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The properties of shallow electron centerssSECd, self-trapped holessSTHd, and self-trapped excitonssSTEd
are investigated in nanocrystals of AgCl embedded in a crystalline KCl matrix. Time-resolved photolumines-
cencesPLd measurements reveal a behavior different from that in bulk AgCl: an inhomogeneous distribution of
the properties of the recombination centers is revealed by the spectral dependence of the decay rates. In time
scales from nano- to microseconds, slower rates are systematically observed at the low-energy side of the
emission range. In high-frequencys95 GHzd optically detected magnetic resonancesODMRd measurements,
the transitions of SEC and STH centers are only observed in the extreme-low energy tail of the PL emission
and they exhibit a broad and asymmetricg-value distributionswidth dg<0.07d, ranging up from the respective
bulk g-values. A complex behavior of the ODMR spectrum in the STE region is revealed, showing different
spectra at 1.8 K and at higher temperature, and, different from the bulk AgCl case, exhibiting a strong
dependence upon variation of the detection photon energy. Analysis of the measurements at 4.6 K yields a zero
field splitting in the STE triplet state in good agreement with the bulk value, while theg-values are slightly
increased relative to bulk, which is ascribed to the nanocrystal environment.

DOI: 10.1103/PhysRevB.71.035415 PACS numberssd: 78.67.Bf, 73.21.La, 71.35.Aa, 76.70.Hb

I. INTRODUCTION

Due to their intermediate position between covalent semi-
conductors and ionic insulators and due to their importance
as photosensitive materials, silver halides are of both funda-
mental and technological interest.1,2 Being an indirect gap
material, the effect of reduced dimensionality on the proper-
ties of AgCl crystals is of particular interest.

The luminescent properties of bulk AgCl single crystals
have been investigated in detail in the past.3–8 The photolu-
minescencesPLd of AgCl is characterized by a broad peak at
2.5 eV. Part of this PL originates directly from the recombi-
nation of excitons and is characterized by a decay with life-
times in the microseconds,10 msd and the nanosecond
s,1.5 nsd range. Also a nonexponential decay extending
over 10 ms, which is due to the radiative recombination be-
tween distant electrons and holes, is contributing to this same
luminescence band. A detailed microscopic picture of the
electron and hole state in AgCl was obtained from the optical
studies and from a wealth of electron paramagnetic reso-
nance sEPRd,9–11 optically detected magnetic resonance
sODMRd,12–17 and electron nuclear double resonance
sENDORd18–20 investigations. These studies reveal that the
hole is localized on a Ag+ lattice ion as a self-trapped hole
sSTH, gi=2.147 andg'=2.040d, the hole-trapping being ac-
companied by a tetragonal Jahn-Teller distortion of the sur-
rounding Cl− ions. The resulting AgCl6

4− complex weakly
binds an electron to form a self-trapped excitonsSTE,
gi=2.014 andg'=1.960d. In this STE, the electron is in a
very diffuse hydrogenlike 1s orbital, while the hole is
strongly localized. A shallowly trapped electron centersSEC,
giso=1.881d is formed when an electron is weakly bound to
an intrinsic coulombic core or to impurity centers with an
excess positive charge.19

Up to now, the effects of reduced dimensionality on elec-
trons, holes and excitons in silver halides, has been most

thoroughly studied in nanocrystalssNCsd of AgBr that are
embedded in inverted micelles,21,22 gelatin22–24 or glass.25

However, only when embedding such NCs in a crystalline
matrix, they possess a well-defined orientation. In this way,
AgBr NCs have been successfully embedded in a crystalline
KBr matrix.26,27Also nanometer and micrometer sized AgCl
crystals embedded in a crystalline KCl matrix have been suc-
cessfully prepared as discussed in Refs. 28 and 29.

Vogelsang et al.,28 have reportedQ-band s36 GHzd
ODMR measurements performed at 1.8 K on this type of
AgCl NCs, showing strongly broadened STE-type resonance
lines. Compared to the bulk AgCl parameters, changes in the
STEg-valuessgi=1.992 andg'=1.964d and a decrease by a
factor of 2 in the magnitude of the zero-field splitting
sD=−335 MHzd were reported. OtherQ-band studies on
AgCl NCs,29 report on a similar deviations of the STE pa-
rameters and on the presence of additional resonances that
are ascribed to a STH withgi=2.016 andg'=1.974.

As previously demonstrated for bulk AgCl, the increased
resolving power at theW-band frequency of 95 GHz, com-
pared to that at 36 GHz, allows for a more detailed investi-
gation of the ODMR spectra and of the spin Hamiltonian
parameters. In the present study, this approach is combined
with an extensive photoluminescence-selective study of the
ODMR spectra and with time-resolved measurements of the
recombination luminescence, in order to investigate the SEC,
STH, and STE centers in AgCl NCs embedded in a KCl
single crystal matrix.

II. EXPERIMENT

Both continuous-wave and time-resolved PL measure-
ments were performed in a liquid-helium-cooled optical cry-
ostat at temperatures between 8 K and 12 K. Continuous-
wave PL spectra were obtained using excitation with the
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313 nm Hg line of a Mercury lamp. For the time-resolved PL
measurements, laser pulses at 350 nms3.54 eVd with a rep-
etition time of 1.5 kHz and a pulse width of 2 ps were pro-
vided by a tunable laser system. The latter consists of an
optical parametrical amplifier which is pumped by the pulses
from a Ti:sapphire regenerative amplifier. A typical power of
,0.1 mW was used for the excitation of the crystal.

PL-intensity-detected ODMR measurements were per-
formed at theW-band microwave frequency of 95 GHz with
the sample centered within a split-coil 6 T superconducting
magnet. For the low temperatures1.8 Kd ODMR measure-
ments an immersion cryostat and a custom–built Fabry-Perot
cavity were used. The 4.5 K ODMR measurements were per-
formed in a helium flow cryostat and a cylindrical cavity in
combination with a special fiber bundel arrangement30 to al-
low ODMR measurements. Similar results, but with a poorer
signal to noise ratio, were found at this temperature of 4.5 K
using the Fabry–Perot cavityssee Ref. 31d. The crystal was
continuously illuminated with the 350.7–356.4 nm multiline
output of a Kr+ laser with a typical incident power between
1 mW and 10 mW. The emission was collected through ap-
propriate optical filters or a grating-monochromator onto an
avalanche Si photodiode. Unless described differently, the
microwave-induced changes in the PL intensity were syn-
chronously detected with 336 Hz on–off modulation of the
applied microwaves. All spectra were obtained using the
maximum microwave power of about 1.5 mW on the
sample.

III. AgCl/KCl CRYSTAL SPECIFICATIONS

The samples were grown in the Crystal Growth Facility of
the Physics Department of the University of PaderbornsGer-
manyd and are similar to the crystals described in Ref. 28.
The AgCl nanocrystalssNCsd are formed in a Bridgman
grown KCl single crystal by adding 2 mol % AgCl to the
melt.

As KCl is transparent up to about 5.9 eV,32 the formation
of AgCl regions inside the crystal is shown by a PL emission
at 2.35 eV—which is close to the PL band of bulk AgCl—
after excitation with 3.96 eV light. The lattice symmetry
axes of these AgCl crystals are oriented parallel to the axes
of the surrounding KCl lattice. This is concluded from com-
paring the angular dependence of theQ-band28 and our
W-band ODMR spectra with the orientation of the KCl crys-
tal axes. The latter are easily identified by theh100j cleavage
planes of the sample.

Because the crystals are light sensitive, care was taken not
to expose them to visible lightsexcept for the AFM charac-
terizationd until they were cooled down to liquid helium tem-
peratures. Changes of the luminescence and ODMR spectra
after dark storage at room temperature for some months have
been reported.28,29 The crystals were therefore stored in a
freezer at −21 °C for long storage times and in a refrigerator
around 4 °C for shorter times. Over a period of 3 years no
significant changes of the spectra were observed. Minor dif-
ferences between measurements are most probably due to
uncontrolled variations in applied laser and/or microwave
intensities onto the samples.

To gain insight into the AgCl particle sizes and distribu-
tions within the KCl matrix, several freshly cleaved crystal
surfaces have been studied by means of atomic force micros-
copy sAFMd. The AgCl particles reveal their presence by
sticking out of the KCl matrix as is shown as an example in
Fig. 1. Because the lateral size of these bumps is mostly
determined by the diameter of the AFM tip—which has a
radius of 5–10 nm—the height of the bumps is taken as a
more representative measure for the particle sizes.33 As illus-
trated in Fig. 1, the KCl matrix contains mainly three sizes of
AgCl particles: a very large number of small crystallites
sticking out of the matrix with a bump height of about
0.5 nm, a small amount of crystals showing bump heights
between 2 and 5 nm, and some huge crystals with a height of
approximately 60 nm. Inhomogeneities in the size distribu-
tion are observed, even within the same cleavage surface of
the crystal: When moving the AFM tip over 1 to 2 mm,
variations in density of the smallest particles are found of
e.g. about 40 per 1mm2, towards no particles at all. Also the
concentration of largest crystals varies considerable: Their
concentration is highest in the rougher regions of the cleaved
surface, indicating that they influence the cleavage. On aver-
age, an amount of about 3 large crystals is found per
535 mm2.

IV. PROPERTIES OF THE AgCl PARTICLE
PHOTOLUMINESCENCE

In the upper part of Fig. 2 the PL spectra from the AgCl
crystals that are embedded in KCl and from a pure AgCl
crystal are shownsT=10 Kd. The PL band of the AgCl par-
ticles is broadened by approximately 40% and its maximum,
at 2.35 eV, is redshifted by about 120 meV compared to that

FIG. 1. AFM images5 mm35 mmd of a freshly cleaved surface
of the KCl crystal containing AgCl particles. The presence of three
AgCl particle sizes is illustrated in this image: the largest crystals
sbump height,60 nmd, a few particles with a height of,2–5 nm,
and a very large number of small sized particlessbump height
,0.5 nmd. The latter are more clearly visible in the magnified part
s1.4 mm31.4 mmd in the inset. Note that the first derivative of the
original AFM images is displayed here.
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of the bulk material. A similar change of the PL band was
reported in Refs. 28 and 29 for AgCl NCs.

Similar to the photoluminescence from bulk AgCl, this
PL-band of the AgCl particles is a superposition of an expo-
nential decay with microseconds lifetime, a component in the
nanosecond time range, and a nonexponential tail extending
over milliseconds. The latter is illustrated in the inset of Fig.
2. The PL spectra, in a nanosecond time window after a short
laser pulse, are considerably different from the total time-
integrated spectrum, as illustrated in the middle curve of Fig.
2. Four PL bands can be distinguished. Below 2.1 eV a rela-
tively slow exponential decay witht.11 ns is observed.
This emission is overlapping with a band around 2.2 eV with
an exponential decay oft.7 ns. Further, a PL band around
2.55 eV st.4.6 nsd and a fast decayst.2.2 nsd at 2.8 eV
are present. Both in the microsecond and millisecond time
range, the shape of the PL-spectra corresponds closely to the
total time-integrated emission spectrum, but also in these
longer time ranges, a dispersion of the decay kinetics is ob-
served: In each case there is an increase of the decay times at
decreasing PL emission energiesssee bottom spectrum in
Fig. 2 and Ref. 28 for the two time-ranges, respectivelyd.

This dispersion in the decay times is a particular feature
of the AgCl/KCl crystal, and it can be attributed to the size
distribution of the AgCl particles. Indeed, in contrast with
our findings for the AgCl particles, the line position and
shape of the bulk AgCl PL band was found to be independent
of time and identical to the continuous-wave PL band both in
the nanosecondsstarting from 0.6 nsd7 as well as the
microsecond6 time range.

V. W-BAND ODMR MEASUREMENTS

To examine the effects of size reduction on electron, hole
and exciton states in the AgCl particles, the contributions to

the luminescence band are further studied byW-band ODMR
spectroscopy.

A. Low temperature—1.8 K—ODMR measurements

In the upper part of Fig. 3 representativeW-band spectra
from the AgCl/KCl crystal are shown, measured atT
=1.8 K for two magnetic field orientations relative to the
crystal latticesB i k100l and k110ld. These spectra were ob-
tained by monitoring the microwave-induced changes of the
entire PL band and they are therefore called the “total”
ODMR spectra. With a cut-off filter at 420 nm, the emission
above 2.95 eV is blocked. The same spectra, with improved
signal-to-noise ratio are obtained when using a cut-off filter
of 513 nm stransmission below 2.42 eVd. Compared to the
bulk AgCl ODMR spectra, additional resonances are ob-
served and all lines are considerably broadened. Whereas the
photon energy of the PL detection does not influence the
relative intensities or the shape of the resonance lines in the
bulk material,34 a strong spectral dependence of the ODMR
spectra is observed for the AgCl/KCl sample. This is illus-
trated in the lower part of Fig. 3 in which we present the
spectra measured along thek110l direction at different pho-
todetection energies by using the appropriate interference fil-
ters.

The broad and highly asymmetric low-field resonancessat
3.18 T and 3.27 T forB i k110ld originate from centers emit-
ting at a photon energy below 2.07 eV, which is the far low-
energy tail of the PL band. Their field positions correspond
to the expected resonances from the STH in pure AgCl with
gi

h=2.147 andg'
h =2.040. An angular variation fromB i k100l

towards thek110l directionssee Fig. 4d, confirms this assign-
ment to anS=1/2 center with the bulk STHg-values. Asso-
ciated with these STH resonances, there is a very wide band
with sharp edges between 3.40 T and 3.53 T, which is in the
region between the bulk SECg-valuesg=1.881d and the free

FIG. 2. Continuous-wave and time-selective PL spectra of the
AgCl particles, obtained atT=10 K. For comparison, the CW spec-
trum of bulk AgCl is shown as well. The time behavior of the AgCl
NC PL spectrum at ns andms time scales, integrated over time
windows after the laser pulse as indicated in the figure, is shown in
the lower part. For each region in the PL spectrum, the correspond-
ing decay times are indicated. Inset: Time decay of the total NC PL
emission intensityslogarithmic scaled, detected between 2.22 eV
and 2.29 eV.

FIG. 3. Upper part: “Total”W-bands93.500 GHzd ODMR spec-
tra at 1.8 K of the AgCl particles withB i k100l andk110l, obtained
by measuring changes in the entire PL-emission band. The expected
field positions for STH, STE, and SEC in bulk AgCl are indicated in
the figure for both field orientations. Lower part: Spectrally selec-
tive W-band ODMR spectra forB i k110l measured at different de-
tection photon energies using the appropriate interference filters, as
is indicated in the figure.
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electrong-value atg.2 ssee bottom spectrum in Fig. 3 and
Fig. 4d. The shape and the position of this band remain un-
changed upon rotating the static magnetic field direction.
This broad band is correlated with the resonances assigned to
the STH in AgCl, as demonstrated by their similar depen-
dence on the emitted PL energysboth resonances originate
from the extreme low-energy tail of the PL bandd, and also
by their analogous dependence on the modulation frequency.
Indeed, the intensity of both these resonances increases when
detecting with lower modulation frequencies, which is not
the case for the other resonance lines. We are associating this
band with SEC centers inside the AgCl particles. This assign-
ment and its correlation with the STH resonances will be
further discussed in Sec. VI.

As shown in Fig. 3, a sharp feature is also observed close
to the expected position of the SEC resonance line in bulk
AgCl at g=1.881s3.551 Td. This feature is associated with
SECs in the relatively large AgCl regions with properties of
the bulk material.

Because of the width of the resonance lines between
3.30 T and 3.52 T, an angular variation fromB i k100l to-
wards thek110l direction does not univocally reveal the na-
ture of the different lines in this region. Considering the iso-
tropic nature and the line positions of the weak and narrow
peaks at 3.396 T and 3.426 Tssee Fig. 3d, these resonances
are assigned to the perpendicular components of the STE in
bulk AgCl, characterized byg'

STE=1.960. In agreement with
this assignment, these resonances originate from centers
emitting between 2.2 eV and 2.7 eVssee Fig. 3, in particular
the spectrum measured with a PL detection of 2.37 eVd,
which corresponds to the PL band of bulk AgCl. Note that
the presence of the STE45° line is not clear from the spectra,
probably because of the superposition with intense NC-
related signals.

Another set of intense lines is observed in the ODMR
spectrum in Fig. 3 at 3.371 T and 3.412 T forB i k110l.
These lines originate from centers emitting at lower energies

smaximum emission around 2.2 eVd than the bulklike centers
described above. As will be discussed in the following, it is
likely that they are related to STEs with a more NC-like
character. It should be noted that the 3.371 T peak exhibits a
maximum ODMR intensity when detecting at an energy of
2.28 eV, while the maximum of the 3.412 T peak is ob-
served when detecting the ODMR spectrum at 2.10 eV.

Besides the changes observed by variation of the micro-
wave modulation frequency, also the power of the micro-
waves in the cavity and the laser excitation intensity have an
influence on the shape of the ODMR spectra. At low excita-
tion and/or microwave power, the broad STH signals are
favored, while the other resonance lines increase when ap-
plying higher powers.

B. “High” temperature—4.6 K—ODMR measurements

Considerable changes in the ODMR spectra are observed
when measuring at temperatures around 4.6 K. In Fig. 5,
W-band ODMR spectra, obtained in the cylindrical cavity at
4.6 K, are presented and compared to the corresponding
spectra at 1.8 K.

The sharp features at 3.396 T and 3.426 T which were
clearly observable at 1.8 Kssee Fig. 3d and which were as-
signed to resonances from bulklike STE AgCl centers, are no
longer observable at 4.6 K. Parallel to the disappearance of
the bulk STE resonances at higher temperature, there is a
drastic decrease in intensity of the STH lines, which, at this
temperature, are only observable under optimal conditions.
Preliminary 4.8 KW-band ODMR measurements obtained
using the Fabry–Perot cavityssee Janssenet al.31d, did not
reveal the presence of these STH resonances. The spectra
presented here illustrate the improved signal to noise ratio
achievable in the cylindrical cavity.30 As in the case of the

FIG. 4. W-bands93.535 GHzd ODMR angular variation of the
AgCl particles at 1.8 K. A 715 nm cut-off filter is used to obtain
changes in the PL below 1.73 eV. A simulation of the angular varia-
tion of the STH is indicated, using the bulk AgCl parameters
gi

h=2.147 andg'
h =2.040.

FIG. 5. Upper part: “Total”W-bands93.500 GHzd ODMR spec-
tra at 4.6 K of the AgCl particles forB i k100l andk110l. The spec-
tra were obtained using a cut-off filter of 475 nm. As a reference,
the spectra obtained at 1.8 K are shown in gray. The circles repre-
sent the calculated resonance positions using the parameters for the
STE derived from theQ-band measurements reported in Ref. 28.
Lower part: Spectrally selective ODMR spectra forB i k110l mea-
sured at different detection photon energies as indicated in the fig-
ure. The detection energies are selected using a grating-
monochromator, with a bandwidth of.60 meV.
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low-temperature measurements, the STH lines and the broad
SEC band could be enhanced by applying lower modulation
frequencies.

Similar to the observations at 1.8 K, there is a clear de-
pendence of the ODMR spectra on the emission energy, as
shown in the lower part of Fig. 5 for thek110l spectrum.
Three different resonance lines can be distinguished, each of
them exhibiting a different dependence on the photodetection
energy. The same energy-regions are observed in the PL
spectrum of the NCs in the nanosecond time-range after the
laser pulsessee Fig. 2d. The ODMR line at 3.347 T, origi-
nates from an emission in the PL band between 2.43 eV and
2.95 eV which corresponds to centers having the shortest PL
decay components. The resonance at 3.385 T is only clearly
visible at a detection energy between 1.97 eV and 2.64 eV
slonger lifetimesd and the 3.416 T peak is observable over
almost the complete spectral range of the PL band
s1.97 eV–2.95 eVd. No direct correlation is found between
these resonance lines observed at 4.6 K and the ones mea-
sured at 1.8 K.

An extensive angular study of the emission-selective
ODMR spectra was performed and the line positions
gathered at these different PL photon energies are summa-
rized in Fig. 6. The full lines represent the orientational
dependence expected from the following spin Hamiltonian
for S=1:

H = mBB0 ·gJ ·S+ DfSz
2 − 1

3SsS+ 1dg .

The bulk AgCl STE value of the zero field splitting param-
eter suDu=710 MHzd and only slightly higher g-values
sgi=2.018s3d ,g'=1.965s1dd were used for the simulation.
This g-shift of +0.004 units compared to the bulk STE
g-values sgi=2.014,g'=1.960d,16 is larger than the error
margin and is a property of the NCs. Considering the large
linewidth and combining the STE-type resonances for all of
the PL detection energies, the field positions are well repro-

duced using these parameters. Note that, due to their weak
intensities, there is a large error in the field positions of the
low-field lines, belonging to the parallel component of the
spectrum. The splitting between singlet and triplet states due
to the electron–hole exchange interactionsJ.−5 cm−1d was
not considered for this simulation. Taking into account this
interaction, would however further improve the correspon-
dence between the simulated and the measured field
positions.16

VI. DISCUSSION AND INTERPRETATION

The broadening of the ODMR resonance lines compared
to those from bulk AgCl, at 1.8 K as well as at 4.6 K, is
correlated with a distribution in the sizes of the AgCl par-
ticles and in the positions of the recombination centers inside
these crystals.

Considering their line positions, their isotropic nature and
the dependence on PL detection energy, the weak peaks at
3.396 T and 3.426 T, observed at 1.8 Kssee Fig. 3d, are
assigned to the STE' transitions in bulk AgCl. They origi-
nate from STE transitions in larger regions of AgCl, possess-
ing near to bulk properties. The presence of such larger AgCl
regions is confirmed by the AFM measurements, which re-
vealed a small number of largesheight 60 nmd AgCl crystals.
The STEi lines probably escape detection due to their even
smaller intensity and the overlap with other spectra. Also the
sharp feature aroundg=1.881, assigned to SECs in bulk
AgCl, is associated with these larger regions of AgCl in the
crystal.

A large g-value distribution is found for the resonances
associated to SEC and STH centers: In each case there
is a broadening towards higherg-values from the bulk
value at the high field edge. The broad and isotropic band is
assigned to shallow electron traps at low temperature.
The correspondingg-values range betweeng=1.96 and 1.89,
which is between the field position of the SEC in bulk
AgCl and the free electrong-value. The asymmetrically
broadened lines, assigned to the STH resonances, have a
minimum g-value corresponding to that of the bulk STH
sgi=2.147,g'=2.040d. The line broadening corresponds to a
g-variation of<0.07, which is comparable with the spread of
g-values observed for the SEC band. The width of these SEC
and STH resonances is ascribed to a distribution of different
binding energies of the corresponding centers, yielding the
distribution ing-values. This variation most probably results
from the distribution in NC sizessand thus of the strain on
these NCsd and the possible variation of the positions of the
STH and SEC centers within the NCs. The bulklikeg-values
are obtained for centers that are positioned in the middle of
the larger NCs; all other locations give rise to the higher
values.

While bulk AgCl has a uniform emission at 2.5 eV, the
recombination of STH and SEC in the NCs gives rise to an
emission below 2.07 eV, which is the far low energy-edge of
the NC emission band. This is—tentatively—explained in
the following way: Near the interface between AgCl NCs
and KCl matrix band, bending of the conduction and valence
bands can occur, due to the difference in materials properties,

FIG. 6. Cumulative orientational dependence of the ODMR
lines s93.50 GHzd at 4.6 K from emission-selective measurements.
The detection energy is specified in the figure by circless2.44 eVd,
squaress2.56 eVd, and starss2.03 eVd. A simulation is plotted of
the angular variation of anS=1 system with g'=1.965,
gi=2.018, anduDu=710 MHz from thek100l direction atu=0° to
the k110l direction atu=45°.
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the strain induced by lattice matching and possible space
charges due to defects. The changes in band energy between
the positions of STH and SEC have to be added to the ex-
pected energy difference and can result in emission of this
tunneling recombination at lower energy than observed in
bulk AgCl. The recombination energy of the STE, with
bound electron–hole pair in closely the same position, is not
influenced as such by the band-bending, and its emission
remains close to that in bulk AgCl.

The influence of the modulation frequency on both STH
and SEC resonances is in agreement with the relatively
longer radiative lifetime of these centers. The increased in-
tensity of these lines at lower temperature is explained as a
more efficient binding of the electron to shallow traps at low
temperature. At increasing temperatures, the electron will
more easily move from the shallow trap to a STH to form a
STE.

The remaining resonances observed in the 1.8 K ODMR
spectrasin Fig. 3 at 3.371 T and 3.412 T forB i k110ld are
assigned to STE centers confined in the smaller NCs or more
to the edge of the larger crystals, where strain-effects alter
their properties compared to the bulk centers. This assign-
ment is derived from considering their field positions and
their PL detection energy dependence, which in each case are
close to that of the bulk STE centers.

The difference of these STE-like resonances observed
at 1.8 K with the resonances composing the STE-like
angular variation in Fig. 6 at 4.6 K is not explained at this
point. At low temperature, an increased intensity of the reso-
nances from impurities like Br− is expected in the spectrum
of AgCl crystals.35,36 The differences between the STE-like
ODMR spectra at 1.8 K and 4.6 K might be induced by
these impurities. However, an impurity exclusion effect,
which has been observed in small AgBr crystals,37,38 is also
expected in these AgCl NCs. Since the simulation using
near-to-bulk like STE parameters is reproducing the field po-
sitions at 4.6 K fairly well, also these resonances observed at
4.6 K are assigned to such STE centers. It is peculiar that the
different resonance lines composing this angular variation
are observed at a different PL detection energy. One can
assume either that the different resonance lines are obtained
from different centers, each giving rise to another ODMR
active line. Alternatively, all resonances would originate
from the same centers, but different excited states are de-
tected. Note also that there is a clear correspondence between
these energy regions and the energy bands observed in the
nanosecond time scale.

The high complexity of the system with AgCl nanopar-
ticles embedded in KCl, as derived from ourW-band study,
is in contrast with the simpler picture derived previously
from Q-band measurements.28,29 Both the application of
higher microwave frequencies and the more extensive study
of the spectral dependence of the ODMR spectra have clari-
fied this aspect of the AgCl NC system.

The Q-band spectra reported in Ref. 28 were obtained at
1.8 K by monitoring energies between 2.29 eV and 2.48 eV.
As is shown with ourW-band study, the resonances from the
STH and the SEC in the NCs can not be observed at this
detection energy. Baranovet al.29 also did not report about
these STH and SEC-like resonances. The growth procedure

of the crystals examined in this investigation may be some-
what different, which may be at the origin of such differ-
ences. However, it is not clear from this report whether an
extensive examination was performed of the spectrum at the
corresponding lower detection energies.

When fitting the parameters derived from theQ-band data
sgi=1.992, g'=1.964, and uDu=335 MHzd28 to our
93.500 GHz spectrassee Fig. 5d, no correspondence is found
with theW-band resonance lines. Differences in both the PL
and the ODMR spectra can be expected between differently
grown AgCl/KCl crystals. The AgCl/KCl crystal described
in this article is however obtained from the same growth
procedure as was described in Ref. 28. In addition the PL
spectra of both crystals are the same. The PL detection en-
ergy and the temperature of theQ-band measurements were
optimum for detecting the bulklike resonances. The central
line at 1.34 T in theQ-band spectra in Ref. 28 are therefore
ascribed, not to a resonance from the NCs, but to a bulk
STE' resonance line, in agreement with its field position.

Note that Ref. 29 reports on anS=1/2 center which is
attributed as originating from a STH center withgi=2.016
andg'=1.974. We do not find any evidence for the presence
of this S=1/2 center.

VII. CONCLUSIONS

The emission from the AgCl NCs exhibits a time behavior
significantly different from that in bulk AgCl. Longer radia-
tive lifetimes are observed at the low-energy edge of the NC
PL band and the spectrum at the nanosecond timescale is
considerable different from the CW and time-integrated
spectrum.

By using the high microwave frequency of 95 GHz and
performing an accurate spectral analysis of the ODMR spec-
tra, the high complexity of this system of AgCl NCs grown
in a KCl matrix was further unravelled. Whereas the ODMR
spectrum of bulk AgCl is independent of the PL detection
energy, a large dependence on the PL detection energy was
observed for this crystal. The resonances associated to SEC
and STH centers are highly broadened. The largeg-value
distribution of these lines ranges from the bulk value up-
wards. Furthermore, these resonances were observed only for
detection in the extreme-low energy edge of the PL emission
and their relative line intensities increased substantially at
lower temperature and at lower modulation frequency.

For the STE centers also, the measurements reveal the
reduced size effects in the NCs: The STE region of the
ODMR spectrum shows strongly broadened lines compared
to the bulk AgCl spectra, and moreover different spectra
when cooling to the lowest temperaturesT=1.8 Kd compared
to the higher temperature regionsT.4.2 Kd. The complexity
of the spectra was further evidenced when measuring their
dependence on the detection photon energy. Combining the
transitions detected in three spectral regions of the STE-type
emission yields an overall angular variation corresponding
closely to that of the STE in bulk AgCl. In this analysis the
zero-field splitting is unchanged relative to the bulk value,
but theg-values are slightly but significantly increased in the
AgCl in KCl NCs.
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