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Atomic and electronic properties of the Pb/Mo(110) adsorption system
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We present the results of computational and experimental studies of the electronic and structural properties
of the Pb/Mo(110) adsorption system. Computational part of this work is based on ab initio density-functional
calculations. The obtained results provide detailed geometrical properties of different adsorption configurations
and show the influence of lead coverage on the adsorption energy at different adsorption sites. We also consider
the formation of ordered lead superstructures on the Mo(110) surface predicted by earlier experimental inves-
tigations as well as those indicated by our present scanning tunneling microscopy (STM) measurements. Our
STM results show coexistence of two well-ordered surface superstructures in the first lead layer.

DOI: 10.1103/PhysRevB.80.115424

I. INTRODUCTION

Information about the structural properties of fcc thin
solid films located on bcc metal substrates is important for
general understanding of the initial steps of growth of such
deposition systems. Structural studies of the fcc/bee systems
provide a great deal of information on the connection be-
tween geometrical properties of the adsorbed layers and the
atomic arrangement of the substrates. This knowledge might
also be important in the context of controlled formation of
surface nanostructures on bcc substrates.

The Pb/Mo(110) adsorption system was investigated two
decades ago by Tikhov et al.! using low-energy electron dif-
fraction (LEED), Auger electron spectroscopy (AES), and
thermal-desorption spectroscopy. These measurements were
limited to the temperature of about 350 K and allowed the
authors to propose a set of models of ordered superstructures
formed by lead on the Mo(110) surface. They found that all
observed structures exhibit Pb adatoms arranged in rows par-
allel to the most closely packed substrate direction. This ex-
perimental study indicated also that the adsorption energy of
Pb adatoms increases with increasing coverage. Later, the
same system was investigated by reflection high-energy elec-
tron diffraction (RHEED) and scanning electron microscopy
by Jo et al.> They proposed several distinct Pb surface super-
structures arise on Mo(110).

Recently, Krupski® used scanning tunneling microscopy
(STM) to study the growth of thin Pb films on the Mo(110)
surface at room temperature (RT). The analysis of their STM
results indicates that for coverages of <1 ML, a two-
dimensional growth of the first Pb monolayer takes place.
Since, our present work is just related to such small cover-
ages, we do not consider here the growth of three-
dimensional structures. Nevertheless, to draw a wider con-
text of this problem, it is worth to mention peculiar behavior
of the Pb/Mo(110) system for greater coverages. In the layer-
plus-island growth, lead islands showed strongly preferred
atomic scale heights and flat tops.> At coverages between 1
< 0#<2 ML, only islands containing two atomic layers of Pb
have been observed. At higher coverages >3 ML, island
height distribution shows strong peaks corresponding to 2, 4,
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6, and 9 Pb atomic layers. Similar peculiar behavior of Pb
adlayers has been observed on the Si(111) surface (see, e.g.,
Refs. 4-6) and the origin of this effect is still a subject of
lively discussion. From this point of view, a detailed study of
the corresponding system with metallic substrate can help
understand the behavior of Pb adlayers, in general.

The analysis of various aspects of the growth of lead on a
metallic substrate such as Mo(110) requires deeper under-
standing of physical properties of the Pb/Mo(110) system. So
far, however, there is a lack of any theoretical studies related
to the adsorption of lead on Mo(110). Therefore, in the
present study we focus on the description of the response of
the Mo(110) substrate to lead adatoms. The aim of the first
step of this study is to determine the energetic order of dif-
ferent stable atomic configurations of Pb/Mo(110), analyze
their structural and electronic properties, and clarify how the
changes of coverage influence the adsorption energy of a
lead adatom at different surface sites. To this end, we simu-
late adsorption process for different adsorption points and
three different coverages, namely, 0.125, 0.25, and 0.5 ML.
The obtained information enables us to perform further stud-
ies related to the formation of ordered superstructures found
in experiment. On the basis of results obtained in the first
stage, we propose structural models of surface superstruc-
tures indicated by experimental data. We perform structural
relaxations of the proposed models, which enables us to
check their stability and determine the details associated with
their geometrical and energetic properties. The obtained re-
sults are analyzed and discussed in the context of experimen-
tal data.

II. METHOD OF CALCULATION

Theoretical study presented in this paper has been per-
formed using ab initio calculations based on the density-
functional theory and plane-wave basis set, as implemented
in VASP package.” The electron-ion interactions have been
described by the projector augmented wave method,!®
whereas the exchange-correlation contributions have been
evaluated in the PW91 formulation!! of the generalized gra-
dient approximation (GGA). However, some checking calcu-
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TABLE I. Selected parameters of the clean Mo(110) surface: Ad; ; are relaxation factors (relative changes
in interlayer distances with respect to the bulk value dy), o is the surface energy while W is the work function.

Number of layers Ad,, Ad, 5 Ady 4 o w

(%d,) (%d,) (%d,) (J/m?) (eV)

LDA 7 -5.42 0.49 0.00 3.16 4.89

9 -5.14 0.72 0.11 3.36 4.87

GGA 7 -5.64 0.72 -0.02 2.60 4.60

9 -5.38 0.91 0.14 2.75 4.59

13 -5.40 0.87 0.10 2.77 4.61
LDA? 7 -4.5 0.5 0.0
LDA? 9 -5.0 0.7 -0.3

LDAP 7 -3.9 3.14 4.94
LEED¢ -4.0 2.0 0.0

4Reference 15.
bReference 16.
‘Reference 12.

lations have also been performed using the local-density ap-
proximation (LDA). The Davison-block algorithm has been
used for electronic energy minimization while the conjugate
gradient method has been employed to relax atomic posi-
tions. In all calculations, the plane-wave basis set has been
determined by the energy cutoff of 300 eV. In the relaxed
structures, the forces acting on particular atoms have been
smaller than 0.003 eV/A. We point out that all calculations
presented in this paper have been performed without spin-
orbit coupling.

The energy minimization of the bulk unit cell yields the
Mo lattice parameter equal to 3.11/3.15 A for LDA/GGA.
Taking into account the corresponding experimental result of
3.15 A provided by LEED measurements,'? and the general
tendency of LDA to underestimate the lattice constant, we
conclude a good agreement between the calculated value and
the experimental data. The bulk modulus has been evaluated
within the Murnaghan equation of state. The calculated val-
ues of 2.70 Mbar for GGA and 3.01 Mbar for LDA are close
to the experimental one of 2.73 Mbar.'3

III. EXPERIMENT

The measurements have been carried out in a metal
ultrahigh-vacuum chamber with the base pressure of 2
X 107!% mbar. The chamber has been equipped with reverse-
view LEED optics, AES, and the Omicron I variable-
temperature STM. The Mo(110) crystal has been mounted on
a home-built transferable sample holder with an integrated
electron-beam heater. The sample could be heated up to 2400
K. The crystal temperature has been measured using the
W5%Re-W26%Re thermocouple. The Mo(110) crystal has
been cleaned by repeated flashing (30X 5 min) at 1200 K in
p=3X10"7 mbar oxygen atmosphere to remove the residual
carbon contamination. Next, oxygen has been removed by
flashing the sample at 2400 K for 15 s. Flashing at 2400 K
has been repeated before each experiment. This procedure
has been continued until the carbon peak in AES spectrum
became invisible and a LEED pattern of the clean Mo(110)

face with sharp spots and low background has been obtained.
Lead (99.999%) has been evaporated onto the crystal surface
from a quartz crucible surrounded by a tungsten resistive
heater. The chamber pressure during evaporation has been
kept below p=3 X 107!9 mbar. The STM images have been
observed at RT. Tungsten STM tips have been used and the
STM data have been processed using a freeware image-
processing software.'*

IV. RESULTS AND DISCUSSION
A. Clean Mo(110) substrate

In the first step of our theoretical study, we have consid-
ered the atomic and electronic properties of a clean Mo(110)
substrate. Calculation of the Mo(110) surface have been per-
formed by symmetrical relaxation of slab composed of an
odd number of atomic layers (from 7 to 13) with two atoms
per layer. In each case, the subsequent slabs have been sepa-
rated by the vacuum region at least 8.5 A thin. The surface
Brillouin zone has been sampled by (9 X9 X 1) Monkhorst-
Pack grid, which yields 36 irreducible special k points.

The obtained results indicate that the relaxation process of
the Mo(110) surface system is limited solely to its topmost
part (cf. Table I). The first interlayer distance d, , is reduced
by 5% (i.e., somewhat above 0.1 A) while the subsequent
distance d, 5 is increased by 0.5-0.9 % (0.01-0.03 A). The
changes in the third interlayer distance d; 4 are already neg-
ligibly small. These results are in good agreement with ear-
lier theoretical studies'3~'® as well as LEED measurements.'?
The results presented in Table I show that the increase in the
slab thickness above seven layers does not change consider-
ably the atomic structure of the surface. Therefore, in the rest
part of this work the Mo(110) surface has been described by
a slab composed of seven atomic layers.

Figure 1 presents local density-of-states (LDOS) distribu-
tions calculated for the three topmost atomic layers of
Mo(110). The obtained results indicate that electronic states
in the energy range around the Fermi level are distinctly
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FIG. 1. (Color online) LDOS at the first (black, solid), second
(brown, solid), and third (black, dashed) layer of a clean Mo(110)
surface. Each curve represents a sum over all atoms within particu-
lar layer.

localized at the surface atomic layer while for lower energies
their localization is shifted toward subsurface layers. LDOS
distribution calculated for the topmost atomic layer shows
that the surface electronic structure of Mo(110) is dominated
by d states within the whole considered energy range (cf.
Fig. 2).

B. Pb adsorption on the Mo(110) surface

In this section, we analyze the energetic, structural, and
electronic properties of the Pb/Mo(110) system. In this study,
the substrate has been represented by an asymmetric slab
(composed of seven atomic layers). Atoms from the top four
layers have been allowed to relax while the remaining part of
the slab has been kept frozen with atoms fixed in their bulk-
like positions. Adsorption of Pb has been simulated only on
the relaxed side of the slab (with dipole-moment corrections
applied). We have checked that such a substrate reproduces
correctly the structural and electronic properties of the clean
Mo(110) surface described in previous section.
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FIG. 2. (Color online) LDOS of the topmost Mo(110) layer

(black, solid) and its components associated with s (pink, dashed), p
(blue, dashed), and d (red, solid) orbitals (cf. Fig. 1).
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FIG. 3. (Color online) Considered points of Pb adsorption on the
Mo(110) surface.

Simulations of the adsorption of Pb atoms have been per-
formed for four different adsorption sites schematically
shown in Fig. 3. In order to analyze the interaction of
Mo(110) substrate with Pb adatoms, we first considered a
rather low coverage of 0.125 ML, which simulates adsorp-
tion of quasi-isolated Pb adatoms (interaction between ada-
toms is negligible). Results of structural calculations indicate
that configurations L, S, and T are stable, while Pb atom
originally placed at site H moves toward position L. To de-
termine the energetic relations between different stable con-
figurations, we have calculated the adsorption energy E,;, de-
fined as

1
E,=- ]T/(EPb/Mo(IIO) = Eno(110) = NEpy) (1)

where Eppo110) is the energy of a clean Mo(110) slab,
Eppmo(110) 18 the energy of an adsorbed slab, and Ep, is the
energy of a free Pb atom while N is the number of adsorbate
atoms in the cell.

For the coverage of 0.125 ML, the adsorption energy
E,(L) at point L is 0.25 and 0.61 eV larger than E,(S) and
E,(T), respectively (cf. Table II). For greater coverages (6
=0.25 and 6=0.5), we have found the same energetic order
of adsorption points [i.e., E,(T) <E,(S)<E,L)]

Geometry of the relaxed Pb/Mo(110) system indicates
that adsorption of Pb adatoms modifies considerably the po-
sition of substrate atoms, shifting them vertically and later-
ally with respect to the clean Mo(110) structure. For a low
coverage of 0.25 ML, structural changes in the Mo(110) sub-
strate have a rather complex character. This is illustrated in
Fig. 4, which sketches the response of the Mo(110) substrate
to the adsorption of Pb adatoms at lattice point L. The shift
of particular Mo atoms varies from around 0.1 A (for the
topmost atoms) to around 0.01 A (for atoms in the fourth
layer). For a higher coverage of 0.5 ML, the substrate re-

TABLE II. Adsorption energies calculated from Eq. (1).

60 E,
(ML) (eV)
L S T
0.125 4.49 4.23 3.88
0.250 4.39 4.13 3.85
0.500 441 4.22 4.00
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FIG. 4. (Color online) Atomic arrangement of the supercell used
for simulations of adsorption of 0.25 ML of Pb at points L of the
Mo(110) surface. Arrows indicate a response of the Mo(110) sub-
strate to the presence of Pb adatom.

sponses in a more systematic way, as shown in Fig. 5. Pb
adatoms located at points L or T change only vertical coor-
dinates of the substrate atoms (cf. Table IIT), while for point
S the horizontal coordinates are also modified (symmetri-
cally). Table IV presents the final Pb distance to the topmost-
layer Mo atoms for points L, S, and T.

LDOS distributions shown in Fig. 6 represent the elec-
tronic structure of the Pb/Mo(110) system for the coverage
of 0.5 ML. The obtained dependences indicate that the pres-
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FIG. 5. (Color online) The same as in Fig. 4 but for adsorption
points L, S, and T, and the coverage of 0.5 ML.
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FIG. 6. (Color online) LDOS distributions for the Pb/Mo(110)
system (the sum of LDOS contributions associated with Pb adatom
and two surface Mo atoms) in configuration L (red, dashed), S
(blue, dashed), and T (brown, dashed), compared with the LDOS
distribution for a clean Mo(110) surface (black, solid; cf. Fig. 2).
Coverage #=0.5 ML.

ence of Pb atoms leads to visible changes in the surface
electronic structure. The presence of the Pb atoms introduces
a set of LDOS features in the energy range from —10 up to
—7 eV and slightly enhances the total LDOS for energies
between -3 and 2 eV (cf. Fig. 6). Moreover, Fig. 7 shows
that these are just the energy ranges where the contribution
from Pb adatoms to the total surface DOS is significant.

C. Pb structures on the Mo(110) surface

Experimental data provided by LEED at 7=350 K,!
RHEED at T between 300 and 1100 K,2 and also by our
present STM measurements at 7=300 K (see below) indi-
cate that Pb atoms adsorbed on the Mo(110) substrate form a
number of ordered superstructures with different geometrical
properties. In this section we analyze a few selected super-
structures identified by these measurements.
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FIG. 7. (Color online) LDOS for configuration L of the Pb/
Mo(110) system and coverage of 0.5 ML (red, solid; cf. Fig. 6) and
its components connected with the surface Mo layer (brown,
dashed) the adsorbed Pb; atom (blue, dashed).
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TABLE III. Changes in the Mo(110) surface geometry induced adsorption of 0.5 ML of Pb (see slab structure in Fig. 5). All values are

in A.
First Mo layer
o7 Oy
O oy, 67 ) oy, (%63
S GGA -0.03 -0.06 0.06 0.03 0.06 0.06
LDA -0.03 -0.05 0.06 0.03 0.05 0.06
First Mo layer Second Mo layer
521 522 513 524
T GGA -0.02 0.15 -0.03 0.00
LDA -0.03 0.15 -0.03 0.00
L GGA 0.03 0.09 -0.03 0.00
LDA 0.03 0.09 -0.03 0.00

On the basis of results of LEED measurements performed
for the Pb/Mo(110) system with the coverage of 2/3 ML,
Tikhov et al.' proposed two Pb superstructures, as shown in
Fig. 8. Both configurations differ from each other in the po-
sition of half of the Pb atoms. In case (a), the superstructure
is composed of Pb atoms placed in adsorption sites L and S
(atoms Pb; and Pbg, respectively), whereas in case (b), Pb
adatoms are located in points L and H (adatoms PbLl, PbLz,
and Pby). To check the stability of these structures and to
determine their geometrical and energetic properties, we
have performed their structural relaxation. In configuration
(a), relaxation does not introduce any lateral shifts of Pb
adatoms but Pbg atoms protrude 0.11 A above Pb; ones. In
structure (b), like for the case of lower coverages (cf. Sec.
IV B), relaxation modifies the lateral position of Pby atoms
(located initially at point H), decreasing their distance to
PbL2 atoms by about 0.16 A (positions of PbL1 and PbL2
atoms remain fixed). Consequently, after relaxation, the dis-
tance of Pby atomso to the closest PbL1 and PbL2 atoms equals
to 3.51 and 3.55 A, respectively. Moreover, Pby atoms are
located 0.02 A above PbLl and 0.14 A above PbL2 ones.
Superstructures (a) and (b) are represented by the same trans-
lational symmetry and consequently, the same unit cell has
been used (see Fig. 8). Comparison of their total energies
indicate that structure (b) is energetically more favorable,
which is consistent with the predictions presented in Ref. 1.
We have also calculated the average adsorption energy (i.e.,
E,, averaged over four adatoms within the unit cell; note that
each superstructure is composed of different adsorption sites,

cf. Fig. 8) and obtained 4.41 and 4.43 eV for superstructures
(a) and (b), respectively. Hence, the energetic properties of
both systems are close to each other.

In our present work, the formation of ordered surface
structures in the Pb/Mo(110) adsorption system has also been
investigated experimentally using STM. Experimental data
have been obtained after deposition of lead on the Mo(110)
surface at RT (cf. Fig. 9). Closer view of the STM image
topography in Fig. 10 reveals the presence of two well-
ordered lead superstructures denoted €; and €,. Their geo-
metrical parameters are described in the caption of Fig. 10.
The structures €; and €, have been observed simultaneously
at different parts of the Mo(110) substrate. STM images in-
dicate in both cases a long-range order in the surface system.
The density of Pb atoms determined for the €, and e, struc-
tures is 4.5X 10" and 6.4X10'* atoms/cm?, respectively,
which is 48% and 68% of the density of the close-packed
(111) Pb layer (equal to 9.4 X 10'* atoms/cm?).

Taking into account our experimental results, we have
considered structural models of the Pb/Mo(110) surface re-
producing best the topography of the obtained STM images.
The model of €, assumes that the superstructure is built up
by Pb; and Pbg adatoms with the coverage of 1/3 ML (cf.
Fig. 11). The lateral geometrical properties of this model
(distances between the nearest lead adatoms along the direc-
tions @ and b and the angle between them) are almost the
same as those following STM measurements (cf. captions of
Figs. 10 and 11). Structural relaxation have shown that such
a model is stable, i.e., the lateral positions of all lead adatoms
in the relaxed structure are the same as in the starting con-

TABLE IV. Distances between the Pb adatom (0) and topmost-layer Mo atoms (1 and 2, in accordance
with notation used in Fig. 5). All values are in A. Coverage #=0.5 ML.

L S T
dy, do do1=dy, dy, doy
LDA 2.90 3.24 2.86 2.71 3.70
GGA 2.96 3.31 2.93 2.78 3.78
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FIG. 8. (Color online) Geometrical model of the Pb/Mo(110)
superstructure with coverage #=2/3 ML observed by Tikhov et
al.(Ref. 1): (a) structure consisting of L and S adsorption points and
(b) structure consisting of L and H adsorption points (cf. Fig. 3).
Red dashed lines denote the supercells used in simulations.

figuration while Pbg adatoms protrude 0.08 A above Pby.
The superstructure ¢, is, in turn, modeled by an adlayer with
Pb;, Pbg, and Pby atoms (cf. Fig. 12), corresponding to the
coverage of 4/9 ML. The lateral parameters of this model
(i.e., a, b, and ) reproduce well the STM data (cf. captions
of Figs. 10 and 12). Results of structural simulations show
that Pby adatoms are located 0.09 A above Pbg and 0.17 A
above Pb; while the lateral positions of all lead atoms remain
fixed during the relaxation. The supercells used for simula-
tions of both superstructures are different, so a direct com-
parison of their total energies is not possible. Thus, to deter-
mine the energy relationship between them, we have
calculated the average adsorption energy per one Pb adatom.
To this end, E;, was averaged over two or four adatoms from
the supercell corresponding to the superstructure €; and e,,
respectively (cf. Figs. 11 and 12). Such obtained averaged
adsorption energy equals to 4.28 eV for €, and 4.29 for e,.
We would like to point out that energetic properties of the
lead superstructures considered in this section are consistent

FIG. 9. (Color online) STM image (275 A X275 A) of Pb ad-
sorbed on Mo(110): T=300 K, Upi,s=149 mV, I;=1.7 nA. Inset
present differentiated STM image with enhanced contrast.

PHYSICAL REVIEW B 80, 115424 (2009)

a

FIG. 10. STM images (differentiated in insets) of two kinds of
Pb superstructures (€; and €,) observed on Mo(110): (a) image size
80 AX80 A, T=300 K, Up,=149 mV, It=1.7 nA; (b) image
size 50 AX50 A, T=300 K, Uy,s=76 mV, Iy=3.3 nA. White
parallelograms indicate unit cells of the respective Pb structures
with geometrical parameters measured to be equal to a=4.3 A, b
=52 A, and «=84° for €, and a=4.1 A, b=3.8 A, and a=92°
for €, (cf. Figs. 11 and 12).

with experimental results presented in Ref. 1, indicating that
adsorption energy of lead adatoms increases with coverage.
Indeed, adsorption energies calculated for dense superstruc-
tures shown in Fig. 8 (corresponding to the coverage of 2/3
ML) are above 4.4 eV, which is noticeably higher than the
values (below 4.3 eV) obtained for more dilute superstruc-
tures given in Figs. 11 and 12.

V. SUMMARY

We have presented computational and experimental stud-
ies of the atomic and electronic properties of the Pb/Mo(110)
adsorption system. Structural relaxation of the clean
Mo(110) surface system indicates that significant changes in
interlayer distances are limited to three topmost layers only,
which corresponds well to the results of earlier theoretical
and experimental studies.

First, we have simulated adsorption of quasi-isolated Pb
atom on Mo(l11) by considering the coverage 6
=0.125 ML. We have found the following energetic prefer-
ences of the adsorbate with respect to possible adsorption

FIG. 11. (Color online) Overlap of the geometrical model of the
superstructure €; with its filtered STM image. Parameters of the
simulated unit cell are a=4.1 A, b=5.2 A, and a=84° [cf. Fig.
10(a)]. Red dashed lines denote the supercells used in simulations.
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FIG. 12. (Color online) The same as in Fig. 11 but for the
superstructure €,. Parameters of the simulated unit cell are: a
=4.1 A, b=3.9 A, and a=90° [cf. Fig. 10(b)].

points: E,(T)<E,(S) <E,(L) (point H is not stable). Those
preferences are maintained for higher coverages of 0.25 and
0.5 ML.

In accordance with earlier experimental LEED data and
our present STM measurements, we have considered the for-
mation of selected ordered Pb superstructures in the Pb/
Mo(110) system. Structural calculations have been per-
formed for two dense Pb superstructures (corresponding to
6#=2/3 ML) found previously by Tikhov et al.' The ob-
tained results confirm the energetic order predicted for these
two systems and allowed us to determine the details of their
atomic geometry. We have found that the surface corrugation
of both superstructures is within 0.1 A.

PHYSICAL REVIEW B 80, 115424 (2009)

Our present RT STM observations indicate the coexist-
ence of two kinds of Pb superstructures (€; and €,) exhibiting
a long-range order. These results complement other experi-
mental data on lead superstructures obtained in RT
conditions.” Taking into account the properties of the Pb/
Mo(110) system determined in the first part of our study, we
have proposed geometrical models of both superstructures.
Their structural parameters (i.e., the lattice vectors and the
angle between them) are very close to those measured ex-
perimentally. The coverages derived from these models equal
to 1/3 and 4/9 ML for €; and e,, respectively. Relaxation
performed for both systems indicates that their surface cor-
rugation is within 0.08 A for € and 0.17 A for e,. The
average adsorption energies of superstructures €; and €, are
about 0.1 eV lower than those of the denser Tikhov’s super-
structures. This confirms the tendency of E, to be higher for
denser superstructures, in accordance with Ref. 1.
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