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Pb on Mo(110) studied by scanning tunneling microscopy
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Scanning tunneling microscopy (STM) has been used to investigate the growth behavior of ultrathin Pb films
on the Mo(110) surface at room temperature. The analysis of STM measurements indicates that for a coverage
0<1 ML two-dimensional growth of the first Pb monolayer (wetting layer) took place. Above §>1 ML, the
three-dimensional growth of the Pb islands with strongly preferred atomic scale “magic height” and flat top is
observed. At coverages between 1 ML<#=2 ML, only islands containing two atomic layers of Pb are
observed. At coverages between 2 and 3 ML, islands containing two and four atomic layers of Pb are observed.
At higher coverages #>3 ML, the island height distribution shows peaks at relative heights corresponding to

N=(2,4,6,7, and 9) of Pb atomic layers.
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I. INTRODUCTION

Ultrathin epitaxial film systems exhibit a variety of inter-
esting properties owing to the strong correlation between the
electronic structure of the film and its morphology, strain,
and defect structure."?> Acknowledge of the structures of
face-centered-cubic (fcc) thin metal films on body-centered-
cubic (bce) metals is important for understanding the initial
growth of these adsorption systems. Structural studies of the
fce/bee systems provide a great deal of information on the
connection between geometrical properties of the adsorbed
atomic layers and the atomic arrangements of the substrates.
Until now, the surface structures and growth mode of various
adsorbate metals on the Mo(110) substrate have been inves-
tigated by the use of different experimental and theoretical
methods in a number of works (e.g., Pb,>* Sn,>® Cu,” Co.}
Fe.” Ni,'® Mg,'! Ba,'2 K, S, Ag.615 Au®10 In6!7 etc.).
Recently, the oxide formation on transition-metal surfaces
has also received considerable attention,'®2! including
Mo(110) surface.?>??

The adsorption of Pb on Mo(110) surface has been inves-
tigated experimentally.>* The initial investigation of this sys-
tem was by Tikhov and Bauer® using the combination of
low-energy electron diffraction (LEED), Auger electron
spectroscopy (AES), work-function change measurements
(AD) and thermal-desorption spectroscopy (TDS) at a sub-
strate temperature of about 350 K. In the submonolayer
range, attractive lateral interactions in the lead layer were
found. After completion of one monolayer (ML), three-
dimensional growth was observed. Between Pb and Mo at
any coverage and temperature, alloying was not observed.
Finally, the authors proposed a set of models of the ordered
superstructures formed by lead on the Mo(110) face at dif-
ferent coverages. Jo et al.* studied surface structures of lead
deposited on Mo(110) surface by means of reflection high-
energy electron diffraction and scanning electron microscopy
with respect to the film thickness and substrate temperature.
The authors observed four kinds of surface structures. Three
of them appeared at nearly one monolayer of lead coverage
at room temperature. The growth modes of Pb/Mo(110) ad-
sorption system are Frank—van der Merwe growth mode
(layer by layer) at room temperature and Stranski-Krastanov
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growth mode at high temperature. I present room-
temperature scanning tunneling microscopy (STM) investi-
gations of the growth of lead layers on the Mo(110) surface
with a thickness ranging from 0.4 ML to approximately
5 ML.

II. EXPERIMENT

The measurements were carried out in a metal ultra-high-
vacuum chamber with a base pressure of 2X 107! mbar.
The chamber was equipped with reverse-view LEED optics,
which were used for AES and LEED measurements, and also
with an Omicron variable-temperature STM. The Mo(110)
crystal was mounted on a home-built transferable sample
holder with an integrated electron-beam heater. The sample
could be heated to 2400 K. The crystal temperature was mea-
sured with a W5%Re-W26%Re thermocouple. The Mo(110)
crystal was cleaned by repetitive flashing (30 X5 min) at
1200 K in p=3 X 1077 mbar oxygen atmosphere to remove
the residual carbon contamination. Oxygen was removed by
flashing the sample at 2400 K for 15 s. The flashing at 2400
K was repeated before each experiment. This procedure was
repeated until the carbon peak became invisible in AES spec-
trum and a LEED pattern of the clean Mo(110) face with
sharp spots and low background was obtained. Lead
(99.999%) was evaporated onto the crystal surface from a
quartz crucible surrounded by a tungsten resistive heater in a
vacuum of 5.0 X 107!9 Torr or better, and at a deposition rate
of 1.67X 1073 ML/s. Film coverages are described in MLs,
where a 1 ML Pb film corresponds to an atomic packing
density of 9.40X 10'* atoms/cm?. All STM measurements
were performed at room temperature with W tips, in constant
current mode. STM data were processed by freeware image-
processing software.?*

III. RESULTS AND DISCUSSION

Figure 1 shows STM images from the Mo(110) surface
with different Pb coverages in order to illustrate the mor-
phology of the Pb layers deposited on Mo at room tempera-
ture. Figure 1(a) displays the STM image, taken on low-
index Mo(110) substrate with terraces between 100 and
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FIG. 1. STM images of Pb deposited on Mo(110) at =300 K at coverage #=1.0 ML: (a) clean Mo(110) (1000X 1000 A2, Iy
=0.8 nA, and Uy;,,=100 mV). The line scan shown in the inset evidences terraces approximately between 100 and 400 A wide, (b) 0.4 ML
(1140X 1140 A2, I;=02 nA, and Up,=1 V), (c) 0.8 ML (21592159 A2 I;=0.2 nA, and Upy=1 V), (d) 1.0 ML (1951 X 1951 A2,
I7=0.3 nA, and Up;,,=800 mV). The inset presents zoom (242X 242 A2) in the area indicated by a square. Arrows indicate the places
where the Pb atoms of the second layer start to nucleate at dislocations of the first Pb layer.

400 A wide separated by monoatomic steps aligned along

the [111] direction. The height of the steps on the Mo(110)
surface was measured by STM to be 2.3+0.2 A. Figure
1(b) shows a typical STM image for 0.4 ML Pb deposition.
The bright features represent Pb islands with an irregular
shape. These are monolayer height islands. As the Pb cover-
age is increased to 0.8 ML, the lead islands coalesce, result-
ing in larger and more irregular islands, as may be seen in
Fig. 1(c). As the Pb coverage is close to 1 ML, the Pb wets
the Mo(110) surface almost completely, as can be seen in
Fig. 1(d). This is not easy to confirm with STM or adsorbate
wets the surface or not. However, the reason for the almost
perfect wetting is because of the high-specific surface free
energy of the Mo(110) surface as compared with that of the
Pb(111) surface. Since the total specific surface free energy
should be minimized, a covered Mo(110) surface is favored.
As one can see in the inset of Fig. 1(d), the first Pb layer on
the Mo(110) surface is not free from dislocation defects. The

pseudomorphic growth of the first two-dimensional Pb layer
is thermodynamically driven by the lower surface free en-
ergy of Pb (yp,=0.6 J/m?) compared with Mo (7
=295 J/m?) (Ref. 25) so that the Pb layer wets the Mo
surface despite the elastic energy required as a result of the
large lattice mismatch. Closer inspection of Fig. 1(d) shows
that the second lead layer starts to grow before the comple-
tion of formation of the first lead layer. The arrows in Fig.
1(d) indicate the places where the Pb adatoms of the second
layer start to nucleate?®?” at dislocation defects of the first Pb
layer. As we can see, the density of the dislocation defects is
higher at monoatomic ledges. At higher coverages (1 ML
<f=5 ML) the growth seems to be three dimensional
(Stranski-Krastanov), as can be seen in Figs. 2 and 3. These
results contradict the literature data,* where layer-by-layer
(Frank—van der Merve) growth at room temperature was re-
ported. Figures 2(a) and 2(c) show STM images after 1.2 and
1.5 ML of Pb were deposited on the Mo(110) surface at RT.
Height profiles taken across the Pb islands [Fig. 2(b)] show
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FIG. 2. STM images of Pb deposited on Mo(110) at 7=300 K at coverage | ML < =4 ML. The height of Pb islands is measured from
the wetting layer: (a) 1.2 ML (10 000X 10 000 A2, It=0.2 nA, and U,=1 V), (b) Height profile along the line A from the image in (a)
demonstrating that the height of the islands corresponds to the height of a double Pb step height, (c) 1.5 ML (10 000 X 10 000 A2, It
=0.2 nA, and Uy;,,=800 mV). Inset presents differentiated STM image to enhance the contrast. (d) 2.5 ML (8563 X 8563 A2, It
=0.2 nA, and Uy,s=1.0 V). The height of the Pb islands corresponds to 2 and 4 atomic layers of Pb(111).

that the Pb crystallites have a thickness of about 6 A. The
interlayer spacing along the [111] direction of Pb is d;;
=2.86 A and therefore the islands have a thickness corre-
sponding to the stacking of two atomic layers. The height of
Pb islands is measured from the wetting layer. For coverages
below 2 ML, Pb islands with an average diameter of 800 A
with a standard deviation of 70 A are observed. As the Pb
coverage is increased up to 2.5 ML [Fig. 2(d)], more than
75% of the islands are two layers in height. Four-layer high
islands are also observed, however, but they represent less
than 25% of the total population of the Pb islands. In Fig.
2(d), the heights of the Pb islands in atomic layers are indi-
cated. The arrow in Fig. 2(d) points to Pb islands which
extend over two terraces of the substrate, with their thickness
changing by 1 ML from terrace to terrace. This shape has
been termed an “atomic wedge.”?® The observed Pb islands
on the wetting layer have regular shapes, sharp edges, and
smooth tops, and tend to grow up with higher coverages,
suggesting that such islands are stable. It should be pointed
out that above #>1 ML, one-layer-thick Pb islands were
never observed. For coverages greater than 3 ML [Fig. 3(a)],

further formation of islands with sharp edges and smooth
tops is observed. The island height distribution (number of
Pb islands with a given height), however, shows strong peaks
at the relative heights corresponding to the number (N=2, 4,
and 6) of Pb atomic layers [see Fig. 3(b)]. The arrows in Fig.
3(b) denote the most abundant island heights (“magic
heights”) in Fig. 3(a) at coverage of 5 ML. A similar peculiar
behavior of Pb adlayers was observed on Si(111) surfaces
(see, e.g., Refs. 29-32) and is still the subject of lively dis-
cussion about the origin of this effect. A coverage of Pb
under 5 ML deposited on Si(111) at a temperature between
170 and 250 K typically results in the formation of Pb is-
lands of (N=4, 5, 6, 7, and 9) atomic layers in height above
the wetting layer. Nevertheless, the occurrence of magic
heights reveals a special stability associated with islands of
specific thickness. Uniform island height selection during
metal thin-film growth has been observed in several systems
and interpreted in terms of quantum size effects.’*** Typi-
cally, these electronic effects are observed on semiconductor
[e.g., Pb, Ag, or Bi on Si(111),2731:3%-37 Ag on GaAs(110)
(Ref. 38)] or metal substrates [e.g., Ag/Fe(100) (Ref. 39) or
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FIG. 3. (a) STM image of Pb deposited on Mo(110) at T=300 K at coverage #=5 ML (10 000X 10 000 A2, It=0.2 nA, and Uy,
=1 V). (b) Island height distribution (number of Pb islands with a given height) obtained from the image in (a), showing the strongly
preferred heights of the Pb islands corresponding to two, four, and six atomic layers of Pb(111).

Pb/Cu(111) (Refs. 40-42)]. STM and scanning tunneling
spectroscopy observations of Pb islands on the Cu(111) sur-
face face*” indicate that in the equilibrium distribution of
island heights some heights appear much more frequently
than others. “Magic” preferred heights correspond to islands
with a quantum well state far from the Fermi energy while
the “forbidden” heights appear to be those that have a quan-
tum well state close to the Fermi level. The preferred heights
for Pb islands on Cu(111) for coverages up to 5 ML corre-
spond to the number (N=4, 6, 8, 10, and 11) of Pb atomic
layers. Recently, Ayuela et al.*} studied quantum size effects
of Pb overlayers using density-functional theory (DFT) cal-
culations and analytical models. The authors demonstrated
that the high stability of Pb islands on metallic or semicon-
ductor substrates at even higher coverages is supported by an
extra second quantum beat pattern in the energetics of the
metal film as a function of the number of atomic layers. It
seems that this pattern is triggered by the butterflylike shape
of the Fermi surface of lead in the [111] direction and sup-
ports the detection of stable “magic islands” of greater
heights than measured up to now. The most stable magic
islands from this DFT study have heights corresponding to
the number (N=2, 4, 6, 7, 9, 11, 13, 14, 16, 18, 20, ...) of
lead atomic layers, which is in good agreement with the ex-
perimental STM results presented here.

IV. CONCLUSIONS

In summary, I have investigated the growth behavior of
ultrathin Pb films on Mo(110) surfaces at room temperature
by means of scanning tunneling microscopy. In accordance
with the literature data,>* two-dimensional growth of the first
lead layer is observed. Above 6>1 ML, the three-
dimensional growth of the Pb islands with strongly preferred
atomic scale magic height and flat top is observed. At cov-
erages between 1 and 2 ML, STM images show the growth
of two-atomic lead islands on the first lead layer (wetting
layer), instead of layer-by-layer growth reported in the
literature.* At coverage between 2 and 3 ML, islands con-
taining two and four atomic layers of Pb are observed. At
higher coverage >3 ML island height distribution shows
peaks at relative heights corresponding to N
=(2,4,6,7, and 9) of Pb atomic layers. The DFT
calculations*”? suggest that these magic islands are energeti-
cally favorable. Further experimental and theoretical work is
needed to study the electronic structure and stability of these
uniform Pb magic islands on Mo(110), which could have
implications for the engineering of stable materials and
devices with nanometer-scale dimensions.
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