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Electronic states of AgCIl nanocrystals embedded in crystalline KCI studied by 95-GHz optically
detected magnetic resonance spectroscopy
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The properties of shallow electron cent€B£0), self-trapped hole§STH), and self-trapped excitofSTE)
are investigated in nanocrystals of AgCl embedded in a crystalline KCI matrix. Time-resolved photolumines-
cence(PL) 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-frequen¢95 GH2 optically detected magnetic resonal@DMR) 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 asymmetiwalue distribution(width 5g~=0.07), 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, whilgteues are slightly
increased relative to bulk, which is ascribed to the nanocrystal environment.
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I. INTRODUCTION thoroughly studied in nanocrysta(dlCs) of AgBr that are

Due to their intermediate position between covalent semi€mbedded in inverted m|ce||§§,22 gelat|r?2—24_or glass®® ,
conductors and ionic insulators and due to their importanc&iowever, only when embedding such NCs in a crystalline
as photosensitive materials, silver halides are of both fundahatrix, they possess a well-defined orientation. In this way,
mental and technological interést.Being an indirect gap AgBr NCs have been successfully embedded in a crystalline
material, the effect of reduced dimensionality on the properBr matrix.262” Also nanometer and micrometer sized AgCl

ties of AgClI crystals is of particular interest. crystals embedded in a crystalline KCI matrix have been suc-
The luminescent properties of bulk AgCl single crystalscessfully prepared as discussed in Refs. 28 and 29.
have been investigated in detail in the pa$tThe photolu- Vogelsang et al,?® have reportedQ-band (36 GH2

minescencéPL) of AgCl is characterized by a broad peak at ODMR measurements performed at 1.8 K on this type of
2.5 eV. Part of this PL originates directly from the recombi- AgCI NCs, showing strongly broadened STE-type resonance
nation of excitons and is characterized by a decay with lifeqjnes. Compared to the bulk AgCl parameters, changes in the
times in the microsecond~10 us) and the nanosecond gTE g-values(g,=1.992 andy, =1.964 and a decrease by a

(~1.5n9 range. Also a nonexponential decay extendingfactor of 2 in the magnitude of the zero-field splitting
over 10 ms, which is due to the radiative recombination be{pD=-335 MHz were reported. Othef-band studies on

tween distant electrons and holes, is contributing to this samggC| NCs2° report on a similar deviations of the STE pa-
luminescence band. A detailed microscopic picture of th@ameters and on the presence of additional resonances that
electron and hole state in AgCI was obtained from the opticahre ascribed to a STH with=2.016 andy, =1.974.

studies and from a wealth of electron paramagnetic reso- As previously demonstrated for bulk AgCl, the increased
nance (EPR,%'* optically detected magnetic resonanceresolving power at thé\-band frequency of 95 GHz, com-
(ODMR),***7 ‘and electron nuclear double resonancepared to that at 36 GHz, allows for a more detailed investi-
(ENDOR)**?investigations. These studies reveal that thegation of the ODMR spectra and of the spin Hamiltonian
hole is localized on a Aglattice ion as a self-trapped hole parameters. In the present study, this approach is combined
(STH, g;=2.147 andy, =2.040, the hole-trapping being ac- with an extensive photoluminescence-selective study of the
companied by a tetragonal Jahn-Teller distortion of the suropMR spectra and with time-resolved measurements of the
rounding CT ions. The resulting AgGl complex weakly  recombination luminescence, in order to investigate the SEC,

binds an electron to form a self-trapped excit®®TE, STH, and STE centers in AgCl NCs embedded in a KCI
9,=2.014 andg, =1.960. In this STE, the electron is in a sjngle crystal matrix.

very diffuse hydrogenlike 4 orbital, while the hole is

strongly Iocglized. A shallowly trapped eI.ectron cer®EC, Il. EXPERIMENT

Oiso=1.88) is formed when an electron is weakly bound to

an intrinsic coulombic core or to impurity centers with an  Both continuous-wave and time-resolved PL measure-

excess positive chargé. ments were performed in a liquid-helium-cooled optical cry-
Up to now, the effects of reduced dimensionality on elec-ostat at temperatures between 8 K and 12 K. Continuous-

trons, holes and excitons in silver halides, has been mosvave 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(@8mB4 eV} 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 uW was used for the excitation of the crystal.
PL-intensity-detected ODMR measurements were per-
formed at the-band microwave frequency of 95 GHz with
the sample centered within a split-coil 6 T superconducting
magnet. For the low temperatuté.8 K) 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 arrangerifet al-

low ODMR measurements. Similar results, but with a poorer 5pum
signal to noise ratio, were found at this temperature of 4.5 K _
using the Fabry—Perot cavifgee Ref. 31 The crystal was ~ FIG. 1. AFMimage(5 umx 5 um) of a freshly cleaved surface

continuously illuminated with the 350.7—356.4 nm multiline of the KCI crystal containing AgCl particles. The presence of three
output of a K¥ laser with a typical incident power between AQCI particle sizes is illustrated in this image: the largest crystals
1 mW and 10 mW. The emission was collected through ap{PUmP height-60 nm), a few particles with a height of2-5 nm,
propriate optical filters or a grating-monochromator onto arf"d @ Very large number of small sized particlesmp height
avalanche Si photodiode. Unless described differently the, %:° nm. The latt'.sr are more clearly visible n the 'T“ag.f“f'ed part
microwave-induced changes in the PL intensity were ’syn-l.'4.”m><1'4.“m) in the inset. Note that the first derivative of the
chronously detected with 336 Hz on—off modulation of theom‘}]ma1I AFM images is displayed here.

applied microwaves. All spectra were obtained using the

maximum microwave power of about 1.5mW on the 10 gain insight into the AgCI particle sizes and distribu-
sample. tions within the KCI matrix, several freshly cleaved crystal

surfaces have been studied by means of atomic force micros-
copy (AFM). The AgCI particles reveal their presence by
lll. AgCI/KCI CRYSTAL SPECIFICATIONS sticking out of the KCI matrix as is shown as an example in
fFig. 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 sizés.illus-
trated in Fig. 1, the KCIl matrix contains mainly three sizes of
melt AgCl particles: a very large number of small crystallites
As KCl is transparent up to about 5.9 é¥the formation sticking out of the matrix with a bump _helght of ab_out
of AgCl regions inside the crystal is shown by a PL emissiono'5 nm, a small amount of crystals showing b_ump he_lghts
at 2.35 eV—which is close to the PL band of bulk AgCl— betwee_n 2and 5 nm, and some hugg cry_stals W'.th a h_e|g_ht of
after excitation with 3.96 eV light. The lattice symmetry qpproxmately 60 nm. Inhomogeneities in the size distribu-

axes of these AgCI crystals are oriented parallel to the axe%jon are observed, even within the same cleavage surface of
g 4 P the crystal: When moving the AFM tip over 1 to 2 mm,

of the surrounding KCl lattice. This is concluded from com- ="~ i in density of th lest ticl found of

paring the angular dependence of teband® and our varia Ik?nst TO ensity 2Ot € zma es ;?[_arl Ic e? ﬁlreAlour:h 0

W-band ODMR spectra with the orientation of the KCI crys- €.9. about 40 per Jm®, towards no particies at all. Also the
concentration of largest crystals varies considerable: Their

tal axes. The latter are easily identified by {A60; cleavage S . .
planes of the sample. concentration is highest in the rougher regions of the cleaved

Because the crystals are light sensitive, care was taken nﬁwface’ indicating that they influence the cleavgge. On aver-
to expose them to visible lighexcept for the AFM charac- 298 @n_amount of about 3 large crystals is found per
terization until they were cooled down to liquid helium tem- SX5 pm*.
peratures. Changes of the luminescence and ODMR spectra
after dark stora%g at room temperature for some month_s have IV. PROPERTIES OF THE AgCl PARTICLE
been reported®?® The crystals were therefor_e store_d in a PHOTOLUMINESCENCE
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 In the upper part of Fig. 2 the PL spectra from the AgCl
significant changes of the spectra were observed. Minor diferystals that are embedded in KCI and from a pure AgCI
ferences between measurements are most probably due atystal are showriT=10 K). The PL band of the AgCl par-
uncontrolled variations in applied laser and/or microwaveticles is broadened by approximately 40% and its maximum,
intensities onto the samples. at 2.35 eV, is redshifted by about 120 meV compared to that

The samples were grown in the Crystal Growth Facility o
the Physics Department of the University of Paderd@ar-
many) and are similar to the crystals described in Ref. 28.
The AgCIl nanocrystal§NCs) are formed in a Bridgman
grown KCI single crystal by adding 2 mol % AgCl to the
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FIG. 2. Continuous-wave and time-selective PL spectra of the FIG. 3. Upper part: “Tota]’W—band(QS.SOO GHz ODMR SPec'

AgCl particles, obtained a=10 K. For comparison, the CW spec- traat 1.8 K of the AgCI_partches _WltBH(lO(_)) a_nd(llO), obtained

trum of bulk AgCl is shown as well. The time behavior of the AgCI by measuring changes in the entire PL-emission band. The expected

NC PL spectrum at ns angs time scales, integrated over time field positions for STH, STE, and SEC in bulk AgCl are indicated in

windows after the laser pulse as indicated in the figure, is shown ithe figure for both field orientations. Lower part: Spectrally selec-

the lower part. For each region in the PL spectrum, the corresponc}l\’e_W'band ODMR spectra foB {110 mer_:lsurt_ad at dn"ferenF de-

ing decay times are indicated. Inset: Time decay of the total NC PLI€Ction photon energies using the appropriate interference filters, as

emission intensity(logarithmic scalg detected between 2.22 ev IS indicated in the figure.

and 2.29 eV.

the luminescence band are further studied\bpand ODMR

of the bulk material. A similar change of the PL band wasSPECtroscopy.
reported in Refs. 28 and 29 for AgCI NCs.

Similar to the photoluminescence from bulk AgCl, this
PL-band of the AgCI particles is a superposition of an expo-
nential decay with microseconds lifetime, a component in the In the upper part of Fig. 3 representatiMéband spectra
nanosecond time range, and a nonexponential tail extendirfgom the AgCI/KCI crystal are shown, measured &t
over milliseconds. The latter is illustrated in the inset of Fig.=1.8 K for two magnetic field orientations relative to the
2. The PL spectra, in a nanosecond time window after a shoarystal lattice(BII(100» and(110). These spectra were ob-
laser pulse, are considerably different from the total time+tained by monitoring the microwave-induced changes of the
integrated spectrum, as illustrated in the middle curve of Figentire PL band and they are therefore called the “total”
2. Four PL bands can be distinguished. Below 2.1 eV a rela©ODMR spectra. With a cut-off filter at 420 nm, the emission
tively slow exponential decay withr=11 ns is observed. above 2.95 eV is blocked. The same spectra, with improved
This emission is overlapping with a band around 2.2 eV withsignal-to-noise ratio are obtained when using a cut-off filter
an exponential decay af=7 ns. Further, a PL band around of 513 nm (transmission below 2.42 g¥Compared to the
2.55 eV(7=4.6 ng and a fast decayr=2.2 ng at 2.8 eV  bulk AgCl ODMR spectra, additional resonances are ob-
are present. Both in the microsecond and millisecond timeserved and all lines are considerably broadened. Whereas the
range, the shape of the PL-spectra corresponds closely to tidaoton energy of the PL detection does not influence the
total time-integrated emission spectrum, but also in theseelative intensities or the shape of the resonance lines in the
longer time ranges, a dispersion of the decay kinetics is obbulk materia®* a strong spectral dependence of the ODMR
served: In each case there is an increase of the decay timessgectra is observed for the AgCIl/KCl sample. This is illus-
decreasing PL emission energiesee bottom spectrum in trated in the lower part of Fig. 3 in which we present the
Fig. 2 and Ref. 28 for the two time-ranges, respectixely  spectra measured along ttELO direction at different pho-

This dispersion in the decay times is a particular featurgodetection energies by using the appropriate interference fil
of the AgCI/KCI crystal, and it can be attributed to the sizeters.
distribution of the AgCl particles. Indeed, in contrast with  The broad and highly asymmetric low-field resonanegs
our findings for the AgCl particles, the line position and 3.18 T and 3.27 T foBI{110) originate from centers emit-
shape of the bulk AgCI PL band was found to be independenting at a photon energy below 2.07 eV, which is the far low-
of time and identical to the continuous-wave PL band both irenergy tail of the PL band. Their field positions correspond
the nanosecondstarting from 0.6 N as well as the to the expected resonances from the STH in pure AgCl with
microseconfitime range. gh'=2.147 andyf} =2.040. An angular variation from (100
towards the110 direction(see Fig. 4, confirms this assign-
ment to anS=1/2 center with the bulk STHj-values. Asso-
ciated with these STH resonances, there is a very wide band

To examine the effects of size reduction on electron, holewith sharp edges between 3.40 T and 3.53 T, which is in the
and exciton states in the AgCl patrticles, the contributions taegion between the bulk SEg¢value(g=1.881 and the free

A. Low temperature—1.8 K—ODMR measurements

V. W-BAND ODMR MEASUREMENTS
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tra at 4.6 K of the AgCl particles foB|(100 and(110. The spec-

FIG. 4. W-band(93.535 GHz ODMR angular variation of the  tra were obtained using a cut-off filter of 475 nm. As a reference,
AgCl particles at 1.8 K. A 715 nm cut-off filter is used to obtain the spectra obtained at 1.8 K are shown in gray. The circles repre-
changes in the PL below 1.73 eV. A simulation of the angular variasent the calculated resonance positions using the parameters for the
tion of the STH is indicated, using the bulk AgCl parameters STE derived from theQ-band measurements reported in Ref. 28.
g/'=2.147 andg’] =2.040. Lower part: Spectrally selective ODMR spectra #@it(110 mea-

electrong-value atg~2 (see bottom spectrum in Fig. 3 and sured at different detection photon energies as indicated in the fig-
. - N S . ey . Th i i I i ing-
Fig. 4). The shape and the position of this band remain unsre e detection energies are selected using a grating

changed upon rotating the static magnetic field direction.monocmomator’ with a bandwidth ef60 mev.
This broad band is correlated with the resonances assigned to | o )

the STH in AgCl, as demonstrated by their similar depen{Maximum emission around 2.2 gthan the bulklike centers
dence on the emitted PL energlyoth resonances originate qlescnbed above. As will be discussed in the following, |_t is
from the extreme low-energy tail of the PL bandnd also likely that they are related to STEs with a more chllke
by their analogous dependence on the modulation frequenc§haracter. It should be noted that the 3.371 T peak exhibits a
Indeed, the intensity of both these resonances increases whBligximum ODMR intensity when detecting at an energy of
detecting with lower modulation frequencies, which is not2-28 €V, while the maximum of the 3.412 T peak is ob-
the case for the other resonance lines. We are associating tfi§fved when detecting the ODMR spectrum at 2.10 eV.

band with SEC centers inside the AgCl particles. This assign- B€sides the changes observed by variation of the micro-
ment and its correlation with the STH resonances will beWave modulation frequency, also the power of the micro-
further discussed in Sec. VI. waves in the cavity and the laser excitation intensity have an

As shown in Fig. 3, a sharp feature is also observed closiffluénce on the shape of the ODMR spectra. At low excita-
to the expected position of the SEC resonance line in bulion and/or microwave power, the broad STH signals are
AgCl at g=1.881(3.551 ). This feature is associated with fav.ored,. while the other resonance lines increase when ap-
SECs in the relatively large AgCI regions with properties ofplylng higher powers.
the bulk material.

Because of the width of the resonance lines between B. “High” temperature—4.6 K—ODMR measurements
3.30 T and 3.52 T, an angular variation froBi(100 to- Considerable changes in the ODMR spectra are observed
wards the(110 direction does not univocally reveal the na- when measuring at temperatures around 4.6 K. In Fig. 5,
ture of the different lines in this region. Considering the iso-W-band ODMR spectra, obtained in the cylindrical cavity at
tropic nature and the line positions of the weak and narrom.6 K, are presented and compared to the corresponding
peaks at 3.396 T and 3.426(%ee Fig. 3, these resonances spectra at 1.8 K.
are assigned to the perpendicular components of the STE in The sharp features at 3.396 T and 3.426 T which were
bulk AgCl, characterized bgiTE: 1.960. In agreement with clearly observable at 1.8 Ksee Fig. 3 and which were as-
this assignment, these resonances originate from centesgned to resonances from bulklike STE AgCl centers, are no
emitting between 2.2 eV and 2.7 d¥ee Fig. 3, in particular longer observable at 4.6 K. Parallel to the disappearance of
the spectrum measured with a PL detection of 2.3, eV the bulk STE resonances at higher temperature, there is a
which corresponds to the PL band of bulk AgCl. Note thatdrastic decrease in intensity of the STH lines, which, at this
the presence of the ST line is not clear from the spectra, temperature, are only observable under optimal conditions.
probably because of the superposition with intense NCPreliminary 4.8 KW-band ODMR measurements obtained
related signals. using the Fabry—Perot cavitigee Jansseet al3?), did not

Another set of intense lines is observed in the ODMRreveal the presence of these STH resonances. The spectra
spectrum in Fig. 3 at 3.371 T and 3.412 T fBil(110.  presented here illustrate the improved signal to noise ratio
These lines originate from centers emitting at lower energieachievable in the cylindrical caviff. As in the case of the
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[ "o “at244ev " oov-296V) duced using these parameters. Note that, due to their weak

WL o A2BeY oev-27ev ] intensities, there is a large error in the field positions of the
) T low-field lines, belonging to the parallel component of the

spectrum. The splitting between singlet and triplet states due
to the electron—hole exchange interactids=-5 cni'l) 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!®
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VI. DISCUSSION AND INTERPRETATION

830 Magar-]f;ic Fiold (T) 340 The broadening of the ODMR resonance lines compared
to those from bulk AgCI, at 1.8 K as well as at 4.6 K, is
FIG. 6. Cumulative orientational dependence of the ODMRCOITelated with a distribution in the sizes of the AgCl par-
lines (93.50 GH2 at 4.6 K from emission-selective measurements.ticles and in the positions of the recombination centers inside
The detection energy is specified in the figure by cir¢Rd4 eV, these crystals.
squares2.56 eV}, and starg2.03 e\j. A simulation is plotted of Considering their line positions, their isotropic nature and
the angular variation of anS=1 system with g, =1.965  the dependence on PL detection energy, the weak peaks at
9,=2.018, andD|=710 MHz from the(100 direction atf=0°to  3.396 T and 3.426 T, observed at 1.8(Kee Fig. 3 are
the (110 direction at§=45°. assigned to the STEtransitions in bulk AgCIl. They origi-
nate from STE transitions in larger regions of AgCl, possess-
low-temperature measurements, the STH lines and the brod@d near to bulk properties. The presence of such larger AgCl
SEC band could be enhanced by applying lower modulatiofiegions is confirmed by the AFM measurements, which re-
frequencies. vealed a small number of largeeight 60 nmAgCI crystals.
Similar to the observations at 1.8 K, there is a clear de-The STE lines probably escape detection due to their even
pendence of the ODMR spectra on the emission energy, &¥naller intensity and the overlap w!th other spectra._AIso the
shown in the lower part of Fig. 5 for thel10) spectrum. sharp feature around=1.881, assigned to SECs in bulk
Three different resonance lines can be distinguished, each 69Cl, is associated with these larger regions of AgCl in the
them exhibiting a different dependence on the photodetectiofrystal. S
energy. The same energy-regions are observed in the PL A Iqrge g-value distribution is found for the resonances
spectrum of the NCs in the nanosecond time-range after th@ssociated to SEC and STH centers: In each case there
laser pulse(see Fig. 2 The ODMR line at 3.347 T, origi- IS @ broadening towards higheg-values from the bulk
nates from an emission in the PL band between 2.43 eV an#glue at the high field edge. The broad and isotropic band is
2.95 eV which corresponds to centers having the shortest P@ssigned to shallow electron traps at low temperature.
decay components. The resonance at 3.385 T is only clearijhe corresponding-values range betweegr1.96 and 1.89,
visible at a detection energy between 1.97 eV and 2.64 eWhich is between the field position of the SEC in bulk
(longer lifetimes and the 3.416 T peak is observable overAgCl and the free electrom-value. The asymmetrically
almost the complete spectral range of the PL bandroadened lines, assigned to the STH resonances, have a
(1.97 eV—2.95 eY. No direct correlation is found between Minimum g-value corresponding to that of the bulk STH

these resonance lines observed at 4.6 K and the ones md&=2.147g,=2.040. The line broadening corresponds to a
sured at 1.8 K. g-variation of=0.07, which is comparable with the spread of

An extensive angular study of the emission-selectived-values observed for the SEC band. The width of these SEC
ODMR spectra was performed and the line positionsaﬂd .STH resonances is ascribed to a distribution (_)f djfferent
gathered at these different PL photon energies are summ&inding energies of the corresponding centers, yielding the
rized in Fig. 6. The full lines represent the orientationaldistribution ing-values. This variation most probably results

dependence expected from the following spin Hamiltoniarffom the distribution in NC sizegand thus of the strain on
for S=1: these NCsand the possible variation of the positions of the

STH and SEC centers within the NCs. The bulklk&alues
H=ugBg-§-S+ D[ﬁ— %S(S+ 1)]. are obtained for centers that are positioned in the middle of

the larger NCs; all other locations give rise to the higher
The bulk AgCIl STE value of the zero field splitting param- yalues.
eter (|D|=710 MH2 and only slightly higherg-values While bulk AgCl has a uniform emission at 2.5 eV, the
(9,=2.0183),9, =1.9651)) were used for the simulation. recombination of STH and SEC in the NCs gives rise to an
This g-shift of +0.004 units compared to the bulk STE emission below 2.07 eV, which is the far low energy-edge of
g-values (g,=2.014 g, =1.960,%° is larger than the error the NC emission band. This is—tentatively—explained in
margin and is a property of the NCs. Considering the largehe following way: Near the interface between AgCl NCs
linewidth and combining the STE-type resonances for all ofand KCI matrix band, bending of the conduction and valence
the PL detection energies, the field positions are well reprobands can occur, due to the difference in materials properties,
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the strain induced by lattice matching and possible spacef the crystals examined in this investigation may be some-
charges due to defects. The changes in band energy betwewhat different, which may be at the origin of such differ-
the positions of STH and SEC have to be added to the exences. However, it is not clear from this report whether an
pected energy difference and can result in emission of thigxtensive examination was performed of the spectrum at the
tunneling recombination at lower energy than observed irtorresponding lower detection energies.

bulk AgCl. The recombination energy of the STE, with  \when fitting the parameters derived from eband data
_bound electron—hole pair in closely the_same position, is no 9,=1.992, g,=1.964, and |D|=335 MH2%® to our
mflue_nced as such by the band-bending, and its emissiog3 500 GHz spectrésee Fig. 5, no correspondence is found
remains close to that in bulk AgCI. with the W-band resonance lines. Differences in both the PL
The influence of the modulation frequency on both STHand the ODMR spectra can be expected between differently

and SEC resonances is in agreement with the relativel :
longer radiative lifetime of these centers. The increased in§rown AGCI/KCI crystals. The AGCI/KCI crystal described

tensity of these lines at lower temperature is explained as 'y this article is however obtained from the same growth

more efficient binding of the electron to shallow traps at |0Wprocedur(—; SS r\:vas deTcnbed hm Ref. 28.hln add(;tlon the PL
temperature. At increasing temperatures, the electron wifpPectra of both crystals are the same. The PL detection en-

more easily move from the shallow trap to a STH to form a€r9Y and the temperature of tband measurements were
STE. optimum for detecting the bulklike resonances. The central
The remaining resonances observed in the 1.8 K ODMRIN€ at 1.34 T in theQ-band spectra in Ref. 28 are therefore
spectra(in Fig. 3 at 3.371 T and 3.412 T f@((110) are  ascribed, not to a resonance from the NCs, but to a bulk
assigned to STE centers confined in the smaller NCs or more 1 E. resonance line, in agreement with its field position.
to the edge of the larger crystals, where strain-effects alter Note that Ref. 29 reports on & 1/2 center which is
their properties compared to the bulk centers. This assigr@tiributed as originating from a STH center wih~2.016
ment is derived from considering their field positions and@ndg, =1.974. We do not find any evidence for the presence
their PL detection energy dependence, which in each case apé this S=1/2 center.
close to that of the bulk STE centers.
The difference of these STE-like resonances observed VII. CONCLUSIONS
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 The emission from the AgCI NCs exhibits a time behavior
point. At low temperature, an increased intensity of the resosignificantly different from that in bulk AgCI. Longer radia-
nances from impurities like Bris expected in the spectrum tive lifetimes are observed at the low-energy edge of the NC
of AgCl crystals3536 The differences between the STE-like PL band and the spectrum at the nanosecond timescale is
ODMR spectra at 1.8 K and 4.6 K might be induced byconsiderable different from the CW and time-integrated
these impurities. However, an impurity exclusion effect,spectrum.
which has been observed in small AgBr crystI2is also By using the high microwave frequency of 95 GHz and
expected in these AgCl NCs. Since the simulation usingperforming an accurate spectral analysis of the ODMR spec-
near-to-bulk like STE parameters is reproducing the field potra, the high complexity of this system of AgCl NCs grown
sitions at 4.6 K fairly well, also these resonances observed af @ KCl matrix was further unravelled. Whereas the ODMR
4.6 K are assigned to such STE centers. It is peculiar that thgpectrum of bulk AgCl is independent of the PL detection
different resonance lines composing this angular variatioenergy, a large dependence on the PL detection energy was
are observed at a different PL detection energy. One ca@bserved for this crystal. The resonances associated to SEC
assume either that the different resonance lines are obtain@d STH centers are highly broadened. The laggealue
from different centers, each giving rise to another ODMRdistribution of these lines ranges from the bulk value up-
active line. Alternatively, all resonances would originatewards. Furthermore, these resonances were observed only for
from the same centers, but different excited states are déletection in the extreme-low energy edge of the PL emission
tected. Note also that there is a clear correspondence betweafd their relative line intensities increased substantially at
these energy regions and the energy bands observed in thaver temperature and at lower modulation frequency.
nanosecond time scale. For the STE centers also, the measurements reveal the
The high complexity of the system with AgCl nanopar- reduced size effects in the NCs: The STE region of the
ticles embedded in KCI, as derived from oiband study, ODMR spectrum shows strongly broadened lines compared
is in contrast with the simpler picture derived previouslyto the bulk AgCl spectra, and moreover different spectra
from Q-band measuremert$?® Both the application of When cooling to the lowest temperatuiie=1.8 K) compared
higher microwave frequencies and the more extensive studip the higher temperature regiéfi> 4.2 K). The complexity
of the spectral dependence of the ODMR spectra have clardf the spectra was further evidenced when measuring their
fied this aspect of the AgCI NC system. dependence on the detection photon energy. Combining the
The Q-band spectra reported in Ref. 28 were obtained atransitions detected in three spectral regions of the STE-type
1.8 K by monitoring energies between 2.29 eV and 2.48 eVemission yields an overall angular variation corresponding
As is shown with out-band study, the resonances from theclosely to that of the STE in bulk AgCl. In this analysis the
STH and the SEC in the NCs can not be observed at thigero-field splitting is unchanged relative to the bulk value,
detection energy. Baranast al?® also did not report about but theg-values are slightly but significantly increased in the
these STH and SEC-like resonances. The growth procedusgCl in KCI NCs.
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