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Strontium chloroapatite nanocrystals (nc) of size in the range 10-100 nms have been prepared by an aqueous
colloidal method. In this preparation, hydroxyl (OH-) ion contamination having profound dependence on the
preparative conditions (in particular pH) could not be avoided. The hydroxyapatite phase (at pH) 8) resulting
from this contamination seems to exhibit some self-assemblage properties that may be electrostatic in nature.
Optical data (based on UV-visible and fluorescence studies) show that the2FJ ground state of Ce3+ as a
dopant in these nanocrystalline apatites undergoes considerable modification arising from cross-relaxation
between the Ce3+ ground state and hole states of the host matrix created near valence band edge.

1. Introduction

A recent report on oscillator strength enhancement in the
forbiddend-d transition of Mn2+ in nanocrystalline ZnS1 has
attracted considerable attention of researchers, and much work
has been done on impurity doped nanocrystals (idnc) since then.
The divided opinion concerning the origin of fluorescence
lifetime shortening in the nanocrystalline ZnS:Mn2+ has been
settled,2,3 with the conclusion that the oscillator strength
enhancement is not real. Further, theidnc seem to constitute a
novel class of material from a basic science point of view, as
there are several new results reported onidnc such as UV-
induced enhancement in the luminescence of nanocrystalline
ZnS:Mn2+,4,5 a blue-shift in the hypersensitive transition of Eu3+

in strontium chloroapatite nanocrystals,6 etc. Also, there are
reports on the enhancement of luminescence efficiency inidnc,
especially the rare-earth-doped (Eu3+ and Tb3+) ZnS systems.7

Hence it is reasonable to expect thatidnc, in addition to their
potential for applications, can yield a wealth of information
concerning the electronic structure of the dopant ions and many
other related issues in the quantum-confined regime.

Apatites are technologically important materials for their
applications as industrial phosphors (haloapatites) in lighting
applications and in bioengineering.8-10 Owing to its biocom-
patibility (with human bone tissues), the hydroxyapatite con-
stitutes an important topic of materials research. In particular,
its nanocrystalline analogues have been prepared through
different chemical routes, and their physicochemical properties
have been studied in detail.11-13 As far as we are aware, there
is no information either on the synthesis of the chloroapatite
analogue(s) or on the optical properties of anyf-d type
lanthanide impurity-dopednc system. Hence we were motivated
to study the optical properties of Ce3+ in strontium chloroapatite
nanocrystals (nc SCAP:Ce3+). During the synthesis of thenc
chloroapatite by an aqueous colloidal method, we found that
hyrdoxyl ion (OH-) contamination could not be avoided. This
leads to the formation of hydroxyapatite nanocrystals. Further,
we have observed several unusual properties, such as pH-
dependent self-assembly of the crystallites, cross-relaxation
between the host-impurity states, etc. These results may yield

valuable information in designing tailorable ceramics or crystals
for biometry and optical applications, respectively.

2. Experimental Section

The preparation of Ce3+-doped strontium chloroapatite nano-
crystals was done by an aqueous colloidal method with a slight
modification of the procedure known fornc calcium-fluoro-
apatites.14 Details of thenc synthesis and characterization can
be schematically given by a flowchart (Figure 1). The chemical
reaction involved can be represented by the following equation:

All of the starting materials (SrCl2.6H2O from Derby
Chemicals, U.K., and others from Loba Chemie, India) used* Corresponding author e-mail: jags57_99@yahoo.com.

Figure 1. Flowchart for the preparation of nanocrystalline strontium
chloro(hydroxy)apatite doped with Ce3+.

10SrCl2‚6H2O + 6(NH4)2HPO4 f

Sr10(PO4)6Cl2 + 12NH4CI + 6HCl + 6H2O (1)
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were analyzed reagents. In the above preparation, Ce3+ doping
(an optimized value of 1 mol %) was done by using CeCl3‚
7H2O with a corresponding reduction in the Sr content. The
reaction product (white colloidal particles) was repeatedly
washed with distilled water (until pH reached∼6) and kept in
different media for subsequent studies. The optical studies were
made using double-beam Hitachi U-3400 UV-vis (in the
transmittance mode) and Hitachi 650-10S fluorescence spec-
trophotometers, and the X-ray diffraction (XRD) studies were
made as described before.15 For the XRD studies, the samples
(the solution containing colloidal particles as-prepared) were
poured into a homemade sample holder, dried, and then used
for further studies. The XRD patterns of all thenc samples
prepared were completely indexable under the space group
P63/m, and the crystallographic cell-parameter values, refined
by a least-squares fitting procedure, agreed well with the
standard values corresponding to both chloro- and hydroxya-
patite standards (Table 1). Further, with the help of FTIR studies
(using Perkin-Elmer, Pentagon-500), we confirmed the presence
of an hydroxyl group in the nanocrystals prepared, and the
content was found to be dependent on the preparation condition
(in particular, the pH). For this reason we prefer to call our
preparations as chloro(hydroxy)apatite(s) in the subsequent
sections of this investigation. The Sr2+ content in thenc samples
was determined (Table 2) using a Varian Spectra 220 atomic
absorption spectrophotometer. The morphological features of
the nanocrystalline samples were studied with the help of
transmission electron microscopy (TEM) using JEOL 200 CX
system operated at 200 kV. The TEM and the XRD linewidth
(Scherrer formula) studies indicated that the mean particle
diameter of the crystallites was in the range of 10-100 nm.
Finally, we also obtained some data from electrochemical
impedance studies (using EG & G Instruments, model 6310
electrochemical impedance analyzer) which show that the
nanocrystalline samples possess some extra electrostatic charges,
as will be seen in the next section.

3. Results and Discussion

3.1. Morphological Features and Self-Assemblage of the
Chloro(hydroxy)apatite Nanocrystals. In the preparation of
chloro(hydroxy)apatites by wet chemical (aqueous) method(s),
the hydroxyl ion is known to have significant influence on the
material properties. It has been found that the presence of OH-

ion can considerably influence the crystallinity, stabilization of
a particular phase and can act as accelerator for converting
amorphous calcium phosphate to crystalline apatite form, etc.16,17

The FTIR spectral recordings show (Figure 2) that all of our
nanocrystalline apatite samples contain hydroxyl ions, as can
be deduced from the presence of intense absorption bands
around 1630 cm-1 (H-O-H bending) and 3500 cm-1 (O-H
stretching). We further confirmed that the apatite preparation
by this aqueous colloidal method is always accompanied by
OH- contamination, irrespective of the conditions of sample
preparation such as pH, rate of reaction, reaction temperature,
etc.

It is known that the chloro- and hydroxyapatites crystallize
under a hexagonal system with their crystallographic cell
parameters being very close to each other.18 This complicates
the clear idea of the phases stabilized. To get a clear idea of
the phases stabilized in the various cases of preparation, the
XRD data were fitted using a least-squares refinement procedure
under a hexagonal space-groupP63/m.The fitted cell parameter
values are compared with the standard JCPDS values (Table
1). From the table, it is obvious that the crystallographic cell
parameter values obtained in various cases are in good agree-
ment with the standard JCPDS values corresponding to the
chloroapatite system. However, for the case of sample prepared
at pH) 8, the percent of deviation in cell volume is about 1%.
This means that the deviation in this case is higher by a factor
of 3 as compared to the other cases. On the other hand, when
the same data is fitted as hydroxyapatite there is a better
agreement with the percent of deviation being 0.59%. Also, it
should be noted that the FTIR spectral recordings (Figure 2)
confirm that the absorption band around 1630 cm-1 (H-O-H

TABLE 1: Least-Squares Refined Crystallographic Cell Parameters for Various Preparations in Relation to the Bulk
Standards (Ce3+ Content ) 1 Mol %)

sample a (Å) c (Å) c/a cell volume (Å3)

% deviation
in cell volume

from std.
surface area
(calcd) (Å2)

% of deviation
in surface area

from std.

(a) Fitted as Strontium Chloroapatite [Sr10(PO4)6Cl2]
JCPDS std 9.950 7.1750 0.7211 615.170 942.77
bulk fitted 9.9522( 0.0554 7.1443( 0.0385 0.7178 612.8185 0.383 941.2162 0.165
nc at pH 6 9.9243( 0.0113 7.1950( 0.0184 0.7249( 0.001 613.7191 0.236 940.1600 0.230
nc at pH 8 9.8811( 0.0358 7.1979( 0.049 0.7284( 0.0023 608.6341 1.073 938.6220 0.440
nc at pH 8Wa 9.9103( 0.063 7.2576( 0.0339 0.7323( 0.0012 617.3116 0.348 941.8000 0.103
nc at pH 10 9.8982( 0.0232 7.2442( 0.0243 0.7318( 0.0007 614.6618 0.082 939.2600 0.372

(b) Fitted as Strontium Hydroxyapatite [Sr10(PO4)6(OH)2]
JCPDS std 9.7600 7.2750 0.7453 600.1548 920.9920
nc at pH 6 9.7809( 0.0544 7.2478( 0.0571 0.7410( 0.0017 600.4858 0.055 922.4425 0.285
nc at pH 8 9.8216( 0.0238 7.2264( 0.0234 0.7357( 0.0005 603.7037 0.591 927.0928 0.790
nc at pH 8Wa 9.7767( 0.0284 7.2811( 0.0193 0.7447( 0.0001 602.7282 0.428 923.7867 0.431
nc at pH 10 9.8256( 0.0377 7.2617( 0.0308 0.7390( 0.0002 607.1468 1.165 929.7572 1.080

a W- sample washed with water.

TABLE 2: Spectroscopic Data on Ce3+-Doped Nanocrystalline Strontium Chloro(hydroxy)apatites (washed colloidal particles in
water medium)

sample
Sr2+ content

%
excitation maxima

cm-1
emission maxima

cm-1
Stoke’s shift

cm-1
Rc

(Å)
crystal field splitting

(∆) cm-1 remarks

Sr10(PO4)6Cl2 Bulk 100 32288, 35461, 37594 27397, 28985 4900 13 4300 2FJ double present
nc at pH 6 79.1 32288, 35461, 38461 28985 3300 14 4700 singlet
nc at pH 8 82.0 32288, 35461, 38461 28570 3718 singlet
nc at pH 10 96.7 32288, 35461, 38461 27020 5270 singlet
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bending) has maximum intensity in this sample. These results
suggest that this sample (prepared at pH) 8) could be more a
hydroxyapatite than a chloroapatite. Also, this sample shows
some unusual morphological features as will be seen later in
this section.

It is pertinent to mention that these apatites can also crystallize
in a monoclinic form withP21/b space group symmetry.19 But
we reject this possibility outright for the following reasons: (i)
all of the XRD lines (Figure 3) observed in all the cases are
well indexable underP63/mspace group; (ii) the lines observed
are fewer than correspond to a monoclinic setting; (iii) the
literature information concerning the crystallographic cell
parameters on a monoclinic strontium chloro- hydroxyapatite(s)
seems to be absent; and finally (iv) in the XRD pattern, the
presence of the three major lines around 2θ are approximately
30° with nearly equal intensities. These points clearly suggest
a hexagonal setting for the apatite samples synthesized.

Furthermore, in the case of the calcium analogue, the
information concerning the crystallography of both kinds of
crystal symmetries (P63/m andP21/b) are well documented in
literature.8,18The major difference between the two comes from
the arrangement of chloride ions as vertical columns parallel to
thec-axis. In the case of the former there seems to be a 2-fold
disorder in the arrangement of chloride ions, while in the latter
there is perfect ordering.

Hence from the foregoing results, it is obvious that in the
preparation of apatites by an aqueous method, especially for
the nanocrystalline systems, the incorporation of hydroxyl ions

into the matrix cannot be avoided. Further, it has been found
that by using a nonaqueous medium such as distilled ethanol,
the incorporation of hydroxyl ions into the apatite matrix can
only be minimized.14 The role of OH- ions in apatites seems
to be unique as compared to other halogenides because the
alignment of dipolar OH- in the apatitic channel (parallel to
c-axis) in alternate fashion makes the human bone system
electrically conducting.18

From Figure 4 depicting the TEM pictures of the nanocrys-
talline samples (two week old colloidal samples), some broad
conclusions concerning the crystallite growth and morphology
are possible. For the sample prepared at pH) 6, no clear
morphological features can be assigned and one can see a bundle
of fibrous growth enmeshing a platelike two-dimensional (2D)
structure. Interestingly, when the pH of the sample was increased
to 8, a totally different picture emerged: a dentritic growth with
specific directionality. All of these dentrite-like crystallites (of
length∼10 nm and∼1 nm across) cling to each other in the
form of a linear chain or chains with the crystallites directing
radially like a self-assembled structure. To sum up the results
of the morphological studies, the features of thenc samples at
pH ) 6 and 10 can be grouped under one category, while that

Figure 2. FTIR spectra of the nanocrystalline apatite samples prepared
at different pH values. The intensity of the absorption band around
1600 cm-1 can be used as a measure of OH- ion contamination.

Figure 3. XRD patterns of (X-ray radiation CuKR at T ) 300 K) the
nanocrystalline apatite samples prepared at different pH values.
Supernatant* f corresponds to supernatant solution of the sample
prepared at pH 6 subsequently adjusted to pH 10. Vertical lines indicate
the position of diffraction lines of the corresponding bulk system as
per JCPDS standards.
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at pH ) 8 can be grouped under another. The latter, probably
because of its hydroxy apatite phase, shows some self-
assemblage. In the case of sample prepared at pH 10, the
dentrite-like crystallites seem to pave the way for the formation
of larger spherical particles in the same fashion as the bulk
counterpart. Further, we consider that the 2D platelets and the
dentrites are the precursor phases for the formation of spherical
apatite particles, which is in line with similar reports found
earlier.11

Nanocrystals lying intermediate between molecules and
macroscopic polycrystalline material(s) can serve as model
systems to demonstrate any new phenomenon in a more
convincing way. To illustrate this point we should consider the

particle size and the number of unit-cells in a nanoparticle. In
a typical case of our preparation with an average particle size
of 10 nm in length and 1 nm across, we have nearly a cluster
of 7 to 8 unit cells of the apatite. This means that all the unit
cells of the apatite will be in contact with the external medium
so that the medium in which the nanoparticles are present can
have profound influence, in contrast with the bulk counterpart
where we have thousands of unit cells yielding only an average
amount of information. Now, coming to the interpretation of
the results of the present investigation based on the XRD and
the UV-Vis absorption studies depicted in Figures 3 and 5b
respectively: (i) The XRD patterns of the nanocrystalline sample
prepared at pH) 8 and 10 clearly demonstrate the role of OH-

Figure 4. Transmission electron micrographs of the nanocrystalline apatite samples prepared at different pH values, The corresponding scale bars
(in nm) are indicated.
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ion in enhancing the propensity for ordering in a particular
direction viz., along the (112) direction. This may be due to
the dipolar nature of OH- ion. (ii) From the UV-vis absorption
studies, it follows that for the case ofnc SCAP (colloidal
particles) present in a medium having hydroxyl ions (such as
water and methyl alcohol), the turbidity of the sample(s)
increases considerably. This results in a shift in the background
baseline, thus rendering the absorption spectrum featureless. On
the other hand, in the case of a non-hydroxyl medium such as
in ammonium chloride and acetonitrile, one observes a clear
signature of Ce3+ absorption having perfect correlation with the
photoluminescence excitation spectrum (Figure 5a) correspond-
ing to Ce3+ in a site withC3 point group symmetry. Besides,
with the addition of any medium containing OH- ions, the
heavier colloidal particles start raising from the bottom of the
solution, and this seems to induce some self-assemblage
properties. The above phenomenon can be schematically il-
lustrated, Figure 6. It is pertinent here to mention that there are
also reports on water medium (especially OH- ion) enhancing
the luminescence efficiency of nanocrystalline ZnS:Mn2+.3

It is important to mention that the electrostatic charge
distribution in the nanocrystals seems to be considerably
different from the bulk system. In the electrochemical impedance
studies made, (Figure 7) one can see a significant (about two
orders higher) enhancement in the electrostatic capacitative
impedance as implied by a Bode type impedance|Z| plot as
compared to the bulk counterpart. Further, it can be seen from
the figure that the impedance value is the highest in the case of
sample prepared at pH 8, and this result seems to correlate
qualitatively with the OH- content implied in the IR data.
Conventionally, in bulk hydroxy apatite crystals the positive
charges are localized in thea-plane while the negative charges
are localized in thec-plane.20 It seems reasonable to expect that
in the nanocrystalline system such an arrangement may undergo
drastic changes as dictated by the modified morphological
features. This may lead to the enhancement of the impedance
observed. We consider that this result, apart from the standpoint
of basic science, will be useful in the design of engineered
bioceramics.

3.2. Optical Properties of Ce3+ and Cross Relaxation
between Spin-Orbit Split Ground State of Ce3+ versus
Defect-Induced Hole States of the Host.Ce3+ with a 4f1

electronic configuration has the ground state2F. This 4f electron,
when optically excited, occupies either a 5d state or 6s or 6p
states. It is important to note that usually the fluorescence
spectrum of Ce3+ results in a doublet structure that can be
attributed to the splitting into2F5/2 and2F7/2 (∼2000 cm-1) in
the ground state due to a spin-orbit interaction.21 Notwithstand-
ing the simplicity of the 4f1 electronic configuration, Ce3+ can
show multiplicity of optical transitions in the UV-visible
regions which can be assigned to 4f-5d (∼40 000 cm-1), 4f-
6s (∼70 000 cm-1), and 4f-6p transitions (∼100 000 cm-1).
As we are interested only in the fluorescence properties of Ce3+,
we consider any discussion on the latter two sets of transitions
will be beyond the scope of this investigation. Hence, we focus
our attention only on the 4f-5d transition of Ce3+ in the
nanocrystalline system. The Ce3+ emission working by an
allowed electric dipole transition results in an intense emission
in the violet region (360-380 nm). Comparison of the fluo-
rescence spectra [both excitation (Figure 5a) and emission
(Figure 8)] of Ce3+ in nc SCAP and its bulk counterpart suggests
that the Stoke’s shift for Ce3+ emission is nearly the same in
both the cases and is about 7000 cm-1. Hence, the critical
distance for energy transfer between any two adjacent Ce3+ ions

estimated by the spectral overlap method22 works out to be about
13-14 Å in both cases. But the significant difference is that in
the case of the nanocrystalline system the characteristic2FJ (J
) 5/2 and 7/2) doublet structure in the ground state of Ce3+ is
absent. The possibility that this could be due to a multiphonon
relaxation23 due to the high-frequency vibrations of the phos-
phate or hydroxyl group (ωmax ∼ 1000 or 1600 cm-1) can be
discounted. Because such relaxation effects are not observable
in the bulk counterpart having the same high-frequency com-
ponent.

Figure 5. (a) Photoluminescence excitation (PLE) spectra ofnc SCAP:
Ce3+(1%) prepared at pH 8 (dashed line) compared with bulk SCAP:
Ce3+ (1%) sample (solid line). (b) UV-vis absorption (ABS) spectra
of the nanocrystalline sample in different media. The correspondence
marked by the Stark splitting between PLE and ABS spectra indicates
the identical excited states both in the case ofnc and bulk systems.
Here∆ is the trigonal crystal field splitting. The low signal-to-noise
ratio observed in the case of water and methanol media is due to
pronounced self-assembly effects marked by turbidity of the colloidal
solution.
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To explain this we turn our attention to the interaction of
defect states created due to the Sr2+ vacancies in the apatite
host-matrix with various energy states of the dopant Ce3+. We
deal with an impurity-doped insulator system (SCAP) with a
band-gap of∼10 eV. For this reason we believe that the exciton
effects on the excited state of Ce3+ would be of little
consequence in considering the quantum confinement effect in
the nanocrystalline system. Indeed we do not observe any
characteristic difference in the optical properties (especially in
the excited state of Ce3+) between the nanocrystalline system
and its bulk counterpart (Figure 5a). But the experimental results
concerning the 4f1 ground state of Ce3+ (absence of doublet
structure due to2F5/2 and 2F7/2) points to the conclusion that
the electronic structure corresponding to the ground state of Ce3+

may get modified considerably. The defect centers created due
to cation vacancies being of acceptor type are hole traps (with
a deficit positive charge and excess negative charge), which
will be located in the vicinity of valence band edge of the host
matrix. Hence it is reasonable to expect that the ground state

of Ce3+ will overlap with the valence band edge of the host
matrix. Based on proximity considerations, it is possible that
the nonzero spins of the defect center(s) and the ground state
of Ce3+ can interact through an electrostatic multipolar type or
exchange type interaction. To visualize this situation, a band
diagram as given in Figure 9 can be proposed. The lowest
excited Stark state of Ce3+ (underC3 symmetry) will be the
emitting state. In a normal case, the excitation energy can relax
through 2F5/2 and 2F7/2 ground states of Ce3+. Now in the
presence of numerous hole states (with spin(s) of nearly 1/2
for a simple hole state) there can be cross-relaxation between
Ce3+ levels and the hole states that can either be of electrostatic
multipolar type or of exchange type interactions. Further, this
can be described qualitatively in the following: Ce3+ with one
4f electron has a spin (S) 1/2 andMs values of(1/2. In the
case of a simple host state (ψv) with spin 1/2 andms value of
(1/2, there are two possibilities of interaction between the
impurity and the host state with both the spins being parallel
and antiparallel as illustrated in Figure 9 (inset). In that case

Figure 6. Schematic illustration of (a) a self-assembled dendritic structure of nanocrystalline apatites in the presence of hydroxyl medium and (b)
the growth of polyhedral apatite crystallites in non-hydroxyl medium with no self-assembly properties.
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the ground state of Ce3+ will be the eigen state of the total spin
of the system given by

Now the total spin could be either 1 or 0. The energy difference
between these two resultant spin states corresponding to the
ground state of Ce3+ can be worked with the knowledge of the
number of primitive cells, the exchange integral, and the
Wannier function of the host matrix. Because the information
concerning the latter two parameters is not available, it is not
possible to estimate the value of ground state splitting. However,
we can clearly observe a shift (∼800 cm-1) in the emission
peak corresponding to the nanocrystalline sample as compared
to the bulk counterpart. Here it is important to note that the
excited states in both the cases of nanocrystals and bulk system
are the same. The experimental result that there is a shift in the
emission maximum accompanied by half-width change for the
nc samples prepared at different pH values (that is with Sr2+

vacancies to different extent) confirms the clear involvement
of the defect centers and the related host states in the relaxation
process.

In this context, it is relevant to mention that recently Yan et
al.24 have proposed a similar model to explain the reports of
fluorescence lifetime shortening in the nanocrystalline ZnS:
Mn2+.They propose a mechanism by which the forbidden4T1

f 6A1 (d-d) transition (with slow decay in ms) of Mn2+ in nc
ZnS can be relaxed to yield an allowed transition with fast
kinetics (in ns). Through this model it would be possible to
have an admixture of the nonzero spin states of the ZnS host
with that of the Mn2+ state by an exchange process.

Finally, we consider that a brief mentioning of the following
more obvious results would further substantiate the proposed
band energy diagram. From Figure 8 we notice that for thenc
samples, the width of the single emission band increases along
with the pH at which the sample was prepared. Moreover, the
emission peak shifts toward longer wavelengths as the pH is
increased. This is more so for the case of the sample prepared
at pH 10 and also one could observe the emergence of a second
peak around 460 nm. Further, it can be seen from the Figure
8c, that for the case of sample(s) washed with distilled water
(several times until pH reached∼6) there is a slight shift toward
longer wavelengths in the emission maximum. It is important
to mention that the process of pH adjustment (by using aqueous
ammonia) immediately followed the SrCl2/CeCl3 and (NH4)2HPO4

Figure 7. Impedance data of the nanocrystalline apatite samples compared with the bulk system.

〈IGSSz〉 ) ∑
Msms

2F5/2(Ms)ψv(ms)〈1/2Ms1/2msISSz〉 (2)
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(DAP) addition. We consider that during the process of
nanocrystal formation there are bound to be some crystal
vacancies typical of the reaction kinetics such as speed,
temperature, and pH. Especially we consider that the pH at
which the nanocrystal growth takes place is very critical in
determining the crystal vacancies. Using atomic absorption
spectroscopic studies we found that the Sr2+ content in the Sr-
chloroapatite nanocrystalline system increases with the increase
in pH (Table 2) and is always lower than the Sr2+ content of
the bulk sample. Hence it is obvious we deal with a metal-
deficient (far less than the theoretical 10 mole of Sr2+ required)
nc SCAP system. For this reason, we consider that the defect

chemistry of the nanocrystal is more important in explaining
various spectroscopic results.

To assign the second emission component observed for the
sample prepared at pH) 10, two possibilities merit consider-
ation. First is that this could be the manifestation of spin-orbit
splitting in the ground state of Ce3+ level. We reject this
possibility outright for the reason that the splitting observed
(∼7000 cm-1) is too large when compared with the free ion
splitting value of 2000 cm-1.21 On the other hand, this could
be the emission from a second kind of Ce3+ sites. To confirm
this possibility we checked the excitation spectra monitoring
both the emission peaks and found that both lead to different

Figure 8. Photoluminescence emission spectra of (a) bulk strontium chloroapatite doped with Ce3+ (1%), (b) nanocrystalline strontium chloro-
(hydroxy)apatite doped with Ce3+ (1%) colloidal samples prepared at different pH, and (c) samples as (b) after washing with water. The sites
markedC3 andC1h represent two types of sites in apatites and the corresponding emission components. All of the spectra were taken under same
resolution atT ) 300 K andλexc ) 280 nm.
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patterns and this implies the site inequivalence. This result is
consistent with two kinds of crystallographic sites withC3 and
Cs (C1h) local point-group symmetries known in the apatites.18

So tentatively we assign the two emission components to the
two types of sites known in apatite system. Further, to assign
the emission components to the two types of in-equivalent sites
we prefer to use the same argument given for Eu2+ fluorescence
in apatites based on Stoke’s shift.25 Accordingly we fixC3 and

C1h symmetries for the 360 and 460 nm emissions. Although it
is reasonable to expect that the tendency for site multiplicity
for Sr2+ (occupied by Ce3+) will increase with the cation
vacancies created, we encounter a conflicting situation in the
present studies, i.e., a multiplicity of site(s) in the less Sr2+

deficient nanocrystalline sample prepared at pH) 10 and only
one kind of site in the more Sr2+ deficient sample prepared at
pH ) 6. This suggests that in the nanocrystalline system, the

Figure 9. A model band energy diagram illustrating the cross relaxation of Ce3+ excitation via hole state created in thenc SCAP host matrix due
to the Sr2+ vacancies (Sr2+9). Inset: Two types of possibilities of interaction between the spin states of host-matrix (hole type) versus the ground
state of Ce3+.
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defect chemistry, vis-a-vis cation-site occupancy, adopts a
complex relation much different from the conventional bulk
system.

4. Conclusions

Stabilization of nanocrystalline Sr-chloro- or Sr-hydroxy-
apatite phases by the aqueous colloidal method critically depend
on the preparative conditions, in particular pH. In this prepara-
tion hydroxyl ion contamination could not be avoided and is
the maximum at a pH value of 8. At this stage, the apatite phase
stabilized as a dendritic growth (which can most probably be
hydroxyapatite) shows some unusual self-assembly properties
that can probably be assigned to an electrostatic process. Ce3+

as a dopant in this apatite system shows an intense luminescence
band around 390 nm. Absence of the characteristic2F5/2, 7/2

doublet structure in the nanocrystalline apatites is attributed to
the significant modification in the electronic structure of the
Ce3+ ground state. This can be explained with the help of a
band energy diagram model by considering the cross-relaxation
effects between the Ce3+ ground and vacancy states (of hole
type) near the valence band edge of the host matrix.
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