at the interface. Only the
uppermost Ag layer of Ag films of n	2 layers exhibits a
vertical distance that is �4.4�1.0�% shorter as compared to
the bulk value.

However, residual strain still plays a major role for the
growth and nucleation phenomena at lower temperatures, es-
pecially between 500 and 700 K. In this regime, the silver
film grows in a p�7�7� structure as verified from the moiré
pattern observed in diffraction mode. This reconstruction is
not found for higher deposition temperatures, for which a
��52��52�R13.9° with two crystallographically inequiva-
lent rotational domains is formed in the whole temperature
range up to 850 K. These findings indicate that the p�7�7�
reconstruction features a higher level of strain, which using
LEEM and PEEM has been shown to result in substantially
enhanced adatom gas formation for few-layer deposits as
compared to the high-temperature regime, in which the
��52��52�R13.9° reconstruction prevails.
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FIG. 11. �Color online� �a� Composite LEEM image �E
=22.6 eV� consisting of two dark-field LEEM images �blue and
green� using superstructure spots as in Fig. 6 revealing the lateral
distribution of rotational domains after Ag submonolayer growth at
750 K. �b� Bright-field LEEM image �E=22.6 eV� of the same
area.
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