PHYSICAL REVIEW B 73, 245428 (2006)

Orbital selective overlayer-substrate hybridization in a Pb monolayer on Ag(111)
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The electronic structure of a Pb overlayer on Ag(111) has been studied by angle-resolved photoemission
spectroscopy. We identify three p bands. While the p,, bands are sharp and closely resemble the corresponding
bands of a free-standing Pb layer, the p, band is strongly spread in energy and momentum. Tight-binding
calculations of the electronic structure combined with structural calculations using the embedded atom method
indicate a symmetry dependent hybridization with the Ag(111) surface. We propose a symmetry selective,
surface state mediated coupling to the bulk continuum which results in a broadened line shape for the p, band

only.
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I. INTRODUCTION

The electronic structure of low-dimensional metal-on-
metal systems has attracted a lot of attention due to the ap-
pearance of peculiar instabilities such as charge density
waves and Peierls transitions.!? Further, in monolayer films
with long period superstructures the back folding of the band
structure has been observed.>® Among the metal-on-metal
systems with long period superstructures one distinguishes
networks of surface partial dislocations with localized stack-
ing transitions’ from moiré patterns where these transitions
occur homogeneously over the entire unit cell.®® For the
electronic structure, particularly moiré patterns have been of
interest, since in order for them to be formed, the lateral
stiffness of the film has to be large compared to the atomic
corrugation of the substrate binding potential. Therefore, to
first approximation, the vertical interaction is weak, and the
films display almost the electronic structure of a free-
standing monolayer.!® However, as we will show in the fol-
lowing, the remaining interaction with the substrate can be
strongly symmetry dependent and mediated by a surface
state. Another consequence of the weak vertical binding of
moiré structures is that the adsorbates forming such films
often act as surfactants in homoepitaxy,''~'* which requires
the evaporated atoms to be able to penetrate and diffuse un-
der the surfactant layer.'

Here we report an angle-resolved photoelectron spectros-
copy (ARPES) study of the electronic states of a Pb mono-
layer on Ag(111), a model system with a long range ordered
moiré-type superstructure. We show that due to a symmetry
selective hybridization with the substrate the Pb states with
D, character interact with the Ag bulk through a coupling to
the Ag(111) surface state, and that the coupling is much
stronger than for Pb states with p,, character. This interaction
leads to a selective breakdown of the overlayer band struc-
ture. The interpretation is based on structure calculations us-
ing the embedded atom method (EAM) (Ref. 16) combined
with tight-binding calculations for the electronic structure.
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II. EXPERIMENT

The samples were prepared in ultra high vacuum by suc-
cessive sputter/annealing cycles of the Ag(111) crystal to
clean the surface followed by the deposition of a monolayer
of Pb and post annealing to achieve structural equilibrium.
The annealing temperature for the clean Ag(111) crystal was
800 K, while the post-annealing temperature with the Pb
monolayer was 500 K. The structural quality has been veri-
fied by low energy electron diffraction (LEED) which
showed a typical moiré diffraction pattern.'” The base pres-
sure was <1 X 107! mbar. ARPES measurements were done
at 77 and at 300 K using Hel radiation (21.2 eV). The energy
resolution of the spectrometer was 10 meV and the angular
resolution was better than 1°.

III. RESULTS

A topographic image measured by scanning tunneling mi-
croscopy of this structure in Fig. 1(a) shows atomically re-
solved Pb atoms in a hexagonal lattice. The lattice mismatch
between the Pb monolayer and the Ag(111) substrate, accom-
panied by the rather strong lateral bonding within the over-
layer, induces a long range ordered hexagonal moiré pattern.
A Fourier transform of this image (not shown here) reveals
that the in-plane lattice constants of Pb and Ag(111) at the
surface are 3.51 A (Pb bulk: 3.50 A) and 2.89 A, respec-
tively. We find two equivalent Pb domains rotated by +4.5°
with respect to the Ag surface lattice, of which one is dis-
played in Fig. 1(a). Figure 1(b) shows a schematic of the
undistorted Pb and Ag lattices. The small hexagon in the
middle is the hexagonal unit cell of the nonmodulated Pb
lattice while the larger hexagon represents the hexagonal unit
cell of the moiré reconstruction which is denoted by (\e"ﬁ
X@TS)R19.1° with respect to the Ag substrate and (19
X \5T9)R23.4° with respect to the Pb lattice. The correspond-
ing surface Brillouin zones are displayed in Fig. 1(c). Dashed
lines show the Ag(111) surface Brillouin zone while solid
lines represent the Brillouin zones of the two rotated Pb do-
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FIG. 1. (Color online) (a) STM topography of the moiré structure. The Pb atoms are atomically resolved. (b) The undistorted structure.
(c) Schematic of the surface Brillouin zones (SBZ) for Ag(111) (dashed lines) as well as for the two rotated Pb overlayer domains (solid
lines). The symmetry points have the subscripts Ag and Pb, respectively.

mains. The schematic indicates that for each Brillouin zone

the high symmetry lines UK point in slightly different direc-
tions. We therefore denote the high symmetry lines for the

silver and the lead lattice as fKAg and T'Kp,, respectively.
This should be visible in the ARPES data.

The modulation of the atomic positions in the first layers
at the surface has been modeled by molecular dynamic simu-
lations within the embedded atom method (EAM). The in-
plane positions of the Pb atoms obtained from the ideal un-
distorted structure in Fig. 1(b) were used as input parameters.
The Ag-Ag and the Pb-Pb interactions have been taken from
Refs. 16 and 18, respectively, while the Pb-Ag has been ap-
proximated by a combination of the two monoatomic poten-
tials in the way proposed by Johnson.'® In order to reproduce
the (4X4) superstructure of Pb on Cu(111) (Ref. 20) the
Pb-Cu potential adapted from Ref. 19 had to be increased by
a factor of three, which has been adopted for the Pb/Ag(111)
structure. A 22-layer slab of silver covered by a monolayer of
Pb has been used with the two bottom layers frozen. The
result for the first two layers can be seen in Fig. 2 as a side
view. The atomic positions are modulated mainly perpen-
dicular to the surface. While the out-of-plane modulation of
atom positions in the Pb layer is with 0.09 A relatively
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FIG. 2. Side view of the calculated atom positions near the
surface. The y axis is compressed to enhance the differences in
atom positions. The scaling is the same for the upper and the lower
part.

small, the modulation of the Ag atoms in the top layer
amounts to 0.32 A. A qualitatively similar result has been
obtained for a Pb overlayer on Cu(111).?! For the
Pb/Cu(111) system, the Pb overlayer induced modulation of
the substrate surface has been proposed to be related to the
surface-active role of Pb. Due to the peculiar atom positions
this is referred to as inverse corrugation, which results in a
reduced buckling of the Pb overlayer.’ Because of the simi-
larities in the two systems, we propose a very similar mecha-
nism for the Pb monolayer on Ag(111).

The experimental band structure of Pb/Ag(111) along the

'Ky, line is illustrated as a stack of energy distribution
curves (EDC) in Fig. 3. The EDCs have been measured in

one degree steps starting with the T' point (normal emission)
at the bottom of the plot. The peaks associated with the Pb
monolayer band structure are indicated by vertical tick marks
indicating the dispersion. The same data is displayed as an
intensity image in Fig. 4(a). The intensity is on a linear scale
with black corresponding to highest photoemission intensity.
The strong emission feature which disperses from —3.7 eV at
about 0.8A~! to the Fermi level, as indicated by the arrow, is
the sp-derived Ag bulk band. The other emission features are
related to the electronic structure of the Pb monolayer. We
identify three bands within 2 eV binding energy of which
two bands have minima at —0.8 eV as well as —2 eV near

Kp, and one broad band is located near I'. Comparing the
experimental band structure with the tight-binding calcula-
tion of a free-standing Pb monolayer [see Fig. 4(c)], we can

identify the two bands near Kp, as Pxy bands and the broad
band as p, band.
Figure 4(b) illustrates the dispersion of these bands in a

direction perpendicular to fIZAg [line AB in Fig. 1(c) and
tilted line in Fig. 4(a) near Kp,]. It shows two pairs of bands
due to the two possible orientations of Pb domains, with
maxima along the T'Kp, lines. These bands cross at the

fKAg-line. The coexistence of the two domains explains the
apparent splitting of the p,, band which is observed near the

Kpy, point in Fig. 4(a).
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FIG. 3. (Color online) Stack of energy distribution curves of the

Pb monolayer on Ag(111) along T'K. The vertical tick marks indi-
cate the dispersion of the bands associated with the Pb monolayer.

IV. DISCUSSION

The striking aspect of the ARPES results in Figs. 3 and 4
is the very broad emission feature of the p, band dispersing

from T toward the Fermi level near the Dxy band. Its spectral
weight is so much spread in energy and momentum that the
dispersion is barely recognizable. To better visualize the
broadening of the p, band and the p,, bands, Fig. 5(a) shows
three energy distribution curves (EDC) as dotted lines at se-

lected momentum values along the I'Kpy, line. The inelastic
background has been subtracted from these spectra. The fit is
shown as a solid line with the Lorentzian components as
dashed lines. In the upper graph (k,=0.88 A~'), the Py band
appears as a double peak structure around —1.1 eV due to the
two coexisting domains. The two peaks have Lorentzian
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widths of 0.19 and 0.29 eV. The middle graph displays an
EDC measured at k;=0.44 A~!, just before the Fermi level
crossing of the p, band, which appears as a broad peak. The
Lorentzian width of this peak is 1.86 eV, much broader than
the widths of the features associated with the Py band. A

momentum distribution curve (MDC) along the TK Ag line at
an energy of —0.48 eV [Fig. 5(b)] shows two structures cor-
responding to the p, and p,, bands. They were fitted with
Gaussian line shapes with line widths of 0.53+0.04 and
0.11+0.03 A, respectively.

The discrepancies between the free-standing Pb mono-
layer calculation and the ARPES results point to the crucial
role of the overlayer-substrate interaction in determining the
nature of the electronic states at the interface. We have mod-
eled this effect by a tight-binding calculation for the three 6p
orbitals of a Pb layer coupled to the 5s orbitals of an Ag
layer. A tight-binding approach is not expected to yield a
quantitative agreement with the experiment, e.g., it fails to
reproduce the gap at the K point [see Figs. 4(a) and 4(c)].
Nevertheless, we find that it provides a very good qualitative
indication about the origin of the phenomenon. The result of
this calculation is displayed in Fig. 6. The atomic positions
for each of the 19 Pb atoms and 28 Ag atoms in the supercell
have been taken from the EAM calculation (see Fig. 2). The
diagonal energies u"”) are taken equal for all p orbitals
which yield two parameters u” and w'). The coupling is
parametrized by the tight-binding parameter V,,,. The other
relevant parameters are obtained from Ref. 22, i.e., their de-
pendence on angles and distances for the distorted structure.
Figure 6(a) shows the bands for the two layers with no cou-
pling between them. When the coupling is turned on in Fig.
6(b), the s and p. bands change their dispersion: They hy-
bridize and repel each other. The hybridization affects all the
occupied p, states, since the two bands run parallel over a
large portion of the Brillouin zone (BZ). As a result, the s
band moves above the Fermi level and the p bands to higher
binding energies. The p, band now carries about 20% of s
character. Although slightly smaller than the typical value,??
the parameter V,,,=0.46 eV was chosen so that the disper-
sion of the hybridized p, band lies within the broad experi-
mental feature. The hybridization of the s band with the oc-
cupied p,, bands is considerably smaller both because of the
larger energy separation, and of symmetry considerations.
Here the p,, bands fully retain their p character.

The line thickness in Figs. 6(a) and 6(b) is proportional to
the spectral weight, which is partially transferred from the
bands of the unmodulated structure to those corresponding to
the modulated atom positions, where the thinnest lines actu-
ally carry a vanishingly small spectral weight.>} Clearly,
most of the spectral weight of the unperturbed bands remains
with the original dispersion. We conclude that the perturbing
potential of the modulation which is perceived by the elec-
trons in the Pb overlayer is small compared to the potential
of the unmodulated, flat monolayer. This is further supported
by the experimental band dispersion, which follows the BZ
of the unmodulated Pb unit cell. Therefore, the moiré super-
structure per se is not a major factor in the breakdown of the
p.-band dispersion. A similar conclusion is arrived at for
Ag/Cu(111) where the moiré modulation does not change
the Brillouin zone.?*
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The large unit cell of the reconstruction introduces an-
other possible source of spectral broadening. The Pb adatoms
occupy several inequivalent adsorption sites. This modulates
the diagonal energies which we have supposed constant in
the tight-binding (TB) calculation. Modulating the diagonal
energies for the p orbitals introduces disorder and actually
broadens the bands (not shown). Nevertheless, we find that
the effect becomes comparable to the ARPES measurements
only for energy variations similar to the experimental line-
width (~2 eV), which is well beyond what is to be expected
from the EAM calculations.

From the presented results and the preceding discussion
we propose a different scenario. Because of the closer prox-
imity in energy, and possibly the more favorable orientation
of the p, orbitals, the p, band of the overlayer is more likely
to interact with the sp derived surface state of the Ag(111)
substrate than the p,, bands. Through the hybridization with
the surface state the p, band acquires some s character and a
longer penetration depth into the bulk. Comparing Figs. 4(a)
and 4(d) we find that the hybrid band resides within the
projected Ag(111) bulk band structure so that its interaction
with the bulk electronic states spreads spectral weight around

the band dispersion. For a given k; value, this is analogous to
the problem of an impurity interacting with a continuum.
Apart from possible band structure effects the resulting
energy broadening is then proportional to the effective
hybridization V2 between the hybrid surface state and the
bulk continuum.? In reality, the spectral distribution has an
upper bound given by the gap in the projected band stucture
[Fig. 2(d)]. This can be seen more clearly in the EDC mea-

sured at T in the lower panel of Fig. 5(a). The photoemission
intensity of the p, band is clearly truncated as it enters the
projected band gap. As a consequence, the image showing
the spectral weight distribution [see Fig. 4(a)] clearly out-
lines the projected energy gap [see Fig. 4(d)]. The Pxy bands
also reside within the projected Ag(111) bulk band structure
but these states interact only weakly with the surface state
and with the bulk states. These states are therefore more
localized within the Pb overlayer leading to a well-defined
peak in the photoemission spectra.

V. CONCLUSION

In conclusion, we find for the monolayer of Pb on
Ag(111) that electrons in states with different symmetries
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FIG. 5. (Color online) (a) Energy distribution curves measured
at three different wave vectors along the I'Kpy, line. (b) Momentum
distribution curve at —0.48 eV showing the p_ band and a p,, band
[see horizontal line in Fig. 4(a)]. The dots show the data, the solid
lines show the fit, while the dashed lines indicate the components of
the fit function.

behave differently within the same potential, leading to a
selective breakdown of the interface band structure. The p,
states hybridize with the substrate much more effectively
than the p,, states. Interestingly, this leads to a broadening of
the peak more than a substantial change in dispersion. This is
reflected in the much broader line width of the p, band which
is directly proportional to their relative hybridization with
the bulk bands. The photoemission spectra show that the
broad p, band outlines, as expected, the projected bulk band

structure near I'. Combining this with the tight-binding cal-
culation which shows a selective coupling of the p bands to
the Ag(111) surface state we conclude that the Ag surface
state mediates the coupling to the bulk continuum. A more
elaborate model like a first-principles slab calculation would
certainly provide a more detailed description of the overlayer
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FIG. 6. (Color online) Tight binding calculation of a Pb layer
with p bands and an Ag layer with an s band, (a) without and (b)
with coupling between layers (VSI,,,=0.46 eV). The atom positions
have been taken from the structure calculation. The line thickness is
proportional to the spectral weight. The color coding indicates the
character with (light gray) and black for pure s and p characters,
respectively. The color (grayscale) bar in (b) indicates the amount
of s character after hybridization.

band dispersion. Such a calculation would be computation-
ally quite costly given the large unit cell.

Similar results for other systems suggest that such ex-
tremely orbital-selective hybridization of interface states
with the substrate is a more general phenomenon. The broad-
ening of the p, states went unnoticed for a Pb monolayer on
Cu(111) in Ref. 10, but from an analysis of those data we
find that this phenomenon also exists in this system, although
less pronounced. The band structure is very comparable to
the Pb monolayer on Ag(111). Also for a Bi monolayer on
Ag(111) and Au(111) substrates we have observed a selective
hybridization even though the two-dimensional band struc-
tures are qualitatively different. Only with modern ARPES
and with intensity maps as displayed in Fig. 4, these kinds of
effects become readily visible and many interfaces can now
be reinvestigated in this perspective.
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