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Nanoregions of rocksalt AgI in AgBr microcrystals

A. P. Marchetti, J. C. Hansen,* S. Chen, M. Irving, R. Baetzold, and B. R. Sever
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Rapid addition of iodide causes the optically excited low-temperature donor acceptor luminescence from
AgBr12xIx (x,0.4) microcrystals to shift to'580 nm whereas this luminescence is observed from 530 to 540
nm in microcrystals with homogeneous iodide incorporation. The band-gap energy in rapid iodide addition
microcrystals is'0.1 eV smaller than the measured band-gap energy for iodide concentrations near the
maximum solubility ('40%) even when the total iodide content is only a few percent. Low-temperature
photoluminescence and excitation spectroscopy, transmission electron microscopy~TEM! and computational
methods have been applied to determine the structure responsible for this behavior. The data generated indi-
cated that nanoregions of fcc rocksalt AgBr12xIx (x.0.9) are integrated into these microcrystals. These
nanoregions of high iodide are strained and can engender the characteristic dislocations observed in the TEMs.
Some dislocation features are removed by annealing (200 °C). Heating also causes the luminescence and
band-gap energy to return to the values characteristic of the crystals with a homogeneous distribution of iodide.

DOI: 10.1103/PhysRevB.69.094107 PACS number~s!: 78.55.Hx, 71.15.2m, 73.22.2f, 68.37.Lp
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I. INTRODUCTION

AgBr/I microcrystals are widely used in many phot
graphic products. At present most color negative films c
tain AgBr microcrystals with some sort of iodide phase,
ther from a homogeneous~slow! addition of iodide or from a
rapid iodide addition~RIA! step in their fabrication.1 The
homogeneous AgBr/I system forms an amalgamation se
conductor up to the solubility limit at about 40% iodide.2,3

The low-temperature optical absorption and luminesce
spectra and ESCA data indicate that the valence ban
shifted up in energy as the iodide level is increased.3–5 The
low-temperature photoluminescence~LTPL! from samples
with a homogeneous iodide distribution was found to pe
between 525 and 540 nm depending on the iodide con
tration. It has been shown that RIA microcrystals have
LTPL luminescence band at'580 nm that is characteristi
of this manner of iodide addition.6 The LTPL from RIA mi-
crocrystals appears to be due to some feature other than
els of iodide below the solubility limit.3 In addition, experi-
mental band-gap energies from melt grown samples up
AgBr0.75I0.25 were larger by'0.1 eV than those measured
RIA microcrystals~see below!. Recent work has also sug
gested that this LTPL feature might be due to a disorde
phase.7

It is the purpose of this article to present evidence t
indicates that the species responsible for this LTPL cha
teristic observed in RIA microcrystals are metastable nan
gions ofd-AgI, that is the high pressure fcc~rocksalt! phase.
Data will suggest that these regions trap holes and that
inclusion of these nanoregions ofd-AgI contributes to the
formation of some types of dislocations that are obser
in transmission electron microscopy~TEM! of RIA micro-
crystals.

II. EXPERIMENT

The samples used in this investigation were dispersion
AgBr/I microcrystals in gelatin. These AgBr/I microcryst
0163-1829/2004/69~9!/094107~9!/$22.50 69 0941
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dispersions were fabricated by a double jet addition of so
tions of AgNO3 and NaBr~KI ! to a stirred reaction vesse
containing gelatin at temperatures between 50 and 70 °8

Bromide ion concentration is used to control the microcrys
morphology. Low bromide ion concentrations (1024 molar)
favor cubic morphologies with~100! bounded surfaces
whereas higher bromide ion concentrations (1022 molar) fa-
vor octahedral morphologies with~111! bounded surfaces
Nucleation at somewhat higher bromide ion concentrati
(431022 molar) causes the formation of parallel tw
planes that engender a tabular morphology with~111! sur-
faces.

Regions with homogeneous levels of iodide were crea
in microcrystals by precipitation with mixed bromide an
iodide solutions. The concentrations of iodide ranged fr
1% to more than 25%. Iodide concentrations were calcula
from the stoichiometry. Total iodide levels have be
confirmed in a number of samples by neutron activat
analysis.

The RIA microcrystals were created by adding, at so
point during the precipitation of AgBr~or AgBr/I! microc-
rystals, a dispersion of AgI nanocrystals or adding rapidl
solution of KI and continuing the precipitation using AgNO3
and NaBr solutions.9 Samples were taken from the fabric
tion reactor just after the rapid KI addition to confirm spe
troscopically the presence of AgI. When added rapidly,
amount of iodide constitutes only a few percent of the to
halide. Although band-gap energies were obtained from
large number of samples, both microcrystals and melt gro
crystals, only two examples are detailed below. Both
1.530.1mm* (* equivalent circular diameter3thickness)
AgBr0.97I0.03 tabular microcrystal dispersions. The first is
homogeneous iodide microcrystal dispersion that has a l
iodide concentration of 6 mol % initiated after 20% of th
silver was added and continued for 50% of the fabricati
The second is a RIA microcrystal dispersion with a 3% ra
AgI addition at 70% of the silver addition.

The LTPL measurement apparatus has been descr
previously.10 Samples of the microcrystal dispersions we
©2004 The American Physical Society07-1
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MARCHETTI et al. PHYSICAL REVIEW B 69, 094107 ~2004!
placed in a dewar and the temperature lowered to 6 K.
samples were excited by gas laser lines~325 or 442 nm! or
from a xenon lamp and monochromator. The luminesce
was focused on the slits of a 3/4 meter scanning monoc
mator. Excitation spectra were obtained by monitoring
luminescence intensity and scanning the excitation wa
length. The luminescence spectra were corrected for
monochromator-photomultiplier response and the excita
spectra were corrected for lamp-excitation monochroma
output. Luminescence decay measurements were mad
samples using a tripled Nd/YAG pulsed laser and a digitiz
Before annealing, the gel was removed from the microcr
tals by several cycles of washing with distilled water a
centrifugation. The microcrystals were placed in a furnace
temperature for one hour.

The data on the band-gap energies of the AgBr12xIx melt
grown crystals were taken from Ref. 3. The method of o
taining the band-gap energy from excitation spectra
straightforward. In the weak absorption region, the lumin
cence intensity is proportional to the extinction coefficie
for a given intensity of exciting light. The square root of th
excitation intensity around the band edge is plotted vs
excitation energy.11 The linear portion of this plot is extrapo
lated to zero intensity and this intersection provides the
direct edge band-gap energy. Even if only a portion~10 to
50%! of the AgBr microcrystal contains a homogeneo
level of iodide, most of the radiative recombination at lo
temperature takes place in this region because the val
band has been shifted upwards and the region acts as a q
tum well.5 Thus the band-gap energies that are determi
are for the region with the smallest gap.

Microcrystal dispersions with known homogeneous lev
of iodide along with several different melt grown sampl
were used to check the excitation method for obtaining ba
gap energies. The uncertainty in the direct absorption m
surements was thought to be65 meV, while the measure
ments from the excitation spectra was610 meV.

Room temperature band-gap energies were obtained
some microcrystal dispersions by measuring their diffuse
flectance spectra and transforming this data with
Kubelka-Munk relation to derive data proportional to the o
tical density. The reflectance spectra were obtained usin
0.32 m grating spectrograph with a CCD detector. A 100
quartz-halogen lamp provides excitation in the near infra
and visible. To avoid the effects of stray light, a diffuse ill
mination and specular detection mode is used. The raw
flectance data were transformed using the Kubelka-M
equation to K/S data. The Kubelka-Munk equation isK/S
5(12Rinf)

2/2Rinf , whereRinf is the measured reflectance
a sample of sufficient thickness, such that no light penetr
completely through the sample. This condition is satisfied
the samples are high scattering and flow through a 1-m
thick flow cell. The absorption coefficient,K, bears the same
significance as that customarily employed in spectroscopy
transmission techniques.12 The scattering coefficient,S, is
not easily identified. However, for the samples studied he
the contribution from scattering should not change sign
cantly between samples based on the equivalent base
observed for wavelengths greater than 550 nm. Thus,
09410
e

e
o-
e
e-
e
n
r
on
r.
-

at

-
s
-
t

e

-

ce
an-
d

s

d-
a-

on
-

e
-
a

d

e-
k

es
s
-

y

e,
-
es
e

conversion toK/S data relates the reflectance signal to t
concentration of the absorbing species. Further analysi
the data yielded plots of the square root of theK/S data vs
energy. This permits the derivation of band gap by calcu
tion of the intercept of the initial slope with the baseline.

Transmission electron microscopy analysis of AgBr12xIx
tabular microcrystals were carried out using a double-
sample holder~Gatan 636-DH!, with the sample cooled by
liquid nitrogen, and the microscope operating under 200
accelerating voltage. Annealing experiments were carried
with the crystals spread on carbon film deposited on Ta gr
inside the TEM under a vacuum of;1028 torr, using a
TEM heating holder~Gatan 628!. Suitable AgX cross sec
tions were cut using a diamond cryoknife in a Reichert Ult
Cut S, and sections were picked up with a drop of 3 mo
sucrose solution. Analytical electron microscopy~AEM!
analysis used a focus electron beam with a diameter
;20 nm, and composition analysis were calculated based
the Cliff-Lorimer equation, using AgBr and AgI as refe
ences.

The band-gap energy for face centered cubic~fcc! AgI has
been determined as a function of pressure.13 The room tem-
perature value is 2.26 eV at the transition pressure of 7 k
~0.7 GPa! with a lattice constant of 6.067 Å. The band ga
energy decreases with increasing pressure and has a pre
dependence of261 meV/GPa.

A. Computation

Atomistic modeling techniques have been used previou
to study various bulk and surface structural properties of
ver halide.14,15 In the present work the stability of clusters o
AgI within the bulk fcc AgBr crystal is studied. These ca
culations are based upon ionic models developed within
scope of the shell model that allows ions to polarize a
permits the dielectric properties of the crystal to
represented.16 In addition to the coulombic interactions
short-range interactions are treated with Buckingham t
terms. This procedure has been developed and tested
AgCl and AgBr, where potentials that represent the structu
dielectric and elastic properties of the crystal have be
developed.17 These potentials also give good descriptions
the ionic defect formation energies in these crystals. A
tential was not available for wurtzite AgI, so we followe

TABLE I. Buckingham and shell model parameters for A
wurtzite potential.

~A! Buckingham terms,V(r )5A exp(2r/r)2C/r6

Interaction A~eV! r~Å! C(eV Å6)

Ag-I 5311.8 0.2979 142.6
I-I 46968.1 0.3097 100.0
Ag-Ag 16528.0 0.2310 224.0

B. Shell parameters

Ion Shell charge~q! K(q/Å 2)
Ag 233.5906 7521.11
I 24.087 39.95
7-2
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FIG. 1. The luminescence and excitatio
spectra of microcrystals with 6% homogeneo
iodide over 50% of the microcrystal volum
~solid line! and microcrystals with a 3% AgI ad
dition at 70% of the growth~dashed line!. For the
luminescence spectra~right!, the excitation wave-
length was 325 nm. The excitation spectra~left!
were obtained with monitoring wavelengths o
540 and 580 nm for the homogeneous and R
microcrystals, respectively. The sample tempe
ture was 6 K.
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procedures similar to those used to develop AgCl and A
potentials in order to develop a working potential. We fou
it necessary to include three-body bond harmonic terms
the potential for Ag-I-I, I-Ag-Ag and Ag-Ag-Ag component
as a means to include possible covalent interactions in
material.@These terms were obtained by fitting to the stru
ture and elastic constants#. The parameters for the AgI wurtz
ite potential are given in Table I and the values for the Ag
potential are taken from Ref. 17.

The general utilities lattice program~GULP! written by
Gale is used to calculate the stability of AgI units within t
AgBr crystal.18 This code is based upon the Mott-Littleto
procedure and we employ a region of 9.0 Å radius in wh
all ions are fully treated and surrounded by another spher
region of 22 Å radius in which ions are treated by the h
monic part of the potential. The rest of the crystal is trea
by continuum methods. The AgI cluster is placed at the c
ter of the crystal and substituted for various numbers
AgBr ions. A complete description of the method may
found in Ref. 18.

III. RESULTS AND DISCUSSION

Figure 1 compares the LTPL and excitation spectra
tained from dispersions of RIA and homogeneous iod
tabular microcrystals of composition AgBr0.97I0.03. The ho-
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mogeneous iodide microcrystals exhibit a single lumin
cence band peaking at'540 nm. This band is due to dono
acceptor~DA! recombination in the homogeneous bromo
dide phase. A small inflection at'500 nm is due to iodide
bound exciton radiative recombination from traces of iod
in the region that is pure AgBr.3 For the RIA microcrystals,
the dominant luminescence band is observed at'580 nm.
This is the signature of a RIA procedure and has been a
ciated with a unique bromoiodide phase. A slight inflection
'540 nm is due to the presence of a small portion of
added iodide that is uniformly distributed, after the RIA ste
Microcrystals of cubic and octahedral morphology fabrica
with a RIA step also have a LTPL peaking at'580 nm.

The effects of annealing on luminescence from the R
sample~same as those in Fig. 1! are shown in Fig. 2. Even
after the lowest temperature annealing at 120 °C, much
the RIA related luminescence at 580 nm has shifted to
nm, indicating the unique defect character of the RIA reg
has been significantly modified. For the 120 and 160
treatments, the RIA luminescence remains observable at
nm, indicating that not all of the RIA ‘‘defect’’ character wa
changed. For the 200 °C treatment, only a slight extension
the long wavelength side of the homogeneous iodide lu
nescence band remains indicating that the RIA region is l
The luminescence from RIA microcrystals after a 200 °C a
neal for 1 h is characteristic of microcrystals with a hom
IA
us

:
s

FIG. 2. The luminescence spectra from a R
microcrystal dispersion after annealing at vario
temperatures for 1 h~no anneal: solid line;
120 °C: dotted line; 160 °C: dashed line; 200 °C
dot-dash line!. The excitation wavelength wa
325 nm and sample temperature was 6 K.
7-3
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TABLE II. The band-gap energies in electron volts~eV! derived from the LT excitation spectra for th
homogeneous and RIA tabular microcrystals untreated and annealed at 200 °C.

Monitoring
wavelength

RIA
~no anneal!

Homogeneous
~no anneal!

RIA
(200 °C)

Homogeneous
(200 °C)

540 nm 2.5060.02 2.52 2.51 2.51
580 nm 2.34a 2.49 2.45 2.50

aThe average band-gap energy for 9 different RIA samples was 2.3560.014 eV.
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geneous level of iodide between 3 and 10%.
Only a slight shift of the luminescence band to shor

wavelengths is seen with increasing annealing temperatu
the homogeneous iodide microcrystals. This shift in the
minescence peak to shorter wavelengths is suggestive
subtle redistribution of the iodide into the iodide-free zon
on either side of the iodide-containing zone.

Excitation measurements were taken on all samples.
luminescence was monitored in a range covering both
homogeneous and RIA iodide bands. Band-gap energies
culated from these measurements for the unannealed
200 °C annealed samples are summarized in Table II.
unique LTPL associated with a RIA step and the decreas
the band-gap energy is suggestive of a new region that is
hole trapping like AgBr12xIx regions in AgBr.

For the microcrystals with only homogeneous bromo
dide zones, the band-gap energy is independent of mon
ing wavelength and annealing. Note that the luminesce
intensity is very weak at 580 nm in the homogeneous b
moiodide microcrystals. The RIA microcrystals before a
nealing exhibit a lower band-gap energy when monitor
the 580 nm luminescence. After annealing, the spectrosc
signature of the RIA region ‘‘disappears’’ and the band-g
energy is now that of a homogeneous iodide microcry
independent of the monitoring wavelength. This change
the band-gap energy has implications for charged carrier
cessing within the microcrystals, particularly the hole tra
ping ability of the elevated iodide structures.

The luminescence decay after pulsed excitation has b
characterized as DA recombination from plots of log inte
sity vs log time.4 These luminescence decay plots of t
annealed and unannealed homogeneous iodide microcry
were almost identical, indicating that the recombination ti
behavior in these microcrystals is unchanged by annea
The luminescence decay of the RIA microcrystals differs s
nificantly from that of the homogeneous iodide samples. T
decay behavior of the RIA microcrystals is changed up
annealing to closely resemble that of the homogeneous
moiodide microcrystals.

Figure 3 shows a plot of the band-gap energies
AgBr12xIx as a function of iodide concentration (x) at both 4
and 300 K. The gap energy (2.3560.05 eV at 4 K! deter-
mined from the RIA luminescence by analyzing the exci
tion spectra werearbitrarily placed atx50.9 in Fig. 3. The
band-gap energy for rocksaltd-AgI at 4 K is estimated using
the difference in band-gap energy at 4 and 300 K for
AgBr12xIx samples. The data shown in Fig. 3 indicate th
the band-gap energies are a monotonically decreasing f
tion of the mole fraction of iodide. These data also indic
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that the value of the band-gap energy obtained from the R
luminescence is suggestive of these regions being~rocksalt!
d-AgI.

Measured band-gap energies for the known forms of A
and other fcc silver halides are shown in Table III.19,20 A
consideration of these energies and the data in Fig. 3 indi
that the best match for the species formed with a ‘‘noneq
librium’’ addition of iodide ~that is a RIA procedure! is dAgI
or more realistically a AgBr12xIx region wherex is close to
1. The only other possible specie might beaAgI, which
should only be stable above 417 K. If this specie were
exist at low temperature, its band-gap energy could be e
mated. Using the known temperature dependence ofgAgI
and the various AgBr12xIx samples, the band-gap energy
aAgI would be placed at about 2.55 eV at 4 K, which
inconsistent with the measured band-gap energies near
eV for the RIA materials.

Fabrication of microcrystals with homogeneous iodide
gions can induce the formation of stacking faults defe
with an a/6@12̄1# displacement vector.21,22 Under low mag-
nification imaging condition in TEM, these defects are ma
fested as striation contrast bands running parallel to the
crocrystal edges@Fig. 4~a!#. In RIA microcrystals, at leas

FIG. 3. The band-gap energies of a number of AgBr12xIx

samples as a function of the mole fraction iodide, the high-press
rocksaltd-AgI ~from literature! and the species found in RIA mi
crocrystals are referenced at 1.0 and 0.9 mole fraction iodide,
spectively. These data are given at 300 and 4 K.
7-4
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TABLE III. Measured band-gap energies for various forms of AgI, AgBr.75I.25 and AgBr.

Temp~K! aAgI~bcc! bAgI~hcp! gAgI~zb! dAgI~fcc! AgBr0.75I0..25 AgBr

4 3.023 2.91 (2.35)est 2.44 2.71
300 2.82 2.26 2.34 2.57

.420 2.40 eV
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two other structural defects caused by the rapid addition
iodide have been documented. The first is coincident with
crystal growth point at which iodide is rapidly added, resu
ing in the formation of an edge-type dislocation, locat
within the crystal and positioned concentrically parallel
the microcrystal edges@Fig. 5~a!#. This line separates th
region of iodide addition from the AgBr core. It exhibit
diffraction contrast consistent with a defect core charac
ized with a Burgers vector value ofa/6@12̄1#.23 The second
defect is a collection of short dislocation segments that st
from the rapid iodide addition dislocation line and extend
short distance through the AgBrI perimeter region out to
edge of the microcrystal. (20̄2) two-beam dark field image
analyses indicates that these contain a core structure
mainly a/2@ 1̄01# characteristics.21

Annealing studies have provided additional insight in
the relationships among these structural defects. Experim
tal details of sample preparation, TEM imaging, and anne
ing conditions have been described previously.24 Annealing
homogeneous iodide microcrystals in a TEM hot stage~at
;1028 torr) induced a gradual reduction of the stacki
faults starting at;160 °C, followed by their disappearanc

FIG. 4. Annealing study of microcrystals with homogeneo
iodide regions. TEM images showed the striation contrast defec
these tabular crystals anneal away by;200 °C. Note that the crys

tals in ~a! and~b! were image under (20̄2) two-beam conditions, to

provide zero contrast to one of three sets ofa/6@12̄1# stacking fault
defects, and at the same time maximizing the contrast to the o
two equivalent sets of stacking fault fringes.
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by 220 °C. By 200 °C, only the stacking fault marking th
boundary between the pure AgBr core and the AgBr/I sh
remained@Figs. 4~b! and 4~c!#. These annealing results ar
consistent with those reported previously.24,25 By compari-
son, heating the RIA microcrystals to;160 °C caused some
reduction to the intensity of thea/6@12̄1# dislocation lines,
but the 200 °C treatments completely annealed away this
ture. However, no discernible effect on thea/2@ 1̄01# dislo-
cation segments was observed@Figs. 5~b! and 5~c!#.

Analytical electron microscopy~AEM! analysis, using a
20-nm diameter focused electron beam, was used to mon
iodide movement associated with annealing. The AEM te
nique is capable of measuring the composition of small
eas. Local iodide content at various locations~A, B, C, D in
Figs. 4 and 5! within individual microcrystals was probed
For homogeneous iodide crystals, the data indicated a s
increase~0.5 mol %! in iodide content in the pure AgBr re
gion after annealing microcrystals with homogeneous b
moiodide regions@Fig. 4~d!#. However, this increase is
within the experimental error of the technique and theref
cannot be taken as definitive. Similarly, in RIA microcrysta
no significant iodide movement was detected@Fig. 5~d!#. In

in

er

FIG. 5. Annealing study of RIA microcrystals. TEM image

showed that only thea/6@12̄1# dislocation defects in these platele
crystals anneal away by;200 °C. It is pointed out that the width o

the outer band between the crystal edge and thea/6@12̄1# disloca-
tion lines, marking the RIA step, can vary among crystals. T
crystals shown in~a!, ~b!, and ~c! were selected for their wide
bands in order to clearly show the morphologies of the two type
dislocations in this outer perimeter region.
7-5
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MARCHETTI et al. PHYSICAL REVIEW B 69, 094107 ~2004!
addition, attempts to monitor the size of the high iodide

gion at thea/6@12̄1# dislocation lines in RIA microcrystals
did not consistently show any experimentally significant
dide variation~between points separated by;50 nm). Con-
sidering the size of the electron beam, and various be
solid interactions, this technique may not be sensitive eno
to determine any short-range iodide movement smaller t
;40 nm.

The a/6@12̄1# edge dislocation in RIA AgBrI was ana
lyzed further because of its apparent correlation to the
nm luminescence band intensity in LTPL. From TEM resu
it is possible to understand the location and the probable
of this feature. First, comparison to structural defects in
homogeneous iodide regions of AgBr12xIx microcrystals and
their annealing characteristics at 200 °C is useful. Two si
lar defect structures in homogeneous AgBr12xIx are under-
stood. Both not only show similar diffraction contrast cha
acteristics, but also exhibit identical dislocation co
structures. One is the stacking fault with thea/6@12̄1# dis-
placement vector that runs parallel to microcrystal ed
@Fig. 4~a!#.21 Previous microscopy results have indicated t
the stacking faults are located on the internal twin plan
and are manifested as small regions of multiply-twinned
clined planes.22 The second is the dislocation network, whic
is manifested in TEMs under high magnification conditio
as three sets of criss-crossing lines, rotated 120° from e
other. From cross-section studies, these have been iden
as being caused by a network of closely spaced jogs or s
on the internal twin planes.24 Combined, these two defect
impart a jagged morphology to the twin boundaries, wh
viewed edge-on in cross sections.22 Two important similari-
ties are noted. First, thea/6@12̄1# edge dislocation in RIA
microcrystals exhibits similar contrast characteristics to
two structural defects in homogeneous iodide AgBrI mic
crystals. In fact, all three defects exhibit the same zero c
trast property when imaged under the (20̄2) two-beam con-
dition in the TEM. This suggests that the former is also
structural defect on the internal twin planes of RIA tabu
microcrystals. This is further substantiated by the annea
results. The removal of thea/6@12̄1# dislocations at
;200 °C in the RIA microcrystals, compares similarly to t
loss of the multiple fringe contrast~from the stacking faults!
and the gridlike contrast features in homogeneous iodide
crocrystals when annealed,24 and points to the similar core
structure between these three defects in the AgBr/I latt
Additional evidence on the location of these defects on
twin planes is the reported finding that accompanying
loss of striationlike fringes in homogeneous iodide micro
rystals, is the transformation of the twin planes from
jagged to a smooth morphology after a 200 °C annea
treatment.24 Hence, thea/6@12̄1# dislocation feature in RIA
microcrystals is likely located on the internal twin planes
a step or jog.

Direct evidence of thea/6@12̄1# dislocation as a pertur
bation to the twin planes has been found in cross section
RIA microcrystals. Under low magnification conditions, wi
electron beam carefully aligned along@101̄#, two distinct
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features have been found. First, a concentric, linear fea
inside the tabular microcrystal is seen, labeled as ‘‘R
boundary’’ @Fig. 6~a!#. AEM analysis on this line with a
20-nm diameter electron probe indicated a relatively h
iodide concentration ranging from 12–18 mol %. For neig
boring regions towards the platelet center, the iodide conc
tration, @I#, was found to be 0%, while in the direction to
wards the surface, the@I# decreased gradually until it reache
a value of 5–6 mol % iodide at the tabular microcrystal s
face. While this data shows that the RIA boundary line c
respond to a region of high@I#, it does not have the spatia
resolution to discriminate the actual@I# at the center/core o
this line. However, it is likely that the core of the RIA bound
ary has a much higher@I# than the measured 12–18 mol %
iodide, given the AEM measurement sampled the core
its surrounding matrix. It is even possible that the small c

FIG. 6. ~a! A TEM image of a cross-sectioned segment of
tabular RIA microcrystal, collected with the beam aligned in ord
to observe the~111! twin planes edge on. A lattice distortion regio
coincident with the rapid incorporation of iodide is seen. This line
labeled as RIA boundary. It is pointed out that the process of
crotoming AgBrI invariably introduce some sectioning artifacts,
cluding folding and cracking of the crystal and platelets. This
duces nonuniformity of contrast over relatively large regions of
cryosections. However, within each region of similar contrast, i
aged details of structural features are interpretable.~b! Enlargement
of the inset from~a! showing details of the intersection of the RI
boundary with the twin plane.
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is nearly pure AgI. High magnification and electron diffra
tion studies did not reveal another structural phase in the
boundary region. This suggests a high iodide phase isos
tural with the face-centered-cubic AgBr lattice. By compa
son, in cross-section microscopy studies of homogeneou
dide AgBrI microcrystals, no feature resembling the R
boundary has been found,24 suggesting that the fcc phase
saturated iodide AgBr/I is not at the core of the RIA boun
ary line. The morphology of this region suggests that TEM
imaging a strained field around the core, which is isostr
tural with the fcc AgBr matrix, yet its lattice constant
significantly different. One possible core structure would
the high-pressure phase form of AgI, which has a rock
lattice, with a lattice parameter that is;10% larger than tha
of AgBr.

The second intriguing feature noted is at the intersec
of the RIA boundary with the twin planes. It is noted that
this intersection a jog/step on the twin boundary occurs o
least one of the twin planes@Fig. 6~b!#. Hence, this jog is
located in a region high in iodide. Prior dislocation analy
has proposed that ana/6@12̄1# twinning dislocation on the
twin boundary is an off-set across the twin plane by n/2
the ~111! spacing, where n is an odd integer. This step
charged and is expected to occur with an excess of ha
across this step.26 Therefore, this additional evidence als
suggests that the core of such a jog is a nanoregion of
AgI. This region is expected to be very small,; two ~111!
layers thick, one on either side of the jog, or;0.63 nm. The
presence of such a small region AgI is consistent with
lack of diffraction or stoichiometric quantification as di
cussed earlier. The offset, caused by thea/6@12̄1# twinning
dislocation seen in these cross sections, correspond to
linear feature identified as thea/6@12̄1# edge dislocation in
plan-view images, Fig. 5~a!. However, the relateda/2@ 1̄01#
short dislocation segments seen in plan views would ext
from the jog on the twin boundary towards the outer edge
the crystal. Because these lie on the twin boundary, they
obscured by the contrast of this planar feature, and there
are not directly visible in cross-section images. The geo
etry of these two dislocations are consistent with that fi
proposed by Hamilton.26

The experimentally observed removal of this dislocat
or jog on the twin boundary at 200 °C@Fig. 5~c!#, coincident
with the loss of the 580 nm LTPL luminescence, indicate
short-range movement of the atoms at the twinning dislo
tion. It is most likely that the change to the twin plane is t
removal of the jog to form a straight twin plane bounda
line, similar to what has been demonstrated for homogene
iodide AgBrI.24 This evidence of atomic rearrangements a
points to the possibility that the small high iodide regio
can relax and diffuse into the surrounding lattice in the R
boundary line, thus removing the ‘‘cause’’ of the 580 n
luminescence. Finally, it should be noted that the existe
of a high-pressure metastable phase within the lattice of
other phase is known to exist in other materials.27

The question of the existence of a high-pressure phase
be discussed from several points of view. It is known th
thin layers~below some critical thickness! of epitaxial de-
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posits can be elastically strained resulting in a commensu
interface where the epitaxial phase adopts the crystal st
ture of the host substrate.28 Thus it might be expected tha
very small regions of silver iodide might take the crys
structure of the host, that is, fcc~rocksalt! instead of the
ambient temperature and pressure phases which are
~wurtzite! and fcc~zincblende!. Further the lattice mismatch
will cause an effective pressure on that region making
‘‘high pressure’’ phase more likely. The pressure can be
timated from classical considerations using an attrac
Madelung potential with an exponential repulsive term29

The potential is described by Eq.~1!, whereA5(ze)2 a8, z
is the ‘‘valence,’’e is the charge on an electron, anda8 is the
Madelung constant,

u~r !52A/r 1Be2r /r, ~1!

while B andr are determined constants. The pressure is
negative derivative of the potential with respect to the v
ume (v) as given by Eq.~2! with p50 at r 5r 0 ,

p52du~r !/dv51/3v$2A/r 1B~r /r!e2r /r%. ~2!

To estimate the pressure for a given lattice mismatch,
pressure expression can be expanded in Taylor Series a
r 0 and keeping only the first term, yielding Eq.~3!:

p~r !5p~r 0!1p8~r 0!~r 2r 0!

51/3v0r 0$2A/r 02A/r%~r 2r 0!. ~3!

Substituting in the value fora8 for a rocksalt fcc lattice
and determiningr from the compressibility20 of AgBr gives
an upper limit ofp54.93108 N/m2 (Pa)54.9 kbar for the
example where one Br (r 51.95 Å) is replaced with one I
(r 52.16 Å) and assuming that the AgBr lattice is not d
torted. The calculated pressure is of the same order of m
nitude as the phase transition pressure of 7 kbar needed
to the fcc~rocksalt! phase of AgI. If a number of bromides i
several nonprimative unit cells were replaced, the estima
upper limit to the pressure would increase. While this is
classical picture, the Madelung potential@~Eq. ~1!# predicts
lattice energies to better than 10% and Eq.~3! should give a
reasonable estimate of the magnitude of the pressure~strain!
in the lattice. A 10% lattice mismatch, as expected with ro
salt forms of AgBr and AgI, is generally considered far
excess of the elastic limit and thought likely to generate d
locations rather than retain epitaxial lattice commensura
ity. However, such expectations are generally applied to
bulk materials when brought into contact. If such regions
small or thin, it is not uncommon for the expected stra
energy per unit area to be accommodated by the elasticit
either the host or epitaxial material.30 The formation of
strained regions after a rapid addition iodide step with c
tinued overgrowth of the parent material suggests a gen
mechanism for the formation of certain dislocations asso
ated with RIA microcrystals.

Another way to look at the internal ‘‘pressure’’ is to con
sider the strain near an AgI cluster. The computational qu
tion is whether a small region ofdAgI could be stable within
the AgBr crystal. We first substituted AgI ion pairs for AgB
7-7
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in spherical arrays containing AgI6 , AgI6Ag12 and then
AgI6Ag12I8 . The system was allowed to relax to equilibriu
resulting in a AgI cluster remaining in the ‘‘rocksalt’’ struc
ture in all of these cases. The Ag-I bond length was el
gated by up to 0.1 Å over the normal Ag-Br bond length
2.864 Å. Next we considered cubic and rectangular clus
of ions including Ag6I6 (33232), Ag9I9 (33233),
Ag13I14 (33333), Ag18I18 (43333), and Ag37I38 (535
33). In each case, the resulting relaxed structure rema
fcc rocksalt with displacements from the original AgBr sit
of up to about 0.15 Å. In the case of the largest cluster
Ag-I bond lengths were up to 0.15 Å greater than AgBr, b
the displacement off cubic sites was less than 0.01 Å. Th
fore, in no case did we observe a change to wurtzite struc
even though the AgI potential is that for a wurtzite crys
structure.

Subsequently, we considered substituting wurtzite unit
AgI within the AgBr crystal. We substituted tetrahedral Ag4
for AgBr6 . This structure relaxed back to nearly the octah
dral sites of the rocksalt structure. Of course, a perfect o
hedral structure would not be expected because of the p
ence of two vacancies. Next, we considered a larger Ag13I14
cluster in the wurtzite structure substituted for various siz
AgBr clusters in order to provide sufficient space for the A
cluster. In all of these cases the lattice was unstable. T
the computations were not able to find a stable wurtz
structure of AgI within the fcc AgBr. These computation
indicate that small regions of fcc rocksaltdAgI are stable in
an AgBr lattice.

The existence of nanoregions of AgI in AgBr/I raises t
possibility of quantum confinement effects further influen
ing the spectroscopic data.31 Quantum size effects occu
when there is a ‘‘confining’’ potential, such as
semiconductor-vacuum interface and where there is a siz
discontinuity in the dielectric constant. The confining pote
tial is small, 0.1 to 0.3 eV, the difference in valence ba
energy in AgBr12xIx or AgBr anddAgI. The hole binding
energy will depend on the size of the region, but is likely
be on the order of 100 meV or less. The change in dielec
constant going from an AgBr region to a region that is nea
pure AgI should be relatively small. Based on the differen
in dielectric constant20 in AgCl ~9.55! and AgBr~10.64!, the
dAgI dielectric constant is estimated to be about 11.5. W
the small binding energy and the small difference in diel
tric constant it would be expected that practically, there
little or no quantum confinement.
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IV. CONCLUSIONS

This investigation has detailed the experimental and t
oretical observations pertaining to the structure created w
iodide, either as a KI solution or as AgI nanocrystals,
added rapidly during the aqueous precipitation of AgBr m
crocrystals with a gelatin peptizer. LTPL has identified
luminescence ‘‘specie’’ specific to AgBr~I! microcrystals that
results from a RIA procedure. Extrapolations of measu
band-gap energies strongly suggest that the luminesc
specie or species are related to small regions of a nearly
dAgI phase-specifically fcc rocksalt AgI. Simple assum
tions using Madelung potential energy calculations sugg
that small regions ofdAgI confined within a AgBr lattice
result in localized pressures comparable to the forma
pressures required for formation of bulk rocksalt AgI. Com
putations indicate that small regions of fcc rocksalt AgI a
stable in an fcc AgBr lattice structure. Computations furth
indicate that small regions of hcp~wurtzite! AgI in a rocksalt
AgBr lattice are unstable.

Detailed microstructure analysis by TEM suggests
likely presence of a high iodide region inside the AgBrI cry
tal, coinciding with the introduction of AgI~or KI! during the
crystal preparation process. Structural analysis of the di
cations induced by the rapid addition of iodide points to t
presence of a high iodide rocksalt structure at its core. I
likely centered in the RIA region. This RIA region is th
source of the 580 nm LTPL in AgBr/I microcrystals. In tab
lar microcrystals, the intersection between the RIA bound
and the internal twin planes generates a jog/step on the
plane that has been observed. Such structural element
suggestive of the size of such a core region, and may only
;two (111) layers thick, or;0.6 nm. Annealing to 200 °C
removes thea/6@12̄1# dislocation, coincidence with the dis
appearance of the 580 nm LTLP band. This suggests sh
range atomic movement can occur to ‘‘dilute’’ the AgI co
to blend into its isostructural AgBrI matrix.

The high iodide structure detailed above in RIA AgBr
microcrystals appears to be related to the high efficency b
into most color negative photographic films.
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