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A Detailed Theoretical Mechanism for Photographic Sensitization of the

AgBr(111) Surface
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Recent experimental characterization of the reconstructed AgBr(111) surface (a half-layer covering of Ag ions segregated into rows
7.07 A apart) has been used to construct a theoretical model (within the framework of an approximate molecular orbital method) of
that surface. Our calculations indicate that these surface Ag rows give rise to states at the bottom of the conduction band, which could
serve as shallow trapping sites for photoelectrons. The theoretical model provides a mechanism for the formation of a latent image
cluster through trapping of photoelectrons in the low lying state and subsequent pairwise distortion of the surface Ag within the rows
to form Ag—Ag bonds. The calculations also indicate that substantial electron transfer from the ionic extreme occurs in both the bulk

and surface models.
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Introduction

Silver halides have been the basis for photography for over
150 years. Since the first faint images produced by Niepce
in the 1830s, incredible improvements have been made to
photographic technology. Still, one wishes we understood
the physical and chemical mechanisms of the process bet-
ter—a sound theoretical framework describing photogra-
phy in microscopic detail has been taking shape much
slower than the empirical advances in film quality and
sensitivity. In a modest contribution to the field, the
present work uses an approximate olecular orbital method,
the extended Hiickel theory, to explore the mechanism of
latent image formation on the AgBr(111) surface. In our
analysis, we will invoke some of the ideas of photoelec-
trons and trapping sites first expounded by Gurney and
Mott.! The method we employ is able to describe the elec-
tronic structure of a AgBr(111) surface in some detail and
shows the evolution of electronic levels as a latent image
cluster is formed.

Calculations were done on bulk AgBr and on the
AgBr(111) reconstructed surface. The approximate molecu-
lar orbital method used and its parameters are described
in the Appendix, as are details of the geometry used. The
bulk and surfaces are calculated by three- and two-dimen-
sional band structure calculations using the extended
Hiickel method. This is an approximate molecular orbital
method with well-recognized limitations. While the method
does not predict absolute energies well, it does capture
the general bonding characteristics of a wide range of dis-
crete and extended structures. Theoretical densities of
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states (DOS)® and crystal orbital overlap population
(COOP)* curves will figure importantly in our analysis.
Throughout this article we use Ag and Br as symbols for
atom types, without any implication as to the specific ion-
icity of these centers.

Band structure of bulk AgBr.
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Figure 1. The band structure of bulk AgBr from I' to X and from
ItoL.



Figure 2. The AgBr(111) reconstructed surface. The surface sil-
ver half-layer segregates into rows that are 7.07 A apart. The
Ag-Ag distance within the rows is 4.08 A. The unit cell that was
used in the calculations is outlined by a dashed line.

Bulk Silver Bromide and the Silver Bromide Surface

Figure 1 shows the calculated band structure for bulk
AgBr. The calculation was done using a primitive unit cell.
The bands are shown in the directions ' to X and I' to L (X
=0.5,0,0; L =0.5, 0.5, 0.5) in the Brillouin zone. Our
method reproduces reasonably the results of earlier cal-
culations®® and is in approximate agreement with experi-
mental data,’ for instance, in the calculated band gap of
2.5 eV. There is a surprise, however; in our calculations,
the Ag and Br emerge carrying average net charges of
+0.034, respectively, far from the ionic extreme of 1.

Current methods of assigning electron density to atoms
in a calculation carry some degree of arbitrariness. We
use the Mulliken “population analysis,” one much applied,
uniquely defined, but arbitrary way of dividing electron
density between atoms.?* Other population analyses
(equally arbitrary) will give different ionicities. It is, nev-
ertheless, clear that in AgBr there are a good many occu-
pied Ag s and p states. This leads to a nonionic model for
silver bromide. We think that this is likely to be true in
other calculations. We realize that the finding of a signifi-
cant degree of covalency in bulk silver bromide will not be
accepted easily by many in the photographic community.

AgBr crystallizes in the rock salt structure type; there-
fore an ideal (111) surface consists entirely of Br or Ag. It
had been postulated for some time’ that this ideal surface
undergoes a reconstruction to give a half-layer covering of
Ag or Br. Several models, based on theoretical calculations
as well as experimental data, have been proposed for this
reconstruction.®!* These models agree that the surface
should be a half-layer covering of ions. But considerable
disagreement exists over which species (Ag or Br) is on
the surface and over the exact nature of the reconstruc-
tion. However, some recent studies of the AgBr(111) sur-
face, using SEXAFS spectroscopy have shown that the
reconstruction is a row type segregation of Ag on the sur-
face.'?'® In this model, shown in Fig. 2, one sees chains of
Ag ions, 4.08 A apart within a chain and separated by
7.07 A between the chains.

The AgBr(111) surface was modeled using a seven inte-
rior layer slab with the reconstructed Ag ions placed on both
surfaces, in positions suggested by experimental work.* An
interesting feature of the surface model is that the net
charges on Ag and Br vary in relation to their distance from
the surface. At the middle of the slab, the charges are +0.035;

* Aseven layer slab was found to be sufficient to model bulk-like proper-
ties in the innermost layers. This was probed by comparing the DOS
and atomic charges of the innermost layers with the values obtained
from a calculation on bulk AgBr. Please see the Appendix.
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Figure 3. The horizontal dashed line is the Fermi level. The
solid line is the total DOS: the shaded region is the contribu-
tion to the total DOS of the specified Ag s—orbital. The dotted
curve is the integral of the specified DOS contribution: (a) bulk
AgBr, bulk Ag; (b) surface model, innermost Ag; (c) surface model,
surface Ag.

similar to those calculated earlier for bulk AgBr. However,
at the surface, the ionicity of the Ag is quite different. The
charge on the reconstructed Ag at the surface is +0.35; ten
times that of Ag in the bulk. The Ag centers one layer below
carry a charge of +0.05. This finding suggests that the ion-
icity of Ag in microcrystals of AgBr will vary with respect to
their distance from the surface. The Ag at or near the sur-
face will be more ionic in character than Ag in the bulk.

Figure 3 shows the calculated DOS for both three-di-
mensional bulk AgBr and the reconstructed two-dimen-
sional AgBr(111) surface model. The shaded region of each
DOS plot indicates the contribution (or projection) of Ag
s—states to the total DOS. There is also a dotted integra-
tion line, which indicates the total fraction of the projected
states up to a given energy. The Ag s—states are very much
dispersed throughout the conduction band, and also ap-
pear, to a smaller extent in the valence band (which is
mainly Br).

The surface model calculations [Fig. 3(b) and 3(c)] show
something new, a peak in the DOS near —9.10 eV, the bot-
tom of the conduction band. Such a peak is not present in
the case of bulk AgBr [Fig. 3(a)]. Intrigued by this new fea-
ture, we investigated its origins. Two types of Ag are present
in the slab, interior (three such layers) and surface (two
half-layers); the contribution of the Ag s—states from the
one innermost layer (i.e., most bulk-like layer) and from
the surface layer to the total DOS is shown in Fig. 3(b) and
Fig. 3(c), respectively. The interior Ag s—states are quite
dispersed throughout the valence and conduction bands,
analogous to bulk AgBr. However, the surface Ag s—states
are very much localized to that new peak at the bottom of
the conduction band. The narrowness of this peak is an in-
dication of the localization of these states in real space.?
The location of this peak in the vicinity of the band gap is
ideal for it to serve as a shallow trap for a photoelectron.

The Latent Image

At this point we summarize briefly current ideas about
the photographic process and some of its terminology. Some
of the relevant basic concepts were first introduced by Gur-
ney and Mott,! and modified later by Mitchell, Hamilton,
and others.'* A latent image forms after exposure of film
to light. This latent image is then amplified during the
development process to produce the final photographic
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Figure 4. A schematic drawing of the seven layer slab model
used in the calculations.

Band structure of AgBr surface model.
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Figure 5. The surface Ag s—band as calculated from I' to X for the
geometry of Fig. 2. The Fermi level is indicated for the case of one
photoelectron trapped per surface Ag. In this energy window only
the bands arising from primarily surface Ag atoms are visible.

image. It is thought that the latent image consists of clus-
ters of Ag atoms on the AgBr surface. These are termed
“latent image clusters” and typically consist of 4 to 5 metal
atoms, 415

Current mechanisms of latent image formation propose
that exposure of AgBr to light produces a photoelectron and
a hole. The photoelectron then becomes trapped at a trap-
ping site. An interstitial Ag* ion is attracted to this site and
reduced to neutral Ag, forming a latent pre—image center.
This neutral Ag, it is thought, is able to capture another
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photoelectron and then attract another interstitial Ag* ion
from the bulk to form Ag,. The Ag, is called a “latent
subimage center” and is stable whereas the latent pre—im-
age center is not stable.!* The process is then repeated sev-
eral times to form a large latent image cluster. This is known
as the “nucleation and growth” model.

The formation of a latent subimage center is necessary
to the growth of a latent image cluster. Unspecified in this
model is the nature of the trapping site, the detailed struc-
ture and stability of the latent subimage center, and the
mechanism for Ag-Ag bond formation during the creation
of the subimage center. These points are our main con-
cern here.

Distortion of the Surface Silver Ion Chains

Returning to our computational model, consider the pos-
sibility of photoelectrons trapped in the surface Ag s—state
we have found in our calculations. Figure 5 shows the band
structure from I to X (not the entire Brillouin zone) for the
surface model in the energy window from —8.0 to —10.0 eV.
Before we had shown only the resulting DOS. The two com-
plete bands shown are the ones responsible for the peak in
the DOS of interest to us; they are largely made up of sur-
face Ag s—orbitals.” The Fermi level indicated is now for the
case of one photoelectron trapped per one surface Ag. In
other words, we have included enough electrons to half popu-
late the surface Ag s—state, and formally reduce all of the
surface Ag ions to neutral Ag atoms.*

It is apparent that along this direction in the Brillouin
zone one has a half—filled band (or two bands). Such a situ-
ation points to a potential Peierls distortion,? a motion of
the atoms of the lattice that opens up a band gap at the
point of filling. There are many ways of realizing a Peierls
distortion, and unfortunately the extended Hiickel method
is not reliable for optimizing distances. We reasoned that a
pairing distortion should keep as many surface Ag—Br sepa-
rations constant as possible, and so came upon the motion
illustrated in Figs. 6 and 7. Pairs of surface Ag are moved
diagonally toward each other while keeping all the Br posi-
tions unchanged. In the undistorted model, the three clos-
est Br to surface Ag distances are all 2.89 A. The distortion
studied keeps two of these Ag—Br distances constant while
the third Ag—Br distance (the Br that the Ag is moving away
from) increases. This is not the only deformation possible,
but we believe that it is a plausible one.

Figure 6. The proposed distortion of the surface Ag is indicated
by the arrows.

T Two s-bands arise because in our model we have two surfaces. The fact
that the bands are not completely degenerate throughout the Brillouin
zone is due to the weak coupling of the surface states through the seven
intervening layers.

% This is the most extreme case. The calculations with fewer photoelec-
trons are discussed later.
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Figure 7. Amore detailed illustration of the proposed distortion
of the surface Ag. The motion of surface Ag is indicated by the
dashed arrows. The Ag-Br distances that are kept constant are
drawn with heavy lines.
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Figure 8. The surface Ag s—band is calculated from I' to X as the
Peierls distortion indicated in Fig. 6 occurs. The leftmost panel
shows the band structure for the undistorted surface. The band
structure for the closest surface Ag—Ag distance is shown in the
rightmost panel. The Fermi level in all cases has been calculated
from the studied two-dimensional model discussed in the text.

To model this distortion in the calculations, the unit cell
was doubled in the x—direction. This leads to the phenom-
enon of bands “folding back”.?* The leftmost band struc-
ture in Fig. 8 is actually that of the undistorted surface
prepared for subsequent deformation; the levels this band
structure contains (in a halved Brillouin zone) are exactly
the same as in Fig. 5. Calculations were done on a doubled
unit cell for surface Ag—Ag distances ranging from 4.08 A
(undistorted) to 3.10 A with one photoelectron trapped per
Ag ion on the surface (i.e., reducing all the surface silver
ions to formally neutral silver). As Fig. 8 shows the lower
bands are stabilized in energy while the upper, empty
bands are destabilized. The Fermi level indicates that the
lower pair of bands is filled.

One should not conclude from the clear splitting of the
surface Ag s—bands indicated in Fig. 8(a) through 8(c) that
the system becomes an insulator. The band splitting occurs
where it should, along the I' to X direction maximally af-
fected by the pairing distortion. Along other directions in
the zone (T=Y-M-T, not shown here) less change occurs in
the level energies with distortion, and a good number of
states remain near the Fermi level. The evolution of the
total DOS (Fig. 9) shows this, but also indicates clearly a
stabilization with pairing, for the reasons we have analyzed.
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Figure 9. This DOS corresponds to the band structure shown in
Fig. 8.

Energetics and Bond Formation for Reduced Silver
Bromide Surfaces

To gauge the stabilization upon Ag—Ag surface pairing
and the corresponding growth in strength of some surface
Ag—Ag bonds, calculations were done as described previ-
ously, varying the surface Ag—Ag distances from 4.08 to
3.10 A, for the following cases: no electrons per two sur-
face silvers, one extra electron per two surface silvers, and
two extra electrons per two surface silvers. The latter two
cases are essentially modifications of electron counts (or
number of photoelectrons).

Our concern is with the extent of Ag—Ag bonding, so it
is important to have a model for such bonding. Two neu-
tral Ag atoms should give us a model of a Ag—Ag single
bond, and two Ag* ions should interact only weakly. As a
calibration, the following calculations were done for di-
atomic molecules, specifically: two Ag* ions interacting,
one Ag® and one Ag* interacting, and two Ag® interacting.
The overlap population (OP) and net energy stabilization
for each case was calculated. These results are summa-
rized in Figs. 10 and 11.

The reference system of Ag*—Ag*, which one might ex-
pect to be repulsive (d°-d'?), is actually slightly attrac-
tive (in energy) and bonding (judged by the OP). The reason
for this phenomenon has been discussed for Cu*—Cu*, we
have suggested that it is due to s, p orbital mixing into
the d block.*%'" Other explanations for such d'°-d*° attrac-
tions in coinage metals have been proposed.!®

For these model diatomics, the overlap population and
relative energy stabilization indeed increase as one goes
from Ag*—Ag* to Ag’~Ag*, and are greatest for two Ag® in-
teracting. Turning to the surface calculations, as far as
the OPs are concerned, this trend is reflected for two sur-
face silvers pairing. Figure 10 shows that the overlap popu-
lation is greater for two electrons per two surface Ag than
for one electron per two Ag and is lowest for no electrons
per two Ag.

The general trend is followed for the relative stabili-
zation energy, as shown in Fig. 11. Greater energy stabi-
lization exists for the case of two electrons per two Ag
than for one electron per two Ag, though the deforma-
tion seems initially to encounter a small barrier. The
other case also follows the general trend observed in the
overlap populations.

Concluding Remarks

Our purpose has to suggest a mechanism for the forma-
tion of a subimage cluster. Previous researchers postulated
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Figure 10.Overlap population plots. The solid curves correspond
to diatomic molecular models: two Ag, two Ag*, or one Ag and one
Ag* atoms interacting. Each line is appropriately labeled directly
on the graph. The dotted curves correspond to two Ag atoms on
the AgBr surface interacting, with various choices for the num-
ber of additional electrons per pair of surface Ag atoms. Each
case discussed in the text is labeled in the legend.

the existence of “shallow trapping sites”!® for photoelec-
trons on the surface of AgBr. It was believed also that
after the trapping of a photoelectron an Ag* ion would
migrate to this site followed by capture of another pho-
toelectron and the migration of another Ag* to form the
Ag, latent subimage center. However, the exact nature
of the trapping site and mechanism for formation of a
subimage cluster was not specified. Our model has iden-
tified the trapping site as a band of levels, a reconstructed
surface Ag s—state, which lies just below the bulk con-
duction band.

We have further provided an alternative mechanism and
a rationale (through Peierls distortion) for the formation
of a subimage cluster. This model suggests that stabilized,
reduced Ag—Ag pairs form on the surface.

This band of levels is ideal for interaction with dye mol-
ecules. Theoretical investigations of dye molecules inter-
acting with these surface states would provide valuable
insights into how the electronic levels of AgBr are modi-
fied by dye molecules.

With our method of dividing electrons among atoms,
bulk AgBr came out hardly ionic. But the degree of ionic-
ity near the AgBr(111) surface was found to be greater
than in the bulk. This is consistent with experimental
observations that the ionic conductivity of AgBr microc-
rystals and AgBr(111) thin films are greater than that of
bulk AgBr.1422021 There are more cationic charge carriers
near the surface. These results suggest that in future
investigations, the differences in ionicity between bulk
and surface AgBr should be taken into account. Investi-
gations into the AgBr(100) surface states are currently
underway; studies of Au and S influence on photographic
sensitivity will be published separately. &
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Figure 11. Relative energy stabilization plots. The solid curves
correspond to two Ag, two Ag*, or one Ag and one Ag* interacting.
Each line is appropriately labeled directly on the graph. The dot-
ted curves correspond to two Ag on the AgBr surface interacting.
Each case discussed in the text is labeled in the legend.

TABLE |. Extended Hiickel Parameters Used

Atom  Orbital  H, (eV) . ¢, c, c,
Ag 5s ~105 2.244

5p 58 2.202

4d _145 6.07  2.663 05501 0.6048
Br 4s 2207  2.588

4p _131 2131
Appendix

All calculations were done using the extended Hiickel
method, a semi-empirical molecular orbital method?? with
the program YAeHMOP by Greg Landrum. The param-
eters are given in Table I. The unit cell used in the two-
dimensional calculations is outlined in Fig. 2 by a dashed
line. The unit cell for the two-dimensional calculations
consisted of 32 or 34 atoms (depending on whether Au
was included or not).

DOS and band structure calculations of bulk (3-D) AgBr
were done with a primitive unit cell and were compared
with previous calculations®® done using other techniques.
The extended Hiickel calculations on bulk AgBr repro-
duced the earlier results.

The seven layer slab model for the surface was chosen
after doing calculations on a series of models having from
5 to 12 layers. In each model, the DOS and the average
net charges on the atoms in the innermost layers were
compared with values obtained from the calculation on
bulk AgBr. It was found that seven layers were sufficient
to model bulk properties in the innermost layer.
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