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Defect structures in the silver halides
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We report a state of the art density functional theory study of the intrinsic defects within the rocksalt-
structured silver halides. These materials are well known to favor Frenkel defect pairs over Schottky pairs—a
key factor in their use as photographic materials. We report the defect structures and formation energies of the
elementary point defects obtained using the supercell approximation. In agreement with recent experimental
results, we find that the interstitial cation adopts a split-interstitial configuration, centered on a lattice site. The
effects of electron or hole trapping on the defect centers in AgCl and AgBr are reported, including the
formation energetics, structures, and spin localizations. Although limitations in the supercell method are evi-
dent, we have nevertheless obtained valuable new insights into the properties of these fascinating materials.
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I. INTRODUCTION

The question of the structures of the intrinsic point defects
in the silver halides is of both fundamental and industrial
relevance. The silver halides are, of course, central to the
photographic industry, largely due to their unique defect
properties. While the majority of rocksalt-structured materi-
als contain Schottky defect pairs, the dominant form in the
silver halides are Frenkel defect pairs, consisting of intersti-
tial cations and corresponding vacancies.'

The ease of formation of the interstitial cation, along with
its subsequent high mobility within the crystalline lattice, are
crucial to the efficiency of the photographic process. In a
theory first proposed by Gurney and Mott in 1937,2 and later
refined by Berg,® Seitz,* and Hamilton>® (amongst others),
the process proceeds stepwise via electronic and ionic stages.

First, a conduction band electron, formed along with a
hole upon excitation by incident light, becomes trapped at a
positively charged (+%e) surface kink site. The resultant
negative static charge can then draw a bulk interstitial cation
towards the surface. When they meet, recombination occurs,
forming a neutral silver atom and regenerating the charged
surface defect. Given a great enough photon flux, the process
repeats until a stable silver cluster is formed. This cluster
constitutes the photographic latent image, which can later be
developed into a visible image.

The efficacy of this process relies, in part, upon the as-
sumption that the electron-hole pair does not recombine. Ex-
periments have shown that the positively charged hole be-
comes trapped very quickly.” At low temperatures the hole
may become self-trapped; at elevated temperatures this spe-
cies exists only if stabilized by a nearby negatively charged
cation vacancy.®® Recent low-temperature ENDOR studies
on the isolated self-trapped hole (STH) in AgCl have sug-
gested that it is localized over a central silver 4d,>_,> orbital
and four surrounding chloride orbitals, forming a [AgCl,]*
unit.'0

Within the bulk, it is thought that the electron can become
trapped at an interstitial silver ion at low temperatures,!!
which has been verified by more recent experiments, with
the trap having been found to be very shallow.!>!3 Conse-
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quently, under normal operating conditions the mobility of
the electrons will be unaffected by these centers, allowing
them to reach surface traps rapidly. While most previous
analyses have assumed the interstitial ion is located at a
body-centered site, the ENDOR spectra have suggested that
the neutral interstitial cation adopts a split-interstitial con-
figuration with a neighboring cation, forming a Ag,* “mol-
ecule” within the lattice. This species was found to be cen-
tered upon a silver lattice site, orientated in a (110) direction.
It was suggested by the authors that the charged defect
(Ag,**) would be of the same nature as the diffuse trapped
electron and would not alter the structure significantly.

Despite interest in the silver halides, there have been rela-
tively few theoretical studies of these materials, and even
fewer which have dealt with defect properties. Classical ato-
mistic techniques have provided key insights,'*"!® though
they often relied upon unphysical parametrizations. The as-
sumption in early calculations that the Cy term arose purely
from van der Waals interactions relied heavily on a model of
AgCl, in which ions were spherical and incompressible; this
model was also extended further to include dipolar electronic
polarization effects. However, the more complex nature of
the physical interactions in these systems, such as those due
to the hybridization of the silver 4d orbitals with the p orbit-
als of neighboring halide anions,'” often referred to as partial
covalency, was neglected in this model. Further complex in-
teractions arise from interionic penetration effects and
changes of ion shape and size as a function of environment,
which yield strong pure near-field electrostatic and polariza-
tion contributions to the interionic forces and the lattice en-
ergy, as in, for example, the successful modeling of quadru-
pole effects.?%?!

Turning to electron structure techniques, the lack of elec-
tron correlation in Hartree-Fock methods has been shown to
lead to a very poor representation of the pure silver halides.??
Density functional theory (DFT) provides a much better de-
scription; however, previous studies have been limited to the
examination of the unusual electronic structure of the
material,>>?7 the elastic properties,”’?® and the phonon
properties.?’

In this paper, we will expand our previous work®® on in-
trinsic defects in silver chloride by studying the defect prop-
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erties of all three rocksalt-structured silver halides (AgX),
namely, silver fluoride (AgF), silver chloride (AgCl), and
silver bromide (AgBr). We have used DFT to study the
ground-state charged defect energetics and atomic structures,
along with those of the corresponding neutral defects, in
which an excess electron or hole is present. We have also
calculated more accurate defect formation energies by em-
ploying a more sophisticated correction scheme, and by in-
vestigating the dependence of the properties on supercell
size.

Our results, while illustrating some of the known limita-
tions of periodic DFT calculations, provide valuable insight
into the defect physics of these systems.

II. METHOD

Our calculations used the CASTEP code,' which imple-
ments a combination of a plane wave basis set with pseudo-
potentials and periodic boundary conditions. The generalized
gradient approximation (GGA) density functional of Perdew,
Burke, and Ernzerhof?? was chosen for its accuracy and nu-
merical stability. The pseudopotentials, provided with the
CASTEP code, were relativistically derived and consisted of
core and valence regions of ([Kr])4d'%5s' for silver, and
([He])2s%2p°, ([Ne])3s23p>, and ([Ar]3d'%)4s%4p° for fluo-
rine, chlorine, and bromine, respectively.?'-33

The convergence behavior of the defect formation energy
as a function of both basis set size and k-point density has
been examined in detail. All three materials showed the same
trends, suggesting that the description of the cation was the
limiting factor. As a consequence, the plane wave expansion
was truncated at 350 eV for all three materials, which we
have found to give convergence to within 0.01 eV. A
Monkhorst-Pack grid of spacing 0.03 A~ was used for the
majority of the calculations, which corresponds to 3 X3 X3
k points for a cubic 64 ion supercell and 2 X2 X2 k points
for a cubic 216 ion supercell. For most calculations, this
number was drastically reduced by the application of sym-
metry. For our largest calculations, using 512 ion supercells,
calculations were performed at the gamma point only.

The defect calculations were performed using the super-
cell approach, which has the advantage of simplicity, but has
some well-known shortcomings.3*3¢ Essentially this is a
method for studying defects at high concentrations (i.e., at
least one defect per supercell). However, it can be used to
study isolated defects if the unwanted interactions between a
defect and its periodic neighbors are in some way removed
or corrected for. This approximation works well for defects
with small multipole moments, but is less precise for cases
such as charged defects in which there are significant long-
range interactions. The monopole-monopole interactions can
be removed a posteriori using the term of Leslie and
Gillan,3* while the dipole and quadrupole related terms have
been derived by Makov and Payne.> When dealing with
simple cubic supercells, the dominant correction terms are
given by Eq. (1), where E_,,. is the desired energy and E|, is
the energy from the supercell calculation.

aq®> 2mqQ

E. (L,g)=Ey+— + ——+O[L™]. 1
Corr( ¢1) ot 2L+ 3L3 + [ ] ()
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The second term on the right-hand side of Eq. (1) simply
amounts to the energy of a system of periodic charges in a
uniform background charge, where ¢ is the defect charge and
a is the appropriate Madelung constant for this model sys-
tem. The third term describes the interaction of the quadru-
pole (Q) with the neutralizing background charge (g). For
the case of solid-state systems, where the defect-defect inter-
actions are screened by polarization of the intervening ions,
each term is reduced by the dielectric constant . However,
several recent studies have shown that while the monopole-
monopole correction improves defect energetics, the accu-
racy of the monopole-quadrupole term depends strongly on
the nature of the defect, and does not provide a consistent
improvement.3”-3® Therefore, we have used this term only for
the calculation of the energies of the isolated ions.

An alternative approach for solid-state systems was re-
cently proposed by Castleton et al.,’® in which Eq. (1) was
simplified to

a b _
Ecorr(L) = EO + Z + E + O[L 5]’ (2)

on the basis that the defect-defect interactions must, to a first
approximation, depend inversely upon their separation (L),
and the volume of the supercell (L?). Thus, with enough data,
a value for E can be determined through a fitting procedure.
However, bearing in mind that the dielectric constant will
also vary with separation and volume,

1 1 a b
—:—[l+—+—+---], (3)
L VvV

& €p

we find that there should be an additional 1/L? term in the
total energy,

l{a aa" b

E,(L)=Ey+ S—O{Z ot E] +O[L™*]. (4
In Sec. IV, values obtained using these extrapolation pro-
cedures are reported along with those corrected using the
Leslie-Gillan term. As previously mentioned, these terms
were applied a posteriori, and thus would not affect the cal-
culation of forces, and thus the optimized geometry may
therefore be inaccurate. In addition, these terms do not cor-
rect the electrostatic potential in the cell. As a consequence,
electronic structure methods such as DFT will find the
ground state of a perturbed system, and can thus report en-
ergies with large errors of the order of electron volts.>®
Schultz has proposed an alternative to the jellium compen-
sating scheme, which correctly represents the electrostatic
potential, and provides considerably more accurate defect
energies.’*0 However, his method requires a mixed bound-
ary condition approach, and as such is incompatible with our
plane wave basis set. In order to correct partially for this
behavior, in our calculations of charged cells we adjusted the
raw energies so that the semicore levels in the density of
states lined up between pure and defective cells. The extent

of this correction was of the order of 0.1 eV in all cases.
Additional correction terms are required when using
arbitrary-shaped supercells due to noncancellation of certain
multipole-multipole interactions.>>*! Hence, for this work,
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we have restricted our attention to the favorable case of the
simple cubic supercells. For the majority of the calculations
reported here, a cubic 64 ion supercell was used, of which
only the inner 27 ions were allowed to relax, which is
equivalent to relaxing up to and including the third-nearest
neighbors, and involves fixing the positions of the ions on
the cell boundary only. Individual defects were placed at the
centre of the cell. For a limited subset of calculations, the
next-largest cubic supercells of 216 and 512 ions were also
employed. The increase in size was largely to combat the
problems described above. However, we also relaxed one
extra shell of ions in the 216 ion cell, taking the total number
of active ions to 33. Symmetry was applied when appropriate
to reduce the computational cost of these calculations. All
calculations were performed at constant volume at the theo-
retically determined lattice parameters, which were all within
1% of their corresponding experimental values (see Sec.
IIT A). Structures were considered relaxed when the residual
force on each atom was less than 0.05 eV/A.

When calculating the full reaction cycle (i.e., the forma-
tion of a pair of charge-compensating defects) two-point de-
fect formation energies are combined. Thus, for the cases of
the cation Frenkel and Schottky defects, the resulting equa-
tions are, using Kroger-Vink notation,

AEp=E(Ag) +E(Va) = 2E e, (5)

1
AES = E(V//&g) + E(V).() - (2 - N)Epure’ (6)

where N is the number of AgX formula units in the pure cell.

For the Schottky pair, it is assumed the removed ions
combine and add to the bulk material, and hence the sum of
their chemical potentials can be replaced with the energy of a
pair of ions in the bulk.

III. PURE MATERIALS
A. Atomic structure

As an initial test of the reliability of these calculations,
fundamental physical properties of the pure silver halides
have been calculated. The cubic lattice parameters, the bind-
ing energies, the bulk moduli, and the three unique elastic
constants C;; are shown in Table I. All calculations employed
a primitive unit cell with a converged k-point set. The elastic
properties were obtained using the finite-strain technique.

As with other GGA-DFT calculations, the lattice param-
eters are systematically (slightly) overestimated, but are still
within 1% of experimental values. Additionally, all three ma-
terials were found to be slightly overbound. The experimen-
tal values for the elastic properties of AgCl are extrapolated
to absolute zero from data in the range 4.2-300 K (Ref. 44)
and thus can be considered more accurate than the values
quoted for AgBr, which are obtained from data in the range
273-673 K. Given the nonlinearity at low temperatures
found by the former authors, the quoted experimental values
for AgBr can be considered only rough estimates, which may
explain the apparent softness of AgBr in our calculations. To
our knowledge, no experimental elastic data exist for AgF.
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Given these results, we have confidence that our method
more accurately represents the silver halides than the atom-
istic methods of previous defect studies.!*!® These models,
although fitted to structural and elastic data, failed to repro-
duce accurately the strong Cauchy violation (Cjy# Cys)
shown in the data in the table, which is an indication that
fundamental interactions were unaccounted for in the simple
form of the interatomic potentials used in these studies. As
we are interested in energy differences between cells of equal
size, the effects of the observed overbinding will be signifi-
cantly reduced. Furthermore, our results are in better agree-
ment with experiment than earlier LDA calculations for
AgClL,*® highlighting the need for gradient-corrected func-
tionals.

B. Electronic structure

The calculated band structures of the three halides are
shown in Fig. 1, while the key band parameters are tabulated
and compared with experiment in Table I. While our results
are in good agreement with previous DFT studies,*>*%*7 each
having an indirect L— I transition, as with all DFT calcula-
tions these band gaps are systematically underestimated.

For the case of the indirect band gap, improved results
were obtained by performing two additional calculations per
material: one with an additional electron and one where an
electron has been removed. The band gap can then be calcu-
lated according to the equation AEg;=E[-]+E[+]-2E[0],
where E[0] is the energy of the neutral system and
E[-]/E[+] are the energies of the charged cells.

Silver fluoride has been found via the eigenvalue spec-
trum to be a negative indirect band gap material, where it
should have a positive gap of 2.8 eV. It cannot, therefore, be
considered a dielectric ionic material within DFT. Based on a
positive direct band gap we nevertheless attempt calculation
of the defect properties. In this approach we expect to repro-
duce, to a first approximation, the properties primarily con-
trolled by the charge density distribution (i.e., formation en-
ergies and structure of charged defects). However, the
properties of excited and localized electron and hole defect
states would be unreliable.

IV. CHARGED DEFECTS

Charged defects in the silver halides have been studied in
the past using both experimental and theoretical methods.
Ionic conductivity measurements have provided valuable in-
formation on defect migration,“&49 while atomistic calcula-
tions have provided insights into defect formation'4-1%18 and
have revealed the mechanisms of interstitial and vacancy
migration, -3

There have been relatively few ab initio studies of
charged defects in ionic materials, which has been largely
due to the problems associated with calculating the proper-
ties of charged defects in periodic boundary conditions (as
discussed earlier). With advances in computing power, it is
now possible to study these defects in large enough super-
cells that spurious contributions to the defect energy from the
periodic images can be significantly reduced, especially
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TABLE 1. A comparison of calculated and experimental properties of the pure silver halides.

AgF AgCl AgBr
Lattice parameter, a/A Calculated 5.01 5.53 5.82
Calculated (SIC-LDA) (Ref. 23) 5.53 5.71
Experimental (4.94)2 5.51 5.77
Binding energy/eV Calculated -9.85 -9.23 -9.08
Experimental -9.45 -8.93 -8.77
Bulk modulus/GPa Calculated 58.8 504 40.2
Experimental 51.3 49.6
C1;/GPa Calculated 75.7 67.3 55.6
Calculated (LDA) (Ref. 43) 98
Experimental 75.9° 75.5¢
C1,/GPa Calculated 50.3 41.9 325
Calculated (LDA) (Ref. 43) 42
Experimental 39.1 36.7
C44/GPa Calculated -3.8 5.4 7.5
Calculated (LDA) (Ref. 43) 1.3
Experimental 6.9 8.3
Direct band gap/eV Calculated! 4.96 4.22 3.87
Calculated (SIC-LDA) (Ref. 23) 4.5 3.1
Calculated (LDA) (Ref. 46) 3.6 3.0
Experimental (Ref. 24) 4.63 5.15 4.29
Indirect band gap (L—T')/eV Calculated! -0.36 0.94 0.71
Calculated® 0.52 1.73 1.84
Calculated (SIC-LDA) (Ref. 23) 2.3 1.6
Calculated (LDA) (Ref. 46) 1.3 1.3
Experimental (Ref. 24) 2.8 3.245 2.684

aRoom temperature value from Ott.*>

PElastic data for AgCl from the low-temperature data of Hidshaw et al.**

°Elastic data for AgBr extrapolated from the high-temperature data of Cain et al.*®
dAs determined from the eigenvalue spectrum.

€As determined from the equation AEg;=E[-]+E[+]-2E[0], as described in the text.

when used in conjunction with a posteriori correction (1) Addition of a silver ion to form an interstitial cation
schemes. defect, again in Kroger-Vink notation as follows:
+ .
A. Energy of formation Ag' — Ag/. ()
We have first considered three processes of defect forma- (2) Removal of a silver ion, leaving a cation vacancy as
tion, and their relative energetics: follows:
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FIG. 1. Calculated band structures of the three rocksalt silver halides. Special points of the Brillouin zone: I'=[0;0;0], X =[%;%;O],

k=[3:3:3] 1=[3:4:3] w=[3:1:21.
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TABLE II. Defect formation energies for the silver halides (eV).
The classic interatomic potential values are from Ref. 18. Absolute
values of the defect energies for individual charged defects are
given for completeness and should be combined to obtain physi-
cally meaningful properties.

AgF AgCl AgBr
Ag/ DFT -15.80 -16.49 -16.24
Classical -5.42 -5.88
V[’\g DFT 16.36 17.10 16.70
Classical 6.88 6.92
Vi DFT -6.37 -6.94 -6.59
Classical 4.35 3.67
Frenkel DFT 0.56 0.61 0.46
Classical 1.46 1.05
Experimental 1.45 (Ref. 51)  1.00-1.05
Schottky DFT 0.16 0.94 1.02
Classical 1.70 1.40
Experimental >1.5 (Ref. 1)
Agag— Vag +Ag'(g). (8)

(3) Removal of a halide ion, resulting in an anion vacancy
as follows:

Xy — V' +X(g). 9

The halide interstitial was considered beyond the scope of
this study, as it is by far the minority point defect species,
and has not been experimentally observed.

The resulting defect energies, calculated using a 64 ion
supercell, and corrected for monopole-monopole interac-
tions, are reported in Table II. It should be noted that within
approaches using periodic boundary conditions there is no
unique way of defining such a quantity, as this process is one
half of the full reaction, and it is in itself physically unrea-
sonable. The values quoted here are simply the energies re-
quired to move the charged ion from the bulk to infinity.
However, when these values are combined to form defect
pairs, the results are well defined, experimentally verifiable
quantities.

It can be seen from the tables that the dominance of the
charged cation Frenkel pair for AgCl and AgBr is correctly
predicted. Experimental data for the minority defect species
are scarce due to the difficulty of the experiments involved,
while data are not currently available for AgF as experiments
are hindered by its tendency to absorb water. Our results for
this material can therefore be considered as predictions.

All values are systematically lower in energy than would
be expected, which is likely to be due to the inaccurate de-
scription of the electrostatic potential in the cell, as discussed
in Sec. II. To our knowledge, the only available method for
improving the quality of our results is to employ a larger
supercell in which the periodic charged defects are further
separated. In order to investigate this, we have performed
key calculations using larger, and considerably more compu-
tationally expensive, 216 ion and 512 ion supercells. These
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TABLE III. Defect formation energies for AgCl using 64 ion,
216 ion, and 512 ion supercells (eV).

Raw LG-Corrected
Ag/ 64 -16.68 -16.49
216 -16.44 -16.32
512 -16.37 -16.28
1/L* -16.3
1/L3 -16.2
Vie 64 16.90 17.10
216 17.15 17.28
512 17.17 17.26
1/L2 17.2
1/L3 17.3
Vy' 64 -7.13 —-6.94
216 -7.29 -7.16
512 -7.33 —7.24
1/L? -3
/03 7.4
Frenkel 64 0.22 0.61
216 0.70 0.96
512 0.79 0.99
1/L? 0.9
/L3 1.1
Schottky 64 0.55 0.94
216 0.64 0.89
512 0.61 0.80
1/L* 0.7
1/L3 0.7

calculations were only performed for silver chloride due to
the large computational resources they require. The results
are shown in Table III, along with the previously reported
results for the smaller 64 ion cell. The values marked “1/L3”
are estimates for infinite supercell size, based on Eq. (2),
while those marked “1/L?” use the first two terms in Eq. (4)
(the third was neglected due to lack of data in the fit).

From the extrapolation procedure, it is clear that terms of
higher order than 1/L are required. However, the choice be-
tween the 1/L? and 1/L* terms does not strongly affect the
final defect energies (Table IIT). It would be very interesting
to include both 1/L? and 1/L? terms in the fitting procedure,
but we are limited by the small number of data points avail-
able from our calculations.

The results here suggest that the energetics derived from
the 64 ion calculations are unreliable due to the large errors
associated with the defect-defect interactions. Both the cor-
rected and the extrapolated values for the Frenkel defect en-
ergy lie much closer to the experimental value (1.45 eV)
than the results from the 64 ion cells. However, the energy of
the Schottky pair is still much lower than experiment, where
values >1.5 eV have been measured.!

While the calculation of the Frenkel defect energy simply
involves summing the formation energies of the constituent
point defects [Eq. (5)], the calculation of the Schottky defect
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FIG. 2. Ilustration of the charged Ag,?* split-interstitial species
in the [111] orientation, with a typical cation chain highlighted.
White circles represent silver ions. Black circles represent halide
ions.

energy involves the crystal binding energy [Eq. (6)]. From
Sec. III, we know that our calculated binding energies are too
high. Therefore, we would expect that the use of the PBE
exchange-correlation functional would bias our results to-
wards favoring Schottky pairs over Frenkel pairs.

B. Structure of the interstitial cation: Ag;”

The interstitial cation defect is of considerable interest as
it is unusually mobile within the crystal and plays a key role
in the photographic process. So far, all experimental conduc-
tivity data have been analyzed using a conventional body-
centered (BC) model of the interstitial ion.*3>? Energetics
from classical atomistic calculations on charged interstitials
also supported this assumption.!'%!5-18

Our calculations on all three halides have shown the BC
structure to be unstable. Instead, we have found the equilib-
rium configuration to involve a second cation, forming a
dumbbell-shaped split-interstitial structure centered on a lat-
tice site (see Fig. 2), in agreement with both the Hartree-
Fock results of Baetzold and Eachus for AgCl (Ref. 53) and
the ENDOR work of Bennebroek er al. on AgCl and
AgBF.12’13

However, there is disagreement over the orientation of
this Ag, species. Based on symmetry arguments, Bennebroek
predicted a [110] orientation for the neutral defect in AgCl,
and suggested that the charged defect should be qualitatively
similar due to the diffuse nature of the trapped electron (with
an effective radius estimated at 16.6 A).!> The orientation of
the Ag," species in AgBr could not be determined by the
authors due to low spectroscopic resolution. Our calcula-
tions, in contrast, show that a [111] orientation is more stable
in all three halides. Moreover, we find that the [110] orien-
tation is unstable, and will relax back to a [111] configura-
tion. Simple steric arguments suggest that a [111] orientation
would be expected to be more favorable, which determined
the choice of model Baetzold used for his Hartree-Fock cal-
culations on AgCl.%?

In our calculations, the bond length of the charged Ag,**
dimer was found to be 2.95 A in AgCl, with the silver ions
located close to the centers of two triangles of chloride ions,
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TABLE 1V. Bond lengths in and around the Ag,”* dimer. Sub-
script “I”” relates to the interstitial pair, while “L” relates to lattice
site ions. All lengths are in A.

Ag22+ Agi—Agy Agi—X; Ag —-Xp
AgF 2.69 2.76 2.28 2.50
AgCl 2.95 2.94 2.49 2.77
AgBr 4.11 2.89 2.64 291

as shown in Fig. 2. The distance between each member of
the dimer and its nearest cation neighbors was found to be
2.94 A. We therefore observed chains of cations with ap-
proximately equal separation (indicated in Fig. 2), suggesting
the importance of electrostatic energies in determining the
structure. The slight inequality in the bond lengths is likely
to be due to electrostatic interactions with the surrounding
chloride anions, which were situated at a distance of 2.49 A
from each cation (0.28 A shorter than normal separation in
pure AgCl, but with silver in a trigonal, rather than octahe-
dral, configuration), displaced only slightly from their lattice
sites (0.02 A outwards) due to the competition between Cou-
lombic attraction and short-range repulsion. Silver fluoride
showed very similar behavior to AgCl, while AgBr had a
significantly longer dimer bond length. All data are summa-
rized in Table I'V.

To validate this analysis, we performed calculations
purely of the electrostatic energies. Atomic coordinates from
our DFT calculations on each material were imported into
the GULP code,* and assigned formal ionic charges. Varia-
tion of the electrostatic energy was calculated as a function
of the Ag,** dimer bond length, while keeping the remainder
of the crystal fixed. This procedure gave an equilibrium bond
length of 2.7 A for AgF, 2.9 A for AgCl, and 3.1 A for
AgBr. The values for AgF and AgCl are very close to the
DFT data, confirming that electrostatic interactions control
the structure of these systems. That the DFT bond length for
AgBr deviates so strongly from that of the electrostatic
model suggests that steric effects become important due to
the large size of the anion.

As an approximate measure of the ease of migration of
the interstitial cation, we have studied the differences in en-
ergy between the relaxed [111] geometry and the relaxed
geometry where the interstitial ion is constrained to be in a
body-centered (BC) site, which represents the most likely
transition state. As would be expected, in line with conduc-
tivity measurements, the barrier to migration was found to be
very small. The barriers obtained by our method are shown
in Table V. A direct comparison with experiment is not pos-
sible as all “experimental” data have been derived from ac-
tual measurements using a body-centered model of the equi-
librium structure.>>>’ However, our results compare very
favorably with the averaged interstitial defect mobility val-
ues quoted by Weber and Friauf.>® A reinterpretation based
on the split-interstitial model would be very useful, although,
the analysis would be far more complex as the migration
path shows a greater degree of correlation.

Previous atomistic calculations’®® have been used to
study the difference in energy between the body-centered

064115-6



DEFECT STRUCTURES IN THE SILVER HALIDES

TABLE V. Barriers to migration/eV.

Calculated Experimental®
AgF 0.49
AgCl 0.06 0.05
AgBr 0.13 0.17

aAveraged interstitial defect mobility (Ref. 56).

and split-interstitial species in AgCIl. As mentioned above,
these calculations find the BC geometry to be of lowest en-
ergy, with a [111]-orientated transition state 0.03 eV higher
in energy.59 However, as stated in Sec. III, we consider our
method more accurately represents the silver halides, and
thus can be considered more reliable.

C. Structure of the cation vacancy: V,,

For the corresponding charged cation vacancy, we ob-
serve small structural relaxations, as reported in Table VI.
We find that the distance between the vacancy center and
nearest-neighbor anions increases, while the nearest silver
ions relax inwards, as would be expected on electrostatic
grounds.

D. Structure of the anion vacancy: Vy

Although anion vacancies are relatively rare in these ma-
terials, they are of inherent interest. Anion vacancies are
well-studied defects in the rocksalt-structured alkali halides,
in which related F centers form readily®® and data from the
silver halides therefore provide a useful comparison.

The calculated relaxations are reported in Table VII. We
find that while AgBr shows the expected behavior based on
electrostatics, in contrast the nearest-neighbor cations in AgF
and AgCl relax towards the vacancy.

This behavior is a further indication of the breakdown of
the rigid ion model for these materials. It is clear that the

TABLE VI. Inward displacement of shells of nearest-neighbor
(NN) ions towards charged cation vacancies in the silver halides
(A).

First NN Second NN Third NN
AgF -0.11 +0.08 0.00
AgCl -0.10 +0.06 -0.04
AgBr -0.12 +0.05 -0.02

TABLE VII. Inward displacement of shells of nearest-neighbor
(NN) ions towards charged anion vacancies in the silver halides
(A).

First NN Second NN Third NN
AgF +0.34 +0.12 -0.02
AgCl +0.04 +0.11 -0.02
AgBr -0.06 +0.10 -0.01
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fundamental interactions within the silver halides differ from
those of the alkali halides. The p-d hybridization, often re-
ferred to as partial covalency, shortens the cation-anion dis-
tance. On removal of an ion to form a vacancy, the nature of
the bonding around the defect necessarily changes. Around
an anion vacancy, our results imply that the bond-shortening
effect is reduced, and therefore the nearest-neighbor cations
must lower their energy by relaxing into the vacant space.
The extent of this relaxation will be limited by the resultant
changes in the electrostatic and short-ranged interactions.
From the data in Table VII we can see that this balance shifts
smoothly from AgF to AgBr.

V. NEUTRAL DEFECTS

Neutral intrinsic defects in the silver halides consist of a
hole or electron localized around a charged defect of oppo-
site charge. These centers have direct relevance to the pho-
tographic process, as they determine the fate of the photoex-
cited electron-hole pair. For the photographic process to
function efficiently, electrons must avoid traps in the bulk of
the material before they reach their final surface trap. By
contrast, holes must be trapped rapidly to avoid recombina-
tion.

As previously mentioned, due to the small concentrations
of the other species, experimental studies have only been
able to identify the individual defects associated with the
Frenkel pair. Our calculations are not limited by these con-
straints, and therefore we can also study the formation of F
centers (Vy'+e7).

A. Energy of formation

We now consider three new defect processes:

(1) Addition of a silver atom to form a neutral interstitial
defect (which can be considered as an Ag* cation and an
excess electron) as follows:

equiv.

Ag(s) — Ag/ +e' — Ag;. (10)

(2) Removal of a silver atom leaving a vacancy and an
excess hole as follows:

equiv.

Agpg — Vgg+h'+Ag(s) — Vag+ Ag(s). (11)

(3) Removal of a halogen atom resulting in an anion va-
cancy and an additional electron as follows:

equiv.

1 1
Xy— Vy' +e' + EXz(g) — Vx+ Exz(g)- (12)

The results of our calculations for AgCl and AgBr are
reported in Table VIII. Calculations on the trapping proper-
ties of AgF were not carried out for the reasons stated in Sec.
I11.

Although the energies reported here can be considered to
be more accurate than those of the charged defects, as all
supercells were charge neutral, it is clear from the results for
AgCl that we do not yet have convergence with supercell
size. As will be described in the following section, this is due
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TABLE VIII. Neutral defect formation energies for the silver
halides (eV).

AgCl AgBr

Ag; 64 ion 2.07 1.64
216 ion 1.80

Vae 64 ion 0.35 0.36
216 ion 0.30

Vy 64 ion 1.46 2.66
216 ion 1.37

to incorrect electron or hole localization due to finite-size
effects.

It should be noted that these energies of formation are
included for the sake of completeness. Concentrations of
point defects in the bulk are determined by the formation
energies of charged pairs. As has been previously discussed
in the Introduction, there are no deep electron traps in the
bulk, with trapping occurring predominantly at surface sites.
Unfortunately, due to the aforementioned problems with
modeling charged systems within a supercell, and the defi-
ciencies of GGA functionals in reproducing the band gap,
accurate trap depths could not be calculated using this tech-
nique. However, we have recently reinvestigated this prob-
lem using a sophisticated quantum mechanics/molecular me-
chanics (QM/MM) embedded cluster technique, the results
of which will be reported in a subsequent publication.

B. Structure of the interstitial cation: Ag;

As described in the Introduction, ENDOR spectroscopy
has identified a split-interstitial species in AgCl and AgBr,
surrounded by a very diffuse trapped electron with Bohr radii
of 16.6 and 24.8 A, respectively.'> The corresponding opti-
mized structures and electron localizations found by us are
displayed in Figs. 3 and 4. Our calculations predicted a small
bond length increase of the Ag, species to 3.00 A for AgCl
and 4.14 A for AgBr, which was indicative of shallow trap-
ping. While a full quantitative comparison with experiment
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Ag Ag Ag Ag Ag %
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»
cl D @ a cl
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FIG. 3. Spin localization in defective AgCl: interstitial silver
cation. Contour plot of the (110) plane in the larger 217 ion super-
cell containing the Agj species (center). Vertices on the overlaid
grid correspond to lattice sites.
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FIG. 4. Spin localization in defective AgBr: interstitial silver
cation. Contour plot of the (110) plane in the smaller 65 ion super-
cell containing the Ag,* species (center).

would require calculations on larger supercells capable of
fully enclosing the electron density, we did observe diffuse
localization in both cases.

In AgCl, it can be seen that the electron density, although
diffuse, is somewhat concentrated upon p-like polarization
functions of the two interstitial cations. In contrast, the in-
creased dielectric constant of AgBr results in electron density
that is spread across a larger Ag,Brg unit.

Some caution in the interpretation of our results is needed.
GGA-DFT is well known to overdelocalize the electron
distribution,®’ which may have the effect of increasing the
bond lengths of the molecular ions in their neutral states,
making the more constrained [110] geometries less favor-
able.

C. Structure of the cation vacancy: V,,

The spin density for our 216 ion AgCl calculation is
shown in Fig. 5, while the results for our 64 ion AgBr cal-

® ©® ! 0—

s (7T @ 00 @% ) /@
) (0 @@ X6 @@ ) (@

.,
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FIG. 5. Spin localization in defective AgCl: silver vacancy.
Contour plot of a (100) plane in the larger 215 ion supercell con-
taining the vacancy (center).
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D@ @G
NN/Z NN NN
FIG. 6. Spin localization in defective AgBr: silver vacancy.

Contour plot of a (100) plane in the smaller 63 ion supercell con-
taining the vacancy (center).

culation are displayed in Fig. 6. We see that the hole pre-
dominantly localizes on the silver cations, populating the
d,>_,» orbitals, and is found to be stable with respect to small
symmetry-breaking perturbations of the nearest-neighbor
ions. The magnitude of the relaxations are shown in Table IX
which, as expected, are very similar to those for the charged
cation vacancy (Table VI). Any differences are due to the
slight change in fractional charge across the next-nearest-
neighbor cations.

We note that both spin density patterns show appreciable
density on cations around the cell boundary, which is due to
the close proximity of the image defects, and would disap-
pear in the limit of infinite dilution. Indeed, we observe this
effect in moving from the 63 ion to the 215 ion AgCl super-
cells.

Previous experimental studies of the hole-vacancy com-
plex in AgCl have suggested that the hole is centered on a
single Jahn-Teller elongated lattice cation adjacent to the
vacancy.”®? The difference in our distribution may be due to
the localization problem in DFT. Pacchioni et al. have re-
cently found that the hole in an a-quartz Al center is incor-
rectly described by DFT.®3 Experiment and MP2 calculations
showed localization on a single oxygen site, while hybrid
and pure DFT methods showed the hole to be delocalized
over a number of oxygen ions. More recent hybrid
functionals® have, however, managed to reproduce experi-
mental behavior.%

D. Structure of the anion vacancy: Vy
The electronic properties of vacancies at anion sites are of
interest as they are deep electron traps. In the alkali halides,

TABLE IX. Inward displacement of shells of nearest-neighbor
(NN) ions towards neutral silver vacancies in the silver halides (A).

PHYSICAL REVIEW B 77, 064115 (2008)

o

©©

FIG. 7. Spin localization in defective AgCl: chlorine vacancy.
Contour plot of a (100) plane in the larger 215 ion supercell con-
taining the vacancy (center).

an F center forms when an electron becomes trapped at an
anion vacancy. It can be seen in Fig. 7 that a diffuse F' center
also forms in AgCl. However, the electron density is largely
located upon the nearest-neighbor cations, rather than being
concentrated within the vacancy itself as in a conventional F
center. The situation was found to be very similar for AgBr;
however, with its higher dielectric constant the electron den-
sity is more diffuse.

We see from Table X that trapping of an electron causes
the neighbouring silver ions to contract symmetrically into
the vacancy by 0.70 A for AgCl. Again, the radial displace-
ment of the other ions is small. However, this could be due to
the constraints imposed by the small size of the cell. When
breaking the initial symmetry, the system relaxes back to the
symmetrical geometry shown in the figure.

In the majority of systems studied previously,’%% the
nearest-neighbor cations to the vacancy expand outwards.
The unusual cation contraction observed in our calculations
therefore warranted further examination.

To investigate, we used the methodology described here
to study a well-known and extensively studied system. So-
dium chloride (NaCl) was chosen owing to its apparent simi-
larities to AgCl: being isostructural with a common anion,
and lattice parameters that match to within 0.1 A. Using the
same procedure as above, we studied the F' center, and found
a well-localized electron contained within the vacancy. We
also observed small structural relaxations, with the nearest-
neighbor cations moving outwards by 0.025 A. On removal

TABLE X. Inward displacement of shells of nearest-neighbor
(NN) ions towards neutral anion vacancies in the silver halides (A).

First NN Second NN Third NN First NN Second NN Third NN
AgCl -0.09 +0.07 -0.04 AgCl +0.70 +0.08 0.01
AgBr -0.14 +0.05 0.00 AgBr -0.02 +0.09 0.00
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of this trapped electron to form a charged defect, we find
outward relaxation of the cations and inward relaxation of
the nearest anions, consistent with the electrostatics and with
magnitudes comparable with previous embedded-cluster
calculations.®’

Thus, we consider that our results for the silver halides
are valid, and that the unusual inward relaxation around the
anion vacancy in AgCl can again be attributable to the com-
plex nature of the bonding in this material.

VI. CONCLUSIONS

This paper has illustrated some difficulties with current
DFT methodologies when applied to modeling defects in in-
sulators. Nevertheless, we have gained interesting structural
information on the point defects, including the prediction of
a [111]-orientated split interstitial structure for the charged
silver interstitial species. In addition, we have confirmed the
presence of the neutral split-interstitial defect as predicted by
Bennebroek et al. on the basis of their ENDOR spectra.'? We
have also observed unusual relaxations around the vacancies,
which we consider reflect the complex nature of the bonding
in these materials.

Our calculations have given interesting insights into the
localization of electrons and holes around these point de-
fects. Although no quantitative comparisons could be made
with experiment due to the small size of our models, we
found good qualitative agreement between our calculations
and Bennebroek’s ENDOR work. In contrast, we find that

PHYSICAL REVIEW B 77, 064115 (2008)

our calculations incorrectly predict the localization of the
hole around the cation vacancy. However, the observed be-
havior is consistent with other similar studies which have
found that GGA-DFT tends to overdelocalize the trapped-
hole state.

Within the supercell approximation, the only way to
achieve a consistent improvement in the energetics would be
to move to larger system sizes, which would both reduce the
error arising from the defect-defect interactions, and would
also provide more data for the a posteriori correction
schemes. However, such calculations are currently prohibi-
tively expensive.

An alternative to the supercell approximation is the use of
a QM/MM embedded cluster approach, which would allevi-
ate many of the problems described here, at the cost of ad-
ditional complexity. Such calculations will be reported in a
future publication.
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