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Extended Hiickel (EH) and CNDO methods are applied to a cluster (up to 35 ions) of an ionic semiconductor
(AgBr) and its interface with a metal (Ag). It is shown that EH suitably modified to include charge and
Madelungefiects and CNDO provide a suitable treatment for these systems. Comparison of calculated AgBr
data with experimental data shows 10-20%; agreement. Significant electron transfer from silver atoms
to silver bromide takes place, but as the silver cluster is made larger the average charge transferred
decreases. Calculated data for this system lead to a thermodynamic pathway for the photochemical de-
composition of AgBr involving electron capture by odd-size silver centers and silver ion capture by even-

size silver centers.

Introduction

The object of this report is twofold. First, the
electronic characteristics of the metal-semi-
conductor interface Ag-AgBr will be described.
The second purpose is to show the degree to which
extended Hiickel (EH), suitably modified to
include charge and Madelung effects, and com-
plete neglect of differential overlap (CNDO)
calculation models are capable of treating ionic
solids and their interactions with adsorbates.
Comparison of results from the two methods
shows that many calculated electronic properties
and trends agree with the experimental. Some
properties are calculated more accurately by
one of the methods than by the other; the reliabil-
ity and limitations of these procedures for solid-
state problems are discussed.

It is by no means a foregone conclusion that
molecular—orbital methods of calculation can
give an accurate picture of binding in ionic-
solid materials. The success that semiempirical
methods have had for molecular systems suggests
that they should be applied to crystals to see
whether the results are reliable. The approxima-
tions involved in applying these methods to
ionic crystals are numerous. Included in these are
the approximate nature of the calculation
which makes it uncertain whether high atomic
number elements or ionic systems can be treated.
In addition, a small number of atoms are used to
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represent the bulk crystal. Earlier resulis (/)
have shown that the picture of binding in some
high atomic number elements like Ag is reason-
able. Hayns (2a) has successfully treated LiF by
CNDO and concludes that the approach is
useful in crystalline solids. The EH method has
recently been applied to Tl impurity levels in
KCl to give a consistent interpretation of the
absorption spectrum (2b). Other recent work
applying semiempirical methods to solids includes
a calculation of impurity levels in diamond (3a),
chemisorption on graphite (3b,¢) and hydrogen
adsorption on nickel crystal (3d). In light of these
results, there is reason to expect a degree of
success in treating Ag clusters on AgBr.

The basic calculational techniques have been
described by Hoffmann (4) and Pople and co-
workers (5). To treat the ionic solids by EH
we have applied the methods described by
Cusachs (6) for ionic diatomic species. The basic
effects of charge on energy levels has also been
described by Brown (7) in terms of ionization
effects and Madelung effects. These effects must
be included in calculations for ionic crystals as
our data shows.

Method of Calculation

The EH (4) and CNDO (5) procedures have
been applied tc the Ag-AgBr interface problem.
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The former technique has required modification
to take into account charge effects in ionic
crystals. The CNDO procedure is well suited
for this type of calculation since the Hamiltonian
matrix elements are explicitly dependent on the
charge distribution in the molecule. In EH only
the 55 orbitals of Ag and 4p orbitals of Br were
used in forming wavefunctions. In CNDO it
was necessary to include the next set of unfilled
atomic orbitals on each atom.

Modifications to EH

The necessary effects to account for in calcu-
lations for ionic systems by EH have been dis-
cussed (6). We have employed the procedure
used by Cusachs in calculation for diatomic
molecules. The application of this technique to
crystals has involved the use of Madelung-type
summations. These features are described for
an atomic orbital i located on atom A with charge
qa-
The valence-state ionization potential (VSIP)
is a function of charge on the atom (g,). A linear
dependence is assumed, although more compli-
cated functions could be used. The diagonal
Hamiltonian matrix element is given by

Hyy=—IP=—A4; — Big,. )]

The ionization potential of the ith orbital on the

neutral atom is 4,, and the linear factor B; of the

lowest unfilled atomic level is calculated from the

electron affinity (EA) by

B, =1P, — EA,. 2)

In other cases B; can be obtained from spectro-
scopic data on the ionized species.

Atomic ionization potentials are changed by

the charges of adjacent atoms. Thus, the matrix
elements are

Hyy=—A;— Biqs — Z V(R,p), (3)
B4

where V(R,p) is the potential at A caused by the
change g¢g, a distance R,5 away. The potential
terms have been evaluated as coulomb terms
in the past (8),

V(Rug) = gpe*|Raps C))
or by the quantum mechanical expressions
employed by Cusachs (6),

V(Rap) = (B0.73) {ZBFO(RAB/rA) +

BZA qFo(ra/ Fo(Ras[Ts)T A)} )
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where 1yt = [ ¢i(1/r)didy, Fox) = (1 — (1 + %)-
e 2*)/x, Zy=number of valence electrons on
atom B, and g = charge due to valence electrons
on atom B.

The quantum mechanical expression is used
to evaluate V(R,p) for each pairwise interaction
in the present model. A simplification resulting
in convergence for fewer iterations is achieved
by keeping 5 ;; values of the AgBr lattice constant
and only varying 5#;; of the adsorbed Ag atoms.
The 5, values chosen for AgBr are determined
by the 5, values obtained upon convergence
of the isolated AgBr lattice. In this way, only
effects of the lattice on the adsorbed atoms are
included and this is referred to as a type I calcu-~
lation. Type II calculations include the full
V(R,p) terms. The noniterative version of EH
in which only the 4; term of Eq. (1) is nonzero
will be referred to as a type III calculation.

Both EH and CNDO techniques employed
require iteration to get a self-consistent result.
Several cycles are usually required for converg-
ence to within a charge on each atom of 0.02
e.r. Convergence problems in CNDO were
eliminated by using a type of averaged output-
input charge (36). The input P;; for a new cycle
was taken as

ij = Sijo + (1 - B)Pk.ii: (6)

where the superscripts o and i denote output
and input of the previous cycle and P,; is a
bond-density matrix element. A value of 0.1
to 0.3 for 6 was sufficient to give convergence
for the most difficult cases.

The parameters used in this work are listed
in Table I. Ionization potential data (4,) come
from atomic spectroscopic tables (9). Electron

TABLE 1

PARAMETERS USED IN CALCULATIONS

CNDO

Element p° Orbital 3 (P + EA) «
Ag -2 5s 4.26 1.35
5p 2.39 1.35
Br -5 4p 7.61 2.26
Ss 2.30 2.26

EH

Element Orbital A; B, «
Ag 5s 756 661  1.35
Br 4p 11.84 8.40 2.26
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affinity data (10, 1) are used to calculate B,
using Eq. (2). Estimates of EA have been used
for the unoccupied orbitals used in the CNDO
calculations. Screening parameters for the Slater
orbitals are taken from Clementi et al. (/2). The
calculated atom charges (g) are determined by
Mulliken analysis (/3) for CNDO and EH
calculations. The resonance parameter S5° used
in CNDO is chosen by fitting calculated data
to experimental data for homonuclear diatomic
molecules of the element in question. This pro-
cedure does not always give good fit for the hetero-
nuclear diatomic as evidenced for the AgBr
molecule where the calculated binding energy is
4.7 eV and the calculated energy of transition
from ground to excited state is 5.4 eV. Experi-
mental values for these quantities are 3.0 eV (10)
and 3.9 eV (14), respectively. Binding energy is
calculated as the difference in energy between
the bonded configuration of atoms and the iso-
lated atoms. In EH type calculations the splitting
parameter K =1.75 was employed as in other
calculations of this type (4).

AgBr

Information concerning the band structure
of silver halides has come from theoretical (15)
and experimental (7, 16, 17) sources. Tight
binding calculations reported have been done
for a periodic lattice; they do not apply to sur-
faces. A significant feature of these calculations
is the inverted valence-band structure which is
responsible for a smaller indirect than direct
band gap. This feature is explained by the mixing
of halogen p orbitals and silver 44 orbitals. The
calculated ionization potential of AgBr is nearly
one R, (—13.6 eV), which is quite different from
the experimental value, ~6.5 ¢V,

The first concern in our calculations was
whether the molecular-orbital techniques were
a reasonable model for silver halide. The com-
puter limits our calculations to no more than
~35 atoms, so the model is by no means periodic.
On the other hand, the discontinuities present
should give results more appropriate to surfaces.
The crystal models treated are shown in Fig. 1.
A rigid lattice with bulk experimental bond
length 2.885 A is assumed in this model. The
model neglects lattice relaxations that occur
in AgBr. This effect will be investigated in the
future. A potential energy minimum within 0.1
of 2.885 A occurs in CNDO, but no minimum is
found in EH.
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FiG. 1. Crystal models used in calculations.

CNDO

The crystal models of AgBr treated by CNDO
have been small cubes or rectangular arrays.
Orbitals used have been 5s and S5p on silver
with or without the 4d orbitals; 4p and 55 have
been used for Br. Density-of-states curves are
shown in Fig. 2 for three different choices of the
atomic parameter in the exponent of Slater 4d
orbitals:

a. a=2.19, predicted by Slater’srules;

b. «=3.61, calculated by Hartree-Fock
atomic calculations (12);

c. a=191,n=2,1=2,asdescribed by
Cusachs’ matching overlap
techniques (I8).

In all cases, the d band is very narrow (0.3 eV
for the first case) and for the first two cases is
about 4 eV below the top of the valence band, in
accord with recent experiments (79). The next
higher energy states are halogen 4p states with
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FI1G. 2. Density of states for AgBr [CNDO] (percent-
ages of orbitals in a particular wavefunction noted).

various mixtures of 5s silver orbitals. The lowest
of these states contains a large contribution from
silver orbitals, but the others are >99 9/ halogen
4p states. Some 4d character is mixed with the
halogen 4p states, as noted in Fig. 2. The lowest
unoccupied state is separated by a large gap from
the top of the valence band. This state contains
a large number of 4p halogen orbitals along with
5s silver orbitals. The next higher state is anal-
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ogous to a conduction-band state in that it is
composed of 5s orbitals delocalized throughout
the model.

The gap between HOMO and LUMO cal-
culated by CNDQO is a measure of semiconductor
band gaps. This measure may be misleading
because the position of each level calculated in
CNDO depends upon the electron distribution.
Excitation of an electron lowers the level receiv-
ing the electron and raises the level losing the
electron. A value of the band gap closer to experi-
mental values is found by comparing the energy of
the ground and excited states as shown in Table I1:

AdE, = E. —E,. )

The experimental direct band gap is 4.29 eV in
AgBr (20). In this table we have shown the effect
of basis orbitals and crystal geometry on cal-
culated properties. Geometry has little effect, but
4d orbitals have a big effect. The calculated bind-
ing energy per AgBr pair relative to atoms is
much closer to the experimental (8.4 eV) (7) if
4d orbitals are not included. The electron affinity
(EA) calculated by EA=E, — E, ;;,n comes
closer to experimental values (3.9 eV) (7) if
larger models are used. This seems reasonable
since more charge delocalization can take place
in larger models.

EH

The geometric models for AgBr contain up
to 35 atoms in the EH procedure. The calculated
data are shown for representative models
in Table III. Comparison with CNDO indicates
a much smaller gap and binding energy in EH.
Apparently the type of coulombic interactions

TABLE II
CALCULATED AgBr Data [CNDO]

Orbitals BE/AgBr HOMO LUMO AE, EA

Geometry used (eV) (V) eV) V) V)

Cube Ag:4d, 5s, 5p 1.14 9.87 2.32 — —_
Br:4p, 5s

Cube Ag: 5s,5p 6.57 10.02 3.19 4.47 2.17
Br:4p, 5s

(AgBr)g Ag: 55, 5p 6.70 9.88 3.85 4.22 3.14
Br: 4p, 5s

(AgBr)s Ag: 5s, 5p 6.95 - 9,58 3.90 — —

Br:4p, 5s
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TABLE III
CALCULATED AgBr DaTa [EH]

Type
Model calculated  BE/AgBr (eV) HOMO (V) LUMO (V) A4E*(eV)
(AgBr)s6 2 planes, periodic II 1.29 10.83 10.03 2.60
(AgBr)6 2 planes, nonperiodic II 0.93 10.87 10.09 2.29
(AgBr);6 2 planes, nonperiodic IIL 5.30 11.67 10.06 3.26
(AgBr)y4 (Fig. 1) I 0.71 10.24 9.70 1.72
(AgBr)s (like Fig. 1) 1r 0.79 10.29 9.48 2.61

which contribute to the binding energy in AgBr are
not treated fully by the EH calculation procedure.
The nature of the band gap will be discussed,
but a fundamental difference with CNDO is the
insensitivity of positions of energy levels to elec-
tron occupancy in EH.

A density-of-states curve in Fig. 3 shows the
semiconductor nature of AgBr. The states in the
valence band are composed almost exclusively
of halogen 4p states except for the lowest state,
which (as in CNDO) contains significant con-
tributions from 5s silver orbitals. The LUMO
consists of halogen p orbitals pointing in each
direction in which there is a missing bond and 3s
silver orbitals in about equal proportion. Only
one such state is found independent of AgBr
model size. States above LUMO contain delocal-
ized silver orbitals and are identifiable with the
conduction band. Thus the band gap more
appropriate to comparison with experimental
information is taken between HOMO and the
second excited state (4E*).

In order to determine whether periodicity
would change the band structure of AgBr,
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FiG. 3. Density of states for AgBr [EH].

we have done calculations for a three-dimensional
sheet infinite in two dimensions. This is done by
replacing long-range interactions by short-range
interactions (overlaps) for edge and corner atoms
using a technique similar to that used to achieve
periodicity in the graphite lattice (3b). The ex-
ample for a4 x 4 plane of AgBrin Fig. 4illustrates
this concept. Bonds between edge atoms with
hypothetical nearest neighbor atoms (dotted
lines) which would be present in an infinite sheet
are simulated by modifying the overlap matrix.
Long-range overlap elements involving orbitals
from atoms on edges are replaced by nearest-
neighbor overlap elements. The data in Table 11T
show that this does not change the positions of
energy levels significantly and has only a minor
effect on the density of states. A significant
decrease in the contributions of surface halogen
p orbitals to LUMO is observed. The EH model
of AgBr apparently contains discontinuity
effects caused only by the large surface-to-
volume ratio in this model.

The overall effect of ionicity is to decrease the
difference between atomic ionization potentials
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FI1G. 4. Illustration of method of introducing periodicity
in EH calculations.
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of Ag and Br. This effect may be seen by evaluat-
ing the Madelung terms. We assume that

IQAg| = |QB:| (8)

for all lattice ions, and replace D> sV (Rap) bY
a Madelung-type sum of the form

—=3V(Ry) +3V(Ry[v/2) - V(Ri/V3) ..., (9)

where R, is the nearest-neighbor distance of the
crystal lattice. Applying Eq. (5) to calculate the
V(R,p) terms, we find that

_#“Ag = 7.56 + 0.84 QAg’
and
—# B =11.84 + 1.75 O, (10)

which means that the atomic leveis converge as
the crystal increases in ionicity.

Interface

Charge transfer at the Ag—-AgBr interface is
determined by the relative position of the Fermi
levels in each material. In bulk Ag this level corre-
sponds to the work function (4.5 eV). In AgBr the
Fermi level is taken at the midpoint of the valence
and conduction bands (Fig. 5) as appropriate
for an intrinsic semiconductor. Thus, electrons
would flow to AgBr if vacant energy levels
below 4.5 eV are available. Movement of inter-
stitial Ag* to Ag would accomplish a similar
charge transfer. This direction of charge transfer
is found in the molecular orbital calculations.

CNDO Results

Calculations at limited numbers of positions for
Ag adsorption on the 12-ion AgBr model of Fig.
1 reveal that the most favorable position is directly
over an interstitial site and not a lattice site,

Ag Ay Br 0
39 eV
45 eV >>55755
LN e Fermi level
6.5 eV
777

FiG. 5. Bulk Ag-AgBr interface.
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FiG. 6. Adsorption of Ag to (AgBr)s [CNDO].

Curve A:Ag in center of lattice site; Curve B: Ag over Ag
ion; Curve C: Ag over Br ion.

as shown in Fig. 6. In addition, silver atoms are
more stable over Ag ions than Br ions.

When the silver aggregate grows its properties
become more like those of bulk silver. These
calculations for Ag atoms added at lattice posi-
tions show that a single atom on the crystal has a
charge of +0.52, which is comparable to the
average AgBr lattice cation charge of +0.55
calculated by Mulliken analysis. Figure 7 shows
the average charge on a silver aggregate in contact
with AgBr as a function of size. The average
charge decreases as size increases such that for
Age the total positive charge is +0.65, which
corresponds roughly to Age*. The probabilities
of electron or hole capture by the silver aggregate
are also indicated by this figure and were obtained
by performing the Mulliken analysis on the
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Fi1G. 7. Average charge on silver atoms vs number of
silver atoms added to (AgBr)s [CNDO]. Curve A:
system has one net positive charge; Curve B: neutral
system; Curve C: system has one net negative charge.
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LUMO and HOMO, respectively. The prob-
ability for electron or hole capture on the silver
center increases with its size and becomes ~65 %,
at six atoms.

The pronerties of

A1l% prupta

silver halide matrix are displ
In this table, binding energy is the difference in
energy E:

the

(2439 i1

(1

Ionization potentials are reported as Koopmans’
theorem (HOMO) or the difference in energy:

IP = Ecalion - (12)

The electron affinity is given by LUMO or the
difference in energy:

EA = Eneutral - Eanion' (13)

Interaction of small neutral Ag particles and
the AgBr lattice causes a reduction in energy.
This is indicated b Dy comparmg vmumg Cnergy
for the silver aggregate isolated and in contact
with the AgBr. The binding energy per atom
becomes near constant at a few silver atoms. This
behavior is unlike that calculated for isolated
silver aggregates, where binding energy changes

...... AL LIRS PRI Y LA ps

even when ten or more atoms are present

E(lattice+Ag,,) — Ejavtice — N4,

Eneu tral-

BAETZOLD

The properties of charged particles of Ag on
(AgBr)s in Tables IV and V show that the lattice
affords a lowering of energy relative to isolated
particles Cationic particles increase in stability

with size. but anionic particles show the reverse

VWALl G140y VUl QuULULLL palwualals sall (B3I o) o3 v o)

trend. The HOMO and LUMO are significantly
shifted by the excess charge of the system.

The odd-even oscillation in HOMO and
LUMO observed for silver aggregates is observed
when AgBr crystal lattice is present. In addition,
a linear relation exists between the ionization
potential as calculated by the two approaches

tha game i1g triia af the alactran affinity Acg qize
Lllb QAlilVv 1D Liuv vl Lllb vivwyilivil auuxu_y L2 OILN

increases, HOMO and LUMO tend generally
to converge. This behavior is also present in
isolated silver particles.

These data apply to silver atom formation
on the surface of silver halide. We should like to
point out that the electron-trapping ability of
the two-atom silver center on AgBr is very poor

P PR Ao Amm s oI

lllC CICCLIVIL dllllllly, ady lllCdbulCu Uy Cll.llCl
technique described above (LUMO or EA),
of this center is less than the electron affinity of
the crystal with no silver. Thus, growth of the
silver center beyond this size must first occur
byanionicevent;thenanelectronmaybe tmm'\ed

Calculatlons for isolated Ag,” mdlcate that it is

TARIE IV
a0 LY

SILVER PARTICLES ON (AgBr)s

CNDO
Number of BE/atom HOMO LUMO 1IP EA
Ag centers V) eV) €V) (€&V) (V)
Neutral Particles
0 — 9.88 385 954 314
1 1.97 583 583 653 485
2 3.50 8.08 342 9.55 258
3 3.29 5.66 566 647 4.76
4 3181 7.83 318 851 3.05
5 3.35 5.51 551 609 —
6 3.32 6.03 4,95 —_ —
Anionic particies
0 —_ 2.1
1 6.82 4.29
2 4.80 1.86
3 4.87 4.15
4 4.37 2.30
Cationic particles
0 — 11.94 11.94
1 1.53 12.36 7.37
2 1.78 10.36 10.36
3 3.16 12.06 7.31
4 3.00 9.42 9.42
5 3.35 11.36 7.04
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TABLE V

ISOLATED SILVER PARTICLES

CNDO
Number of BE/atom HOMO LUMO 1P EA
Ag atoms V) V) €V) V) &V)
Neutral particles
1 0 — —_ — —
2 2.96 8.10 0.35 10.39 1.38
3 1.73 4.24 424 5.39 324
4 2.39 6.78 2.06 7.95 0.89
5 3.54 3.87 3.87 516 2.85
6 3.71 5.99 1.43 731 0
Anionic particles
1 — — — — —
2 2.65 0 — — —
3 2.78 2.00 — — —
4 2.59 0 —_ — —_
5 391 1.85 —_ — —
6 2.75 0 — — -_—
Cationic particles
1 — . — — —_—
2 1.48 12.07 — — —
3 1.97 13.33 — — —
4 0.38 9.08 — — —_
5 2.30 11.84 — — —_
6 2.50 8.33 — — —

unstable. Since the EA of even-size Ag aggregates
increases with size, electrons could be trapped
at those larger aggregates.

The gap between HOMO and LUMO of the
neutral species can be taken as a measure of the
energy of the first electronic transition. The
trend of the data in Table IV is to decrease this
gap as the number of silver particles increases,
as was found for isolated silver particles. This
effect is observed experimentally (21).

The effect of substrate on silver geometry is
examined for a triatomic aggregate in Table
VI. In the absence of substrate, the linear is the
most stable form of silver, but these data show
that a right triangle is more stable on AgBr.
In these calculations all atoms were located at
lattice sites 2.885 A above the 12-ion AgBr model
surface.

Calculations to examine the effect of AgBr
substrate size on Ag, are displayed in Table VII.
These data indicate that while the behavior of
AgBr in CNDO depends upon lattice size,
there is no saturation of the lattice by electron
donation from Ag, since (AgBr)s accepis more

13

electrons from Ag, than does (AgBr);. The
variations in total binding energy may be spurious
since convergence to only 0.03 e.u. was obtained
for the larger model.

Polaron effects in AgBr can be examined by
analysis of the changes in wavefunction caused
by electron or hole addition to the system.
An overlap population between atoms A and B
is defined by

A B
QAB = z z vaSyw (14)
u v

where S, is an element of the overlap matrix
and Py, 1s an element of the bond-density matrix
calculated from the eigenvectors by (5)
oce

P,=2 igl Ci.Cy. (15)
The overlap population is a measure of the
strength of the bond between A and B and is
expected to be reciprocally related to bond
length. It takes the average values 0.193, 0.187,
and 0.168 for anionic, neutral, and cationic
models, respectively. Thus, bond lengths de-
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TABLE VI
GEOMETRY EFFECT

Average
Geometry BE (eV} Agcharge HOMO (V)

90° triangle over 8.54 +0.26 5.26

iBr,ZAg
90° triangle over 9.86 +0.24 5.66

1 Ag, 2 Br
Linearover 2Br,1 Ag 9.09 +0.24 5.88
Linear over 1 Br,2 Ag  8.59 +0.21 5.83

crease in the presence of an excess electron and
elongate in the presence of an excess hole.
Using a harmonic potential, the polaron de-
formation energy is estimated to be 10 times
Hich
High
mobthty is usually associated with low deform-
ation energy in ionic crystals, so electrons would
be expected to be more mobile than holes in AgBr.
This is observed experimentally (22, 23).

oreater for a hole than for an electron

SAvael iU 1OLC dlaal 105 all oUWl

EH

Calculations have been performed for the
model of Fig. 1 using the type I, II, and III EH
procedures described earlier Note that in this
geometric model a defect feature reser‘r‘wuug a
kink site is present, since a new atom can occupy
a lattice position with two nearest neighbors of
the same charge. The prime advantage of EH
over CNDO is the larger crystal model that can
be treated.

The properties of Ag on AgBr calculated by
the three EH procedures are shown in Table
Viii. The binding energy is caiculated from
the difference in energy shown in Eq. (11).

BAETZOLD

Here E, . is calculated for the same ionic
situation as was observed when the silver inter-
acted with the lattice. There is a stabilization of

Ag on the lattice relative to the isolated silver
narhr'lp Stabilization results from

transfer to the AgBr model. The binding energy
per atom is near constant and independent of
size in each of the three types of calculation. This
behavior is unlike the increasing trend in BE/
atom observed for isolated silver aggregates (/).
The average charge on the silver aggregate is
plotted versus size in Fig. 8 for the type II and

IIT calculations. Note that the results of the type

II calculation agree in form with CNDO results,
although the silver particle has a lower charge
in EH calculation. The type I1I calculation shows
that silver is strongly ionized even at a size of a
few atoms. This behavior is unrealistic based on
stable aggregates of silver comprising four atoms,
as observed photographically (24) The charges
on the silver aggregate after auuiﬁg a hole or an
electron to the system indicate that neither of
these particles is localized completely on the silver
center. It is apparently the ionic and Madelung
effects which result in localization of charge
carriers on the silver aggregate.

The behavior of the HOMO and LUMO
of AgN(AgBr)B is shown in Fig. 9 usmg the type
il calculation. Note the general irend resuiting
in a decrease in [P and EA as the size of the silver
aggregate increases. The trend in IP is in accord
with that previously observed for isolated Ag

aggregates and observed in CNDO. The reverse
is true of the trend in LUUMO

Tiame Ui vl LIURG 1 Lo aVaNS, SilU 1R asUsialla

particles EA increases as size increases. This
effect may be due to the fact that the contribution
of orbitals centered on aggregate silver atoms {o
LUMO is small and reaches only 40% at 12

electron

cince in isolated

TABLE VII

CALCULATIONS FOR Ag, ON AgBr

Charge on  Charge on

Geometry Total BE nearest Br  nearest Ag
of AgBr (eVv) Ag; charges of AgBr of AgBr

EH
(AgBr);. 9.49 +0.355, +0.236 —0.487 +0.378
(AgBr)s 8.87 +0.361, +0.242 —0.485 +0.373
CNDO

(AgBr)s 7.11 +0.332, +0.246 —0.681 +0.387
(AgBr)s 8.01 +0.278, +0.166 —0.611 +0.389
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TABLE VIII
EH CALCULATED DATA

Typel Type II
Number of BE/atom HOMO LUMO Average Ag BE/atom HOMO LUMO Average Ag
Ag V) (V) ev) charge V) (3] (V) charge
0 — 10.22 9.71 — — 10.22 9.71 —
1 4.27 9.92 9.92 +.20 4.10 9.81 9.81 +.26
2 4.89 10.03 9.00 +.24 4.4 9.76 8.75 +.30
3 4.40 8.98 8.98 +.20 4.10 8.97 8.97 +.27
4 4.65 9.38 9.14 +.19 4.38 9.07 8.51 +.25
5 — — 4.18 8.69 8.69 +.21
6 — — 4.21 8.87 8.26 +.16
7 — — 4.58 8.27 8.27 +.17
8 3.83 9.28 8.25 +.18 4.24 8.99 8.20 +.13
Type 111
Number BE/atom HOMO LUMO Average Ag
of Ag V) V) (eV) charge

0 — 11.67 9.98 —

1 3.20 10.16 10.16 +.70

2 3.36 10.32 8.61 +.63

3 2.87 8.86 8.86 +.59

4 2.79 9.32 8.55 +.46

5 2.62 8.56 8.56 +.50

atoms of Ag. The other contributions come
from 5s orbitals of Ag which tend to delocalize
electrons throughout the crystal.

The substrate controls the most stable geometry
of silver aggregates largely through the Madelung
effect. A right triangle of three silver atoms is

+5~

o

T “/n\u> \"\0

X
- \\\’X B
~~I%¢C

Average chorge on Ag

‘\./o

+

o]

1 1 1 | L | L i
2 a 6 8
Number of Ag otoms

FiG. 8. Average charge on silver atoms vs number of
silver atom sadded to (AgBr),, [EH]. Curve A :neutral
system, type III; Curve B:system has one net positive
charge, type II; Curve C:neutral system, type II; Curve
D:system has one net negative charge, type II.

found to be more stable than a triatomic straight
chain. For four atoms a very stable geometric
configuration results for a square array with one
side of the square touching the crystal and the
other side above it. This is more stable by 1.29
eV than the square array touching the crystal
at four sites. These results and those on graphite
(3b) violate the intuitive idea that the site of
maximum reactivity can form the most bonds.
The energy of a single silver atom is lower when
it is next to Ag lattice sites than when it is next to

-7

3 °r
° LuMo
[
]
o
5 M\
w 9 °
HOMO
0 t [ L L L 1 |
\ 3 s 7

Number of Ag ofoms

FI1G. 9. Dependence of HOMO and LUMO on number
of silver atoms added to (AgBr)s [EH].
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F1G. 10. Illustration of ionization and Madelung effects
on atomic energy levels.

Br lattice sites. In addition, increasing the lattice
positive charge in the neighborhood of the silver
species stabilizes the silver species. The reasons
for these effects are found by considering the
Madelung and ionization potential effects on
silver and bromine atoms. Figure 10 shows the
energy levels of atoms, ions, and ions with a
Madelung field. These general effects have been
discussed (7). The effect of the Madelung field
opposes the ionization effect because an electron
is stabilized or destabilized depending upon
whether the surrounding ions are positively or
negatively charged, respectively. The net effect of
both is to lower the S5s Ag levels and raise the 4p
Br levels. When a silver atom adsorbs to a site
on AgBr, the Madelung effect will act to raise or
lower the atomic-orbital energy levels according
to whether the immediately surrounding ions are
negative or positive, respectively. Raisingthis level
causes electrons to flow away from the adsorbing
silver atom, and the converse holds. Thus, stabili-
zation on adsorbing Ag results from lowering the
orbital level, which can only be accomplished by
positive ions. Therefore, low-energy, more stable
silver aggregates can best form at positive sites
such as dislocations or kinks.

The effect of model size in these EH calculations
is minor. Calculations for Ag, on model 1 withand
without plane I are summarized in Table VIL
The electronic charges on Ag, and lattice ions
show little effect of model size, although HOMO
and LUMO appear to be shifted by ~0.4 eV.
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Calculations for a planar AgBr geometry
containing the same number of ions as Fig. 1
have been made. The result of defect structure is
illustrated by this calculation. A significantly
larger EA calculated by Eq. (13) is observed in the
defect geometry (8.80 eV vs 7.23 eV for planar
geometry). This effect can be understood by
examining the wavefunction for LUMO. This
wavefunction contains 55 Ag orbitals and halogen
4p orbitals for each direction in which there is a
missing bond. The 4p orbitals have lower energy
than 5s orbitals so the LUMO is more negative
in the model with defect structure owing to the
presence of more Br atoms on the surface. This
surface state is an artifact of the model size be-
cause as the volume/surface ratio is increased,
the state should contain decreasing contribution
from halogen orbitals.

The effect of substrate structure on Ag particles
is also examined by comparing calculations for a
planar (AgBr); geometry with calculations for
the geometry of Fig 1. We find little effect on
the binding energy of Ag particles to the sub-
strate but a shift in energy levels, so that EA is
larger for the small particles when they are located
near the defect.

Discussion

The calculated data for aggregate energies
can be applied to describe a mechanism of photo-
lysis of AgBr. A small silver center produced by
photolysis grows by attracting photoelectrons
and mobile interstitial silver ions. The ability
of the first process to occur is determined by the
EA of the center relative to the EA of the rest
of the crystal,

AEe = EA(AgBr)AgN - EA(AgBr)' (16)

The energy released by the second process is given
by

AEAg+ = E(AgBr)Ag;H - E(AgBr)AgN — BE g+ (agnr)-

Table IX lists these values for small-size aggre-
gates. Clearly, Ag, and Ag, centers in CNDO
calculation cannot accept a photoelectron from
the conduction band. As size increases, however,
the larger even-size neutral aggregates can accept
electrons, as the trend in LUMO shows in Table
IX. The path of growth for the CNDO calcula-
tion which releases the most energy for each step
is shown in Fig. 11. Previous mechanisms



MO DESCRIPTION OF Ag-AgBt INTERFACE

TABLE IX
ENERGY RELEASED AT SILVER CENTER

Number of
Ag atoms E. (eV) Exg + (V)
CNDO
1 1.71 0.05
2 -0.56 0.90
3 1.62 0.61
4 -0.09 0.78
EH-—Defect model
1 ~0.96 1.10
2 1.84 0
3 2.38 0
4 1.75 0

(25, 26) are different and did not include the
alternating possibility for growth. Kinetic factors
are not included in this mechanism; it must
be remembered that these may exert a controlling
influence on the reaction path.

The EH calculations agree with the CNDO
results if a planar nondefect geometry is used.
When the geometry of Fig. 1 containing defects
serves as the lattice, electron-capture processes

+
Ag5
Ag5

F1G. 11. Thermodynamic mechanism of Ag latent image
formation on a plane surface [CNDO].
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are favored at the expense of Ag* capture at the
Ag center, as shown in Table IX. This leads to
the alternative pathway in Fig. 12 and would
explain a dependence of photochemistry on
surface-defect structure.

The wavefunctions of the valence and conduc-
tion bands in AgBr are similar in EH and CNDO.
The big difference is that LUMO lies close to the
valence band edge in EH and far from the valence
band edge in CNDO. Regardless of the true posi-
tion, this level contains significant contribution
from surface halogen orbitals. Thus, electrons
occupying this level are delocalized over the
positive and negative ions of the crystal.

A comparison of the calculation techniques
with each other and with experimental bulk
information leads to more confidence in the
CNDO quantitative results. The AgBr band gap,
EA, and cohesive energy correlate well with
experiment. IP does not enjoy this position.
The EH calculation does not agree nearly as well
with the experimental, but this does not mean the
relative Ag-AgBr interactions will be wrong.
The general features of the semiconductor/metal
interface are reproduced using CNDO or EH
(type I or II). The noniterative EH calculations
are inadequate for this problem.

Ag
\Agé
/

Ag

F1G. 12. Thermodynamic mechanism of Ag latent image
formation at a defect site [EH].
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Conclusions

Molecular orbital techniques provide an inter-
pretation of Ag clusters on AgBr which is con-
sistent with several experimental results. Abso-
lute calculation of AgBr crystal parameters,
such as BE/AgBr, EA, Req, and IP, by CNDO
carry 10-20%; error. Trends in the electron
affinity and charge of the adsorbed Ag clusters
indicate increasing stability with size as was
observed for isolated Ag clusters.
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