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Initial stages of heteroepitaxial Mg growth on W(110): Early condensation, anisotropic strain,
and self-organized patterns
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We have studied the initial stages of the heteroepitaxy of Mg on W(110) in sifu, by means of complementary
microscopic and spectromicroscopic techniques. In the submonolayer coverage regime the Mg film undergoes

a series of structural transitions which are clearly distinguished in the diffraction pattern. Monitoring the Mg 2p
core-level permits the identification of the different energy shifts associated with each superstructure. During
deposition of the second Mg monolayer at moderate temperatures, the growth of single atomic height stripes is
observed. The Mg 2p core level of the first (interface) and second monolayer are remarkably separated. The
density, length, and width of the stripes, stabilized by the anisotropic misfit between the W(110) and Mg(0001)
lattices, can be tuned by modifying the growth parameters.
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I. INTRODUCTION

There is an ongoing effort to creating surface-supported
low-dimensional structures of metals, semiconductors, and
insulators. Common strategies in fabrication of such low-
dimensional structures at surfaces are essentially based on
growth phenomena. Films of only a few atomic layer thick-
ness, micro- and nanoscopic wires, and islands can be ob-
tained by self-organized growth attained by controlling the
deposition and diffusion rates on the surface during homo- or
heteroepitaxy. The structural, electronic, and magnetic prop-
erties of the low-dimensional structures may strongly differ
from those of the corresponding bulk materials. On one hand
their atomic structure might be subject to distortions through
strain or pseudomorphism due to the interaction with the
substrate or a growth far from thermodynamic equilibrium.
On the other hand, the reduced dimensions can lead to
strongly modified electronic properties due to electron con-
finement or hybridization with the substrate. Often the den-
sity of states near the Fermi level can be very different from
that of the bulk, and can be tailored to a certain extent by
choosing the appropriate system and morphology. Ultrathin
metal films have been a subject of intense research during the
last few years' since they provide a laboratory for basic
quantum-mechanical concepts, and find applications in the
microelectronic industry, especially in magnetic data storage
technology. Ultrathin films of simple metals have also been
shown to present nonmetal to metal transitions in the lowest
coverage limit,” as well as unique collective phenomena that
can strongly influence their photoresponse.’

Magnesium is a simple, free-electron-like but, nonethe-
less, reactive metal. It can be grown in perfect epitaxial over-
layers on Si* and W(110),>% presenting a splitting of the s-p
valence band into thickness-dependent quantum-well states
due to electron confinement within the overlayer. The
Mg/W(110) system has a sharp interface with a high reflec-
tivity in the energy region of the Mg s-p band and has
proven an excellent test system to study the influence of
confinement on the electronic structure® and on metal prop-
erties such as the surface reactivity.®

We have studied the initial stages of Mg/ W (110) epitaxy,
starting from the initial adatom adsorption and up to
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multilayer films by a combination of microscopic structural
and spectroscopic techniques. This comprehensive analysis
permits identification of an interesting variety of coverage
dependent submonolayer phases, each one associated with a
particular Mg core-level energy, resulting from the competi-
tion between the interaction with the substrate and the attrac-
tive Mg-Mg interaction. Furthermore, uniaxial strain in the
interface Mg layer due to anisotropic misfit with the sub-
strate lattice leads to the self-organized formation of atomic
height mesoscopic wires during growth of the second atomic
layer. This results in alternating two-monolayer (ML) stripes
with nearly relaxed surface layer on a strongly strained Mg
monolayer, with a distinct energy shift of the Mg 2p core
level. The morphology of the striped phase is extremely sen-
sitive to the growth parameters and might be used in future
model adsorption studies.

II. EXPERIMENTAL DETAILS

We have studied simultaneously the morphology, chemi-
cal identity, and valence structure of ultrathin Mg/W(110)
films for different growth conditions, using the SPELEEM
microscope in operation at the Nanospectroscopy beamline
at Elettra.” The microscope can perform several complemen-
tary techniques such as low-energy electron microscopy
(LEEM) and x-ray photoemission electron microscopy
(XPEEM) at high spatial and energetic resolution, as well as
microspot low-energy electron diffraction (uLEED), x-ray
photoelectron spectroscopy (uXPS), or photoelectron dif-
fraction (wPED). In short, LEEM permits studying the evo-
lution of the film morphology in real time, with 10 nm lateral
and atomic depth resolution. With photoelectron microscopy
the substrate and overlayer core levels and valence band can
be measured with a spatial resolution down to 30 nm.

The W(110) substrate was cleaned by cycles of oxidation
and flashing to 1800 K. Mg was evaporated from an Omi-
cron electron-beam evaporator, at evaporation rates around
0.1 ML/min. We will refer to the deposition rates and sub-
monolayer coverages (6) in terms of the saturated interface
Mg monolayer, which has an atomic density of 1.24
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X 10" cm™ [10.4% denser than the relaxed Mg(0001)
planes]. The W(110) substrate was maintained between room
temperature and 450 K for the different experiments.

The photoemission spectra presented were measured in
uXPS mode. This is done by selecting the photoelectrons
from a 3 um? area and imaging the dispersive plane (exit of
the energy analyzer) on the microchannel plate of the micro-
scope. The spectra, acquired as snapshots of the energy dis-
persive plane with a charge-coupled device camera, are cor-
rected for inhomogeneities in the channel plate response
before further analysis. The core levels are fitted with
Doniach-Sunjic spin-orbit doublets using the FitXPS
package.®

III. RESULTS AND DISCUSSION

The coverage dependent atomic and electronic structure
of the initial Mg adsorption on the W(110) surface has been
studied at different temperatures, revealing a rich variety of
morphologies with characteristic electronic structures.
Growth of Mg proceeds layer by layer from room tempera-
ture up to 450 K. Above this temperature multilayer desorp-
tion takes place leaving behind the interface Mg monolayer,
which does not desorb completely up to =700 K. Already at
about 400 K we have observed slow desorption of Mg in
excess of 1 ML, in a layer by layer fashion, but multilayer
films can be grown in supersaturation conditions, i.e., in-
creasing the deposition rate, and “freezing” the film after the
desired morphology is reached. On the other end, at room
temperature, growth is exactly layer by layer, with nucleation
in areas below 10 nm (i.e., no structure is distinguished in
LEEM). Photoelectron spectroscopy has shown that highly
perfect films can be grown at room temperature up to at least
80 ML Mg.’

In all the temperature ranges, the Mg-W interaction stabi-
lizes a strongly strained interface Mg lattice with a clear
fingerprint of the substrate symmetry. In the narrow tempera-
ture window between 350 and 450 K, the formation of one-
dimensional stripes of the second Mg monolayer on top of
the anisotropically strained wetting monolayer is observed.
The competing kinetics of adsorption, desorption, and aniso-
tropic adatom diffusion permits varying the density, aspect
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FIG. 1. Sequence of LEEM
images as a function of Mg cover-
age, during growth at 405 K and
deposition rate slightly below
0.1 ML/min. The field of view is
5 um, the electron energy is 5 eV
(a)—(c) and 11.1 eV (d)—(h). Mg
coverages are 0, 0.03, 0.5, 1, 1.1,
1.5, 1.8, and 2 MLs.

ratio, and size of these mesoscopic wires by slight variations
of the growth conditions.

A. Structural overlayer evolution during initial growth of Mg
on W(110)

1. LEEM

The growth of the interface Mg layer on W(110) as seen
by LEEM is illustrated in Figs. 1(a)-1(d). These images are
extracted from a deposition series at 405 K, but the general
features are qualitatively the same for substrate temperatures
between 350 and 450 K. At first, images of the clean sub-
strate present only large W(110) terraces separated by mono-
atomic steps [Fig. 1(a)]. As soon as Mg deposition begins,
there is a sharp decrease in the electron reflectivity. In a very
narrow coverage range (0.01-0.06 MLs), the contrast at steps
edge is enhanced, and they appear thicker, indicating con-
densation of Mg at steps. This is either accompanied (7T<
~400 K) or immediately followed (7> ~400 K) by the de-
velopment of a grainy aspect of the terraces, indicating that
Mg condensation takes place also on them [Fig. 1(b)]. From
about 0.1 ML, contrast at step-edges becomes weaker and no
sharp structures are distinguishable within the terraces [Fig.
1(c)], while the drop in the reflectivity continues up to =0.15
ML, indicating a disordered disperse phase. Above 0.15 ML,
there is a smooth intensity increase, while typically small
inhomogeneities are visible on the terraces. It will be shown
that in this coverage range, ordered islands coexist with the
dispersed phase, covering an increasingly larger fraction of
the surface. As shown in Fig. 1(d), upon monolayer comple-
tion, steps become clearly visible again, mimicking the sub-
strate step topography.

Immediately after completion of the first monolayer, ex-
cess Mg nucleates as thin and long needles, extending along
the bec[001] direction. The spontaneous growth of micro-
scopic single atomic height wires, visible as dark areas on
the bright 1 ML background, is illustrated in Figs. 1(d)-1(h).
In Fig. 1(d), the first Mg monolayer completely covers the
substrate, reproducing its step morphology, and the first 2
ML nuclei are visible. The preferential nucleation at step
edges indicates that Mg atoms are highly mobile on the in-
terface layer at this temperature (while they are trapped at
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FIG. 2. LEEM images at 2.5 um field of view: (a) second

monolayer growth at 350K, 0.1 ML/min. (b) 405K,
0.12 ML/min, coverage 1.45 MLs. (c) Desorption at 450 K. The
apparent change in orientation with respect to Fig. 1 is an effect of
the electromagnetic lenses.

steps), and that the surface defect density is extremely low.
The relative density of nuclei at steps or on the terrace de-
pends on the temperature. For 7>400 K and flux
<~0.1 ML/min needles nucleate exclusively at steps, pro-
vided that the substrate surface is atomically clean, since
even a small amount of impurities on the surface (due for
example to pressures above 3 X 107! mbar during evapora-
tion) increases the amount of nucleation centers on the ter-
races, giving rise to early coalescence of randomly distrib-
uted short needles and thus more irregular stripes.

The wires grow in length and width as more Mg is incor-
porated, always maintaining monoatomic height. In Figs.
1(e)-1(g) Mg coverages of about 1.1, 1.5, and 1.8 MLs are
visible, with stripes from about 80 to 400 nm in width,
reaching lengths of 3—4 um. The highest aspect ratio, ob-
tained for low wire density, is around 20. The morphology of
this pattern is extremely sensitive to the growth parameters.
Second layer Mg atoms are highly mobile at 405 K and even
desorb, as evidenced by the fact that completion of the sec-
ond monolayer takes almost twice as long as the first. In
contrast, at room temperature the second monolayer grows
faster, being less dense than the first one (see below). In Fig.
1(h) most of the surface is covered by the second Mg layer
after coalescence of the different stripes, while some thin
needlelike vacancy islands reveal the light interface mono-
layer, and the first dark islands of the third layer are visible at
the step edges. These nuclei are only slightly elongated, and
in fact, as growth proceeds and the film thickness increases,
memory of the substrate symmetry is gradually lost.

As will be discussed below, the second monolayer atoms
arrive on an interface Mg layer with nearly uniaxial strain,
due to the anisotropic lattice mismatch between W(110) and
Mg(0001). Thus both the adatom-adatom interaction and the
diffusion are likely to be anisotropic. The size, density, and
aspect ratio of the wires can be modified by varying the
growth temperature, Mg coverage, and/or evaporation rate,
and thus modifying the delicate balance between adsorption,
desorption, and anisotropic diffusion. Some of the patterns
obtained under slightly different conditions are illustrated in
Fig. 2 (notice the field of view of only 2.5 wm). In all cases
the wires have single atomic thickness, and correspond to 2
ML Mg (dark) on top of the wetting Mg monolayer (bright).
For example, stripes grown at the same evaporation rate (
~0.1 ML/min) but lower substrate temperature are more nu-
merous, and reach about 1 wm in length with widths down to
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FIG. 3. LEEM images at different film growth stages. The num-
ber of atomic layers corresponding to each gray level is indicated.
(a) 2.5 um, 3.4 eV, 0.08 ML/min, and 350 K. (b) 2.5 um, 3.4 €V,
0.085 ML/min, and 375 K. (¢) 5 wm, 3.3 ¢V, 0.1 ML/min, and
390 K. (d) 5 um, 1.1 eV, 0.2 ML/min, and 395 K.

30 nm, as visible in Fig. 2(a). The lower aspect ratio for
higher temperature points to an anisotropic diffusion effect:
assuming different energy barriers for diffusion along the
two  orthogonal directions, the diffusivity ratio
~ e Edion /KT ] o=EaiTo¥*T> 1 decreases with temperature. On
the other hand, growth at 405 K with a slightly higher depo-
sition rate increases the probability of nucleation on terraces,
as compared to migration and attachment to existing islands.
On the larger terraces, many wires have coalesced to form
pointed stripes with =1 um length and a maximum width of
~150 nm, and thus a smaller aspect ratio of 6-7:1 [Fig.
2(b)]. Finally, Fig. 2(c) illustrates how a striped pattern is
obtained also by desorption of the second Mg monolayer: in
this case wirelike vacancy islands nucleate, preferentially at
step edges, and grow in length and width until the whole
surface is 1 ML. It is also likely that at 7<<350 K wirelike
growth takes place, with characteristic wavelengths below
the LEEM lateral resolution (=10 nm).

Growth beyond the second monolayer proceeds in an ap-
proximately layer by layer fashion, where roughness in-
creases with substrate temperature. Quantum size effects in
LEEM give rise to energy dependent contrast between areas
with different atomic thickness.” At and slightly above room
temperature, the roughness is constant since ideal layer by
layer growth takes place, with homogeneously distributed
N+1 islands nucleating on each closed Nth atomic layer, as
illustrated in the image of Fig. 3(a). Above about 350 K,
mobility is high enough so that growth proceeds by step flow
and thus the morphology is strongly dependent on the origi-
nal substrate step landscape. The LEEM image in Fig. 3(b)
nicely illustrates the asymmetry in the energy barrier for as-
cending and descending steps: growth fronts “ignore” down-
ward step edges. Despite a residual tendency of nuclei to
grow slightly faster along the bcc[001] direction, with in-
creasing thickness the growth fronts tend to align with the
direction of the steps, independently of their crystalline ori-
entation. Larger and higher terraces show lower thickness
and less thickness variation, as can be seen in Fig. 3(c).
Finally in Fig. 3(d) it is shown how the substrate step land-
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FIG. 4. LEED patterns from a Mg/ W (110) deposition series at 390 K and 0.2 ML/min, at 26.3 eV. (a) Substrate, (b) 0.7 ML Mg: The
unit cells from both domains are sketched, a multiple-scattering spot is visible in the center of each side line. (c) 1 ML Mg, (d) 1.5 ML Mg,

(e) 2 ML Mg, (f) 3 ML Mg. (h) Profiles along the [110] direction central line taken in =~0.03 ML intervals, up to 6 ML Mg. The dotted lines

indicate the coverage corresponding to patterns (a)—(f).

scape together with the step-crossing barrier asymmetry can
be used to obtain borders between Mg areas of different
thickness that are atomically straight over wm distances.

Desorption at moderate temperatures (400—-450 K) of a
multilayer Mg film takes place in a layer-by-layer fashion, in
a process that is nearly mirrorlike of the growth one, includ-
ing desorption of the second Mg monolayer by formation of
vacancy needles and recovery of the striped pattern, as dis-
cussed above.

2. LEED

The structural evolution becomes clear analyzing the evo-
lution of the LEED pattern. Figure 4 shows diffraction pat-
terns illustrating the main stages of a growth series at 390 K.
Figure 4(a) is the LEED pattern of the clean W(110) sub-
strate. At this energy only the (0,0) spot and the (0,1) family
spots are visible. From the beginning of evaporation, all sub-
strate LEED spots decrease in intensity, indicative of an ini-
tially disordered phase but also of the lower electron reflec-
tivity of Mg as compared to W. The substrate pattern remains
otherwise unaltered. The (0,0) spot to background intensity
ratio drastically decreases by a factor 20 up to 0.75 ML and
then slightly recovers by somewhat less than a factor 2 upon
the transition to the dense 1 ML phase, where it has a local
maximum. From about 0.15 ML a new set of spots due to
Mg is visible, indicating the formation of an ordered super-
structure. This first submonolayer pattern, Fig. 4(b), is sharp
since its appearance, and it corresponds to a distorted hex-
agonal Mg lattice in a Nishiyama-Wasserman (NW)-like
configuration with the substrate, i.e., with the hexagonal base
plane parallel to W(110), and the Mg most densely packed
rows, hep[1120], parallel to the W[001] direction. This ori-
entation is natural'® considering that the bulk lattice mis-
match in this direction is only (ay,—aw)/ay,=1.4% while
it is 19.5% in the perpendicular in-plane direction

hep[1010]lbec[110]. The unit cell of the Mg superstructure
is a parallelogram with the short side aligned along the

W[001] direction, and the long side along the substrate [111]

or [111] (by symmetry there are two possible orientational
domains). The reciprocal unit cells are indicated in Fig. 4(b).
The Mg-Mg distance coincides with the substrate lattice
along [001] within experimental precision, and has a 3/4
coincidence with it along the long side of the parallelogram,
i.e., three Mg atoms for every four W atoms. This corre-
sponds respectively to —1.4% and +13.8% with respect to the
relaxed bulk Mg lattice, and a 54.74° angle instead of 60°.
The atomic density is 1.06 X 10'3 cm™2, about 6% lower than
for bulk Mg.

The 3/4 pattern is maintained up to Mg coverage 0.75
ML, the spot intensity increasing with coverage. Growth of
this superstructure proceeds thus in islands that coexist with
the disordered phase and cover increasingly larger areas.
This process implies an attractive Mg-Mg interaction, as has
been also found for Mg on Ru(0001),"" alkalis on
Al(111),'>13 and K on Ag(100),'* in contrast to the “classi-
cal” picture of alkali adsorption. Calculations for alkalis on
Al(111) have also shown a structural phase transition at 6
~0.1,% as it becomes energetically favorable to alter the
adsorbate-substrate interaction that gives rise to large dipoles
for isolated atoms (and therefore dipole-dipole repulsion),
and build up adsorbate islands with a metallic, attractive ad-
sorbate interaction. This process can be considered a conden-
sation of the Mg atoms. From the nucleation of this phase,
the (0,1) family spots that had initially also drastically lost
intensity, become more intense, since they now belong also
to the Mg pattern, reaching a maximum at 1 ML Mg. As
more Mg arrives on the surface, the overlayer undergoes a
structural phase transition resulting in a lattice contraction

along the W[111] (or [111]) direction, while maintaining the
orientation and the lattice coincidence with the substrate
along W[001]. Figure 4(c) is the LEED pattern upon comple-
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tion of the transition. In Fig. 4(g), profiles along the [110]
central line extracted at close intervals during deposition, the
fast lattice contraction is clearly visible as a strong outwards
shift of the (1,1) and (=1,-1) spots. We have seen that at a
slower deposition rate the change takes place in a narrower
coverage range (roughly half the range or 0.1 ML for half the
deposition rate), which points to a kinetic limitation. We
have, however, not studied systematically this dependence.
At saturation of the first monolayer, the 3/4 coincidence has
evolved into 7/8; with a lattice constant of 3.13 A in the

W[111] direction, contracted by 2.5% with respect to the
equilibrium distance (notice that before the lattice was ex-
panded and thus the total contraction during the transition is
more than 16%). The absence of multiple scattering spots in
this pattern could mean that the superstructure is very close
to a 7/8 coincidence but incommensurate or that there is
some disorder. The atomic density of this phase is =1.24
X 10" ¢cm™2 or 10.4% higher than in the bulk.

In contrast to the formation of the 3/4 structure, the tran-
sition from 3/4 to 7/8 coincidence lattices taking place be-
tween 0.75 and 1 ML is continuous, as demonstrated by the
continuous simultaneous shift of all Mg LEED spots (and as
will be seen, of the Mg 2p energy). The contraction occurs

along the closest packed rows of the substrate, W[111] or

[111], where the W-W distance is only 2.74 A. A strong
anisotropy in adatom-adatom interactions due to the sub-
strate atomic and electronic structure has been shown to lead
to condensation in chains for several alkaline earths on fur-
rowed metal surfaces such as W(112), Mo(112), or
Re(1010).2 Typically initial adsorption takes place in lines
normal to the furrow direction with large adatom-adatom
separation. With increasing density, the overlayer is com-
pressed along the furrows, going through a nonmetal to
metal transition as a function of density. Although the
W(110) surface does not present such pronounced furrows,
the large Mg/W lattice mismatch in this direction provides a
channel for easy compression, since the Mg can be consid-
ered as floating. Calculations have shown that differences in
the adatom attractive interaction due to the substrate symme-
try can be of the order of 0.1 eV/atom.'® On more isotropic
substrates such as Ru(0001), condensation in islands fol-
lowed by compression was also observed, but in that case
along all high-symmetry directions, and only up to the bulk
Mg-Mg distance.!" A closer look at Fig. 4(g) reveals that
actually the LEED spots shift in a ratcheting manner, in the
sense that there is a slight temporal locking of the pattern
when passing through the 4/5 Mg/W coincidence (corre-
sponding to the Mg-Mg distance 3.426 A and equilibrium
atomic density). It is likely that similar locking effects occur
on passing through any commensurate relation with the sub-
strate, the Mg-W interaction favoring configurations where
one in every few atoms is in a minimum-energy adsorption
site. In fact in an early LEED study, sharp 3/4,4/5, and 5/6
patterns were observed as a function of Mg coverage,'” and
we have also observed them during monolayer desorption,
where the higher temperature and slow coverage variation
grant for better order. All Mg-related spots are in general
very sharp, the widths only slightly higher than for the clean
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substrate spots. Only for some intermediate coverages, where
fast changes take place (during the structural transitions), a
Lorentzian broadening of the LEED peaks can be seen, in-
dicative of disorder in the atomic arrangements. For com-
pleteness we note that the overall sub- and monolayer behav-
ior is basically the same at room temperature, the main
difference being that the Mg related spots are somewhat less
sharp. This is true for both orthogonal directions and is
mainly Gaussian broadening, and therefore related to a
smaller island size rather than disorder in the Mg atomic
positions within the islands. Slight variations have been
found by varying the growth conditions, as, for example,
Mg-W coincidence 4/5 instead of 3/4 before the fast com-
pression for slower deposition and slightly lower tempera-
ture, but the general scheme is constant.

As soon as the second Mg monolayer nucleates a new set
of weaker spots is visible. These are evident in the profiles of
Fig. 4(g) as a pair of internal spots, coexisting with the in-
terface ones. The new spots arise from diffraction from the 2
ML stripes, and are sharp since the beginning, with increas-
ing intensity as larger areas are covered. Figure 4(d) is the
pattern from 1.5 MLs, showing the coexisting 1 and 2 ML
spots. The latter form a nearly undistorted hexagon with in-
plane relaxed Mg lattice (within 1.4% in the

Mg[1120]II'W[001] direction). Thus again at this interface,
the lattice mismatch is anisotropic. The second monolayer
atoms arrive on a surface that presents trenches of low cor-
rugation potential along the W[001] direction, where all at-
oms are in low-energy adsorption sites, while along the or-
thogonal direction only one in every seven atoms is in such
position. This is probably the origin of wirelike growth: it is
responsible for anisotropic diffusion and also for anisotropic
adatom-adatom interactions. The latter gives rise to what has
been called anisotropic corner rounding,'® i.e., a different
probability for going around a corner, switching between is-
land edges, depending on the orientation of the edges in-
volved. This effect has been shown to be at least as important
as anisotropic diffusion in determining island shape.!®181°
From about 1.5 ML coverage, the spots from the interface
Mg layer slightly shift outwards by a further 3%, taking the
correspondence Mg/W to 9/10, as can be clearly seen in
Fig. 4(g). This new contraction provides at the same time a
8/9 coincidence between the second and the interface Mg
atomic layers. Therefore the Mg-Mg interaction, competing
with the Mg-W interaction is not enough to drive a full re-
laxation of the interface Mg layer, but enough to force it into
commensurability (even at the cost of a higher compression)
in order to allow coalescence of the stripes. The pattern of 2
ML Mg, Fig. 4(e), is a superposition of both sharp sets of
spots from the interface and second monolayer, presenting
also weaker but sharp multiple-scattering features. No further
spot shifts are observed for subsequent Mg layers. In Fig.
4(f), from 3 ML Mg, the relaxed hexagon is the main pattern,
but still multiple-scattering spots from the 8/9 coincidence
with the interface layer are visible. It can be seen in Fig. 4(g)
that although gradually attenuated, these persist up to several
monolayers, and thus the atomic structure of the interface is
preserved during the growth of subsequent layers, providing
the buffer for an otherwise atomically abrupt transition be-
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tween the W(110) and Mg(0001) lattices. The Mg multilayer
spots are as sharp as those of the clean substrate.

The coverage dependent structural evolution described
here is fully reversible. As mentioned above, desorption of a
Mg multilayer at moderate temperatures proceeds layer by
layer, starting from the highest thickness. After the second
monolayer has completely desorbed, the interface atomic
layer presents the same 7/8 LEED pattern from Fig. 4(c).
With increasing temperature, the overlayer gradually loses
density and sharp patterns corresponding to superstructures
of 6/7,5/6,4/5, and 3/4 coincidence with the substrate can
be clearly seen. The transitions between the different phases
are continuous and the order is good. In fact, in all these
cases sharp multiple-scattering spots are visible. Changes
can be seen in LEED already from ~430 K, the dilute 3/4
superstructure is reached at ~630 K, and above that the Mg
spots gradually weaken up to complete desorption at about
700 K.

B. Electronic structure of Mg/W(110): From adatoms to
multilayer films

During the first stages of growth, the Mg 2p core level
presents a series of shifts associated with the different struc-
tural phases. The evolution of the electronic structure will be
presented and discussed in the following taking as reference
the Mg 2p core-level energy from multilayer films. The
multilayer Mg 2p spectrum is nicely fit with a single spin-
orbit doublet at 49.8 eV binding energy. This is the same
value as found for bulk samples within the scatter between
different reports.?®?3 Also the spin-orbit splitting 0.27 eV,
intensity ratio 0.5, and asymmetry a=0.13 agree with the
Mg bulk values.?®?! A Gaussian broadening around 0.27 eV
was used consistently throughout the data sets, derived from
the overall experimental resolution and phonon broadening
(the spectra were taken during growth and thus at tempera-
tures typically around 350-400 K). The multilayer Mg 2p
peak has a Lorentz width of 0.1 eV, equal to the reported Mg
surface value and slightly higher than the bulk one
(0.07 V). Our spectra did not require an extra surface com-
ponent as has been found in high-resolution photoemission
spectra of polycrystalline Mg films [AE=0.14 eV (Ref. 20)]

and bulk Mg(1100) samples [AEz=0.19 eV (Ref. 21)], as
neither did spectra from thin Mg(0001) films on Mo(001).%*
There is, to the best of our knowledge, no high-resolution
core-level spectroscopy report of the (0001) surface of bulk
Mg that could provide a direct comparison, which makes it
speculative at this point to discuss eventual differences. It
could well be that the surface core-level shift is too small to
be relevant at our energy resolution.

Figure 5(a) shows the evolution of the Mg 2p core level
as a function of coverage during deposition at 390 K. A close
look at the spectrum for the lowest coverage reveals a tiny
but clear peak that appears immediately upon initial Mg ad-
sorption, at a binding energy of 49.9 eV and thus AFjg
=0.1 eV with respect to the multilayer (marked by a tick in
the graph). LEEM images show an excellent surface quality,
and permit selecting microspot areas with extremely low step
density (typically one or two atomic steps in the whole
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3 um? area). Since at this temperature there is adsorption on
the terraces and not only at step edges, the contribution to the
photoemission signal from adatoms at steps or defects should
be negligible in our sampling area. This component is thus
assigned to isolated Mg adatoms in a disordered disperse
phase. The peak has a width of =1 eV and reaches a maxi-
mum intensity at 0.15 ML, when a new core-level compo-
nent appears at AEp=-0.45 eV. This new interface compo-
nent is assigned to emission from the 3/4 phase, since it
appears exactly when the 3/4 LEED spots start being visible,
and stays at constant energy while gaining intensity with
coverage, up to 0.75 ML, as do the diffraction spots. This
evolution, highlighted by a dashed line in Fig. 5(a), is in
agreement with the picture of condensation and growth in
islands with local 3/4 structure, i.e., Mg lattice uniaxially
expanded. In fact, our fits reveal that both components coex-
ist in the 0.15-0.75 ML range, as visible in the 0.5 ML
spectrum of Fig. 5(b), the area of the disperse phase remain-
ing constant up to ~0.5 ML, and rapidly losing intensity
above that, as the dispersed phase area decreases at the ex-
pense of the condensed phase. Further temperature-
dependent measurements would be necessary in order to
tackle the phase diagram of this low coverage range and in
particular the limits for coexistence of the disperse and con-
densed phases. With further coverage, continuing in clear
correlation with the LEED pattern evolution for growth at
the same temperature and rate, the interface Mg 2p shifts
during the lattice contraction (0.75-1 ML), reaching the
monolayer value AEz=—0.6 eV when the transition to the
7/8 lattice is complete: a —0.15 eV shift thus upon a 16.3%
lattice contraction. Despite the fact that lattice matching at
the interface necessarily requires several nonequivalent ad-
sorption sites, both the 3/4 and 7/8 phase core-level fits
require a single spin-orbit doublet, as visible in the fit of 1
ML Mg in Fig. 5(b). Thus the energy variations due to dif-
ferent local bonding environments are small compared to our
energy resolution. This behavior of the interface component
is the same as observed for alkali/d-metal,>>27 alkali/
sp-metal,’3 and Ba/W?? interfaces, including the sign and
magnitude of the shift for the saturated monolayer, while
slight positive Eg shifts have been reported for Mg adsorp-
tion on Mo(100)2* and Ru(0001).%°

An interface component is also evident in the W 4f spec-
tra. In Fig. 5(c) the core level of the clean W(110) surface is
compared to those covered by a submonolayer and mono-
layer amounts of Mg. At first the surface component is at-
tenuated and then an interface component grows, clearly due
to the interaction with Mg, since it persists until long after
the entire surface is covered by it. The W 4f interface com-
ponent is at 0.35 eV lower binding energy than the bulk
peak, thus only —0.03 eV with respect to the W(110) surface
component for the clean surface, at —0.32 eV, similar val-
ues as those found for alkalis on d metals, 2 and for
Ba/W(110).%8

The shift of the 3/4 to lower binding energy with respect
to the multilayer peak cannot be explained in a simple
charge-transfer picture, which would imply transferring elec-
trons to the more electropositive element. In fact, this con-
siderable shift is of the same sign and order of magnitude as
those of most alkali/d- and sp-metal systems'>>27 as well
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FIG. 5. uXPS spectra at dif-
ferent Mg coverages. (a) Mg 2p
core level, hv=112 eV. (b) Fit of
the 1 ML and 0.5 ML spectra:
data, fit, separate spin-orbit com-
ponents, and residuum. (c) W 4f
core level, hv=168 eV.
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as Ba/W(110).2® This kind of behavior, together with sur-
prisingly small shifts of the substrate core level, were in-
voked in the early 1990s to dismiss the classical charge
transfer picture of alkali adsorption.?> Rather, photoemission
results were explained within a thermodynamic model3!-?6-27
where the interface core-level shift can be approximately un-
derstood as the interface segregation energy of a Z+1 impu-
rity (in this case Al) from the Mg bulk to the Mg/W inter-
face. While this interpretation remains valid, after the initial
controversy>?3? the combined efforts of different research
groups worldwide lead to a picture of alkali adsorption com-
patible both with the experimental core-level shifts and with
the charge-density changes predicted by theory,>*3* where
the bonding can still be described as ionic in the low cover-
age limit. Shortly, isolated adatoms are partially polarized,
and screening by the metal substrate results in an increased
electron density in the interface region (image plane). The
concept of interstitial charge at the image plane is of course
only valid for large atoms that are far enough from the sur-
face.

When the Mg coverage increases the attractive adsorbate-
adsorbate interaction sets in, dominating over the adsorbate-
substrate interaction, depolarizing the adatoms. The
—0.55 eV energy shift of the condensed 3/4 phase with re-
spect to the dispersed one indeed supports this picture and

| ! 1
31 30 29

binding energy {eV)

gives an idea of the relative importance of both effects. This
new component appears abruptly, coexists with the +0.1 eV
peak at the beginning, and gains intensity with coverage, just
as our structural data show that condensation occurs in the
form of an abrupt phase transition, and islands of the con-
densed phase occupy increasingly larger surface areas. In
other words, there is a transition from a bondlike (localized)
to a bandlike (delocalized) electronic phase in the Mg over-
layer, possibly related to a nonmetal-to-metal transition as
has been found in valence-band and photoelectron yield
studies of several alkali and alkaline-earth overlayers on met-
als as a function of (submonolayer) coverage.” The further
gradual shift to lower binding energy observed between 0.75
and 1 ML, with increasing atomic density, is a general fea-
ture of submonolayer alkali and alkaline earths. The elec-
tronic charge density on the atoms increases for higher coor-
dination, leading to both a core-level shift to lower binding
energy and a more effective screening of the core hole. The
negative Mg 2p core-level shift of the saturated monolayer,
while it is positive for adsorption on Mo(100)** or
Ru(0001),” could indicate a weaker interaction at the
Mg/W(110) interface, supported by the fact that the inter-
face layer is pseudomorphic on Mo(100)?* and by the higher
desorption temperature on Ru(0001).!" The Mg 2p peak of
the saturated monolayer has only slightly higher linewidth
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(about 0.03 eV) than that of the multilayer peak, while a
slight increase for submonolayer coverage, with a maximum
at 0.15 ML (+0.1 eV), can be assigned to phonon broadening
due to increased vibrational freedom.

Within experimental precision there are no further shifts
of the interface Mg 2p upon nucleation, growth, and coales-
cence of the second monolayer. Rather, a new component
appears with a binding energy of 49.8 eV, and coexists with
the interface component, as can be seen in the spectra of 1.5
and 2 MLs of Fig. 5(a). The new component already has the
energy and linewidth of the core level for multilayer films,
and simply increases intensity with further deposition, while
the interface component is exponentially attenuated. Very
similar spectra are obtained for other growth conditions in
the studied range, independent of the details of the wires
morphology.

The valence-band spectra for low Mg coverage are domi-
nated by emission from the substrate in the photon energy
range available during experiment and thus not shown here.
No clear Mg-related state could be detected in the striped
phase spectra. Compared to the valence band of clean
W(110), the main differences are that the peak at Ejp
=1.4 eV (emission from tungsten X5 band edge), is broad-
ened due to a Mg contribution on the high Ej side, probably
the precursor of the Mg(0001) surface state that develops at
1.6 eV for thicker films, and that the intensity at the Fermi
energy is relatively stronger, what can be assigned to emis-
sion from the Mg s-p band. Specific angle-resolved photo-
emission studies could reveal interesting phenomena arising
from varying density in the interface Mg layer [such as the
nonmetal-metal transition observed in Mg submonolayers on
Mo(112) and Re(1010)?] or from the striped morphology at
14+x ML coverages, possibly giving rise to quasi-one-
dimensional electronic states. Valence-band spectra from
multilayer films present the characteristic Mg(0001) surface
state at 1.6 eV binding energy, and thickness dependent
quantum-well states in the Mg s-p band due to electron con-
finement to the overlayer.%’

PHYSICAL REVIEW B 75, 115411 (2007)
IV. SUMMARY AND CONCLUSIONS

Nearly perfect layer by layer growth and desorption in the
room temperature to 450-K range permit us to obtain a rich
variety of low-dimensional structures in the Mg/W(110)
system. In the initial stages of adsorption, a Mg 2p peak due
to emission from isolated adatoms is identified, as well as
another strongly shifted component as soon as condensation
in islands starts. When all the surface is covered by the first
condensed superstructure, where the Mg-Mg distances are
expanded with respect to the bulk value, a continuous lattice
contraction takes place in the overlayer along one of the
crystalline directions, correlated with a further core-level en-
ergy shift, until an anisotropically strained overdense Mg
monolayer is formed. Self-organized monolayer height me-
soscopic wires of various sizes and shapes can be grown on
top of the interface Mg layer, by tuning the growth and an-
nealing parameters. The resulting surfaces consist of the
combination of areas of one and two monolayers of Mg on
top of an electron-reflecting substrate. The areas have dis-
tinctly different electronic as well as structural properties,
representing thus an ideal template for further deposition of
nanostructures and adsorption studies. Thanks to the clear
LEED and Mg 2p fingerprints of the different phases, angle-
resolved valence-band photoemission spectra with high-
energy resolution could be performed in order to tackle the
eventual existence of nonmetal-to-metal transition during
submonolayer condensation, and confined one-dimensional
electronic states in the striped phase.
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