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Surface dynamics on submonolayer Pb/
Cu(001) surfaces
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The interplay of the atomic structure and phonon spectra in a variety of two dimensional phases
forming during submonolayer Pb adsorption on a Cu(001) surface has been investigated using
embedded atom method interatomic interaction potentials. Complementary calculations of the
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equilibrium atomic structure of these phases were performed using density functional theory. It has
been shown that the dynamic stability of the Pb/Cu(001) structures increases with increasing the
coverage from 0.375 ML to ultimately 0.6 ML, when a dense Pb layer is formed. The increase of the
coverage also results in progressive shift of the Rayleigh mode of the copper surface to higher energy
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1 Introduction

Lead thin films have attracted much attention due to their two-
dimensional physical properties. Due to their simplicity, the
physics of low-dimensional systems provides a fundamental
understanding of complex processes. In particular, the super-
conductivity of supported lead films with a thickness of a few
monolayers'™ and even of a single Pb atomic layer on silicon®
has stimulated an active interest in the electronic and phonon
structure of thin Pb films, especially Pb/Cu(111) structures.” >
Another interesting property of Pb films is the formation of a
charge density wave. The particular case of submonolayer
amounts of Pb grown on Cu(001) has received ample
attention.'**

Pb on Cu(001) is a lattice-mismatched system exhibiting a
rich and complex phenomenology. Several different surface
structures with complex properties and phase transitions are
observed in the submonolayer coverage range.>'® The growth
mode of Pb on Cu(100) is Stranski-Krastanov, so that a dense
Pb layer is formed by 0.6 monolayers (MLs) and further Pb
deposition gives rise to island formation. There are different
surface structures for coverages below 0.6 ML: ¢(4 x 4) (for

0.375 ML), ¢(2 x 2) (for 0.5ML) and ¢(5v2 x v/2)R45° (for
0.6 ML). The ¢(4 x 4) structure is a Cu-Pb surface alloy with
CuyPb; composition,”” while the ¢(2 x 2) structure is
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and the appearance of new mixed adsorbate—substrate vibration modes.

interpreted as a simple arrangement of Pb atoms occupying
one half of all available Cu(001) hollow sites."”"'® Above 0.5 ML
and below 0.6 ML, a ¢(2 x 2) phase with split superstructure
spots is observed. The spot splitting is due to antiphase domain
boundaries inserted into the ¢(2 x 2) structure. For a critical
coverage of 0.6 ML, a regular distribution of linear domain
boundaries is observed. This domain boundary arrangement is
characterized by the regular succession of three rows of Pb
atoms occupying the same kind of hollow site. The long-range
order of this structure corresponds to a ¢(5v/2 x /2)R45°
conventional unit cell’®?° that can be described as a periodic
sequence of long-range ordered linear antiphase domain
boundaries defining Pb stripes with a width of three atomic
rows. The formation of antiphase domain boundaries permits
the accommodation of extra Pb atoms with respect to the ¢(2 x
2) phase. Indeed, the formation of the domain boundaries is a
way to compress the ¢(2 x 2) structure. In contrast to the well
studied film growth mechanism and electronic structure of Pb/
Cu(001) systems,'**"**> a detailed description of their dynamics
is absent up until today.

In the present work, we address the interplay of atomic
structure and vibration characteristics of the Pb/Cu(001)
adsorbed systems from 0.375 ML to 0.6 ML coverages using
embedded atom method interatomic interaction potentials,
which we employed earlier for the calculation of the vibration
properties of Pb/Cu(111) systems.'” We discuss the dependence
of the vibration spectra on the adlayer structures.

2 Calculation methods

The calculations are performed using the embedded atom
method (EAM) to construct the interatomic interaction

This journal is © the Owner Societies 2022
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potentials Cu-Cu and Pb-Pb.>® The parameters of the method
are determined by fitting to experimental data, such as the
equilibrium lattice constant, elastic constants, sublimation
energy, and vacancy formation energy of the Cu and Pb
bulk metals. The Cu-Cu interatomic potentials were success-
fully applied before to the calculation of phonons on the clean
metal surfaces®®® and on the surfaces covered by
adsorbates.'>>*2%%7

The interaction between Cu and Pb atoms is described by a
pair potential constructed in the form proposed by Johnson.*® A
two-dimensional periodic slab consisting of 31 atomic layers of
Cu(001) is used for calculating the structure and phonons. To
obtain the equilibrium configuration of the system at zero
temperature, the atomic positions of both adsorbates and
substrate atoms were relaxed using a standard molecular
dynamics technique based on the constructed EAM interaction
potentials. Since experimental data for the crystal structure of
Pb/Cu surface phases is limited at the atomic level or only
average Pb-Cu distances for complex structures are known, we
additionally performed DFT relaxation of these structures.
Total energy calculations were performed with the Vienna
ab initio simulation package (VASP).>**°
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The calculations of the vibration spectra were carried out
using EAM potentials by the dynamical matrix method. Diag-
onalizing the matrix gives the eigenfrequencies and the polar-
ization vectors of the vibrations. The local vibration densities of
states were obtained by projecting eigenmodes onto the atoms
of interest in a given X, Y or Z direction.

3 Results and discussion
3.1 Pb/Cu(001)-c(4 X 4): Pb—Cu surface alloy

Fig. 1(a and b) show the atomic structure of the ¢(4 x 4) surface
alloy formed at © = 0.375 ML of Pb adsorption from the top and
side view, respectively. The unit cell contains three equidistant
(3.38 A) Pb atoms in the missing row of the four surface copper
atoms. One of the three atoms in the Pb chain is situated in the
ideal hollow (Pby,) position, while two others are located in the
distorted (Pbg) non-symmetric positions with respect to
the atoms of the second Cu layer (Cug_;). The former atoms
are located dpp, = 0.13 A higher than the Pb atom in the hollow
position. The heights of the Pb atoms with respect to the
nearest Cug atoms are also different: it is 1.2 A for Pb in the
hollow site and 1.3 A for Pb atoms in the distorted positions;
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Fig. 1 Atomic structure of the c(4 x 4) Pb—Cu surface alloy, (a) top and (b) side view, where orange and light gray balls show surface Pb and Cu atoms,
respectively, mid and dark gray balls correspond to second- and third-layer copper atoms, respectively and the blue dashed square shows the c(4 x 4)
cell. (c) The phonon spectrum calculated along the high-symmetry directions of the surface Brillouin zone (BZ), shown in the inset, with Pb-derived
vibration modes projected onto x (blue), y (green), and z (red) directions. (d) The corresponding local density of states (LDOS) for vibrations localized on
the surface (Pb,Cus) and subsurface (Cus_1) atomic layers. Red and light blue dashed lines in the Cus and Cus_; subpanels show the LDOSs of the out-of-
plane (2) and in-plane (XY) vibrations on the clean Cu(001) surface, respectively.
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both are close to the average experimental value Ap, = 1.41 A.**
The difference in the positions of the Pb atoms leads to the
appearance of rippling in the copper layers, up to the depth of
the fifth layer. As can be seen from Fig. 1(b), the largest rippling
is observed in the Cug_; and Cug_, atomic layers: dg_; = 0.05 A
and ds_, = 0.04 A. Note that in the DFT relaxed structure, the
heights of the Pb;, and Pbgq are smaller at 0.70 and 0.78 A,
respectively. This is due to the larger Pb-Pb distance of 3.42 A
in the row, which is a consequence of the larger equilibrium
lattice parameter of copper in the DFT calculation (3.633 vs. the
experimental parameter of 3.615 A used in the EAM
calculation).

For clean Cu(001), the EAM relaxation leads to a reduction in
the interlayer distances 4,, and 4,3 by 1.0% and 0.3%, respec-
tively. These data are in good agreement with the experiments®>
and other theoretical calculations.*® For deeper atomic layers,
the relaxation shifts are almost absent. For the surface alloy,
the relaxation of the copper substrate changes significantly.
The large rippling in the Cug_; and Cus_, atomic layers results
in different reductions in the distance between the substrate
atoms located under the Pb atoms in the hollow and distorted
positions and the local relaxations are equal to 4,, = —7.0% and
A1, = —4.1%, respectively. The relaxations of the second inter-
layer distance 4,; also vary from —0.1% to —2.9%. At the
same time, an expansion of the next two interlayer distances
A34 & +1.2% and 4,5 ~ +0.3% was found, and thus, in general,
Pb/Cu(001)-c(4 x 4) shows a surface relaxation character similar
to that of Na and K adsorbed structures on the reconstructed
Cu(110) surface.>*?

Fig. 1(c) shows the phonon spectrum of the Pb-Cu surface
alloy calculated along the high-symmetry directions of the
(4 x 4) surface Brillouin zone (see the inset). A characteristic
feature of the phonon spectrum is the presence of the two
localized low-frequency modes of Y-polarized vibrations in the
I' — Xand I" — ¥ directions. The lower mode is determined by
the inphase vibrations of the Pb rows in the [110] direction,
while the second mode has an antiphase character of displace-
ments of Pb atomic rows in the same direction. At the I point,
these vibration modes have very low energies (0.3 and 1.6 meV,
respectively). In the local density of states (LDOS), shown in
Fig. 1(d), the first Y peak with a maximum at ~1.6 meV is
determined by these states. In the high-frequency region, the
localized symmetric (upper, almost dispersionless over the
whole SBZ) and antisymmetric (lower) Y-polarized vibrations
of Pb atoms within the row are found. In the LDOS, these
vibration states correspond to the peaks at 9.0 meV and
10.5 meV, respectively. The phonon spectrum and LDOS show
that the X-polarized vibrations of Pb atoms (perpendicular to
the rows) are located in the energy range from 4.5 meV to
8.0 meV. The maximum peak in the Pb LDOS is observed at
~6.8 meV and corresponds to the mode representing the
antisymmetric vibrations of Pb atoms which mix with XZ-
polarized vibrations of the Cug and Cug ; substrate atoms
and propagate perpendicularly to the adatom’s rows. In the
phonon spectrum, along all high-symmetry directions of the
two-dimensional BZ, almost dispersionless Z-polarized states,
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strongly localized on Pb adatoms, are observed. In the Pb
LDOS, they correspond to a narrow peak with a maximum at
5.2 meV. These perpendicular Pb vibrations give rise to the
emergence of longitudinal vibrations in the Cug layer and, to a
lesser extent, in the Cug_; layer (see the corresponding panels
in Fig. 1(d)). In addition, the presence of Pb rows in the surface
layer also results in the shift down of high-frequency long-
itudinal vibrations of the Cug atoms. In addition, two localized
X-peaks in Cug LDOS appear in the energy range of the Rayleigh
wave vibration mode (12.0-15.0 meV). The first peak is deter-
mined to the maximum extent by the hybridization of the X-
polarized vibrations of Pb adatoms with the X, Z vibrations of
the substrate atoms. The second peak is the result of antisym-
metric X-polarized vibrations of the Cug layer atoms. The large
width of these peaks is due to different positions of adsorption
of the Pby, and Pby atoms. It can be seen from the Cug LDOS
that the peak corresponding to the Rayleigh mode shifts to
higher energies by ~1.3 meV with respect to that on the clean
surface (red dashed line).

3.2 Pb/Cu(001)-¢(2 x 2) reconstruction

The structure of the ¢(2 x 2) adsorption phase formed at © =
0.5 ML of Pb coverage is highly symmetric (Fig. 2(a and b)). The
Pb atoms are located at a height of 2.40 A above the Cug layer.
This distance is in a good agreement with both the LEED data
(2.29 A'®) and our DFT calculation (2.29 A). Negligible rippling
is found only in the Cug_, layer and its value ds_; = 0.002 A. The
deposition of Pb reduces the relaxation contraction of the
interlayer distances of the copper surface from —1% (inherent
to clean Cu(001)) to —0.4% for atoms underneath Pb atoms for
the first interlayer distance of copper, and it completely
removes relaxation for the other copper atoms. There is no
lateral relaxation in this structure.

The phonon spectrum contains three vibration modes loca-
lized on Pb adatoms (Fig. 2(c)). The shear horizontal mode is
provided by Y-polarized vibrations propagating along all the
high-symmetry directions of the surface BZ. At the M point, this
mode degenerates with the frustrated translation mode deter-
mined by the X-polarized vibrations. In the Pb LDOS, the peaks
corresponding to these modes are observed at energies of 3.8
and 6.6 meV (Fig. 2(d), top panel). The third mode is deter-
mined by the Z-polarized vibrations of Pb atoms, which are
mixed with the XZ vibrations of the substrate atoms from both
the Cug and Cug_, layers. In the Pb LDOS, this gives rise to a
peak at 7.9 meV. The presence of half a monolayer of lead on
the surface leads to a high-frequency shift of the RW mode of
Cu(001) by ~2.0 meV and to the appearance of new vibration
states with XY and Z polarization in the low-frequency region of
the phonon spectrum of the substrate. This is clearly seen from
the LDOSs of Cus and Cus_, shown in Fig. 2(d).

3.3 Pb/Cu(001)-¢(5v/2 x v/2)R45°: ultimate 0.6 ML coverage

When increasing the coverage from @ = 0.5 ML, corresponding
to the Pb/Cu(001)-¢(2 x 2) superstructure, to ® = 0.6 ML, a
continuous phase transition occurs. This phase transition
proceeds by the insertion of antiphase domain boundaries into

This journal is © the Owner Societies 2022
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Fig. 2 Atomic structure of the Pb/Cu(001)-c(2 x 2) reconstruction, (a) top and (b) side view. (c) The phonon spectrum calculated with Pb-derived
vibration modes projected onto the x (blue), y (green), and z (red) directions. (d) The corresponding local density of states (LDOS) for vibrations localized
in the Pb adsorbate layer, copper surface (Cus) and subsurface (Cus_,) atomic layers. The red and light blue dashed lines in the Cus and Cus_; subpanels
show the LDOSs of the out-of-plane (2) and in-plane (XY) vibrations on the clean Cu(001) surface, respectively.

the ¢(2 x 2) until at ® = 0.6 ML a regular sequence of domain
boundaries, which are separating three rows of Pb atoms in
c(2 x 2) positions, is formed (Fig. 3(a)). In this Pb/Cu(001)-
c(S\/§ X \/5) structure, the Pb atoms occupy different positions
relative to the copper atoms of the Cug layer (Fig. 3(b)): the first
position is ideal hollow (Pby,), like in the ¢(2 x 2) structure, and
the second one is a distorted position (Pbg) at the domain
boundaries. Due to the displacement of Pb atoms from hollow
positions, the distance between Pby, and Pbg in the y direction
decreases to 3.19 A within a domain (it is 3.615 A in the x
direction), while the distance between the Pby of neighboring
domains is 3.22 A. The DFT relaxation of the Pb/Cu(001)-
¢(5v2 x +/2) structure gives 3.23 and 3.19 A for the Pb,-Pbg
and Pbg-Pby distances, respectively. The compression of
domains in the y direction is also in agreement with the LEED
data,'® which have shown the displacements of Pby atoms
towards Pby, by 0.4 A. The formation of domain boundaries
also leads to the rippling of the Pb layer so that the Pby atoms
are located by dpp, = 0.13 A (the same as in the ¢(4 x 4) surface
alloy) above Pby, and distances between Pby, and Pby and their
nearest neighbor Cu atoms are 2.73 and 2.61 A, respectively.
These distances are also in a good agreement with the DFT-
derived values of 2.88 and 2.78 A, respectively. The rippling in

This journal is © the Owner Societies 2022

the Pb layer causes corresponding rippling in the substrate
layers that decreases with a depth. The rippling in the Cug layer
ds = 0.15 A, almost the same as in the Pb layer, while it is two
times smaller in the next layer, 5s_; = 0.08 A. Like in the Pb/
Cu(001)-c(4 x 4) alloy, for the Pb/Cu(001)-¢(5v2 x v2) R45°
structure, the lateral relaxation of substrate atoms is also
observed, but the copper atoms are displaced only in the y
direction and the relaxation displacements is an order of
magnitude smaller than in the former case. In the Cug layer,
only copper atoms closest to Pb;, move away from each other by
0.06 A (the shifts of £0.03 A along y). In the Cug_; and Cug_,
layers, all the copper atoms are displaced by ~40.02 A from
their ideal positions, while in deeper layers, the lateral relaxa-
tion is almost absent.

The complication of the atomic structure due to the appear-
ance of domain boundaries leads to significant modification of
the phonon spectrum in comparison with that of the single
domain Pb/Cu(001)-¢(2 x 2) structure. In Fig. 3(c) and (d) the
spectrum and local density of vibration states projected onto
Pby, and Pby separately are shown. Let us consider first the
modes localized on Pb atoms residing in the same hollow
positions as in the ¢(2 x 2) structure (Pby). Since the
I'-Xdirection of SBZ is the same for both the ¢(2 x 2) and

Phys. Chem. Chem. Phys., 2022, 24, 5164-5170 | 5167
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Fig. 3 Atomic structure of the Pb/Cu(001)-¢(5v2 x v/2)R45°, (a) top and (b) side view, respectively; dark (bright) orange balls correspond to the
adsorbed Pb atoms located in hollow (distorted) positions. (c) The phonon spectrum with Pb-derived vibration modes projected onto the x (blue), y
(green), and z (red) directions where dark (bright) colors correspond to projections for Pb in hollow (distorted) positions. (d) The corresponding local
density of states (LDOS) for vibrations localized in the Pb adsorbate layer, copper surface (Cus) and subsurface (Cus_4) atomic layers. The red and light
blue dashed lines in Cus and Cus_; subpanels show the LDOSs of the out-of-plane (2) and in-plane (XY) vibrations on the clean Cu(001) surface,

respectively.

¢(5V2 x V2) structures, we will focus mostly on this high-
symmetry direction. The lowest, almost dispersionless, along
the I'-X Y-polarized mode of the ¢(2 x 2) structure splits in two
branches in the case of ¢(5v2 x v/2), among which the lower
one is determined by the symmetric and the upper one by the
antisymmetric vibrations of Pb;, atoms. These two branches are
degenerate at Xat energy that is 1.7 meV higher than the
corresponding Y-polarized mode of ¢(2 x 2). However, these
vibrations of Pb;, atoms are not independent; they are accom-
panied by the complicated, mostly in-plane vibrations of the
Pby atoms. In particular, at the X point, the degenerate state is
characterized by an alternating displacement of Pb;, atoms in
the Y direction, while Pby atoms located on both sides of the
domain boundary have different displacements: along and
perpendicular to the boundary. Moreover, the last displace-
ments are also accompanied by the vibrations of Pbgq atoms in
the z direction. In the Pb LDOS (Fig. 3(d)), this complicated
Y-polarized mode gives rise to a broad Y-peak in the region of
3-5 meV.

The X-polarized Pb vibration mode of the ¢(2 x 2) structure,
which generates a narrow peak in the LDOS at 6.6 meV, can also

5168 | Phys. Chem. Chem. Phys., 2022, 24, 5164-5170

be identified in the Pby, LDOS for the ¢(5v2 x v2) structure at
7.2 meV. In the phonon spectrum, this mode is characterized
by noticeable broadening, even at the X point (below the bulk
phonon spectrum), due to complicated mixing with the vibra-
tions of the Pby atoms. Three branches appear between 7.0 and
8.1 meV at the X point. Among them, the two lower states at 7.0
and 7.5 meV come from the X-polarized Pby, vibrations accom-
panied by the XZ displacements of neighboring Pby atoms,
whereas the upper state in this range represents the even more
complex collective XZ-polarized vibrations of Pby and Pbyg
atoms. The Rayleigh wave Z-polarized vibration mode localized
on Pby, atoms can be found at an energy 1.5 meV higher than
that in ¢(2 x 2), moreover it is accompanied by the displace-
ment of Pby atoms along the x direction. In contrast to the
Z-polarized vibrations of Pb; located at ~9.2 meV, the Z-
polarized state highly localized on Pby atoms is observed at
7.8 meV, ie. almost at the same energy as in the c¢(2 x 2)
structure. This localized Z mode contributes to the LDOS peak,
which is determined by XZ mixed states discussed above.

In addition to vibrational states that are inherited from a
less dense c(2 x 2) structure and which are significantly

This journal is © the Owner Societies 2022
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modified when domain boundaries appear, new longitudinal
states also appear in the spectrum of the c(5\/§ X \/5) struc-
ture. At low frequencies, in the vicinity of the I and ¥ points,
the X-polarized collective vibrations of both Pby, and Pby atoms
are observed. In the Pb LDOS, these vibrations give rise to a
peak at 3.3 meV. Also, in the region of ~10 meV, an almost
dispersionless mode, determined by the mixed vibrations of
Pby, and Pby, atoms along the y and x directions, respectively,
appears in the spectrum. These vibrations are manifested as
well localized peaks at about of 11.5 meV in the Pb LDOS. Even
higher in energy, up to 22 meV, pure Y-polarized resonant
states localized on both Pby, and Pby atoms are observed. Their
appearance is caused by a contraction in the distances between
the nearest Pb atoms in the y direction which are decreased to
~3.2 A, compared to the distance of 3.615 A in the ¢(2 x 2)
structure.

Despite strong modification of the Pb vibration spectrum in
the ¢(5v2 x V2) structure as opposed to that of ¢(2 x 2), in the
Cug LDOS a significant change is observed only in the RW
mode peak, which demonstrates a larger high-frequency shift
of ~3.0 meV with respect to that on the clean Cu(001) surface
(red dashed line in Fig. 3(d), middle panel). The LDOS of the
second Cu layer (Fig. 3(d), bottom panel) and of deeper layers
practically does not feel the presence of the Pb adlayer.

4 Conclusions

In summary, we have studied the dynamics of Pb/Cu(001)
structures formed at various submonolayer Pb coverages from
0.375 ML to 0.6 ML. The following conclusions can be drawn.
The surface Pb-Cu alloy with a ¢(4 x 4) structure forming at
® = 0.375 ML is characterized by the vibrations of Pb atomic
rows along the row direction. These vibrations, which are
antiphase and inphase, lead to the appearance of soft modes
in the I'-X direction in the phonon spectrum, which indicate
the instability of this structure to external influences. An
increase in the Pb coverage to @ = 0.5 ML is accompanied by
a phase transition to a highly symmetric ¢(2 x 2) structure,
where Pb adatoms form an adlayer instead of a surface alloy.
The phonon spectrum of this adlayer is similar to the spectra of
clean (001) surfaces of fcc metals.* Vibrations of the Pb adlayer
only slightly change the phonon spectrum of the substrate,
which is expressed mainly in the high-frequency shift of the RW
mode, which, however, retains its localization. Such behavior
signifies relatively weak interactions between the Pb adlayer
and the Cu(001) substrate. A further increase in the coverage
leads to the formation of the ¢(5v2 x V2)R45° structure at
® = 0.6 ML. This structure is characterised by a regular
sequence of domain boundaries due to the compression of
the ¢(2 x 2) structure along the direction perpendicular to the
boundaries and demonstrates higher dynamic stability. This is
due to the deep penetration of longitudinal vibrations of Pb
adatoms into the region of bulk vibrations of the substrate,
leading to the stronger interatomic interactions of the adatoms.
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