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Electronic Properties of the Silver-Silver Chloride Cluster Interface

Stephan Glaus,'®! Gion Calzaferri,*!*! and Roald Hoffmann*!"!

Abstract: The objective of this study
was to gain insight into the electronic
structure of silver—silver chloride clus-
ter composites and especially into the
metal —semiconductor interface. For this
purpose a theoretical study of (AgCl),
(n=4, 32, 108, 192, and 256), of Ag,
(m=1-9, 30, 115, 276, and 409), and of
the cluster composites Ag;;s—(AgCl)o,
and Ag,—(AgCl)y, has been carried
out. Density of levels (DOL), local
density of levels (/-DOL), and projec-
tion of surface states, as well as projec-
tion of properties of individual atoms or
groups of atoms obtained in molecular
orbital calculations, are shown to be

(AgCl)yq, cluster, was found to be re-
markably stable with a cluster-to-cluster
distance of about 280 pm, and a geom-
etry in which the number of bonding
interactions between the silver atoms of
Ag,;5 and the chloride ions of (AgCl),q,
is at its maximum. A sharp jump in
charge distribution occurs at the Ag;;s—
(AgCl),9, composite interface. The first
AgCl slab picks up negative charge from
the two adjacent silver slabs, so that in
total the silver cluster is positively
charged. In addition, the core of the
silver cluster is positively charged with
respect to its outermost layer. The main
reason for the charge transfer from the

silver cluster to the silver chloride is the
newly formed MIGS (metal induced gap
states) in the energy-gap range of the
silver chloride and the MIdS (metal
induced d states) in the d-orbital region.
Their wave functions mix with orbitals
of the silver cluster and with both the
orbitals of the silver and the chloride
ions of the silver chloride. The MIGS
and the MIdS are of a quite localized
nature. In them, nearest neighbor inter-
actions dominate, with the exception of
close-lying silver chloride surface
states—which mix in to a large extent.
We conclude that especially the MIGS
not only influence the photochemical

powerful tools for gaining deep insight
into the properties of these large sys-
tems. The Ag;;s—(AgCl),, aggregate,
consisting of a cubic Ag,s cluster with-
out corner atoms on top of a cubic

interfaces -
- silver chloride

Introduction

Metal —semiconductor contacts have been the subject of
various investigations for over 100 years. Their behavior led to
the discovery of Schottky and Ohmic contacts and to the
concept of band bending, illustrated in Figure 1.~ In the
simple Schottky theory, the contact type depends on the
relative energy position of the semiconductor band gap with
respect to the metal work function. The bending of the
conduction and valence band is due to a change in the
electrical potential, — e¢, which is caused by electron transfer
at the interface region.
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properties of silver chloride, but that
their existence might be probed by
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Figure 1. Band representation of an n-type semiconductor in contact with
a metal, showing how metals with low work functions lead to Ohmic
contacts and metals with high work functions form Schottky contacts. —e¢,
¢, €p, and ey represent the electrical potential, the conduction band energy,
the Fermi level, and the valence band energy, respectively.?!

Microscopic and atomistic cluster aspects are missing
in Figure 1. What does happen at the interface, in terms of
electronic states and charge distribution, when two clusters
are brought into contact, as shown schematically in Figure 2?

Large single-crystal or dense AgCl materials are only
slightly light sensitive. Pronounced light sensitivity is observed
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Figure 2. Energy level diagram of a Ag,, and a (AgCl), cluster. The figure
illustrates schematically the new states built up at the interface upon
interaction of the clusters. These interface levels (Metal induced gap states)
influence the electronic properties of the cluster composite and are the
main point of interest in our study.

for AgCl materials with large surfaces see for example ref. [5].
Defects in crystals may give rise to states similar to those
created by surface atoms. The interaction of metal particles on
semiconductor surfaces, which is a complex problem due to
the variety of processes involved, has been experimentally
investigated on many surfaces.*”) However, a theoretical
study of a metal —semiconductor cluster interface on a system
of relevant size remains challenging. One reason for this is the
rapidly increasing number of atoms in such clusters. We have
recently shown that molecular-orbital calculations are well
suited for studying the electronic structure of AgCl crystals, of
AgCl clusters, and of hydrated silver ions, as well as for
advancing our understanding of silver ions in zeolites.'* 1]
This has encouraged us to undertake theoretical investiga-
tions on the (AgCl),, Ag,,, and the Ag,,— (AgCl), composites
shown in Figure 3.

F;h
AgCl,
3
=2 @
AgCl,, Ady
i e §§
AgCly Ay

AgCl,.

Figure 3. Clusters and composites studied in this and former work.['”l The
silver atoms and the silver ions are shown in dark gray, while the chloride
ions are light gray.

While the calculation of large systems consisting of several
hundred up to a few thousand atoms depends mainly on the
computer power available, the extraction of relevant qual-
itative information from the vast array of generated numbers
does not become any easier if one has great resources. There is
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too much information in the individual energy levels. Even
the frontier-orbital region is not easy to survey. However,
tools and concepts such as LCFMO,['? the density of levels
(DOL), the local-DOL (I-DOL),['* 4l and more recently the
density of transitions!'!l have been shown to be very powerful.
The technique of projection of surface states!™ (what a
chemist would call contributions of surface states), as
discussed in ref. [12], has been recently generalized.['”l A
further tool which we will show to be useful for analyzing
large clusters is the projections of properties of individual
atoms or groups of atoms. The main question addressed in this
study is: How can Ag,,— (AgCl), composites be described and
what are their properties? This raises some additional
questions such as: How large must a system be for inner
atoms to be regarded as bulk atoms? Can we distinguish
localized energy levels at the interface? What are the
properties of atoms located at the metal —semiconductor
interface? What is the charge distribution at the interface?
Do surface states (SURS) influence the interface properties?
We show that the methods applied in this study lead to
exciting new insights, which, in turn, we hope will stimulate
future experimental work.

Computational Methods

Molecular orbital (MO) calculations: Extended Hiickel molecular orbital
(EHMO)!" and tight binding (EHTB)!'! calculations in their ASED
(atomic superposition and electron delocalization) form!'® ] were per-
formed by using the ICON-EdiT®! and BICON-CEDiTP! program
packages, respectively. The off-diagonal elements were calculated by using
the modified distance-dependent weighted Wolfsberg— Helmholz formula
explained in ref. [22] with « =0.8, 6 =0.35A~!. The Coulomb parameters
Hj;; and Hj of the ith and jth atomic orbital have been determined by a
revised self-consistent charge configuration (SCCC) procedure. Details are
given in the appendix. The Slater parameters listed in Table 1 and SCCC
parameters in Table 2 were used. Densities of states (DOS) were
determined by using a set of 100 k points representing the face centered
cubic lattice.?!

Table 1. Slater exponents

Element AO & & c [
Cl 3s 2.50
3p 1.73
Ag* Ss 1.85
S5p 1.30
4d 3.91 1.54 0.824 0.329
Ag’ Ss 1.70
S5p 1.30
4d 3.91 1.54 0.824 0.329

Density of levels (DOL): The calculated extended Hiickel wave functions
and respective energies were subsequently used to compute the density of
levels (DOL)."¥1 We make use of the terms DOL and /-DOL. The DOL
counts the number of discrete energy levels (molecular orbitals) in a given
(small) energy range. In its limiting case for very large systems, it is identical
to the density of states (DOS), familiar from solid state physics.!'”! The half
width of the Gaussian function used to fit the DOL was 0.05 eV. A local
DOL (I-DOL) is the contribution to the DOL of an atom group or a single
atom. The concept is related to the atomic orbital projections in the EHTB
method. It provides useful information, for example allowing us to
distinguish properties of surface atoms from those of bulk atoms. In this
projection procedure, the electron occupation for the specified atom is
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Table 2. Self Consistent Charge Configuration Parameters.

Configuration d, [eV] d, [eV] d, [eV]
Silver
sVOIE 4d105s! 0.5500 8.3900 7.5800
4d°5s? 0.3700 8.8800 8.8000
4d°5s!5p! 0.3100 9.7100 10.2300
pVOIE 4dp! 0.7700 6.4600 3.8300
4d°p? 1.1800 6.8600 8.1200
4d°5s!5p! 1.1800 6.8600 4.7600
dVOIE 4410 —3.9000 25.6000 0.0000
4d'05s! 0.4600 12.6600 12.7700
4d1°5p! 0.8100 11.6700 14.4900
Chlorinel?
sVOIE 3s23p° 1.6986 15.7089 25.2682
pVOIE 3s23p° 1.6726 13.1796 13.6880

[a] Ref. [24].

calculated by means of the Mulliken population analysis.>! The occupation
number thus obtained is multiplied by the total DOL. After normalization
it can be compared with the total DOL or with another projected DOL.!!

Annotation of the composites: Figure 4 shows the numbering of the layers
used for the Ag;;5s—(AgCl),y, composites. Layers 1 to 6 belong to the AgCl
cluster, layers 7 to 11 to the Ag cluster. The two cuts I and II are used to
distinguish surface properties from bulk properties, in a sequence of
numerical experiments to be described below. They also apply to the
Agyo— (AgCl),g, composite. We distinguish three situations: a) in which all
atoms are taken into account (= total). b) in which all atoms except the
outermost shell of the silver cluster are considered (= cut I) and c) in which
only the core of the silver cluster is considered (= cut II). We also show the
rotation coordinate used in the geometry optimization.

11 A
10
9 Total
8
7
6
5 — Cutll
4
‘3 — Cut |

Figure 4. Numbering of the layers of the Ag,;s—(AgCl),s, composite and
definition of the two cuts we are using. In addition, the rotation of the Ag;;s
cluster around its center on top of the (AgCl),o, is shown.

Results and Discussion

The objective of this study is to gain insight into the electronic
structures of the Ag,—(AgCl), cluster composites and
especially into the metal —semiconductor interface. This goal
can be achieved by performing calculations for the clusters
shown in Figure 3. A detailed investigation of (AgCl), clusters
was published recently!™” and will only be reviewed briefly.
We then report relevant data for silver clusters, before
proceeding to the Ag,,— (AgCl), composites.
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(AgQl), clusters: It is well established that the (100) surface of
AgCl is by far the most stable.?l Cubic (AgCl), clusters have
therefore been investigated in some detail. We found that the
computational results obtained for the AgCl molecule, for an
infinite AgCl crystal, but also for hydrated silver ions are in
good agreement with experimental results.'?) Based on this,
the AgCl bond length and the electronic structure of four
different (AgCl), clusters (n=4, 32, 108, and 256) were
investigated. The calculated AgCl bond lengths show an
increase of 0.13 A from (AgCl), to (AgCl);, but the changes
become smaller for larger clusters, only 0.02 A, for example,
on going from (AgCl);os to (AgCl),ss. The same is true for the
HOMO-LUMO gap. The energy of the HOMO changes
little even from the AgCl molecule to (AgCl),. This orbital
consists of Cl-3p lone pairs while the LUMO is of a Ag-5s
type. In the larger clusters, the LUMO is mainly localized at
the corner atoms and can therefore be identified as a surface
state (SURS). These SURS reduce the undisturbed crystal
band gap by about 1 eV.[!%]

Ag,, clusters:? Nanometer-scale clusters of materials have a
demonstrated variety of applications ranging from cataly-
sis,?% 21 to optoelectronics,*” photography,*!! surface-en-
hanced Raman spectroscopy? and electronic devices.]
Silver clusters have recently also been used in studies on
organic-based solar cells, in which they work as electron
injectors.* We have been interested in the role of Ag clusters
in photocatalytic water-splitting devices! that are based on
silver chloride as photoanode.!

Silver clusters have been investigated experimentally and
theoretically in many laboratories and for different purposes.
We focus on properties relevant to the questions addressed in
this paper, beginning with the first ionization potential, which
has been measured for Ag,, m=1, 2, 9.136. 371 The
experimental work functions for the different silver crystal
surfaces are 4.14 eV, 4.22 eV, and 4.46 eV for (110), (100), and
(111), respectively.’®! The comparison of the experimental
values and our calculations in Table 3 and Figure 5 illustrate
that the calculations reproduce the experimental trend nicely.

Table 3. Experimental, calculated ionization energies, symmetry and
structure of Ag, (n=1, 2, 3, ... o) clusters. Experimental values are taken
from refs. [36—38].

n(Ag,) IPy,[eV] TPy, [eV] symmetry structure
1 7.57 7.57 - -
2 7.60 9.47 D, line
3 6.20 5.95 Dy, triangle
4 6.65 7.74 D,, rhombus
5 6.35 6.78 Cy, planar triangular lattice
6 7.15 8.22 Csp, pentagonal pyramid
7 6.40 7.29 Ds, pentagonal bipyramid
8 7.10 7.98 Oy cube
9 6.00 5.92 Cyy capped square antiprism
30 - 5.32 Dy, -
115 - 4.65 Dy, -
276 - 4.39 Dy, -
409 - 4.31 Dy, -
00 4.46 (111) 443 - face centered cubic
00 4.14 (110) - face centered cubic
00 4.22 (100) - face centered cubic
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Figure 5. Ionization energies of Ag, clusters (n=1, 2, ..., 276) and the
crystal calculated with the EHMO method (——o——) and the liquid drop
modell®#l  (~.—.-). Experimental values have also been added
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We are therefore confident that the theoretical values
obtained for Ags,, Agis, Agye, and Agyo make sense. The
structures we used rely on the theoretical results reported in
refs. [39] and [40] for Ag; to Agy. Larger clusters are expected
to be spherical in order to minimize their surface energy. We
mimic them as cubic clusters without corner atoms. An
exception is the Agy cluster, which was used for a special
purpose, as will be seen. The results in Table 3 and Figure 5
show the well known odd-even oscillation, which is also
present in alkali metal clusters.! This oscillation has its origin
in the alternating single and double occupation of the HOMO.
The EHMO calculations overestimate this oscillation because
the electron—electron repulsion is only treated in average
manner. This is also the reason why the ionization energy of
Ag, is overestimated. The effect smoothes out, however, with
increasing cluster size as the liquid-drop model starts to
become a reasonably good approximation.*> ! Quantum
chemical calculations of other groups for Ag,, (m < 20) lead to
similar results. Theoretical and experimental absorption
spectra of extended Ag crystals are discussed in ref. [44].
Electronic absorption spectra of small Ag,, clusters with m =
2-21 are discussed in ref. [45].
The evolution of the elec-

tronic properties as a function 21
of the cluster size and the ]

. LUMO
influence of surface effects are

HOMO

best seen by analyzing the DOL 7
and the [-DOL. The DOL of % 8
Agy (1). Agyis (2). Agars (3). and I
the DOS of Ag,(4) are shown % ,,,,,,,,,,,,,,,,,,
in Figure 6. Also the projec- 127
tions (.-DOL) of Ag,;s without 14

the outermost surface layer (3a)
and without the two outermost

energy. In the DOL of Agy, we can almost distinguish every
single energy level, except in the d-orbital region at —13 to
—11 eV, which is broadened due to numerous levels close to
each other in energy. Ag, has an energy gap of about 1 eV.
This gap has disappeared in Ag;5. Little changes upon
increasing the size from Ag;;5 to Ag,s. These clusters already
show the properties of large Ag particles. However, the
cluster DOLs stemming from d levels differ significantly from
the DOS of the bulk. The peak, marked with a circle in
Figure 6, is missing in the cluster DOL for Ag,;; and smaller
clusters. The reason for this can be deduced when considering
the /-DOLs (3a) and (3b). The peak shows up clearly in (3b),
the part of the cluster with the outer shells removed. It follows
that atoms lying at the surface have “buried” the indicated
peak. The core of the cluster shows bulk properties. The
difference between the DOL (3) and the /-DOLs (3a) and (3b)
are due to dangling bonds (unsaturated coordination) at the
surface. The SURS of small clusters up to Ag, have been
discussed in the literature,“*1 and the results reported agree
well with our observations. Less information could be
deduced from the DOL and DOS above — 11 eV, composed
primarily of s and some p states.

The bond lengths of the Ag,, clusters show a steep increase
with size until about m = 10, at which point the atom-to-atom
length observed in the bulk silver is reached. The calculated
bulk distance is 3.1 A, while the experimental value is
2.9 A.B051 We have used this latter value for all further
calculations. Similar results were found by Bonaci¢-Koutecky
et al.;?”

Ag, - (AgCl), composites: We have shown that important
properties of Ag,, and (AgCl), clusters can be well described.
Also the two clusters Ag;;s and (AgCl),q, are large enough
to mimic bulk properties in the core and surface states on
the outside of the crystallite. From this we deduce that it is
most reasonable to choose the Ag;;s—(AgCl),y, composite
illustrated in Figure 4 as the main object for further inves-
tigations.

iididald

atomic shells (3b) are drawn. -18
The DOS contributions of the s,
p, and d orbitals have been
projected for Ag, and are
shown on the right. The solid
line marks the HOMO of (2),
(3), and (4), which also corre-
sponds to the first ionization

Chem. Eur. J. 2002, 8, No. 8
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Figure 6. DOL, [-DOL of Ag,, clusters, and DOS of Ag., Agy (1), Agiis (2), Agys (3), Agys without the
outermost shell (3a), Ag,; without the two outermost shells (3b), and DOS of the periodic infinite crystal (4). The
HOMO is marked with a line. The peak at the upper d-band level in the crystal overlaid by SURS in the clusters is
marked with a gray circle. The s, p, and d band region of the infinite system is projected (s, p, d). DOL and DOS
above the dashed line at —11 eV are scaled up five times, for they would be too small to show differences
otherwise. The same applies for the whole Ag, DOL.
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Positions of the Ag;;s on top of the (AgCl),p,: The first
question to be answered is that of the stability of a Ag,, cluster
on top of a (AgCl),, cluster with respect to the separated parts.
Several positions and cluster—cluster distances were inves-
tigated in order to answer this question. The most stable
positions were found when the center of the Ag,;s lies above
the diagonal line of the (AgCl),q, consisting of chloride ions.
The progress of the optimization is shown in Figure 7, in which

Energy / eV

«—

4 5
Ag-Cluster Position
Figure 7. Stabilization energy of a Ag;;s cluster, when shifted along the
(AgCl),q, surface, shown at optimized Ag;;s—(AgCl)y, distances. The
vertical lines serve as orientation for the reader. The center of the Ags
cluster is marked with a black circle. As that cluster is moved and crosses a
marked line (numbers 1-6), the associated energy may be found by
looking at the corresponding vertical line in the graph. The two extreme
positions (1, 6) are shown in the inset detail. The energy for the position
shown in the inset (——) and that after rotating the Ag;;s cluster by 45°
(----) is also indicated (cf Figure 4).

each position corresponds to an optimized Ag;;s—(AgCl)q,
distance. The geometry of an unstable (right) and the most
stable position (left) is shown in the inset. As a further degree
of freedom, rotation of the Ag cluster was allowed. We
distinguish between the 0° position shown in Figure 7 (line)
and a position where the Ag cluster is rotated by 45° (dashed),
see Figure 4 for details. Positions in between were found to be
less stable. Geometries in which the silver cluster center lies
directly above a chloride ion, were always found to be the
most stable. There is an oscillatory behavior, which is more
pronounced in the 45° case that finally ends in the absolute
minimum (Position 1 in Figure 7).

The shortest Ag;;5—(AgCl),o, composite distance for the 0°
case was calculated to be 3.0 A. The distance is measured
perpendicular to the component clusters. The global mini-
mum was found for the 45° case and a 2.8 A intercluster
separation. The slightly shorter bond length at 45° is due to a
larger number of bonding interactions between the silver
atoms of the Ag,, and the chlorine atoms of the (AgCl),, for
geometrical reasons. This geometry was used for all further
calculations, including the Ag,—(AgCl);y, composite dis-
cussed below.

Net charge distribution: What is the charge distribution in
such a composite ? We investigated slabs taken parallel to the
interface. It turned out that it is easier to view the results for a
larger silver cluster on top of the (AgCl),¢, cluster, namely the
Agy—(AgCl),g, composite, see Figure 3, bottom right. The
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summed up total charges for each of the 23 slabs are shown in
Figure 8 (x), while in addition cutsI (o) and II (e)—as
defined in Figure 4—are shown. The charges calculated for
the same slabs but at infinite Ag,— oo —(AgCl),y, separation
are marked by a gray line.

E 0.5+
£ [
g 0.3 i '\-Tﬁ—a:t-.:r.-'-—
)
2 I .
@ 4 . e T P S
-S 0.1 | .,"' e e -3\
i _|' '.'ul
=0,14 "'u /, ".
0.3 Surface
Effects
0.5

Z axis

Figure 8. Total net charges of the individual slabs 1, 2, 3, ..., 23 of the
Agy— (AgCl),, composite. Crosses (x) mark the summed up total net
charges of each slab. The cuts I (o) and 1I (@), described in Figure 4 have
been projected. The net charges of the individual cluster (AgCl),o, and
Ag,y (same geometry but at infinite separation) are shown as a gray line.
Changes of net charges due to surface states are indicated with an arrow.

We first note that the crosses and this gray line are parallel,
with the exception of the interface slabs 6, 7, and 8. This
indicates that the interface layer extends only over one AgCl
(which picks up negative charge) and two Ag slabs (which
donate charge to the AgCl interface slab). Cuts I and II reveal
additional information. They show that the core of the silver
cluster is positively charged with respect to the surface, and
especially that the core of slab 8 donates a lot of electrons. The
charges on slabs 23, 22, and 21 illustrate what happens at the
metal —vacuum interface. The surface slab picks up charge
first from the adjoining layer, the next deeper one, and also
deeper lying atoms. This means that Ag, clusters are, in
general, negatively charged at the surface and positively
charged in the core. This smoothes out with increasing cluster
size.

A more detailed charge-distribution analysis of the Ag;;5—
(AgCl),p, composite is given in Figure 9. We report the
difference in charge between the infinitely separated clusters
Agy5— 0o —(AgCl),g, and the composite, as a function of the
energy. The HOMO of the isolated (AgCl),s, and the work
function of the isolated Ag;s clusters are marked with
horizontal lines. Energy levels in which a slab acts as an
electron donor or as an electron acceptor can be recognized.
Values pointing to the right of the vertical lines refer to an
uptake of electrons, values pointing to the left to a donation of
electrons. In the energy range between —16 and —5¢V, a
transfer of electrons from the Ag cluster slab 7 to the AgCl
cluster layer 6 is observed. But the region between — 10 to
—6 eV is where we find the AgCl band gap. How can electrons
be transferred to the AgCl bandgap region, where no states
nominally are available? As we will see, this is due to states in
the bandgap induced by Ag, clusters adsorbed on AgCl
clusters. Although the major electron transfer occurs at the

0947-6539/02/0808-1790 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 8
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Figure 9. Change of charge of the Ag,;s—(AgCl),, composite with respect
to the individual clusters (separated system). The same numbering as in
Figure 4 is used. The HOMO of the (AgCl),, and the LUMO of the Ag;s
cluster are marked with a line, which serve for orientation. Cut II is used for
this representation.

junction, up to three layers are involved. Layers 4 and 5 show
changes in the d-orbital region of the AgCl from —12 to
—10eV, but almost no electron increase in the band gap
region.

Metal induced gap states (MIGS) and metal induced d states
(MIdS): The main reason for the charge transfer from the
silver cluster to the silver chloride cluster is the newly formed
MIGSF in slab 6 in the energy range between —10 and
—6 ¢V, but also MIdS at about — 15 eV. They are the result of
an interaction of wave functions of the two clusters, mainly the
orbitals of the two adjacent AgCl and Ag slabs 6 and 7. The
MIGS are easy to observe because they are induced in an
energy region where otherwise no levels exist. It is more
difficult to analyze MIdS because they overlay some AgCl d
states.

Figure 10 gives insight into the properties of the MIGS
and MIdS. Figure 10a shows the /[-DOL of slab6 in the
energy range between —18 and —3 eV of a Agy;5—(AgCl)o,
composite (——) and of a separated cluster system
Ag5— 00 —(AgCl)g, (----). The newly formed states of the
composite below — 15 eV, marked with a circle, are induced by

R

31, = -5
2 8 = I —— 8§
— MIGS S5
> B =
K] 7 .7
& %
g _'f____ B -B
el L7 il S ;
¢ — MIS g4 — -5
8 R 17—
a) 1-DOL b) -DOL

Figure 10. a) I-DOL of slab 6 in the energy range between —18 and —3 eV of the Ag;;5—(AgCl),y, composite
(—) and the separated cluster system Ag;;s— o0 —(AgCl),o, (----). b) Enlarged /-DOL of slab 6 in the band gap
region between — 10 and —5 eV. ¢) Enlarged I-DOL of two representative silver corner atoms. Left: Corner atom
of layer 6 of the composite. Right: Corner atom of layer 6 of a separated cluster system Ag;;s— 0o —(AgCl);o,.
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the d states of the Ag; 5. These d states contribute to the MidS,
which lie on average 1 eV below the 4d—(AgCl),, orbitals.

Above —10 eV, where the AgCl bandgap is expected, a
number of newly formed states occur. These are the MIGS.
Detailed analysis shows that Ag;;5 wave functions mix with
orbitals of both the chloride and the silver ions of the
(AgCl),y,. Nearest-neighbor interactions dominate with the
important exception of the silver ion corner atoms of the
(AgCl1g,.

The enlarged / — DOL in the energy range from —10 eV to
—5 ¢V in Figure 10b gives more insight in the MIGS proper-
ties of slab 6. The first gap states are induced at —9 eV. At
—17 eV, the MIGS are overlaid by states derived from the Ag
corner atoms of the AgCl cluster (SURS). These atoms
behave in a special way, and are the object of a closer view in
Figure 10c. The I-DOL of slab 6 of Ag corner atoms in an
isolated (AgCl),s, shows a sharp peak at —7 eV that corre-
sponds to SURS, as we discussed in more detail in ref. [10]. In
contrast, the /-DOL of the same atom but now in the Ag, —
(AgCl), composite is broadened and split in energy. This
shows that the localization of the SURS is annihilated by the
remarkable interaction with Ag;;s states. A similar broad-
ening of the Cl-3s orbitals of slab 6 at —25 eV occurs (not
shown). However, only nearest neighbor interactions of the
Cl~ ions with the adjacent silver cluster are responsible for
this. The Cl~ corner ions are not influenced and show a sharp
peak.

Figure 11 shows a comparison of the MIGS in the band gap
region between —10 eV and — 5 eV between slab 6 (——) and
the spread contributions of slabs 5 (----) and 4 (eees). The
MIGS contribution of slab 5 is about ten times smaller with
respect to slab6 and the individual weights change. That
contribution further decreases rapidly in slab 4 and nearly
vanishes in the energy range between —10eV and —7.5 eV.
MIGS in slabs further away from the interface appear to
become negligibly small.

Conclusion

Silver clusters show strong bonding interaction with a silver
chloride surface; we calculate that the Ag;;s—(AgCl),e, and
similar composites shown in Figure 3 are stable with respect to

the separated cluster system

Agyis— oo —(AgCl),,. We have

developed a set of tools for
2 analyzing the vast amount of

numbers produced by the com-
D — puter. The role of ionic defects
in silver halides has been re-
viewed in detail by Maier.”? Tt
has not been considered in the
present study, in which we focus
on the electronic properties of
the clusters and composites in
Figure 3, from which some gen-
eral conclusions can be derived.
The charge distribution ana-
lyzed slab by slab and also as

1-DOL
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Energy/eV

9 gt

x10 x10

-10

/-DOL
Figure 11. I-DOL ofslab 6 (—), slab 5 (----), and slab 4 (+++) in the band

gap region between — 10 and — 5 eV. Slabs 4 and 5 are magnified by a factor
of 10.

function of the energy revealed remarkable details of the
microscopic features at the interface; these result in a net
electron donation from the Ag, to the (AgCl), cluster.
Analysis of the DOL and the /-DOL in the (AgCl), bandgap
region of the Ag;;;—(AgCl),, composite allowed us to
identify the MIGS and MIdS, the origin of which is the
interaction between the wave functions of the two clusters.
These novel and important states are quite localized in
nature; nearest neighbor interactions dominate in them, with
the important exception of the (AgCl),(,-SURS. Especially
the MIGS should be detectable in specific spectroscopic
experiments. Their penetration depth is limited to the first
AgCl slab with small and very small contributions in the
second and the third one, respectively. A comparison of the
DOL of an (AgCl),y, cluster and the /-DOL of the (AgCl)q,
part of the composite with the phenomenological picture of
silver clusters on a silver chloride surface taken from ref. [5] is
illustrated in Figure 12. It shows that the valence band
position is only little influenced by the formation of MIGS.

AgCl conduction band

available siver
clusier anergy
levels after L
seff-
sensitization

v

Energy [ eV

AVAVAVAVAVAS "L

M M) S

A0 \"‘““——-._n = —,—-—/

h o b

AgCl valence band

Figure 12. Proposed mechanism of self-sensitization. DOL of a (AgCl),q,
cluster is shown on the left and the /-DOL of the Ag;;s—(AgCl)y,
composite is shown on the right. We observe new induced levels below
the LUMO of the AgCl cluster. A schematic view is shown in the middle.
The lowest lying levels into which electrons can be excited are marked with
a gray circle (left: SURS, right: MIGS). The position of the valence band is
not markedly influenced by the Ag,;s.

1792

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

The occupation of the MIGS and the silver cluster levels is
governed by thermal distribution and can be tuned by Ag* ion
absorption at the surface. This causes empty states accessible
by electronic absorption processes, a phenomenon which
affects greatly the photosensitivity of such systems.
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Appendix

Charge iteration procedure for d's' and d's’ elements: We have
reconsidered the charge iteration parameters for silver according to the
procedure described in refs. [20, 24, and 54] and by using the spectroscopic
data for the Ag atom reported by Moore.”] The values are listed in Table 2
and implemented in ICON-EdiT.?”! The procedure has been described in
detail in the literature.’* % The procedure used so far causes problems for
d'®, d'%! and d's? configurations. We explain a procedure which solves this
problem.

The Coulomb integral H; used in EHMO calculations is equal to the
negative value of the valence state ionization energy (VSIE) of the atomic
orbital i. The VSIE is evaluated in terms of both an atomic charge Q and a
configuration appropriate for that atom when incorporated in the molecule
of interest. Thus:

H;=E(Q+ 1)—E(Q)=-— Z a. VSIE (configuration,, Q) (1)

here the electron that is removed and that increases the excess charge to Q
+ 1is taken from the atomic orbital i. The charge dependence of the VSIE
can be expressed with good accuracy as:

VSIE (configuration, Q) =d, + d,0 + d,0* 2)
The coefficients d,, d,, and d, are determined from spectroscopic data.
Three electronic configurations are usually considered for an appropriate

description of the H; Coulomb integrals of transition elements. For
example:

— H,,(d’s°p™) = (2 — 0 — m)pVSIE(d" 'p")

+ (w—1)pVSIE(d"2p?) + opVSIE(d" 2s'p!) ®

This equation shows that interpolation of H,,(d’s°p™) for different electron
configurations d°p™s’ is certainly valid within the following limits:

s°(0<0<1)
p(1<m<2)
d(n-2<6<n-1) (4)
Values obtained too far outside of these limits must be considered more

carefully. The problem can best be demonstrated by splitting Equation (3)
in two parts, one for the o occupation and one for the & occupation:

s(o0) =—opVSIE(d"'p') + opVSIE(d"2s!p!)

=o[pVSIE(d"%'p") — pVSIE(d" 'p!)]

p(a) = (2~ 1)pVSIE(d" 'p!) + (7 — 1)pVSIE(d" ?p?)

=2pVSIE(d"'p') — pVSIE(d"2p?)+[pVSIE(d"2p?) — pVSIE(d"'p!)]
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The Coulomb integral can be expressed as:
— H,(dsp™) = p() + s(o) ™

Inserting the values for silver we obtain:

s(0) =0(4.67 eV —3.83 eV) = 00.84 eV 8)

p() =2x3.83eV—-812¢eV + n[8.12eV —3.83 eV] ©)
=—046¢eV + 71429 eV

— H,,(d’s°p™) = —0.46 eV + 71429 eV + 00.84 eV (10)

From this follows that small m-values can lead to a change of sign of
H,,(d’s°p™). This is physically not acceptable. In addition, it can not only
seriously affect the numerical stability of the charge iteration procedure but
also lead to completely wrong Coulomb integrals. This becomes especially
problematic when dealing with large systems. We have seen that the
problem arises from the fact that, for example, the electron configuration
d%7p®%s2 is not correctly treated. We need an additional data point to
handle the region p"=(0<m<1) correctly. This data point can be
obtained by asking: What is the value of pVSIE(d"’p’s!)? Since the p
orbital is empty, pVSIE(d'°p’') is equal to zero:
pVSIE(d"p’') =0 (11)
With this value, the problem can be solved by using a quadratic
interpolation. We write:

s(0)=a, + bo (12)
s(m) =a, + byma; + c,m* (13)
— Hyp(ds°p™) =p() + s(0) (14)
From Equation (5), and substituting for s(o):
a,=0

(15)

b,=pVSIE(d"%s'p') — pVSIE(d"'p')

This means that s(c) poses no problems. The values of a,, b,,, and c, can be
calculated by considering the following three situations:

p(t=0)=pVSIE(d"'s'p’) =0 (16a)
p(t=1)=pVSIE(d"~'p") (16b)
p(t=2) =pVSIE(d"?%p?) (16¢)
From this follows:
p(1): 0 4+ b1 + ¢, 1*=pVSIE(d" 'p') (17a)
p(2): 0 + b2 + ¢,22=pVSIE(d"*p?) (17b)
Which leads to:
b,="pVSIE(d"?p?) + 2pVSIE(d"'p')

, 2 1t (18)
¢, = VspVSIE(d"’p?) + pVSIE(d"'p')
We can combine Equations (13) and (18):

w—1

p(w)= TpVSIE(d“’sz) + (2—7)pVSIE(d"'p!) |7 (19)

Both, s(0) and p(x) are zero for 6=0 and =0, respectively, which is
correct. In addition, — H,,(d’s°p™) will never change sign for any physically
acceptable pVSIE values.
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