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Electronic, dielectric, and optical properties of individual composite silver halide microcrystals
using the EELS and LMTO-ASA techniques

Vladimir Oleshko*
Department of Materials Science & Engineering, 116 Engineer’s Way, University of Virginia, Charlottesville, Virginia 22904-474

Marc Amkreutz and Harald Overhof
Theoretische Physik, Universita¨t Paderborn, Warburger Strasse 100, 33098 Paderborn, Germany
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The low-loss fine structure in electron energy-loss spectra~EELS! of individual composite high-aspect-ratio
tabular AgX(X5Br, I) microcrystals between 4 and 26 eV was investigated by cryo-EELS and energy-filtering
transmission electron microscopy. Local dielectric permittivity, refractive index, and absorption coefficient
have been determined using Kramers-Kronig relationships. Quantum-mechanical calculations of the AgBr
band structure and dielectric permittivity by the linear muffin-tin orbital method in the atomic spheres approxi-
mation have been used to assign the structure attributed to exciton peaks. Experimental local dielectric param-
eters and joint optical density of states were found to be in fair general agreement with calculated dielectric
properties and densities of states.
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I. INTRODUCTION

Although the replacement of AgX-based (X5Br, I) imag-
ing systems by electronic imaging has been predicted
decades ago, their current world manufacturing level
larger than ever. However, in order to be eligible for inco
poration into digital and hybrid information technologies f
the 21st century, photographic materials must be further i
proved with respect to their quantum efficiency and ima
quality. In order to achieve these objectives, the key com
nents should be intentionally modified with a focus primar
at the nanostructural level. By the introduction of hig
aspect-ratio tabular AgX (X5Cl, Br, I) grains of mixed
composition, by incorporation of phase boundaries in AX
microcrystals~doublestructured or multistructured compos
crystals!, and the controlled chemical and spectral sensiti
tions, the overall efficiency of the photographic process
been remarkably increased due to enhanced efficienc
quantum detection and reduced light scattering. Furtherm
the working grain volume has been decreased by a facto
10 during the last decade. Granularity and speed of ph
graphic materials employing advanced tabular grain tech
ogy can be modified over a wide range by a variation
development conditions, thus offering a better quality-
speed ratio at middle and high densities.1 An increased inter-
est in the structural and analytical characterization of in
vidual microcrystals and their compositional arrangement
various instrumental methods has been stimulated by the
troduction of novel types of photographic emulsions w
improved efficiency of light quanta detection, photoho
trapping, and storage of the latent image.2–9

Fundamental research in this field is still in progre
since the silver halides exhibit many interesting physical a
chemical properties. Among them, there are unusually sm
lattice constants, but large lattice energies and dielectric c
stants, peculiarities of elastic constants and phonon spe
low solubility, predominance of Frenkel defects, high mob
0163-1829/2003/67~11!/115409~7!/$20.00 67 1154
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ity of interstitials and dislocations, and remarkable quantu
size effects that have made them attractive for solid-s
physics and chemistry.10–14 In addition to the unique charac
ter of optical absorption, the Ag 4d states and the halogenp
states in AgX are close to each other, thus leading to con
erable complexity in the valence-band structure, as was c
firmed by numerous reports.15–20

Due to their spatially resolved nature, energy-filteri
transmission electron microscopy~EFTEM @equivalent to
electron spectroscopic imaging~ESI!#!, and electron energy
loss spectroscopy~EELS!, may give an important new in
sight into the crystalline and electron structures of AgX.2

Higher spectral resolution of modern EELS~0.1–1.5 eV! as
compared to conventional energy-dispersive x-ray spect
copy ~EDX, 130–150 eV! offers an opportunity to probe
local electron excitations in the crystals. The limitations
duced by the methods arise from the insulating proper
and damage of AgX under the electron irradiation, whic
could be significantly reduced by cooling to liquid-nitroge
temperature.2,3

On the other hand, during the last two decades one of
most popular quantum-mechanical electron structure calc
tion techniques, theab initio linear muffin-tin orbital method
~LMTO!,21 in its atomic spheres approximation~ASA! has
been extended to calculate the excited states and optica
other physical properties of materials from fir
principles.22,23 Moreover, recent successful evaluation
spatial distribution of the conduction-band particle density
AgX with the LMTO-ASA treating exchange and correlatio
effects in the local spin-density approximation of the dens
functional theory ~LSDA-DFT! showed that the lowes
conduction-band states contain essential contributions b
from the halogen and from the large interstitial latti
regions.24 This further shows the original LMTO-ASA tech
nique by Andersen to be capable of calculating the opt
properties of materials. In this paper we report the local el
tronic, dielectric, and optical properties of composite tabu
AgX microcrystals studied by cryo-EELS/EFTEM an
LMTO-ASA techniques.
©2003 The American Physical Society09-1



-

a
e
ib
e
r.
vo
a

a

n

de
on
-
i-
u
k

in
um

ee

of
top-
-

s
e-
as
the
os-
m-
t

p-
ge
-
er-
ng

ns

cted

ng

on

-

VLADIMIR OLESHKO, MARC AMKREUTZ, AND HARALD OVERHOF PHYSICAL REVIEW B 67, 115409 ~2003!
II. EXPERIMENT

AgBr ~core!–Ag ~Br, I! ~shell! composite tabular microc
rystals, 2 –10mm in size@see Figs. 1~a! and 1~b!# containing
3–8 mol % of AgI in the shells were synthesized by
computer-assisted double jet method. Procedures of sp
men preparation for microscopic studies have been descr
elsewhere.3 All preparations and handling were done und
nonactinic light to avoid the formation of printout silve
Measurements have been performed at an acceleration
age of 80 kV using an analytical unit composed from
ZEISS CEM902 computerized electron microscope with
integrated energy filter~ESI/EELS! and a JEOL JEM1200EX
TEMSCAN ~STEM/EDX!, both connected to a Kontro
IBAS-2000 image analysis system.

EEL spectra were recorded by a photomultiplier serial
tector interfaced to a PC/AT for automatic data acquisiti
The illumination semianglea was 2.5 mrad and the collec
tion semiangleb was varied from 6 to 35 mrad. The est
mated energy resolution was 1.5 eV, based on the meas
full width at half maximum of the zero-loss peak. The bac
ground was fitted according to the power-law functionAE2r

to reveal the positions of edges followed by smoothing us
Savitsky-Golay filters to remove noise from the spectr
profiles. TheKRAKRO program25 with single scattering distri-
butions applied as an input and theEELSKKT program26 em-
ploying for this purpose recorded EEL spectra have b

FIG. 1. Schematic view of a composite tabular microcrystal~a!
containing an AgBr core (100620nm thickness! and two Ag~Br, I!
shells (110620nm thickness!, iodide atomic fractions in the corre
sponding shells are denoted asx and y (x'0.03,y'0.08) and
cryo-EFTEM image of the composite tabular microcrystals~b! at
10065 eV energy losses near the@111# zone, T580 K. Arrows
point to stacking faults in the shell.
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used to calculate the imaginary part Im(21/e) of the energy-
loss function and the real parte1 and imaginary parte2 of the
relative dielectric permittivity as well. Radiation damage
AgX particles during measurements was reduced using a
entry cryostage atT580 K supplied with a modified evacu
ated cooling trap.

A JEOL1200EX TEMSCAN electron microscope wa
equipped with an EM-ASID10 scanning device and multid
tector system and a NORAN TN5500 EDX analyzer; it w
applied to carry out x-ray mapping and spot analysis in
bright- or dark-field scanning transmission electron mcir
copy mode. To minimize crystal damage under electron bo
bardment, the temperature of the specimen was kept aT
<95 K by using a GATAN 636 double tilt-cooling holder.

III. THEORETICAL APPROACH

The calculations have been performed using theab initio
linear muffin-tin orbital method in the atomic spheres a
proximation with the LSDA-DFT ansatz for the exchan
and correlation effects.21 Based on this formalism, expres
sions for the real and imaginary parts of the dielectric p
mittivity have been derived using a simplified model. Taki
into account only direct transitions, which conserve thek
vector, one obtains for the imaginary part:

e25
2\2e2

pm2v2 (
j j 8

E
BZ

uM j j 8~kW !u2d„Ej 8~kW !2Ej~kW !2\v…d3k.

~1!

Here M j j 8 are the transition-matrix elements for transitio
from band numberj to j 8 with kW5kW j5kW j 8 andm is the elec-
tron mass. Since real and imaginary parts are interconne
by the Kramers-Kronig relations, the expression fore1 reads

e1511
2\4e2

p2m2

3(
j j 8

PE
BZ

uM j j 8~kW !u2

@Ej 8~kW !2Ej~kW !#2 @Ej 8~kW !2Ej~kW !2\v#
d3k.

~2!

HereP denotes the principal value of the integral. Assumi
all transition-matrix elements to be independent of thek
point and the band number of the initial and final electr
state, Eq.~1! is simplified to

e25
V2

v2 (
j j 8

E
BZ

d„Ej 8~kW !2Ej~kW !2\v…d3k ~3!

with

V25
2\2e2

pm2
uM u2, ~4!

while Eq. ~2! transforms to
9-2



e-
ity
el

ls
th
en

in
ow
th
rv
at
a

tin
sit
e

of
ti
n

on
il

by
e
rs
1

er
th

-
f
c
a

ow
s

e
t i
ac
rg

e
y

ell
of

-
Br
om

nd
rat-
ile
ally
dur-

nd

cial
ain

lex,
e is
n

rise
bit

.

ri-

ct
tion

ELECTRONIC, DIELECTRIC, AND OPTICAL . . . PHYSICAL REVIEW B 67, 115409 ~2003!
e1511V1

3(
j j 8

PE
BZ

1

@Ej 8~kW !2Ej~kW !#2@Ej 8~kW !2Ej~kW !2\v#
d3k

~5!

with

V15
2\4e2

p2m2
uM u2. ~6!

Within this approximation of constant transition-matrix el
ments, real and imaginary parts of the dielectric permittiv
are calculated from the energies provided by the s
consistent LMTO-ASA energy band calculations.

IV. RESULTS AND DISCUSSION

Multistructured composite tabular microcrysta
2 –10mm in size and 100–120 nm in thickness used in
study consist of an AgBr core surrounded by two shells
riched with iodide, AgBr0.97I0.03 and AgBr0.92I0.08, respec-
tively, as schematically shown in Fig. 1~a!. Figure 1~b! pre-
sents an energy-filtered micrograph of the tabular gra
taken at 100-eV energy losses with a 10-eV energy wind
Observations of the crystals using energy filtering in
range 0–100 eV indicate that the Bragg contrast is prese
not only under zero losses, when the blurring and chrom
aberrations caused by inelastically scattered electrons
avoided, but also in inelastic scattering processes exci
plasmons and excitons superimposed with low-inten
inner-shell ionization edges.27 Furthermore, as one can se
from Fig. 1~b!, blurring of edge contours by a spectrum
excitation errors due to the angular distribution of inelas
cally scattered electrons is still insignificant at 100-eV e
ergy losses. The image exhibits the unusual ‘‘negative’’ c
trast because of variations of the electron intensity, wh
intersecting a tail of the intensive bulk plasmon, followed
a decrease in the background intensity with increasing
ergy losses. This leads to the observed contrast reve
when the selected energy is tuned over the range of 0–
eV.

The shape of the microcrystals that approximates eith
regular hexagon or a truncated triangle is assigned to
lateral growth along the side$111̄% planes originated by mul
tiple twin planes parallel to the~111! surface. Because o
high aspect ratio (;202100) and relatively large specifi
area, tabular microcrystals may significantly enhance qu
tum efficiency and reduce light scattering. They also all
reduced silver deposition and thinner photographic layer
compared to conventional isometric~cubic, octahedral, and
mixed shapes! AgX emulsion grains. Lattice distortions du
to a few percent of iodide incorporated in the shells resul
atom displacements perpendicular to the core-shell interf
In turn, this decreases the cationic sublattice binding ene
initiating various types of surface and internal defects~stack-
ing faults, dislocations, and Frenkel point defects!, clustering
of iodine at nucleation points, and long period surface ord
ing of iodide ions.4 So, the optimum contrast improved b
11540
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tuning allowed to observe narrow black lines in the sh
region pointed by arrows, which indicate the presence

$111̄% stacking faults parallel to$112̄% grain edges. The com
posite structural arrangement of the grains with the Ag
core and iodide concentrations in the shells increasing fr
the center to the edges, as expected,28,29should promote pref-
erential migration of photoelectrons to the AgBr core a
photoholes in opposite direction, thus resulting in concent
ing latent image centers within the core. Trapping of mob
holes on defective phase boundaries should addition
stimulate a better separation of photoelectrons and holes
ing the formation of latent image.

From the Korringa-Kohn-Rostoker computations of ba
structure for AgBr~Refs. 30 and 31! and later calculations by
the LMTO-ASA technique~Fig. 2!, the lowest conduction
band iss-like and isotropic with the minimum atG6

1 . The
gap between first and second conduction bands is artifi
due to the intercept point lying beyond the considered m
symmetry axis~compare, e.g., Vogelet al.15!.

In contrast, the valence-band structure is more comp
which reflects a considerable degree of covalency. Ther
no mixing of the states atG(kW50) because of the inversio
symmetry. The uppermost maximum atL due to strong mix-
ing for kWÞ0 and repelling the valence-band states gives
to the indirect character of interband transitions. Spin-or
interaction results in a split ofG15 into G6

2 andG8
2 and ofL3

into L6
2 and the degeneratedL4

2 , L5
2 bands, respectively

Observed interband transitions are marked in Fig. 2.

FIG. 2. Electronic band structure of AgBr calculated by theab
initio LMTO-ASA method with a proposed assignment of expe
mentally observed exciton assisted interband transitions atG, L,
andX. Eg

d andEg
i denote energies of the lowest direct and indire

gap, respectively, v.b. is the valence band, c.b. is the conduc
band.
9-3
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Figure 3 presents an overview plot of the projected d
sity of states~DOS! splitted intos-, p,- andd-orbital momen-
tums of the projected Ag and Br atoms. One can see the
s-state at -15 eV and the Brp-states and Agd-states mixing
between25 and 0 eV. This proximity of Ag 4d and Br 4p
states lying within about 1 eV to each other is the reason
the strong covalent character of AgBr. Strong mixing of t
Ag s, p, and valenced states and the Br valencep and d
states occurs above the Fermi level. The first conduc
band at 3–7 eV seems to be mainly a mixture of the As
states and the Brp states, while the second and the third on
are due to complicated mixing of the Brd andp states with
the Ag p andd states.

The single scattering EEL intensity expressed as the
ferential cross sectiond2s/dVdE is related to the imaginary
part of the reciprocal complex dielectric permittivitye(qW ,E)
as a function of wave vectorqW and energyE. It thus reflects
the local dielectric response of the media to a longitudi
field:32

d2s

dVdE
}ImS 2

1

e~qW ,E!
D lnS 11

b2

QE
2 D , ~7!

whereb is the collection semiangle~the illumination semi-
angle a,b,AE/E0), QE5E/2TA12v2/c2 is the charac-
teristic scattering angle;T51/2mv25E0(11E0/2mc2)/(1
1E0/2mc2)2; m is the free electron mass;v is the velocity
of the incident electrons;c is the velocity of light, andE0 is
the initial energy of the incident electrons. Figure 4 sho
the real and imaginary parts of the dielectric permittivi
e(qW ,E)5e1(qW ,E)1 i e2(qW ,E), and the energy-loss functio
computed using Kramers-Kronig relations for the AgBr co
of a tabular microcrystal.3 The curvese2 and Im(21/e) fall

FIG. 3. Projected density of states~DOS! calculated within the
LMTO-ASA approach, splitted intos-, p-, and d-orbital momen-
tums of the Ag and Br atoms.
11540
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to 0 atE<3 eV, reflecting the position of the indirect exc
ton band gapEg

i at 2.68 eV.30,31 The real parte1(qW ,E) de-
scribes the polarizability of the specimen, while the ima
nary parte2(qW ,E) is related to absorption in the specime
The energy-loss function is expressed as

ImS 2
1

e~qW ,E!
D 5

e2

e1
21e2

2
5

vGvp
2

~v22vp
2!21~vG!2

, ~8!

whereG is the damping constant, andvp is the plasma reso
nance frequency. The energy of the volume plasma re
nance,\ vp , for the particular excitonic system was es
mated in a first approximation as33

\ vp5A~\ vp
f !21~Eg

i !25A21.4212.72 eV'21.6 eV.
~9!

Here \ vp
f 5Ane2/(e0m0)52.14 eV is the free electron

plasma energy with\ vp
f being the corresponding frequenc

n is the AgBr electron density,e the electron charge,e0 the
permittivity of vacuum, andm the electron mass. The energ
of the free electron plasma was calculated assuming 16
lence outer-shell electrons@4d (Ag1, ten electrons! and 4p
(Br2, six electrons!# as free. The estimated energy of th
volume plasmon appeared to be close to the experime
value within the accuracy of measurements. The free e
tron plasma frequency isvp

f 53.331016 Hz.
The low-loss EEL spectra of tabular AgX (X5Br, I) mi-

crocrystals are dominated by collective outer-shell exc
tions ~excitons and plasmons superimposed with interba
transitions and excitations from defect levels into unoccup
states.3,27 For low energy lossesE<\vp'21.6 eV, the
energy-loss function describes collective electron excitati
against an ionic background caused by oscillations of bo
electrons~interband transitions!. When e1 is zero or has a
local minimum ~which points to instability of the electron
system against small external perturbations, leading to e
tations! ande2 is still small enough~indicating small damp-
ing of oscillations due to absorption!, the function

FIG. 4. Dielectric permittivity and energy-loss function for a
AgBr core of a composite tabular microcrystal versus. se
consistent LMTO-ASA calculations.
9-4
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Im„21/e(qW ,E)… exhibits maxima corresponding to oscilla
tions at 4, 7–8, 15–17, and 22–24 eV.

In line with studies of uv absorption and reflectivity o
AgBr,34,35 the feature at 4 eV ine2 was attributed to unre
solved direct exciton transitions involving the spin-orbit sp
valence and conduction-band states at theG point, i.e. (G8

2 ,
G6

2→G6
1 , see Fig. 2!. The shoulder at about 8 eV and in

tense peak at 10 eV were assigned to exciton transition
theX point @unresolved (X6

2 , X6
2 , X7

2→X6
1#.35 The band at

15–17 eV was assigned to higher-energy exciton transitio
particularly with G6

1 symmetry. Although Im„21/e(qW ,E)…
revealed the essential similarity for samples under studye1
ande2 exhibited some differences.

LMTO-ASA calculations of the real and imaginary par
of the dielectric permittivity and of the energy-loss functio
of crystalline AgBr have been performed using the descri
approach with fitting parametersV151/25 andV251/95.
For comparison with the experimental data the compu
functions have been smoothed by use of a Gaussian w
width of E050.025 eV. These smoothed LMTO-ASA calc
lations compared with the experimental data for AgBr a
also shown in Fig. 4.

Although e2 calc and Im(21/ecalc) fall to zero at 4.3 eV
~the direct band gap of AgBr! due to limitations of the
model, the maxima ofe2 at 9 eV, 11 eV, and 13 eV satisfac
torily fit to the intensive composite band at 7–14 eV~with
maxima at 8 eV and 10 eV!. The assignment of the peak
10 eV to the proposed exciton transitions at theX point is
supported by the calculations, which show a minimum at
eV in e2 calc. However, the main contribution to this peak
supposed to refer to direct band-to-band transitions, from
valence bands between25 eV to 23 eV to the lowest con-
duction band at 4–7 eV and from the top valence band
22 to 0 eV to the conduction band at 10 eV.

The minimum of computede1 at 14 eV fits well to the
minimum of the experimentale1 curve, similarly to the mini-
mum of Re (1/e) at 13 eV. Afterwards, bothe1 and Re(1/e)
converge towards 1. The agreement between experime
and calculatede1 is reasonable except for the lower freque
cies, where the neglect of excitonic effects in the theoret
approach gives rise to major discrepancies. The same h
for Re(1/e), where the agreement is satisfying down to 7 e

The crossings of Re(1/e) and Im(21/e) at 8 eV where
e15e2 coincide as well as of Re(1/e) ande2 at 22 eV, where
Im(21/e) has its maximum ande1 has a local minimum.
Furthermore, there is the shoulder ofe2 at 15–16 eV super-
imposed with the previous band and the corresponding m
mum of Im(21/e). For E.25 eV, both computed and ex
perimental curves are very close. Again, the features at
eV cannot be computed due to having no direct transition
this energy, but except that, especially the calculated abs
tion e2 calc and therefore the energy-loss function Im(21/e)
accord well with the experimental data. So, this sim
model based on the LMTO-ASA method seems capable
describing the qualitative behavior of the dielectric perm
tivity properly and giving hints of exciton transition region
It is also evident that within the LMTO-ASA formalism no
only the valence-band structure is well characterized,
11540
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also the conduction-band structure, and that the compu
functionse1 ande2 essentially reflect the band structure a
density of states of AgBr.

As a check on the data based on the Bethe sum rule
effective number of electrons per AgBr unit contributing u
to 100-eV energy losses,Neff , was calculated~Fig. 5! using
the following equations:25

Neff~e2!5
2e0m0

p\2e2nAgBr
E

0

E

E8e2~E8!dE8, ~10!

Neff„Im~21/e!…5
2e0m0

p\2e2nAgBr
E

0

E

E8Im„21/e~E8!…dE8,

~11!

where nAgBr520.8 nm23 is the number of AgBr units pe
unit volume. The effective numbers of electronsNeff„e2… and
Neff(Im„21/e…! converge towards 25–26, althoughNeff„Im
(21/e)… remains reasonably less thanNeff(e2) at low energy
losses. This is due to the 1/E weighting factor in the relation-
ship between a double-differential cross section and gene
ized oscillator strength per unit energy loss.25 In the limit of
E→` ~practically at 150–160 eV! the total number of va-
lence electrons per formula unit reaches
516 (4p64d10, Ag1)118 (3d104s24p6, Br2). The differ-
ence up to 100-eV energy losses can be assigned to that
or nine from ten 3d(Br2) and 4p (Ag1) electrons practi-
cally do not contribute in the selected range because rel
inner-shell excitations, AgN2,3 at 59 eV and BrM4,5 at 70
eV, are delayed and occur before the valence-electron co
bution is exhausted.

In Fig. 6~a! the real part~index of refraction!,

n5A1

2
~Ae1

21e2
21e1!, ~12!

and the imaginary part~extinction coefficient!,

k5A1

2
~Ae1

21e2
22e1! ~13!

FIG. 5. Effective number of electrons per atom,N, contributing
up to 100-eV energy losses.
9-5
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FIG. 6. Local complex refractive indexN
5n1 ik ~a! and absorption coefficientm(E) ~b!
of an individual tabular microcrystal, an AgB
core, and corresponding computed quantities.
m
fo

e
e
an
1

-

gB

n
s

t

of the local complex refractive index,N5e1/25n1 ik, of an
individual composite tabular microcrystal, calculated fro
EELS data acquired within areas of about 100 nm in size
the AgBr core, and the computedn andk are given. One can
easily notice that the values ofn closely approach 1.0 abov
50 eV. Again, we found a good agreement of the experim
tal and calculated curves, especially for the minima at 15
24 eV ofn and the shoulder at 7 eV and the maximum at
eV of k. The extinction coefficientk is directly related toe2
with k5e2 /(2n), and because ofn being almost 1 from 16
eV on, the behavior ofk is trivial. The local absorption co
efficient,

m~E!5
E

\c
A2~Ae1

21e2
22e1!5

2E

\c
k ~14!

calculated using the same EEL spectra for the crystal A
core, is shown in Fig. 6~b!. In spite of the limited resolution
of the used EEL spectrometer, the values ofm(E) satisfac-
torily agree with the earlier reported results of Carrera a
Brown,34 who measured the transmission of AgBr thin film
11540
r

n-
d

1

r

d

in the near uv direct exciton region~3.5–6.7 eV! and above
30 eV using synchrotron radiation.

In addition, maxima of the real part of the optical join
density of states~OJDOS!,

FIG. 7. Real part of optical joint density of states~OJDOS!,
Re„J1(E)… calculated from experimental data with theKRAKRO and
ELSKKT programs, respectively.
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with the energy of the free electron plasmaEp521.4 eV, at
about 5 eV, 10–11 eV, and at 18 eV~Fig. 7! satisfac-
torily fit to the corresponding maxima of the calculated DO
in Fig. 3.

V. CONCLUSION

The use of cryo-ESI/EELS combined with LMTO-AS
quantum-mechanical calculations provides us with useful
sights into understanding of local electronic, dielectric, a
optical properties of individual high-aspect-ratio compos
@AgBr core–Ag~Br, I! shells# tabular microcrystals of con
temporary photographic emulsion which are inaccessible
other techniques. For the AgBr core, experimental local
electric permittivity, refractive index, absorption coefficien
and joint optical density of states determined via Krame
Kronig analysis of the low-loss fine structure between 4 a
26 eV energy losses in EEL spectra of individual microcr
tals were found to be in fair general agreement with cor
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8G. Bögels, J. Buijnsters, S. Verhaegen, H. Meekes, P. Benne

and D. Bollen, J. Cryst. Growth203, 554 ~1999!.
9G. Verlinden, R. Gijbels, and I. Geuens, Microsc. Microanal.8,

216 ~2002!.
10M. Bucher, Phys. Rev. B30, 947 ~1984!.
11J.F. Hamilton, Adv. Phys.37, 359 ~1988!.
12A.P. Marchetti, K.P. Johansson, and G.L. McLendon, Phys. R

B 47, 4268~1993!.
13M. Freedhoff, A. Marchetti, and G. McLendon, J. Lumin.70, 400

~1996!.
14A.P. Marchetti, P.J. Rodney, and W. von der Osten, Phys. Re

64, 132201~2001!.
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