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Abstract

Continuous solid solutions were isolated within the system A'Cd..M".PO, (A" = Li, Na; M" = Mn,
Co) for 0 < x < 1. The steady decrease of the lattice parameters and unit cell volume within the solid
solution domains was ascribed to the substitution of Cd”* cations by smaller size M** ions (M = Mn,
Co) as the composition progresses between x = 0 and x =1. The investigation of the luminescence of
Mn(1l) has evidenced two large emission bands peaking at circa 576-580 nm and 693-710 nm for the
analyzed compounds LiCd,..Mn.PO; (0 < x < 0.7) under the excitation radiation with A.. = 488
nm. In this system, a small red shift seems to appear for both emission bands when a higher
excitation energy is used (Ae. = 325 nm). In the case of LiZn..MnPO; (0<x<0.2), only one
luminescence band was recorded within a narrower range 550-556 nm for A = 488 nm and at ca.
562 nm under A = 325 nm. For the composition analysed in the system NaCd,..Mn.PO; (x = 0.05),
the emission bands were found at 624.5 nm and 616.4 nm under excitation wavelengths equal to 488
and 325 nm respectively. The luminescence of Mn’" ions in all investigated phases was attributed to
the same electronic transition *Tio(*G) °A1,(°S) which is very sensitive to the crystal filed strength as
evidenced by Tanabe-Sugano energy diagram. Indeed as the solid solution progresses in the case of
LiCd,..Mn.PO; for example (0 < x < 1), the size of the cavities hosting Mn®* ions is consequently
changing. As a matter of fact, the mean manganese-oxygen distance is expected to vary between the
values corresponding to the mean bond length of the divalent cation in LiCdPO, (<Cd - 0> = 2.298
A) and LiMnPO, (<Mn - O> = 2.201 A) respectively. The resulting change of the crystal field around
Mn(1l) may explain why the emission is observed in the green region for low values of x while it shifts
to the red domain for compositions close to LiMnPO; (x>0.5). The correlation between the
modification of the wavelength of Mn®* luminescence bands and the crystal field strength inherent to
the variation of the chemical composition is therefore established. A model for the distribution of the
divalent cations within the lattice along the solid solutions was also proposed.

INTRODUCTION

The title system is part of the monophosphate series A'B"PO, (A'= monovalent cation, B"=
divalent cation) for which former structural investigations have evidenced a rather large
variety of structures (1-10). A crystal-chemical classification of these compounds was tempted
by El Ammari and Elouadi (1, 6) who used the combination of the coordination number and
the correlative cationic radii r(A") and r(B") as basic parameters to predict the structural
evolution versus the nature of both A" and B" elements. Within the limited number of so far
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known structures, it was for example noticed that the glaserite structure is stabilized when
these two cations are both of small size. Furthermore, large A' cations give rise to arcanite
structure for B" of medium size ions and to stuffed tridymite in the case of sufficiently small
size B cations capable of entering tetrahedral sites. Other structural types such as olivine, 3-
Na,S0;, etc, were isolated for A" and B" of intermediate sizes. Nevertheless, since all the
structures of the A'B"PO; family are not yet resolved, it is not so far possible to predict in an
exhaustive manner the structural type likely to be stabilized at a given temperature.

Indeed, the appearance of a structural variety does not depend only of the size and the nature
of both cations A" and B", but could also be favored by specific parameters such as Jahn-Teller
effect, which mainly characterizes compounds containing Cu**. Such considerations may for
instance explain the existence of particular structures like NaCuPO, within the series A'B"PO,
(11). In addition, the structural stability is also expected to be both temperature and pressure
dependent. Therefore, the thermodynamic conditions for the preparation of all phases
considered are of prime importance. This is also corroborated by the fact that most of the
compounds A'B"PO; undergo at least one phase transition (1,12). Consequently, the thermal
history (quench, sintering, etc.) appears as a key parameter to foresee the structural variety to
be stabilized at room temperature (11-15). Moreover, the crystalline forms and particularly
those which crystallize with non centro-symmetrical space groups can endorse very
interesting physical properties like for example ferroelectricity and piezoelectricity depending
on whether the lattice has or not a polar axis (1, 16).

Due of their non linear character, the ferroic compounds (1, 16-20) of the family A'B"PO, have
potential applications in various domains of the modern technology: non linear optics as a
frequency doublers (SHG = Second Harmonic Generation), laser hosts for materials doped
with rare earth or transition element ions, etc. In addition, the improvement of these
technologies requires further knowledge which permits to recognize within the title series and
related compounds, the one that is capable of endorsing the desired types of application. For
instance, there is still a need for extended reliable structural and physicochemical data both at
room and higher temperatures, in order to improve the prediction capabilities of the most
wanted applications. For example, no direct correlation has yet been theoretically established
between the crystal chemistry and the strong intrinsic fluorescence emission observed in the
analyzed phases (21, 22).

The purpose of our investigations is to report on the crystal chemistry and the luminescence
emission in the systems A'Cd;xMn,PO; (A" = Li, Na; M = Mn, Co). The present study aims to
get a better insight into the correlation between the distribution of Mn*" ions within the lattice
interstices and the luminescence intensity change versus composition along the two analyzed
solid solutions LiCd;«Mn,PO, and NaCd,..Mn,PO,. In addition, manganese (II) cations have
strong fluorescence emission which has potential applications of importance in optical
devices. The preliminary results given hereafter are part of a systematic program of
investigation of inorganic phosphates which aims to bring to light materials of outstanding
optical and electronic properties (1, 8, 23, 24).

EXPERIMENTAL
Chemical synthesis

Pulverulent samples have been prepared using regular solid state reaction under air
atmosphere. Appropriate amounts of high grade starting compounds were weighed according
to the stoichiometry of the general chemical reactions (Eq.1):
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A,CO; + 2(1-x) CACO; + 2x[(MO) or (MCO3)] + 2(NH,),HPO, —»
2ACd, :M PO, + 4NH; +[(3-2X) or 3]C02 + 3H,0 [1]
with A = Li, Na; M=Mn, Coand 0 < x < 1

Appropriate mixtures were thoroughly ground in an agate mortar before to be submitted to
preliminary heat treatments at 140 and 300°C in order to eliminate volatile compounds like
NH;, CO; and H,0. Further heat treatments at 600 and 900° were found to be necessary before
the completion of the solid state reaction. Between two successive thermal treatments, the
samples were quenched and also vigorously ground. For all samples investigated in both
systems LiCd;..MPO4 and NaCd,<MsPO,s (M = Mn, Co) the last heat treatment was followed
by a quench to room temperature. Two compositions belonging to the system LiZn; Mn,PO,
were also synthesized using the same procedure and the preliminary results of their optical
emission are given as well.

Spectroscopic analysis

Visible fluorescence spectra were recorded at room temperature using a double
monochromator and a HAMAMATSU R94302 detector. Two excitation wave lenghts were
used: 1) Aexe = 488.0 nm given by a continuous argon laser (cw Ar* Laser Spectra Physics
2060); ii) a UV excitation A = 325.0 nm given by a He-Cd laser.

CRYSTAL CHEMICAL ANALYSIS

As evidenced from the plots of the lattice parameters versus composition (Figs.1 and 2), X-ray
crystallography has allowed to identify continuous solid solutions which extend over a large
domain of composition (0< x <1) within the binary diagrams A'CdP0O,-A'M"PO, (A" = Li, Na;
M" = Mn, Co). All diffraction patterns were indexed using the centrosymmetrical space group
Pmnb. For the system LiZn, Mn,PO4 the corresponding diffraction spectra were indexed
isotypically with Li(Zn,Mn)PO, (5). It should also be noticed that the linear decrease of the
lattice parameters and the unit cell volume is compatible with the Vegard law for all
investigated systems. Compounds of the lithium series LiB"PO, (with B" = Mn, Co, Ni, Cd) are
found to be isomorphous with the lithiophilite (1, 2, 9, 25). All these structures were resolved
using X-ray diffraction method on single crystals (2, 26-28). Furthermore, thermal analysis
has evidenced a rather significant number of polymorphs in both lithium compounds and
their equivalent sodium monophosphates (1, 12, 14). It is also worth to notice that not many
of these structures have been so far resolved on single crystals, due most likely to the
difficulties encountered for the growth of single crystals (1, 8). Indeed, not getting good
quality single crystal is a serious limiting barrier to the access to structural resolutions and
consequently to sound crystallographic data. Therefore, various techniques were tempted for
the growth of the desired single crystals. For example the maricite isotypic structure of
NaMnPO, was solved using single crystals grown under hydrothermal conditions (1, 14). In
addition, thanks to all the structural investigations so far conducted, it was possible to
conclude that both lithiophilite and maricite structures are derived from olivine structure. As
a matter of fact, the main difference between their network reside in the manner that the
coordination polyhedra are arranged in the parent lattice (14).
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Evidence of the solid solutions LiCd, ,M;PO, (M = Mn, Co)

The decrease of the lattice parameters a, b, ¢ and the unit cell volume V shown on the plots of
Figurel, could be directly explained by the substitution of large size cations Cd** by smaller ions
Mn** or Co*. Indeed, in these systems, the solid solutions (of substitution character) could
extend over such large composition domain (0< x <1), only if the exchanged ions are of a
comparable sizes. In the particular case of both transition element cations Mn** and Co*, the
ionic radii are spin state dependent as evidenced in Table 1. Therefore, to meet the structural
requirements of the total solid solubility between the two limits LiCdPO, and LiMPO, (M = Mn,
Co), the expected electronic configuration to be adopted by both ions Mn** and Co*" is the high
spin one. As a matter of fact, this electronic arrangement contributes to the enlargement of the
ionic radii that reduces the size difference between M** and the substituted Cd** cations.
Furthermore, this high spin configuration is also compatible with the well known low crystal
field splitting by oxygen anions, inasmuch as oxygen ligands are situated at the front of the
spectro-chemical series (29). In addition, the isotypic character of the structures of LiMPO,
(M=Mn, Co, Cd) may also explain, why the solid solutions LiCd,..M,PO; are ranging within the
whole domain of 0< x <1.
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Figure 1: Variation of the lattice parameters versus composition along the solid solutions
LiCd,..M.PO,with M = Mn, Co.
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Table 1: Ionic radii versus electronic configuration and spin state in octahedral ligand
fields

Cation Li* | Cd* Mn* Co™ Ni**
Electronic  d- e | by e ty” € tr” €5 tre® €' th® € thd €
configuration
Spin state high spin | low spin | high spin | low spin | high spin | low spin
Tonic radii (A)
after Ref. 30 0.76 | 0.95 0.83 0.67 0.745 0.65 0.69
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Figure 2: Variation of the lattice parameters versus composition along the solid solutions
NaCd,..M.PO,with M = Mn, Co

The limits of the solid solutions NaCd,..M,PO, (M = Mn, Co)

Various structural investigations carried out on NaCoPOy (14, 15, 31, 32) have confirmed the
crystallization of these compounds within the olivine structure. Moreover, using the three
compositions NaCdPO4, NaMnPO, and NaCoPOj as basic structural references, it was possible
to index the recorded diffraction patterns and consequently control the phase purity of all
isolated compositions along the whole range of the solid solutions NaCd;..MsPOs; (M = Mn,
Co). As shown in Figure 2, all the lattice parameters are decreasing with increasing values of x.
As for the lithium systems, such diminutions could be attributed to the substitution of Cd** by
smaller size ions (Table 1): Mn** or Co*".
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The Lattice Contraction

The contraction percentage of the unit cell volume was defined by Eq. 2:
Ko = (AV)/V, (2]

with AV = V-V, V, = V(x=1), Vo = V(x=0) and x defined according to Eq.1.

The contraction of the unit cell volume within the title solid solutions, seems to depend only on the
nature and size of the substituted cations (Table 2): i) for the two systems LiCd;..Mn,PO, and
NaCd.Mn,PO,, the contraction percentages are astonishingly close; the corresponding values are
equal to 6.5 and 5.3 % respectively; ii) in the case of the cobalt solid solutions LiCd;«Co<PO, and
NaCd,«CoxPO,, the values of the volume contraction (equal to 11.4 and 11 % respectively) can also
be considered as almost identical; iii) it is very surprising to notice that the significant size
difference (30) existing between the alkaline ions (rqi+) = 0.76 A; rw+) = 1.02 A) appears as having
practically no effect on the relative contraction of the lattice parameters.

In terms of atomic architecture, the fact that the ratio (AV)/V, is more sensitive to the size
variation of the divalent M" cations than that of A" ions reveals that the octahedral units
[MOs] (M" = Cd, Mn, Co) are mechanically the most sensitive sites for the cationic
substitution within the network. Therefore any modification in the occupation ratio of these
cavities is expected to give rise to a significant change in the lattice dimension. As the solid
solution progresses, the vibration spectroscopy should normally evidence significant changes
in the vibration modes related to these octahedral units. Indeed, a close analysis of the unit
cell contraction shows that for the four systems examined (Table 2), the lattice parameter c is
much less sensitive to the chemical substitution than the two other parameters a and b.
Therefore, the solid solution extension gives rise to structural deformations more important
within the plane (001) than along the perpendicular direction [001]. Such directional
differences could probably be attributed to the differences in the way the [MOg] are arranged
in the lithiophilite and maricite structural types (15, 26). As a matter of fact, as the solid
solutions progress (Table 2), the atomic arrangement is forced to change from one structural
type to the other.

Table 2: Contraction of the lattice parameters and the unit cell volume along the solid
solutions A'Cd,..M,PO, (A'= Li, Na; M= Mn, Co)

Lattice

. . . -
parameters a(A) b(A) c(A) V(A?)

ISolid solution

Jimits & (AY/Y) x=0 |x=1]|Aa/a|x=0|x=1|Ab/b|x=0 |x=1|Ac/c |x=0 |x=1 | AV/V

LiCdi-Mn,PO, |10.724 | 1045 | 2.6% | 6.288 | 6.11 | 2.8% | 4.804 | 4.745 | 1.2% | 324 | 303 | 6.5%
LiCdiCo,PO, | 10.724 | 10.24 | 4.5% | 6.288 | 5.93 | 5.7% | 4.804 | 4.718 | 1.8% | 323.9 | 287 | 11.4%
NaCdi:MnLOs | 7.04 |6915|2% [931 |91 |2% |519 |5.118|14% |340.2|322 |53%
NaCdi<CoPO; |7.04 16.815|3% ]931 [885|5% |519 |5.018|3.3% 340 |303 |11%

PT(AY/Y) represents the relative variation of the lattice parameters between the limits of the solid
solutions: x = 0 and x = 1.
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Figure 3: Projection of LiCdPOy structure along [010] octahedral environments of both Li* and Cd**
cations, after El Ammari et al. (1, 2)

As a matter of fact, the crystal structures of the three basic compounds LiMPO, (with M = Mn,
Co, Cd), determined on single crystals (2, 3, 26-28), could be regarded (Figure 3) as made of
alternating chains of [MOs] and [LiOs] octahedrons connected through [PO,] tetraheadra.
These chains, consisting of octahedra sharing common edges, are running along [010] and
alternating along [101] direction (1, 2). Furthermore, as could be deduced from Figure3, each
category of chains [MOs] or [LiOs] can be seen as forming their own sheets parallel to (601)
giving a certain lamellar view of the structure. Under this vision, the lithium octahedral layers
contain also [PO,] tetrahedra while [MOs] octahedra (M = Mn, Co, Cd) are forming the inter-
foliar interstices.

Indeed, the title solid solutions are progressing within the range 0< x <1 as Cd** cations are
substituted by either Mn** or Co**. Although the ionic exchange is not excluded on Li* or Na*
sites (cf. SIV), if the substituting ions are more likely located on the [CdO] sites, it therefore
appears that the replacement of Cd** by smaller cations (Mn** or Co**) will give rise to a main
decrease of the lattice parameters along a and b rather than along ¢, due to the orientation of
[MOs] octahedra within the plane (010). As a matter of fact, since the divalent cations M** are
occupying the inter-foliar sites, their size will influence more directly the unit cell dimensions
in the plane (010) than along [010]. These results are totally confirmed by the data given in
Table 2. Moreover, if the structure is assimilated (Figure 3) to a deformed hexagonal packing
of O* anions, the ¢ parameter is proportional to oxygen interlayer distance, which as expected,
is less sensitive to cationic substitution in the [MOg] octahedra. Another confirmation is also
given by the fact that the lattice contraction is practically doubled if Cd** is replaced by Co**
instead of Mn** for each of the Li and Na series. It is worth to notice that the ionic radius of
Co(II) is smaller than that of Mn (II), but not in a ratio of double as can be seen in Table 1.
Furthermore, the lamellar character formerly suggested for LIMPO, structure, favors a greater
shrinkage of the cobalt phase lattice between parallel planes (601).
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THE Mn** LUMINESCENCE IN THE SYSTEMS A'Cd; xMxPO, (A'= Li, Na; M= Mn, Co)

The absorption and emission spectra of Mn** in the title phosphates are similar to those
recorded for other compounds like for example Mn,SiO; (21), [Mn(H,0)s]** (33), MnF,
(34,35) etc. The peaks of the absorption spectra are assigned to electronic transitions between
the energy levels of the manganese (II) ions which have 3d’ electron configuration as shown in

Table 1. In the approximation of the crystal field theory (35), the Mn*" absorption transitions
originate on the ground state °A;,(°S) level and terminate on one of the following series of
energy levels:

"Tig("P) > "E('D) > “Tog('D) > (Eg,"A1g) ('G) > "Tag('G) > “Tig('G) (3]

Typical room temperature fluorescence spectra of Mn** in the series of solid solutions
LiCd;.xMn,PO,, NaCd;.Mn,PO, and LiZn,MnPOs, are given in the Figs 4a, 4b and 4c
respectively. The wide emission band results from the d-d (*Ti(*G) — A,(°S))
transition of Mn(II) cations. As a matter of fact, the photo-luminescence originates only from
the lowest excited level “T; to the ground state °A,, with a large energy gap ranging between 2.23 to
1.77 eV. The corresponding irradiative transition (‘Tig(*G) — °A(°S)) has a long decay time (order
of 10” S) due to the spin-forbidden transition ty'e,' (*T1y) — e, (*Asg) (21, 34).

Luminescence change with the chemical composition

As clearly appears from the plots of Figure 4, the luminescence spectra are directly depending
on the chemical composition of the investigated systems. As can also be seen on these figures,
the photo-luminescence of the analyzed materials consist of one or two emission bands
depending on the chemical composition considered: i) in the phase LiCd;.-MnPO,, (0.1< x <0.9)
two emission bands are recorded at ca. 580 nm (2.14 eV) and 720 nm (1.73 V) respectively; ii) for
the systems NaCd;xMPOy (with x<0.1), only one emission band is observed at ca. 625 nm
(1.99 eV); iii) in the case of LiZn;, Mn,PO,, only one fluorescence band is found (for 0<x<0.2)
at about 550 nm (2.86 eV). All these spectra (Figure 4) were recorded under a steady
excitation by a laser radiation (Ae. = 488 nm), provided by a continuous Ar* laser. The main
expected effect of the concentration change on the photo-luminescence is the one related to
the concentration quenching. The phenomenon evidenced in Figure 4, has already been
observed in other systems like in Ca;MnyF,, as reported by Aamili et al. (36).

Although the present optical investigations have been carried out only on pulverulent
materials, it is worth to notice that the apparent coloration of the corresponding samples is
also composition dependent. As matter of fact, the compounds LiB",.,Mn,PO, (B" = Zn, Cd)
start to be dark colored for a concentration of Mn(II) at circa x = 0.2. This is probably due to
the change of absorption coefficient versus composition which differs from one system to the
other. Many phosphors containing Mn** ions are characterized by a pale pink color resulting
from their absorption in the blue range (37). Indeed, within this view, Mn** ions could
practically be considered as colorless (35). Therefore, the faint pink-blue color of pulverulent
samples in the system LiB",.,Mn,PO, (B" = Zn, Cd) could be seen as absence of coloration.
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Figure 4: Variation of the fluorescence emission spectra of Mn** ions (A..= 488 nm) versus
composition within the solid solutions: (a) LiCd, .Mn.POg (b) NaCd,..Mn.POy (c) LiZn, .Mn,.PO,
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Moreover, the radiation absorption in any of the weak bands will result in the regular
fluorescence emission (37, 38). A close examination of the emission spectra (normalized on
Figure 5), shows that the peaks of the bands tend to move towards higher wavelength as the
manganese (II) concentration is increased (Table 3). This red shift of the emission band
versus increasing molar fraction of Mn*" ions, has already been evidenced by Ronda and
Amrein (39), during the investigation of the system Zn,.Mn,SiOs. These authors have
attributed this effect to the increasing interactions between Mn(II) as a result of their
increasing concentration in the host lattice. The red shift is then expected on going from
single ions to pairs. Similar behaviors have also been reported for other compounds by
different authors (40-42). Some of these authors have for example, mentioned a value of
energy shift equal to 250cm™ which results from the displacement of the emission maximum
from 519 to 526 nm (38, 40). Ronda and Amrein have tempted to interpret such behavior in
terms of exchange coupling constants J and J’ related to the excited and ground state levels
respectively (39). In our systems, the energy shifts for LiCd;xMnPO4 (Aem = 582.8 nm)
LiZn;xMnPO; (Aem = 556 nm) and NaCd;..Mn,PO, are equal to 136.5 cm™, 101.5 cm
and 185.6 cm™' respectively.

Table 3: Variation of the wavelength of the emission peaks versus composition

A Wavelength (nm) at the Wavelength (nm) at the
Solid solution nalysed emission peaks under emission peaks under
composition P P
system Aexc =488 nm Aexc = 325 nm
x=0.05 556 562.4
LiZn; . Mn,PO, x=0.10 550
x=10.20 550
x=0.05 575 710
x=0.10 577.3 579.3
x=0.20 580 710
x=10.40 692.9 704.1
x=0.50 710
LiCd;xMn,PO, x=0.70 710
x=0.80
x=0.90
x=1.0
NaCd,.Mn.PO, x = 0.05 624.5 616.4
x=0.10
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Figure 5: Normalized emission spectra (A... = 488 nm) of Mn** ions with evidence of composition
effect along the solid solutions: (a) LiCd,..Mn PO (b) NaCd, .Mn.PO; (c) LiZn,.Mn.PO,
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It is also known that the decay time is dependent of Mn**concentration. More precisely, a
shortening of the decay time is observed on increasing amount of manganese (II) cations (39).
This does not seem to be only due to the concentration quenching. Nevertheless, further
interpretations are to be found on the basis of the analysis of the exchange interactions
between Mn*" ions, as mentioned by former Authors (39-43). Additional investigations on the
title systems (variation of the decay time versus Mn®" concentration, temperature of
luminescence quenching, etc.) are currently conducted and the results will be published
elsewhere (44).

Effect of the excitation wavelength on the photoluminescence of Mn(II) ions

Two excitation wavelengths were used to record the photoluminescence of Mn** in some
compositions belonging to the title solid solutions. As can be seen from the results
recapitulated in Table 3, the change of excitation wavelength has little effect on the peak
position of the emission bands. This is compatible with the fact that the fluorescence of
manganese(II) ions is originating only from the decay of the lowest excitation state *T1,(*G)
(Eq. 3), although much higher levels have been excited by the two highly energetic radiations:
Aexe = 488 nm and e = 325 nm. In the later case, the system will relax through a non
irradiative des-excitation process which ends in the *T,(*G) state, from which an irradiative
decay occurs according to the transition “T1,(*G)}»°A1,(°S) (34, 35, 43).

Moreover, as shown from the data given in Table 3, the increase of the excitation radiation
energy gives rise to a slight red shift for the two emission bands (green and orange), recorded
for both solid solutions LiZn;..Mn,PO, and LiCd;Mn,PO4 while a very limited blue shift is
noticed for the emission band of the system NaCd,..Mn,PO,. These small displacements of the
emission maxima could be attributed to the pulverulent character of the analyzed samples. As
a matter of fact, some authors have pointed out that the state of the crystallites surface is
expected to play a rather important role in the optical emission process (38, 45). Equivalent
results have been reported by Pingbo et al. (46) who noticed that the surface modification of
the crystallites of ZnS:Mn** could result in a modification of some luminescence
characteristics of Mn(II) activator ions.

Correlation between the photoluminescence and the local environment of Mn?*

Crystal field analysis

All the photoluminescence and the structural investigations carried out on manganese(II)
containing compounds have lead to the same conclusion that the Mn** emission consists of a
broad band whose position is strongly dependent on various parameters like (34, 35, 43, 45-
48): coordination cavity, concentration, temperature, etc. As a result, the emission of
manganese (II) ions, whose spectrum is generally shaped as a single narrow Gaussian band,
can be found within the green to the deep red range. Moreover, Mn*" activated phosphors can
be classified in two categories (34, 35, 43, 49, 50): i) the first one, characterized by a green
emission band, is related to Mn** ions in tetrahedral environments; ii) the second class, giving
rise to orange-red emission band, corresponds to Mn**cations located in octahedral sites.

The change of the manganese (II) emission spectra observed along the solid solutions of the
present study, can be satisfactorily explained on the basis of Tanabe-Sugano diagram (51). As
a matter of fact, the broad shape of the emission band could be attributed to the changing
slope of the energy levels (shown in Fig 6) resulting from the change of the crystal field
strength due to the modification of the Mn-O distance in the lattice.
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Figure 6: Tanabe-Sugano diagram: Splitting of Mn’* energy levels with increasing crystal
field strength in an octahedral environment (Ref. 49)

Indeed the colour of the emitted radiation could be considered as a measure of the crystal field
strength: a green emission band is a revelation of a weak crystal field like a tetrahedral local
environment for example, while strong crystal field (octahedral sites) will be at the origin of a
red emission of Mn(II) ions. Intermediate crystal fields are expected to give either orange or
yellow fluorescence emission. According to these theoretical considerations, the results of the
present crystal spectroscopic study, allow the following structural conclusions:

1- Four main structural domains are to be distinguished for a reasonable interpretation of the
manganese photoluminescence within the three solid solutions investigated (Table 3, Figs. 4 &
5): LiZn,xMn PO, (0<x<0.2), LiCdMnPO, (0<x<0.3), LiCd;.Mn,PO, (0.3 <x<1.0) and
NaCd; . Mn,PO, (0<x<0.1).

2- The phase LiZnPO; crystallizes with a particular structure where all cations are located in
tetrahedral sites (5). Therefore, the green emission recorded for the derived solid solution,
LiZn; . Mn,PO,, is totally compatible with the localization of Mn** inside a tetrahedral
environment (weak crystal field splitting), whatever the cation is substituted by Mn(II) in this
structure. For all the other systems, the photoemission occurs at higher wavelength
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consistently with stronger crystal field around Mn** which substitutes either Li* or Cd**, both
located in octahedral cavities (1-3, 5).

3- In the case of the system NaCd,Mn,PO, (0<x<0.1), the yellow emission peaking at ca. 625
nm is indeed compatible with the localization of Mn** in the octahedral sites of Cd** because,
according to the size compatibility, the latter cations are the only one that could be replaced
by Mn** in the mother structure NaCdPO, (Table 1).

4- Among all systems considered, the fluorescence of the solid solution LiCd;..Mn,PO,
appears as an original one, since two emission bands can be evidenced: a green band at ca. 570
nm for 0<x<0.3 and a red one at ca. 710 nm for 0<x<1.0 (Table 3). Furthermore, the analysis
of the structure of LiCdPO, (1-3) shows that the sites available for Mn** cations are all of
octahedral type originally occupied by Li* and Cd** ions. Indeed, as required by the charge
compensation, the solid solution is progressing between its two limits (0<x<1), by the formal
replacement of one cadmium (II) ion by one manganese (II) cation. However, for the cationic
localization within the lattice it is worth to notice that due to the phase synthesis process
(sintering of overnight at 900°C, followed by a rapid quench), the three cations Li*, Mn*" and
Cd** present in the composition domain considered (Eq. 1), could be distributed over the two
octahedral sites available in the structure and initially occupied in an ordered manner by Li*
and Cd** in LiCdPO, (1-3). In fact, lengthy high temperature heat treatment favors various
structural defects and particularly cationic disorder. Since all emission spectra were recorded
on samples quenched at 900°C, the disorder which most likely to appear at high temperature
(before quench) is expected to be revealed by the manganese (II) luminescence spectra we
have recorded at room temperature. In such conditions, the fluorescence of Mn** will account
for the type of environment of the cations for the whole range of the solid solution LiCd,.
Mn,PO,. The number of emitting centers (identical to the number of sites occupied by Mn**)
will then be given by the number of recorded fluorescence bands.

5- The existence of two luminescence bands within the series LiCd;..Mn,PO; (Figure 4a, Table 3)
could be interpreted as the revelation of two different coordination sites of Mn** in the
corresponding structural type. Furthermore, the mean values of Cd-O and Li-O bond lengths,
reported by El Ammari et al. (1-3), are equal to 2.298 and 2.183 A respectively. Indeed, the
crystal field developed by Mn*" inserted in place of Li* is stronger than the field around the
manganese (II) cations which occupy Cd*" sites, since Mn;-O distance is shorter than Mncq-O
length; with Mn; and Mnq standing for manganese ions replacing Li* and Cd** respectively.
It is also worth to mention that on one hand, the photoluminescence of Mn** ions is resulting
from the same electronic transition of the type (*Ti5(*G) — ®A,(°S)) and on the other hand,
the energy level of the excited state *T',(*G) is decreasing with increasing crystal field while
that of the fundamental state °A,(°S), remains unchanged (Figure 6). Therefore, the recorded
green (at ca. 570 nm for 0<x<0.3) and a red one (at ca. 710 nm for 0<x<1.0) could be
attributed to the fluorescence of Mncq) and Mn; respectively.

Crystal chemical aspects in the particular system (Li;.,Mn,)(Cd,..Li,Mn,.,)PO;
Cationic distribution

As a result of our study of manganese (II) photoluminescence, it was possible to follow the
evolution of some point defects (related to the distribution of Mn** over the lattice at 900°C)
versus composition along the solid solution which can be more precisely represented by the
following crystal chemical formula (Eq. 4):

[Li,Mn,][(Cd;Li;)Mn,.,]PO, (4]
(with0 < x<0.3;0.3<y<10).
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Indeed, due to the significant size difference between P°* and the three other cations (30), no
substitution has been considered in the tetrahedral site of phosphorus (V) as evidenced by
Eq.4. The correlation between the crystal structure and the existence of two distinguished
emission bands could be satisfactorily interpreted on the basis of the following considerations:

i) As summarized in Figure 7, for the range of low Mn** molar fraction (0<x<0.3), the
manganese (II) cations are preferably located in Cd** sites, as revealed by the existence of a
unique luminescence band in the green region. Such substitution one to one divalent cations
(Cd**/Mn?**) creates a minimum disorder in the cationic distribution over the lattice and
otherwise responds to the necessary charge and size compensation. Within this solid solution
range, the most appropriate sites for Mn** ions are those of substituted Cd**. Therefore
although the nature of the cation is changed, the initial charge order will be kept in the whole
network. The resulting crystal chemical formula will then be given by Eq. 5 (y = 0 in Eq. 4):

[Li][Cd,.-Mn,] PO, (5]
with 0<x<0.3.

ii) In the vicinity of LiMnPO, (x>0.7 in Figure 3), the apparently unique red emission band
observed, gives evidence for the presence of Mn** only in place of Li* in accordance with the
assumption of existing sites Mng;, as above considered. This type of substitutions is
structurally described by the following crystal chemical formula (x = y in Eq. 4):

[Li,,Mn,][Cd,,Li,]PO, (6]
with 0.7<y<1.0

Formula | LiCdPO, LiCd;:Mn,PO, LiMnPO,
X value 00 101/02/03]04/05]06]07]08]0.9 1.0
Ovtical Green emission Red emission
P Green and Red
results S
emission
Crystal Domain of Mncq
results \ Domain of Mng,

Figure 7: Localization of the green and red emission bands within the range of the solid solution
LiCd].anxPO4

iii) In the intermediate range (0.3<x<0.7) of the solid solution with the general Eq.4, the two
red and green photoemission bands coexist with an increasing ratio Irca/Igreen (With Ireq and Igreen
representing the intensity of the red and green emission bands respectively) versus rising the
molar fraction of Mn** in the lattice. It is also of importance to mention that even for high
concentration of Mn** (x>0.7; see Figure 4 and Table 3), no concentration extinction of the
photoluminescence was noticed at room temperature. This means that Mn** ions are still
widely separated although a tendency of their pairing has been formerly discussed. The
continuous variation of the ratio (Irea/Igeen) could be considered as a further evidence for the
existence of the continuous solid solution already evidenced from X-ray crystallography. As
expected, the luminescence of Mn** in this intermediate range of compositions (0.3<x<0.7) is
characterized by the mixture of two spectra related to the emission of the domain limits close
to LiCdPO, and LiMnPO, respectively (Figures 4-7, Table 3). As long as the green emission

Proceedings of IMPHOS-IWPPC Workshop - Jena 2002 173



Phosphorus Research Bulletin Vol. 15 (2004)

band is observed, such existence could be regarded as an indication of the presence of
corresponding emitting centre M(cq). The appearance of the red emission for x>0.3, signifies
that Mn*" has entered a new site with a stronger crystal field. Nevertheless, the sudden
appearance of such red emission band could not be explained on the basis of an abrupt
structural change, since no discontinuous variation was observed in the lattice parameters
plots given in figure 1. This apparent discrepancy could be more simply explained by the
cationic substitution in the lithium site. As a matter of fact, the analysis of LiCdPO, and
LiMnPO;, structures shows that they are isotypic and both derive from the olivine type.
Furthermore, the existence of a continuous solid solution between these two phase limits is
demonstrated by the steady decrease of all the lattice parameters and the unit cell volume
versus composition. As can be seen from Figure 2, the Vegard law is properly respected, which
sustains that no abrupt change of any coordination sphere is to be expected in the lattice.

iv) Indeed, the mean bond length <Mn-0> is also expected to vary in a regular manner from
<Mncy-O> = 2.298 A in the Mn-doped phase LiCdPO,;:Mn*" (1-3) to <Mngm)- 0> = 2.001 A
in the pure compound LiMnPO; (27 ). Moreover, the resulting constriction of Mn(cq sites
versus composition change, can explain the increasing strength of the related crystal field
which is totally compatible with the recorded red emission band for x>0.3. However, such
hypothesis could not clarify why no continuous red shift of the green emission was observed
in the whole range of the solid solution (Eq. 4). In the contrary, two distinguished emission
bands were recorded which seemingly make evidence of certain contradiction between the
crystallographic results and the optical luminescence. The former tends to confirm the
uniform sites of Mn** all along the solid solution range (0<x<1), while the latter reveals the
existence of different types of manganese ions. The interpretation of such discrepancies could
be ascribed to two main origins, one concerns the thermal conditions of the phase synthesis
(formerly discussed) and the other is related to the chemical structure evolution versus
composition. As a matter of fact, annealing the samples at 900°C favors the ionic mobility that
results in the distribution of Mn** cations over the two sites positions of Cd** and Li". As a
consequence of the quenching process, such high temperature ionic repartition is preserved at
room temperature. It is therefore normal to observe two emission bands (Figure 4, Table 3): a
green and a red one which are the optical manifestations of the presence of Mn** in two
different environment, Mncq) and Mn; respectively.

Cationic Ordering

Indeed, the cationic ordering of Mn** over the sites of Cd** and Li* is charge and size
dependent. It is also noticeable that ions of the same or close sizes will tend to distribute
statistically (in a disordered manner) on the same sites, while cations with too different sizes
will tend to order in equivalent cavities. In the case of the analyzed solid solution, the cationic
radii (30) are related according to Eq. 7:

r(Li*) < Ry < r(Mn**LS) < r(Mn**HS) < r(Cd*") (7]
with r(Mn**SL) and r(Mn*"HS) standing for the ionic radii of Mn** of low spin (LS) and high
spin (HS) configuration (Table 1). Ry represents the mean ionic radius of the chemically

substituted cations, Cd*" and Mn?*, as shown in Eq. 8 (see also Egs. 5 and 6:

Ry = [(1-x)r(Cd*") + r(Mn*")]/2 (8]
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Considering the size relations given in Eqs 7 and 8, it is possible to suggest some type of
cationic ordering versus the value of x. For very low values of x (x<0.3), the major cations in
the lattice (Cd** and Li*) have sufficient difference in size which allow their ordering where
Mn** are taking only the place of Cd*". Since only one type of site is available for Mn*" ions,
which is Mn(cq), then only one emission band (green) is observed.

For 0.3 < x < 0.7, the value of Ry is decreasing with increasing value of x. Therefore, the
resulting lesser difference between Ry and r(Li*) will allow a disordered distribution of the
corresponding cations on all possible octahedral sites of the lattice. Such statistical repartition
is incidental and thermally activated. Then two types of Mn** sites, Mn(q and Mng; are
present in the quenched structure. This may explain why two photoluminescence bands are
recorded in the corresponding range of composition.

For 0.7 < x < 1.0, the manganese (II) ions occupy only one type of sites, as in LiMnPO,. At
high temperature, the title solid solution seems to accommodate a partial order in the divalent
cation sites, in the vicinity of the two limits LiCdPO; (x < 0.3) and LiMnPO; (x > 0.7) and a
disordered phase for intermediate compositions (0.3<x<0.7). In the first case, the cationic
substitution concerns only divalent cations while in the disordered configuration lithium
cations are also displaced from their original sites.

CONCLUSION

X-ray crystallography has allowed to isolate continuous solid solutions of the type
A'Cd,xM",PO, (A" = Li, Na; M" = Mn, Co) with 0 < x < 1. The crystal chemical change
along these systems, characterized by the diminution of the lattice parameters versus
composition, has been explained on the basis of the steric effect of the substituted cations.

Regardless of the excitation wavelengths (Aexc = 488 nm, Aexe = 325 nm, Table 3) used, the
photoluminescence of Mn*" ions has evidenced only one or two emission bands depending on
the chemical composition considered: i) one green emission (Aem = 550 nm) in the case of the
phase LiZn; Mn,PO4 (0 < x < 0.2); ii) one yellow band at ca. 625 nm for NaCd,Mn,PO,
(0<x<0.1); iii) in the case of the solid solution LiCd;«Mn,PO4 a green emission band was
found at ca. 575 nm in the vicinity of LiCdPO,, a red one (Aem = 710 nm) in the composition
domain close to LiMnPO, while the two bands are observed for the intermediate range
(0.3<x<0.7).

Crystal chemical considerations with a spectroscopic analysis of Mn*', based on the crystal
filed strength, gave some evidences of the Mn(II) disordered distribution over the Li and Cd
sites for intermediate compositions in the system LiCd;.«Mn,PO, (0.3 < x <0.7). In the vicinity
of both limits LiCdPO, and LiMnPO,, the cationic substitutions appear as being limited to
only divalent ions.
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