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Linear response time-dependent density functional theory is used to investigate the relation be-
tween molecular bonding and surface plasmon for the model system H/Ag(111). We employ an
orbital dependent exchange-correlation functional to obtain a correct description of the Ag 3d band
which is crucial to avoid the overscreening of the plasmon by the s —d interband transitions. For the
clean surface, this approach reproduces the experimental plasmon energies and dispersion to within
0.15 eV. Adsorption of hydrogen shifts and damps the Ag(111) surface plasmon and induces a new
peak in the loss function at 0.6 €V below the Ag(111) plasmon peak. This feature originates from
interband transitions between states located on the hydrogen atoms and states on the Ag surface

atoms.

PACS numbers: 73.20.Mf,73.20.-r,71.45.Gm

I. INTRODUCTION

A large part of the research in the emerging field of
plasmonics focuses on designing the plasmonic proper-
ties of metallic structures through geometrical modifica-
tions on a subwavelength scalel. For example, the local-
ized surface plasmon resonances (LSPR) of noble metal
nanoparticles can be tuned by varying the size and shape
of the particles?. The sensititity of LSPR frequency to
the surrounding dielectric environment forms the basis
for molecular sensing.2 2 Despite the widespread use of
this technique, the relation between the adsorbate-metal
interaction and the plasmonic properties of the inter-
face is not well understood. Recently, important ad-
vances in this direction were provided by electron energy
loss measurements on well characterized noble metal sur-
faces. These measurements revealed a significant change
in surface plasmon energy and dispersion upon adsorp-
tion of thiol-bonded molecules which was rationalized us-
ing qualitative arguments®.

Time-dependent density functional theory (TDDFT)
has been successfully applied to describe plasmons in
a wide range of materials including simple metals and
their surfaces’, graphene based materials®?, bulk tran-
sition metals!?, and even superconductorsi!. However,
its application to noble metal surfaces has remained a
challenge. For the case of silver, which is one of the
most commonly used materials for plasmonic applica-
tions, first-principles investigations have been performed
for the bulk phasel?, smalll? and medium!? sized silver
clusters as well as atomic chains'®. However, ab-initio
calculations of plasmon excitations at Ag surfaces have
so far not been reported. One of the known problems is
the incorrect description of the Ag 3d bands by the local
density approximation (LDA) which leads to an artifi-
cially large screening of the plasmons. The many-body
GW method generally provides a good description of the
d bands in noble metals such as Agl? and Cut®. However,
due to the computational cost, plasmon studies based on
GW band structures have so far only been performed for

the bulk phase of these metals.

In this work we take the first step towards a micro-
scopic description of adsorbate induced effects on metal
surface plasmons by applying first-principles electronic
structure theory to investigate how the plasmons of the
Ag(111) surface are modified by the adsorption of atomic
hydrogen. The problem of the incorrect description of
the Ag 3d bands with the LDA and similar (semi-)local
functionals, is overcome by using the orbital dependent
GLLBSC functional. This functional lowers energy of the
Ag 3d band by around 1 eV leading to surface plasmon
energies for the Ag(111) surface in very good agreement
with experiments. Furthermore, we find that in the pres-
ence of hydrogen, the silver surface plasmon is redshifted
by 0.1-0.2 eV and in addition, a new peak arises at 0.6
eV below the surface plasmon resonance. This new peak
is shown to arise from interband transitions from the H
atoms to the surface Ag atoms.

II. METHOD

All calculations have been performed with the real
space projector augmented wave method GPAWL%:20,
The Ag(111) surface was modeled with 10 atomic layers
(20.5 A thick) and 1 x 1 unit cell. A supercell containing
30 A vacuum and an uniform grid spacing 0.18 A is used.
The structure relaxation was carried out using LDA and
8 x 8 Monkhorst-Pack k-point sampling. The Kohn-Sham
wave functions and band energies were calculated for the
relaxed surface using both the LDA and the GLLBSC
functional. The latter has recently been shown to pro-
duce band gaps for a range of different semi conductors in
very good agreement with experiments and more sophis-
ticated theoretical approaches while the computational
cost is comparable to that of LDA 18

The plasmon energies are obtained as peaks in the loss
function which is directly comparable to the EELS. The
former is defined as the imaginary part of the inverse
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FIG. 1: (a) The band structure of the Ag(111) surface cal-
culated with LDA (grey) and GLLBSC (black), respectively.
The Fermi energy is set to zero.

dielectric function,

Ime ™! (q,w) = Vo(q)Imxoo(q,w), (1)

where q is a wave vector in the Brillouin zone (BZ)
and and V.(q) = 4n/|q|? is the Coulomb interaction.
Xca’(q,w) is the wave vector and frequency dependent
density response function which is calculated within the
adiabatic local density approximation (ALDA) and using
wave functions and single-particle energies from an LDA
or GLLBSC calculation, respectively.

Since we consider a finite slab in a supercell geome-
try, q is restricted to the 2D surface BZ, i.e. its normal
component is set to zero. In general, the loss function
calculated in this way from Eq. (1) will show a peak
both at the surface and bulk plasmon energies. An il-
lustration of this can be seen in Fig. 2 of Ref.22 for the
case of a Mg slab. Details on the implementation of the
response function in GPAW can be found in Ref.22.

The density response function was calculated using
the adiabatic local density approximation (ALDA) for
exchange and correlation. To construct the density re-
sponse function, a dense sampling of the surface Broullion
on a 100 x 100 Monkhorst-Pack k-point grid was used,
and empty bands up to 30 eV above teh Fermi level were
included. A finite broadening parameter of 0.05 eV was
introduced. Local field effects were included in the direc-
tion perpendicular to the surface with an energy cutoff
of 500 eV. The thickness of the slab and vacuum, the
grid spacing, the number of bands and the effect of local
fields were separately tested to ensure convergence of the
plasmon energies to within 0.03 eV.

III. RESULTS

In Fig. 1 we show the band structure of the Ag(111)
surface calculated with the LDA (grey) and the GLLBSC
(black) functional. For the Ag(111) surface we find that
GLLBSC shifts the top of the Ag d band down by around
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FIG. 2: Electron energy loss functions for the Ag(111) sur-

face calculated with LDA (a) and GLLBSC (b), respectively.
The corresponding surface plasmon dispersions are shown in
(c) together with experimental values extracted from Ref.2%.
Lines in (c) are added to guide the eye.

1 eV compared to LDA, in good agreement with photoe-
mission measurements on Ag films2!. The bottom of the
d band is downshifted by 0.5 eV leading to an effective
narrowing of the d band of around 0.5 eV compared to
LDA. The correction to the sp bands is found to be mini-
mal. Similar GW corrections to the LDA band structure
have been reported for bulk Ag!2 and Cul®.

Fig. 2 (a) shows the loss function of a clean Ag(111)
surface calculated with LDA along the I' — M direction
of the surface Broullion zone. The wave vectors increase
from top to bottom in steps of Ag = 0.025A4~1. The
peak at 2.9 eV corresponds to the surface plasmon res-
onance. Due to the screening by the 3d electrons, this
value is considerably redshifted relative to the homoge-
neous electron gas prediction of 6.4 eV23. However, due
to the high position of the 3d band in LDA (see Fig. 1)
the screening is overstimated and the obtained plasmon
energy is too low compared to the experimental value of
3.71 eV24, Similar failures have been reported for other
bulk noble metals such as gold and copper22.

Fig. 2(b) shows the loss functions obtained from the
wave functions and energies of a GLLBSC calculation.
The better description of the Ag 3d states significantly



0.9 @ ®  Ag(111) 14.2
0 HeAg(11l)
4.0
S s
T 0.6} /'/.//3-8 s
@ 136 ¢
S o3} “
3.4
[m]
M 3.2
0'01 2 3 4 5 0.00 005 0.10 0.15
Energy (eV) a(A™h)
FIG. 3: (a) Energy loss functions for the Ag(111) surface

covered by a monolayer of hydrogen. (b) The corresponding
dispersion relations (open squares) compared with that of the
clean surface (filled circles). Lines in (b) are added to guide
the eyes.

improves the surface plasmon energy. In Fig. 2(c) we
compare the calculated g-dependent plasmon energies
with experimental values reported by Moresco et al.2%.
The GLLBSC values are in remarkably good agreement
with the experiments with deviations less than 0.15 eV
in the considered wave vector range. While the GLLBSC
improves the plasmon energies, the width of the reso-
nance remains too large. In fact, the experimental EELS
shows a very intense peak with a width around 0.1 eV
while both GLLBSC and LDA yield a less intense peak
with a width of 0.5 eV. Since we perform calculations
for a 10 layer Ag slab one might expect to see also the
bulk plasmon in the EELS spectrum. However, for silver
the deviation between the surface and bulk plasmon ener-
gies is only 0.1 eV. Since this energy difference is smaller
than the width of the plasmon peak we do not resolve
two peaks. On the other hand our calculations for the
Mg(0001) surface show that while the surface plasmon
is converged for 10 layers the bulk plasmon peak only
emerges for slabs thicker than 16 layers22.

We next consider the effect of a simple adsorbate on
the surface plasmons. Fig. 3 (a) shows the loss func-
tion of a ten layer slab of Ag(111) covered by a mono-
layer of H atoms on both sides of the slab. The g-vector
increases in steps of Ag = 0.025A~! from top to bot-
tom. In contrast to the single sharp surface plasmon
resonance found for the clean surface in Fig. 2(b), two
peaks with considerably lowered strengths, are visible in
the energy range 2-5 eV. As ¢ increases both peaks dis-
perse toward higher energies, but show distinct damping
behavior. The strength of the high energy peak decays
much faster than that of the lower energy peak. The en-
ergies of both peaks are plotted in Fig. 3 (b) as function
of q. The high energy branch is quite close to that of
the clean surface (black dots) indicating that this fea-
ture is due to a modified version of the original Ag(111)
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FIG. 4: (Color online) (a) Band structure of the Ag(111)
surface with a monolayer of hydrogen. The low energy peaks
in Fig. 3 (a) are dominated by transitions between the blue
and red colored bands. Dotted line at zero indicates the Fermi
level. (b) The wavefunction of the occupied (blue) and unoc-
cupied (red) band that is responsible for the above interband
transitions. Grey spheres are Ag and blue spheres are H. The
black lines indicate the unit cell.

surface plasmon. Interestingly, the adsorption of hydro-
gen changes the dispersion of this plasmon in the low
q regime from positive to negative. The same behav-
ior (change from positive to negative dispersion) was ob-
served experimentally for the surface plasmon of Au(111)
upon adsorption of thiolate bonded molecules®. Since a
negative dispersion is characteristic of free electron met-
als this change can be explained by a reduced effect of
screening by the Ag 4d electrons at the surface when the
H atoms are adsorbed, i.e. the H atoms make the surface
more free electron-like?2. The low energy peak in the
loss spectrum of H/Ag(111) is around 0.6 eV lower than
the surface plasmon of the clean Ag(111) surface. This
suggests that the origin of this feature is qualitatively
different from the original surface plasmon of Ag(111).

In general, the effect of adsorbates on the surface col-
lective excitations may be divided into a ’static’ contri-
bution arising from hybridization and charge transfer at
the interface, and a 'dynamic’ contribution arising from
the screening response of the electron system. The lat-
ter effect is e.g. responsible for the damping of plasmons
in adsorbed graphene?® and the narrowing of the energy
gap of molecules weakly physisorbed on a surface?’. To
distinguish the two effects, the loss function was calcu-
lated with the hydrogen layer gradually moved away from



the Ag surface. When the hydrogen atoms are more
than 2 A away from the surface hybridization and charge
transfer effects are negligible. At this distance the low
energy peak completely disappears from the loss spec-
trum and the higher energy peak becomes identical to
the surface plasmon resonance of a clean Ag surface. This
shows that the high energy peak is indeed a modified sur-
face plasmon of the Ag surface while the low energy peak
originates from a change of the electronic bandstructure
and wavefunctions at the interface, i.e. a ’static’ effect.

To further analyse the origin of the low energy peak,
we note that the loss function (in the low ¢ limit) can be
written as ea(w)/(e1(w)? + e2(w)?), where €1 and e are
the real and imaginary parts of the macroscopic dielectric
function, respectively. Because local field effects are in
fact negligible for small g, €2 is simply a joint density of
states of vertical single-particle transitions weighted by
dipole matrix elements, i.e. it has peaks at |€mkt+q — €nk]
with magnitude |(¥nk|e " 4" [¢mkiq)|?, Where €,k and
Ynk are the Kohn-Sham eigen energy and wavefunction
at band n with wavevector k. We find that es(w) (not
shown) has a peak at the same energy as the low en-
ergy peak in the loss spectrum. This shows that the low
energy peak is not due to a plasmon in the usual sense
(characterized by e(w) = 0) but is rather due to a high
density of uncorrelated single-particle transitions. In Fig.
4(a) we show the interband transitions which give rise to
the peak. Note that the usual condition of a surface plas-
mon e(w) + 1 = 0 is (approximately) valid when eis the
bulk permittivity. In our case € is the dielectric function
of the interface and thus e(w) = 0 is the correct condi-
tion.

The transitions giving rise to the low energy peak in
the loss spectrum occur between the bands marked by
blue and red curves in Fig. 4(a). These two bands are
absent in the band structure of the clean surface but
emerge from the adsorption of the hydrogen monolayer.
Fig. 4 (b) shows the shape of the wavefunctions corre-
sponding to the states marked by the arrow in panel (a).
The occupied band (blue line in panel (a) and blue ellip-
soid in panel (b)) has an s-orbital shape and is located
on the hydrogen atom (small cyan spheres). The unoc-
cupied band (red line in panel (a) and red ellipsoids in
panel (b)) has p-orbital character and is mainly located
on the surface Ag atom (large grey spheres). We thus
conclude that the low energy peak in the loss spectrum
of Fig. 3 originates from the interband transitions from
the H atoms to the surface Ag atoms. These interband
transitions also act as a decay channel for the modified
surface plasmon (the high energy peak) explaining the
stronger damping of the latter as compared to the clean
surface plasmon.

IV. CONCLUSIONS

In conclusion, we have calculated the electron energy
loss spectrum (EELS) of a Ag(111) surface with and

without a hydrogen monolayer using TDDFT linear re-
sponse theory. An accurate description of the Ag 3d
bands was found to be crucial for quantitative agreement
with experiments for the surface plasmons of clean sur-
face. Upon adsorption of hydrogen a new low energy peak
emerges in the EELS spectrum. The new feature was
attributed to interband transitions from a band located
mainly on the H atoms to a band located on the surface
Ag atoms. These results show that the surface plasmons
of noble metal surfaces can be significantly modified by
adsorbate molecules.
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