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Vibrations in submonolayer structures of Na on Cu(111)
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We present the results of a comparative study of the equilibrium crystal structure and vibrational properties
of the Na/Cu(111) system at coverages up to monolayer saturation. The calculations are performed with
interaction potentials from the embedded-atom method. The following ordered structures are considered:
p(3X3), p(2X2), (\s@x \55)30°, and (3/2X3/2). The surface relaxation, phonon dispersion, and polarization
of vibrational modes for the adsorbate and substrate atoms as well as the local density of states are discussed.
It is found that the bond length between an adsorbate and the nearest-neighbor substrate atom slightly increases
with increasing coverage. Adsorption of sodium also results in a small rumpling in two upper substrate layers.
The mode associated with adatom-substrate stretch vibrations was obtained in our calculation at about 22 meV
for all the structures considered. The strength of this mode decreases with increasing coverage in accordance
with the experiment. On the other hand, we find that the frustrated translation mode frequency of sodium on

Cu(111) is strongly coverage dependent.
DOI: 10.1103/PhysRevB.74.165412

I. INTRODUCTION

Adsorption of alkali-metal atoms on metal surfaces causes
a drastic change of many properties of metal substrate sur-
faces. In particular, this adsorption frequently results in the
formation of complex crystal structures which involve a cer-
tain restructuring of the substrate surface atoms.' It leads to
the modification of the substrate surface electronic states™>
and gives rise to adsorbate- (adlayer-)induced electron
states.*' The formation of submonolayer structures
on metals influences electron-electron'’!'? and electron-
phonon®!2-1 scattering in excited electron and hole states,
leading often to a change of the decay mechanisms of an
excited electron or/and hole.!”® It also gives rise to new
vibrational states related to the adatoms.'0-!8

Extensive studies have been performed for alkali-metal
atoms on aluminium surfaces. In addition to experiments and
theoretical calculations that focused on electronic properties
of the adsorbate-induced phases, the structural characteristics
as well as the influence of adsorbate-substrate and adsorbate-
adsorbate interactions on the vibrational properties have been
intensively investigated.>'%-'® As for Na adatoms on the
Cu(111) surface, so far the adsorption structures at coverages
below the saturated monolayer (ML) remain uncertain
though adsorbate-induced systems have been studied by dif-
ferent experimental techniques.®!*->3 At saturated monolayer
coverages, alkali-metal atoms adsorbed on close-packed
(111) metal surfaces generally form hexagonal structures.?
For Na adsorption, the monolayer saturation occurs at a cov-
erage of #~0.44 (the coverage is defined as the ratio of Na
adatoms to the number of Cu surface atoms) when the Na
adatoms form a hexagonal (3/2 X 3/2) structure with Na-Na
spacing close to that in the bulk sodium.>?'-23 At low cover-
ages, low-energy electron diffraction experiments report ei-
ther an ordered hexagonal p(2 X 2) structure at §~0.25,!%20
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or less ordered adsorbate phases up to monolayer
saturation.”! A low-temperature scanning tunneling micros-
copy study?® showed that already at coverages of 6~0.11
(0.25 ML) the Na atoms locally formed a p(3 X 3) hexagonal
phase with one atom per unit cell. To describe the transition
from the p(3 X 3) low-coverage structure to the (3/2X3/2)
with four atoms per unit cell in the saturated monolayer,
Kliewer and Berndt have suggested a model derived from an
analysis of the electronic structure of the Na films. This tran-
sition includes some intermediate phases such as a mixing of
p(3X3) and p(2X2) structures up to a coverage of @
~0.25 (0.56 ML) and the formation of a (3 X 13)30° struc-
ture with three atoms per unit cell at 6=0.33 (0.75 ML).
However, the adsorption site preference of Na adatoms on
Cu(111) has not been revealed yet experimentally. These data
are available for heavier alkali-metal atoms, K, Cs, and RbD,
on Cu(111).24-26 It was reported that these adsorbates occupy
on-top sites. For Li and Na adsorption, the work function
change and the coverage dependence of the work function
are found to be similar to those observed for the heavier
alkali metals.?” These similarities indicate that both Li and
Na adatoms occupy on-top or hollow sites rather than sub-
stitutional ones. For Li on Cu(111), according to the experi-
ments, substitution intermixing with substrate atoms occurs
only beyond monolayer coverage.””?® No experimental evi-
dence of the intermixing between sodium adatoms and cop-
per substrate atoms is available. Cluster calculations for a
single sodium atom adsorbed on the Cu(111) surface?® do not
show whether the Na adatoms occupy on-top sites or reside
in hollow sites. Later, the geometries of the p(2X2) and
(3/2%3/2) ordered adsorption structures on the Cu(111)
surface were investigated by comparing the binding energies
of the Na adlayer at different high-symmetry sites.’ It was
found that the Na adatoms have a slight preference for ad-
sorption in hollow sites at least in the case of the p(2X2)
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structure, in contrast to the heavier alkali metals, which pre-
fer on-top positions.»?*-26 However, the differences in the
binding energy between hollow and bridge sites are very
small, only a few meV. For fcc and hcp adsorption positions
the obtained values of the binding energy are the same. In the
case of the (3/2X3/2) phase, the calculated binding ener-
gies were found to be comparable for top or bridge and for
hollow adsorption, which indicates a weak site preference for
Na adatoms.

As for the vibrational properties, the phonon dispersion
curves have been measured using He scattering’®3! for Na
films on Cu(001) made of 1-30 ML, and then analyzed
within the framework of a force constant model.?> For Na
atoms absorbed on the Cu(111) surface, the frequency and
intensity of adatom-substrate stretch vibrations have
been measured using electron-energy-loss spectroscopy
(EELS).33-3¢ The vibrational energy of the stretching (S)
mode was found to be =21 meV and almost independent of
the coverage within the range of 0-0.35 ML, whereas the
intensity appeared to be strongly coverage dependent, with a
maximum at about 0.15 ML. It is known that a nearly con-
stant S mode energy is a common feature of alkali-metal
adsorption on close-packed surfaces.”’* At monolayer satu-
ration experimental data are available only for Na/Cu(100),
where the S mode vibrational energy is =18 meV.3° On the
other hand, the frustrated translation (7) mode of Na on
Cu(001) was shown to be strongly dependent on coverage®’
with, however, a negligible dispersion. In ab initio calcula-
tions of a monolayer Na film on Cu(111),"? the adatom-
substrate stretch energy of 21 meV was obtained from the
curvature of the total energy with respect to the displacement
of a rigid adlayer relative to a rigid substrate. Taking into
account the influence of the substrate lattice dynamics, the
value of 18 meV was obtained. Thus, for Na adatoms on
Cu(111), the frequency of an adatom-substrate stretch vibra-
tion is the only available value so far. Another motivation of
our work is to check whether the approximation of rigid Na
adlayer vibrations characterized by one frequency w, only'3
(Einstein mode) could be valid to represent the entire phonon
spectrum of 1 ML of Na on Cu(111).

PHYSICAL REVIEW B 74, 165412 (2006)

FIG. 1. Adsorption structures (a) p(3 X 3), (b)
p(2X2), (¢) (V3X3), and (d) (3/2X3/2). The
supercell is indicated by a rhombus. The num-
bered copper topmost layer atoms (gray circles)
and sodium adatoms (white circles) belong to the
unit cell (see the text). Here x=[110] and y

=[112].

In this paper, we present the results of a detailed compara-
tive theoretical study of the equilibrium crystal structure and
vibrational properties of the Na/Cu(111) system at cover-
ages up to monolayer saturation. We have considered the
following ordered structures: p(3X3), p(2X2), (V3
X 3)30°, and (3/2%3/2). To simplify the comparison of
the calculated vibrational properties of the (\EX v3)30°
structure with those of the other ordered phases, we use for
the former a unit cell (3X3) [see Fig. 1(c)]. The surface
relaxation and phonon dispersion curves as well as the local
density of states are analyzed. The paper is organized as
follows. A short outline of the calculation methods is given
in Sec. II. In Sec. III we present and discuss in detail
the calculation results. Finally the conclusions are drawn in
Sec. IV.

II. COMPUTATIONAL METHOD

The calculations are performed using the embedded-atom
method3® (EAM) for the description of the interatomic inter-
action potentials Cu-Cu and Na-Na. Parameters of the
method are determined by fitting to experimental data such
as the equilibrium lattice constant, elastic constants, sublima-
tion energy, and vacancy formation energy of the pure bulk
metals. These EAM interatomic potentials were applied be-
fore to the calculation of phonons on clean surfaces of Na
(Ref. 39) and Cu.*® The interaction between Cu and Na at-
oms is described by a pair potential constructed in the form
proposed in Ref. 41:

1
¢Cu—Na(r) = E(M(ﬁCu(r) + &¢Na(r)) B
Pcu PNa

where pcy(n,) is the electron density at a Cu (Na) atom site
formed by superposition of the electron densities of all other
Cu (Na) atoms of the corresponding bulk metal; ¢cyny) is
the pair interaction potential Cu-Cu (Na-Na).

To obtain the equilibrium configuration we relax the sur-
faces with adsorbates using standard molecular-dynamics
technique based on the calculated EAM interaction poten-
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tials. The evaluations of vibrational spectra are carried out in
the thin film model. We use a two-dimensional periodic slab
consisting of 31 atomic layers of Cu. This thickness is suffi-
cient to avoid interactions between two opposite surfaces of
the slab. The supercell for the p(3%X3), (v3 X 3)30°, and
(3/2 X 3/2) adsorption structures consists of nine copper at-
oms in each substrate layer. For the p(2 X 2) structure we use
a supercell with four Cu atoms per layer. The Na adatoms are
arranged in a corresponding adsorption structure on both ter-
minations of the slab.

The considered adsorption configurations are shown in
Fig. 1. The structures corresponding to a submonolayer cov-
erage of Na were suggested as a possible model of the tran-
sition from the p(3 X 3) phase with one Na atom per unit
cell, which is locally formed by sodium adsorbates at low
coverage (0.25 ML), to the (3/2 X 3/2) structure with four
Na atoms per unit cell, which is formed at monolayer
saturation.”? Such a model was motivated by an analysis of
the electronic structure of the Na films. Since preferable ad-
sorption sites for sodium on Cu(111) are still under discus-
sion, we first considered top, bridge, and hollow positions to
calculate the corresponding binding energies for Na adatoms.
The obtained results are close to the first-principles data re-
ported by Carlsson and Hellsing® for the structures p(2 X 2)
and (3/2X3/2). The energy differences between distinct
adatom positions are very small, so it is difficult to determine
the preferable adsorption site, though, in the low-coverage
range, the hollow sites seem to be more favorable. As for the
fcc or hep position of Na adatoms, the obtained binding en-
ergies are almost the same for all the adsorption structures
considered. The surface relaxations with Na in fcc and hep
hollow sites coincide within a few hundredths of a percent.
We have also performed phonon calculations with the so-
dium atoms on the top positions and in both fcc and hcp
hollow adsorption sites. It was found that the choice of a
hollow site type had practically no effect on phonon spectra
while for structures with Na on the top positions imaginary
phonon frequencies appeared as an indication of the crystal
structure instability. So the results presented below are ob-
tained with Na placed in the fcc hollow sites. In the case of
the (3/2 X 3/2) structure there is no possibility to construct a
hexagonal adlayer using only one type of adatom site: the
chosen configuration [Fig. 1(d)] has atom 1 in the fcc hollow
site and atoms 2, 3, and 4 in the surface unit cell at displaced
hcp hollow positions.

II1. RESULTS
A. Clean Cu(111) surface

For the clean Cu(111) surface the first interlayer spacing
as well as the second one were found to be contracted com-
pared to the bulk interlayer distance, A;,=—1.05% and A,
=-0.07%. This is in agreement with available experimental
and computational data. The relative contractions of the in-
terlayer distance measured using medium-energy ion scatter-
ing were found to be Aj;=—-1.0%+0.4%, and Ay=
—-0.2% *0.4%.%> The values obtained in the semiempirical®®
and first-principles calculations®® are A;,=—1.14% and A,
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FIG. 2. Phonon dispersion curves for the Cu(111) surface with
(a) (1X1), (b) (3%3), and (c) (2X2) unit cells. The open circles
show the surface states.

=-0.9%, respectively. The calculated phonon dispersion
curves along the high-symmetry directions of the irreducible
part of the two-dimensional Brillouin zone (BZ) are shown
in Fig. 2(a) (surface modes are denoted by open circles). The
obtained vibrational energies for the Rayleigh mode (RW) at

the high-symmetry points K (14.5 meV) and M (13.03 meV)
agree well with both experimental data*** (14.06 and
13.24 meV, respectively) and theoretical results reported in
Ref. 43 (15.3 and 13.5 meV) and Ref. 46 (14.06 and
13.65 meV).

To compare directly the phonon spectra of the clean and
adsorbate-covered surfaces we calculated first the phonons
for the clean surface with (2 X2) and (3 X 3) unit cells. The
corresponding BZ’s are shown in Fig. 3 in comparison with
that of the conventional (1 X 1) unit cell. In the (3 X 3) case,
the BZ is nine times less than that of the (1 X 1) unit cell.
This implies that different points of the original (1 X 1) BZ
are folded into the same symmetry points of the smaller
p(3X3) BZ as follows:
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FIG. 3. Surface Brillouin zone for the (1X 1), (3X3), and (2
X 2) surface structures. The irreducible part of the BZ’s for the (3
X 3) and (2 X 2) structures is hatched. Dashed hexagons correspond
to the BZ of the (1 X 1) unit cell.
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where %W means two-thirds of the segment W, etc. As a
consequence, the number of phonon branches for the p(3
X 3) structure, displayed in Fig. 2(b), is nine times that for
the original (1 X 1) surface. For example, at the ' point two
of the folded surface modes with a vertical (z)_polarization
originate from the RW modes at the points %FM (11 meV)
and (K) (14.5 meV) of the original (1 X 1) BZ. Similarly at
the M’ point one can find the surface modes from the points
M, %FM, and %FK of the original unfolded BZ. For the
p(2X2) BZ the folding scheme is

r —_— —_ —
''m—-T1',

l—3— —
(2 % 2)< EFM,ZFKHM R

ol —
K,-TK —K',
L 2

and the corresponding phonon branches, displayed in Fig.
2(c), are four times as many as in the original (1X1)

PHYSICAL REVIEW B 74, 165412 (2006)

B

g

=

&

28]

]

o

— 08
06
o4}
o2}
0.0 s
ok Cu (xy)
1.0} Cu(z)

08

5 12 18 24 30
Energy (meV)
FIG. 4. Local density of states for the clean Cu(111) surface.

structure. In Fig. 4 we plot the local density of states (LDOS)
for the outermost three layers of the surface as well as for the
central layer. The calculated LDOS’s show features quite
typical for the (111) fcc surface.*’” Further, we will discuss
the alterations of the surface modes and LDOS’s that are
inherent to the clean Cu(111) surface and the appearance of
new surface modes due to the Na adsorption.

B. Cu(111)-p(3 X 3)-Na

First we consider a p(3 X 3) structure with one atom per
unit cell [Fig. 1(a)] that is locally formed at a low coverage
of sodium, #=0.11 (0.25 of the saturated monolayer).?* The
Na atoms were arranged above the hollow sites of the re-
laxed Cu(111) substrate in a p(3 X 3) structure. Then the at-
oms were allowed to move according to the calculated forces
until the equilibrium positions were achieved. The calculated
bond length between the Na adatom and its nearest-neighbor
Cu atom, dy, ¢y is 2.82 A. Unfortunately there are neither
experimental data nor theoretical results for the bond length
in this structure. On the other hand, dy,.c, obtained from a
density-functional theory (DFT) calculation for sodium in
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TABLE I. The coordinates of sodium adatoms and the first-layer substrate atoms after relaxation. The
coordinates are given with respect to the ideal center of mass of the three Cu atoms creating the hollow site
before relaxation. The numbering of the atoms can be seen in Fig. 1. Ax and Ay are atomic displacements
from the ideal positions due to relaxation. In parentheses ab initio calculation results are given.

Atom  x (A) Ax x(Ref.9)  y(A) Ay y(Ref.9)  z(A)  z(Ref. 9)
Hollow site, Cu(111)-p(3 X 3)-Na
Cu, —1.290 -0.012 -0.745 -0.007 -0.053
Cu, 1.290 0.012 -0.745 -0.007 -0.053
Cuy 0.000 0.000 1.489 0.014 -0.053
Na 0.000 0.000 0.000 0.000 2.342
Hollow site, Cu(111)-p(2 X 2)-Na
Cu,  -1287  -0009  (-131)  —0.743  —0.005 (-=0.75)  —-0.028 (0.00)
Cu, 1.287 0.009 (1.30) ~0.743  -0.005 (-0.75)  -0.028 (0.00)
Cu, 0.000 0.000 (0.00) 1.487 0.011 (1.51) ~0.028 (0.00)
Cuy 2.547 0.000 (2.59) 1.476 0.000 (1.49) 0.056 (0.08)
Na 0.000 0.000 (0.00) 0.000 0.000 (0.00) 2.387 (2.40)
Hollow site, Cu(111)-(3 X v3)-Na
Cuy —1.296 -0.018 -0.748 -0.010 -0.007
Cu, 1.296 0.018 -0.748 -0.010 -0.007
Cuy 0.000 0.000 1.496 0.020 -0.007
Na 0.000 0.000 0.000 0.000 2.416
Hollow site, Cu(111)-(3/2%X3/2)-Na
Cu,y —1.294 -0.016 (-1.31) -0.747 -0.009 (-0.76) 0.032 (0.04)
Cu, 1.294 0.016 (1.31) -0.747 -0.009 (-0.76) 0.032 (0.04)
Cuy 0.000 0.000 (0.00) 1.495 0.019 (1.51) 0.032 (0.04)
Na, 0.000 0.000 (0.00) 0.000 0.000 (0.00) 2.477 (2.51)
Distorted hollow site, Cu(111)-(3/2X3/2)-Na
Cu, 0.000 0.000 (0.00) -0.760 -0.022 (-=0.77) -0.097 (-0.10)
Cus —1.285 —-0.006 (1.29) 1.472 -0.004 (1.49) 0.059 (0.05)
Cug 1.285 0.006 (1.30) 1.472 0.004 (1.49) 0.059 (0.05)
Na, 0.000 0.000 (0.00) 0.040 0.040 (0.08) 2.459 (2.47)

hollow sites at coverages of 0.56 and 1 ML (2.84 and 2.87 A,
respectively) was found to increase with increasing
coverage.” So the calculated bond length for a 0.25 ML Na
film is quite plausible. As a result of Na adsorption a small
rumpling in the first two layers of the substrate arises. The
Cu surface atoms located beneath the Na adatoms are re-
pelled into the substrate by 0.05 A, while other surface cop-
per atoms move outward by 0.01 A. Taking into account the
rumpling in the second substrate layer, the resulting relative
changes of the first and the second substrate interlayer dis-
tances with respect to the bulk spacing are A;,=-1.93% and
Ay;=—0.75% in the vicinity of the adatoms and Aj,=
—0.84% and A,3=0.72% otherwise. The optimized coordi-
nates of the adsorbate and surface atoms are given in Table I.

The calculated phonon dispersion curves for Cu(111)-
p(3X3)-Na are shown in Fig. 5. All the surface states found
on the clean Cu(l111) surface remain, including the RW
modes. The presence of adsorbates leads to a small alteration
of their frequencies while the polarizations are not affected.
Some of the modes have now a mixed character with dis-
placements of both adatoms and substrate atoms. Thus, the
vibrational energies of the two lowest substrate surface pho-

non modes associated mainly with vertical displacements of
atoms (these modes lie at the edge of the bulk spectrum)
become somewhat smaller than they are in the case of the
clean Cu(111), while the vibrational energies of the two
highest substrate surface modes which correspond to in-
plane motion of atoms are slightly higher than those on the
clean Cu(111). The Na adsorption also gives rise to two new
surface modes below the bottom of the bulk spectrum. They

Energy (meV)
Frequency (THz)

FIG. 5. Phonon dispersion curves for Cu(111)-p(3 X 3)-Na. The
open circles show surface states.
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FIG. 6. Local density of states for Cu(111)-p(3 X 3)-Na.

extend over the entire BZ and are almost dispersionless.
These frustrated translation (7) modes associated with in-
plane displacements are mainly localized on the adatoms
though on moving to the zone center they couple to the ver-
tical and in-plane motion of the substrate atoms the corre-
sponding small peaks at 3 meV are clearly seen in the local
density of states for the surface (S) and subsurface (S—1)
substrate layers (Fig. 6). The obtained “splitting” of the ad-
layer T modes is related to their hybridization with the sub-
strate acoustic modes: one 7 mode couples to the in-plane
substrate modes, whereas the other 7 mode couples to the
shear-vertical ones. When this coupling becomes negligible,
as happens when the 7 modes fall outside the bulk con-
tinuum, they become almost degenerate. Another mode was

obtained at the I' point at an energy of 21.92 meV. This
adsorbate-induced resonance characterized by displacements
of adatoms along the surface normal involves both in-plane
and vertical transverse motion of the substrate Cu atoms. It
spreads along all the high-symmetry directions of the BZ,
merging with the surface substrate phonons on moving to the
zone boundaries. A similar mode was obtained experimen-
tally using EELS.? Its vibrational energy of ~21.0 meV was
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Cu(111)-p(2x2){Na
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FIG. 7. Phonon dispersion curves for Cu(111)-p(2 X 2)-Na. The
open circles show surface states.

measured at coverages of up to 0.35 ML and found to be
almost constant. However, a strongly coverage-dependent in-
tensity was observed with a maximum at ~0.15-0.20 ML.
In Fig. 6 the calculated local density of states is presented for
the first three layers of the substrate and for adatoms. As one
can see, the substrate LDOS’s do not change significantly at
this coverage as compared with the clean surface except for a
very small additional peak which appears at low energies for
z-polarized vibrations of the top-layer Cu atoms (S) as well
as for the subsurface Cu atoms (S—1). These new substrate
modes are mixing with the in-plane vibrations of Na adatoms
mentioned above. The vertical vibrations of adsorbates form
a strong peak in the LDOS around the energy of 22 meV.

C. Cu(111)-p(2X2)-Na

For a sodium coverage of §=0.25 (0.56 of the saturated
monolayer), it was suggested that the adsorbates form an
ordered p(2 X 2) structure [Fig. 1(b)].!%2%23 After relaxation,
the bond length between the Na adatom and its nearest-
neighbor substrate atom, dy,.c,, is found to be of 2.84 A.
This result coincides with the value obtained in the DFT
calculation for this adsorption system.’ As in the previous
case, a small tendency for the substrate rumpling is found,
i.e., the substrate atoms located below the sodium adatoms
are repelled into the substrate by 0.03 A, while the others
move outward by 0.06 A (see Table I). For Cu(111)-p(2
X2)-Na the relative changes of the first and second inter-
layer spacings for the Cu atoms arranged around the Na ada-
tom are found to be Aj,=-1.1%, and Ay;=-0.35% with re-
spect to the bulk interlayer distance. The corresponding
values for the substrate atoms situated in the center of the Na
triangle [atom 4 in Fig. 1(b)] are 2.13% and —0.12%, respec-
tively.

The phonon dispersion curves for Cu(111)-p(2X2)-Na
are shown in Fig. 7. As in the previous case, the most promi-
nent feature is the lowest two 7 modes below the bulk
phonons which are strongly localized on Na adatoms. Both
of them correspond to in-plane vibrations of adsorbates.
However, as one can find, they shift toward the higher ener-
gies and at the K’ and M’ symmetry points their vibrational
energies are now 3.8—3.9 meV while in the case of the
Cu(111)-p(3 X 3)-Na structure these modes were found at
energies of about 2.2-2.5 meV. Another surface mode is a
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FIG. 8. Local density of states for Cu(111)-p(2X2)-Na.

vertically polarized resonance extending along all the sym-
metry directions of the BZ. The energy of this vibrational
mode at the I' point is ~22 meV. In the case of the
Cu(111)-p(3X3)-Na structure this surface resonance was
obtained at nearly the same energy. So its vibrational energy
does not vary with increasing coverage as was found experi-
mentally by Lindgren and Walldén.*® As in the previous case,
this mode involves in-plane as well as vertical vibrations of
the Cu substrate atoms and couples to the surface substrate
phonons on moving to the zone boundaries. In Fig. 8 we
present the calculated local density of states for the Na ad-
layer and three substrate layers. For Na atoms the results are
very similar to those obtained for the smaller coverage. The
main features are a low-energy peak determined by in-plane
motion of adsorbates and a broad peak distributed over a
relatively large energy interval around 22 meV and corre-
sponding to the vertical vibrations of adatoms. The latter is
similar to that for the Cu(111)-p(3 X 3)-Na structure but it is
now broader and less intensive. As for the LDOS’s for the
first two substrate layers, they change markedly. An addi-
tional low-energy peak at approximately 4 meV for verti-
cally polarized vibrations of the top layer Cu atoms (S) be-
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Energy (meV)
Frequency (THz)

FIG. 9. Phonon dispersion curves for Cu(111)-(y3 X 43)30°-
Na. The open circles show surface states.

comes more pronounced. This peak is determined by the
surface substrate modes which couple to the in-plane adsor-
bate motion and assume a mixed character as was mentioned
in the previous case. The main peak associated with
z-polarized vibrations of the first-layer Cu atoms splits up
into two due to the hybridization with the adsorbate modes.
The LDOS for the second substrate layer (S—1) assumes
more bulklike features.

D. Cu(111)-(\3X y3)30°-Na

Now we consider an intermediate (3 X 3) phase with three
Na atoms per unit cell, (v3 X y3)30°-Na, suggested in Ref.
23 for coverage #=0.33 (0.75 of the saturated monolayer).
The calculated equilibrium bond length between the Na ada-
tom and its nearest-neighbor substrate atom, dy,_c,, is found
to be 2.85 A. Unlike the previous cases no rumpling in the
first substrate layer was obtained because all Cu atoms have
the same atomic surrounding with regard to the adsorbates
while in the second substrate layer a small rumpling remains.
The relative changes of the first and the second interlayer
spacings are Aj;=—1.32% and Ay;=0.59%, respectively.

The calculated phonon spectrum for Cu(111)-(y3
X \3)30°-Na is shown in Fig. 9. In this case there are no
modes below the bulk continuum. Unlike the previous struc-
tures, the 7 modes associated with the in-plane vibrations of
sodium adatoms move up to higher energies. At the zone
boundary they lie at the edge of the bulk spectrum and re-
main almost dispersionless. Their vibrational energies are of
~5.5-5.6 meV. On moving to the zone center these modes

enter the bulk phonon region and split up. At the ' point
their vibrational energies are of 3.7 and 8.0 meV. This split-
ting is clearly seen in the local density of states shown in Fig.
10. The peak associated with the in-plane vibrations of the
adsorbates becomes double. At energies of about
21.9-22.1 meV there is a strong surface resonance which
spreads along all the symmetry directions of BZ. It is char-
acterized by vertical displacements of Na adatoms mixed
with the substrate atom vibrations. Similar modes were ob-
tained for all other adsorption structures considered. Their
vibrational energies practically do not change with coverage
and agree well with the experimental value of 21 meV.3¢ The
narrow low-energy peak associated with the in-plane motion
of adsorbates, which is a distinctive characteristic of the low-
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Local density of states for Cu(l11)-

coverage structures, now splits and becomes broader and
smaller due to the increasing hybridization with substrate
modes. In addition, a second peak grows in the energy range
of 12—16 meV. It is determined by in-plane adsorbate vibra-
tions which couple to the RW modes of the Cu substrate. As
for the top substrate layer, the corresponding LDOS changes
for the vibrations along the surface normal. On the whole,
the peaks are shifted towards higher energies and, besides,
the lower one associated with the substrate atom vibrations
which couple to the in-plane motion of the adatoms broaden
out considerably. As follows from Fig. 10, LDOSs for the
second and third substrate layers are already bulklike.

E. Cu(111)-(3/2X 3/2)-Na

The structure which Na adatoms form at the monolayer
saturation (it occurs at the coverage 6=0.44) has a (3 X3)
hexagonal symmetry with four Na atoms per unit cell.>!"?
The nearest-neighbor distance between Na atoms was found
to be 3.78 A that is very close to the metallic diameter of
sodium.? In the calculations we used a supercell consisting of

PHYSICAL REVIEW B 74, 165412 (2006)

Energy (meV)
Frequency (THz)

FIG. 11. Phonon dispersion curves for Cu(111)-(3/2X3/2)-
Na. The open circles show surface states.

nine Cu atoms in each substrate layer and four Na atoms
placed in the hollow-site-center adsorption structure: one
hollow site [atom 1 in Fig. 1(d)] surrounded by six distorted
hollow sites.? The atomic positions of the adsorbate and sub-
strate atoms were then relaxed to optimize the interlayer dis-
tances and take into account surface reconstruction effects.
The obtained coordinates are shown in Table I. The calcu-
lated nearest-neighbor Na-Cu distance dy, c, is 2.87 A for
Na atoms in hollow sites and 2.68 A for Na atoms in dis-
torted hollow sites. This result is in a good agreement with
the first-principles calculation values, dy, c,=2.89 A (hollow
site) and dy, c,=2.71 A (distorted hollow site).® Another re-
sult of the relaxation is a small substrate rumpling. The Cu
atoms lying just below the sodium one in the hollow site
[atoms 1, 2, and 4 in Fig. 1(d)] are shifted up by 0.03 A.
Atoms 5, 6, and 8 are moved up too but the displacement
value is 0.06 A while the substrate atoms below the sodium
adatoms in the distorted hollow sites (atoms 3, 7, and 9) are
shifted down by 0.10 A. Taking into account the rumpling in
the second substrate layer the final relative change of the first
interlayer Cu spacing, A;,, is 0.53% in the vicinity of the
sodium atom in a hollow site and A;,=—0.09% for substrate
atoms 5, 6, and 8. Close to the Na adatoms in the distorted
hollow sites (Cu atoms 3, 7, and 9) the first substrate inter-
layer distance contracts by 5.04% compared to the bulk
value.

The calculated phonon spectrum is shown in Fig. 11. As
for case of the Cu(111)-(v3 X 3)30°-Na structure, no Na
modes appear below the bottom of the bulk phonons. How-
ever, a new surface mode and a surface resonance appear at
the top of the bulk spectrum. The surface mode is character-
ized by both in-plane and vertical transverse vibrations of the
surface and subsurface Cu atoms as well as by the shear-
vertical motion of adatoms in the distorted hollow sites. The
resonance, the highest-phonon mode in the 'K’ and I'M’
directions, is related to the transverse motion of the substrate
atoms only. An analysis of the interatomic force constants
shows that the interaction between an adsorbate in the hol-
low position and the nearest-neighbor Cu atoms becomes
weaker with the increasing coverage. However, in the case of
the (3/2 X 3/2) structure three of four Na adatoms in the unit
cell occupy distorted hollow sites and for them the interac-
tion with the substrate is found to be strong. It is even stron-
ger than the interlayer interaction between Cu atoms in the
case of the clean Cu(111) surface. The interaction between
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the surface and subsurface Cu atoms located below the so-
dium adatoms in the distorted hollow sites notably strength-
ens too unlike the previous cases. In particular, this results in
the substantial contraction of the first interlayer substrate
spacing and the appearance of the high-energy mixed trans-
verse modes at energies between 30 and 33 meV. As clearly
seen in Fig. 12, these modes penetrate up to the third Cu
layer. As in the previous cases a mixed surface state corre-
sponding to the shear-vertical displacements of the adatoms
in the hollow sites was obtained. This almost dispersionless
mode extends along the entire BZ. Its vibrational energy
does not change compared to that for the structures with the

smaller coverage and amounts to 22.1 meV at the I' point.
The other adatoms, located in the distorted hollow sites, form
a very flat mode of vertical vibrations at energy of approxi-
mately 26.3 meV. These two modes produce the correspond-
ing two peaks in LDOS for the adatom layer (Fig. 12). A few
new peaks of z-polarized adatom vibrations are seen in the
LDOS at energies 9-16 meV. These vibrations couple to
vertical motion of the Cu substrate atoms. In general, the 1
ML Na/Cu(111) LDOS for z-polarized vibrations of ada-
toms is much broader than the corresponding LDOS for the
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lower coverages. This clearly shows that the vibrational
spectrum of 1 ML of Na on Cu(111) is very different from
the single mode spectrum which can be used for the simple
description of the z-polarized Na vibrations at lower cover-
ages. Additionally to the large broadening, the LDOS for the
Na vertical vibrations appears to be significantly smaller in
magnitude compared to that for the lower coverages. Two T
modes associated with in-plane displacements of adsorbates
are shifted toward the higher energies above the bulk phonon
edge. The first of them is mainly determined by the in-plane
displacements of the hollow site adsorbates (84%), the sec-
ond one is characterized by the in-plane motion of the Na
atoms in the distorted hollow positions (66%). Both modes
couple to the motion of the top layer Cu atoms along the

surface normal. At the M’ point the vibrational energies of
these modes are 5.87 and 6.41 meV, respectively. Approach-

ing the K’ point they degenerate and have a vibrational en-
ergy of about 8.0 meV. Then, as in the case of the (v3
X \/3) structure, they split on moving to the zone center and

at the T point these modes are located about energies of 1.5
and 8.5 meV, respectively. In contrast to in-plane vibrations
of adsorbates at low coverages of Na, for | ML Na an addi-
tional strong peak in the LDOS appears at energy of approxi-
mately 18 meV. This peak is determined by the adlayer vi-
brations which couple to the RW modes of the Cu substrate.

IV. CONCLUSION

We have presented the results of a comparative study of
the vibrational and structural properties of the Na/Cu(111)
systems at coverages up to the monolayer saturation. The
following ordered structures have been considered: p(3X3),
p(2x2), (V3X V3)30°, and (3/2%3/2) corresponding to
coverages of 0.25, 0.56, 0.75, and 1 ML of Na, respectively.
The calculation of equilibrium geometry showed that the
bond length between an adsorbate and the nearest-neighbor
substrate atom slightly increases with increasing coverage.
The obtained bond lengths for the p(2X2) and (3/2X3/2)
structures are in good agreement with the ab initio results.”
Adsorption of sodium also results in a small rumpling in the
two substrate layers. The magnitudes of these local alter-
ations depend on the relative positions of Cu atoms with
respect to the adsorbates.

All the surface modes inherent in the clean Cu(111) sur-
face were found to remain at any coverage. They only as-
sume a mixed character coupling to the adsorbate modes.
The presence of adsorbates also leads to a small alteration of
their frequencies. Marked changes occur for the z-polarized
vibrations of the top Cu layer. With increasing coverage the
corresponding peak in the LDOS splits up and broadens con-
siderably due to hybridization with adsorbate atom motions.
The mode associated with adatom-substrate stretch vibra-
tions was obtained in our calculation at about 22 meV for all
the structures considered. The calculated vibrational energy
agrees well with the value of 21 meV measured by EELS
and was found to be almost constant for any submonolayer
coverage.’® However, the intensity of this mode decreases by
a factor of 2 with increasing coverage from 0.25 ML to the
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saturated monolayer, which is also in agreement with experi-
ment. At the saturated monolayer many maxima appear in
the LDOS for z-polarized vibrations of adatoms, making the
LDOS much broader than for lower coverages. One of these
maxima corresponding to the vibrations of adsorbates in the
hollow positions remains at about 22 meV. The sodium at-
oms located in the distorted hollow sites interact more
strongly with the substrate due to the shorter Na-Cu dis-
tances and as a result have higher vibrational energies. Two
adlayer T modes with in-plane polarization are located below
the bottom of the bulk phonons for the p(3X3) and p(2
X 2) structures. As for their energies they are shifted up with
increasing coverage. The “splitting” of these 7 modes is
caused by hybridization with the substrate acoustic modes.
When they fall outside the bulk continuum, they become
almost degenerate. These modes appear in the corresponding
LDOS’s as narrow prominent peaks. The same modes for the
(V3% \3) and (3/2%3/2) structures are shifted toward

PHYSICAL REVIEW B 74, 165412 (2006)

higher energies above the bulk phonon edge. So, unlike the

energy constancy of the surface resonance at the I' point (the
stretch S mode), the vibrational energy of the frustrated
translation 7 modes is found to be strongly coverage depen-
dent. It increases by a factor of 3 with increasing coverage
from 6=0.11 to §=0.44. This dependence is due to the fact
that the distance between adatoms becomes shorter with in-
creasing coverage and as a result the interaction in the ad-
layer film becomes stronger too.
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